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Abstract. Building on the Open Research Knowledge Graph as an infrastructure for the pro-
duction, curation, and publication of FAIR scientific knowledge, we present a concept that mod-
els original articles and the corresponding expression in the ORKG as independent and inter-
linked FDOs by organizing the content describing an article into semantic units. 
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1. Overview

Published research articles are the main source of scientific knowledge. Empirical articles typ-
ically include data, analysis, and theory-based explanations, usually presented in the form of 
text, tables, and figures. To date, independent (primary or final) data publications are not com-
mon in many disciplines, so empirical-analytical articles are the main source of data. The multi-
layered content (e.g., data, analysis, and interpretations) of articles offers a wide range of pos-
sibilities for documentation, extraction, and reuse, and makes it particularly fruitful not only to 
express scientific knowledge according to the FAIR Guiding Principles [1] but also to produce 
knowledge from the outset as FAIR Digital Objects (FDO) [2], in order to make it human- and 
machine-actionable for knowledge processing tools and services. With a focus on the Open 
Research Knowledge Graph (ORKG) [3], we present how the ORKG supports the structured 
description of research findings published in articles and describe how the combination of FDO, 
ORKG, and semantic units can maximize the reusability of knowledge. 

An article is an identified Digital Object (DO) as a bit sequence (mostly in PDF format) 
described by a metadata record that conforms to some metadata schema. DOI is the default 
identifier type and the metadata record conforms to the Crossref metadata schema. However, 
the scientific knowledge published in research articles, expressed as a bit sequence (DO) in 
PDF (or HTML) format(s), is not machine-actionable. As a result, machine support for the reuse 
of scientific knowledge is insufficient. Nanopublications [4] and the ORKG are emerging infra-
structures that enable the production, publication, and reuse of a machine-actionable expres-
sion of scientific knowledge classically expressed as narrative text, tables, figures, diagrams, 
etc. 
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 A classic example is an article that reports a Student’s t-test by plotting the data and a 
sentence stating the p-value and statistical significance for the dependent variable under in-
vestigation. As illustrated in more details in [2], such a t-test can be described in structured 
form in terms of input data, dependent variable, and output data, in this case a p-value. To 
make the description machine-actionable, the tabular input data can follow a canonical syntax 
(e.g., CSWV [5]) and the dependent variable can be linked to a term of some terminology. 

2. Open Research Knowledge Graph (ORKG) 

2.1 Maximize reusability by interlinking articles and ORKG papers as FDOs 

ORKG supports the specification of schemas for arbitrary data types by means of ORKG tem-
plates. The approach is similar to CNRI’s Type Registry [6], Schema.org or SHACL [7], with 
the major difference that ORKG templates utilize ORKG terminology (for properties, data 
types, classes) and thus facilitate the production of ORKG-compatible data. 

 We argue that structured descriptions of research findings in ORKG can be easily trans-
formed into FDOs: The structured description is a DO as a bit sequence with a machine-ac-
tionable syntax (e.g., JSON-LD). This DO conforms to one or more schemas (ORKG tem-
plates) and can be identified using a DOI, specifically a DataCite DOI of resource type dataset, 
and is thus described with an additional (bibliographic) metadata record that conforms to the 
DataCite metadata schema. This implementation enables an interesting possibility, namely the 
persistent interlinking of the original research article and the corresponding ORKG paper with 
structured descriptions including the underlying data of research findings published in the orig-
inal research article. This amounts to DOI-based (bidirectional) interlinking of FDOs using “re-
lated identifiers” in DataCite and Crossref metadata. Given a Crossref DOI identifying an orig-
inal research article, machines can discover the corresponding ORKG paper and thus ma-
chine-actionable descriptions of the findings published in the context of the research work. 
Such a mechanism could improve machine support for scientific knowledge reuse, especially 
in knowledge synthesis. Figure 1 graphically visualizes the relationship between these two 
FDOs. 

 

Figure 1. Conceptual model relating published research articles and ORKG Papers as FDOs. 
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 An important avenue for future work is the alignment of ORKG templates with a type 
registry such as the ePIC Persistent Identifier Consortium's Information Type Registries. This 
would effectively align system-specific terminology and schemas with those maintained in an 
external registry, thereby increasing the ability of systems to produce data that are consumable 
by other systems in a distributed system of systems. 

2.2 Producing FDOs with ORKG 

An example of such a distributed system of systems is the production of machine-actionable 
scientific knowledge in (statistical) computing environments such as R or Python [2]. The Stu-
dent’s t-test mentioned above can be implemented in Python using Jupyter [8]. A trivial exten-
sion to the Python script provides a structured description of the t-test, e.g. in JSON-LD, so 
that the data produced conforms to a schema of a type registry. The JSON-LD data is inter-
linked as supplementary data to the research article and published in a distributed manner as 
an FDO. Assuming an alignment with the type registry, systems such as the ORKG can now 
harvest machine-actionable scientific knowledge and support integrated reuse in added value 
services for, e.g., knowledge synthesis. 

3. FDO scientific knowledge model and its impact in research 

3.1 Semantic units as knowledge model building blocks 

Decomposing the content of a research article, i.e. scientific knowledge, into a set of different, 
partly nested, partly overlapping semantically meaningful units, i.e. semantic units [9], which 
can be documented using different types of FDOs, is a key building block of a scientific 
knowledge model for FDOs. Semantic units are representational entities that can contain in-
formation at different levels of granularity. The smallest level would be represented by state-
ment units (statement not in the RDF sense of a single triple, but in the sense of assertions 
and thus simple sentences that researchers would build to communicate a piece of infor-
mation). By considering statements as minimum units of information and communication, we 
can understand research articles as collections of statement units. Depending on the state-
ment, such statement units can be modelled in the ORKG by one or more triples, each resulting 
in a small graph. Such a statement unit can be documented as an FDO in the form of a na-
nopublication.  

 Multiple statement units can form semantically meaningful collections of statements at 
higher levels of representational granularity. We call such semantic units compound units. 
Each compound unit can be documented as its own FDO using RO-Crates [10]. It would be a 
container for a collection of associated statement unit FDOs and other compound unit FDOs. 
Several types of compound units can be distinguished. Item units are compound units that are 
collections of statement units that share the same subject resource. Granularity tree units are 
collections of statement units that are based on the same partial order relation, such as has-
Part, developsFrom, or before, and that form a connected graph that describes a hierarchical 
tree (i.e., a granularity tree such as a taxonomy or partonomy). Additional types of compound 
units exist, such as context units, argument units, dataset units, etc. [9]. Following this ap-
proach, the FDO of a research article in ORKG would be a container of a collection of associ-
ated different types of semantic unit FDOs. 

 By organizing and structuring the information contained in a research article into se-
mantic unit FDOs and thus into various, partly nested, partly overlapping, semantically mean-
ingful units, the content of an article becomes easier to explore and browse. When searching 
in a knowledge graph for a specific concept, information can be provided for the corresponding 
resource in the graph, indicating which semantic units contain this resource. This provides 
contextual information about the resource that can be used by user interfaces to support users 
in further exploring the graph [11, 12].  
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 Moreover, by documenting the statements of a research article as statement unit FDOs 
and semantically meaningful collections of statements as compound unit FDOs, researchers 
will be able to reference them individually. This could have far-reaching consequences and 
ultimately change the way we publish research. In particular, it would allow for targeted refer-
encing rather than referencing the article as a whole. Users could make statements about the 
content of a given semantic unit by using the identifier of its corresponding FDO, resulting in a 
statement unit that can be documented and published as a statement unit FDO nanopublica-
tion. For example, users could indicate that observation A in paper X contradicts hypothesis B 
in paper Y and publish the statement in the ORKG. However, such cross-document referencing 
tasks form a significant part of reading and writing activities in science [13], and associating 
information within the same and across different articles seems to be challenging without the 
aid of digital tools [14].  

3.2 Statement units metadata and its implications to research assessment 

The statement unit FDOs play a central role in this approach, as they carry the actual content 
- compound units function only as containers. Therefore, they need to cover the following 
metadata in addition to the typical FDO metadata: 

1. Specification of who created the FDO (i.e., creator) and who authored its content (i.e., 
author); 

2. Specification of the schema identifier (i.e., shape, table structure, etc.) used to model 
the statement to support schema interoperability [15]; 

3. Specification of the formal logical framework, if any, used to model the statement, in-
dicating whether the content supports reasoning and which logical framework must 
be used to do so; 

4. Specification of the statement category: 
a. Assertional statement, such as “This swan is white”; 
b. Contingent statement, such as “Swans can be white”; 
c. Prototypical statement, such as “Swans are typically white”; 
d. Universal statement, such as “All swans are white”; 

5. A human-readable representation of the statement to make the FDO more human-
friendly (see also cognitive interoperability [11]). 

 If each statement unit FDO identifies its creator/author, researchers can choose from a 
variety of formats for publishing their findings in a knowledge graph, ranging from single as-
sertions (i.e., statement unit FDOs) to larger collections of assertions comparable to articles 
and books (i.e., compound unit FDOs). As FDOs, each publication has its own identifier and 
can be referenced by other researchers. This approach would make each researcher’s contri-
butions to a larger work more transparent. Applying this approach to research articles would 
contribute to a fairer reflection of the actual work that went into an article by each of the listed 
authors, as authorship could be differentiated at the level of individual assertions. In addition, 
citations could reference specific FDOs instead of citing the entire article, resulting in targeted 
citations. By documenting such citations as statement unit FDOs with additional information 
(e.g., supporting, contradicting, etc.), citations would become qualified, targeted references 
that would allow the development of new ways to quantitatively assess a researcher’s contri-
butions that does not necessarily depend on the impact factor of the journals in which they are 
published. If, instead of considering h-index, journal impact factors, and number of citations by 
published article and book, a researcher were evaluated based on the number of different 
types of citations that come from their statement unit FDOs and any FDOs that refer to them, 
weighted by the quality (appraisal systems, batches, etc.) and the nature of the citations (sup-
porting, contradicting, etc.), it could substantially change the way researchers build their ca-
reers. Researchers might be able to build a career without having a single publication in a well-
established journal because they have made statement FDOs that have been referenced by 
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other researchers. As a result, high-impact journals may lose some of their appeal, and we 
may finally be able to emancipate ourselves a bit from the publishing industry towards a multi-
dimensional measurement of quality, relevance and impact maturity indicators for research 
and researchers. 

4. Conclusion 

FDOs and their flavours such as RO-Crates and nanopublications are a disruptive technology 
that will not only unleash its power as a container within and between (research) data spaces, 
but also allow the creation of modular research pipelines in combination with workflow tech-
nologies. This will have a significant impact on the production and consumption of FAIR (re-
search) data as FDOs. In research, the application of FDO technology to scientific knowledge 
has the potential to enrich classical article publications in PDF format with machine-actionable 
expressions of scientific data. The Open Research Knowledge Graph (ORKG) infrastructure 
for digitalized scholarship presented in this article has and will continue to support and accel-
erate the adoption of FDOs in research and contribute to unlocking the potential of FDO tech-
nology. 
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