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ABSTRACT

Development of Earthwork Ontology and its Application

Alhusain Mohamed Taher, Ph.D.
Concordia University, 2021

In a typical construction project, a significant amount of information is communicated to various
stakeholders at different phases of the project lifecycle. The communicatiois afformation

tends to be informal and debc in the majority of the cases, which makes it more susceptible to
loss of information or misinterpretatiofcarthwork operationswhich are one of the main
operations of construction projectalso struggle wih the challenge of effective information
communication. There is an apparent shortcoming regarding the unified structure for data and
information exchange in thidomain. The existing models and ontologies do not address the
explicit semantic representati of earthwork operations. Accordingly, there is a need for a
knowledge model to formalize tledficientcommunication of information. An ontological model

can beused to organize the domain knowledge so that it can be utilized and reused by the

stakehol@rs.

The primary purpose of this study is to develop an ontology for the earthwork domain that can be
used to create the semantiised integration method$apport the communications between the
different disciplines and stakeholders in the earthworkain. Accordingly, the objectives of this
study are(1) To extract the explicit and tacit knowledge required for the earthwork domain; (2)
To formalize the eixacted knowledge by developing the Earthwork Ontology {BNt0); (3) To
develop methods for linkg and coupling EVAbnto with other existing relevant ontologies in the
construction domain to extend its application for safety and productivity; and (Aeliate the
integrated ontology (IEWDnto) and apply the ontological model in supportigplicaton
development, which is a MulAgent System (MAS) in the earthwork domain.

In the proposed framework, the ontoldgyegrateghe differentcomponentsn the domain.The
extendecdearthwork ontologycalled IntegratedEarthworkOntology or IEWONto)is composed
of the concepts, relationsisipand axioms in this domain and can represent the semantic values of

the entities and the relationshifisach entityis linked with other entities with different types of



relationships such asis-a, part-of, operates and coordinates IEW-Onto benefis from the
available ontologies ithe constructiondomain and links with other ontologes such asensor

and soilontologies IEW-Onto is used to build the earthwork operation modgla pattern to
represent the operatis and processes sequences, which provide a reusable pattern for several
applications such as MAS he developedMAS can cope with the complexity ofagthwork
operation8communication at the fleet level and addressdstyissuesin the MAS every piee

of equipment is represented by a dedicated computer. dgesnOntologybased MASs expected

to improve the safety @arthwork operation®ifferent evaluation methods were used to evaluate
EW-Onto andIEW-Onto, including checking consistencyrvey,datadriven and application
based validations. The evaluation results showlbtit ontologies haveonsistency angrovide

a high level ofclarity, richness, comprehensiveness, interpretability, and effectiveness of the
presented knowledge the earthwork domain
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CHAPTER 1 INTRODUCTION

11BACKGROUND

Earthwork operations can be represented as a collection of complex and dynamic tasks, which are
affected by the workflow, information flovand other random factocf construction activities
(Cheng et al., 2011Formalizing thenformationexdangebetween the different stakeholders is

one of the challenges of construction projetiformation is produced from a large amount of

data collected from different sources relatedh®project such as earthwork equipment, target
opemtions, surrouding environment, and planning and execution defHiesedataareusedafter

being processei enhance the communication between different operators, iagreakictivity

and safety, ananprowve the decisiommaking procesdn recent yars, the advertf technologies

such asBuilding Information Modeling(BIM) and AutomatedMachine Guidance and Control
(AMG/C), in which various sensors and location systesush as th&lobal Positioning System

(GPS) are used to support equipment oparsthas significantly increased w@mountand scope

of information and data flow in earthwork operatighmmmad et al. 2013)0n the other hand,

the evefincreasing complexity of modern projects means that the nuofilséakeholders that are
involved ina project is growing. In turn, this translatesatoincreased volume of information
generated throughout a project. To ensure the success of the project, it is indispensable to

seamlessly integrate and manage thigrimftion.

The equipment can bastrumentedwith sensorge.g.,GPS receive) to collect the dataeeded

to guideor control theequipmen{Hammad et al. 2013This informationcanbe formalized and

moddled as ontologieso support thedifferente ar t hwor k oper a®Ontologes 6 st a
have been used under thdificial Intelligent (Al) umbrella to capture the knowledge in a domain
(Russell et al. 2010)

In recent years, ontologies have batvelopedin different domains to sharand reuse the

knowledge and to improve the communica and logical reasoning between tragiousentities

inthese domain®nt ol ogy has different definitions, bu
explicit specification of a shared conceptmadi t (Goubedy 1993) I n Al , the term A
oneoftwomeanirggy fia representation vocabul ary, of t er

matter; a body of knowledge describing some particular domain, using the representation
vV 0 ¢ a b uUChandasekaran et al. 1999ruber (1993) claimed that tleatology captures and



converts the knowledge intnachinereadable, interpretable, and explicit presentatitesally,
ontologies are used to formalize the understanding of the domain and proviaectiieehuman
interaction. Ontologies are central fifferent domains, such as commerce, medicine, and food
sciences (Cantais et al. 2005; Hu et al. 2003; Leukel et al. 2006).

In constructionpntologies have been developed to share and reuse knowtetltgeimprove the
communication and logical reasonimgtween various entitieKatranuschkov et al. 2009)
Examples of such ontologies incluaeontology-basedrameworkfor identifying job hazards in
construcdon (Zhang et al. 2015)ransaction ontology in thedhain of infrastructure management
(Zeb and Froese 2013and dmain ontology for processes in infrastructure and construgen
Gohary and EDiraby 2010)

Nevertheless, while existing ontologies cover a vast argagnvthe construction sector, they fail

to fully support earthwork operations. Most of the software tools used for the management of
earthwork operations are based on the properties of entitilee alomain and do not support the
integration based on aontology or semantic representatiofisu et al. 2016) The existing
information modelssuch as BIM, which is widely used in construction projects, provide a
repository of the digital and sharedarmation models. BIM models are informatioantric with

less focus on knowledge mdtieg (Ho et al., 2013; Wu, 2013). In the meanwhile, with the
increasing demand to improve productivity and efficiency, managing and sharing the knowledge
play an impornt role in the project lifecycle. BIM does not fully sugm®emantic representation

at various levels (e.g., operations, processes, d@kven the magnitude and criticality of

earthwork operationshis is a major limitation.

The advantages of usiagontology within the earthwork domaiimclude:(1) The ontdogy links
andidentifiesthe relationships be®en the concepts and classifies the knowledgeéniararchical

way accepted by the experts andehdusers in the domaiMoreover, the ontologyan facilitate

the management of earthwork operations amgbbkfy information exchange and interoperability.

(2) The information, which is structured in the contextaabbust knowledge, can be used to
increase t he st akearthwolrkdmeratoisl hik knowetige cag ienprovtbe
communicationto increag productivity, safety and enhane the decisiormaking process(3)
Ontologies are the cornerstone of the linked data with the ability to be implemented in different
language (eg., OWL) accepted byhe World Wide Web Consortium\W{3C) (Radulovic et A



2015) Linked datadoesnot only overcome the interoperabiligsue by enabling thinking of
differentheterogerousdata setamong the same domalvut alsait facilitates extendingthedata

to be linked to other data from other sources.

12PROBLEMATEMENT

According toa study byThomas et al. (2018yvhich included 599 construction industry leaders
from the United States, Australia, New Zealand, United Kingdord Canadan average, 52%
of all reworls in constructiomrecaused by poor data amdscommunicationThese reworksost
the construction industriy 2018in the US alone $62 Billion. About 484 ($31.3 Billion)of this
cost is dudo poor datantegrdaion and miscommunicatiobetween stakeholders in the projects
Moreover, 35% of profes®nal time is spenon nonroptimal activities. These neoptimal
activates cost more than 14 hgperson each weekincluding looking for project
data/information, conflict resolution, and dealing with mistakes and rewbekefore, and due to
the growth of the construction projed@somplexity, coupled withthe growth of the number of
stakeholders with different imests, there is a need fmwnsisentand formalized collaboration to
share the knowledge and improve the communications among the prajetiadders.

In construction projects (e.g., roads, bridges, highways, and dams), earthwork operations are one
of the main portions of a project. More than 20% of the total cost of road projects is dedicated to
earthwork operationgVahdatikhaki 2015) Corsequently, capturing and representing the
knowledge about the earthwork domain (e.g., classifications, propediasomships, etc.and

shaing it among the stakeholdeptay an importantrole in the projed@ success at different levels.

One of the mi challenges is the lack afunified and consistent knowledge representation of the
earthwork domain among projestkeholdersThe existing toolsarebased onextual documents

and the graphical representation moddgksg., BIM) rather thanan integraed knowledge
representatiofLiu et al. 2016) Thesemantiaepresentatioand the taxonomiest differentlevels

(e.g., operationgrocessesetc.)and between the different disciplin@estill implicit, and thus

limit sharing the integrated knowledgéthin the earthwork domain

Based on the review of the existing studesg.,El-Diraby and Osman, 201El-Gohary and El

Diraby, 2010; Labban et al., 2013; Villamaa and Peltomaa, 2014; Wang et al., 2010; Wang and
Boukamp, 2011, Zhang et al., 2018)efollowing researcltgapscan beidentified (1) A formal
knowledgerepresentation and explicit classificatiohthe earthworkresourcege.g., equipment)



is missing (2) The knowledge that supports the decisiakingto improve the productivity and
safey in the earthwork domains fragmented (3) There is a demand famart construction

support and (4)The integration of semanticallich data into earthwork planning toolsisssing.

13RESEARCH HYPOTHESI S

It is important to formalize the related knowledgnd represent it in a way that can be shared
among different digplines. These needs are not limited to formalizing and sharing the earthwork
domain knowledgebut also to coupling wittheknowledge thais interrelated to the domaiAs

such, an inte@ted knowledge representatjancluding the concepts, relationpkjaxioms, and

taxonomies of the earthwork domain is needed.

It is hypothesized that the use of an ontology within the earthwork domain can help: (1) link and
identify the relationships Ibween concepts, define earthwork semantics, and classify knowledge
in a hierarchical way accepted by experts andwesais. This would help establish a common
ground for streamlined communication within the domain, which can eventually reduce the chance
of miscommunication and misinterpretation of information during tegigh and construction
phase; (2) facilitate the management of earthwork operations and simplify information exchange
and interoperability between currently fragmented systems. This leil @asy development of
integrative systems that build on the catrepecialized software to further automate and optimize
the planning of earthwork operations; and (3)
operations through the provision tbe information, which is structured in the context of robust
knowledge (Park et al., 2013) This knowledge can improve communication to increase
productivity, safety and enhance the decigiteking process. On a me practical note, an
earthwork ontology can help develop platforfos easy integration of various types of data
towards different goals. One example is a safety rule checker that integrates a BIM model with the
project schedule and safety regulationgdentify potential safety risks during the design phase.
Another example is a platform that can link the inventory list of suppliers (e.g., equipment rental
companies) with the planning of a project to help automate, streamline, and optimize the
procuremenof appropriate resources at the right time/price.



1l14RESEARCH OBYESG

Theprimary purpo® of this study is to develop an ontology tioe earthworkdomainthatcanbe
used to create the semastizasel integration method to support the communicaticgtsveen the
different disciplines and stakeholders in gaethworkdomain. Accordinglythe objective of this
studyare (1) To extract the explicit and tadinowledgerequired forthe earthwork domain(2)

To formalize the extracted knowledge tigvelopng the EarthworkOntology (EW-Onto) (3) To
develop methods for linking and coupling EMito with other existing relevant ontologies in the
construction domain to extend its application for safety andymtovity; and (4)To evaluate the
integrated ontalgy (IEW-Onto) andapply the ontological model isupporting the development

anapplicationwhich isa Multi-Agent SystemNIAS) in the earthwork domain.

l15RESEARCH SCOPE

The goal of the ontology is to provide a formal representation of the domain okinfEne
ontologyshouldprovide the conceptual representation from different perspectiveséelmical,
andmanagrial standpoirg). The proposed research scope iBrdel bythe followingaspects:

1 The study focuses on the earthwork operatipnsgesss andtasks, incluthg classificatiors
of the entities, the relationshipsbetween them, and develog the framework tacontainall

these components aslomain ontology.

1 The developed ontology models the earthwork operation domain. This domain stmo#atr
domains such asthe different project management knowledge areas. The concepts and
relationships willbe captured fronthe earthwork project perspective. Moreover, the ontology
covers the planning and execution phagdke earthwork project.

1 The intended users of the developed ontology are the stakeholdkeesemrthwork domain.
The developed ontology may be utilizasl support and foundation fotherapplicationssuch

as developingMAS or simulation

16 THESI'S LAYOUT
Theremaining chaptersf thethesisareorganizedas thefollowing:

1 Chapter 2 presents the literature revigiwtheresearchThis review coverghe mainareas of

the researctontologes, earthworkoperationsusingontologies in constructio@ndMAS.



Chapter 3introducesan overview ofthe researchmethodology including the stepgor the

developmenbf EW-Onto, [EW-Onto, and their scope

Chapter4 presentdhe initial developmenbf EW-Onto in detail. It starts witlthe proposed
method forthe developmenbf EW-Ontg, including defining the concepts and tagonomies

theimplementatiorof the proposed method, are\W-Ontoevaluation

Chaper 5 presents thalevelopnent methods forintegrating EW-onto with other existing
relevant ontologies itheconstructiordomain. It stets with the proposed framewagiikcluding
the elements of IEVOnto, thedevelopmenprocess, and the integration proceBsen the
implementation olEW-Onto is presentedrinally, two evaluation approaches are applied to

evaluate IEWONto.

Chapter 6 discusses thesummary, conclusions, contributions, limitatioreyd provide

recommendations fduture work.



CHAPTER 2 LITERATURE REVIEW

211 NTRODUCTI ON

This chapter presents a review of the literature in different areas that are related to the research.
These areasclude theearthwork operations and the major types of earthwork projects (e.g., dams

and roads), the equipmentds parts and attachnm
types of earthwork operationEhe earthwork domain includes various im@tion andvariables

that affect safety, productivity, and the complexity of the interaction in earthwork operations.
Therefore, simulation techniques are used to capture these complexities and create different plains

to execute these complex operatiofisus, sucttomputer models could benefit E@hto, which

provides a unified and consistent representation of the complexity of the earthwork domain.

Earthwork operations are reviewed in Secah

Soil classifi@tions play significant roles in selecting the suitable equipment and the attachments
that should be used to perform the operation. Moreover, these classifications are iatlsdens
safety and affect the productivity of earthwork operations. Therdfwge,nified and consistent
representation of these classifications will payessential role in improving the safety of the

earthwork domainSoil classification is revieweith section2.3.

Data models in comsiction such as IFC and classification systems such as OmniClass are
reviewedin Section2.4 to provide an overview of the standards available in the construction
industry and how important it is to provide afied representation that can integrate with these
different data models. Furthermore, data collection technologies are introduced. These different
technologies applied in the construction industry are studied to cover the possibilities of integration
with EW-Onto. These technologies are introduced andudgsdn Section2.5.

The new earthwork support technologies, including MAS and ontologies, are reuesection

2.6. MAS and the data collection technology are studied and represented in different researches,
such agSkobelev et al. 2020; Vahdatikhaki et al. 2017; Dibley et al. 201®se techologies

are applied in recent years to improve safety and produatimMibye earthwork domain and provide

the evidence about the usability of ontologies to be integrated and linked with MAS in

construction



The ontology development principles, including the components of ontology, ontology languages,
development methodologiereusing the ontologies, and the ontology evaluation approaches, are

reviewedin Sectiors2.7and2.8.

Semantic technologies are increasingly usethe Architectue, Engineerig, and Construction

(AEC) industryand complemenexisting approacheHamdan and Scherer 202@ifferent
ontologies have been developed for different purposes in construction and could be reutilized and
linked with different data resourcesing linkeddata.In linked data, ontologiesepresent the
knowledge in flexible models (e.g., RDENnd thus, they areonsideredas the cornerstone of
linked data systemsinked data andheir couplingwith ontologies in constructioare reviewed

in Secion 2.9.

22EARTHWORK OPERATI ONS

Maj or Types of Earthwork Projects
Earthwork is one of the most significant operations in roads and highveatts dams, railroads,
and airfields projects, as well as the founolasi of buildings. In highway and road projects,
earthwork is composed of different operations, such as cleaning, excavation, and embankment
construction As shown inFigure 2-1(a), an embankment is constructed of wars types of
materials, such as soil and rocks. These materials are structured as layers (e.g., subbase and base
layers), wheh are called base course materials.

Compaction and grading are applied on each layer to create coherent and consistentrsattilaye

the basic structure for pavemgeasg shown ifFigure2-1(b). Constructing an embankment consists

of different processes to make the soil more stable. In earth dam projects, a dam is structured by
well-compactecearth, which may be mixed with watetiigconcreteas shown irFigure 2-1(c).
Earthwork is also an important task for constructing the foundation of buildisgshownin
Figure2-1(d) through different operations, such as removing unwanted materials from the site and

digging and dumping the earth into dumping areas.

The diversiy of earthworkoperatiors, which arecoupled withdifferent stakeholderdifferent
disciplines andadiversityof variables, such as disparate equipmssterahttachmerdfor each
piece of equipmengnddifferent technologies involekin the same projecthavemajor impacts

on the safety and the productivity of the earthwork profg¢atvever,it is important tohandle and



represent these compongand variable in a consistence way that can be shared between the
different stakeholders in tleameproject.

Base Course

Subbase Coyrse

(b) Basic Structure for Pavement.

— HETTIT
iy

(c) Earth Dam. (d) Building Foundation.
Figure2-1 Types ofearthworkfor different project§DelawareDepartment of Transportatior

2020; Pavement Interactive 2010)
Given that earthwork operations are heavily equiprdeinen, and given that different types of
equipment can be used for different tasks (i.e., by using different attachments), the first step toward
harmonization of knowledge in this domain is to propetgssify different pieces of earthwork

equipment (ad their attachments) with respect to different tasks for which they can be used.

Eart hwor k Eqthiepme At t amd ment s
Earthmoving is performed by a variety of equipment individually or combinadlast.Different
pieces of equipment have sevdsades, sizes, and functionalities, which affect the selection and
usage of the equipment. Most types of earthwork equipment consist of common parts, such as the



engine, cab, cylinders, etthat are usally similar, and even the experts may not be ablieéntify

them inaunified way.

Hoesarethe main type oéxcavatorsand have several types, sizes, and functionalities, and are
used for different earthwork applicationsoes are mainly used for excation operations
standalone or teamed with trucksperform hauling operationgront shovelsalso calledoower
shovels,are used for heavy excavation operations above the gtamerscan be used as
excavation machines andhaulthe soil or other matials by pushing over the eastburface for

a shat distance less than 500 ft (about 152 (@yansberg et al. 2006Pozers are used for
excavating below the grade similar to other equipment, such as hoes and scrapers, with different
work specificationge.g., the speed and the dimensions of the work3p&crapersare used for

rough cutting and filling of the topsoil for a distance in the range of 500 ft to 2 miles (about 152 to
3,219 m).Trucksare combined with other equipment (e.g., a front shovel, hoe, dozer, or loader)
for hauling the materials faltistances over 2 miles (about 3,219 m). Given that there is some
overlap between the functionalities of various equipment, it is important $sifglaaarthwork
equipment into a welbrganized taxonomy. Although textbooks define the scope of the equipment
(e.g., Peurifoy et al. 2010; Gransberg et al. 2006) the best of the auth's knowledge, a
comprehensive taxonomy of earthwork equipment is missing.

Equipment attachments are sepanadrts that are attached to the equipment to perform different
types of tasks without changing the whole equipment; thus, increasing the equipnsen ver s at i |
and usability and reducing cosfsigure 2-2(a) illustrates examples of the attachments for a
backoe. As shown irFigure 2-2(b), a compaction wheel is attached to a hoe and used for the
compaction operation in narrow spaces. In this case, the hoe, which is mainiy exealvate the

earth elow grade, is used as a compaction equipment by replacing the bucket with a compaction
wheel or a vibratory plateThe change in the task assigned to the excavator will alter the
classification of the equipment, from the functiotyalpoint of view, from the original
classification as excavation equipment to another classification as compaction equipment. On the
other hand, it is important for the project coordinatorknow if the attachments of the equipment
(e.g., grapple, hammeand compact plate) e@ravailable or notTherefore it is important to
formalize, represent and slethe classifications for these equipment and their attachments
including the concepts, the relationships and the related regulations and autesastert way

to enhance the safety and improve productivittheearthwork domain.
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(a) for Backhoe (b) Compaction wheedttached to Hoe
Figure2-2 Equipmenitattachmen{Debbie 2016; JCB Z1)

LeveEarohwork Operations
Earthwork operations account for a considerable portion of the total cost of a prajetatikhaki
et al. 2017) Therefore, any improvements in these operations can result in significant $sithngs

in time and cost of the overall projd&ezazadeh Azaand McCabe 2011)

Depending on the type of the project, earthwork can comprise different operations. For instance,
in highway and road projects, earthwork is composed of cleaning, excavatioankenant
construction compaction and gradindelaware Department of Transportation 20Z8ch one

of these operations, in turn, can be classified further into more detailed functional elements.
Commensurate with the concept of Level of Detail (LoD) mesiuling and in degn (Stephenson

2007) the breakdown of a project into more granular functional elements can be achieved at
several hierarchical layers. Each of these layers is scoped to address certain needs (e.g., planning,
scheduling, resource leNimg, task assignmergafety management, etc.) and certain target groups
(e.g., managers, stdontractors, planners, site superintendents, workers, and opetdsbps). et

al. (1992) have presented such a taxonomy in the form of project, operatiorspracd task.

This herarchy is illustrated ifrigure2-3.

11
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Figure2-3 Hierarchylevelsof construction managemeftialpin et al. 1992)

Others have presented similar classificati(leisGohary and EDiraby 2010; Zhang et al. 2015)

As such, there are different representations of the project taxonomy in the domain, which can cause
miscommunicabn and ambiguity in the exchanged informathmtween the stakeholders in the
same projectUnderstanding the accurate definition and scope of each of these layers is very
important for the consistent classification and organization of earthwork inform@tierefore,
representing a consistesindcleartaxonomy for the earthwork projeacluding the operations,
processes, tasks, and microtask®ne of theobjectivesof this researchin the nextsection the

different operations ithe earthwork dorain are presented.

Types of @Gpet &wioo ks
Earthwork contains different operatignscluding cleaning, excavating, compacting, and
finishing or grading operations. These operations are executed in a specific order. Different
textbooks(Grarsberg et al. 2006; Nunnally 2004; Peurifoy le2@10)describe the relationships
between earthwork operations and the equipment performing those operations. Knowing the
details of earthwork operations giveBetter understatingf the properties of thesoperations and
the pieces of equipment to fem them. As shown iffable2-1, there is a variety of equipment
used in various operations. Although the naming of the equipmensugagst specific type of
operations (e.g., loader is used for loading thetsoihe truck), tis equipmentcanbe used to

12



perform other operationsgavill be explained in Sectio2.2.2. The information and terms are
collected from different resources (e.g., Delaware Department ofpladagon,2020; Gransberg
et al., 2006; Peurifoy et al., 2010).

Table2-1 Definition of different operations and the equipment to perform them

) o ) ) Alternative
Operation Definition Main Equipment ]
Equipment
Cleaning and | Cleaning the site, Removing and disposal Prep Equipment, Drilling

grubbing the Trees, stumps, rubbish, undergrowth,| Compact Loaders, | Equipment

buildings, and any other materials or obje| Hoes, Dozers

not needed.
Excavation | Digging up and hauling eartBut, Front Shovels, Hoes| Scrapers,
and forming the embankmetill, or Dozers

Embankment | disturbing the compacted eaRip.

Construction
Hauling Removing unsuitable martial. Trucks Scrapers,
Dozers
Compaction | Compacting the materials tberecuired Compactors Dozers
density to improve the properties.
Grading Shaping the materials therequired grade.| Graders Trimmers,
Gradalls

(a) Cleaning and Grubbing

This operation comprises removing, grubbing, disghosing of all unwanted objects (etgees,

debris, and old building). This is the first operation to prepare the site for other operations.
(b) Excavation and EmbankmentConstruction

Excavation and embankmaestnstructiorare the operations that followeltleaning and grubbing
operation. The evavation consists of moving soil or loose rocks. The embankoo&struction

consists of shaping the roadbed, slopes, channel, ditches, and road shoulders.

13



(c) Hauling

In earthwork operations, hauling can be represented as an op@etiormedmainly by tucks
to remove or move the materials between places. Other pieces of equipment, such as scrapers and
dozerscan be used to perform this operationdshort distane as explained in Secti@?2.2

(d) Compaction

Compaction is the operation performed to change the loose soil properties into a particular density
spedfication to meet the requirements. For example, each layer of the embardanstitiction
of theroads should be compacted to the required densitghvdifects the stability of roads.

(e) Grading

This operation follows the excavation and compaction operatiThere are two types of grading
operations: rough grading and finish grading. This operation shapes the soil and grades it into the
required leveln the design documents.

These different types of earthwork operatignssistof processedasks, and microtasks, which
areperformed by many equipment asdmprisedifferent stakeholderd hese operationgeatea

very complexwork environment that nesdo be seamlessly coordinatethe drawback of the

methods usigfor managing and coordinagrthe earthwork project is that they are mosthhad

and did notontainthe knowledgethat can be shared and reused among the project stakeholders.
Moreover having deeper understatimgf t h e o p er a &nd propérly madeimypedee x i t y
operatios with their hierarchyand properties playa critical role in safety andproductivity
improvemenin the earthwork domaiherefore, omputer models (e.g., simulan models)re

usedto capture the complexity of theesoperations and creatiee virtual environment, that is

logically similar to the real context of the earthwork operations before the actual implementation.

Simul ation Models for Earthwork Operation
Earthwork operations are performed in an environmeatt ¢bntains a variety of variables, such
as the type of materials to be excavated, the distance between loading and hauling areas, and the
operator's experience. Moreover, these variables are affegteshdertainty factors, such as
weather conditions aratcidents, which consequentially affect the time and cost of the operation.
Simulation is used to represent the +@alld system by modkng the components and functions

of this system and integratinpem within the simulation engineSimulation tools such as

14



STROBOSCOPEare used to model complex construction operatiptastinez 1998)Figure2-4
illustrates a simulation model developed using Stroboscamafthmoving operation, which is a
combination of excavation and haulifdahdatikhaki 2015)The model represents an excavator
ard a truck and thebehaviorsof these pieces of equipment (e.g., relocation, hauling, dumping,
and loading). Furthermore, @ded micro-behaviorsare represented in this model (e.g., the
excavator swing to the truck). This model describes the operatiterrpaf performing the
earthmovingincluding the tasks performed by egukce ofequipment. However, building the
simulaton model requires extensive training, which may not be available for the staff responsible
for planning(Martinez 1998)Ontology @n be used as@nsistehfoundationof theknowledge

about the resourcgand the operations the earthwork domainwhichcan be used in simulation

model developmenOn the other hand, good simulation models can be used to add more concepts

and improe the understanding of the complex parts throughout the development of the ontology.
Return l¢—L6—— Dumping [#—L5—— ManeuveFDump ﬁ

y 124
L7
L4
@ 11— ManeuvereFLoad —LZ—D@ @ L3m Hauling —J
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Figure2-4 Simulation model for earthmoving operatifahdatikhaki 2015)

SwingToLoad

]

Although there are differem¢chniques that can be used to build the simulation models, still there
are other considerations related to the safety rules and reguldtaéinseed to be linked to the
elements and the activities inedemodels. For example, the effects of the soiletymn the
operation8safety and productivityThere is a variety of soil classificat®thatareused by the
stakeholders in the earthwopkoject. Thus, defining a unified classification of the soil in-EW

Onto will provide a robust knowledgebase that ba used to construct the simulation models
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23S0l L CLASSIFI CATI ON

Soil and rocks are the materials that make up the shell oattie @and play an important role in
construction(Nunnally 2004) Different soils with similar propertiesanbe clasified according

to their behaviorand properties in terms of simple indicéstkinson 2000) In earthwork
operations, it is necessary todwmthe classification of the soils to identify how to deal with them
by choosing the suitable equipment and metlookhdrease the level of productivity and quality
and decrease the operation ¢@=urifoy et al. 2010)n road projects, where the soibis essential
material, the soil affects road stability, supports the structure, and distributes the forcesad.the r
Different factors influence the stability of the embankneortstruction The negative effects of

some factors could be limited by tdesign of soil structurkased orthe behaviorof the soil.

There are basic characteristics of soil that used to classify the soil, shefsiae range of grain,
the shape othe grain. Several classification systems exist, suchJasfied Soil Classiication
System (USCSjGadouri et al. 2018)lassification ® American Association of State Highway
and Transportation Officials (AASHT Pratt et al. 200Q)classification ofU.S. Department of
Agriculture (USDA) (GarciaGaines and Frankenstein 201%3hd Massachusetts Institute of
Technology (MIT)classificationsystem(Kulhawy and Chen 2009)

The type of soil and rock play an important role in the selection of equipment in different
earthwork operatia For example, ira compaction operation, knowirthe type of materials

importantfor choosinghe appropratecompaction methods shown immable2-2.

Table2-2 Appropriatecompaction methods based on soil t{peurifoy et al. 2010)

Material Impact Pressure Vibration Kneading
Gravel Poor No Good Very Good
Sand Poor No Excellent Good
Silt Good Good Poor Excellent
Clay Excel.lent with Very Good No Good
confinement

Choosing the right equipment and method wiltrease productivityimproving quality and
decreamg operation costs. For example, and as showmable 2-2, usinga compactor with
vibration to compact the silt will lead to poor compaction results. Moredwetype of soil in the
workzones plays a critical role in selecting the required reesumed how the processes and tasks

will be performed according to the related safety regulations. Therefore, providing formal and
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consistent shareable presentationalbthe components related to safety and productivity in the
earthwork domain throughefontology and linked with the related regulations and rules will pave

the way to improve safety and increase productivity.

24DATA MODELS I N THE CONSTRUCTI ON I NDUSTRY
In the construction industry, where several groups collaborate intensively and work on one project,
it is vital to have compatible tools and modélsakso and Kiviniemi 2012)Using different
software applications and platforms requires standards to eesnedllaboration and

communications between various stakeholders in the same project.

BIM is used to capture, store, analyze, and visualize building lifecycle information in a systematic
and structured way and is increasingly implemented in the construatiostry(Liu et al. 2016.
BuildingSMART developed a data standard for BIM calledustry Foundation Class¢s-C)
(Laakso and Kiviniemi 2012)FC includes the physical elements as well as the processes and
activities (Behrman 2002)and it is used to improve the quality throughout the lifecycle of the
building design, construction, and maintenafis&dag et al. 2007)YOmniClass is a construction
classification system developed by tiéernational Organizain for StandardizatiofiSO) and

the International Construction Information SocietffCIS) for construction information
(OmniClass 2020) Another classification system in the construction industry is UNIfied
CLASSiIfication (Uniclass), which provides tleéassification of the asseéhrough a number of
tables, such as taliRr, which provides the classification of products, and t&slevhich provides

the classification of asset syste(hteaton et al. 2019; NBS 2020)

While the data modkng and standardizen for the building industry is relatively well
established, other civil infrastructures do not enjoy the same level of maturégaimmbdéing

and standardization. An example of data nhlaalg that can be used beyond the building scope is
LandXML. This is a data exchange format based on Extensible Markup LangXibtie that

contains such data as the terrain, maps, pipelines, maddsys, and other infrastructure objects
(Reboljetal.2008) Furt her more, buil di ng$S MA&tREmMosBNG ngoi ng
are committed to enhancing the data communication, collaboration, and management of
infrastructure by extending theomcepts of BIM to infrastructure projec(BuildingSMART

2020) Figure2-5 illustrates the components included in the scope of these projects. The upper
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level models are rail, road, bridge, and tunnel. The earthwork model is the interface between the

upper models and the alignment and terrain models.

Tunnel

I

Figure2-5 BuildingSMART for infrastructurenodels(BuildingSMART 2020)

As an example of these projects, IFC4.2 can be mentioned, which has incorporaBritgeC
extension(Borrmann et al., 2019FTivil Information Modeling(CIM) refersto the application of
BIM in civil infrastructure facilities, espéaly horizontal projects (e.g., bridges and tunnels)
(Cheng et al., 2016Nevertheless, although data models suchaasiXML can be of use in the

earthwork domain, a comprehensive modeldata exchange in this domain is evidently missing.

The formalization efforts in the construction industry allow the stakeholders to exchange valuable
information, not only during the construction project but also after the project completion and
throuch the operation stage of the project (i.e., dufamilities managment) Ontologies can be
integrated with different software applicatiowhich represent data differently to provide data
interoperability (e.g., BIM an@eographic Information SystenSIF)) (Le et al. 2019)Quinn et

al. (2020), proposed an approach to integrate the data from the sensors with BIM for facility
management using the ontology and the linked data architecture. This approach increases the data
gueries flexibility and provides more complex analysiof the dataTherefore the earthwork

ontology will play animportantrole to provideknowledge not only to the earthwork domain but

also to the other modelss illustrated ifFigure2-5. To huild a reliable ontologyor the earthwork



domain this ontology should have tlaility andflexibility to integrate with the technologies that

have been applied in the earthwork domain.

25DATA COLLECTI ON TIEEFHNOL OG
There are a variety of technologieat are used in construction to collect data. These technologies
vary in the form of data delivered and the environmehere theycan be used. In the next

paragraphs, data collection technologies are briefly engaai

Using RealTime Location SysterfRTLS) technologies in the construction indudigs attracted
interest in the past decadlel et al. 2016) RTLSs are used in construction site track and
determine the coordinates of objects indoor and outdoor. In recent years, different RiVeSs
beendeveloped with different levelof quality, cost, and limitations. RTLS data is not just for
reattime uses; it can balsoused forpostprocessinganalysis. RTLS hardware consists of tags,
which communicate with the receivers and use different algoritbroalculate the locatiopsuch

as the Time of Arrival (TOA) and Received Signal Strength Indicator (RE&56t al. 2016)
RTLS has diffeent technologies, which are applied in different environments, such as office
buildings, hospitals, and roador safety and security purposes.

Ultra-wideband (UWB) isa Radio Frequency (RF) technology, which is used in indoor and
outdoor environment3.he usage o) WB has beeimvestigatedy different researchers to verify
the accuracy when is used in differenenvironmentgCho et al. 2010; Maalek and Sadeghpour
2013; Siddiqui 2014)

Vision-based positioning systems are used in indoor and outdeioo®ments with up to 88% of
accuracy(Li et al. 2016; Zhang et al. 2020h construction, visiotbased positiomg systems are
used to track workers and equipméaiy., wheel loadsy dozes, and tower crarg. Moreover,
vision-basedsystems aresed tadentify the dangerousehaviorof workers(Han and Lee, 2013;
Park et al., 2011)

GPSis used to estimate thedation in outdoor environments and canoeusel indoor because
it needs Lineof-Sight (LOS)from the satellites. GPS is useddonstruction sitemostly to track
and register the equipment and materials locations continugdgiyreth et al. 2005) The

accuracy of using GPS is investigated in different researches, such as the dtudt af., 2007)
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Radio Frequency ldentdation (RFID) is another RTLS technology, which solves the issues of
GPS in indoor environmen{€hon et al. 2004)RFID is wsed to track equipment, worlseand
material§YWu et al., 201Q)Moreover, RFID is integrated with other technologies, such as@&GPS
cover large aregfRkazavi and Haas 2010aser scanning in the indoor environm@valero et al.

2015) andtotal statims foraccurately positioning objec(Sakamoto et al. 2012)

Existing Wirelesd.ocal AreaNetwork (WLAN) can be used as positiogiaystems based on the
strength of the signal8Voo et al. (2011investigate the feasibility of using WiFbased WLAN
posiioning systems in the indoor environment (i.e., shield tunnel) to locate the workers. Their

experiments show that the accuracyha systens within 5 m.

The ultrasound positioning system is another positioning system that is used for tracking objects
usgng Ultrasound Signals (US). In construction, Skibniewski and Jang (20@@osed a
framework to combine the Ushd RF to increadbe accuracy of using RF only. They investigate

and compargthe accuracy usingimulation results and found that the aexyris less than 0.2 m

in the LOS environment because the US cannot penetrate objects without enough signal strength.

Infrared (IR is a technology that is used in LOS environments. IR is initially used in construction
to track the resources (e.g., equent) objects, and workers) using the 3D range cafi@iaer
et al. 2007)and capture the 3D images for objects such as wallgqgapds and humasusinga

high-framerate sensor came(@hi et al. 2009)

Bluetoothtechnology hasvide uses in constructio Bluetooth is a technology that can be utilized
indoor and underground to tackle the absence of GPS and RFID. Bluetooth Low Energy (BLE)
can track and monitor workers and assets with low power and costtAdradvantage of usg
Bluetooth technologysi that most of the workers have smartphones that have alreadynbuild
Bluetooth sensord?ark et al. (2015¢valuate the performance of Bluetooth technology in a

construction site for tracking equipment and workers to preveliioak in work zones.

Siddiqui (2014) proposka Multi-Sensor Data Fusion (MSDF) approactot@rcomethe limitation
of UWB RTLS. The framework is intended to cope with the challenges of the dynamic environment
at construction sites by combining two seystata sources, which@tJWB RTLS and videol able
2-3 lists the main properties and limitations of using UWB and image processing in construction

projects.
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Data collection technologies are the backbone of the future smart construttbreach
technology has a specific operational performamdgch is affected by the environment and
weather conditiongApanaviciene et al. 2020; Edirisinghe 201®oreover the limitations of
these technologigg.g.,thelimited battery life of sensorfhie sensitivityandaccuracy osensos,
the limitedfield of view of camers, the resolution of images and vidare further affected by
the nature of construcin projects which in turn affect theafety, productivity, and quality of

construction pryects as further explained ithe next section

Table2-3 Comparison of UWB & image processing technologies for construction projects
(Siddiqui 2014)

Required Features uwB Image Processing

Localization 3D Mostly 2D

Identification of specific equipment Yes No

Realtime processing Yes No

Update rate Limited High

Missing data High Low

Coordinate system Global Pixels

Multipath and radio noise effect Yes No

Weather and light conditioreffect No Yes

Line of sight and occlusion issues Provides a location Provides docation with

with error more training

Training required No Yes

Cost of deployment High Low

Configuration at site Difficult Easy

Tagging issuese(g.,battery replacement) Yes No
Safety Monitoring and Control i n Constructi

A major factor for success in the construction industry is developing and ensuring safety
procedures to identify potential hazards before they ocinlv.Hazard Analysi€JHA) is used to

define the relatinships between jobs, tools, workers, and the sadimg environment, which can
result in hazards, and to provide a list of procedures and resources for preventing or mitigating
these hazard€OSHA 2020a) Occupational Risk Assessment (ORA) (Pinto et2011) is a
process that is performed on constrctsites to gather information from different sources of
hazardqLu et al. 2015) The checKist techniqug(Mattila et al. 1994)s used in ORA to define

the safety issues at the early stages of the \dtrdng et al. (2013)utlined a framework for early
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hazard identification by integrating a 4D BIM and safety regulationdentify the hazards and

apply and visualiz@revention procedures automaticalKiviniemi et al. 2011) Heterogeneous

data resourceat the construction site provide sensory eath different levels of accuracy and
efficiency. Zhang et al. (2017¢ompared sensor technologies from three main viewpoints: the
complexity of the applied algorithm, the complexity of the layout, and thiakions to apply

them on construction siteAs illustrated inTable 2-4, theytargeted three leading technologies:
location sensebased technology (e.g., GPS, UWB, and RFID), vidiasedsensing technology,
andwireless sensor network technology. RTLSs have been combined with other technologies such
as MAS to enhance the coordination and safety issues related to earthwork equipment
(Vahdatikhaki et al. 2017)

Table2-4 Comparison of the three sendba s e d t ec hn ol ¢Zpang stal 2047p p

SensorBased Technology Algorlthm Installatlgn Construction Environment Limitation
Complexity Complexity
GPS Low Low Suitable foroutdoor environment
uwB Low Moderate | Accuracy affected by the arrangement of
_ Zigbee Low Moderate | signal transmitters and receivers.
Locating RDIF L Moderat Signals blocked or interfered by obstacles
stenzomlased ow oderate Signals interfered by metabjects.
echnology WLAN Low Moderdge | Signals blocked or interfered by obstacleg
Ultrasond Signals blocked or interfered by obstacles
Low Moderate . . .
Signals interfered by metal objects.

Vulnerable to the impact of surrounding

Vision-based sensin . : L .
g High Moderate | environment, sutas lighting condition and

technology background color.
Signals blocked or interfered by obstacles
other electronic signals in network
Wireless sensor network  Moderate High communication.
Difficult to solve the energy suppl
problems.

As such, itis importantto select the technologies that are compatible wittchia@acteristicof

the construction site (e.g., size of the site and the available locations to inssaihsloes), which

in turn are coupled with the different properties, limitations, advantagdslisadvantages of each
technology. Therefore, the main key to implementing and managing these technologies
consistently and unambiguously is to formalize theimaepts and the relationships and integrate
them with earthwork domain ontologyhe next setions discuss the new technologies that are
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used inthe earthwork domain. These technologi@® used for different proposes, such as

enhancingafety andmproving productivity in the earthwork domain.
26 NEW EARTHWORKPORT TECHNOLOGI ES

Given the compleky of earthwork operations and the amount of data that need to be processed
for efficient planning and execution of the operations, a variety of systems and technologies are
developed for earthwork operations in recent years (e.g., Gateg®20; Vahdékhaki et al.

2017; Kim et al. 2012). During the execution of projects, several new technologies can enhance
earthwork operations. Most notably, AMG/C is a technology that integrates 3D design models
with the realtime sensor data (e.@5PS) to provideifferent levels of assistance to the operators

of the earthwork equipmeiKaufmann and Anderegg 2008jahdatikhaki et al. (2017) proposed

the application of a MukAgent System (MAS)as a meango supportlarger fleetlevel
coordination for the earthwork operations. Intelligent compaction is another technology used to
support and improve the efficiency of compaction j¢ldsderegg et al. 2006 Although thee
technologies a able to enhance the earthwork operations at different levels, there is very little
interoperability and data exchange between these systems, resulting in a great degree of
redundancy in their applicatiofVahdatikhaki et al. 2017)Thus, it is essential to create a
consistent taxonomy of the autonomy levels and link them to earthwork equipment classification.
Earthwork equipment autonomy classification could benefit from more matur@oawo
classificatons in other domains, such as the-seiving car in the car industry. While there are
different standards for characterizing the Level of Autonomy (LoA) thedsiiihg car, the
Society of Automotive Engineering (SAESAE 2018)metric is the most widely recognized one.

This metricas shown inFigure 2-6 employs a scale of 0 (fully nesutonomous) to %fully
autonomous)(Melenbrink et al. 2020; Sifakis 2019F5emantics modeling of earthwork
information in the form of an ontology woupthve the way for the adoption of new technologies

in the domain such as autonowigssification.
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Figure2-6 Levels of autonomy, adapted frqi@ynopsys 2020)

Ontology has the ability to link theoncepts related to the autonomy and the classification in
earthwork domainDeveloping tle ontologiess the core of semantic systems, which progithe
understandable semantics not only for the human but also between the madbmeeser,the
new tecimologies such aMAS is associated with the ontologies to move from the centralized

appro&hes of management to distributed and flexible soluiiSkebelev et al. 2020)

MAS for Earthwork Operations
An intelligent agent is an agent capable of perceiitiignvironment and making decisions about
how to react to the received informatigusell et al. 2010)The ternPreceptss used to describe
the inputs of an agent, and the output of the agent is caél@dns A MAS supports
communicationin a distributed environmenZhang and Hammad (2011iscussed MAS
approaches for pagplanning prbblems of construction equipmentdooid collisions and create
new paths for the cranes, as well as the negotiation between the agents to accomplish their goals.
In our previous work, and as shownHRigure2-7, anupdated version of the MAS is proposed to
facilitate the earthwork operation®/ahdatikhaki et al. 2017)According to the level of
responsibility, the agents are grouped into four categddipsrator Agent{OA): These agents
support the operators of daequipment to achieve their tasks. Since the machines are equipped
with GPS and other types of sensors, the agents can use this accurate sensory data to determine the
precise location and the state of the equipm€obrdinator Agents: There are two typesf

coordinator agent§,eam Coordinator AgerfT CA) andGeneral Coordinator agen(tGCA). The
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TCA is responsible for coordinating and supporting the teams antbanis depending on the
characteristics of the proje¢hformation AgentsThese agents aresponsible for providing and
updating the information to the operational and coordination levelsSitaeState Ager(GSA)
delivers theDigital Terrain Model (DTM) of the site. TheDesign Document Ager{fDDA)
provides and upatesthe 3D model dependiran the changes that are made in the prorcject
Document Ager(PDA) holds the documents about the project, such as the schedule, the resources,
safety regulations, and construction methods. However, this MAS developmamach for
earthwork is notbased on a specific ontology; and therefore, it may suffer fromarsi@n
inconsistencies. Examples of these inconsistencies are thenifmd representations of

hierarchies of equipment and the relationships betwegjact, operationsprocessesandtasks

Ontologies are used with MAS for a specific domain in coostn to overcome the issues of

inconsistency, interoperability and ununified representation of the knowledge. On the other hand,
MAS useshis knowledge to confige its agents

u%‘:%gé’

b,
¢a) Wagy juowmood

Figure2-7 Multi-agent Sytem architecturéVahdatikhaki et al. 2017)
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Ont oiBagyed MAS in Construction
Severalresearchworks tried to develop MAS based on an ontology of a specific domain related
to constructon. Zeb and Froese (2012leveloped daransactionontology in the infrastructure
domain. The aim of the transaction ontology is to formalize the communication procedses an
define the message templates between the municipal and provincial goveri@kelkeyv et al.
(2020)proposed a method using ontology and MAS for resource planning management, where the
ontology is used to formalize the concepts and the relationslaparen related to resources and
planning managemeriibley et al. (2012) combined &lontology with a MAS and proposed an
ontology framework for sensdrased building monitoring. The ontology that is used in their
research combines three soifitologies, vich are: building ontology, sensors ontology, and the

generalpurpose ontology to gport the reatime building monitoring.

These works show the advantages of using the ontologies and coupling them with MAS, where
the ontologies are used to provide tharfalized description of the concepts and the relationships

of the domain of interestTherefore, in this research, a MAS will be used to demonstrate the
capability of integrated earthwork ontology to provide the required knowledge to the MAS in the
earthwork domainThe rext sectiorprovidesa review of using the ontologyith other infomation

modelsin domains related toonstruction

270NTOLOGI CAL MODELI NG I'N CONSTRUCTI ON

In the construction industry, ontologies have been developed to improve workifibte ahare
knowl edge about the various st akiermhlmsed ®r s 6 p I
knowledge sharing and integration in construction is not limited to the construction enterprise but
can be extended to the integration at the level of thsteariion supply chai(El-Gohary and El

Diraby 2010) Ontologies are one of the adead technologies that have been used in construction

to facilitate not only humato-human but also machife-machine communications by
formalizing the information excinge schemdéTaher et al. 2017)Previous studies have used
ontologies and combineddm with different modéing techniques (e.g., BIM(Lee et al. 2014;

Zhang et al. 2013Dhakal et al(2020) proposed ontologyased semantic modelling to support
knowledgebasdocument classification related to disastsilient construction practicelsee et

al. (2014) proposed an ontological approach for quantityaéfkesing BIM as a data source.dh
developed ontology can be used to infer suitable items based on the estimated cost. Zhong et al.
(2012) developed an approach to integrate construgiionesses with regulations related to
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guality compliance. Zhang et al. (2015) established an appfoatite storage and application of

safety management knowledge in construction. This ontology is formulated to include a product
model, a process modednd a safety modeDing et al. (2016)proposed an approach for
combining BIM with an ontology that cagizes construction risk knowledge semantically. Zhang

et al . (2015) presented a framework wusing an
activities. Wang and Boukamf01l)cr eat ed a framewor k to i mprov
JHA. The framework . ss t he ontol ogy to organize knowl ed
the related hazards.-Hohary and EDiraby (2010) presented an ontology fofrastructure and
construction processes.-Biraby and Kashif (2005) presented a distributed ontologyitecture

for Knowledge ManagemenkKM) in highway construction. The architecture was developed as an
extension of the - €OGNOS ontology. Viljamaa anBeltomaa (2014) developed a method to
intensify construction process control and to enhance procesgyeraant and the accessibility of
information for subcontractorsThere are general key concepts that were previously presented in
research on the AEC tmlogies, such aPomain Ontology for Construction KnowleddEl-

Diraby 2012) transactiorontology inthe domain of infrastructure managemgtgb and Froese

2012) anddomainontology for processes in infrastructued constructioEl-Gohary and El

Diraby 2010)

Most of the abovementioned ontologies were develdoed scratchand there is a need for more
researchin the area of ontology integration, especially for construction safety applications.
Moreover, theseontologies were developed for different branches in construction and road

projects. However, these agies did not cover the earthwork domain.

28 PRI NCI PLES OF ONTOLOGY DEVELOPMENT

One of the main motives to use the ontology is to represent the knowhedg®main in a way
that can be processed by machift@émezPérez and Benjamins 1999)he ontologyjn simple
words, is a set of relations between the concepts as shown in Eq@at)qiThomopoulos et al.
2013)

¢ AR} (2.1)

where is the ontology] is the concepts of thigntology, andT is the rdationships between
these concepts
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One of the most important points that ontology developers need to consider is the integration at
the enterprise level, where different siditimain ontologies need unified linguistics, high level of
generality, and rigoraivocabularyGuarino 1998)Moreover, ontologies are the foundation of
contentbased information access, which prowdgemantic interoperability over the web
(Floty@®ki 2020; Markovil and Gostojil 2020).

AXxi oms ar e tthheati saraet etnren(@ods at al. 202@) Clad exaesson
axioms establish the relationships between the classes including SubClaps@d)entClasses,
DisjointClasses, and DisjointUnion. These axioms organize the relationships amongst thesconce

and are used by the reasoners to check the consistency of the ontology.

It is important here to mention tlkfferencebetween ontology ahdatabase from the knowledge
representation perspective. Both of these data models have some analogous taueesr,

there are differences between the ontologies and the database @aerewmlenskiy et al. 2012)

(1) The maindifferencebetween thelatabase schema and the ontology is the purposes of each of
them. Databases are used to structure daaveny that maks it efficient toberetrieved through

the queriesWhereas ontologies are focusing not only on the data but also on their senfantics
The ontologicafepresentation can be built without the instances. Whereas in the database schema
the instages are essentiand(3) Ontologies provide the taxonomy and the class hierarchig whi

databases have tables structure

ClosedWorld Assumgion (CWA) andOpenWorld AssumptionlOWA) areessentiain the logic

of knowledge repesentation CWA on the database expresses thahflact is not known(to be

true), it must be false. CWA is commonly used in database applications, where the system is
assumed to beomplete In OWA, if afact is notknown ¢o be true) it will be just unknown.
Therefore, the missing information is not considered to be false. OWA is useful when the
information is integrated from different resourcé€Bergman 2009)Ontology represents the
knowledge from different resourcaadbuilds the formalizatiorbased orOWA. This knowledge
representation links the components and madkeexplicitly available through ra ontology
languagge.g., OWL).As mentioned abovesoncepts andelationships are the main components

of ontology.Hence,n the next paragraphjese omponentsare explained in detall
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Components of Ontology
As mentioned above, concepts are one of the main components of the ontology and should be
presentedunambguously The main concepts in an ontology can be represented through the
following component types: (1) Entities: Entities cover the different abstract concepts in
ontology, such as process, task, actor, and product; (2) Attributes:rigadtdual of an entity has
some attributes (i.e., data properties) that make it different from the others. For example, the
equipment attributes, such as weight, equipment capacity, type, and brand; (3) Relationships: The
relationships among thentology @nceptsshouldbe defined El-Gohary and EDiraby (2010)
defined the major types of relationships: subsumption relationship and partonomy relationship.
The subsumption relationship reflecis-a relationship between the concepts. Partonomy
relationship is a combinatiasf thepart-of relationship between the concept and itssoicepts,
which are built as pgonomic hierarchies. In addition, object properties can be used to create other
links baween the concepts (e.g., Hiypeof Excavator); (4) Modalities: Descriltiee entity from
different points of view at particulartime (e.qg., situations); (5) Strategies: Strategies refer to the
mechanisms that are used to accomplish the operationgspes; and tasks in the project; (6)
Rules and Regulations: Describe thiated safety, productivity, and quality rules and regulations
in the domainDeveloping an ontology and linking these componerdgfisrentfrom one domain
to another. Regardlesd the domain and the componeitsiuded in the developed ontology,
there are variousmethodologies and languages that could be used to build and describe the

development step3hese languages and methodologies are explairtbe imext section.

Ont oylagguag®sv anadMmée hbdol ogi es
Ontologies aim to represent tmplicit knowledge in a domain in an explicit way by establishing
an organized structure of related concepts and relationgbifferent languagesan be used to
represent the ontofjy. Description Logics (DL) is a language to formalize the knowledge
representation that provides a higgvel description of the world to be used in intelligent systems
(Baader et al. 2003DL delivers syntax to describe the knowledge using expresbigtisas
atomic concepts, atomic roles, and role constructors. DL has tbnealism components:
Terminological Component (TBox), Assertion Component (ABox), and Role Component (RBox).
TBox axioms describe the general properties of concepts and corgassntial knowledge in
the form of taxonomy or terminology such as conceglusion. ABox axioms contain the

assertional knowledge for specific individuals in the domaihereas RBox refers tmled
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propertes, such as role equivalence axioms and inakision (Krétzsch et al. 2012)Semantic

Web Rule Language (SWRL) is ukt express rules as sequences of axioms and facts. The rules
can be saved as a part of the developed ontology. SWRL can work with reasoner systems such as
Pellet(Sirin et al. 200) and HermiT(Glimm et al. 2014jo infer the implicit knowledge included

in the ontologyBassiliades 2020)

The Foundation Ontology (FO), also known as theléopl or upper ontology, is an ontology that
describes the most general terms acdiésrentdomains. To develop an ontology, the developer

has the option of using erof the available methodologies. \ever, out of 151 research papers
reviewed by Zhou et al. (2016), most of the studies use dgirmethodologies to develop the
ontology. Zhou et al. (2016) explained that certain studies might include some stepbdrom t
previous methodologies for devplag their ontologies. The ontology development methodology
depends to a great extent on the specific domain, the level of detail, and the starting point of the
development (i.e., an extension of an existing ontologievelopment of a new ontologyh the
19906s, a number of met hodol ogi e s(Cofcloretal ev el o
2003) Cyc ProjectLenat et al. 1990)TOronto Virtual Enterprise (TOVH)Gruninger and Fox

1995) KACTUS Project(Schreiber eal. 1995) Skeletal methodolog@schold and Gruninger

1996) and METHONTOLOGY(Fernandez_6pez et al. 1997are general methodologies used to
build ontologies. IDEF5 is an ontology capture method and ortbedihtegrated DEFinition

(IDEF) family languaes that support the analysis andige ofmodels Noran 2004)Table2-5

shows some ontology development methodologies and the steps ome#wuidology.Other
methodologies or approachae alsaused to build otwlogies by reusing existing ontologies or
integrating two or more ontologies. Examples of these methodologies are Ont@fiagyzhar et

al. 1997)and SENSUYSwartout et al. 1996)Reusing existing ontologies to build timew
ontology provide the conunction between the concepts and the relationships from these

ontologiesinstead of constructing the whole ontology from scratath time (Leung et al. 2014)
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Table2-5 Exanples of ontology developmentathodologies

METHODOLOGIES
TOVE METHONTOLOGY SKELETAL IDEF5

- Motivating scenarios - Specification - Identifying purposeandscope | - Organizing and

- Informal competency - Knowledgeacquisiton | - Building ontology. scoping
0 guestions - Conceptualization - Ontology capture - Datacollection
% - Terminology - Formalization - Coding - Dataanalysis
) Specification - Integration - Integrating existing - Initial ontology
c - Formalcompetency - Implementation ontologies Development
g guestions - Maintenance - Evaluating - Ontologyrefinement

- Axiom specification - Evaluation - Documentation andvalidation

- Completenestheorems | - Documentation - Initial guidelines 6r each step

Re us®Onntgo | o @u iededWwbooma Omt ol ogy
One of the main purposes of building ontologies is to extend and reusedhé&mowledge
integration in multiple related domains because building a robust knowledge representation that
covers these domains needs to combine heterogeneousatibn. On the other hand, developing
different ontologies for the same domain leads teerlapping efforts and potential
misunderstanding of the concepts represented in these onto(@fies et al. 2006) Thus,
mapping ontologies facilitates reusingpih for a specific domain, instead of creating them from
scratchand makes thmtegrated atologymore inclusive and comprehensive with respect to the
concepts and the relationships in the domain. There are three methods to map ontologies:

(1) Ontologies merging: is the process of combining two or more ontologies presenting the
information in émilar or overlapping domains to create another ontology in the same domain with

minor changeg¢Pinto et al. 1999)

(2) Ontologies alignment:is the process of creating links between two ontologies, which usually
have related and complementary dom#isa et al. 2006; Noy et al. 2008)

(3) Ontologies integration: The integration process combines ontologies that are built for
different domaingo reuse somef their componentéPinto et al. 1999)Thus, this method saves
the effort to redevelop these conmgaits that are needed in the integrated ontology. The integration
process has two main steps: performing the integration process and addeighowledge to the

integrated ontology (Pinto and Martins, 2001).
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The resuling ontology contains the conceptelationships axioms, and rulesprm thereused
ontologies This ontologyshould be evaluated tget the reliabilityand make it availabl® other
ontologydevelopersThe next section explains tbhatologyevaluation approaches

Ont olEoglyua&Appoaoaches
Ontology evaluation is one of the essential steps in ontology develofifagitighi et al. 2013)
The selection of the suitable evaluation approach depends on the purpose of the evaluation and the
aspects of the developed ontology. Differentdogy compmentsare selected for the evaluation,
such as vocabulary, taxonomy, and semantic and syntactic relationships. There are different
approaches and criteria to evaluate each of these components. Experts can evaluate most of these
componentswherea the datadriven approach can evaluate vocabulary, taxonomy, and semantic
relationships(Brank et al. 2005) The next paragraphs provide a review fobrr different

approaches for ontology evaluation:

(1) The gold standard:This approach aims to compare tthevelopd ontology with a highevel

Agol dend st andar consoerechdbenchimdrleim theadontaio byarngasuring the
similarity between them. Velardi (2006) proposed a method to evaluate an ontology by comparing
the extracted text (e.g., tesinwith WadNet entities, which is considered as a lexical ontology

that includes broad coverage of cognitive synonysyedets(Singh and Sharan 2014)

(2) Datadriven evaluation: Datadriven evaluation is a quantitative method used where the
developd ontolog is compared with the source of knowledge, such as a corpus (Brewster et al.
2004). An automated extracting process is applied to the corpus (i.e., WordNet) to extract the
terms; then, the overlapping terms between the corpus and the deveitgedyoae counted. If

the terms used in the developed ontology do not appear in the corpus or vice versa, the ontology
is penalized (Brewster et al. 2004). Haghighi et al. (2013) claimed that this method is more suitable
for measuringn ontology coverag Brewste et al. (2004) suggested using the edigen method

to evaluate which level the ontology fits with the corpus. In their method, each class in the ontology
representing a t er m synsetsthe numlzeroétermswsed inthr@dlogy d Ne t 6 s
and appearing I n Wor dNet refl ects t he l evel
interpretability and clarity (Brewster et al. 2004). The WU and Palmer (WUP) index (Wu and

Palmer, 1994) is a taxononrbased similarity measure which represehésdeptls of thesynsets
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in WordNet taxonomies along with the depth of Least Common Subsumer (LCS). LCS is the last

common node in the path of two words. The index is given by:

~ z

w0 YOO M (2.2)

whered0 andd are the concepts with the two correspondipgsetgi p andi ¢) in the WordNet

taxonomies.

Leacock and Chodorow (LCH) indékeacock and Chodorow 199B) an enhanced taxonomy
based similarity measure based on the shortest path between two concepts using node counting.

The calculation is given by:
060m [ (2.3

whereda ‘Qg the shortest path between the syosetsandOis the deepest level in the WordNet

taxonomy. The drawback of LCH is that there is no imaxn value of range in the formula.

(3) Application-based evaluation:Application-based evaluation the evaluation of a developed

ontology using an application. This approach judges whether the ontology is suitable to perform

the task and measure thetonl ogy 6s performance. This appr oa
capabilities of a developed ontologyrheet the objectives, and it is not used to evaluate the design

or the contents of the ontologMaghighi et al. 2013)

(4) Criteria-based evaluation:Yu et al. (2007) proposed a qualitative method for evaluating
ontologies using a list of critefimcluding completeness, consistency, conciseness, expandability,
and sensitivity. Except for the consistency criteria, which can be performed successthidy by
ontology tools, this method is performed manuaihteriabased evaluation is more suitable for

evaluating ontologies in early stage of developnfXirtg et al., 2019)

It should be noted that more than one apgraamn be used to evaluate an ontology. The selection
of the approach depends on the nature of the developed ontology and whether a qualitative or

guantitdive evaluation is needed.

Semantic modelling of earthwork information in the form of an ontology dvpale the way for
the adoption of the linked datmpproach towardsarthworksupport technologies (Curry et al.,
2013; Lee et al., 2016).
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29L1 NKED DADO AOMNOL OGY

The concept olinked data is derived from the idea of using the semantic web to connect the data
and transfer the web in@universal knowledgebase, where the deten different datasets are
linked (Lee et al., 2016)BernersLee (2009)idenified the basic principlefor developing the
Linked data: (i) using Uniform Resource Identifier (URI) for each entity toepeesented; (i)

each entityis provided with the Hypertext Transfer Protocol (HTTP) URI; (iii)ngsthe web
standards, such aseBource Description Framework (Rpto describe the data a&PARQL
Protocol and RDF Query Language (SPARANd (iv) including links to other resources URLS

already available in the web.

Semantic modelling and linked data are the approaches that caadi® create links to share the
information between the different stakehold@rse et al. 2016; Curry et al. 2013t is evident

that these approaches are successfully used in other disciplines. However, such approaches have
never beerapplied to the ethwork domain. The next sections explain the linked data elements
where the ontologies are the main components to create thedumndpresentation of the
knowledge from different resources.

Resource Description Framewor Kk
Resource Description Framewo(RDF) is a standard model for interchanging the data and
providing a description model using the triple form that contains gieeeents: subject, predicate,
and object(lan et al. 2004)In RDF, the user can define his terminologies in schema language
called RDF schema. Resource Description Framework SchgRBFS), the user can define the
vocabularies, the relationships, thenga, and the domain of these relationshiptrtinez
Rodriguez et al. 20207 resourcaen RDF has a URI. URI gives a uniqgname schema to each
part of RDF. Each subject (e.g., books, authors, places) has its own URI. Moreover, the predicates
havetheirown unique URI that linkthe subjects with objects in the statements. SPARQL queries
are used to retrieve meaningful informoat from RDF files. The values given to the subject
through the predicates are either other resources or literals (e.g., stimgger). RDF syntax

containgdf: RDF elementwhich includes different descriptions:

(a) The rdf: resource attribute rdf: resource attributas used to link the different resources in
RDF. For example, there isa piece of equipment that worksanexcavation operation (e.g.,
hoe, and at the same timthere isanotherequipmenif the same typaorking in the same
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opeation, there is aneed to use a formal specification of the fact thas#dtwo equipment are
not the same.

(b) The rdf: type: To introduce the resources in RDEf: typeproperty is used to state that this
resource is a type of another resoufae.exanple, hoedf: typeexcavatorrdf: typeearthwork
equipmentnd earthwork equipmendf: typeresource.

(c) Nested descriptions The description of one resource can be used in another resource
description.RDFS define the vocabularies and the relationshipthe RDF documen In
RDFS, RDF elements are also used. RI2B6 express its ingredients, suchSapClassOf,
andSubPropertyOfMartinezRodriguez et al. 2020)

Query Language for RDF
SPARQLIs a query language used to retrieve and manipulate thetdetd in RDF forrat (Ali
and Qayyum 2019SPARQL is W3C candidate recommendation for querying and provides the
abilities to make the queries over the RDF graph (triple) and return the subjects, predicates, or the
objects in the statements. The quireSPARQL match the BF graphs and return the related
results The query returns the classes in the RDF and stored in the vari@hke prefixes are used
to replace the long URI intleeu 1 staeinents. SPARQL can create queries from different URIs
and gves one final result. This feature provides the ability to gather information from different

resources using URIs.

Linked Data in Construction
In construction, linked data has been usecttresthe data between heterogeneous data sources.
Lee et al. (208) proposed a framework to utilize BIM and linked data to share the data about
defects to overcome the limitations of the traditional ways to manage this data. Defect ontology is
one of the rain components of the framework. BIM is used to provide thermdbtion about the
elements, which is transferred to RDF as well as the collected data about the Hefleetl data
is used to overcome the interoperability challenges to enable data fienertifdomains to be
merged in broad scenasiand presented tafterent stakeholderCurry et al. (2012presented
an approach to build a holistic building performance analysis using linked data, whicls émable
building stakeholders to share datanfranultiple domainsQuinn et al. (2020)presented an
integrationtechnique for mapping the sensor netwowsich are involved in monitoring building
conditions and building control points with Facility Managerremabled BIM.Radulovic et al.
(2015)propcsed guidelinefor developing linked data related to energy comgtion in building.
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The guidelines include the processes to transfer the data to linkedPddta. et al. (2017)
presented an approach to share and integrate construction safety infofroatidifferent sources
using linked data and semantic web tedbgies. Their approach includes developing a safety

ontology, the information about accidgniHA, and safety rules

Linked Data for Safety in Construction
The constructiondomainremairs the most accidergroneindustrywith high number ofserious
injuries or deatb(Le et al. 2014)Safetymanagemeris necessary to check the safety documents
and related safety regulations and rules for each operation and task. Different resources provide
information about the expected hazards and how we can avoid@mnganizations provide safety
regulations and ruteand other documents that can be used to mitigate and avoid accidbats in
earthwork domain. However, these safetlated rules, regulations, and documeauts often
unstructured and fragmentethus finding the related¢ontentghat are required faafety issues

in a timely manner is a challenging and inefficient task.

To address this issue and enhancer#tieeving process of these different contents, linked data
and semantics technology can beduse integrate and share safety information inicigcthe
hazards, the collected safety information and safety regulations. This approach will help to find
the related safety rules and regulaticglatedto the hazards in the workzones and impreafety

management ithe earthwork domain.

Ontologies arghe cornerstone of the linked data with the ability to be implemented in different
language (e.g., OWL) thatareaccepted by W3@Radulovic et al. 2015).inked data overcome

the interoperability issuejnk the different data sets with different formatsd facilitag the
organization data expansion by linking their own data to other data from other sbtheresore,
developing EWONto and integratg it with other related ontologies to the earthworkn@inis
expected terovide the robust knowledgetmthat can be further extended to be linked with other

sub-domainof knowledgg(e.g.,legal, governmentandenvironment
210 SUMMARAYND CONCLUSI ONS

This chapter was dedicated to the review of the liseaon the earthwork domain and several areas
that pertain to the topic of the present researhls chapter includes reviewing the types and the levels

of earthwork operations. Different ontologi#st have beedeveloped in construction falifferent
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purposes are reviewedopics related to ontology developmenethodologies and the evaluation

approaches are explained.

Based on the aboyaresented literature review, it can be concluded thdewlere is a need for

a formal representation of kmtedge inthe earthwork domain, there is a palpable absence of an
earthwork ontology. Also, while different earthweslgpport tools/systems are complementary

and interdependent at the functional levéthere is very little interoperability between these
tools/systems. It is shown that similar problems have been already addressed successfully in other

domains by adopting a semantic approach to develop relevant ontologies.
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CHAPTER 3 OVERVIEW OF RESEARCH METHODOLO GY

311l NTRODUCTI ON

The literature review indicated théuet current earthwork domain lacks the formal and consistent
representation of the concepts, relationships, and semantic moag|uigedto cope with smart
construction advancemeniEherefore an overview ofthe research methodologg presented in

this chapter fothe development dEW-Onto to enhance data exchange in the earthwork dpmain
and extend EVMOnNto to include the safety regulations and integrate it with soil and sensor

ontologies. Tks overview of incluésthe research scope and the researelsgghand components

32RESEARCH SCOPE

The scope of theesearchs illustrated inFigure3-1, including the scopsof EW-Ontoand IEW
Onto. The bottom of the triangle covers availalpl®cessmodelsand the top of thériangle
addresses the concept siinart constructionEW-Onto focuses on the main components in
earthwork domain including: (1) thaifferent resources related &arthwork operationge.g.,
excavators); and (2) the operations, which represent the tbgerforming earthwork operations
(e.g., compaction), processes, tasks, and rtasks under the operations. The concepts and the
relationships in these components are captured iFENG.

IEW-Onto benefits from available ontologies, such as Ontolog@odfProperties and Processes
(OSP) (Du et al. 2016) and Semantic Sensor Network (SSN) (Compton et al. Z0iE2).
integration aimdo support the concept of smart construction, which ensures the improvement of
productivity in safer workzones with a higéwvkel ofquality. SSNappliesSensor Model Language
(SensorML) in its classification and taxonomies presentaSensorMLrepresentshe sensory

data in XML format to enable interoperability (OGC 202@lso, IEW-Onto includes the
performance guidelines,hich are related to performing the operations and processes in ways that
are conforming with safety rules and guidelines. An exampteeseguidelinesis Occupational
Safety and Health AdministratiddSHA Regulations (OSHA 2020a).
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3BRESEAREHASES GAONMDPONENT S
Figure3-2 showsthe researcphases anthecomponents in each phase.

EARTHWORK ONTOLOGY
Chapte 4 addressethe first and second objectivestbis research (i.e., to extract the explicit and
tacit knowledge required for the earthwork domain and to formalize the extracted knowledge by
developing EWONto) The development of EVOnto starts with defing the concepts and
building taxonomies for edtwork operations and equipmeAs shown inFigure 3-2, creating
EW-Onto has the following steps: (1) defining $wpe ofEW-Onto; (2) defining the ancepts
and tre taxonomies in the domain. The taxonomies include the equipment taxonomy and the
project taxonomy; (3) EWDnto coding using ontology editor (i.e., Protégé); (4) verifying-EW
Onto using the consistency checker; (5) improving-€Wo by addingnore relatioships; (6)

validating EWOnto using a survey; and (7) documenting-Bto.

EXTENDI NG AND I NTEGRATI NG EARTHWORK ONTOLOC
In order to use EVWDNto as the knowledgebase for developing the next generation of decision

support systems for safety management afheairk operations, it is necessary to extend it to
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cover safetyrelated regulations, sensing technologies, and soikptiep. Chapter &ddresses the
third andfourth objectives in this research (i.e., to extend-BxMo to enhance operation safety
by addng rules based on safety regulations and integrating with related concepts from sensor and

soil ontologies.

The steps to developing IEMUNnto can be summarized asléoling: (1) defining the scope of
IEW-Onto including defining the candidate ontologiew fthe integration processes; (2)
formalizing the unstructured safety knowledgam different resources (e.g., OSHA regulations
and best practices) IEW-Onto; (3 classifying and structuring the unstructured sensor, é)a
defining the concepts andethaxonomiedgrom the related ontologieshe integration process,
which is part ofthe IEW-Onto development phase, includes three main steps: (a) defining the
candida¢ ontologiesthat are related to the earthwork domain and facilitate the extended
knowledge representation; (b) analyzing the candidate ontologies; and (c) implementing the
integration procesg5) IEW-Onto coding, which include the implementation of thegration
processes; (8)erifying IEW-Onto using the consistency checked verifyingthe safety rules

(7) improving IEWOnto by adding moreoncepts antklationships(8) performing the evaluation
process using datdrivenand applicatiorbased apprachesand (9)documenting IEWONto. The
output of this phase addresses the objectifdgweloping IEWOnNto.

Figure3-3illustrates the main components of Chapter 4 and Chapter 5.

34 SUMMARY
This chapter provided an overview of the research methodology including the scope of the research
and a brief dscription alout developing EVMONto as well aghe steps to extend it to IEXUNnto

by integrating the related ontologies and adding the safety rules
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(2) A formal knowledge representation and
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(3) There is a need for smart construction
support; and

(4) The integration of semantically rich data
into earthwork planning tools is missing.

Results of developing EW -Onto:

(1) Formalizing the concepts and the
relationships in earthwork domain;

(2) Creating the classification;

(3) Defining the taxonomies including
project taxonomy and equipment
taxonomy;

(4) Evaluating EW-Onto; and
(5) Documented and published EW-Onto.

In the integration process

(1) Defining the candidate ontologies
(i.e., soil and sensor ontologies);

(2) Defining the related concepts and
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(3) Comparison process outputs (e.g.,
similar concepts and relationships);
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(4) Defining and adding the missing
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Results of developing IEW -Onto:

(1) Extend EW-Onto by adding safety
regulation;

(2) Integrate EW-Onto with related
ontologies;

(3) Defining the taxonomies including soil
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(4) Evaluating IEW-Onto; and

(5) Documented and published IEW-Onto.
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Figure3-2 Overview d the iesearch methodology
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CHAPTER 4 FORMALIZING KNOWLEDGE REPRESENTAION IN
EARTHWORK OPERATIONS THROUGH DEVLOPMENT
OF DOMAIN ONTOLOGY

411 NTRODU®TI O

Earthwork operations are an integral part of many medium and large construction projects. For
instance, more than 20% of the total cost of road projects is dedicated to earthwork operations
(Artun et al. 2019; Pente et al. 2015; Hare et al. 201hyigh et al. 1996)These operations are
complex and dynamic in nature, and there are many different factors that need to be monitored
closely to ensure the success of a project (Cheng et al., 2011). The successimy @adn
execution of these operationsyr@n the generation, processing, transfer, and analysis of a large
volume of information deriving from various sources such as earthwork equipment, target
operations, planning details, execution details, and sutegrenvironment. These data are
processé and used to enhance communication between different operators, increase productivity
and safety, and improve the decisimaking process. However, given the diversity and
heterogeneity of the information generatecarthwork operations, the smooth mgement of

the information is a challenging task. In recent years, ontological modeling and development have
been used to address similar challenges in different dorftamset al. 2020; Pfaff et al. 2018;
Meenachiand Baba 2012; Guizzardi 200%)ntologies enable semantic interoperability, which

can pave the way for managing the information sources in complex enviror(vigateaa and
Peltomaa 2014)

The purposeof this chapteris to formalize knowledge representation in earthwork operations
through thedevelopment of domain ontology that is calleaithwork OntologfEW-Onto). This
ontology should be able to link to the regulations and the rules related to the domain and include
themin the planning and execution procedures. Also, this ontology nedidk toith the other

data models that are already used in the domain such g8Véieer et al. 2019nd road/terrain
models(Lee and Kim, 2011)

The developed ontology can be used teate a semantisased integration method to support
communication beteen the different disciplines and stakeholders in earthwork do8eximantic
technology supports information exchanges among different systems and between the stakeholders

including agets, and applications. The semantic interoperability is one of Industly
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interoperability architecture levels besides operational, systematical and technical interoperability
(Da Rocha et al.,, 2020; Lu, 2017; Mrugalska and Wyrwicka, 2017). The nevalidiit
construction industry, which is defined as a pure and simgientiation of Industry 4.0, is called
Construction 4.0. Construction 4.0 promises to improve productivity, quality, and resource
efficiency (Boton et al., 2020; Craveiroa et al., 20E3)/-Onto provides the conceptual model to
facilitate the advancement the earthwork domain by connecting and representing the domain
ontological primitives including the concepts (e.g., operations and resources), relationships, and
axioms. EWOnNto has th extensibility to accommodate a wide spectrum of semantic contexts to

satisfy Construction 4.0 requirements

The structure of thehapteris as follows:Section4.2 introduces the proposed method including
the research methodology, the development workflow, defining the concegtbudding the
taxonomiesSection4.3 covers the initial implementation of EMUnto. Section4.4 presents the

EW-Onto evaluation. Finally$ection4.5discusses theummary ana@onclusions.

42PROPOSED METHOD
This section introduces the proposed method to develogOBW including the scope of EW
Onto to show the boundaries of the work, EMito development workflow, and the défion of

the concepts and the taxonomies.

Overviewrnod E&Wel opment Wor kfl ow
In this section, the main steps for developing-EMo will be explained. METHONTOLOGY is
adapted to develop EM@nto because this methodology is: (1) applicatimependenand mature
(Corcho et al. 2003)2) well documented andear for the development activities; (3) based on
experience acquired from developing the ontology for other donfeermande#_6pez et al.
1997) and (4) recommended by Foundation for Intetigéhysical Agents (FIPA), which is the
standard for the ietraction in MAS(Fernande#.6pez 1999)

The best practices and knowledge in the earthwork domain are used to develOpt&\Whe
development workflow is illustrated iRigure 4-1 EW-Onto development lifecycle based on
METHONTOLOGY includes initial, development, and final stages. The initial stage is composed
of the steps to define the scope, main concepts and the taxonomies@hte\W he development
stageis dedicated to building ancerifying the initial structure of E\ONto. The final stage is to

add new relationships or adjust existing ones and to perform validation eDmE@/through
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interviews with experts and enders. Knowledge acquisition, evaion, and documentation are
carried out during the whole lifecycle of the ontology development. The processes in IDEF add
more details about the METHONTOLOGY states and activities including the input, the output,
the control, and the mechanism for eaohcpss. The development stages are explained in detail

in the following paragraphs.

Initial stage: The initial stage of the ontology development comprises two sSiFpsess D1

Defining the scope of the EA@nto based on the requiremeritke requirements (@., terms, data
properties, and object properties) are collected from various sources, such as textbooks and online
resources. The developed ontology aims to address the @Gomop&uestions (CQ), such as: why

do we need to develop the ontology? Whattheedomains and the scope of the ontology? Who

are the users of the ontology? Answering these questions addresses parts of the requirements in
the earthwork domain, which arelated to the concepts and relationshigge answers to these
guestions are liked to each other. For example, the question about the need to develOptBW

gives an idea about how E@nto will be used by the users and for which purposes. Moreover,

the £ope of EWONto addresses the target users, which in turn will limit or extemddncepts

and the relationships included in E®@hto. Also, it gives an idea of the size of the development

and the level of detail that should be covered in-BWo. ProcesdD2: Defining concepts and
taxonomies for E\AONto. In this step, the data reldt® the ontology are gathered to construct

the ontology. Both previous steps require communication with and feedback from experts-and end
users in the domain. Furthermore, tis¢ of requirements obtained from reviewing construction
books and literaturéelps develop the ontology (e.dNunnally, 2004; Peurifoy et al., 2010;
Vahdatikhaki, 2015) These two steps correspond to tBpecification, Conceptualization,
formalizationand Knowledge acquisitions, METHONTOLOGY.

Integration process aims to reuse available ontologies, such as soil ontology and sensor
ontology that extend EV®nto to include other concepts and relationshipsifitegration process

will be consideredn Chapter 5

Development stagelrhe development stage includes two main stépscess ID3The first step
is developing the domain ontology. Depending on the maturity level and availability of ontologies
in a domain, a new ontology can be developed thgerean extension (or continuation) of other

pertinent ontologies or as a newdmpment. In this research, since there are no earthwork domain

45



ontologies, the ontology needs to be developed from scratoleess ID3Xorresponds to the
Implementatioin METHONTOLOGY. ProcestD4: The second step is to verify the developed
ontology. The verification of ontology aims to judge the ontology content from a technical point
of view (e.g., concepts, relations, scope, and taxonomy). The verification is partrétiynyeszl
using the consistency rules and competency questions. The result stefhis the serfinal

ontology, which is capable of representing the knowledge in the domain.

Final stage Process ID5:Maintenanceis covered in this stage. The developgteads the
ontology by adding rules and the regulations, such as earthefaiizd regulations fronOSHA

(OSHA 2020a) These regulations are used as constraints when formalizing the relationships
between the conceptSemantic Web Rule Languag®WRL) canbe used to translate these
regulations into a machirmeadable formaglan et al 2004) Process ID6The experts and end

users may either recommend new relationships or adjust the existing ones to improve the ontology.
Process ID7The ontology validatiomims to prove that the developed ontology complies with the

real world. Thus,His validation is carried out by domain experts and theuseds of EWOnNto.

Verification and validation are associated with the evaluation activity in METHONTOLOGY, and
are overed in Process IDehd Process ID7. A criterlaased evaluation method is dge evaluate

the EWOnto for different reasons: (1) EX@nto is not extended or built based on a previous
ontology; (2) There are no similar ontologies in earthwdwknain that can be used to perform
other evaluation methods such as the golden standadd(3arBecause there is currently no
application that can use the developed -EMito, the use of an applicatimased evaluation
method is not feasible. Process ID&iddmentationattempts to document each step to deliver the

ontology. This activity is camed out during the development of E@hto.
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Defining the Concepts andOnBwi | di ng Taxonomi

The basic concepts and taxomes in earthwork domain are discussed in this section.

4.2.2.1 BasicConcepts in Earthwork Domain

The concepts in the constriget domain are composed of different abstract groups olsated
Modeling LanguagéUML) (Bennett et al. 2001% used to create ¢hclass diagranfigure4-2
represents an overview of the main entities and their relationships i@E@ As shown in this

class diagrama team consistingof several pieces of equipment performsogeration Ead
opeaation consists of a number @rocessesand eaclprocessin turn, consists of a number of
tasks. Eaclaskcan be further decomposed into a numbeniafo tasksA projectis a collection

of operationsperformed by a firm or a group of firms tolider a product or a set of products
using resources for a known period. #perationis a group of associatgmocesseshat have a

start and end time to deliver a part of pnejectbased on a specific method. A composite operation

is a combination ofto or moreoperations An example of composite operations is earthmoving,
which is a combination of an excavation operation and a hauling operatpocAsss a group

of relatedtasksthat are performed to deliver detailed elementspbduct A taskis the essential
actions that are performed by equipment (e.g., for the hoe: digging, dumping, and relocating) or
labor. Each task consists of mie@asks, which describe each action performed by equipment in
detail (e.g., for the hoe: swing to diggingggiing swing to dumping, and dumping).micro-task
duration is usually in the range of minutes or seconds. Each entity in the class diagram has
relationships with other entities, and each individual of these entities has data propeeies:ah
coordinator, is the main supervisor on the construction siteanpervisesheteam coordinators.

A team coordinatotis responsible for &eamand deals with the issues related to his team. The
relationshipcoordinatedink theteam coordinatoand theeam Theteamis composed of two or

more pieces of equipment that perform a specific operation or process. For example, the excavation
team is composed of one or more hoe and one or more truck to move the soil from one place to
another. There are different factdhat govern the number and specifications of each piece of
equipment in the team, such as the schedule, cost, and quality of produdtsamiperforms
operations which lead to the products The performance guidelinegontain the rules and
regulations hat relate to safety, productivity, and qualibperatiors, processestasks micro-

tasks products site, andresourceshould follow these guidelines. Moreover, products, resources,
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and siteis equipped witlsensors The information, which are collectebout different entities,
can be used to build knowledge about these entities irOBEW, which in turn can be used to
improve the safety and increase the productivity.-Gwo can be represented through the

following main concepts:

(1) Entities Entities in EWOnNto consist oprojects operations processestasks micro-tasks
products resources and actors projects operations processestasks and micro-tasks are
concepts linked to each other through variousimiahips, such as@rojecthasopeaations an
operationproducesgroductsandusesresourcesandprocessearepart-of operations A Product

is the outcome gbrojects operationsprocessegasks andmicro-tasks Theproductmay consist

of subproducts, and each of them may belong different category. There are two categories of
products: physical products and Rpinysical products. Physical products are also divided into (1)
simple products, which are usually the outca@tthe level of task or micrtask, such as trenches,
holes,and documents; and (2) complex products, which are the outcome at the level of project,
such as roads or bridges. On the other handphgsical products are abstract components, such
as expeence and knowledge that workers and engineers acquire aeuiffevels. Aresource

can be expendable or reusable. Expendable resources are any materials that are consumed at any
level of a project, such as sand, cement, or water; whereas reusableagswarany resources

that can be reused, such as equipmentst or human resources. Antoris a type of entity that

can affect the state of other entities. For instancegparatoroperateshe equipment, and a hoe

is used for digging and changitige surface of the earth. There could be more than one actor
involved at different levels.

(2) Attributes Attributes in EWOnNto can be divided into three main types, namely basic, temporal,
and impact attributes. Basic attributes describe the main chastics of the individuals of an
entity. For example, the cagpity of equipment or an operator ID. These attributes do not change
duringoperations processegasks or micro-tasks Temporal attributes describe the entity from a
temporal point of view, rad they can be changed. An example of these attributesvsltiraetric
changes of the bulk materials (e.g., soil, rock, and clay). In other words, the volume of a certain
load may take different values during operations between natural conditions flace), after
digging, and after compaction. Impact atttdsiare those that are influenced by the effects of
another entity, for example, the changes in the stockpile areas as a result of volume swept by

excavation.
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(3) RelationshipsThe relationship in EWOnto are categorized into three main types: internal,
external, and transitive. The internal relationships are the relationships between different entities
and concepts. For example, the relationships between two or more pieces of equipmeat that ar
grouped to perform a specific process and the corteapt These pieces of equipment gat-

of this team. External relationships reflect the external relationships between the concept (e.qg.,
team), and another entity. For example, as showkiguire4-2, the relationshipbetween théeam

and the upper level of coordination, (i.general coordinatoy. Transitive relationships describe

the relationsips between entities that are not linked directly (@geratorandtearn).

(4) Modalities Modalities can be one of founain categories: management, situation, temporal
and engineering. Management modality is the description of an operation whiemgsb® one

of the processes of project lifecycle (initiating, planning, execution, monitoring and control, and
closing). $tuation modality is the description of operations, processes, and tasks. There are two
types of situation modality: planned and lammed. Operations, Processes, and Tasks which
should be performed based on a specific schedule and should have a stdttratan, and finish

time are called planned operations, processes, or tasks. On the contrary, unplanned operations,
processes otasks, which are not scheduled before their start time. An example of unplanned
processes is the process that is perfornted¢dpe with an emergency or a mistake in the
performance. Temporal modality is the description of an operation based on the atdte th
operation belongs to during a certain duration. Engineering modality is the description of
operations, processes, aagks. This description identifies to which discipline they belong (e.g.,

earthwork operation belongs to civil engineering).

(5) Strategies Strategies refer to mechanisms that are used to accomplish operations and tasks.
Strategies can be obtained fromeyious best practices for similar operatigRazuri et al. 2007)

In the earthworldomain, a strategy is composed of two typestk performing guideandwork
performing methodThework performing guideovers he techniques that are used to carry out

the operation at the construction site. For example, splitting equipment betwedpatwe
containing equal number of different trucks and excavators depends on some constraints (e.g.,
time, the size of work, equipent availability). Thevork performing methots a more detailed

description of how to perform an operation.
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(6) Rules and Ragdations AxiomsAxioms provide explicit logical texture betweeonncepts
relationships and constraint. There are three types afxioms: permissive axiomdransitive

axioms andconstraints and regulation axiom& permissive axiors confined to the axiom that
defines the simple meaning of concepts in the ontology. For example, the meaning of unplanned
operation, which is an opetion that is performed when accidents occur and lead to tasks that are
originally not scheduled. &ansitive axioms the axiom that transfers from one level to another.

For example, an operation is complete if and only if all tasks that belong toptngtion are
complete. Aconstraints and regulation axiomase the axioms that can be expressed in phogx

way using the rules. These rules should be followed by the different stakeholders of the project.
The references to these types of axioms aralgn&tiom organizations, such as OSHASHA

2020a)and the best practice records.

4.2.2.2 Developingthe Earthwork Taxonomies

Based on the concepts definedsgrtion4.2.2.1 the next step is to build the main taxononiies
EW-Onto. These are (1) the classificatof earthwork equipment; and (2) the classification of the
projects operations processestasks and micro-tasks These classifications are presented in

Figure4-2 as ahigh-level structure and will be explained in the next sections.
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Earthwork equipment taxonomy: The equipment classification will ¢ditate the development
of EW-Onto. This classification is used to build the taxonomy related to the equipment-in EW

onto, which is Process ID2 in the methodology.

Figure 4-3 provides some details about the equgmiand its related properties. In the class
diagram, extended details are added to the excavator as an example of the classification levels. The
properties listed underarthwork equipmertlass are related to all earthwork equipment. Under
theexcavatorclass, the properties are more specific for the excavator, sbeitlkeicapacity and

counterweightlearance.
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Earthwork Equipment

-id:STring

-nameString

-sizeString

-capacityDouble
-weightDouble

-statusString

-level of intelligenceString
-movement mechanisi@tring
-type of attachmen$tring

Excavator

Dozer

-counterweight clearandeouble
-on tracksBoolean

-type of attachmerf$tring
-bucket capacitsheapedDouble

-max speedDouble
-track shoe widttDouble
-width of tracksDouble

Hoe

-max dig depttDouble
-max cutting heighDouble
-max reach on grounBouble

Shovel

-max dig heighDouble
-max travel speedouble
-tail swing radiusDouble

Loader

-height to top of catouble
-reach at dump heigiidouble
-turning radiusDouble

—T=> Generalization

Scraper

_~ -heaped bowl capacityouble
-max depth of cuDouble
-max working spee®ouble

Grader

-wheel lean angl®ouble

> -ripper.Boolean
-max blade angl®ouble

Compactor

[ ~{ -double drumBoolean
-smart compactoBoolean
-static tipping weighDouble

Truck

L~ -dump angleDouble
-dump speedDouble
-max loaded speedouble

Figure4-3 Earthwork equipment class diagram

Figure 4-4 illustrates the he parts asan example of the parts names and the details of the
equipment. Each part has its own data properties, which affect the performance and limit or extend

the functionality of the equipment. Modetailed data properties are listed under eacfciass of

excavatoy such as maximum dig depth and maximum reach on the ground.
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Figure4-4 H o endai parts

Figure4-5 showsavisual example of earthwork equipment classification as a tree.
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Figure4-5 Example of classification for equipment
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Taivalsaari, (1996emphasized thahere are no general rules that can be used as the basis for
objects classification. In the earthwork domain, different equipment can be classified using
different criteria. For exampl&jgure4-6(a) depicts the classifications that can be utilized for hoes
based on different points of view. As shown Rigure 4-6(a), if the size is used for the
classification, then equipment 3 and 4 are classified as l@rgthe other hand, if the movement
mechanism is used for the classification, then equipment 1, 2, 3 and 4 are under the same class
because they am@dl mounted on tracks; and equipment 5 and 6 are mounted on wheels but have
different attachments (i.egrapple and buckgt Figure 4-6(b) shows another example of the
classifications that can be utilized for compaction equipment. Different compaction methods can
be used irdifferent applicatios (e.g., asphalt or subba), and different equipment with different

sizes, either smart or regular, use these methods. These various classifications lead to the need for
creating an unambiguous way of classifying the equipmeheiearthworkdomain

EW-Onto contains the dataqperties of each type of equipment. This information, in turn, can be
used to classify the equipment according to different perspectives. For example, each piece of
equipment is classified based on the size usagpizeelationship that can take the vatusmad|

medium, and large. Using the SWRL rul€&atthwork Equipment (?EWE) “hasSize
(?EWE,"small"}->Small (?EWE))all the pieces of equipment that are small will be inserted into

the classSmall. Moreover, using theDescription Logics(DL) query (Tudose et al. 2013)
Earthwork_Equipmenand hasSizevalue "small” gives a list of small equipment regardless of
other properties.
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intelligence
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Method of
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Application

Single smootkdrum
Dual Smoothdrum
Paddrum vibratorv

(b)
Figure4-6 Examples of faceted classifications for hoes (a) and compaction equipment

The aboveamentioned classification of equipment can be extended to consider the level of
autonomy of the earthwork equipmefis mentoned in the literature review, the 0 to 5 autonomy
scale of SAE (SAE 2018) can be adapted for earthwork equipment classifiddteievel of
autonomy is linked with the Degree of Freedom (DoF) that the system can control. As shown in

Table4-1 the autonomy in earthwork equipment can be classified as follows:

1 Level O0:There is no automation at this level and the equipment is fullyraltad by the
operator.
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Level 1: The system focuses on a single DoF and helpspie@tor to perform the task

(e.g., by showing the operator of the excavator the required level of the blade on the screen
based on the GPS position and design data). €hel Is the starting point of AMG and
sensor involvement in operating the equipment

Level 2: At this level, the equipment is partially automated. In other words, the system is
controlling multiple DoF simultaneously (e.g., controlling the level and angle of the blade
of a grader). The system still requires the operator involvementvimgithe equipment

and recovering from a potential failuwt this level, the equipment type is shifted from
AMG to AMC category and more involvement of the sensors in operating the equipment
Level 3: The equipment is conditionally automated. At thisl|ehe system is capable of
controlling multiple DoF simultaneously under some conditions (e.g., the system controls
the Boom and the Bucket, while the operator controls the Stick). The operator is required.
Level 4: the equipment is highly automatetie Bystem executes the tasks under a certain
condition (e.g., a specific speed) and the operator remotely monitors the equipment. At this
level, the system is able to cope with the unexpected disorder and does not require the
operator's assistance excaptase of a potential failure.

Level 5: the equipment is fully automated. The system can complete the tasks under any

conditions without an operator.
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Table4-1 Proposed autonomy levels for earthwork equipme

Level 0 1 2 3 4 5
Description . . . . . Conditional . . .
No Automation Driver Assistance Partial Automation . High Automation Full Automation
Automation
Automated . . . AMC With Partial AMC with Remote . .
Functions Regular Equipment| AMG With Operator | AMC With Operator Operator Control Monitoring Robotic Equipment
Example : -2 —

The Cat 308 CR
excavator.
(Caterpillar, 202).

Dig assist from
Volvo (McLean,
2019)

The 14M3 Grader
from Caterpillar,
automatically
controllingthe blade
(Holling and
Johanna, @16).

Trimble earthworks
grade control
platform Version 2.0
(Fox, 2020).

Scania AXL, a new
cabless concept truck
(Scania, 2019)

The NASA
Di g g e rvator €
(Bauman et al.,
2016)
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Defining the autonomy level of the equipment provides a consistent classification. Thus, the
equipment could be classifidthsedon these levels beside the other classification mentioned

above. The equipment with different levels of autonomy could be used at the constructiongprojects
different operations from cleaning, earthmoving, embankment construction, compaction, and

grading.These operations are explained in the next paragraphs.

Project taxonomy: In earthwork domain, there are different typespobjects operations

processedasks andmicro-tasks This hierarchy was briefly describedSection4.2.2.1

There are several operations in earthwork domain. The next paragraphs explain these operations
based on the sequence of performing them énsite(Delaware Department of Transportation
2020) These operations are: (1) cleaniagd grubbing; (2) earthmoving, which covers the

excavation and hauling operations; (3) compaction; and (4) grading.

Cleaning and grubbing: Figure4-7 shows the processes related to the cleaning and grubbing
including: (1) checking the project plan and design documents that contain the details of this
operation (e.g the limits and boundaries of workspaces); (2) checking the obstructions and the
materials in the boundaries of the site; (3) checking and deterntirerigcation of underground
facilities (e.g., electric cables, sewage pipes, and gas pipelines) tbtleaisk of accidents; (4)
selecting the suitable equipment and method based on the materials, boundaries and planning
documents; (5) performing théeaning operation. A hoe could be used as a cleaning machine if
the bucket is replaced with a hammemgoapple attachments; (6) A hoe can be combined with
trucks as a team for cleaning and hauling earth from the site; and (7) validating the cleaned site

using design documents until the results are satisfactory.
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Figure4-7 Cleaning andyrubbing
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Earthmoving: Earthmoving is a composite operation combining the excavaimh hauling
operationsand is categorized into two types based on the performed work. Whepetation is
performed to dig up and haul the soil, it is calbedt whereas placing a portion of the excavated

soil to form an embankment is callé. Figure 4-8 indicates the processes to perform the
excavation and embankmenbnstruction (1) Identifying the excavation and embankment
constructiorboundaries, which is one of the main factors for selecting théokugguipment. For
example, the distance between the cut and fill locations is needed in order to choose the equipment
to perform the cut and fill operations (i.e., scraper, dozer, or a combination of trucks and
excavators); (2, 3) Identifying the typesdaamounts of the flousing the design and planning
documents, and selecting the specific type and number of equipment; (4) The operation is
performed according to the rules and regulations related to the earthwork operations (e.g., OSHA
regulationg OSHA 2020a); (5) If theoperation iscut, the excavated soil is disposed and hauled

to the dumping area; (6) In case the operatiditi,ighe soil is hauled to the desired locations; (7)

The soil is tested to check the required specification; (8) In theotasadway excavain, where

the soll is usually obtained within the boundaries of the earthwork site, if the soil is not enough for
the embankmertonstructiorportion, extra soil must be imported from other places; (9) In some
cases, the soil needs te breated to copeithh the uncontrollable effects (e.g., the weather) by

applying the stabilization processes.
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Compaction: Figure4-9 indicates the steps for performing the compaction operation. The steps
start with (1) identify the soil; (2) based on the type of the soil, the suitable compactor is selected;
(3) the compaction processes is performed wagpect to the rules and regulations related to
compaction (i.e., a specific compaction method for a specific type of soil); (4) the compaction
density is tested and the compaction process proceeds till thieetegensity is achieved. It is
necessary torlow the classification of the soils to identify the suitable equipment and method to
increase the level of productivity and quality and decrease the operati¢gReastoy et al. 2010)

In road projects, thsoil affects the road stability, supports gteicture and distributes the forces

on the road.

<>

Database g
Soil . . available
identification | [1] Identify excavgtlon or equipment
borrowed soll :
test (Tamping
[2] Select compaction pr:(;t?rr]’atic
equipment and method .
quip tired,
Rulels and | v compaction
regulation
o [3] Perform compaction yvhegl
> vibration
compactoy
A 4
[4] Test compaction density« Test and
control

Consider other
compaction types|
and factors

Required density
achieved?

Figure4-9 Compactioroperation
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Grading: Graders are used for moving, leveljrspreading, and mixing the soil, which is not
considered as a heavy excavation operation. In some operations, other equipment, such as a
trimmer, is used to perform the grading operation (e.g., grading the canal §lgpeg 4-10
illustrates the steps to erm the grading operation of layers in road projects, which include: (1)
identifying the course soil and the boundaries of the vpars by checking the project plan and
design documents; (2) selecting the suitable grading equipment; (3) performingdimg gaking

into account the rules and regulations that are related to grading operations; (4) performing the
compaction process algside the grading process specially for the course soil layers; (5) testing
the moisture level of the soil using diffetenethods, if the level of moisture is not satisfactory, it

can be controlled by adding water or leaving the soil to dry; and (6)thé&esuitable level of

moisture is achieved, other specifications are tested ( e.g., slop degree, and soil stiffness).
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ExamplOpeofti on ReapmVeGnetnot ati on

As an example of representing earthwork operations, related processes, and the resources used to
acconplish these processdsigure4-11 shows a partial representation of earthwork operations.

The figure describes the compaction operation at two levels: the upper level, which is structured
as a template, includesetlgeneral decription of the processes under this operation using the
isNextProcessOfand isPreviousProcessQtlationshipswhich link a certain process with the

previous and next processes, respectively. It also describes the operatiohas§)egcripbn
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relatiorship. The lower level represents the instances of this class. As an exaeptiécation
soil process is an instance identify excavation or borrowed sqgfocess at the template level.
Moreover, at the instance level, the resources tieaised to erform a process are linked through
theuseResourceelationship. For exampl&€ompactor_1which is aninstanceOfTamping roller,

is used to perform the compaction process.

EW Operation

JAN

[ [ I
|Cleaing and Grubbing| | Excavation | | Hauling | |Compaction| | Grading | | EWEquipment|

[ 1 1
Compaction Operation ifyi
P p Compactor Scarifying teeth
on grader
IsNextProcessO Identify excavation or borrowed soil ;
IsPreviousProcessf Select compaction equipment and method
(- hasProcess
Perform compaction |
Test compaction density Single smootl Tamping
— - - - drum roller
hasDescription | Compact soil to desired density :
instanceOf

ID01: Compaction Operation

I
|
instanceOf |
|
i

IsNextProcessO IDO11 Identification soil Process

. - - useResource
IsPreviousProcessof ID012 Select suitable equipment and methed Compactorl
(- hasProcess =

ID013 Compaction process
ID014 Nuclear compaction test

hasDescription | Compact soil to desired density

Figure4-11 Partial presentation of compaction operation

Figure4-12 shows the extended class diagram of the levels in\W@. This figure illustrates the
project operation processtask andmicro-taskclasses. The upper level presents the operations

in eathwork. The next level includes the processes and their instances. Excavation process with
id ID014, is an example of an instance of an excavation process. The task level presents the list of
tasks, with are under one process (i.e., ID014 Excavation ps)cd&ach task has id, which
extends the id of the related process (e.g., Digging id is ID0141, and dumping id is ID0142). Micro
tasks level includes all the mictasks that are related a task. Eadktextends to the list of micro

tasks. For example,eitask ID0141 Dig is extended to the mitagks: ID01411 swing to digging,

and ID01412 dig. At each level, the different processes, tasks, andtaskrsoare linked through

thelsNextandlsPreviousrelationships.
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Excavation Operation
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IDO1: Excavation Operation

ID011Z Identificationboundarie$’rocess
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ID0141 Digging Task

IsNextMicroTaskOf
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ID01411 Swing to digging

IsPreviousMicroTask!
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Figure4-12 Extended diagram of project decomposition levels in-GWio

69



To clarify the need forepresentingnicro-tasks, a hoe is used to explain the varimwyements

that the hoe has, which can generate various potential Tiskke4-2 shows the tasks, thmicro-

tasks, and the related risks for th@e The table also contains the definition of each miask,

andthe potential risk that may occur when the equipment performs the-tagks. For example,
a hoe working in the limited workspace (e.g., nexa tcongested road) needs to avoid the traffic

it is moving. These risks need to be considered by differeniciparts in the task (e.g.,

coordinators, operators, and planners). Providing these details in an explicit formalized way can

help avoiding posBle accidents and delays.

Table4-2 Micro tasks and related rigkr hoe

Task | Micro-task Definition Potential Risks
o Swing to The hoe swings toward th Hitting otherequipment, moving vehicles,
g_ digging stockpile objects (e.qg., barrier) or workeos+foot
>
« , The hoe hits the stockpilg | ,.... - .
Dig to fill the bucket Hitting underground utilities (e.g., power lineg
', Swing to The hoe swings toward th Hitting otherequipment, moving vehicles,
5 dumping dumping area objects (e.qg., barrier) or workeos+foot
% The hoe empties the Hitting other equipment (g., truck), objects or
Q Dump
bucket workerson-foot
Py
% Move to The hoe moves to a new | Hitting other equipment, objects, workeys-
I another . e
o . location foot, or utilities
= location
5

Based on the understanding of the nature of the operations and tasks, theteoisfactors and

limitations that affect the selection and the usage of the equipment in eartpeoakion, such as

ava

il abil

ity, the equipmentdés ability to

the equipment in the future, and awaaility of parts and services.

4.3 1

This section covers the developmeof EW-Onto to clarify how the ontology components,

MPLEMENTATI ON OF

PROPOSED ONTOLOGY

including the unified equipment classifications and the hierarchies oPrbiect, Operation,

ProcessTask, and Micrelaskare implemented in EV®Onto.

per f

Various tools are available for building an ooy. These tools can help define new concepts and

relations or extend an existing ontolo§yotégéand OntoEdit are examples of these development
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tools. DLis the formalism for the knowledge representation that providesléngth descriptions

of the worl for intelligent system¢Baader et al. 2003Web Ontology Language (OWL) is a
language designed to give the ability to the applications to process$direation in a way that is

also readable by humalslcGuinness and Van Harmelen 200RDF is a stattard model for
interchanging the data. RDF provides a description model using the triple form that contains three
elements: subject, predicate, and obj@dbrridge et al. 2009) EW-Onto is available at
https://www.ew-onto.info/. The RDFfile areshownin AppendixA.

In this research, Protéd&usen 2015was chosen as the development environment. From a
practical pant of view, Protégeé is a stable, well supported, and updated platform for developing
ontologies. Protégé is a free development environment that is used to build the knowledge model
for a partcular domain. Protégé (version 5.2.0) is used to create an@&E\wd®nto including

classes, object properties, data properties, instances, and to add the rules. Protégé has a number of
free plugins that can be added to the environment (e.g., SWRL rulaesrigellet, and HermiT
reasoner)lan et al. 2004)Figure4-13 shows a patrtial class hierarchy of EWito presented in

Protégeé.
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v

- Project
k- Resource
b0 Safety
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- Work_Performing_Method
Work_Performing_ Guide
b0 Task
-~ Technique

Figure4-13 Example of EWOnNto class hierarchy in Protégé

Figure4-14 shows a partial hierarchy of EX@nto thd illustrates the classifications of earthwork

equipment.
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Figure4-14 Partial hierarchy of EMOnNto for equipment

Figure4-15(a) illustrates a portion of OWL visualization of the developed@Hto related to the
equipment. Each node represents a superclass or subclass, and their relationships through the
subsumptions relationships (e.g., Hoe Excavator). Thether relationship ibasa relationship

(e.g., HoehasBoom, andhasBucket). In EWOnto, each subclass may contain more subclasses
based on the level of detail and the scope of the ontology. An individnddec@reated with

specific properties (e.g.ame, ID, and serial number). Pieces of equipment are related as a team

in EW-Onto, the relationships between the equipment and its team can be expresseatyf
relationship to show the pieces of equipmiatt are part of a tearfrigure 4-15(b) shows the

result of the query over the ontology about the equipmentdRattOfa specific team, which is
Team®12 The result of this query is a list of pieces of equipment, including two hoes (i.e.,

EquipmentHoe-0010andEquipmentHoe-0020.
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(b) Example of query of equipment involved in a team.
Figure4-15 Examples of visualization and queries in EMdto

SWRL povides a formal humareadable syntax format that can be used to translate the
regulations to a machirreadable format. Thus, the reguteis that are related to the earthwork
domain are written in the SWRL language to represent some definitions oedhfdasses or
classifications. The following SWRL rule indicates that a scraper is the suitable equipment for

earthmoving operation withdistance in the range of 500-f2 miles (152" 3,219 m).

EarthMoving_Operation(?EMO)"Operation03(?Ope03)"isTypeOpe03, 7EMO ) isTypeOf
(?eq,Equipment)*hasDistance(?0Ope03, ?dis)*swrlb: lessThan(?dis, "3219"xsd:int) *swrlb:

greaterThan(?dis, "152"sd:int}->Scraper(?eq)"Suitable_equipment (?eq,?0Ope03)
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44 EWONTO EVALUATI ON

Evaluating the developed ontology is onetled main steps in the ontology development stage.

The ontology can be evaluated by the related experts ardsensl The evaluators showldeck

if EW-Onto is able to answer the Competency Questions (CQ) listed in the initial step in
AOvervi eOntoddv eElwo pment Wor kfl owdo section. Answe

stages is an appropriate means of evaluating the developed ontology.

Consi Ctheercdkyi nr s ®g @
Protégé editor contains different description logic reasoners, such as Pd€li€t;+ and HermiT.
In protégé, the reasoner is used to perform the verification process and check the consistency for
EW-Onto. Pellet chedkthe relationships amongst the classes, finds the implicit relationships
between them, and provides rule support.eXkample of the class axiom that can be checked by
the reasoner is the disjoint cl asshesanetanei om,
an instance of two classes. Pellet reasoner was used durk@nEWevelopment stage and gave
the explaation of some inconsistencies in the ontoldggure 4-16(a) shows the explanation
results of the inconsistency assertion inMto. As illustrated in this figuréjoeandShoveklre
stated a®isjoin Classes. Térefore, the reasoner shows an inconsistency EeipmembD256
belongs to both classes at the same time. Another example for the relationship inconsistency is
when thehasLocatiorrelationship is stated &unctionaxiom, which means an inddual can be
linked with another individual only once using this relationship. Therefore, and as illustrated in
Figure 4-16(b), the EquipmertHoe-0010 hasLocation Dumping_zondhe reasoner shows an
inconsistency when the sarequipment is related withasLocatiorrelationship to another value

Excavation_zone

These results were used as feedback and input to the process ID3 to fix them in the development
stage before moving to the final stage. Pellet reasoner checks the shligioraxioms, classes

and find the implicit subclasses in E@Ato.
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. . £ Incansistent ontology explanation X
|£] Inconsistent ontology explanation X = gy exp

* Show regular justifications = All justifications
* Show regular justifications = All justifications UL )

o . o . Show lacenic justifications Limit justifications to
Show laconic justifications Limit justifications to
Exp|anation 1 Display lacenic explanstion
Explanation 1 Display lsconic sxplanation - — :
Explanation for: owl: Thing SubClassOf awl Nothing
Explanation for: owl:Thing SubClassOf awl:MNothing Dumping_zone DifferentFrom Excavation_zone ALL
Hoe DisjointWith Shovel Equipment-Hoe-0010 hasLocation Excavation_zone ' ALL
Equipment-D256 Type Shovel Functional: hasl ocation NG
Equipment-D256 Type Hoe Equipment-Hoe-0010 hasLocation Dumping_zone ALL
(a) Class inconsistency (b) Relationship inconsistency

Figure4-16 Examples of the inconsistency results using Pellet reasoner in Protégé

Th8urvey
The survey aims to evaluate the adequacy of the semantic representation of the concepts,
taxonomies, and relationships, focusing on the following criteclarity, accurag, and
comprehensiveness.Airvey is sent to experts, selected based on their knowledge in construction
and familiarity of using information technologies in construction. The survey includes thirteen
guestions, which are related to thef@iént componestof EW-Onto. These questions reflect the
C 0 n c eqvdraggiaxonomies, faceted classifications, and semantic relationships between the
classes. They also aim to measure the clarity, comprehensiveoegdeteness, usefulnessd

accuray of EW-Onto.

Table4-3 lists the survey questions and examples of the provided comments. Some of the figures
and tables included in thiesearchwere provided in the survey to present the ontology to the
respondents. A fivpoaint Likert scale is used (except for Q3 and Q5) to get quantitative values of
the answers (1 being strongly agree, very clear, or utmost comprehensive and 5 being strongly

disagee, not at all clear, or missing a lot of concepts).
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Table4-3 The evaluation questions and examples of the comments

Q.No The questions
Q1 Name, organization, area of expertise, and yeaggmérience.
Q2 Figure4-5 shows an example of anrdavork equipment classification. Does this figure capture the concepts that are
to the equiment in an extensive taxonomy?
o 1 Strongly agreeo 2 Agree © 3 Neither agree nor disagre® 4 Disagree© 5 Strongly disagree
Comments:
AFor eahtebwefkptsand padfoot rollers are often usedqd
Q3 Figure4-6(a) and (b) show examples of faceted classifications that can be utilized for hoes and compactors based ¢
criteria. What other criteria do ydhink could be used to add more classifion, and to which level of detail?
Comments:
-iThe fuel type and the weight of the equipmento.
-AhSpeed, fuel consumpti on, and price can be consid
aspectso.
-AFor ¢ omp a c tf mtellgencetcduld belmere spécifie.,| ocati on only, density
Q4 | Figure4-4 andFigure4-15a), which aref ocusi ng on hoes, show a hoeds m
relationships among these parts in EWto as presented in Protégé. Bagouping the different parts as a system (¢
hydraulic system) facilitate the semantic presentatioBE8NONto?
o 1 Strongly agreeo 2 Agree © 3 Neither agree nor disagre® 4 Disagree© 5 Strongly disagree
Comments:
-Al think grouping the parts can add more understan
Q5 Figure4-12 showsthe extended diagram of project decomposition levels inR@WH. To which level of detail should EV|

Onto be designed?
O Operation level © Process level 0 Task level 0 Micro-Task level

Comments:
-AThe | evel of detail i s odomegrmdi ng on the purpose o
-Al think all |l evel s are necessary, but applicabl e

-ifDesired LOD depends on the use caseo0.
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Table 43 The evaluatiomuestions and examples of the comments (Cord)nue

Q.No. The questions
Q6 Table4-2 shows the tasks, Micfbasks, and the source and potential risks for a hoe. Do you agree that it is appro
allocate the risks at Task and Mi€fask levels to better manage the sabdtgonstruction sites?
o 1 Stronglyagree o 2 Agree © 3 Neither agree nor disagree© 4 Disagree © 5 Strongly disagree
Comments:
-fhAt these |l evels, the risks are more |ikely becaus
-AThi s d edloeadtionéodasks and rkictasks should not affectthesnp | i ci ty of useo.
Q7 Figure4-2 shows the highevel structure of EMONto using UML Class Diagram. The Figure captures the main class¢
represent the key concepts in earthwork domain based on the liteeafiese. IRegeding the concepts and the relationsh
between these concepts, do you find this representation clear?
o0 1 Very clear © 2 Clear © 3 Somewhat clear © 4 Not so clear © 5 Not at all clear
Comments: No comments
Q8 For the samerevious FigureKigure 4-2), regarding the concepts and the relationships between them, do you fi
representation comprehensive?
1 Utmost . 3 Somehow . 5 Missing a lot of
comprehensive o 2 Comprehensive o comprehensive o 4 Not comprehensive o concepts
Comments:
-AiFor the main concepts and relationships, | think
Q9 After you check the concepts and the relationships presented BQriEdY Does the ontology include thedevant concept

and their lextal representations?
o 1 Strongly agree © 2 Agree © 3 Neither agree nor disagree© 4 Disagree © 5 Strongly disagree

Comments:
I n the earthwork domain, yes. Foirn ft hrematoinesrit rtuac ta

Ontol ogy neetdlett ocomnt mlkogvi¢dh rel ated to the domain

fi
A
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Table 43 The evaluation questions and examples of the comments (Cajtinue

Q.No. The questions
Q10 | Do you agree that EMDnto captures and accurately représéine knowledge in the domain?
O 1 Strongly agreeo 2 Agree © 3 Neither agree natisagree© 4 Disagree© 5 Strongly disagret
Comments:
-ilt I s easy to | ocate the concepts in the hierarch
Q11 | Does EWOnto represent the concepts and relationshipsaay that can be used in applications in the earthwork dom
o0 1 Strongly agreeo 2 Agree © 3 Neither agree nor disagrt© 4 Disagree© 5 Strongly disagres
Comments:
-Ail think the ontology can be integox.ated with datahb
Q12 | Do you agree that integrating E@hto withother computerized systems, such as Mifent Systems (MAS), will enhanc
the communications between the different disciplines to improve safety and productivity in earthwork operations?
o 1 Strongly agee © 2 Agree © 3 Neither agree natisagree© 4 Disagree© 5 Strongly disagres
Comments:
-ARAl so, to support distributed decision support sys§s
-ihOnt ol ogy can be used for more applications to i mp
Q13 | Some examples of OSHgafety regulations are translated to axioms in-GWo. Do you agree that adding these regulat

will improve the usage of EVOnto in safety applications?
o0 1 Strongly agreeo 2 Agree © 3 Neither agree nor disagr© 4 Disagree© 5 Strongly disagree

Comments: No comments
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Table44shows the respondentsdé profil es.

The

experience in construction and a total of 160 years of experience in ationntechnology and

ontology reseaih.

Table4-4 The respondendprofiles

Number of . Years of
respondents Areas of expertise experience (total)

3 Civil engineering and construction management 49

2 Facility management 32

6 Construction 66

4 Architecture 65

6 Project management 68

15 Information technology applications in earthwork| 145

1 Asphalt process control 12

3 Ontology researcher 15

40

Table4-5 lists theresults of the survey answers. Questions Q2 to Q9 are about the classifications

of the equipment, the concepts representation inr@Wo, and the relationships between them.

For Q2,94.7% of the respondents strongly agree or agree with the classifichati@enuipment

in EW-Onto. Q3, which is related to the faceted classification, received different comments. The

comments emphasized adding other classification criteria, such gistwael consumption, and

cost. For Q4, 89.4% of the respondents stroragisee or agree that EX@nto is providing the

semantic representation through the relationships between the concepts. For Q5, which assesses

the respondent s 6 ndhe préjestrcanpdsitiop kevels, mestanswere selecied
thetask level (324%), followed by the micraask level (29.4%), then the process level (20.6%)
and the operation level (17.6%). Q6, which is related to safety risk allocation at different levels

(i.e., tasks and micrtasks), got 84.2% strongly agree or agree responbesariswers emphasize

that the risks should get appropriate allocation at task and-taiskdevels. Q7 about the clarity

of concepts and the relationships between them in(\W gd 63.1% very clear or clear

responses. Q8 about the comprehensive coveratiee concepts and the relationships in EW

Onto got 73.7% utmost comprehensive or comprehensive responsessfdeseshow that there

are somssignificantvalues of standard deviation for Q7 and Q8, which could be explained by the
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lack of familiarity with ontology aspect€9 is asking if EWWOnNto presents the lexical values of
the concepts in the domain. The questgmt 81.9% strongly agree or agree regasn The
comments highlight that linking EM@nto with other related ontologies could add more

information.

Questions Q10 to Q13 aim to evaluate the accuracy and usefulness@hteWQ10 about the
accuracy of the representation of concepts and thdarships in EWOnNto received 95.4%
strongly agree or agree responses. Q11 about the usefulndsg/-@fnto in developing
applications got 91% strongly agree or agree responses. In Q12, the experts were asked if they
agree thatntegrating EWOnNto with oher computerized systems, such as Maiient Systems
(MAS), will enhance the communications betwéles different disciplines to improve safety and
productivity in earthwork operation§12 got 95.5% strongly agree or agree responses. The
respondents hidighted the different applications where E@hto can be used, such as,
distributedDecision Supporty¥stem(DSS), supply chain, resource allocation and the applications
related to quality monitoring. Q13, which is also about the usefulness of th@rEWN safety
applications, got 100% strongly agree or agree respombesgraphical representation ofeth

results is shown in Appendix B.
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Table4-5 Distribution of the responses

Q. No.| Ave. | SD Results
Q2 1.841 0.49 Strongly agree Agree Neither agree nor disagree Disagree Strongly Disagree
' ' 21% 73.7% 5.3% 0% 0%
Q4 1.74 | 0.64 | _Strongly agree Agree Neither agree nor disagree Disagree Strongly Disagree
36.8% 52.6% 10.6% 0% 0%
Q5 NA | NA OperationLevel Process Level Task Level Micro Task Level
17.6% 20.6% 32.4% 29.4%
Q6 1.58 | 0.75|_Strongly agree Agree Neither agree nor disagree Disagree Strongly Disagree
57.9% 26.3% 15.8 % 0% 0%
Q7 205! 0.94 Very clear Clear Somewhat clear Not soclear Not clear at all
36.8% 26.3% 31.6% 5.3% 0%
Comprehensive Somehow Utmost Comprehensive Not Missing lots of concepts
Q8 2.16|0.74 Comprehensive Comprehensive
57.9% 21% 15.8% 5.3% 0%
Q9 2141 0.46 Strongly agree Agree Neither agree nadisagree Disagree Strongly Disagree
4.6% 77.3% 18.1% 0% 0%
Q10 | 1.77|0.52 Strongly agree Agree Neither agree nor disagreg Disagee Strongly Disagree
27.3% 68.1% 4.6% 0% 0%
Q11 | 1.68|0.63 Strongly agree Agree Neither agree nor disagree Disagree Strongly Disagree
41% 50.0% 9 % 0% 0%
Q12 | 1.64| 0.57 Strongly agree Agree Neither agree nor disagreg Disagree Strongly Disagree
40.9% 54.6% 4.5% 0% 0%
Q13 | 1.50| 0.5 Strongly agree Agree Neither agree nor disagree Disagree StronglyDisagree
50% 50% 0% 0% 0%
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45DI SCUSSI ON ABOUT THE RESULTS OF THE SURVEY
The hypotheses mentioned in the introduction have been verified througlesteonnaireTable

4-6 shows each hypothesis and the related questions. The answers to these questions have high
positive values. As illustrated in the table, the first hypothesis is about the concepts and the
relationships in EWONto and the level of acceptance by the experts and thesensl The
answers show that EM@nto is representative of the concepts and the relationships of the
earthwork domain, with some room for further extensions for@wb coverageypadding more
concepts and relationships. The second, third, and fourth hypotheses are about the practical
implications and the benefits of E@nto. The answers show high acceptance of the practical
implications and benefits that EX@nto provides. These swas emphasize that EM@nto
constitutes a core earthwork ontology that can be used as a basis for developing further applications

for the management of earthwork operations.

Table4-6 The hypothesesandthlat ed questi onsd r

Expected benefits of EWOnNto Related questions in the survey (% of positive
evaluation)

Link and identify the relationships | Q2: Classification of the equipment (94.7%)

between concepts, define earthwoll Q4: Semantic representation (89.4%)

semantics, and classify knowledge Q7: Clarity of concepts and the relationships (63.1%)
a hierarchical wanccepted v . _ o
experts and endsers Q8: Comprehensive coverage (73.7%)
Q9: Lexical values of the concepi®1(9%)

Q10: Accuracy of therepresentation (95.4%)

Facilitate the management of Q12:Integrating EWONto with other computerized systems,
earthwork operations and simplify such as MAS, wilenhance theanmunications betweer
information exchange and the different disciplines to improve safety and
interoperability between currently productivity in earthwork operation®©%.5%)

fragmented systems

Il ncrease t he st gQ5:Project compositionlevels (N.A)
knowledge of earthwork operations Q6: Safety risk allocation (84.2%)
through the provision of the
information, which is structured in
the context brobust knowledge

Help developing platforms for easy| Q11: Usefulness in developimgplications (91%)

integration of various types of data| Q13: Usefulnesi developing safety applications (100%)
towards different goals.
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46 SUMMARY AND CONCLUSI ON

The communication issues and the relationships between the entities in the project play a
significant role in earthwork projects. The developed -BEMto deines the concepts and
relationshipsin the earthwork domain. The conceptual ontology elements and the different
classifications of equipment in this domain are presented. The hierarchies@niMvhich are
related to the resources (e.g., equipment) toel different project levels (i.egperations,
processes, tasks, and mitasks) are built. The scope of E®Ato is explained to illustrate the

boundaries of related technologies that will benefit-Eito.

Based on the literature review, it was found tinere is no ontology focusing dhe earthwork
domain. The development of E@nto started from defining the concepts and building taxonomies
for earthwork operations and equipment following the METHONTOLOGY approach. In addition,
several rules have beaxtracted from safety codes and Iempented as SWRL rules. The
ontology has been implemented using Protégé. The consistency -@iriMhas been checked

and it has been evaluated using a survey.

The following conclusions can be stated: (1) The METHONTOLOGY approach was effective in
the development of EWONto; (2) The results of the evaluation show that-BYo was able to

give a clear, accurate, and comprehensive understanding of the concegttajrdsnaxioms, and
relationships in the domain; and (3) The respondents provided faverailation of EWWOnNto

in developingpractical applications by integrating various types of knowledge.
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CHAPTER 5 EXTENDING EARTHWORK ONTOLOGY TO ENHANCE
OPERATION SAFETY

511 NTRODUCTI ON

Ensuring workers and equipment safety is a vital concern in the constructiomdécwording

to theOccupational Safety and Health Administrat@SHA) (OSHA 2020a) about 21.1% of

work fatalities in 2016 occurred in construction. Ignosiadety regulations, weather, and reckless
equipment operators are the main factors that leadc¢idents on construction sif@¥illiams et

al. 2018) In addition to the loss of lives, these accidents affect all aspects of the construction work,
including schedules, productivity, costs, and the reputation of construction firms. In earthwork
operaions, which account for 20% of the total cost of rbaidlding projectdSmith et al. 1996)

the most hazardous operation is excavation, especially trenchingg atm@dents include cave

ins, toxic atmospheres, and fal@SHA 2020b)

To reduce the occrence of construction accidents, OSHASHA 2020c)has developed a
technique called Job Hazard Analysis (JHA)identify, evaluate, and control these types of
hazards(Zhang et al. 2015}t is one of the various methods used to check if the differelatles

related to workers, tools, equipment, and the environment are according to regulations and rules.
The data collected from construction sites using diffetechnologies can enhance construction

site safety. Combining human experience and bestipgads another way of avoiding accidents.

It is necessary to link the hazards at different levels of the project with other information about the
construction ge to improve decisiomaking related to safety, including the products, equipment,

and surronding environment.

In recent years, ontologies have been applied to give a formal structure to knowledge and to
integrate a variety of domain knowledge to immgravossfunctional development#s mentioned

in Chapter 4,he author hsipreviously develope a comprehensive Earthwork Ontology (EW

Onto) to support and enhance the communication and provide knowledge about the resources (e.g.,
excavators, trucks, compactors) and operations (e.g., excavation, hauling, compaction) in the
earttwork domain(Taher ¢ al. 2017) In order to use EWDOnto as the knowledgebase for
developing the next generation of decisgupport systems for earthwork safety management, it

iS necessary to extend it to cover safethated regulations, sensing techmgiés, and soil
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propeties(Hammad et al. 2012T herefore, hiis research aims to: (1) Extend EWto to enhance
operation safety by adding rules based on safety regulations and integrating related concepts from
sensor and soil ontologies, and (2) Evalutte integrated ontohy using datalriven and
applicationbased approachebhe new ontology, called Integrated EWto (IEW-Onto), should
describe the concepts related to earthwork safety and their relationships explicitly and
unambiguously so that diffent stakeholders careuse the captured knowledge in a formal
language. For example, an operatapport system can be developed, which enhances safety by
applying safety rules and regulations, taking into consideration the variables of the site (e.g.,
egupment locations andpeeds). The rest of thisiapteris organized as follows: The proposed
framework is presented in Sectibr2. Sections.3covers the IEWWOnNto implementation. Section

5.4 discusses the evaluation of IE®ANto. Finally, Sectiorb.5 discusses the summargnd

conclusions.

52PROPOSED FRAMEWORK
El ement sOmtfo | EW

As shown inFigure5-1, IEW-Onto extends EWDnto by adding the knowledge and rules related
to safety (e.g., OSHA Regulatio@SHA 20204), and integratesoncepts and relationships from
available soil ontologyDu et al. 2016 and sensoontology (Compton et al. 2012)n addition,
some new ancepts and relationshipse defined to enhance the knowledge representa the
earthwork safety domain based on the available literature. For exapebific types of sensors
used for tracking equipment are addedwdkbe explained in Sectiob.2.3 Each component of

IEW-Onto is briefly explained in the following.
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Unstructured Unstructured
Safety Knowledge Sensor Data

Weather Conditions

Best Practices

Equipment Conditions

Safety Data

OSHA Regulations

Terrain Model
Formalizing the Classifying and
Knowledge Structuring

OosP
EW—Ontol‘} Integrated EW -Onto

Figure5-1 Integrating ontologies and knowledge in the development process

SSN

(a) Unstructured safety knowledge:Unstructured knowledge related to safety regulations is
extracted from OSHA documer®SHA 2020apnd bespractices in the earthwork domain such
as(CCGA 2020) SWRL is used to express these regulations as formal rules. The following rules

show some examples. The pseudocode and SWRL implementation are listed in558@&ion

Rule 1. Soil classification:OSHA standard number 1926SHA 2020d)provides the guidelines

for classifying the soil based on various properties. This rule is an example of classifying the soil
based on these quantitative properties, obtaioed $ensors or lab tests. Soil classification is used

to link to other rules tated to hazards in the workzones. The rule checks if the structure of the
soil is cohesive, the silt and clay percentage are higher than 15%, ahtttrdined Compressive
Strength(UCS) value is higher than or equal to 1.5 Ton per Square Foot (TSk)hthaoll is
classified agype A

Rule 2. Cavein hazard: This rule is derived from OSHA regulatio(@SHA 2020a) This rule
checks if there is an indication of potential e@v hazards in the workzone and a need for

protection systems. The rule chedkthe depth @) of workzone \2) is greater than 153 cm to
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classify the workzone as a hazard workzone and link it to the type of the hazard (i-én).cave
Moreover, the workone is categorized as a workzone that needs a protection system. Also, the

exavation operation is classified as has a hazard.

Rule 3. Workzone with multiple layers of different soil types OSHA regulations for hazard
recognition in trenching and shorif@SHA 2020c)provides the guidelines to apply slops in
trenches The rule cheks if the depthd) of workzone \2) is greater tha@67 cm and less than

609 cm and has multiple layers of different soil types (e.g., soil type B over soil type A). The rule
specifies the slop degree for each layer of soil. Moreover, the workzone gocagel as a
workzone with the hazard (i.e., cawvg and needs a safgbyocedure, which isloping excavation

Also, the excavation operation is classified as has a hazard.
The following rules are related to hauling operation safety.

Figure5-2 illustrates a hazardous situation associated with three trucks performs their tasks (i.e.,
hauling and return from the dumping zones) and thentnalled intersetion in their paths. The

safety rule is about who gets the priority and rghtvay and who needs to stop or slow down at

the intersection. The assumption here is that the trucks are equipped with sensors (e.g., GPS and
RTLS), which indcate the locatiam of the trucks. In this scenario, the following two rules apply

when the trucks enter the warning rarfigkao et al. 2017)
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Intersection

Zone

Figure5-2. Example of an uncontited intersection

Rule 4. Truck priority: This rule eliminates the confusion about who gets the priority at the

uncontrolled intersection. The rule states that the truck which carries a load and is already at the

intersection has the priority over the ethrucks to proceed.

Rule 5. Truck collision avoidance This rule illustrates an example of the orders that trucks

receive based on the situation of a truck with the priority. In this rule, Truck 1 is loaded and its

direction is straight. It is located #te intersection and has the priority &hon Rule 4. Thus,

Truck 2, whichis located at the intersection point on Path 2 (i.e., T2)tasdurning left, receives

the warning about the possibility of collision and is ordered to Bidpe case thahere is another
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truck on Path 3, as illimted inFigure5-2, and it is in the warning range, this truck receives an
order to stopr slow downbased on its direction. For example, Truck 3,chlé located on Pht

3, receives the warning about the possibility of collision and is ordered torsstgwv down

(b) Unstructured sensor data: A verity of sensory data can be collected from an earthwork site.
This data includes: (1) Weather conditions, such as winddsaeeé direction, humidity level,
temperature, snow, and rain, affect the schedule and the performance of the equipment. Thus, the
safety and productivity of the project are affected. Weather conditions can be obtained from the
meteorological forecast praler (UBIMET 2020} (2) Equipment conditions, which show the
internal status of the equipment, such as fuel level, temperatutethanhydraulic system
performance. These data can be obtained from sensors attached to the equipment; (3) Safety data,
such asthe equipment speed and proximity between equipment and workers, which can be
obtained using RTLS or CV technologies; (4) Ternaodel, including the changes in the terrain

and update from the site. This data can be obtained from different resourdésrémtdformats,

such as LandXml file form total stations, point cloud from LIiDAR, and video and images from
cameras and droneand (5) Soil conditions including the properties, which can be obtained from
sensors or lab tests and affect the classifinaticsoil (e.g., moisture level and density). The data
should be structured and saved in a database to be available for qoeni¢lsef stakeholders of

the project. This data is usually represented using specialized software, and it may not be
understandale for all stakeholders in the project. Providing a structured representation of this data
facilitates data sharing among stasiielers.

(c) Structured Knowledge: Taxonomies, concepts, and relationships representing the knowledge
about soil, and sensorseaborrowed from the soil ontology and sensor ontology and integrated

with EW-Onto. The integration process is explained in Sad&id.3

| EMOnt o Devel opment Processes

Figure5-3 shows the processes of the development methodology ofOBW The methodology

is adapted from Chapter 4. The methodolbgyg three stages: the initial, development, and final
stages. It should be noted that IDE&S also been used in the depshert of IEW-Onto because

of its simplicity (Taher et al. 2017)r'he following paragraphs summarize thpeecesses.
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(a) Initial stage: The initial stage of the ontology development comprises two proc€dges
Process ID1: Defining the scope of IEM®nto bagd on the requirementsAs mentioned in
Chapter 3,he scope of IE\WONto addresses the target users (e.g., safety system developers,
safety managers), which will limit or extend the concepts and the relapsnsbluded in the
final ontology. It also gies an idea of the size of the development and the level of detail that
should be covered in IEM®nto. (2) Process ID2: Defining concepts and taxonomies for
IEW-Onto. In this step, the related knowledge (i@ncepts, relationships, and taxonomies)
is gahered to construct IEV®Onto. The mapping method controls which components of the
candidate ontologies should be selected and included inBW. The structured and

unstructured knowledge mentioned in Secbdhlareused as input to this process.

(b) Development stage:The development stage includes two nyaiocesseg1) Process ID3:
Developing IEWOnNto. This process begins with the defined components from the preceding
stage to create and formalize the congalpnodel of IEWONto. Mapping the ontologies using
the integration process is performed to create the initia-@Wb. Sectia 5.2.3explains the
details of the integration proceg2) Process ID4: The verifiation of IEW-Onto aims to
evaluate the ontology content from adenical perspective (e.g., concepts, relationships,
taxonomy, and scopeThis process starts with performing the consistency checking using the

Reasoning Engin€RE) to check for any conflis and validate the relationships.

(c) Final stage: The final stage comprises four procesgd3:Process ID5: Improving and
extending IEW-Onto by addingthe earthwork safetyules from OSHA and other sources
OSHA rules are translated to SWRis explainedn Sectiorb.2.1 These regulations are used
as constraints when formalizing the relationships between the con@pBrocess ID6:
Improving relationships.The experts and engsers may either recommend nevatenships
or adjust the existing ones to improve IEWto. (3) Process ID7: Validating the ontology.
IEW-Onto validation aims to prove that it complies with the requiremesitgga datadriven
approach and applicatidmased approach mentionedGhapter2. The validation process is
covered in detail in Sectiob.4 (4) Process ID8: DocumentationThis process aims to

document all the previous steps to deliver the ontology.

91



Initial stage

Development stage

Competency questions

~

Actual practices in EW Mapping

%)

o
c
[q]
(S
o

=
5
oy
]
S

Final stage

Input

Control

Output

Development
Step

Mechanism

Change in
requirements

W

L—Z
A

Practices and OSHA Regulations
Unstructured Sensor Data

Structured Knowledge: EW-Onto,OSP,SSN

Unstructured Safety Knowledge: Best

Method

)
A v —_—
Defining | :

scopeg 7 / v Developing
1 < | Defining P o8 tools
i conceptsand | S8 _
taxonomies .2 § Consistenc|
et rules

Developing
ontology
3

A

Changes|

L/

A A 4
Verifying
ontology

A A

Rules and
regulations

Improving
and extenthg
ontology

b

4

Actual practices
in EW

ABojouo
pauiay

Improving
relations

Actual practices

Validating
ontology

Documentaio

8

Developer

Experts and endsers

Figure5-3 IEW-Onto development methodology

92

0lUQW\T paresbaiu|



l.nt egPabiogs k-BMWt o

The scope of the IEVDnto falls in formalizing and representing the safety knowledge in the
earthwork domain, including thentegration vith the related available ontologies. The
development of IEVWOnNto requires combining and reusing the knowledge from these related
ontologies. Though the IEMDnto aims to be general and extensible, in order to control the scope,
the hazards irearthwork (ie., in workzones and at uncontrolled intersection) were selected to
demonstrate the effectiveness of IEWto. This section focuses on the integration process of
IEW-Onta which aims to link the concepts related to earthwork, soil, sensalssafety
reguations.Figure5-4 shows an example of the mapping between the elements irOIEd A
Hoehasa device, which is a sensor. The sensorTliE® which is BLE, andhasa Tag. This tag

is attachedTdo theboom of thehoe. The hogerformsAtExcavationZone thatasa Workzone.

This workzonehasSoilTypesoilTypeA, which has SoilStructure. Furthermore, anitoring soil

properties can be done usisgnsors to improve safety.

Excavator
performsAt

Excavation
Workzone

has, I1S-a

Sensing
Device

Workzone

Boom

is-a

Sensor

SoilType
~ SoilStructure

is-a
RTLS “  BLE

> EW-Onto & Soil ontology ~ Sensor Ontology < New concepts

Figure5-4 An example of concept mapping in IE@hto
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As mentioned in Sectio.8.3 there are different methods to reuse ontologies. The ontology
integration method is selectedthis research because it gives more flexibility to map the existing
concepts in each candidabmtology to fit into IEWOnNto. The next paragraphs explain the

integration steps.

(a) Identifying candidate ontologies:The following candidate ontologies ftire integration are
identified based on the concepts and relationships that are needed inatH&WROnNto: (1)
Ontology of Soil Properties and Processes (O®R) et al. 2016)which covers the processes
(e.g., soil compaction) that lead to changds@soil properties, and (2) Semantic Sensor Network
(SSN)(Compton et al. 2012Wwhich includes kowledge about the physical properties of sensing
devices, observations, and management processes. SSN includes the taxonomy, definitions of
concepts, and pperties adapted from the available standards (i.e., Sens@bits and Robin
2007)and Observatio and Measurements (O&MEox 2007). The main classes of SNN are
Event, Input, Outputand Object SSN is more expressive than other sensor ontologiesasuch
OntoSensor(Russomanno et al. 2009nd CSIRO (Neuhaus and Compton 2009The
abovementioned two candidate ontologies are available in Web Ontology Language (OWL)
format, which facilities the integration process.

(b) Analyzing the candidate ontologieslin this stepthe candidate ontologiese evaluated from
different perspetives, such as the overall structure, concepts, relationships, and quality and clarity
of definitions. For example, similar concepts with identical terms should be identified and
distinguished from each other during the integration prod¢égsre 5-5 shows examples of the
taxonomies of E\MONto,OSP, and SSN. As illustrated in the figure, the same f@onessappears

in the three ontologies hese repliations will lead to inconsistent representation in HOMo
because they refer to specific concepts in three contexts. As sh&igune5-6(a), theprocess
concept in EWOnNto is related to the earthvkocontext as an intermediate activity between

operationandtaskin the hierarchy of the ontology.
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(a) EMOnto (b) OSP (c) SSN

Figure5-5 Example of the taxonomies of EX@nto, OSP, and SSN

As show in Figure5-6(b), theprocessn OSP is the superclass of ttgnilProcess classyhich is
linked to different soil processes (i.sgil physical process, soil chemical process, and soll
biological process Theseprocesses affect the structure and stability of the soil. In earthwork
operatons, these changes need to be taken into account to avoid accidents. As shigurein
5-6(c), in SSN, the clagsrocesss presentedni two places irthe taxonomy: (iProcessconcept
groups the processes related to sensor deployment, such as instatlaiidenance, and removal

(i) Processconcept related to the sensing context.

In order to maintain the consistency of the HEWto, the identical terms referring to different
concepts are modified. For instance, in the above example, the cpnoeggsn EW-Onto and
OSP are renamed aarthworkProcesandsoilProcessrespectivelyThe concepprocessn SSN
under themethodconceptis renamed asensingProcessyhereaghe concepprocesswhichis a

superclass afeploymentRelat&tocesds renamed adeploymerRrocess

(c) Implementing the integration: As mentioned above, theraidate ontologies are available in
OWL format, whichfacilitates the integration process. These ontologies are studied using the
available documents and the comparison tool (explained in Séc8al). Table5-1 illustrates
examples of the conceptual components (mentioned in S@c8dhrepresented as terminology,
assertion, and rule axioms, which define the concepts, individuals, and relationships@ntB\W

respectively. Prigge (Musen 2015)s used to integrate the concepts from the candidate ontologies
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with EW-Onto. The mapped classes and relationships in-@&wWb retain their original Uniform

Resource Identifier (URI) from the source ontologies.

Figure5-7 shows the main concepts and relationships in the-@Wb. Several new relationships

are added to link the concepts from the integrated ontologies. For exampleystiee and

Platform conceptdrom SSN are linked througbnPlatfam; whereasResource, Sitggnd Actor

from EW-Onto are linked with concepts from SSN by representing them as a type of platform
where the sensor systems can be installed. In addition, new concepts are linked to SSN concepts
as new classes of sensing mekh@and technologie3.able5-2 shows the relationships between

concepts in IEWONto. The table describes how the relationships link these concepts.
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Table5-1 Examples of TBox, ABox, and RBox compate in the IEWOnNto

Axiom Explanation Examples
EW-Onto OSP SSN
TBox | Describe terminologicq HazardWorkzone, Cavelr SoilPhysicalProperty, SoilDensity Device, Sensor, Stimulu
knowledge Resource, Location SoilMoistureContent, Weather Platform, ObsrvationValue
Describe knowledgq Pathl, IntersectionPointT] Soill, SoilTypeA RTLS, GPS
ABox S )
about the individuals | ExcavationZonel

RBox

Describe the propertig
of the roles

[Transitive]

e.g., hasHazard: The property
transited from one individual t
another over the chain of tw
individuals.

[Functional]
e.g., hasSoilTypeThe property car
have at most one value.

[Reflexive]

e.g., hasart:

The individual is related to itse
via this property.
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Table5-2 The relationships between concepts

Concept Relationship | Concept Description
Actor Sensors @ attached to the platform. (e.g., GF
ConstructionSite is-a Platform | &€ attac'hed to equipment or installed on
construction site.
Resource Tags are attached to the workers
Stlmu.lus Stimulus are detected by sensors.
Location detectedBy | Sensor | GPS and RTLSletect he equipment's locatio
EquipmentCondition and condition.
Weather
SoilMoistureConten| measuredBy| Sensor | /eather conditions (e.g., wind, temperaty
_ : humidity) are measured by sensors.
SoilDensity

The number of components fronchaontology and the total number of these components in IEW
Onto are illustrated imable5-3. There are 240 concepts in E@hto, 592 concepts in OSP, and

52 concepts in SSN. The 240 concepts from-E&Wio are exteret with otheB8 concepts, which

are illustrated inTable 5-4. These concepts are added to Mo to facilitate the safety
knowledge representation by linking them with the B\#o concepts through the taxonomy and
the relaionships. Moreover, 14 object properties are added to the 37 originanEWobject
properties to cover the safety knowledge and link between the concept&(gLigmentCondition
detectedBy Sensor, Equipment hasLocation Workzone, Weatlus sfferkone). These object
properties are shown imable 5-3. A total of 16 object properties from OSP and 55 object
properties from SSN are added to the ohpeaperties in IEWONto. Data properties are assigned
and added to evaluate IE@hto usingSPARQL queries and description logics queridgere are

284 concepts selected from OSP to be added to@EW®d. The selected concepts are more relevant
to the earthwrk domain. Other concepts are about the chemicalpdical, and agricultural
processes and propertiégable 5-6 shows the new concepts which are added to OSP. More
concepts can be included in IEQAto in the future to facilitate other usages. There are 52 concepts
from SSN selected to be in IEX@nto. These concepts are needed to represent the knowledge
about the dferent sensors that are used in the domain. Moreover, and to extend the coverage of
SSN, 24 new concepts are added to SSN to cover the equipmentraraldges that are used in
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the earthwork domain. These concepts are showilite5-7. Some related concepts from EW

Onto appear in OSP and SSN ontologies and have the same contexts. These concepts were created
during the development of EM@nto and appead in the other ontologies during the integrating
process. These concepts from EMdto are aligned as unified concepts in HEWto. Table5-8

shows thes concepts and theiriginal ontology.

Table5-3 Summary of the main components in IEWito

Ontology Original Related Added Aligned Total Number of
Concepts Concepts Concepts Concepts Conceptg|IEW-Onto)
EW-Onto 240 240 38 7
OosP 592 284 3 4 633
SSN 52 52 24 3
Original | £ lated Object| Added Object | Aligned Object| -0t Number of
Object Properties Properties Properties Object Properties
Properties (IEW-0Onto)
EW-Onto 37 37 14 -
OSP 16 16 - - 122
SSN 55 55 - -
Original Data | Related Data | Added Data | Aligned Data Total Number oI e
Properties Properties Properties Properties Properties (IEW
Onto)
EW-Onto 91 91 - -
OSP - - - - 91
SSN - - - -
Original Related Added Aligned Total Number of
Equivalent Equivalent Equivalent Equivalent Equivalent Classes
Classes Classes Classes Classes (IEW-0Onto)
EW-Onto 1 1 4 -
OsP 74 32 - - 38
SSN 1 1 - -
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Table5-4 The added concepts to E@hto in IEW-Onto

Owl: Thing

Hazard
OperationHazard
CaughtinBetween
Caveln
Collision
Electrocution
UndergroundObjectExposure
Fall
HazardousAtmosphere
MishandledMaterial
StruckbyObject
ProductHazard
ResourceHazard
ChemicalMaterial
FlammableMaterial
ToxicMaterial
HazardWorkzone

Owl: Thing
Resource

SafetyEquipmentAndTool
ProtectiveSystem
ShoringSystem
TrenchShield
GuardrailSystem

Ladder

SafetyNet

Scaffold

Walkway
Owl: Thing
Resource

Tool

InspectionTool
AugersEarthDrill
SoilPenetrometer

PersonalFallArrestSystem

Owl: Thing
ConstructionSite
Zone

WarningRange
WarningArea

Workzone

Excavation Edge

Owl: Thing

AutonomyLeveI
RulesAndRegulations

ProtectionProcedure
ShieldingSystem
ShoringSystem
SlopingExcavation

Safetylnstruction

Table5-5 The added object properties to EWto in IEW-Onto

affects, detectedBy, goingTligsHazard, hasLocation, hasSoilType, hasSpeedLimit, isEquippedWith, miti

movingFrom, needSafetyProcedure, needSafetyResource, prevents, requires

Table5-6 The added concepts to OSP in IEWito

Owl: T hing

Property
GeneralProperty
SoilCondition

Owl: Thing
iDroperty

'SoiIProperty
SiltAndClayPercentage

Owl: Thing
i:’roperty

'SoiIProperty
SoilPhysicalProperty
SoilCompressibility

UnconfinedCompressiveStreng
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Table5-7 The added concepts to SSN in IEWto

TimeLapseCamera

DeplomentProcess

Owl: Thing Owl: Thing Owl: Thing
PhysicalObject PhysicalObject Quality
PowerSupply System Property
Sensor Device OutputProperty
Camera Reader Range
FixedCamera Receiver QualityRange
InfraredCamera Satellite
Pantilt-ZomeCamera Tag

GPS DeploymentrelatedProcess
IMU Deployment
LiDAR Installation
RTLS Mantenance
BLE Uninstallation
RFID
uwB
Table5-8 Examples of the related concepts alignment in 1{&Wo
EW-Onto OSP SSN IEW -Onto
WeatherCondition Weather - Weather
SoilClayLevel SoilClayGontent - SoilClayContent
SoilWaterLevel SoilWaterContent - SoilWaterContent
SoilMoisture SoilMoistureContent - SoilMoistureContent
ElectronicSystem - System System
ElectronicDevice - Device Device
SensorDevice - Sensor Sensor

531 EVONTO |

Compai©Oinn@l ogi es

MPL ENEMNMNA

As mentioned in Sectio2.8.3 when reusing ontologies, it is necessary to compare similar

concepts. An ontology comparison tool is developed using C# to compare and find theisisnilarit
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between the component ontologfes., EWOnt, OSP, and SSN). For examgtegure5-8 shows

the results of the comparisons between-Bit and OSP. The results of E®@hto and OSP
classe 6 c omp ar i sleigure5-86), whiere sinmlar classes are located in the hierarchy
at the same taxonongthe processs superclass in both ontmlies). WhereaBigure5-8(b) shows

that simila classes are located in the hierarchy at different taxonqsoélass appears in both
ontologies buwith different taxonomies). Also, the tool shows the hierarchies of these similar
classesFigure5-8(c) shovs the results for the object properties pamison. The results show that
there are similar objects properties in both ontologies with close terminologies. For example,
partOf andisPartOfare object properties in both ontologies. The ontology compansdbigites

ideas about the components intbontologies that can be aligned to support the consistency of
the representation. Furthermore, it gives the lists of classes, data properties, and object properties
that are only included in either ontologyhe core code for the comparison tool is smoiv

Appendix C

Veri fication of Developed Rul es
SWRL rules are used to add and edit the rules and the regulations using Protégé. Furthermore, the
consistency of IEWONtois checked using the Pellet reasod@ble5-9 shows examples of rules
with the pseudocode and SWRL implementation of eachmdEW-Onto. IEWOnto is available

at https://www.ew-onto.info/.
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Table5-9 Examples of rules

Rule 1:Soil classification

Pseudocode Start
Input: soilstructure,Silt and Clay percentagscp),the valueof Unconfined
Compressive Strengflcs)
Output: soil classification
For each Soil sample do
lfsolhas structure scp>1B%ohesi ve(
and ucs > =1.5 TPF, and it is rissured
Set soil hagype A
end if
End
SWRL Soil(?so0) M hasStructure(?so,"Cohesive"”)

implementation

"hasSiltAndClayPersentage(?so,?scp)
~swrlb:greaterThanOrEqual(?scp,0.15)
AhasUnconfinedCompressiveStrengthValue(?so,?ucs)
~swrlb:greaerThan(?ucs,1.5)
NisFissured(?so,false)

-> hasType(?so,"A")

Rule 2: Cavean hazard

Pseudocode

Start
Input: The workzone depthl), type of the earthwork operatioexgQ
Output: potential hazard, safety resource needed, workzone cldgsifica
For each excavation operation do
For each workzone in operation do
If d>153 cm
Set workzondiashazard (Caveln)
Set workzonaneedssafety resource (ProtectioysSem)
Set workzones hazard workzone
Set excavatiooperationrhashazard
end if
end
end
End
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Table5-9 Examples of rules (Continde

SWRL
implementation

ExcavationOperation(?exco)*Workzone(?wz)
ACaveln(?ca)
ProtectionSystem(?prosys)
"hasWorkzone(?exco,?wz)
"hasDepth(?wz,?d)
Aswrlb:greaterThan (?d,153)
->HazardWorkzone (?wz)*hashazard(?wz,?ca)
" needSafetyResource(?wz,? pgddyhas (?exco, Hazard)

Rule 3: Workzone with multiple layers of different soil types

Pseudocode

Start
Input: Theworkzone depthd), type of the earthwork operatioexg, type of
soil at each layer in the workzone
Output: potential hazard, safety peditire needed, workzone classificatio
For each excavation operation do
For each workzone in operation do
If d> 153 andd < 609 cm
If workzonehasMultiSoilLayersSoilLayer
If SoilLayerhasSoilType=Type B
SetSlopAngle== 45 degrees
If SoilLayerhasSoiType==Type A
SetSlopAngle== 53 degrees
end if
end if
end if
end if

Set workzones hazard workzone

Set excavation operatidrasa hazard

Set workzondashazard (Caveln)

Set workzonaneedssafety proceduré€SlopingExcavation)

end

End
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Table5-9 Examples of rules (Continde

SWRL

implementation

Excavation@eration(?exco)*Workzone(?wz)
ASlop(?slol)*Slop(?slo2)"Soil(?s1)*MultiSoilLayer(?sl)
ASoil(?s2)"SlopingExcavation(?se)"isTypeOf(?slol,?se)
ASoilLayer(?sl1)"SoilLayer(?sl2)*Caveln(?ca)
AhasMultiSoilLayers(?wz,BshasLayerOfSoil(?wz,?s)1
"hasLayerOfSoil(?wz,?sl2)*hasType(?s1,"B")

N hasType(?s2,"A")NisTypeOf(?slo2,?se)
"hasWorkzone(?exco,?wz)*hasSoilType(?sl1,?sl)
"hasDepth(?wz,?d)"hasSoilType(?sl2,?s2)
swrlb:greaterThan (?d,153)"swrlb:lessThan(?d,609)

-> hashazard(?wz,?ca)"has(?exco,Hazard)
"hasSlopAngle(?sl1,45)
" hasSlopAngle(?sl2,%3
"needSafetyProcedure(?exco,?se)

Rule 4: Truck Priority

Pseudocode

Start

Input: The location, the status of the truck (loaded or not loaded)
Output: Give the priority
For each Truck do

If Truckis loaded andisLocatedA{Intersection)
SetTruckhasPriority (True)
end if
End

SWRL

implementation

Intersection(?int)"Truck(?t)"isLoaded(?t,true)"isLocatedAt(?t,?int)
-> hasPriority(?t,true)
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Table5-9 Examples of rules (Continde
Rule 5:Truck Collision avoidance
Pseudocode Start
Input: The location, the directionpuigk label
Output: The order to stop or slow down
For each Truck do

If label = = Trutk © alacdtion == isLocatedAt (Intersectioni)
and diredbn= "GoingStraight"
If label = = Triitk ©  adirattion == "GoingLeft and location ==

isLocatedA(Intersectiorj) andisUnder(WarningRangg
SetTruck jhascollisionWarningrrue)
SetTruck jhasOrder(Stop or slow down

end if
end if
end
End
SWRL Truck(?trl) hasLabel(?trl,"Truckl")"Truck(2)
implementation ~hasLabel(?tr2,"Truck2")*WarningRange(?wr)

NisLocatedAt(?trl,Intersectionl)

N isLocatedAt(?tr2,Intersection2)
~hasDirection(?trl,"GoingStraight")
~hasDirection(?tr2,"GoingLeft")isUnder(?tr2,?wr)

-> hascollisionWarning(?tr2 rtie)" hasToStop(?tr2, true)

Figure5-9(a) illustrates an example of applying the reasoner engine on Rule 1 to classify the soil
(see Sectiorb.2.7). Thus,Soil0lis soil type A based on the values of this sample. Moreover,
Figure5-9(b) provides an example of linking the hazard with the soil type and the detité of
workzone. The instance of workzone (i¥/prkzone00pin Figure5-9(b) has the soil instance
Soill. Based on Rules 2 (see Sectior.]) this workzone instantiatdsashazardCaveln and
needSafetyResourceshich is TrenchBox. As shown iRigure 5-9(c), the operation instance
ExcavationOperation1601-02is linked toWorkzone003hrough the relationshipasWorkzone
Consequently, this operation hadeimmed the hazard and will assigreedSafetyProcede to
TrenchSlopFigure5-9(c) shows how the operation is linked with the process usiagBrocess

relationship. The figure illustrates tHaxcavationOperation1601-02 has a list of processes.
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Dagcﬂp“un Class h|gmmh‘y Property assertions: Soil1

EMISCTIMON: SORC "™ hasSiltAndClayPersentage "0.21"**xsd:double
ypes ™ hasStructural "Cohesive"A*xsd:string
“ soil " hasPlasticity true
¥ SoilTypeA "™isFissured false

" hasUnconfinedCompressive StrengthValue
"q. 7" 4 xsd:double

™ hasType "A"Mysd string

(a) Soil clasification

Property assertions: Workzone005

Property assertions. ExcavationOperation100-01-02

" hasSocilType Soil01 ™ hasWorkzone Workzone005
*isPartOf ExcavationOperation100-01-02 "™ hasinstanceProcess ExcavationProcess
-

hashazard Caveln ™ hasinstanceProcess IdentifySoilProcess

- .
needSafetyResource TrenchBox "™ haslnstanceProcess TestExcavatedSoil

" hasinstanceProcess SelectSuitableEquipmentAndFormTeams
- ™ hasinstanceProcess IdentifyBoundariesProcess
" hasLength 15000

-
" hasDepth "220.0"AAxsd:double has Hazard
" hasWidth 500 ™ needSafetyProcedure ExcavationSlop

(b) Hazard in workzone (c) Hazard in excavation operation
Figure5-9 Reasoning engine results

Figure5-10 shows the results of the reasoning o WIOnto for the trucks at the uncontrolled
intersection (se€&igure5-2). As shown inFigure5-10(a), Truck 1hasDirectionGoingStraight
and has the priorityh@sPriority: true) (based on rule 4). Tkuin this case, and based on rule 5,
Truck 2 receives a warninpdscollisionWarning = trupand the order to stopdsToStop=trug

as inFigure5-10(b).

Property assertions. Truck-0010

Property assertions: Truck-0020

" hasModel "S233"**xsd:string ™ hasDirection "GoinglLeft"*xsd:string
™ hasDirection "GoingStraight™*xsd:string ™ hasLabel "Truck2"*xsd-string

™ hasLabel "Truck1"Axsd string ™ hasToStop true

™ hasPriority true ™ hascollisionWarming true

(@) (b)

Figure5-10 Reasoning results in IEM@nto for trucks at an uncontrolled intersection

109



541 EVONTO EVALUATI ON

The buildin tools in Protégé (e.g., Pellet and DL queries) are used for checking the consistency of
IEW-Onto taxonomyfrom the beginning of the development phase as part of the validation
process. Protégé reasoner, and DL query plugins are used to reaks quer théEW-Onta DL

provides the humannderstandable syntax to create the queFies.autonomy level of equipent

is linked and depended on the type and the capability of the sensors and devices installed on the
equipment. For example, GPS couiélp the operator in redilme improve accuracy and
productivity. Mor eover, s en sheeqsipmamnt fdomdnelevelc e s 6
to another. For example, GPS with high accuracy could be used to control the equipment's location
while peforming the tasks. In contrast, another GPS could be used to show the location to the
operator Figure5-11 shows an example of DL query result about the equipment equipped with
GPS.The query result listdoe-0030andTruck-0010as equipment with GPS. Thus, withaxiety

of concepts and relationships that can be used to buigithe r i e s 6 e x pirt e Yuiea n x,s ¢
can be executed over IE@nto to get the desired knowledge. The results show thatQBEW is

able to provide the required knowledge based on the queries.

Query (class expression)

EarthworkEquipment and isEquippedWith some GPS

Execute| Add to ontology

Query results

Instances (2 of 2) Query for
® Hoe-0030 Direct superclasses
@ Truck-0010 Superclasses

Figure5-11 The results of the query in Protégé for equipment equipped with GPS

Other approaches can be used to evaluate @\W6. These approaches are explained in Section
284 The dr awback of hatthe evalGagoo is bases onaonmgpaingdhe-IEWs t

Onto with an existing benchmark ontology in the domain, which is not available at this time. A
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datadriven approach and applicatisased approachre used to evaluate IE@nto. These

approaches are explathe the next sections.

Datbha i ven Evaluati on

5.4.1.1 Ontology-Corpus Measure

It is argued that the corpus of texts might be the most effective source of information that can be
used for ontology evahtion (Brewster et al. 2004)Comparing the developed ontojogith the

corpus is mentioned in Secti@B.4as a datalriven evaluation approach. Therefore, the data
driven approach is used to evaluate the {Bwto. In the ontologyorpus evaluation, IEVOnto

terms are aomatically extracted to fohthe similarity with the corpus. Since there is no specific
corpus for the earthwork domain, WordNet is used as a corpus. Using the corpus against the
ontology gives the measures of the lexical terms and reflects the covEttag éE¥\-Onto.Python

and Gt are used to perform similarity measurement. The Natural Language Toolkit (NLTK) in
Python provides the requiresdatisticalNatural Language Processi{idLP) tools.The result of

the ontologycorpus evaluation gives 86.96%fleeting the similarity bet@en the terms in IEW

Onto and WordNetThese results indicate that IE®@hto provides a high levelafnt ol ogy 6 s
richness and clarity. Some terms are precisely matching with the synsets from WordNet (e.g.,

collision), whereas o#frs show up also under a dan tab, which means that WordNet also has

other similar terms to the term from IE@n t o . For example, t-Odo t eam
is matching the term Adozero from WordNet, an:
i s Abul | do geethetsimilat termstntay b& usedato improve the terminology in IEW

Onto.

5.4.1.2 Taxonomy-Based Measures

As mentioned in Sectio?.8.4 WUP and LCH algoritms are used as semantic measuetsden

the ontology and WordNet. These algorithms provide a quantitative measure of the ontology. In
this evaluation, IEVMOnNto is evaluated against WordNet based on the depths of its terms and the
depths of synsets from &dNet. Equation®.2 and2.3 in Section 2.8.4provide the calculations

for the similarity.Figure5-12 shows the results of the simitgrmeasures. As shown in the figure,
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WUP is 90.48%, and LCH is 85.71%he results reflect the number of terms used in-48ko
that are semantically identical and appear in WordNet. These results indicate th@ntaW
provides a high level a n t o | congpyeldersiveness and interpretabilitge core code for the
semantt comparison tool is shanin Appendix D

Q Ontology Comparison Tool version 24.0.0 - 8 X

First OWL File Path  |C:\Users\IEW-Onto.ow! | Browse .. 10l Settings | €) About
Second OWL File Path | | Browse .. Export

Comparison Method : | Semantic Ontology vs. WordNet - Leacock Chodor ~| [J Include SubclassOf axiom Start
Detailed Semantic Comparison 0%  Operation :

Classes Data Property ObjectProperty Ontology vs. WordNet Semantic Ontology vs. WordNet

Classes Data Poperty ObjectProperty Statistics

Wu Palmer Leacock Chodorow
Similarity Similarity

Sematic Word Net vs. First Ontology

Classes Match 90.48% 85.71%

Figure5-12 The results of WUP and LCH measures against-Bato
Appl i eBatsieadn Eval uati on

This evaluation tyeally evaluates how effective IEM@nto is in the context of an application.
MAS is practically used in dynamic and distributed environments, where two or more agents work
and interact to achieve their goals. A dedicated agent suppeotipece of equipent and other
entities in the earthwork projedh our previous workVahdatikhaki et al. 2017}he developed

MAS supports the equipment operators to improve safety, which is done without a formal
representation of the related knowleddgHowever, in thisvork, we used IEVOnNto, which
provides this missing knowledge representation. Mored¥AE benefits from the knowledge and

the safety rules defined in IEN@UNnto instead of an aldoc approachlEW-Onto is used to create

MAS teams for ed@nwork operationsrad then to monitor these teams for safety issues during these

operations.

The MAS comprises four types of agents with different functionsOfdgrabr Agents (OA)
represent the agents in the construction site. Each equipment opemtpported by degnated

agents and other layers of coordinator agents. These agents are formed as teams to reflect the real
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situation at the site. Thus, each team includes several operator agents and a Team Coordinator
Agent (TCA), who communicates withe General Coordiator Agent (GCA) Another layer of

agents which support these agents are the information a@éattdatikhaki et al. 2017)(2)
Ontology Agent(OntoA) is responsible for accessing and making the queriéSw60Ontag (3)
Resource agent (ResA) provides imfation about the resources (e.g., equipment); (4) Safety
agent (SA), which is responsible for responding to the safety issue; and (5) Databag®Bgé¢nt

is responsible for updating trevailability of the resourceds illustrated inFigure 5-13, the
communications start when the GCA sends a r&iqioethe Teams Setup Agent (TSA) to create

the teams for an operation. Upon the requested delivery, TSA verifies the request Waiihe

Onto through OntoA to get the mber of teams required for this operation. OntoA sends the
results back to TSA, whafwards it to GCA. GCA sends a message to ResA to determine the
availability of the resources. At this point, ResA has to perform two main requests: (a) ResA sends
a REQUEST to OntoA to create the quires to 1B&V-Onto about the types of resources needed

for this operationAfter checking the rules related to the required resources. The query retrieves
the list of equipment with their properties and sends back the res@istoA. OntoA forwards

the results to ResA. (b) ResA sends REQUEST to DBA to cligble required equipment is
available or not. ResA sends back the list of equipment, which is combined from DBA and OntoA
to GCA. GCA forwards the list to TSA to createtteams based on this list.
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GCA TSA ResA DBA OntoA IEW-Onto
o REQUEST 'J‘| REQUESIT[ operation profilg o QueniopiD, types of ™

|
4 + resourced
| | Collect and
| | verify the
Results required
o ____l _ _'NFORM[Resut$ | _ _ __ | K———— == === information
Verify the : : T T
e — — INEORM _ request | | | |
success
il | | |
| | 1 4
REQUEST | REQUEST |
| Q } Query Collect and
| | verify the
| | :l required
| | information
| INFORM [Resultd | | __ Resuts _
I N R succes Check the
| | T L related
[ | [ | rules
: REQUEST Collect and : :
. INFORM [Result i
INFORM [Eq lis{ | INFORM [Results verify the I
ke ————————— = F—————— success required | |
INFORM [No. of teams | resources | |
| |
| |
| |
| |
| |

resources ligt
B (S
| Create the |
| TCAs and |
| |

| teams

Figure5-13 Sequence diagram of ontoletpased MAS communication

In this example, the operation has two teams and requires six pieces of equigmeawo(hoes
and four trucks). After TSA receives the numbeteaims in this operation, it starts creating the
teams and assigning the equipment.

Java Agent Development Framework (JADE) is used in the development of MAS. JADE uses the
Foundation for Itelligent Physical Agents (FIPA) specifications. These specificatprovide the
communication between the age(Bellifemine et al. 1999)Figure 5-14 illustrates the created
agents for the teams in JADE.
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Figure5-14 Creating the ageniseams based on the retrieved information from {EMito
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The IEW-Onto browser tool is used to show the inferred safety information from@EW. This

tool is built to help SA retrieve the safety information form EMito. Figure 5-15 shows the
information about the excavation operation, which has two workzoneswgzone001 and
workzone0O0p The tool sbws the inferred informatioat the operation level (i.ddazard is True
SafetyProcedure: ExcavationSlapdSlopAngle: 538 (based on Rule 3). Moreover, it shows the
inferred information at the workzone level in this operation. As shown ffigilne, workzone001

has a hazard (i.eCaveln). The reason of this hazard is the depth of the workzone (based on rule
2). Moreover, the resource (i.e., Trench Box) is needed in this workzone to eliminate or mitigate
this type of hazard (based on Rule 2). Basechnstafety inferred informain, SA delivers this
information to GCA to forward it to TCA in each team. TCAs forward the information to OAs in
its team. Each truck in the team sends its location to TCA, then, TCA forwards it to SA, who
checks if there arany safety issues relatedtte locations of the trucks. Based on the sensor data
received from the trucks, the truck with priority will proceed, and the other trucks receive messages
to stop (based on Rules 4 andB)e core code for thentology browsetoolis show in Appendix

E.

As demonstrated above, IE@nto can provide knowledge about the operation and related
hazards. Thus, the procedures and resources tgateitthese hazards can be planned and
perfomed. The knowledge provided by IE®hto is not merely from the concepts and
relationships that are listed; rather, it provides the inferred knowledge based on the facts and the
rules. The applicatiorbased evaluen shows the applicability and usefulnegsIEW-Onto in
supporting the earthwork projects and creating the dedicated agents to support the teams for the

operation.
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€ IEW-Onto Browser version 2.1.0.0 - =X

Select OWL File |C:\IEW-Onto.owi | Browse . About
Select Operation P . S h E i
IDO1**http:/lwww.w3.0rg/2001; ~ earc Xpo
Operation Operation Logic Operation Details Resources Safety
Operation Safety Workzone Safety of : Workzone001
ltem Value tem  Value

W Hazad Tue |l Hazard Caveln

Safety Procedure | Excavation Slope

Slope Angle 53
Reason of Hazard

Workzones ltem Value

Name Sl Depth  260.0
(3 Workzone001 Soil Type Soil01 v

Workzone005 Safety Resource of : Workzone001

ltem Value

[ Safety Resource | Trench Box

Figure5-15 The inferredsafety information in operation and workzones

55SUMMARAND CONCLUSI ONS

In this chapter EW-Ono is augmented with an additional knowledgebase and presented as IEW
Onto. IEW-Onto presents the integrated knowledge of the three main components, which-are EW
Onto, OSP, and SSN ontologies. IE®@Ato is not merely a atlection of concepts and
relationships; rather, it defines a conceptualization of the earthwork domain, including the
definition and the integration of concepts and relationships-@Wo includes dter relationships

to link with the safety regulationdhe development of IEVOnto started with defining the
concepts and the relationships, which are related to the earthwork domain among the unstructured
data (e.g., safety data) and unstructured safetywledge (e.g., OSHA regulations). The
knowledge relaté to the soil from OSP and to sensors from SSN has been integrated with EW
Onto. A comparison tool is developed to analyze and compare these ontologies to find the
similarities and the differences begen them to provide consistency representation thrityh

Onto. Different rules were implemented as SWRL rules and included irQBW using Protégeé.

Different evaluation methods were used to evaluate-{EWb, including checking consistency,
datadriven and applicatichased validations. The evaluationuks show that IEWONto has

consistency androvides a high level daflarity, richness, comprehausness, interpretability, and
effectiveness of the presented knowledge. The conclusions fochifyer can be stated: (1)
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integrating the related ontologi¢o earthwork domain and represented as one integrated ontology
provides a robust and consisteko@wledge that can be used as a knowledgebase in the domain;
(2) the integration processes prove that one single ontology can benefit from ottefinped
ontologies related to the domain; (3) The IEMito provides a robust knowledgebase to enhance
thesafety in earthwork domain and (4) The IEWto has several potential benefits, most notably,

the scalability nature to include more concepts and relatianghigupport other related domains.
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CHAPTER 6  SUMMARY, CONCLUSIONS, CONTRIBUTIONS,
LIMITATIONS, AND FUTURE WORK

6,1 SUMMARY

Based on the literature review in Chapter 2, it was found that there is no ontology focusing on the
earthwork domain. The communication issaesl the relationships between the project entities
play a significant role in the earthwork prajeleW-Onto's development started from defining the
concepts and building taxonomies for earthwork operations and equipment following the
METHONTOLOGY approach The developed EVOnto defines conceptualization, which
includes the definition of concepts arglationships in the earthwork domain. The conceptual
ontology elements and the different classifications of equipment in this domain are presented. The
hierachies in EWOnNto, which are related to the resources (e.g., equipment) and the different
project kevels (i.e.pperations processedasks andmicro-taskg, are built.The ontology has been
implemented using Protégé. The consistency of-@Wtb has beenhecked, and it has been

evaluated using a survey.

EW-Onto is augmented with an additional knowleldgse and presented as [EWto. IEW-Onto
presents the integrated knowledge of the three main components, which #etB\WDSP, and

SSN ontologies. IEWDNto is not merely a collection of concepts and relationships; instead, it
defines a conceptualizatiar the earthwork domain, including the definition and the integration

of concepts and relationships. IE®@Ato includes other relationships to link with thefesy
regulations. The development of IE@hto started with defining the concepts and the
relatiorships, which are related to the earthwork domain among the unstructured data (e.g., safety
data) and unstructured safety knowledge (e.g., OSHA regulatidmskriowledge related to the

soil from OSP and sensors from SSN has been integrated wit®i@/ Acomparison toowas
developed to analyze and compare these ontologies to find the similarities and the differences
between them to provide consistent repnéstgon through IEVWOnto. Different rules were

implemented as SWRL rules and included in HONtousing Protégé.

Different evaluation methods were used to evaluate-{BWb, including checking consistency,
datadriven and applicatichased validations. Ehevaluation results show that IE@hto has
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consistency angrovides a high level daflarity, richness, compreheusness, interpretability, and

effectiveness of the presented knowledge.

6.2 CONCLUSI ONS

Based on the results of this research, the following losians can be made(l) The
METHONTOLOGY approach was effective in the development of@to; (2) The results of

the evaluation show that the developed BEXWo was able to give a clear, accurate, and
comprehensive understanding of the concepts, constraxioms, and relationships in the
domain; B) The respondents provided favorable evaluation of@lto in devebping practical
applications by integrating various types of knowleddgg Integrating the related ontologies to
theearthwork domain and regsented as one integrated ontology provides a robust and cansisten
knowledge that can be used as a knowledgebase in the ddohdine (ntegration processes prove
that one single ontology can benefit from othergeéned ontologies related to the domg6)
IEW-Onto provides a robust knowledgebase to enhance thg sakarthwork domainand ({7)
IEW-Onto has several potential benefits, most notably, the scalability nature to include more
concepts and relationships to support other related domains.

6.3 CONTRI BUTI ONS
The following points summarize the magontributionsof this researchThe contributions are
presented with respect to the research objectives

(1) Creating earthwork domain ontology

1 Developingan ontology tdormalize and represent the #savork domain knowledgd=\W-
Onto provides the conceptualization, walnioffers a shared understanding among the
different stakeholders and provides reusable knowled@géOnto was developed from
scratch. Most of the previous research about developing giegsléor construction is not
available or is only theoretical studies.

1 Developing dferent classifications of equipmeand taxonomiesm the earthwork domain
to provide formal and consistence representatidine concepts and the relationships from

the erthwork domain point of view were considered and described.
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(2) Integrating the developedontology

1 IntegratingeW-Ontowith safety knowledgandotherrelated ontagiesimproves safety
in earthworkoperationgy considering the safety issues at diffélemels.The integrated
ontology (EW-Onto) presents the knowledge of the three main components, which are
EW-Onto, OSP, and SSN ontologies.

1 Linking the unstructuredafety knowledge (e.g., OSHA regulations) and the unstructured
data (e.g., safety data) IEW-Onta

1 Developing the tools tbrowse,compareand evaluate the ontologiésot only EWOnto
or IEW-Onto) The ontology browser providesfficient knowledge aboubperations,

processes, tasks, microtasks, resources, workzones, and potential hazards.

1 The IEW-Ontohasseveral potential benefitgjost notablythe scalability which allows
toinclude more concép and relationships to support other related domains. The developed

ontology is availablefor developing further extensions and ontoldmsedapplications.

64LI MI TATI ONS AND FUTURE WORK

While this research has successfully achievedbjsctives, the following limitations still remato

be considered ifuture work

(1) Although manystudiesclaimthat they develogdan ontologyin theconstrictiondomain, there
is a lack ofpublishedontologies to be reused in tHeW-Onto. On theotherhand,extending
IEW-Onto to include the related data models to the earthwork domain, such-BedéCand
LandXml can be investigated the future. Moreover,considering the developed ontology's
scalability, an approach using linked data can be studigteifuture to link IEWONto with

sensory safety data.

(2) Adding the ruleselated to safety, productivity, quality, or resource allocation and translating
theserules from text to axioms requires much meffort to befully developedSafety was
the main application of IEVOnto discussed in this studytherapplications can benefit from
IEW-Onto to facilitate other needs in the earthwork domain, such as itmeggiaW-Onto
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with simulation models, finding the optimum locations forsses, and hazards preparedness.

Theseapplications can be investigated in future work.

(3) Thedifficulty to find anadequate number pfrticipants to evaluate the developed ontologies
who know about the ontologies and the construciibthesame timeTherdore, there isa
need teevaluate the developed ontologies using a large sample to assure statistical significance

and include more potential ontologies users.
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APPENDIX A  THE RDF FILE FOR EW-ONTO

This RDF file includegarts ofthe object properties, data properties and the main classes-in EW
Onto. The full-length RDF files for EWOnto and IEWOnNto ca be foundat https://www.ew
onto.infol/

<?ml versiors"1.0" ?>
<rdf:RDF xmIns="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#"
xml:base"http://www.ew -onto.info/EarthworkOntologies/EW-Onto"
xmins:ew="http://www.semanticweb.org/umroot/ontologies/2018/5/EW#"
xmins:owkE"http://www.w 3.0rg/2002/07/owl#"
xmins:rd="http://www.w3.0rg/1999/02/22-rdf -syntax-ns#"
xmins:xmE"http://www.w3.0rg/XML/1998/namespace”
xmins:xs&"http://www.w3.0rg/2001/XMLSchema#"
xmins:rdfs="http://www.w3.0rg/2000/01/rdf-schema#"
xmins:ska="http://www.w3.0rg/2004/02/skogcore#"
xmins:swri"http://www.w3.0rg/2003/11/swrl#"
xmins:swrlag"http://swrl.stanford.edu/ontologies/3.3/swrla.owl#"
xmins:swrls="http://www.w3.0rg/2003/11/swrlb#"
xmins:EW-SKB="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#" >
<owl:Ontologyrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto" >
<owl:versionIRIrdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto" />
<About>This is the first ontology for eatthwork domain. we called it (EW-Onto)</About>
<Author>Alhusain Taher,PhD, Concordia University</Author>
<ContactAlhusain Taher</Contact>
<Creation_Date201906-11</Creation_Date>
<Keywords>Earthwork, Operation, Process, Tak, MicroTask </Keywords>
<Name>Earthwork Ontology :EW -Onto</Name>
<Short_nameBW-Onto</Short_name>
<Syntax_FormatRDF</Syntax_Format>
<Version_Numberdf:datatype"http://www.w3.org /2001/XMLSchema#decimal’>1.0</Version_Number
</owl:Ontology>

<l--

e

1

/I Object Properties

1

T T T T T T

->

<l-- http://www ew-onto.info/EarthworkOntologies/EM@nto#ConnectedTe>
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ConnectedTo">
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#SymmetricProperty"/>

</owl:ObjectProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#coordinates>
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#coordinates™>
<owl:inverseOfrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isCoordinatedBy" />
</owl:ObjectProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#has-->
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has">
<owl:inverseOfrdf:resource”http://www.ew -onto.info/EarthworkOntologie s/EW-Onto#isPartOf" />
</owl:ObjectProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasinstanceMicroTask>
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasInstanceMicroTask'>
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<rdf:typerdf:resource" http://www.w3.0rg/2002/07/owl#TransitiveProperty"/>

</owl:ObjectProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM®Dnto#hasInstanceProcess
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#haslInstanceProcess®
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#TransitiveProperty" />

</owl:ObjectProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasinstance Task
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasInstanceTask'>
<rdf:type rdf:resource"http://www.w3.0rg/2002/07/owl#TransitiveProperty" />

</owl:ObjectProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasInvolved->
<owl:ObjectPropertydf:about"http://www.ew -onto.info/Earthwor kOntologies/EW-Onto#haslnvolved">
<owl:inverseOfrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isIinvolveln” />
</owl:ObjectProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#isCoordinatedBy->
<owl:ObjectPropertydf:abait="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isCoordinatedBy"/>
<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#isInvolveln->
<owl:ObjectPropertyrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isInvolveln" />
<l-- http//www.ew-onto.info/EarthworkOntologies/EMDnto#isOperatedBy->
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isOperatedy" >
<owl:inverseOfrdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#operates'/>
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#FunctionalProperty" />
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthworkEquipment" />
<rdfs:rangedf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Operator" />
</owl:ObjectProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#isPartOf->
<owl:ObjectPropertydf:abou&"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isPartOf" />

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#idPerformedBy-->
<owl:ObjectPropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#isPerformedBy" >
<owl:inverseOfrdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#performs" />
</owl:ObjectProperty>

<l-- http://www.ewonto.irfo/EarthworkOntologies/E\WDnto#operates>
<owl:ObjectPropertydf:abou&"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#operates'™
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#FunctionalProperty" />

</owl:ObjectProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EVOnto#performs->
<owl:ObjectPropertydf:abou&"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#performs" />
<l--

e

1

/I Data propeies

1

[T T T T T T

->

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#EqID-->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EqID" >
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Resource'/>
</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasAmount->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOn tologies/EW-Onto#hasAmount">
<rdfs:domairrdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Resource'/>
</owl:DatatypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasBrane->
<owl:DatatypePropertydf:about"http://ww w.ew-onto.info/EarthworkOntologies/EW-Onto#hasBrand">
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasColof->
<owi:DatatypePropertydf:about"http:/ /www.ew-onto.info/EarthworkOntologies/EW-Onto#hasColor">
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<rdfs:rangedf:resource”http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasDepth->

<owl:DatatypePropertydf:about"htt p://www.ew-onto.info/EarthworkOntologies/EW-Onto#hasDepth">
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#double"/>

</owl:DatatypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasDistance>
<owl:DatatypePropertydf:abou="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasDistance'>
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#FunctionalProperty" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasGeneralOperationDescriptien
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasGeneralOperationDescription">
<rdfs:subPropertyOfdf:resource"http://www.w3.0rg/2002/07/owl#topDataProperty" />
</owl:DatatypeProperty>

<l-- http://www.ewonto.irfo/EarthworkOntologies/E\WDnto#hasldNumber>
<owl:DatatypePropertydf:about"http://www.e w-onto.info/EarthworkOntologies/EW-Onto#hasldNumber">
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#FunctionalProperty" />

</owl:DatatypeProperty>

<l-- http//www.ew-onto.info/EarthworkOntologies/EMDnto#hasInstancelB>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasInstancelD">
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypePopery>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasLabel->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasLabel">
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatyePromerty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#hasLastName>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasLastName'>
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#hasLocation->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasLocation">
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasMade->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasMade">
<rdfs:subPropeyOf rdf:resource"http://www.w3.0rg/2002/07/owl#topDataProperty" />
</owl:DatatypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasMicroTaskDescriptior>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasMicroTaskDescription">
<rdfs:rangedf:resouce="http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasMicroTaskIB->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasMicroTaskID" >
<rdfsrangerdf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasMicroTadkame-->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasMicroTaskName'>
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#hasModel->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasModel">
<rdfs:rangedf:resource”http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasName>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasName'>
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />
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</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#tasNumberOfSuitableEquipmentt
<owl:DataypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasNumberOfSuitableEquipment1">
<rdfs:subPropertyOfdf:resource"http://www.w3.0rg/2002/07/owl#topDataProperty" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntiogies/EWOnto#hasNumberOfSuitableEquipmert2
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasNumberOfSuitableEquipment2">
<rdfs:subPropertyOfdf:resource"http://www.w3 .org/2002/07/owl#topDataProperty'/>

</owl:DatatypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasOperationDescriptien
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasOperatiorDescription" >
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasOperationld>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntolog ies/EW-Onto#hasOperationld" >
<rdfs:domairrdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Operation"/>
</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM®@nto#hasOperationName>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasOperationName™
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Operation" />
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://mww.ew-onto.info/EarthworkOntologies/EM®Dnto#hasPartNe->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasPartNo">
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Part" />
</owl:Datatypelfoperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasPlasticity->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasPlasticity">
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#boolean'/>

</owl:DatatypelPoperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasPriority->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasPriority" >
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#boolean"/>

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasProcessDescripties
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasProcessDescription*
<rdfs:rangedf:resource"http: //www.w3.0rg/2001/XMLSchemat#string'/>

</owl:DatatypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasProcess|ibB>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasProcessID>
<rdfs:domairrdf:reource="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthworkProcess"/>
</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasProcessName
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntol ogiesEW-Onto#hasProcessName*
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthworkProcess"/>
<rdfs:rangedf:resource"http://www.w3.0rg/2001/XMLSchema#string" />

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/Earthwork@tologies/EWOnto#hasRecourceName
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasRecourceName*
<rdfs:domairrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Resource"/>
</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasSize->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasSize>
<rdf:typerdf:resource"http://www.w3.0rg/2002/07/owl#FunctionalProperty" />

</owl:DatatypePoperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasStructurat>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasStructural" >
<rdfs:commentSranular
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Cohesive or

Granular Cohesionless/rdfs:commet>

</owl:DataypeProperty>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#hasTaskDescriptior>
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasTaskDescription">
<rdfs:rangedf:resource"http://www.w3.0rg /2001/XMLSchemad#string'/>

</owl:DatatypeProperty>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#hasTaskIBD->
<owl:DatatypePropertydf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#hasTaskID">
<rdfs:domairrdf:reurce="http://www. ew-onto.info/EarthworkOntologies/EW-Onto#Task"/>
</owl:DatatypeProperty>

<l--

e

1

/I Classes

1

I T T T

->

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Actor-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" >
<owl:disjointWith rdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Part" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Agent->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Agent">
<rdfs:subClassOfdf:resource"ht tp://www.ew-onto.info/EarthworkOntologies/EW-Onto#Actor" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Area-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Area" >
<rdfs:subClassOfdf:resource"http:/ /www.ew-onto.info/EarthworkOntologies/EW-Onto#GeographicInformation” />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#ArticulatedRearDump>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ArticulatedRearDump" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW -Onto#Truck" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Attachment->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Attachment" >
<rdfs:subClassOfdf:resource"http://www. ew-onto.info/EarthworkOntologies/EW-Onto#Resource'/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EM@nto#AugerSaper-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#AugerScraper">
<rdfs:subClassOfdf:resouce="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Scraper"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Backhoe->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Backhoe">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Hoe"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM®Dnto#Blade-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Blade">
<rdfs:subClassOfdf:resouce="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Part" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Boom-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Boom">
<rdfs:subClassOfdf:resource"h ttp://www.ew-onto.info/EarthworkOntologies/EW-Onto#Part" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EM@nto#BoomCylinder->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#BoomCylinder" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Part" />
</owl:Class>
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<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#BottomDumpTrailer->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#BottomDumpTrailer" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Truck" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#CollectedData>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CoallectedData">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Data" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#CompetentEngineering>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkO ntologies/EW-Onto#CompetentEndgneering" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />
<rdfs:comment®SHA:1926.32(f)

&quot;Competent persor&quot; means one who is capable of identifying existing and predictablezards in the surroundings or working
conditions which are unsanitary, hazardous, or dangerous to employees, and who has authorization to take prompt correctiveamees
to eliminate them</rdfs:comment>

</owl:Class>

<!-- http://www.ewonto.info/EarthwokOntologies/EWOnto#ComputerVisior->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ComputerVision" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#RemoteSensing/>
<rdfs:subClassOf>

<owl:Redriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFrondf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Image"/>
</owl:Restriction>

</rdfs:subClassOf>

</owl:Class>

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Drone" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#RemoteSensing/>
<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW -Onto#has"/>
<owl:someValuesFrondf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Image"/>
</owl:Restriction>

</rdfs:subClassOf>

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#DumpingZone->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#DumpingZone">
<owl:equivalentClassdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#WorkZone" />
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOn tologies/EW-Onto#Zone"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#EarthmovingOperation>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthmovingOperation" >
<rdfs:subClassOfdf:resource"http://w ww.ew-onto.info/EarthworkOntologies/EW-Onto#Operation” />
</owl:Class>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#performs" />
<owl:someValuesFromdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Task"/>
</owl:Restriction>

</rdfs:subClassOf>

<rdfs:seeAlso®SHA

Part Number: 1926

Part Number Title:  Safety and Health Regulations for Construction

Subpart: 1926 Subpart O

Subpart Title:  Motor Vehicles, Mechanized Equipment, and Marine Operations

Standard Number:  1926.601

Title:  Motor vehicles.

GPO Source: eCFR</rdfs:seeAlso>
<rdfs:seeAlsohttps://www.osha.gov/lawsregs/regulations/standardnumber/1926/1926.6681rdfs:seeAlso>
</owl:Class>
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<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#EarthworkProcess>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologie sIEW-Onto#EarthworkProcess">
<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValesFronrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />
<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFromdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GeographicInformation” />
<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFrondf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformanceGuidline"/>
<owl:onPropertyrdf:resource"h ttp://www.ew-onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFromdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Product" />
</owl:Restriction>

</rdfs:subClassOf>

<rdfs:seeAlsoPart Number: 1926

Part Number Title:  Safety and Health Regulations for Construction

Subpart: 1926 Subpart P

Subpart Title: Excavations

Standard Number: 1926 Subpart P

Title: Subpart P& Excavations

GPO Source: eCFR</rdfs:seeAlso>
<rdfs:seeAlsohttps://www.osha.gov/lawsregs/regulatiors/standardnumber/1926/1926 SubpartR/rdfs:seeAlso>
</owl:Class>

<l-- http://mww.ew-onto.info/EarthworkOntologies/EM@nto#Execution->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Execution">
<rdfs:subClassOfdf:resource"http: //www.ew-onto.info/EarthworkOntologies/EW-Onto#ManagementModality" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Expert->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Expert" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Extend->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Extend" >
<rdfs:subClassOfdf:resource="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#TemporalModality" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#FirstMultiBenchExcavaion>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Fir stMultiBenchExcavaion">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#WorkZone" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Fleet->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOn tologies/EW-Onto#Fleet">

<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFromdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW -Onto#Location" />
</owl:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#FrontShovel->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#FrontShovel">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW -Onto#Shovel'/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#GeneralCoordinates>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GeneralCoordinator" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#G@graphielnformation-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GeographicInformation” />
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<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#GradallEquipment>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GradallEquipment” >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Grader" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#Grader->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Grader" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologie sSIEW-Onto#EarthworkEquipment" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#GraderEquipmert>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GraderEquipment" >
<rdfs:subClassOfdf:resource"http://www. ew-onto.info/EarthworkOntologies/EW-Onto#Grader" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#GradingMicroTask->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GradingMicroTask" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Micro-Task" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#GradingOperatior>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#HaulingMicroTask->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#HaulingMicroTask" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Micro-Task" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Haulingperation-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#HaulingOperation" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Operation” />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOtologies/BN-Onto#HaulingProcess>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#HaulingProcess'>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthworkProcess"/>
</owl:Class>

<l-- http://mww.ew-onto.info/EarthworkOntologies/EMDnto#Hauling Task->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#HaulingTask" >
<rdfs:sulClassOfrdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Task" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMOnto#Hazard->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Hazard" />

<l-- http://www.ew-onto.info/EarthworkOntologies/EMDnto#HazardWorkzone>
<owl:Classrdf:about"http://www .ew-onto.info/EarthworkOntologies/EW-Onto#HazardWorkzone">

<rdfs:comment¥he HazardWorkspace contains the places that need to be protected frasaveins by an adequate protective
systenx/rdfs:comment>

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOrtdlogies/EWOnto#HeavyDutyBucket>

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#HeavyDutyBucket">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#BucketAttachment" />

</owl:Class>

<l-- http:/Aww.ew-onto.info/EarthworkOntologies/EM@nto#Hoe-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Hoe">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Excavator"/>

</owl:Class>

<!-- http://www.ew-onto.info/EarthworkOntologies/EMDnto#ldentifyAndTestExcavatedSeib
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOn tologies/EW-Onto#ldentifyAndTestExcavatedSoil">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ExcavationProcess/>

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#ldentifyBase CourseMaterialsandBdaries-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ldentifyBaseCourseMaterialsandBoundares">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GradingProcess'’>

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#ldentifyExcavationandEmbankmentBoundaries
<owl:Classrdf:about"http://www.e w-onto.info/EarthworkOntologies/EW-Onto#ldentifyExcavationandEmbankmentBoundaries™
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<rdfs:subClassOfdf:resource"http://ww w.ew-onto.info/EarthworkOntologies/EW-Onto#ExcavationProcess/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#ldentifyExcavationorBorrowedMaterials>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ldentifyExcavationorBorrowedMaterials" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CompactionProcess"/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#ldentify Typeand AmountofSoit>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ldentify TypeandAmountofSoil" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ExcavationProcess/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nta#image-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Image">
<rdfs:subClassOfdf:resource"htt p://www.ew-onto.info/EarthworkOntologies/EW-Onto#CollectedData'/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologiesif-Onto#InitiatingModality-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#InitiatingModality” >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ManagementModality" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#InspactionPersonneb
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOnto logies/EW-Onto#InspactionPersonnel">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#InspectionMethoet >
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologie s/IEW-Onto#InspectionMethod">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Method" />
<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntolog ies/EW-Onto#has"/>
<owl:someValuesFromdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CollectedData"/>
<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFromdf:resource"http://www. ew-onto.info/EarthworkOntologies/EW-Onto#InspectionTool"/>
</owl:Restriction>

</rdfs:subClassOf>

<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFrondf:resource" http://www.ew-onto.info/EarthworkOntologies/EW-Onto#Report" />
</owl:Restriction>

</rdfs:subClassOf>

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#InspectionProcess>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologie s/EW-Onto#lnspectionProcess>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthworkProcess'/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#InspectionReport>
<owl:Classrdf:about"http://www .ew-onto.info/EarthworkOntologies/EW-Onto#lInspectionReport">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW -Onto#Data" />

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#InspectionTool->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#InspectionTool">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Tool" />

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Loader->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Loader" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Excavator"/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Location->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Location" >
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<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Geographicinformation™” />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#ManagementModality>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ManagementModality">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Modality" />
</owl:Class>

<!-- http://www.ewontoinfo/EarthworkOntologies/EWWDnto#ManualMeasurement
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ManualMeasurement'>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Measurement"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Materiat->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Material" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Resource'/>
</owl:Class

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#Measurement>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Measurement™>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#InspectiorMethod" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#MeasurementResuit-
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#MeasurementResult>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CollectedData"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#MechanicalErigeering-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#MechanicalEngineering">
<rdfs:subClasOf rdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EngineeringModality" />
</owl:Class>

<l-- http://www.ewonto.irfo/EarthworkOntologies/E\ADnto#Method->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Method" />

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Micro Task-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Micro-Task" >
<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFromdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Schedule'/>
<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#has"/>
<owl:someValuesFrondf:resource"http: //www.ew-onto.info/EarthworkOntologies/EW-Onto#Technique"/>
</owl:Restriction>

</rdfs:subClass®>

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#MiniHoe-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#MiniHoe" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Hoe"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Modality-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Modality" />

<!-- http://www.ewonto.info/EarthworkOntologies/EVDnto#MultipleBenchExcavationr>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#MultipleBenchExcavation™ >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#WorkZone" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#NonphysicalProduet>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#NonphysicalProduct">
<rdfs:subClassOfdf:resource"ht tp://www.ew-onto.info/EarthworkOntologies/EW-Onto#Product" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#NotPlanned->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#NotPlanned">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SituationModality” />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#NuclearDensityGauge>
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<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#NucleaDensityGauge'>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Non-Destructive Testing"/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Olservation-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Observation"/>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#OntrackHoe->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#OnTrackHoe" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Hoe"/>

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#OperationAgent>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#OperatorAgent" >
<rdfs:subClassOfdf:resource"http://ww w.ew-onto.info/EarthworkOntologies/EW-Onto#Agent"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM®@nto#Operatof->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Operator" >
<rdfs:subClassOfdf:resource"http: //www.ew-onto.info/EarthworkOntologies/EW-Onto#Actor" />
<rdfs:subClassOf>

<owl:Restriction>

<owl:onPropertyrdf:resource”http://www.ew -onto.info/EarthworkO ntologies/EW-Onto#Operates"/>
<owl:someValuesFromdf:resource"http://www.ew -onto.info/EarthworkOnt ologies/EW-Onto#EarthworkEquipment" />
</owl:Restriction>

</rdfs:subClassOf>

<owl:disjointWith rdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#WorkerOnFoot" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Owner->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Owner" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#PadDrumVibrr -->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PadDrumVibrator" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Compactor” />
<rdfs:commentsame as ped foot rolle/rdfs:comment>

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Part->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Part" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Resource'/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#Path->

<owl:Classrdf:about" http://www.ew-onto.info/EarthworkOntologies/EW-Onto#Path" />

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#PerformClearingandGrubbirg
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformClearingandGrubbing" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CleanngandGrubbingProcess'’>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntiogies/EWOnto#PerformCompaction>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformCompaction”>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CompactionProcess'>
</owl:Class>

<l-- http://lwww.ewonto.info/EarthworkOntologies/EMDnto#PerformExcavation>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformExcavation"/>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#PerformGrading->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformGrading" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#GradingProcess'’>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Performtduling -->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformHauling” >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CleanngandGrubbingProcess'’>
</owl:Class>

<l-- http://www.ewonto.infdEarthworkOntologies/EWWDnto#PerformanceGuidline>
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<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PerformanceGuidline">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#RuleandRegulation"/>
</owl:Class>

<!l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#PhysicalProduet>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PhysicalProduct">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Product" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Planned->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Planned">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologie s/EW-Onto#SituationModality” />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#Planning->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Planning">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW -Onto#ManagementModality" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Patform-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Platform" />

<l-- http://www.ewonto.info/Earthwork@tologies/EWOnto#PneumaticTire->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PneumaticTire" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Compactor"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/E¥Dnto#PointCloud->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#PointCloud" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CollectedData"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#RegisteredProfessionalEngineer
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#RegisteredProfessionalEngineer*
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Actor" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#RemoteSensing>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#RemoteSensing*
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Measurement"/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Report->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Report" >
<rdfs:subQassOfrdf:resource"http://www. ew-onto.info/EarthworkOntologies/EW-Onto#Data" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM®@nto#ResourceData>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ResourceData'>
<rdfs:subClassOfdf:resource" http://www.ew-onto.info/EarthworkOntologies/EW-Onto#Data" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#RigidFrameRearDump->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Rigid-FrameRearDump" >
<rdfsssubClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Truck" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Rpper-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Ripper" >
<rdfsssubClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Part" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#RuleandRegulation>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#RuleandRegulation"/>
<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Schedule->
<owl:Classrdf:about="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Schedule’>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Scrapef->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Scraper'>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#EarthworkEquipment” />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#SensorDevice>
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<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SensorDevice*
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#ElectronicEquipment” />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntagies/EWWOnto#SheepsFoet>
<owl;Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SheepsFoot>
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Compactor"/>
</owl:Class>

<!-- http://www.ewonto.info/EathworkOntologies/E\WWOnto#Soil-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Soil ">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Material" />
</owl:Class>

<!-- http://www.ewonto.info/EathworkOntologies/E\WWOnto#SoilBrushingMachine >
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilBrushingMachine">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SupportEquipment" />
</owl:Class>

<!l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#SoilClayLevel->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilClayLevel">
<rdfs:subClassOfdf:resource”http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Sol" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#SoilLayer->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilLayer" >
<rdfs:subClassOfdf:resairce="http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Soil"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM@nto#SoilMoisture->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilMoisture" >
<rdfs:subClassf rdf:resource"http://www.ew -onto.info/EarthworkOntolo gies/EW-Onto#Soil"/>
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Soil Type A-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilTypeA" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkO ntologies/EW-Onto#SoilClassification"/>

<rdfs:isDefinedBy®SHA:Type A Soils are cohesive soils with an unconfined compressisength of 1.5 tons per square foot (tsf) (144
kPa) or greater. Examples of Type A cohesive soils are often: clay, silty claynsg clay, clay loam and, in some cases, silty clay loam and
sandy clay loam. (No soil is Type A if it is fissured, is subjetd vibration of any type, has previously been disturbed, is part of a sloped,
layered system where the layers dip into the excavah on a slope of 4 horizontal to 1 vertical (4H:1V) or greater, or has seeping
water</rdfs:isDefinedBy>

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#Soil TypeB-->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilTypeB">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilClassification"/>

<rdfs:isDefinedBy©OSHA:Type B Soils are cohesive soils with an unconfined compressive strength greater than 0.5 tsf (48 kPa) but les
than 1.5 tsf (144 kPa). Examples of other TypB soils are: angular gravel; silt; silt loam; previously disturbed soils unless otherwise
classified as Type C; soils that meet the unconfined compressive strength or cementation requirements of Type A foitsre fissured or
subject to vibration; dry unstable rock; and layered systems sloping into the trench at a slope less than 4H:1V (only if the material would
be classified as a Type B soifj/rdfs:isDefinedBy>

</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/E\AOnto#Soil Type G->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Soil TypeC">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilClassification"/>

<rdfs:isDefinedBy©®SHA:Type C Soils are cohesive soils with an unconfinempressive strength of 0.5 tsf (48 kPa) or less. Other Type
C soils include granular soils such as gravel, sand and loamy sand, submerged soil, soil from which water is freely seepimd,
submerged rock hat is not stable. Also included in this classifation is material in a sloped, layered system where the layers dip into the
excavation or have a slope of four horizontal to one vertical (4H:1V) or greates/rdfs:isDefinedBy>

</owl:Class>

<!-- http://www ew-onto.info/EarthworkOntologies/EMDnto#SoilWaterLevel->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilWaterLevel">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Soil"/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto#StableRock->
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#StableRock">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#SoilClassificaton” />
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<rdfs:isDefinedBy:©OSHA:

Stable Rock is natural solid mineral matter that can be excavated with vertical sides and remain intact while exposed. lugially
identified by a rock name such as granite or sandstone. Determining whether a deposit igtué type may be difficult unless it is known
whether cracks exist and whether or not the cracks run into or away from the excavation/rdfs:isDefinedBy>

</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EM@Dnto#TeamCoordinatorAgent
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#TeamCoordinatorAgent">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Agent" />
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologies/EMDnto# TesResult-->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#TestResult">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#CollectedData"/>
</owl:Class>

<!-- http://www.ewonto.info/EarthworkOntologs/EW-Onto#Testing->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#Testing">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#InspectionMethod"/>
</owl:Class>

<l-- http://www.ewonto.info/EathworkOntologies/EWWOnto#TiltingDitchCleaningBucket>
<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#TiltingDitchCleaningBucket" >
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#BucketAttachment" />
</owl:Class>

<l-- http://www.ewonto.info/EarthworkOntologies/EM®Dnto#TimePeriod->

<owl:Classrdf:about"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#TimePeriod">
<rdfs:subClassOfdf:resource"http://www.ew -onto.info/EarthworkOntologies/EW-Onto#TemporalModality" />
</owl:Class>

</rdf:RDF>
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APPENDIX B EW-ONTO EVALAUATION
The next figures show the visualization of EWito evaluatiorresults for each question.
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APPENDIX C CODE FOR ONTOLOGIES COMPARISON

This code retrieves the main classes, the subclasses and their paths in the taxonomy for each
ontology. Each clagsom the first ontology will be&eomparedvith all other classes in the second
ontology.

[HEEEF SR SRR FFFFFFFRK KKKk [

private List <string > GetAllClasses ( string FilePath , string OntologyLabel , string OntologyUrl )
{

List <string > Clas ses = new List <string >();
try

IGraphg = new Graph ();
g. LoadFromFile ( FilePath );

string GetAllClasses =@
PREFIX rdf: <http://www.w3.0rg/1999/02/22 -rdf - syntax - ns#>
PREFIX owl: < http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http:// www.w3.0rg/2000/01/rdf - schema#>
PREFIX" + OntologyLabel + @": <" + OntologyUrl + @">
SELECT ?x
WHERE { ?x rdf:itype owl:Class.
)
/lget all sub classes
str ing Q2 = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>
PREFIX untitled -ontology - 12: <http://www.semanticweb.org/alhusain/ontologies/ 2020/1/untit led - ontology - 12#>
SELECT ?entity
WHERE {
?subclass rdfs:subClassOf <http://www.semanticweb.org/alhusain/ontologies/2020/1/untitled - ontology - 12#Actor>.
?entity owl:type ?subclass.
!
/lget all sub classes
st ring  GetSuperClassesUntilRoot = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>
PREFIX untitled - ontology - 12: <http://w ww.semanticweb.org  /alhusain/ontologies/2020/1/untitled - ontology - 12#>

select ?superclass where {
untitted - ontology - 12:Student (rdfs:subClassOf|(owl:intersectionOf/rdf:rest*/rdf:first))* ?superclass .

Object results = g. ExecuteQuery ( GetAllClasses );
if (results is SparglResultSet )
{
/ISELECT/ASK queries give a SparglResultSet
SparglResultSet rset = (SparglResultSet ) results ;
foreach  ( SparglResultr in rset )
{

it (r["" ]. ToString (). Startswith ("http" ) |

r["x" ]. ToString (). Startswith ("https" ))

Classes . Add(r["x" ]. ToString ());
/ITXT_TextToSearchin. Text += r["x"].ToString() + Environment.NewLine;
/IDo whatever you want with each Result

}

}

else if (results is IGraph )

{
/ICONSTRUCT/DESCRIBE queries give a IGraph
IGraph resGraph = (IGraph )results ;
foreach  (Triplet in resGraph . Triples )

/IDo whatever you want with each Triple

}

}

else

{

//If you don't get a SparglResutlSet or IGraph something went wrong
/Ibu t didn't throw an exception so you should handle it here
MessageBox . Show( "No D ata Found.” );

return  Classes ;
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catch (Exceptionex )

FRM_MSG f = new FRM_MS@;

f. ShowDLQ AssemblyInfo . AssemblyTitle

ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" });

throw ex;

}

Yiiid /

private string  GetLabel (string Class )

if (Class . LastindexOf ("#") <= 0)

return  Class . Substring (Class . LastindexOf (/" ) + 1);

}
else
{
return  Class . Substring (Class . LastindexOf ("#" ) + 1);
}
}
private string GetSuperClassesOfClassUntilRoot ( string FilePath , string Class , string
string OntologyUrl )
{
try
{
string  ClassPath = "";
List <string > Classes = new List <string >();
IGraphg = new Graph ();
g. LoadFromFile ( FilePath );
if (string .ISNullOrEmpty (Class ) ||
string . IsNullOrWhiteSpace (Class ))
throw new Exception ("Empty Class" );
/lget all sub classes
string  GetSuperClassesUntilRoot = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3 .org/2000/01/rdf - schema#>

PREFIX : <" + OntologyUrl + @">
select ?superclass where {
<" + Class + @"> (rdfs:subClassOf|(owl:intersectionOf/rdf:rest*/rdf:first))* ?superclass .

u.}

string  GetSuperClassesUntilRoot2 = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>

PREFIX : <" + OntologyUrl + @>
SELECT ?superClass WHERE

{<" + Class + @"> rdfs:subClassOf* ?superClass .

!
/I FILTER (lisBlank(rdfs:subClassOf))
/IFILTER(!isBlank(?superClass))
Object results = g. ExecuteQuery ( GetSuperClassesUntilR oot 2);
if (results is SparglResultSet )

/ISELECT/ASK queries give a SparglResultSet

SparglResultSet rset = (SparglResultSet ) results ;
foreach  ( SparglResultr in rset)
{

if  (IncludeSubclassOfAxiomValue )

Classes . Add(r[ "superClass" ]. ToString ());

}
else
{
if (! r["superClass" ]. ToString (). StartsWith (" _:autos" ))
Classes . Add(r[ "superClass” 1. ToString ());
/IDo whatever you want with each Result
}
else if (results is IGraph )
{
/ICONSTRUCT/DESCRIBE queries give a IGraph
IGraph resGraph = (IGraph )results ;
foreach  (Triplet in res Graph. Triples )
{
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/IDo whatever you want with each Triple

}

else

/If you don't get a SparglResutlSet or IGraph something went wrong
/Ibut didn't throw an exception so you should handle it here
MessageBox . Show( "No Data Found.” );

/I Classes.Reverse();
foreach  ('string Cls in Classes )

{

string  tmp = GetLabel (Cls);

if (ClassPath == "")
ClassPath = tmp;

}

else
ClassPath += ">" + tmp;

}

return  ClassPath

catch ( Exceptionex )
{
FRM_MSG f = new FRM_MS@;
f . ShowDLQ AssemblyInfo . AssemblyT itle
ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" });
throw ex;

/ /
private  void FillClasses ( DoWorkEventArgse )

UpdateCurrentOperation ( "Operation : Get First Onlogogy Name..." );

string  OnlogogyAName = GetAl |Ontologies  ( FirstFilePath ) 0L

UpdateCurrentOperation ("Operation : Get Second Onlogogy Name..."

string  OnlogogyBName = GetAllOntologies ( SecondFilePath )[ 0];

UpdateCurrent Operation ("Operation : Get all first classes...” );

List <string > Classes = GetAllClasses ( FirstFilePath , GetLabel (OnlogogyAName), OnlogogyAName);
UpdateCurrentOperation ("Operation : Get all second classes..." ;

List <string > Classes2 = GetAllClasses ( SecondFilePath , GetLabel (OnlogogyBName), OnlogogyBName);

List <string
List <string
List <string
List <string
List <string
List <string
List <string
List <string

ClassesWithLabel = new List <string >();
Classes2WithLabel = new List <string >();

Similars = new List <string >();
DifferencesInFirstAnology = new List <string >();
DifferencesInSecondAnology = new List <string >();
Differences = new List <string >();
DifferencesOnlyInFirst = new List <string >();
DifferencesOnlyInSecond = new List <string >();
List <string result = new List <string >();

List <string resu It2 = new List <string >();

List <string > AllResults = new List <string >();

UpdateCurrentO peration ("Operation : Get RootPath of all first classes...” );
foreach  (string Class in Classes )

{

VVVVVVYVYVVYV

if  (worker . CancellationPending )

e. Cancel = ftrue ;
/lcancel backgroundworker
return

/ITXT_TextClassesResult. T ext += GetLabel(Class) + " : " + Class + Environment.NewLine;

string RootPath = GetSupe rClassesOfClassUntilRoot ( FirstFilePath , Class ,
GetLabel (OnlogogyAName), OnlogogyAName);

result . Add( GetLabel (Class ) + ":" + Root Path );

AllResults . Add( GetLabel (Class ) + ":" + RootPath );

ClassesWithLabel . Add( GetLabel (Class ));

UpdateCurrentOperation ( "Operation : Get RootPath of all second clas ses..." );
foreach  ('string Class in Classes2 )
{

if (worker . CancellationPending )
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GetLabel (OnlogogyBName), OnlogogyBName);

ListSortDirection

ListSortDirection

Class );

Class );

"ClassName" );

e. Cancel = ftrue ;
I/lcancel backgroundworker
return
}
string RootPath = GetSuperClassesOfClassUntilRoot ( SecondFilePath , Class ,
result2 . Add( GetLabel (Class ) + ":" + RootPath );
AllResults . Add( GetLabel (Class ) + ":" + RootPath );
Classes2WithLabel . Add( GetLabel ( Class ));
}
DataGRD_ClassesInFirst_Ref . Invoke (( Methodinvoker () =>
DataGRD_ClassesInFirst_Ref . Sort (DataGRD_ClasseslInFirst_Ref . Columns [ "ClassName" ],
. Ascending );
)

DataGRD_ClassesInSecond_Ref . Invoke (( Methodinvoker )() =>

DataGRD_ClassesInSecond_Ref . Sort ( DataGRD_ClassesInSecond_Ref . Columns [ "ClassName2" ],

. Ascending );
N
/IProvider
UpdateCurrentOperation ("Operation : add classes in first" );
foreach  ('string Class in ClassesWithLabel )
{
if  (worker . CancellationPending )
{
e. Cancel = true ;
Illcancel backgroundworker
return ;
}
DataGRD_ClassesInFirst_Ref . Invoke (( MethodInvoker )(() =>
{
DataGRD_ClassesInFirst_Ref . Rows. Add(( DataGRD_ClassesInFirst_Ref . Rows. Count + 1),
D)
UpdateCurrentOperation ( "Operation : add classes in second" );

foreach  ('string Class in Classes2WithLabel )

if  (worker . CancellationPending )

e. Cancel = true ;
I/lcancel backgroundworker
return

}
DataGRD_ClassesInSecond_Ref . Invoke (( MethodInvoker )() =>

DataGRD_ClassesInSecond_Ref . Rows. Add(( DataGRD_ClassesInSecond_Ref . Rows. Count + 1),

D)
}
AllResults . Sort ();
/ begin /
UpdateCurrentOperation ( "Operation : Add subClasses in first..." );
foreach (' String r in result )
{
if (worker . CancellationPending )
{
e. Cancel = ftrue ;
/lcancel backgroundworker
return ;
}
string [] Tmp = r.Split (new string [] { ™" '}  StringSplitOptions . RemoveEmptyEntries );
string  ClassName = r. Substring (0, r.IndexOf (" ) + 1). Trim ();
if (Tmp Length == 2 &&
Tmg 0]. Trim (). ToLower () == Tmgd 1]. Trim (). ToLower ())
{
int  RowIndex = GetDataGRDRowlIndex ( Tmgd 0]. Trim (), DataGRD_Clas sesInFirst_Ref
DataGRD_ClassesInFirst_Ref . Rows[ RowlIndex ]. Cells ["SuperClass" ]. Value = "Yes" ;
int count = O;
foreach  ( DataGridViewCell cell in DataGRD_ClassesInFirst_Ref . Rows[ RowlIndex ]. Cells )
{
if (count >= 3)
/lcell.Value =" -
}
count ++;
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}

else
{
string RootPath = r. Substring (r. IndexOf (™" ) + 1). Trim ();
string [] SubClasses = RootPath . Split (new string [] { ">" },
StringSpli tOptions . RemoveEmptyEntries );

int  CurrentSubClassesColumnsCount = DataGRD_ClassesInFirst_Ref . Columns . Count - 3;
int  SubClassesCount = SubClasses . Length - 1;
int  CountOfMustAddedColumns = 0;
if  (CurrentSubClassesColumnsCount < SubClassesCount )
CountOfMustAddedColumns = SubClassesCount - CurrentSubClassesColumnsCount ;

if  (CountOfMustAddedColumns > 0)

int  ColumnCount = CurrentSubClassesColumnsCount ;
for (int i = 0; i < CountOfMustAddedColumns ; i ++)
{
if (worker . CancellationPen  ding )
{
e. Cancel = true ;
/lcancel backgroundworker
return
}
DataGridViewTextBoxColumn NewColumn = new DataGridViewTextBoxColumn  ();
NewColumn. HeaderText = "SubClasseOf" + (ColumnCount + 1);
NewColumn. MinimumWidth =
NewColumn. Name = "SubClasseOf " + (ColumnCount + 1);
NewColumn. ReadOnly = true ;
NewColumn. Width =

DataGRD_ClassesInFirst_Ref . Invoke (( MethodInvoker )( () =>
{
DataGRD_ClassesInFirst_Ref . Columns . Add( NewColumn);
i
ColumnCount ++;
}
}
int count = 0;

string [] Tmp2
int  RowlIndex2

= r.Split (new string [] { ™ },  StringSplitOptions . RemoveEmptyEntries );
= GetDataGRDRowlIndex ( TmpZ 0]. Trim (), DataGRD_ClassesInFirst_Ref ,
"ClassName" );

string RootPath2 = r. Substring (r.IndexOf ("" ) + 1). Trim ();

string [] SubClasses2 = RootPath2 . Split (new string [] { ">" }

StringSplitOptions . RemoveEmptyEntr ies );
int  Index =
foreach  ( DataGridViewCell cell in DataGRD_ClassesInFirst_Ref . Rows[ RowlIndex2 ]. Cells )
{
if (worker . CancellationP  ending )

e. Cancel = true ;

/lcancel backgroundworker

return

}
if (count >= 3)

if (Index < SubClasses2 . Length )

DataGRD_ClassesInFirst_Ref . Invoke (( Methodinvoker )() =>
cell .Value = SubClasses2 [Index ];
D)
Index ++;
}
else
/lcell.Value =" -
}
}
count ++;
}
}
/**************************/
UpdateCurrentOperation ( "Operation : Add subClasses in second..." );
foreach (' String r in result2 )

{

if (worker . CancellationPending )

{

e. Cancel = true ;
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/Icancel backgroundworker

return
}
string [] Tmp = r.Split (new string [] { ™ },  StringSplitOptions . RemoveEmptyEntries );
string ClassName = r. Substring (0, r.IndexOf (™" ) + 1). Trim ();
if (Tmp Length == &&
Tmg O0]. Trim (). ToLower () == Tmg 1]. Trim (). ToLower ())
{
int  RowIndex = GetDataGRDRowlIndex ( Tmgd 0]. Trim (), DataGRD_ClassesInSecond_Ref
"ClassName2" );
DataGRD_ClassesInSecond_Ref . Rows[ Rowindex ]. Cells [ "SuperClass2" ]. Value = "Yes" ;
int count = O;
foreach  ( DataGridViewCell cell in DataGRD_ClassesInSecond_Ref . Rows[ Rowlndex ]. Cells )
{
if (count >= 3)
/lcell.Value =" -
}
count ++;
}
}
else
{
string RootPath = r. Substring (r.IndexOf (™" ) + 1). Trim ();

string [] SubClasses
. RemoveEmptyEntries );

StringSplitOptions

RootPath . Split (new string [ { ">" },

int  CurrentSubClassesColumnsCount = DataGRD_ClassesInSecond_Ref . Columns. Count -
int SubClassesCount = SubCl asses . Length -
int  CountOfMustAddedColumns = 0;
if  (CurrentSubClassesColumnsCount < SubClassesCount )
CountOfMustAddedColumns = SubClassesCount - CurrentSubClassesColumnsCount
if ( CountOfMustAddedColumns > 0)
{
int  ColumnCount = CurrentSubClassesColumns  Count ;
for (int i = 0; i < CountOfMustAddedColumns ; i ++)
{
if  (worker . CancellationPending )
{
e. Cancel = ftrue ;
/lcancel backgroundworker
return
}
DataGridViewTextBoxColumn NewColumn = new DataGridViewTextBoxColumn  ();
NewColumn. HeaderText = "SubClasseOf" + (ColumnCount + 1);
NewColumn. MinimumWidth =
NewColumn. Name = "SubClasseOf " + (ColumnCount + 1);
NewColumn. ReadOnly = true ;
NewColumn. Width = |
DataGRD_ClassesInSecond_Ref . Invoke (( Methodinvoker )(() =>
DataGRD_ClassesInSecond_Ref . Columns . Add( NewColumn);
N
ColumnCount ++;
}
}
int  count = 0;
string [| Tmp2 = r.Split (new string [] { ™ },  StringSplit Options . RemoveEmptyEntries );
int  RowIndex2 = GetDataGRDRowlIndex ( TmpZ 0]. Trim (), DataGRD_ClassesInSecond_Ref ,
"ClassName2" );
string RootPath2 = r. Substring (r.IndexOf ("" ) + 1). Trim ();
string [] SubClasses2 = RootPath2 . Split (new string [] { ">" }
StringSplitOptions . RemoveEmptyEntries );
int Index = 1;
foreach  ( DataGridViewCell cell in DataGRD_ClassesInSecond_Ref . Rows[ RowIndex2 ]. Cells )
{
if (worker . CancellationPending )
{
e. Cancel = true ;
/lcancel backgroundworker
return
}
if (count >= 3)
if (Index < SubClasses2 . Length )

DataGRD_ClassesInSecond_Ref . Invoke (( Methodinvoker =>

)0

cell . Value

SubClasses2 [ Index ];
)

161



Index ++;

}
else
/lcell.vValue =" -
}
}
count ++;
}
}
/************************/
Classes . Sort ();
UpdateCurrentOperation ( "Operation : Get extact similar classes..." );
foreach (string Class in result )
{
if (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundworker
return
bool Found = false
foreach  ('string Class2 in result2 )
if (Class2 . ToLower () == Class . ToLower ())
Similars . Add( Clas s);
Found = true ;
}
}
if (! Found)
DifferencesInFirstAnology . Add( Class );
UpdateCurrentOperation ( "Operation . Get classes only in first/second...” );

-

foreach  ('string Class in result2

if  (worker . CancellationPending )

e. Cancel = ftrue ;
/lcancel backgroundworker
return ;

bool Found = false ;
foreach  ('string Class2 in result )

if (Class2 . ToLower () == Class . ToLower ())
Found = true ;
}
}
if (! Found)
DifferencesInSecondAnology . Add( Class );
}
Similars . Sort ();
DifferencesInFirstAnology . Sort ();
DifferencesIinSecondAnology . Sort ();
UpdateCurrentOperation ( "Operation : extract classes only in first..." );
[ffirst only
foreach  ( string Class in DifferencesinFirstAnology )
{
if (worker . CancellationPending )
e. Cancel = ftrue ;
/lcancel backgroundworker
return

bool Found = false ;

foreach (string  Class2 in DifferencesinSecondAnolog y)
{
if  (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundworker
return ;
}
if (Class . Substring (0, Class .IndexOf (™" )). Trim (). ToLower () == Class2 . Substring (0,

Class2 . Index Of(":" )). Trim (). ToLower ())
{

Differences . Add( Class );
Differences . Add( Class2 );
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Found = true ;

}
}
if (! Found)
DifferencesOnlyInFirst . Add( Class );
}
UpdateCurrentOperation ( "Operation : extract classes only in second..." );
/lseco nd only
foreach  ('string Class in DifferencesinSecondAnology )
{
if (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundwor ker
return ;

bool Found = false ;

foreach  ('string Class2 in DifferencesinFirstAnology )
{
if  (worker . CancellationPending )
e. Cancel = true ;
Illcancel backgroundworker
return
}
if (Class . Substring (0, Class .IndexOf (™" )). Trim (). ToLower () == Class2 . Substring (

Class2 . IndexOf (":" )). Trim (). ToLower ())
{

Found = true ;

}
}
if (! Found)
{
DifferencesOnlyInSecond . Add( Class );
}
}
UpdateCurrentOperation ( "Operation : Add extact similar classes..." );

foreach (string r in Similars )

if  (worker . CancellationPending )

e. Cancel = ftrue ;
Illcancel backgroundworker
return ;
}
string [] tmp = r.Split (new string [] { ":" 1}  StringSplitOptions . RemoveEmptyEntries );
DataGRD_ExtactSimilarClasses_Ref . Invoke (( Methodinvoker () =>
DataGRD_ExtactSimilarClasses_Ref . Rows. Add(( DataGRD_ExtactSimilarClasses_Ref . Rows. Count
+ 1), tmp[0], tmp[1]);
UpdateCurrentOperation ( "Operation : add similar classes differnt position..." );
for (int i = 0; i < Differences .Count; i += 2)
{
if  (worker . CancellationPending )
e. Cancel = ftrue ;
/lcancel backgroundworker
return
string  ClassName = Differ ences[i]. Split (new string [ { "" 1},
StringSplitOptions . RemoveEmptyEntries )[ 0];
string PositionInFirstOnology = Differences [i]. Split (new string [] { "" }
StringSplitOptions . RemoveEmptyEntries )[ 1];
string  PositionInS  econdOnology = Differences [i + 1]. Split (new string [ { "' 1},
StringSplitOptions . RemoveEmptyEntries )[ 1];
DataGRD_SimilarClassesDifferentPostion_Ref . Invoke (( Methodinvoker )() =>
{
DataGRD_Simil arClassesDifferentPostion_Ref . Rows. Add(( DataGRD_SimilarClassesDifferentPostion_Ref . Rows. Count +
), ClassName, PositioninFirstOnology , PositioninSecondOnology );
)N
UpdateCurrentOp eration ("Operation : add classes only in first..." );
foreach  ('string r in DifferencesOnlyInFirst )
{

if (worker . CancellationPending )
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e. Cancel = true ;
I/lcancel backgroundworker
return
}
string [] tmp = r.Split (new string [] { ™" }  StringSplitOptions . RemoveEmptyEntries );
DataGRD_ClassesInFirst_Ref . Invoke (( Methodinvoker )() =>
DataGRD_OnlyClassesInFirst_Ref . Rows. Add(( DataGRD_OnlyClasseslInFirst_Ref . Rows. Count +
), tmp[O], tmp[1]);
UpdateCurrentOperation ( "Operation : extract classes only in second..." );
foreach  ('string r in DifferencesOnlylInSecond )
{
if (worker . CancellationPending )
{
e. Cancel = true ;
I/lcancel backgroundworker
return
}
string [] tmp = r.Split (new string [] { ™" }  StringSplitOptions . RemoveEmptyEntries );
DataGRD_OnlyClasses InSecond_Ref . Invoke (( MethodInvoker )() =>
{
DataGRD_OnlyClassesIinSec ond_Ref . Rows. Add(( DataGRD_OnlyClassesIinSecond_Ref . Rows. Count +
), tmp[0], tmp[1]);
)
}
catch (Exceptionex )
{
FRM_MSG f = new FRM_MS@;
f . ShowDLG Assemblyinfo . AssemblyTitle
ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" });
}

The following code retrieves the Object properties from each ontology and cemaeneroperty
in the first ontolog with the all the properties in the second ontology

[FRFFRRRE KRR AFF KRR |

private List <string > GetAllObjectProperties ( string FilePath , string OntologyLabel , string OntologyUrl )
{
List <string > Class es = new List <string >();
try
IGraphg = new Graph ();
g. LoadFromFile ( FilePath );
string  GetAllObjectProperties = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>
PREFIX" + OntologyLabel + @": <" + OntologyUrl + @">
SELECT ?x ?subject
WHERE { ?x rdf:type owl:ObjectProperty
}
Object results = g. ExecuteQuery ( GetAllObjectProperties );
if (results is SparglResultSet )
{
/ISELECT/ASK queries give a SparglResultSet
SparglResultSet rset = (SparglResultSet ) results ;
foreach  ( SparglResult r in rset )
{

Classes . Add(r["x" ]. ToString ());
/ITXT_TextToSearchIn.Text += r["x"].ToString() + Environment.NewLine;
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/I Do whatever you want with each Result

else if (results is IGraph )

/ICONSTRUCT/DESCRIBE queries give a IGraph
IGraph resGraph = (IGraph ) results
foreach  (Triple t in resGraph . Triples )

/IDo whatever you want with each Triple
}
}
else
/if you d on't get a SparglResutlSet or IGraph something went wrong
/Ibut didn't throw an exception so you should handl e it here

MessageBox . Show( "No Data Found.” );
return  Classes ;

catch ( Exceptionex )
{
FRM_MSG f = new FRM_MS@;
f . ShowDLQ@ Assemblyinfo . AssemblyTitle
ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMVSGcon . Error
FRM_MSGBTNS One,
new string [ { "Ok" })
throw ex;

/ /
private  void FillObjectPropertie s( DoWorkEventArgs e )
{
try
{
UpdateCurrentOperation ( "Operation : Get ontology name of first..." );
string  OnlogogyAName = GetAllOntologies ( FirstFilePath ) 0L
UpdateCurrentOperat  ion ( "Operation : Get ontology name of second... ")
string  OnlogogyBName = GetAllOntologies ( SecondFilePath )[ 0];
UpdateCurrentOperation ("Operation : Get all object properties of first..." );
List <string > ObjectP roperties = GetAllObjectProperties ( FirstFilePat h, GetLabel (OnlogogyAName),
OnlogogyAName );
UpdateCurrentOperation ("Operation : Get all object properties of second...” );
List <string > ObjectProperties2 = GetAllObjectProperties ( SecondFilePath
GetLabel (OnlogogyBName), OnlogogyBName);
List <string > ExactSimilars = new List <string >();
List <string
List <string

Similars = new List <string >();

DifferencesInFirstAnology = new List <string >();

List <string DifferencesInSecondAnology = new List <string >();

List <string result = new List <string >();

List <string > result2 = new List <string >();

UpdateCurrentOperation ("Operation : Get | abel of object properties in first..." );
foreach  (string  ObjectProperty in  ObjectProperties )

{

>
>
>
>

if  (worker . CancellationPending )

e. Cancel = ftrue ;
/lcancel backgroundworker
return

}
if (GetLabel (ObjectProperty ). Length >=3)
result . Add( GetLabel (ObjectProperty ));

UpdateCurr entOperation  ( "Operation : Get label of object properties in second...” );
foreach  (string  ObjectProperty in ObjectProperties2 )
{

if (worker . CancellationPending )

e. Cancel = true ;
/lcancel backgroundworker
return ;

}
if (GetLabel (ObjectProperty ). Length >= 3)
result2 . Add( GetLabel (ObjectProperty ));

[FFFRRRR KRk |

UpdateCurrentOperation ( "Operation : Get exact similar/similar/OnlyInFirst object properties in
second..." ),
for each (string  ObjectProperty in result )
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if (worker . CancellationPending )

e. Cancel = ftrue ;
/lcancel backgroundworker
return

bool Found = false ;

foreach  ('string ObjectProperty2 in result2 )
{
if (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundworker
return ;
}
if (ObjectProperty . ToLower () == ObjectProperty2 . ToLower ()

Found = true ;

}
}
if  (Found)
{

ExactSimilars . Add( ObjectProperty );

}
else
{
bool Found2 = false
foreach (string  ObjectProperty2 in result2 )
{
if  (worker . CancellationPending )
e. Cancel = ftrue ;
/Icancel backgro undworker
return
}
/IMessageBox.Show(ObjectProperty2 + " \ n"+ObjectProperty);
if  ( ObjectProperty2 . ToLower (). Contains ( ObjectProperty . ToLower ()) ||
ObjectProperty . ToLower (). Contains ( ObjectProperty2 . ToLower ()))
{
Similars . Add( ObjectProperty + o + ObjectProperty2 );
Found2 = true ;
}
}
if (! Found2)
DifferencesInFirstAnology . Add( ObjectProperty  );
}
}
/*****************/
UpdateCurrentOperation ("Operation : Get only in second object properties in second..."
foreach  (string  ObjectProperty in result2 )
{
if  (worker . CancellationPending )
e. Cancel = ftrue ;
/lcancel backgroundworker
return

bool Found = false ;

fo reach (string  ObjectProperty2 in result )
{
if  (worker . CancellationPending )
e. Cancel = ftrue ;
/lcancel backgroundworker
return
}
if (ObjectProperty . ToLower () == ObjectProperty2 . ToLower ()
Found = true ;
}
}
if (Found)
{
}
else

bool Found2 = false ;
foreach  (string  ObjectProperty2 in result )
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if  (worker . CancellationPending )

e. Cancel = ftrue ;
/lcancel backgroundworker
return ;

}
if  (ObjectProperty2 . ToLower (). Contains (ObjectProperty . ToLower ()) ||
ObjectProperty . ToLower (). Contains ( ObjectProperty2 . ToLower ()))

Found2 = true ;

}
}
if (! Found2)
DifferencesIinSecondAnology . Add( ObjectProperty );
}
}
DataGRD_SimilarObjectPropertiesDifferentTerminology_Ref . Invoke (( MethodInvoker )() =>
{
DataGRD_SimilarObjectPropertiesDiff erentTerminology_Ref . Sort ( DataGRD_SimilarObjectPropertiesD ifferentTerminolog
y_Ref . Columns [ "ObjectPropertylnFirstOntology" ], ListSortDirection . Ascending );
N
UpdateCurrentOperation ("Operation : Add similar object properties different terminology..." );
foreach  (stri ng r in Similars )
{
if  (worker . CancellationPending )
{
e. Cancel = true ;
/lcancel backgroundworker
return
}
string [] SimialrObjectProperty = r.Split (new string [ { "" }
StringSplitOptions . RemoveEmptyEntries );
DataGRD_SimilarObjectPropertiesDifferentTerminology_Ref . Invoke (( Methodinvoker )(() =>
{
DataGRD_SimilarObjectPropertiesDifferentTerminology_Ref . Rows. Add(( DataGRD_SimilarObjectPropertiesDifferen tTermi
nology_Ref . Rows. Count + 1), SimialrObjectProperty [0], SimialrObjectProperty [1]);
} D)k
DataGRD_ExactSameObjectProperties_Ref . Invoke (( Methodinvoker )() =>
{
DataGRD_ExactSameObjectProperties_Ref . Sort ( DataGRD_ExactSameObjectProperties_Ref . Columns [ "ExactSameObjectProper
ty" ], ListSortDirection . Ascending );
Up;dateCurrentOperation ( "Operation : Add extact simil ar object properties..." );
foreach  (string r in ExactSimilars )
{
if  (worker . CancellationPending )
{
e. Cancel = true ;
/lcancel backgroundworker
return
}
DataGRD_ExactSameObjectProperties_Ref . Invoke (( Methodinvoker )() =>
{
DataGRD_ExactSameObjectProperties_Ref . Rows. Add(( DataGRD_ExactSameObjectProperties_Ref . Rows. Count + 1), r);
)
}
DataGRD_OnlyObjectPropertiesInFirst _Ref. Invoke (( Methodinvoker )() =>
{
DataGRD_OnlyObjectPropertiesinFirst_Ref . Sort ( DataGRD_OnlyObjectPropertiesInFirst_Ref . Columns [ "OnlyObjectPropert
iesInFirst" ], ListSortDirection . Ascending );
N
UpdateCurrentOperation ("Operation : Add object properties only in first..." );
foreach  ( string r in DifferencesinFirstAnology )
{
if (worker . CancellationPending )
{
e. Cancel = true ;
/lcancel backgroundworker
return ;
}
DataGRD_OnlyObjectPropertiesinFirst_Ref . Invoke (( MethodInvoker )() =>
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{

DataGRD_OnlyObjectPropertiesinFirst_Ref . Rows. Add(( DataGRD_OnlyObjectPropertiesinFirst_Ref . Rows. Count + 1), r);
n;
}
DataGRD_OnlyObjectPropertiesinSecond_Ref . Invoke (( Method Invoker )() =>
{
DataGRD_OnlyObjectPropertiesinSecond_Ref . Sort ( DataGRD_OnlyObjectPropertiesinSecond_Ref . Columns [ "OnlyObjectPrope
rtiesInSecond"” ], ListSortDirection . Ascending );
N
UpdateCu rrentOperation ( "Operation : Add object properties only in second..." );
foreach  ('string r in DifferencesinSecondAnology )
{
if (worker . CancellationPending )
{
e. Cancel = true ;
/lcancel backgroundworker
return
}
DataGRD_OnlyObjectPropertiesinSecond_Ref . Invoke (( Methodinvoker () =>
{
Dat aGRD_OnlyObjectPropertiesinSecond_Ref . Rows. Add(( DataGRD_OnlyObjectPropertiesinSecond_Ref . Rows. Count + 1),
r);
)
}
catch (Exceptionex )
{
FRM_MSG f = new FRM_MS@;
f . ShowDLG Assemblyinfo . AssemblyTitle
ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGiIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" });
}
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APPENDIX D PYTHON CODE FOR SEMANTIC COMPARISON

This code recutes Wu-Palmer Similarity (WUP) similarity approach. This cademparesow
similar two-word senses are. The code wslased on the depth calculation of the two senses in

the taxonomy and the their last common Subsumer.

public static string Execute_wup_similarity2 (string Wordl , string Word2 )
{
try
{
string path = new
Syst em 10. FileInfo  ( Assembly . GetExecutingAssembly (). Location ). Directory . FullName ;
string path2 = path + "\\NLTKTestLast.py" ;
path = "\'" + path + "\\NLTKTestLastpy \";
stri ng PythonScript = @from nltk.corpus import wordnet
synl = wordnet . synsets (" + Wordl +@" )
syn2 = wordnet . synsets (" + Word2 + @" )
if len (synl) >0 and len (syn2) >0:
r=synl[0]. wup_similarity2 (syn2[0])
if r is not None:
print  (round (r*100)) ";
File . WriteAllText  (path2 , PythonScript );
Processp = new Process ();
p. Startinfo = new ProcessStartinfo ( Properties . Settings . Default . PythonPath , path)
RedirectStandardOutput = true ,
UseShellExecute = false
CreateNoWindow = true
h
p. Start ();
string output = p. StandardOutput . ReadToEnd();
p. WaitForExit  ();
/I Console . ReadLine ();
/I MessageBox . Show( output );
return  output ;
catch (Exceptionex )
{
MessageBox . Show( ex. Message + "\ n" + ex. StackTrace . ToString ());
throwe x;
}
}
private void UpdateCurrentOperation ( string text )
{
LBL_CurrentOperation_Ref . Invoke (( Methodinvoker () =>
LBL_CurrentOperation_Ref .Text = text ;
Progres s_ComparisonProgress_Ref . Invoke (( MethodInvoker )() =>
{
int progress =Progress_ComparisonProgress_Ref . Value ;
progress = (progress + 3);
if (progress < 100)
Progress_ComparisonProgress_Ref . Value = progress ;
Progress_ComparisonProgress_Ref . Focus ();
Progress_ComparisonProgress_Ref . Update ();
Progress_ComparisonProgress_Ref . Refresh ();
}
)
LBL_Pre centageComparesion_Ref . Invoke (( Methodinvoker )() =>
LBL_PrecentageComparesion_Ref . Text = Progress_ComparisonProgress_Ref . Value + "%";

s
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private string GetSmallPartOfSpeach ( PartOfSpeechp )

{
switch  (p)
{

case PartOfSpeech . Noun:
return  "(n)"

case PartOfS peech . Adverb :
return  "(av)"

case PartOfSpeech . Verb:
return  "(v)"

case PartOfSpeech . Adjective
return  "(a))"

default
return "
}
}
/*********************/
private bool IsResultFound (List <SematicResult > result , string Word
{
try
foreach  ( SematicResult r in result )
{
if  (r.Word == Word)
return  true ;
return  false ;
}
catch
{
return  false ;
}
/*'k***********************/
private string [l GetAllOntologies ( string Fi lePath )
{
List <string > Ontologies = new List <string >();
try
IGraphg = new Graph ();
g. LoadFromFile ( FilePath );
string GetAllOntologies =@
PREFIX owl : <http :// wwww3. org / 2002/ 07/ owl #>
PREFIX rdf : <http :// wwww3. org / 1999/ 02/ 22- rdf - syntax - ns#>
SELECT DISTINCT ?ontology
WHERE{ ?ontology rdf :type owl :Ontology }
ORDER BY ?ontology
' Object results = ¢. ExecuteQuery ( GetAllOntologies );
if  (results is SparglResultSet )
{
/I SELECT ASK queries give a SparglResultSet
SparglResultSet rset = (SparglResultSet ) results ;
foreach  ( SparglRes ultr in rset )
{

Ontologies . Add(r [ "ontology” ]. ToString ());
/I TXT_TextClassesResult .Text += r["x" ]. ToString ()

/I Do whatever you want with  each Result
}
}
else if (results is IGraph )
{
/I CONSTRUQTDESCRIBE queries give a IGraph
IGraph resGraph = (IGraph )results ;
foreach  (Triplet in resGraph . Triples )
/I TXT_TextClassesResult . Text += t. Subject . ToString
/I Do whatever you want with  each Triple
}
}
else
{

/I 1f you don't get a SparglResutlSet or IGraph something went wrong
/I but didn't throw an exception so you should handle it here
MessageBox . Show( "No Data F  ound." );
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}

return  Ontologies . ToArray ();
catch (Exceptionex )

FRMMSG f = new FRM_MS®);

f. ShowDLQ AssemblyInfo . AssemblyTitle

ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGlIcon. Error ,
FRM_MSGBTNS One,
newstring [ { "Ok" })

throw ex ;

This code creates queries to retrieve the classes from the ontology and sotingarevith
WordNet.

private string  GetLabel (string Class )

{
if (Class . LastindexOf ("#"') <= 0)
return  Class . Substring (Class . LastindexOf (/" ) + 1);
}
else
{
return  Class . Substring (Class . LastindexOf ("#" ) + 1);
}
}
/*********************/
private List <string > GetAllClasses ( string FilePath , string  Ontology Label , string  OntologyUrl )
{
List <string > Classes = new List <string >();
try
{
IGraphg = new Graph ();
g. LoadFromFile ( FilePath );
string  GetAllClasses = @"
/lget all sub classes
string  GetSuperCl assesUntilRoot = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>
PREFIX unt itled -ontology - 12: <http://www.semanticweb.org/alhusain/ontol ogies/2020/1/untitled - ontology - 12#>

select ?superclass where {
untitted - ontology - 12:Student (rdfs:subClassOf|(owl:intersectionOf/rdf:rest*/rdf:first))* ?superclass .

Obje ct results = ¢. ExecuteQuery ( GetAllClasses );
if  (results is SparglResultSet )

/ISELECT/ASK queries give a SparglResultSet

SparglResultSet rset = (SparglResultSet ) results ;
foreach  ( SparglResult r in rset )
{

if (r["x"]. ToString (). StartsWith ("http" ) ||

r["x" ]. ToString (). StartsWith ("https" ))

Classes . Add(r["x" ]. ToString ());
/ITXT_TextToSearchin.Text += r["x"].ToString() + Environment.NewLine;
/IDo whatever you want with each Result

}

else if (results is IGraph )
/ICONSTRUCT/DESCRIBE queries give a IGraph
IGraph resGraph = (IGraph )results ;
foreach  (Triple t in resGraph . Triples )
//IDo whatever you want with  each Triple

}

else
/If you don't get a SparqlResutlSet or IGraph something went wrong
//but didn't throw an exception so you should handl eit here
MessageBox . Show( "No Data Found.” );

return  Classes ;
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catch

{

( Exception ex

)

FRM_MSG f = new FRM_MS@;

f. ShowDLQ AssemblyInfo . AssemblyTitle
ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGlIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" });
throw ex;
private  void FillClasses ( DoWorkEventArgs e , WordNetEngine wne )
UpdateCurrentOperation ( "Operation : Get First Onlogogy Name..." );
string  Onlog ogyAName = GetAllOntologies ( FirstFilePath ) 0
UpdateCurrentOperation ( "Operation : Get Second Onlogogy Name..."
string  OnlogogyBName = GetAllOntologies ( SecondFilePath )[ 0O];
UpdateCurrentOperation ( "Operation : Get all first classes..." ;
List <string > Classes = GetAllClasses ( FirstFilePath , GetLabel (OnlogogyAName), OnlogogyAName);
UpdateCurrentOperation ("Operat ion : Get all second classes..." ;
List <string > Classes 2 = GetAllClasses ( SecondFilePath GetLabel (OnlogogyBName), OnlogogyBName);
List <string > ClassesWithLabel = new List <string >();
List <string > Classes2WithLabel = new List <string >();
UpdateCurrentOperation ("Operation : Get Class Label of all first classes..." );
foreach  ('string Class in Classes )
{
if (worker . CancellationPending )
{
e. Cancel = true ;
/lcancel backgroundworker
return ;
}
ClassesWithLabel . Add( GetLabel (Class ));
}
UpdateCurrentOperation ("Operation : Get class Label of all second classes..." );
foreach  (string Class in Classes2 )
if (worker . CancellationPending )
e. Cancel = true ;
I/lcancel backgroundworker
return
}
Classes2WithLabel . Add( GetLabel ( Class ));
}
UpdateCurrentOperation ("Operation : Fill cl ass First VS WordsNet..." );
int  ColumnCount = 1;
foreach  ('string Class in ClassesWithLabel )
{
if (worker . CancellationPending )
{
e. Cancel = ftrue ;
/lcancel backgroundworker
return
}
DataGridViewTextBoxColumn NewColumn = new DataGridViewTextBoxColumn 0;
NewColumn. HeaderText = Class ;
NewColumn. MinimumWidth = 50;
NewColumn. Name = Class + (ColumnCount + 1);
NewColumn. ReadOnly = true ;
NewColumn. Width = 50;
int  NewColumnindex = 0;

DataG RD_CIass_FirstVSWorc’j Net_Ref

NewColumnindex

N
string
string
if

Te

else

TempClass

InsteadWord

( InsteadWord
TempClass

DataGRD_Class_FirstVSWordNet_Ref

IsWordFo und( Class );
=
InsteadWord

mpClass

= Class ;
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string [] parts = Util es. SpitByCap italLetters (TempClass ). Split (new string [ { """ },

StringSplitOptions . RemoveEmptyEntries );
bool isFoundResult = false
foreach (string part in parts )
{

if (isFou ndResult )
break ;
List <SynSet > sets = wne. GetSynSets (part );
List <SematicResult > result = new List <SematicResult >();

foreach (SynSets in sets)
{
if (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundworker
return ;

foreach (string  w in s. Words)

{
if  (worker . CancellationPending )
e. Cancel = ftrue ;
/Icancel backgroundwor ker
return
}
string PythonResult = ExecutePython . Execute2 (part , w, AlgType );
if (! string . ISNullOrEmpty ( Pyt honResult ))
{
if (! IsResultFound (result , w + "" + GetSmallPartOfSpeach (s. PartOfSpeech )))
{
result . Add(new SematicResult { Word = w+ "" +
GetSmallPartOfSpeach (' s. PartOfSpeech ), Prectentage = Convert . ToInt32 (PythonResult ) });
isFoundResult = true ;
}
}
} }
DataGRD_Class_FirstVSWordNet_Ref . Invoke (( MethodInvoker )() =>
{
/INewColumnindex
if (result .Count > DataGRD_Class_FirstVSWordNet_Ref . Rows. Count )
int  MustAddedRows = Math. Abs( DataGRD_Class_FirstVSWordNet_Ref . Rows. Count -
result . Count) +
for (int i = 1; i <= MustAddedRows; i ++)
DataGRD_Class_ FirstvSWordNet_Ref . Rows. Add();
}
B
int ¢ = 0;
List <SematicResult > SortedResult = result . OrderByDescending (0 => o. Prectentag e). ToList ();
foreach  ( SemaicResult sr in SortedResult )
DataGRD_Class_FirstvSWordNet_Ref . Invoke (( Methodinvoker () =>

DataGRD_Class_FirstvSWordNet_Ref . Rows[ c++]. Cells [ NewColumnindex ] . Value = sr.Word +
+ sr . Prectentage + "%,

;

result . Clear ();

UpdateCurrentOperation ( "Operation : Fil | class Second VS WordsNet..." );
ColumnCount = 1;
foreach  ('string Class in Classes2WithLabel )

{
if (worker . CancellationPending )
{
e. Cancel = tr ue;
/lcancel backgroundworker
return ;
DataGridViewTextB  oxColumn NewColumn = new DataGridViewTextBoxColumn  ();

NewColumn. HeaderText = Class ;

NewColumn. MinimumWidth = ;

NewColumn. Name = Class + (ColumnCount + 1);
NewColumn. ReadOnly = true ;

NewColumn. Width = ;

int  NewColumnindex = 0;
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DataGRD_Class_SecondVSWordNet_Ref . Invoke (( Methodinvoker )(() =>

{
NewColumnindex = DataGRD_Class_SecondVSWordNet_Ref . Columns. Add( NewColumn);
D)
string InsteadWord = IsWordFound ( Class );
string TempClass = "' ;
if  (InsteadWord = ")
TempClass = InsteadWord ;
else

TempClass = Class ;
List <SynSet > set s = wne. GetSynSets ( TempClass );

List <SematicResult > result = new List <SematicResult >();
foreach (SynSets in sets)
{
if (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundworker
return

foreach  (string w in s. Words)

{
if  (worker . CancellationPending )
e. Cancel = true ;
/lcancel backgroundworker
return
}
string PythonResult = ExecutePython . Execute2 (TempClass, w, AlgType );
if (! string . ISNullOrEmpty (PythonResult ))
{
if (! I sResultFound (result , w + "" + GetSmallPartOfSpeach (s. PartOfSpeech )))
{
result . Add( new SematicResult { Word = w+ "" +
GetSmallPartOfSpeach  (s. PartOfSpeech ), Prectentage = Convert . ToInt32 (PythonResult ) });
}
}
} }
DataGRD_Class_SecondVSWordNet_Ref . Invoke (( Methodinvoker )(() =>
{
if (result .Count > DataGRD_Class_SecondVSWordNet_Ref . Rows. Count)
int  MustAddedRows = Math. Abs( DataGRD_Class_SecondVSWordNet_Ref . Rows. Count -
result . Count )+ 1;
for (int i =1, i <= MustAddedRows; i ++)
DataGRD_Class_SecondVSWordNet_Ref . Rows. Add();
}
n;
int ¢ = 0;
List <SematicResult > SortedResult = result . OrderB yDescending (o => o. Prectentage ). TolList ();
foreach  ( SematicResult sr in SortedResult )

DataGRD_Class_SecondVSWordNet_Ref . Invoke (( Methodinvoker )() =>

DataGRD_Class_SecondVSWordNet_Ref . Rows] c++]. Cells [ NewColumnindex ]. Value = sr.Word +

+ sr . Prectentage + "%,

;

result . Clear ();

}
catch (Exceptionex )

FRM_MSG f = new FRM_MS@;

f . ShowDLG Assemblyinfo . AssemblyTitle

ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" })
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APPENDIXE  CODE FOR THE ONTOLOGY BROWSING TOOL

The following code retrieves the workzones in each operatio

public  static List <string > GetOperation_Workzones  ( string FilePath , string OperationID )
{
List <string > OperationDetials = new List <string >();
try
{
string  OnlogogyAName = GetAllOntologies (File Path)[ 0];
string Label = GetLabel (OnlogogyAName);
OperationDetials = GetOperation_Workzones ( FilePath , Label , OnlogogyAName,
return  OperationDetials ;
catch (Exceptionex )
FRM_MSG f = new FRM_MS@;
f. ShowDLQ AssemblyInfo . AssemblyTitle
ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" })
throw ex;
}
}
/*********************/
private static List <string > GetOperation_Workzones  ( string FilePath string
string ~ OntologyUrl , string OperationID )
{
List <string > data = new List <string >();
try
{
IGraphg = new Graph ();
g. LoadFromFile ( FilePath );
string  GetAllClasses = @"
string  queryString = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <ht  tp://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>
PREFIX" + OntologyLabel + @ <" + OntologyU rl + @"#>"
+ "SELECT (str(?x) as ?EqID) (str(?a) as ?hasBrand) (str(?f) as ?hasColor)
?hasModel) "
+ "where { ?y EW:EqID ?x." + "?y EW:hasBrand ?a."
+ "?y EW:hasColor ?f." + "?y EW :hasModel ?g." + "
/IMessageBox.Show(GetAllClasses);
/lget all sub class es
string Q2 = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - schema#>
PREFIX untitled - ontology - 12: <http://www.semanticweb.org/alhusain/ontologies/2020/1/untitled
SELECT ?entity
WHERE {
?subclass rdfs:subClassOf <http://www.semanticweb.org/alhusain/ontologi es/2020/1/untitled

?entity ow  litype ?subclass.

/lget all sub classes

string  GetSuperClassesUntilRoot = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0 rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg /2000/01/rdf - schema#>

PREFIX untitled -ontology - 12: <http://www.semanticweb.org/alhusain/ontologies/2020/1/untitled
select ?superclass where {

untitted - ontology - 12:Student (rdfs:subClassO fl(owl:intersectionOf/rdf:rest*/rdf:first))* ?super
}
' string  query = @"
PREFIX rdf: <http://www.w3.0rg/1999/02/22 - rdf - syntax - ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf - sch ema#>

PREFIX" + OntologyLabel + @": <" + Ontolo gyUrl + @"#>" +
@"SELECT Distinct ?object ?Workzone

where { ?subject " + OntologyLabel + @":hasOperationld ?object.
?subject " + OntologyLa bel + @":hasWorkzone ?Workzone.}"
/I "FILTER (?object= \ " + OperationID+" ")
/IMessageBox.Show(query);
Object results = g. ExecuteQuery (query );
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catch

{

if (results is SparglResultSet )

/ISELECT/ASK queries give a SparglResultSet

SparglResultSet rset = (SparglResultSet ) results
foreach  ( SparglResult r in rset )
{
if  (r["object” ]. ToStri ng() == OperationID )
data . Add(r["Workzone" 1 == null ? "™ : r["Workzone" 1.
}
}
}
else if (results is IGraph )
{
/ICONSTRUCT/DESCRIBE queries give a IGraph
IGraph resGraph = (IGraph )results ;
foreach  (Triple t in resGraph . Triples )
{
}
}
else
{
/If you don't get a SparqglResutlSet or IGraph something went wrong
/Ibut didn't throw an exception so you should handle it here
MessageBox . Show( "No Data Found.” );
}

return  data ;
(Exceptionex )

FRM_MSG f = new FRM_MS@;

f . ShowDLG Assemblyl nfo . AssemblyTitle

ex. Message + "\n" + ex. StackTrace . ToString (),
FRM_MSGMSGIcon. Error
FRM_MSGBTNS One,
new string [ { "Ok" });

throw ex;
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