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MINING CONSTRUCTION SAFETY DOCUMENTSFOR SAFETY CONCEPT STRUCTURE
DISCOVERY USING FORMAL CONCEPT ANALYSIS

ABSTRACT

Construction safety documents regulate significsaffiety actions and requirements by which
construction workers or employees should abiderdeioto secure them from occupational hazard events
Therefore, facilitating faster identification of @jrable safety requirements from the documents has
become an important topic in the construction gadeimain. To address the need in this regard, tauds
techniques have been developed and research ffaves been made. One of the research efforts is to
utilize ontology, a knowledge representation arasoming approach, as the methodology to achieve the
goal of identifying applicable safety requirememissuch ontology-based researches, the developanent
construction of the safety concept ontology is aseatial task as the concepts and the relationships
between the concepts both representing key safetyledge need to be carefully identified. In théper,
the author focuses on the safety documents withpadefined concept structure and aims to address th
concept and relationship identification difficukieSpecifically, the author leverages the Formahdept
Analysis (FCA) methodology, a theory of data anialybat identifies conceptual structures among data
sets, to mine and analyze the documents in orddistwver safety concept structure and to furtlssisa
the development of the concept ontology for thestmiction safety documents. The author expects the
application of FCA to construction safety domain exentually benefit the ontology-based approatdres
identification of applicable safety requirements.
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INTRODUCTION

Safety is one of the important issues in constoactindustry, especially in the construction
management area. To promote construction safetypeewent occupational hazards, numerous research
efforts have been made either to understand/idetii& root causes of construction accidents ontdyae
construction activities or activity-related factahst may result in potential hazards, such aspegeint or
space requirements. No matter what kind of safedyapting approaches are taken, to strictly comghph w
construction safety requirements is always the mustamental and core task.

Construction safety requirements, usually regulateadonstruction safety documents, specify
necessary actions that construction workers or eyegls must take in order to secure them from
occupational hazard events. Benner (1983) pointed tllat the most explicit technique to achieve
construction safety is to abide by safety requingimewhich aim to improve safety by clearly regulgt
what an employer or employee should or should wotvithout requiring personal judgment. Therefore,
facilitating automatic or semi-automatic identifica of applicable safety requirements from theesaf
documents to raise workers’ awareness of safetichaan help achieve construction safety, has becom
an important topic in the construction safety damai

To address the need of identifying applicable gafetiuirements, various tools and techniques
have been developed and research efforts have fnaee. For example, Wang and Boukamp (2011)
utilized ontology as the methodology to identifyphpable safety requirements based on the available
contextual information of activity, job steps andpotential hazards. In addition, some safety djpation
databases, such as the Canadian enviroOSH Legrslatis Standards (Canadian Centre for Occupational
Health and Safety 2012), exist and can be usesefarching safety requirements based on keywords.



In the aforementioned ontology-based research,fuhdamental task is to develop a safety
ontology. Ontology is defined as “an explicit ararhal specification of a conceptualization” by Geub
(1993). An ontology can model a set of concepts eaidtionships among these concepts within a
knowledge domain. The concept mentioned hereinbeadefined as a unique term abstracting a domain
phenomenon. In the context of construction safetgudhents, terms abstracting jobs performed,
components built, actions taken or resources uged safety concepts, which together with their
relationships form safety concept knowledge. Therfa safety ontology in the construction safety
domain aims to model the safety concept knowledgeder to leverage this knowledge for later reaspn
work.

To develop a safety ontology, safety concepts dmr trelationships need to be carefully
identified from construction safety documents. Tisaterms which are used in the safety documemts a
fit in with the definition of concept become theustes of concepts and should be extracted. If ysafet
concepts have already been systematically repredémthe documents, identifying the concepts &edf t
relationships would be straightforward. For exampdd hazard analysis documents explicitly struetur
safety concepts in three categories: activity, gpdp and potential hazard (Roughton and Crutchfield
2007). The relationship, for example, between diviacand a job step concepts can be definedasStep
(Wang and Boukamp, 2011). If the documents, howeder not have a predefined structure for the
concepts, it would be time-consuming and cumberstomieentify the concepts and their relationships,
further making the construction of safety concepibtogy much more difficult.

In this paper, the author aims to address thecditff of identifying relationships between
concepts, or concept structure more specificatlynf construction safety documents without predefiine
concept structure. The safety document used folysiraand discussion is the Occupational Safety and
Health (OSH) Standards for the Construction Indus2® CFR 1926, published by Occupational Safety
and Health Administration (OSHA) (U.S. Departmefit.abor, 2013a). The author focuses on the OSHA
standard instead of others such as state reguattortwo main reasons. First, OSHA is responsibte
handling the enforcement and administration of GEkhdards in states under federal jurisdictionchen
OSHA standards can be viewed as the baseline fetysequirements that other organizations have to
abide by. Second, safety practitioners recommefefrieg to OSHA standards when performing job
hazard analysis to further facilitate constructsafety planning (Wang and Boukamp, 2011). In addjti
Formal Concept Analysis (FCA), which is introducedthe following section, is adopted to mine and
analyze the 29 CFR 1926 Standard in order to descpetential safety concept structure and to faddi
the development of the safety concept ontology. fdeson why FCA is leveraged is because it is an
approach suitable for exploring implicit structumad relationships among different explicit termsaof
document, which is the issue encountered when zinglysafety documents without predefined concept
structure.

This paper first provides a brief introduction t€A4. Then, an overview of the 29 CFR 1926
Standard is presented to demonstrate what infoomatiom the Standard is needed for the analysis.
Following that is the application of FCA to the posed research problem. The final section elab®@te
the findings of this study and future researchdioms.

FORMAL CONCEPT ANALYSIS

Formal Concept Analysis (FCA) was developed andbthiced by Rudolf Wille in Germany
(Wille, 1982). Invented as a mathematical theor;AFis a method for data analysis, knowledge
representation and information management (Prie§72 FCA has been applied in many different
disciplines, such as medicine, psychology, socigldiplogy, library and information science, lingtics,
software engineering and industrial engineering IffV9993). To the author’s knowledge, FCA was hare
applied in the construction engineering and managciomain.

FCA can be understood from three aspects: formalesd, formal concept, and concept lattice
and line diagram, which are introduced respectivelthe following sections. It should be noted ths



notion of the “concept” described in FCA is not t@me as that described in the ontology development
process discussed in the previous section.

For mal context

FCA starts with a cross table, including a setoofifal objects (denoted lgy, represented in rows
at the heading column of the cross table); a sétrafal attributes (denoted by, represented in columns
at the heading row of the cross table) and relatlmetween the objects and attributes (denotdddbyG X
M, represented as crosses in the cross table nqfppin object-attribute pair). Therefore, the tietathat
the objectg has to the attribute is represented agm. Figure 1 depicts a cross table example of differe
types of building. In this example, building typ@C, SRC, SC and SS) act as formal objects whereas
materials (concrete, reinforcing bar and steeljbattes. The crosses indicate the relations betwken
objects and attributes (whether a building typeoisiposed of the materials).

Concrete Reinforcing bar Steel
R( Building X X
SRC Building X X X
SCBuilding X X
55 Building X

Figure 1 — Cross table of the different buildingegyexample

The sets of formal objects, formal attributes amairtrelations form a formal context, denoted by
the three setg3, M, 1); that is, a cross table stands for a formal cdntéis noted that the use of “object”
and “attribute” is just indicative as different dipptions may choose object-like items and theatdees as
formal objects and attributes respectively (Pri307). For example, scientific papers are related t
number of terms. Hence, these papers can be viasvebjects and terms attributes (Poelmans etCGilQ)2

Formal concept

If a set of formal objects have a set of formalilatites in common which are not shared by the
other formal objects, then the pair of this seffarmal objects and formal attributes is called arfal
concept. For example, the objects “RC Building” 48&RC Building” in Figure 1 both have the attribsite
“Concrete” and “Reinforcing bar” and the other tabjects do not share the same attributes. Thus, the
“RC Building, SRC Building” (objects) and “Concreteeinforcing bar” (attributes) form a formal copte
The rest of the formal concepts of the exampleiguife 1 are (represented in the form of “objectstl a
“attributes”):

“RC Building, SRC Building, SC Building” and “Conrete”

“SRC Building, SC Building, SS Building” and “Stéel

“SRC Building, SC Building” and “Concrete, Steel”

“SRC Building” and “Concrete, Reinforcing bar, Stee

“RC Building , SRC Building, SC Building, SS Buildj” and “” (empty intent)

The set of formal objects of a formal concept iBechits “extension” whereas the set of formal
attributes its “intension”. The extension coverkthé objects belonging to this formal concept dinel
intension consists of all attributes valid for #tileése objects (Poelmans et al., 2009). The formatepts,
their extensions and intensions of a given forroaltext are uniquely defined and fixed (Priss, 2007)

Concept lattice and line diagram

There is a natural hierarchical order between thecepts of a given context that is called the
subconcept-superconcept relation. This relaticgtefined as follows: the concepy( B;) is a subconcept
of the conceptA,, B,), denoted byAy, B;) < (Az, By), if and only ifA; € A, or B, € B, whereA; andA,
are sets of formal objects, aBgd andB, are sets of formal attributes valid #&r andA, respectively (Wille,



1992). In other words, a concept is a subconcephother concept if and only if its extension istained
in the extension of the other concept. For exantple,formal concepts of Figure 1 are (1) “RC Builglj
SRC Building” and “Concrete, Reinforcing bar” ar) (RC Building, SRC Building, SC Building” and
“Concrete”. Since (1)'s objects “RC Building, SRQiRling” is a subset of (2)’s objects “RC Building,
SRC Building, SC Building”, it can be concludedttlfd) is a superconcept of (1) and that (2)’s lattie
“Concrete” is a subset of (1)'s attributes “ConerdReinforcing bar”.

The set of all concepts of a formal context togethith the subconcept-superconcept relations
between these concepts constitutes a completeelattalled the concept lattice of the formal contéx
concept lattice can be represented visually throaudine diagram as shown in Figure 2 for the boidi
type example. The nodes in the line diagram reptefeemal concepts; formal objects are labeled Wwelo
the nodes while formal attributes above. To readitformation contained in a line diagram, thedeling
rule applies: an objed has an attributen if and only if there is a path leading upwardsnirthe node
named by §§” to the node named by{". Then the extension and intension of a formalosgr (nhode) can
be readily obtained from a line diagram by respetyicollecting all objects below and all attribsitebove
the node of the given concept (Wolff, 1993). Uskigure 2 as an example, for the rightmost concept
labeled by the attribute “Reinforcing bar” and aitjeRC Building”, one can conclude that the obj#R€C
Building” has two attributes “Reinforcing bar” arfi@oncrete” (by following the upwards leading path).
One can also conclude that the same concept hass@n (objects) “RC Building” and “SRC Building”
and intension (attributes) “Reinforcing bar” andoft€rete”.

Concrete

SS Bundmg

Remforcmg t:rar

SC Building || RC Building

SRC Building

Figure 2 — Line diagram (concept lattice) of thdding type example
Implications

The subconcept-superconcept relation suggestsdivat two formal conceptd(, B;) and @,
B,), A; € A, or B, € B, if and only if (Ag, By) < (A, By). If (Ag, By) < (Az, By) holds, the notion described by
the attributes oB; can be viewed as a specialization of thaBads it contains more attributes thegdoes
(i.e. By is a subset dB,). Therefore, the relation implies a potential Arehical structure among attributes:
the attributes oB, may be super-attribute of thoseRf Furthermore, i, andA;are partially subsumed
by each other (i.6&; andA, share just some objects), the attributeB,afould be associated with those of
B,. If, on the other handy, andA, do not have objects in common, then the attribafd®, and B would
be deemed independent with each other. When regnegdormal attributes as concepts in an ontology,
the subconcept-superconcept relations implies asbeduperclass relationships between attribute®; of
and B, whereas the partial subsumption and independentagores respectively suggest the use and non-
use of association relationships. Therefore, thaiom implications of FCA are significant to thatology
development as they provide a way for ontology ters to understand the ontological concept sirect
and relationships between the concepts.

OVERVIEW OF THE 29 CFR 1926 STANDARD

Safety and health standards of Occupational Sadety Health Administration (OSHA) are
contained in Title 29 of the Code of Federal Retjofes (29 CFR). Several different parts are in@&HA



CFR, specifying standards applicable to variougsypf work environments and workspaces. Standards
for construction industry are regulated in Partd93.S. Department of Labor, 2013a). Figure 3 dispéic
snippet of the Subpart M of 29 CFR 1926 Standasdc#@n be seen from Figure 3, an ordered hieratchica
structure exists in 29 CFR 1926: the Part contaséwveral subparts; a subpart consists of severalatds;
and a standard is composed of several section$. g&tion can have a three-level, nesting structhee
first-level section consists of a description aifidny, a second-level section; the second-leveli@e also
consists of a description and, if any, a third-lesection; and the third-level one only has a dpson.

The first-level section is numbered by the Standanthber attached with an lowercase English letdy.
1926.502(d)) while the second- and third-level isest are numbered by the number of its upper level
section plus an Arabic number (e.g. 1926.502(d)())d a lowercase Roman number (e.g.
1926.502(d)(6)(i)), respectively.

Part 1926 1926.502(d)(6)
Safety and Health Regulations for Construction Unless the snaphook 1s a locking type and
...... designed for the following connections,
Subpart M snaphooks shall not be engaged:
Fall Protection 1926.502(d)(6)(i)
...... directly to webbing, rope or wire rope:
Standard 1926.502 1926.502(d)(6)(ii)
Fall protection systems criteria and practices to each other:
...... 1926.502(d)(6)(iii)
1926.502(d) to a dee-ring to which another snaphook or other
"Personal fall arrest systems." Personal fall arrest connector 1s attached:
systems and their use shall comply with the 1926.502(d)(6)(iv)
provisions set forth below. Effective January 1, to a horizontal lifeline: or
1998, body belts are not acceptable as part of a 1926.502(d)(6)(v)
personal fall arrest system. Note: The use of a to any object which is incompatibly shaped or
body belt in a positioning device system 1s dimensioned 1n relation to the snaphook such that
acceptable and 1s regulated under paragraph (e) of unintentional disengagement could occur by the
this section. connected object being able to depress the
...... snaphook keeper and release itself.

Figure 3 — A snippet of OSHA’s 29 CFR 1926 Subp&i$tandard

To analyze the 29 CFR 1926 Standard, this studysieg on the section level and determines a
unit for analysis according to the following pripkgs in this study:

(1) If the description of a section contains multiplenceptual terms, then the description itself wil b
regarded as a unit for analysis regardless of venetthe section has sub-sections. For example, the
section 1926.502(d) in Figure 3 describes concéptuas, such as “personal fall arrest system” oo
belt” and “positioning device system”; hence, ttiéscription alone represents a unit for analysis.

(2) If the description of a section does not containceptual terms and the section has sub-sectioes, th
the sub-sections are evaluated using the previonsiple.

(3) If the description of a section contains neithencaptual terms nor sub-sections, then this sedsion
skipped and the next parallel section is evaluagiag the first principle.

(4) Only first- and second-level sections are entenéal @valuation using the above three principles.

Due to the huge amount of standards in 29 CFR 196 study focuses on only two standards,
namely 1926.501 and 1926.502, for the conveniefaemonstration. The two standards are chosen for
they are two of the most frequently cited standdrd<OSHA during the period October 2011 through
September 2012 (U.S. Department of Labor, 2013p)d&ploying these principles, the chosen standards
are organized and respectively labeled, and readbe tanalyzed using FCA. For example, the desoripti
of 1926.502(d) is labeled as “2d” while that of 8&02(d)(6) is labeled as “2d6”. Totally 119 secti@are
identified and labeled for the following FCA use.

APPLICATION OF FCA TO ANALYZING 29 CFR 1926



Preparation

To apply FCA to the chosen standards, this studwsithe sections of the standards as “formal
objects” and the conceptual terms which descrileeatbplicability of the sections as “formal attribsit.
The conceptual terms are either referred to froengllessary of 29 CFR 1926 (i.e. the Definitionstisec
in 1926.500(b)) or determined from the text of sh@ndards through manual identification. Thereldr@
formal objects (sections) and 68 formal attriby@mceptual terms) in total used for FCA. In aduditia
FCA software, Concept Explorer (ConExp) (Yevtush®enZ000), is used to develop the formal context
and concept lattices/line diagrams in this study.

Crosstable and formal context

Figure 4 shows a partial cross table for the forooaitext of the 29 CFR 1926 example, where the
labels for different sections are in the headinumm and conceptual terms are in the heading row,
respectively representing formal objects and foratiibutes. 213 formal concepts in total are ofedi
from the formal context and in view of such manynial concepts, this study selects some of them for
discussion as follows.

anchorage  |body belt body harne.. [connector  |controlled accesszone  |dangerous equipment  [failure free fall guardrail systern | hole Tiiteline
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Figure 4 — Partial cross table of the 29 CFR 1926vmle
Demonstration using concept lattices and line diagrams

Figure 5(a) shows a concept lattice of 11 formaloepts, and six formal attributes are included in
the concept lattice. Each node has a box belowcthatins the number of sections belonging to dhmél
concept and the percentage for which the numbesecfions accounts in the formal context. Below the
topmost formal concept labeled by formal attriblig# protection” are formal concepts labeled by ttest
five attributes “warning line system”, “guardrajistem”, “personal fall arrest system”, “safety agstem”
and “safety monitoring system”. That is, the fivigributes can be regarded as sub-attributes (of sub
concepts in an ontological term) of the attribuel“protection”. In addition, the five attributean exist in
29 CFR 1926 sections collectively. For examplemiarconcept A that owns four sections contains both
formal attributes “guardrail system” and “persofal arrest system” (as shown on the node A belosv t
two nodes with “guardrail system” and “personall fatrest system” labels) while formal concept B
contains formal attributes “guardrail system”, “pamal fall arrest system” and “safety net systenifis
indicates that there are some mutual formal objectiormal concept A’s two super-concepts, which
implies an association relationship exists betwieemal attributes “guardrail system” and “persofell

arrest system” (e.g. “guardrail system” can be suhed for “personal fall arrest system”).

Figure 5(b) shows another concept lattice formedédnen formal concepts, in which five formal
attributes are included: “lifeline”, “vertical lifime”, “horizontal lifeline”, “self-retracting lifine” and
“self-retracting lanyard”. One can tell from Figub¢b) that “vertical lifeline”, “horizontal lifelie” and



“self-retracting lifeline” can be referred to asbsaitributes of “lifeline”. Although the formal coapt
having attribute “self-retracting lanyard” is a scincept of the formal concept having attributéetine”,
self-discretion is required here to decide whettseif-retracting lanyard” should be a sub-attribate
“lifeline” based on the context. Furthermore, onmmrnfal concept contains “vertical lifeline” and
“horizontal lifeline” (as node C shows) while norrieal concepts have “vertical lifeline’, ‘horizorta
lifeline™ and “‘self-retracting lifeline, ‘self-r&racting lanyard™ in common (i.e. the bottommoste is an
empty node, indicating no section shares all thm#&b attributes of the concept lattice). This sugigehat
the former two formal attributes are independeninfthe latter two in the selected 29 CFR 1926 staig]
when developing an ontology, one has no need tsidenassociation relationships between them. Last,
the leftmost node contains both “self-retractingline” and “self-retracting lanyard”, which densta
tight relation between them and hence, an assogiatiationship is required to represent suchatiosl.

e m

fall protection

warning line system

personal fall arrest system

safety monitoring system

guardrail system 9(8%) safety net system
self-retracting lifeline | | 3 (3% )

19(16% ) 9(8%)
‘. - - | I T
self-retracting lanyard | ! vertical lifeline horizontal lifeline
a)] [ , L
S A )
2(2%) 3(3%)

108 (91%)

5 o 2(2%)
|

@

€Y (b)
Figure 5 — Selected formal concepts of the 29 CFF6lexample
DISCUSSION

Using FCA provides an alternative way for suppartiontology modellers to determine
significant relationships between conceptual teemd hence, the ontology development process can be
facilitated. There is a limitation observed duritige application: user's self-discretion of categimg
formal attributes is needed in some circumstancestertain the correct representation of thesiatis,
as demonstrated in the previous section. In otleedsy the relationships identified through applyfQA
might not perfectly represent the actual relatigmshbetween conceptual terms in some cases.
Nevertheless, this limitation does not cause ampntgince modellers still have to review all the gibke
identified relationships and conceptual terms whidhincorrectly represented can then be ignored.

CONCLUSIONS

This study is one of the first attempts to applyAFD the research domain of architectural,
engineering and construction industry, especialllglp the ontology development. This study is p&en
ongoing research that focuses on using ontologyatilitate the identification of applicable safety
requirements from a safety specification. This gttebts the applicability of FCA on a small scaleiles
the abovementioned limitation of applying FCA esisiThe author expects to deploy FCA in a broadesen
in the ongoing research and also address the tiontaln addition, aiming at facilitating the onbgly
development process, to incorporate natural languymgcessing techniques into the ongoing research i
order for automatically identifying the conceptteims for FCA would be one of the future reseaashs.

ACKNOWLEDGEMENT

The authors would like to thank the National Scee@ouncil of Taiwan (Contract No. NSC101-
2218-E-008 -017) for financially supporting thisearch.



REFERENCES

Benner, L. J. (1983). What is this thing callechtety regulation?Journal of Safety Researciv, 139-143.
doi: 10.1016/0022-4375(83)90041-5

Canadian Centre for Occupational Health and Saf2642).Web Information Service: Canadian
enviroOSH Legislation plus Standard®etrieved from
http://www.ccohs.ca/products/legislation/legislatiztml.

Gruber, T. R. (1993). A translation approach tagae ontology specification&Knowledge Acquisitign
5(2), 199-220. doi: 10.1006/knac.1993.1008

Poelmans, J., Elzinga, P., Viaene, S. and Deden@0B9, July)A case of using formal concept analysis
in combination with emergent self-organizing mdpsdetecting domestic violenderoceedings
of the 9th Industrial Conference on Advances inalMining, Applications and Theoretical
Aspects, Miami, Leipzig, Germany.

Poelmans, J., Elzinga, P., Viaene, S. and Deden@0&0, July)Formal concept analysis in knowledge
discovery: a surveyProceedings of the 18th International Confererc€onceptual Structures:
From Information To Intelligence, Kuching, Sarawilalaysia.

Priss, U. (2007). Formal concept analysis in infation scienceAnnual Review of Information Science
and Technology40(1), 521-543. doi: 10.1002/aris.1440400120

Roughton, J. E., and Crutchfield, N. (2005)b hazard analysis: A guide for voluntary comptiarand
beyond Butterworth-Heinemann, Oxford, UK.

U.S. Department of Labor. (2013a). “Occupationde8eand Health Standards for the Construction
Industry - 29 CFR 1926.” Retrieved from Occupatiddafety and Health Administration website:
http://www.osha.gov/pls/oshaweb/owasrch.search _?prrdoc_type=STANDARDS&p_toc_leve
I=1&p_keyvalue=Construction

U.S. Department of Labor. (2013b). “Frequently @istandards — Major Group 15: Building Construction
General Contractors And Operative Builders.” Regtkfrom Occupational Safety and Health
Administration website:
http://www.osha.gov/pls/imis/citedstandard.sic?p=$b&p_esize=&p_state=FEFederal

Wang, H.H. and Boukamp, F. (2011). An ontology-llaspresentation and reasoning framework for
supporting job hazard analysikurnal of Computing in Civil Engineering5(6), 442-456. doi:
10.1061/(ASCE)CP.1943-5487.0000125.

Wille, R. (1982). Restructuring lattice theory: @mproach based on hierarchies of concepts. InvalRi
(Ed.),Ordered Set¢pp. 445-470). Dordrecht-Boston, Reidel.

Wille, R. (1992). Concept lattices and conceptuadwledge system§&omputers & Mathematics with
Applications 23(6-9), 493-515. doi: 10.1016/0898-1221(92)90120

Wolff, K.E. (1994). A first course in formal condegnalysis: how to understand line diagrams. In. F.
Faulbaum (Ed.)Proceedings SoftStat'q®p. 429-438). Gustav Fischer Verlag.

Yevtushenko, S. A. (2000%ystem of data analysis "Concept Explorer". (Indfarg. Proceedings of the
7th national conference on Artificial Intelligenkdél-2000, Russia. Retrieved from
http://conexp.sourceforge.net/index.html




