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A number of XML-based (Extensible Markup Language')
model description languages have been developed for rep-
resenting models of dynamic biological processes indepen-
dently of simulator platforms. NineML? is an effort that
aims to provide an unambiguous description of large-scale
neuronal network models. NeuroML® is a language for
defining and exchanging descriptions of neuronal cell and
network models. The Systems Biology Markup Language*
(SBML) can represent cell signaling pathways, regulatory
networks, and other kinds of biochemical network models.
CelIML? aims for a wider scope of model description and is
not specific to any one field of biology.
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XML, a data exchange language closely related to
HTML, is a widely accepted standard for describing
structured textual data. Its often advertised advantage is
that XML documents with different structure can be read
by the same generic reusable parser. However, XML by
itself does not enable information interchange. Human
readers of XML may be able to guess the meaning of a
statement such as

<neuron> g = 0.1 </neuron>

but to a computer program, <neuron> and <axon> and
<giraffe> are all equally meaningless. What a program should
do with XML data is undefined by the XML standard.

Frequently, in practice, the semantics (or meaning) of
XML-based model description languages are described in
specification documents written in natural human language.
Software programmers must read the specification documents
and convert the requirements into programs (in Python, Java,
etc.) for reading and writing model descriptions. But as new
modeling approaches emerge, and new simulation code is
written, the semantics of model description languages must
be reimplemented. A specification written in a human lan-
guage often hides ambiguities, and as the complexity of the
languages and the number of supported software platforms
increases, it is difficult or impossible to ensure that every
language construct is implemented consistently in every soft-
ware package.

The XML community has developed several schema lan-
guages that can specify rules for structuring and validating
XML documents, but they offer weak support for data types,
procedures, or complex dependencies between elements.
Therefore, the expressive power of XML is greatly affected
by its interpretation.

The use of XML for the syntactic structure of a modeling
language does indeed ecliminate the need for specialized
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parsers, but does not eliminate the need for a system of
semantic rules that specify how a model must be validated
and processed. Every XML-based modeling language must be
accompanied by a set of semantic rules to give meaning to
models written in this language. A common set of formal
semantic rules ensures that a model will be read and processed
meaningfully and correctly by different software applications
because all implementations mean the same thing. ‘Formal’
refers to particular kinds of mathematically-based techniques
for the specification of computer languages, as opposed to
informal human language specifications.

The meaning of computer languages has been defined for-
mally in a number of ways. In programming language research,
the classical approach to semantics has been to use a subset of
first-order logic to define a valuation function (or a relation)
that defines the meaning of program by establishing formal
relationships between its inputs and outputs. Valuation func-
tions (“denotational semantics’) were pioneered by mathema-
ticians Dana Scott and Christopher Strachey®’ ). Meaning
relations (“axiomatic semantics”) were pioneered by com-
puter scientist Tony Hoare®. Scott and Hoare each received
the Turing award for their work. They have shaped virtually
all research in compiler technologies and programming lan-
guages for the past four decades.

A lightweight variant of the approach of Scott and Stra-
chey has been used to define a model description language
for conductance-based models of neuronal ionic currents.
The language consists of distinct semantic layers to repre-
sent the various domain-specific biological modeling concepts
and the underlying mathematical formalisms. The relation-
ships between the layers are formally defined by semantic
transformation functions, which if faithfully implemented en-
sure consistent interpretation of the language. Adding new
features to the language (e.g. experimental protocols) is sim-
ply a matter of defining additional layers and semantic trans-
formation functions’.

An alternative approach taken by the editors of the
SBML specification is to supplant the specification text with
Unified Modeling Language'® (UML) diagrams. UML is a
widely-used software industry standard for specifying and
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visualizing the structure of object-oriented software sys-
tems. However, the symbols in the visual notation used by
UML are informally defined, and the UML specification
itself has been cited as being ambiguous and inconsistent.

The development of the Semantic Web'' has led to solu-
tions to build sharable ontologies, or common sets of inter-
related definitions. These definitions, together with semantic
annotations, serve as a basis for the unambiguous machine
interpretation of documents and model descriptions. The
annotation of models with semantic metadata is considered
a promising approach to reach semantic interoperability in
the domain of computational biology. Efforts such as the
MIRIAM guidelines'? for the annotation of computational
models use descriptive logic (another subset of first-order
logic) for formal knowledge representation. This allows a
model to be integrated with biomedical ontologies and con-
nections to be established between models and data sets
through automated reasoning software.

Applications such as SBML Harvester'® utilize the struc-
ture of SBML models and MIRIAM annotations to create
complex ontology-based representation of SBML models.
Such approaches make SBML’s semantics explicit and en-
able verification and integration with different modeling
frameworks.

In the field of neuroimaging, the web-based Query
Manager'* allows the semantic integration of experimental
datasets and neuroanatomical ontologies. In neuroinformatics,
the NeuroLex'® project has as an aim the establishment of a
dynamic neuroscience lexicon, and the International Neuro-
informatics Coordinating Facility is developing a Neuron
Registry'® based on a proposal for machine-readable onto-
logical descriptions of neuron types'’. In principle, such
efforts could be used to annotate computational neuroscience
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models with semantic metadata and integrate them with onto-
logical databases.

The increasing use of formal methods in computa-
tional modeling of biology parallels the development of
computer science and engineering, where the use of
mathematical analysis techniques has contributed to the

refinement and correctness of system design. The mere
use of XML as a format for interoperable model de-
scription languages is not enough. An unambiguous
semantic specification is a prerequisite for interoperable
software tools based on a common model description
language.
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