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Data in Crystallography

Numbers of published protein structures;
Numbers of published “small molecule” structures;
Number of crystallographic and chemical papers
Incidentally, number of chemical entities in chemical
databases
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Available data records

Experimental databases:

Database Nr. rec.1 License Web Ref.
PDB 201 515 Open wwpdb.org, rcsb.org
COD 497 457 Open crystallography.net
MAGNDATA 2 034 Open Bilbao MAGNDATA
B-IncStrDB 256 Open Bilbao B-IncStrDB

1As of 2023-02-15
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Crystallographic databases

Open Access:

Protein Data Bank;
Crystallography Open Database (and its “sisters”);
Bilbao Magnetic Structure Database

Proprietary:
CCDC
ICSD
PDF
Pauling File
...

About 106 – 107 crystallographic records are available.
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The Crystallography Open Database

https://www.crystallography.net/cod
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The Crystallography Open Database

https://www.crystallography.net/cod
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The Crystallography Open Database

https://www.crystallography.net/cod

Saulius Gražulis Open databases: what do we have… Vilnius, 2023 5/34

https://www.crystallography.net/cod


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Quality criteria for data

data should be FAIR;
data should be machine readable;
data should support scientific conclusions;
data should be open;

“As open as possible, as closed as necessary”
[Landi et al., 2020]
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COD FAIRness

principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria

[Wilkinson et al., 2016]
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COD FAIRness

principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria

[Wilkinson et al., 2016]
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria

[Wilkinson et al., 2016]
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria
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principles, leads the resource along the continuum towards this optimal state. In addition, the idea of
being machine-actionable applies in two contexts—first, when referring to the contextual metadata
surrounding a digital object (‘what is it?’), and second, when referring to the content of the digital
object itself (‘how do I process it/integrate it?’). Either, or both of these may be machine-actionable,
and each forms its own continuum of actionability.

Finally, we wish to draw a distinction between data that is machine-actionable as a result of specific
investment in software supporting that data-type, for example, bespoke parsers that understand life
science wwPDB files or space science Space Physics Archive Search and Extract (SPASE) files, and
data that is machine-actionable exclusively through the utilization of general-purpose, open
technologies. To reiterate the earlier point—ultimate machine-actionability occurs when a machine
can make a useful decision regarding data that it has not encountered before. This distinction is
important when considering both (a) the rapidly growing and evolving data environment, with new
technologies and new, more complex data-types continuously being developed, and (b) the growth of
general-purpose repositories, where the data-types likely to be encountered by an agent are
unpredictable. Creating bespoke parsers, in all computer languages, for all data-types and all
analytical tools that require those data-types, is not a sustainable activity. As such, the focus on
assisting machines in their discovery and exploration of data through application of more generalized
interoperability technologies and standards at the data/repository level, becomes a first-priority for
good data stewardship.

The FAIR Guiding Principles in detail
Representatives of the interested stakeholder-groups, discussed above, coalesced around four core
desiderata—the FAIR Guiding Principles—and limited elaboration of these, which have been refined
(Box 2) from the meeting’s original draft, available at (https://www.force11.org/node/6062). A
separate document that dynamically addresses community discussion relating to clarifications and
explanations of the principles, and detailed guidelines for and examples of FAIR implementations, is
currently being constructed (http://datafairport.org/fair-principles-living-document-menu). The FAIR
Guiding Principles describe distinct considerations for contemporary data publishing environments
with respect to supporting both manual and automated deposition, exploration, sharing, and reuse.
While there have been a number of recent, often domain-focused publications advocating for specific
improvements in practices relating to data management and archival1,11,12, FAIR differs in that it
describes concise, domain-independent, high-level principles that can be applied to a wide range of
scholarly outputs. Throughout the Principles, we use the phrase ‘(meta)data’ in cases where the
Principle should be applied to both metadata and data.

The elements of the FAIR Principles are related, but independent and separable. The Principles define
characteristics that contemporary data resources, tools, vocabularies and infrastructures should
exhibit to assist discovery and reuse by third-parties. By minimally defining each guiding principle, the
barrier-to-entry for data producers, publishers and stewards who wish to make their data holdings
FAIR is purposely maintained as low as possible. The Principles may be adhered to in any combination
and incrementally, as data providers’ publishing environments evolve to increasing degrees of
‘FAIRness’. Moreover, the modularity of the Principles, and their distinction between data and
metadata, explicitly support a wide range of special circumstances. One such example is highly
sensitive or personally-identifiable data, where publication of rich metadata to facilitate discovery,
including clear rules regarding the process for accessing the data, provides a high degree of ‘FAIRness’
even in the absence of FAIR publication of the data itself. A second example involves the publication

Box 2 | The FAIR Guiding Principles

To be Findable:
F1. (meta)data are assigned a globally unique and persistent identifier
F2. data are described with rich metadata (defined by R1 below)
F3. metadata clearly and explicitly include the identifier of the data it describes
F4. (meta)data are registered or indexed in a searchable resource

To be Accessible:
A1. (meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 the protocol is open, free, and universally implementable
A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A2. metadata are accessible, even when the data are no longer available

To be Interoperable:
I1. (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
I2. (meta)data use vocabularies that follow FAIR principles
I3. (meta)data include qualified references to other (meta)data

To be Reusable:
R1. meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (meta)data are released with a clear and accessible data usage license
R1.2. (meta)data are associated with detailed provenance
R1.3. (meta)data meet domain-relevant community standards

www.nature.com/sdata/

SCIENTIFIC DATA | 3:160018 | DOI: 10.1038/sdata.2016.18 4

✓ F1. COD IDs
✓ F2. CIF _journal_..., etc.
✓ F3. CIF _cod_database_code
✓ F4. crystallography.net

✓ A1. HTTP(S), SVN, Rsync
✓ A1.1. HTTP(S), SVN, Rsync
✓ A1.2. HTTP(S), SVN, Rsync
✓ A2. COD retraction policy

✓ I1. CIF syntax
✓ I2. CIF dictionaries
✓ I3. COD cross-references

✓ R1. CIF _journal_..., etc.
✓ R1.1 COD: CC0
✓ R1.2 COD SVN repository
✓ R1.3 IUCr criteria

[Wilkinson et al., 2016]
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COD data purposes

Find exact structure of the crystal;
Determine material structure-property relations;
Demonstrate that the synthesised compound is the one we
expected;

We must be prepared for unexpected data reuse
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COD data purposes

Find exact structure of the crystal;
Determine material structure-property relations;
Demonstrate that the synthesised compound is the one we
expected;
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IUCr quality criteria

CIF framework
CIF syntax (CIF 1.1, CIF 2);
CIF Dictionaries;

IUCr publication requirements (Platon Alerts);
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COD data curation principles

Strictly stick to IUCr standards (CIF syntax, dictionaries);
Do not invent data;
Better to have no data than wrong data;
Consult original papers or authors themselves if in doubt;
Document: record and explain (justify) all changes;
Keep track of all changes in a version control system;
Keep data provenance (original file names);

Saulius Gražulis Open databases: what do we have… Vilnius, 2023 10/34



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Three levels of data validation

Check of file syntax;
Validation against dictionaries;
Domain-specific checks:

internal consistency;
coherence with raw data;
scientific plausibility;
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COD data validation

COD data validation policies:

1 Syntactic checks:
$ cifparse 7234818.cif

2 Semantic validation (against dictionaries)
$ cif_validate -D cif_core.dic 7234818.cif

3 Database-specific checks
$ cif_cod_check 7234818.cif
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Syntax errors in published CIFS

Among 3 most prolific publishers in 2021–2022:

≈ 12 000 files harvested,
≈ 43 000 structures deposited to the COD,
52 correctable syntax errors detected in 14 files.

E.g.:

cifparse: example1.cif(15,39) data_block_1: ERROR, incorrect CIF syntax:
_exptl_crystal_description structure obtained

^

Most of these errors are fixed automatically by the COD CIF
parser [Merkys et al., 2016], but ...

Data do not get the same attention from reviewers as the
main text.

Saulius Gražulis Open databases: what do we have… Vilnius, 2023 13/34



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Syntax errors in published CIFS

Among 3 most prolific publishers in 2021–2022:

≈ 12 000 files harvested,
≈ 43 000 structures deposited to the COD,
52 correctable syntax errors detected in 14 files.

E.g.:

cifparse: example1.cif(15,39) data_block_1: ERROR, incorrect CIF syntax:
_exptl_crystal_description structure obtained

^

Most of these errors are fixed automatically by the COD CIF
parser [Merkys et al., 2016], but ...

Data do not get the same attention from reviewers as the
main text.

Saulius Gražulis Open databases: what do we have… Vilnius, 2023 13/34



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Syntax errors in published CIFS
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≈ 43 000 structures deposited to the COD,
52 correctable syntax errors detected in 14 files.

E.g.:

cifparse: example1.cif(15,39) data_block_1: ERROR, incorrect CIF syntax:
_exptl_crystal_description structure obtained

^

Most of these errors are fixed automatically by the COD CIF
parser [Merkys et al., 2016], but ...
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Syntax formally right, but ...

_publ_contact_author
;

Name, Surname
Department of Chemistry
University of ...
;

_publ_contact_letter This is the CIF file for ...
_publ_contact_author_phone ;
;
_publ_section_title
;

The correct title follows ...
;

[Boerrigter 2023, pers. comm.]

Data review and the use of proper authoring tools could
help...
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Syntax formally right, but ...

_publ_contact_author
;

Name, Surname
Department of Chemistry
University of ...
;

_publ_contact_letter This is the CIF file for ...
_publ_contact_author_phone ;
;
_publ_section_title
;

The correct title follows ...
;

[Boerrigter 2023, pers. comm.]

Data review and the use of proper authoring tools could
help...
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Syntax formally right, but ...

_publ_contact_author
;

Name, Surname
Department of Chemistry
University of ...
;

_publ_contact_letter This is the CIF file for ...
_publ_contact_author_phone ;
;
_publ_section_title
;

The correct title follows ...
;

[Boerrigter 2023, pers. comm.]

Data review and the use of proper authoring tools could
help...
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Description of semantics
CIF dictionaries

data_cell_length_
loop_ _name '_cell_length_a'

'_cell_length_b'
'_cell_length_c'

_category cell
_type numb
_type_conditions esd
_enumeration_range 0.0:
_units A
_units_detail 'angstroms'
_definition

; Unit-cell lengths in angstroms corresponding to the structure
reported. The values of _refln_index_h, *_k, *_l must
correspond to the cell defined by these values and _cell_angle_
values. The values of _diffrn_refln_index_h, *_k, *_l may not
correspond to these values if a cell transformation took place
following the measurement of the diffraction intensities. See
also _diffrn_reflns_transf_matrix_.

;

Saulius Gražulis Open databases: what do we have… Vilnius, 2023 15/34



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

COD data curation – validation against
dictionaries

Several types of dictionaries (DDL1, DDL2, DDLm);
COD validation tools in CIF1 and CIF2 frameworks
(cif_validate, ddlm_validate2);

[Vaitkus et al., 2021]

Running validation on all COD yields over 11 mln. validation
messages...3

2Available in the cod-tools package on Debian and Ubuntu systems.
3https://sql.crystallography.net/db/cod_validation/validation_issue
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COD data curation – validation against
dictionaries

Several types of dictionaries (DDL1, DDL2, DDLm);
COD validation tools in CIF1 and CIF2 frameworks
(cif_validate, ddlm_validate2);

[Vaitkus et al., 2021]

Running validation on all COD yields over 11 mln. validation
messages...3

2Available in the cod-tools package on Debian and Ubuntu systems.
3https://sql.crystallography.net/db/cod_validation/validation_issue
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COD validation examples

/usr/bin/cif_validate: 1506432.cif data_1506432:
NOTE, data item '_atom_site_aniso_label' contains value 'F40'
that was not found among the values of the parent data item
'_atom_site_label'.

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
# ... some data names omitted for brevity
>F40 F 0.21810(11) -1.5061(4) 0.7984(2) 0.0684(9) # ...
F41 F 0.29902(11) -1.4446(4) 0.8587(2) 0.0724(9) # ...

Validation might help to catch data errors if applied con-
sistently during the publication.
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/usr/bin/cif_validate: 1506432.cif data_1506432:
NOTE, data item '_atom_site_aniso_label' contains value 'F40'
that was not found among the values of the parent data item
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_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
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COD entry validation examples

Example: wrong coordinates;
Example: missing/wrong keys;
Example: mistyped enumerator values;
Example: typos in data/OCR errors?

Ideally, validation should be applied during the data peer
review process
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COD entry validation examples

Example: wrong coordinates;
Example: missing/wrong keys;
Example: mistyped enumerator values;
Example: typos in data/OCR errors?

Ideally, validation should be applied during the data peer
review process
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Corrupted data in a text field

_iucr_refine_reflections_details
;

0 0 2 -0.20 0.30 99-0.77969 0.78029 0.62494-0.62494 0.03182 0.03182
0 0 2 -0.30 0.30 209 0.78190-0.78130-0.62292 0.62292 0.03182 0.03182

# ... lines omitted for brevity

-15 -3 -5 -4.60 8.40 316-0.62905-0.26313 0.12897-0.27170 0.76065-0.92814
15 -3 5 -7.40 8.00 166 0.27655 0.61563-0.16429 0.02155 0$1 0$1$0$1(0(2?

"10 0$0(0$0(0$0 0(0 0(0$0"4 0"2 0(2%0(6%0"2 0"0 0 0?   ?    4   0
0$0$0$5$0&7 0&0 0&8??  ?    4   0                  00 0(4 0"2 0"2 0(2%0(4$0" ...
0 "10 0$4 0 4 0 4$0(0$0(0$0&4 0&2 0"0%0"5(0(4 0(0 0 0??  ?   ..."

# ... lines omitted for brevity
;

[Boerrigter 2023, pers. comm.]

It would be better to use CIF loop_ constructs and avoid
text fields with internal structure.
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;
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# ... lines omitted for brevity
;

[Boerrigter 2023, pers. comm.]

It would be better to use CIF loop_ constructs and avoid
text fields with internal structure.
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Corrupted numeric tables

/usr/bin/cif_validate: 2009384.cif data_2009384:
NOTE, data item '_atom_site_aniso_U_11' value
'H91' violates type constraints -- the value
should be a numerically interpretable string,
e.g. '42', '42.00', '4200E-2'.

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
# ... some atoms omitted for brevity
C9 0.086(10) 0.061(8) 0.053(8) -0.003(7) -0.025(7) 0.008(7)
H5 0.062 H81 0.111 H82 0.111 H83
0.111 H91 0.081 H92 0.081 H93 0.081
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NOTE, data item '_atom_site_aniso_U_11' value
'H91' violates type constraints -- the value
should be a numerically interpretable string,
e.g. '42', '42.00', '4200E-2'.

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
# ... some atoms omitted for brevity
C9 0.086(10) 0.061(8) 0.053(8) -0.003(7) -0.025(7) 0.008(7)
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COD entry checks – IUCr criteria checks

Checks on prepublications and Personal communications;
Checks on published structures;
Statistics of structures in the database
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COD internal consistency – checks against Fobs;
QM

Checks of/against deposited Fobs data;

[Henn, 2019]

COD has over 58 000 Fobs files; most recent COD files contain
SHELX HKL data as a text field...

Checks using QM relaxation with F/LOSS DFT and QM
codes; work in progress ...
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COD internal consistency – chemistry checks

Perception of chemical formulae and checks of chemical
plausibility; work in progress – publication submitted;

example of a corrected publication entry;
Overlay of chemical graphs obtained from different sources
(CIF coordinates, supplementary CML files, chemical
names); A. Merkys, CODCHEM, publication accepted;
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COD Molecules

http://molecules.crystallography.net/~saulius/cod-
molecules/cod/2227704.html

[Vaitkus 2023, in preparation]
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Matching the chemical structure graphs

SDF
OPSIN Open Babel

∅ ∅

remove paired chemical entities

remove bond orders, hydrogen atoms

remove paired chemical entities

[Merkys 2023, in press]
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Fraudulent structures...

more than 100 published structures were falsified;
looked “OK” based on usual criteria;
detected by crystallographers in the IUCr-led effort; based
on implausible chemistry
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Can we limit data fraud and honest mistakes?

data must be reviewed as the main text, and possibly even
more thoroughly;
collaborative tools are necessary (a-la GitLab or GitHub);
work in progress;
reviewers for data as well as reviewers for paper text?
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What is the role and capabilities of reviewers?

Discussions in “Science” (2006):
“The reporting of scientific results is based on trust”; “journals
are not designed to catch fraud” [Couzin, 2006];

on the other hand,

“It recommended “substantially stricter” requirements for
reporting primary data and a risk assessment for accepted
papers” [Couzin, 2006];

Errors are errors no matter of they are honest or deliberate
– same approaches to detect them should work;
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Recommendations for data publication
For scientists and educators

Invest into preparing your data – make sure that you data
are well documented, have complete metadata;
measurements, models and computations are reproducible;
Educate researchers students:

importance of syntax – files must be machine readable;
importance of metadata;
importance of validation;
importance of data consistency checks, curation and review;
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Recommendations for data publication
For publishers

Improve data publication procedures:
recommend publishers to use more formal checks, e.g.
dictionary validation;
recommend publishers to use more quality criteria;
recommend publishers to conduct data peer-review, not just
the paper text peer review;
ensure correct cross-references between data;
use appropriate tools for data review;
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Thank you!

http://en.wikipedia.org/wiki/Topaz http://www.crystallography.net/2207377.html

A path to freedom: GNU → Linux → Ubuntu → MySQL → R → LATEX→ TikZ → Beamer

http://en.wikipedia.org/wiki/Topaz
http://www.crystallography.net/2207377.html
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