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Abstract 

Additive manufacturing (AM) is an important enabler of Industry 4.0 but there are several 
hurdles that need to be overcome to realize the full potential of AM. These challenges include 
the need for a data infrastructure that supports the sharing of data generated by the technologies 
as they mature, and data interoperability is critical to a sustainable data infrastructure that is 
widely accessible. This paper outlines the need for building a common data stack for an 
interoperable AM data infrastructure. At the foundation is a common data dictionary (CDD), 
which defines a primary technical vocabulary for the AM community in logical buckets. On top 
of the CDD is a common data model (CDM), which defines the hierarchy and relationships of 
the terms in the CDD and enables the data to be linkable in a complex data system. The CDM 
empowers information integration and sharing throughout the lifecycles and value chains for 
different AM technologies. The comprehensiveness of the properties defined in the CDM makes 
AM data reusable. To enable the exchange of data between different systems, common data 
exchange formats (CDEFs) transform the CDM into targeted data packages. The design 
philosophy of the CDD, CDM, and CDEF are described to accelerate the development and 
adoption of AM technologies across alliances. 

Keywords 

Additive Manufacturing; Common Data Dictionary; Common Data Model; Common Data 
Exchange Format; data management.  
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 INTRODUCTION  

Industry 4.0 is a concept that describes the integration of artificial intelligence, cyber-physical 
systems, internet of things (IoT), big data and advanced data analytics into manufacturing 
processes and other industrial sectors to increase efficiency, productivity and innovation. 
Additive manufacturing (AM) is an important enabler of Industry 4.0 by reducing person-hours, 
increasing asset efficiency, and enabling high levels of customization, among other benefits [1]. 
AM can require thousands of parameters to prepare a material and a build may involves 
hundreds of thousands of control steps, which can result in high variability of the process. 
Acquiring knowledge from data generated throughout the AM lifecycle is needed to improve the 
stability and reproducibility of the overall process. A plethora of technologies have been 
developed to address the myriad challenges of AM, but standards for data management are now 
needed to enable AM scalability and sustainability as they mature. 
Building parts from the scales of micrometer and millisecond, AM uses and generates high-
volume and high-dimensional data including the characteristics of the source materials, scan 
strategies, pedigrees of the feeding or recoating processes, and the observations from in-process 
monitoring systems, to name a few. To identify the root cause of variations at the present state of 
AM technology, the merging of disparate databases is required since siloed efforts are still 
performed to gather information across the AM lifecycle [2–4]. Today, this information is still 
archived using specific ontologies and data models in different database systems to better present 
the unique contributions from different AM processes [2,5]. The unique informatics systems 
create technical barriers to find, integrate and compare data. A common agreement and standards 
are needed to create a comprehensive data alliance for representing the state-of-the-art data and 
driving knowledge exploration across the AM lifecycle. 
Figure 1 shows the broad landscape for AM data generated from the AM lifecycle and value 
chain activities, both of which cover four various domains—material, machine, design, and 
process. These data, appropriately integrated, play a critical role in streamlining the AM 
development process, from design, fabrication to part certification. AM data, especially those 
generated from in-situ monitoring and ex-situ inspections, embody all the four V characteristics 
of Big Data—volume, velocity, variety, and veracity. For example, the amount of data produced 
is estimated at 3000 TB for the qualification of an additively built aircraft component [6]. In-situ 
process monitoring during a powder bed fusion process can produce data at GB/sec. 
These Big Data are usually collected, archived, and analyzed for build monitoring and control, 
part qualification and iterative design, as well as for AM process understanding, process, 
machine, and material qualification and improvement. The latter can rely on a broad spectrum of 
data beyond an individual stakeholder’s data management capability. For example, in-process 
monitoring data generated for part quality control can be used for material and machine property 
understanding and reduce the need for experiments by the material and machine vendors for 
material and machine development. 
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Figure 1 Representative data generated from Additive Manufacturing lifecycle and value chain activities. 

 Prior Art 

A variety of computer tools have been developed to query, visualize, and analyze high 
dimensional AM datasets [2,7,8]. Some platforms are designed for sharing scientific datasets, 
which wrap up data with a generic set of metadata [9,10]. Because the parameter space from an 
AM project is enormous, significant effort is required to explore the material, processing, 
structure, and properties relationships at different phases of technology development. Data fusion 
and format translation can effectively use the present knowledge to support the analytics to 
identify technical gaps. For example, ISO 10303 has been applied to exchange the 3D geometry 
data for different machines [3,11]. Standards for data management are critical to mature AM 
technology. 
Figure 2 shows the relationships between the CDD, CDM, and CDEF, in which a Common Data 
Dictionary defines the vocabulary that will be used in the development of a Common Data 
Model. The Common Data Model puts a structure around the terms, enabling the searchability of 
data stores without human intervention.  Common Data Exchange Formats that conform to the 
Common Data Model allow for reading data from or loading data into a variety of databases that 
support the CDM. This paper clarifies the definitions of the major components of FAIR 
principles (Findable, Accessible, Interoperable, and Reusable) [12], as highlighted in Figure 3, 
for AM and outlines the need for such standards. 
The remainder of this paper is organized as follows. The next section summarizes the prior art in 
data management and integration frameworks, in particular for additive manufacturing 
applications. The following section then describes AM common data dictionary ASTM standard 
F3490-21 about the vocabularies for the descriptions of the AM data. The following section then 
describes a common data model that puts a structure around this common data dictionary. This 
working group consensus enables the accessibility and reusability of the data with the detailed 
provenance from metadata. The next section then describes common data exchange formats that 
can be used to enable the interoperability of data in a variety of formats, such as JSON and/or 
XML, for different data systems, followed by a Conclusions and Future Work section 
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summarizing the vision and progress towards the development of these standards, and outlining 
next steps to make these standards widely adopted. 
We hope it is clear to the reader that throughout this document when we refer to the CDD, CDM, 
and CDEF, we are referring specifically to the common data dictionary, common data model, 
and common data exchange formats being developed for additive manufacturing. 
 

 
Figure 2 Descriptions and relationships between the Common Data Dictionary, Common Data Model, and 
Common Data Exchange Formats. 

 

 
Figure 3 The highlighted items of the FAIR (Findable, Interoperable, Accessible, and Reusable) Principles 
[12] that are addressed in this work. 
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 COMMON DATA DICTIONARY 

A Common Data Dictionary sits at the foundation of a semantic data stack and is developed to 
provide a consistent technical vocabulary of AM concepts and attributes for the community to 
communicate and collaborate. A common data dictionary not only allows AM system developers 
to design or update a data store that meets business and process requirements using standard 
definitions of data elements, but also enables AM data sharing among organizations and 
personnel with legacy proprietary data systems using neutral definitions for essential AM data 
terms that can be mapped to proprietary data. 
Figure 4 shows an extract of the AM common data dictionary developed by a joint industry-
government-academic working group.   
 

 
Figure 4 AM Common Data Dictionary extract. 

 
The working version of the CDD is defined in an Excel spreadsheet that consists of several tabs 
to ease its development by a large, distributed team. The first tab provides an overview of the top 
fifteen AM concepts (also known as “buckets”) and their relationships. These concepts are used 
to group AM data items into information modules, for example, AMS (AM System), BLD 
(Build), Mat (Material), PRC (Process Control), PRD (Process Data) and PTD (Part Design), etc. 
The second tab captures the definitions of about 830 AM data items that were considered 
essential for the community to manage and exchange information. The column titled “ID” 
represents the unique identifier for the data element corresponding to that row.  The second 
column, contains the names of the main or sub-buckets. The “Data Element Name” column 
contains the given name of a particular data element, followed by a column containing the 
definition of the data element.  This is then followed by the “Data Type” column, which contains 
the preferred kind of data that a particular data element should contain. The values in this column 
reference a list of data types in the “Data Type” tab of the spreadsheet. Next is the “Primary 
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Unit”, which represents the preferred unit that the data type should be reported as listed in the 
“Unit” tab. The “Value Range or Value Set” column refers to either the values contained within 
the “Value Set” tab or to a single foreign key or multiple foreign keys. The final main column of 
this tab is the “Standards” column, where any known applicable standard related to this data 
element is listed. 
When the CDD reached relative maturity, it was transferred to the ASTM F42.08 Data 
subcommittee for standardization. The subcommittee decided that the process-agnostic elements 
of the CDD, representing a core of common attributes across all AM processes, should be 
included in the first AM data dictionary standard. ASTM F3490-21 “Standard Practice for 
Additive Manufacturing — General Principles — Overview of Data Pedigree” was released, 
which includes 395 general AM data items, was defined as the first AM common data dictionary 
standard. 

 COMMON DATA MODEL 

The CDD described previously is incredibly important in that it standardizes the vocabulary of 
the additive manufacturing community. However, the CDD by itself only allows members of the 
community to communicate more effectively. To achieve truly FAIR AM data, a Common Data 
Model and Common Data Exchange Formats are required to be established and adopted by the 
AM community, as well. Common Data Models are critically important in making the CDD 
practical because they put a structure around the CDD so that computing systems can begin to 
use the same vocabulary to make data Findable, Accessible, Interoperable, and Reusable. 
By defining a formal class structure and defining the relationships between the terms within the 
CDD, the precise linking between the attributes becomes apparent in a computable model.  This 
computable model can be used by software systems to map entries in the CDM to specific fields 
within a data store. This allows those data stores to become searchable using the vocabulary 
defined in the CDD even if the underlying data stores do not store their data using the vocabulary 
specified in the CDD. 
This concept is shown in Figure 5, in which a user can explore and select a set of attributes of 
interest in terms defined within the CDM. This query can then be pushed to one or more 
underlying data storage systems across many different potential AM collaborators. Each of these 
collaborators may have their own unique underlying storage technologies with their own data 
schemas and structures, they do not have to adopt the CDM as their internal data representation 
to make their data FAIR. Collaborators must, however, map their data to the CDM so that when 
a query is sent to their data infrastructure, their system can automatically parse the CDM-based 
query, translate it into a query executable against their internal data structure, retrieve whatever 
data is shareable that matches the search criteria, and then return the data in the structure of the 
CDM.  
Figure 5 mentions four specific systems (from GE, NIST, AFRL, and Hexagon), and a generic 
fifth ‘System X’ to highlight the fact that this approach is flexible and extensible to any 
participant that would like to make their additive manufacturing data FAIR. These four specific 
systems are highlighted as examples because members of these organizations have been 
partnering on the development of the CDD, CDM, and CDEF and have (e.g., through AFRL’s 
CAMDEN effort) and/or are actively developing proofs-of-concept to demonstrate that these 
kinds of data exchanges can work. 
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Figure 5 Vision of a Common Data Model being used to enable access to multiple source systems, each 
with their own internal data structures. A user can specify attributes of interest within some query system 
(as represented within the dotted box at the top), potentially using a graphical user interface to visually 
explore classes within the CDM to select specific attributes. An open-source tool such as the Semantics 
Toolkit [13] could transform the CDM-based request into one or more queries against the underlying 
source systems, which would in turn run the queries, retrieve their local data, and map it back into a 
format that conforms to the CDM so that the data from the many systems could be seamlessly merged. 

 COMMON DATA EXCHANGE FORMATS 

Local data models are generally designed based on different design philosophies for unique 
purposes. The integration of data across different infrastructures requires the identification of 
desired attributes and then the retrieval and physical merging of data between multiple distinct 
local data models. The design and development of common data exchange formats is an effort to 
eliminate the technical barriers for the transmission and integration of data across infrastructures.  
An intelligent data exchanger should be capable of fusing datasets from different sources, like 
SemTK [13] shown in Figure 5. Integration using APIs and open-source software libraries can 
satisfy the needs at the executive level of data federation. The major challenge is that the local 
data models may be implemented using different computer languages and different file formats 
for data curation, which requires additional steps to compare and align the information. A 
common data exchange format is needed to translate the ontologies and taxonomy into a unified 
format and align relevant information from multiple sources. 

 CDM MODULES 

The CDM has been divided into six logical modules, primarily to facilitate its parallel 
development. These six modules are: Base, Material, System, Process, Build, and TIC (Test-
Inspection-Characterization). Some of the core classes and their connections from these modules 
are shown in Figure 6. 
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Figure 6 Examples of core classes from CDM and their relationships 

 
The AM common data model is available to the public in a GitHub repository located at: 
https://github.com/kaggour/AM-CDM.  It has been developed in the Semantic Application 
Design Language (SADL), a formal, English-like language and Eclipse plugin developed to 
simplify the authoring of semantic models by non-semantic modeling experts [14]. SADL allows 
experts in additive manufacturing, materials science, and other scientific domains to read and 
write SADL without having to become experts in semantic modeling. One powerful feature of 
SADL is it can auto-generate OWL (the Web Ontology Language) and so both SADL and OWL 
versions of the CDM are available in the Git repository. While we have used a semantic 
language editor to develop the CDM, the CDM is not an ontology, it is a data model meant to 
define the structure and relationships of a set of terms that have been defined elsewhere (the 
CDD). 
Each of the six modules are described below. 

 Base Module 

The Base module consists of over a dozen foundational classes such as Person, Organization, 
Qualification, Measurement (the primary class used to store data values, including the numerical 
value and unit, among other meta information), and more. Each of these foundational classes 
contain a variety of attributes specific to each class. For example, Qualification includes 
qualificationType, qualificationLevel, and qualifyingOrganization attributes, and Person includes 
personID, personFirstName, and personQualification, to name a few. Included with the class 
attribute definitions are their data type and cardinality. In the case of the Person class, each 
person has a single first name of primitive data type string but can have multiple qualifications of 
type Qualification. An example of the Person and Qualification Base classes are shown in Figure 
7 below. Note that some attributes are defined as single-valued (“with a single value of type…”), 
and other attributes are defined as potentially multi-valued (“with values of type…”). 
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Figure 7 Person and Qualification Base classes written in the Semantic Application Design Language, in 
which each class has multiple attributes of both primitive (e.g., string, double, float) and complex data 
types associated, which link different classes together. 

 Material Module 

Materials are prepared in different shapes, dimensions, phases in thermodynamics, and chemical 
properties for different AM technologies. It should be addressed that the material mentioned here 
is different from the material as a part for the assembly of a system, which requires different 
prospections for the location-specific properties, which is beyond the scope of this work. Being 
more specific to metal AM, we include a variety of attributes in the Material module such as (1) 
the alloy composition and (2) many intrinsic properties, such as the specific heat and thermal 
conductivity, as well as (3) extrinsic properties with some associated variability of materials, 
such as size distribution of the powder particles, as these are critical to the design of the AM 
build strategy and to assess the quality of the products. 
Also, important to processing history is the initial status of the material, which is vital to all 
kinds of engineering projects and quality assurance. The information about the manufacturer, 
production batch, and storage environment help to clarify the root cause of potential sources of 
variations in an enormous space. The number of reuses/recycles is also a part of the material 
history affecting the variability of the material status and is captured as attributes of the Material 
class. 

 System Module 

The System module of the AM CDM describes the physical equipment and the software 
associated with additive manufacturing processes, including the 3D printers themselves as well 
as non-AM auxiliary equipment. All physical, equipment-based classes extend the root ‘System’ 
class, which includes several generic attributes such as systemID, systemName, 
systemManufacturer, and systemModel. 
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Additionally, the System module includes both AMSystem classes, and NonAMSystem 
classes.  Many modality-specific classes further extend AMSystem, including 
LaserPowderBedFusionSystem, DirectedEnergyDepositionSystem, and BinderJetSystem, to 
name a few. The System model also includes several classes for a variety of subsystems found in 
typical additive manufacturing systems, including LaserSystem, RecoatingSystem, and 
CameraSubsystem. The System class also includes meta information about the machine’s 
capabilities, classes, and attributes about the software installed on the machines, and information 
about the maintenance, configuration, and calibration of both the hardware and software. 
Overall, the System module of the CDM is used to model information about the hardware and 
software used in the end-to-end additive manufacturing process. 

 Build Module 

The Build module models all the information generated during a single, AM process cycle 
during which one or more components are ‘built up’ in layers inside the process chamber of the 
additive manufacturing system (ASTM 52900). The main Build class acts as a central reference 
point for all data related to a build, as shown in Figure 8. The definition of the Build class not 
only has all the metadata attributes that describe a build, such as buildID, buildType, and 
buildTime, but also contains all the attributes linking to other modules, e.g., feedstockMaterial 
and AMSystem. Other attributes, including part, buildPlatform, buildParameters, amInsituData, 
buildSimulation and buildSoftware, are defined by the classes in the Build module.  
Part refers to instances of 3D designs in the as-built state made in this build cycle. One Build can 
have multiple build Parts of the same partDesign. A partDesign can be realized by many Builds. 
In this sense, PartDesign can be defined independent of Build. However, for this data model, 
PartDesign is not used by any other modules, hence the class is defined in the Build module. 
buildParameters extends processParameters which can have attributes defined by multiple 
process parameters or just a build command file. The amInsituData extends the datasetMetadata 
class defined in the Base module with additional attributes associated with the in-situ monitoring 
device, the reference framework of the device, the configurations, and the data acquisition 
information. BuildSimulation and SynthesizedData classes defined the metadata that describe a 
simulation of the build, and the data analysis results for the build. 
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Figure 8 Build class in Build module written in the Semantic Application Design Language 

 Process Module 

The Process module defines all the classes that are necessary to describe an additive 
manufacturing process and the process sequence associated with a part or specimen. The 
ProcessStep class refers to a manufacturing activity performed as a component of an ordered 
sequence, which include pre-processing, build, post-processing, and (destructive or non-
destructive) test, inspection, and/or characterization operations. A base class of ProcessStep is 
defined as shown in Figure 9. 
 

 
Figure 9 The ProcessStep class from the Process module. 
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Important attributes of ProcessStep include processParameters, processControlPlan and 
processData. The first two attributes define the controls of a manufacturing process 
parametrically and with a document, respectively. processData captures the information about 
the measured data, or derived outputs from that data, obtained from the AM system and in-situ 
monitoring equipment during a build process. Type-specific information about a manufacturing 
process is defined in the extensions of the ProcessStep class, such as Build, HeatTreatment, 
TestInspectionCharacterization, etc. 

 Test-Inspection-Characterization Module 

The Test-Inspection-Characterization (TIC) module can be thought of as an information space 
that includes measurement methods, structural features, and material properties all of which are 
based on the materials data and the processing history. AM projects need TIC for designing and 
assessing the building strategies, as well as the post-building treatments. Each material system, 
measurement method, and targeted application have unique domain knowledge and 
requirements. Developing a thorough ontology to cover all possible aspects can be very 
challenging and so we focus on a high-level structure to convey the concepts of the model 
development for TIC. 
Starting from the top level in Figure 10, the metadata for TestInspectionCharacterization 
includes testing facility, testing conditions, operator, and environmental conditions. Testing 
facility refers to the hardware model, software version, and calibration schedule. Testing 
conditions indicates the shape and size of the coupon and testing variables such as strain rate and 
temperature for tensile tests. Operator and environmental conditions may cause variability in the 
outcomes, and hence the need to capture such metadata. Because the results of TIC highly 
depend on the status of raw material and processing history, appropriate links or a handler 
system is also required to create a comprehensive dataset. 
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Figure 10 TestInspectionCharacterization class from the TIC module 

 CONCLUSIONS AND FUTURE WORK 

This work provides the design philosophy of an AM common data model under development to 
make AM data FAIR, which enables the future development of unique data models for specific 
applications. The AM CDD, which provides the core attribute definitions for the data model, has 
been adopted by industry consortia and was used in early 2020 to demonstrate that the CDD can 
be used to facilitate common queries to search data from multiple proprietary databases. These 
experiences highlighted that implementing and exercising a common data model required 
additional communication between AM practitioners and data engineers to better create a data 
pedigree for a specific working environment. This work mitigates that technical barrier and 
provides the foundations of such communications. Therefore, the next release of the AM CDD 
will be implemented in different file formats, such as RDF and XML, to enhance the 
interoperability for data engineers.  
The common data model is still under development. A comprehensive list of usage scenarios is 
being developed to test the current version of the common data model. For example, data from 
the NIST AM Material Database (ammd.nist.gov) is being migrated to an AM CDM-based graph 
database which is expected to answer research questions such as, “How does HT and HIP change 
porosity, grain distribution, and tensile strength?” Preliminary experiments demonstrated that the 
CDM captures both the attributes and their relationships that are necessary for a smart query to 
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retrieve data results that answer these research questions. Adopting the CDM can avoid ad-hoc 
efforts and mitigate many of the technical challenges for the integration of data from otherwise 
siloed systems needed to answer such important questions. 
This working group is planning to test and mature these models using different datasets and 
different computer languages. We highly encourage AM practitioners from different areas to 
participate in these tasks. These exploratory efforts will help to formulate consensus standards 
for the developments of AM data models and the experiences will be shared in a public 
repository to initiate an alliance in a FAIR data environment for the AM community. 
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