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A B S T R A C T   

Realizing the digital thread is essential for linking and orchestrating data across the product lifecycle in smart 
manufacturing. Linking heterogeneous lifecycle data is critical to maintain associativity and traceability in a 
digital thread. Recently, researchers have successfully leveraged ontology models with knowledge graphs in 
engineering domains for threading different lifecycle data. One of the most successful of such efforts is OntoSTEP 
which enables the formal capture of information embedded in the STandard for Exchange of Product model data 
(STEP) data representation, or ISO 10303. Meanwhile, an emerging inspection standard, called the Quality 
Information Framework (QIF), has garnered significant attention as it can bring quality information into the 
digital thread. Implementing more automated methods for product quality assurance is challenging due to the 
lack of unified information models from design to inspection. To this end, we propose an approach to fuse as- 
designed data represented in STEP and as-inspected data represented in QIF in a standards-based digital thread 
based on ontology with knowledge graphs. Specifically, we present an automated pipeline for generating 
knowledge graphs representing STEP and QIF data, a mapping implementation to integrate STEP and QIF 
knowledge graphs, and rules and queries to demonstrate the integration’s potential for better decision making 
with respect to product quality assurance.   

1. Introduction 

Smart manufacturing technologies fuse advanced manufacturing 
capabilities with digital technologies to improve agility, productivity, 
efficiency, and sustainability of production systems [1]. Central to the 
smart manufacturing concept, often referred to as the next industrial 
revolution, are standards activities. Standards, including formal data 
representations, instructive guidelines, and reference architectures, 
position the research and industry communities on common footing. 
Though the terms, “smart manufacturing” and “Industry 4.0” are rela
tively new, the standards activities relevant to the realization of their 
potential are not. 

For example, the STandard for the Exchange of Product model data 
(STEP), or the International Organization of Standardization (ISO) 
10303 series [2], has been the focal point of an active working group 
for three decades [3]. Engineering firms have realized the benefits of a 
standard exchange format for design information with STEP in the 

context of engineering design practice. However, not until recently 
have the full benefits of such a digital representation been uncovered. 
Formally representing design data, including Geometric Dimensioning 
and Tolerancing (GD&T) information, helps connect the digital thread, 
promoting a common context across the product development process, 
from its initial conceptual design, across its production, and through its 
sustainment in use. 

One of the mechanisms for linking such concepts is through on
tology with Knowledge Graphs (KGs). Many recent studies have used 
the term knowledge graph to emphasize the relationships between 
knowledge entities represented as a graph in an ontology. Though there 
may be multiple interpretations between the two terms, the term on
tology is usually preferred for taxonomy (or schema, T Box) which in
cludes types, properties and relationships between entities, whereas the 
term knowledge graph is used for information (or instances, A Box) in the 
form of triplets (subject, predicate, object) with values which can derive 
new knowledge using a reasoner [4,5]. With the more flexible data 
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querying and fusing mechanisms that ontology representations provide, 
researchers and practitioners have successfully leveraged the en
gineering-based ontology with KGs for threading the digitization of the 
product lifecycle, including automatically generating tolerancing re
commendations [6], building data dictionaries for engineering mate
rials [7], and realizing more intelligent disassembly patterns [8], to 
name a few. Encapsulating digital thread concepts, OntoSTEP [9,10] 
formally captures and represents elements and attributes embedded in 
the STEP data representation. The goal of OntoSTEP is to facilitate 
database design/construction, information retrieval, and product-based 
reasoning based on ontology with KGs. 

Partly inspired by these achievements, we provide such function
ality with an emerging inspection (and quality assurance) standard, 
called the Quality Informatino Framework (QIF) developed through the 
Digital Metrology Standards Consortium (DMSC). QIF provides a col
lection of data dictionaries to formally characterize inspection plans, 
rules, and results in a consistent manner across engineering domains 
and disciplines [11]. The dissemination of the QIF standard is spreading 
quickly throughout the manufacturing sector, presenting an opportu
nity to provide additional computer-enabled tools for realizing its full 
potential. A recent mapping specification between STEP and QIF [12] 
also signals the probable adoption of QIF representations across stan
dards-driven Model-Based Enterprise (MBE) practices. 

In this work, we present (1) an automated pipeline for generating 
KGs representing STEP- and QIF-driven data, (2) a mapping im
plementation between STEP and QIF KGs, and (3) sample rules and 
queries to demonstrate such integration’s potential to facilitate rapid 
and more seamless reasoning for design decisions and product quality 
assurance. We anticipate that this demonstration will lead to more di
verse use of the inspection-driven KGs together with design KGs. 

2. Background and related work 

Here, we comment on emerging standards, concepts, methods re
lated to product quality and to the larger vision of smart manufacturing. 
We anticipate other researchers to take advantage of our presented 
pipeline to influence their own inspection-relevant pipeline with more 
intelligence. 

2.1. Model-based definition 

Model-Based Definition (MBD) is a strategy of defining a three-di
mensional (3D) digital model, formally characterizing all of the associated 
requirements of a product. MBE uses MBD, rather than paper-based 
drawings and documentation, as the main data source for all engineering 
activities throughout the product lifecycle [13,14]. Commercial computer- 
aided design (CAD) systems have adopted MBD strategy in recent years, 
and they also support standard formats like STEP Application Protocol 
(AP)242 which can store MBD without any loss of information. 

Camba et al. [15] proposed “extended annotation” to widen the scope 
of the annotation capabilities available in the current MBE approach by 
allowing users to explicitly communicate geometric design intent. Huang 
et al. [13] pointed out the lack of feature information in the current MBD 
approach and proposed a multi-level “structuralized MBD model” to 
capture machining semantics information in a hierarchical way. Hallmann 
et al. [16] presented a method to link 3D tessellated geometries with 
product and manufacturing information (PMI) assigned on the exact CAD 
geometry (i.e., boundary representation, B-rep) of STEP. 

Some researchers surveyed the impact of applying MBD to industry- 
driven practices. Comparing model-based processes to paper-based 
methods, Hedberg et al. [14] reported measured results to identify the 
benefits and drawbacks for implementing MBD in industry. Ruemler 
et al. [17] surveyed a similar pool of users to better understand the 
needs for the common information model across the product lifecycle. 
The results highlight evidence that industrial practitioners are poten
tially embracing MBD. However, more workflow-specific information is 

still required to establish a common information model. 
There are still barriers in terms of the tools, standards, and processes 

to fully support model-based data interoperability from design through 
manufacturing to inspection across the supply chain. Trainer et al. [18] 
claimed that an open standards method for MBD interoperability will 
bring maximum value to industry. Here, one of the major challenges is 
to define a unified information model that can be utilized throughout 
the product lifecycle. 

2.2. Digital thread 

The digital thread can be defined as the ensemble of data that en
ables the combination of MBD, manufacturing, and inspection. Digital 
thread plays a key role in linking disparate systems by unifying and 
orchestrating data across the product lifecycle [14,19]. The capability 
to integrate data models from disparate sources is necessary for un
derstanding, analyzing, and controlling a product’s performance [20]. 
The concept of the digital thread is garnering more attention since some 
argue it is the backbone of digital twin applications [21]. 

Recently, researchers have focused heavily on linking different 
lifecycle data in a digital thread. Helu et al. [22] presented a reference 
architecture designed to enable the fusion of manufacturing and other 
product lifecycle data in the digital thread. Helu et al. [23] presented a 
way to link as-planned and as-executed product data in the standards- 
based digital thread. To support lifecycle decision-making, Bernstein 
et al. [24] developed a prototype system correlating as-designed CAD, 
as-planned toolpath, and as-executed toolpath by visually overlaying 
the toolpath onto CAD geometry. Monnier et al. [25] proposed a 
mapping method focusing on relating controller data and numerical 
control (NC) code in standard data representations to facilitate the flow 
of information between as-planned and as-executed data and to identify 
discrepancies during the execution process. Trainer et al. [12] pre
sented a STEP-QIF PMI mapping table to bridge the gap between CAD 
and CMM communities for future interoperability tools. 

There have been several studies on system- or process-level CAD/ 
computer-aided manufacturing (CAM)/computer-aided inspection (CAI) 
integration. Cho and Seo [26] presented an improved inspection planning 
strategy for sculptured surfaces in an on-machine measurement system by 
integrating CAD/CAM data into the CAI process. Another attempt to in
tegrating CAD, CAM, and CAI was made by extracting feature information 
from STEP files and using the information as reference data for better 
quality control [27]. However, only a handful of studies have reported on 
fusing different standard formats of as-designed and as-inspected data in 
the context of a standards-based digital thread. 

Commercial solutions that organize and integrate data generated 
across the product lifecycle exist. However, these systems are typically 
expensive and tend to not target a diverse group of users, especially 
small-to-medium sized enterprises. Open reference architectures are 
needed to support standards-based digital thread to exchange in
formation between design, fabrication, and inspection that can be freely 
used by all participants [1]. To support this vision, the National In
stitute of Standards and Technology (NIST) Smart Manufacturing Sys
tems (SMS) Test Bed1 provides an example cyber-physical infra
structure to collect, curate, and access manufacturing data. One key 
feature of the SMS Test Bed is that its architecture supports multiple 
domain standards. Thus, we leverage the NIST SMS Test Bed [24].  
Fig. 1 shows the data types collected by the NIST SMS Test Bed and the 
use of the existing data standards as a basis for their representation. 

Note that the SMS Test Bed itself does not present specific guidelines 
for mapping or linking across these different formats, rather the SMS 
Test Bed provides reference data for testing mapping techniques and 
methods, some of which are described above. Next, we conclude 
Section 2 with a discussion on how the use of ontology with KGs can aid 

1 Can be accessed via https://smstestbed.nist.gov. 
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in engineering data integration. 

2.3. Data integration based on ontology with knowledge graphs 

Defining a structured process for integrating disparate data formats 
requires high-level abstractions of their underlying entities. If done 
properly, interoperability of the underlying data representations can 
theoretically be realized. 

To achieve such data integration, ontologies with KGs have been 
implemented due to their richness in semantic definitions to extract and 
infer knowledge in a human readable way [28]. Similar to many other 
data-enriched disciplines, domains related to product and manu
facturing systems, e.g. systems engineering, product design, and pro
duction, invest in the use and development of ontologies and KGs for 
product data integration. 

For example, Sudarsan et al. [29] recommended the use of ontolo
gies to extend a proposed product lifecycle management model. Mat
sokis and Kiritsis [30] translated the unified modeling language (UML) 
based semantic object model (SOM) into an ontology, demonstrating its 
use through a case study in automotive industry. Panetto et al. [31] 
developed OntoPDM aiming to use STEP and International Electro
technical Commission (IEC) 62264 standards in order to define a pro
duct ontology that would allow interoperability. Lu et al. [32] built an 
ontology for variational geometric constraint specifications to enrich 
the semantic in order to allow product data to be exchanged during the 
product development. 

To leverage the use of ontologies, Lee et al. [33] proposed to create 
4 layers of ontologies, each stage having its own lower level ontology 
which will respect the topmost ontologies. The goal of using an on
tology hierarchy with KGs is to further strengthen data integration by 
keeping a concordance between the information shared across multiple 
systems. Barbau et al. [9] developed a tool OntoSTEP that translates 
STEP schema and instances into an ontology and a KG respectively in an 
easy and automated way. Krima et al. [10] provides full specification of 
OntoSTEP. Sarigecili et al. [34] defined EXPRESS data models for tol
erance analysis and then translated them into ontologies using Onto
STEP to infer new knowledge from the existing KGs in a more under
standable way. Pursuing the integration of data using ontology with 
KGs is still a work in progress that has a lot of opportunities. However, 
efforts have been focused in the early product lifecycle stages which is a 
barrier when trying to realize the digital thread. 

3. Design and inspection data fusion in standards-based digital 
thread based on knowledge graphs 

To maximize the usability of a standards-based digital thread in the 
context of smart manufacturing, linking heterogeneous data from dif
ferent lifecycle stages is critical to maintain associativity and trace
ability [35]. Moreover, realizing model-based inspection (MBI) requires 

an integrated data model to capture all information generated through 
design, manufacturing, and inspection [36]. Thus, it is necessary to 
integrate different lifecycle data representations and link them to en
able model-based design, manufacturing, and inspection in the existing 
standards-based digital thread. 

In this work, we use ontology with KGs to integrate lifecycle data 
representations. Many studies have attempted to convert existing in
formation models and data (such as those that are eXtensible Markup 
Language (XML)-based and EXPRESS-based) into ontologies and KGs 
since ontology models provide additional affordances, including the 
ability to share common knowledge among humans and/or machines, 
provide formal analysis, and reuse domain knowledge [30]. Fig. 2 de
picts the proposed process to build an integrated knowledge base by 
translating lifecycle data in the standards-based digital thread concept. 
First, each data format is separately translated into a KG. Then, each 
resulting KG is linked together to make a fully-connected integrated 
knowledge base. 

In this study, we fuse as-designed data in the form of STEP AP242 
and as-inspected data represented by QIF. Note that integrating man
ufacturing data is out of scope for this paper. Fig. 3 roughly shows the 
intersection between information models of STEP AP242 and QIF. As 
two standards intersect in a model-based definition, it is possible to 
enrich each data model by linking the overlapping information and 
providing exclusive information in each format to one another, such as 
product data information in STEP and inspection results in QIF. Note 
that each standard has different perspectives in its feature definitions. 
As our primary focus is to fuse as-designed and as-inspected data, the 
following discussion will outline methods that we adopted to translate 
STEP and QIF into KGs. 

The main contribution of this study is to propose a framework that 
integrates and links heterogeneous standard data formats by using 
ontology with KGs in the context of standards-based digital thread. The 
tools adopted in this study, such as translators, can be replaced by other 
tools that serve the same purpose. One of the key advantages of the 
proposed framework is that it uses semantic web technologies for re
presenting different lifecycle data in a homogeneous manner, which 
also enables users to query existing data or infer new knowledge. 

3.1. Translating STEP into a knowledge graph 

Data models and schemas defined in the STEP framework (as ISO 
10303) are represented in the EXPRESS language. STEP Part 11 defines 
the specification of EXPRESS. The basic constituents of EXPRESS are 
entities, which define concepts. Entities contain attributes which are 
either other entities or certain types of values. STEP instances that 
conform to a specific EXPRESS schema are represented in a specific 
language whose syntax is defined in STEP Part 21 (P21). EXPRESS and 
P21 have not been widely adopted for information modeling except for 
STEP and the Industry Foundation Classes (IFC) standard (ISO 16739) 

Fig. 1. Types of data collected from the NIST SMS Test Bed.  
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used in the building industry. Therefore, it is challenging to integrate 
STEP data with other types of data. 

Despite the rich expressiveness of EXPRESS compared to other 
modeling languages, researchers [9,37] have pointed out that EXPRESS 
lacks the ability to express formal semantics. They insisted that con
verting EXPRESS into a computational, logic-based language, such as 
the Web Ontology Language (OWL) and the Resource Description Fra
mework (RDF), will bring advantages in complex knowledge re
presentation and the reuse of predefined knowledge definitions. To this 
end, there have been several studies on EXPRESS to OWL conversion to 
maintain the richness of the data models and improve their interoper
ability. 

Here, we leverage OntoSTEP [9] to translate as-designed data in 
STEP AP242 into ontology with KGs using OWL. OntoSTEP was im
plemented as a plug-in of Protégé and supports automated conversion 
from EXPRESS and P21 to OWL. Note that some researchers developed 
another EXPRESS to OWL translator [38] and IFC to RDF translator  
[39] which is freely available on the web. That being said, OntoSTEP2 is 
the only free translator that supports the conversion of STEP instance 
files written in P21 into KGs written in OWL or RDF. 

Fig. 4 provides an example of STEP to OWL translation using On
toSTEP. An entity product is defined in EXPRESS and is instantiated in 
P21, as shown in Fig. 4(a) and (c), respectively. Fig. 4(b) shows a part of 
the translation of the entity product into OWL. Each attribute is trans
lated into a class and a corresponding object property is created to 
connect the attribute with the parent class. Fig. 4(d) shows the trans
lation of the P21 instance provided in Fig. 4(c) into an OWL-expressed 
ontology and knowledge entities. There are four individuals asserted, 
one class (i1) and three data properties (i id i name i desc1_ , 1_ , 1_ ), and 
three object properties are asserted to connect each data property in
dividual with the class individual. Fig. 4(e) shows an ontology with 
knowledge entities represented as a KG. OntoSTEP defines only four 
data property types: to boolean to decimal to integer to string_ , _ , _ , _ . In this 
example, all attributes represented in EXPRESS (id name description, , ) 
are inherently of string type. As a result, all data property individuals 
are asserted as to string_ in OWL. 

3.2. Translating QIF into a knowledge graph 

QIF provides a unified XML framework that contains the informa
tion models expressed as XML SChema Definitions (XSDs). DMSC chose 
XML for encoding QIF because it is publicly open, free, and being 
widely used in many standards. Moreover, there are tools available for 
manipulating and incorporating XML into software [40]. XML is suited 
for storing and sharing structured data between different processes. 
However, RDF and OWL add a semantically rich layer that provides a 
way to incorporate reasoning and logic-based methods. Therefore, the 
translation of XML documents into OWL-based or RDF-based KGs will 
help formalize rich semantics and allow querying, linking, and en
riching existing knowledge acquired from their original primary 
sources [41]. 

The translation of XML representations to OWL can be classified into 
two approaches [41]: validation and instance approaches. Validation 
approaches (e.g., [42–44]) use XML schema and XML documents con
forming to that schema, whereas the instance approaches (e.g.,  
[45–47]) use only XML documents without any schema. The validation 
approaches generate more structured and semantically rich ontologies 
since schemas usually include more constructs than instances. This, 

Fig. 2. Building an integrated knowledge base by translating lifecycle data in the digital thread into knowledge graphs.  

Fig. 3. Simplified view of the intersection between STEP AP242 and QIF.  

2 OntoSTEP is available in Protégé 4.1. 
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however, obfuscates the implementation of the translation. On the 
other hand, the instance approaches only use elements and attributes in 
XML instances to generate a KG including classes, object properties, and 
data properties without advanced operators and restrictions. Therefore, 
the resulting KG is not the best suited for reasoning purposes despite 
implementation being simple [41]. 

Despite all the efforts to transform XML into OWL, we have not 
found any free and open solution for translating the QIF schema as well 
as QIF instances into OWL ontology with KGs. Moreover, our primary 
goal is to link and enrich instance files of various types acquired from 
the NIST SMS Test Bed. Therefore, we use an instance-based translator, 
XML Tab [47], as a means of translating QIF instances into OWL-de
fined KGs. XML Tab3 is a plug-in for Protégé that facilitates the import 
of XML documents by generating classes, properties, and instances in a 
knowledge base. 

Fig. 5 shows an example of an XML instance to OWL translation 
using XML Tab. Unlike STEP instances, XML instances explicitly specify 
element and attribute names (as shown in Fig. 5(a)), affording ontology 
class generation. XML Tab transforms elements without values except 
the root (e.g., “product” in Fig. 5(a)) into classes, and the elements with 
values (e.g., “id”, “name”, and “description” in Fig. 5(a)) into data 
properties as shown in Fig. 5(b). Fig. 5(c) shows an ontology with 
knowledge entities represented as a KG. The complexity of the KG is 
much simpler than that of STEP KG in Fig. 4(e) because the result 

ontology does not have object properties. Note that all values are of 
string type since it is impossible to know the data types solely from XML 
documents without a schema definition. Therefore, some numerical 
data types should be manually edited after the translation as needed. 

3.3. Fusing design and inspection knowledge graphs 

MBI necessitates the integration of design through manufacturing to 
inspection. To achieve such integration, a unified information model is 
required to encapsulate all information generated through inspection 
processes into MBD models [36]. DMSC has developed QIF as a unified 
framework supporting the digital thread. QIF provides information 
models which enable the effective exchange of metrology data and 
improve the ability of quality assurance throughout the product life
cycle [48]. 

The initial version of QIF focused on only encoding measurement 
results. Through its newest releases, the scope has been extended to fully 
support model-based design and inspection, partly through the concepts 
of rules and plans. STEP AP242 is already widely adopted for MBD in 
commercial CAD systems. Moreover, the QIF architects accept the idea 
of utilizing different formats for MBD in their framework. Therefore, we 
propose a method to merge two heterogeneous formats, STEP and QIF, 
into an integrated knowledge base to enrich standards-based digital 
thread that will, in turn, support model-based integrated inspection. 

Fig. 6 shows our concept of fusing STEP and QIF KGs as an in
tegrated knowledge base. Since the two ontologies and KGs are 

Fig. 4. Example of a STEP entity and its translation to OWL.  

3 XML Tab is available in Protégé 3.3.1. 
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generated separately and have different structures, a mapping specifi
cation is required to link them together. Hence, we leverage the PMI 
mapping specification between STEP and QIF [12]. Table 1 represents 
an abridged version of the mapping specification, focusing on geo
metric tolerances. In regards to GD&T, the data model of QIF is more 
detailed than that of STEP. Smeantic Web Rule Language (SWRL) rules 
need to be devised to connect different classes with the same semantics 
based on the mapping relation. After linking them, users can leverage 
the enhanced integrated knowledge base by querying information using 
Semantic Query-Enhanced Web Rule Language (SQWRL) queries. 

Fig. 7 shows the data models in STEP and QIF for flatness tolerance. 
In the STEP data model, every entity is directly related to each other 
whereas elements in the QIF data model are indirectly referenced 
through id values. Based on the analysis of the dataset from the NIST 
SMS Test Bed, we found that the only way to link these two data models 
is to compare their names. Ideally, if a persistent identifier4 was as
signed to each GD&T item and used throughout the product lifecycle, 
then persistent identifiers could be compared instead of names. We 
analyzed the QIF instances in the technical data package (TDP) from the 
NIST SMS Test Bed and found that among four aspects (i.e., definition, 
nominal, item, and actual) only ”item” (FlatnessCharacteristicItem in this 

case) has a name element instantiated. That means that the attribute 
name of the entity geometric tolerance_ in the STEP data model needs to 
be compared and linked to the name element of FlatnessCharacter
isticItem in the QIF model. In this example, data enrichment can then be 
accomplished from the viewpoint of the STEP data model by allowing 
access to FlatnessCharacteristicActual, which contains inspection results. 

The integrated knowledge base can be used for various purposes. 
The data consistency can be checked by comparing GD&T definitions in 
STEP with QIF. Here, definitions in STEP are considered as the “ground 
truth”. In the design stage, designers can refer to inspection plans 
generated by inspectors if we assume that any new information in the 
form of KG will be pushed to the knowledge base instantaneously. For 
example, dimensions read from a coordinate-measuring machine can be 
taken into account when determining the dimension of a part, or vice 
versa. Above all, anyone who is allowed to gain access to the knowledge 
base can leverage the associated knowledge accumulated over time. 

4. Case study 

To demonstrate the utility of the integrated knowledge base, we 
leveraged a dataset describing a three-component box assembly. Fig. 8 
shows the MBDs and manufactured parts of three components of the 
assembly: cover, plate, and box. This dataset is available as a TDP as 
part of the NIST SMS Test Bed open to the public [49]. We acquired 
STEP AP242 files by using SolidWorks 2019 MBD functions since the 
dataset only provides the product definition in SolidWorks 2016. For as- 

Fig. 5. Example of a XML instance and its translation to OWL.  

4 QIF provides a mechanism to assign persistent identifiers to objects, whereas 
in STEP, there is no recommended practice to assign persistent identifiers to 
entities yet. However, there is an ongoing discussion on the CAx implementor 
forum (https://www.cax-if.org/) on this matter. 
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inspected data, QIF version 2.15 was used to retrieve incoming in
spection reporting data. Each data instance contains 20 inspection re
sults of the same part. 

Each component has one STEP AP242 file (as-designed) and one QIF 
file (as-inspected). As mentioned earlier, two files must contain over
lapping MBD information to accomplish the mapping (or merging). We 
checked that as-designed files contain 3D shape and GD&T information 
and the as-inspected files contain features and GD&T information. Thus, 
we were able to use the mapping in Table 1 to link as-designed and as- 

Fig. 6. Fusing STEP and QIF in the integrated knowledge base.  

Table 1 
STEP-QIF mapping specification for geometric tolerances.     

PMI Type STEP AP242 QIF  

Tolerance geometric_tolerance CharacteristicDefinitionBaseType 
Angularity angularity_tolerance AngularityCharacteristicDefinitionType 
Circular runout circular_runout_tolerance CircularRunoutCharacteristicDefinitionType 
Circularity/roundness roundness_tolerance CircularityCharacteristicDefinitionType 
Coaxiality coaxiality_tolerance ConcentricityCharacteristicDefinitionType 
Concentricity concentricity_tolerance ConcentricityCharacteristicDefinitionType 
Cylindricity cylindricity_tolerance CylindricityCharacteristicDefinitionType 
Flatness flatness_tolerance FlatnessCharacteristicDefinitionType 
Parallelism parallelism_tolerance ParallelismCharacteristicDefinitionType 
Perpendicularity perpendicularity_tolerance PerpendicularityCharacteristicDefinitionType 
Position position_tolerance PositionCharacteristicDefinitionType 
Profile of a line line_profile_tolerance LineProfileCharacteristicDefinitionType 
Profile of a point n/a PointProfileCharacteristicDefinitionType 
Profile of a surface surface_profile_tolerance SurfaceProfileCharacteristicDefinitionType 
Straightness straightness_tolerance StraightnessCharacteristicDefinitionType 
Symmetry symmetry_tolerance SymmetryCharacteristicDefinitionType 
Texture n/a SurfaceTextureCharacteristicDefinitionType 
Thread n/a ThreadCharacteristicDefinitionType 
Total runout total_runout_tolerance TotalRunoutCharacteristicDefinitionType 

5 The latest version of QIF is 3.0. 
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inspected data since GD&T information overlapped. We published a 
new dataset6, including STEP AP242 files, QIF files, STEP KGs in RDF, 
and QIF KGs in RDF used in this study. 

We used Protégé 5.5.0 to merge STEP and QIF ontologies with KGs 
and manipulate the integrated knowledge base. Fig. 9 shows that the 
two ontologies are in a single hierarchy by having owl Thing: as a 
common superclass. We used Pellet and Drools, which are already de
ployed in Protégé, for reasoning and querying purpose, respectively. We 
used SWRL to define rules and SQWRL to define queries. 

To construct general rules and queries, it is desirable for the on
tology of the knowledge base to have a meaningful class hierarchy. 
Therefore, we made temporary hierarchies for GD&T classes of both 
STEP and QIF KGs. We referred to each schema definition to build each 
hierarchy. For example, a characteristic type in QIF is defined by four 
aspects: definition, nominal, item, and actual. Thus, 
CharacteristicDefinition CharacteristicNominal, , 

CharacteristicItem CharacteristicActual, were added for grouping all 
types of characteristics in the QIF KG. 

Listing 1 shows a SWRL rule to link geometric tolerances defined in 
STEP and QIF, respectively. The prefixes step: and qif: indicate to which 
representations each data item belongs. The rule matches names first, 
finds CharacteristicDefinition by comparing IDs, and finally links in
dividual data in geometric tolerance_ and CharacteristicDefinition by the 
owl sameAs: function, based on a mapping specification [12]. After 
applying this rule, users can see an integrated individual in a single 
view in Protégé as shown in Fig. 10(a). Fig. 10(b) represents the in
tegrated view as a connected KG. We used GraphDB of Ontotext7 to 
generate visual KGs. As a result, it becomes possible to gain access to 
inspection results (CharacteristicActual) in the QIF KG starting from the 
STEP KG. 

The integrated knowledge base can also be used to check data 
consistency. It is safe to assume that any two corresponding individuals 
in STEP and QIF must have the same tolerance value. The SWRL rule 
presented in Listing 2 is used to store STEP individual whose tolerance 
value is not equivalent to that of the corresponding QIF individual into 
qif AbnormalCharacteristic: . Note that we included 

Fig. 7. Flatness tolerance defined in STEP and QIF data models.  

Fig. 8. Three-component box assembly.  

6 The dataset will be made available online. 7 https://www.ontotext.com/products/graphdb/. 
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qif AbnormalCharacteristic: as a hypothetical class to check “abnormal” 
GD&T individuals through the rule shown in Listing 2. This will ensure 
a more straightforward mechanism for users to check discrepancies by 
just checking inferred individuals of the class. Note that the QIF data 
property qif ToleranceValue: can take the STEP individual sTol? as input 
because QIF data properties now also belong to STEP individuals thanks 
to the rule in Listing 1, which makes the query expression concise. 
Meanwhile, in the QIF representation, some characteristic types store 
the nominal value in ToleranceValue of CharacteristicDefinition whereas 
some store as a TargetValue of the CharacteristicNominal. Thus, another 
query must be devised since the current query conforms to the former. 

From a design perspective, the integrated knowledge base is bene
ficial for designers to check if all the GD&T defined in the as-designed 
data were actually taken into account in the subsequent inspection 
processes. Listing 3 shows a query to identify GD&T items coexisting in 
STEP and QIF by comparing their names. draughting callout_ individuals 
in STEP KG are used to store all the GD&T items, including datums and 
annotations. By applying this query, we were able to find a discrepancy 
in the GD&T items between STEP and QIF. We also found that more 
than two items were missing in the QIF KG in the case of plate 

component. 
While linking and comparing STEP and QIF KGs is our main area of 

interest, we can simply check consistency either of the STEP or the QIF 
KG. Listing 4 presents a query that finds QIF individuals with negative 
nominal values, which would not make physical sense. Through this 
query, we discovered an individual of negative perpendicularity from 
the QIF KG for both the cover and plate components of the assembly, as 
shown in Fig. 11. QIF also provides a way to validate the quality of 
information for the QIF documents through eXtensible Stylesheet Lan
guage Transformations (XSLTs) language checks. Note that the quality 
checking mechanism provided by QIF does not resolve negative values 
itself. 

As QIF stores inspection results, looking into the failed inspection 
results will facilitate a better understanding of the results. The query 
presented in Listing 5 is precisely for this purpose, and will return 
CharacteristicActual individuals with the status of FAIL, together with its 
nominal definition (CharacteristicNominal). Fig. 12 shows the result of 
the query. For example, if a hole failed in inspection (information), then 
we can infer by rules and queries that no pin will fit into the hole 
(knowledge), and finally we can determine to remove more material 
(wisdom). The beauty of using an OWL ontology with KGs is that it can 
be used to incorporate not only information but also taxonomy, rules/ 
queries, knowledge, and wisdom in a homogeneous manner. 

5. Discussion 

In the case study, we introduced rules and queries that utilize the 
integrated knowledge base. The first rule in Listing 1 mapped STEP and 
QIF based on the mapping specification. Here, we presented an upper 
level and general rule for simplicity. However, linking each type of GD& 
T items separately might be required in order to best leverage the 
mapping relation. In this regard, the STEP data model may need to be 
improved to be fully compatible with the QIF data model from the GD& 
T point of view. 

A rule in Listing 2 and a query in Listing 3 aimed to find out dis
crepancies between STEP and QIF, and actual discrepancies were found 
in the TDP. These are particularly important because they coincide with 
the core goal of this study, i.e., to obtain useful information from the 
integrated knowledge base. Two queries in Listings 4 and 5 purported 
to check data inconsistency and inspection results in QIF. One might 
claim that these types of checking could be done without the proposed 
framework. However, that would require additional efforts to develop a 
validation mechanism or software whereas a logic-based language, i.e., 
OWL, can easily accomplish such tasks. In our case study, each rule and 
query took less than a second to perform. It might take longer for 
complex rules and queries in a larger knowledge base. 

Currently, each data translation (STEP to OWL, QIF to OWL) is a 
fully automated process. On the other hand, merging the two KGs was 
done manually in this study, and it was not particularly challenging to 
do so. Moreover, some data types in QIF KGs also needed to be 
manually modified because of the loss of semantics due to the nature of 
the instance-based XML to OWL converter, not because of the difficulty 
in automation. Therefore, we are confident that the whole pipeline can 
be easily automated. 

The quality and accuracy of the generated KGs are heavily depen
dent on the capability of individual translators. Due to the intrinsic 
differences between languages, it is challenging to keep the original 
content intact after translation. Therefore, the main purpose of trans
lators is usually set to minimize the information loss. Regarding 
OntoSTEP, it still has room for improvement in terms of converting 
rules and functions defined in EXPRESS. Regarding XML to OWL 
translators, validation approaches have advantages in maintaining the 
semantics over instance approaches. To compare the quality of gener
ated OWL files, the statistics including the number of classes, proper
ties, and axioms are often used. In general, the larger the number of 
entities, the better the quality of the translator. 

Fig. 9. Integrated STEP and QIF ontologies in Protégé.  

Listing 1. SWRL rule to map geometric tolerances.  
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The main components that consist of the proposed framework such 
as standards, translators, and mapping specifications have been well 
established. Most of all, they are all open and free of charge, which 
dramatically improve the feasibility of wide implementation. Moreover, 
KGs are being widely adopted in graph databases such as Neo4j8 and 
GraphDB. They can directly import OWL and RDF files and have be
come a key enabler to effectively integrate different lifecycle data while 
providing the improved capability of semantic web technologies. In the 
near future, we anticipate that the proposed framework will gain more 
attention together with graph databases. 

6. Conclusion and future work 

In this paper, we discussed fusing different data from across the 
product lifecycle to enrich the standards-based digital thread ultimately 
for making better decisions. Specifically, we focused on merging as- 
designed data in STEP AP242 and as-inspected data in QIF using on
tology with KGs. Other researchers have tried to transform existing data 
models into ontologies and KGs since these representations exhibit 
advantages in building, analyzing, and sharing semantically rich 
knowledge in a way that both humans and machines can interpret. 

Fig. 10. Integrated STEP and QIF view (a) in Protégé and (b) as a knowledge graph (partial).  

Listing 2. SWRL rule to find discrepancy in tolerance values.  

Listing 3. SQWRL query to list GD&T items in STEP and QIF.  

Listing 4. SQWRL query to list tolerances with negative values.  8 https://neo4j.com/. 
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Our main goal is to explore and prove out the concept of fusing as- 
designed and as-inspected for realizing benefits of the digital thread and 
smart manufacturing, in general. In doing so, we integrated STEP and 
QIF KGs based on STEP-QIF mapping specification rather than devel
oping an individual translator. The ontology- and KG-based integrated 
knowledge base will have benefits in terms of data reuse as well as long- 
term archiving and retrieval. We also introduced rules and queries for 
finding discrepancies in information from different sources and 
querying information to support decision-making in the design and 
inspection stages. We verified that the queries can be effectively used by 
discovering actual discrepancies in the dataset. For demonstration, we 

leveraged a three-component assembly dataset, one of the TDPs pub
lished on the NIST SMS Test Bed. 

Although our goal is to best leverage instance files in the dataset, the 
current integrated knowledge base lacks semantics because it was built 
upon KGs generated from instances without full taxonomy, especially in 
the case of QIF. From that perspective, the quality of the ontology with 
KGs completely depends on the capability of translators. Therefore, 
more translators need to be tested, especially for XSD/XML to OWL 
translation, to build an ontology which is semantically identical to the 
original XSD schema. Moreover, more discussion is warranted towards 
harmonizing and relating STEP and QIF [12,50]. 

More complex tasks in the assembly domain, such as tolerance 
stack-up analysis [34,51] and inferring tolerance or geometric con
straint types [32,6,52], can also be supported by advanced rules and 
queries based upon KGs. Looking forward, 3D visualization might be an 
effective means for showcasing querying results. In the future, we plan 
to merge as-planned and as-executed data into the integrated knowl
edge base for enabling more functions and features for smart manu
facturing capabilities. We believe that there are open research questions 
on leveraging ontology with KGs for the implementation of the digital 
thread and the more efficient realization of digital twin applications. 
We are actively tracking efforts related to standard ontology develop
ment for engineering systems, such as the Industrial Ontology Foundry  
[53]. Developing a consensus in industry for the use, development, 
compliance, and deployment of engineering ontologies is critical to 
realize the benefits of semantic web technologies, such as the concepts 
featured in this work. 

Fig. 11. Result of a query for negative tolerance values.  

Listing 5. SQWRL query to list failed inspection results.  

Fig. 12. Result of a query for failed inspection results.  
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