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Abstract
The development of software for multi-robot systems remains a complex and demanding task, primarily due to the challenges
of coordinating interactions among robots while managing low-level implementation details. These complexities can pose
significant barriers for non-expert users and hinder effective collaboration between roboticists, domain experts, and stakehold-
ers. To address these issues, we introduce a model-driven development approach for multi-robot systems that leverages BPMN
and X-Kʟᴀɪᴍ. The BPMN standard offers an intuitive graphical notation widely adopted in both industry and academia, en-
abling the design of sophisticated robotic interactions without requiring deep programming expertise. Meanwhile, X-Kʟᴀɪᴍ
provides a robust framework for implementing multi-robot behaviors, featuring coordination primitives for both intra- and
inter-robot interactions and seamless integration with Java for low-level programming. Our approach combines the clarity of
BPMN with the operational power of X-Kʟᴀɪᴍ through an automatic translation of BPMN models into X-Kʟᴀɪᴍ code.
We present the B2XKlaim tool, which automates this translation process, and demonstrate its effectiveness through a case
study in the e-agriculture domain. Additionally, we discuss potential applications in collaborative, multi-agent robotic space
exploration.
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1 Introduction

The advent of Multi-Robot Systems (MRSs) has revolution-
ized numerous industries, enabling enhanced efficiency and
innovation in applications ranging from agricultural man-
agement to search-and-rescue missions. MRSs are composed
of autonomous robots that interact in real-time with highly
dynamic and uncertain environments through sensors and
actuators. However, the complexity of designing, program-
ming, and managing the intricate interactions within MRSs
remains a substantial challenge. Robust and intuitive design

tools are essential to tame this complexity and make MRSs
more accessible and effective [21, 28, 40].

To address these challenges, the Business Process Model
and Notation (BPMN) standard [41] has emerged as a
promising solution in this domain [12, 15, 17]. BPMN offers
a graphical notation for specifying the mission of an MRS
as a business process, i.e., a workflow model characterized
by structured activities undertaken by one or more parties
pursuing a common goal. Its strength lies in providing clear
and structured diagrams that are easy for stakeholders to un-
derstand, fostering a collaborative environment for robotic
mission design. Indeed, BPMN collaborations are highly
expressive and encapsulate in a unique diagram the inter-
play among control-flow, data-flow and communication in a
flexible and understandable way, making the modeling ac-
tivity for MRS missions easier [12]. The resulting models
are easy to read by humans and, at the same time, suitable
for model-to-code solutions. However, the high level of ab-
straction of BPMN models makes it difficult to specify the
technical details required for execution. Moreover, making
BPMN models directly executable typically requires inte-
grating a BPMN engine into the robotic context, which can
be impractical or inefficient. These issues limit the utility of
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BPMN for MRS programming, especially when bridging the
gap between conceptual design and operational deployment.

Conversely, X-Kʟᴀɪᴍ [7] is a programming language
specifically tailored for distributed systems and provides
the level of detail required for direct execution in MRSs.
Its integration with the Robotic Operating System (ROS)
framework [42] demonstrates its potential for MRS program-
ming [8–10]. Nevertheless, the steep learning curve and the
need for precise control over process interactions can hinder
its widespread adoption, particularly among beginner roboti-
cists, domain experts, and other stakeholders who may not
have a strong programming background.

To bridge this gap, we propose a model-driven approach
that translates BPMN models into X-Kʟᴀɪᴍ programs. Our
translation captures the core design principles and logic of
the BPMN model, generating skeleton X-Kʟᴀɪᴍ code that
can be further refined with low-level details for execution
on top of the ROS framework. This approach elevates MRS
programming from a purely technical task to an intuitive,
design-centric process. By retaining the high-level abstrac-
tion of BPMN, our approach enables a collaborative de-
velopment environment, allowing robotics experts, applica-
tion domain experts, and other stakeholders to jointly design
MRS missions. At the same time, the seamless translation to
X-Kʟᴀɪᴍ leverages its executional capabilities while pre-
serving the original design intent. It is worth noticing that,
considering the various degrees of abstraction in developing
MRS missions, X-Kʟᴀɪᴍ is positioned between BPMN
and ROS code. Indeed, X-Kʟᴀɪᴍ provides coordination
constructs that simplify the coding of robotic systems, es-
pecially in the presence of multiple robots [10]. Thus, using
X-Kʟᴀɪᴍ as the target language of the translation makes
the refinement of the generated skeleton code easier for the
final user while maintaining reasonable execution perfor-
mance. Summarizing, our proposal bridges the gap between
high-level mission planning and low-level mission execution,
achieving a balance between conceptual design and opera-
tional detail.

To demonstrate the feasibility of our model-driven ap-
proach, we developed B2XKlaim, a prototypical software
tool that automates the BPMN-to-X-Kʟᴀɪᴍ translation and
provides a user-friendly interface that shields users from un-
derlying complexities. We illustrate the effectiveness of our
approach through a practical case study in the e-agricultural
domain.

Contribution This paper extends [13] in several ways.

• We extend the fragment of BPMN considered in our trans-
lation approach, specifically including timer events and the
event-based gateway.

• We discuss mechanisms to address the maintainability of
coexisting generated and manual code.

• We explore a series of possible use cases in the field of
space exploration, highlighting the generality of our ap-
proach.

• We introduce a running example, used throughout the pa-
per to illustrate the concepts and technicalities of our pro-
posal.

• We provide a more detailed description of the languages
and technologies at the basis of our approach.

Structure of the paper The rest of the paper is orga-
nized as follows. In Sect. 2, we recall background notions on
the languages and technologies used in our approach, while
in Sect. 3, we describe our translation process. Section 4
presents the approach at work on an e-agriculture scenario
involving an MRS composed of a drone and a tractor. Sec-
tion 5 describes the B2XKlaim tool. Section 6 illustrates pos-
sible space exploration use cases. Finally, Sect. 7 discusses
related work, and Sect. 8 concludes and outlines directions
for future work.

2 Background notions

In this section, we introduce the languages at the basis of
our approach: the fragment of BPMN used to model MRS
missions, the programming language X-Kʟᴀɪᴍ, and the
framework for robotics applications, ROS.

2.1 BPMN collaboration diagrams

BPMN [41] is a well-established standard for graphically
modeling business processes, which facilitates effective com-
munication among stakeholders involved in the design and
execution of these processes. Collaboration diagrams, an es-
sential aspect of BPMN, are used to represent the interactions
and behaviors of distinct parties working together to achieve a
common goal. These diagrams are particularly useful in mod-
eling systems with multiple interacting components, such as
MRSs.

A collaboration diagram comprises one or more pools
representing entities participating in the collaboration. Each
pool may contain a process that defines the potential be-
haviors an entity can exhibit. A pool marked by the symbol
| | | represents multiple entities with the same behavior, en-
abling scalability in the modeling of large-scale systems. A
process is a workflow consisting of elements, like activities,
events, and gateways, connected via sequence flows. Data
objects are associated with activities and events through data
associations.

To effectively model the missions of MRSs, a carefully
selected subset of BPMN elements (Fig. 1) has been iden-
tified based on their relevance and applicability to MRS
scenarios [12]. These elements facilitate the modeling of
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Fig. 1 Selected BPMN elements

interactions and behaviors among multiple robots collabo-
rating to achieve a shared objective. In the context of MRSs,
robots are represented as pools, with heterogeneous robots
depicted as single-instance pools and homogeneous robots
as multi-instance pools. This strategic use of multi-instance
pools allows for the depiction of identical missions across
multiple robots, maintaining clarity and manageability even
as the model scales. The mission of a robot is portrayed
as a process within the pool. The process consists of ac-
tions in the form of tasks call activities, and event handlers
as event sub-processes. Notably, a call activity references
an activity defined in a process that is external to the cur-
rent process. This allows the creation of multi-layer models,
which are particularly useful for dealing with larger mod-
els and reusing the same process definition multiple times.
Various aspects of a robot mission, such as internal choices,
concurrent behaviors, and external choices are represented
using XOR, AND, and event-based gateways, respectively.
Communication between robots is modeled via message and
signal events. The former kind of event describes a point-
to-point form of communication, while the latter describes a
broadcast. Both forms of communication are asynchronous;
hence, the sending elements have a non-blocking semantics,
while the receiving ones are blocking. Finally, data utilized
in mission execution is denoted as data objects.

We conclude this section by illustrating a BPMN collabo-
ration model (in Fig. 2) of a simple robotics scenario aimed at
clarifying how the BPMN notation permits modeling MRS

missions. We will use this scenario as a running example
throughout the paper.

The scenario involves two robots: an explorer robot,
whose goal is to explore a territory in search of a given
area where to perform a job, and a worker robot, whose goal
is to help the explorer in performing the work. The explorer
mission starts with the Explore call activity. This calls a
structured activity, represented as a separate process (omit-
ted here) consisting of a sequence of random movements
followed by a soil analysis, repeated until the searched area
is found. When the exploration completes, the robot sends (by
means of a message intermediate throwing event send posi-
tion) its current position to the worker, whose mission starts
with the reception of this message (by means of the mes-
sage start event get position). The explorer execution is then
blocked (in an event-based gateway), waiting for a message
from the worker or the expiration of a timeout (represented
by a timer event of 30 seconds). The worker evaluates the
received position (by means of the script task Evaluate Po-
sition) and decides (via the XOR gateway) whether to send
a join notification message or a not join notification one. In
the positive case, the worker moves to the explorer’s posi-
tion, notifies its arrival and works. On the other side, the
explorer starts either the Work Alone or the Work Together
activity depending on the received message (or whether the
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Fig. 2 Running example: BPMN model

timeout has expired).1 The overall mission terminates when
both processes terminate (by means of the corresponding end
events).

2.2 X-Klaim

Kʟᴀɪᴍ (Kernel Language for Agents Interaction and Mo-
bility, [20]) is a formal language specially devised to de-
sign distributed applications consisting of possibly mobile
software components deployed over the nodes of a network
infrastructure. Kʟᴀɪᴍ, based on process calculi [38], gener-
alizes the notion of generative communication, introduced by
the coordination language Linda [29], to multiple distributed
tuple spaces.

1 Notably, the duplication of the Work Alone activity in the model
could be avoided by resorting to a XOR gateway that joins the sequence
flows outgoing from the timer event and the not join message event;
the sequence flow outgoing from this gateway would be connected to
the activity. However, this model would have an unstructured topology,
while our translation assumes that models are well-structured diagrams
(see Sect. 3).

The implementation of Kʟᴀɪᴍ consists of two main com-
ponents: the Java package Kʟᴀᴠᴀ and the programming
language X-Kʟᴀɪᴍ. Kʟᴀᴠᴀ (Kʟᴀɪᴍ in Java, introduced
initially in [5]) provides the implementation of the Kʟᴀɪᴍ
concepts in terms of Java classes and methods, relying on
the IMC framework [6] for the communication infrastruc-
ture. Any Java object can be stored in and retrieved from a
Kʟᴀᴠᴀ tuple, and the implemented pattern matching mech-
anism keeps Java subtyping into consideration. We also de-
veloped X-Kʟᴀɪᴍ, a domain-specific language closer to
Kʟᴀɪᴍ while providing typical high-level programming
constructs. X-Kʟᴀɪᴍ (eXtended Kʟᴀɪᴍ) was initially in-
troduced in [4] and reimplemented from scratch in [7] with
modern technologies and frameworks. The X-Kʟᴀɪᴍ com-
piler translates X-Kʟᴀɪᴍ programs into Java code that uses
the Java package Kʟᴀᴠᴀ. The produced Java code can then
be compiled and executed using the standard Java toolchain.

The new implementation of X-Kʟᴀɪᴍ [7] is based on
Xᴛᴇxᴛ [3], a mainstream Eclipse framework for the de-
velopment of programming languages and Domain-Specific

Springer



Translating BPMN models into X-Kʟᴀɪᴍ programs for developing multi-robot missions 561

Languages (DSLs). Xᴛᴇxᴛ also provides complete IDE
support based on Eclipse: editor with syntax highlighting,
code completion, error reporting, and incremental build-
ing, just to mention a few. Furthermore, we used another
mechanism provided by Xᴛᴇxᴛ, Xʙᴀꜱᴇ [25], an extensi-
ble and reusable expression language. By using Xʙᴀꜱᴇ in
X-Kʟᴀɪᴍ, besides a rich Java-like syntax, we inherit its in-
teroperability with Java and its type system. An X-Kʟᴀɪᴍ
program can smoothly access any Java type and Java library
available in the project’s classpath. The interoperability with
Java allowed us to integrate X-Kʟᴀɪᴍ seamlessly with the
Java-ROS connector (Sect. 2.3).

In the rest of this section, we will briefly recall the main
concepts of Kʟᴀɪᴍ as implemented in X-Kʟᴀɪᴍ. We will
also describe the main linguistic features of X-Kʟᴀɪᴍ and
its Eclipse-based IDE support.

A tuple space is a shared data repository consisting of a
multiset of tuples, i.e., sequences of data items. Tuples are
associatively retrieved from tuple spaces using a pattern-
matching mechanism. Processes communicate through the
asynchronous exchange of tuples via tuple spaces. Tuple
spaces are identified through localities, i.e., symbolic ad-
dresses of network nodes where processes and tuples are
allocated. Localities themselves can be exchanged through
interprocess communication.

An X-Kʟᴀɪᴍ program can contain definitions of nets,
nodes, and processes. An X-Kʟᴀɪᴍ network definition con-
sists of net and node definitions as shown in the following
example:

net ANet {
node Node1 { ... initialization code ... }
node Node2 { ... initialization code ... }
...

}

The name of a node also represents its locality within the
network. Each node can specify some initialization code for
creating and running a few concurrent processes. A process
definition consists of a name, a list of parameters (using the
Java syntax for declaring parameters), and a body:

proc aProcess(... parameters ...) { ... body ... }

The body consists of Xʙᴀꜱᴇ expressions, whose syn-
tax has been extended with Kʟᴀɪᴍ operations (that we
will show in the following). Typical programming structures
such as if, while, and OOP Java-like mechanisms, such as
object creation and method invocation, are already part of
Xʙᴀꜱᴇ. The syntax of Xʙᴀꜱᴇ is similar to Java, though
it removes much “syntactic noise”. For example, terminat-
ing semicolons and other syntax elements like parentheses
when invoking a method without arguments are optional.
Moreover, Xʙᴀꜱᴇ comes with a powerful type inference

mechanism compliant with the Java type system: the pro-
grammer can avoid specifying types in declarations when
they can be inferred from the context. Variable declarations
start with val or var for final and non-final variables, re-
spectively. The types of variables can be omitted if they can
be inferred from the initialization expression.

Besides the Java-like syntax mentioned above, the pro-
cess body can perform the typical Kʟᴀɪᴍ actions. Ac-
tion out(tuple)@nodeLocality adds the tuple resulting from
the evaluation of the argument tuple to the tuple space of
the target node identified by the (possibly remote) locality
nodeLocality. Action in(template)@nodeLocality (respec-
tively, read(template)@nodeLocality) withdraws (respec-
tively, reads) tuples from the tuple space hosted at the (possi-
bly remote) locality nodeLocality. The distinguished locality
self refers to the current hosting node. If matching tuples are
found, one is non-deterministically chosen. Otherwise, the
process is blocked until a matching tuple is found.

These retrieval actions exploit templates as patterns to
select tuples in tuple spaces. Templates are sequences of
actual (i.e., expressions, localities, or processes) and formal
fields (i.e., variable definitions with the keyword var and
the variable type), where the latter are used to bind variables
to retrieved values. Intuitively, a template matches against
an evaluated tuple if both have the same number of fields
and corresponding fields match; two values/localities match
if identical, while formal fields match any value of the same
type. Upon a successful matching, the template variables are
replaced with the values of the corresponding actual fields
of the accessed tuple.

Action eval(Process)@nodeLocality sends Process for
concurrent execution to the (possibly remote) node identi-
fied by nodeLocality. X-Kʟᴀɪᴍ also supports higher-order
communication since processes can exchange code and pos-
sibly execute it.

X-Kʟᴀɪᴍ also provides read_nb and in_nb constructs,
which allow for non-blocking read and in operations, re-
spectively. These non-blocking operations allow processes
to continue operating even if the incoming message or sig-
nal is unavailable. They return a boolean value indicating
whether they succeeded in finding a matching tuple. Thus,
they are meant to be used in if or while constructs as
boolean expressions.

In Fig. 3, we show a simple code snippet of an X-Kʟᴀɪᴍ
process body. The code should be easily readable by a Java
programmer. We mention a few additional X-Kʟᴀɪᴍ syntax
features to make the code more understandable. Such types
as String and Double are Java types since, as mentioned
above, X-Kʟᴀɪᴍ programs can refer directly to Java types.
Similarly, System.err.println is the standard Java static
method to print something on the screen. In the code snip-
pets, we omitted the Java-like import statements. Here we
also see the typical Kʟᴀɪᴍ operations, in and out, acting
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Fig. 3 An example of X-Kʟᴀɪᴍ code.

on possibly distributed tuple spaces. Formal fields in a tu-
ple are specified as variable declarations since formal fields
implicitly declare variables that are available in the code oc-
curring after in and read operations (just like in Kʟᴀɪᴍ).
X-Kʟᴀɪᴍ provides syntactic sugar for collection literals:
#[ ... ]. In the code snippet, strings is inferred to be
of type List<String>. In X-Kʟᴀɪᴍ, lambda expressions
have the shape [ param1, param2, ... | body ] The
types of parameters can be omitted if they can be inferred
from the context. An X-Kʟᴀɪᴍ lambda expression can be
used in any Java context where a lambda expression can
be used, according to the Java type system: the type of the
lambda expression must match the target Java functional
interface. The code snippet shows standard Java stream op-
erations using X-Kʟᴀɪᴍ lambda expressions.

Moreover, X-Kʟᴀɪᴍ also permits adding, after a block-
ing operation, a timeout specification (in milliseconds), us-
ing the keyword within. The retrieval operation becomes a
boolean expression with the boolean value representing the
successful retrieval within the given timeout or a failure (the
timeout exceeded without finding a matching tuple). Here’s
an example of the usage of the version with a timeout for a
retrieval operation:

if (in(!x, !y)@self within 2000) {
// use the retrieved values in x and y

} else {
// do something else

}

The X-Kʟᴀɪᴍ compiler is wholly integrated into
Eclipse: typical IDE mechanisms like content assist and code
navigation are available in the X-Kʟᴀɪᴍ editor. The same
holds for the automatic building mechanisms of Eclipse.
When saving an X-Kʟᴀɪᴍ file, the Java code generation is
automatically triggered, which in turn triggers the generation
of Java byte code. From a single X-Kʟᴀɪᴍ program, our
compiler generates several Java classes (e.g., one for a net,
one for each node, and one for each process) that extend
and use Kʟᴀᴠᴀ classes. The relation between X-Kʟᴀɪᴍ
elements and the generated Java code is handled transpar-
ently. For example, removing a process from an X-Kʟᴀɪᴍ
program will automatically remove the previously generated
corresponding Java class.

Finally, the X-Kʟᴀɪᴍ Eclipse support also includes the
ability to directly run or debug an X-Kʟᴀɪᴍ file with ded-
icated context menus. There’s no need to run the generated
Java code manually. Debugging an X-Kʟᴀɪᴍ source code
is crucial when programming distributed applications ac-
cessing remote tuple spaces. We can set a breakpoint in the
X-Kʟᴀɪᴍ program, possibly based on a condition. During
the execution of the corresponding generated Java code, the
execution is suspended on the X-Kʟᴀɪᴍ program: we can
see the current values of variables, either in the “Variables”
Eclipse view or by hovering over a variable in the program.
The debugging mechanisms of X-Kʟᴀɪᴍ are as powerful as
Eclipse’s standard Java debugging mechanism. For example,
during an X-Kʟᴀɪᴍ debugging session, we can evaluate
expressions on the fly.

2.3 ROS

Robotic Operating System (ROS)2 is one of the most popu-
lar frameworks for writing robot software. It provides tools
and libraries for simplifying the development of complex
controllers while abstracting from the underlying hardware.

The core element of ROS is the message-passing middle-
ware based on a publish/subscribe communication mecha-
nism. It enables hardware abstraction for a wide variety of
robotic platforms. The processes of a robotics application can
exchange data, being agnostic with respect to the source of
the data: the communicated data can be sensor readings or ac-
tuator commands, formatted in a standardized way, produced
by, or directed to the robot’s devices. To send a message, a
process has to publish it in a topic, which is a named and
typed bus. A process interested in such a message must sub-
scribe to the topic. The subscriber will be notified whenever
a new message is published on the topic. This decouples the
production of data from its consumption.

To enable the use of X-Kʟᴀɪᴍ for programming the
behaviors of MRS missions, we integrated in [10] the X-
Kʟᴀɪᴍ language with the ROS middleware3 as graphically
depicted in Fig. 4. The integration is based on the ROS
Bridge, a server included in the ROS framework that provides
a JSON API to ROS functionalities for external programs.
This way, the ROS framework installed in a robot receives
and executes commands on the physical components of the
robot and gives feedback and sensor data. The use of JSON
enables the interoperability of ROS with most programming
languages, including Java.

X-Kʟᴀɪᴍ programs can indirectly interact with the ROS
Bridge server, publishing and subscribing over ROS topics

2 https://www.ros.org/.
3 In this work, we used ROS 2 and Gazebo 11 classic, though our

approach is version-agnostic and can be adapted to other ROS and
Gazebo versions.
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Fig. 4 X-Kʟᴀɪᴍ-ROS
integration

via objects provided by the Java library textitjava_rosbridge.4
In its own turn, java_rosbridge communicates with the ROS
Bridge server via the webSocket protocol through the Jetty
web server.5

ROS permits checking the execution of the code gener-
ated from an X-Kʟᴀɪᴍ program by means of the Gazebo6

simulator. Gazebo [35] is an open-source simulator of robot
behaviors in complex environments that is based on a robust
physics engine and provides a high-quality 3D visualiza-
tion of simulations. Gazebo is fully integrated with ROS;
in fact, ROS can interact with the simulator via the publish-
subscribe communication mechanism of the framework. The
use of the simulator is not mandatory when ROS is deployed
in real robots. However, even in such a case, the MRS soft-
ware design activity may benefit from using a simulator to
save time and reduce development costs.

3 The translation process

The process of translating a BPMN model into X-Kʟᴀɪᴍ
code, a vital phase of our model-driven approach, is designed
to be compositional and seamless. Although it is based on
an in-depth understanding of the structural and semantic
nuances of both languages, the user of the approach is not
required to delve into these intricacies.

In the definition of the translation, we adopted the fol-
lowing guiding principles. First, we aimed to ensure system
integrity. The alignment of BPMN elements to their equiva-
lent X-Kʟᴀɪᴍ constructs, in our mapping, aims to maintain
the functionality and meaning of the MRS design as encap-
sulated within the BPMN model while transcribing it into
the more execution-oriented language of X-Kʟᴀɪᴍ. In this
way, the X-Kʟᴀɪᴍ program resulting from the translation
reflects the same behavior as the original BPMN model. Sec-
ond, we strove for accuracy and efficiency in the resulting
X-Kʟᴀɪᴍ code. This ensures that the MRS will function as
expected without unnecessary computational overhead. We

4 https://github.com/h2r/java_rosbridge.
5 Jetty 9: https://www.eclipse.org/jetty/.
6 https://gazebosim.org/.

Table 1 Translation of sequence flows

BPMN Element X-Kʟᴀɪᴍ Translation

translate(P1)
in(e)@self
translate(P2)

also aimed at the readability and maintainability of the gen-
erated X-Kʟᴀɪᴍ programs. This means creating code that
is easy to understand, update, and debug, thus improving the
long-term sustainability of the MRS.

Given the diversity and complexity of BPMN elements,
our systematic translation process is designed to handle these
variations reliably, details of which will be discussed in the
following. Notably, while some BPMN elements have a clean
one-to-one mapping with X-Kʟᴀɪᴍ constructs, others re-
quire more complex translations, possibly involving multiple
X-Kʟᴀɪᴍ constructs or the introduction of additional X-
Kʟᴀɪᴍ code to capture the intended behavior. We define
the translation for the subset of BPMN elements in Fig. 1,
identified in [12] as suitable to model MRS missions; any-
way, the BPMN elements discarded by this selection could
be translated in X-Kʟᴀɪᴍ as well, possibly resorting to
Java code integrated in X-Kʟᴀɪᴍ. Notably, we assume that
BPMN models are well-structured collaboration diagrams
[16]. It is worth noticing that the mapping from BPMN to
X-Kʟᴀɪᴍ follows a compositional approach. This means
that each BPMN construct is translated independently and
then combined to form the final X-Kʟᴀɪᴍ code. This ap-
proach allows for a flexible and easy-to-modify translation, as
modifications to one construct do not impact the translation
of the others.

The working principles of our approach necessitate the
translation of each BPMN element to dispatch a tuple repre-
senting a token marking an edge outgoing from the element
before transitioning to the next element. Consumption of this
tuple is essential to ensure process synchronization and ex-
ecution order, as shown by the translation of the sequence
flow provided in Table 1. This translation ensures that P1
is terminated before proceeding with P2 using the in action
that waits for the tuple corresponding to the edge connecting
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Table 2 Translation of events

BPMN Element X-Kʟᴀɪᴍ Translation

None Start out(e)@self

Message Start in(m,vars)@self
out(e)@self

Timer Start Thread.sleep(d)
out(e)@self

Signal Start read(s,vars)@senderLoc
out(e)@self

Message
Intermediate
Catching

in(m,vars)@self
out(e)@self

Timer
Intermediate
Catching

Thread.sleep(d)
out(e)@self

Signal
Intermediate
Catching

read(s,vars)@senderLoc
out(e)@self

Message
Intermediate
Throwing

out(m,payload)@receiverLoc
out(e)@self

Signal
Intermediate
Throwing

out(s,payload)@self
Thread.sleep(signalDuration)
in(s,payload)@self
out(e)@self

None End

Message End out(m,payload)@receiverLoc

Signal End
out(s,payload)@self
Thread.sleep(signalDuration)
in(s,payload)@self

the two elements; such a tuple is emitted by an out action
within the translation of P1 (see Tables 2-4).

The mapping of events to their X-Kʟᴀɪᴍ equivalents is
reported in Table 2. Events are mainly used to deal with com-
munications. In X-Kʟᴀɪᴍ, communication events are ren-
dered using communication actions (i.e., out, in, and read);
hence, both messages and signals exchanged by events are
represented as tuples that embody the transmitted data.

Effective management of unicast and broadcast communi-
cation significantly aids in the seamless translation of mes-

sage and signal events, respectively. Unicast communica-
tion is characterized by message throwing/catching events
within BPMN. In X-Kʟᴀɪᴍ, unicast communication is en-
acted through a pair of actions: the sending of an outgoing
message, expressed as out(m,payload)@receiverLoc, orig-
inating from the current process and directed to a specific
recipient, followed by the consumption of the message at
the recipient’s location, expressed as in(m,vars)@self. No-
tably, the two actions contain the placeholders payload and
vars that will be filled by the developer with actual data
of the message payload in the sent tuple and the corre-
sponding variables in the receiving template. Instead, the
location receiverLoc is properly determined by the transla-
tion approach, as it simply corresponds to the pool’s name
containing the receiving element connected to the message
flow m. Executing these two communication actions ensures
that the one-to-one communication setup inherent in unicast
scenarios is accurately maintained, mimicking the precise
message-passing semantics of BPMN. Broadcast communi-
cation, on the other hand, operates on a one-to-many inter-
action model according to the semantics of BPMN signal
throwing/catching events. X-Kʟᴀɪᴍ represents broadcast
communication through the emission of the signal into the
local tuple space, represented as out(s,payload)@self, fol-
lowed by the reception of this signal by multiple recipients,
represented as read(s,vars)@senderLoc. The read operation
permits multiple recipients to access the signal concurrently
without removing it from the tuple space, facilitating the
multiple-recipient scenario inherent in broadcast commu-
nication. The tuple representing the signal is then removed
(via an in action) when a given timeout (specified by the pro-
grammer via the constant variable signalDuration) expires.
Timer events, instead, are simply dealt with via a timeout
whose duration (d) is specified in the BPMN model (up to a
conversion in milliseconds).

The translation of gateways is reported in Table 3. X-
Kʟᴀɪᴍ interprets the exclusive gateway through an if-
else statement, determining a path based on conditional
logic and executing the BPMN element linked with the se-
lected path. Notably, in the generated code, condition is a
placeholder to be replaced by the actual condition. The trans-
lation of loops, which allow repeated execution of BPMN
elements, is simply based on the while construct. Instead,
the parallel gateway initiates simultaneous execution of mul-
tiple paths (via eval actions), requiring the completion of
all paths (see the sequence of in actions) before the parallel
block can exit. The event-based gateway is translated dif-
ferently on the basis of the connected elements. In case the
gateway connects only message events, a polling strategy is
implemented to determine which one is the first received
message and, hence, activate the corresponding execution
flow. This is achieved by means of a loop of in actions, one
for each message, that specify the time (by means of constant
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Table 3 Translation of gateways

BPMN Element X-Kʟᴀɪᴍ Translation

XOR

if(condition){
translate(P1)
in(e1)@self }

else{
translate(P2)
in(e2)@self }

out(e3)@self

Loop
while(condition){

translate(P1)
in(e1)@self }

out(e2)@self

AND

eval(new ProcP1())@self
eval(new ProcP2())@self
in(e1)@self
in(e2)@self
out(e3)@self

// Processes to be
// added to the node
proc ProcP1(){

translate(P1)
}

proc ProcP2(){
translate(P2)

}

Event-Based
(between
messages)

var eventOccured = false
while(!eventOccured){

if(in(m1,vars1)@self within pollTimeout){
eventOccured = true
translate(P1)
in(e1)@self }

else if(in(m2,vars2)@self within pollTimeout){
eventOccured = true
translate(P2)
in(e2)@self } }

out(e3)@self

Event-Based
(single
message
with timer)

if(in(m,vars)@self within d){
translate(P1)
in(e1)@self }

else {
translate(P2)
in(e2)@self }

out(e3)@self

Event-Based
(between
messages
with timer)

var eventOccured = false
var startTime = System.currentTimeMillis()
while(!eventOccured){

if(in(m1,vars1)@self within pollTimeout){
eventOccured = true
translate(P1)
in(e1)@self }

else if(in(m2,vars2)@self within pollTimeout){
eventOccured = true
translate(P2)
in(e2)@self }

else if(System.currentTimeMillis()−startTime >= d){
eventOccured = true
translate(P3)
in(e3)@self } }

out(e4)@self
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Table 4 Translation of activities

BPMN Element X-Kʟᴀɪᴍ Translation

Call Activity eval(new Activity(e))@self

// Process to be added to the node
proc Activity(String edgeOut){

translate(CalledProcess)
out(edgeOut)@self

}

Event Sub-Process eval(new EventSubProcess())@self

// Process to be added to the node
proc EventSubProcess(){

translate(P)
}

Script Task eval(new ScriptTask(e))@self

// Process to be added to the node
proc ScriptTask(String edgeOut){

// ... add here the script code ...
out(edgeOut)@self

}

pollTimeout) each message is waited for before passing to
the next one. When an in completes successfully, the corre-
sponding execution flow is activated and the loop is broken.
The case of an event-based gateway connecting one message
event and one timer is simply translated in terms of a condi-
tional choice based on an in action with a timeout. Finally,
the case where the event-based gateway connects more than
one message, and a timer is translated by resorting again to
the polling strategy; this time, at each iteration of the loop, it
is checked if the timer has expired by exploiting the standard
Java method System.currentTimeMillis().

The translation of activities is shown in Table 4. Call
activities and event sub-processes are translated into new
processes that are defined separately. These processes are
spawned using an eval action. The script task, instead, is
translated into a placeholder for the script code, followed by
an out action to mimic the marking of the outgoing edge at
the end of the activity.

A data object of type DataObject is mapped to a tuple
(DataObject,vars) containing variables representing the at-
tributes of the data object. In this way, data elements can be
easily managed and passed as parameters in communication
actions between processes (see Tables 2-3).

Finally, the translation of pools is depicted in Table 5. A
single-instance pool is translated into an X-Kʟᴀɪᴍ node
containing the translated process. The translation of a multi-
instance pool, instead, involves creating multiple nodes, one
for each instance (since we are considering robotics scenar-
ios, the number of instances is determined a priori). All nodes
must be then enclosed within the X-Kʟᴀɪᴍ network con-
struct net CollaborationNameNet { ... }, where Collabora-
tionName is the name of the translated BPMN collaboration
diagram. The translation of pools highlights the ability of X-

Kʟᴀɪᴍ to handle complex collaborative processes involving
multiple participants.

We conclude the section by reporting in Fig. 5 the trans-
lation into X-Kʟᴀɪᴍ of the running scenario introduced in
Sect. 2.1. For the sake of readability, in the following code
and the ones in the subsequent sections, we omit the double
quotes of constant strings that correspond to labels reported
in the BPMN model (e.g., we write out(e1)@self in place of
out("e1")@self).

It is worth noticing that the above code contains some
unnecessary synchronizations (i.e., sequences of out and
in actions with the same tuple as argument), due to the
compositional nature of the sequence flow translation. To
achieve a cleaner and more efficient code, these redundant
sequences are automatically removed by the implementation
of the translation approach presented in the next sections.

4 The translation at work on an e-agriculture
case study

This section explores the translation into X-Kʟᴀɪᴍ of an
e-agricultural MRS scenario specified in BPMN, borrowed
from [12]. This scenario refers to a coordinated mission in-
volving a drone and a tractor, orchestrated to identify and
mitigate weed infestation within a crop field. Figure 6 shows
a frame of the enactment of this mission; in essence, this
figure is a screenshot of the execution of the generated X-
Kʟᴀɪᴍ code within the Gazebo simulator (we refer to Sect. 5
for a deeper discussion on code execution).

The BPMN collaboration diagram in Fig. 7 represents the
overall mission behavior. It describes the workflow starting
from the drone’s launch, through its exploration phase, to the
mission’s conclusion with the identified weed removed by
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Table 5 Translation of pools

BPMN Element X-Kʟᴀɪᴍ Translation

Pool node Participant { translate(P) }

Multi-Instance Pool
node Participant_1 { translate(P) }
...
node Participant_N { translate(P) }

Fig. 5 The translation into X-Kʟᴀɪᴍ of the running scenario introduced in Sect. 2.1
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Fig. 6 Overview of the
e-agriculture scenario

Fig. 7 BPMN model of the e-agriculture scenario

Fig. 8 BPMN model of the exploration phase

the tractor and the return of the robots to the base. The
exploration phase, detailed in Fig. 8, features two paral-
lel processes (left-hand side of the figure): one enacting a
zigzag navigation strategy for a thorough field coverage and

another one for identifying the infestations. In addition, the
exploration phase resorts to an event sub-process (right-hand
side of Fig. 8) that deals with the precise localization of the
detected weeds. The coordinates of the detected weeds are
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then forwarded to the top-level model and will be caught
by the event sub-process WeedHandler, which validates and
communicates these locations to the tractor.

We illustrate in the following paragraphs the translation
of the e-agriculture BPMN model, each targeting a specific
aspect of the scenario to convey the systematic conversion
into X-Kʟᴀɪᴍ. The full X-Kʟᴀɪᴍ program resulting from
the translation is available at [11].

Translation of the collaboration. The collaboration
within the agriculture scenario involves interactions between
the drone and the tractor. In X-Kʟᴀɪᴍ, this is represented as
individual nodes for Drone and Tractor, each one executing
its respective behavior. The X-Kʟᴀɪᴍ code corresponding
to the collaboration in Fig. 7 is as follows:

net MRS {
node Drone { eval(new DroneBehavior(Tractor))@self }
node Tractor { eval(new TractorBehavior())@self }

}

Translation of the Drone mission. The drone mission
distills its operations into three key processes: TakeOff, Ex-
plore, and Land. This sequence, structured through event
and call activities in BPMN translates into the DroneBehav-
ior process in X-Kʟᴀɪᴍ, where each task is methodically
represented. An event sub-process WeedHandler, running in
parallel, manages the communication of detected weed lo-
cations, showing the drone’s dual functionality in navigation
and data processing. The generated code is as follows:

proc DroneBehavior(Locality Tractor) {
// Initiate event subprocesses for weed handling
eval(new WeedHandler(Tractor))@self

// Start the main mission

// Drone takes off
eval(new TakeOff(e1))@self
in(e1)@self

// Drone explores field after takeoff
eval(new Explore(e2))@self
in(e2)@self

// Drone lands after exploration
eval(new Land(e3))@self
in(e3)@self

}

Translation of the Tractor mission. The translation
of the tractor mission outlines the tractor’s role in the e-
agricultural framework, converting its operations into se-
quential processes: receiving weed locations (WEED_POSI-
TION) from the drone, moving to these locations (MoveTo),
cutting the detected weeds (CutGrass), and finally returning
to the base (ReturnToBase). The TractorBehavior process in
X-Kʟᴀɪᴍ mirrors this workflow, depicting a direct response

to communications from the drone, thus ensuring a coherent
and concise representation of the tractor’s mission:

proc TractorBehavior() {
// Tractor receives weeds’ position from Drone
in(WEED_POSITION, var Double x, var Double y)@self

// Moves towards the weed position
eval(new MoveTo(e4, x, y))@self
in(e4)@self

// Tractor cuts the grass after moving to the weed position
eval(new CutGrass(e5))@self
in(e5)@self

// Tractor returns to the base ends after cutting the grass
eval(new ReturnToBase(e6))@self
in(e6)@self

}

Translation of the Explore process. The translation of
the Explore call activity captures the drone’s dual activities
of field navigation and weed detection, which are crucial
for e-agricultural monitoring. To this aim, it involves paral-
lel execution of Navigation and WeedDetection processes.
The event sub-process Handler, running in parallel as well,
manages the precise localization of detected weeds.

proc Explore() {
// Initiate event subprocesses for localizing the weed
eval(new Handler())@self

// Execute the two processes in parallel
eval(new Navigation(e1))@self
eval(new WeedDetection(e2))@self
in(e1)@self
in(e2)@self

}

5 The B2XKlaim tool

B2XKlaim is a tool designed to automate the conversion
of BPMN models into X-Kʟᴀɪᴍ code. In contrast to the
previous version, which required users to launch separate
services, the tool is now fully deployed as a comprehensive
web-based application,7 where both front-end and back-end
components are integrated on the server, providing a seam-
less experience. The open source code is also available at
GitHub.8

Backend Architecture. The B2XKlaim tool’s back-end
architecture is designed to efficiently translate BPMN models
into X-Kʟᴀɪᴍ code. Built on top of Java and Spring Boot,

7 https://kbourr.com/b2xklaim.
8 https://github.com/khalidbourr/B2XKlaim.
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this system exposes a REST API endpoint that processes
BPMN XML through a structured translation pipeline.

The process begins by parsing the XML into a Document
Object Model (DOM), followed by a factory pattern imple-
mentation. The BpmnParser class converts BPMN XML
files into structured BpmnElements objects, each represent-
ing a BPMN element with essential contextual information.
These objects are then stored in a central container for ef-
ficient lookup during subsequent translation phases. A key
improvement over the previous version is the implementa-
tion of a dedicated analysis phase that follows the parsing
stage. This phase carefully examines the parsed model to
identify runtime dependencies between participants. This
critical step analyzes Message Flows and Signal interactions
across participant boundaries, building a dependency map
(requiredParticipantRefs) that records which partici-
pant requires runtime location references to enable targeted
communication.

The code translation mechanism is then facilitated by the
Generator class, which serves as the central coordinator
converting BPMN elements into X-Kʟᴀɪᴍ code. To han-
dle diverse parsed elements (e.g., activities, events, gate-
ways, etc.), the tool employs the BPMNTranslator class,
which systematically processes each component accord-
ing to its unique characteristics. The translation produces
parametrized eval calls with participant arguments and cor-
responding proc definitions with Locality parameters, en-
suring proper runtime location binding for effective commu-
nication in distributed multi-agent systems.

The translation process emphasizes code optimization in
the X-Kʟᴀɪᴍ representation. While mapping BPMN ele-
ments to X-Kʟᴀɪᴍ constructs, the system enhances compu-
tational efficiency by eliminating redundant sequences. For
instance, removing unnecessary out/in operation pairs us-
ing the same tuple reduces computational overhead while
improving code readability and maintainability. This opti-
mization serves dual purposes: streamlining execution and
enhancing overall code quality.

Frontend User Interface. The user interface, developed
with Vue.js, offers an intuitive environment for users to
design BPMN models and initiate the translation process.
Through a simple, interactive web-based platform, users can
design the BPMN model, visualize the generated X-Kʟᴀɪᴍ
code, and download it for finalization and deployment. This
interface significantly lowers the barrier to entry for users
without deep expertise in X-Kʟᴀɪᴍ programming.

A notable enhancement to the output process is the gen-
eration of a complete, downloadable Maven project archive
rather than just raw code snippets. This structured project in-
cludes the generated .xklaim files organized into appropri-
ate packages (xklaim, xklaim.processname, xklaim.-
activities), placeholder procedures for unimplemented

activities, a pom.xml with the necessary dependencies (X-
Kʟᴀɪᴍ runtime, java-rosbridge, etc.), and standard config-
uration files. This comprehensive approach facilitates the
immediate building and execution of the generated system
skeleton.

Figure 9 shows a screenshot of the user interface. The
process depicted in the figure illustrates a simple drone mis-
sion consisting of the drone taking off, exploring a field, and
then returning to base. These tasks are represented by call
activities in the BPMN model, while the end of the mission
is represented as an end event. The bottom part of the figure
shows the text area reporting the corresponding X-Kʟᴀɪᴍ
code produced by the tool from the translation of the given
BPMN model.

6 Use case: planetary exploration

Among the various fields in which robotics is rooted, space
exploration is perhaps the one where it has had the most im-
pact, allowing us to investigate extremely remote regions of
our solar system, otherwise inaccessible. Up to NASA/JPL’s
“Mars 2020” mission, all instances of exploration beyond
the Earth have been done via single agents, be it orbiters,
impactors, landers, or rovers [18]. If it is true that most
rover missions did in fact consist of two separate entities,
i.e., the lander platform and the rover itself, it can be ar-
gued that the platforms were not proper autonomous agents,
and no real coordination happened between these and their
rovers. The first instance of a truly multi-agent system was
the Perseverance rover and the helicopter Ingenuity, both
part of the “Mars 2020” Mission, which landed on Mars
February 18, 2021. Even though the mission plan did not
include proper coordinated activities between the two plat-
forms, the remarkable performance and lifespan of Ingenuity
prompted mission controllers to make active use of the small
helicopter, which became the first “Extraterrestrial Scout” in
History [48], albeit with non-autonomous coordination. This
family of approaches has been in development in the last two
decades [36], and has seen considerable progress towards the
integration of proper autonomous coordination [14].

The implementation of the BPMN and X-Kʟᴀɪᴍ
pipeline presented in this work lays appropriate groundwork
for developing truly multi-agent frameworks for space explo-
ration that are at the same time flexible enough for mission
control to handle. In particular, we highlight the following
strong points in the context of the challenges of this peculiar
field:

• Controlling complex scenarios: it enables manag-
ing fleets of undefined size, allowing the modeling
and control of arbitrarily complex directives and be-
haviors, possibly either coordinated, autonomous,
supervised, or a mixture of these.
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Fig. 9 B2XKlaim’s user interface

• Graphical user interface: the BPMN convention
allows users to define rules and behaviors without
initially requiring in-depth knowledge of the code-
base.

• On-the-fly reconfigurability: it enables agents
to reprogram without power-cycling or software
restarts, a feature vital for mission-critical infras-
tructure and functions (e.g., battery and power gen-
eration control systems, communication relays, heat
management).

In particular, the first two points allow for the specification
of missions of multi-agent fleets even to non-programmers,
enabling a finer and more precise management of the en-
deavor directly by mission controllers on Earth. The last
point is key when fleets are very heterogeneous, with rad-
ically diverse behaviours and aims; allowing for reconfigu-
ration without creating risky downtime and restarts allows
enhanced flexibility in fleet control and management.

We present, as examples, a short list of possible multi-
agent mission architectures that can be modeled using the
proposed framework and will constitute the backbone of our
future research:

• Helicopter scouting. Agents: rover with scientific
payload, scout helicopter; similar to the example of
e-Agriculture seen in Sect. 4, this consists of an au-
tomation of the de-facto mission of the Perseverance
rover aided by the Ingenuity helicopter [48];

• Sample-collection. Agents: sample-collection rover
(SCR), rover with scientific payload (SVR), scout
helicopter; this use case is a possible architecture
for a sample-collection mission on Mars or on the
Moon, which centers in locating a very limited
number of samples with the highest possible sci-
entific return [23]; this requires both coarse scout-
ing (helicopter) and finer evaluation (rover), before
a possible sample is deemed worthy of collection
(sample-collection rover);

• Sensor network. Agents: carrier rovers, sensor
modules; deployment of large arrays of sensor mod-
ules (e.g., for geophysical surveys, radio astronomy)
via carrier rover over wide areas [14], possibly with
multiple carrier rovers.

• Lava tubes/caves exploration. Agents: carrier
rovers, cable robots, communication relays; these
environments pose significant challenges due to ac-
cessibility [47] and reduced or impossible direct RF
communication. Deployment and control of several
agents that act as relays enables more flexibility
in exploration, particularly by allowing real-time
adaptation via reprogramming.

An example of a prototypical mission is depicted in
Fig. 10, relative to a sample-collection mission architecture.
The implementation is centered on three agents: the Sample
Collection Rover (SCR), the Sample Validation Rover (SVR)
and the Scout Helicopter (SH). The three agents collaborate
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Fig. 10 Multi-agent planetary exploration scenario: three-agent
sample-collection mission

to scout (SH), validate (SVR), and collect (SCR) sample can-
didates autonomously and–in principle–with minimal super-
vision from Earth’s Mission Control. The robots communi-
cate via bidirectional RF link when in line-of-sight. One of
these, for example the SCR, acts as the initiator and high-
level coordinator of the mission, and as such initiates the
scouting by the SH. Once a candidate is detected, the SH
in turn calls for the SVR to validate it; if this passes the
test, the SCR receives the call to initiate its own action of
sample-collection. This process is scalable in principle, and
the number of any of the actors can be arbitrarily increased
to meet the need of the scientific objectives of the mission.

7 Related works

The translation of BPMN into various formal and executable
representations has emerged as an important research di-
rection in both business process management and robotics
domains. This section provides an overview of the existing
works and positions our approach within the broader land-
scape of related work.

BPMN translation approaches The translation of
BPMN into diverse formalisms is a growing research field,
with approaches varying based on the target formalism uti-
lized. Some studies have advocated translating BPMN di-
agrams to Petri Nets, thereby enabling the application of
existing formal verification mechanism [31], while others
have leveraged Petri Nets to develop solutions for process
collaboration [46]. Significant work has also been carried out
on mapping BPMN to YAWL, a language featuring strictly

defined execution semantics inspired by Petri Nets and capa-
ble of supporting verification [52]. In parallel, several stud-
ies have employed Business Process Execution Language
(BPEL) as the target language, focusing on transitioning
from BPMN to BPEL to expand the practical execution
possibilities for BPMN diagrams [2, 22]. These approaches
primarily address enterprise workflow execution rather than
robotic systems coordination. A significant body of research
has also utilized process calculi as a target for BPMN trans-
lation. This includes Communicating Sequential Process
(CSP) based approaches, which address the challenge of
BPMN verification through a mapping to CSP, enabling for-
mal verification [50, 51]. Similarly, the 𝜋-calculus has also
been adopted as a target language in the mapping [44, 45].
Other noteworthy translations include those to Concurrent
Process Modeling (CPM) to facilitate the direct execution of
process models [32], to Calculus for Orchestration of Web
Services (COWS) for orchestrating web services [43], and
to Recursive ECATNets, which can be expressed in terms of
conditional rewriting logic [33].

Model-to-code translations in robotics To explore
model-to-code translations within robotics, many efforts
have been made to bridge the gap between high-level mod-
eling and executable code within the robotic domain [39].
In [19], the authors have adapted BPMN for autonomous
robotic tasks, employing the Trace tool to manage tasks and
respond to unplanned events. Similarly, [24, 27, 37] have
used Petri-Nets to model ROS nodes, enhancing the veri-
fication and control of ROS-based systems. Beyond Petri
Net-based approaches, other modeling paradigms have been
employed for robotic code generation. For example, [28]
presented a DSL designed for specifying the kinematics and
dynamics of rigid-link robots, making it feasible to generate
executable code. Behavior-based modeling approaches have
also gained attention; for instance, [30] developed a frame-
work that transforms Behavior Trees into executable robot
code; UML has also been used to model and design robotic
tasks and missions, e.g., Art2ool [26] supports the devel-
opment cycle of robotic arm tasks in which atomic tasks
are abstracted with UML class diagrams. For state-based
modeling, [34] proposed rFSM, a statechart-based coordina-
tion language with code generation capabilities specifically
designed for robotic applications.

Differentiating our approach Our approach, mapping
BPMN to X-Kʟᴀɪᴍ, distinctly sets itself apart from exist-
ing works by focusing on the coordination of heterogeneous
multi-robot systems rather than limiting its scope to single
ROS-based systems, as many studies do, or to homogeneous
robots, as proposed in [1]. Moreover, unlike previous studies,
which generally focus on formal verification of BPMN, our
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method primarily aims at code generation, delivering exe-
cutable (skeleton) code from BPMN collaboration diagrams.
This practical emphasis facilitates a clear comprehension of
participant roles and message exchanges, enhancing usabil-
ity in real-world applications. Additionally, we employ a tar-
get language, X-Kʟᴀɪᴍ, grounded in the formal language
Kʟᴀɪᴍ, to make the output code amenable to formal anal-
ysis, hence paving the way for future robustness and safety
considerations in complex systems like autonomous robots.
The compatibility with the prevalent ROS middleware and
the potential adaptability to its future versions foster its ap-
plicability to modern robotics software infrastructures [8, 9].
Note that since X-Kʟᴀɪᴍ is completely interoperable with
Java, it can also seamlessly access ROS through the Java ROS
bridge library. In [10], we illustrated a few benchmark ex-
periments showing that our code (X-Kʟᴀɪᴍ and Java ROS
bridge) introduces a slightly more significant but acceptable
latency and consumes less memory than the traditional ROS
implementation based on Python code.

8 Concluding remarks

In this paper, we propose a model-driven approach to ob-
tain executable code for a MRS from a mission designed in
BPMN. Our primary contribution lies in bridging the sub-
stantial gap between high-level mission design and the practi-
cal execution of heterogeneous multi-robot systems, enhanc-
ing the development process by enabling a direct transition
from conceptual models to operational code. By starting with
a BPMN model, roboticists and domain experts can together
design missions at a high level of abstraction, ensuring that
all stakeholders clearly understand the mission’s purpose and
broad steps. Then, the model can be systematically translated
into an X-Kʟᴀɪᴍ program using the B2XKlaim tool, pre-
serving the structure and logic of the original design while
adding the necessary detail for execution in a ROS environ-
ment. This approach is particularly effective, with respect
to directly writing the code in X-Kʟᴀɪᴍ, when the design
of the MRS mission involves beginner roboticists, domain
experts, and other stakeholders who may not have a strong
programming background and precise control over concur-
rent process interactions.

Since the X-Kʟᴀɪᴍ compiler generates plain Java code,
which depends only on Kʟᴀᴠᴀ and a few small libraries,
an X-Kʟᴀɪᴍ application can be deployed by using standard
Java tools and mechanisms. For example, it is enough to cre-
ate a JAR with the generated Java code and its dependencies
(Kʟᴀᴠᴀ and java_rosbridge), that is, a so-called “fat-jar”
or “uber-jar”. Such a JAR file can then be deployed to ev-
ery physical robot where a Java virtual machine is already
installed. X-Kʟᴀɪᴍ provides standard Maven artifacts and
a plugin to generate Java code outside Eclipse, e.g., in a

Continuous Integration server. Moreover, the dependencies
of an X-Kʟᴀɪᴍ application, including java_rosbridge, are
only a few megabytes, which makes X-Kʟᴀɪᴍ applications
suitable also for embedded devices like robots.

It is worth noticing that the generated X-Kʟᴀɪᴍ code
is meant to be modified by the user to add proper informa-
tion that cannot be derived from the BPMN model. If the
user modifies the BPMN model and runs the code genera-
tion again, the manual modifications to the X-Kʟᴀɪᴍ code
will be lost. This is a typical problem of generated code
meant to be customized. It can be handled using a version
control system, like Git, to reapply the manual modifications
to the newly generated code. In particular, the Eclipse Git
integration, EGit, can be used to easily see such changes.

An example is shown in Fig. 11. In this example, we had
previously generated the X-Kʟᴀɪᴍ project and applied a
few manual changes to the code. We had added a few formal
fields in the in operation. In the subsequent eval, we had
used the values of matched formal fields and also added
an additional string value. We had committed such changes
in the Git repository. Later, we re-generate the code after
changing the BPMN model, e.g., by increasing the timeout.
Using the Git view, we can easily see all the changes with
respect to the code in the Git repository. Note how the Eclipse
Git integration not only highlights the changed parts, but
also highlights the single changed parts within the changed
lines. The highlighted red parts concern the manual changes
we had previously done, which are, of course, removed in
the regenerated code. By using the toolbar buttons related to
each change, we can easily go back to our manually modified
code and decide to keep the changes relative to the modified
BPMN model, i.e., in this example, the new timeout value
(corresponding to the sleep statement).

Other mechanisms to deal with this situation are under in-
vestigation. For example, we could use the Generation Gap
pattern [49], a pattern that solves the problem of maintain-
ability of coexisting generated and manual code by relying
on class inheritance: a base class encapsulates the generated
code, and a derived class encapsulates the custom code. Al-
ternatively, the custom code could be written in a separate
file, not affected by the code generation. We could also ex-
tend the B2XKlaim editor to allow the developer to specify
custom code that will be inserted into the generated code.

In future work, we plan to demonstrate the scalability
and robustness of our approach by implementing more com-
plex scenarios, such as those outlined in Sect. 4, or oth-
ers that may utilize multi-instance pools for homogeneous
robots. This will allow us to assess the usability and ef-
ficiency of our system when managing large-scale scenar-
ios. In this respect, it is worth noticing that the scalability
of the approach is mainly affected by the use of a graph-
ical notation for designing the robotic system interactions
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Fig. 11 The Eclipse Git view showing the locally modified code (left) and the version in the Git repository (right)

rather than by the translation process we propose. As men-
tioned in Sect. 2.1, BPMN offers constructs and mechanisms
(e.g., subprocesses, multi-instance pools, call activities) to
deal with large models. However, using BPMN may still be-
come unfriendly when modeling particularly complex sce-
narios. Comprehensive evaluations will be conducted, in-
cluding case studies and empirical evidence, to substantiate
the benefits and limits of our approach in varied robotics
environments. Additionally, we plan to explore integrating
our approach with real-time safety systems to handle unfore-
seen scenarios (e.g., human presence detection, emergency
stops, and obstacle avoidance). This could leverage BPMN
constructs, such as event sub-processes that can model such
contingencies, coupled with runtime adaptation mechanisms
at the level of X-Kʟᴀɪᴍ and/or ROS.

Our long-term goal is to implement an MRS that exploits
our approach to enable real-world missions in the space ex-
ploration, search-and-rescue, and industrial domains, under
conditions closely resembling real operations.

Additionally, we plan to further optimize the X-Kʟᴀɪᴍ
code generated by the B2XKlaim translator. In particular, in
addition to the code optimizations discussed in Sect. 5, we
could replace some redundant synchronizations, resulting
e.g. from the translation of task sequences, by using the X-
Kʟᴀɪᴍ primitive executeNodeProcess, which performs a
synchronous call of a process.
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