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1 Introduction 

A Digital Twin (DT) is defined as a digital representation of a physical entity that 
allow real-time monitoring, simulation, prediction and control of the behaviour of the 
modelled entities [23]. This concept, originally coined by Grieves and Vicker in 2003 
[11], has gained significant attention in recent years due to its potential applications 
across various domains, including industrial production, healthcare, smart cities, and 
energy management [12]. For instance, a DT of a wind turbine can continuously monitor 
operating parameters such as wind speed, rotor speed, etc. By analysing these data, the 
DT can detect anomalies and automatically activate some control mechanisms to stop 
the physical turbine remotely, thus preventing malfunctioning [27]. 

As indicated by Minerva et al. [23], the essential property of DTs that allows the 
physical and cybernetic convergence is called entanglement. This property defines the 
relationship between the physical twin and its digital replica (DT). This relationship 
implies a constant and as far as possible, real-time flow of information, whereby the 
DT accurately reflects the state of the physical twin. This property is recognized as 
one of the most important aspects in several standardization approaches, including ISO 
23247 [15] that provides a general framework for the implementation of DT in indus-
trial manufacturing environments highlighting the importance of maintaining efficient 
synchronization between physical and digital entities for effective system control and 
monitoring. The entanglement property is based on three aspects [23]: 

– Connectivity (C): there should be a direct or indirect means of communicating state 
changes and data between the physical and digital twin. Transmission can be direct 
if the physical twin can communicate directly with its DT or indirect if it depends on 
a third entity to send the information. 

– Association (A): it describes the direction of data exchange between the physical 
twin and its DT. This association can be unidirectional, for example, sensors that 
only transmit data to the DT, or bidirectional, the DT can also act on the physical 
twin through actuators in order to modify its behaviour.
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– Promptness (P): data updates must occur at times compatible with the intended use 
of the DT. In critical applications, such as medical or industrial, continuous data 
flow is required, however, in other cases, periodical or event-driven updates may be 
sufficient. 

Based on these three aspects, the degree of entanglement can vary [23]: 

– Weak entanglement means that data from the physical twin are inferred indirectly 
by analysing data from the surrounding environment (C). For example, through 
observation of the environment or analysis of external sources, such as social 
networks. 

– Simple entanglement means that there is a unidirectional (A) or no continuous link 
between the physical twin and its DT (P), allowing partial synchronization without 
instant feedback. 

– Strong entanglement means that the physical twin is continuously linked to the DT 
(P) and moreover the link is bidirectional (A), so, the DT has also the ability to modify 
or update the status of the physical twin. 

Recently, the use of Multi-Agent Systems (MAS) has emerged as a promising archi-
tectural approach to address the development of DTs [26]. MAS are made up of multiple 
agents that interact with each other and with their environment to achieve goals [4]. The 
properties of MAS can support the development of DT properties [26]. For instance, 
the data transmission frequency MAS property [4] can help to the development of the 
entanglement DT property [26]. This enables the development of DTs that not only 
reflect the state of their physical twin, but can also reason, learn, and interact with others 
to achieve complex goals. 

Although the use of MAS has become common in the design and implementation of 
DTs [26], a gap still exists on how agents can be designed to adapt to different levels of 
entanglement. There are no proposals that provide a catalogue of agent design patterns 
related to the entanglement aspects of DTs. The aim of this paper is to systematically 
investigate the design of agents, focusing on how they support and manage the entangle-
ment between the physical and digital twin. Therefore, the research questions that this 
paper addresses are the following: 

– RQ1: Which agent design patterns can be used to support the development of the 
entanglement property of DT? 

– RQ2: How can software architects be guided in the selection of design patterns to 
achieve different degrees of entanglement of the DT? 

This article contains three main contributions. First, we propose a catalogue of design 
patterns based on MAS patterns found in the literature that guide the development 
of the entanglement DT property. Second, we propose a decision model that guides 
architects toward which agents they need to include in their architecture to support the 
DT entanglement expected. Finally, we evaluate the level of detail and completeness of 
the catalogue of design patterns by implementing a case study demonstrating that our 
pattern catalogue offers valuable insights for agent-based DT development. 

The rest of this paper is structured as follows: Sect. 2 compares this work with the 
related work. Then, Sect. 3 explains the research methods applied in this study. Next,
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Sect. 4 describes the catalogue of agent design patterns and Sect. 5 discusses the decision 
model for pattern selection based on the DT entanglement aspects. Then, Sect. 6 shows 
the practical application of the catalogue of design patterns proposed, the discussion and 
the threats to the validity of our study. Finally, Sect. 7 summarises the conclusions and 
future work. 

2 Related Work 

Design patterns are a crucial part of software engineering, especially in the context 
of system architecture and the development of complex systems. Design patterns are 
typical solutions to common problems in software design [31]. With the increasing use 
of MAS for the development of software systems, various works have focused on the 
development of design patterns for agent-based systems. For example, Oluyomi et al. 
[25] highlight the different levels of complexity and abstraction that are introduced in 
MAS and the differences in the way agents are implemented. Marks et al. [21] survey 
some agent design patterns for assistive systems in different domains. Luder et al. [20] 
introduces design patterns for the control of agent-based production systems. Liu et al. 
[18] propose a collection of patterns for agents-based on foundational models 

In the field of DTs, few works have proposed specific design patterns. For exam-
ple, Tekinerdogan et al. [30] propose a set of digital twin architecture design patterns. 
Then, Sulaiman Khail et al. [29] proposes a set of design patterns that enable transitions 
from DT with weak entanglement till strong entanglement. Although not exclusively 
focused on design patterns, Minerva et al. [23] provide a comprehensive review of the 
technical characteristics and architectures of DTs, indicating common patterns for the 
implementation of DTs in the context of IoT. 

Regarding design patterns for agents in the context of DT, a comprehensive review 
of the literature reveals that, despite the increasing development of DT using MAS, no 
prior work has systematically formalized a catalogue of agent design patterns explicitly 
oriented toward supporting the entanglement property. This research aims to fill this 
gap by proposing a catalogue of agent design patterns, detailed in Sect. 4, specifically 
developed to address the different levels of entanglement: weak, simple, and strong. 

3 Methodology 

This section discusses the research method followed in this study. Figure. 1 shows the 
research methodology which combines two research methods: Systematic Literature 
Review (SLR) and Grounded Theory (GT). By integrating these two methods, recur-
rent structures and agent behaviours related to the entanglement property of DTs were 
explored. 

First, this paper uses the Systematic Literature Review (SLR) on DT and MAS 
conducted by Pretel et al. [26]. This SLR follows the guidelines proposed by Kitchenham 
et al. [17]. therefore, the authors focused on the available primary research papers and 
selected relevant papers based on a set of inclusion and exclusion criteria. Moreover, 
they conducted a quality assessment of the selected materials to ensure the quality of the
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Fig. 1. Methodology (adapted from [18]) 

papers. Finally, in this SLR, 64 studies were included for data extraction and synthesis. 
This study has used the information extracted from these papers. 

Then, in order to further enrich the information gathered to define patterns, in this 
study we extended our research approach by including a Grounded Theory (GT) [8]. 
This combination allowed us to complement the SLR results with additional findings 
derived from a process of inductive and iterative analysis. Firstly, we conducted addi-
tional searches focusing on MAS design pattern works that were not captured in the SLR 
[26]. Next, open coding was applied to the collected works to identify design patterns 
related to the entanglement property, followed by axial coding to establish connections 
between the patterns and the three aspects of entanglement (connectivity, promptness 
and association). Finally, selective coding was applied to create a catalogue of design 
patterns related to the entanglement property of the DT. 

The reporting of the patterns has been carried out using the extended template of 
Meszaros [22]. It includes the name of the pattern, a brief summary, the context of use, a 
problem statement, the forces, the solution, its consequences, the related design patterns, 
and some examples of known uses of the pattern in the real world. 

This research methodology combining SLR and GT provided a richer understanding 
of the design principles and architectural patterns used to develop the entanglement of 
the DT. By combining the results of both research methods, we ensured that the identified 
patterns are based on empirical findings and, at the same time, are theoretically grounded. 
This analysis provides the basis for the next section of this article, in which the derived 
design patterns are presented. 

4 Agent Design Pattern Catalogue for the Entanglement 

To address the RQ1, this Section presents a catalogue of agent design patterns aimed at 
supporting the development of the different types of entanglement in DTs: weak, simple, 
and strong. Each pattern is systematically described by using the extended Meszaros 
format [22].
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4.1 Indirect Observation Pattern for Weak Entanglement 

Summary: This pattern implements an agent that infers the state of a physical twin 
indirectly by analysing the data from its surrounding environment or external tools and 
periodically sends information to the agents of the DT to update its state. This pattern is 
characteristic of weak entanglement. 

Context: In some cases, physical twins lack integrated sensors or cannot establish a 
direct communication channel with their DT. However, their state can be inferred by 
observing their surrounding environment. For example, the state of physical twin can be 
monitored by a camera, extracting some relevant information and transmitting it to the 
DT. 

Problem: How to synchronize the DT when there is no direct connection with its 
physical twin? 

Forces 

– Sensor limitation: The physical twin has no embedded sensors or direct connectivity 
to its DT. 

– Data inference: The agent into the physical twin needs to infer its status from 
environmental data. 

– Synchrony requirement: The DT must be updated without direct communication. 

Solution: This problem can be solved by implementing an architecture similar to the 
MAS Observer Pattern [24]. First, it is necessary implementing a subject agent that 
observes the environment or analyses some external data sources related to the physical 
twin. This agent processes these data and transmits the information to the observer 
agents, which are in the DT. As the subject agent has to infer the state of the physical 
twin, it will transmit data periodically rather than in real time or when events occur. 
Finally, when the observer agents receive the information, they update the status of the 
DT. 

When multiple heterogeneous external sources are available, such as cameras, social 
networks, public APIs, etc., the subject agent is implemented following the MAS Aggre-
gation Pattern [6] to collect, integrate and harmonise the data before sending it to the 
DT. This improves the accuracy of the inferred state of the physical twin. 

Consequences 
Benefits: 

– No sensor dependency: Allows operation without intrusive or costly sensors. 

Drawbacks: 

– Inaccuracy: DT reflects a less accurate representation of the physical twin than using 
direct measurement. 

– Risk of error: Agents may make mistakes by inferring incorrect states of the physical 
twin.
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Known Uses 

– Smart city: DT for monitoring the population movement using cameras [32]. 

4.2 Continuous Direct Data Dispatcher Pattern for Simple and Strong 
Entanglement 

Summary: This pattern implements an internal agent into the physical twin that contin-
uously and directly monitors and transmits the state of the physical twin and any relevant 
data to the DT through appropriate networks and communication protocols. This pattern 
is characteristic of strong entanglement supporting the direct continuous link from the 
physical twin to the DT. In addition, this pattern is also characteristic of simple entan-
glement of DTs whenever continuous communication from the physical twin to the DT 
is required. 

Context: Sometimes, the physical twin has embedded computational and networking 
capabilities to communicate continuously and directly its information to its DT. This 
occurs in smart devices with sensors that report their status without relying on external 
observation. 

Problem: How to synchronize the DT when the physical twin has direct and continuous 
communication capabilities? 

Forces 

– Technology availability: The physical twin has embedded sensors and network 
connectivity. 

– Immediate synchronisation: The DT needs to continuously receive information. 
– Compatibility with IoT architecture: The solution aligns with modern IoT architec-

tures. 

Solution: An agent is implemented in the physical twin that collects data and transmits 
it directly to the DT. This can be implemented by using the MAS Publish-Subscribe 
Pattern [1]. Here, the publisher agent is responsible for collecting and sending data in 
real time to the message broker. This broker is responsible for retransmitting messages 
to the subscriber agents. Each agent is subscribed to relevant topics, thus receiving only 
useful information. This architecture with an intermediary allows for a reduction in 
message traffic, which is essential for efficient continuous communication. 

Consequences 
Benefits: 

– Fidelity: The DT reflects the state of the physical twin with high accuracy. 
– Reliability: The agent into the physical twin transmits data directly and constantly to 

the DT. 

Drawbacks:
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– Dependency: The DT depends on a reliable network to receive data correctly. 

Related Design Patterns: It should be combined with the Action Dispatcher Pattern 
to enable a DT with strong entanglement. 

Known Uses 

– Manufacturing: Industrial machinery with embedded sensors that update their DT 
[10]. 

– Health: Medical devices that send data to the DT of the patient [13]. 

4.3 Event-Driven Direct Data Update Pattern for Simple Entanglement 

Summary: This pattern implements an agent in the physical twin that responds to 
specific events to directly send information to agents in the DT to update its state. 
This pattern is characteristic of simple entanglement of DTs that require event-driven 
communication from the physical twin to the DT. 

Context: In some cases, it is not necessary to continuously send data from the physical 
twin, but it is sufficient to update the state of the DT whenever a relevant event occurs 
in the physical twin. 

Problem: How to ensure that the DT is updated whenever relevant events occur in the 
physical twin? 

Forces 

– Transmission efficiency: The physical twin agent only transmits data when a 
significant event occurs. 

– Critical detection: The physical twin agent must detect events accurately. 

Solution: The architecture of the MAS Event Dispatcher pattern [3]  is  used  to  provide  
a solution to this problem. This pattern defines explicit agreements between agents on 
which events should be notified and how they should be handled. So, an event-driven 
reactive agent is implemented in the physical twin. This agent continuously monitors 
the state of the physical twin and detects predefined events. When an event occurs, the 
event-driven reactive agent uses the architecture of MAS Observer pattern [24] to notify 
the DT by sending the new information to the observer agents of the DT. Thus, the 
event-driven reactive agent acts  as  a  subject agent. Finally, when the observer agents 
receive the information, they update the status of the D T.

The use of the MAS Event Dispatcher pattern [3] allows the event-driven reactive 
agent to dynamically decide whether to send the information to the DT or not, depending 
on the criticality of the event and the availability of resources. 

Consequences 
Benefits:



10 E. Pretel et al.

– Low latency: The DT is immediately updated in case of critical events. 
– Effectiveness: The agent into the physical twin minimises the use of resources by 

sending data only when necessary. 

Drawbacks: 

– Complex design: The design of the agent into the physical twin requires defining 
relevant events precisely. 

– Sensitivity: The DT can lose information if an event is not detected correctly. 

Known Uses 

– Farming: data collected from plants are sent to the DT once a day or whenever certain 
events occur [28]. 

4.4 Periodic Direct Data Sending Pattern for Simple Entanglement 

Summary: This pattern implements an agent in the physical twin that sends periodic 
status updates to the DT. It uses a model based on fixed time intervals to ensure that 
the DT receives information on a regular basis. This pattern is characteristic of simple 
entanglement of DTs that require periodic communication from the physical twin to the 
DT. 

Context: In some cases, the physical twin does not experience abrupt or critical changes, 
but it is important to keep constant synchronisation with the DT. Therefore, a periodic 
communication mechanism is necessary. 

Problem: How to ensure that the DT receives regular updates from the physical twin 
without overloading the network? 

Forces 

– Planning: The agent into the physical twin can schedule data dispatches at fixed 
intervals. 

– Latency tolerance: The DT can accept delays between updates. 

Solution: The architecture of the MAS Observer Pattern [24] is used to provide a solu-
tion to this problem. First, it is necessary implementing a subject agent that periodically 
collects the data from the physical twin and sends this information to the observer agents 
at predefined time intervals. In the DT, these observer agents update the status of the 
DT with the new data received. 

Consequences 
Benefits: 

– Consistency: The DT receives regular updates.
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– Efficiency: The agent into the physical twin uses less network resources than a 
continuous transmission. 

Drawbacks: 

– Dephasing: The DT can become out of date between transmissions. 
– Potential inefficiency: The DT could waste resources if the intervals are too short, 

and significant changes occur less often. 

Known Uses 

– Health: Medical devices that alert to changes in the health status of the patient [2]. 

4.5 Action Dispatcher Pattern for Simple and Strong Entanglement 

Summary: This pattern allows agents in the DT to send commands to the physical twin, 
allowing its behaviour or state to be modified by actuators. This pattern is characteristic of 
strong entanglement supporting the link from the DT to the physical twin. In addition, this 
pattern is also characteristic of simple entanglement of DTs that require communication 
from the DT to the physical twin. 

Context: Occasionally, the DT not only needs to reflect the state of the physical twin, 
but also to interact with it, emitting decisions that translate into physical actions, such 
as activating an alarm, adjusting a parameter or turning on a device. 

Problem: How to enable the DT to communicate instructions to its physical twin to 
produce real changes in the physical world? 

Forces 

– Actuation capability: The DT can send commands to modify the behaviour of the 
physical twin. 

Solution: This pattern can be implemented by using several MAS design patterns 
together. First, an agent implemented in the DT is required following the MAS Command 
Dispatcher Pattern [5], which encapsulates the action as a message with some defined 
parameters. Then, to send messages from the DT and to its physical twin, the MAS 
Publish-Subscribe [1] can be used. Thus, an agent of the DT (publisher agent) sends the 
generated message to an intermediary (message broker). Finally, in the physical twin, 
for each actuator, an agent (subscriber agent) is implemented as a message listener that 
translates messages into actions for their execution. 

Consequences 
Benefits: 

– Active control: The DT can correct or improve the behaviour of the physical twin.
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Drawbacks: 

– Complexity: The DT requires a more advanced architecture. 
– Safety risk: The use of remote control could introduce security risks or errors. 

Related Design Patterns: It should be combined with the Continuous Direct Data 
Dispatcher to enable a DT with strong entanglement. 

Known Uses 

– Energy: Smart homes that optimise their energy consumption according to conditions 
detected by the DT [14]. 

– Manufacturing: Robots controlled in real time by a DT [7]. 

5 Decision Model for Selection of Desing Patterns 

To address the RQ2, in this Section, we propose a decision model for selecting the 
identified design patterns according to the three foundational aspects of entanglement: 
connectivity, promptness and association. These aspects allow to systematically classify 
the degree of entanglement into weak, simple, or strong. Fig. 2 shows this decision 
model. 

Fig. 2. Decision Model
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5.1 Step 1: Determine the Type of Connectivity (C) 

The first step evaluates the nature of the connection between the physical twin and the 
DT. Two possible outcomes are considered: 

– Indirect: The communication between the physical twin and its DT is mediated by 
intermediaries. In this case, the entanglement is classified as Weak Entanglement 
due to the limited and indirect interaction and the recommended pattern is Indirect 
Observation (Sect. 4.1). 

– Direct: The physical and DT can communicate directly without intermediaries. In this 
case, the decision process continues to the second step to determine the requirements 
of association for the DT. 

5.2 Step 2: Determine the Direction of Association (A) 

The second step examines the directionality of communication between the physical 
twin and the DT. Three possible scenarios are considered: 

– Bidirectional: Information flows in both directions, enabling a dynamic interaction 
between the physical twin and its DT. In this case, the entanglement is classified 
as Strong Entanglement, so the recommended patterns are Continuous Direct Data 
Dispatcher (Sect. 4.2) for the communication from the physical twin to the DT, and 
the Action Dispatcher (Sect. 4.5) for the communication from the DT to the physical 
twin. 

– Unidirectional from DT to physical twin: Information flows exclusively from the 
DT to the physical twin. This scenario results in Simple Entanglement, as the inter-
action is limited to one direction. The recommended pattern in this case is the Action 
Dispatcher (Sect. 4.5). 

– Unidirectional from physical twin to DT: Information flows exclusively from the 
physical twin to the DT. Similar to the previous scenario, this also results in Simple 
Entanglement. However, in this case, the decision process should continue further to 
the third step in order to determine which requirements of promptness DT has when 
communicating from the physical twin to the DT. 

5.3 Step 3: Determine the Required Promptness (P) 

The third criterion evaluates the timing and frequency of the interactions. Three possible 
outcomes are considered: 

– Continuous: Data is sent from the physical twin to the DT instantaneously, ensur-
ing that changes in the physical twin are immediately reflected in the DT. The 
recommended pattern is Continuous Direct Data Dispatcher (Sect. 4.2). 

– Event-Driven: Data sending occurs in response to specific events or triggers, but not 
continuously. The recommended pattern is Event-Driven Direct Data Update Pattern 
(Sect. 4.3). 

– Periodic: Data sending occurs at predefined regular intervals. The recommended 
pattern is Periodic Direct Pattern (Sect. 4.4).
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6 Lessons Learned from the Pattern Catalogue 

In this Section, we apply some patterns in one case study. Then, we discuss several 
insights we learned during the pattern collection process and working with them. Finally, 
we discuss some threats to validity of this study. 

6.1 Pattern Application 

In this section, we discuss and share our experiences while using this decision model and 
applying the identified patterns in a case study: management of study session of children 
with attention deficit hyperactivity disorder (ADHD) [9]. It is a neurodevelopmental 
disorder characterized by persistent patterns of inattention, hyperactivity, and impulsivity 
that interfere with daily functioning and academic performance [19]. Children with 
ADHD often struggle with maintaining focus, organizing tasks, following instructions, 
and controlling impulses, leading to difficulties in traditional learning environments. 

To tackle it, innovative approaches that leverage advanced technologies are essential. 
One promising solution is the application of DT, because it can help to personalise and 
optimise study sessions based on individual needs. In this work, the DT is developed by 
following a MAS approach [26]. By leveraging real-time data, that is a continuous data 
flow, this DT can dynamically adjust the time of the study sessions, ensuring they align 
with the child’s current needs and optimising focus and well-being. 

Decision Model Application. Starting from the previously described DT needs, our 
decision model is applied: 

– Step 1: Determine the type of connectivity (C). In this case, the physical twin has 
sensors that send directly data from the child and from the environment to the DT. 
Therefore, the connectivity is direct. 

– Step 2: Determine the direction of association (A). In this case, a bidirectional asso-
ciation is required. This is characteristic of a strong entanglement (see Sect. 1), so 
continuous communication between the physical and the DT is essential (P). The 
DT must monitor the child’s physical parameters and environmental variables in real 
time to ensure accurate and timely updates to the DT. Moreover, the DT also send 
commands to influence the environment and modify some session parameters. This 
bidirectional link ensures that the DT actively contributes to improving the child’s 
study conditions. 

Therefore, if we apply the decision model shown Fig. 2 with direct connectivity, 
bidirectional association and continuous promptness, the recommended patterns are the 
Continuous Direct Data Dispatcher (Sect. 4.2) for the communication from the physical 
twin to the DT, and the Action Dispatcher (Sect. 4.5) for the communication from the 
DT to the physical twin. 

Implementation of Design Pattens. The implementation1 has been carried out using 
the JaCaMo framework [32], which integrates Jason, CArtAgO, and Moise. CArtAgO

1 GitHub repository of the developed example: https://github.com/UCLM-LoUISE/PRJ2022-
HDT-JaCaMo.git 

https://github.com/UCLM-LoUISE/PRJ2022-HDT-JaCaMo.git
https://github.com/UCLM-LoUISE/PRJ2022-HDT-JaCaMo.git


An Agent Design Pattern Catalogue for the Entanglement of Digital Twins 15

enabled flexible instantiation of design patterns by providing tools for designing shared 
artifacts and environments where agents interact with resources. 

The Continuous Direct Data Dispatcher and Action Dispatcher patterns were tested 
in a controlled lab environment simulating educational scenarios. Sensors like heart rate 
monitors, motion detectors, and environmental sensors (lighting, temperature, noise) 
were used alongside actuators such as smart bands, smart bulbs, and thermostats. 

The Continuous Direct Data Dispatcher Pattern focuses on collecting and trans-
mitting data from the physical twin to the digital twin (DT). In JaCaMo, this involved 
creating CArtAgO artifacts to receive and store sensor data in real time. Agents pro-
cessed this data and integrated it into the DT, ensuring an accurate digital representation 
of the child and environment. Artifacts acted as intermediaries for efficient data flow. 

The Action Dispatcher Pattern enables the DT to autonomously execute actions based 
on analysed data. In JaCaMo, agents interpreted data using a rule-based decision model, 
determined appropriate actions, and sent commands via CArtAgO artifacts. For example, 
alerts were sent to a smart band to suggest breaks when fatigue or restlessness was 
detected, and commands adjusted environmental conditions like lighting or temperature 
to enhance concentration. 

6.2 Discussion 

The process of identifying, formalizing, and applying design patterns for the entangle-
ment of DT has revealed several key insights. First, the abstraction of entanglement 
into the three aspects, connectivity, promptness and association, has proven extremely 
useful for clarifying design requirements and guiding pattern selection. These dimen-
sions allowed for an objective analysis of DT needs and served as effective heuristics 
for mapping real-world problems to MAS design patterns. 

Second, the use of MAS provided a solid foundation for pattern design. By drawing 
inspiration from established MAS patterns, such as observer, publish-subscribe, event 
dispatcher, etc., we ensured that the proposed design patterns are both theoretically 
grounded and practically applicable. 

Third, the decision model introduced in this article proved to be an accessible and 
practical tool for early-stage architectural planning. Its stepwise structure enabled both 
novice and experienced architects to reason clearly about entanglement needs and to 
make informed design decisions. 

Finally, the implementation of a DT for managing study sessions using our catalogue 
of design patterns confirmed that these patterns were not only appropriate in theory but 
also effective in a practical study case. 

6.3 Threats to Validity 

Several threats to the validity of this study were identified and are discussed below [33]: 

– Construct Validity: The definitions of the entanglement aspects are based on the work 
of Minerva et al. [23]. Although this work is widely accepted (citations: 506; source: 
Scopus; date: April 2025), it remains subject to interpretation.
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– Internal Validity: The identification of patterns may have been influenced by the bias 
of the authors of this paper during the analysis process. However, all patterns were 
cross-checked against existing MAS literature. 

– External Validity: The applicability of the patterns was demonstrated in a single case 
study in an educational setting, so their effectiveness in other settings will need further 
validation. 

– Implementation Bias: The use of the JaCaMo [16] facilitated the implementation 
of the design patterns, however the results may not directly translate to other agent 
development platforms. 

7 Conclusion and Future Work 

Respect to RQ1, this study contributes a novel catalogue of agent design patterns 
aimed at supporting the implementation of the entanglement property of DT. The agent 
design patterns proposed are: Indirect Observation, Continuous Direct Data Dispatcher, 
Action Dispatcher, Event-Driven Direct Data Update Pattern, and Periodic Direct Data 
Sending Pattern. These design patterns allow the development of the three degrees of 
entanglement: weak, simple and strong. 

Regarding RQ2, a decision model is proposed to guide software architects in select-
ing the previous design patterns that best aligns with the entanglement aspects: connec-
tivity, association and promptness. Then, the application of the decision model in a case 
study validated their practical relevance, demonstrating also how the proposed design 
patterns can be effectively selected and implemented by using JaCaMo [16]. 

Finally, future work will focus on further improve the applicability of the proposed 
catalogue of design patterns extending the catalogue by identifying new design patterns 
related to other DT properties. 
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