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We report the first fully operational system for managing complex chemical content entirely in
interoperating XML-based markup languages. This involves the application of version 1.0 of Chemical
Markup Language (CML 1.0) and the development of mechanisms allowing the display of CML marked
up molecules within a standard web browser (Internet Explorer 5). We demonstrate how an extension to
including spectra and reactions could be achieved. Integrating these techniques with existing XML
compliant languages (e.g. XHTML and SVG) results in electronic documents with the significant
advantages of data retrieval and flexibility over existing HTML/plugin solutions. These documents can be
optimised for a variety of purposes (e.g. screen display or printing) by single XSL stylesheet
transformations. An XML schema has been developed from the CML 1.0 DTD to allow document
validation and the use of data links. A working online demonstration of these concepts termed ChiMeralL,
containing a range of online demonstrations, examples and CML resources such as the CML DTD and
Schema has been associated with this article via the supplemental (supplemental.xml) material.

Introduction

The World-Wide-Web was originally conceived as a collaborative tool for scientists, allowing the
rapid distribution and publication of results and greatly improved online communication. It has
become increasingly common for academic papers, databases and knowledge archives to be
made available in the form of hypertext markup language (HTML) pages, this being an efficient
way of making them widely and globally available. 1 However, the absence of mechanisms in
HTML for directly handling chemical information such as e.g. molecular structures and hence the
difficulties in automatically recognising and extracting chemical data from HTML pages limit their
potential. 2 34 Our solution to this problem involved the development and extension of a chemical
markup language (CML) s and techniques to allow the display of molecules, spectra and reactions
within a web browser. s These chemical objects can be seamlessly integrated into existing textual
markup to create complete electronic documents.

Existing Solutions - HTML and plugins

The text formatting language HTML and its interface, the web browser are familiar tools to many
scientists. HTML was originally designed to display plain text on a computer screen, with markup
'tags' (formally known as elements) primarily supporting the formatting of textual objects
(paragraphs, tables, headings, lists etc.). Inter-document linking is achieved by hyperlinking (via
the anchor, applet, embed or object elements) which also allows content in the form of
bitmapped images (normally gif, jpg and png), and traditional chemical data files to be
transcluded.

HTML documents rely significantly on human processing for chemical content interpretation and
error detection since the language syntax is too flexible to be reliably interpreted by machines,
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especially the early versions of hypertext markup language (1.0, 2.0, 3.2, 4.0 and their commonly
used non standard derivatives, collectively referred to in this article as 'HTML'). No mechanisms
exist in these versions of HTML to allow them to be validated with respect to the document
integrity and there is very little markup of context (to indicate the meaning and relevance of each
information component). Non textual data normally requires the use of browser 'plugins' (small,
platform specific helper programs) or Java 'applets' (non platform specific programs, that run on a
‘virtual machine' on top of the web browser). As an example, a present day online chemical paper
might consist of HTML text, static bit-map images and diagrams and molecular structures
transcluded from an external 'legacy' data file such as e.g. MDL Molfile 7 or the Brookhaven
Protein Databank (PDB) formats s which are intended to be visualised using an appropriate plugin
(supplementary figure 1) . The syntax of these external files is heavily implied and requires
specialist knowledge to interpret. This severely limits the re-usability of the rapidly growing amount
of high-quality chemical information available on Web pages and a significant amount of time and
more importantly information can be wasted converting between these files.

Since HTML ¢ was not originally designed to support non textual data, there is no built in
mechanism to allow molecular structures to be shared between a plugin and the parent document.
As a result, the external data files become isolated from the text and from each other. This
reduces inter-operability and makes it significantly harder to identify information within these files,
while at the same time retaining their context. Browsing through HTML pages using a
conventional search engine requires significant human interaction in order to identity useful
chemical information. If the information was labelled by context, far more could be handled
automatically, e.g. filtering and ignoring identical data from different sources. The main problems
with existing HTML/file transclusion solutions include:

. The lack of a clear separation of content from the formatting or presentation in the HTML document.
For example, HTML defines a superscript element - <sup> - which can ambiguously be used to either
define a cited reference or footnote, or in a molecular formula as an isotope, charge, unpaired electron,
oxidation state, state symmetry or multiplicity. Or it can be used simply for stylistic effect. Similarly,
chemical content and meaning can often be expressed using Greek characters, which in HTML are
considered a stylistic attribute best expressed using a formal stylesheet declaration. This means that a
molecular formula or constitution marked up using HTML is effectively lost as far as machine
readability is concerned.

. The use of legacy formats with implied syntax and the resulting multiplicity of standards. A single,
human readable format is required, combining both textual and non textual information within a single
document.

Additional considerations include scalability, validation, platform independence (particularly

relevant online), portability and flexibility. 10 With the present cost of computer hardware and

improvements in communication bandwidths, file size is significantly less of a concern, but many
legacy formats are were designed, in the era of expensive computer memory, to be extremely

terse and hence have a large amount of implied and hence essentially unavailable syntax.

Extensible Markup Language (XML)

In February 1998, the World Wide Web Consortium (W3C) published their recommendations for
extensible markup language (XML) ¢ as a successor to HTML. XML is not a markup language in
its own right, instead it is a series of rules and conventions defining how to build discipline-specific
markup languages (a so called 'meta-markup language'). XML is designed to allow the description
of any structured data by the use of an user defined set of tags, or elements in XML
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nomenclature, support precise declarations of the content of a document and context using
explicit syntax. A defined set of elements is called an XML language and these languages are far
more flexible than HTML, since they can be tuned to a particular subject.

Figure 1: Data flow in an XML/XSL transform - an XML document can be transformed by one of many stylesheets depending on the
required output.

XML Document

|

select a stylesheet

L]

XSL Stylesheet A XSL Stylesheet B XSL Stylesheet ..

XML/XSL Parser

e.q. Internet Explorer 5

transform document with selected stylesheet

+
Formatted Output

to screen, paper, etc.,

All XML compliant languages use the same syntax and can be manipulated using any XML
compliant tools or applications. Information marked up using different languages can be easily
combined into a single document and manipulated at the same time. These different languages;
e.g MathML, CML, 11 SVG (Scalable Vector Graphics) are identified within the document by the
use of discrete namespaces (vide infra) and are often concatenated using XHTML (HTML
following XML rules). An online XML article might consist of XHTML text combined with e.g. SVG
diagrams and CML structures or spectra.

Unlike HTML, XML elements do not describe the formatting of a document and hence a generic
browser can only by default display the document and element tree structure. Instead the parser
built into the browser uses an external stylesheet, which contains formatting instructions for each
element in the XML source. This stylesheet is supplied by either the author or the reader and
effectively maps the contents of each element to an output. This would normally be an XHTML
page or some other text file but can also be to e.g. an Acrobat file. 12

The older cascading stylesheets (CSS) is a standard commonly used for formatting HTML, and
provides a mechanism for defining the formatting and layout instructions for an entire HTML
document collection in a single stylesheet file. CSS works by allowing the author to redefine how
an HTML tag will be presented, e.g. <h1> can be defined using a CSS stylesheet as meaning
present this heading with e.g. size 11 font and red colour. This is useful when the style of an entire
document collection needs to be changed, since it only requires editing one stylesheet rather than
each HTML document. Much more sophisticated stylesheets can be written using a powerful
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formatting, searching and scripting language XSL (extensible stylesheet language). In this article,
we will describe the design and implementation of a range of chemically useful stylesheets.

Since any number of stylesheets can be applied to a single XML document, it can be displayed in
a large variety of ways (Figure 1). The searching and scripting capabilities of XSL mean that
element(s) can be picked out and displayed and/or manipulated according to their contents. Other
information can be ignored if required, making data searches from large XML documents trivial.
An article containing a mixture of text and chemical information can be scanned for e.g. spectra or
numerical information using such a stylesheet and this information transformed and displayed
using e.g. a suitable applet. Alternatively, a different stylesheet might be used to identify molecular
structures and potentially calculate their properties.

Stylesheet transformations are performed using software called an XML/XSL parser, whichmay
be a dedicated program or a component built into an existing web browser (as with Internet
Explorer version 5 and higher). 13 Stylesheet selections can be defined by a URL (uniform
resource locator from within the document or selected from a local collection using the parser.
This allows a reader to use their own stylesheets which invokes their own preferences or
resources available to them. This flexibility makes stylesheets very powerful and is exemplified by
the ChiMeraL demonstration s where sample CML data files containing molecule and spectra can
be transformed with a range of XSL stylesheets.

The use of a unified XML format reduces the time wasted in processing legacy files and avoids
the risk of serious information loss due to poor semantics. This "plug-compatible™ XML approach
guarantees a document to be searchable, sortable, mergeable, and printable with minimal extra
cost. Ideally all future document and publishing systems will be transferred to using XML
languages.

Chemical Markup Language (CML 1.0)

The definition of CML version 1.0 s was developed to carry molecules, crystallographic data and
reactions using an XML language and for the first time offers a universal, platform and application
independent format for storing and exchanging chemical information. As the first generation of
CML, it outlines a variety of general purpose 'data-holder' elements and a smaller number of more
specifically chemical elements (e.g. <nol ecul e>, <reaction>, <crystal >) used to indicate
chemical 'objects'. For example, a <ol ecul e> will contain a <l i st > of <at on®s, which in turn
have three <f | oat >s specifying Cartesian coordinates for each atom.

This framework is flexible but leaves many areas open for later evolution. In particular, CML
provides no default conventions for labelling data elements and puts few restrictions on element
ordering. This is intentional as CML is designed to be generic and contains minimal
preconceptions as to the type of chemical information that will be stored using it. Standardisation
and conventions are the concern of the community and will be co-ordinated by publications and
projects such as this one.

In the work presented in this article, we have developed rigorous markup procedures for small and
medium molecule structures. We have included spectral information using an additional element
spect r un> which is not part of CML 1.0. Exploratory work has been carried out into <r eact i on>
markup and data linking within a CML/XHTML document. Simply defining such procedures is of
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limited use and a variety of XSL template ‘fragments’ have been developed. These allow
molecules, spectra and reactions to be displayed using a variety of existing Java applets and can
be used for the construction of stylesheets able to format mixed XML documents containing
chemical information. These stylesheet fragments and examples are offered as online resources
in the form of a fully operational demonstration of CML parsing within a web browser known as
ChiMeraL. This is available via the supplemental information associated with this article, and in
more extended form at the http://www.xml-cml.org/chimeral/ (http://ww.xml-cml.org/chimeral/)
Web Site.
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Results and Discussion

The markup syntax used for XML languages is superficially similar to that used for HTML, but
significantly stricter. The markup is expressed using ASCII text and consist of data units contained
within nested tag pairs (identifiable as an open <t ag> and a close </t ag>). In HTML, these tags
are often used to describe formatting properties, e.g. <font si ze="+1" col or =" #FF0000" >her e
is sone <b>bol d</b> text</font> XML languages strictly separate out formatting from
semantic markup, and describe the meaning and context of data as opposed to its formatting e.g.
<float title="melting point" units="degC'>238</fl oat>). In XML nomenclature, tag pairs
are called 'elements' (not to be confused with chemical elements) and the content of an element
consists of any attributes of that element, their values, and any text or sub-elements nested within
the tag pair. Text or sub elements within a parent element are described as children of that
element and siblings of each other.

XML Rules

The most important rules of XML syntax are as follows. A document that follows these is
described as 'well formed'.

1 All tags must be closed to form an element e.g. <f or nul a>C8 H10 N4 2</f or nul a> and must be
correctly nested. This is in contrast to HTML, where incorrect nesting is normally ignored.

2 'Empty’ elements with no children may be written using the shorthand <I i nk/ > =<l i nk></ i nk>

3 All attribute values must be within quotes (") e.g. <string titl e="CAS"> (in this article, we use the
convention; @i t | e = an attribute named 'title")

4 Element and attribute names are case sensitive and are normally written using lower case to
distinguish them from non XML compliant HTML.

5 Code comments are of the form <! -- comment - ->and are ignored by the parser.
Figure 2: Simple XML document

<?xm version="1.0"?>
<?xm -stxl esheet type="text/xsl"
ref="http://ww.ch.ic.ac.uk/chineral/publications/docunent.xsl" ?>

<docunent title="Sinple exanple of an XM. docunent” id="xm doc_sinpl eEx"
xm ns: xhtml ="htt p: // www. w3. or g/ 1999/ xht mi "
xm ns: cm =" x-schema: http: // www. xml -cml . org/ chimeral /cm _schema_i e_02. xm ">

<xhtm :p>This is a block of text formatted using XHTM. (HTM. fol |l ow ng
XM rules). Normal <xhtm:i>italic</xhtm:i> and <xhtm :b>bol d</xhtm : b>
el ements can be used as can nore conplex <xhtm :font face="Helvetica"
col or ="#000080" >f onts and col ours. </ xhtm :font> Following this is a bl ock
of rmolecular information marked up using CML.. Additional blocks using
ot her XML | anguages coul d be added at wll.<xhtm :/p>

<cm:cm title="Properties of Caffeine" id="cn _caffeine">
<cm :nmolecule title="caffeine" id="nol_caffeine">
<cnl:formul a>C8 HIO0O N4 2</cnl:fornul a>
<cm :string title="CAS"'>58-08-2</cnl:stri n;;>
<cm :float title="nol ecul e weight">194.19</cm : fl oat>
<cm :float title="melting point" units="degC'>238</cnl:fl oat>
<cm :string title="coments">Wite powder or white glistening needles
usual ly nelted together. LIGHT SENSI Tl VE</cml : string>
<cm:list title="alternate names">
<cm :string title="nane">1, 3, 7- Tri met hyl xant hi ne</cni : stri ng>
<cm :string title="name">1, 3, 7-Tri nmethyl -2, 6-di oxopuri ne</cmi : string>
<cm:string title="nane">7-Methylt heophylline</cm :string>
</cm:list>
</cm : nol ecul e>
</cm:cnl>
</ docurent >

An example of a short XML document is given in Figure 2 which contains both XHTML and CML
marked up information. Those familiar with HTML will recognise the syntax but will find the
element names unfamiliar. Notice how information can be stored both as an element child and
also as the value of an attribute.
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The structure of this document is best visualised as a branched tree, similar to the directory
structure on a hard-drive. It has a single 'root' (in this case <docunent>) with a number of
sub-elements (<p> and <cnl >, ignoring the prefix) and sub-sub-elements, defining the logical
structure of the document. Each branch in the tree may contain information either as a text child
or as attribute values. Each component of information is therefore uniquely described by a list of
its ancestors and this provides a convenient method for stylesheets to navigate the XML tree
(called pattern matching).

From Figure 2 we can see that this document contains a chemical formula, CAS number,
molecular weight, melting point and three alternate names for caffeine. In addition, there are two
processing instruction tags (line 1 and 2) that use the syntax <?t ag_nanme_her e?>. The first,
?xnl  versi on="1. 0" ?> indicates that the document has been written to follow XML rules. The
second, <?xnl -stylesheet .. ?> gives the URL of the default stylesheet. Unless given
over-riding instructions (e.g. by a reader who wishes to use their own stylesheet) the parser will
automatically obtain this stylesheet and use it to transform (format) the XML document. This
transformation can be carried out locally (i.e. using the Web browser), remotely on a web server
or using a combination of the two.

Figure 3: The CML element 'tree’. The molecule contains three lists, one of alternate names, one of atoms with their coordinates and one of
bonds and their atom references (the atoms defining the bond)

cm

list title="atoms
atom id="c_a_1"

list title ble® conventiol YR

finate2 id="c_ms_1

coordinate2 id="c_ms_2

cml=
When writing an XML document, it is usual to collect data of similar types and organise this into a

suitably logical structure. For example; the formula for caffeine is stored in branch
\document\cmi\molecule\formula. Figure 3 shows a simplified CML document tree.



ChiMeralL - xmldoc_cmlarticle new () - 8

Namespacing

The attribute:
xm ns="x-schema: http://ww. xm -cm . org/ chineral /cm _schena_ie_02. xm "

of <docunent > in Figure 2 is called an XML namespace declaration. s XML rules allow for the
mixing of XML languages within the same document and there is no mechanism to prevent
potentially conflicting element names being used in two or more different languages. Indeed such
a mechanism would greatly restrict development of XML. Instead, the author assigns each
language a different namespace prefix, using the syntax: <nanmespace: el enent> and
@anespace: attri but e. The choice of prefix for any particular language is left to the author and
these need only be unique over the document in question. A nhamespace declaration (normally
found on the root element) is then used to index each prefix to a globally unigue URL (often the
language development site). Alternatively, it can point to a file containing a description of the
language, as it does for the CML namespace.

There are two types of namespace declaration. The simplest is of the form
@n ns: nynanespace="ht tp: // www. uni queURL. cont and declares any elements with a
mynamespace: prefix as belonging to a language defined at 'http://www.uniqueURL.com'. It is
assumed that attributes share the namespace of their element unless declared otherwise. A
default namespace declaration; @nl ns="ht t p: / / www. anot her URL. cont', results in the element
containing the declaration and all ancestors of that element, belonging to
"http://www.anotherURL.com" unless otherwise stated. This avoids having to use a prefix in front
of a large number of similar elements.

Figure 4: Namespaces used in an XHTML/CML document

<?xm version="1.0"?>
<?xm - styl esheet type="text/xsl" href="docunment.xsl" ?>
<nT w. docunent
xm ns="http://ww. w3. or g/ 1999/ xht m "
xm ns: ntw="x-schema: http://ww. xnl -cri . org/ chi meral / nrw_schenma_01. xm " .
xm ns: chi meral =" x-schena: http://www. xm -cni . org/ chi meral’/ spect rum schema_i e_01. xm ">

<nTrw. abstract>We report the ..</nrw abstract>

<nrw. chapter id="chap_introduction" title="Introduction">
<nrw. i ndex>1</ nrw. i ndex>

<p>The <b>Wor| d- W de- Web</ b> was originally devel oped as a collaborative tool
for scientists, allowing for rapid distribution and publication of results and
greatly inproved conmunication by email. It has become increasingly comon for
academ c papers and results to be posted online, this being an extrenely ..</p>

</ nrw. chapt er >
<cnl title="cm data bl ock" id="cm _noldata" ) )
xm ns="x-schema: http://wmv. Xxm -cnl . org/chinmeral /cm _schena_i e_02. xm ">
<nol ecul e title="caffeine" id="nol _caffeine">

</ nol ecul e> ) ) )
<chi meral : spectrumtitle="Furan, tetrahydro-" id="spect_furantetrah_ir_1">

</ chi mer al : spect r une
</cnm >

</ nt w. docunent >
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Figure 4 shows a document mixing XHTML, published CML 1.0, s ChiMeraL s CML (which also
includes <spectrunm») and a simple document structure language. The four namespace
declarations are as follows:

. xmlns="http://www.w3.0rg/1999/xhtmI"
All elements default to the XHTML namespace (defined by the W3C) unless otherwise stated. There is
no need to write stylesheet entries to transform this language, instead it can be designed to pass these
unrecognised elements directly to the browser (which intrinsically implements default instructions on
how to format XHTML). This 'bypass' avoids unnecessary stylesheet templates and makes stylesheet
development significantly quicker.

. xmlns:mrw="x-schema:http://www.xml-cml.org/chimeral/mrw_schema_01.xm|"
This language describes the logical structure of the document e.g. <abst r act >, <chapt er >,
appendi x>

. xmins="x-schema:http://www.xml-cml.org/chimeral/cml_schema_ie_02.xml"
This declaration is found on <cm > and changes the default namespace for that element and its
children, anything within <cm > is CML unless declared otherwise

. xmlns:chimeral="x-schema:http://www.xml-cml.org/chimeral/spectrum_schema_ie_01.xml"
One element in <cm > is not in the default cm : namespace, this is <spect r un> and requires a
namespace of its own - chi nmer al : . As with the two previous declarations, the URL points to a XML
schema for this language.

Schema and DTD

The URL in a namespace declaration may point to a file describing the XML language. This can
be a simple HTML page but a more powerful method is to point to a file defining the language
using a machine readable syntax. This allows the parser to automatically validate (check) the
document against the language(s) it uses, before transforming it with a stylesheet. The parser can
also be informed if elements belong to a particular data-type (string, integer, etc.) or of 'special’
attributes exist (e.g. unique @id or @href links) and validate these also. If a document is correct
XML (well formed) but does not comply to the definitions of the languages it uses, it is described
as non-valid and can not be parsed. For example, <f| oat type="CAS">58-08-2</fl oat > is well
formed XML but is not valid CML since <f | oat > may only contain a single floating point number.

There are two alternative standards for writing machine readable descriptions. In both cases, this
comprises a list of all valid elements and attributes for the language and declarations of
restrictions on element content and child ordering. The older standard is called DTD (document
type definition) and uses a specialised machine readable (but not particularly human readable)
syntax. DTDs have wide support amongst XML tools and parsers but are being superseded by
XML schemas. These are written using an XML language defined by the W3C and can therefore
be parsed with the same tools as XML documents and XSL stylesheets. Schemas allow more
sophisticated descriptions of valid element trees and they are significantly more human readable.
Parsers can recognise a schema referenced in a namespace declaration and can automatically
validate the document against it. 13 If a document consists of a mixture of XML languages, the use
of a schema for each allows more complex manipulations (for example the linking of data between
languages). Since the modular structure of XML allows (and indeed expects) the addition and
extraction of information 'objects' using many languages, this flexibility is very important.

The CML schema (version 0.2) was developed from the published DTD as part of this project.
Two versions have been made available. The first is a generic XML schema. The second is
optimised for Internet Explorer 5 and includes additional data-type and linking declarations. A full
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description of this schema can be found in the supplemental information for this article as
Appendix C. Since <spect r un® is not included in the CML 1.0 DTD, an additional namespace and
schema have been constructed for it. It is expected that additional elements will be required as
further areas of chemical markup are developed and it is suggested that this approach be
maintained. Once a particular addition has been reviewed and accepted by the community, it can
then be incorporated into a future version of published CML and included in the schema. The CML
schema is available at http://www.xml-cml.org (http://www.xml-cml.org) 11

Platform Choice

There are a wide variety of XML parsers presently under development, 14 many written using the
programming language Java. 1s Java programs are run within a software ‘'virtual machine' and not
directly at the operating system level. Since this software has been written for most operating
systems (Windows, MacOS, Linux, Unix, etc.), Java programs can be ported between these
platforms with minimal effort. It was the aim of this project to build a fully working online
demonstration of real time CML parsing and transforming using the ubiquitous and familiar
interface of a web browser. This restricts functionality (Java parsers are significantly more
advanced) but allows CML examples to be run using software already installed in a large number
of computers and the requires minimal knowledge of XML from the user.

The choice of browser is currently (September 2000) restricted. Later versions of Windows
Internet Explorer 4.x have some limited XML support and this is much improved in version 5
onwards. It now includes full DOM (Document Object Model), XSL and XQL (extensible query
language) support. Netscape 6 (based on the open source Mozilla project) supports XML but is
currently only able to display it using CSS stylesheets. It is hoped that support for XSL will be
included in the next release. No other common browsers yet support XML to any reasonable
degree. This being the case, Internet Explorer 5.x is presently the only suitable client for online
XML applications.



