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Abstract

The construction of a building is a unique and project-
specific process associated with a multitude of risks. In
particular, execution risks and associated defect costs have
risen recently. Deadlines, cost pressure, growing pro-
cess, and material complexity justify these cost increases.
Therefore, achieving a balance between the optimum level
of quality and the associated costs requires knowledge of
the composition of quality-related costs. Despite steadily
increasing amounts of quality data from digital building
models, sensors, and standards, calculation models in the
construction industry predicting appraisal costs remain
non-existent. Therefore, this paper aims to determine ex-
pected appraisal costs from building information modeling
(BIM) objects via automated semantic web technologies.
The ontology for construction quality assurance (OCQA),
which is used for the automatic planning of quality inspec-
tions, serves as the initial ontology in this paper. The ex-
pected quality-related appraisal costs are determined auto-
matically via Shapes Constraint Language (SHACL) rules
based on the OCQA, BIM data, and historical quality data.
The inferred appraisal costs are stored in the OCQA exten-
sion ontology for construction quality assurance appraisal
cost (OCQA-AC). To demonstrate the rules’ functionality,
leveling methods and associated defect-type unevenness
are used as examples.

Introduction

As described by the proverb, ”You can’t make an omelet
without breaking eggs”, failures are integral to daily con-
struction. Thus, the ability to deal with failures, risks, and
consequences has become a central success factor for com-
panies in recent years. While other industries have made
steady progress in dealing with failures, the consideration
of failures in the construction industry, according to a sur-
vey by the Fraunhofer Information Center for Space and
Building, plays only a subordinate role. Despite annual
failure elimination costs of 16.5 billion euros (as of 2021),
only 51% of construction companies in Germany consider
the expected calculable costs (Rauh and Weitz, 2014). As
a result of the low consideration for failures, the number
of cost overruns, delays, and quality defects in construc-
tion projects is increasing.

Simultaneously, due to the building information modeling
(BIM) method and the use of sensors and digital construc-
tion site tools, the amount of data related to construction
quality has steadily increased. Quality data is derived from
the specification and demonstration of process and system
conformity (Schmitt et al., 2016). However, the actual
value of the data remains limited due to the lack of ma-
chine readability and data networking. Linked Open Data
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(LOD) technologies, part of the semantic web, provide a
proven solution to convert unstructured data into machine-
readable formats. In addition to improved data exchange,
the technologies support users in finding and formalizing
relevant data. LOD technologies have been used for these
purposes in various fields; for example, in medicine, se-
mantic web applications help make faster and better med-
ical decisions (Liyanage et al., 2015).

Modern quality management systems must use all avail-
able quality data to detect potential failures in their early
stages and initiate preventive measures (Schmitt et al.,
2016). Hence, knowledge of appraisal costs of the compo-
nent in question is necessary to assess the effects of failures
and determine appropriate preventive measures . There-
fore, this research aims to investigate how predictable in-
spection costs can be automatically retrieved by a given
workflow preparation that includes BIM and scheduling
data.

The paper is structured as follows. First, Section 2 reviews
the related work on ontologies regarding construction in-
spection costs, while Section 3 describes the methodology
used to develop the proposed ontology. Next, Section 4
discusses the conceptualization and implementation of the
methodology, evaluated using a fictitious example in Sec-
tion 5. Finally, Section 6 discusses the limitations and con-
tributions of the research and provides conclusions.

Background on appraisal cost estimation

The classic quality cost model follows an activity-oriented
structure according to the quality-related cost concept
from DIN 55350 concepts for quality management. Ac-
cording to the DIN definition, quality-related costs include
prevention-, appraisal- and nonconformity costs. Preven-
tion costs (PCs) result from analyzing and eliminating er-
ror causes, while appraisal costs (ACs) are caused by rou-
tine inspections without specific error reasons. Noncon-
formity costs (NCs) result from failures. The quality cost
categories may be delimited and recorded according to
organization specific criteria. In the research conducted
by Shafiei et al. (2020), the complex interaction of qual-
ity cost elements in building projects was examined and
the resulting costs varied with the extent of the quality in-
spection (100% inspection vs. the sample), quality stan-
dards, and as the respective inspection method. Indeed,
higher requirements for safety, serviceability, durability
and aesthetics require greater testing expenditures, leading
to higher ACs. However, according to Kiani et al. (2009),
the associated costs of increased prevention and appraisal
efforts reduce NCs.

ACx = Cx,0+n*(Cx,. +Cx ) (1)



According to DIN 55350, the ACs calculation does not
have to follow a predefined calculation model. ACs in-
clude labour (Cx ;) and material costs (Cy p) for qual-
ity inspection incurred within and beyond the quality sys-
tem (Hering et al., 2013). The cost types include main-
tenance costs, calibration, measurement, and equipment
testing (Roden and Dale, 2001; Kazaz et al., 2005). In
contrast to the stationary industry, ACs in the construc-
tion industry have an overhead cost component (Cy o) and
a variable part depending on the number of inspections n,
according to Simon and Miiller (2014). Overhead costs
include the travel to the inspection location, the instal-
lation and dismantling of inspection equipment, and ex-
ternal acceptance costs (Simon and Miiller, 2014; Hering
et al., 2013). For recording ACs, the following steps are
required per Briiggemann and Bremer (2015): (1) a status
quo recording of the actual costs from quality assurance
must be undertaken, (2) identified cost items must be al-
located to individual cost types (labour, equipment, mate-
rial), and (3) an evaluation of ACs and, if necessary, an
initiation of measures to reduce the individual cost com-
ponents must be made.

Related works

This section discusses previous research on ACs and the
related ontologies to acquire proper knowledge, back-
ground and references to develop the proposed ontology.
The review is divided into a general review of models to
estimate ACs and ontological approaches.

Related works on quality inspection

Chen and Luo (2014) developed a BIM-based construc-
tion quality management model where an algorithm uses
4D BIM to identify quality inspection criteria and de-
rive responsibilities (Chen and Luo, 2014). Moreover
Won and Lee (2011) also derived inspection tasks using
an IFC model and hard-programmed algorithms and the
presented method for scheduling inspection tasks reduced
planning time measurably. This work showed that auto-
mated inspection planning can significantly improve the
work preparation phase (Won and Lee, 2011). Ma et al.
(2018) published the paper “Construction quality man-
agement based on a collaborative system using BIM and
indoor positioning” to describe developing of a quality-
related collaboration system combined with indoor posi-
tioning. Algorithms generate inspection tasks, and in-
spections are visually supported by a positioning system,
followed by a visualization of inspection results by bub-
bles, manual checks, and the interpretation of inspection
results. (Ma et al., 2018) Xu et al. (2018) developed an
an IFC-based database for evaluating quality-related data,
extended by quality data and a neural network. The evalu-
ation was not performed on a single defect but on the entire
project. Finally, Cheng. (2018) focused on checking mo-
bile recorded quality data, by developing a tool in Revit for
quality recording and compliance checking by using Revit
API access to store and check quality.
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Ontological works on appraisal cost estimation

Zhong, Luo, Hu, and Sun (2012) an ontology for recording
construction qualities, leaving quality control planning to
the end user, and the planning support of the work was
limited to the requirement that quality control must oc-
cur for individual construction tasks Zhong, Luo, Hu, and
Sun (2012). Martinez et al. (2019) developed an ontology
identifying relevant regulations for quality controls based
on a BIM via queries in SPARQL (Martinez et al., 2019).
(Chen and Luo, 2014) developed a 4D BIM-based qual-
ity management system: automatic selection tool of qual-
ity control specifications for of-site construction manufac-
turing products, a BIM-based ontology model approach.
The ontology automatically selected company or organiza-
tion quality control specifications according to the require-
ments defined in the BIM, while SPARQL queries derived
the standards.

The quality costing ontology (OCQ) developed by El-
dridge et al. (2006) supports tracking and analyzing
quality-related costs in the stationary industry. The OCQ
includes a standard form for recording costs, allowing
users to assign costs to specific categories, such as avoid-
ance, inspection, or defect costs, and includes fields for
recording location, department, and cost center . Com-
pared to traditional static forms, the OCQ allows a more
structured and efficient process for collecting, storing, and
evaluating quality-related cost data.

Temporal workflow condition ontology (TWCO) by Lee
et al. (2014) defines the conditions that must be met to ex-
ecute certain tasks within a workflow. These conditions
include temporal constraints, such as the order in which
tasks must be executed, and other constraints, such as the
availability of resources or the completion of specific pre-
requisite tasks. TWCO also defines the relationships be-
tween different conditions and how they interact. In com-
parison, temporal workflow item ontology (TWIO) by Lee
etal. (2014) defines tasks, or “work items,” comprising the
workflow and the resources required to execute them. It
also defines the relationships between different tasks and
resources and how they interact (Lee et al., 2014).

These studies demonstrated the potential benefits of onto-
logical application in inspection planning. However, many
limitations prevent the ontology-based estimation of ACs
in incubation periods since other researchers and indus-
tries have not widely used or adopted the illustrated on-
tologies. Moreover, most of the ontologies don’t meet the
requirements from DIN 55350, and the applications of the
QCO are limited to the execution period. Additionally, an
extension of the presented ontologies is impossible due to
the lack of publications.

The present study aims to develop a set of higher-level on-
tologies to support the CW information integration within
digital construction contexts to address these limitations
that may (1) represent the CW in detail and connect ac-
tivities and flow entities, (2) integrate heterogeneous flow-
related information sources from ICT-based systems, and
(3) convey multi-context representational data.



Methodology

In research, various methodologies have been developed
to define ontologies. The most common definitions were
developed by Griininger and Fox, Uschold and Griininger,
the ontology development guideline 101, and the On-To-
Knowledge methodology(Zheng et al., 2021).This paper
follows a hybrid model combining the LOT methodology
with that of Uschold and Griininger and Griininger and
Fox. The hybrid model enables the compensation of dis-
advantages between these methodologies. According to
LOT, the process of ontology engineering is divided as fol-
lows:

1. specification,

2. implementation,

3. publication,

4. maintenance phases (Poveda-Villalén et al., 2022).

The detailed process of the ontology’s development and
engineering methodology is illustrated in Figure 1. The
specification phase defines the scope, purpose, use cases,
users, and requirements for the inspection cost ontology.
Notably, knowledge acquisition is an ongoing iterative
process throughout the ontology engineering process ini-
tially undertaken in step 1.3(Ferndndez-Lépez, M. et al.,
1997). Based on the specification, a conceptualization,
including existing ontologies and encoding, is conducted,
and the evaluation of the developed ontology finalizes the
implementation. Therefore, different evaluation methods
are used to judge the developed ontology. Afterward, the
ontology is documented via a Hypertext Markup Language
(HTML) sheet and published on GitHub to provide access
to a wide range of users and developers. GitHub enables
proper ontology maintenance due to collaboration and ver-
sion control based on the repository (GitHub, 2020).

Specification

This specification aims to produce a formal document in
natural language utilizing competency questions (CQs) as
requirements (Ferndndez-Lopez, M. et al., 1997). These
CQs are derived from previously defined use cases based
on the purpose and scope of the corresponding ontol-
ogy. The specification document is provided on GitHub
(Poveda-Villalén et al., 2022). In the following discussion,
the different specification steps are formalized.

Purpose: The purpose is an ontology focused on quality in-
spection costs in construction execution to provide a struc-
tured representation of cost information that civil engi-
neers can utilize to better understand quality inspection
costs. Furthermore, the ontology can be used to support
(semi-)automated inspection estimation, which can aid in
cost forecasting and decision-making. The proposed on-
tology should :

1. allow an allocation of costs to individual cost units,

2. reveal the cost-effectiveness of quality inspection,

3. enable the estimation of quality-related ACs,

4. support tactical and operational decisions in quality
assurance, and
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5. strengthen the quality awareness of employees (Wen-
dehals, 2000)

Scope: The ontology aims to describe and estimate quality-
related costs based on ACs according to DIN 55350:2021-
10.144 by capturing ACs as a part of quality costs but does
not cover NCs. ACs in the proposed ontology include over-
head, labor, and material costs. However, these costs are
not included due to the difficulty of measuring PCs from
employee training and inspection planning.

Use-Cases:

1. Description of quality-related ACs
2. Supporting manual appraisal cost estimation
3. Automated estimation of ACs

End users: The end users of the ontology are defined ac-
cording to the use cases of the ontology. Therefore,
construction project management will mostly use the on-
tology, including construction managers, estimators, and
quality inspectors. However, regarding closely-defined
use cases, the ontology will not be used by construction
workers or other stakeholders not included in the manage-
ment of construction sites.

Non-functional requirements (NFRs): NFRs define how a
system should perform, behave, and operate rather than
what it should do. Various studies have defined NFRs for
ontologies in the field of construction that can be summa-
rized as follows: (1) coverage/sufficiency, (2) consistency,
(3) usability, (4) extendibility/reusability, and (5) clarity
and conciseness (Costin, A. and Eastman, C., 2017; Zhou
et al., 2016; El-Gohary and El-Diraby, 2010; Zheng et al.,
2021). The defined NFRs are used as evaluation criterium
and covered by different evaluation methods.

Functional requirements: The functional requirements are
described as CQs according to the previously defined use
cases. Table 1 lists the CQs to be answered by the proposed
ontology.

Table 1: Competency questions related to use cases

Description Supporting Automated
of quality manual in- estimation of
quality- spection cost inspection
related costs estimation costs
1. What are 3. How 4. How can
the total ACs can cost reasoning
of an parameters support cost
inspection? be restored in parameter
an ontology? assignment?
2. What are 5. How can
the partial inspection
ACs of an cost types be
inspection? estimated

Conceptualization and Implementation

The proposed ontology system is divided into three mod-
ules according to the project’s aim: (1) overall OCQA, (2)
inspection cost estimation, and (3) catalog.
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Figure 1: Ontology development/engineering methodology (Poveda-Villalon et al., 2022)

OCQA environment

The developed OCQA-AC ontology is an extension of the
OCQA ontology designed to provide information about
quality inspections in construction to support inspection
planning. The OCQA also contains rules for automated
inspection planning. Therefore, the OCQA is an ideal
reference for developing the OCQA-AC, designed as an
extension of the OCQA. In turn, the OCQA is an exten-
sion of the DiCon ontology, providing basic concepts for
construction workflows, including agents, processes, and
equipment (Zheng et al., 2021). The alignment between
the different ontologies can be seen in Figure 2 and is im-
plemented as hard reuse via owl:imports, which reuses
the imported ontology as it is and as a whole (Poveda-
Villal6n et al., 2022). Moreover, trade-specific modules
of the OCQA ontology cover task-specific inspection plan-
ning. For example, the extension OCQA screed covers all
inspections regarding the trade screed.

Ontology for appraisal costs (OCQA-AC)

This section presents a more detailed overview of the
OCQA-AC and the associated ontologies. Therefore,
the classes, relations, and properties needed to estimate
inspection costs are shown in Figure 3. To estimate
ACs, the inspections and the associated inspection
equipment, persons, inspection objects, and inspection
methods must be represented in detail directly via DiCon
classes and OCQA classes, defined as subclasses of
the DiCon ontology. The class ocga:Inspection is a
subclass of dicp:Activity. The required cost indices for
cost calculations are linked to the inspection descrip-
tion. Cost values are stored as ocqa:characteristic in a
data catalog and are linked to ocga:inspection or other
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OCQA-AC

Figure 2: OCQA-AC as an extension/alignment/reuse of the
OCQA and DiCon ontology

classes via ocqa:hasCostCharacteristic. To provide fit-
ting cost value relations, ocga:hasCostCharacteristic
can be  specialist by  sub-properties  like
ocqa:hasHourlyRateCostCharacteristic  to  describe
the hourly rate of an inspector. The ocqa:Characteristic
represents a subclass of opm:property and can therefore
be updated with actual costing values according to the
OPM ontology. The catalogs are designed according to
the DCAT ontology and can be differentiated into a main
catalog and a sub-catalog (Riccardo et al., 2020). The cost
estimation results are represented as data values linked to
the inspection via Datatype properties.

OCQA-AC appraisal cost estimation

The proposed ontology OCQA-AC was designed to en-
able the automated estimation of appraisal costs. Hence,
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Figure 3: Overview of classes, relations, and data properties of OCQA-AC and aligned ontologies

the ontology had to infer and estimate various types of
ACs, so the inference process was divided into two dis-
tinct steps. In the first step, inspections are linked to cost
characteristics in a predefined cost catalog. The relation
between cost characteristics and inspections, equipment,
and staff is done by reasoning via OWL class restrictions.
All instances of relevant classes — in this case, subclasses
of agent, equipment, and inspection — are automatically
assigned to cost characteristics via the OWL restriction
owl:hasValue (Bechhofer, S., van Harmelen, F., Hendler,
J., Horrocks, 1., McGuinness, D., Patel-Schneider, P.,
Stein, L., 2004).

In Step 2, ACs are calculated using the SHACL rule in List-
ing 1 divided into two sh:nodeShapes. The first part esti-
mates the costs based on the cost value characteristic times
the count of inspections. The cost value for equipment cost
is defined as cost per inspection. The multiplication of
inspection quantity and cost value characteristic is done
by ocqa_rule:multiply, which is predefined as a SPARQL
function. Moreover, a sh:condition is added to enforce
the execution of the rule only under the condition of pre-
defined ocqa:characteristics. The second sh:NodeShape
sums up the different ACs to the total ACs of an inspec-
tion. The implementation is done via a SPARQL construct
function using sh:construct and a subquery, to sum up the
values.

ocqa_rules:CalculateAppraisalCost_EquipmentCost
> a sh:NodeShape;
sh:targetClass ocqa:Inspection;
sh:rule [
a sh:TripleRule ;
sh:subject sh:this ;
sh:predicate ocqa:hasEquipmentCost;
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sh:object [
ocqa_rule:multiply ([ sh:path ocqa:
hasQuantity ] [ sh:path (oqca:
hasInspectionEquipment schema:value)]) ;

sh:condition ocqa_rules:
costEquipmentCondition;

: ocqa_rules:CalculateAppraisalCost_TotalCost
1 a sh:NodeShape;

sh:targetClass ocqa:Inspection;
sh:rule [
a sh:SPARQLRule ;
sh:construct """
[Prefixes]
CONSTRUCT {$this ocqa:hasAppraisalCost ?
sum. }
WHERE { [Subquery to get all assigned

costs on inspection]}
nnn

Listing 1: SHACL rule for appraisal cost inferencing

Evaluation

The evaluation judges the predefined requirements and
the use cases to determine if the specification process
is satisfied by the ontology (Ferndndez-Lépez, M. et al.,
1997). According to Zheng et al. (2021) different eval-
uation methods can be used to check compliance with
different criteria (Zheng et al., 2021; El-Gohary and El-
Diraby, 2010). The proposed ontology is evaluated by au-
tomated consistency checking CQs in combination with
a task-based evaluation and by a workshop consisting of
focus-group interviews.



Automated consistency checking

The evaluation based on automated consistency check-
ing enables consistency verification of the proposed on-
tology. A consistency check for OCQA-AC ontology was
performed with Pellet Reasoner, an open OWL-DL rea-
soner used for ontology inference and consistency check-
ing (Sirin et al., 2007), and the Pellet check showed that
the created ontology was consistent and coherent. Fur-
thermore, the ontology was checked for possible model-
ing errors by the OntOlogy Pitfall Scanner (OOPS), de-
veloped to automatically detect certain failures in ontolo-
gies based on object-oriented and ontological principles
(Poveda-Villalon et al., 2014). This check was also suc-
cessfully completed.

Task-based evaluation including CQs

Task-based evaluation assesses whether an ontology can
solve a specific task. Furthermore, the instance data can
answer the CQs defined in the specification section and il-
lustrate how the ontology can be used in practice (Zheng
et al., 2021). Therefore, applying the OCQA-AC and the
corresponding ontologies was done using the example case
of ACs for leveling inspections, which are measurements
to check the evenness of building components, for exam-
ple, on a gravel layer or finished screed. The illustrated
example case was based on practical data provided by our
partners. Nevertheless, the cost values could not be pro-
vided by our partners due to missing data and were as-
sumed by ourselves.

In the example case, the ACs were structured into
ocqa-ac:haslabourCost and ocqa-ac:hasMaterialCost

costs (see Figure 4). To estimate material
costs of a leveling inspection, the cost values
of ocqa:hasEquipmentCostsCharacteristic and

ocqa:hasMaintainanceCostsCharacteristic were linked
to the instance ex:AutomaticLevel_p3sb42d_ka3 of class
ocqa:AutomaticLevel _NAK?2. The cost values were
stored as ocqa:CharacteristicState and are linked by
ocqa:hasCostCharacteristic to corresponding classes
according to figure 3. The linking between cost values
and instances of corresponding classes was automatically
done by reasoning using OWL restriction owl:hasValue
as shown in the previous section. Based on linked cost
values, the specific cost was calculated.

To  calculate the specific cost of ocqa-
ac:hasEquipmentCost the SHACL-rules were used
to multiply the inspection quantity ocgqa:hasQuantity
with cost value ocqa:hasEquipmentCostsCharacteristic.
The calculation of ocqa:hasMaintainanceCosts and
ocqa-ac:hasHourlyRate was analogous to the previous
one. Finally, the cost types were calculated, result-
ing from the sum of the assigned specific costs. In
this example, the ocqa-ac:hasEquipment Cost and
ocqa-ac:hasMaintainanceCosts were used to esti-
mate cost type ocqa-ac:hasMaterialCosts. The ocqa-
ac:hasAppraisalCosts resulted from the sum over all cost

types.
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The described example contained a total ACs of 235 EUR
CQ(1) for leveling measurements. Partial cost components
from CQ(2) were broken down in the ontology using 1.
The modeled catalog provided quality engineers with cost
values to estimate ACs CQ(3). Based on catalog values,
the associated costs for inspection were determined auto-
matically using the reasoner from CQ(4). Finally, total
ACs from CQ(1) and individual costs from CQ(5) were
determined using SHACL rules.

Focus group interviews

The coverage/sufficiency, usability, clarity, and concise
evaluation criteria were covered during online focus-group
interviews and included a minimum of four and maxi-
mum seven domain experts for quality inspections. Dur-
ing the expert interviews, current company-specific calcu-
lation procedures for estimating the costs of quality inspec-
tions were discussed. Based on the insights gained from
these interviews, the implementation of the proposed on-
tology for quality inspection cost estimation was presented
and evaluated by the experts. Additionally, the experts for-
mulated new requirements for the ontology as CQs, which
were subsequently incorporated into the study’s CQs to en-
sure comprehensive topic coverage. Finally, the experts’
feedback and new requirements were considered in further
developing and refining the ontology.

Discussion and Conclusion

This paper presented the OCQA extension OCQA-AC to
reduce quality-related costs and support quality engineers
in planning and estimating ACs. The OCQA-based ontol-
ogy suite enables estimators, construction managers, and
other stakeholders to store ACs, support manual AC esti-
mation, and automate the estimation of ACs. The knowl-
edge about ACs enables engineers to compare NCs with
ACs. The comparison prevents uneconomical inspections
while avoiding building elements with high NCs to ACs
ratios. Therefore, a balance between AC and NC costs
can be achieved by the application OCQA-AC. In addition,
quality engineers can integrate heterogeneous information,
such as BOQs, schedules, and standards, from different
software solutions to plan inspections and estimate ACs.
Finally, the modular design of OCQA offers the flexibility
to expand the ontology to include trades not yet covered.

This study demonstrated the application of semantic web
technologies to estimate ACs in construction. Therefore
this paper is a crucial part of estimating quality-related
costs according to DIN 55350. The significant contribu-
tions of the proposed OCQA-AC are 1) providing termi-
nology to represent ACs information and knowledge, 2)
enabling the storage and knowledge-based linking of ACs
indices with inspection or other classes via catalogs, and
3) calculating sub and total ACs based on SHACL rules.
In addition, the ontology suite was evaluated by 1) au-
tomated consistency checks, 2) task-based evaluation us-
ing CQs, and 3) focus-group interviews. The evaluation
showed the requirements were fulfilled, so the developed
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Figure 4: OCQA-AC validation on sample of levelling inspection

ontology suite could support the described use cases.
According to our results, further research is needed to en-
compass all quality-related costs within the proposed on-
tology. Estimating NCs and PCs will enhance the ability to
determine the economic efficiency of quality inspections.
Integrating probabilities to calculate the risks of NCs will
significantly impact future inspection planning, moving
from the current code- and experience-based inspection
planning in construction to a failure analysis-based ap-
proach. Therefore, further OCQA extensions are required
to cover NCs and PCs.

Moreover, integrating SHACL rules into the characteris-
tics should be considered to run the SHACL rules based
on the assigned characteristics while abandoning the con-
dition checks. A methodology similar to the one presented
in this work can also be applied to estimation software.
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