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High-throughput computation of molecules and crystals is supported through an XML infrastructure based on Chemical
Markup Language (CML). Tools have been developed for the automatic creation of job input and the extraction of structured
XML information from the output. The approach is generic and supports several languages (Java, C++, Python, FORTRAN)

so that “black-box” modules can be created.
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1. Introduction

There are several affordable methods for the computation
of solid-state properties of crystalline and other condensed
matter systems including:

e ab initio quantum mechanics;
e Semi-empirical quantum mechanics;
e Molecular/crystal mechanics.

Typical job times for systems of interest range from
minutes to weeks on single processor systems. This means
that with today’s resources, such as Condor-enabled
computers, a very large number of jobs can be run in few
weeks. The limiting factor soon becomes not machines, but
the human time for preparation of input and the analysis of
results (especially unusual output). If in 10,000 jobs 0.1%
show pathological behaviour that is still 100 to be critically
analysed. Frequently the scientist will wish to vary
parameters or protocols in response to early results. The
system therefore has to be easily adaptable if it is to be used
in the analysis of large amounts of machine output.

Unfortunately most codes still use their own (often very
dated) methods for input and output and there is no
commonality between them. Even when science is well
understood it is a major effort to move from one protocol

to another. Most logfiles are not critically examined
because of the lack of common tools. It is also difficult to
compare results obtained by different protocols.

In this article we describe a universal information
architecture for atomic scale simulations, based on generic
XML tools and the domain-specific Chemical Markup
Language (CML) XML Schemas [1-5]. By converting (or
wrapping) scientific codes, it is possible to provide a
common syntax and semantics for all computational
processes and to move towards a common ontology. |

For molecular or condensed matter simulations this
would need to cover at least the following information

Atomic coordinates;

Lattice vectors;

Forcefields, interatomic potentials;

Basis sets;

Methodology (type of calculation, algorithms, etc.);
Control parameters (precision, number of iterations, etc.);
Job parameters (time, memory, number of processors, etc.)

The scientist may wish to vary one or more of these over
the course of a series of calculations. However, most
computational codes do not explicitly support the separation
of these inputs. Moreover, the majority of data generated by
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[[“Ontology” is increasingly used to represent languages such as OWL and RDF [6] which add machine-processable meaning to the XML components.
There is a spectrum of opinion as to whether XMLSchemas (v.i.) should be enhanced with formal ontologies such as those provided by OWL/RDFE. In a
recent Birdsof-Feather (BoF) meeting on ontologies at AHM2004 [7] the consensus was that some communities would concentrate on OWL and use
tools such as Protege for authoring and others would base their ontological support on XMLSchema, which is the approach taken here.
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se codes is written to fixed-format logfiles. Typically these

output files are used to report calculated properties, errors and
warnings, run times, resource usage and other information.
Unfortunately, this method of data representation is not well
suited to rapid automated analysis for several reasons.
(1) Such files often omit “obvious” information (e.g. scientific
units, conventions). (ii) Details of algorithms and method-
ology are often implicit. (iii) Files often use acronyms and
symbols which are only knowable by reading the program
code, and (iv) most importantly such files are designed to be
human readable rather than machine readable.

CML provides not only a technical infrastructure but an

inc

entive to pool and coordinate effort in the creation of

components. We now highlight the main components

wh

ich are desirable to allow the easy construction of

applications in simulations.

2.

2.1

XML and CML

Schemas

XMLSchemas are the emerging de facto approach to
describe the semantics of a language. They are a formal
statement of the allowed vocabulary, datatypes and
document structure in an XML instance. Thus the
XMLElement molecule is defined in the CML Schema
and if misspelt or used in the wrong context would be
invalid. Using the XMLSchema validators, now uni-
versally available, a scientist can determine whether the
CML input into a program is valid. Validity extends to

The use of XML validation can dramatically reduce the
number of incorrect or garbled inputs and outputs to/from
computational codes. Note, however, that a valid XML
document may be scientific nonsense. We are creating
CML-specific validation tools which will recognise some
of the most common problems (e.g. bonds between
nonexistent atoms).

In many cases XML Schemas have a fixed set of tags and
attributes, but the CML design is more flexible and allows
designers to choose from a set of several hundred
components (e.g. for molecules, crystals, reac-
tions, spectra). This allows a community to build a
language suited to their particular needs, without being
forced into accepting extraneous elements and attribute
groups. For the work described in this paper, we are working
with a particular subset of CML known as CMLComp. One
potential subset is shown in figure 1, and in more detail in the
Appendix.

2.2 Dictionaries

In principle an XML language requires the elements to
have pre-defined semantics and ontology (i.e. the
developers have to know how to code these things and
what their meainings are). However, in the case of the
physical sciences the number of potential concepts is so
large that it is neither feasible nor desirable to create a
language element for each one. Fortunately, many of the
relevant concepts can be abstracted to a small set of
generic objects (such as scalar, vector, matrix)
and data types (such as float, integer, string). Hence, it is

e clement names (e.g. atomicBasisFunction) sensible to represent scientific data using generic
which are case-sensitive; containers to which additional semantics are added by
e attributes (e.g. id = “al23"), also case sensitive; some other means, such as RDF ontologies [8], or, as in
e format of data items (e.g. a date can be validated our scheme, by XML based dictionaries. This is desirable
against ISO8601 yyyy-mm-dd); because it allows the language to flexibly cover an
e ranges of (numeric) data items (e.g. a unit cell extremely wide range of concepts without recourse to an
parameter could be required to be a positive float); unwieldy and ever growing set of elements.
e members of an enumeration (thus CML regards Thus, a concept such as melting point is not hardcoded
elements not in the [IUPAC periodic table as invalid); in the language; instead it is described by a generic
e clement content. Thus a bond would be invalid as a element such as scalar (see figure 2). The scalar
child of atomArray. element only provides limited information about the data
molecule reactionschemel b [struct] | |metadatalist
atom reaction module scalar| | metadata
coordinates| mechanism step array
charge reactantList parameter LIst| | matrix vector3
stereo productList list plane3
bond spectatorList table point3
order prOpertyLISt potent lal box3
stereo reactionStep bond sphere3
electron anglie gtorggeﬂ
symmetry torsion ondSe
calcProps crystal dlctLonar
symmetry R — ety
appinfo
peaklList term
leigen peakCroup definition
b?5|55.et5 - wavefunction peak units
atomicBasisFunction| | [ ormaiModes s dirmsrisioh
Figure 1. An example of the kinds of XMLElements available in the CML language. The emphasis is on selecting only those that are relevant to the

user needs.
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"The compound meited at 119-121 deg. C"

cm| namespace

unit namespace

<appinfo>
<scalar dataType="xsd:float"
unitType="unit:temp"/>

</appinfo>
<definition>The tem
... a solid melts</definition>
</entry>

<entry id="mpt" name="Melting Pojnt > .. ..

us
name=" "

parentSl="unit:k"
unitType b

constantJoSI="273.15"/

<scalar dictRef="m§.@pt" units="Tunit:célsius"
minValue="119" maxValue="121">120</scalar>

Figure 2. Describing a “generic” property such as melting point in CML.

it contains, additional semantics being supplied by the
dictionary. An element is linked to a dictionary through
its dictRef attribute. The dictionary entry has a
corresponding id attribute that allows it to be referenced.

The dictionary id/ref scheme is one of the
cornerstones of the architecture. Ideally each concept
emitted from a program should have a dictionary entry
describing its type, use, scientific units, error basis and
range, and any other relevant information. In the simplest
case a developer will only create dictionary entries for
concepts in their system, and most usually their code (as in
figure 3). Later it may be found that there is communal
agreement on some of the concepts (definitions and use) in
the programs and these can be abstracted into a higher,
communal dictionary. This process is well supported in
crystallography in the CIF dictionary hierarchy [9]. It is
possible for a document to reference multiple dictionaries
if necessary (see figure 4).

The attraction of this process is that individual groups
(e.g. code developers) can create dictionaries for their
systems without needing to change the underlying schema.

The borderline between ontologies and dictionaries is
flexible as shown by “Gene Ontology” which is currently
effectively a thesaurus and dictionary [10]. Like them we
can add ontological support to our dictionaries at a later
stage and also support their maintenance through tools
such as Protege.

[rydit

/{;
} —_(BdictRef:"dens"

— @-[d="mpt"
- 7-\'
ey
id="dens"

3. XML processing tools

3.1 Generic XML processing tools

There are several generic technologies for processing
XML, arguably the three most important being the DOM,
SAX and XSLT.

DOM (the document object model) is an in-memory
tree-like representation of an XML document. The DOM
allows the user to get, set, add and remove data in an XML
document. The entire document is stored in memory
meaning that the DOM is not always useful for processing
of larger documents. There are now DOM implemen-
tations available for most programming languages,
although at the time we started this work no FORTRAN
DOM was available. The majority of theoretical chemistry
and physics software is written in FORTRAN, this
fact prompted us to develop a FORTRAN 95
DOM implementation (details of which are reported
elsewhere [11]).

SAX (the Simple API for XML) allows the user to trap
individual XML elements as they are read and process this
data with procedural code. The SAX model involves
processing an XML document by parts and consequently
most SAX implementations have a very small memory
footprint. We also provide an implementation of SAX for
FORTRAN.

myaoc

—@dictRef="dens"
,--“/

T dictRef="bpt"

'_\. dictRef="mpt"

Figure 3. A dictionary containing multiple entries, and an XML document contain multiple references. Note that many data can be described by the one

dictionary entry, here “dens” is referenced twice.
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dens

@ dens

ydoq
7. dicl:dens

dic2:dens

—

dicl:bpt

/——\—. dicl:mpt

Figure 4. Here the author has two different meanings for “density” (e.g. volumetric density and charge density). The first would be linked to a
dictionary of physical chemistry and the second to that of computational chemistry.

XSLT (eXtensible Stylesheet Language Transform-
ations), allows the user to transform XML documents into
other XML or legacy formats. Stylesheet transformations
are a particularly efficient way of processing XML when
creating displays or rendering. We have a complete set of
stylesheets, one for each language element, that allow the
user to display data in a natural manner. We also use XSLT
for creating the “glueware” that wraps and connects the
blackboxes. Examples of XSLT and DOM are discussed in
the infrastructure section.

3.2 Domain specific XML processing tools

CMLDOM, is a domain specific version of the document
object model. The CMLDOM has an object for each element
in the schema, with explicit methods to get or set the attribute
values. Because of the scale of the schemas and the variety of
languages, we need to use (Java, C+ -+, Python, FORTRAN)
the CMLDOM code and its documentation must be
generated automatically and packaged into libraries. These
are then available for authors who wish to add input/output
functionality to their code and also for manipulating and
transforming the XML objects. The libraries are enhanced
through element-specific tools, which provide additional
functionality. Thus MoleculeTool adds calculations of
molecular mass, chemical structure diagram generation,
topological analysis, while CrystalTool can calculate
reciprocal space operations, process symmetry operations.
JUMBOMarker is a generic parser that allows users to
convert legacy logfiles into CML [12]. JUMBOMarker is
the appropriate technology when the developer cannot
modify the source code. JUMBOMarker uses a template-
based parsing mechanism, in which the user defines a set

of XML templates, each containing regular expressions
appropriate to extracting a particular piece of information
from the logfile.

WXML is a FORTRAN 95 library for generating well-
formed XML and CML. The XML formatting library
(WXML) can be used to manage multiple XML files and will
generate well-formed XML or else inform the user when
well-formedness rules are violated. The CML library extends
the base XML formatting modules, again checking and
enforcing well-formedness, but in addition providing
convenience routines for generating large CML elements.
In general the CML routines reflect the underlying CML and
CMLComp schemas. In theory a DOM could be used for the
output of information, however, it is generally not practical to
store all the data needed to create a DOM. WXML provides a
simple piecewise way of outputting well-formed XML.

4. Infrastructure

4.1 High-throughput computing and workflow

Current technologies, such as the Grid and Condor' [13-15],
allow the user to perform high-throughput simulations.
Moreover, they open up the possibility of creating intricate
workflow schemes in which data generated by one program is
automatically fed into a second program. A typical workflow
scheme will need to take into account the following factors.

e There may be multiple pre- and post-processing steps
between simulations.

e There may be dependencies between calculations such
that certain calculations can not be performed until others
have finished.

Condor is a workload management system for compute-intensive tasks. It provides the similar functionality to traditional batch queueing systems
(such as PBS, LSF, LoadLever, etc.) including scheduling, job submission, job retrieval and job prioritisation, however, it has the advantage of allowing

users to capture free CPU cycles from otherwise idle workstations.
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e Large numbers of jobs may be able to run in parallel.
e It may be necessary to modify the process as it progresses,
dynamically responding to the outcome of calculations.

Workflow issues and tools, and how they relate to this
work, are discussed in greater detail in an accompanying
paper [16]. We will only mention here that it is possible to
automate processes of this kind with off-the-shelf tools,
such as Condor’s DAG Manager. Thus, the concern of this
paper is not workflow per se but information flow, i.e. how
to deal with data as it “flows” from process to process.

Until now, little concern has been given to data represen-
tation in theoretical chemistry and physics applications.
Most applications still rely on bespoke binary or text
formats that are intimately tied to the software that
produces them. The overwhelming majority of text
formats are designed to be human-readable (rather than
machine readable) and often there is no specification for
the data format. This is a major barrier to the automation
of complex chemical or physical simulations.

4.2 Turning scientific software into workflow
components

Here we describe how the markup languages and tools
described in Sections 2 and 3 can be used to convert
existing codes into effective workflow components.
Ideally we will have access to the source code, and can
modify the application to read and write CML directly (see
figure 5). This approach has been successfully applied to a
number of programs, e.g. SIESTA, GULP, DLPOLY, Jmol
and OpenBabel. There are a number of ways to convert
existing codes, depending on the needs of the application
and the language it is written. For instance the Java-based
molecular viewer Jmol uses the DOM to read and write a
subset of CML. OpenBabel, a file translation program,
allows the user to convert between different file formats
including CML, also uses a DOM based approach. Both
these programs focus on small subset of the language,
primarily structural information, such as atomic coordi-
nates, lattice vectors and connection tables. In contrast
simulation packages, such as SIESTA, DLPOLY and GULP,
tend to be written in FORTRAN; they generally require
large input datasets and rely on their own input formats. For
these programs we convert XML to the legacy input formats
using either XSLT stylesheets or standalone DOM based
applications. Converting XML to text is a relatively
straightforward process. Unfortunately, converting an
arbitrary text file to XML can be far more challenging.
For this reason, we have extended these applications to

Common
Ontology

Figure 5. Software designed to use CML.

generate CML (in addition to their traditional output). In
this case the DOM is not an appropriate technology as jobs
may run for several weeks and generate gigabytes of data.
Rather than building the document in memory it is more
appropriate to write data as it is generated. For this we use
the WXML library described above.

Where the source code can not be edited (for technical
or legal reasons) it is necessary to “wrap” input and ouput
(see figure 6). We have used this approach with MOPAC,
GUASSIAN and GULP. Legacy input is generated
using XSLT. We convert legacy output to XML using
the JUMBOMarker utility, defining templates for parsing
the text output.

4.3 Use case 1: The simulation of pollutants in soils

One of the main aim of this work is to investigate the
mechanisms by which pollutant molecules such as DDT,
dioxins and biphenyls, become bound to soil minerals. It is
not the purpose of this paper to discuss the scientific
details of this work; rather the aim of the following
discussion is to highlight the importance of information
flow in this work.

From a scientific point of view, we hope to determine
where and how these molecules become bound to soils,
systematically searching for trends across families of
related compounds. In practical terms this is an extremely
large and open-ended task. There are potentially thousands
of candidate molecules. Concentrating on the provisional
list above there are 420 molecules (including 210 dioxin
and 209 biphenyl congeners). There is an equally large
choice of minerals, and even for a given mineral there may
be many relevant surfaces to investigate. Moreover, even
for a single choice of molecule, mineral and surface, we
need to investigate the potential energy surface of the
system (i.e. how the energetics of the problem change as
function of the molecules’ position above the mineral).
This in itself requires a large number of calculations. In
fact, the nature of the problem requires that calculations be
performed, not only on the whole system, but also on
molecules and minerals separately, in order to assess their
individual contributions to the energetics. A systematic
study of this molecule set involves approximately 100,000
calculations per mineral surface. The workflow for this
simulation was broken down into the following steps:

(1) Select a pollutant molecule (adsorbate);
(2) Optimise structure in SIESTA;
(3) Select a mineral and surface (substrate);

Common
Ontology

Figure 6. Generic adaptors for a specific code.
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(4) Optimise structure in SIESTA;

(5) Combine molecule and substrate;

(6) Constrained structural optimisation to find an appro-
priate starting point;

(7) Generate a 2D “mesh” in order to scan potential
energy surface;

(8) Optimise each system in SIESTA;

(9) Separate substrate and adsorbate;

(10) Calculate total energy calculation of adsorbate using
SIESTA,;

(11) Calculate total energy calculation of substrate using
SIESTA.

A series of test calculations have been submitted and
their progress through each component carefully mon-
itored. The components perform well and provide an
important reduction in error rate which is essential for
machine-mediated high-throughput projects.

4.4 Use case 2: The World Wide Molecular Matrix

This project aims to compute properties for a large
proportion of published molecules, and by extension
crystal structures. OpenBabel converts legacy to CML,
which is then combined with the control parameters and
submitted to MOPAC or GAMESS-US. The precise
information flow depends on the completeness and
consistency of the original information. For molecular
crystals a typical computation starts with a refined
structure in CIF format but no explicit bonding
information. Our information flow is:

(1) Read the CIF into an XMLDOM (our CIF2CML
library);

(2) Discard minor disordered components;

(3) Convert fractional coordinates to cartesian;

(4) Join bonds using “reasonable” covalent radii;

(5) Apply symmetry operations to generate the minimum
number of molecular fragments (here two, as the
molecule is a dimer in the crystal;

(6) Generate a connection table (CT) for the molecule(s);

(7) Check against chemical formula;

(8) Analyse the CT(s) to assess chemical validity;

(9) Identify potential stereogenic atoms and bonds;

(10) Generate CML atomParity and bondStereo if
appropriate;

(11) Use the CDK library to generate conventional “2D”
coordinates;

(12) Serialize the result as CML.

This is then used as the coordinate input and the next
steps are:

(1) Run the computational code;

(2) Parse the logfile with JUMBOMarker to give XML;

(3) Tidy this with XSLT stylesheets to -create
CMLComp;

(4) Compute the ITUPAC unique identifier INChI from
the CT;

(5) Store the result in an XML repository (Xindice)
indexed on INChI.

We have already processed ca. 215,000 molecules in
this way with MOPAC2003 using the PM5 Hamiltonian
and a convergence limit of GRAD = 0.1. These are the
nucleus of an Open project (the World Wide Molecular
Matrix [17]) where anyone can submit molecules for free
calculation as long as they are then donated as Open data.

5. Conclusions

We have demonstrated that a combination of generic and
domain specific XML processing tools can be used in
conjunction with CML to create a robust architecture for
controlling complex scientific calculations. CMLbased
languages can be created in an extremely flexible way:

e A dynamic approach to construct schemas—allowing
the user to select only those language elements that are
relevant;

e The use of generic language elements—allowing the
language to incorporate an extremely wide range of
concepts;

e The use of XML based dictionaries—provide a means
of adding semantics to an element, allowing a
community to develop their language independent of
the schema.

We have shown how modifying scientific codes allows
them to be used in a component like manner in scientific
workflow applications. The way one achieves this depends
on several factors: (i) availability of the source code; (ii)
the language the application is written in; (iii) the intended
use of the application and (iv) the size of data sets. We
have developed a wide range of libraries and helper
applications to facilitate this:

e JUMBOMarker—for wrapping legacy applications,
when the user can not modify the code;

e CMLDOM—A domain specific DOM implementation
available for a wide range of programming languages;

e SAX and DOM implementation for FORTRAN;

e WXML—A FORTRAN 90 library allowing developers
to create well-formed XML and CML documents in
FORTRAN;

e XSLT—A complete set of stylesheets for the CML
language, providing HTML rendering of chemical
information.

All of these tools are freely available.
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Appendix A: XML elements commonly used in
computational chemistry and physics

angle An angle between three atoms

annotation A documentation container similar to
annotation in XML Schema

arg An argument for a function

array A homogenous | dimensional array of similar object

atom An atom

atomArray A container for a list of atoms

atomicBasisFunction An atomicBasisFunction

atomParity The stereochemistry round an atom centre

atomSet A set of references to atoms

atomType An atomType

atomTypeList A container for one or more atomTypes

band A band or Brillouin zone

bandList A container for bands

basisSet A container for one or more atomicBasis
Functions

bond A bond between atoms, or between atoms and bonds
bondArray A container for a number of bonds
bondSet A set of references to bonds
bondStereo A container supporting cis trans wedge hatch
and other stereochemistry
bondType The type of a bond
bondTypeList A container for one or more bondTypes
cml A general container for CML elements
conditionList A container for one or more
experimental conditions
crystal A crystallographic cell
eigen An element to hold eigenstuff
electron An electron
expression An expression that can be evaluated
formula A molecular formula
gradient A gradient
identifier A structured identifier
label A text string qualifying an object
lattice A lattice of dimension 3 or less
lattice Vector A vector3 representing a lattice axis
length A length between two atoms
line3 A line in 3-space
matrix A rectangular matrix of any quantities
metadata A general container for metadata
metadatal.ist A general container for metadata elements
module A module in a calculation
molecule A container for atoms, bonds and submolecules
name A string identifying a object
operator An operator within an expression
parameter A parameter describing the computation
parameter List A container for one or more parameters
particle An object in space carrying a set of properties
plane3 A plane in 3-space
point3 A point in 3-space
potential An explicit potential
potentialForm The functional form of a potential
potentialList A container for explicit potentials
property A container for a property
propertyList A container for one or more properties
region A region of the system
scalar An element to hold scalar data
sphere3 A sphere in 3-space
symmetry Molecular, crystallographic or other symmetry
system The complete system of components in a
calculation
torsion torsion angle (“dihedral”) between 4 distinct
atoms
vector3 A vector in 3-space
zMatrix A z-Matrix

Appendix B: XML attributes commonly used in
computational chemistry and physics

title A title on an element

id An attribute providing a unique ID for an element
convention A reference to a convention

dictRef A reference to a dictionary entry
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elementType The identity of a chemical element
formalCharge The formalCharge on the object
hydrogenCount Number of hydrogens
occupancy Occupancy for an atom
spinMultiplicity Spin multiplicity

xy2 x2/y2 coordinate for an object

xyz3 The x/y/z coordinate of a 3 dimensional object
xyzFract Fractional x/y/z coordinate

kpoint A k vector

atomRefs2 References to two different atoms
order The order of the bond

spin The spin of a system

latticeType The primitivity of a lattice
spaceType The spaceType of the lattice
periodic Is the axis periodic?

state The physical state of the substance

Appendix C: CML examples

e An atom element with several attributes

{cml title = “atom1: single atom example”)
(atom id = “al” title = “0O3’”
elementType = “O” formalCharge = “1”
hydrogenCount = “1”
isotope = “17” occupancy = “0.7”
X2 =“1.2"y2 ="23"x3 =“3.4"
y3 =457
z3 = “5.6” convention = “abc:chem”
dictRef = “chem:atom”)
(scalar title = “dipole”
dictRef = “ccml:dipole”
units = “units:debye”)0.2(/scalar)
(atomParity atomRefs4 = “a3 a7 a2 a4”)1
(/atomParity)
(electron id = “e1” atomRef = “al”
count = “27)
(/electron)
(/atom)
{/cml)

e A crystal cell using crystallographic cell parameters.

Note the use of units and error values
(cml title = “crystal example”)
(molecule id = “m1”)
(crystal z = “47)

(scalar id = “sc1” title = “a”
errorValue = “0.001”
units = “units:angstrom”)4.500
(/scalar)

(scalar id = “sc2” title = “b”
errorValue = “0.001”
units = “units:angstrom’)4.500
(/scalar)

(scalar id = “sc3” title = “c”
errorValue = “0.001”
units = “units:angstrom”)4.500
(/scalar)

(scalar id = “sc4” title = “alpha”
units = “units:degree”)90(/scalar)

(scalar id = “sc5” title = “beta”
units = “units:degree”)90(/scalar)

(scalar id = “sc6” title = “gamma”
units = “units:degree”)90(/scalar)

(symmetry id = “s1”
spaceGroup = “Fm3m”)

(/symmetry)

(/crystal)
(atomArray)

(atom id = “al” elementType = “Na”
formalCharge = “1”
xyzFract = “0.0 0.0 0.0”

xy2 =“+423.2 - 21.0”)

(/atom)

(atom id = “a2” elementType = “Cl1”
formalCharge = “ — 17

xyzFract = “0.5 0.0 0.0”)

(/atom)

(/atomArray)
{/molecule)
(/cml)



