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1 | INTRODUCTION

Carl Schultz? | Jochen Teizer'

Abstract

Over the last two decades, numerous approaches have been developed for
automating construction safety assessment, that is, prevention through design
and planning (PtD/P), that overcome the limitations of a purely manual safety
assessment process. Despite this, such automated approaches are yet to be widely
adopted in practice. Barriers include a lack of standardization of construction
safety concepts within regulatory frameworks and a lack of confidence in auto-
mated approaches on the part of practitioners. This work presents a freely
available 4D BIM-based benchmark model (3D Building Information Model and
68 schedules) and construction safety ontology covering the two most frequent
and severe construction site accidents: falls from height and struck-by falling
object hazards. The benchmark model and ontology enable the construction
safety community to test and compare the performance of alternative automated
approaches. Moreover, they are utilized in our PtD/P tool SafeConAlI, and empir-
ical evaluation results show how the safety situation changes among different
construction schedules of the same project.

The current practices of ensuring construction safety
start when a project is initiated in the design phase, con-

The construction industry is among the industries with
the most hazardous workplaces. According to a report
on labor statistics in the United States (BLS, 2020), fatal-
ities in the private construction industry correspond to
21% (1008) of all workplace-related fatalities (4764). The
main reasons for fatalities in the construction industry
are falls, slips, and trips, which correspond to 37% (368
deaths), and struck-by hazards 15% (170 deaths; Brown
et al., 2021); hence, the focus of the activities carried out
in this work. Among others, a reason for the high number
of hazards is the work environment’s unpredictable and
dynamic nature, where tasks are generally very similar, but
unique from one construction site to another (Pinto et al.,
2011).

tinue with a more detailed planning phase just before con-
struction begins, and endure with continuous inspections
during the project execution phase. Often, the required
risk assessment is performed by having 2D drawings in
the form of a floor plan available and knowing the sched-
ule that links the activities to a priori known hazards and
required measures (Collins et al., 2014).

The continuous inspection and adaptation to a safe
work environment have two major consequences: first,
the responsible person for health, safety, and environment
(HSE) has a great responsibility to ensure a safe workplace
before work begins, and second, it is almost impossible to
assess the entire construction site once it is started. This
also means that this person must rely on every worker’s
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behavior and take responsibility for their own safety plan-
ning, which requires safety regulation knowledge and due
diligence. While the regulation knowledge can be trained,
the latter is affected by many factors. For example, falling
behind schedule or running over budget may cut one’s
obligation to invest in safety.

4D BIM and location-based schedules have existed for
some time, but the emergence of the digital twins (DT)
paradigm brings further advancements (Sacks et al., 2020;
Teizer et al., 2022). DT involves an increased update rate on
the current state of the construction site, and recording of
discrepancies between the project intent information (PII)
and the project status information, which can be used to
act and compensate for the remainder of a construction
project. The increased insight and synchronization enable
detailed safety planning with higher temporal resolution.

For example, DT can discover bottlenecks in schedules,
where a subcontractor may decide to pull in another team.
This may solve the problem of schedule overruns but may
also affect safety, as the team could introduce unforeseen
hazards that were not part of the initial safety assessment.

Automated prevention through design (PtD) or con-
struction hazard PtD has been researched for some time
(Hardison & Hallowell, 2019; Melzner et al., 2013; Zhang
et al., 2015), but only very few approaches perform this
in a timely manner and at a level of detail that is suf-
ficient to extract the inter-task hazards that are arising,
which will be referred to as prevention through planning
(PtP). Additionally, even fewer approaches record changes
in the construction plans during a project and incorpo-
rate these changes into safety planning. In combination,
it becomes PtD and planning (PtD/P). This study will use
our previous work on construction safety analysis as a
stepping stone (Johansen et al., 2022a), but instead of geo-
metric correctness, this work is concerned with the impact
of the temporal component (i.e., the effect of changing
the schedule). Consequently, struck-by falling object haz-
ards have been introduced, and the previously defined falls
from height hazards have been adapted to be described in
a construction situation that evolves over time.

PtD/P allows the responsible HSE coordinator to auto-
matically assess the safety performance of an initial sched-
ule and investigate how changes to the schedule may affect
this performance in terms of the number of applied hazard
prevention equipment and hazard exposure of the workers.
This automatization enables the safety analysis to happen
continually throughout the construction project.

1.1 | Research overview

Figure 1 illustrates the framework of this study. The dia-
gram has been split into two sections. The top illustrates
the main objective of the work, and the bottom shows how
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FIGURE 1 Graphical version of research framework.
the results are envisioned to benefit the community and
how they are utilized in the case study (Section 6).

Based on the selected safety regulations (Section 3.1), the
ontology is created and afterward validated with domain
experts (Section 4). Based on the ontology, a building
design that, at a minimum, includes the hazards covered
by our ontology was created (Section 5.1). In collaboration
with the domain experts, this work defines the geomet-
ric and topological relations between objects in the design,
which are subsequently used to generate realistic and
constructible construction schedules (Section 5.2).

Based on the design, schedule, and regulation, a ground
truth can be created, which can be used for later automated
completeness and soundness assessment (not part of this
work). The bottom utilizes the outputted results from the
upper part, which makes the automated approaches com-
parable. Additionally, it lowers the barrier to get started
in automated safety planning research as a preliminary
model and ontology are provided. In the case study, our
safety tool called SafeConAl is used to validate that the
information in the benchmark model is complete and
ready for use in other research projects. Additionally, it
documents how the benchmark model is meant to be used.

1.2 | Research questions

RQ 1: Can we formalize strike from above hazards, which
are dependent on the planned and undertaken
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tasks, so that they can be used in a spatiotemporal
analysis of construction safety performance?

RQ 2: Canwe adapt our former presented formalization of
falls from height to express temporal relationships to
a construction schedule?

RQ 3: Can a shared 4D benchmark model and construc-
tion safety ontology reduce the gap between devel-
opers and domain experts, facilitating comparison
of automated approaches?

1.3 | Contributions

C1: The shared safety ontology lowers the barrier to
understanding the domain knowledge, which facil-
itates the development of automated approaches,
possibly widening the scope of possible researchers
in the domain.

C 2: The benchmark model with corresponding sched-
ules allows researchers to focus on the algorithms
instead of collecting construction projects, which can
be challenging.

C 3: The shared benchmark model allows researchers to
compare the output of their approach, facilitating
continuous improvement in the automated safety
domain.

2 | RELATED WORK

This section summarizes research on automated con-
struction safety analysis related to our work. Fargnoli
and Lombardi (2020) investigated the emerging trend in
research that utilizes BIM to enhance construction safety.
The study is based on the last decade and shows an
increasing interest from researchers in BIM. It outlines the
importance of the application’s capabilities to utilize BIM
and exchange information. Furthermore, it points out the
gap between practitioners and researchers and the need for
standardizing joint activities. The following four subsec-
tions discuss some related work in the individual activities
performed in this study.

2.1 | Knowledge base modeling

To perform safety analysis in an automated or semi-
automated fashion, one must capture the kinds of hazards
that are of interest, when they emerge, and how to avoid
them. One strategy for defining these relations is to gener-
ate a database of hazards connected to different subtasks
of different construction elements (Mihi¢ et al., 2018). A
similar approach is to describe a knowledge library that
can identify the risks based on a set of atomic “For, When,
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With, Having — Then,” which suggests mitigation (Hos-
sain et al., 2018). An alternative approach is to create an
ontology, which captures the rules of a safety regulation
and relations between elements that exist in the build-
ing model and their geometrical location (Lu et al., 2015;
Zhang et al., 2015; Zhou et al., 2016). Another approach is
to rely on the artifact generated by the existence of an ele-
ment in the building information model (e.g., a slab would
create a surface on which a worker can walk; Li et al., 2022).
In this work, the ontology is built using the spatial arti-
fact approach, enabling a high geometric accuracy (spatial
artifacts are introduced and explained in Section 4.2).

2.2 | Automated identification of
construction hazards

Most studies rely on rule-based queries performed on the
building model when performing the safety analysis. This
way, the building model database returns the elements that
fulfill the query (i.e., potential sources of the analyzed haz-
ard) that can then be assessed manually. Other approaches
perform similar queries and analyze the elements’ geome-
try to enhance the building model in an automated fashion
(Perlman et al., 2014; Qi et al., 2014; Zhang et al., 2015).
As query engines often return the building elements as
isolated objects that fulfill the query criteria, the enhance-
ment may not consider the nearby elements (e.g., walls
on the slab). Creating spatial artifacts in the complete
situation facilitates context awareness.

Construction sites change frequently. Even though this
is the case, most research activities on automated safety
enhancement have been performed on static scenarios,
where the construction schedule and its changes to the
construction site are not considered. In these cases, some
elements have been removed from the building model (to
imitate an unfinished building) or only performed at the
top level (i.e., the roof). The automated approaches need
to incorporate the schedule to determine when an element
is built, and thereby the construction scene changes (Hei-
daryetal., 2021; Jin et al., 2019). This work aims to facilitate
the temporal analysis of the construction safety situation.

Even though automated approaches have been
researched for years, barriers remain before adoption
in the construction industry can happen. Beach et al.
(2020) have been investigating the counteracting limita-
tions; some limitations are lack of tool support, lack of
integration in current workflows, lack of certification, and
lack of confidence. The identified hazards and mitigation
of the ontology can be injected into the BIM model to
accommodate the current workflows of practitioners. In
addition, the shared benchmark model supports openness
and comparability to facilitate improved confidence.

85U8017 SLOWILIOD 8AIIEID) 3|ced!dde ays Aq peuenob afe sspoiie YO ‘N JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLBY/LICO" A3 |1 AR 1B |UO//SANY) SUORIPUOD PUe SWB | 8U 88S *[720Z/TT/ST] Uo ARiqiTauliuo AB(IM ‘AisieAlun snyey MeN Aq 8862T 80 IW/TTTT 0T/I0PAU0Y 48| 1M Aeiq 1 pul|uoy//Sdny Wwoiy papeojumod ‘ST ‘€202 ‘29989 T



JOHANSEN ET AL.

2.3 | Construction scheduling
Automatic sequencing of construction activities has been
researched with four approaches with increasing com-
plexity. The first approach is rule-based, where Borrmann
and Rank (2009) sequence construction activities based
on rules, and Vries and Harink (2007) sequence activities
based on geometric and topological positioning. However,
the rules become hard to implement for larger and more
complex scheduling tasks.

Another approach is case-based reasoning (CBR), where
a knowledge base is gathered from the domain, such as:
“if a wall is to be built on the top of the slab; then the
slab must be built before the wall” (Wang & Azar, 2019).
This approach utilizes the knowledge gained from pre-
vious projects. CBR works under the hypothesis that a
similar problem should be handled similarly, which means
that new solutions are not generated, but existing solutions
are revised. Furthermore, this approach is not suitable for
generating a set of schedules without changing the input.

The third approach is pattern-based, utilizing templates
that generate processes and interdependencies (Sigalov
& Konig, 2017; Wu et al., 2010). It leverages historical
sequencing information and machine learning to extract
the relationship between future activity planning. The
planning of this work is based on the simpler rule-based
planning approach because of the low complexity and the
ability to create a set of different construction schedules.

The last approach is optimization-based. Karim and
Adeli (1999) pioneered the strategy of letting the schedule
and its changes be based on the objective of the construc-
tion management (CM; e.g., cost or duration). This strategy
is still commonly used in commercial scheduling software.

2.4 | Benchmarking

Benchmarking is the procedure of comparing a process
and performance measures from one system to another
or even between different runs of the same system.
Benchmarking has been adapted to many different areas,
especially in applications of computer vision and machine
learning (Lei et al., 2012; Luo & Paal, 2019). Benchmark-
ing has also been exploited in the construction sector
to compare the performance of project executions. Aje-
labi and Tang (2010) benchmark project execution on
cost, progress, and quality. Castillo and Bonilla (2020)
adapt the World Management Survey methodology to
streamline benchmarking in construction processes. In
both examples, the input is based on historically executed
projects, and the output is used to improve the execution
of future projects. In general, benchmarking suffers from
the lack of the possibility to measure subjective parameters
objectively, especially between projects. Automated safety
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assessment is performed before a construction project is
built, making it more challenging to compare different
approaches. Inspired by other domains, this study pro-
poses a publicly shared BIM model, where the digital
output of automated approaches can be directly compared.
Such a direct comparison is currently impossible, as each
researcher performs a safety assessment on their own.

3 | METHODOLOGY

This study presents two main topics: (1) modeling the
presented ontology and (2) creating a benchmark model
with schedules created by our planning software. The
methodology of this study is presented for each topic.

3.1 | Ontology

By comparing different approaches to define an extend-
able domain language for construction safety analysis and
assessment, it was possible to select the most relevant,
because of its focus on systematization and extendibility.
The final choice has been to adapt the methodology called
“Methontology” (Fernandez-Lépez et al., 1997), which
consists of six steps outlining the activities in ontology
creation. Our adaptation is described below:

3.1.1 | Step 1: Specification

Our ontology aims to bridge the gap between practitioners
interpreting the safety regulation and the software devel-
opers producing the tools for construction safety enhance-
ment. The ontology should therefore be formal and precise
while describing the content and classes in a language that
is understandable and programmable for the developer
and at the same time, interpretable, understandable, and
extendable from the practitioner’s perspective. The ontol-
ogy will be extending the already existing work about fall
from height hazards with struck-by falling object hazards,
concerning Denmark (BFA, 2020), Germany (BG-Bau,
2021), and the United States (OSHA, 2019) regulations.
Additionally, the ontology will be extended to describe
temporal relations of hazards.

3.1.2 | Step 2: Knowledge acquisition

To bridge the gap between practitioner and developer, it is
necessary to understand the safety regulations regarding
struck-by hazards, which involves the construction safety
regulations from the countries above (BG-Bau, 2021; Euro-
pean Standards, 2018; OSHA, 2019). These regulations and
dialogues with domain experts in the construction safety
field facilitated a definition of the glossary, varying factors,

85U8017 SLOWILIOD 8AIIEID) 3|ced!dde ays Aq peuenob afe sspoiie YO ‘N JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLBY/LICO" A3 |1 AR 1B |UO//SANY) SUORIPUOD PUe SWB | 8U 88S *[720Z/TT/ST] Uo ARiqiTauliuo AB(IM ‘AisieAlun snyey MeN Aq 8862T 80 IW/TTTT 0T/I0PAU0Y 48| 1M Aeiq 1 pul|uoy//Sdny Wwoiy papeojumod ‘ST ‘€202 ‘29989 T



22 | WILEY

and classes necessary to describe the struck-by falling
object hazards. The interaction with the domain experts
has consisted of informal discussions with two responsible
safety regulation enforcers in construction companies and
one specialist from an organization responsible for defin-
ing the safety regulation. Besides acquiring knowledge
from safety regulations and domain experts, this work has
been inspired by the ontologies presented by Zhang et al.
(2015) and later advanced by Li et al. (2022).

3.1.3 | Step 3: Conceptualization

Based on the knowledge acquired, a glossary of terms is
created to capture those concepts, instances, verbs, and
their properties. The glossary was assessed for mutual
exclusivity and collective exhaustion within the scope.

3.1.4 | Step 4: Integration

The resulting ontology integrates the ontology presented
in Johansen et al. (2022a). Therefore, it can integrate
with Industry Foundation Classes (IFC). IFC is an open
BIM standard that can be imported and exported from
the majority of BIM modeling software used by prac-
titioners in the industry. Integrating with IFC benefits
from the already defined interface to BIM models in a
non-proprietary fashion, which enables a wider variety of
development tools. This work proposes a strategy to inte-
grate the proposed ontology classes, mitigation resources,
and safety tasks into IFC, which exclusively depends on
existing IFC classes, meaning that the ontology complies
with the IFC4x tools and workflows. Compliance means
that the output of the proposed ontology can be parsed,
shown, and analyzed in, for example, Revit or FreeCAD.
Additionally, the IFC data structure is similar to the graph
databases used in DTs.

3.1.5 | Step 5: Implementation

The new construction safety ontology has been imple-
mented in Protégé following (Noy & Mcguinness, 2001),
which describes this activity step-by-step. Protégé, as an
editor, allows for both lexical and syntactical analysis.
Furthermore, it facilitates portability and documentation.

3.1.6 | Step 6: Evaluation

The ontology is verified for correctness and validated
for completeness within the aforementioned scope as
suggested in Gomez-Pérez (1996). A twofold procedure is
performed: (1) an ongoing collaboration with the domain
experts and (2) simultaneous software development of
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SafeConAl that utilizes the ontology. To assess the appli-
cability, a benchmark IFC model (https://github.com/
kakkel4/BIM-Based4DBenchmark/blob/master/4DBen
chmarkBim.ifc) has been created and used together with
the ontology in the case study. The outputs have been
discussed with domain experts.

3.2 | Benchmark BIM model

The benchmark BIM model serves multiple purposes.
First, it aims to assess the completeness of the ontology
(i.e., to determine whether the ontology can capture the
scenarios described in the regulations). With the bench-
mark model, which is a BIM model, the completeness can
be assessed by domain experts in their regular workflows.
Second, it contributes to the community and the testing of
algorithms for automated safety or human-assisted assess-
ment. The benchmark model has been modeled in Revit
and later exported to IFC, an open and non-proprietary file
format. Most BIM tools support the IFC schema, which
makes the model useable, editable, and interactable for
most users. The IFC community provides freely avail-
able libraries that have been created to interact with the
schema.

3.21 | Schedule

The schedules are captured in an Excel spreadsheet con-
sisting of multiple tabs, each capturing an individual
schedule. The reason for choosing a spreadsheet is that it
is easily accessible and readable for the practitioner and
the developer. Many libraries have been developed to inter-
pret excel files, and for Python, an example is Pandas
(McKinney, 2010; Reback et al., 2022).

The schedule and planner are tightly coupled to the
IFC file, which means that each line in the schedule is
connected to individual elements in the BIM model. The
connection is made through the IFC Global Unique Iden-
tifier (GUID), extracted through the levels (native part
of the IFC schema), and a zone manually added as a
comment in the BIM tool. The working principle of the
developed scheduler is rule-based, as it schedules an intu-
itive sequence of tasks that depend on geometric and
topological relations.

3.2.2 | Design

The design of the benchmark model has a relatively low
geometric complexity because this is not the objective of
this work. The goal is that it should be straightforward to
understand where the guard railing is needed based on the
ontology and the actual state of the planned activities. This

85U8017 SLOWILIOD 8AIIEID) 3|ced!dde ays Aq peuenob afe sspoiie YO ‘N JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLBY/LICO" A3 |1 AR 1B |UO//SANY) SUORIPUOD PUe SWB | 8U 88S *[720Z/TT/ST] Uo ARiqiTauliuo AB(IM ‘AisieAlun snyey MeN Aq 8862T 80 IW/TTTT 0T/I0PAU0Y 48| 1M Aeiq 1 pul|uoy//Sdny Wwoiy papeojumod ‘ST ‘€202 ‘29989 T



JOHANSEN ET AL.

allows both the practitioner and the developer to follow
the development of the construction process over time and
look for discrepancies between the expected and actual
output. The BIM model itself is stored in the IFC format,
enabling others to use their BIM modeling tool of choice.
The high-rise scenario was chosen because it involves
different work area sizes and shapes, for example, slabs
and columns. Additionally, it contains walls that create
a task that is performed close to the edges, which means
that there is a struck-by hazard source, but also that the
wall replaces the guard railing when the task is initiated.
This information should be reflected in the analysis
output.

323 |
(S-KPT)

Safety key performance indicator

Based on our interaction with the domain experts, three
values are proposed that compare the different construc-
tion approaches; these values have previously been inac-
cessible to the CM team but would enable the CM to
select a construction approach in terms of safety. These
S-KPIs facilitate informing the CM about how different
approaches and changes to those may affect a construc-
tion project’s safety situation. The first is the amount of
hazard mitigation equipment (i.e., the amount of guard
railing), which allows the CM to select a schedule that
fits equipment availability. The value is captured for each
time step in which the geometric representation of the
construction site changes (i.e., when an activity has been
performed). Through a detailed spatiotemporal analysis
investigation, the exact location of the guard railing is cap-
tured from which the installation can be performed, and
the amount can be computed. Additionally, the overall
minimum, average, and maximum values are computed
for the assessment, which enables the HSE-responsible
person to quickly get an overview (for further information,
see Section 6.1). The second value captures the spatiotem-
poral exposure of workers concerning struck-by falling
objects from work crews competing for the same work
space. The exposure is computed as a percentage of the
subject work space that is exposed to struck-by hazard.
This value is captured similarly (i.e., at each time step and
overall minimum, average, and maximum). See Section 6.1
for more information.

Additionally, the exposure is captured cumulatively,
an approach inspired by Rozenfeld et al. (2009), which
captures spatial and temporal overlap. This assessment,
combined with the maximum equipment demand, serves
as two numbers that assess the overall feasibility of a plan
compared to others. The values for each time step can
determine when certain changes occur.
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4 | ONTOLOGY DEVELOPMENT

This section describes how each step of the ontology devel-
opment was performed. Many actions and activities can
be a source of falling objects in a construction situation,
for example, working at height, crane lifting, and heavy
winds. In general, events can be divided into static and
dynamic sources. Static-origin dropped items occur when,
for example, a building part falls from height due to corro-
sion, that is, the item is dropped from a static position. The
other scenario, which is more relevant for safety during the
construction process, can be referred to as dynamic-origin
dropped items that are highly dependent on the construc-
tion workers, the spatiotemporal relation of their tasks,
and the equipment in use. Common mitigation strategies
are to train workers to look for overhead work crews, wear
a hard hat, plan the path of a construction crane to avoid
work crews below loads, application of safety nets, keep the
work area clean, and tie handheld tools to workers (CPWR,
2021; OSHA, 1996).

4.1 | Ontology components

To capture the situation that can potentially lead to falling
object scenarios and struck-by falling object hazards, it is
first necessary to extract a glossary to describe (1) where
workers may be present while performing a task on a con-
struction element, (2) the behavior of a falling item, (3)
danger source and endangered subject, (4) exposures, and
(5) temporal variables. Table 1 shows an overview of the
glossary needed to capture struck-by falling object situa-
tions during a planning process. It makes it possible to
define and describe the additional spatial artifacts nec-
essary to formalize struck-by falling object hazards in the
ontology.

Spatial artifacts are empty space objects that emerge, or
are generated, from the existence of a building element or
a scheduled task that requires a crew consisting of work-
ers. The collection of spatial artifacts, shown in Tables 2
and 3, where functional space and range space in the con-
text of construction safety were first introduced in Li et al.
(2022, 2020) but extended in this work. Functional space
is extended with three subclasses for construction safety,
operational space, reachability space, and work space. The
reachability space was first introduced in (Madova, 2022),
which in this work has been adapted to construction safety.
For range space, this work introduces an artifact, namely,
Item drop space.

The reachability space is a region that a piece of equip-
ment or worker can reach and therefore operate in. For the
crane, the reachability distance is similar (but not equal)
to the length of the boom, and for a worker, similar to the
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TABLE 1 Glossary for struck-by falling objects hazards

Term Description

Reachability The distance from the agent to the device or object
distance that is worked on; for a pedestrian worker, this
distance is similar (but not equal) to an arm’s
length, where for a crane the distance would be
similar (but not equal) to the boom. The
operatable distance is illustrated in Figure 2

Fall angle The angle at which the cone formed space will
expand due to items that can fall non-
vertically or be kicked off a surface, for example,

an item kicked off a scaffold by accident

Subject The subject location, the subject task, the subject
crew: the task, crew, or region that is exposed to
the source. The subject can be associated with a

distance, which has the symbol Z,,,

The source location, the source task, the source
crew: the task, crew or region that exposes the
subject. The source can be associated with a
distance, which has the symbol Z,,

Source

Spatial
exposure

The part of the subject location/work zone that is
exposed to the region of the source at that
height

The fraction of the time overlaps between the
source task and the subject task

Temporal
exposure

arms’ length. The distance is referred to as the reachable
distance (d,). The reachability space can also be described
as a region where the agent can perform an action on an
object. The counterpart to the reachability space is the func-
tional space of an object, which is the region in which
an agent’s reachability space must overlap to perform an
action on the object. For example, the footprint of the func-
tional space for a wall is found to be the footprint of the
wall extended in the directions where an agent can walk
(i.e., the movement space). This means that the functional
space is limited by access to the work area and that a wall
that is planned to be built at the edge of a slab (see Figure 4
(t3)) only extends into the slab; otherwise, there must be a
scaffold, which the work can be performed from.

The other additional subclass of functional space, called
work space, is the region created when a reachability and
functional space overlap. This action is conceptually like an
activation of the space and represents the temporal compo-
nent, where a work crew is scheduled to be present in an
area to perform work on an object. Therefore, reachabil-
ity and functional spaces may exist without being active,
which allows for other analyses, for example, studying
access or egress. The work space is defined as the region
that the agent or piece of equipment occupies to under-
take their task, either emerging by necessity based on
the assigned tasks (e.g., the worker moves between work
spaces), or as specified in the construction plan (i.e., work
zoning).

@ JOHANSEN ET AL.
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FIGURE 3 Ontology and its eventual utilization of Industry

Foundation Class (IFC) schema and external safety regulation.

4.2 | Ontology relations
Figure 3 shows the ontology, illustrated from Spatial arti-
facts, and downward in the inheritance tree. A spatial
artifact is not a material element that can be inserted
into a building (like walls and doors) and is instead an
empty-space object that emerges, or is generated, from the
existence of other building elements (Bhatt et al., 2009,
2012). In this illustration, it has been chosen to include the
IFC classes representing the elements from a BIM model.
The usage of the IFC classes does not have any relevance
for the ontology and could be other representations as well.
All the spatial artifacts are activated_by or changed_by
an element and a construction task from the BIM model.
The combination of an element and its construction task
should create a physical object in the real world.
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TABLE 2 Overview and description of spatial artifacts for fall hazard identification and analysis
Spatial Specialized
artifact subclasses  Description (Regions...) Ilustration Constraints
Movement In which an agent (e.g., construction worker, manager,
space and visitor) can travel
Crawlable In which an agent can travel crawling (Johansen h. < height < hy,
space et al., 2022a) and width > wy
Walkable In which an agent can travel upright (Johansen height = h,, and width > w;
space et al., 2022a)
Fall space In which an object or agent will fall by f, (Johansen F, =My +fq
et al., 2022a)
Functional Empty space that the worker must be positioned in Only extends toward
Space order to work on, or control, the construction accessible regions such as
element, item, or device movement spaces
Operational ~ That the agent or piece of equipment needs to be empty
space to perform a particular action
Reachability ~That an agent of a piece of equipmet can reach Figure 2 Constrained by reachability
space distance d,
Work space  That the agent or piece of equipment occupies to Figure 4
undertake their task, either emerging by necessity
based on the assigned tasks or as specified in the
construction
Range That carry information about whether, and how, an (Li et al., 2022)
Space object can be detected by an agent
Visibility In which an observer (agent) has visual access to the (Lietal., 2022)  Should be constrained by
space target object (i.e., the visibility space is derived from some meaningful maximum
the observed object) distance
Blind spot In which an agent has no visual access (i.e., derived (Lietal.,, 2022) Should be constrained by
space from the observer, e.g., blind spots of a driver some meaningful maximum
operating an excavator) distance
Item drop In which an object can be expected to be present, when  Figure 4 Zaub < Zsor
space dropped from a source activity
TABLE 3 Overview of hazardous spatial artifacts
Hazard Specialized
type subclasses Description (Regions ...) Ilustration Constraints
Fall from Leading edge space Where th e movement space at its full (Johansenetal,, M, >F, A M. <Fz,.
height height intersects with a fall space 2022a)
Offset leading-edge Where a portion of the movement (Johansenetal,, M, +offsetjper <M, +Ty
space space intersects with a fall space 2022a)
Offset top Where a portion of the movement (Johansen et al., Zupper — O ffsetupper <My, +he
leading-edge space space intersects with a fall space 2022a)
Tumbling space In which an agent can tumble over fall ~ (Johansenetal.,  zZypper — Zigwer < faAWidthyye, <
prevention equipment on lower 2022a) Wy
surface
Struck-by  Falling object space In which agent is subject to struck by Figure 4 Zaub < Zsor

The spatial artifacts from Table 2 are shown below
the spatial artifact class and consist of movement-, fall-,
functional-, and range-spaces. Additionally, the hazard
spaces from Table 3 are also shown as subclasses of spatial

an object falling from above hazard

artifacts. The artifacts from Table 3 are extracted from the
geometries of the building design and completion of con-
struction tasks, whereas the hazard spaces from Table 3
are created from combinations of artifacts in Table 2.
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t3

T3 = Erect Wall1, T4 = SlabO after works

Work Space T2 2 op Space . Strike from above Hazard Space

FIGURE 4 Cross-sectional views of construction progressing over time and task-dependent spatial artifacts at t1, t2, and t3 (denote time
steps) and tasks T1, T2, T3, and T4 (being carried out in the corresponding timestep/s).

For example (shown in Figure 4), when a slab is built,
it creates a movement space (i.e., the spatial artifact is
activated_by the building element and the scheduled
task), in which the workers can move around (safely
or unsafely), for example, t2 in Figure 4. After build-
ing the slab, the schedule may include building a wall,
which changes the previous movement space (i.e., the
spatial artifact is changed_by the building element and
scheduled task), for example, t3 in Figure 4. The spatial
artifacts that are initiated are all affected_by the safety
regulation. An example is that a movement space should
only be created if the width of the surface is wider than
the minimum width, which a worker is allowed to be
present on, referred to as w_s (Europe: 0.56 m, the United
States: 0.6 m). Similar dependencies exist for the other
spatial artifacts in Tables 2 and 3, which explains the
connection between the spatial artifact class to the safety
regulation.

Example (illustrated in Figure 4 (t3)): When a wall is
planned to be built and activated_by the scheduled task, its
work space gets activated by the overlap of a crew’s reach-
ability space and the element’s functional space for a given
task. The work space can also be referred to as the poten-
tial source of a struck-by hazard. At the same time, another
crew is located on a lower-level floor and has their work
space activated by being present in the functional space.
This work space can be referred to as the potential subject
to the struck-by hazard. The source work space will create
a gradually expanding space (expanding by the fall angle
f_a), referred to as the item drop space, a subclass of range
space. The item drop space will follow the nature of an item
that is dropped and will be subtracted by physical object
surfaces that can stop an object from falling further. The
struck-by falling object hazard space will be created as the
intersection of the item drop space created by the potential
source and the work space of the potential subject.

The different options of mitigation are defined_by the
safety regulation, and the individual hazards proposes_a

mitigation accordingly. Mitigation is composed of two ini-
tiated classes, namely, the mitigation task and mitigation
equipment. The first class captures the tasks related to the
mitigation equipment, such as installation, inspection, and
removal of temporarily installed equipment. The mitiga-
tion task is shown in this example as a subclass of IfcTask.
The tasks should be injected into the construction sched-
ule to get an overview of the safety activities on equal terms
asregular construction-related tasks. The mitigation equip-
ment is exemplified as a subclass of IfcElement and can
therefore be incorporated into the incoming BIM model
and coupled with the mitigation tasks. It is, as mentioned
earlier, not demanded to utilize IFC but solely included for
illustration of connecting the ontology to the BIM.

5 | BENCHMARK MODEL
DEVELOPMENT

The reason for creating a benchmark model is primar-
ily to bridge the gap between PtD/P software developers
and practitioners in the construction industry. The model
and planning software has been developed in collaboration
with construction engineering domain experts focusing
on simplicity so that the resulting safety enhancement
and assessment can be manually inspected for correctness.
In previous work (Johansen et al., 2022a), our focus was
on geometric correctness and edge cases. In contrast, the
benchmark model presented in this study is created to test
the temporal capabilities of our approach.

51 |
model

The design of the benchmark BIM

The benchmark BIM model is a high-rise building consist-
ing of seven stories as shown in Figure 5a. It represents the
reinforced concrete shell of the structure only. The first six
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(b) Top-down view of the
6th floor (identical to
the first five floors)

Zone|Walls | Col Slabs
A 2 3 1
"o B 2 3 1
C 2 3 1
o D | 2 3 1

(a) Section view of building ~ (C) Zone content overview

FIGURE 5 Benchmark model and visual presentation.

stories are identical and divided into four work zones, A,
B, C, and D shown in Figure 5b. Each zone consists of a
concrete slab, two masonry or prefabricated concrete walls,
and two to three concrete columns as shown in Figure 5c.
The top story consists of the slab, serving as a roof, and a
leading edge that will remain throughout the work phase.

5.2 |
model

Planning in the benchmark BIM

Construction scheduling is a cumbersome process that
takes time and effort. In the construction project that is
captured in the proposed benchmark model, a scenario,
which can be modeled with a few logic rules has been
chosen. It should be noted that the planning tool is not
the main contribution but rather the results captured
in the publicly shared construction schedules. Neverthe-
less, the scheduler is briefly described to explain how the
schedules have been produced. The logic rule approach
enables us to write a piece of software, that can plan realis-
tic sequences based on parameters such as individual tasks
that must be performed for the element types and the avail-
able crews. The developed planning software generates
plans that differ in the sequence of the locations, resulting
in different spatiotemporal exposure between work crews.
While this work considers safety analysis as a process that
happens after the scheduling, the outputted schedules will,
at this point, not involve any safety considerations. Mahda-
vian et al. (2022) use an alternative approach where safety
is considered during the scheduling procedure.

5.2.1 | Scheduling rules

To produce realistic and constructible schedules, it is nec-
essary to define a set of rules that must be satisfied in the

59 WILEY-2

result. Therefore, simple and intuitive rules that consider
geometric and topological dependencies have been used in
the scheduler. The rules are stated below:

1. Construction of slabs at level L + 1 cannot be initiated
before the columns are finished in level L.

2. Construction of columns in level L cannot be initiated
before the slab is finished in level L.

3. Construction of walls in level L cannot be initiated
before the slab is finished in level L.

4. A work crew can be assigned to one task at a time.

The above rules ensure that the scheduler produces
schedules that, for example, progress from bottom to top,
that one crew is not assigned to different tasks simultane-
ously and that a building element is not installed without
asupporting element in place. Additionally, the number of
different crews available is an input that affects the sched-
uler. The scheduler does not prefer solutions that finish
all elements of a type for each floor (e.g., completing all
walls) before moving to the next level because it is irrel-
evant to our study. That is, the schedules’ main purpose
is to represent different construction approaches, and not
completing all tasks of a particular type on a floor before
moving on to the next floor is also a construction approach.

5.2.2 | Scheduler implementation

The scheduler program has been implemented using a
combination of Python 3.8 and Answer Set Programming
(ASP; Gebser et al., 2007; Marek & Truszczyniski, 1999).
To make the planning tool compatible with other BIM
files beyond our benchmark file, it has been chosen to
rely on the comment that can be added to the elements
in a BIM tool (e.g., Revit). In the comment field, the
user will select the zone to which the element belongs
and export the IFC with properties. From the Python
application, the comment can be extracted through
IfcOpenshell, and the levels and zones of the elements are
revealed. The level is extracted from the already existing
IfcContainedInStructure-relation. For each task that has
been selected for the element, a task is added to the
instance file that is later used to create the schedule. After
completing the instance file, the planning software can
run, which generates a set of plans that comply with the
planning constraints. ASP’s working principle is that it
will assign the tasks to time steps that comply with the pre-
defined durations and check if the constraints are satisfied.
If that is the case, the answer becomes a part of the answer
set (i.e., the set of possible solutions to the problem). For
a problem of this size, the answer set is very large, and
having several hundreds of schedules would not serve any
purpose for a benchmarking model. Therefore, it has been
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chosen to only let the schedule run for some time in the
different configurations (i.e., changing maximum duration
and available crews), which resulted in the 68 schedules.

The output from ASP is formatted as text, which is
parsed into Excel for human readability and storage.
Each solution has a worksheet placed in the repository
(Johansen et al., 2022b). Every plan has a row per task
and element. The nine columns describe the ID, task name,
Contractor, Level, Zone, IFC GUID, Planned start, Planned
end, and assigned crew.

The planner assigns different crews for the defined tasks
(e.g., column crews 1 and 2), and the crews do not nec-
essarily have to have the same safety performance in the
subsequent analysis. The naming convention of the plans
available at the repository is Plan_X_Y, where “X” is either
D (dual) or S (single), describing if the planner was able to
assign two crews for a task or only a single crew for each
task type. “Y” is an integer for plan identification.

5.2.3 | Example schedules

Each of the generated plans is accompanied by two visual-
izations. top in Figure 6a,b illustrates the utilization of the
individual crews throughout the construction schedule.

The bottom visualization shown in Figure 6a,b illus-
trates in which location (y-axis) and dates the individual
crews are active. The identification of the crews is based
on the corresponding colors and hatched in the top plot.

The benchmark model has 68 plans, from which a plan
involving two of each crew was just described. Figure 6b
illustrates how an alternative construction schedule could
look if it were decided only to have one of each crew
active (top of Figure 6b has only one of each crew present
throughout the construction duration; the x-axis now
shows a significant increase from 99 to 186 days).

The information revealed in these figures can be used
to further analyze the safety situations that may occur if
the construction project is carried out according to the
plans. The schedules and their visualizations are publicly
available in Johansen et al. (2022b) for others to use in their
applications without generating the schedules themselves.

6 | CASESTUDY

This section describes the case study of our PtD/P software
SafeConAl. SafeConAlI utilizes the ontology developed and
described in this work, such that this part of the work
serves as a part of the ontology validation. The case study
is additionally performed on the benchmark model that
has been modeled, planned, and described as part of this
work. This section describes how the model and combina-
tion of spatial artifacts in the ontology allow us to extract
the potential safety hazards and the model performance of

@ JOHANSEN ET AL.

individual schedules in discrete time steps. Subsequently,
the discrete performance is accumulated to estimate the
overall safety performance of the individual schedule. The
case study is inspired by our research project (BIM2TWIN
Consortium, 2020), in which a baseline plan exists and
several alternative plans (APs), each representing small
changes to the schedule and crew assignments.

The APs are analyzed to enable the CM team to choose
the AP that accommodates their goals in the best possible
way. The baseline plan (i.e., meant for construction execu-
tion) is updated when the CM team has selected the desired
AP.

SafeConAl analyzes falls from heights and struck-by
falling object hazards. It investigates those two hazard types
based on the geometry and the scheduled tasks. The num-
ber of leading edges can, first and foremost, be used to
measure how much the workers are exposed to falling from
heights and calculate the demand for mitigation equip-
ment. In the extraction of leading edges (also the demand
for safety railing equipment), the intersections between
movement spaces and fall spaces are found in the model.

Each time a new element is introduced in the sched-
ule, it automatically creates these spatial artifacts and
additional hazardous regions that must be mitigated. This
means that if a slab is installed at a height greater than
the maximum allowable fall distance, it also introduces the
safety task of installing the demanded preventive equip-
ment. Additionally, temporarily installed equipment needs
continuous inspection and removal before installation of
the construction element that removes the hazard (e.g., a
wall, facade, window, or balcony) can be installed.

For example (see Figure 7), let the installation of a slab
requiring mitigation equipment be denoted, Ta. Then let
the following task (Td) install a wall on the slab, which
removes the fall hazard and, thereby, the demand for the
mitigation equipment. In between, there might exist tasks
Tb and Tc, which demand the mitigation equipment in
place to perform the work safely.

This example would result in a mitigation equipment
placement after Ta has been performed, inspection tasks
before Tb and Tc, and finally removal before Td. Like-
wise, installing a building element can result in safety
equipment changes (e.g., when placing a column). This
action can conceptually be interpreted as a combination
of remove and install, in which case, the remove happens
before the task and the installation after. Alternatively, it is
suggested to be modeled as a task happening in parallel to
the original task.

6.1 | Analyzing the schedules

SafeConAl extracts the spatial artifacts described in our
ontology from the incoming 3D BIM and schedules, to
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FIGURE 6 Work crew utilization (top), and work crew activity in a location (bottom): (a) Plan_D_9 and (b) Plan_S_0 (Johansen et al.,
2022b)—in this schedule, some of the work crews are not active (i.e., column_2, wall_2, and slab_2).

@ Taskof incoming schedule on dates when tasks are completed and elements are cre-
) ® Placement of equipment ated. The reason is that intermediate dates do not change

T % ::;Zf::::::f::t the geometric representation of the construction site.
The second column, Construction Site, shows the geo-
FIGURE 7 Illustration of injected safety-related tasks. metric representation of the construction site, where green
elements are associated with completed tasks and blue
assess the safety of the model at each incremental time  with ongoing tasks at a specific date. The third column,
step. The results are captured visually in a graphics = Movement Space, illustrates the bottom surface of the
interchange format (GIF) and are replayable. spaces where the workers can move. The reason for not
In Figure 8, three subsequent frames of Plan_D_9 are plotting all the spaces’ boundaries, but only the bottom
shown of the resulting safety analysis performed by Safe- surface, is that the plot’s readability would decrease. For
ConAl. The remaining frames and plans are shared in the movement spaces, Table 2 defined the top surfaces are
GitHub repository (Johansen et al., 2022b). The first col- offset 2 m in walkable spaces and 1 m for crawlable spaces.
umn of Figure 8 captures the number of days since the The fourth column, Fall Space, shows the bottom sur-
project was initiated. Notice, the analysis is only performed faces of the spaces where an object or a worker would
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Fall hazard space

Work space

Struck-by falling
object hazard space

Visualization of three subsequent states at day 62, 67, and 68 of resulting safety analysis of Plan_D_9

(https://github.com/kakkel4/BIM-Based4DBenchmark/blob/master/Plan%20Visualizations/Dual/Plan_D_9/Analysis.gif).

fall more than the maximum allowable fall distance (for
this study, set to 1.8 m as described in OSHA, 2019). The
fifth column, Fall Hazard Lines, shows the intersections
of movement spaces and fall spaces, which is conceptu-
ally the plane where a worker can access a fall hazard.
The fall hazard lines are essentially where the protective
equipment must be installed to mitigate the fall haz-
ard. As shown in the legend, this plot also captures the
safety-related tasks, as the fall hazard lines are colored cor-
responding to added, changed, removed, and not changed.
The sixth column Work Space shows where the work crews
are currently located to perform the tasks according to the
schedule. The seventh column, Struck-by Falling Object
Hazard Space, shows the parts of the work spaces sub-
ject to a falling object from competing work crews in other
operational spaces above as described earlier.

In Figure 9, Guardrail demand captures the summed
length of the railing at each time step and holds the
minimum, average, and maximum values in the legend.
Spatiotemporal (ST) exposure captures the summed per-
centage of exposed area relative to the summed size of
all active areas and holds the same values in the legend.
Finally, Safety KPI (key performance indicator) captures
the summed temporal percentage of exposure and holds
the value in the S-KPI in the legend, for easy model
comparison.

6.2 | Validation of output

The output of our PtD/P software has been validated by our
three domain experts through a sample-based approach,
where the construction design has been visualized in the
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FIGURE 9 Visualization of three subsequent states at day 62,
67, and 68 of resulting safety analysis of Plan_D_9
(https://github.com/kakkel4/BIM-Based4DBenchmark/blob/
master/Plan%20Visualizations/Dual/Plan_D_9/Analysis.gif).

time steps of the construction schedule. The corresponding
safety analysis graphical result has been compared to the
expectations of the domain experts and discussed. The falls
from heights analysis was easier to assess as the geometric
complexity of the building is relatively low. On the other
hand, it became more difficult to assess the struck-by falling
object cases, as this is not part of the current practices and
the resulting hazards zones are of higher geometrical com-
plexity due to the expansion that varies over distance (i.e.,
the item drop space is expanding with the fall angle, which
together with the distance from source to subject impacts
the hazard area).

The three subsequent frames shown in the three rows of
the figure are based on the schedule called Plan_D_9, but
Figure 10 summarizes the values that can give an overview
of all the individual schedules’ safety performance. The
summarization can then be used to select a model for
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Construction Plan Comparison
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FIGURE 10 Graphical comparison of the safety analysis results for each construction schedule. From the top, the first plot shows the

total construction duration. The second plot shows the minimum, average, and maximum demand for guard railing. The third plot shows the

minimum, average, and maximum worker crew exposure. The fourth plot shows the overall safety key performance indicator (S-KPI).

further inspection, that is, investigate the detailed anal-
ysis captured in the GIF or even select the schedule for
performing the construction process.

The first plot of Figure 10 shows a trend of increasing
construction time in the plans where two of each crew
are assigned. This is because the planner was limited in
terms of the completion date and that the upper bound
was changed to ensure the creation of differing construc-
tion plans. Outliers are also observable, especially, when
the planner is limited to one crew per task. In the second
plot, it is possible to see that the different plans differ in
the amount of needed guard railing, for example, between
plan_D_45 and Plan_S_0, there is a difference of 100 m.
The third plot shows that the average exposure is, in most
cases, between 20% and 40%, but that Plan_S 0 has a
relatively low (less than 10%) work crew exposure. Addi-
tionally, the plot shows that all the plans have at least one
time step, which results in the subject work space (i.e., a
work space performed at a lower elevation than a com-
peting task) being 100% exposed to struck-by hazards. It
should be kept in mind that this percentage is computed
from the portion that is exposed in relation to the total
area of the subject work space. The last plot shows an
overview of the S-KPIs, where outliers also exist. For exam-
ple, Plan_D_7-10, but especially Plan_S_0 and Plan_S_3,
has low S-KPIs, representing accumulated exposure. With
this plot, it is possible to isolate the plans that do well in
terms of the selected parameters. If time is the most essen-
tial component, one may consider Plan_D_7, and the safest
is Plan_S_0. In both cases, the HSE coordinator could
investigate when the increased exposure is introduced and
mitigate those scenarios with additional personal protec-

tive equipment (PPE), such as safety nets or lanyards.
Alternatively, the rise of exposure could be handled in the
automated safety assessment tool, which would introduce
additional mitigation equipment automatically, for exam-
ple, by replacing the injected regular guard railing with a
model that has smaller or even no gaps.

7 | DISCUSSION

7.1 | Ontology

We developed an ontology that relies on the concept of
spatial artifacts that allow for extracting fall from height
hazards and struck-by falling object hazards. Using spatial
artifacts allows adding an abstraction such that the hazard
spaces are not generated directly based on the geometry
of a single object but allows us to process the relation of
nearby elements before further analysis (e.g., subtracting
walls/columns from the movement space of a slab). The
spatial artifacts facilitate a higher geometric precision that
is more realistic, which benefits the safety analysis and
exploits other purposes in a DT.

The ontology has been created such that it can capture
the dynamic nature of the construction site, which enables
analysis that has so far not been possible to investigate
with the current practices of safety planning. Even though
the ontology has a limited scope, we envision that a sim-
ilar approach using spatial artifacts that are activated or
deactivated by the existence of building elements can be
extended to cope with other hazard types. Our ontology is
based on our BIM2TWIN and COGITO research projects,
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which involve industry practitioners in the consortium.
This and their involvement in ontology development raise
our confidence in its correctness and applicability.

7.2 | Benchmark BIM model and
schedule

Inspired by the approach of other domains, we developed a
benchmark BIM model with associated schedules that can
be used by other researchers and developers to design and
test their own approach without having to create a model
and schedules. Another major benefit of using a bench-
mark model is that the community can easily compare the
output of future research using the model and schedules,
to clearly determine the contributions of new approaches
beyond state-of-the-art approaches in the safety analysis.
Our benchmark BIM model is a high-rise model that
includes zones, tasks, and elements to incorporate many of
the hazards that exist in the industry. As part of our ongo-
ing research, we are extending this benchmark model to
other construction scenarios. We encourage the commu-
nity to collaborate on extending or creating and sharing
benchmark models to represent different scenarios using
diverse construction methods to more comprehensively
represent many safety-critical activities in the industry.

7.3 | Planner

The planner that has been created and utilized is not
the main contribution but serves as an enabler for creat-
ing schedules that are applicable in the automated safety
analysis. It was possible to create constructible plans,
going from the bottom to the top, where none of the ele-
ments were unsupported during the construction. There
are many improvements that can be implemented in the
scheduler, for example, different subtasks for the elements.
It could also be extended to incorporate a learning curve
and account for material storage to make it more realistic.

7.4 | Case study

The case study showed how the benchmark model can be
utilized and validated that our ontology was able to capture
the falls from height and struck-by falling object hazards
in a 4D BIM. We illustrated in detail some of the infor-
mation that can be extracted from the construction design
and schedule but also how different APs can be compared.
As a part of a research project (BIM2TWIN Consortium,
2020), it is envisioned to validate the approach more in
terms of processing time, usability, and generality. With
the analysis, we acquire information that has, so far, not
been accessible to safety management, thus the possibility
of creating a ground truth is still limited.

@ JOHANSEN ET AL.

Making this information available can lead to a safer
work environment and remove hazards already from
before the work started and assess how changes in the con-
struction sequence will affect the situation. The insight
makes decisions on a more informed basis, which hope-
fully reduces the accident numbers that prevail in con-
struction. Overall, the feedback from the domain expert
was positive, especially for the fall-from-height hazards.
However, there is a need to advance the illustration of
the struck-by hazard spaces. The reason is that, although
the illustration of struck-by hazard spaces is appropriately
comprehensible when individual frames are displayed,
the illustration becomes overly complicated when the
construction evolves over time. Another reason that the
struck-by hazards are hard to perceive is that this type of
analysis is currently not performed in such detail, where
the actual work area is analyzed individually. Both the
illustration of the construction site states and the hazard
spaces must improve to facilitate the creation of a ground
truth that is needed for automated assessment of sound-
ness, completeness, and correctness. Additional domain
experts need to be involved in future studies.

8 | CONCLUSION AND OUTLOOK

Throughout this work, a construction safety ontology for
falls from heights and struck-by falling object hazards has
been created. The ontology has been made to bring the
researchers creating automated safety analysis approaches
closer to the construction practitioners and their domain
knowledge. Additionally, this study proposes a publicly
shared benchmark model, consisting of a 3D BIM model
and 68 different schedules for the construction of the
building. Ontology, benchmark model, and our safety
analysis results are available in Johansen et al. (2022b).
The purpose of making them freely available is to lower the
barrier to start researching automated safety approaches
and facilitate comparison of the output of those. Even
though the scope of the ontology is still relatively limited,
it captures the two most fatal hazards in construction and
does this in a spatiotemporal environment. The ontology
has been created based on spatial artifacts and their spatial
relationships, which are activated by the occurrence of
construction tasks. The benchmark model has been
created to represent a simple construction scenario, in
which complexity is kept low on purpose. The low com-
plexity is a limitation in terms of assessing some forms
of performance (e.g., processing time, special geometries,
and precision). For this purpose, we have been working
on the special geometries in previous work (Johansen
et al., 2022a) and envision addressing other performance
criteria in future studies. For this study focusing on the
schedule component, the simple scenario ensures that the

85U8017 SLOWILIOD 8AIIEID) 3|ced!dde ays Aq peuenob afe sspoiie YO ‘N JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLBY/LICO" A3 |1 AR 1B |UO//SANY) SUORIPUOD PUe SWB | 8U 88S *[720Z/TT/ST] Uo ARiqiTauliuo AB(IM ‘AisieAlun snyey MeN Aq 8862T 80 IW/TTTT 0T/I0PAU0Y 48| 1M Aeiq 1 pul|uoy//Sdny Wwoiy papeojumod ‘ST ‘€202 ‘29989 T



JOHANSEN ET AL.

researchers and domain experts can look at the resulting
hazardous zones and follow the reasoning behind them.
Additionally, the low complexity allows the users to
manually compare analysis results to others until a proper
automated comparison approach has been developed.

A case study is performed to validate that the informa-
tion in the benchmark model is complete and meaningful
for automated safety analysis. In this study, the benchmark
model is utilized in SafeConAlI, our tool for automated
safety enhancement and assessment. Throughout this
study, it is explained how the ontology and benchmark
model can be utilized to analyze the 68 different sched-
ules and compare their safety performance. The performed
validation of the ontology and contents of the benchmark
model is insufficient to validate the completeness and
meaningfulness properly, but hopefully this will happen
over time when other researchers start using the content.

In the future, more depth in the selected hazards will
be incorporated into our ontology and benchmark model,
for example, struck-by vehicle, caught in between and
additionally scaling up the empirical validation through
an extended series of structured exercises with domain
experts to formalize ground truth assessments that can
be utilized in automated correctness, soundness, and
completeness assessments.
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