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This study aims to develop a Multisystem Aquaponic Model as a teaching aid for the 
Aquaponic Design topic within the Technology curriculum in Malaysian secondary 
schools. Specifically, the objectives are to identify the needs and key elements required 
for the development of the model, to design the Multisystem Aquaponic Model and to 
validate its use as an instructional tool for teaching Aquaponic Design. Grounded in 
constructivist learning theory and guided by the Analysis, Design, Development, 
Implementation, Evaluation (ADDIE) instructional design model, this study adopts a 
Design and Development Research (DDR) approach utilizing qualitative methods. Data 
were collected through interviews with three subject-matter experts—secondary 
school teachers specializing in Design and Technology. The interviews aimed to gather 
insights into the essential components for model development and to validate the final 
design. A structured interview protocol was employed to ensure consistency across 
expert feedback. The findings indicate that the Multisystem Aquaponic Model was well-
received and deemed valid for use as a teaching aid. The availability of this model is 
expected to enhance student achievement, deepen conceptual understanding and 
serve as a valuable supplementary resource for learners. 
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1. Introduction 
 

The topic of Aquaponic Design in the secondary school Design and Technology curriculum 
introduces students to agricultural technology that integrates aquatic animal farming with plant 
cultivation, utilizing water as the primary medium [4]. Students are expected to master eight 
subtopics, which include understanding the concept of aquaponics, identifying system components, 
sketching and constructing aquaponic system models and proposing design improvements [5]. A core 
element of this topic is Aquaponic System Design, which encompasses several models such as the 
Raft System, Ebb and Flow and Nutrient Film Technique (NFT). The availability of this instructional 
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tool is expected to enhance students’ academic performance, improve conceptual understanding 
and serve as a supplementary reference for learners [1-3]. 

The use of teaching aids is therefore critical in enhancing students’ conceptual understanding. 
Such tools help maintain learner focus while also fostering creativity and innovation in system design 
[6]. This study focuses on the development of a Multisystem Aquaponic Model as a teaching aid, 
which integrates multiple aquaponic system types into a single model. The goal is to improve 
students’ comprehension of aquaponic systems through hands-on interaction and visual 
representation. 

 
2. Literature Review 

 
Students frequently encounter challenges in comprehending the concepts and interactions 

within aquaponic systems due to the limited availability of effective teaching aids. This often results 
in reliance on text-based and verbal explanations, which diminishes student engagement and 
restricts the practical application of teaching and learning processes [7]. Although educators 
acknowledge the significance of teaching aids, their utilization remains moderate [8]. The absence of 
such tools fosters passive and disengaging teaching methods, negatively affecting student motivation 
and comprehension [9]. Additionally, the lack of suitable teaching aids hinders students’ ability to 
fully grasp the subject matter, underscoring the need for educators to employ creative teaching 
methods [10]. 

In light of these challenges, the development of a Multisystem Aquaponic Model as a teaching 
aid is essential for enhancing students' understanding through visualization and more interactive 
learning experiences. This study is guided by the constructivist learning theory, which emphasizes 
the construction of knowledge through experience and social interaction, wherein learning occurs 
via guided and active participation. The Multisystem Aquaponic Model is utilized in this study as a 
teaching aid that supports students' Zone of Proximal Development (ZPD) in mastering aquaponic 
design. By engaging with the model directly, receiving explanations from educators and integrating 
their prior experiences with fish farming and plant cultivation, students can better comprehend the 
principles of aquaponics. 

This research also adopts the ADDIE model, which encompasses five key phases. The analysis 
phase identifies the needs and foundational elements required for model development. The design 
phase involves generating physical sketches informed by the analysis. The development phase 
focuses on creating the model based on these sketches. The implementation phase evaluates the 
model's effectiveness in an educational setting, while the evaluation phase assesses its overall 
suitability through expert interviews [11]. 

 
3. Problem Statement  

 
Students consistently face challenges in understanding the concepts and interactions within 

aquaponic systems, largely due to the absence of effective teaching aids. This reliance on text-based 
and verbal explanations alone diminishes student engagement and limits the practical application of 
learning activities [7]. Although educators acknowledge the importance of teaching aids, their usage 
remains only moderate [7]. The lack of these resources results in passive and unengaging teaching 
methods, which adversely affect student motivation and comprehension [9]. Furthermore, the 
absence of suitable teaching aids contributes to students' inability to fully grasp the subject matter, 
emphasizing the critical role of teachers' creativity in instructional systems [10]. 
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To address these issues, the development of a Multisystem Aquaponic Model as a teaching aid is 
essential. This model aims to enhance students' understanding by incorporating visualization and 
fostering a more interactive learning experience. 

 
4. Methodology  
4.1 Design Methodology 

 
This study adopts the DDR approach to create a Multisystem Aquaponic Model as a teaching aid 

for the topic of Aquaponic Design. A qualitative research method, involving expert interviews, was 
employed to gather insights and validate the use of the model. Three experienced Design and 
Technology educators were selected as respondents. The research instrument, an interview protocol 
inventory, was developed to collect information on the requirements and validity of the model. Prior 
to conducting the interviews, the protocol was validated by experts, specifically lecturers from the 
Department of Engineering Technology at Sultan Idris Education University. 

Structured interviews were carried out to gather detailed information regarding the key elements 
and validity of the model. The data collection process included recording the interview sessions and 
transcribing them to ensure accuracy. Thematic analysis was used to identify key themes aligned with 
the research objectives and to assess the validity of the model as a teaching aid. 

The development of the Multisystem Aquaponic Model followed the ADDIE model, which 
encompasses five phases: 

 
i. Analysis Phase: Identifying the needs and key components for the development of the 

teaching aid. 
ii. Design Phase: Planning the structure and functionality of the model. 

iii. Development Phase: Constructing the physical model based on the design. 
iv. Implementation Phase: Testing the model and introducing it to educators through 

demonstration sessions. 
v. Evaluation Phase: Ensuring the model's validity as a teaching aid through feedback provided 

by the teachers. 
 
For a cylindrical tank, the equations related to flow rate, volume v and pressure were derived 

from physics principles and calculated using Eq. (1). In this study, these calculations provide 
foundational data for the water tank design and functionality within the aquaponic system. 
 
𝑉 = (3.14159)𝐻𝑅2             (1) 

 
The design of the cubical water tank will be modified based on the required volume for various 

design specifications. This process aims to develop a model that is both effective and aligned with 
educational needs. The system addresses the challenges students face in understanding the concepts 
and interactions within aquaponic systems, which are exacerbated by the lack of effective teaching 
aids. As a result, learning often relies solely on textual and verbal explanations, reducing student 
engagement and limiting the practical application of teaching and learning activities [7]. 

Although educators recognize the importance of teaching aids, their usage remains moderate [8]. 
The absence of such tools fosters passive and unengaging teaching methods, negatively impacting 
student motivation and comprehension [9]. Furthermore, the lack of appropriate teaching aids 
contributes to students' difficulties in fully grasping the subject matter, emphasizing the importance 
of incorporating creative teaching methods into instructional systems [10]. In response to these 
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challenges, the development of a Multisystem Aquaponic Model as a teaching aid is crucial. This 
model is intended to enhance students' understanding through visualization and interactive learning 
experiences. The study is conducted to achieve the following objectives to: 

 
i. Identify the requirements and key elements for designing the Multisystem Aquaponic Model 

as a teaching aid for the topic of Aquaponic Design. 
ii. Develop the design of the Multisystem Aquaponic Model and validate its use as a teaching aid 

for the topic of Aquaponic Design. 
 

5.2 Conceptual Framework 
 
The development of the Multisystem Aquaponic Model design as a teaching aid serves as the 

independent variable and affects the dependent variable, which is the validation level of the model 
for use as a teaching aid in the topic of Aquaponic Design. The following Figure 1 is the conceptual 
framework used in this study: 

 

 
Fig. 1. Conceptual framework of the study 

 
6. Results 

 
The design phase in the ADDIE model utilizes data from the analysis phase to plan and determine 

key elements in developing the new Multisystem Aquaponic model as a teaching aid. This process 
includes selecting an appropriate design, choosing suitable materials, determining colour schemes 
and defining the size and functionality of the model. To ensure precision and accuracy, the researcher 
uses AutoCAD software to create detailed 2D sketches and technical drawings. This allows for better 
visualization and refinement of components such as the piping system, water tank and other 
essential elements. The finalized design serves as a structured guide for the model's construction, 
ensuring that it effectively facilitates students' understanding of the aquaponic system by providing 
a clear and comprehensive representation of its functions. The following Figure 2 are the 2D sketches 
of the new Multisystem Aquaponic model:  
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Fig. 2. 2D Sketch of the new multisystem aquaponic 

 
The Raft system allows plants to float directly on water using materials like polystyrene, enabling 

direct nutrient absorption for faster growth [12-14]. However, it risks root rot and bacterial infections 
[13]. The Ebb & Flow system uses a siphon bell to regulate water flow in the planting medium, 
enhancing biofiltration but requiring continuous electricity and maintenance [14]. The NFT system, 
pioneered by Myers et al., [15], circulates a thin nutrient film to plant roots, using minimal water but 
requiring additional filtration [16,17]. Vertical aquaponics system combines fish farming with soil-
free planting, optimizing space but sometimes producing less flavourful crops [17]. This study 
integrates the vertical system into the Multisystem Aquaponic Model to expose students to diverse 
aquaponic techniques beyond textbook knowledge [18,19]. Figure 3 shows types of Aquaponic 
Systems. 

 

 
Fig. 3. Types of aquaponic systems [13] 
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This study uses the constructivist learning theory, which emphasizes the formation of knowledge 
through experience and social interaction, with learning occurring through guidance and active 
experience. In this study, the Multisystem Aquaponic Model is used as a teaching aid that supports 
students' ZPD in understanding Aquaponic Design [20]. Students can view the model directly, receive 
explanations from the teacher and connect their prior experiences with fish farming and plant 
cultivation to understand the concept of aquaponics [21-24]. This study also uses the ADDIE model, 
which consists of five phases: the analysis phase aims to identify the needs and key elements in 
developing the model; the design phase generates physical sketches based on the analysis; the 
development phase creates the model based on the sketches; the implementation phase tests the 
effectiveness of the model; and the evaluation phase assesses its suitability through expert 
interviews [25]. The development phase of the ADDIE model involves the construction of the 
Multisystem Aquaponic Model as a teaching aid for the Aquaponic Design topic. This process begins 
with the preparation of materials, including PVC pipes, plastic containers and other suitable 
components to ensure the model’s durability and ease of use. The framework of the model is 
constructed by cutting and connecting the PVC pipes with adhesive according to the design 
specifications [26,27]. Next, the system components are assembled, which involves drilling holes in 
the NFT system, Ebb and Flow system, vertical aquaponic system and filtration tank to accommodate 
plant containers and connect the PVC pipes [28-30]. The final stage includes the finishing process, 
where different parts of the model are painted in distinct colours to differentiate each system: green 
for the NFT system, blue for the vertical aquaponic system, white-yellow for the Ebb and Flow system 
and red for the fish tank and filtration container [31]. Figure 4 shows processes of developing the 
New Multisystem Aquaponic Model. 

 

 
Fig. 4. Processes of developing the new multisystem aquaponic model 
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7. Conclusions and recommendations 
 
This section of the discussion emphasizes the importance of developing the new Multisystem 

Aquaponic Model as a teaching aid, particularly in the context of Malaysia, where the absence of 
suitable teaching aids can impede students' understanding of complex topics such as aquaponic 
design. The study revealed that the model must effectively illustrate the aquaponic process, including 
the interaction between aquaculture and hydroponic systems, as well as key components such as 
fish, plants, piping systems and drainage mechanisms. Furthermore, the model must align with the 
learning objectives outlined in the secondary school curriculum to ensure it facilitates students' 
understanding of the fundamental concepts and functions of each system component. These findings 
highlight the critical role that appropriate teaching aids play in enhancing student comprehension 
and improving the overall effectiveness of teaching and learning in Malaysia's educational system. 

Additionally, this section discusses the development and validation of the Multisystem Aquaponic 
Model as a teaching aid. The evaluation results indicate that the model meets the required criteria 
and has been successfully validated by experts. Teachers of Design and Technology provided positive 
feedback on the model's design and functionality, emphasizing that it enables students to clearly 
understand the aquaponic process in an interactive and engaging manner. The model effectively 
integrates key elements such as aquaculture systems, hydroponics and their interconnections, while 
also allowing students to physically manipulate its components. Its compact and lightweight design 
makes it well-suited for classroom use in Malaysian secondary schools. Experts recommended 
improvements, such as the inclusion of a user manual and enhancing material durability to ensure 
the model's longevity. These suggestions will help make the model a more widely adopted tool in 
Malaysian education, supporting a more hands-on, engaging and effective learning experience. 

Based on the findings of the study, several recommendations have been proposed to improve 
the effectiveness of teaching aids for the Aquaponic Design topic in Malaysia. The teaching model 
should be designed to be simple, interactive and clear, with an emphasis on the relationship between 
aquaculture and hydroponic systems. To enhance student focus, the use of attractive and colourful 
materials is encouraged. A comprehensive user manual for both teachers and students are essential 
to ensure effective utilization. Durable materials and a modular design are recommended to 
guarantee long-term use. Furthermore, the integration of digital technologies, such as mobile 
applications and virtual reality (VR), can significantly enrich the learning experience. These 
recommendations aim to make the teaching and learning process more engaging and effective in 
Malaysian schools, while aligning with contemporary educational practices.  
 
References  
[1] Ismail, Mohamad Amiruddin Bin, Hendri Pratama, Wan Nurlisa Wan Ahmad, Irdayanti Binti Mat Nashir, Lee Soyoung 

and Kazuma Sekiguchi. "An Innovation of Flap Design for Energy Efficiency Lightweight Flying Vehicle 
Analysis." DESIGN, CONSTRUCTION, MAINTENANCE 4 (2024): 1-6. https://doi.org/10.37394/232022.2024.4.1 

[2] Ismail, Mohamad Amiruddin, Wan Nurlisa Wan Ahmad, Irdayanti Mat Nashir, Lee Soyoung and Kazuma Sekiguchi. 
"Advance Solar Design for Electric Vehicle Storage in Universiti Pendidikan Sultan Idris." Journal of Technology and 
Humanities 5, no. 2 (2024): 13-20. https://doi.org/10.53797/jthkks.v5i2.2.2024 

[3] Bin Ismail, Mohamad Amiruddin, Mat Nashir, V. Sethuprakash, Kazuma Sekiguchi and Lee Soyoung. 
"Magnetorheological suspension control using Matlab and Arduino PID controller for the Formula Malaysia 
Education Competition (Formula MEC)." Central Asia & the Caucasus (14046091) 23, no. 1 (2022). 

[4] Bin Ismail, Mohamad Amiruddin, Pauziah Binti Muhamad and Aminudin bin Abu. "Modelling behaviour for 
magneto rheological motorcycle suspension system." Applied Mechanics and Materials 663 (2014): 690-694. 
https://doi.org/10.4028/www.scientific.net/AMM.663.690 

 
 

https://doi.org/10.37394/232022.2024.4.1
https://doi.org/10.53797/jthkks.v5i2.2.2024
https://doi.org/10.4028/www.scientific.net/AMM.663.690


Journal of Advanced Research Design 

Volume 143 Issue 1 (2026) 148-156  

155 

[5] Ullah, Md Aman, Abdul Aziz K. Abdul Hamid, Muhamad Safiih Lola, R. U. Gobithaasan and Habiba Sultana. "GF-
CNN: A Hybrid Approach for Pollen Recognition Combining Gabor Filters and Convolutional Neural 
Networks." Journal of Advanced Research Design 127, no. 1 (2025): 120-136. 
https://doi.org/10.37934/ard.127.1.120136 

[6] Arvind, C. S., R. Jyothi, K. Kaushal, G. Girish, R. Saurav and G. Chetankumar. "Edge computing based smart 
aquaponics monitoring system using deep learning in IoT environment." In 2020 IEEE symposium series on 
computational intelligence (SSCI), pp. 1485-1491. IEEE, 2020. https://doi.org/10.1109/SSCI47803.2020.9308395 

[7] Montgomery, Douglas C. Design and analysis of experiments. John wiley & sons, 2017. 
[8] Abbasi, Rabiya, Pablo Martinez and Rafiq Ahmad. "Data acquisition and monitoring dashboard for IoT enabled 

aquaponics facility." In 2022 10th International Conference on Control, Mechatronics and Automation (ICCMA), pp. 
168-172. IEEE, 2022. https://doi.org/10.1109/ICCMA56665.2022.10011594 

[9] Abbasi, Rabiya, Pablo Martinez and Rafiq Ahmad. "An ontology model to represent aquaponics 4.0 system’s 
knowledge." Information Processing in Agriculture 9, no. 4 (2022): 514-532. 
https://doi.org/10.1016/j.inpa.2021.12.001 

[10] Karian, Harutun, ed. Handbook of polypropylene and polypropylene composites, revised and expanded. CRC press, 
2003. https://doi.org/10.1201/9780203911808 

[11] Singh, Gurjeet, M. K. Pradhan and Ajay Verma. "Effect of injection moulding process parameter on tensile strength 
using Taguchi method." Int. J. Ind. Manuf. Eng 9 (2015): 1844-1849. 

[12] Singh, Gurjeet and Ajay Verma. "A Brief Review on injection moulding manufacturing process." Materials Today: 
Proceedings 4, no. 2 (2017): 1423-1433. https://doi.org/10.1016/j.matpr.2017.01.164 

[13] Banjao, John Patrick P., Kyle S. Villafuerte and Jocelyn F. Villaverde. "Development of Cloud-Based Monitoring of 
Abiotic Factors in Aquaponics using ESP32 and Internet of Things." In 2020 IEEE 12th International Conference on 
Humanoid, Nanotechnology, Information Technology, Communication and Control, Environment and Management 
(HNICEM), pp. 1-6. IEEE, 2020. https://doi.org/10.1109/HNICEM51456.2020.9400083 

[14] Abdullah, Muhammad Saef Tarqani and Lucyantie Mazalan. "Smart automation aquaponics monitoring 
system." JOIV: International Journal on Informatics Visualization 6, no. 1-2 (2022): 256-263. 
https://doi.org/10.30630/joiv.6.1-2.925 

[15] Myers, R. H. and A. I. Khuri. "A new procedure for steepest ascent." Communications in Statistics-Theory and 
Methods 8, no. 14 (1979): 1359-1376. https://doi.org/10.1080/03610927908827836 

[16] Aishwarya, K. S., M. Harish, S. Prathibhashree and K. Panimozhi. "Survey on automated aquponics based gardening 
approaches." In 2018 Second International Conference on Inventive Communication and Computational 
Technologies (ICICCT), pp. 1377-1381. IEEE, 2018. https://doi.org/10.1109/ICICCT.2018.8473155 

[17] Liu, Shih-Jung and Yen-Shou Chen. "The manufacturing of thermoplastic composite parts by water-assisted 
injection-molding technology." Composites Part A: Applied Science and Manufacturing 35, no. 2 (2004): 171-180. 
https://doi.org/10.1016/j.compositesa.2003.10.006 

[18] Bezerra, Marcos Almeida, Ricardo Erthal Santelli, Eliane Padua Oliveira, Leonardo Silveira Villar and Luciane Amélia 
Escaleira. "Response surface methodology (RSM) as a tool for optimization in analytical chemistry." Talanta 76, 
no. 5 (2008): 965-977. https://doi.org/10.1016/j.talanta.2008.05.019 

[19] Mathivanan, D., M. Nouby and R. Vidhya. "Minimization of sink mark defects in injection molding process–Taguchi 
approach." International Journal of Engineering, Science and Technology 2, no. 2 (2010): 13-22. 
https://doi.org/10.4314/ijest.v2i2.59133 

[20] Arakkal Thaiparambil, Naveen and Vidya Radhakrishnan. "Challenges in achieving an economically sustainable 
aquaponic system: A review." Aquaculture International 30, no. 6 (2022): 3035-3066. 
https://doi.org/10.1007/s10499-022-00946-z 

[21] Ozcelik, Babur and Tuncay Erzurumlu. "Comparison of the warpage optimization in the plastic injection molding 
using ANOVA, neural network model and genetic algorithm." Journal of materials processing technology 171, no. 
3 (2006): 437-445. https://doi.org/10.1016/j.jmatprotec.2005.04.120 

[22] Ayaz, Muhammad, Mohammad Ammad-Uddin, Zubair Sharif, Ali Mansour and El-Hadi M. Aggoune. "Internet-of-
Things (IoT)-based smart agriculture: Toward making the fields talk." IEEE access 7 (2019): 129551-129583. 
https://doi.org/10.1109/ACCESS.2019.2932609 

[23] Park, Gyung-Jin. Analytic methods for design practice. London: Springer London, 2007. 
[24] Jacob, Sinto, K. K. Suma, Jude Martin Mendaz, Abhilash George and K. E. George. "Modification of 

polypropylene/glass fiber composites with nanosilica." In Macromolecular symposia, vol. 277, no. 1, pp. 138-143. 
Weinheim: WILEY‐VCH Verlag, 2009. https://doi.org/10.1002/masy.200950317 

[25] Jacob, Sinto, KK Suma, Jude Martin Mendaz, Abhilash George and KE George. "Modification of Polypropylene/Glass 
Fiber Composites with Nanosilica." In Macromolecular symposia, vol. 277, pp. 138-143. 2009. 
https://doi.org/10.1002/masy.200950317 

https://doi.org/10.37934/ard.127.1.120136
https://doi.org/10.1109/SSCI47803.2020.9308395
https://doi.org/10.1109/ICCMA56665.2022.10011594
https://doi.org/10.1016/j.inpa.2021.12.001
https://doi.org/10.1201/9780203911808
https://doi.org/10.1016/j.matpr.2017.01.164
https://doi.org/10.1109/HNICEM51456.2020.9400083
https://doi.org/10.30630/joiv.6.1-2.925
https://doi.org/10.1080/03610927908827836
https://doi.org/10.1109/ICICCT.2018.8473155
https://doi.org/10.1016/j.compositesa.2003.10.006
https://doi.org/10.1016/j.talanta.2008.05.019
https://doi.org/10.4314/ijest.v2i2.59133
https://doi.org/10.1007/s10499-022-00946-z
https://doi.org/10.1016/j.jmatprotec.2005.04.120
https://doi.org/10.1109/ACCESS.2019.2932609
https://doi.org/10.1002/masy.200950317
https://doi.org/10.1002/masy.200950317


Journal of Advanced Research Design 

Volume 143 Issue 1 (2026) 148-156  

156 

[26] Khuri andré I. and Siuli Mukhopadhyay. "Response surface methodology." Wiley interdisciplinary reviews: 
Computational statistics 2, no. 2 (2010): 128-149. https://doi.org/10.1002/wics.73 

[27] Abbink, Wout, Ainhoa Blanco Garcia, Jonathan AC Roques, Gavin J. Partridge, Kees Kloet and Oliver Schneider. 
"The effect of temperature and pH on the growth and physiological response of juvenile yellowtail kingfish Seriola 
lalandi in recirculating aquaculture systems." Aquaculture 330 (2012): 130-135. 
https://doi.org/10.1016/j.aquaculture.2011.11.043 

[28] Dar, Uzair Ahmed, Ying Jie Xu, Sheikh Muhammad Zakir and Muhammad‐Umar Saeed. "The effect of injection 
molding process parameters on mechanical and fracture behavior of polycarbonate polymer." Journal of applied 
polymer science 134, no. 7 (2017). https://doi.org/10.1002/app.44474 

[29] Amano, Jenny Rose, Nhica Punongbayan, Joshua Caacbay, Eugene Agustin, Kim Alfonce Dela Vega, Aldrin Soriano, 
Florante Andaya, Ericson Mandayo and Mary Grace Beaño. "A Comparative Analysis of Machine Learning 
Algorithms for Bok Choy Leaf Disease Identification in Smart Aquaponics." In TENCON 2022-2022 IEEE Region 10 
Conference (TENCON), pp. 1-6. IEEE, 2022. https://doi.org/10.1109/TENCON55691.2022.9978159 

[30] Abbasi, Rabiya, Pablo Martinez and Rafiq Ahmad. "An ontology model to represent aquaponics 4.0 system’s 
knowledge." Information Processing in Agriculture 9, no. 4 (2022): 514-532. 
https://doi.org/10.1016/j.inpa.2021.12.001 

[31] Dawa, Maritel, Samson M. Lausa and Maria Rodelyn Tibon. "Internet of things (IoT) based aquaponics management 
system adaptive to climate change." In AIP Conference Proceedings, vol. 2502, no. 1, p. 050004. AIP Publishing LLC, 
2022. https://doi.org/10.1063/5.0108681 

https://doi.org/10.1002/wics.73
https://doi.org/10.1016/j.aquaculture.2011.11.043
https://doi.org/10.1002/app.44474
https://doi.org/10.1109/TENCON55691.2022.9978159
https://doi.org/10.1016/j.inpa.2021.12.001
https://doi.org/10.1063/5.0108681

