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Abstract

The complexity of process plants and the growing demand for digitalization require efficient and accurate
information retrieval throughout the lifecycle phases of a process plant. This paper discusses the concept of
instantiation and introduces a method for identifying and multiplying required information in plant
engineering using scalable so-called Instantiation Blocks linked to the Bill of Material. Core functionality, an
ontology graph and a user interface based on Python and React are developed to demonstrate the
implementation of the framework and validate its effectiveness in practice.
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1. Introduction

The increasing complexity of process plants and the growing demand for digitalization have created a
need for efficient and accurate information retrieval from design phase (Sierla et al., 2021), but also
during the construction, commissioning and operation of process plants. However, current practices in
plant engineering often struggle with managing this complexity, leading to inefficiencies and errors. In
addition, the process industry is experiencing a transition from a traditional engineering-to-order
approach (Ergen et al., 2007) to a more volume-based system. Through modularization, reference plants
can be used for similar, following projects (Leidich, 2022). In context of the information accessibility,
virtual representations of manufacturing and maintenance require high quality data accuracy
representing the real-time physical counterpart (Rojek et al., 2021). Furthermore, current information
retrieval approaches based on statistical methods and keyword matching are not directly applicable to
the engineering domain (Li et al., 2007b).

The authors suggest that predefining information retrieval improves information backflow by capturing
and managing essential data throughout plant lifecycle phases, ensuring accurate representation and
traceability of the physical plant and components. By identifying and organizing the required
information in advance, plant designers and engineers can streamline the data collection process, reduce
the time and effort needed to gather and process information from various sources. Furthermore, it
enables plant designers and engineers to modify and optimize information retrieval processes for
different projects based on a reference, helping to reduce inefficiencies and surplus efforts.

This paper builds up on a conducted systematic review of data management in process industry (Layer
et al., 2023a), a generic approach of pre-defining information retrieval (Layer et al., 2023c) and a first
approach to automatically identify relevant information (Layer et al., 2023b). A novel framework is
investigated, that focuses on the automatic definition of information retrieval by utilizing so-called
Instantiation Blocks (IB), acting as placeholders and as a definition of to-be instantiated information,
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both connected to the Bill of Material (BoM) of process plants as shown in Figure 1A. An IB is
connected to either system or component level in a BoM structure and hold the information of the
properties of information to be retrieved in a later stage, such as commissioning.
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Figure 1. A - Instantiation Block architecture; B - Proposed concept for defining information
retrieval introduced in Layer et al. (2023c)

The overall concept is based on three steps as shown in Figure 1B, where first, information to be
retrieved is identified generically and connected with components of a reference plant, second, project
specific adaptations are made and third, the information is retrieved through an instantiation process.
During this instantiation process, the actual information is connected to this IB, connecting all instance
specific information with their respective article counterpart. The relationship between instance specific
information and instantiation is further explained in section 3. The methodology aims to be integrated
into an overall plant lifecycle management approach, where all information of different origin, stored in
various native data management systems are linked through a middleware in a holistic digital
representation. The concept has been introduced by Saske et al. (2022) and was further detailed out by
Schwaoch et al. (2023). This paper seeks to answer the research question: How can a framework for
automating the definition of information retrieval in plant engineering improve efficiency and accuracy
in managing plant complexity?

2. State of the art

2.1. Information retrieval in plant engineering

In plant engineering, standardized frameworks and data exchange formats like ISO 15926,
AutomationML (AML), System Modeling Language (SysML), ISO 23247 and Industry Foundation
Classes (IFC) address information retrieval challenges. 1SO 15926-1 (2004) is an international standard
that defines a data model and ontology for the representation and exchange of process plant lifecycle
information. It provides a standardized approach to capturing, storing, and sharing information related
to process plant design, construction, operation, and decommissioning. However, its focus on plant
lifecycle information means that it does not specifically address the aspect of predefining information
retrieval. In context of volume driven production, 1SO 23247-1 (2021) introduces a framework for
developing Digital Twins of observable manufacturing elements to assist with real-time control,
predictive maintenance and other function objectives focused on manufacturing. SysML is a generalized
modeling language that supports the specification, analysis, design, verification, and validation of a
broad range of systems and systems-of-systems (Friedenthal et al., 2015).

The Quality Information Framework (QIF) as part of 1ISO 23952 (2020) on the other hand, is an ANSI
standard that provides a comprehensive and integrated approach to defining, organizing, and exchanging
quality information throughout the manufacturing process. It focuses on creating a standardized data
model for representing quality-related information, including product and manufacturing information,
measurement plans, and quality inspection results. While QIF is primarily targeted at the discrete quality
domain within manufacturing industry, its principles and concepts can also be applied to the process
plant domain. AML is a data exchange format based on XML that aims to provide a comprehensive and
unified approach to representing engineering data across different domains, including mechanical,
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electrical, and software engineering and can be adapted to represent a wide range of information,
including component specifications, system architectures, and process models. (Drath, 2021)

2.2. Approaches for predefining and automating information retrieval

In literature, approaches and concepts exist for predefining and automating information retrieval,
ranging from manual methods to more advanced techniques. Rule-based systems can be employed to
extract specific data from documents based on predefined rules or patterns, reducing the manual effort
required (Hayes-Roth, 1985). Fully automated approaches rely on advanced algorithms and machine
learning techniques to identify, classify, and retrieve relevant information with minimal human
interaction. Natural language processing (NLP) and text mining techniques can be used to automatically
extract information from unstructured data sources, such as documents (Cascini et al., 2004) or technical
reports (Feng et al., 2021). Lee et al. (2022) suggested a framework to explain the sources of data, their
nature and the information challenge particularly facing the considerations of process safety. Their P3-
model focuses on people, plant and procedures within the field of process safety. Safety as key concern
of planning processes in process plant industry is also investigated by Penteado and Ciric (1996).
Azarmipour et al. (2020) proposed a secure gateway for the interaction between information technology
and automation systems, focusing on the process control system. Their architecture consists of three
main components: the process control system, a gateway, and a manufacturing cloud. The integrity of
their Verification of Request (VOR) and checking its plausibility is accomplished by using a Digital
Twin (DT) of the process control system.

2.3. Ontologies and semantic modeling

Ontologies and knowledge graphs are often mentioned together due to their similar visual
representations as nodes and edges. Both are based on the Resource Description Framework (RDF)
triples for representing entities and relationships. However, ontologies specifically serve to create a
formal representation of the entities in the graph, often based on a taxonomy. Since ontologies can
contain multiple taxonomies, they maintain their separate definition. (Fensel et al., 2020)

In context of engineering and industrial information retrieval Li et al. (2007a) proposed a methodology
for developing an engineering ontology to structure unstructured engineering documents and improve
information retrieval. Yao et al. (2009) presented an ontology-based framework for multi-source
engineering information retrieval in an integrated enterprise environment. Sriti et al. (2015) introduced
SPIKE, an ontology-based methodology for exchanging product lifecycle information across various
systems. An ontology-based approach for PLM was discussed in the research of Matsokis and Kiritsis
(2010). Pierra (2006) explores the role of ontologies in data integration and presents the PLIB ontology
model for neutral exchange and automatic integration of industrial component catalogues and technical
data. The utilization of ontologies and graph networks has been investigated in maintenance planning
by Xia et al. (2023).

While the adoption of neural networks on graphs was already introduced in 2005 Gori et al. (2005), in
recent years there has been extended research in this area especially in the field of recommender
systems (Tang et al., 2023; Zhao et al., 2023). Semantic similarity, a measure of the degree to which
two entities are related in meaning or concept is also utilized in context of recommenders and ontologies
(Lu et al., 2015).

3. Definition of instance specific information and instantiation

Instantiation is a core concept in computer programming, particularly in the object-oriented
programming paradigm and refers to the creation of an object from a class (McAllester and Zabih, 1986).
Beyond programming, the concept of instantiation has been employed to describe the process of creating
specific embodiments of concepts (Gorecky et al., 2016), models (Ballesteros, 2004; Kashmar et al.,
2023) or Digital Twins (Moenck et al., 2022; Slot et al., 2020). Instantiation, in this broader sense,
involves applying a general framework, template, or concept to a specific situation or context.

In the context of engineering information, the authors differentiate between article specific information
and instance specific information related to physical components and systems. This differentiation has
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already been outlined by Schwoch et al. (2023) and is further displayed in Figure 2. Article specific
information pertains to general data, properties and specifications, that apply to all instances of a
particular type of component or system and is traditionally managed in Product Lifecycle
Management (PLM) systems (Eigner and Stelzer, 2009). Instance specific information, conversely,
refers to data and properties unique to a particular instance or realization of a physical component or
system. While commonly known representatives of this instance specific information are quality
information, serial numbers and result data in production environments, there are multiple more of these
in plant engineering. These consist of parametrization values of valves for automation control,
documentation of conducted tests during commissioning phase or the as-built line-out.

Focus
— 4 — N\
iﬁ;le:z /ecific 1 | Instantiation n Instance specific
p Valve Valve 12 Information
Information

Attributes/ _ b p— i e ' !
Information N"S’i’;'ga' twization u::ﬂz;s rgzt?c?r:s il Q;:::y nﬁi:felr
Z‘a“"e CAD,.. CAE,.. PDM,.. Multiple Locations MES.... ERP,...
ata systems
User-generated User-generated System-generated
article specific information \_ instance specific information instance specificinformation/

Figure 2. Differentiation of article specific and instance specific information

Instantiation refers to the process of providing and supplying instance-specific information about
physical components and systems, which is crucial for their effective management, maintenance, and
optimization. The process encompasses several steps, including identifying relevant article-specific
information, determining necessary instance properties, collecting and recording instance-specific
information, organizing the information for easy retrieval, and ensuring its accuracy and up-to-dateness.
Information backflow, in this context, pertains to capturing and managing essential data emanating from
production, construction, commissioning phases, and plant operation to guarantee accurate
representation of traceability or Digital Twins of the physical plant and its components. The proposed
framework foundation identified different categories of information backflow, each necessitating
predefined specific information retrieval methods based on a general architecture (Layer et al., 2023c).
The overall process of creating and multiplying these modular IBs is outlined in the following.

4. Introducing a method of multiplying required information

4.1. ldentification of relevant information

The extraction and identification of relevant information from various sources, such as documents,
norms, standards, or expert knowledge, can be conducted manually or through automated means.
Existing literature approaches, such as GraRler et al. (2023), Luttmer et al. (2023) as well as our own
research (Layer et al., 2023b) demonstrate the possibilities of automating and streamlining this process.
Regardless of the degree of automation, the identified required information should be linked with their
origin while this linkage should be maintained even when the BoM structure is applied. The first part of
the overall process is illustrated in Figure 3. For this and the following, an abstracted Business Process
Model and Notation (BPMN) notation is chosen and explained in the legend. In the initial stage,
information sources defining requirements, such as norms, standards, or expert knowledge as well as
customer requirements or existing manuals or documentation need to be analyzed either manually or
using automated methods. If existing documents contain the retrieved knowledge, the information may
not be in a structured format. In both cases, the information analysis process aims to identify relevant
information items containing components, tests, references, and other related entities. These identified
items are transformed into a structured, ontology-based semantic network.
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Figure 3. Identification of required information

A self-programmed InformationAnalysis module is responsible for the manual or automated analysis of
information sources and the extraction of relevant entities. For automated analysis, we use a self-fine-
tuned Bidirectional Encoder Representations from Transformers (BERT) classifier (Devlin et al., 2018)
to identify requirements in sentences and a fine-tuned Named Entity Recognition (NER) model for
identifying components, references, and tests or tasks. This pipeline has been showcased in Layer et al.
(2023b) and was further developed. The extracted entities and classifications are used to create and
populate an ontology-based semantic network, holding the information for the later creation of new IBs.
For this, RDF triples are utilized to model the structure and dynamics of the system components, tests
and origins, as well as their interdependencies. The python rdflib library was utilized to create and
manipulate the ontology, while an OntologyHandler class is responsible for ontology creation,
population, and querying. The function accepts both the analysis results or user input from a frontend in
the form of a list of dictionaries, where each dictionary contains information about components, IBs,
and other related entities.

4.2. Setting up the reference IB structure based on structured information

Based on the structured information stored in the graph network, a reference structure of 1Bs is being
created as shown in Figure 4. This involves an information differentiation method to determine precise
and vague definitions of 1Bs, a recommender algorithm to suggest existing or new I1Bs and a position
analysis function to understand the relative position of IBs in the reference plant structure.
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Figure 4. Initial definition of required information

The information differentiation method analyzes the structured 1Bs in the ontology to identify defined
information retrieval and vague definition. Precise definitions have sufficient information to directly
create IBs out of them and then be directly connected to the components in the reference plant structure.
In contrast, vague definition requires further expert knowledge to determine the most appropriate 1Bs
and connections. For vague definition IBs, we utilize the recommender function, which is a core
component of InformationAnalysis. This function is responsible for recommending I1Bs based on
specific input criteria. The identified IBs, both precise and recommended, are created and transferred to
a relational database. This creation of IBs entails an iterative approach, that use existing IBs as a
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foundation for the recommender algorithm. By employing SPARQL queries on the existing RDF
triplestore, recommendations for identical or similar IBs can be generated based on extracted entities
and classifications. A pre-trained BERT model is used to calculate embeddings for both the new and the
available IBs. By measuring the cosine similarity between the new embedding and the 1B embeddings,
the IBs are ranked based on their relevance to the user's query. Consequently, the function returns a list
of top-k most similar IBs with similarity scores to aid users in selecting the most suitable IBs for their
needs.

Once the new IBs have been identified and the recommendations have been made, the OntologyManager
class is also responsible for updating the ontology graph accordingly. This includes adding new
instances and relationships based on the extracted entities and classifications, as well as updating
existing instances and relationships if necessary. Its responsibilities extend beyond updating the
ontology graph to include creating and querying the ontology, ensuring that the graph accurately reflects
the most up-to-date information and relationships between the components, IBs, and other entities in the
system.

The newly created IBs are combined with the product reference plant BoM structure by either linking
them directly or matching by component class. The choice between these methods is determined by
several parameters, such as the nature of the information, the type of component, and the specific
requirements of the project. Together, they form the reference IB structure which after a position
analysis and optimization loop serve as the foundation for the information backflow process as a
template for incoming projects based on the reference.

The position analysis function is employed to analyze the relative position of I1Bs within the reference
plant structure. This analysis helps to understand the hierarchies and relationships between the IBs and
the components they are connected to. The position analysis function examines the reference IB
structure and calculates the relative position of each IB based on their connections to the components,
as well as the hierarchical and dependency relationships among the components themselves. This
information can be later used to optimize the information backflow process, prioritize the most critical
IBs, and identify potential areas for improvement.

4.3. Automatic definition of required Information

Based on the derived reference IB structure, we suggest to automatically define required information
for a project specific plant structure represented by a BoM. This involves a similarity analysis function
identifying and recommending relevant 1Bs for adapted or newly added components which have not
been in the reference BoM because to customer adaptations. Afterwards, a final manipulation of all
project specific IBs is conducted leading to the project IB structure as shown in Figure 5.
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Figure 5. Project specific definition process

The first step in the automatic definition of required information is to analyze the project specific plant
structure or BOM to identify newly added components and their attributes. The similarity analysis
function compares the newly added components in the project specific BOM to the existing components
in the reference ontology. This comparison is based on all component attributes, such as component
classes, data formats, information types, or other relevant properties. The function calculates similarity
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scores using string matching algorithms, semantic similarity measures and vector-based similarity for
numeric values. The function returns a list of recommended IBs for each new component, along with
their similarity scores or other relevant information, which can be used to assist users in selecting the
most appropriate IBs for their needs.

For manual adaptations of existing IBs stored in a project specific relational DB, users can add, modify,
or remove IBs through a drag-and-drop frontend to fulfill project requirements. Upon each adaptation,
a manipulation type questionnaire is asked to determine if the change is induced by a BoM-change,
customer requirements or similar. The user responses guide the treatment of changes as either one-time
alterations or triggers for feedback loops through an update function to propagate relevant changes back
into the relational DB and reference ontology, ensuring its up-to-dateness and integration of valuable
project-specific insights.

4.4. Information retrieval based on project specific IBs

In this section, we discuss the process of information retrieval based on the finalized project specific 1B
structure. This process is conducted in parallel to the lifecycle phases such as production, erection, and
commissioning phases until no open IBs are left forming the Digital Representation of the plant. We
also introduce a "context information retrieval" questionnaire for user feedback on ad-hoc information
that was not predefined by IBs.
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Figure 6. Instantiation of information

The information fulfillment process is conducted iteratively, with the project IB structure serving as the
foundation. Both the ontology and the frontend interface are used to assist users in gathering and
connecting instance specific information to the respective components and IBs. This process takes place
in parallel to the overall project, ensuring that information backflow and validation are continuously
updated until handover to the customer.

The finalized project specific IB structure also serves as a source of maintenance information, enabling
plant operators and maintenance personnel to access relevant details about the components and their
relationships. This information can be used for preventive and corrective maintenance tasks, ensuring
the plant's optimal performance and reliability.

4.5. Utilizing the internal element structure of AML for data exchange

AML is employed to represent components and systems in an automation project. The AML model can
be extended to incorporate instance-specific information by introducing elements like InstanceAttributes
and InstanceHistory under the InternalElement structure. This allows storing unique properties and
historical records for each instance, such as identifiers, installation dates, or maintenance records, and
managing this information effectively. The proposed instantiation framework can be exchanged and
stored using AML by defining article-specific information using RoleClassLib instances, extending the
InternalElement structure, and developing a consistent methodology for data management within the
AML model. This leverages AML's extensibility and integration capabilities to enable seamless data
exchange and interoperability between various engineering tools and systems.

A sample AML fileas an illustrative example is provided in Figure 7, representing a
ControlValvelnstancel with a Parametrization IB connected through the RoleClassLib
ControlValve item.
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<2xml version="1.0" encoding="UTF -8"?> AutomationML Editor 5.6.10

<AutomationML xmlIns="http://www.automationml.org"

xmlns:xsi="http://www.w3.0rg/2001/XMLSchema -instance" . . . . . X
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<Attribute name="Parametrization" @ 12mA

Figure 7. AutomationML file as raw (left) and in viewer (right)
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5. Results and discussion

To demonstrate the proposed framework's practical implementation, we developed a React-based user
interface, allowing users to access and execute the backend functionalities described in section 4. The
frontend, as shown in Figure 8, includes functionalities for running the analyzer, displaying the semantic
network, and manipulating the reference IB structure. Lastly, through an instantiation frontend, various
information (e.g. conducted tests) were captured exemplary and stored in a database.
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Figure 8. Developed frontend snippets for A: Executing the analyzer functionality and
displaying the semantic network; B: manipulating the Ref. IB structure by drag-and-drop

By leveraging the BoM and multipliable 1B, the framework enabled efficient and accurate information
retrieval and instantiation processes, ultimately leading to improved plant performance and
sustainability. This integration ensures that the framework can adapt to the evolving needs of the plant
engineering industry and drive innovation in the field of predefining information backflow.

6. Conclusion and outlook

This paper addresses the increasing complexity of process plants and the growing demand for
digitalization and traceability, both requiring efficient and accurate information retrieval throughout the
lifecycle of process plants. It introduces a novel framework for automating the definition of information
retrieval in plant engineering by leveraging the Bill of Material and multipliable so-called Instantiation
Blocks. A method of multiplying required information through several steps is discussed, starting with
the identification of relevant information, creating an ontology, setting up the reference IB structure,
automatically defining required information project specific and ultimately, retrieving the instance
specific information. The implementation of the framework relies on libraries and tools for information
analysis, ontology handling, similarity analysis, and manipulation of AML files as an exchange format.
The successful implementation and adoption of this framework was analyzed on exemplary data.
Furthermore, the development of a React-based user interface demonstrator facilitated practical
implementation and validation of the framework in real-world scenarios.

Future research directions include refining the methodologies proposed in this paper and expanding the
framework's capabilities to handle more complex information. Additionally, investigating the
integration of graph neural networks and other machine learning techniques could further enhance the
automation and accuracy of the information retrieval process. Ultimately, the continuous improvement
and adaptation of the framework will be essential for meeting the evolving needs of the plant engineering
industry and driving innovation in the field of predefining information backflow.
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