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Abstract
A wide range of software and hardware components are present in today’s production systems and plants using a variety 
of interfaces and data formats for information exchange on different levels of the system. To increase the traceability, the 
lifecycle management and providing a single point of source of component-specific data, the Digital Twin technology is 
proposed, linking different data sets tailored to the requirements of different kind of users (e.g., machines, technicians, 
logistics, manufacturing execution systems). The data exchange between entities in the manufacturing network relies on 
machine-readable, flexible and self-describing data formats. When implementing or integrating different components into 
complex systems, the interoperability challenge is a major concern to address by the system designers and becomes a central 
task for the creation and integration of Digital Twin technology. In this paper, we evaluate different formats that are used in 
real environments and create a requirements framework for an ideal format for exchanging flexible and self-describing data 
in context of optical components manufacturing process and their special requirements.
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1  Introduction

In today’s production systems and manufacturing lines, the 
data emerging from production increases, allowing data-
centric extensions. Such extensions to the production can 
focus the offline and online monitoring of a process and the 
machine, prediction techniques for quality and wear or the 
optimization of the production itself to name only some. All 
these techniques rely on data and need to handle the data 
accordingly. Understanding provided datasets is a crucial 
task throughout a digital production but there is no over-
all accepted and implemented standard for data exchange 

formats. While some standards and fairly spread formats 
exist, features that are not supported by these need to be inte-
grated manually, resulting in an additional set of converters 
and conversion layers to be implemented [1].

Tackling the challenge of rising global carbon dioxide 
emissions, research in green manufacturing focused on 
developing new energy sources, process-oriented reduc-
tion of waste and increase of energy efficiency throughout 
the production. The digitalization of the production ena-
bles additional potentials for data-centric optimizations to 
achieve eco-friendly manufacturing [2, 3]. For the smart 
manufacturing throughout all sectors, efficient data exchange 
and energy-efficiency are priority actions and linked together 
[4].

One key technology for smart manufacturing is the Digi-
tal Twin, which merges data from different sources to cre-
ate a digital representation of processes, products, machines 
or components. Such a Digital Twin is directly linked to 
the lifecycle management, enabling new concepts of waste 
reduction resulting from analyses of the product lifecycle 
[2, 5].
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2 � Data Exchange and Representation

The task of describing data for exchange is not specific to the 
manufacturing domain. Other domains like biology and agri-
culture have active research ongoing towards data exchange 
and data representation, including Synthetic Biology Open 
Language SBOL [6] and agro Extensible Markup Language 
agroXML [7] as examples. In this paper, we focus on the 
domain of manufacturing, especially the special area of opti-
cal precision assembly.

With the current shift towards smart manufacturing, effi-
cient data exchange becomes a significant part in the produc-
tion ramp-up, optimization and resource-efficiency includ-
ing waste-reduction. Current approaches for data exchange 
and data representation in such smart manufacturing aim for 
well-known technical exchange formats in combination with 
defined rulesets and ontologies.

Ontologies are used to organize knowledge by structur-
ing the information. The aim is to classify knowledge into 
data, relations and other components to provide a controlled 
vocabulary for knowledge representation. Originally arising 
from metaphysics, ontologies became a major research topic 
in the computer science domain and are used in multiple 
domains in different shapes [8]. A prominent example of 
such an ontology is the Dublin Core ontology, describing 
metadata of digital and physical resources like creator, lan-
guage and title and became the ISO standard 15836-1:2017 
[9].

3 � Technology Evaluation

To select suitable and efficient data exchange format for the 
digital twin for precision assembly of optical component, 
we define a use-case from real production and extract its 
requirements to evaluate selected data exchange formats. 
The data exchange formats are selected based on the recent 
research approaches of the industry. Doing this, we focus on 
the data formats, the entangled ontologies schemas and data 
representations but do not scope data exchange protocols 
like Simple Object Access Protocol SOAP, REpresentational 
State Transfer REST, and message-oriented approaches.

3.1 � Use‑Case Laser Diode Fast‑Axis Collimation 
Optic Assembly

The laser-based applications require precise beam shaping 
and collimation to achieve required quality. The diode laser 
systems emit light from their emitters which is not colli-
mated in their vertical and horizontal axis (Fig. 1). In com-
parison, the divergence in the y-axis is significantly higher 

than the divergence in the x-axis. Due to this observation, 
the y-axis is called fast-axis while the x-axis is called slow-
axis. High power diode laser manufacturers provide speci-
fications for the divergence distribution of the lasers. For 
example, typical high-power diode laser systems series like 
Jenoptik JOLD [10] specify the fast-axis divergence for 95% 
of the emitted light between 40° and 70° while the slow-axis 
divergence is between 5° and 10°. This shows also the domi-
nance of the fast-axis divergence quantitatively. For applica-
tions, such diode lasers need to be assembled and bonded 
with a fast-axis collimation optic (FAC). For small high pre-
cision systems, this task can be done by function-oriented 
assembly strategies dealing with the tolerances, manufac-
turing inaccuracies and handling imprecisions [11]. For the 
assembly and bonding procedure, measurements of optical 
functions and properties are required inside the assembly 
line which can consist of multiple machines. Manufactur-
ers who produce or apply the assembled laser with FAC 
into their products often measure the optical properties after 
some critical processes to adapt the next production steps 
accordingly. This procedure is very important for precision 
optical devices, since some negative effects are not prevent-
able (e.g. adhesive shrinking) [12, 13].

Thus, a Digital Twin for precision optics assembly should 
aggregate the data from measurements on different steps of 
the production chain with the properties of the applied com-
ponents such as laser, FAC lens and be available to provide 
the users relevant information to adapt their next production 
steps according to the actual status of the optics. This also 
enables customers to adapt their production to the actual 
properties of the assembled systems without the requirement 
of measuring the components again and delaying the produc-
tion. This concept is shown in Fig. 2. Suppliers provide data 
regarding the components (yellow arrows). This can be done 
directly via an API (Application Programming Interface) 
to the Digital Twin or by providing data sheets requiring a 
manual input into the Digital Twin at the assembly company. 

Fig. 1   A high-power diode laser and its emitter characteristics
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The machines along the process chain of the assembly com-
pany can access the data, create additional data and merge 
datasets inside the Digital Twin. In addition to the machines, 
this kind of access is also available to services like a MES 
system (blue arrows). The relevant data are made available 
via the Digital Twin to the customers, their machines or ser-
vices directly by an API of the Digital Twin (green arrows). 
By this, the overall production line from first supply to final 
product of the customers is sped up by providing aggregated 
datasets for an optimal data pipeline.

3.2 � Feature Extraction

Together with an industry company, we identified a set of 
criteria shown in Fig. 3 for the investigation of different data 
formats based on the defined use-case:

Human-readable (R1): The data exchange format can 
be accessed, read and interpreted by humans. This focuses 
the usability for manual monitoring or fault tracing, not a 
visualization or graphical interaction with the data. In best 
case, a format is always human-readable and allows inter-
pretation by a user. In worst case, the format is completely 
closed, unreadable and can only be accessed with propri-
etary software.

Support by Languages and Tools (R2): The format is 
supported by programming languages/frameworks and 
tools to ensure fast and easy interaction. This criterion 
is important especially for the applications which require 
low latency process interaction, or applies sensors with 

high frequency such as acoustic-emission sensor. Costs 
like licensing also have impact on this Criterion. In best 
case, the format comes with a large set of free tools, soft-
ware libraries for different programming languages and 
support documentation. In worst case, there are no tools 
and libraries available besides the actual specification or 
general information.

Support for integration in (manufacturing) systems (R3): 
The information can be integrated into existing tools and 
systems. These is especially important for PLC (Programma-
ble Logic Controller) or Cloud providers targeting the manu-
facturing industry and being capable of handling incoming 
data accordingly. In best case, there are existing extensions 
and plug-ins for existing software systems like MES, PLCs 
and IIoT (Industrial Internet of Things) platforms or native 
support for the information provided by the format. In worst 
case, there is no existing integration available, such that 
each integration and access has to be provided by the users 
themselves.

General Mechanical Properties (R4): Sizing, relative 
positions of parts/subparts and further mechanical-based 
properties can be modeled in the format including suit-
able units of measurement (down to nanometer scale). In 
addition, this includes modeling of a system consisting of 
subsystems and their assembly and bonding method. In 
best case, the format allows the modeling of all mechanical 
properties and the units of measurement and provides a set 
of shared base models and vocabulary to be used and inter-
preted by every user of the format. In worst case, no support 

Fig. 2   Concept and data flow of 
the Digital Twin for an assem-
bly use-case with suppliers and 
customers
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Fig. 3   The evaluation criteria 
for the data exchange formats
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for adding such information is available and no method of 
adding such function is available.

General Optical Properties (R5): Typical properties of 
optical components like laser power, wavelengths, beam ori-
entations and transmission can be modeled in the format. In 
best case, the format allows the modeling of all optical prop-
erties and the units of measurement. In worst case, no sup-
port for adding such information is available and no method 
of adding such function is available.

Special Properties (R6): Key performance indicators 
resulting from the function-oriented assembly process, 
where the assembly steps are not determined by mechanical 
or relative references but the actual laser collimation output 
[8], such as the smile (indicating a specific performance pat-
tern in the use-case) of the resulting beam shape can be mod-
eled in this format. In best case, the format supports custom 
properties that identify key indicators for an object including 
a description of the indicator. In worst case, no support for 
adding custom properties is available.

Tolerances (R7): Tolerances of the measurements and 
mechanical properties can be modeled and adopted. In 
best case, the format supports the integration of tolerances, 
its specification and referencing international standards 
natively. In worst case, no support for tolerances is available 
at all, including adding self-defined tolerances.

To fulfill the criteria R4 to R7, especially a common 
implementation of the properties according to existing 
standards is required to enable the data exchange without 
further definitions.

Meta/Product-Information (R8): Targeting the exchange 
of data with the users of the assembled system, the format 
can be used for defining product-oriented information like 
product id, product name or serial numbers. In best case, the 
format defines a separate area for meta-information includ-
ing native support of meta-information ontologies like Dub-
lin Core. In worst case, the format does not support meta-
information natively, requiring the users to specify those 
information inside the main data manually.

Overhead (R9): For sending a small set of actual informa-
tion, how much overhead (e.g., additional format-specific 
data) has to be sent as well. In best case, a data set is rep-
resented with no or minimal overhead, resulting in efficient 
storage usage. In worst case, a data set is represented with 
big overhead and useless information resulting in large stor-
age requirements and high communication latency due to 
inefficiency.

Coupling with communication stack (R10): Some data 
formats are coupled with a certain communication stack or 
service resulting in tools and resources may focus the com-
munication or service omitting the data modeling aspect. 
In best case, the format is completely independent from 
the communication and all tools and resources can be used 
without focus on communication. In worst case, the format 

is tightly coupled and deeply integrated into a complex com-
munication stack, so that the tools, support and usage are 
communication-centric.

The defined best and worst case scenarios define the range 
regarding the later evaluation of data formats for these cri-
teria. Based on the implementation of a format, some of the 
criteria might be linked to each other (like the criteria R4 to 
R7) or have potential to contradict each other, for example a 
better human readability could cause additional overhead in 
the format. These potentials of contrasting criteria require-
ments and linking of criteria can be addressed in different 
techniques. The first one is to have a prioritization of the 
criteria done by the different stakeholders, which is already 
part of the evaluation methodology described in the next 
subsections. The other one is the deduction of linking and 
contrasts of the criteria to model them and their priority 
inheritance accordingly. As this deduction is depending on 
stakeholder and use-case, no general quantified deduction 
can be presented and is omitted in this paper.

3.3 � Format Selection

For this evaluation, we selected exchange formats which 
are present in the manufacturing industry at the moment 
omitting the exchange formats of other domains. Coming 
from the domain of computer science, different ontologies 
and formats did arise and are integrated in the manufac-
turing-oriented formats. More specialized formats targeting 
the computer science domain primarily like the Semantic 
Web [14] are therefore omitted in this paper. Formats being 
present in the manufacturing industry come with an exist-
ing ontology and nomenclature already providing a base for 
manufacturing-oriented data to be modeled. Computer sci-
ence oriented formats do not target such behaviors, standards 
or nomenclatures and would require the users to create the 
whole ontology for manufacturing on their own. Thus, the 
support in the manufacturing industry for these computer 
science oriented formats would be strictly limited. On the 
other hand, formats of computer science domain may have 
advantages, if data of different domains e.g. a multi-domain 
production have to be merged. By that, computer science 
oriented formats could manage the multi-domain data 
exchange while manufacturing-oriented formats provide bet-
ter acceptance in the manufacturing industry, legacy devices 
integrating parts of the computer science domain concepts. 
Therefore, we focus on the formats already existing in the 
manufacturing industry in this paper.

The selected formats for this paper include:
AutomationML (F1): Automation Markup Language is 

an open XML-based format aiming for the interconnectivity 
and data exchange between different tools in manufacturing. 
To achieve this, AutomationML describes a top-level format 
and a set of sub-formats. Thus, AutomationML integrates 
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different task-specific formats and ontologies as shown in 
Fig. 4. General topology is described with the Computer 
Aided Engineering Exchange (CAEX) format, while using 
COLLADA (COLLAborative Design Activity) and PLCo-
pen for geometric, mechanical and logical information [15].

OPC UA Data Model (F2): OPC UA (Open Platform 
Communications Unified Architecture) aims to be the stand-
ard for data exchange in service-oriented systems. OPC UA 
is tightly coupled to the services and communication. In 
contrast to its predecessor OPC, the data model allows self-
description by integrating a base ontology and the use of 
information models. These information models create new 
ontologies, tailored for special domains inside the manu-
facturing [16]. This extendibility and the coupling to the 
communication and services is shown in Fig. 5.

BatchML/B2MML (F3): The Business to Manufacturing 
Markup Language (B2MML) and the Batch Markup Lan-
guage (BatchML) implement a set of international standards 
aiming for the connection of enterprise and control systems. 

For BatchML/B2MML documents, common and ISA-88/95 
models are used and can be extended by further definitions 
and references. Both languages were merged to enable the 
usage of general recipes while enabling the data model com-
pletely compatible with each other with the option of extend-
ing as shown in Fig. 6 [17].

MTConnect (F4): MTConnect is an open XML-based 
standard especially for the monitoring and analysis of data 
and connectivity of machines. The information model of 
MTConnect is focused on machine tools and provides also 
some extensions for partial interoperability with OPC UA 
and B2MML. The specification defines general conventions 
and some specific modeling conventions of machine tools in 
detail as seen in Fig. 7 [19].

3.4 � Evaluation Methodology

The method of evaluation contain qualitative and quantita-
tive aspects while the priority of them may differs depending 
on the actual role in production line or other optics-use-
cases. Therefore, we build up following methodology which 
can be also applied for other user-cases, exchange formats 
and ontologies.

Step 1: Stakeholder Requirements
For the evaluation, we take into account different stakehold-

ers in the whole process. The stakeholders in the production 
are represented by S =

{
Si
||i ∈ {1…NS}} , where NS is the 

Fig. 4   The structure of Automa-
tionML CAEX (IEC 62424)
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amount of stakeholders. For each stakeholder, the criteria are 
evaluated regarding their relevance. The criteria are written as 
R =

{
Rj
||
|
j ∈

{
1…NR

}
} , where NR is the amount of criteria 

(for the selection above holds NR = 10 ). For a criterion Rj and 
a stakeholder Si , we can define Ai,j ∈ {0,1} indicating the rel-
evance of the criterion (not relevant: 0 and relevant: 1). Analo-
gously, we define the weight Wi,j ∈ {0.1, 0.2,… , 1.0} indicat-
ing the actual priority of criteria to each stakeholder. The sets 
A and W  describe the sets of all Ai,j , respectively Wi,j as 
described above.

Step 2: Evaluation of criteria
The formats Fk are to be evaluated after the defined criteria 

defined. This evaluation is quantified by a rating Ck,j ∈ ℚ
+

≤1
 , 

where j is given by the criteriaRj.

Step 3: Scoring calculation
Based on the rating for all relevant criteria from step 2 and 

the relevance from step 1, we define a scoring function

 which describes the score of a format Fk for a stakeholder 
Si . Finally, the overall score for a format regarding the full 
use-case is calculated by

These scoring functions allow the assessment of data for-
mats regarding a defined use-case with a numerical value 
score(i, k) ∈ ℚ

+

≤1

⋀
score(i, k) ∈ ℚ

+

≤1
.

score(i, k) =

∑
Rj∈R

Ai,j*Wi,j*Ck,j

∑
Rj∈R

Ai,j

,

score(k) =

∑
Si∈S

score(i, k)

NS

.

4 � Use‑Case Appliance

For the appliance, we use the use-case defined before, with a 
designed data flow as shown in Fig. 2. The use-case focuses 
on the optical assembly company and their customers, while 
the suppliers are omitted.

4.1 � Stakeholder Identification

For the use-case, we identified a set of different stakeholders 
as follows. The quality control engineer S1 is responsible for 
the specific data integration of metrology applied for the 
quality control of the base components (FAC, laser diode) 
and the assembled system in production (internal access) and 
product (external access). The assembly engineer S2 needs 
to access the data from metrology as well as the produc-
tion-specific data and the information for the modeling of 
the bonding/assembling process between subcomponents. 
The top-level management S3 has to deal mainly with the 
meta and product level information as well as the interfac-
ing between existing systems like the MES and Customer 
Relation Management (CRM). One of the customer of the 
assembled system S4 focuses on the packaging of the laser 
system for further diode laser applications while the other S5 
uses the product as a main component in a complex system. 
Thus, S4 and S5 require the actual tolerances and metrology 
results of the assembled system to adapt this in their process 
chain. Using these stakeholders, we derive the relevance and 
weights for each criteria based on interviews and explicit 
requests on stakeholders. Table 1 shows the weights derived 
for the stakeholders, where empty cells denote a relevance 
value of 0.

For this use-case, the priorities of stakeholder differ from 
each other. Besides, some criteria are in minor interest of all 
stakeholders (like R1 ) while some are in major interest (like 
R6 ). The other criteria are showing a wide range throughout 
the stakeholders (like R8).

Fig. 7   The structure of MTConnect (Fig. from [18])

Table 1   The weights of the 
criteria Rj for the different 
stakeholders Si of the use-case

S
i
∈ S

S1 S2 S3 S4 S5

Rj ∈ R

 R1 0.1 0.3 0.3 0.5 0.1
 R2 0.2 0.6 0.2 0.2 0.8
 R3 0.3 0.4 0.7 0.4
 R4 0.8 0.5 0.6 0.5
 R5 0.8 0.8 0.2 0.6 1.0
 R6 0.8 1.0 0.4 1.0 1.0
 R7 0.5 0.5 0.1 0.4 0.3
 R8 0.3 0.3 0.9 1.0 1.0
 R9 0.4 0.8 0.2
 R10 0.2 0.7 0.2 0.2 0.6
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4.2 � Criteria Assessment

Figure 8 shows the target data model of the use-case rep-
resented as UML class diagram. This model contains all 
required components throughout the process and is exten-
sible for additional information. The product is the central 
element and consists of sub-components that can also be 
bonded to each other. This data model is used as a reference 
for the criteria evaluation.

In the following, we will step briefly through the criteria 
that were evaluated mentioning the most significant differ-
ences or features.

Human-ReadableAll selected data formats support a data 
representation based on XML and the integration of ontolo-
gies using XML schema specification or RDF (Resource 
Description Framework) and OWL (Web Ontology Lan-
guage). The OPC UA requires a binary representation, which 
is not readable for humans, but reduce memory consumption 
and computational power significantly, since the xml-parsing 
can be omitted. The XML-based data representation which 
enables the data human readable is common in OPC UA, but 
not required. Therefore, the rating of selected data formats 
is the same for this criterion except OPC UA which is rated 
than the others.

Support by Languages and ToolsAll formats are sup-
ported from different programming languages and tools. 
Typical languages like C#, C + + and Java are supported 
through official and user sources. Many of the tools and 
libraries are focusing on the Windows platform. For exam-
ple, all official AutomationML tools are only targeting Win-
dows. For OPC UA this changed when Microsoft contrib-
uted towards the OPC UA implementation adding support 

for non-Windows systems. By this, the main tools and librar-
ies of OPC UA are platform-independent allowing the usage 
for non-Windows environments [20].

Support for Integration in SystemsPLC-level interaction 
with the data and the integration with the manufacturing 
management systems of the stakeholders is a task of ver-
tical interaction. An increasing number of PLC manufac-
turers like Beckhoff and Siemens supports OPC UA, while 
MTConnect and AutomationML is available limitedly. 
B2MML has broad support in MES systems and (as well as 
OPC UA) an increasing support in the field of energy moni-
toring. By integrating several standards, AutomationML is 
also indirectly supported by additional systems that use one 
of the sub-standards inside AutomationML.

Modeling Properties (Mechanical, Optical, Special and 
Tolerances)All of the formats support mechanical, geo-
metric, kinematic and more properties but with different 
approaches. While MTConnect focuses on machine tools 
directly with fixed ontologies, while other formats allow 
more flexible mappings and ontology definitions, even at 
runtime. AutomationML by its aggregation of sub-standards 
strategy could be used for domain specific properties and 
complete ontologies. For OPC UA, the OPC foundation 
defines the information models and maintains an official 
list of common models, which, however, do not include 
any information of optical components so far. Some of the 
optical properties may also be modeled inside some sub-
standards like COLLADA with the AutomationML, but yet 
there is no exist of dedicated models for optical components 
in any of the selected formats. As a result, the extension of 
properties of optical components, which are not supported 
directly by the selected formats, can be done in the OPC 

Fig. 8   A UML diagram for 
representation of a target data 
model in the use-case

Product
ID : GUID
Model : string
SerialNumber : string
Components : Component[]
Bondings : Bonding[]
Additional : object[]
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ID : GUID
Dimensions : Dimension[]
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Model : string
SerialNumber : string
WaveLength : Dimension
Power : PowerField
EmitterCount : int
Divergence : DivergenceField

FAC
Model : string
SerialNumber : string
Backfocallength : Dimension
Pattern : Dimension

Glassblock
Inheritance

Bonding
BondingComponentA :
Component
BondingComponentB :
Component
RelativePosition :
Dimension[]
Status : string

PowerField
CwPower : int
CwPowerUnit : string
PulsePower : int
PulsePowerUnit : string

DivergenceField
Divergence95 : int
Divergence80 : int

Dimension
DimensionValue : int
DimensionUnit : string
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UA and AutomationML more easily than the others. The 
MTConnect allows better management of traditional proper-
ties of machine tool applications.

Meta- and Product InformationThe integration of meta 
and product-specific information is more natively supported 
by the B2MML than the others, since it focuses in MES and 
top-level integration. The other formats also support such 
information for different requirements of different stakehold-
ers, but with complex methods by modeling these informa-
tion accordingly or integrating product-oriented schemas 
[21].

OverheadThe overhead for data formats also depends on 
the actual implementation and usage schemas. As OPC UA 
supports a binary data representation, the overhead seems to 

be smaller than the other formats. However, the binary rep-
resentation limits the extendibility of the information mod-
els requiring the users to check on the limitations in detail 
against to custom adaptions. By this, OPC UA provides the 
possibility to reduce the overhead of the data while reduc-
ing the readability and extendibility. AutomationML has a 
slightly higher overhead on message level since the aggre-
gation of different standards requires an additional layer 
of abstraction. In total, the formats all have a significant 
overhead due to their hierarchical modeling and variety of 
types and subtypes but the differences between the formats 
are limited.

Coupling with the Communication StackWhile Automa-
tionML and B2MML can be used mostly independent from 
communication technology, MTConnect and especially OPC 
UA have their data model tightly coupled to the communica-
tion stack. Therefore, major differences of the rating scores 
occurred here between the data formats.

The evaluated rating is shown in Table 2.

4.3 � Assessment Results

Based on the calculated relevance of criteria for each stake-
holder (Table 1), and the ratings (Table 2) above, the scor-
ings are calculated in Fig. 9.

The final scoring function results per format for this use-
case are presented in Table 3.

The Fig. 9 and Table 3 show the scorings by stakeholders 
and the final scoring results for each data format respec-
tively. The highest score among the evaluated items was F2 

Table 2   The rating result for the 
formats against the criteria for 
this use-case

F
k
∈ F

F1 F2 F3 F4

Rj ∈ R

 R1 0.8 0.6 0.8 0.8
 R2 0.6 0.8 0.6 0.6
 R3 0.5 0.8 0.4 0.5
 R4 0.5 0.7 0.5 0.8
 R5 0.5 0.4 0.3 0.2
 R6 0.6 0.6 0.4 0.2
 R7 0.6 0.5 0.6 0.8
 R8 0.6 0.6 0.8 0.6
 R9 0.3 0.6 0.4 0.4
 R10 0.9 0.3 0.9 0.5

Fig. 9   The scoring per data for-
mat for each of the stakeholders
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(OPC UA) which received 58.36% and the lowest score was 
F4 (MTConnect) which received 49.25%. However, consid-
ering that the difference between the best and the worst is 
only 9.11% and all scorings are around 50%, the data formats 
can be used for optical components only with additional 
efforts like explicit modeling of the optical properties (e.g., 
based upon ISO 23584 or ISO 10110). Equally, none of the 
proposed solutions provides a general and universal support 
for the use-case.

The selected use-case presents just one possible use-case 
in the field of precision assembly of optical microsystems 
and the stakeholders are derived from an ongoing project. 
Thus, adding more stakeholders or evaluation criteria may 
change the best fitting data exchange format.

5 � Conclusion

In this paper, we defined a methodology for the selection 
of a data exchange format and evaluated it against a use-
case of precision assembly of optical systems. In contrast to 
conventional machine tool, this use-case requires significant 
utilization of properties from the optic and photonic domain 
and also custom defined performance indication properties 
which need to be integrated in the data format. Four existing 
major data formats, AutomationML, OPC UA, B2MML/
BatchML and MTConnect are evaluated based on several 
criteria and scoring methods which is defined together with 
the industrial partners of the use-case. The results shows that 
OPC UA is the most suitable data format with 58.36% and 
MTConnect the worst with 49.25% for the use-case. Direct 
application of a format allows the users to take the model 
as presented and create the data of the use-case using the 
provided features of fixed nomenclature and support by third 
party tools directly. However, all selected data formats are 
evaluated with similar scorings around 50% which means 
that all formats are not directly suitable for the use-case 
without any adoption.

The methodology has been shown to be applicable for the 
applied use-case in a specific manufacturing subdomain. To 
prove this methodology in advance, more use-cases from dif-
ferent manufacturing subdomains as well as additional data 
exchange formats are required for observation. Based on the 
results in this paper, the methodology can also be augmented 
with the explicit modeling of the criteria dependencies. In 
addition to the applicability, the reliability of the method-
ology has to be observed in detail. One stakeholder could 

have a significant impact on the result. Thus, the evaluation 
could be intentionally manipulated by knowing the meth-
odology (e.g. by prioritizing only the criteria that are sup-
ported widely by one format instead of the criteria relevant 
for the stakeholder). This characteristic can be solved by 
having a larger set of stakeholders, or even prioritize the 
stakeholders. The second option could be done by a respon-
sible neutral person or organization project leading person 
or by deduction, like functions taking the available resources 
per stakeholder into account. The general reliability of this 
methodology has to be observed in additional use-cases.

To prove the reliability of the evaluation result, an 
implementation of the Digital Twin using all of these data 
exchange formats is also possible. The implementation per 
data format provides an overview of the actual support of 
the formats for the modeling of Digital Twin and allows the 
stakeholders to check how much their criteria are met by the 
resulting Digital Twins. This also allows a possible addi-
tional step of evaluation. In this step, the priorities, ratings 
and implementations can be evaluated by the stakeholders 
using the actual degree of fulfillment in Digital Twin.

More research using different optics-function-oriented 
use-cases is required to get a better insight on the eligibility 
of the data exchange formats. Furthermore, we focused on 
exchange formats in the domain of manufacturing. Consider-
ing the results of the evaluation, the selected data exchange 
formats could be extended to prominent exchange formats 
from other domains [e.g., JSON-LD (JavaScript Object 
Notation for Linked Data) with schema.org] regarding the 
possibilities of synergies of different domains. Also, the 
potentials of linking and contrasting criteria depends on the 
stakeholders and the use-cases, and thus, cannot be general-
ized. In the presented methodology, the assessment of these 
potentials is majorly a task for the stakeholders themselves. 
In further research on these potentials, their use-case and 
stakeholder-based deduction could support stakeholders in 
prioritizing the criteria.

In the field of photonic integrated circuits (PIC), a new 
data model was proposed, namely openEPDA based on 
Yet Another Markup Language (YAML) Version 1.2. This 
format comes from the photonics and electronics domain 
aiming for the data exchange format for PIC taking pho-
tonic properties of different production steps into account. 
While the aim perfectly matches the use-case defined in this 
paper, the current state of this format is still in draft focusing 
on chip-level first. Therefore, we omitted the format in the 
evaluation as it is not finished [22].

The methodology shown in this paper takes into account 
the amount of criteria, that are relevant to a stakeholder by 
increasing the influence of criteria for stakeholder according 
to the total number of criteria marked relevant in compari-
son to other stakeholders. A possible extension of the meth-
odology could be a stakeholder weight function to avoid 

Table 3   The final score for each data format for the defined use-case

F1 F2 F3 F4

0.5828 0.5836 0.5483 0.4925
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additional relevance shifts based on groups of stakeholders 
from the same area. In this paper, we also omitted the scope 
of the data exchange communication, which has an impact 
on efficiency, security and performance, but recognize the 
need for research in the future as well.
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