
5. APPLICATIONS

that now face software developers working with CIF: conformance
to agreed formats versus deviations from standards to improve per-
formance, as well as cross-platform portability.

The Cambridge Crystallographic Data Centre was established
in 1965 ‘to compile a database containing comprehensive infor-
mation on small-molecule crystal structures, i.e. organics and
metallo-organic compounds containing up to 500 non-H atoms, the
structures of which had been determined by X-ray or neutron
diffraction’ (Allen, 2002). The Protein Data Bank was estab-
lished at Brookhaven National Laboratory in 1971 as an archive
of macromolecular structural information. The NIH/EPA Chemi-
cal Information System was established in 1975 as a confederation
of databases including mass spectroscopy, NMR and the data from
the CSD. The three resources, CSD, PDB and CIS, took different
approaches to applications development. The CSD was an inte-
grated software system centred on a database. Both the software
and the database were distributed on magnetic tape for users to use
on their local computers. The developers of the software had to be
concerned with portability of the software across the multiple com-
puter systems used by crystallographers, but retained control of the
design of the retrieval software and a core suite of applications.
The PDB was an archive, rather than a database. Some software
and the data were distributed on magnetic tape, but the application
development model was what would now be called ‘open’, with
users and software developers taking the data and the PDB for-
mat specification and creating software that would do useful things
with PDB entries. The CIS was a remotely accessed confederation
of databases on a central computer. The developers of software for
the CIS did not have to be concerned with cross-platform portabil-
ity, or with changes in syntax or semantics of data files impacting
on external software developers. Developers of software for the
CSD and the PDB had to be concerned with strict compliance with
the rules for the respective data formats, albeit on somewhat dif-
ferent timescales. Developers of software for the centralized CIS
database could negotiate for immediate changes in the data format
to improve performance of the relevant application.

The CSD had agreed internal formats (Cambridge Structural
Database, 1978). However, as noted in Chapter 1.1, there were
many different formats in use for small-molecule crystallography
and related fields. One may conjecture that one of many causes for
such divergence was the CCDC practice of acquiring much of its
data from journals, after differences among data formats had been
masked by the publication process. The transition from this Tower
of Babel to CIF is described in Chapter 1.1, and that history will
not be repeated here, but it is important to note that an application
writer working in the domain of small-molecule crystallography
still has to be aware of a wide variety of formats in addition to
CIF.

In the beginning, the PDB went through a relatively rapid for-
mat change and then achieved a stable format for more than two
decades. The PDB differed from the CSD in depending on user
deposition of data prior to publication. The better a user conformed
to PDB data-format conventions, the more efficiently could the
data move from deposition to release. The initial standard PDB
format (PDB, 1974) was derived from the format used in a popular
refinement program of the day (Diamond, 1971) and used 132-
character records identified by the character strings in the first six
columns. Starting in 1976, the PDB spent more than a year (PDB,
1976a,b, 1977) converting to an 80-column format, extensions of
which are still in use to this day. Many external programs were
developed using this 80-column format and it has become a major
de facto standard for macromolecular software applications. Most
application packages producing crystallographic macromolecular

structures made a gradual transition from having output options
for producing ‘Diamond format’ to having output options for pro-
ducing PDB format. Macromolecular applications working with
other disciplines shared the small-molecule applications penchant
for multiple formats.

The CIS, working in a completely closed, central service envi-
ronment, had little direct impact on the formats to be used for
applications. The CIS would acquire data from existing archives
and databases and meld them into its master database. It would
deliver its data as text on a CRT. Much of the impact of CIS data
formats was to be restricted to its own internal application devel-
opment.

Most of the formats resulting from these early efforts were
fixed-field, fixed-order formats. The result was that adapting an
application to a data format was simple if the processing flow of
the application conformed to the fixed order of the data format.
Frequently, the data flow did conform. When the processing flow
did not conform, it was necessary to create internal data structures
or temporary files to allow the unfortunately timed arrival of data
to be time-shifted until it was needed. In general, the heaviest bur-
den was imposed on applications that needed to write data con-
forming to one of the agreed formats. As the complexity of such
time-shifting processes increased, it became clear that the cleanest
solution was to base an application on an internal database and to
populate the database as the data were processed. When data were
to be written by an application, the data could be extracted from
the database in whatever order was required.

In the 1970s and early 1980s, such a procedure was a serious
burden to place on an application. With limited memory and pro-
cessor speeds, there was a strong argument for adapting agreed
formats to the ‘natural’ processing flow, reducing or avoiding the
need for an internal database. As the speed and size of comput-
ers have changed and as programming language and operating-
system support for dynamic allocation of resources has improved,
the need to have agreed formats driven by applications has become
less pressing.

We need to understand three major thrusts in data representa-
tion: the development of markup languages, of data-representation
frameworks and of database application support. Modern applica-
tions can benefit from all three.

5.1.2.1. Markup languages

A markup language allows the raw text of a document to be
annotated with interleaved ‘markup’ specifying layout informa-
tion for the bracketed text. For document processing, the implicit
assumption of the use of an internal database became formal-
ized with the gradual adoption of agreed markup languages in
the late 1980s and early 1990s [e.g. TEX (Knuth, 1986), SGML
(ISO, 1986), RTF (Andrews, 1987), HTML (Berners-Lee, 1989)].
When used in this manner, such a language has the implicit order-
ing assumption of reading forward in the document. However,
with modern demands for multidimensional layout and document
reflow, applications managing such documents achieve the best
performance and flexibility when they store the entire marked-up
document in an internal data structure that allows random access
to all the information.

5.1.2.2. Data-representation frameworks

A data-representation framework provides the concepts for
managing data and data about the management of data (‘meta-
data’). Such frameworks may be based on programming languages
or markup languages or built from scratch. They provide a mech-
anism for representing data (e.g. as data sets, graphs or trees)
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5.1. GENERAL CONSIDERATIONS IN PROGRAMMING CIF APPLICATIONS

and a mechanism for representing metadata (e.g. as dictionaries
or schemas). Four are of particular importance in crystallography:
CIF, ASN.1, HDF and XML.

As noted in Chapter 1.1, CIF was created to rationalize the pub-
lication process for small molecules. It combines a very simple
tag–value data representation with a dictionary definition language
(DDL) and well populated dictionaries. CIF is table-oriented, nat-
urally row-based, has case-insensitive tags and allows two levels
of nesting. CIF is order-independent and uses its dictionaries both
to define the meanings of its tags and to parameterize its tags. It
is interesting to note that, even though CIF is defined as order-
independent, it effectively fills the role of an order-dependent
markup language in the publication process. We will discuss this
issue later in this chapter.

Abstract Syntax Notation One (ASN.1) (Dubuisson, 2000; ISO,
2002) was developed to provide a data framework for data com-
munications, where great precision in the bit-by-bit layout of data
to be seen by very different systems is needed. Although tar-
geted for communications software, ASN.1 is suitable for any
application requiring precise control of data structures and, as
such, primarily supports the metadata of an application, rather
than the data. ASN.1 can be compiled directly to C code. The
resulting C code then supports the data of the application. ASN.1
notation found application in NCBI’s macromolecular modelling
database (Ohkawa et al., 1995). ASN.1 has case-sensitive tags
and allows case-insensitive variants. It manages order-dependent
data structures in a mixed order-dependent/order-independent
environment.

HDF (NCSA, 1993) is ‘a machine-independent, self-describing,
extendible file format for sharing scientific data in a heterogeneous
computing environment, accompanied by a convenient, standard-
ized, public domain I/O library and a comprehensive collection
of high quality data manipulation and analysis interfaces and
tools’ (http://ssdoo.gsfc.nasa.gov/nost/formats/hdf.html). HDF
was adopted by the Neutron and X-ray Data Format (NeXus)
effort (Klosowski et al., 1997). HDF allows the building of a com-
plete data framework, representing both data and metadata. Two
parallel threads of software development, focused on the manage-
ment and exchange of raw data from area detectors, began in the
mid-1990s: the Crystallographic Binary File (CBF) (Hammersley,
1997) and NeXus. The volumes of data involved were daunting
and efficiency of storage was important. Therefore both proposed
formats assumed a binary format. CBF was based on a combina-
tion of CIF-like ASCII headers with compressed binary images.
NeXus was based on HDF. The first API for CBF was produced
by Paul Ellis in 1998. CBF rapidly evolved into CBF/imgCIF
with a complete DDL2 dictionary and a fully CIF-compliant API
(Chapter 5.6). As of mid-2010, NeXus was still evolving (see
http://www.nexusformat.org/).

XML is a simplified form of SGML, drawing on years of
development of tools for SGML and HTML. XML is tree-
oriented with case-sensitive entity names. It allows unlimited
nesting and is order-dependent. Metadata are managed as a
‘document type definition’ (DTD), which provides minimal
syntactic information, or as schemas, which allow for more
detail and are more consistent with database conventions. In
fields close to crystallography, the first effort at adopting XML
was the chemical markup language (CML) (Murray-Rust &
Rzepa, 1999). CML is intentionally imprecise in its ontology to
allow for flexibility in development. The CSD and PDB have
released their own XML representations (http://www.ccdc.cam.
ac.uk/support/documentation/relibase/3 0/relibase DPG/toc.html;
http://pdbml.rcsb.org).

CIF input data

��
cif2pdb

��
PDB-aware application

��
pdb2cif

��
CIF output data

Fig. 5.1.3.1. Example of using filters to make a PDB-aware application CIF-aware.

It may seem from this discussion that the application designer
faces an unmanageable variety of data frameworks in an unsta-
ble, evolving environment. To some extent this is true. Fortunately,
however, there are signs of convergence on CIF dictionary-based
ontologies and the use of transliterated CIFs. This means that an
application adapted to CIF should be relatively easy to adapt to
other data frameworks.

5.1.3. Strategies in designing a CIF-aware application

There are multiple strategies to consider when designing a CIF-
aware application. One can use external filters. One can use exist-
ing CIF-aware libraries. One can write CIF-aware code from
scratch.

5.1.3.1. Working with filter utilities

One solution to making an existing application aware of a new
data format is to leave the application unchanged and change
the data instead. For almost all crystallographic formats other
than CIF, the Swiss-army knife of conversion utilities is Babel
(Walters & Stahl, 1994). Babel includes conversions to and from
PDB format. Therefore, by the use of cif2pdb (Bernstein &
Bernstein, 1996) and pdb2cif (Bernstein et al., 1998) combined
with Babel, many macromolecular applications can be made CIF-
aware without changing their code (see Figs. 5.1.3.1 and 5.1.3.2).
If the need is to extract mmCIF data from the output of a
major application, the PDB provides PDB EXTRACT (http://sw-
tools.pdb.org/apps/PDB EXTRACT/).

Creating a filter program to go from almost any small-molecule
format to core CIF is easy. In many cases one need only insert
the appropriate ‘loop_’ headers. Creating a filter to go from CIF
to a particular small-molecule format can be more challenging,
because a CIF may have its data in any order. This can be resolved
by use of QUASAR (Hall & Sievers, 1993) or cif2cif (Bernstein,
1997), which accept request lists specifying the order in which data
are to be presented (see Fig. 5.1.3.3).

There are a significant and growing number of filter pro-
grams available. Several of them [QUASAR, cif2cif, ciftex
(ftp://ftp.iucr.org/pub/ciftex.tar.Z) (to convert from CIF to TEX)
and ZINC (Stampf, 1994) (to unroll CIFs for use by Unix
utilities)] are discussed in Chapter 5.3. In addition there
are CIF2SX by Louis J. Farrugia (http://www.chem.gla.ac.uk/
∼louis/software/utils/), to convert from CIF to SHELXL format,
and DIFRAC (Flack et al., 1992) to translate many diffractometer
output formats to CIF. The program cif2xml (Bernstein & Bern-
stein, 2002) translates from CIF to XML and CML. The PDB
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