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Abstract

For many years, scientific data has been stored and transferred using a variety of data
formats. In recent years XML has become an important and popular for exchanging
digital information. At the most abstract level, XML can be used for any purpose that a
binary format might be used, and vice versa. This paper discusses the strengths and
weaknesses of XML and binary formats, and speculates on the best uses of each in future
scientific data systems.



1. Introduction to XML And Scientific Data Formats

Scientific data is complex and voluminous and the details are essential—every number matters.
Managing and using scientific data presents many challenges, including:

Handling huge volumes of data efficiently

e Managing provenance, quality, proper attribution and citation
Integration of data from multiple sources (with different scientific meanings, spatial and
temporal scales, etc.)

e Discovery of relevant data from diverse sources

In earlier work, we characterized one aspect of scientific data use as a “conversation with the
data” [23, 24]. This notion emphasizes the point that scientists deal with data at many levels of
detail, from broad and shallow searches for candidate data sources, through more and more
detailed selections, to obtain numeric data from multiple sources, from which scientific findings
may be derived and supported.

Scientific data users are also data producers, and science data is, almost by definition, intended to
be shared, usually with a community of scientists with similar interests [7, 29]. Increasingly, there
is demand for cross-discipline study and synthesis, which requires data sharing across multiple
communities [26].

Our team at NCSA has been studying and providing tools to store, share, and manage scientific
data for many years. One of our products is the Hierarchical Data Format (HDF), a format and
library which is used by scientists from many communities around the world [18].

For many years, scientific data has been stored and transferred using a variety of data formats. In
recent years XML has become an important and popular for exchanging digital information,
including scientific data. At the most abstract level, XML can be used for any purpose that a
binary format might be used, and vice versa. XML has many good features, but XML is not likely
to replace binary data formats for scientific data.

At NCSA we have studied emerging Web and XML technologies for many years. In particular,
we are interested to learn how XML and binary best be used by scientists, and how XML and
binary formats should work together in systems. This paper summarizes some of the lessons we
have learned.

2. Definition of “Data Format”

It is important to point out that all computer data is at least implicitly and informally “formatted”,
although the format may be informal and undocumented. For trivial or evanescent data there is no
little need to worry about how the data is represented or stored. However, for data that must
persist, be transported, and/or be shared, it is important to carefully store the data in a known
format, so that the intended meaning can be accurately reconstructed.

This paper discusses “data formats” for scientific data. A data format is a method for representing
data in a digital store (which may be transient or persistent). Essentially a data format has the
following aspects:

¢ A model of data representation
¢ A mechanism for describing data, i.e., for mapping concepts of the data model to digital
objects such as files or memory



e Optionally, standard methods for manipulating data.
When the data model is very general, a data format may also have means to specify profiles,
i.e., more specific sub-cases of the data model that model particular application or
community concepts

This paper considers two mechanisms for implementing formatted data: XML and “binary” data
formats.

A “binary” format maps data concepts to the native entities of the computer system, to bytes,
numbers, and perhaps pointers or other structures. A data format can also be defined in terms of
composites or aggregations of ‘atomic’ binary elements. For example, many data formats define
multidimensional array objects, specified as conventional arrangements of bytes. There are many
examples of ‘binary’ formats, including HDF [18], netCDF [36], FITS [33], TIFF [34], GeoTIFF
[10], and so on.

A “text” format maps the data concepts to character strings, which must be translated to and from
computer entities. For example, to perform arithmetic, the string “-7.0” must be converted to an
appropriate representation. One advantage of text representations is that they can (to a degree) be
read by a human. XML has emerged as the most popular text format.

3. Problems that data formats may address

Storing data in a formatted form can meet several important goals. This section briefly lists some
of the principle problems that data formats may address.

3.1. Data description

By definition, formatted storage includes a description of the data. This description is very
dependent on the data, the users, and the context. It may include:

e Basic specification of the layout (e.g., location and size of numbers, encoding scheme, order
of rows, etc.)

e Specification of the model(s) and profile(s) that should be used to interpret the data,
including units, geometry, and other vital concepts

e Specification of the measurements and algorithms that produced the data

e Pointers to publications, documentation, and other data required to interpret the data

This information is usually called ‘metadata’, and it is especially important for scientific data: the
numbers are useless without the information necessary to form a valid scientific interpretation.

3.2. Data storage and retrieval

A primary requirement is to store and retrieve data. At the most abstract level, this is a matter of
transferring the information across time, and the overriding goal is that the conceptual
information is successfully transferred. In non-trivial cases, it is always necessary to have a
thorough description of the data, or else its meaning cannot be reconstructed at a later time.

Computer 1/O is always slow, and fast storage is always at a premium, so it is important to use
efficient algorithms and mechanisms for data transfer and storage. It is often necessary or
desirable to create and access data piecemeal, i.e., writing and reading selected parts of large
aggregates.



There is no one optimal storage or transfer method, different uses and access patterns place
substantially different requirements on I/O systems. For this reason, it is important to provide
options to control the details of data layout and transfer.

3.3. Transfer across systems and situations

While some data is stored and retrieved within the same context, other data is shared or disbursed
to many contexts. This may require reformatting, translation, or other modifications of the data in
order to create or recreate the intended meaning at the time of use.

Again, a thorough description of the data is critical, or else the bits might not ever be interpreted
at the destination. Computer systems are not identical, and users are heterogeneous as well. It is
necessary to be able to decode the stored data into a form that makes sense to the user’s system,
and also for the user to understand it.

Some scientific questions require longitudinal study of data collected over years, decades, or
longer. This requires transferring data across temporal contexts, and the pace of technical change
assures that this will be challenging. In order to use data for many years requires that it be stored
in a way that can be accessed and its meaning reconstructed.

3.4. Data discovery

A third important use of data is for “discovery”: to somehow identify data that meets some
criteria, e.g., it is relevant to some scientific question. This might be done in real time as data
flashes by, or from stored representations of data. Either way, the problem is not trivial because
the data must be selected by its scientific meaning, not according to trivial signatures.

The metadata in a file sometimes is explicitly designed to aid discovery. It may contain many
facts of interest for investigators: when and how the data was generated, what the data is
supposed to represent, who says so, and so on. There are as many possible types of metadata as
there are potential things that might be said about the data: in other words, there is no limit to
what might be useful metadata.

Data Mining and other automated learning techniques are increasingly important for the
discovery of relevant data out of large volumes of data. These algorithms scan large volumes of
data, which presents significant challenges for data storage and access. These issues will not be
considered here.

4. Brief Comparison of “Binary” and XML Data Formats

This section presents a summary of the characteristics of XML and “Binary” files for storing and
transferring scientific data.

XML and binary formats such as HDF can be used for the essential requirements of scientific
data. These are: storing objects (e.g., tables, arrays, lists, images, etc., and the values of numbers
and strings), storing descriptions of data (including facts critical to interpret the scientific
meaning of the numbers), and specifying the layout of bits.

In contrast, there are several important differences in the capabilities of XML and binary formats.

First, XML is, in theory, “human readable”, while binary data requires software. Of course, for
any non-trivial use of data almost always requires software assist, even with XML.
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Second, XML is a is a universal standard with widely available software. It is a good bet that
anyone who needs to can get documentation and software to access XML. Because XML is a
Web standard, it enjoys massive commercial use and support, and is built in ‘by default’ to most
systems. As a result, there is a huge base of excellent commercial and free software that can be
adopted for scientific use, at a huge cost savings. In the long run, the cost savings may be the
overwhelming practical advantage of XML.

There are many binary formats, and none is as universal as XML. For any given binary format,
there are readers and documentation, but it may be necessary to obtain and install extra software,
and/or write code.

A third important difference is in the flexibility of the storage format. XML is, by design,
organized as a stream of Unicode characters, with its objects organized as a tree. In contrast,
binary formats store numbers in ‘native’ formats which are typically compact and require no
translation in order to perform computation.

A binary format can implement many storage strategies, including a graph, mesh, or other
multidimensional structure. Also, a binary file can be organized to optimize space and transfer
speed. For instance, a binary data format may implement optimal numeric coding, data
compression, or interleaving. Also, a binary file can access data in the middle of the file (“random
access”).

These features are extremely critical for practical access to large complex data sets that cannot be
stored in memory in their entirety. The ability to access sub-sets of large data (e.g., a region of a
global dataset) requires careful organization of the data [21]. Compression and other strategies
can have a very significant impact on cost and performance (e.g., [48]).

Fourth, XML and specific binary formats integrate with other software. XML is the ‘native
format’ for the Web, and many standards are built on top of XML, including XSL stylesheets
[38], Web Services [41], Grid services [35], and the Semantic Web [39]. On the other hand,
binary formats can tightly coupled to software, for optimal integration to a specific environment.

Table 1 summarizes these points. Overall, there are advantages and disadvantages to different
storage format. The follow sections discuss the best uses of binary, XML, and both together.

Table 1
XML ‘Binary’
‘Human readable’ Requires software interpretation
Single, Universal Standard Many binary formats, availability varies

o  Web-friendly
e Massive commercial support

Stored as a stream of Unicode, in a single file Many organizations,

e Organized as a tree e may use ‘native’ numbers and pointers
e Cannot directly store ‘native’ numbers, e may support ‘random access’ to any part
must be encoded as unicode of the data
e may support compression, etc.
Integrated with Web/GRID standards, e.g., Tight integration in specific system, e.g.,
e XSL [38] e Optimized tiling and compression
e Web Services [41] e Customize profile and library (e.g., HDF-
e Semantic Web [39] EOS [32], CACTUS [1]




5. Using XML and Binary Data Formats

Binary formats and XML each have advantages, and there are good reasons why scientists will
want to use both XML and binary data in the same systems and applications. This section
considers how to mix the two in the same application or environment.

Two principle approaches are considered: translation between XML and binary; and a mixed
model of XML with pointers to binary data.

5.1. Translating Between Binary and XML

One method for using binary and XML together is to translate between the formats as needed.
Many applications use XML as a ligua franca between systems, while using different formats
internal to the system. Indeed, this is the core of the design of Web Services [41] and the Grid
Services [35]. Also, most database systems can load and dump data as XML, while storing it in
customized binary formats within the database (e.g., [19]).

Scientific data processing applications and systems usually deal with data in many formats,
translating as needed, e.g., with “readers” for different binary formats. Ideally, the widespread use
of well designed XML standards may reduce the effort required to combine data from different
sources.

In the case of scientific data formats, it is possible to define translators that create a standard
XML file from binary data, and creates a binary file from appropriate XML. For example,
NCSA’s HDFS5 has a standard XML schema, and tools to translate (as well as can be managed)
binary HDF5 to XML, and XML to binary HDF5 [15, 47]. Other formats have or soon will have
such capabilities (e.g., NCML [37]).

In essence, this translation is a program that reads all or selected objects in the binary, and creates
an XML file which represents the same object according to some DTD or Schema. Figure 1
shows an example of some of the XML tags that are defined to describe and HDF5 Dataset. The
XML is generated by a program that reads the binary HDF5 file and writes XML according to a
published standard XML Schema. The XML document has objects to describe the logical
components of the HDFS5 file.

Going the other direction, a standard XML parser reads the XML, and creates the appropriate
binary object. So, for the XML Figure 1, the translator would call the HDFS5 library to create a
Dataset named “/datasetF32”, with the dimensions, data type, and other attributes specified in the
XML.

<hdf5:Dataset Name="datasetF32" OBJ-XID="xid 976-0"
H5Path="/datasetF32" Parents="xid 928-0" H5ParentPaths="/">

<hdf5:Dataspace>

</hdf5:Dataspace>
<hdf5:DataType>

</hdf5:DataType>
<hdf5:Data>

</hdf5:Data>
</hdf5:Dataset>

Figure 1. Sketch of XML tags for an HDFS Dataset
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Scientific data usually includes large, multidimensional arrays of numbers. XML can model
numeric concepts such as vectors and arrays, but there is no one right way to do so. In fact, XML
is very flexible: it is very possible to “mark up” the same document using many different
schemas. The resulting documents are legal XML, and they all accurately represent the same
data, but they may be completely incompatible with each other. Using XML enables, but does not
ensure, interoperability. Appendix A presents a tutorial example of different ways to “mark up” a
two-dimensional array of numbers.

Of course, it is not necessary to literally transcribe from binary to XML. It may be desirable to
create a description in some other form, selecting and reorganizing the information in the binary
object. For example, a program could analyze the binary file, and generate an XML description of
the data suitable for a catalog: the XML does not reproduce the data, it represents important facts
(from some point of view) about the data. The XML might follow a standard such as the Federal
Geospatial Data Committee (FGDC) Metadata Standard [3] or NASA’s Global Change Master
Directory (GCMD) [25].

- Rl —

netCDF
XML

using
apply o 1Ct0hS. x5l
netedf.did
using netcdf.dtd
it
HDF5-File
did

B

e | e
u

(0

HDF=

]
:

Figure 2. In principle, it is possible to convert binary to binary, via XML. (See [22])
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XML stylesheets ([38]) offer an interesting mechanism for transforming from one XML
“grammar” to another, which can be used for some kinds of data filtering and translation. For
example, in one toy program we demonstrated conversion from binary netCDF to binary HDF5
via XML: the netCDF binary was written as a netCDF XML description, a stylesheet with
JavaScript was applied to transform to an HDF5 XML description, and then the XML was
processed to generate a binary HDFS file [22]. Figure 2 shows a diagram of this process.

Thus, there are several ways to translate between binary and XML: convert binary to XML, XML
to binary, and transforming XML to other XML. In general, once data has been translated to
XML, it should be relatively easy to process it into other forms of XML. Furthermore, a given
XML file can be filtered in many ways to generate other XML for various purposes.

The most general and powerful variation of the data translation approach would be to define an
extensible framework in XML, and then map every binary format to the framework. This idea has
been proposed many times, e.g., XDF [46], ESML [7], and now the “Data Format Description
Language” of the Global Grid Forum [5].

It should be realized, of course, that perfect translation is seldom achievable. In many years of
experience at NCSA (e.g., [13, 14, 16]) we have seen that, for any two data models, many
concepts map easily, a few are very difficult, and there are usually some details that simply
cannot be adequately translated [9]. As a result, information may be lost in the translation
process.

It is even more difficult to determine if the intended meaning has been translated: can the
translated object be used and interpreted correctly? This is especially sensitive and critical for
scientific data, which usually can be interpreted only within a theoretical context which may be
reflected in subtle properties of the data. The emerging “Semantic Web” [2, 11] may be useful to
“mark up” data with additional information required to interpret it.

5.2. Mixed-Model: pointers to binary data

XML provides an additional option: the XML markup can contain pointers to external data
including binary files or objects in a binary file. In this approach, the XML markup contains a
description of how to get the data, rather than the data itself.

There may be good reasons to use a description of the data or data access method. The user may
not require the data itself, or it may be infeasible to use the actual data, because:

e The data may be too large to transfer

e The data may be off-line

e The data may be unique, e.g., there can be only one true version of the “original” dataset,
which cannot be replicated on a local system.

e There may be many, many data objects, the user seeks to find a relative few.

This mixed-model will certainly be a common use of XML and binary data, and standards are
evolving to implement this concept.

The essence of the approach is for the XML to specify a pointer (an extended hyperlink) that can
be correctly interpreted by software that reads the XML. The pointer can be a URL or similar tag,
which can include information about how to access the data at that address. This approach is
analogous to hypertext links that are used to embed graphics and scripts in HTML documents. In
addition to a standard syntax for the link, there must be standard conventions for how to tell how
to follow the link: how the data object can be accessed.
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Of course, the XML could have much more information, including:

Multiple addresses, e.g., for replicates

Detailed parameters for the access method(s)

Specification of the format of the retrieved data

Specification of a sub-set or other selection from a large dataset

For example, instead of including the numbers in the XML, a matrix might be represented by a
link, such as shown in Figure 3.

<matrix>
<link ULR="some.url” FileType="a mime type”
ObjectName="id of matrix” />
</matrix>

Figure 3. XML with a pointer to binary data.

A stored data object is a representation of data (state) + algorithms. To interpret a stored object, it
is necessary to implement the correct algorithms to interpret the stored data, e.g., to construct the
object in memory based on the stored representation. This is not trivial because the stored
representation of a data object need not be a literal copy of the representation in memory. In many
cases, the data is stored following a non-trivial algorithm (e.g., compression), which the reader
must reverse to reconstruct the data object.

So, the XML markup should be augmented to specify the algorithms that must be used, e.g., “this
set of bits should be interpreted using this algorithm”. In general, there are three basic ways you
can do this:

1. Include a standard name for the algorithm, e.g., MPEG.

2. Include a pointer to code that implements the algorithm, e.g., a library or service that can
read the bits.

3. Include the algorithm in the XML, e.g., some kind of program expressed in XML

Note that in all of these approaches, the application using the XML must implement the
algorithms to access the data, or else defer to other software that implements the algorithms.

SOAP [40] is an example of the first approach. A SOAP message is an XML document, i.e.,
XML is used to provide a verifiable and extensible framework for defining structured text
messages. Of course, SOAP is not well suited for passing large amounts of numeric data, such as
a JPEG image.

DIME [20] is one of several proposed standards for passing arbitrary chunks of binary data via
SOAP. DIME is actually a very simple extension of SOAP, that allows the message to include
blocks of non-XML data, identified by a conventional name (e.g., ‘image/jpeg’). DIME does not
describe or interpret the binary data, the producer and consumer must use the data type to
implement correct algorithms. So, when the message tags the data as ‘image/jpeg’, the receiver
must, use a JPEG reader.

This approach could be augmented by adding a pointer to a service that implements the required
access. For example, the message could include the URL of a Web Service that displays MPEG
files, or the URL of MPEG software that can be downloaded. This would be an example of the
second approach.

The third approach is illustrated by BinX. BinX is a proposed Grid standard which seeks to
provide a generic data access service [44]. BinX intends to provide “the ability to describe the
physical representation and the overall structure of arbitrary binary data” ([44], p. 4). To realize
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this goal, BinX uses an XML language that gives a complete description of the binary data
(Figure 4). BinX will likely evolve to use the “Data Format Description Language” (DFDL) [5]
as its data description language.

The DFDL is an XML schema that attempts to provide a universal description language for data
at several levels of detail:

1. The underlying physical representation (e.g. bit/byte ordering)
2. The primitive types used (e.g. IEEE float, integer)
3. The structure of the data itself (e.g. array, list of fields, table)

The physical representation may require description of the layout of the data in storage, i.e., the
order of bits and bytes, and the interpretation of padding, and so on. The primitive types use XML
schema’s rich data model, which must be mapped to and from the number models used by
different formats. And lastly, the layout of the data elements must be described, including the
dimensionality of arrays, and so on. For example, DFDL is designed to describe basic numeric
objects, such as arrays.

hinX

XML arse XL
hinX
tool output

: read hinary
T —— data
V hinary
file WV

Figure 4. The notional usage for BinX (after [44], p. 6).

The intention of DFDL XML is to describe the layout of the data in the file, effectively telling
how to read the binary data. It is imagined that BinX or other tools will be able to analyze the
XML, and use generic algorithms (e.g., seek to an offset, and read so many bytes) to retrieve the
data.

However, as already discussed above, the description of the “file” must also describe both the
data (where the bits are) and the algorithms necessary to interpret the bits. DFDL and similar
approaches must assume that the algorithm required to retrieve the data is apparent from the

XML description of the data, or else use some mechanism to discover what algorithms to use.
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This is a difficult problem because the stored representation of a data object need not be a literal
copy of the representation in memory. In many cases, the data is stored following a non-trivial
algorithm, which the reader must reverse to reconstruct the data object.

For example, HDFS5 stores arrays of data in several ways, including user-defined chunks (tiles),
which are stored in arbitrary locations on the disk. When an array in memory is stored in HDF,
the blocks of data are organized in a B-tree, and may optionally be compressed, packed, and
might have computed fill values for unwritten data (see [17]). In short, the layout on disk is not
trivially related to the conceptual layout of the array in memory. The stored state of a database or
other complex object will have similar characteristics.

The principle here is that a description of the data (the bits) is not sufficient to retrieve the stored
object. A description of the “file” must also describe the algorithms necessary to interpret the bits.
It is not clear how a language such as DFDL should deal with this. While it is certainly possible
to mark up any binary file, it doesn’t make much sense when the values must be decoded by an
algorithm in memory. For example, it would be perfectly possible to describe the stored form of a
compressed file as a sequence of so many bytes or bits. But this isn’t very useful because the
numbers only have meaning when interpreted by the decoding algorithm.

A universal data format will likely be a least common denominator. This will be useful in some
cases, but one may wonder if it will be useful for complex scientific data. Systems will probably
use their own internal (binary) formats to fully represent their data. Therefore, systems may well
need to provide different interfaces with different levels of detail, e.g., a very generic XML view,
a more data format specific XML view, and a binary interface to the specific data.

6. Summary: Best Uses of XML and Binary Files

This paper has make the case that a system or application can benefit from using a mix of XML
and one or more binary formats. What is the best use for each?

6.1. Best Uses for Binary Data Formats

Binary formats are usually very efficient (in both space and time), especially a format that is
specifically designed for an application. For local use where sharing is not required or tightly
controlled, binary formats may be the best choice, especially if performance is a critical issue.

Binary formats are particularly well suited to numeric computation, especially using dense
matrices of numbers. A binary format is very close to native computer memory, often it is a direct
copy of the memory image. For this reason, a binary format can load to memory (or write to disk)
the data for a numerical computation efficiently. In particular, a dense matrix can be written or
read as fast as the system can transfer data, using the minimum memory that could be required.

In contrast, data stored in XML must be converted to/from Unicode and/or XML tags into a
memory image (e.g., an array of numbers). For a large matrix, this operation requires considers
memory and time. In general, XML is catastrophically slow for numerical application.

Binary formats can support highly customized data access algorithms, including selection,
filtering, scatter-gather, compression, and parallel I/O (e.g., see [17]). These features may be
essential for large scale computations, which must manage large amounts of complex data.

In contrast, XML can be written/read only as a continuous stream of objects encoded in Unicode.
With stream 1/0O, it is very difficult to manage very large objects or to navigate a file with a large
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number of objects. The XML standard Document Object Model (DOM) provides some forms of
random access, with a corresponding memory and time overhead. It is worth pointing out that
implementations of DOM achieve this by creating a binary representation of the information in
the XML file, which is similar to the data structures used in binary data formats.

6.2. Best uses for XML

While XML has disadvantages, it has many advantages. For many uses, the universality of XML
is overwhelming, trumping all concerns of efficiency. For example, XML is clearly well suited
for data catalogs and many kinds of data and process description.

XML is well suited for heterogeneous systems with multiple users and multiple purposes. The
universality and portability of XML is essential for sharing data across space (geographic
distribution), time (archiving), and conceptual domains (different users, communities, and uses).
Furthermore, the availability of generic software makes it easier to share the complex details of
scientific data, encapsulated in schemas and XML-enabled software.

An XML “document” can be used to deliver a description of the data without the data itself, as in
a data catalog (e.g., [25]) or as a “virtual dataset” (e.g., [44, 45]). This enables users and
communities to share data more easily, and to create customized views of data from many sources
without replicating or reformatting.

There are many good reasons to use a description of the data instead of the data:

The data may be too large to transfer, the user seeks to access only a small fraction
There may be many, many data objects, the user seeks to find a relative few

The data may be off-line or protected

The data may be unique or tied to a specific source (e.g., a sensor array)

In these and similar cases, an XML description is preferable to the data itself. A common theme
in these cases is that it is infeasible to copy all the data, and then ignore what is not needed.
Instead, the user copies the XML, determines what data (if any) is need, and then when the actual
data values are needed, the user will perform the costly and difficult steps needed to retrieve
exactly what is needed.

One of the weaknesses of computer storage is that data can be stored only once: in many cases,
data might need to be used in more than one way, and not all uses can be served well by a given
layout. For example, a time series with several variables can be grouped by time step or by
variable. The former is very efficient for sampling by time, the latter is efficient for sampling by
varialble.

Using the XML linking as discussed above, XML is well suited for constructing multiple views
of the same data. Furthermore, an XML file is not limited to the data in a single binary file, or
files from a single source, or even to a single kind of data. A “virtual dataset” can be constructed
to point to objects from several files (possibly from multiple on-line archives), as well as
databases, programs, and documentation.

Different applications and communities can create “virtual datasets” to meet their needs, without
the cost of copying and reformatting all the data.
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6.3. Poor Uses of XML

XML is very poorly suited for some important aspects of scientific data management, particularly
the representation of large arrays of numbers and structures other than a tree. The challenges of
representing numbers and arrays has been discussed above.

XML models data as a tree, which naturally represents one- or two-dimensional data. It is
awkward and difficult to represent other graph structures using XML, and it is difficult to
represent higher dimensional data.

XML has limited ability to represent a data definition that is a restriction on a set of objects, e.g.,
“all the data in this object are 32-bit integers”. The XML Schema language can express some
kinds of restrictions (particularly on the type and range of data values), but must use tags to
define structural relations (such as positions in a matrix).

Data streams are important to many scientific applications, e.g., data flowing from sensors or
real-time computations. In this case, the data is transient and must be accessed as it arrives, it
cannot necessarily be collected in a file and analyzed later. Neither XML nor binary data files are
well suited to data which is not persistent and does not have a fixed length.

7. Summary and Discussion

7.1. Summary

Binary formats and XML each have advantages, and there are good reasons why scientists will
want to use both XML and binary data in the same systems and applications. This section
considers how to mix the two in the same application or environment. Two principle approaches
are considered: translation between XML and binary; and a mixed model of XML with pointers
to binary data.

For many uses, the universality of XML is overwhelming. For example, XML is clearly well
suited for data catalogs and many kinds of data and process description. However, XML is very
poorly suited for some important aspects of scientific data management, particularly the
representation of large arrays of numbers or complex data structures.

7.2. Other Uses of XML

This paper has considered issues addressed by a “data format”. These uses are only some of the
requirements for creating, managing, and sharing data, and XML is used in many ways in
information systems. For example, XML is useful for formatting documents, representing model
parameters (e.g., [6]) and for controlling experiments and computations (e.g., [28, 30]).
Furthermore, the use of XML for multiple purposes can improve interoperability, e.g., making it
easier to cross reference published papers with the data that supports them [24].

XML is well suited for the definition and implementation of community standards. Scientific data
is shared by communities of users, and sharing requires data standards. Standards do not need to
be tied to a particular storage format, indeed, in many cases the best approach is to define abstract
models. For example, the Geographic Markup Language defines an abstract standard for
describing geospatial data [31]. This specification is expressed in XML, although much of the
data will be stored in one or more binary formats.
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The universal namespace of URLS may be the single most important technical advantage of
XML. The ability to point to data, data descriptions, documentation, and other objects via a
standard namespace is critical for open sharing of information. This feature is especially
important for scientific publishing, which needs to cross-reference published articles, software,
and data (e.g., [27]). It also enables easy reuse and sharing of community defined schemas for
data and metadata.

XML is well designed for certain kinds of filtering and translation, e.g., through stylesheets.
Stylesheets provide a declarative translation from XML to XML, i.e., in the form of a document
rather than a executable program). For an example, see [22], discussed above. Stylesheets may
be useful for interesting data and metadata translation, e.g., between related standards. While
stylesheets are technically limited, a stylesheet is an open way to publish translation algorithms.
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Appendix A. Tutorial Example: Storing Arrays of Numbers in XML

If anything characterizes scientific data it is the use of large, multidimensional arrays of numbers.
Computers were designed from the beginning to directly implement matrix computations, and
most computer languages directly represent numbers and arrays of numbers.

XML was designed from the beginning to describe “a document”, which is conceived to have
relatively large structural units, with blocks of linear text. Furthermore, XML models the
document as a tree, which is fundamentally a two-dimensional model.

XML can model numeric concepts such as vectors and arrays, indeed, there are many different
ways to do so. But there is no one right way to implement this, and the analysis gives insight into
the strengths and weaknesses of XML.

A.1 Features of XML

XML is a standard language for “document mark up”: XML defines an open standard for
embedding symbolic tags in a text document. Basically, standard XML assures that if two
different programs read the same XML document, each will see the same tags and values,
conforming to the same constraints. XML does not define what tags may or may not be used, nor
does XML understand what tags “mean”. Furthermore, standard XML software does not interpret
the values of attributes and text between tags, other than checking the constraints.

XML has three important concepts:
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e Standard parser
e Standard schema
e Standard namespace

An XML file contains tags and attributes which follow the XML specification. An XML parser
can read the file and faithfully discover all the tags, attributes, and values encoded. Any
conforming parser will discover exactly the same tags, etc., in a conforming XML file.

Second, the structure can be constrained by a grammar defined by a DTD or XMLSchema, i.e., a
“markup language”. A parser that implements XML schema (DTD) can interpret the grammar,
and discover any violations of the constraints.

Third, XML defines a universal namespace for documents and schemas that makes it possible to
reliably share XML documents anywhere on the Internet.

There is no one right way to use XML. In fact, XML is very flexible: it is very possible to “mark
up” the same document using multiple schemas. The resulting documents are legal XML, but
completely incompatible. Using XML enables, but does not ensure, interoperability.

A.2. Tutorial Example: Markup for a Two-Dimensional Array

To illustrate the flexibility of XML, consider the case of a two-dimensional array of numbers.
Conceptually, there is a single object, perhaps a matrix. Operations are defined for manipulating
the object in terms of its constituent elements (numbers). In a computer, the conceptual object is
represented in a natural analog, usually as a rectangle of elements. Each element is represented as
a coded value, i.e., a bit pattern that represents an integer or floating point number.

When the object is stored on the computer, it is important to store sufficient descriptive
information so that the object (matrix) can be reconstructed. The description can be done many
ways. In XML, the data description is done with markup tags, and there are many ways to design
the tags.

For instance, the XML might simply define a tag for ‘matrix’:

<matrix>
12 7 .
8 9 55 ..

</matrix>

XML does not specify anything about the text between the tags. In this example, the contents
inside the tags must be interpreted by the reader according to some convention; and much is left
to the reader:

e The format of the element (how to interpret the text to derive the intended numbers), how
they are separated.
e  Which element is which (implicit in the order of the elements)

The XML markup can specify more of these details with attributes and tags. So, perhaps each row
might be an XML element:

<matrix COLS=10>
<row ROW="1">
12 ..n

</row>
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<row ROW="2">

</matrix>

or each number in the array could be an XML element:

<matrix>

<row ROW="1">
<Item I="1">

3

</Position>
<Item I="2">

4

</Position>

</row>

</matrix>

Alternatively, the coordinates could be encoded as attributes the elements in several ways:

<item I =

J="7"> 8 </item>

<item>
<x-coord>
1
</x-coord>
<y-coord>
7
</y-coord>
<value>

38

</value>
</item>

All of these approaches represent the intended layout of the elements, the relative merits depend
on the intended use of the XML.

Beside the layout of the elements in the array, it may well be necessary to define the number type
and format of the data elements as well, e.g., integer, floating point, decimal, hexadecimal,
length, byte order, and so on. This can be done in many ways.

For instance, a number type an attribute of the matrix, or of each element. For instance,

<matrix NumberType=Int32>
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</matrix>

or

<item x="3" y="8" NT="F4.2">
5.6
</item>

If a full description of the layout of the number (the digital encoding) is required, the description
will be quite complex. See the XML Schema [42] and the HDF documentation [17] for two
examples.

A.3. Discussion: why the markup strategies matter

In the examples above, and other similar variations, each approach has advantages and
disadvantages.

The critical distinction is that standard XML software can recognize, validate, and navigate
among tags and attribute values, but not within the content of tags. So the more tags present in the
XML, the more detailed the validation, navigation, and indexing that can be by standard XML
software.

“Standard” XML software includes validating parsers, which assure the correctness of the tags
and attributes, stylesheets which can transform the format, and indexing services that can analyze
the tags and attributes for search engines. Usually, these services use tags and attributes, and
cannot do much with the content between the tags.

In all cases, problem specific software must “take over” the interpretation at some point. One way
to view it is that the standard XML software breaks up the text into pieces, and each piece is
handed to the application to interpret. The markup determines what pieces will be passed to the
application.

The distinction matters because the standard XML software is available everywhere, users do not
need to download or install the software. The application specific software may not be installed
everywhere, and must be distributed to all users and kept consistent. Thus, the tags and attributes
will be accessible practically everywhere, the content of the tags will be accessible only where the
right software is installed.

In the first example, standard XML based software can recognize the array, but then must pass
the whole matrix to non-standard software. In the second example, XML can find the rows, but
not a single element within a row. And so on, through more and more detailed markup: the more
information that is in the XML tags, the more that standard services can understand about the
structure of the information.

On the other hand, extremely detailed markup is annoying and makes the array many times larger
than the binary representation would be, and far less human readable. Furthermore, this markup is
unnecessary except for the XML parsers. In the example, the markup tags contribute nothing to
the numeric meaning of the matrix, and in fact they are seriously detrimental to performing
numeric algorithms: implementing the elegantly simple operation of matrix multiply using the
XML tags would be preposterous. In fact, it is likely that the XML would be processed to build
the matrix in memory (i.e., as binary data), and then process it.
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A.4. XML With Pointers to External Data

XML provides an additional option: the XML markup can contain pointers to external data. The
pointer can be a URL or similar tag, which can include information about how to access the data
at that address. This approach is analogous to hypertext links that are used to embed graphics and
scripts in HTML documents. Note that the pointer needs to have sufficient information so it is
possible to access the numbers. For example, a conventional name (such as a MIME type) can
state what software or conventions should be used, and some kind of identifier for the specific
object may be needed, e.g., for a particular matrix in a complex file.

Continuing the example of a two-dimensional matrix, the array may be stored externally and
pointed to with a URL or similar tag. So the matrix might be represented as:

<matrix>

<link ULR="some.url” FileType="a mime type” ObjectName="id
of matrix” />

</matrix>

As in the examples above, the XML can have much more detailed information, including:

Multiple addresses, e.g., for replicates

Detailed parameters for the access method(s)

Specification of the format of the retrieved data

Specification of a sub-set or other selection from a large dataset

In this approach, the XML markup contains a description of how to get the data, rather than the
data itself.

This concept can be extended to have the XML include description of algorithms that should be
used to access the data. For example, the XDF language defines an XML language for simple
data retrieval operations (readline, skip, etc.) [46]. XML Query languages define common
database operations (select-where, and so on) [43]. The Semantic Web will provide other XML
“programming languages”, to define logic programming statements [4, 8, 12].

There may be good reasons to use a description of the data or data access method. Fundamentally,
the use may not require the data itself, or it may be infeasible to use the actual data, because:

e The data may be too large to transfer

e The data may be off-line

e The data may be unique, e.g., there can be only one true version of the “original” dataset.

e There may be many, many data objects, the user seeks to find a relative few

A distinctive advantage of this approach is that it is easy to construct a “virtual dataset” that refers
to multiple data sources. For example, one might construct a multi-layer map with data from

DEM, sensor data, satellite imagery, and other data from different sources. The XML could
define characteristics of the layers, but point to the data “in situ” in the original sources.

<map>

<layer name="elev”>

<pointer-to type="DEM” object="mapl”>
address of DEM file

</pointer>

</layer>

</layer name="satellite-product-id”>
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<pointer-to type="hdf-eos” object="datasetname”>
address of NASA data file

</pointer>

</layer>
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