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Abstract. Representing manufacturing information and maintaining data
interoperability are crucial to achieving Smart Manufacturing (SM), also
referred to as Industry 4.0. Throughout the Product Lifecycle (PL), data
standards have been developed in ”silos” based on the specific needs of
each PL stage. Dealing with multiple data standards, formats, and rep-
resentations makes it challenging to transfer information throughout PL
stages. Mapping techniques and data translation methods can aid in solv-
ing such data heterogeneity challenges. Recent works have demonstrated
that general techniques for data mapping and analytics can facilitate
more holistic viewpoints. Such viewpoints can help stakeholders make
better decisions at the design phase, wherein cost and PL impacts such
as those associated with environmental sustainability, are mostly fixed.
This paper focuses on analyzing the potential of different types of map-
ping techniques to enable data interoperability between the multiple PL
data formats and standards. We investigate the diversity of data formats
in each of the PL data standards. Then, we focus on analyzing the chal-
lenges of successfully achieving PL interoperability. Finally, we define the
data mapping and translation types with the goal of comparing different
approaches to help realize interoperability across global PL. management.

Keywords: Data Mapping - Interoperability - Smart Manufacturing -
Standards - Systems Integration - Product Lifecycle - Industry 4.0

1 Introduction

The realization of smart manufacturing systems remains a core research topic
for the Product Lifecycle Management (PLM) community. Smart manufactur-
ing examines the intersection of emerging digital technologies such as Internet of
Things (IoT) and artificial intelligence (AI), with advanced engineering capabil-
ities including, for example, multi-material manufacturing and factory automa-
tion [12]. At the heart of its implementation, smart manufacturing is rooted in
standard data representations (or data models) [6]. Such data models help or-
ganize data across a product’s lifecycle in a standard and consistent manner to
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2 Monnier et al.

facilitate decision making [8]. One of the key challenges to augment decision mak-
ing in smart manufacturing systems is the lack of interoperability across these
data models. This is partly due to the way in which each of these standards has
been developed [11]. Often, standards are constructed with limited scope. For
example, to support exchange of product design information between the design
and the process planning stage different data structures and languages are used,
e.g., EXPRESS for the design stage and eXtensible Modeling Language (XML)
format for the planning stage. This has led to a number of challenging issues to
coordinate, understand, and visualize links between disparate data streams and
structures [3].

Our previous work [18] focused on one such link between data structures
from machining process planning to manufacturing execution — specifically be-
tween numerical control (NC) code and MTConnect data. The study showcased
the difficultly in generalizing or fully automating a direct mapping approach
and relied on a priori knowledge of the production environment. To provide a
broader perspective on these issues, this paper investigates two different strate-
gies for approaching the mapping problems: (i) using “direct” low-level mapping
techniques, e.g., aligning coordinate systems, and (ii) introducing an additional
layer in order to have a common data structure between different PL stages, e.g.,
through an ontology.

To summarize, the research contributions of this work include the following.

1. A brief review of the data formats associated with well-known data standards
for smart manufacturing,

2. An articulation of available mapping method types across these standards,
and

3. Commentary on potential tradeoffs to realize the digital thread based on our
understanding of the data mapping and integration.

2 Product lifecycle data standards format challenges

Standards are vital for the communication and exchange of Product Lifecycle
(PL) data. In this section, we review several internationally recognized manufac-
turing standards that aim to improve interoperability across the product lifecy-
cle. This background will help position the data strategies discussed in Section 3.
Note that we particularly focus on manufacturing standards that directly relate
to the production stage, i.e., data representations that deliver design informa-
tion to manufacturers, process data generated by the manufacturer itself, and
inspection data related to each product produced.

2.1 Design stage

ISO 10303, commonly referred to as the STandard for Exchange of Product data
(STEP), is a series of standards for the computer-readable representation and
exchange of product manufacturing information. The primary purpose of the



Data mapping for digital thread and smart manufacturing 3

ISO 10303 series is to properly curate and exchange product model data. The
series provides specific application protocols (APs) to address domain-specific
concerns, e.g., computer numerical control (CNC) programming with AP238
and automotive design process with AP214.

EXPRESS is the modeling language used for STEP models, as specified in ISO
10301-11 [13]. This language has been developed in order to textually describe
and to graphically represent, e.g., through EXPRESS-G, product data using
models, schemas and constraints. EXPRESS is an object-oriented language that
aims to detail the relationships between the data objects within the data models.

TYPE datum_reference_modifier_type = ENUMERATION OF ENTITY Acos_function rjn
° ( circular_or_cylindrical, SUBTYPE OF ( Unary_function_call ); (=4
a distance, END_ENTITY; <
'3 projected,

spherical ); ENTITY Activity;

END_TYPE; id : STRING; z
- name : STRING; =4
< TYPE day_in_month_number = INTEGER; description  : OPTIONAL STRING; g
o {NHERE chosen_method : Activity_method; T
A wel: ( (1 <= SELF ) AND ( SELF <= 31 ) ); END_ENTITY; »
5 END_TYPE;
Q

Fig. 1. Excerpts of EXPRESS source code and constructs (based on STEP AP242
Application Reference Model [14])

As seen in Figure 1, the EXPRESS syntax consists of Entities, which repre-
sents the object in the product description, Types, which characterize the differ-
ent objects, Attributes, that relate the properties of the objects, and Constraints,
that express the product constraints.

STEP AP242 is the ISO 10303 Application Protocol (AP) that supports “Man-
aged model-based 3D engineering” [14] providing means to fully represent geo-
metric dimensioning and tolerancing (GD&T). The standard is based on several
modular information models that enable a precise description of the geometric
requirements of the design. The models use the EXPRESS language in order to
describe the semantics of the schema. The data schema itself is defined as an
XML schema (see Figure 1).

2.2 Manufacturing stage

Manufacturing activities generate a wide variety of data including NC code from
process planning to equipment-related data from process execution. To represent
such different types of data, multiple standards have emerged aiming to capture
the characteristics (input and output) of each manufacturing operation.
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NC Code describes numerical control standards such as EIA RS274 and ISO
6983 (also known as M and G codes) languages used to program machine tool
instructions. The machine’s controller follows the given code, which can consist
of tool paths, feed rates, and spindle speeds. It is possible to derive an implicit
timeline from the step-by-step instructions in a GCode program. Each line of
a machine control program contains instructions for the machine [24], usually
in the form of a code number, e.g. GCode or MCode, and some data related
to the instruction (see Figure 2). The purpose of NC Code is to state actions
that the machine will need to execute based on an enforced order of operations
creating an implicit timeline. These sets of instructions can result in complex
actions and, based on their inherent goal to focus on machine interaction, are
not easily understandable by humans.

G90 G1@ L2 P#501 X#51@
G99 G10 L2 P#501 Y#511
G90 G1@ L2 P#501 Z#513

N101 GO G17 G40 G49 G86 G99

[

% ( 3" FACE MILL )

£ ( REV. )

= ( ROUGH .768 OVERALL THICKNESS )
N102 T1
N103 GO1 G238 Z@ M6
Nie4 T2 Mel

.~/ G90@ G1@ L2 P#501 X[#510

Instructions Data information

Fig. 2. Example of GCode operation instruction data format.

MTConnect is a standard exchange protocol that facilitates semantically con-
sistent retrieval of machine log information [19]. The data transferred can include
realized feed rate, tool position, and tool path, depending on the machine and
its controller. The underlying data format used is XML which contains read-only
data that, in this case, contains the logging data of the operating machine. An
XML schema is provided in order to relate the XML entities featured in the XML
logging file. Each XML entry is a link to an explicit timeline that corresponds
to the moment when the machine controller has logged the operation.

2.3 Inspection stage

QIF is a Quality Information Framework (QIF) that describes the data needed
to inspect the quality of a product [4]. Multiple types of information, e.g., tol-
erances, inspection plans, metrology data, and reporting data, are used in order
to efficiently allow the analysis of the end product [17]. Figure 3 represents the
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QIF architecture consisting of six XML Schema Definition (XSD) models. Each
schema has been implemented to represent different types of information used for
capturing inspection processes. The schema are named QIFRules, QIFResults,
QIFPlans, QIFProduct, QIFStatistics, QIF MeasurementResources.

XML Schema

QIF-Plans

Model-Based Whats Hows

Definition QlF
(CADz, QIF-MBD :
STEP AP242) (PDPMI) LT
QIF-
QIF- ' Rules
Statistics 3
QlIF-
Execution

QIF-Results o)

Fig. 3. QIF architecture representation adopted from Michaloski et al. [17].

3 Product lifecycle interoperability

3.1 Data interoperability

Wegner et al. [25] define interoperability as “the ability of two or more software
components to cooperate despite differences in language, interface, and execu-
tion platform.” The authors highlight two principal methods for achieving this
interoperability: data standardization and data bridging. However, interoper-
ability can apply to different notions such as semantic, syntactic, structural, and
system [9, 21].

Different standards have been developed in manufacturing for each PL stage.
This standardization approach has allowed to normalize the data flow between
the PL stages and to facilitate information sharing between different systems.
However, due to the wide diversity of the standard formats, this sharing is far
from being seamless. Thus, semantic interoperability has become a challenge in
this domain where several data standards are used across the PL stages.
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3.2 Manufacturing interoperability

Ray et al. [22] discuss the needs of interoperability in manufacturing and show-
case an approach that would allow semantic interoperability in order to help
overcome the challenges associated with global supply chains. There are three
different approaches that could achieve this kind of flow of information: (i) a
“point-to-point” approach, which is a customized solution that companies de-
velop depending on their own needs; (ii) a conformity approach, meaning that
a consensus must be made between the different proprietary solutions available;
and (iii) a “neutral, open, published standards” based approach, focusing on
developing global solutions applicable to all manufacturing organizations.

Bringing this method back to the PL presents multiple challenges. Stan-
dards have already been in place in the majority of the PL stages, bridging the
data standards’ semantics between these stages is a means to facilitate the up-
stream and downstream flow of information. Data mappings across the standard
representations, or realizing the digital thread, can be enhanced by (1) develop-
ing low-level one-to-one mappings between salient representations, or (2) adding
generic layers to bridge the generic schemas across the PL stages, such as through
ontology.

The digital thread is an idealized concept that harmonizes a set of tech-
nologies allowing a seamless transfer of information between disparate systems.
West et al. [26] argued that a true digital thread (and digital twin) of holistic
manufacturing systems can become too expensive to implement and maintain.
Gielingh et al. [7] underline that “enabling international standards is now avail-
able. However, the current technology and the current business models for the
offering of solutions appear to be insufficient.” Solutions developed to bridge
this gap can be separated into five categories: manual re-input of data, standard
systems, direct translation, neutral format translation, and shared databases.

4 Digital thread : direct mapping/translation

Here, we discuss the aforementioned five data mapping techniques with respect
to their relevance in improving data interoperability across manufacturing sys-
tems. Each information model and data standard used throughout the Product
Lifecycle stages presents specific challenges to allow a flow of information. Thus,
the complexity of realizing a transfer of information between data formats can
be differs drastically.

4.1 Manual re-input of data

This solution includes the translation of all data from one system to another. It
is time-consuming and does not guarantee a long-term interoperability of all the
systems used in the different Product Lifecycle stages. It also an additional layer
of complexity by requiring a validation stage to check translated data and then
correct errors. Such corrections often must be done manually since no methods
guarantee the accuracy of the manual translation.
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Fischer et al. [5] analyzed the Model-Based Enterprise (MBE) strategies
adopted by small and medium enterprises (SMEs) in order to improve data
interoperability. The study revealed that a large number of SMEs still use man-
ual re-input of the design data for quality inspection. Part of the problem is
that the design model generally contains shape and geometry but does not in-
clude information needed for performing the inspection process itself, including
machine-interpretable instructions.

This method is mostly manual and needs trained technicians who are able to
understand and analyze the data. The advantage of the data re-input approach is
that no complex implementation is needed for setting it up. However, it is time-
consuming as it relies on human knowledge and can be difficult to maintain and
share with other stakeholders.

4.2 Standard systems

This solution implies the adoption of a global strategy that will be deployed
between all stakeholders. Standards data and systems are selected and imple-
mented with the goal of realizing a unified PL. System operators will only have to
be trained once since the underlying framework adheres to a “global” standard.
Theoretically, all incorporated technologies and their information infrastructure
should be able to be shared and transferred across the entire lifecycle.

Helu et al. [10] showcased a Product Lifecycle Test Bed that aims to pro-
mote the uses of cyber-physical infrastructure to create a digital thread across
the entire PL. Even though the benefit of developing a fully connected smart
manufacturing system is significant, implementing such a structure has been
proven to be challenging and expensive. It may be an effective solution at the
level of a single company. However, once coordination between different compa-
nies is required, all stakeholders must adopt and adhere to the same foundational
standards. Considering that industries work with several partners, e.g., suppliers
and vendors, enforcing a global system can be arduous and unrealistic.

4.3 Direct translation

This solution uses the same idea of language translators. Direct translation be-
gins by indexing all the words of one language and their meaning in the target
language. Each data format is cataloged to create a dictionary of word-to-word
translations. This method is straightforward. Many translators and parsers al-
ready exist in this form to transfer information between heterogeneous systems.

Several efforts aim to translate and use EXPRESS with different systems. For
example, the EXPRESS to XML translator [2] represents the EXPRESS model
schema in the XML format, a widely used data format across many domains.
Further, the EXPRESS to C++ [23] and EXPRESS generic translator [15] better
facilitates translation and the processing of the schema. However, this method
involves a heavy maintenance meaning that every change in the standard must
also be reflected in the translators.
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4.4 Neutral format translation

Neutral format translation relies on the use of an intermediate neutral format
that acts as a bridge between the different data standards. This format must be
oriented towards the exchange of the data and be common to all target systems.
Translators must be implemented for all standard representations to transfer
information towards the intermediate data exchange format. This more generic
method leverages the direct translator® idea but adds a medium between the
individual data models, which may allow for a single “multi-format” translator.

Previous works have considered developing the idea of implementing a “black-
box” algorithm in order to link information between GCode and MTConnect
files [18]. Here the data from each file is retrieved and then an algorithm matches
the corresponding data from one standard to another. The goal is to extend this
type of mapping throughout the data Standards used in the Product Lifecycle.

Thus, this solution is not restricted to the case when only two systems are
involved but could also be used when multiple actors with different systems
must collaborate. However, using a universal format as an intermediate lan-
guage between the data standards still raises issues concerning the translators’
maintenance and forces all stakeholders to agree on a generic data exchange
format.

4.5 Shared databases

This solution elevates the neutral format translation* by swapping the generic
data exchange format used in the previous method with databases that curate
information needed to be transferred between the different data standards. The
information of each standard is stored in a common database that can then
be linked together and queried. Data pre-processing and translators must be
developed depending on the data format in order to transfer the information to
the database. This solution adds the possibility to construct a “data lake” [20],
e.g., a database containing heterogeneous data types and formats. Data lakes
can act as a recipient of information to be transferred between the different data
standards of the PL stage.

Ontologies have also been leveraged to store the information of the Product
Lifecycle stages. For example, to enhance overall data access and manipulation,
Barbau et al. [1] developed a method to translate STEP AP242 files to an on-
tology [1]. Soonjo et al. [16] took advantage of the previous OntoSTEP work by
extending this idea to QIF in transferring the inspection data to a corresponding
knowledge graph. Here, the knowledge graph containing the entities of the on-
tology can be seen as a database shareable between different stages and in which
additional information can be added. However, maintenance issues may occur
as one needs to ensure that the pre-processing of the data remains consistent
with the regular updates of the standards. Furthermore, the method again forces
stakeholders to orient around one particular database architecture.

3 See Section 4.3
4 See Section 4.4
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5 End to end product lifecycle interoperability

5.1 Generic translation method comparison

In Section 4, we described different classes of methods that could improve in-
teroperability and how they have been used in the manufacturing domain. On
the one hand, the manual re-input of data (Subsection 4.1) and the standard
systems adoption (Subsection 4.2) are customized solutions that are developed
by industries to answer their specific needs. On the other hand, the direct trans-
lation (Subsection 4.3), neutral format translation (Subsection 4.4), and shared
database (Subsection 4.5) methods are more generic solutions that can allow
interoperability within a company but can also be applied to multiple stake-
holders.

: Standard Y

pre-yoéssmg
-

Data

translat
_Neutral Standard X =
Translation
%

Exchange
Standard

pre—}a@ssing
~

Shared et
Database

Shared
Database

Fig. 4. Possible translation methods to transfer information between two data stan-
dards (X and Y).

Figure 4 delineates the implementation between the last three methods, i.e.,
direct translation, neutral translation, and shared database. The direct transla-
tion method used a translator to directly translate a standard representation to
another data format. The neutral translation method uses a semi-link transla-
tor to translate the information to an intermediate data exchange format. The
shared database method uses pre-processing algorithms to transfer information
of each standard to a database. Each method uses a medium that can be either
a translator, a different standard representation, or a common database to al-
low information transfer. Based on the use-case and the standard to map the
method to apply can vary depending on the implementation feasibility, the main-
tenance complexity, the data retrieval technique, and the application/domain of
the mapping.
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5.2 interoperability recommendation
. . N 1 f
Direct translation eutra o.rmat Shared databases
translation
Standa?ds One to one Multi-standards Mult'l—standar'ds data
translation information
Needs Specific Global Data center
Complexit One translator for each Adapt to different Omniscient of
p y couple of standards standards standards
Mainte- Update for each Partla_l update Intermediate data
nance standard depending on the re-processing update
standards presp & up
int - ) :
meroperTi specific standards Common and generic Common database
ability data exchange format

Table 1. Table comparing the characteristics of the different data mapping types.

As seen in Table 1, each mapping method has its own characteristics resulting
in advantages and drawbacks based on the use-case on which the mapping must
be applied.

Direct translation methods are usually easier to develop and apply to one-to-
one translation. However, the maintenance cost and complexity of these methods
are significant. Thus, direct translation mapping methods can be appropriate for
use-cases that aim to translate data from a specific standard to another.

Neutral format translation is more relevant when multiple standards, e.g.,
more than two, are concerned. Moreover, this type of translation is more flexible
and can easily accommodate changes. For example, if new standards need to
be added to the mapping, we only need to define its intermediate translator.
Moreover, when a standard is updated, the maintenance of the mapping, e.g., the
updating of the mapping, is straightforward having only to apply the changes to
the intermediate translator between the related standard and the data exchange
standard. Yet, the implementation of such mapping requires significant efforts
in creating the intermediate translator for each standard and set up the data
exchange standard. Thus, this method is fit for use-cases that will continuously
need to map multiple standards.

Shared databases mapping methods are also appropriate when multiple stan-
dards are concerned. However, these methods implement data pre-processing al-
gorithms in order to organize and label inputs from different data formats into
a common database. Thus, the intermediate pre-processing algorithm needs to
be updated when an update is developed for a standard. The implementation
of this mapping type requires some effort in the set-up of the common database
and the development of the intermediate pre-processing algorithms. Thus, these
methods are more appropriate for use-cases that need to continuously deal with
multiple standards but focus on retrieving and analyzing the data contained in
those standards.
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6 Conclusion

The realization of a digital thread to achieve the smart manufacturing systems
goal is proven to be arduous as this task can lead to the entire remodeling
of the product lifecycle management systems. Indeed, due to the quantity of
information and the diversity of standards used to create and manipulate these
information, the implementation of true digital threads in smart manufacturing
is too expensive to achieve and maintain. Thus, the method chosen to realize
this digital thread is crucial for a long-term solution.

We tried to answer this need by analyzing the different techniques that could
enable a global product lifecycle data interoperability based on the existing stan-
dards used in manufacturing. The main guideline for implementing a data map-
ping across several standards is to identify the requirements and the complexity
of the chosen method. Therefore, we have intended to summarize the existing
mapping techniques that could help improve smart manufacturing systems.
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