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Abstract

Precise and semantically accurate description of measurable concepts is
extremely important when it comes to critical systems like medical diagnosis,
airplanes and very expensive machinery like satellites. Units and quantities
encompass the necessary apparatus for describing precision and, at a higher
level of perception, provide a sense of magnitude. However, the wide range
of different standards for representing units increases the chances of misin-
terpreting them. Technical documents provide a starting point for reasoning
about units and quantities because of the high density of occurrences they
include. The need of a consistent way of understanding and interacting with
units and quantities is motivated by the diversity of their representations both
syntactically and semantically. The intended research will focus on the oc-
currence of units and quantities in technical documents from the ARXMLIV
corpus. The goal of the project is the successful identification and disam-
biguation of units and quantities represented in content markup languages
for mathematical formulae like OPENMATH and Content MATHML. This
will enable a great extent of new technologies and services that will provide
methods for preventing hazardous behavior of critical systems.




1 Introduction and Motivation

Units and quantities are present everywhere.

Formally, a unit is any determinate quantity, dimension, or magnitude adopted
as a basis or standard of measurement for other quantities of the same kind and
in terms of which their magnitude is calculated or expressed [Ox{f]], but from the
top-most level of perception, it simply provides information on a wide range of
quantifiable aspects. This leads to a very high occurrence rate in one’s daily life.
For example, most of the general-use, common devices, like watches, phones, cars
and so on, provide information (feedback) through the use of units and quantities.
Descriptions, specifications, routines also take advantage of the ability to quantify
information and also to provide a certain perception level through units. Concrete
examples comprise of things as unrelated as cooking receipts, medical prescrip-
tions, scientific papers and many other, thus emphasizing the great extent units and
quantities possess. Having a (automated) way of identifying and understanding
these occurrences can enable the evolution of impressive technologies and services

(see section[4.3).

Units and quantities are a very important aspect of our daily lives.

At the perception level, aside from quantifying properties and relations between
objects, units bring the meaning of scale. One of their most important uses was
and still is in the field of science: they have allowed scientists throughout the past
couple of centuries to better transmit and exchange knowledge between them.

Units and quantities come in very different formats and types. Be it just for the sake
of simplicity (easier calculations, easier perception of their scales) or just for the
sake of legacy (used for centuries), these types, although standardized, pose a lot
of problems in real life. Consider losing a $125 million satellite [Mar] because of
the differences between metric and imperial unit systems or running out of fuel in
mid-flight with an aircraft whose fuel sensors were faulty configured in displaying
the units [[Air]; and these are just a few of the most notable errors caused by units.
Fields like medicine, commerce, civil engineering have also been marked by such
types of errors and pitfalls [Usm].

The high density of units and quantities in technical documents enables an exten-
sive analysis of different context occurrences. This confers a broader view on their
hidden semantics and also helps to understand their different aspects thus avoiding
the common pitfalls and hazardous interpretations mentioned above [[Usm]|. Having
a better understanding of the different types of occurrences of units and quantities
would enable the development of a plethora of useful tools and services (for more
details see section[4.5) that can considerably improve the ways of interacting with
their semantics.



2 State of the Art

The main technologies in focus for the research project are the content markup
languages OPENMATH and Content MATHML in the context of the ARXMLIV
corpus (cf. section[2.2). Also previous research on units and related services is
described in section 2.3

2.1 OPENMATH and Content MATHML

In the past couple of years the web was enriched with an important number of
XML-based, content-oriented markup languages for mathematics and natural sci-
ences. The focus of the investigations discussed by this proposal will be on OPEN-
MATH [Bus+04|] and Content MATHML [Aus+10] (with a higher preference for
the latter), which are standards for the representation and communication of math-
ematical objects [KR09]. Both markup languages are concerned with the encoding
of object’s semantics rather than with its visual representation, to enhance the ease
of knowledge exchange and processing by software systems and also human be-
ings. The higher interest in Content MATHML is justified by its preponderance
in the pool of technical documents that will be analyzed (more details in section
. Nevertheless there are means of converting one into the other [Car+01]] which
enables a great flexibility of selecting the most suited one for a respective type of
technical document and also switching from one to another.

OPENMATH provides an extensible framework with well-defined extension mech-
anisms through Content Dictionaries (CDs) [Bus+04|]. Their main purpose is to
provide semantics for the symbols used by OPENMATH objects. This modular
aspect allows an easy expansion of the unit knowledge base [[SDO08| to further dis-
ambiguate units in all the possible common occurrences they might have. OPEN-
MATH’s minimal core language enables a high degree of portability and extensi-
bility which can only be an advantage for the study of units and quantities (more
details in section [3.1)).

In a similar way, Content MATHML is concerned with the representation of object
semantics through an extensive collection of construction elements whose intuitive
format covers all of school and engineering mathematics (the “K-14" fragment)
[KRO9]. Presentation MATHML is the other sublanguage of MATHML and is
concerned with the layout schemata for describing the two-dimensional notation
of mathematical formulae and will not be treated in this proposal (for more details
see section Presentation Markup of [Aus+10]).

Structure-wise, both OPENMATH and MATHML provide a valuable basis for ma-
chine processing of content and are ideal markup languages for the purpose of
interacting with units and quantities. The extensiveness of MATHML, provided
by its close to 100 intuitive (XML) structure elements for school and engineer-



ing mathematics [KR09]] and multiple representation possibilities (see section[3.2)),
and the modularity and extensibility of OPENMATH, given by Content Dictionar-
ies, would allow the development of great applications and services (some of which
are discussed in section [4.3)) that will ease the understanding of units’ and quanti-
ties’ semantics.

2.2 The ARXML1V Corpus

The ARXMLIV corpus is the ideal environment for the identification of units and
quantities since it contains a collection of more than 600,000 scientific publica-
tions. It is based on Cornell University’s ARXIV e-Print archive [[Arx] which was
converted to XML for a better separation between plain text and mathematical ex-
pressions [Sta+10] and for an easier machine processable format. The whole con-
version process of the ARXIV archive is based on the LaTeXML tool [Mil] for the
IXTEX to XML conversion and on the ARXMLIV build system for the distributed
conversion of such large document collections. It enabled the successful conver-
sion of more than half of the scientific articles from the archive to a semantically
enriched XHTML+MATHML representation which can be easily rendered by a
web browser. This perspective of having scientific papers fully rendered in a web
browser would allow the integration of a wide range of web services and tools,
thus adding features and functionalities like mathematical formulae web search
[Koh+08]] and many others.

The size and broadness of the ARXMLIV corpus would enable a far greater iden-
tifying ground for further extension and improvement of the generic occurrence
types described and exemplified in section[3.3] It will also provide a perfect testing
ground for the intended implementation of the services detailed in sections 4.2|and

4.3

The analysis will be made on top of the already existing representations of units in
OPENMATH and Content MATHML (cf. section [2.1)) with a greater focus on the
latter since it is the predominant document format of the ARXMLIV corpus. The
approach to identifying units and quantities in OPENMATH is also considered in
section for a broader view on the different types of representations and for the
analysis of multiple perspectives such content-oriented markup languages have.

2.3 Related work

There already exists research in the field of units and quantities, especially regard-
ing the standardization of their representation. OPENMATH has a proposed unit
and dimension representation, detailed in [DNO3[] which also provides the current
state of art described by the several Content Dictionaries (CDs) that treat units in



mathematical documents. The provided in-depth analysis of the prospective repre-
sentations of units and their dimensions (taking into account the pros and cons of
each approach) allows for a broader view to the multitude of possibilities of cap-
turing their semantics. Each of the treated cases is considered further in section
for a better understanding of the possibilities they offer. The extensibility of
OPENMATH allowed the development of more Content Dictionaries for units; the
most significant work in this direction is the research of Joseph Collins on CDs
for SI (International System of Units standard [Sib]]) quantities and units [Col09].
Although his work is concentrated on the creation of scientific markup for physics
based models, it also provides a very strong insight on the concepts of quantity and
unit and on the prospects of capturing semantics in their representation.

The advantages of OPENMATH’s extensibility have also encouraged research in
the direction of unit conversion services [Str08]. Besides the implementation of
such a service, Jonathan Stratford’s research also identifies the difficulties of unit
conversion and the limitations of OPENMATH’s current state of art (detailed in
section in regard to unit representation. Nevertheless his work offers an in-
depth view to the representation of units and quantities in the respective content
markup language.

Units and dimensions were also considered in MATHML which provides multi-
ple encoding possibilities [HDO3||, one of which also integrates semantics in unit

expressions (see[3.2)).

Although not directly considered in this proposal, OMDoC (Open Mathematical
Documents) semantic markup format for mathematical documents [Koh0O6] inte-
grates the two mentioned content markup languages (at object level representation)
thus providing an extensible framework for the semantic representation of units and
quantities. One extension of OMDOC which goes into this direction is PHYSML
(Physics Markup Language) [HKSO06|] which provides a Theory of SI units in a
nutshell. This semantic markup format will be further considered in the guided
research project.

3 Units in Technical Documents

This section represents a preliminary stage of the research project by providing the
preparatory ground for the identification and analysis of unit and quantity occur-
rences. The first two subsections describe a detailed state of the art of units’ and
quantities’ representation in OPENMATH and in Content MATHML (with concrete
examples), while the last subsection describes the different occurrences of units and
quantities in technical documents selected from the ARXIV e-Print archive [|Arx].



3.1 Units and Quantities in OPENMATH

OPENMATH encompasses units through Content Dictionaries [Col09]]. Although
generically described in section [2.1} it is important to emphasize OPENMATH’s
extensibility through the creation of new content dictionaries that can add new
symbols (known as OMS) with their respective semantics via Formal Mathematical
Properties (known as FMPs) or simply through the extension of the already existent
unit CDs.

The real problem of OPENMATH is the way units and quantities are interlinked.
For example, the OPENMATH representation of a quantity (a number) would be:

<OMI> 100 </OMI>

while for units, take the unit “gramme” as example, the following representation
exists:

<OMS name="gramme" cd="units_metricl" />

The representation of 100 grammes would look as follows:

<OMA>

<OMS name="times" cd="arithl" />

<OMI> 100 </OMI>

<OMS name="gramme" cd="units_metricl" />
</OMA>

which is one out of multiple representations of quantity unit [DNO3|], thus making
it difficult to define a grammar that could capture all of them.

For an in-depth analysis of unit (and quantity) representation in OPENMATH, [SDOS]|
is the ideal paper to consult.

3.2 Units and Quantities in Content MATHML

The characteristics of units in Content MATHML are extensively described in
[HDO3|], but for the scope of this proposal only the significant ones have been
listed below:

1. Simple Units: “In expressing a quantity with units [...] it is recommended
that the unit be the last child of an apply element which has the times element
its first child” in Section 3 of [HDO3||.This implies the following type of
representation for a simple quantity with unit (e.g. 1.7 m):



<apply>
<times/>
<cn> 1.7 </cn>
<csymbol> m </csymbol>
</apply>

2. Compound Units: “It would also be best if compound units are kept sep-
arate as a nested apply at the end of a product” in Section 3 of [HDO3].
This implies the following possible representation of a quantity with simple,
compound units (e.g. 350 m/sec):

<apply>
<times/>
<cn> 350 </cn>
<apply>
<divide/>
<csymbol> m </csymbol>
<csymbol> sec </csymbol>
</apply>
</apply>

Here the compound unit is represented by the division of two simple units,
each enclosed in its own csymbol element. The use of simple units in the
csymbol element is actually enforced throughout Section 5 of [HDO3|]. Se-
mantically speaking, there exist simple units (e.g. Watt) that have a com-
pound representation (e.g. Watt = Nm) and thus two identical expressions
can have different representations.

3. Semantic Units (Expressions): “In general, it is quite difficult to pick a unit
from an expression. [...] a method for facilitating the transmission of unit
information by making use of the semantics element. [...] Each semantics
element would contain the attribute definitionURL=""http://.../units/”. The
first child element would be the unit encoded in either Content or Presenta-
tion MATHML..”. These types of expressions are detailed starting from Sec-
tion 6 in [HDO3|]. The introduction of this attribute enables an easier spotting
of units in Content MATHML and also facilitates the disambiguation proce-
dure.

3.3 Common occurrence of units and quantities

For the purpose of identifying the different ways units appear in the “wild”, seven
papers [[CB10;|[SGHPD10; [LJ10; Stu+10; EFK10; Haz+10; [Fuk+10] from the fields
of Physics, Astronomy and Mathematics were randomly chosen from the ARX1V
e-Print archive [Arx] and all occurrences of quantities and units were highlighted.
Although the selected pool of technical documents is quite narrow, each of the



selected papers contained a sufficient number of appearances in a extensive variety
of contextd'}

o Inner-paragraph occurrences which consist of embedded unit-quantity or
unit-formula blocks within sentences:

— simple occurrence: simple or prefixed units together with quantities
containing:

* abbreviations of units:
a broad temperature range (4K — 300K) - [Haz+10], p. 1
with frequencies around 1k H z - [SGHPD10], p. 1
use a 500M 2 thick film resistor - [Haz+10], p. 2
* full names of units:
over a hundred gigabytes of street network data - [LJ10], p. 2

with a few meters gap in between - [LJ10], p. 2
costs only 25 seconds to generate - [LI10], p. 6

— complex occurrence: compound units together with quantities (in-
cluding composed quantities) or mathematical expressions:

absorption column N >=5 X 10¥em™2 - [SGHPD10], p. 3
cables are cut into 8 X 1.85m shorter lenghts - [CB10], p. 6

e Graph axis occurrence: occurrence of units as axis labelﬁ

40

=== 300K
v 77K

30

Figure 1: Output characteristics of Fujitsu FHX35X HEMT Integrated Capacitance
Bridge [Haz+10]]

'Only part of them appear in the provided examples; all the papers will be taken into account for
the guided research project.

2 Although it is quite common to have the units as axis labels for plots, it is practically impos-
sible to interact with the data in such plots given that their representation format does not allow its
reiteration. Thus this type of occurrence will be excluded from the in-depth approach in sectionEl



o Formula / Mathematical expression occurrences which consist of indepen-
dent formula / mathematical expression blocks linked with units:
Such examples were not encountered in the seven selected papers mentioned
at the beginning of this section but one expected occurrence would be

1 qig2

Fage = 4dmeg d?

where IV represents the unit for force in Physics (/Newtons) and not a vari-
able (g1, g2, d) or constant (

1
dreqg )

4 Research Approach and Goals

4.1 Analysis of Units and Measurable Quantities

Although section mentions a wide range of context occurrences for units and
quantities, when it comes to the practical aspect of identifying them, the focus
should be shifted to their representation in the OPENMATH and Content MATHML
markup languages. In OPENMATH the existence of content dictionaries for units
[Col09]] allows the capture of their semantics, while for Content MATHML the for-
mal representation of units is extensively defined in [HDO3||. A detailed description
of their syntactic representation can be consulted in sections[3.1]and[3.2]

In order to provide the interaction with units and their quantities within technical
documents a means of identifying them is required. The already shown common
types of occurrences in section [3.3| provide a good starting point for the definition
of a grammar that would encompass all the different aspects of the content markup
languages that were considered (OPENMATH and Content MATHML). In a first
stage, the identification of the described common occurrences of units and quanti-
ties will be done taking into account the defined grammar and the markup language
specific syntactic rules exemplified throughout[3.T]and[3.2] This will be mainly ap-
plied to the large pool of technical documents from the ARXMLIV archive.

4.2 Implementation

Besides using the grammar rules defined for spotting units and quantities in OPEN-
MATH and Content MATHML, on document level, the construction of semantic
formula trees [Ginl0] with the help of the LaMaPUn OOPerl library [Gin+09],
which concerns natural language processing, can enable an extensive analysis of
special types of occurrences that don’t have a formal markup representation in
OPENMATH, nor in Content MATHML. This would also lead to the extension of
existing unit related Content Dictionaries (CDs) [Col09; SDO08] to formalize some



of the exotic occurrences of units (see section for some examples). This iden-
tification service will enable the insertion of semantics to disambiguate the occur-
rences.

A multitude of services can be built on top of unit and quantity semantics (as can be
seen in section [4.5)). One immediate such service that can take advantage of units
and quantities in technical documents is a unit converter. During the past couple of
years multiple implementations of such a service have been proposed, one of the
most extensive ones being [StrO8]]. A unit conversion service integrated into web
documents is implemented within the JOBAD framework [[GLRO9] which has the
advantage of being a web framework and thus allows high extensibility and user
interaction.

4.3 Time Plan

The prospective timeline of the described guided research topic can be summarized
by the following major points:

e January 2011 — Grammar Construction for Common Unit and Quantity Oc-
currences in Technical Documents

— Further analyze the occurrence of units and quantities in technical doc-
uments

— Define grammar rules that correspond to the identified occurrences
— Check and document special cases

e February 2011 — Analysis and Adaptation of Units and Quantities identified
on a large pool of technical documents - ARXMLIV [Sta+10]

— Investigate existing parsing methods for Content MATHML on the ARXM-
L1v corpus

— Start implementing a units and quantities identification service based
on the defined grammar

— Analyze the outcome statistics from the data obtained by running the
(partially implemented) identification service on the ARXMLIV corpus

— Use the Construction of Semantic Formula Trees [Ginl0] to identify
special cases

e March 2011 — Improvement and Extension of the Scope of ldentifiable Units
and Quantities

— Finalize the implementation of the units and quantities identification
service
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— Write Content Dictionaries for the extension of existing documented
units and relations between them

— Extend the JOBAD framework unit converter to showcase the practical
part of the guided research project

o April 2011 - Finalization of the Guided Research Thesis

At this moment it is neither final, nor complete and unforeseen difficulties will most
probably slightly modify the monthly milestones of the project. Nevertheless, the
extended time period of four months (January 2011 — April 2011) would allow
plenty of time for an in-depth investigation of the proposed topic.

4.4 Expected results

The goal of this guided research project is to achieve an important percentage of
successful unit identification and disambiguation on the ARXMLIV corpus and
to provide a framework for further extension of the ideas presented in section []
The evaluation of the results can be done by either considering individual cases of
technical documents (e.g. selecting one at random and running the service for unit
identification), which would be, at first, manually verified, or by considering the
entire collection of articles from ARXMLIV accompanied by a statistics service
which will provide data regarding successful identifications, errors and unknown
(undefined or incomplete) occurrences. These results will constitute a basis for
further extension and improvement of the identification and disambiguation service
(see section for the general outline of this service).

One prospective outcome of the project would be the possibility to generate unit
specific papers (e.g. having a paper with all the units in the Imperial System of
Units) and also to allow unit independent search through the MathWebSearch for-
mula search engine [Koh+08]| (e.g. the search for “1 m” would also return results
that have “1.0936 yards”) as well as more advanced applications and services as
described in section

4.5 Units as Enabling Technology

The prospects of unit and quantity disambiguation, as described in section4.2]and
based on [2.3] allow other relevant services/functionalities to be considered for fu-
ture projects and research topics.

e Mapping Natural Sciences Concepts to their respective Units
Description: defining Content Dictionaries [KRO9|| that would define the
connection of units to general widespread natural sciences concepts like

force (measured in Newtons: N = kf;" or any variant of the ratio) or energy

11



(measured in Joules: J = Nm = ki?Q = ...) and plenty of other exam-

ples. Only from the two basic examples one can notice the interconnection
of concepts in sciences: Energy = Force X displacement, which can further
enable scientific formula “spell checking”, which might prove to be of great
value to physicists, astronomers and many others.

Mathematical Formula Validation

Description: unit checking within a mathematical expression can easily al-
low the verification of dimensionality of the concept the expression defines.
This can be further extended to a scientific formula validation service that
can identify a wrongly written formula by matching the units of the right
hand side of the equality to the units of the left hand side.

Unknown Unit Lookup

Description: as mentioned in [3.3] sometimes theoretical scientific papers
only present abbreviations for concepts (e.g. N for Newtons, which is the
unit for force) without mentioning anything about units/dimensions, which
might turn out to be difficult for the readers who would be interested to
know, for example, the order of measurement (magnitude) for the unknown
measurable concepts and also a (small) description of the respective concept
(e.g. Pa is the unit for pressure). Defining a generic way in which semantics
can be added to such unknown symbols will enable showing/hiding units for
expressions/formulas.

Unit and Quantity Semantic Search

Description: a service that would allow searching for any type of unit and its
magnitude and return the relevant results regardless of the measuring stan-
dard of the occurrences in the paper (e.g. imperial or metric) and also re-
gardless of their form (N or kf;”).

Quantity and Unit’s Magnitude Manipulation

Description: [SDOS]| offers an in-depth view over the representation of com-
posed/prefixed units in OPENMATH which can capture the meaning of mag-
nitude in a certain quantity-unit occurrence. Being able to transform for
example 100N — 0.1kN or 0.1 x 103N or 0.1 x 103]‘:95—72"2 can have impres-
sive utility when it comes to simplifying representations and adapting them
consistently to a certain type of magnitude (for example all occurrences of
force expressions should have the unit represented in kN).

As detailed at the beginning of this paper (see section [I]), having a standard, uni-
form understanding of units and quantities can prevent hazards and even entire
compatibility check processes in the industry. The presented list of prospective
enabling technologies shows only a few of the endless opportunities of interacting
with units and quantities in technical documents and can only be a motivation for
future research in this field.
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5 Conclusions

As detailed in section |1} units are sufficiently important to not be disregarded from
the context of semantic documents. Unfortunately, by now, there have been only
isolated approaches (see section[2.3)) to solve the disambiguation issue of units and
their linked quantities. Considering also the wide range of existing unit types and
representations (some of which can be consulted in section [3.3)), it makes it almost
impossible to identify and disambiguate all of them, especially when we are talking
about a collection of more than 600,000 technical documents [Sta+10]. The pro-
posed approach (detailed in section[d) is mainly characterized by two major stages:
unit and quantity identification (which can as well be divided into two identifica-
tion methods through the grammar’s and markup language’s syntactic rules and/or
through the construction of semantic formula trees) and unit and quantity disam-
biguation.

The challenges that are faced in the analysis of units and measurable quantities are
strictly related to the semantics behind the structure of their occurrence in technical
documents as detailed throughout this proposal. The batch of scientific papers used
to identify the different possible occurrences of units and quantities has provided a
wide range of representations (detailed in section [3.3|of this proposal).

Being able to identify and disambiguate the occurrence of units and their quanti-
ties allows a great extent of prospective applications and services (as described in
section that will enhance the interaction with units and quantities as well as
their better understanding in technical documents. Considering the amount of work
and detailed timeline expressed in section |4.3|it can be concluded that the subject
chosen is suitable as a Guided Research topic.
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