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Abstract
Units of measure are central in all areas of science and technology. There are several ontological
frameworks aiming to improve interoperability and precision in digital data exchange of quantities
involving units. We introduce an ontology that specifically targets challenges for handling units across
databases of computational and experimental data from various sources. The ontology is created using
definition files from the community-driven OPTIMADE standard for a common API for materials
databases. The resulting ontology allows addressing data integration challenges encountered in that
effort, including (i) referencing both specific and more general instances of units that have changed
over time; (ii) the use of unit systems to define short domain-relevant identifiers for a collection of units
that make sense within a specific subdomain, rather than having to adopt globally standardized naming
schemes; (iii) specifications of relationships between units that enables tools to convert between them;
and (iv) units not part of the International System of Units (SI) can be represented without defining them
in SI units or using SI system conventions. This paper provides a brief survey of existing ontologies
for units of measure and then presents the design and discuss features of an ontology based on the
OPTIMADE unit definitions.
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1. Introduction

Units of measure are reference quantities used when expressing physical quantities obtained
from experimental measurements, theoretical models, or by other means. They essentially
underpin all systematic communication of physical quantities throughout all areas of science
and technology and are therefore crucial to standardize [1, 2]. The International System of Units
(SI), coordinated by the International Bureau of Weights and Measures (BIPM) [3], has long
held a uniquely strong position as a system of standardized unit definitions. However, units
outside the SI system are also heavily used in many domains. With the increasing adoption of
ontologies to facilitate precise digital communication, processing, and storage of information
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[4, 5, 6], several ontologies have emerged to describe units and their relationships [7, 8, 9, 10].
An incident frequently cited to highlight the importance of standardized ways to handle units in
digital systems is the loss of the NASA Mars Climate Orbiter attributed to incorrect assumptions
about units between two software components [11].
A key application for ontologies is database integration. Databases can include semantic

information through ontologies to help ensure that data from different providers are systemati-
cally and correctly interpreted [12, 13]. Reasoning based on these semantics can be used to, e.g.,
map a database query expressed in data fields available in one database on those available in
another. A good example of an application area undergoing an increasing adoption of rigorous
data standards is materials science [14, 15]. The Open Databases Integration for Materials
Design (OPTIMADE) consortium, which includes the present authors, develops a standard for a
common API for materials data1 [16]. The recently released version v1.2 of the standard intro-
duces machine-readable property definitions for database fields using an extended subset of the
JSON schema standard2 [17]. These property definitions include definitions of units of measure
to address interoperability challenges met across the databases included in the consortium.
Turning these unit definitions into an ontology expressed using semantic languages, e.g., OWL
and RDF, enables aligning these definitions with other unit ontologies. An ontology of these
community-agreed definitions may also be useful in semantically guided systems beyond the
OPTIMADE API, e.g., for automated GraphQL server generation [18].
A feature of the SI system relevant in the present context is that the units are occasionally

redefined to utilize progress in measurement methodology and technology that allows more
accurate measurements. For example, when the name SI was established in 1960, themetre
was defined in terms of wavelengths of radiation from the krypton 86 atom, whereas in 1983,
it was redefined in terms of the speed of light. Likewise, in 1960, the second was defined
to use a particular astronomical definition of the year, and in 1967 it was redefined based on
oscillations between levels of the cesium 133 atom. Yet another redefinition of the second based
on modern atomic clocks is being prepared for 2030 [19]. These redefinitions of the base SI
units also implicitly redefine all related derived units. For example, the tesla is a magnetic
flux unit equal to kg/s2A which consequently has been redefined four times since 1960. The
implicit redefinitions also reach outside the SI system, e.g., the ångström length unit, which
is in ubiquitous use in materials science and spectroscopy, is usually defined as 10−10 m. This
definition is only unambiguous when combined with a particular definition of themetre. Hence,
there are at least two versions of this unit, one before and one after 1983, when the SImetre
was redefined.

The differences between the historical definitions of the SI units may seem inconsequential,
given how they are meant to only make the unit definitions more precise, i.e., a new definition is
meant to be within the uncertainty of the most accurate measurements of the quantity used for
the prior definition. Nevertheless, in particular in the context of databases containing numerical
results of computational simulations, values can be computed and recorded to virtually any
precision. A redefined unit then fundamentally alters the interpretation of the stored quantities.
Hence, especially in this context, it is useful to allow references to particular historical unit

1https://www.optimade.org
2https://json-schema.org/specification
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definitions. Furthermore, another useful feature is to include less precise representations that
refer to any historical definition. The authors are unaware of any unit ontology currently in
use that allows separately handling and referencing different historical SI definitions and more
broadly generalized definitions. However, a key feature of the OPTIMADE property definitions
is that they are designed to handle multiple units and unit systems with definitions that change
over time. The definition files included with version v1.2 of the standard cover the changes
in the SI system since 1960. Hence, bringing these definitions and relations into a standard
ontology format will allow this feature to be used also in other semantic systems.

2. Related work

In the process of designing an ontology based on the unit definitions provided as part of the
OPTIMADE standard, we have surveyed several existing ontologies and related efforts that
provide formal representations of units of measure in various ways. We comment on them
briefly below. Several more in-depth reviews of ontologies for units are also available in the
literature [7, 8, 9, 10].

• Quantities, Units, Dimensions and Data Types Ontologies (QUDT)3 [20] provides a collec-
tion of linked ontologies that is described as an “architecture for the conceptual represen-
tation of quantities, quantity kinds, units, dimensions, and data types.” It is largely based
on the SI standard, ISO standards on Units and Quantities (e.g., ISO 80000 [21]), and the
NIST Guide for the use of the International System of Units [22]. QUDT is extensible and
has a submission system to add units to existing or new vocabularies. However, we have
not found information that suggests how to accommodate changes in units over time and
the definitions in the current version 2.1.41 appear to be based on the pre-2019 version of
the SI system (e.g., the kilogram entry refers to the international kilogram prototype).

• Unified Code for Units of Measure (UCUM)4 is not presented as an ontology, but rather
a “code system intended to include all units of measures being contemporarily used in
international science, engineering, and business.”. It was originally created for clinical
information systems [23]. An RDF datatype has been defined to represent physical
quantities using this code system [24]. There does not appear to be a clear way to use the
UCUM code system to refer to different versions of, e.g., the SI base units.

• Ontology of units of Measure (OM)5 [25] models concepts and relations for the formula-
tion of quantitative knowledge with a strong focus on units, quantities, measures, and
dimensions. The ontology does not appear to have any explicit definitions or mechanisms
for changes of unit definitions over time, and also the latest version 2.0 refers to the
pre-2019 SI definition of the kilogram.

• Semantic Web for Earth and Environmental Terminology (SWEET)6 [26] is a highly
modular ontology suite covering Earth system science which also covers scientific units.

3https://qudt.org/
4https://ucum.org
5https://github.com/HajoRijgersberg/OM
6https://github.com/ESIPFed/sweet
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• Extensible Observation Ontology (OBOE)7 [27, 28] is a formal ontology for capturing the
semantics of scientific observation and measurement oriented around the concepts of
observations, measurements, entity, characteristic, standard, and protocol.

• Measurement Units Ontology (MUO)8 was created to represent units in a software develop-
ment framework for mobile devices. It provided definitions of unit instances automatically
extracted from UCUM.

• Quantity Kinds and Units (QU)9 is based on the conceptual framework (or model) Quantity,
Unit, Dimension, and Value (QUDV), a part of OMG SysML [29]).

• Units of Measurement Ontology (UO)10 [30] targets the standardization of units of mea-
surement in the biomedical domain.

• The Wikidata project [31] provides a range of unit definitions used for structured data to
be referenced from Wikimedia websites, including Wikipedia.11

• The GNU units software package distributes a range of unit definitions in a database
file.12 This collection of units has been adopted to express formalized property definitions
in the OpenKIM project [32].

Several of the surveyed ontologies include representations of in-depth concepts in the domain
of quantities and units. In particular, many include the concept of unit dimensions [7, 2].
While dimensions and related concepts are critical to describe all aspects of how quantities,
units, and unit systems relate, they can be difficult to model in a unit system-independent way.
However, these concepts are not strictly necessary to represent units used for quantities and to
aid database integration, and are therefore not currently part of the ontology presented here.

The primary motivation for the ontology presented in this work is to encode the community-
agreed unit definitions part of the OPTIMADE standard. We do not aim for this work to fully
evaluate the advantages and limitations in the resulting design compared to existing ontologies
for units of measure.

3. Definition of the ontology

3.1. Requirements

We present an ontology designed around the following principles:

• Allow multiple historical definitions of the same unit to co-exist within the same version
of the ontology (i.e., not via the versioning of the ontology itself).

7https://github.com/NCEAS/oboe
8While many works reference the MUO, we have been unable to locate a detailed description online or as a
published work. An archived web page with some details can be accessed via the Internet Archive Wayback
Machine at https://web.archive.org/web/20130723220432/http://forge.morfeo-project.org/wiki_en/index.php/Units_
of_measurement_ontology

9https://www.w3.org/2005/Incubator/ssn/ssnx/qu/qu and https://www.w3.org/2005/Incubator/ssn/ssnx/qu/qu-rec20.
html

10http://obofoundry.org/ontology/uo
11https://www.wikidata.org/wiki/Wikidata:Units
12https://www.gnu.org/software/units/
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• Standards-agnostic design (i.e., not designed around the SI standard).
• Freedom to represent units using relevant domain-specific short symbols.
• Support compact mathematical expressions to express compound units and relationships
between units.

• Provide relevant identifiers for various uses: display symbols for mathematical typesetting
and latin symbols and identifiers for referencing in computer code and data contexts.

• Entities separated into physical units, constants, and prefixes.
• Support of referencing unit systems as a collection of units with associated short symbols.
• IRIs that refer to the exact same entities as the OPTIMADE unit definitions are retained
from those definitions.

• A versioning scheme that handles changes in the ontology and in the referenced unit
definitions provided via OPTIMADE.

3.1.1. Use cases

A couple of example use cases that can be addressed by the ontology follows:

1. Specification (via IRI) of the unit of measure that applies to a stored numerical value (e.g.,
for a database field) at the level of specificity that applies to that quantity. For example,
one IRI refers to the SI unit second defined in 1967, and another IRI more broadly to any
SI definition of the second (either the current one or any of the historical SI definitions).

2. Specification (via IRI) of the precise unit used in a computer programming interface, e.g.,
to avoid ambiguity for values returned by an API.

3. Determination if the numerical values of two quantities can be directly compared based
on reasoning to determine if their units are the same or if one can be generalized into the
other.

4. Determine an appropriate typographical symbol to use for a unit in a user interface.
5. Reference a set of domain-relevant short identifiers referencing specific unit definitions

with a single IRI.
6. Discover mathematical relationships between units (either as defining relationships or

approximate, such as for the dalton unit of atomic mass and the kilogram), which can be
used by a tool for unit conversions.

3.2. Development method

The ontology has been developed by re-engineering the community-agreed OPTIMADE unit
definitions into an ontological representation. The OPTIMADE unit definitions are provided as
machine-readable files using a JSON-based format specified by a JSON Schema meta-schema
which is part of the OPTIMADE standard. In practice, the JSON files are generated from more
user-friendly YAML-formatted source files. These files are also used to generate human-readable
HTML andMarkdown (MD) files made available for browsing via one of the websites maintained
by OPTIMADE.13 The OPTIMADE standard v1.2 includes unit definition files for all current

13https://schemas.optimade.org

https://schemas.optimade.org
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Figure 1: Overview of the concepts of the ontology.

and historical SI unit definitions since 1960, and most other, non-SI, units referenced from the
nine editions of the SI brochure [3]. In particular, this includes all units referred to as “non-SI
units accepted to use with the SI system”. A few other non-SI units are also included, e.g., the
digital information units bit and byte.

In this work, the source format is the JSON unit definitions provided as part of the OPTIMADE
standard, which are converted by a special-purpose tool into the ontological representation
RDF using turtle syntax [33]. The ontology is intentionally designed to, as closely as possible,
reflect the intent and content of the OPTIMADE unit definitions. One materials science domain
expert and two ontology knowledge engineers have reviewed the ontology design.
A pre-release version v0.9.0 of the ontology is available via our GitHub repository: https:

//github.com/LiUSemWeb/units-of-measure.

3.3. Ontology design

We have chosen a class-based design approach consisting of hierarchical levels of concepts
where all unit-related data is purely expressed through object properties and data properties
in class definitions. The ontology consists of the following top level concepts as illustrated in
Fig. 1:

• unitsystem ⊑ ⊤
• resources ⊑ ⊤
• unit_entity ⊑ ⊤
• physical_unit ⊑ unit_entity
• constant ⊑ unit_entity
• prefix ⊑ unit_entity

https://github.com/LiUSemWeb/units-of-measure
https://github.com/LiUSemWeb/units-of-measure


Here, ⊤ is the top concept (owl:Thing in OWL). Specific units of measure, e.g., the metre
unit as defined by SI in 1983, are sub-concepts of physical_unit. Sub-concepts of constant are
numerical and scientific constants, e.g., the mathematical constant 𝜋 and the elemental charge
physical constant. The inclusion of constants is arguably not essential for an ontology for units
of measure, but is useful by allowing unit definitions to describe relationships to other units
using these constants. Sub-concepts of prefix are unitless scaling factors used in unit systems
to reference units scaled to larger and smaller magnitudes, e.g., the SI prefix mega with symbol
M denotes a factor of one million.
The concepts physical_unit, constant, prefix are sub-concepts of the more general concept

unit_entity. Unit entities have an annotation property description for expressing the definition
of the unit entity with a human-readable string and a set of data and object properties. One
of these object properties are to specific individuals of the resource concept to express various
types of relationships to external resources, e.g., the official standards document that is the
source of the definition, or an informational link to the description of the unit in Wikipedia.
The sub-concepts of unit_entity are specific unit entity concepts. Each of these specific unit
entity concepts has another level of sub-concepts, symbol concepts, for a specific unit entity
represented by a specific symbol. The symbol concepts provides a form of reification for the
combination of a specific unit entity and a symbol, which allows concepts that are, e.g., the
same specific unit entity, but with several different symbols to co-exist in the ontology.
The sub-concepts of unitsystem are collections of unit entities, e.g., the concept for the SI

2019 unit system has relationships to all the physical_unit and prefix symbol concepts with
their respective standard SI symbols, defined as part of the SI system of units in the 9th edition
of the SI brochure [3]. It is possible to extend the ontology using sub-concepts of unitsystem to
define other standardized units systems and domain-specific collections of physical units and
prefixes with specific choices of symbols.

3.3.1. Labels

All direct sub-concepts of physical_unit, constant, and prefix are given an rdfs:label anno-
tation. These labels are taken from the x-optimade-definition/label field in the OPTI-
MADE definition files. They are on the format <name>_<standard>_<year>_<category>, e.g.,
metre_si_1960_base. The first segment <name> is a short name describing the unit. The sec-
ond segment <standard> is the name of the standards organization from which the definition
originates, or the word “independent” if the definition cannot be referenced to such an organi-
zation (e.g., the definition of the bit unit references an early paper on digital information by
Shannon). The third segment <year> is the year that the definition was introduced. The fourth
segment <category> is a relevant categorization either made by the standards organization,
or if no such categorization exists, just an informal categorization as a means to disambiguate
cases of similarly or identically named units. As stated in a previous example, minute is often
used to refer to both a time unit and an angular unit, thus it is helpful to know at a glance which
kind ofminute a label applies to.
Furthermore, the symbol concepts (i.e., the second level sub-concepts) of

physical_unit, constant, and prefix are given labels on the format <symbol>
[<name>_<standard>_<year>_<category>] where <symbol> is the symbol, e.g., the SI



1960 definition of the metre unit referred to using the symbol m is given the label m
[metre_si_1960_base].

3.3.2. IRIs

The ontology base IRI is <https://github.com/LiUSemWeb/units-of-measure#> for the pre-
release of the ontology. However, the concepts physical_unit, constant, prefix reference entities
already assigned IRIs by theOPTIMADE standard, which then are retained in the ontology. These
IRIs reside under <https://schemas.optimade.org/defs/v1.2/>, e.g., metre_si_1960_base
has IRI <https://schemas.optimade.org/defs/v1.2/units/si/1960/base/metre>. The
symbol sub-concepts of physical_unit, constant, and prefix for, e.g., a specific unit represented
by a specific symbol are assigned the OPTIMADE IRI with an additional anchor, #symbol.
For example, metre_si_1960_base has a sub-concept labeled m [metre_si_1960_base] with
IRI <https://schemas.optimade.org/defs/v1.2/units/si/1960/base/metre#m>. Finally,
concepts in the ontology that do not have IRIs assigned by OPTIMADE are assigned IRIs under
the ontology base IRI.

3.3.3. Symbols and other identifiers

A key aspect in the use of units is the practice of representing them by symbols which are
compact domain-specific identifiers. In practical use, different symbols are often used for the
same units in different contexts and domains, e.g., the nautical mile navigational length unit
has multiple common symbols: M, NM, nmi, and Nm. As outlined above, the primary way
symbols are implemented in the ontology is via symbol concepts as sub-concepts of a specific
physical unit, constant or prefix.
The symbols used for symbol concepts are taken to be short identifiers composed of Latin

characters.14 The symbol is often just one or a few characters, e.g., “T” for the tesla unit and
“Bq” for the becquerel unit. The symbol can be longer if no clear short Latin symbol exists,
e.g. the ångström unit uses ”angstrom” rather than the more standard non-Latin character “Å”.
When possible, this is the symbol defined in the SI standard for SI units. However, when the SI
symbol requires Unicode or mathematical notation, a Latin version is chosen, e.g., “mc” is used
for the SI prefix micro, rather than “𝜇”. These limitations gives a symbol that is useful, e.g., for
referencing the unit in data and programming contexts, where non-Latin characters may not be
available.
The symbol limited to Latin characters is complemented with:

• title: A data property for each unit entity concept for the name as a Unicode string with
white space and capitalization where relevant, e.g., “nautical mile”, “ångström”, “degree
Celsius”.

• display_symbol: A data property for symbol entity concepts for an appropriate repre-
sentation of the unit symbol in Unicode, e.g., “Å” for the ångström unit and “Ω” for the
ohm unit; and, when needed, mathematical expressions using MathJax notation, e.g.,
“\(\mu_B\)” for the Bohr magneton unit.

14More precisely: lowercase a−z, uppercase A−Z, and the underscore character “_”, but not white-space characters.



As an example, the unit nautical mile 𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 and its symbol con-
cepts are defined as:

𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 ≡ 𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙_𝑢𝑛𝑖𝑡 ⊓ (𝑡𝑖𝑡 𝑙𝑒 𝑣𝑎𝑙𝑢𝑒 "𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒") ⊓ ...
𝑀 [𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦] ≡ 𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 ⊓ (𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑀")

⊓ (𝑑𝑖𝑠𝑝𝑙𝑎𝑦_𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑀")
𝑁𝑀 [𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦] ≡ 𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 ⊓ (𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑁𝑀")

⊓ (𝑑𝑖𝑠𝑝𝑙𝑎𝑦_𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑁𝑀")
𝑁𝑚 [𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦] ≡ 𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 ⊓ (𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑁𝑚")

⊓ (𝑑𝑖𝑠𝑝𝑙𝑎𝑦_𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑁𝑚")
𝑛𝑚𝑖 [𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦] ≡ 𝑛𝑎𝑢𝑡𝑖𝑐𝑎𝑙𝑚𝑖𝑙𝑒_𝑠𝑖_1970_𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 ⊓ (𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑛𝑚𝑖")

⊓ (𝑑𝑖𝑠𝑝𝑙𝑎𝑦_𝑠𝑦𝑚𝑏𝑜𝑙 𝑣𝑎𝑙𝑢𝑒 "𝑛𝑚𝑖")

Furthermore, in the design of the ontology, the same symbol can be used for different unit
definitions to allow adhering to domain-specific conventions that cannot be handled by enforcing
unique symbols across the ontology. While it is useful to standardize the use of a specific symbol,
the reality is that the same symbols are used for different unit definitions. A few examples
include: “minute” used for both arcminute and minute (for time); “tonne” for metric ton,
short ton, long ton; or “billion” which is 109 in the short scale and 1012 in the long scale.

3.3.4. Standards agnostic design

The formal aspects of representing units of measure in mathematical and scientific frameworks
can be handled in more than one way. For example, concerns have been raised about the
standing of themole unit in the SI system [34], and one can speculate that similar concerns
have led the SI system to not yet adopt any units for digital information, e.g., the bit or byte.
The aim of the ontology presented in this work is not to provide a framework for the formally
most rigorous way of representing physical quantities according to current standards, but rather
to allow representing existing uses of units as used across history, standards, and domains in
a way that preserves the full original meaning. If the representation of a unit in an ontology
requires that it is reinterpreted into a different formal system it can subtly alter the meaning of
the data (cf., reinterpretation of the unit used for old data using the most recent SI definitions).
Our ontology is designed to allow sub-concepts of physical_unit to represent anything possible
to use as a reference quantity to give meaning to a numerical value from, e.g., a measurement, a
calculation, or stored in a database.

More specifically, the strong standing of the SI system has led to multiple ontologies designed
around that standard, for example, by including SI-systems-specific categorizations (e.g., base
and derived units) or completely adopting the unit dimensions that the SI system is based on.
The ontology presented in this work has been designed with the intent not to adopt conventions
of the SI system that are different in other unit systems.



3.3.5. Compact mathematical expressions for compound units

The ontology supports expressing compound unit expressions using a domain-specific compact
mathematical string language defined in the OPTIMADE specification [16]. Similar languages
are found in the H5MD specification UCUM [23] and [35]. The compound unit expressions
are also used within the ontology to express the defining_relation_base_units_expression and
approximate_relations_base_units_expression data properties. Each symbol in the base units
in the compound unit expression is defined by referencing the symbol concept through the
defining_relation_base_unit and approximate_relation_base_unit object property. This allows
the freedom to use any desired symbol in the compound unit expression, as long as the symbol
concept is defined to its unit super-concept in the ontology. A defining relation is used strictly
for units defined in terms of other units represented in the ontology to describe that relationship.
An approximate relation describes a non-defining relationship that can be used to convert the
value of a quantity to express it with a different unit.

3.3.6. Versioning

There are three types of changes that affect the ontology: (i) units are occasionally redefined
by standard organizations such as SI; (ii) the OPTIMADE consortium may change the defini-
tion files the ontology is based on; (iii) we may make changes to the ontology based on the
same OPTIMADE definition files. As an example, consider the 1960 definition of the SI metre
unit with IRI <https://schemas.optimade.org/defs/v1.2/units/si/1960/base/metre>.
Changes in the SI unit definitions are handled by introducing the new ones concurrent with
the old ones. The 1960 SI metre thus coexist with the redefined 1983 SI metre with IRI
<https://schemas.optimade.org/defs/v1.2/units/si/1983/base/metre>. For changes
made by the OPTIMADE consortium, the released version of the OPTIMADE standard is also
included in the IRIs naming scheme as the v1.2 in the second path component, which thus will
change when the ontology is modified to refer to the updated definitions (which also incurs a
version change of the ontology itself).

All changes to the ontology, both in general or in response to changes of the kinds described
above, will be reflected by updating the version number in the ontology version IRI, which we
intend to assign using the pattern MAJOR.MINOR.PATCH, based on the semantic versioning
scheme.15 The semantic versioning scheme is interpreted according to the following: we will
increment the PATCH number for changes that only address unintended errors or omissions,
and the MINOR number when expanding the ontology with additional definitions, concepts,
and attributes that do not affect the use of those existing in prior releases of the ontology.
Major changes that alter the overall design and/or the meaning of concepts, attributes, or their
relationships, in ways that may be incompatible with the use or imports of prior versions will
increment the MAJOR version number.

15https://semver.org/

https://semver.org/


3.3.7. Conversion from OPTIMADE definitions

As explained above, the ontology is created directly from the machine-readable JSON files
maintained by OPTIMADE. We have implemented a conversion tool in Python that reads files
on the format documented in version 1.2 of the OPTIMADE standard [16] and derives concept
definitions and their relationships for specific units as described in the sections above. A more
in-depth technical description of this conversion tool will be presented in a separate paper.

4. Applications of the ontology

The ontology allows reference to units used in OPTIMADE property definitions using standard
semantic languages. This enables the alignment of units in databases that use OPTIMADE
property definitions with existing unit ontologies. Furthermore, ontology reasoners can be
applied to these uses of units, and the OPTIMADE unit definitions can be integrated with other
semantical frameworks. Section 3.1.1 lists a number of such specific use case examples for the
ontology.

More generally, databases need to represent units of measure to provide data about physical
quantities. This information is essential to aggregate data from more than one source or query
multiple databases with related data in a meaningful way. In the following we propose such a
use case in more detail: consider two databases that provide formation energies for materials
obtained from different computational software. Both software packages use the non-SI unit
electron volt, which implicitly depends on the derived SI unit volt. If the databases declare
their units using the ontology provided in this work, a client accessing the data will be able
to make an informed decision on the meaning of a comparison of these data fields. If both
databases declare the use of the exact same historical definition of the volt unit, it is meaningful
to directly compare the numerical values to full precision. If they declare different historical
definitions, the client must either perform a unit conversion or utilize the fact that both the
specific definitions generalize into volt_si_general, the higher level concept for the current, or
any one of the historical definitions of volt. A comparison on the level of volt_si_general yields
less precise information, but at least it is clear to the client that this is the case.

As mentioned above, during construction, the ontology was reviewed by one materials science
domain expert and two ontology knowledge engineers. We also emphasize that the construction
is based on unit definitions in OPTIMADE that have been discussed by that consortium of
domain experts. The ontology has not yet undergone validation or performance measurements
beyond these considerations.

5. Conclusion

In this paper we have presented an ontology that covers units of measure for physical units,
constants, and prefixes. The ontology have been created from a set of community-agreed prop-
erty definitions in the OPTIMADE materials database API standard. Our ontology engineering
has strived to preserve the original design idea of the source definition files as much as possible
while finding a way to express that design using standard semantic languages. The result is an



ontology that aims to allow the expression of units the way they are used in databases.A few
key design decisions are (i) a rich framework for representation that can accomodate multiple
historical definitions and different domain-relevant symbols for the same unit; (ii) a unit system
agnostic design to allow representation of unit definitions across multiple standards; (iii) unit
definitions provided by domain experts that covers domain-relevant definitions, symbols, and
other identifiers. The ontology is populated by the definitions provided with the OPTIMADE
release v1.2, which includes the SI units in their current and past definitions since 1960, most
other definitions provided in the nine editions of the SI brochure [3], and a few additional units
in practical use in the fields of materials science and spectroscopy.
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