Semantic Web 0 (2016) 1-0
10S Press

An Ontology Design Pattern and Its Use Case
for Modeling Material Transformation

Editor(s): Victor de Boer, Vrije Universiteit Amsterdam, Netherlands; Agnieszka Lawrynowicz, Poznan University of Technology, Poland
Solicited review(s): Eva Blomqyvist, Linkoping Universitet, Sweden; Kurt Sandkuhl, Universitidt Rostock, Germany; Tomi Kauppinen, Aalto

University, Finland & Universitit Miinster, Germany

Charles F. Vardeman II *, Adila A. Krisnadhi ¢, Michelle Cheatham 9, Krzysztof Janowicz ©,
Holly Ferguson f, Pascal Hitzler %, and Aimee P. C. Buccellato "

& University of Notre Dame, Notre Dame, IN, USA, e-mail: cvardema@nd.edu
b Wright State University, Dayton, OH, USA, e-mail: krisnadhi.2@wright.edu

¢ Universitas Indonesia, Depok, Indonesia

d Wright State University, Dayton, OH, USA, e-mail: michelle.cheatham @wright.edu
¢ University of California, Santa Barbara, USA, e-mail: janowicz@ucsb.edu

f University of Notre Dame, Notre Dame, IN, USA, e-mail: hfergus2@nd.edu

& Wright State University, Dayton, OH, USA, e-mail: pascal.hitzler@wright.edu

h University of Notre Dame, Notre Dame, IN, USA, e-mail: abuccellato@nd.edu

Abstract. In this work we introduce a content Ontology Design Pattern (ODP) to model and reason about material transforma-
tions, a concept that occurs in many different domains ranging from computational chemistry, biology, and industrial ecology
to architecture. We model the relationships between inputs, outputs, and catalysts in the transformation process as well as the
spatial and temporal constraints necessary for a transformation to occur. Both a graphical illustration and a formal axiomatiza-
tion are provided, and the commonalities and differences to similar ontologies and patterns are discussed. Usage of the pattern
is illustrated by applying it to an intuitive and familiar example and by discussing how the pattern is able to address a set of
competency questions. Additionally, we present a detailed use case from the domain of sustainable construction that leverages
the material transformation pattern in combination with the already-existing semantic trajectory ontology design pattern.
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1. Introduction

This paper presents an ontology design pattern to
model and reason about material transformations. This
is an important modeling challenge for two reasons.
First, material transformations occur in many differ-
ent contexts from a wide variety of domains. For ex-
ample, the well known chemical reaction combining
sodium hydrogen carbonate (baking soda) and acetic
acid (vinegar) to produce carbon dioxide and sodium
acetate is a material transformation. So is the fu-
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sion process within the stars, which converts hydro-
gen to helium and releases light and heat (and even-
tually heavier elements). The same is true for the bio-
chemical process of photosynthesis consisting of a
complex, multi-step, set of material transformations.
In these examples, there is some fundamental change
in identity of the constituting “parts” in material ob-
jects between the input and output of a transformation
process. While the provided examples highlight the
role of material transformation in multiple domains, a
second argument can be made from the perspective of
ontology engineering: the notion of material transfor-
mation with its inputs, outputs, and catalysts, as well
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2 An Ontology Design Pattern and Its Use Case for Modeling Material Transformation

as their spatiotemporal dependencies is challenging to
axiomatize. Material transformations involve both spa-
tial and temporal restrictions (i.e., the inputs must be at
the same location at the same time), they can occur at
widely different scales, from atoms to stars, they fre-
quently involve both matter and energy, and they of-
ten require the presence of components that are not di-
rectly part of the transformation as such (e.g., a cata-
lyst, tool, or environmental conditions). As one of the
goals of developing ODPs is to encode best practices
for difficult and recurring modeling tasks, an ODP for
material transformation is well warranted.

People and organizations are generating increas-
ingly large amounts of data, but this data is only useful
if it can be combined and analyzed in ways that im-
prove our understanding. This can be quite challeng-
ing however, because data is often stored in individual
databases, spreadsheets, or tables within HTML docu-
ments. Moreover, these data collections are all created
by different people, with different ways of looking at
the world and different applications in mind. Many re-
searchers and practitioners have attempted to unite dis-
parate data sources by aligning them to a single ontol-
ogy. An ontology is a representation of the concepts in
a domain and the relationships between them. Ontolo-
gies are often likened to database schemas, but modern
languages for representing ontologies, such as OWL,
allow designers to express much richer relationships
among entities than is possible in a database.

Unfortunately, it turns out to be quite difficult to
align existing data sets to large monolithic ontologies
that attempt to represent entire domains. Individual
data collections have widely varying existing struc-
tures, and fitting them all into a single worldview is
like trying to push as many square pegs into a single
round hole. Logical inconsistencies almost inevitably
result. Knowledge modeling researchers and practi-
tioners are increasingly turning towards ontology de-
sign patterns (ODPs) as an alternative. An ODP-based
strategy avoids a single over-arching view of a domain
in favor of smaller, modular pieces. Similar to the soft-
ware design patterns by which they were inspired, an
ODP is a reusable solution to a data-modeling problem
that occurs frequently in many different datasets with
a domain (or across several domains). Examples are
entities such as Person or Event that need to be repre-
sented in many different situations. These key concepts
allow various datasets that contain them to be used in
analyses without the need for complete agreement or
conformance on all parts of a domain model. An ODP
makes only the minimum number of ontological com-

mitments necessary to describe the concept it repre-
sents, thereby respecting the heterogeneity of existing
data schemas to the maximum degree possible.

There are several existing ontologies and ontol-
ogy design patterns related to material transformation.
Some of these are more specific, representing mate-
rial transformations in particular fields. For instance,
the Cell Cycle Ontology can be used to represent cell
division, a particular type of material transformation
within the biology domain [11]. Similarly, MASON is
an ontology describing manufacturing and can be used
to describe many of the processing steps that transform
raw materials into finished goods [9]. Other existing
ontological models describe similar but more general
concepts. For instance, the Transition pattern on ontol-
ogydesignpatterns.org! is meant to represent the tran-
sition of objects from one state to another. This tran-
sition may or may not be physical. The pattern pro-
posed here differs from previous efforts in that it is
domain-agnostic and focuses on modeling the com-
mon core necessary to reason about the physical trans-
formation of matter. Further, we present a full axioma-
tization that goes beyond mere surface semantics (e.g.,
in contrast to a mere subsumption hierarchy) [8]. It
should be noted that the Reactive Process pattern, also
on the ODP website?, seems to have the same topic as
the one addressed in this paper, in that it seeks to repre-
sent “reactive processes that consume inputs and pro-
duce outputs under specific environmental conditions
and on being triggered by certain events." Our material
transformation pattern differs by focusing on axioma-
tizing the conditions for such a transformation (or re-
action) to take place. In particular, we seek to model
temporal and spatial conditions necessary for the trans-
formation to occur. While there is always a tradeoff
between the number and strength of ontological com-
mitments made by a pattern and the number of situa-
tions in which the pattern can be applied, we argue that
the temporal and spatial constraints are fundamental
aspects of a material transformation.

Several upper ontologies define the concepts of ma-
terial entities, physical objects and constituting matter
[10,14]. Formalization of the constitution and structure
of physical objects is complex and outside the scope
of the current pattern, but has been explored in pre-
vious publications [1,6,13]. The presented pattern is
agnostic with respect to the choice of a potential up-

Thttp://ontologydesignpatterns.org/wiki/Submissions: Transition
Zhttp://ontologydesignpatterns.org/wiki/Submissions:Reactor_-
pattern



An Ontology Design Pattern and Its Use Case for Modeling Material Transformation 3

per ontology alignment, but for the purpose of discus-
sion, we use DOLCE as an exemplar upper ontology.
According to DOLCE, material entities are Physical-
Endurants that are fully present at points in space and
time, of which Physical-Object is a specialization of
and is constituted by an Amount-of-Matter. Physical-
Objects may be constituted by other Physical-Objects,
naturally occurring or man-made at varying degrees of
granularity.

This work builds upon an initial pattern short paper
[15] by significantly expanding the discussion of how
the material transformation pattern is being used in a
current research effort to answer questions related to
the embodied energy of construction materials in or-
der to facilitate greener construction practices, by pro-
viding a full axiomatization, by relating the pattern to
previous work, and by providing examples for the use
of the pattern and its interaction with other patterns, in
this case the semantic trajectory pattern [7].

In the following section we will clarify our defini-
tion of a material transformation and delineate what is
in versus out of scope for the pattern. Next, Section 3
then presents the pattern in both an intuitive graphical
manner and via a formal axiomatization. The pattern
is also applied to an example that is familiar to every-
one — baking a cake — in order to further illustrate its
intended use without requiring domain expertise from
the reader. Section 4 contains an in-depth use case in-
volving an ongoing research effort related to sustain-
able construction. This use case highlights the power
of leveraging multiple ODPs to structure disparate data
in a way that facilitates analysis of cross-domain ques-
tions. Finally, Section 5 concludes the paper with a
summary and a discussion of future work.

2. Problem Statement

Intuitively, we require that a material transformation
must involve at least one material, and that material
must undergo some transformation. This has several
implications: the transformation has inputs and out-
puts, at least one input is not among the outputs (be-
cause it has been transformed), and at least one out-
put is not among the inputs (because it was produced
during the transformation). Further, at least one input
must be a material thing. Based on this definition, we
consider transformations involving only energy, such
as a drop in air temperature, to be out of scope for the
work at hand. Also out of scope are transformations
involving non-physical entities such as opinion in an

electorate or the balance in a bank account. Some bor-
derline cases are possible. For instance, a person aging
over the years has certainly undergone a material trans-
formation, but is this true of a person who has aged a
second? Are they the same person? In one sense yes,
but at a cellular level there have been many changes.
In cases like this, the applicability of the pattern de-
pends on the time scale involved or the degree of detail
present in the model. It should be also noted that there
may, and in many use cases will, be incomplete knowl-
edge of the fine grained mechanisms in a transforma-
tion process and intermediate steps along a process. As
such, a transformation pattern should be capable of de-
scribing various levels of granularity, but concern it-
self with changes between observed inputs and outputs
much as conservation laws are formulated in the phys-
ical sciences. By repeated application of the pattern,
one could in principle achieve whatever stepwise gran-
ularity is desirable to describe the process. In general,
however, we will leave such more philosophical argu-
ments aside and focus on a data-centric modeling and
application of the pattern.

The material transformation ODP should be capable
of answering at least the following competency ques-
tions:

What inputs are required to produce an output?
Which of those inputs are consumed during the
transformation process?

What is the minimum time required to produce an
output?

Given a set materials and their locations, is a par-
ticular transformation possible at a given moment
in time?

3. The Pattern

In the following, we discuss the pattern, its axiom-
atization, and give an example of its application. An
OWL implementation of this pattern is available at the
ontologydesignpatterns.org website.

3.1. Description
A graphical representation of the material transfor-

mation pattern is shown in Figure 1 together with the
axiomatization in Description Logic (DL) notation. In

3http://ontologydesignpatterns.org/wiki/
Submissions:Material_Transformation
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rdfs:subClassOf rdfs:subClassOf haslnput occursinNeighborhood

MaterialObject

rdfs:subClassOf rdfs:subClassOf hasOutput

MaterialTransformation

occursDuring

time:Interval

Jhaslnput.Input C Material Transformation €8
JhasOutput.Output C Material Transformation 2)
JoccursInNeighborhood.Neighborhood C Material Transformation 3)
JoccursDuring.time:Interval C Material Transformation (@)
Material Transformation C Vhaslnput.Input )
Material Transformation C VhasOutput.Output 6)
Material Transformation C VoccursinNeighborhood.Neighborhood @)
Material Transformation C VoccursDuring.time:Interval ®)
Material Transformation C JoccursinNeighborhood.Neighborhood )
Material Transformation C JoccursDuring.time:Interval (10)
Material Transformation C Jhaslnput.Input (11)
Material Transformation C JhasOutput.Output (12)
Input U Output C MaterialObject (13)
Catalyst C Input M Output (14)
Material Transformation = J(haslnput M —hasOutput). T (15)
Material Transformation T J(hasOutput M —haslnput). T (16)

Fig. 1. This depicts the Material Transformation ODP with the corresponding axiomatization. The prefix time: refers to

“http://www.w3.0rg/2006/time#” namespace.

the figure, we introduce a number of vocabulary terms
for material transformation, which consist of classes
(depicted using yellow nodes) and object properties
(depicted by blue arrows). Each blue arrow goes from
the domain of the corresponding object property to-
wards its range. Axioms (1)—(4) are domain restric-
tions for each of the four object properties in the pat-
tern, whereas (5)—(8) are the corresponding range re-
strictions. Note that the aforementioned domain and
range restrictions are given as guarded restrictions,
which are preferrable to the unguarded versions (i.e.,

of the form dom(P) C A and range(P) C B) be-
cause they enforce weaker ontological commitments
and thereby foster wider reuse.

The notion of material transformation itself is rep-
resented by the Material Transformation class. In this
pattern, a MaterialTransformation is understood as a
space-time entity occuring within some spatial con-
fine during a certain time interval. This is asserted in
axioms (9) and (10) using the classes Neighborhood
and time:Interval. The Neighborhood class encapsu-
lates some topological definition of nearness in a man-
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ner and granularity appropriate for the transformation
being modeled. Possibilities include relational calcu-
lus [2], positional coordinates, a bounded area on a
map, or a named region such as a place (e,g, a city
or factory). Because the appropriate definition of a
neighborhood varies widely depending on the partic-
ular application, such details are not restricted in the
pattern to foster reuse and adaptability. Meanwhile, the
time:Interval class from the W3C’s OWL Time ontol-
ogy* is used to represent the time interval in which a
transformation occurs.

In addition to its spatial and temporal aspects, a
Material Transformation takes in at least one Input
and produces at least one Output as stated in ax-
ioms (11) and (12). The inputs and outputs have
to be material, hence Input and Output are sub-
classes of the MaterialObject class, as given by ax-
iom (13). The class Catalyst represents inputs of a
Material Transformation that are neither consumed
nor changed during the transformation — hence also
among the transformation’s outputs. Examples include
traditional catalysts, such as chlorine in the transfor-
mation of ozone to oxygen, as well as tools used in a
transformation process, such as a soldering iron used
to assemble components (together with solder) into a
finished product. Axiom (14) asserts that Catalyst is a
subclass of both Input and Output. The classes Input,
Output, and Catalyst are intentionally generic to ac-
commodate possibly different granularities in the use
cases.

The axiomatization also needs to express that a
Material Transformation has at least one input that is
not part of the output and at least one output that is not
part of the input (i.e. that something was transformed).
Using first-order logic, these can be expressed as the
following two formulas:

Vx.(Material Transformation(z) —
Jy.(haslnput(z, y) A —hasOutput(z, y)))
Vx.(Material Transformation(z) —
Jy.(hasOutput(z, y) A —haslnput(z, y)))
Unfortunately, the above formula cannot be expressed
strictly within OWL 2 DL, though there are extensions
of DL that can express them, e.g., using Boolean con-

structors on properties as described in [12], we arrive
at axioms (15) and (16). Since we go beyond OWL 2

DL with the above axioms, we do not include them in
the OWL implementation referred to at the beginning
of this section, and any typical use of OWL 2 reasoner
on the OWL implementation will of course not take
the axioms above into account. On the other hand, this
issue will not impact querying use cases since these
axioms are used as constraints for checking integrity
on the data used to populate the pattern. The latter re-
quires a closed-world reading of the axioms, which are
not part of OWL 2 standards, and there exists reasoners
possessing features, e.g., Pellet, that allow us to per-
form this special task.

3.2. Extension with Energy Information

The Material Transformation ODP depicted in Fig-
ure 1 is intended to be generic as no other property
is introduced for the classes in it except the ones es-
sential to the conceptualization of material transforma-
tion. This allows one to freely introduce adornments to
the classes in the pattern according to the needs of a
particular example or use case. In this section, we illus-
trate how the pattern can be extended by introducing
adornment to some of the classes in the pattern.

As illustrated by the use case in Section 4.2, a ma-
jor motivation for the development of the Material
Transformation ODP is to assist domain experts to
model the energy required for a transformation or as-
sembly of materials into the desired artifact. An ex-
tension of the pattern that achieves this objective can
be obtained by adorning the pattern with energy in-
formation according to Figure 2. The axiomatization
is extended with additional axioms given in the same
figure. In this adorned Material Transformation ODP,
we define an object property called usesEnergy with
the MaterialTransformation class as the domain and
Energy as the range. The guarded domain and range
restrictions for this object property are given in axiom
(17) and (18).

Meanwhile, our formalization of the notion of en-
ergy in this extension of the Material Transformation
ODP is rather simplistic and essentially inspired by the
modeling of quantities in the QUDT ontology’. Here,
the class Energy itself is just an abstraction of the no-
tion of energy. So, instead of directly attaching energy
value to the Material Transformation class, we employ
an instance of the Energy class, which can even be
anonymous or an RDF blank node. This instance of

“http://www.w3.org/TR/owl-time/

Shttp://qudt.org/
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rdfs:subClassOf rdfs:subClassOf haslnput occursinNeighborhood

MaterialObject

Neighborhood

MaterialTransformation

xsd:double

A

asNumeric

usesEnergy hasEnergyValue EnergyValue

rdfs:subClassOf rdfs:subClassOf hasOutput

JusesEnergy.Energy C Material Transformation
Material Transformation C VusesEnergy.Energy
Energy C JhasEnergyValue.EnergyValue
EnergyValue C 3hasEnergyUnit.EnergyUnit
EnergyValue C JasNumeric.xsd:double
EnergyUnit C JasLiteral.xsd:string
JhasEnergyValue.EnergyValue C Energy
Energy C VhasEnergyValue.EnergyValue
JhasEnergyUnit.EnergyUnit C EnergyValue
EnergyValue C VhasEnergyUnit.EnergyUnit
JasNumeric.xsd:double C EnergyValue
EnergyValue C VasNumeric.xsd:double
JasLiteral.xsd:string C EnergyUnit

EnergyUnit C VasLiteral.xsd:string

occursDuring

time:Interval

hasEnergyUnit

a7
(18)
19)
(20)
2n
(22)
(23)
(24)
(25)
(26)
27
(28)
(29)
(30)

Fig. 2. This depicts an extension of the Material Transformation ODP with energy information, together with the axioms (in addition to the ones
in Figure 1). The prefix xsd: refers to the XML schema namespace given by the URI “http://www.w3.0rg/2001/XMLSchema”

Energy acts as a hook to which the energy value and in-
directly, the energy unit are attached. Like the instance
of the Energy class, instances of the EnergyValue and
EnergyUnit classes can also be simply RDF blank
nodes to which numeric and literal values are attached.
This demonstrates a flexible modeling approach and
allows for further enrichment if necessary, for exam-
ple, by augmenting it with information about the de-
gree of uncertainty of the energy measurement or con-
trolled vocabulary for the energy unit.

For the axiomatization, we assert that every instance
of Energy must have an EnergyValue, which must have
a numeric value and an EnergyUnit. An instance of
EnergyUnit itself must have, in this model, a string lit-

eral representing the energy unit. All of these are as-
serted in axiom (19)-(30).

3.3. Example

In order to illustrate the usage of the pattern, we
now show how it can be applied to represent a material
transformation familiar to everyone — baking a cake.

Simple White Cake®

Ingredients:

Sbased on the recipe found at http://allrecipes.com/recipe/simple-
white-cake/
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rdfs:subClassOf-

jrdfitype  rdfitype rdfitype rdfitype
rdf:type rdf:type
rdf:type baking_powder egg milk vanilla_extract edium_bow!
rdf:type
utter

hasinput hasinput hasinput hasinput hasinput rdf:type rdfs:subClassOf
haslInput
haslInput

spoon

/?O/
hasinput

redients_to_batter

haslInput

MaterialTransformation <
occursinNeighbor \(/
itchen cake_batter
rdf:type’O‘( T~ N -
Neighborhood rdf:type time:inXSDDateTime
occursDuring \

"2014-12-01T14:00:00-5:00"AAxsd:dateTime

rdf:type
hasOutput

time:hasBeginning

rdf:type
time:hasEndingﬂ(ﬁtime:inXSDDateTime—»"2014712701T14:05:0075:00"/\/\xsd:dateTime

time:Interval<—rdf:type

Fig. 3. Instantiation of the material transformation pattern to illustrate mixing cake batter

!rdfs:subClassOfrdfs:subCIassOf m

rdf:itype  rdfitype

rdf:type rdf:type
pan9x9inch C< }) oven .
cake
cake_batter
haslnput, haslnput,

hasinput hasOutput hasOutput hasOutput

MaterialTransformation rdf:type cake_batter_to_cake

occursinNeighborhood time:inXSDDateTime
rdf:type

time-hasBeginning 3014 17 01T14:05:00-5:00"AAxsd:dateTime
Neighborhood rdf:type kitchen  occursDuring
. "2014-12-01T14:40:00-5:00"AAxsd:dateTime
time:Instant /

time:inXSDDateTime

rdfitype time:hasEnding  rdfitype
time:Interval usesEnergy
heat rdf:type
"1.17"AAxsd:double # EnergyUnit

hasEnergyValue

asNumeric rdf:type
EnergyValue rdf:typeléihasEnergyUnit*)O/ asLiteral "kWH"AAxsd:string

Fig. 4. Instantiation of the material transformation pattern to illustrate baking a cake

i/

— 1 cup sugar 1. Mix all of the ingredients together in a medium
— 1 1/2 cups flour bowl and pour the batter into a 9x9 inch pan.

— 1/2 cup butter 2. Bake in oven for 30-40 minutes at 350 F.

— 1 3/4 teaspoons baking powder There are two steps in this simplified recipe, each
- 2eggs corresponding to a material transformation: mixing the
— 1/2 cup milk ingredients to make the batter, and cooking the bat-
- 2 teaspoons vanilla extract ter to make the cake. Figure 3 shows the first of these

steps. Each ingredient is an instance of the Input class
Directions: and the range of the haslnput property. Note that if we
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wanted to represent the amount of each input, we could
extend the pattern by adding a hasAmount property to
Input with a range of InputAmount, along with a cor-
responding InputUnit. This approach is analogous to
EnergyValue and EnergyUnit in the extended pattern.
Figure 3 shows the instantiation of a particular time a
cake was prepared, rather than illustrating the general
process of making a cake. Therefore, the time inter-
val begins and ends at specific points in time and the
kitchen specified as the neighborhood is a particular
kitchen. A medium bowl and a spoon are instances of
Catalyst for this transformation, because they are re-
quired for the process but are not altered by it.

Figure 4 illustrates a second instantiation of the pat-
tern that captures the transformation from cake bat-
ter to finished cake. Note that the product cake_batter
from the Figure 3 is an input here. This is a key as-
pect of the material transformation pattern — it can be
used recursively to model the construction of a com-
plex product from raw materials, to intermediate com-
ponents, to finished product. Figure 4 uses the energy-
related extensions to the base pattern. The energy used
is what was required to maintain a temparature of 350
degrees Fahrenheit in the oven for 35 minutes (the time
it took to bake the cake in this instance).

4. Use case

According to the United Nations, the construc-
tion industry and related support industries are lead-
ing consumers of natural resources. The industry has
consequently focused on using more environmentally
friendly building practices and greener construction
materials. However, metrics and data are needed to
determine if one particular construction material has
less environmental impact than another. When trying
to compare two options, one key criteria is the “em-
bodied energy" of each material. Embodied energy is
a life cycle inventory of the sum of all energy used to
produce something as well as the energy to dispose of
the artifact after its useful life is completed. In the cake
example from Section 3.2, the embodied energy of the
cake would obviously include the energy required to
heat the oven to 350 degrees and keep it there for the
time required for baking. Perhaps not so obviously, the
embodied energy would also technically include the
energy required to plant and harvest the wheat, mill the
wheat into flour, and transport the flour to the grocery
store.

FOREST vow material

extraction

INITIAL
EMBODIED ENERGY

CONCRETE PLANT LUMBER MILL

manufacturing
STEEL PLANT

DIRECT
onsite constICtion | furopIED ENERGY

OPERATIONAL
operation phase | AND RECURRENT
EMBODIED ENERGY

LIFE CYCLE OF BUILDING

W Darkgray =Embodied Energy
Light gray = Operational Energy
B Sizecfnodes shes) and edges transport
propartonal to cost

onsite decanstruction
DEMOLITION
EMBODIED ENERGY
reuse/decompasition

GEOSPATIAL LOCATION

Fig. 5. Sources of embodied energy in a building through its entire
lifecycle in space and time. Edges represent transport of architectural
artifacts. Nodes represent transformation of architectural artifacts.

Clearly, it is very difficult to accurately calculate
embodied energy even for very simple products. The
challenge is significantly greater for complex architec-
tural structures like buildings. As Figure 5 shows, the
energy embodied in a building comes from a wide va-
riety of sources and throughout all phases of its lifecy-
cle. Even determining the amount of embodied energy
in base construction materials is difficult, due to poor
quality data sources, regional and international varia-
tion in data, incomplete secondary data sources, and
variation in manufacturing technology, all of which
lead to significant variation in calculated values [3].
The Green Scale Project’ is studying the feasibility of
creating a knowledge base (KB) to mitigate some of
these challenges [5]. The KB would contain data on
energy and fuel production in different geographical
locations in the form of linked open data. It would also
contain information related to processes that impact
the embodied energy of building components. These
include initial manufacture of materials, prefabrica-
tion, assembly, renovation, refurbishment and demo-
lition [4]. This KB will enable a systematic “cradle
to grave" life cycle analysis of the energy embodied
in construction products. It will also support the com-
parison of different options for construction material
sources and their effect on the embodied energy of the
final product (e.g. the building).

http://www.greenscale.org
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ssn:Device time:TemporalEntity
I '_ o ? r ) 4 poi:Place |
i -
rdfs:subClassOf atTime

poihasSpatial Footprint

A 4

hasFix hasAttribute

SemanticTrajectory endsAt Attribute

startsFrom hasAttribute

Source [4——hasCreator

hasSegment

isTraversedBy — motionp:MovingObject

Fig. 6. Semantic Trajectory Ontology Design Pattern

The Green Scale project plans to use ontology de-
sign patterns to structure its knowledge base and is in-
fluenced by the data and analysis workflows currently
used by the research team. It is believed that appli-
cation of the ODP will make it easier for the many
datasets relevant to the computation of embodied en-
ergy to be brought into the KB. Each dataset provider
can align their data to the relevant ODPs without need-
ing to “buy in" to a monolithic foundational ontology
or change the way their data is stored internally. Fur-
thermore, an ODP-based approach can help to bridge
differences in the level of schema, abstraction and
measurement units used by different datasets.

The different stages in the construction process (e.g.
prefabrication, assembly, etc.) are predominately com-
posed of two types of steps: transportation and trans-
formation. First all of the materials needed to man-
ufacture a component are brought to the same place,
and then the component is crafted. That component
may then be transported somewhere else, where it is
used in the construction of a more complex product.
Transportation events are illustrated by the edges of
the graph in Figure 5. Transportation of a manufactur-
ing component from location to location and the en-
ergies associated with that transportation can be mod-
eled via the already-existing Semantic Trajectory pat-
tern. This pattern is described briefly in the following
section, and more detail can be found in [7]. One of
the primary goals of the Material Transformation ODP
presented in this paper was to fill the missing hole by
allowing domain experts to model the energy required
for transformation or assembly (nodes of Figure 5) of
one or more components into the desired manufactured
artifact.

The ultimate goal is to chain together instantiations
of the Material Transformation and Semantic Trajec-
tory ODPs to represent a limited subset of the manu-
facturing process — those portions of the manufactur-

ing value chain that involve the creation of a new mate-
rial or component by bringing together input resources
in the presence of one or more catalysts. It should be
noted that the pattern is not intended to model the pro-
cess plans, agents and other aspects of the manufac-
turing process outside the scope of pattern develop-
ment. However, this pattern may be used in concert
with other patterns to answer broader questions related
to the manufacturing process. The following discus-
sion is a demonstration of how the ODP may be used
to compute the total energy embodied in the output
product by aggregating the energy embodied in the in-
put components and the catalysts, the energy used to
transport these items to the same location, the energy
required by the material transformation itself, and the
energy used to transport the output of the transforma-
tion to the location at which it will be used. This cannot
be done directly with OWL, but can be done by imple-
menting a computational procedure in the correspond-
ing application that makes use of the necessary infor-
mation easily retrievable from the populated pattern.
Note that in order to be able to account for the embod-
ied energy in the input components and catalysts, we
also need to add an adornment with energy informa-
tion similarly to the way the Material Transformation
class was adorned as was described in Section 3.2.

4.1. A related pattern: semantic trajectory

An ontology design pattern to represent the seman-
tic trajectory of a moving object (Figure 6) is presented
in [7]. That work defines a trajectory as “a path through
space on which a moving object travels over time."
At its most basic, a trajectory specifies a chronologi-
cally ordered series of positional Fixes. The “semantic"
modifier is used to single out trajectories in which the
fixes have some intrinsic meaning, as opposed to being
artifacts of the positioning technology or other techni-
cal limitation. The fixes are connected by Segments,
which are traversed by some MovingObject. The ax-
iomatization of the pattern insures that a semantic tra-
jectory has exactly one starting and ending fix and at
least one segment, that every segment joins exactly two
fixes, and that every fix in the trajectory is either the
starting point or ending point of a segment.

4.2. Modeling embodied energy in concrete
In order to support environmentally friendly con-

struction practices, building industry professionals
need to be able to evaluate the embodied energy in
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Transport Stone from Quarry
to Processing Facility

Transport Concrete from
Processing Facility to
Construction Site

Transform Stone and
Polymer into Concrete

Transport Polymer from
Refinery to Processing
Facility

Fig. 7. Overview of the concrete production process

different construction materials when making purchas-
ing decisions. This example focuses on evaluating a
concrete supplier’s new hybrid product. All concrete
is produced in a similar way: stone is mined from a
quarry and transported to a processing facility, where
in this new product, it is combined with polymer gen-
erated at an oil refinery. The “concrete product” is then
transported from the processing facility to the con-
struction site at which it will be used. Figure 7 depicts
this general process.

Some concrete suppliers market their product as
“green"” due to efficiencies in their processing method.
However, if the green processing facility is far away
from the construction site, the energy saved in the
transformation process might be offset by increased
energy expended when transporting the concrete to
the site. Our goal is to model the concrete produc-
tion process in a way that supports comparison be-
tween two different suppliers. This comparison will be
based on the energy embodied in the concrete when it
reaches the construction site. Here we model the pro-
cess for one concrete supplier, using real world data.
The cities involved have been anonymized. Figure 7
shows that there are four pattern instances involved
in modeling this process: three instances of Semantic
Trajectory and one of Material Transformation. Fig-
ure 8 provides the instantiations of the four patterns.
The MovingObjects in the first two transportation in-
stances, stone and polymer, are Inputss in the trans-
formation. Similarly the Output of the transformation
(concrete) is the MovingObject in the final transporta-
tion instance. The energy values in the transportation

instances are based on the fuel used to transport the
materials by truck from one location to another. The
trucks used by this supplier run on diesel fuel at the rate
of six miles per gallon and can move 28 tons at a time.
The energy required for the processing step is based
on using up all of the inputs transported in a truckload.
This takes 12 hours and uses natural gas at the rate of
1100 cubic feet an hour. Of course, the embodied en-
ergy computed in this case would need to be normal-
ized in order to compare it that of another supplier.

This example illustrates the power of combining dif-
ferent ontology design patterns to model complex pro-
cesses. By modeling the concrete production process
for different suppliers using this approach, we can an-
swer questions about the absolute amount of energy
embodied in the concrete used for a building, as well as
do “what if" analyses involving different concrete sup-
pliers or potential improvements to different parts of
the concrete production process. The semantic trajec-
tory and material transformation ODPs provide some
structure that helps to ensure that all relevant energy
expenditures are considered. For instance, when mod-
eling the concrete processing step, it becomes obvious
if the energy expended to transport an input to the pro-
cessing facility has not been modeled.

5. Conclusion and future work

This paper presented an ontology design pattern to
represent a material transformation. An intuitive de-
scription of the entities in the pattern and the rela-
tionships between them was given, as was a full ax-
iomatization to provide formal semantics. Addition-
ally, the pattern was applied to a familiar transforma-
tion to illustrate its use. This pattern is particularly in-
teresting in that it can be used in a somewhat recursive
fashion to represent the transformation from raw ma-
terials, through intermediate components, to finished
products. The paper also showed the application of the
material transformation pattern, together with another
pattern representing semantic trajectories, to an impor-
tant real-world analysis problem from the domain of
sustainable building construction. This combination of
multiple ontology design patterns is a step towards cre-
ating applications that leverage the full power of the
ODP approach to modeling.

Our future work in this area will build upon the
proof of concept presented here by working with do-
main experts to align information and data about their
processes to the semantic trajectory and material trans-
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Fig. 8. This is the instantiation of Material Transformation and Semantic Trajectory ODPs for concrete production. Labels in parentheses indicate
the type (i.e., class) of the corresponding node. Each node represents an instance of a class in an ODP. Nodes without a label correspond to RDF
blank nodes. Some instances are shared by classes belonging to different pattern instantiations, to illustrate the chaining of the ODPs. Purple
nodes are part of the Material Transformation ODP, whereas yellow, green, and blue nodes are respectively part of the three instantiations of the
Semantic Trajectory ODP. The nodes dupont_node, polymer, and concrete are shared by two neighboring pattern instantiations. The node

processing_facility is shared by all four pattern instantiations.

formation design patterns. Applications can then be
developed that leverage this knowledge base in order
to facilitate informed decision making regarding con-
struction projects. Additionally, we would like to work
with experts from other domains to insure that the ma-
terial transformation ODP is general enough to apply
beyond our current use case.
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