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Abstract. Smart cyber agents are pivotal in software-intensive systems
such as smart manufacturing, robotics, and the Internet of Things. These
agents monitor physical surroundings through sensors and make im-
pactful decisions that influence the environment. Software engineering
challenges in this domain include the specification of interactive multi-
agent tasks. The general-purpose Domain-Specific Language named LI-
rAs, Language for Interactive Agents, is a high-level language that al-
lows for unambiguous custom pattern definition. Additionally, LIrAs fa-
cilitates interactions with human agents, a safety-critical situation re-
quiring particular attention. This paper lays the foundation for LIrAs
specifications translation to Stochastic Hybrid Automaton (SHA). The
target SHA model structure follows a three-layer hierarchical structure
and makes LIrAs specifications amenable to formal verification, specif-
ically Statistical Model Checking, through the Uppaal tool, capable of
including time-dependent physical phenomena, such as human fatigue
and robot dynamics.

Keywords: Multi-Agent Patterns Specification · Domain-Specific Lan-
guage · Stochastic Hybrid Automata.

1 Introduction

Assistive robotics, Internet of Things (IoT), and intelligent manufacturing sys-
tems are examples of increasingly widespread and complex software-intensive
systems. These systems feature smart cyber agents equipped with sensors to
gather environmental data and make decisions influencing their surroundings.
Including multiple interacting agents—i.e., Multi-Agent Systems (MASs)—adds
complexity to these environments since agents must interact with both the envi-
ronment and each other to be effective. The involvement of human agents (often
unavoidable, if not desirable) is an additional challenge since well-tailored pro-
gramming and decision-making on the robotic agents’ side can spare stakeholders
from financial losses or physical harm.

Specifying MAS interactive tasks poses a critical challenge in software engi-
neering [10]. The inherent complexity of these systems often necessitates expert
users for task specification, making the process both time-consuming and error-
prone. To address this issue, a common solution is developing a Domain-Specific
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Fig. 1: LIrAs-based toolchain for MAS specification. Pre-existing elements are in
grey, while the contributions of this paper are highlighted in blue. The inputs on
the left are defined externally from LIrAs and depend on the application field.
In the middle, there are the main elements of a LIrAs pattern and on the right,
the target mission analysis framework, selected to be compatible with the actual
framework for the analysis of Human-Robot Interaction (HRI) missions [16].

Language (DSL) to be used as a high-level language. This approach significantly
reduces the complexity of specifications, the time required to develop them, the
likelihood of errors, and the amount of technical knowledge needed. Often, DSLs
can be translated into formal models, enabling the verification of correctness
properties through formal verification techniques.

This work builds upon a DSL-based toolchain for MAS specifications, il-
lustrated in Figure 1, centered around the LIrAs DSL [25]. LIrAs enables the
specification of tasks for various types of agents (software-based or human) with
a high degree of versatility across different applications. In LIrAs, the interac-
tion patterns are flexible concerning the type and quantity of actions involved
since they are not bound to a specific application. LIrAs agents are endowed
with basic atomic abilities, referred to as skills, such as a translational motion
for a robot or a quadcopter. Through LIrAs, it is possible to define patterns, as
depicted in Figure 1, combining different skills that multiple agents must per-
form in a coordinated fashion through user-friendly primitives. LIrAs patterns
are parametric with respect to the context in which they will be executed—
i.e., all aspects related to specifying the operational environment, such as layout
or Points of Interest (PoIs), are defined externally from LIrAs. Several LIrAs
specifications constitute a custom pattern library.

The semantics of LIrAs patterns, specifically the custom synchronization dy-
namics among different agents, are defined starting from Deterministic Finite-
state Automata (DFA), allowing for the verification of basic well-formedness
properties, such as ensuring that the pattern can be completed. Interested read-
ers can refer to [25] for the presentation of the fundamental primitives of LIrAs
and their mapping to DFA semantics.

However, formal models of the agents’ skills involve a broader range of fea-
tures than can be expressed through DFA (e.g., physical variables, such as a
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robot’s battery charge, and sources of uncertainty, such as human choices).
Furthermore, LIrAs pattern libraries, when contextualized within a layout with
specific agents instances, lend themselves to richer analyses than basic well-
formedness properties, such as the computation of quality metrics concerning the
effort required on the human agent’s side or the timeliness of a contextualized
custom pattern. Lestingi et al. [16] introduce a framework for formally model-
ing and analyzing HRIs. The framework relies on a textual DSL, distinct from
LIrAs, specifically tailored for tasks involving both human and robotic agents.
However, a limitation of this DSL is its reliance on a finite set of predefined
patterns, which may not be sufficient to cover all real-world scenarios.

The hereby presented vision builds upon both sides by bridging the LIrAs
toolchain with the framework for HRI analysis, hereinafter referred to as the
target framework. LIrAs libraries of ad-hoc patterns can be imported into the
DSL for HRI mission specification, with mission referring to a sequence of LI-
rAs patterns selected from the pattern library, thus enhancing the flexibility in
mission specification.

The target framework models HRIs missions as networks of Stochastic Hy-
brid Automata (SHA), analyzed through Statistical Model Checking (SMC).
SHA capture the physical components of the cyber-physical system under mod-
eling, including factors such as battery charge and discharge or human fatigue,
whose time dynamics are represented through differential equations [16]. Ad-
ditionally, SHA enable the representation of stochastic behavior arising from
human free will, capturing the possibility of a human agent acting differently
from expectations.

Therefore, for the incorporation of LIrAs patterns into the target framework
and mission analysis through SMC to be possible, a model-to-model conversion
principle from LIrAs to SHA must be defined. This work introduces the stage
of the toolchain where the pattern specification is transformed into a network
of SHA, which is then analyzed using SMC. The translation from LIrAs to
SHA follows a three-layer hierarchical structure. The top layer manages the
synchronization of sub-sequences among agents; the middle one controls the
actions’ execution; the bottom layer contains the action skill set for the agents
belonging to the mission.

The contributions of this paper pave the way towards the computation of
quality metrics associated with the mission, such as the time required for com-
pleting each pattern and the physical effort required from humans. Once these
metrics are computed, reconfiguration measures can be applied to satisfy specific
design constraints. Given the hybrid nature of SHA, the components considered
in the formal analysis in this newly developed stage of the toolchain encom-
pass both cyber and physical components. Verified properties may encompass
physical phenomena over time with continuous dynamics, such as the battery
charge of a robot, and may also address compatibility with the environment and
custom-defined patterns.

The paper is structured as follows: Section 2 provides an analysis of related
work; Section 3 presents the technical background for SHA; Section 4 offers an
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illustrative example; Section 5 describes the translation from LIrAs to SHA;
Section 6 concludes and presents possible future developments.

2 Related Work

The aim of LIrAs is to encompass a wide range of requirements specification
in multi-agent systems, such as robotic applications or smart manufacturing.
LIrAs’ distinctive features are the possibility to customize patterns instead of
relying on a predefined set and to include human agents in a pattern, making it
particularly suitable for human-robot interaction patterns.

Various formal notations, such as Petri Nets [23], Automata [14], Linear
Temporal Logic (LTL) [26], and Temporal Plan Networks [17] have been used to
model the workflow of different agents’ tasks. However, these approaches are less
accessible to users without expertise in formal modeling. For this, especially in
scenarios where a human-in-the-loop approach is essential, a common practice
is to employ a high-level DSL for specifying requirements. This allows users to
articulate specifications that might otherwise be ambiguous in natural language.

The DSLs developed for task specification can be general-purpose [28,21,5]
or bounded to specific agent categories, such as autonomous vehicles [24], multi-
copters [6,22], or medical rehabilitation robots [12]. In the field of robotics, Nord-
mann et al. in 2014 surveyed 137 such languages [20]. More recently, PsALM, a
grammar-based DSL, was introduced, defining 22 patterns for robotic missions
[18]. Additionally, PROMISE focuses on specifying concurrent robot missions
through sequences of basic actions without relying on predefined patterns [13].
PuRSUE is a modeling language for human-robot interactions compiled into
Timed Game Automata [4]. However, its language features lower-level primi-
tives, as it targets users with a stronger technical background, making it com-
plementary to LIrAs.

LIrAs provides high flexibility in specifications by combining agents’ prim-
itives into patterns without being constrained to a predefined set. This unique
characteristic enables LIrAs to accommodate any type of agent, including hu-
mans, overcoming a common limitation in existing languages [27]: the limited
support for patterns involving human agents. In conclusion, LIrAs offers a high
level of abstraction, allowing patterns to be parametric to the environment and
the various agent characteristics, such as the angular and translational velocities
of robots.

3 Background

This section recaps the theoretical foundation of this paper’s contribution, con-
cerning SHA and SMC [2,9,11].

SHA features are illustrated through a running example inspired from [8,
Section 4]. The system depicted in Figure 2 [16] consists of two distinct com-
ponents: a heating system (Figure 2b) and a room (Figure 2a). The physical
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Fig. 2: Example of SHA network [16]. Dashed arrows represent probabilistic tran-
sitions, characterized by weights (in brown) denoted with pH and pL, while solid
arrows are deterministic transitions. Color-coding is as follows: channels are red,
probability distributions, flow conditions, exponential rates are purple, guard
conditions are green, and updates are blue.

phenomenon measured in this system is the temperature of the room, modeled
as a real-valued variable, denoted by T , in the depicted automaton.

The thermostat’s model has two locations, on and off . While in off , if the
temperature falls below threshold Tth1 (as per invariant T ≥ Tth1 labeling the
off location), the thermostat switches to the on location, activating the heating
system. Similarly, the thermostat switches off the heating system when, while in
on, the temperature exceeds the threshold Tth2 . Three locations model the room
temperature’s behavior, as illustrated in Figure 2a. The temperature decreases
naturally in the cool location with the heating system off . Locations high and
low represent the room while the heating system is active, with the temperature
increasing at different rates.

The temperature evolution follows differential equations, referred to as flow
conditions. When the thermostat is on, the associated differential equation is
Ṫ = θ − T

R , while it is Ṫ = −T
R when the heating system is off . Here, R is a

constant, and θ is a randomly distributed parameter whose variability is based
on a probability distribution. At the onset of the system, the thermostat is in
off , and the temperature is initialized to Tth1 .

The parameter θ in Figure 2a represents a realization of a normal distribution.
When the room is heating at a high rate, it has a standard deviation of σH and a
mean of µH (denoted as N (µH, σ

2
H)), where “H” stands for high. The probability

distribution is N (µL, σ
2
L) when the room is heating slowly, as there is an open

window; here, the subscript “L” indicates low. The notation θ ∼ N (µ, σ) is used
to express that a random parameter θ is a realization of a random variable Θ
governed by the distribution N (µ, σ).
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SHA switch locations through edges, and edges can be labeled by the events
that trigger the corresponding switch. Event labels are either of the form e? or e!
depending on whether the automaton receives or triggers the event, respectively.
For example, once the thermostat triggers the on! event, the room reacts (la-
bel on?), realizing the synchronization between the two automata. The decision
regarding the heating rate (whether high or low) when on! fires is probabilistic
with weights pH and pL, respectively.

SHA are amenable to SMC [1] and can be modeled and analyzed through the
Uppaal tool [15]. SMC requires a stochastic model M (the SHA network in our
case) and a property ψ formulated in Metric Interval Temporal Logic (MITL)
over atomic propositions taken from the set AP [3]. These propositions include
constraints in the set of symbols W (e.g., w < 10) or automata locations (such
as high in Figure 2a). In our work, the property ψ is of the form ⋄≤τap, where
⋄ is the “eventually” operator, ap ∈ AP and τ is a time bound (i.e., the formula
is true if ap holds within τ units of time from the onset). SMC estimates the
probability of ψ holding for M—i.e., the value of expression PM (ψ) [8].

In this paper, LIrAs specifications are translated into SHA network M .
Through SMC, the framework calculates the probability of SHA o eventually
reaching the location l within a time-bound τ , expressed as PM (⋄≤τ o.l).

4 Illustrative Example

In this section, we propose an example of specification using LIrAs, based on
the primitives of this language. We first present a MAS specification exemplar
in natural language, followed by its associated LIrAs specification, highlighting
LIrAs’s compact and unambiguous syntax. In Section 5, to describe the con-
tribution of this work, the exemplar is translated to DFA and SHA, and then
analyzed through SMC.

The illustrative example focuses on HRI, involving two agents: a Human and
a Robot. In LIrAs, each agent is associated with a set of actions, i.e., the atomic
skills available to them to complete the mission. Agents operate in a known
layout characterized by its geometry and a set of points of interest, intended
as potential targets of their actions (e.g., significant locations to move to or
equipment they can interact with). In this example, the set of actions available
to these agents is: stop, moveTo, and follow. The stop action simply halts the
involved agent, while the moveTo action requires a parameter, PoI, indicating the
destination towards which the associated agent must move. The follow action
can have one or two parameters: the mandatory one is the agent to be followed,
and the optional second parameter specifies the target destination where the
followed agent should bring the followers. A pattern consists of sequences, which
dictate the order in which the following sub-sequences are executed by the agent.
This element is crucial for enforcing synchronization stages across agents. A more
formal explanation of these basic elements, including conditional statements and
atomic predicates, is provided in [25].
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Listing 1.1: LIrAs specification of the motivating example.
1 Human:
2 1: moveTo poi1
3 2: moveTo poi2
4 Robot:
5 1: moveTo poi1 if position(Human,poi1)
6 else stop
7 2: follow Human (poi2)

Firstly, the two agents must reach the poi1, but the Robot will start its
movement only once the Human has reached the destination. Notice that the
DSL introduced in [16] does not envisage a pre-determined pattern for indepen-
dent movement as in this case, hence justifying the specification a LIrAs custom
pattern for this example. This is reached by using an if/else conditional state-
ment and the position atomic predicate. Once both agents have reached the
destination, the Human starts moving towards the poi2; meanwhile, the Robot
follows. This simple specification is captured in LIrAs as shown in Listing 1.1,
which is parametric to all the elements concerning the operational environment.

5 Translating LIrAs patterns to SHA

This section firstly introduces the SHA structure for a LIrAs pattern, then
presents the DFA model capturing the illustrative example, followed by the
translation of the LIrAs code to SHA. Finally, it reports the results from the
validation of the SHA network.

5.1 Hierarchical LIrAs Pattern Structure

The SHA will be structured using the three-layer hierarchical design of Figure 3,
which thanks to its modularity is suitable for scenarios with different domains,
and not only for HRI. This structure follows a top-to-bottom approach and con-
sists of the Pattern Orchestrator, the Sequence Orchestrator, and the Action Set.
These three categories comprise automata, with adjacent layers communicating
through synchronized transitions, global variables, and guards.

At the top level of Figure 3, the Pattern Orchestrator oversees the pattern by
synchronizing all the sub-sequences of the involved agents. The orchestrator pro-
vides the conditioned starting signal for the passage from one sub-sequence to the
next, communicating via shared synchronized transitions with the layer below,
the Sequence Orchestrator. Each sub-sequence i is associated with a channel, si;
more precisely, in the Pattern Orchestrator the transition label is of the form
si! (sending), while in the Sequence Orchestrator, it is si? (receiving). Once the
Pattern Orchestrator provides the starting commands, it no longer intervenes in
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Pattern
Orchestrator

Sequence
Orchestrator

Set of
Actions

Fig. 3: Schematic representation of the three-layer hierarchical structure of the
SHA in the LIrAs framework. The double arrows indicate the sharing of infor-
mation between layers.

executing that sub-sequence. For example, in Listing 1.1, the Pattern Orches-
trator allows Line 2 and Line 5 to start simultaneously (firing channel s1), and
once both end, it provides the starting signal for Line 3 and Line 7 (channel s2).
However, LIrAs is limited to series-parallel networks. While this might be true
from the Pattern Orchestrator’s perspective, the managed sub-sequences can in-
corporate choices, dependencies, and loops through conditional statements and
atomic predicates, thus adding more flexibility to the DSL.

Each mission corresponds to one Pattern Orchestrator. The number of or-
chestrator locations is one for each sub-sequence associated with the pattern,
plus an initial and a final location. In Listing 1.1, having two sub-sequences, the
number of locations for the Pattern Orchestrator is four.

The middle layer of Figure 3 consists of as many automata as the number
of agent sequences within the pattern; thus, there are only two for Listing 1.1.
This layer forms the Sequence Orchestrator and communicates with the other
two layers by sending and receiving synchronization signals, or by updating
and checking global variables that indicate the execution status of actions and
sub-sequences. In Listing 1.1, there are no sub-sequences with more than one
action. However, if such sub-sequences exist, the Sequence Orchestrator must
manage the start and stop conditions for the sequential execution of actions in
the bottom layer. The only exception is in Line 5, where two actions are due to a
conditional statement. In this case, the Sequence Orchestrator manages both the
atomic predicate and the corresponding decision, as discussed in more detail in
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Human:

Robot:

Fig. 4: DFA network of the example discussed in Section 4. Each action corre-
sponds to two locations: q1,b when executing and q1,c when completed.

Section 5.3. LIrAs is currently limited to managing actions that do not include
multitasking, meaning multiple actions cannot be executed simultaneously by
the same agent. However, we plan to add this feature to the DSL with a suitable
grammar.

Finally, the bottom layer of Figure 3 collects all the expert-defined SHA rep-
resenting the tasks executable by each agent. In Listing 1.1, only three automata
are required: one for the human moveTo action, and two for the robot moveTo
and follow actions. The stop action does not require a dedicated automaton
as it simply halts the robot by terminating the execution of an action or move-
ment. The primary focus for this layer is understanding why and how it must
communicate with the Sequence Orchestrator. It receives start and stop com-
mands for initiating and concluding the execution of an action, whether at the
natural end of the task or due to a conditional statement that necessitates an
early interruption. Sensor measurements are passed from the action layers to the
Sequence Orchestrator to determine when an action can end or to compute the
values of atomic predicates. These considerations imply that the actions do have
not a predetermined duration for their execution, but they depend on the passed
parameters like the PoI to be reached during a moveTo action, and the measure-
ment of sensors. The random time required by each action is compensated with
the reprogrammable action_end locations [25] at the end of each sub-sequence
in the Sequence Orchestrator, where we can set a default behavior to be followed
while waiting for the next synchronization stages.

5.2 DFA Representation

The DFA in Figure 4 formalizes the synchronization among agents in the il-
lustrative example. This does not include conditional statements, which involve
physical variables and are, thus, only handled by the SHA model.
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<latexit sha1_base64="C3mHIP4e5i66kLgEICH+mmMSPmA="></latexit>

init
<latexit sha1_base64="0oVzMMS2WmcuSSwB5jQjHMLe0zI="></latexit>s1

<latexit sha1_base64="UQ0Tp3yddPuJLJArexfcdvFhrtk="></latexit>s2

<latexit sha1_base64="yuD4SWA9T9Fm9zB3IEIZp8rrkog="></latexit>

end

<latexit sha1_base64="vIw3l33EXaz325U8UT+mNTluqhU="></latexit>

s1!
<latexit sha1_base64="v4yKjVlHUI5mDHkoERPijmx6De8="></latexit>

s2!

<latexit sha1_base64="3l3ralmpP3nlbm3+H9rm/CiIS/s="></latexit>

e!

<latexit sha1_base64="oOa4r2dVWjTrb5jNFShkaqxs76Q="></latexit>

agents end s1 == true

<latexit sha1_base64="Vrym6UQaDOLgfQ9g7gNdKnamrt4="></latexit>

agents end s2 == true

Fig. 5: Simplified automaton of the Pattern Orchestrator for the illustrative ex-
ample in Section 4.

In Figure 4, both agents start from the initial location qini. From here, the
transition labeled l1 fires simultaneously, moving both agents to the busy loca-
tion q1,b for the first action in the first sub-sequence (the moveTo actions in our
example). After completing these actions, both agents transition to the complete
locations q1,c for the first sub-sequences, as there is only one action in it. This
sequence of events repeats for the second sub-sequences with the transition la-
beled l2. A labeled transition can fire only if all agents sharing this label can
do so simultaneously. This strategy ensures the synchronization requirements
imposed by LIrAs in a multi-agent environment.

In the model of Figure 4, the following Timed Computation Tree Logic
(TCTL) properties can be verified. As captured by Formula (1), it is verified
that there exists a path such that eventually all agents reach the final state.

EF
∧

aid∈AG

aid.qend (1)

On the other hand, the property that, for all paths, eventually all agents
reach the final state—captured by Formula (2)—is not verified for the network
because an agent can remain indefinitely in any state, and not only in the qend
location.

AF
∧

aid∈AG

aid.qend (2)

5.3 SHA Representation

We now present the SHA1 associated with the illustrative example from Sec-
tion 4, one for each layer depicted in Figure 3.

The Pattern Orchestrator is depicted in the concise representation of Fig-
ure 5, managing transitions between sub-sequences in the layer below using labels
s1! and s2! for the first and second sub-sequences, respectively. Guards, shown

1 The complete Uppaal model associated with the illustrative example is available at
https://zenodo.org/records/12667806.

https://zenodo.org/records/12667806


Verification-Oriented Specification of Multi-Agent Interaction Patterns 11

<latexit sha1_base64="C3mHIP4e5i66kLgEICH+mmMSPmA="></latexit>

init
<latexit sha1_base64="C5XxU8+bks3EiV36uBYVGOinUfw="></latexit>

s1?

<latexit sha1_base64="KDWmWthKvEKr9ZSEG6hI7siXvxs="></latexit>

stop moveTo!

<latexit sha1_base64="aVaNRbGPuFCiN5cuBzovfWRp+pY="></latexit>

start moveTo!

<latexit sha1_base64="aVaNRbGPuFCiN5cuBzovfWRp+pY="></latexit>

start moveTo!

<latexit sha1_base64="KDWmWthKvEKr9ZSEG6hI7siXvxs="></latexit>

stop moveTo!

<latexit sha1_base64="U1OCp/W7IsN6C4QkOBachEUeywA="></latexit>

stop follow!
<latexit sha1_base64="Qwz+Bc/nRjKr9yaeUpy4WqzFMLk="></latexit>

start follow!

<latexit sha1_base64="E/T4cpvpsJGnKXPe7Y1hVKg2LuQ="></latexit>

s2?

<latexit sha1_base64="7zPnLHMSn3CQoeibtmV5n/UnBo4="></latexit>

e?

<latexit sha1_base64="dUVgOgvMmBNJ4QhVkKPYvSzdxl4="></latexit>

C
<latexit sha1_base64="WHT9WK+noLEUDDNLiTzfFMLPVhc="></latexit>

moveTo
<latexit sha1_base64="++I5wJBIvO61rgfoAMdeIyYqbHA="></latexit>

busy

<latexit sha1_base64="WHT9WK+noLEUDDNLiTzfFMLPVhc="></latexit>

moveTo
<latexit sha1_base64="++I5wJBIvO61rgfoAMdeIyYqbHA="></latexit>

busy

<latexit sha1_base64="WHT9WK+noLEUDDNLiTzfFMLPVhc="></latexit>

moveTo
<latexit sha1_base64="++I5wJBIvO61rgfoAMdeIyYqbHA="></latexit>

busy

<latexit sha1_base64="fV5N5qMCrYnhv+rbcKePwhBa3GQ="></latexit>

end

<latexit sha1_base64="WHT9WK+noLEUDDNLiTzfFMLPVhc="></latexit>

moveTo

<latexit sha1_base64="fV5N5qMCrYnhv+rbcKePwhBa3GQ="></latexit>

end

<latexit sha1_base64="YPd1TGOprltnA9vucpr72u6Cpgk="></latexit>

follow
<latexit sha1_base64="YPd1TGOprltnA9vucpr72u6Cpgk="></latexit>

follow
<latexit sha1_base64="++I5wJBIvO61rgfoAMdeIyYqbHA="></latexit>

busy

<latexit sha1_base64="dUVgOgvMmBNJ4QhVkKPYvSzdxl4="></latexit>

C
<latexit sha1_base64="fV5N5qMCrYnhv+rbcKePwhBa3GQ="></latexit>

end

<latexit sha1_base64="Syxhc1BNkbTLnC02JMrfQxAp4gk="></latexit>

Robot end s2 = true

<latexit sha1_base64="ngxzXCTnugtP5WN7/GruG+9j8rg="></latexit>

Robot end s1 = true

<latexit sha1_base64="MV0HYufjc1Zb08tWZFC/wLZf/Zc="></latexit>

position(Human, poi1) == false
<latexit sha1_base64="rQqUHG8UStqSEVVXfUasox01crU="></latexit>

position(Human, poi1) == true

<latexit sha1_base64="aHtGMOIw6m/dJsnN3OnoUY7uBOU="></latexit>

distance(Human, Robot) < th

<latexit sha1_base64="GrSitlpCLvrlAddzWIbWgwuooDU="></latexit>

position(Human, poi2) == true

Fig. 6: Simplified automaton of the Sequence Orchestrator for the robot in the
illustrative example in Section 4. Locations marked with C denote committed
locations, which trigger instantaneously upon reaching them.

in green, impose conditions on these transitions to ensure that all agents com-
plete their sub-sequences before progressing. In the example involving a human
and a robot, each agent must await authorization from the Pattern Orchestra-
tor upon completing a sub-sequence. This authorization is granted based on the
Pattern Orchestrator’s monitoring of all agents through global variables. These
global variables are a_end_si, ∀a ∈ Agents and ∀si ∈ Subsequences. Hence, in
the example these variables are: robot_end_s1, robot_end_s2, human_end_s1
and human_end_s2, which in Figure 5 are represented compactly through
agents_end_s1 and agents_end_s2.

Figure 6 illustrates the automaton of the Sequence Orchestrator for the
robotic agent. The number of locations in Figure 6 is determined as follows:
two for the initial and final locations, two locations per action, two for the
busy and end locations, one for each committed location (i.e., equivalent to
having an invariant t ≤ 0 on the location and a guard t ≥ 0 for each exit
edge from that location) per sub-sequence, and one for each if/else condi-
tional statement. This layer synchronizes with the Pattern Orchestrator through
transitions labeled with s1? and s2? to know when to initiate sub-sequences.
It updates the global variable representing the agent’s sub-sequence status—
i.e., Robot_end_s1 = true and Robot_end_s2 = true (the blue text in Fig-
ure 6). These annotations indicate when an agent’s sub-sequence concludes, and
it is used by the Pattern Orchestrator to determine the starting commands for
the next sub-sequence.

The robot’s Sequence Orchestrator also communicates with the bottom layer
of Figure 3 using labels start_action! and stop_action!. These labels respec-
tively initiate and terminate the execution of a task. The execution process can
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<latexit sha1_base64="8tLAuFl0cd+GQlCeLiRii5Ag1fg="></latexit>

start moveTo?

<latexit sha1_base64="0jGk3EMLoWI9fIKpYZLbN/C1ww4="></latexit>

stop moveTo?

<latexit sha1_base64="c2fM3aPRtTp5TGkQzZiNa2G1X8Q="></latexit>

ignore

<latexit sha1_base64="c2fM3aPRtTp5TGkQzZiNa2G1X8Q="></latexit>

ignore

<latexit sha1_base64="SQ26CVcsz76QpGtwDXGVv1v0aYM="></latexit>

Ḟ = Fp�e��t

<latexit sha1_base64="fsRu4tx3bqM5iyq84dbNrS7fQxU="></latexit>

Ḟ = �Fpµe�µt

<latexit sha1_base64="I4p5xJfH/nCMxhpLWSzl98oOkcc="></latexit>

idle
<latexit sha1_base64="g1ulawoQ7pOazGTJl9Tg7qxnQLo="></latexit>

busy
<latexit sha1_base64="tJdKJHbe64bFelVL37RK3A36Wy0=">AAACA3icdVDLSsNAFJ3UV62PRl26GSyCq5DR0Da7ohuXFewD2lAm09s6dPJgZiKU0KVf4VZX7sStH+LCfzGJFVT0rg7n3Ms59/ix4Erb9ptRWlldW98ob1a2tnd2q+befldFiWTQYZGIZN+nCgQPoaO5FtCPJdDAF9DzZxe53rsFqXgUXut5DF5ApyGfcEZ1Ro3M6jCg+kZN0twLwsXIrNnWmUuarotti7gucewcNIjTdDCx7GJqaDntkfk+HEcsCSDUTFClBsSOtZdSqTkTsKgMEwUxZTM6hUEGQxqA8tIi+AIfJ4rqCMcgMRe4IOH7RUoDpeaBn20WMX9rOfmXNkj0pOmlPIyT7CmWG2kuoDBSTPKsEcBjLkFrmicHzEPMqKRag+SYMpaRSVZRJevj62n8P+ieWqRu1a+cWut82UwZHaIjdIIIaqAWukRt1EEMJegePaBH4854Mp6Nl8/VkrG8OUA/xnj9APbcmI8=</latexit>

listen

<latexit sha1_base64="tJdKJHbe64bFelVL37RK3A36Wy0=">AAACA3icdVDLSsNAFJ3UV62PRl26GSyCq5DR0Da7ohuXFewD2lAm09s6dPJgZiKU0KVf4VZX7sStH+LCfzGJFVT0rg7n3Ms59/ix4Erb9ptRWlldW98ob1a2tnd2q+befldFiWTQYZGIZN+nCgQPoaO5FtCPJdDAF9DzZxe53rsFqXgUXut5DF5ApyGfcEZ1Ro3M6jCg+kZN0twLwsXIrNnWmUuarotti7gucewcNIjTdDCx7GJqaDntkfk+HEcsCSDUTFClBsSOtZdSqTkTsKgMEwUxZTM6hUEGQxqA8tIi+AIfJ4rqCMcgMRe4IOH7RUoDpeaBn20WMX9rOfmXNkj0pOmlPIyT7CmWG2kuoDBSTPKsEcBjLkFrmicHzEPMqKRag+SYMpaRSVZRJevj62n8P+ieWqRu1a+cWut82UwZHaIjdIIIaqAWukRt1EEMJegePaBH4854Mp6Nl8/VkrG8OUA/xnj9APbcmI8=</latexit>

listen

Fig. 7: Simplified SHA of the moveTo action for the human agent [16]. Dashed
arrows represent probabilistic transitions, and purple equations denote differen-
tial equations used to compute the evolution of human fatigue.

be influenced by guards from Figure 6, which facilitate the completion of tasks
and evaluate atomic predicates in conditional statements.

All the custom-defined skills for each agent in the pattern are consolidated
in the bottom layer of Figure 3, labeled as Action Set. Figure 7 presents the core
features of the SHA modeling of the human agent’s moveTo action. We recall
that LIrAs specifications define the orchestration of expert-defined SHA in the
Action Set layer into a SHA network, so even if the orchestration itself can be
described through DFA (see Section 5.2), the overall model is SHA.

The moveTo SHA includes features capturing human decision-making and
physical variables related to human physiology. Specifically, the SHA includes
probabilistic edges capturing the fact that, once a command is received by the Se-
quence Orchestrator (e.g., through label start_moveTo?), the human may choose
to ignore it with weight ignore ∈ R≥0 or abide by it with weight listen ∈ R≥0.
Each location models a specific human behavioral state. Specifically, locations
differ based on the time dynamics of a physiological variable—i.e., human phys-
ical fatigue modeled through a real-valued variable F . Fatigue decreases gradu-
ally in the idle location, indicating rest, and increases during movement phases
(i.e., while in busy). Each location is, thus, labeled with a flow condition con-
straining the evolution of F while in such a location. In this specific case, flow
conditions Ḟ = −Fpµe

−µt and Ḟ = Fpλe
−λt exploit Merletti et al.’s model of

physical fatigue [19], where µ, λ ∈ R≥0 represent the recovery and fatigue rates,
respectively, and Fp ∈ R≥0 is the residual fatigue from the previous cycle. Inter-
ested readers may refer to [16] for the description of the human action’s SHA.

This work’s specific action set selection is due to the contextualization of
LIrAs within the specific target framework. We recall that LIrAs is agnostic
concerning the application domain and agents’ skill sets and that the expressive-
ness of SHA extends to any generic agent with comparable features (e.g., choices
subject to uncertainty and physical variables with non-linear time dynamics).

5.4 Validation

In the following, we present the results from the validation of the SHA net-
work, obtained through the manual translation from LIrAs to automata using
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Fig. 8: Simulation of agents’ behavior captured by Listing 1.1.

the Uppaal tool. This translation, based on the described methodology, aims to
assess the feasibility of automating the entire process. Additionally, translating
into SHA is necessary to analyze a pattern specified with LIrAs and verify SHA
properties that provide relevant information about the specification. This anal-
ysis is performed for simplicity just for the illustrative example; other examples,
which show similar results, are reported in [25]. Specifically, Figure 8 illustrates
a simulation run to demonstrate the behavior of the full system, followed by the
results of the SMC query.

The simulation starts by executing the first sub-sequence, having the two
agents in different locations. For the first 85 units of time, where a time unit
corresponds to a second, the robotic agent is not moving, due to the if/else
conditional statement, until the human does not reach the first PoI. After that,
the human concludes the first sub-sequence and the robot starts moving. When
the robot reaches the first PoI, too (around 175s), the first sub-sequence ends
also for it. Now the Pattern Orchestrator is allowed to provide the start for the
second sub-sequence, corresponding to the blue dashed line in the simulation of
Figure 8, where the robot starts the follow action until both agents reach the
second PoI. After that, at around time 300 (marked with the pink dashed line),
the pattern concludes having reached the final location in all the orchestrator
automata.

Thanks to the Uppaal tool we use SMC to compute the probability of desired
properties holding. Expression PM (ψ) amounts to a confidence interval for the
probability of ψ holding for M, which Uppaal computes through the Clopper-
Pearson method [7]. Specifically, given hyperparameter ϵ, Uppaal concludes the
verification experiment when the Clopper-Pearson confidence interval is smaller
than ϵ. All results reported in the following are run with default value ϵ = 0.05.
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Therefore, the highest confidence interval that can be obtained (approximating
to near certainty of property ψ holding) is [0.95, 1].

The first properties checked are PM (⋄≤300 o.end), PM (⋄≤300 h.end), and
PM (⋄≤300 r.end); they correspond to the probability for the Pattern Orches-
trator (o), the Sequence Orchestrator for the Human (h), and the one for the
Robot (r), respectively, to reach the final location within 300s. The resulting
confidence interval is [0.95, 1], signifying the likelihood of these properties hold-
ing for M . We use the same time bound (300s) for all three properties because
the shared synchronization label and status guards lead to the synchronous firing
of the three terminal locations.

Since the probability PM (⋄≤175 o.starts2) has a confidence interval ranging
from 0.95 to 1, we can assert that the first sub-sequence concludes within 175
seconds with near certainty. Given that the entire specification, which has two
sub-sequences, completes within 300 seconds, it is apparent that s1 and s2 have
similar durations. The first sub-sequence is slower between the two due to the idle
action introduced by the if/else conditional statement in the robotic agent’s
sub-sequence, as seen in Lines 5 and 6 of Listing 1.1.

Lastly, since we do not want an automaton to reach the end location while
the others do not, we can check the probability PM ((⋄≤300 (o.end ∧ ¬h.end) ∨
(o.end ∧ ¬r.end)) is violated. It represents the probability of reaching the termi-
nal location in the Pattern Orchestrator while not in the Sequence Orchestrators
(for both the Human and the Robot). The resulting confidence interval in this case
is [0, 0.05], stemming from the guards and synchronization in the last transition,
being almost zero we can assert that this property, as desired, is violated.

6 Conclusions and Future Developments

This paper builds upon the toolchain relying on LIrAs (whose syntax and seman-
tics are presented in [25]) by demonstrating the translation of LIrAs specifica-
tions to SHA through an illustrative example and showcasing how SMC applies
to the resulting formal model.

Through this translation process, we can derive a complex formal model
based on SHA from a high-level specification with LIrAs, which would otherwise
require an expert to generate. This model can then be verified with Uppaal by
checking properties as reported in Section 5 and others. The validation presented
in Section 5 demonstrates that our model efficiently represents the specification
created with LIrAs, showing the probability of satisfying the desired properties.

Although the translation is currently performed manually, we plan to auto-
mate it in the future by leveraging the three-layer hierarchical structure pre-
sented in Section 5.1. This will simplify the validation of this approach on more
examples. Additionally, we intend to extend this validation analysis to different
fields to ensure the domain-agnostic capabilities of LIrAs in MAS applications.
Finally, we aim to conduct a user study to assess the user-friendliness and clarity
of LIrAs for non-expert users.
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