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ABSTRACT

Traceability of food products to their sources is critical for quick
responses to food emergencies. However, having the complete
and consistent information needed to quickly investigate sources
and identify affected material has proven difficult. Food trace-
ability is challenging for a variety of reasons including diversity
and heterogenicity of participants, complexity of the supply
chain and its processes and lack of a common understanding of
steps in a supply chain, and incompleteness of data, and unwill-
ingness of actors to expose information of their internal opera-
tions. The objective of this work is to address the traceability
challenge by developing a formal ontology that can provide a
shared and common understanding of the traceability model
across all stakeholders in a food supply chain. In previous re-
search, an ontological approach was adopted to address the
traceability problem in the context of a use case related to har-
vest to on-farm storage activities. This work extends the Supply
Chain Traceability ontology by introducing additional critical
tracking events including transform event, sampling event, ob-
servation event, custody change event, and ownership change
event in the context of a scenario involving shipments of com-
modity grain from a primary grain elevator to a processor of
grain such as a feed manufacturer. A knowledge graph is gener-
ated based on a simulated dataset and the ontology is validated
through query, reasoning, and visualization conducted in the
RDFox environment.

Keywords: ontology, supply chain, traceability, traceable re-
source unit, critical tracking event, interoperability

1 INTRODUCTION

Traceability, from a general sense, can be defined as the ca-
pability of a system to trace and track the history, application or
location of an object. Food traceability refers to the ability to
trace and track food and feed products through different stages

of their lifecycle including production, processing and distribu-
tion [1]. Governments, producers, and consumers have an inter-
est in traceability of food and feed for several reasons. Govern-
ments wish to address food emergency issues quickly. Producers
need to ensure the quality of the food they sell and identify and
remove tainted food, and their sources, from their supply chain.
Consumers are interested in knowing the sources of their food
and their related processes and ingredients. The objective of a
food traceability system is to address these concerns. However,
food traceability is challenging for a variety of reasons including
diversity and heterogenicity of participants, complexity of the
supply chain and its processes and lack of a common understand-
ing of steps in a supply chain, and incompleteness of data, and
unwillingness of actors to expose information of their internal
operations.

In an attempt to address these challenges, the Institute of
Food Technologists (IFT) has proposed a framework that is
based on Critical Tracking Events (CTE) [2]. CTEs are major
steps in the product lifecycle where food is modified or moved
in some way or it has gone through change of identity, custody
or ownership. Based on IFT’s framework, there are also some
Key Data Element (KDE) associated with each CTE. KDEs can
be used to support later track and trace processes by providing
information about the likely locations where products have been
contaminated, the involved containers, operators, and transport
equipment, the suppliers of materials and many other relevant
information. While adopting standards such as the CTE/KDE
framework would address many of the current challenges for
end-to-end traceability data, adopting standards across the entire
food and agriculture industry is a challenge. Additionally, the
traditional standards-based process is often expensive and slow,
Ontologies, in contrast, can be developed and tested in a more
agile manner and can provide cross-domain viewpoints [3]. They
can be implemented and extended incrementally even in the
early stages of ontology development, benefits can be gained
from enhanced interoperability
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Ontologies and W3C standards and tools may facilitate
much earlier impact from the CTE/KDE framework on tracea-
bility in the agri-food sector. This is because these standards
were designed to support integrating diverse information, and
reasoning over the results of that integration, even when that in-
formation is incomplete. Ontologies and the use of W3C stand-
ards such as the Resource Description Framework (RDF) and the
Web Ontology Language (OWL) would address traceability for
agri-food in the through a shared understanding of CTEs and
KDEs across stakeholders in a food supply chain, specifying the
completeness and consistency of data, serving as global models
for querying data over heterogeneous systems, and supporting
traceability data exploration and “what if” queries to discover
important relationships and fill in missing information.

In previous research [4], an ontological approach was
adopted to address the traceability problem in the context of a
use case related to harvest to on-farm storage activities. The de-
veloped ontology (Supply Chain Traceability Ontology: SCT)
was used to harmonize and integrate real and simulated data and
provide an intuitive visualization of the sequence of CTEs and
their associated incoming and outgoing loads. For the harvest to
on-farm storage use case, the sequence of transfer events in-
volved is 1) a harvesting pass, 2) transfer from harvester to cart
(a wagon designed to move material within the farm), 3) transfer
from cart to an on-farm storage bin. This work extends the SCT
ontology by introducing additional CTEs including transform
event, sampling event, observation event, custody change event,
and ownership change event. An RDF graph is generated based
on a simulated dataset and developed ontology is validated
through query, reasoning, and visualization conducted in the
RDFox environment.

2 RELATED WORK

This section provides a brief overview of the most notable
works related to using ontologies to tackle the communication
and interoperability challenges in food traceability systems.

Chifu et al. [5] proposed one of the first ontologies related
to food traceability systems. The proposed ontology focuses on
describing the actors involved in the traceability chain, the ser-
vices they consume or offer. The ontology mainly serves as a
controlled vocabulary for web service standards such as WSDL
and UDDI and its semantics are not formalized adequately using
axioms.

Solanki and Brewster [6] proposed a framework that is
based on Electronic Product Code Information Service (EPCIS)
[7] for data integration and sharing. Their proposed framework
can be used for tracing the ownership and transactions of a prod-
uct as it moves among various trading partners. Solanki and
Brewster’s work is closely related to the SCT ontology as it also
follows an event-based approach. However, their proposed se-
mantic models have limited usability for tracking bulk goods
since EPCIS model is designed around bar coded or RFID-
tagged artifacts.

Another ontology that is proposed to support food tracea-
bility is FoodOn [8] which is part of the Open Biological and

Biomedical Ontology (OBO) Foundry. FoodOn supports termi-
nology gap in food traceability with respect to its sources and
ingredient through providing a comprehensive vocabulary. How-
ever, it is not intended to provide the semantic needed for for-
malization of event-driven data generated during different stages
of food supply chain.

There are several other ontologies such as FTTO [9],
MESCO [10] and TraceALL[11] that are intended to address the
traceability issues in agri-food supply chains. The interested
readers are referred to [12] for an in-depth discussion of those
ontologies. However, for a variety of reasons including limited
scope, lack of adequate formalization, and an over emphasis on
representing food ingredients and types rather than modeling
supply chain processes their associated key data elements, the
existing ontologies fail to address the interoperability and data
integration challenges of traceability systems for bulk goods
such as grains.

3 USE CASE DESCRIPTION

The work described in this paper focuses on traceability in
scenarios involving shipments of commodity grain from a pri-
mary grain elevator to a processor of grain such as a feed manu-
facturer. Primary grain elevators are facilities where grain is re-
ceived directly from growers and where grain is stored and man-
aged before sale to users of the commodity such as food mills,
feed production facilities, or ethanol plants. The characteristics
required of grain varies by use and customer. This scenario as-
sumes that a feed manufacturer is interested in both general qual-
ity characteristics considered in grain grading such as density,
moisture content, and absence of foreign matter, as well as the
level of toxin (from mold) in the grain. Business processes in-
volved in this scenario include loadout, shipment, inspection, re-
ceiving, and storage. The inspection process includes weighing,
grading, and other assessment of the incoming material. The re-
ceiving process includes both the unloading of the material and
formal processes for transferring ownership and recording re-
ceipt.

This scenario was chosen due to challenges experienced by
feed manufacturers from traditional methods for testing for tox-
ins in grain, which took considerable time. Combined with a lack
of onsite facilities for conducting the testing, the practical con-
sequences were that the facilities would take samples at the time
of receiving for later remote testing, but accept the shipment in
the meantime, and use it in production before receiving the test
results. This created a need to determine which feed material
used tainted input materials in its production, and where the re-
sulting feed product may be. This also created a need to track
back to the source of contaminated inputs and flag other sources
that may have also experienced the conditions leading to the con-
tamination (such as high moisture).

This work studied several new subclasses of Critical Track-
ing Events. These included Custody Change Event and Owner-
ship Change Event, both of which concern a change in the or-
ganization and/or person that ‘controls’ some entity such as a
portion of grain. Another new subclass of CTE to our studies is
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Observation Event, which is an occurrence where some quality
of an entity is determined and recorded. Finally, a Sampling
Event, which is a subclass of Transfer Event, was added to rep-
resent the separation of a small amount of material, for testing
(observation), that is representative of the portion of material
from which it was taken.
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Figure 1. THE CHAIN OF EVENT FOR THE ELEVATOR TO
PROCESSOR USE CASE

Figure 1 illustrates lifelines of key entities in this scenario and
the events in which they participate. Snapshots of the key entities
(such as TRUs) during a segment of time are shown between the
events.

Types of observations in this scenario include weighing a truck
and load on a certified scale, quantitative grade attribute deter-
mination from a sample using a test instrument, qualitative eval-
uation of a load by an inspector, and testing of a grain sample for
aflatoxin.

Competency questions for this scenario include:

e Who had source ownership of the load from which Sample
x was taken?

o What was the source location for this load in its Transport
Event?

o From which bin was this load originated and which
loadout bin was used to transfer the load into the truck for
transport?

4 ONTOLOGY DEVELOPMENT METHODOLOGY

The SCT Ontology is developed according to the Industrial
Ontologies Foundry (IOF) technical principles and guidelines.
The IOF is an international community of government, industry,
and academia that was formed with the vision of increasing the
adoption of ontologies in the manufacturing sector [13]. The IOF
ontologies use BFO as their top-level ontology (TLO). BFO has
been used widely in the biological domain for integrating dispar-
ate ontologies or data models and developing interoperable on-
tologies for biological applications [14]. The IOF ontologies also
use a common mid-level ontology named IOF Core. The IOF
Core ontology consists of generic constructs and patterns that are
reusable across domain-level industrial ontologies. Using a TLO
in conjunction with a mid-level ontology streamlines the ontol-

ogy development process through providing pre-validated de-
sign patterns and also results in designing more reusable and
principle-based ontologies.

The SCT Ontology is considered to be a domain-level on-
tology that imports BFO, IOF Core, and some constructs from
Supply Chain Reference Ontology (SCRO) [15]. Each class in
SCT must have a BFO, IOF Core, or SCRO parent class. Table
1 shows the IRIs of the ontologies imported by the SCT Ontol-
ogy.

Table 1. THE ONTOLOGIES REUSED IN SCT

prefix Name Base IRI
iof-core IOF Core Ontology | https://spec.industrialontolo-
gies.org/ontology/core/Core/
iof-av IOF  Annotation | https://spec.industrialontolo-
Vocabulary gies.org/ontology/core/meta/An-
notationVocabulary
bfo Basic Formal On- | http://purl.obolibrary.org/obo/
tology
Tof-scro Supply Chain Ref- | https://spec.industrialontolo-
erence Ontology gies.org/ontology/supply-
chain/SupplyChainReference-
Ontology/

The SCT Ontology constructs are annotated according to the IOF
Annotation Vocabulary Guide. Accordingly, each construct
(class or property) must have a label and a natural language def-
inition. The definitions must adhere to ISO 704 rules and require-
ments for terminology. Ontology constructs are either primitive
or non-primitive. A construct is considered to be primitive if no
necessary and sufficient condition can be provided for the con-
struct because either the construct is too basic to be defined in a
non-circular way or the required building blocks for formaliza-
tion of the necessary and sufficient conditions are not available
in the ontology. If a construct is non-primitive then both semi-
formal natural language definition and First-order Logic (FOL)
definition must be provided for the class or property. Semi-for-
mal natural language definition is a transitional definition ex-
pressing first-order logic definition using semantics understand-
able by ontologically knowledgeable domain practitioner with-
out predicate logic semantics. Table 2 shows natural language
and formal definition for Procuring Business Process as an ex-
ample. Primitive classes and properties may have semi-formal
and FOL axioms if necessary or sufficient conditions can be for-
mulated for them.
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Table 2. THE DEFINITIONS OF PROCURING BUSINESS
PROCESS

natural language definition: business process that
consists of buying and ensuring the supply of products or
services

semi-formal natural language definition: every
instance of 'procuring business process' is defined as exactly
an instance of 'business process' that has some 'buying busi-
ness process' and 'supplying business process' as 'occurrent
parts'

First-order logic definition: ProcuringBusi-
nessProcess(x) ~ BusinessProcess(x) A 3Ib,3s(Buying-

BusinessProcess(b) A SupplyingBusinessProcess(s) A
hasOccurrentPart(x,b) A hasOccurrentPart(x,s))

Apart from following a top-down approach guided by IOF
architecture, a bottom-up development approach is also adopted
in a sense that the requirements definition and ontology valida-
tion process are motivated and directed by several use cases. A
set of Competency Questions (CQ) was prepared early in the de-
velopment process to validate the ontological content against the
use case requirements. This is a common practice in ontology
development efforts [16]. The key notions were collected from
the dataset and use case description and their definitions were
prepared through consulting domain experts and studying rele-
vant standards and technical documents.

5 SUPPLY CHAIN TRACEABILITY (SCT)
ONTOLOGY

The objective of the Supply Chain Traceability (SCT) ontology
is to serve as the canonical model for traceability data in agri-
food supply chains. The SCT ontology is based on IFT’s
CTE/KDE framework and it provides the necessary constructs
for formal representation of different types of tracking events,
and their associated key data elements that can be used for re-
constructing the history related to material’s genealogy. The
knowledge graphs that are aligned with SCT ontology can be
queried and reasoned over in order reconstruct the chain of
events during trace and track activities. The first version of the
ontology was released in 2020 and was mainly focused on Trans-
fer Event and Transport Event in the context of a harvest to on-
farm storage use case. Figure 3 shows some of the core classes
of the SCT ontology in its first version. One of the key notions
of SCT is Traceable Resource Unit (TRU) or Trace Unit. A TRU
is a collection of material with some shared history and some
agent may have a need to retrieve information about them. Ship-
ment, lot, and load are examples of trace unit. TRU is a role class
in a sense that, any material entity can be a TRU when it bears a
TRU role. For example, as shown in Figure 3, some portion of
grain can become a load when it bears a source or target load
role.

=== —E=)

has role has role

located in at some time

participates in
- ¢
:]— participates in >
: ) participates in
= ~
=) ( B ]
Figure 2. THE CORE CLASSES OF SCT ONTOLOGY AS

RELATED TO THE TRANSFER EVENT

The SCT event model supports answering what, where, when,
who, and why questions related to various supply chain pro-
cesses. This section provides an overview of some of the new
CTE:s that are added to second version of the ontology.

located in at some time

occurs at
occurs on

5.1 Critical Tracking Events

Critical Tracking Event is a sub-class of iof-core:Event. An
event is a phenomenon (process or process boundary) that is rec-
ognized by an agent and typically recorded. Examples of events
include when a machine fails or the temperature of a furnace
reaches a certain threshold. A Critical Tracking Event is a special
type of event where information is captured regarding history
relevant to a product’s genealogy. This includes occurrences to
product or material, as well as occurrences involving equipment
with which product or material came into contact. Critical
Tracking Event records are used to reconstruct material history
later during analysis. In the harvest to on-farm storage use case,
two CETs, namely, Transfer Event and Transport Event were for-
malized in the SCT Ontology. Basically, a Transfer Event is a
movement event where the location of a trace unit is changed
from a source container to a target container. A Transport Event
is a movement event where the location of material from one site
(geographical location) to another. Movement of grains from a
combine tank to a grain cart is an example of a Transfer Event
and transporting a load of grain from an elevator to a food pro-
cessing facility using a truck is an example of a Transport Event.
The current use case requires several other types of CTEs such
as Sampling Event, Transformation Event, Observation Event,
Custody Change Event, and Ownership Change event that are
introduced in this section.

5.1.1 Sampling Event

A Sampling Event is a type of Transfer Event that involves
movement of a portion of material from a source TRU to create
a smaller portion (a sample) that is representative of the originat-
ing TRU for analysis or inspection.

Semi-formal NL axiom: if x is a sampling event then x is a
'transfer event' that 'has specified output’ some 'sample’ and is
'pescribed by' some 'sampling plan specification’.
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FOL axiom: SamplingEvent(x) - TransferEvent(x) A
Is,3Ip(Sample(s) A SamplingPlanSpecification(p) A
hasSpecifiedOutput(x,s) A prescribedBy(x,p))

5.1.2 Observation Event

An observation event is an event where some measurement
or other observation is noted and recorded that relates (directly
or indirectly) to some material or equipment. For example, an
observation event at a processor can involve inspecting a sample
of grain in order to measure some qualities such as weight, mois-
ture content, or percentages of damaged grain.

Semi-formal NL Definition: every instance of ‘observation
event’ is defined as exactly an instance of 'critical tracking event'
in which some agent 'observes at some time' some 'trace unit' or
'piece of equipment' and 'has output' some 'information content
entity' that 'is about' some 'trace unit' or 'piece of equipment’

FOL Definition: ObservationEvent(x) o CriticalTrack-
ingEvent(x) A 3y,3Je(Agent(y) A (TraceUnit(e) Vv
PieceOfEquipment(e)) A participatesInAtSomeTimes(y,Xx)
A observesAtSomeTime (y,e)) A 3Ji (InformationCon-
tentEntity(i) A hasOutput(x,i) A isAbout(i,e))

The relationship ‘observes at some time’ is a relation from
an agent to an entity indicating that the agent participates in some
process that outputs information about the entity, at some time.
Examples include when a scientist observes a chemical reaction
in an experiment, an operator observes a mixing process, or an
inspector measures the percentage of the damaged content in a
load. Observation Event and its associated information entities
in the ontology should support measurement provenance, that is
when, how and by whom/what the measurement was generated.

5.1.3 Transformation Event

A Transformation Event is an event where the type or one
or more characteristics of a portion of material or product is
changed or where the identities of inputs are changed in a way
that is difficult to reverse. Examples include when several por-
tions of grain from different loads are blended together to create
anew portion, roasting or milling of some portion of grain, or re-
identification of a load. An example for re-identification is when
a load (TRU) is received at the processor and a new ID is as-
signed to it by the business system used by the processor. Track-
ing these “co-references” and the context for each identifier al-
lows continuity of tracking a TRU across contexts (which are
typically domains of control). This allows events internal to an
organization to be associated with the TRU. Many internal
events, such as internal transport events, may not even be
tracked, but others such as transformation events are critical to
the end-to-end traceability of materials. Custody Change Events
identify changes in domains of control contexts. The current use
case does not deal with this re-dentification event.

Semi-formal NL Axiom : if'x a is transformation event then x is
a 'critical tracking event' that 'has occurrent part’ some 'change
of quality’ or ‘change of identify’.

FOL axiom: TransformationEvent(x ) - CriticalTrack-
ingEvent (x) A 3Ip (ChangeOfQuality(p) Vv ChangeOfIden-
tity(p)) A OccurrentPartOf(p,x))

Currently Transformation Event is treated as a primitive con-
struct since the constructs related to change of identify are not
fully formalized yet.

5.1.4 Custody Change Event

Generally speaking, a custodian is a person or organization
that is responsible for protecting, caring for, or maintaining some
entity. In the elevator to processes use case, a custodian is a per-
son or organization who has the possession or control of some
portion of grain without necessarily owning it. For example, the
driver of a truck that transports a shipment of wheat from a grain
elevator to a processing facility bears a custodian role during the
transportation process. After the shipment is received by the pro-
cessing facility, the custodian role bearer changes from the truck
driver (source custodian) to another individual at the processing
plant (target custodian). A change of custody is an event that
changes the party responsible for a subject from the source cus-
todian to the target custodian. Change of custody can be an in-
stantaneous event (occurring on a temporal instant) or an event
that occurs on a temporal interval with distinct start and end
times. In the present use case, Custody Change Event is treated
as an instantaneous event. In the SCT Ontology, Custody Change
Event is considered to be a primitive class. Therefore, only a nec-
essary condition (axiom) is provided in the current version of the
ontology.

Semi-formal NL axiom: if'x is a 'custody change event' then x is

a 'critical tracking event' that 'has participant' some ‘source cus-
todian’ and some 'target custodian’

FOL axiom: CustodyChangeEvent(x) - CriticalTrack-
ingEvent(x) A 3s,3t(SourceCustodian(s) A TargetCusto-
dian(t) A ParticipatesInAtSomeTimes(s,x) A Partici-
patesInAtSomeTimes(t,x))

It should be noted that custody change event often occurs in
the context of a transfer or transport event, but it can also take
place as an independent event. To fully define the Custody
Change event, there is a need to introduce Allen’s Interval Alge-
bra relationships in the ontology in order to indicate that the cus-
todian ‘before’ the event is different from the ‘custodian’ after
the event.

5.1.5 Ownership Change Event

Ownership Change Event is an event that changes the party
with title to the subject from a source party to a target party. In
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terms of semantics and logic axioms, it is very similar to the Cus-
tody Change Event. The main difference is that when an agent
(person or organization) gains an owner role, the agent holds an
independent continuant as legal property. Figure 3 shows the
general pattern for Ownership Change Event when it occurs on
a temporal interval (one-dimensional temporal region) that has a
first instant and a last instant. In this figure, the orange rectangles
represent classes, and the purple rectangles represent instances.
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5.2 Observation Results

An observation event produces some measurements about the
entity that is being observed. The result of a measurement or ob-
servation process is an informational entity. For example, the re-
sult of measuring the weight of a portion of grain is an infor-
mation entity that describes weight which is an attribute of the
portion.

In ontologies that are based on BFO, informational entities are
treated as Generically Dependent Continuants (GDC) since they
can exist in (depend on) a multiplicity of bearers. An Information
Content Entity (ICE), as a sub-class of GDC, is content or pat-
tern that is generically dependent on some artifact and stands in
the relationship of aboutness with some entity. For example, the
measured value of the weight of a load is an information content
entity that is about the load. Measurement ICE is a sub-class of
ICE that is the result of measuring a set of attributes belonging
to the entity (independent continuant or process or process
boundary) the informational content is about. Measurement ICE
can contain qualitative, semi-quantitative, or quantitative meas-
urements of the attribute. These values are stored within the
measured value expression that is a part of the measurement ICE.
A measured value expression is an information content entity
that contains a measured value of an entity within a classification
scheme or on a quantitative scale. For example, as shown in Fig-
ure 4, an output of the measurement (observation) process on a
grain sample is the moisture content measurement result (a meas-
urement ICE) that has ‘moisture content measured value’ (a
Measured Value Expression) as its part. Moisture content meas-
ure value’ has 11.13 as its value and uses ‘percent moisture con-
tent’ as its unit. Figure 5 shows an example where the Measure-

ment ICE contains a qualitative measurement value related to de-
tecting contamination is a portion of grain. In this case, if con-
tamination is detected, the instance of Measured Value Expres-
sion has a ‘true’ value and otherwise, its value is ‘false’. Value
Expressions that take qualitative value are often prescribed by
some type of classification scheme (Ordinal Classification
Scheme for binary values). Different types of Measurement ICEs
related to the observation events in the current use case are

shown in Table 3.
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has measured value at some time

portion of grain

moisture measurement result

has part

moisture content measured value

rdf:type has unit

has simple value

L

==

Figure 4. THE PATTERN FOR REPRESENTING THE RESULTS
OF MEASURING THE MOISTURE CONTENT OF A PORTION OF
GRAIN

\::f:lype

percent moisture content

===

SubClass Of

raf:type rdf:type

contamination measurement result

has part
¥

positive contamination detection value

contamination classification scheme

prescribes

has simple value
rdf:type

T )

“true”

Figure 5. THE PATTERN FOR REPRESENTING THE RESULTS
OF DETECTING CONTAMINATION IN A PORTION OF GRAIN

Copyright © 2023 by National Institute of
Standards and Technology (NIST)

20z 1snbny gz uo soe|lep ueas ‘1 SIN Aq Jpd 09880 1L-£202219P- L G0BZ0IZ00A/S66090./150VZ0.LZ00A/S62.8/€202310-0 L3AIAPd-sBuipesdcd/310-0 1 3a1/B10°swse  uoiosj|ooje)bipawse/:dyy woly papeojumoq



Table 3. DIFFERENT TYPES OF MEASUREMENT ICE
RELATED TO OBSERVATION EVENTS

Quality Measurement ICE Unit or Classifica-
tion Scheme

Density Density Measurement | Pounds per bushel
ICE

Damaged Ma- | Damage measurement | Percent

terial Content ICE

Foreign mate- | Foreign Material meas- | Percent

rial content urement ICE

Moisture con- | Moisture content meas- | Percent

tent urement ICE

Vomtoxin con- | Toxin content measure- | Parts per million

tent ment ICE

Gross Weight Weight  measurement | Pound
ICE

Tare Weight Weight  measurement | Pound
ICE

Contamination | Contamination measure- | Ordinal classification
ment ICE scheme (True/False)

Odor Odor measurement ICE | Ordinal classification

scheme (True/False)

Appearance Appearance  measure- | Ordinal classification

ment ICE scheme (True/False)

5.3 Identifiers

Identification is a critical element of any traceability system
since the entities of interest (loads, events, locations, equipment,
operators, etc) are often referenced through their identifiers in
the dataset. The SCT uses the iof-core:Identifer class that is de-
fined as information content entity that is used to uniquely iden-
tify an entity within a particular context. The designative prop-
erty, as a functional property, enforces uniqueness. In other
words, each instance of identifier designates exactly one instance
of an entity. There are different types of identifiers used in SCT
Ontology including event identifier, lot identifier, load identifier,
container identifier, role identifier, and location identifier. Figure
6 shows the pattern for designating the site (location) of a grain
elevator through its Global Location Number (GLN). GLN is the
GS1 identification key used for uniquely identifying parties (le-
gal entities) and physical locations that are involved in business
transactions in supply chains. Some identifiers are prescribed by
an identification scheme that provides the rules and methods for
generating identifiers in a given context. For example, a GLN
code is prescribed by the GS1 rules and guidelines for creating
location identifiers and assigning them to the entities they desig-
nate.

Identifier

SubClass of
‘ Geospatial Location

global location number A

rdf:type
rdf:type

designates ——>eTETH NS EVETGT 2y BET Y

prescribed by has text value

y T~

GS1 GLN Identification Scheme “9012345000004”

rdf:type
V

Identification

Figure 6. THE PATTERN FOR REPRESENTING IDENTIFYING
THE LOCATION OF

6 SIMULATED DATA IN ANYLOGIC

The data used to test the SCT ontology extensions and map-
ping as well as visualization software was generated by simula-
tion. The simulated data was meant to include plausible exem-
plars of what one might see in data associated with wheat deliv-
eries to processors in the Great Plains of the US. The simulation
was created using the AnyLogic 8 Professional software pro-
gram. This software enables the creation of multimethod simu-
lations. The simulation described here was created as a hybrid
agent-based and discrete-event simulation. Agents were con-
structed to represent the behavior of key entities in the scenario
being simulated.

This simulation extended previous simulation work done at
NIST, which allowed it to be created quickly, but also impacted
how the output data was structured. The primary form of the data
was tabular (an Excel file). Earlier versions of the simulation
used one row for each Critical Tracking Event occurrence. But
as we have extended the software for new tracking event types,
support for new key data elements and larger cardinality for
some existing elements were needed. To avoid major rework of
data handling portion of the simulation or random extension of
the columns in the table, two approaches were used to extend the
data model. The first approach added multiple rows to the tabu-
lar data for certain types of event occurrence, such as Custody
Change Events. The second approach used an additional JSON
file to contain result data and metadata associated with Observa-
tion Event occurrences. Results in this file were associated to the
observations in the tabular file through event IDs. Examples of
both forms of data are shown in Figure 7 and Figure 8.
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1D EVENT_TYPE
937 TRANSFER
938 TRANSFER
939 CUSTODYCHANGE
939 CUSTODYCHANGE
939 CUSTODYCHANGE
1004 TRANSPORT
1005 TRANSFORM
1005 TRANSFORM
1005 TRANSFORM
1005 TRANSFORM
1006 OBSERVATION
1007 OBSERVATION
1008 OBSERVATION
1009 OBSERVATION
1051 TRANSFER
1052 CUSTODYCHANGE
1052 CUSTODYCHANGE
1052 CUSTODYCHANGE
1053 OWNERSHIPCHANGE
1053 OWNERSHIPCHANGE
1053 OWNERSHIPCHANGE
1054 OBSERVATION

START_TIME

2020:03:24:06:40:22
2020:03:24:06:49:07
2020:03:24:06:54:07
2020:03:24:06:54:07
2020:03:24:06:54:07
2020:03:24:06:54:07
2020:03:24:07:27:00
2020:03:24:07:27:00
2020:03:24:07:27:00
2020:03:24:07:27:00
2020:03:24:07:27:00
2020:03:24:07:27:01
2020:03:24:07:30:06
2020:03:24:07:30:08
2020:03:24:07:30:10
2020:03:24:07:49:56
2020:03:24:07:49:56
2020:03:24:07:49:56
2020:03:24:07:49:56
2020:03:24:07:49:56
2020:03:24:07:49:56
2020:03:24:07:49:56

SOURCE_C

ONTAINER_
END_TIME LOCATION
2020:03:24:06:49:07 Elevator_1
2020:03:24:06:54:07 Elevator_1
2020:03:24:06:54:07 Elevator_1
2020:03:24:06:54:07 Elevator_1
2020:03:24:06:54:07 Elevator_1
2020:03:24:07:27:00 Elevator_1
2020:03:24:07:27:00 Processor_1
2020:03:24:07:27:00 Processor_1
2020:03:24:07:27:00 Processor_1
2020:03:24:07:27:00 Processor_1
2020:03:24:07:27:01 Processor_1
2020:03:24:07:27:01 Processor_1
2020:03:24:07:30:08 Processor_1
2020:03:24:07:30:10 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:56 Processor_1
2020:03:24:07:49:58 Processor_1

SOURCE_C
SOURCE_C ONTAINER_
ONTAINER_ MATERIAL_ TARGET_CO

SOURCE_CONT SOURCE_CONTAINER_ MATERIAL_ AMOUNT_ NTAINER_L TARGET_CONTAI PARTY_RO

AINER_ID LOAD_ID AMOUNT  UNIT OCATION  NER_ID LE PARTY_NAME
Elevator_1:Bin_1 Bin_1:2020:03:24:06:54 339 bu Elevator_1 El.Loadout

El.Loadout Bin_1:2020:03:24:06:54 339 bu Elevator_1 Truck_4

Truck_4 Truck_4:Load_0 339 bu

Truck_4 Truck_4:Load_0 339 bu Elevator_1 Truck 4 SOURCE  Elevator_1
Truck_4 Truck_4:Load_0 339 bu Elevator_1 Truck_4 TARGET  Carrier_2
Truck_4 Truck_4:Load_0 338.615366 bu Processor_1 Truck_4

Truck_4 0

Truck_4 Truck_4:Load_0 338615366 bu

Truck_4 338.577036 bu Truck_4

Truck_4 2.2998 Ib SampleHolder_6

SampleHolder_6 Processor_1:Sample#1 2.2998 |b

SampleHolder_6 Processor_1:Sample#1 2.2998 |b

Truck_4 Truck_4:Load_0 35290.2245 |b

Truck_4 Truck_4:Load_0 35290.2245 |b

Truck_4 Truck_4:Load_0 338.615366 bu Processor_1 Processor_1:Bin_A

Truck_4 Truck_4:Load_0 338.615366 bu

Truck_4 Truck_4:Load_0 338.615366 bu SOURCE  Carrier_2
Truck_4 Truck_4:Load_0 338.615366 bu TARGET  Processor_1
Truck_4 Truck_4:Load_0 338.615366 bu

Truck_4 Truck_4:Load_0 338.615366 bu SOURCE  Elevator_1
Truck_4 Truck_4:Load_0 338.615366 bu TARGET  Processor_1
Truck_4 n/a 0 n/a

Figure 7.EXCERPT OF THE DATASET GENERATED THROUGH SIMULATION IN EXCEL FORMAT

"ObservationID" : "1006",
"MeasurementResult" : [ {
"Property" : "Density",
"MeasurementDetail" : [
"Result" : [ "60.37 1b
{
"Property"
"Measurem
"Result" :
{
"Property" :
"MeasurementDetail" : [
"Result" : [ "0.48 ]
{
"Property" : "Damage",
"MeasurementDetail" : [
"Result" : [ "0.38 %" ]
1
"Observer" :

Detail™ : [
[ "11.13 %" ]

"Observed" : "Processor
"RelatedObservationsID"

Figure 8.EXCERPT OF THE DATASET RELATED TO
OBSERVATION EVENT IN JSON FORMAT

"Bushel Weight" 1],
1

"Moisture Content",

"Moisture Co % by

"Foreign Material",
"Foreign Material %" ],

"Damage %" 1,

[ "Processor_1:Test Lab", "Lab_Tech#8" 1,

amp le#1",
"Truck_4:0"

6.1 Data ingestion and graph generation

The triples related to the simulated data were generated using

Example:"Observation Event 1006'

Observation Event Identifier
' "Observation Event” +Column A: ID
rdf:type

has text value

Critical Tracking Event

rdf:type

rdf:type

designated by

Weight" 1,

Processor Site Observation Event

A
rdf:type

Caln E+“Sta" )< rtsibe 4&777

Example: "Processor_2 Site’

occusat ——

has participant ‘
located in at some time

Column F: SOURCE CONTAINER ID ‘

rdfs:label has role ——> !
has participant

rdf:type
rdf:type U
Container Role ‘

Truck or Sample Holder

Truck ‘
type from >>>Column G: SOURCE CONTAINER TYPE ID

N

on \

rdfitype

~
rdf:type \ L
< raftype —— 4@ has quality ————4@

Portion of Wheat

Density

Apache Jena. To properly align the data with the ontology, sev-

eral mapping diagrams, similar to the diagram depicted in Figure
9, were created. In this figure, the orange circles represent classes
and the purple diamonds represent instances (or individuals).

Figure 9.PARTIAL MAPPING DIAGRAM THAT
DEMONSTRATES HOW RDF TRIPLES ARE GENERATED
BASED ON THE CSV DATASET

The rdfs:labels or values of information entities are directly
extracted from excel fields or JSON elements. Some columns in
the excel file specify the type of an instance. For example, the
type of container (Truck, Sample Holder, etc) is designated by
column G. The generated RDF graph is then imported into the
RDFox environment for the validation phase.
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7 RDFOX

In this research, RDFox was used as the platform for data in-
tegration, visualization, and reasoning. RDFox is a graph data
store that allows users to manage graph-structured data repre-
sented according to the RDF data model and query that data us-
ing the SPARQL 1.1 query language. RDFox also enables intel-
ligent information processing by providing means for represent-
ing and reasoning with domain knowledge in the form of rules
and ontological axioms. Rules in RDFox can be represented us-
ing an extension of Datalog language, whereas ontology axioms
can be represented in the standard ontology language OWL 2
and in the Semantic Web Rule Language (SWRL).

RDFox can import RDF triples, rules, and OWL 2 and
SWRL axioms either programmatically or from files. RDF data
can be validated using the SHACL constraint language. Addi-
tionally, RDFox can access information from external data
sources, such as CSV and JSON files and relational databases.

RDFox supports materialization-based reasoning, where
all triples that logically follow from the facts and rules in the
system are materialized as new triples. Materialization is the pro-
cess of extending the input graph with newly derived triples.
Materializations can be incrementally updated, which means that
reasoning does not need to be performed from scratch once the
information in the system is updated. Furthermore, the results of
reasoning can be explained, which means that RDFox is able to
return proofs for the new facts added to the store through mate-
rialization.

8 QUERY AND VISUALIZATION

The objectives of the validation step were: 1) To text the on-
tology with respect its ability to provide answers for the compe-
tency questions, and 2) To ensure the generated triples are
properly aligned with the ontology and reflect the intended se-
mantics. In this step, multiple SPARQL queries were generated
and ran, and their results were compared with the source dataset.
Three example queries are shown in this section. The first query
returns all custodians in a selected custody change event (Figure
10), the second query returns all custodians of a given TRU
(Figure 11), and the third query (Figure 13) returns the first in-
stant and the last instant of the temporal interval during which a
certain load has been in custody of a certain agent (truck driver
in this case).

Figure 10. SPARQL FOR THE QUERY “WHO WERE THE
CUSTODIANS INVOLVED IN THIS CUSTODY CHANGE
EVENT”

1 SELECT DISTINCT ?custodian

2t

?cc_event :
?cc_event
?custodian

?custodian 56 ?cc_event .

® VO NOU AW

=

Figure 11. SPARQL FOR THE QUERY “WHO HAVE BEEN THE
CUSTODIANS FOR THIS TRU (TRUCK_5-LOAD_0)?”

The result of the second query is visualized in Figure 12. The top
row of the graph shows the persons or organizations (elevator,
elevator ship manager, carrier, truck driver, processor, and pro-
cessor ship manager) that have been custodians for
Truck 5:Load 0 at some time during the lifespan of this load.
The graph also shows the custody change events related to this
particular load and the material (portion of wheat) and the agents
that participate in each event.

Figure 12. THE VISUALIZED GRAPH RELATED TO THE
CUSTODIANS OF TRUCK 5: LOAD 0

Although the second query provides a list of custodians for a cer-
tain load, it doesn’t specify the start and end time of a custodian
role. The third query (Figure 13) returns the starting and ending
time of the custodian role borne by Truck 4 Driver in relation-
ship with Truck 4-Load 0.

CT ?cc_event ?start_time ?end_time
tru) .

er as ?2driver) .

?cc_event
?cc_event

VNV A WN

?instan
?cc_event
?tod a
?instant

3 cc_event .
?tod cc - ?end_time .

?cust_rol

Figure 13. SPARQL FOR THE QUERY :WHEN WAS THIS TRU
(TRUCK_4-LOAD _0) IN THE CUSTODY OF THIS DRIVER
(TRUCK_4 DRIVER)?”

Note that the driver becomes a custodian of the load when it
gains a Target Custodian Role in a custody change event and
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hands over the custody to someone else in another event when it
gains and loses a Source Custodian Role simultaneously. By run-
ning multiple queries, it was confirmed that the ontology can ad-
equately represent the domain knowledge and meet the require-
ments defined through the competency questions.

8.1 Datalog rules

RDFox provides a rule-based mechanism for logically de-
ducing some new triples from a certain combination of triples
asserted the input RDF graph. RDFox uses Datalog as its declar-
ative rule language. Datalog rules are formed as “IF-THEN”
statements. The IF part of the rule (the rule body or antecedent)
is on the right side of the “:-“ operator and the THEN part (the
rule head or consequent) is on the left side.

Two example Datalog rules are provided in this section as
shown in Figure 14. The body of the first rule finds the triples
patterns wherein source custodian roles are realized in a custody
change event and then relates the event to the source custodian
role through instantiates role and terminates role relationships.
This rule adds two new triples to the RDF graph per custody
change event. The second rule adds a new triple per custody
change event that relates the event to a target custodian role
through initiates role property. The logic behind the second rule
is that each custody change event initiates a new target custodian
role that inheres in an agent. By directly linking roles to their
initiating or terminating events, the chain of custody can be re-
constructed through simpler queries.

14 e 1

2 [?cc_event, sct:initiatesRole, ?sc_role] ,
3 [?cc_event, sct:terminatesRole, ?sc_role]
4 :-

5 [?cc_event, a, sct:CustodyChangeEvent] ,

6 [?sc_role, a, sct:SourceCustodianRole] ,
7 [?sc_role, obo:BF0_0000054, ?cc_event] .

8 |
9

10 [?cc;e\;ent, sct:initiatesRole, ?tc_role]
11 :-

12 [?cc_event, a, sct:CustodyChangeEvent] ,
13 [?tc_role, a, sct:TargetCustodianRole] ,
14 [?tc_role, obo:BF0_0000054, ?cc_event] .

Figure 14. DATALOG RULES FOR EXTENDING THE INPUT
GRAPH WITH NEWLY DERIVED TRIPLES.

The result of running these rules is visualized through a graph
shown in Figure 15. As can be seen in this figure, several new
relations between the existing individuals have been added to the
RDF graph. For example, based on the deduced triples, custody
change event 1120 initiates two target custodian roles, one in-
hered in Carrier 2 and one inhered in Truck 5 Driver. The derived
relations are highlighted in light blue color. Once generated,
these new triples can be permanently added to the graph.

10

L]
Carrier_2
L]
QIR cacamisitcustr1210-1

0
Elevator_1

EELWEERIRERREE <nttp:/infoneer txstate edu/
Traceability/initiatesRole>

<http/infoneer.txstate.edu/
Traceability/erminatesRole>

O
custodychange-1210

0
datalli8:scustr-1210-2

0
datallig:tcustr-12102

O °
Etevator_1_ i
ShipManager Truck_5_Driver

FIGURE 15. THE NEW TRIPLES ADDED TO THE
GRAPH AFTER RUNNING THE DATALOG RULES

9 CONCLUSIONS

This paper presented an extension of the SCT ontology
based on a scenario involving shipments of commodity grain
from a grain elevator to a processor of grain. The extension in-
cludea new tracking events such as observation event, sampling
event, transformation event, and custody change event, and own-
ership change event. The extension also includes the necessary
patterns for representing the results of observation events. The
SCT ontology is BFO-compliant and uses IOF Core as its mid-
level ontology. The ontology was validated based on a simulated
dataset in CSV and JSON formats. The competency questions
that were defined early during the requirement planning phase
were successfully answered through executing several SPARQL
queries. Datalog rules were used to extend and enrich the
knowledge graph by augmenting it with logically deduced tri-
ples, hence simplifying the queries. Although the proposed on-
tology has been developed in the context of agricultural use
cases, its core notions can be used to support trace and track pro-
cesses in different types of supply chains for bulk goods.

One of the areas that need further development is graph vis-
ualization. Although RDFox, and other knowledge graph plat-
forms, typically provide means for graph visualization, still fa-
miliarity with the ontology is needed in order to properly com-
prehend the visualized graph. To create more useful visualization
features for domain experts, customized tools will be developed
so that domain users can view the traceability graph from differ-
ent perspectives enabled by different temporal and logical filter-
ing and incremental exploration. Another area for future work is
extending the ontology to include formal representation of the
identification event.
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