Supplementary Materials

Examples of External Knowledge Representations

EKRs are explicit, structured, formal or semi-formal artifacts that encode domain knowledge relevant for
machine learning. For each type of EKR, seminal (commonly, the original publication) and additional,
widely used, sources are identified to trace the intellectual lineage of the approach and outline how initial
formulations have evolved into today’s practices.

Table 1 provides a sample list of External Knowledge Representations (EKRS) spanning a wide range of
applications, such as engineering, design, communication, business, policy and science. As EKRs have
been shown to be effective in a wide range of tasks, many modeling techniques have been developed to
support specific uses (Fowler 2004; Olivé 2007; Storey et al. 2023). These representations commonly
facilitate problem solving, design, reasoning, interoperability, compliance, and decision making
(Guizzardi and Proper 2021; Halpin 2015; Hirschheim etal. 1995; Recker et al. 2021; Siau and Rossi
2011; Thalheim 2024; Wand and Weber 2002). This Supplementary Table extends Table 1 (Section 3.4)
by providing citations and historical background on each EKR.

To prepare the list, we consulted seminal papers and textbooks about EKRs used in practice and research
(Buede and Miller 2024; Dobing and Parsons 2006; Fettke 2009; McDaniel and Storey 2019; Michael et
al. 2023; Olivé 2007; Storey et al. 2023; Thalheim 2024; Zott et al. 2011). We focused on most recent
surveys to identify those EKRs that are in use today. Some publications offered tables of most popular
EKRs (e.g., Dobing and Parsons (2006); Storey et al. (2023)). From these sources, the popular EKRs
were extracted and presented in Table 1. Some EKRs (e.qg., process models, knowledge graphs, causal
diagrams) can address multiple knowledge deficiencies.

Table 1. Popular External Knowledge Representations

EKR Citations

Ontologies (OWL, | OWL - Web Ontology Language:

Protégeé)
McGuinness, D. L., & Van Harmelen, F. (2004). OWL Web Ontology
Language Overview. W3C. https://www.w3.org/TR/owl-features/
Bechhofer, S. (2018). OWL: Web Ontology Language. https://dblp.uni-
trier.de/db/reference/db/o2.htmkBechhoferl8
Protégé:
Mark A. Musen. (2015). The protégeé project: a look back and a look forward.
Al Matters 1, 4 (June 2015), 4-12. https://doi.org/10.1145/2757001.2757003

Conceptual data ER - Entity-Relationship Model:

models (ER, UML



https://doi.org/10.1145/2757001.2757003

Class Diagram,
Object-Role
Models)

Chen, P. P. S. (1976). The entity-relationship model—toward a unified view of
data. ACM transactions on database systems (TODS), 1(1), 9-36.

Elmasri, R., & Navathe, S. B. (2014). Fundamentals of database systems (7th
ed.). Pearson

UML - Unified Model Language:
Booch, G. (2005). The unified modeling language user guide. Pearson
Education.

UML Class Diagram - Unified Modeling Language Class Diagram:

Booch, G., Rumbaugh, J., & Jacobson, I. (2005). Unified modeling language
user guide (the 2nd edition). Addison-Wesley Object Technology Series.

Tegarden, D. P., Samuel, B., Lukyanenko, R., Dennis, A., & Wixom, B. H.
(2025). Systems Analysis and Design, with EEPUB Access: An Object-
Oriented Approach with UML. John Wiley & Sons.

Object-Role Modeling:
Halpin, T. (2006). Object-role modeling (ORM/NIAM). In Handbook on
architectures of information systems (pp. 81-103). Berlin, Heidelberg: Springer

Berlin Heidelberg.

Halpin, T. (2015). Object-role modeling fundamentals: a practical guide to data
modeling with ORM. Technics Publications.

UML Activity
Diagrams

UML Activity Diagrams:
Booch, Grady & Rumbaugh, James & Jacobson, Ivar. (2005). Unified

Modeling Language User Guide, The (2nd Edition) (Addison-Wesley Object
Technology Series). J. Database Manag.. 10.

Ahmad, T., Igbal, J., Ashraf, A., Truscan, D., & Porres, I. (2019). Model-based
testing using UML activity diagrams: A systematic mapping study. Computer
Science Review, 33, 98-112

Tegarden, D. P., Samuel, B., Lukyanenko, R., Dennis, A., & Wixom, B. H.
(2025). Systems Analysis and Design, with EEPUB Access: An Object-
Oriented Approach with UML. John Wiley & Sons.

Instance-based
models (UML
Object Diagram,

UML Object Diagram - Unified Modeling Language Object Diagram:

Booch, G., Rumbaugh, J., & Jacobson, 1. (2005). The unified modeling




Datish diagram)

language user guide (2nd ed.). Addison-Wesley Professional.

Fowler, M. (2004). UML distilled: A brief guide to the standard object
modeling language (3rd ed.). Addison-Wesley Professional.

Tegarden, D. P., Samuel, B., Lukyanenko, R., Dennis, A., & Wixom, B. H.
(2025). Systems Analysis and Design, with EEPUB Access: An Object-
Oriented Approach with UML. John Wiley & Sons.

Lukyanenko, R., Samuel, B. M., Parsons, J., Storey, V. C., Pastor, O., &
Jabbari, A. (2024). Universal conceptual modeling: principles, benefits, and an
agenda for conceptual modeling research. Software and Systems

Modeling, 23(5), 1077-1100.

BPMN and DMN
(Decision Model &
Notation)

BPMN - Business process model and notation:

Object Management Group. (2011). Business process model and notation
(BPMN) version 2.0.2. OMG Standard.
https://www.omg.org/spec/BPMN/2.0.2/PDF

Chinosi, M., & Trombetta, A. (2012). BPMN: An introduction to the standard.
Computer Standards & Interfaces, 34(1), 124-134.

DMN - Decision model and notation:

Object Management Group. (2025). Decision model and notation (DMN)
version 1.5. https://www.omg.org/spec/DMN

Figl, K., Mendling, J., Tokdemir, G., & Vanthienen, J. (2018). What we know
and what we do not know about DMN. Enterprise Modeling and Information
Systems Architectures (EMISAJ), 13, 2-1.

Enterprise Models
(ArchiMate,
TOGAF ADM,
SysML, C4)

Enterprise Models:
Fox, M. S., & Gruninger, M. (1998). Enterprise modeling. Al magazine, 19(3),
109-109.

Sandkuhl, Kurt, Janis Stirna, Anne Persson, and Matthias WiRotzki. Enterprise
modeling. Heidelberg: Springer, (2014).

ArchiMate:
The Open Group. (2022a). ArchiMate® 3.2 specification.
https://pubs.opengroup.org/architecture/archimate32-doc/

TOGAF ADM - The Open Group Architecture Framework Architecture



https://www.omg.org/spec/BPMN/2.0.2/PDF
https://www.omg.org/spec/DMN
https://pubs.opengroup.org/architecture/archimate32-doc/

Development Method :

The Open Group. (2022b). The TOGAF® standard, version 10.
https://pubs.opengroup.org/architecture/togaf-standard/

SysML - OMG Systems Modeling Language:
Object Management Group. (2007). OMG systems modeling language
(SysML®), version 1.5. https://www.omg.org/spec/SysML/1.5/PDF

C4 Model - Context, Containers, Components, and Code Model:
Brown, Simon (2018). "The C4 Model for Software Architecture”. InfoQ.
https://cAmodel.com/ Archived from the original on 2018-12-12.

Motivation Models
(Business
Motivation Model)

Business Motivation Model:
Object Management Group. (2015). Business motivation model (BMM), version
1.3. OMG Standard. https://www.omg.org/spec/BMM/1.3/PDF

Policy and Legal
Ontologies (GDPR,
LKIF Core)

GDPR - General Data Protection Regulation:
Voigt, Paul & Bussche, Axel. (2017). The EU General Data Protection
Regulation (GDPR): A Practical Guide. 10.1007/978-3-319-57959-7.

Li, H., Yu, L., & He, W. (2019). The impact of GDPR on global technology
development. Journal of Global Information Technology Management, 22(1),
1-6.

LKIF Core - Legal Knowledge Interchange Format core:

Hoekstra, Rinke & Breuker, Joost & Di Bello, Marcello & Boer, Alexander
(2007). The LKIF Core ontology of basic legal concepts. International Journal
of High Performance Computing Applications - IJHPCA. 43-63.

Casanovas, P., Palmirani, M., Peroni, S., Van Engers, T., & Vitali, F. (2016).
Semantic web for the legal domain: the next step. Semantic web, 7(3), 213-227.

Peroni, S., VanEngers, T., & Vitali, F. (2016). Semantic web for the legal
domain: the next step. Semantic web, 7(3), 213-227.

Rule sets (formal
logic/rule-based
systems)

Formal logic:
Brachman, R., & Levesque, H. (2004). Knowledge representation and
reasoning. Elsevier.

Zadeh, L. A. (1992). Knowledge representation in fuzzy logic. In An
introduction to fuzzy logic applications in intelligent systems (pp. 1-25).
Boston, MA: Springer US.



https://pubs.opengroup.org/architecture/togaf-standard/
https://www.omg.org/spec/SysML/1.5/PDF
https://www.omg.org/spec/SysML/1.5/PDF
https://c4model.com/
https://www.omg.org/spec/BMM/1.3/PDF
https://www.omg.org/spec/BMM/1.3/PDF

Reiter, R. (2001). Knowledge in action: logical foundations for specifying and
implementing dynamical systems. MIT press.

Rule-based systems:
Ligeza, A. (2006). Logical foundations for rule-based systems. Berlin,
Heidelberg: Springer Berlin Heidelberg.

Chiticariu, L., Li, Y., & Reiss, F. (2013). Rule-based information extraction is
dead! long live rule-based information extraction systems!. In Proceedings of
the 2013 conference on empirical methods in natural language processing (pp.
827-832).

Constraint-based
models (e.g.,
Google OR-Tools,
SHACL)

Constraint-based Model:
Stefano Bistarelli, Ugo Montanari, and Francesca Rossi. (1997). Semiring-
based constraint satisfaction and optimization. J. ACM 44, 2, 201-236.

Lombardi, Michele & Milano, Michela. (2018). Boosting Combinatorial
Problem Modeling with Machine Learning.

Google OR-Tools - Google Operations Research Tools:
Perron, L., & Furnon, V. (2025). Google OR-Tools. Google Developers.
https://developers.google.com/optimization

SHACL - Shapes Constraint Language:
Knublauch, H., & Kontokostas, D. (2017). Shapes Constraint Language
(SHACL). W3C Recommendation. https://www.w3.org/TR/shacl/

Policy
manuals/models
(e.g., XACML, data
contracts)

Policy Models:

Hu, V. C., Ferraiolo, D., Kuhn, R., Schnitzer, A., Sandlin, K., Miller, R., &
Scarfone, K. (2014). Guide to attribute based access control (ABAC) definition
and considerations. NIST Special Publication 800-162.

Coyne, Ed & Weil, Tim. (2013). ABAC and RBAC: Scalable, flexible, and
auditable access management. IT Professional. 15. 14-16.
10.1109/MITP.2013.37.

XACML - e Xtensible Access Control Markup Language:

OASIS. (2013). eXtensible Access Control Markup Language (XACML)
Version 3.0. OASIS Standard. https://docs.oasis-open.org/xacml/3.0/xacml-3.0-
core-spec-0s-en.html

Ramli, C. D. P. K., Nielson, H. R., & Nielson, F. (2014). The logic of XACML.
Science of Computer Programming, 83, 80-105.
https://doi.org/10.1016/j.scico.2013.05.003



https://developers.google.com/optimization
https://doi.org/10.6028/NIST.SP.800-162
https://docs.oasis-open.org/xacml/3.0/xacml-3.0-core-spec-os-en.html
https://docs.oasis-open.org/xacml/3.0/xacml-3.0-core-spec-os-en.html
https://docs.oasis-open.org/xacml/3.0/xacml-3.0-core-spec-os-en.html
https://doi.org/10.1016/j.scico.2013.05.003
https://doi.org/10.1016/j.scico.2013.05.003
https://doi.org/10.1016/j.scico.2013.05.003

Data Contracts:

Truong, Hong-Linh & Comerio, Marco & De Paoli, Flavio & Gangadharan, G.
R.. (2012). Data contracts for cloud-based data marketplaces. International
Journal of Computational Science and Engineering. 7. 280-295.
10.1504/13CSE.2012.049749.

Knowledge Graphs
with embedded
constraints

Knowledge Graphs:

Aidan Hogan, Eva Blomqvist, Michael Cochez, Claudia D’amato, Gerard De
Melo, Claudio Gutierrez, Sabrina Kirrane, José Emilio Labra Gayo, Roberto
Navigli, Sebastian Neumaier, Axel-Cyrille Ngonga Ngomo, Axel Polleres,
Sabbir M. Rashid, Anisa Rula, Lukas Schmelzeisen, Juan Sequeda, Steffen
Staab, and Antoine Zimmermann. 2021. Knowledge Graphs. ACM Comput.
Surv. 54, 4, Article 71 (2021), 37 pages.

Ding, B.,Wang, Q., Wang, B., & Guo, L. (2018). Improving knowledge graph
embedding using simple constraints. arXiv preprint arXiv:1805.02408.

Stock-and-flow
diagrams

Stock and Flow diagrams:
Sterman, John. (2004). Business Dynamics, System Thinking and Modeling for
a Complex World.

Gonzalez, C., & Wong, H. Y. (2012). Understanding stocks and flows through
analogy. System Dynamics Review, 28(1), 3-27.

Compliance logic
rules (e.g., decision
tables,
organizational rule
templates)

Compliance Logic Rules:

Rosemann, Michael & zur Muehlen, Michael. (2005). Integrating Risks in
Business Process Models. ACIS 2005 Proceedings - 16th Australasian
Conference on Information Systems.

Elgammal, A., Turetken, O.,van den Heuvel, W. J., & Papazoglou, M. (2016).
Formalizing and applying compliance patterns for business process compliance.
Software & Systems Modeling, 15(1), 119-146.

Decision Tables:

Baesens, B., Setiono, R., Mues, C., & Vanthienen, J. (2003). Using neural
network rule extraction and decision tables for credit-risk evaluation.
Management Science, 49(3), 312-329.

Huysmans, J., Dejaeger, K., Mues, C., Vanthienen, J., & Baesens, B. (2011).
An empirical evaluation of the comprehensibility of decision table, tree and rule

based predictive models. Decision Support Systems, 51(1), 141-154.

Organizational Rule Templates:




Governatori, Guido & Sadig, Shazia. (2009). The Journey to Business Process
Compliance. 10.4018/978-1-60566-288-6.ch020.

de Vaujany, Frangois-Xavier & Fomin, Viadislav & Haefliger, Stefan &
Lyytinen, Kalle. (2018). Rules, Practices and Information Technology: A
Trifecta of Organizational Regulation. Information Systems Research. 29.
10.1287/isre.2017.0771.

Financial
Regulation
Ontology (FRO)

Financial Regulation Ontology (FRO):
Financial Regulation Ontology Community. (“Semantic Compliance in
Finance” 2025). Financial regulation ontology. https:/finregont.com/

Goal and Intention
Models (i*, KAOS,
Tropos)

i*:

Yu, E.S. (2011). Modeling Strategic Relationships for Process Reengineering.
Social Modeling for Requirements Engineering.

Horkoff, Jennifer & Aydemir, Fatma & Cardoso, Evellin & Li, Tong & Maté,
Alejandro & Paja, Elda & Salnitri, Mattia & Piras, Luca & Mylopoulos, John &
Giorgini, Paolo. (2019). Goal-oriented requirements engineering: an extended
systematic mapping study. Requirements Engineering. 24. 10.1007/s00766-
017-0280-z.

KAQOS:
Van Lamsweerde, A. (2009). Requirements engineering: From system goals to
UML models to software (Vol. 10, p. 34). Chichester, UK:John Wiley & Sons.

Gongalves, E., Monte, L., Souza, S., de Oliveira, M., Araujo, J. (2025). A
Systematic Literature Review of KAOS Extensions. In: Hess, A., Susi, A. (eds)
Requirements Engineering: Foundation for Software Quality. REFSQ 2025.
Lecture Notes in Computer Science, vol 15588. Springer, Cham.
https://doi.org/10.1007/978-3-031-88531-0 12

Tropos:

Bresciani, P., Perini, A., Giorgini, P.etal. Tropos: An Agent-Oriented Software
Development Methodology. Autonomous Agents and Multi-Agent Systems 8,
203-236 (2004). https://doi.org/10.1023/B :AGNT.0000018806.20944.ef

Mouratidis, Haris & Giorgini, Paolo. (2007). Secure Tropos: A Security-
Oriented Extension of the Tropos methodology. International Journal of
Software Engineering and Knowledge Engineering. 17.
10.1142/S0218194007003240.



https://finregont.com/
https://doi.org/10.1007/978-3-031-88531-0_12
https://doi.org/10.1023/B:AGNT.0000018806.20944.ef

Data narratives

Data narratives:

Segel, Edward, and Jeffrey Heer. "Narrative visualization: Telling stories with
data." IEEE transactions on visualization and computer graphics 16.6 (2010):
1139-1148.

Hvalshagen, M., Lukyanenko, R., & Samuel, B. M. (2023). Empowering users
with narratives: Examining the efficacy of narratives for understanding data-
oriented conceptual models. Information Systems Research, 34(3), 890-9009.

Provenance models
(e.g., W3C PROV

Provenance Models:
Moreau, L., Clifford, B., Freire, J., Futrelle, J., Gil, Y., Groth, P., ... & Vanden

templates) Bussche, J. (2011). The open provenance model core specification (v1. 1).
Future generation computer systems, 27(6), 743-756.
Kwasnikowska, N., Moreau, L., & Bussche, J. V. D. (2015). A formal account
of the open provenance model. ACM Transactions on the Web (TWEB), 9(2),
1-44
W3C PROV templates - World Wide Web Consortium Provenance
Ontology :
Moreau, L., & Missier, P. (Eds.). (2013). PROV-0: The PROV ontology. W3C
Recommendation. https://www.w3.0rg/TR/prov-o/

Datasheet templates | Datasheet templates:

Timnit Gebru, Jamie Morgenstern, Briana VVecchione, Jennifer Wortman
Vaughan, Hanna Wallach, Hal Daumé 111, and Kate Crawford. (2021).
Datasheets for datasets. Commun. ACM 64, 12 (December 2021), 86—92.
https://doi.org/10.1145/3458723

Data flow diagrams

Data flow diagrams (DFD):
John W. Satzinger, Rabert B. Jackson, and Stephen D. Burd (2004). Systems
Analysis and Design in a Changing World (7th. ed.). Delmar Learning.

Ward, P. T. (2012). The transformation schema: An extension of the data flow
diagram to represent control and timing. IEEE Transactions on Software
Engineering, (2), 198-210.

User stories (agile
explanation
templates)

User stories:
Mike Cohn. (2004). User Stories Applied: For Agile Software Development.
Addison Wesley Longman Publishing Co., Inc., USA.

Lucassen, G., Dalpiaz, F., van der Werf,J. M. E., & Brinkkemper, S. (2016).



https://doi.org/10.1145/3458723

Improving agile requirements: the quality user story framework and tool.
Requirements engineering, 21(3), 383-403.

Conceptual
narratives

Conceptual Narratives:

Pentland, Brian & Feldman, Martha. (2007). Narrative Networks: Patterns of
Technology and Organization. Organization Science - ORGAN SCI. 18. 781-
795.

El Outa, F., Francia, M., Marcel, P., Peralta, V., & Vassiliadis, P. (2020).
Towards a conceptual model for data narratives. In International conference on
conceptual modeling (pp. 261-270). Cham: Springer International Publishing.

Value Models
(Business Model
Canvas, Value
Proposition Canvas,
ESG Models)

Business Model Canvas:
Osterwalder, A., & Pigneur, Y. (2010). Business model generation: A handbook
for visionaries, game changers, and challengers. John Wiley & Sons

Mubhtaroglu, F. C. P., Demir, S., Obah, M., & Girgin, C. (2013). Business
model canvas perspective on big data applications. In 2013 IEEE International
Conference on Big Data (pp. 32-37). IEEE.

Value Proposition Canvas:

Pigneur, Yves & Osterwalder, Alexandre & Bernada, Greg & Smith, Alan.
(2015). Value Proposition Design: How to Create Products and Services
Customers Want.

Meng, L., Somenahalli, S., & Berry, S. (2020). Policy implementation of multi-
modal (shared) mobility: review of a supply-demand value proposition canvas.
Transport Reviews, 40(5), 670-684.

ESG Models - Environmental, Social, and Gove rnance Models:

Watson, R. T., Boudreau, M. C., & Chen, A. J. (2010, p. 201). Information
systems and environmentally sustainable development: energy informatics and
new directions for the IS community. MIS quarterly, 23-38.

Gillan, S. L.,Koch, A., & Starks, L. T. (2021). Firms and social responsibility:
A review of ESG and CSR research in corporate finance. Journal of Corporate
Finance, 66, 101889. https://doi.org/10.1016/j. jcorpfin.2021.101889

Argument maps

Argument maps:
Fletcher, K. E., & Huff, A. S. (1984). Strategic argument mapping. BEBR

faculty working paper; no. 1079.



https://doi.org/10.1016/j.jcorpfin.2021.101889
https://doi.org/10.1016/j.jcorpfin.2021.101889

Scheuer, Oliver & Loll, Frank & Pinkwart, Niels & Mclaren, Bruce. (2010).
Computer-supported argumentation: A review of the state of the art. I. J.
Computer-Supported Collaborative Learning. 5. 43-102. 10.1007/s11412-009-
9080-x.

Embeddings from
corpora (e.g.,
BERT, UMLS-
based embeddings)

Embeddings from corpora:

Mikolov, Tomas & Chen, Kai & Corrado, G.s & Dean, Jeffrey. (2013).
Efficient Estimation of Word Representations in VVector Space. Proceedings of
Workshop at ICLR. 2013.

Dou, Zi-Yi & Neubig, Graham. (2021). Word Alignment by Fine-tuning
Embeddings on Parallel Corpora. 2112-2128. 10.18653/v1/2021.eacl-main.181.

BERT - Bidirectional Encoder Representations from Transformers:
Jacob Devlin, Ming-Wei Chang, Kenton Lee, and Kristina Toutanova. (2019).
BERT: Pre-training of Deep Bidirectional Transformers for Language
Understanding. In Proceedings of the 2019 Conference of the North American
Chapter of the Association for Computational Linguistics: Human Language
Technologies, VVolume 1 (Long and Short Papers), pages 41714186,
Minneapolis, Minnesota. Association for Computational Linguistics.

Rogers, A., Kovaleva, O., & Rumshisky, A. (2021). A primer in BERTology:
What we know about how BERT works. Transactions of the association for
computational linguistics, 8, 842-866.

Unified Medical Language System (UMLS)-based e mbeddings:

Zhang, Y.,Chen, Q., Yang, Z. etal. BioWordVec, improving biomedical word
embeddings with subword information and MeSH. Sci Data 6, 52 (2019).
https://doi.org/10.1038/s41597-019-0055-0

Kang, T., Perotte, A., Tang, Y., Ta, C., & Weng, C. (2021). UMLS-based data
augmentation for natural language processing of clinical research literature.
Journal of the American Medical Informatics Association, 28(4), 812-823.

Transformer-based
world models

Transformer-based world models:

Vaswani, A., Shazeer, N.M., Parmar, N., Uszkoreit, J., Jones, L., Gomez, A.N.,
Kaiser, L., & Polosukhin, 1. (2017). Attention is All you Need. Neural
Information Processing Systems.

David Ha and Jirgen Schmidhuber. (2018). Recurrent world models facilitate
policy evolution. In Proceedings of the 32nd International Conference on
Neural Information Processing Systems (NIPS'18). Curran Associates Inc., Red
Hook, NY, USA, 2455-2467.




RAG pipelines RAG pipelines - Retrieval-Augmented Ge neration pipelines:

(Retrieval- Patrick Lewis, Ethan Perez, Aleksandra Piktus, Fabio Petroni, Viadimir

Augmented Karpukhin, Naman Goyal, Heinrich Kdittler, Mike Lewis, Wen-tau Yih, Tim

Generation) Rocktaschel, Sebastian Riedel, and Douwe Kiela. (2020). Retrieval-augmented
generation for knowledge-intensive NLP tasks. In Proceedings of the 34th
International Conference on Neural Information Processing Systems (NIPS
'20). Curran Associates Inc., Red Hook, NY, USA, Article 793, 9459-9474.
Sung, C. W.,Lee, Y. K., & Tsali, Y. T. (2024). A new pipeline for generating
instruction dataset via RAG and self fine-tuning. In 2024 IEEE 48th Annual
Computers, Software, and Applications Conference (COMPSAC) (pp. 2308-
2312). IEEE.

Agentic Al Agentic Al workflows:

workflows (multi- Yao, S., Zhao, J., Yu, D., Du, N., Shafran, I., Narasimhan, K., & Cao, Y.

agent orchestration) | (2023). React: Synergizing reasoning and acting in language models. In

International Conference on Learning Representations (ICLR).

Singh, A.,Ehtesham, A., Kumar, S., & Khoei, T. T. (2024). Enhancing ai
systems with agentic workflows patterns in large language model. In 2024
IEEE World Al loT Congress (AlloT) (pp. 527-532). IEEE.

Multi-Agent Orchestration:
Jennings, Nicholas. (2000). On Agent-Based Software Engineering. Artificial
Intelligence. 117. 277-296. 10.1016/S0004-3702(99)00107-1.

Nie, Q., Tang, D., Liu, C., Wang, L., & Song, J. (2023). A multi-agent and
cloud-edge orchestration framework of digital twin for distributed production
control. Robotics and Computer-Integrated Manufacturing, 82, 102543.
https://doi.org/10.1016/j.rcim.2023.102543

Causal inference
tools (e.g., Dowhy,
causal loop
diagrams)

Causal Inference Tools:
Pearl, J. (2019). The seven tools of causal inference, with reflections on
machine learning. Communications of the ACM, 62(3), 54-60.

Nogueira, A. R., Pugnana, A., Ruggieri, S., Pedreschi,D., & Gama, J. (2022).
Methods and tools for causal discovery and causal inference. Wiley
interdisciplinary reviews: data mining and knowledge discovery, 12(2), e1449.

DoWhy:
Sharma, A., & Kiciman, E. (2020). Dowhy: Anend-to-end library for causal
inference. arXiv preprint arXiv:2011.04216.

Cabije, A. T. A.,Jueco, J. C., & Palconit, M. G. B. (2024). On the Causality




Between Factors Influencing Investment Towards Green Facade Technology
Integrated Residential Buildings through Causal Discovery using DoWhy. In
2024 10th International Conference on Smart Computing and Communication
(ICSCC) (pp. 582-588). IEEE.

Causal Loop Diagrams:

Sterman, John. (2004). Business Dynamics, System Thinking and Modeling for
a Complex World. http/Ist-iiep. ilep-unesco.org/cgi-
binfwwwi32.exe/[in=epidocl.in]/?t2000=013598/(100). 19.

Crielaard, L., Uleman, J. F., Chatel, B. D., Epskamp, S., Sloot, P., & Quax, R.
(2024). Refining the causal loop diagram: A tutorial for maximizing the
contribution of domain expertise in computational system dynamics modeling.
Psychological methods, 29(1), 169.

Prompt Engineering in MWF

Symbolic and structured EKRs encode verified domain knowledge, preserving explicit
relationships and constraints that can be audited and validated by domain experts. Implicit or
emergent representations, by contrast, internalize such knowledge within model parameters;
MWEF treats them as complementary components that require external EKRs for grounding. Our
framework augments LLMs with explicit and verifiable domain knowledge through EKRs.

Implementation of Retrieval Augmented Generation (RAG)

Recent industry developments such as OpenAl’s GPTs with Custom Actions, Anthropic’s
Claude with Model Context Protocol (MCP), and LangChain’s tool integrations all represent
attempts to bridge implicit neural knowledge with explicit external knowledge. The MWF
framework provides theoretical grounding and systematic guidance for how such augmentations
can preserve representational fidelity and transparency across the stages of machine learning.

The illustration was implemented using OpenAl GPT-5 (Enterprise) within the Projects
environment, which provides a managed retrieval-augmented generation (RAG) setup. The
uploaded External Knowledge Representations (EKRS) include the entity-relationship diagram,
process diagram, and policy manuals, which served as the project’s knowledge base. This
configuration automatically handles document indexing and contextual retrieval, allowing the
model to ground reasoning in domain artifacts without manual parameter tuning.

The managed environment builds on the same representational principles tested in an open-
source RAG implementation (available at https:/github.com/ragapp/ragapp or
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https://github.com/infiniflow/ragflow), where parameters such as embedding models, retrieval
depth, model, temperature, and chunk size, among others, can be adjusted. Together these
implementations demonstrate that MWF concepts can be applied across both open-source and
enterprise-grade infrastructures.

Generic Template for EKR-Guided Prompting

[Describe Context]
Provide Context, Summarize the prediction task, outcome of interest, and available domain materials
(e.g.,sample data, handbooks, procedures, manuals, and other relevant organizational data).

Task:
Propose candidate engineered features for [Outcome_of interest] using only the provided EKRs and
contextual documents.

EKRs:
Describe the EKRs that ground the model-world fit process. For example:

EKR_ERD

e Entities: (e.g., Child, Placement, Case,...)
e Keyrelationships and keys
e Attributes available atdecision time

EKR_ProcessDiagram

¢ Valid event sequence and gateways
e Decision point and allowable inputs at prediction time

Requirements (Model-World Fit Constraints)

e Respect temporal validity: do not use information after the decision point.

e Map each feature to its source EKR element(s) and document span(s).

e Use terminology and constructs consistent with EKRs and case practice.

o Prefer interpretable transformations (counts, durations, gaps, rates).

e Provide calculations/definitions that are robust to missing or incomplete data.

Output Format per Feature

Field Description
Feature Name Descriptive title
Description What the feature measures
Domain Justification Why it matters in the domain



https://github.com/infiniflow/ragflow

Calculation How to compute it

Provenance EKR element references + citations from knowledge base

[Files included as Context]
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