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Abstract

:

Although measurement data from the civil engineering sector are an important basis for scientific analyses in the field of non-destructive testing (NDT), there is still no uniform representation of these data. An analysis of data sets across different test objects or test types is therefore associated with a high manual effort. Ontologies and the semantic web are technologies already used in numerous intelligent systems such as material cyberinfrastructures or research databases. This contribution demonstrates the application of these technologies to the case of the 1H nuclear magnetic resonance relaxometry, which is commonly used to characterize water content and porosity distribution in solids. The methodology implemented for this purpose was developed specifically to be applied to materials science (MS) tests. The aim of this paper is to analyze such a methodology from the perspective of data interoperability using ontologies. Three benefits are expected from this approach to the study of the implementation of interoperability in the NDT domain: First, expanding knowledge of how the intrinsic characteristics of the NDT domain determine the application of semantic technologies. Second, to determine which aspects of such an implementation can be improved and in what ways. Finally, the baselines of future research in the field of data integration for NDT are drawn.
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1. Introduction


In many industrialized countries, infrastructure buildings are in increasingly poor condition [1,2]. Given the high carbon footprint of new buildings, it is unclear how much of the infrastructure can be rebuilt [3]. Alternatively, remediation measures can be considered. Due to the high damage potential, the characterization of the microstructure-dependent moisture condition and knowledge of the distribution of damage-influencing ions are of central importance. Until now, transport coefficients for diffusion and migration of harmful ions have been determined in time-consuming experimental setups in the laboratory. The relatively rough assessment of damage mechanisms and the resulting uncertainties in the mathematical prediction models often remain a weak point. Determining the durability, resistance, and safety of structures with less effort through non-destructive testing (NDT) procedures and modern assessment methods would be innovative.



For instance, nuclear magnetic resonance (NMR) relaxometry [4] could be used to estimate transport coefficients directly on existing structures completely nondestructively. This method is well-known from geophysical applications and has been used to characterize water content, permeability, and porosity of building materials such as concrete, cement, and sandstones [5]. However, NMR measurements currently have limited practical applicability due to the need for calibration with complementary multi-method measurements such as mercury porosimetry or micro-computed tomography. To overcome this, the integration of NMR data into advanced material models that take into account in situ information on composition, chemical and mechanical properties, etc., seems promising.



These data are usually patterns and correlations influenced by several intermixed theoretical concepts and multi-stage, complicated processes. Thus, they cannot be described with a closed formulation [6]. The interdisciplinarity required to extract knowledge from these data is a relatively novel challenge that goes far beyond traditional multi-method approaches. Cyberinfrastructures play a central role herein by providing customized tools that seamlessly integrate data collection, storage, and analysis to enable digital collaboration among interdisciplinary team members on platforms [7,8]. In their overview of materials-science-related cyber infrastructures, [9] showed the rapidly increasing number of projects and infrastructures since 2010 and provided a comprehensive list. However, non-destructive test (NDT) methods—especially from civil engineering and geophysics—have so far played a minor role.



Using the NMR method as an example, this paper describes methods for data integration that aim to lower the information barriers between actors in NDT and materials science. The objective of this paper is to determine the characteristics of the applied methodology in relation to its capacity to model knowledge; it is intended to describe the influence of the different steps of this methodology on the final result: semantically enriched data. The field of application, non-destructive testing-, along with the methodology under study (“digital workflow”) and the framework used for the analysis—the ability to represent knowledge—make up the novelty of this article.



Sophisticated classification schemes, so-called ontologies, are utilized to make complex data efficiently searchable. Ontologies are closely related to the notion of the Semantic Web (SW). The goal of SW as an extension of the Internet is to make data shareable and reusable across applications, enterprises, and community boundaries through a unified framework [10]. While the searchability of data depends on the definition of search terms, semantic rules defined by the ontology that consider relations within a domain enable even richer searches across disciplines. The chosen example was carried out in the context of initiatives to implement semantic technologies in materials research, namely MaterialDigital [11] and Mat-O-Lab [12]. The core of this paper is to characterize the impact of these semantic technologies on the description of the NMR example.



The chosen approach is based on collaborative (In this text, italic letters are used in literal references using brackets (“”) or, as in this case, when common English words are used to denote concepts in the field of study of this paper) and custom ontology engineering methods (OEngMs.) and pursues the goal of flexible integration of additional data sources. This goal enables the exchange of information and the interoperability (i.e., cross-system usability) of different data sources and information tools in the domain of materials testing.



The paper is organized as follows: First, we analyze the literature in the field of interoperability challenges in materials science (MS) and define the central concepts, tools, and methods that are generic to ontologies and semantic web technologies. We introduce the MS initiatives that this work is associated with, namely MaterialDigital [11] and Mat-O-Lab [12]. In the third section, we lay out our research approach by first describing NMR for the non-destructive material characterization of building materials, followed by a description of how the semantic toolset can be applied to it. The results of this application are described in the fourth section. Finally, we present our conclusions and point out gaps to be addressed in future studies.




2. Background


This study discusses the application of a specific methodology—digital workflow, which can be analyzed through ontology engineering—to a specific NDT pilot case—NMR relaxometry. Due to the interdisciplinary character of this paper this section contains four subsections. Every subsection establishes some basis to understand the methodology of the current article.



2.1. The Use of Ontology Engineering in Materials Science


In the last decade, several initiatives have emerged to build digital platforms that act as data hubs in MS and try to address the challenges of implementing interoperability. The authors of [9] showed the rapidly increasing number of cyberinfrastructures since 2010 and gave a comprehensive list. Early initiatives and platforms such as Material Genome Initiative (MGI) [13] in 2011, AFLOW [14], MatNavi [15], or the Materials Project [16] were considered breakthroughs of data science in MS. Other initiatives followed, such as Open Materials Database [17], Citrine Informatics [18], MaX [19], NOMAD [20], Materials Data Facility [21], or Materials Zone [22]. They come from both the public and the private sectors and focus on different stakeholders in MS and on different levels of interoperability [20,21,22,23,24,25]. The authors of [26,27,28] described the central role of these platforms as enabling digital collaboration between interdisciplinary team members.



The use of ontologies to address interoperability in MS is a common practice [29,30,31] and can be traced back until the work of [32]. However, the interest in applying ontologies in the technical domains can be found as far as 1996 in [33]. To date, some scientific papers have been published that relate MS to semantic interoperability using ontologies. The need for further research in this field has been expressed multiple times, e.g., in terms of “interoperability” as an issue to be addressed explicitly [31,34,35,36,37] or implicitly using the terms “data integration” [38,39], “lack of uniformity, data selectivity” [40], or “conflicting terminologies between subfields, inconsistent recording practices” [41].



Ontology Engineering studies the creation, deployment, and maintenance of ontologies. Ontology Engineering Methodology (OEngMs) is a concept that that originates from [42] and [43]. This concept defines different stages, tasks, actors, and workflows of Ontology Engineering. Experiences from the software development domain have been incorporated into the development of OEngMs. For instance, [44] proposes an ontology development methodology based on Unified Modelling Language; [45] recognizes the gap in the level of maturity between software and ontology engineering and introduces a “software centric innovative methodology (SCIM) for ontology development”; [46] presents an OEngM based on the agile software development Scrum; in [47], an agile ontology methodology is also proposed to meet the needs of community-driven ontology development.



The main stages of creating an ontology are specification, conceptualization, formalization, implementation, and maintenance. The pending tasks are knowledge acquisition, documentation, evaluation, alignment, assessment, merging, etc. Actors in the development process are the domain expert, knowledge user and ontology engineer. The workflows result from the combination of the three parameters stage, task, and actors. Some OEngMs examples are HCOME [48], NeOn [49], and OTKM [50]. Many OEngMs have been developed and reviewed both by ontology engineers and academics in [51,52,53].



In her classification of OEngMs, [54] emphasized the importance of collaboratively building ontology networks in the present OEngMs landscape. These networks provide for characteristics such as dynamics, context, and collaborative and distributed development. The authors of [55] distinguish three types of OEngMs: non-collaborative OEngMs, collaborative OEngMs, and custom OEngMs that “still engage the active involvement of communities.” The authors measure the success of an ontology by the following three parameters: reuse (is the ontology used by other ontologies or applications outside of its original intended use?), evolution (is the ontology updated after its initial publication?), and life (is the ontology active, i.e., is it still being developed, maintained, updated, or evaluated?). This measurement was performed with several well-known ontologies considering the classification of the OEngM types presented above. For this, it has been checked whether these ontologies have been developed using collaborative tools (Wiki, GitHub, blog, mailing lists, etc.) or not. The results showed that the highest rate of success was achieved by the ontologies developed by custom OEngMs. The use of collaborative tools in the OEngMs also showed a higher rate of success than the OEngMs that did not use them.



In current practice, it is no longer possible to uniquely identify the most efficient OEngM for a given problem specification. However, several accepted practices can be identified. A comprehensive summary can be found in [56], in [57], or in [58]. Reuse and maintenance (related to evolution) of ontologies and collaboration in teams are common recommendations among these accepted practices.



Ontologies provide the necessary semantic layer to connect existing and emerging IT resources for data integration and interoperability. Nevertheless, they are not neutral or independent to the OEngMs used to develop them. Factors such as (ontology) reuse, evolution, and life are highly determined by the methodology used to create them.



The MaterialDigital platform and Mat-O-Lab are described below in terms of their relative position in the OEngMs classification.



The innovation platform MaterialDigital was created and funded in the context of the public policies focused on the digitization of the society [59]. This initiative emphasizes interoperability as an objective to be achieved [4] and identifies the development of ontologies as a main area of interest for this purpose. It focuses the main effort of ontology definition on domain experts and proposes an organic and modular implementation of ontologies. This approach is closely related to the aforementioned “context, collaborative, and distributed” development of an ontology as OEngM.



Mat-O-Lab (Materials-Open-Laboratory) is an association of the Fraunhofer Institute–MATERIALS Association [60] and the Federal Institute for Materials Research and Testing of Germany (BAM) [61]. Its mission is the digitization of materials and components along their life cycle by developing specific and practical pilot cases. These pilot cases focus on experimental methods in the field of MS, such as tensile strength testing, ultrasonic testing, or NMR testing. Due to the federated nature of this initiative, the participants are scattered by discipline and use agile and open collaboration tools among themselves. The approach of this initiative regarding the OEngMs is a custom development. It is based on a layered deployment of the necessary tools and modules to achieve satisfactory interoperability of the data about materials and their components throughout their life cycle. This deployment starts with a low-semantic digital-workflow [62], which is gradually complemented.




2.2. Ontologies: Definition and Types


Ontologies can be defined as “an explicit specification of a conceptualization” [63], or more specifically as “a formal specification of a shared conceptualization” [64]. This last definition [64] addresses both the standardization (formal) and the agreement (consensus), needed to overcome interoperability challenges. An ontology is a “formalized description of concepts and relationships (both taxonomic and semantic) that exist between concepts” [65]. These concepts are subjects and objects, which relationships are formalized by properties. A fact—also referred to as a triple—is a statement about an entity with the structure “subject-property-object” (see Figure 1). A collection of facts/triples is the simplest way to model knowledge.



The Resource Description Framework (RDF) [66] is the language recommended by the W3C [67] to formally express triples. However, the simple notation of triples lacks the structure to represent more general knowledge. RDF Schema [68] (RDFS) is a formal language that extends RDF and adds a hierarchy to triples, allowing mereological relationships (i.e., part to whole) to be expressed between entities. A set of hierarchically organized triples is called a taxonomy. Taxonomies are suitable to classify knowledge. A further expressivity is possible for a knowledge model using triples as a base, allowing restrictions in values, logic expressivity between entities (subjects, objects, properties), defining the range and domain of properties, allowing automated reasoning to certain extent, etc. The W3C created the Web Ontology Language (OWL) [69] in 2004 to allow these features.



Ontologies can be classified as informal to formal according to the degree of formality [70]. The former are a simple representation, similar to natural language. The latter are semantic structures incorporating taxonomies together with a high degree of implementation of constraints and operations at the logical level. Data management typically requires formal ontologies to achieve a sufficiently high level of accuracy.



According to the level of conceptualization (see Figure 2, ontologies can be classified into one of the following categories: top-level ontologies, mid-level ontologies, and domain ontologies. Top-level ontologies (also called upper ontologies or foundational ontologies) deal with the highest level of conceptualization. These ontologies include abstract general concepts and properties and are used as a basis to build other ontologies with a lower level of conceptualization [71]. Among the most popular are the Basic Formal Ontology (BFO) [72], the Descriptive Ontology for Linguistic and Cognitive Engineering (DOLCE) [73], Suggested Upper Merged Ontology (SUMO) [74], or the General Formal Ontology (GFO) [75]. The authors of [76] illustrated the dependency of the subsequent data structures on the choice of a top-level ontology. Mid-level ontologies are conceptually one level below. They are based on upper-level ontologies and provide entities to ontologies of a wide domain. The subject of [77] is a set of mid-level ontologies based on the BFO. Finally, domain-level ontologies “are developed to represent the knowledge and terminology specific to a professional, scientific, or similar domain” [78]. Domain ontologies, as ontological tools, are closer to the definition of the interoperability problem in the corresponding domain. Their classes and properties are tied closely to the concepts related to the specified part of reality that a domain stands for. Some examples in the fields close to the NDT domain (engineering, MS) are European Materials & Modelling Ontology (EMMO) [79], Chemical Entities of Biological Interest (ChEBI) [80], or Coordinated Holistic Alignment of Manufacturing Processes (CHAMP) [81].



Ontologies based on a common upper ontology share a general vision of the structure of reality in terms of knowledge modelling [82,83,84]. This is useful in terms of interoperability, as [85] discovered when exploring algorithms that find “correspondences between entities belonging to different ontologies” (ontology matching). The best precision in these algorithms occurs when this correspondence is studied in two ontologies built upon the same upper ontology. The authors of [86] also found a great advantage in relating domain ontologies to a common upper ontology to establish interoperability.




2.3. Principles of 1H Nuclear Magnetic Resonance Relaxometry


The non-destructive method 1H NMR relaxometry (Figure 3) is based on the electromagnetic response of hydrogen protons exposed to a magnetic field. Considering a sample with a specific amount of moisture inside, the hydrogen protons are unevenly distributed, and no magnetization is measurable (Figure 4a)). However, when the sample is placed inside a static field B0, the 1H protons in a sample behave like stab magnetics, aligning with the field axis and starting to precess a characteristic frequency (Larmor frequency, Figure 4b). Although there are two energetic states into which the spins of the protons can be forced (parallel and antiparallel to the field axis), the majority orients parallel to B0. In consequence, a magnetization M0, also parallel to B0 can be measured.



By use of a radiofrequency pulse which also oscillates at the Larmor frequency, the spins are deflected into the transverse plane (x’-y’) due to the resonance effect (Figure 4c). After the excitation pulse is terminated, the spins relax back into the equilibrium state and an exponentially decaying magnetization can be measured Figure 4d). Further details on the NMR theory and applicable pulse programs may be found in [87,88,89]. Since the initial NMR amplitude after excitation is directly proportional to the amount of hydrogen protons within the measured volume, NMR enables the determination of the moisture content and the porosity (Figure 4e). Furthermore, the exponential decay of the NMR signal provides information on the molecular structure and dynamics of the molecules (chemical or physical bonding and transport processes) as well as on the confinements (pore size distribution and pore surface mineralogy) [89]. Consequently, the measurable decaying signal of a homogeneous sample containing only one pore size has a mono-exponential characteristic. In contrast, the NMR signal measured in a heterogeneous porous material represents the sum of numerous exponential relaxation behaviors reflecting the spread of pore sizes and molecular bonds.



To convert the measured NMR signal of a fully saturated sample into a pore size distribution, the relaxation time distribution has to be determined by a numerical inversion and then multiplied by another parameter, the surface relaxivity ρ (Figure 4f). The surface relaxivity ρ describes the material-specific fluid–surface interaction on the pore wall. In addition, to convert the relaxation time distribution, the surface-to-volume ratio of the sample must also be known [90].



NMR relaxometry has many applications in the field of material characterization and is therefore an interesting example for interoperability implementation. Applications include monitoring moisture transport and redistribution due to thermal exposure [91] or measuring moisture penetration depth to evaluate the hydrophobic efficiency of conservation and consolidation treatments [92]. Furthermore, NMR relaxometry has been applied to study hydration processes. Since the method is sensitive to proton mobility and confinement, the development of single hydration products can be analyzed [93,94,95,96]. Moreover, NMR relaxometry also represents a non-invasive alternative for pore space characterization in complex porous systems and for the analysis of pore space development in situ and under pressure [97,98]. In contrast to NMR spectroscopy, the NMR relaxometry method is even applicable on site by using mobile sensors. It therefore allows, for example, the contactless measurement of moisture ingress in buildings and artifacts of cultural heritage [99] or moisture-induced degradation processes such as alkali-silica reactions in infrastructures [100].




2.4. Framework: Digital Workflow in Mat-O-Lab


Mat-O-Lab focuses on implementing a process chain to transform experimental data from its original format to an RDF format (triples). The intention of such an implementation is twofold: First, to consolidate the knowledge of semantic data structures and associated processes among the producers/users of such data, and thus to enable the largest possible number of actors (or users) to actively participate in the transformation process.



These actors have three roles: in the role of researchers, they can access the triple store (Query/Get). When they act as developers, they create with a User Interface (UI) in the Import Script that sets up the Rest-API. Lastly, the users have the role of ontology engineers and are able to access the Vocabulary Provider or Ontology Repository. The second goal of the implementation is the development, testing and optimization of a methodology with the help of different research groups participating in Mat-O-Lab. This methodology is intended to be the basis on which to add further processes of semantic transformation of experimental data (see Figure 5).



Mat-O-Lab uses as reference ontology the Baden Württemberg Material Digital Ontology (BWMD-Ontology) [101,102]. This ontology was created by the Fraunhofer Institute IWM [103] with the goal of fulfilling the requirements of the call for an ontology in the framework of the MaterialDigital platform. The BWMD-Ontology is based on the upper ontology BFO and was developed using the best practice recommendations described in [104].



The digital workflow consists of three steps (see Figure 6). The first step is Test Selection, where a research method of interest is selected. The factors influencing this selection are multivariate: the availability of human resources, the need to have the triples available, the previous status of the research group with respect to the digitization of test data, etc. The Test Description follows, where the domain expert (DE) describes the test method considering its data output and metadata parameters. The DE uses a process graph editor software tool to create a knowledgebase file. This “method description” is a temporal sequence, from test preparation to data results. This tool represents the test method in terms of entities, and properties connecting these entities. Entities are described by the DE and must belong to classes from the chosen ontology. The properties used by the DE must be available in the same ontology (the BWMD-Ontology in this case). The last step is the Endpoint Setup, where the knowledgebase file from the previous step is processed to create an endpoint. This file acts as “translator” for all experimental output files of the test method selected in the first step. This endpoint is able to create triples (subject-property-object) using the original experimental data output and metadata parameters. Thereby, subjects and objects are instances of the classes in the selected ontology and the properties are selected from the ones available in the same ontology. Instances are concrete cases of a given class or category: specimen_43 is an instance of the class Specimen.



The ontology plays a purely functional role in the digital workflow. The main objective is to transform experimental data into triples (see Figure 7) irrespective of the source format. These triples are semantically connected according to the ontology, which fulfills a “scaffolding” role. This means that the ontology, once used to build the knowledgebase file, remains unaffected by the digital workflow. The value of a bottom-up development and collaboration approach to OEngMs has been demonstrated. Both the development and the collaboration here remain horizontal. Semantic reflections and tasks are used to transform the data into triples, but not to update the ontology. The importance of a feedback loop between the ontology engineer (OE) and the DE to adjust this digital workflow and the selected ontology has been recognized, but not yet implemented. The feedback loop includes activities such as ontology updating (minor changes), ontology restructuring (analyzing the initial knowledge model and correcting the ontology according to the result of this analysis), ontology pruning (discarding entities that are no longer relevant) or ontology customization (adapting the ontology to some user needs) [49].





3. Methodology. Application of Mat-O-Lab Methodology to 1H NMR Relaxation Test


It seems reasonable to assume that the DE is not an expert in ontological engineering. Therefore, it is necessary to include an ontology engineer (OE) in the workflow to document the application of this process to the 1H NMR relaxometry test. Moreover, the goal of such an application is not only or primarily functional, i.e., as a transformation of experimental data stored in text format into semantically enriched data with a higher degree of interoperability. The main objective of the current study is to document and analyze this methodology from the point of view of the ontology engineering methods. This analysis can identify possible additions or changes to the methodology or indicate its main values and disadvantages. Therefore, in the current study, the OE acts as a DE. To this end, a step is added to the methodology described as digital workflow: the transfer of relevant domain knowledge from the DE to the OE. We refer to this step as the Transfer of information (see Figure 8 and it is defined as follows: The OE and the DE interact so that the former can adequately execute the Test Selection, the Test Description, and the Endpoint Setup, in addition to being able to document these and the Transfer of Information step from an ontology engineering perspective. The description of the application of the workflow with the addition of the Transfer of information to the pilot case of the 1H NMR relaxometry follows.



In the Test Selection, the advantages speak in favor of 1H NMR relaxometry as the starting candidate for the pilot case. The test involves a relatively small number of steps compared to other NDT methods. Additionally, there is another variant of the NMR relaxometry test which was processed according to the digital workflow. The variation will later allow a comparison of the triples obtained from both tests to check the degree of interoperability.



The cooperation between the DE and the OE was direct and could be simplified to a one–one interaction. In practical terms, this allowed for agile and efficient communication and simplified the analysis of these interactions.



Three meetings were held between the DE and the OE, which served as a framework for the Transfer of Information. The authors of [49] referred to this process as ontology elicitation. However, it cannot be assumed that the knowledge is acquired by the OE to develop or maintain an ontology. The objective is described in the Endpoint Setup from the previous section. Nonetheless, the notation is preserved as the process and the methodology are similar to those described in [49]. The first attempt is conducted in the laboratory, where the DE gives an introductory presentation to the OE about the previously selected test. The DE provides the OE an example of the metadata parameters and the output data file of the test.



Before the second attempt, the OE studies both the data and the metadata files with respect to the ontology elicitation from the previous point. This activity is defined in [49] under Non-ontological Resource Reengineering. The goal of the next interview is to complement the previous meeting and to get the answers to questions about the metadata output file that arise during the study of the metadata. These answers serve as input for the Test Description. In contrast to the previous encounter, where a general knowledge framework about the technology and the tools used was established, the OE′s questions to the DE at this encounter are not directed at knowledge about the 1H NMR test itself, but at being able to describe this test specifically in terms of the metadata output file.



Before the third meeting, the OE carries out the process of ontology conceptualization as described by [49]. According to this description, the process is used to organize and structure information and to create meaningful models at the knowledge level. The OE uses the result of the ontology elicitation from the previous meetings to create a knowledge graph. This graph in the form of a workflow chart (see Figure 9) is presented to the DE in the third meeting. The DE reviews the result for a later correction by the OE. This review is also part of the ontology elicitation process.




4. Results


The main achievement of this study is the digital workflow which has been applied to the pilot case, taking as a reference framework for this analysis the extent of the capacity of this application to represent the NMR relaxometry method.



The starting point in the digital workflow is the metadata information attached to the experimental data and the experimental data itself. The focus of the Test Description is to describe these data and metadata semantically. While the experimental data results can be summarized as a structured arrangement of physical variables (time, complex coordinates, and their absolute values), the complexity of the metadata in semantic terms requires an explicit elaboration in this study.



The metadata file of the NMR relaxometry device is automatically created by the commercial equipment used in the test [106]. The metadata are divided in four parts: linear actuator, NMR setup, NMR measurement, and evaluation. The linear actuator part is reserved for metadata associated with the control of the displacement of the sample positioning system. The NMR setup part contains metadata about the measurement mode and the name of the selected coil. For the NMR measurement part, the core of measurement parameters such as echo time and number of echoes are listed, as well as further details on the pulse program used. The evaluation part does not contain any relevant information. It is hence marked as a non-test parameter.



According to the DE, not all the metadata in the file are relevant, i.e., they have no influence on the outcome. Part of these “not relevant” metadata are used internally by the software of the measurement equipment and are a function of distinct parameters (that can be seen in Figure 9, Area 3): [excitationPulseDuration, (see Figure 4b)) excitationPulseAmplitude (see Figure 4c,e), excitationPulseAngle (see Figure 4c), refocusingPulseDuration, refocusingPulseAmplitude, refocusingPulseAngle] are determined by the measurement mode [0D, 1D] and the selected coil; [numEchoes] is a function of the minimum echo time and the train length; the [acquisitionTime] depends only on the coil used, and finally the [txFrequency] is determined by the sweeping process.



There are metadata not (partially or completely) understood by the DE and probably also used internally by the developers of the measurement machine software: [numSteadyState, gradAmpSlice, sampleFrequency, nSamples, phaseCorrection]. There are also examples of metadata whose meaning can be guessed at by their self-descriptive names, and which look like reserved variables for the machine software: [enable3D, magnetTargetTemperature].



The correct processing of the knowledgebase file resulting from the previous step requires compliance with a specific syntax determined by the program executing such processing. For this reason, although in the theoretical approach the Endpoint Setup is a step clearly distinct from the previous Test Description, in practice both steps are executed in a succession of debugging–refactor cycles. Endpoint Setup is considered complete when the endpoint file is created and can transform the reference metadata parameters and data output files of the test under study into triples.



The metadata file consists of 31 variables, 25 of which could be clearly assigned by the DE as relevant for the test description. The Test Description was conducted using instances (particulars) of the classes, datatypes, and properties (relationships) available in the BWMD-Ontology. A total of 59 instances from 20 different classes and 46 from 5 different datatypes were used, along with 117 non-mereological relationships (a mereological relationship is one that exists between a class A and one subclass B of this class) among these instances from 17 different properties (see Table 1). From these 105 instances, 67 (63.8%) directly corresponded to the description of the 25 relevant metadata variables represented in the knowledge base. To represent the data results, another 11 entities were needed (10.5%). The 27 (25.7%) remaining entities represented either input parameters that were not represented in the metadata or concepts associated with the test without being parameters.




5. Discussion


The described procedure had a clear objective: to create an endpoint that can build triples from the raw experimental data. The procedure was so centered around the metadata file that it became the de facto main source of information. Both factors resulted in a process with two main characteristics: First, this process was bounded in time. It finished once the translations of each variable from the metadata file had been created along with the test results data into the knowledgebase file. Second, the execution of the digital workflow minimized the interaction of the DE with the ontology. The DE assigned the classes available in the ontology to the instances available in the knowledgebase file, most of them coming directly from the data and metadata files (78 out of 105). Thus, from the DE′s perspective, the ontology served only as a vocabulary reference.



The development of the digital workflow was articulated by the explicit content of the metadata file. Several facts emerged from such an influence. During ontology elicitation, knowledge about the test appeared that could be modeled using ontological formalization. Mat-o-Lab digital workflow does not allow new classes or properties to be included in the given ontology, and consequently does not allow them to be used. An example of this is a new mereological relation: The class of objects used for calibration of the equipment is a particular case—a subclass—of the class “Specimen”. Another example of this type of exclusion is the impossibility of including new relations (which are not found in the prescribed ontology) that can semantically narrow down the relations between two entities: “Is about” [107], for example, is a relation that specifically maps an “information content entity” [108] to some “entity” [109] in its domain (mathematical meaning). “Is about” is useful, for example, to relate variables (measurable concepts) to their magnitude. For example, bandwidth, height, or thickness of a layer are “information content entities” that can be related to the magnitude “Length” using “Is about.” It may be a matter of debate whether this or other relationships should be included in the supporting ontology. But the fact is that this debate is not applicable to digital workflow due to the current impossibility of modifying the ontology.



The metadata are a pattern of explicit information about parameters that determine experimental results. Implicit information from the metadata can be lost without explicit rules to extract it. The DE can deduce these rules automatically. However, the machine needs additional semantic codification to do this. A trivial example shall be given: If the DE observes the metadata field enable1D = 0, the DE can automatically deduce that is a 0D measurement. There is no corresponding enable0D = 1 to explicitly express it.



The understanding of the DE about the explicit information in the metadata file was not complete. This concerned the variables: numSteadyState, gradAmpSlice, and nSamples. Part of the meaning of these variables could be captured, but the DE was not able to explain the way they were related to the data results.



It should be clarified that the conclusions drawn from the application of the digital workflow methodology to the pilot case can only be generalized by repeating the study with other pilot cases. But this does not prevent the use of induction with due caution. The differences in the application of the digital workflow to different non-destructive test methods will come from the difference in the data and metadata files, since the same translation procedure to triples in RDF language will be applied. To the extent that these data and metadata files are structurally similar, we can extend the previous assumptions to other methods.




6. Conclusions


The need for data-driven science has grown along with the complexity of the challenges that science must solve. Characterization of new materials requires methodologies that integrate data from a multitude of test methods. In our paper we show the implementation of the digital workflow as a methodology for the semantic enrichment of data using the parameter metadata file. This implementation was successful, considering the level of usage and pilot cases achieved by the Mat-O-Lab initiative. It should be noted that the profile of the participants (mostly experts in their specific domains in materials science) does not imply prior knowledge in ontology engineering.



Using the metadata file as a source of semantic information about 1H NMR relaxometry test results seems appropriate. But some facts should be raised for further consideration: First, the metadata file does not cover all the information about the test; it is not exhaustive in that sense. It is likely to include the most relevant information (metadata). But that relevance may vary when the associated data are considered in the context of the same test, performed with a different research perspective. Second, there is implicit information in the metadata file that is not transferable with the proposed digital workflow, since only the explicit information is transferable. Finally, some of the DE’s knowledge of the test fails to be expressed in the Test Description step. The current use of the ontology—merely as a vocabulary reference—can be expanded: an interaction where the DE would be able to include changes in the ontology should be an improvement. The nature of this interaction (direct or mediated, individual or consensual) and the magnitude of changes allowed may be the subject of future research.



The practical success of the digital workflow as the first iteration of a full implementation of semantic technologies in the handling of scientific NDT data should be reinforced in subsequent iterations in view of greater interoperability. The capability of the DE to enrich the semantic content of the experimental metadata by complementing the metadata file was identified in the pilot case. Future iterations should seek to facilitate this knowledge transfer in the interest of greater interoperability. The need to incorporate domain knowledge from the DE to update the ontology to raise the semantic expressiveness of the experimental data was also identified. This should lead not only to better interoperability capacity, but would also establish a path for ontology maintenance.
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Figure A1. Zoom on Figure 9 Area 1: Description of the content in the metadata file. 
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Figure A2. Zoom on Figure 9 Area 2: Description of the results data file. 
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Figure A3. Zoom on Figure 9 Area 3. description of six variables of the NMR measurement used by the measurement machine software. 
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Figure 1. The structure of a triple (Subject-property-Object), when related to a knowledge model (such as an ontology, top) and a set of data in tabular form (bottom left), provides a set of triples (bottom center-right). 
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Figure 2. Ontology classification sorted by level of abstraction of the respective fields. The examples in the middle column are ontologies grouped by ontology type. The right column presents examples of entities that could be part of an ontology of the corresponding level of abstraction. 
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Figure 3. Photograph of the NMR tomograph at BAM. Source: BAM. 
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Figure 4. NMR Principles, adapted version from [5]. (a)—Initial state in a water-containing medium without magnetization. (b)—Alignment of the protons when the sample is exposed to a static magnetic field. (c)—Deflection of the resulting magnetization into the transverse plane (x-y) by a short radiofrequency pulse. (d)—The magnetization relaxes back into the equilibrium state after termination of the radio-frequency pulse. (e)—Resulting measurable NMR signal (exponential decay of NMR amplitude). (f)—Relaxation time distribution as a result of a numerical inversion of the measured decaying signal. When converted using a material constant ρ, the x-axis can be converted to pore sizes. 
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Figure 5. Projected architecture development for the Mat-O-Lab initiative. Datasources refers to the source where raw data from experimental tests is stored. IDS stands for Integrated Data Storage: the different Rest-API allow raw-data to be transformed into triples (see Figure 1) thanks to the connector; the triples are stored in the RDF-Triple Store. 
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Figure 6. Digital workflow. The domain expert (DE) is at the center of the process. 
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Figure 7. The goal of creating an endpoint is to automatize the populating process of the triplestore from the metadata files from experimental tests. 
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Figure 8. Digital workflow modified to allow ontology elicitation. Placing the ontology engineer (OE) at the center of the Test Description process only responds to the need to critically analyze and document the semantic transformation depicted in the Figure 6. 
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Figure 9. Graphical representation of the knowledge base created from the 1H NMR relaxometry test for humidity detection and porosity distribution. Some entities have been collapsed for better visualization. In the key the color codes are shown as encoded in the BWMD ontology file [105]. The shaded area 1 corresponds to the description of the content in the metadata file (zoom in Appendix A Figure A1). The shaded area 2 corresponds to the description of the results data file (zoom in Appendix A Figure A2). The shaded area 3 is a non-collapsed subset of area 1 that corresponds to the description of six variables of the NMR measurement used by the measurement machine software (zoom in Appendix A Figure A3). It can be observed how each Quality is match to a xsd:Datatype (where the type of data to be stored is defined) and a rdfs:Literal (where the value of the Quality is stored). 
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Table 1. Distribution of the instances needed to represent the 1H NMR relaxometry test method. mid:BWMD_00XXX refers to a class or property from [101], and domain: BWMD_00YYY refers to a class or property from [102].
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	Classes from BWMD Ontology
	(*)
	Properties from BWMD Ontology
	(*)
	Datatypes from BWMD Ontology
	(*)





	Angle (mid:BWMD_00098)
	3
	containsValuesOfType (mid:BWMD_00329)
	4
	^^rdfs:Literal
	19



	Column (mid:BWMD_00287)
	4
	hasAttachedDataSet (mid:BWMD_00326)
	1
	^^xsd:decimal
	17



	CSVFile (mid:BWMD_00213)
	1
	hasControlInfo (mid:BWMD_00339)
	1
	^^xsd:string
	4



	DataAcquisitionSoftware (mid:BWMD_00248)
	1
	hasDoubleLiteral (mid:BWMD_00314)
	16
	^^xsd:integer
	5



	DataSet (mid:BWMD_00024)
	4
	hasIdentifier (mid:BWMD_00319)
	3
	^^xsd:boolean
	1



	Description (mid:BWMD_00140)
	1
	hasIntegerLiteral (mid:BWMD_00316)
	4
	
	



	Frequency (mid:BWMD_00146)
	1
	hasOutput (mid:BWMD_00331)
	2
	TOTAL
	46



	Length (mid:BWMD_00127)
	7
	hasPart (mid:BWMD_00323)
	21
	
	



	NMRCalibrationMeasurement
	1
	hasParticipant (mid:BWMD_00328)
	4
	
	



	NonDestructiveTesting (domain:BWMD_00570)
	1
	hasStringLiteral (mid:BWMD_00313)
	4
	
	



	ObjectID (domain:BWMD_00608)
	1
	hasTextualInfo (mid:BWMD_00334)
	1
	
	



	ProcessDataSet (mid:BWMD_00068)
	2
	hasUnitSymbol (mid:BWMD_00312)
	18
	
	



	ProcessParameterSet (mid:BWMD_00009)
	16
	hasValue (mid:BWMD_00315)
	14
	
	



	Quantity (mid:BWMD_00010)
	3
	isDefinedBy (mid:BWMD_00332)
	11
	
	



	SoftwareName (mid:BWMD_00241)
	1
	isInputFor (mid:BWMD_00337)
	1
	
	



	Specimen (mid:BWMD_00048)
	2
	precedes (mid:BWMD_00335)
	1
	
	



	SpecimenID (domain:BWMD_00607)
	1
	refersTo (mid:BWMD_00321)
	11
	
	



	TechnologicalProduct (mid:BWMD_00036)
	1
	
	
	
	



	Time (mid:BWMD_00122)
	7
	TOTAL
	117
	
	



	Velocity (mid:BWMD_00165)
	1
	
	
	
	



	TOTAL
	59
	
	
	
	







(*) Number of instances in the knowledgebase.
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