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Abstract

Multi-robot systems operating in distributed environments require coordination
mechanisms that are both scalable and flexible. Existing approaches commonly
rely on centralized controller or undiscriminating broadcast communication, both
of which introduces limitations: centralization creates single points of failure and
communication bottlenecks, while broadcast-based coordination results in unneces-
sary message processing by robots for whom a given task is irrelevant. This thesis
addresses these limitations by extending an existing ROS2-based decentralized co-
ordination infrastructure developed at Chalmers with two new predicate-based com-
munication mechanism: predicate-based broadcast and predicate-based multicast.
Predicate-based broadcast enables system-wide message distribution in which only
robots whose locally stored traits satisfy a specified boolean predicate respond to and
act upon a coordination request. Predicate-based multicast extends this further by
facilitating communication within dynamically formed subgroups of eligible robots,
selected throughout a decentralized election process. Formal semantics are provided
for both these mechanisms. The implementation preserves the core design princi-
ples of the inherited infrastructure, that is, decentralized decision making, agent
anonymity, and global message ordering guarantees. The mechanisms was evalu-
ated through two simulation scenarios using RViz. The results demonstrate that
selective coordination can be achieved without the need for a centralized knowledge
of robot capabilities or identities. It also shows that temporary multicast groups
can be formed and dissolved at runtime, and that message ordering is maintained
during the lifecycle of the coordination group. The results indicate that predicate-
based communication is a viable approach for achieving selective coordination in
decentralized multi robot systems.

Keywords: Multi-robot systems, multi-agent systems, decentralized coordination,
predicate-based communication, multicast communication, broadcast communica-

tion, ROS2
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RAPID Robot Application Programming Interactive Dialogue
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Nomenclature

Below is the nomenclature of indices, sets, functions, parameters, and variables that
have been used throughout this thesis.

Terminology
g-LPO glued Labeled Partial Order
KAREL Programming language used for FANUC robots
LTOL Extension of LTL
YAML Human-readable data serialization language
Sets
R Set of robots in the system
Rp Set of robots satisfying the predicate P
g Set of robots in a multicast group, where G C Rp
Ta Set of traits associated with agent a

Parameters

N Requested multicast group size
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1

Introduction

Multi-robot systems are deployed in several application domains where robots op-
erate in physically separated environments and must rely on communication to co-
ordinate their actions. Examples include warehouse and logistics robots operating
across large facilities [14, 28, 15], search-and-rescue units navigating hazardous envi-
ronments [26, 27, 29], and hospital automation systems where mobile robots trans-
port equipment or even enable remote surgery [14, 22]. Although major industrial
robot manufacturers provide programming frameworks for multi-robot coordination,
such as ABB’s RAPID [1], KUKA’s KRL [21], and FANUC’s KAREL [19], these

solutions are tied to their proprietary hardware and software ecosystems.

Consequently, there is currently no unified or standardized approach for achiev-
ing scalable coordination in multi-robot systems across different robotic platforms.
Meanwhile, ROS2 (Robot Operating System 2) which is a open-source middleware
framework used widely for the development of distributed robotic systems, provides
communication mechanisms such as publish/subscribe, services, and actions. How-
ever, ROS2 does not provide coordination semantics. That is, it does not specify
how agents should act upon receiving messages in order to achieve a collective goal.

In practice, many multi-robot systems still rely on centralized controllers to coordi-
nate robot behaviour for example in warehouse logistic systems [16, 23, 25|, mobile
robot fleet for exploration [12], or coordinated multi-arm manipulation [6]. While
centralization simplifies decision-making, it also introduces scalability limitations,
communication bottlenecks, and single points of failure. These issues become more
noticeable as the size of the system scales and tasks get more complex.

In decentralized settings a common alternative is to rely on broadcast-based commu-
nication [18], where messages are distributed to all robots in the system. However,
such approaches usually result in inefficient use of communication and computation
resources, as messages are received and processed by robots that are not relevant for
the task. More selective communication mechanisms, such as addressing subsets of
robots or point-to-point communication, require senders to possess knowledge about
which agents are relevant recipients, introducing coupling and reducing flexibility
[9, 18]. Similarly, group-based communication models rely on predefined structures
that are difficult to adapt in dynamic environments. These limitations motivate the
need for communication mechanisms that enable robots to participate selectively
in coordination activities. without relying on centralized decision-making or prior
knowledge of recipient identities.
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To address these challenges, this thesis considers a predicate-based communication
mechanism for enabling selective participation in coordination tasks. By associating
messages with predicates evaluated over the local state of each agent, communica-
tion can be targeted without requiring centralized knowledge of the system. This
allows robots to independently decide whether they should participate in a proposed
task based on their capabilities or current context. Building on this, the proposed
approach is implemented as an extension to an existing ROS2-based coordination
infrastructure developed at Chalmers. The system introduces predicated broad-
cast where messages are distributed system-wide, but only acted upon by relevant
robots. In addition, predicated multicast is introduced to enable communication
within dynamically formed subgroups of robots participating in a shared task. This
middleware preserves decentralized decision-making and ensures consistent message
ordering across agents.

1.1 Research Question

Based on limitations identified in existing coordination approaches, this thesis ad-
dresses the following research questions:

Can predicate-based communication mechanisms be adapted and integrated into
ROS2-based decentralized multi-robot systems to enable selective coordination while
preserving anonymity and message ordering guarantees?

To further guide the investigation, the following sub-questions are considered:

(a) How can predicate evaluation be performed locally at each agent to enable selec-
tive participation in coordination tasks, without requiring centralized knowledge
of robot capabilities or states?

(b) How can temporary coordination groups be formed and communicate inter-
nally, without requiring participating robots to know the identities of other
group members?

(¢) How can the message ordering guarantees of the inherited infrastructure be
preserved throughout the lifecycle of a temporary coordination group, including
during group formation and dissolution?

(d) How can high-level coordination abstractions be provided for predicate-based
communication in ROS2-based multi-robot systems, such that users can define
coordination behaviour without requiring direct interaction with low-level ROS2
mechanisms?
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1.2 Aim and Contributions

The aim of this thesis is to extend an existing ROS2-based coordination infrastruc-
ture with support for predicated communication, enabling more selective coordina-
tion in decentralized multi-agent systems while preserving ordered message delivery.

This thesis makes the following contributions:

i Introduces a formalization of predicate-based communication in the context
of decentralized multi-agent coordination, defining how predicates over local
agent state determine message relevance and participation.

ii Extends an existing coordination infrastructure with a predicated broadcast
mechanism, in which messages are distributed system-wide but selectively
acted upon by agents whose local state satisfies a given predicate.

iii Implements a predicated multicast mechanism, enabling dynamically formed
subgroups of agents to communicate when executing a shared task together.

iv Integrates these mechanisms into a ROS2-based middleware while preserving
global message ordering guarantees.
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Background

This chapter provides the technical and theoretical background relevant to the the-
sis. Related work in dynamically reconfigurable multi-agent systems, decentralized
coordination, and attribute-based communication is first reviewed, which together
form the foundation for the proposed coordination extensions. This is followed by
a description of the inherited infrastructure that is being extended in this thesis.

2.1 Related Work

Multi-agent systems consist of multiple autonomous entities that interact and co-
ordinate in order to complete individual or shared tasks. The agents must coordi-
nate their actions in a shared environment, where the key challenge in these sys-
tems is enabling flexible and scalable coordination while maintaining decentralized
decision-making. Traditional multi-agent systems commonly rely on organizational
structures and interaction protocols that are defined at design time, resulting in
fixed communications and coordination patterns [2, 30]. However, modern multi-
agent systems operate in open and dynamic environments, requiring these to adapt
autonomously to changing conditions and task requirements. This has motivated
the development of dynamically reconfigurable multi-agent systems, where both or-
ganizational structures and agent behaviour may change during execution [30].

Formal approaches for modeling reconfigurable multi-agent systems have been pro-
posed in several works [8, 5|. One such approach is the ReCiPe framework [8],
which models reconfiguration through concurrent processes with local state that
interact through message exchange. Communication is based on predicates over
agent attributes, enabling dynamic reconfiguration of interactions at runtime. The
framework is further extended with LTOL, an extension of LTL that enables rea-
soning about messages and interaction targets. Complementary to this, executions
can be modeled using labeled partial orders (LPOs) rather than linear sequences
of events, capturing participation in events and dependencies between interactions
without assuming a global system state [5]. The work further introduces glued la-
beled partial orders (g-LPOs) to represent dynamically introduced dependencies and
reconfiguration points during execution.

The challenges of reasoning about asynchronous distributed executions without re-
lying on global state have also been studied through predicate detection and dis-
tributed runtime verification [24, 20]. Predicate detection approaches model dis-

5
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tributed executions using partial orders and consistent cuts, enabling asynchronous
systems [24]. Surveys of distributed runtime verification further identify challenges
related to decentralized observation, communication delays, trace locality, and mon-
itor decomposition [20], challenges that are also relevant in dynamically reconfig-
urable systems.

Ensuring correctness in reconfigurable systems is challenging due to their dynamic
nature. To address this, formal verification techniques such as model checking have
been extended to support systems whose structure may change during execution [3].
Building on this work, R-CHECK [31] introduces a model checking tool designed
for reconfigurable multi-agent systems that supports symbolic semantics, high-level
behavioural specifications, and automated verification through symbolic LTL and
bounded model checking.

Dynamic interaction in reconfigurable systems is closely related to communication
models that decouple communication from fixed interaction structures. One such
approach is Attribute-based Communication (AbC) [9, 7], where communication
is based on predicates evaluated over component attributes. In the AbC calculus,
communication links are dynamically established according to predicates over com-
ponent attributes rather than fixed links or explicit addressing [9, 4]. Messages are
broadcast in a decoupled manner and are selectively received only by agents whose
attributes satisfy the specified predicates [9]. This enables agents to dynamically
determine their participation in interactions based on their own local state. AbC has
further been proposed as a communication paradigm for collective adaptive systems
[4], where components dynamically adapt their behaviour and interaction partners
according to changing objectives and environmental conditions.

Traditional communication mechanisms in multi-agent systems often rely on pre-
defined communication structures or application-specific protocols, leading to poor
scalability and flexibility in dynamic environments [13], which remains as a fun-
damental challenge in multi-agent systems [17]. Publish/subscribe communication
models have been proposed to address these limitations by decoupling communicat-
ing entities in time, space, and synchronization [18]. To address similar limitations
in reconfigurable multi-agent systems, attributed point-to-point communication ex-
tends R-CHECK by allowing communication targets to be based on identities or
participant attributes rather than fixed communication links [10]. This enables in-
teractions to be established without relying on fixed communication structures or
explicit addressing. Within the domain of multi-robot systems, a ROS2-based coor-
dination middleware has been proposed that support anonymous and asynchronous
coordination through a tree-structured communication infrastructure [11]. Rather
than relying on synchronized execution, coordination is achieved through a globally
agreed ordering of messages.
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2.2 Inherited Coordination Infrastructure

This section presents the inherited coordination infrastructure, which is based on
the ROS2 coordination middleware proposed by Abd Alraham et al. [11] and serves
as the foundation for the work presented in this thesis. The middleware provides
a decentralized, anonymous, and asynchronous coordination architecture for multi-
robot systems.

First, the architecture and communication model of the infrastructure is described,
followed by the description of the operational semantics that defines message trans-
mission and reception. The limitations of the inherited infrastructure are then dis-
cussed, motivating the predicate-based extensions that is introduced in Chapter 3.

2.2.1 Architecture and Communication Model

The inherited coordination system was implemented as a distributed multi-robot
platform where any number of robots can operate independently and anonymously.
The coordination infrastructure is organised as a tree, where nodes process and for-
ward messages along edges that serve as communication pipelines. The architecture
separates coordination from communication through three conceptual layers. These
layers are the coordination infrastructure layer, the agent interface layer, and the
robot interface layer. This is illustrated in Figure 2.1 below.

Coordination
Infrastructure
Layer

\
i
Agent
= @) () (a0 0aD
\
Robot — )
e 8] (8] ()[R

-——-—> Request (Q) ‘ ——=>  Reply(R) ‘ <—> Data Message (D)

J

Figure 2.1: Inherited architecture overview

The tree consists of four node types. The root acts as the central node of the
tree, which has the primary responsibilities of forwarding messages downward and
handling ID requests from other nodes. Intermediary Servers serve as building blocks
for the coordination infrastructure, connecting the root to the agent hubs, relaying
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messages both upward and downward through the tree. Agent hubs act as a bridge
between the robots and the rest of the tree. They propagate messages to and from
their attached robots and maintain an internal message queue that ensures only the
next expected message ID is forwarded. Robot hubs serve as the direct interface
to individual robots, whether in simulation or on physical hardware, and translate
incoming coordination messages into robot-executable actions.

The system uses three message types:

- Q message: request issued by an agent hub to the root, asking for a unique
ID.

- R message: reply from root containing ID. The root maintains a counter,
initialized to one, which becomes the ID returned in the R message whenever
a Q message arrives. The counter is then incremented in preparation for the
next Q message

- D message: carries the actual command payload. Before being dispatched,
it is tagged with the ID received in the corresponding R message.

To enforce message-ordering guarantees across the tree: root, intermediary servers
and agent hubs have a counter which indicates the next expected ID (nid) to be sent
from or pass through the node. Each of these nodes also run a process containing
a queue pipeline. There are two queues, a FIFO queue where each message passing
through gets places, and a priority queue where D messages from the FIFO queue
gets filtered to. This priority queue is sorted by the attached ID, letting the D
message with the lowest nid to be processed first.

Each robot runs as a ROS2 node, executing raw ROS2 commands which have been
translated from high-level commands by the robot hub. These ROS2 commands
control the robot via a topic-based publish /subscribe mechanics baked into ROS2.

The system uses a broadcast model where every message is sent to every robot,
and each robot’s robot hub parses the message and performs a lookup in a prede-
fined mapping to determine which action to execute. This process is illustrated in
Figure 2.2.
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{D, id, src,
dest, msg}

Agent Hub
(Treeinterface) | = f======---=-==------- .
[ Parse msg
|

|

Publish action to
robot

! 1
! 1
! 1
! |
! 1
! ]
! ]
Robot Hub ———— : Hard coded lookup :
: table in python (If- 1
! 1
| ]
! 1
! 1
I 1
! 1
! 1

else)
[ Action taken }

Figure 2.2: Inherited coordination message flow

2.2.2 Operational Semantics

The inherited infrastructure formally specifies message transmission and reception
through operational semantic rules [7]. Originally defined by Abd Alrahman and
Garbi for a tree-based infrastructure written in the AbC calculus [9], these rules
describe how coordination messages are generated, propagated through the com-
munication tree, and processed while maintaining the message-ordering guarantees
described in 2.2.1. In the ROS2 middleware [11], the root and intermediary servers
shown in Figure 2.1 corresponds to the tree servers described by Abd Alrahman
and Garbi [7], while an agent hub together with its robot hub corresponds to an
infrastructure component [11]. The predicate-based communication mechanisms
proposed in this thesis is meant to extend these semantics while preserving the un-
derlying communication behaviour. The following section introduces the concepts
required to understand the operational rules and presents those which have been
extended in chapter 3.

The operational semantics describes the behaviour of a system as transitions be-

tween states, called configurations. A transition c L represents a change from
configuration ¢ to configuration ¢/, where £ identifies the actions associated with that
change. The transition is derived from an inference rule whose premises specify the
conditions that must be satisfied for the step to occur.

In AbC, a component I' :; P consists of a process P, an attribute environment I’
and an interface I. The process P defines the component’s behaviour, while the
attribute environment I' represents its local state by mapping attribute names to
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their corresponding values. The interface I specifies the attributes that are exposed
to other components for communication. Communication is based on predicates II
over attributes, and I' = II denotes that II evaluates to true under the attribute
values in I'." When a component sends a tuple of values ¥ to components whose
attributes satisfy the predicate II, it performs the transition

r., p 2O e pr

where IV denotes the sender’s attribute environment as exposed to other components,
I’ and P’ represent the component’s updated attribute environment and process.
The bar on II marks the label as send. A receiving component accepts the message
if its attributes satisfy the predicate II and the message fulfils its own reception
conditions. If either condition is not met, the message is discarded and the compo-
nent remains unchanged. The AbC semantics assumes that a sent message reaches
all components in a single atomic step, whereas the infrastructure implements it
through asynchronous message transmission.

The state of an infrastructure component is represented by the configuration [7]

(addr,nid, mid,on, W, X, ...),

where

addr denotes the component address

nid denotes the ID of the next D message expected by a component

mid denotes the ID received in the most recent R message from the infras-
tructure. A value of -1 indicates that no identifier is currently held

on is a flag that is set when the component wants to send a message and needs
to request and ID

W denotes the component’s waiting queue for received D messages

X denotes the address of the parent server to which the component is connected

The subscript a identifies the configuration as an infrastructure component. The
configuration also contains an encapsulated AbC component, represented by I' :; P
or its intermediate form (I' :; P). The square brackets indicate that the component
has entered a state in preparation for sending, while waiting for an identifier and
for earlier messages to be handled. This intermediate state does not prevent all
reception. The allowed reception behaviour is defined in [7].

The waiting queue (W) is a priority queue ordered by message ID, with the lowest-
ID message at its head. The notation (W < m) denotes insertion of message m into
this queue.

In the ROS2 middleware, the agent hub keeps track of this configuration. The
symbol ... in a configuration denotes the fields that are not affected by a rule.

10



2. Background

The Q, R, and D messages from section 2.2.1 are represented as

{Q, route, dest} {R,id,route,dest} {D,id, src,dest, msg}

A Q message contains a route and destination, allowing the corresponding R mes-
sage to follow the route back through the tree. A D message contains an identifier,
source address, destination address, and message payload. The identifier is assigned
by the root and provides a ordering scheme for messages across the infrastructure.
Before a component can send a message, it sets the flag on, and requests an ID
through the Q message which is then returned with the R message and stored in
mad.

Sending Rule The SND rule defines how coordination messages are transmitted
through the infrastructure. Before a message can be sent, the component must
have received a valid identifier from the root and handled all messages with smaller
identifiers. Together, these requirements are expressed by the condition nid == mid,
which means that the identifier assigned to the outgoing message must equal the next
expected message ID. Once this condition is satisfied, a D message containing the
coordination payload is constructed and propagated through the communication
tree. The component then updates its internal state in preparation for the next
message transmission.

nid ==mid T : P m ' P
{(addr,nid, mid, [T :; P],X,.. )
{‘D’;mid,addr,X T'>11(%)}

7

(addr,nid +1,—1,T" :; P', X,.. ),

SND (2.1)

Reception Rule The RcvD rule defines how incoming coordination messages
are received and stored for processing. The notation m < {} should be interpreted
as the received message m matching a specified template, which in this case is the
template for a D message. A received D message is accepted only if its ID satisfies
the ordering constraint id > nid, otherwise it is discarded. In this rule, T' > T1(?) is
denoted by msg. Accepted messages are placed in the waiting queue VW, where they
remain until they can be processed according to the message ordering guarantees of
the infrastructure.

m = {‘D’)id, X ,addr,msg} id > nid
{addr,nid, W, X, ...)e 2 {addr,nid, W + m, X, .. .)a

RcvD (2.2)

The RevD rule only inserts a message into the waiting queue. It does not execute
its payload or advance nid. The separate handling rule Hnd, omitted here and
presented in [7], handles the message at the head of the queue when its ID equals
nid, removes it, and increments nid.

11
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2.2.3 Limitations

While this approach simplifies communication and ensures consistent message de-
livery, it does not account for message relevance. All robots process and executes
all incoming D messages, regardless of whether they are applicable to their current
state or capabilities. This limits more complex robot behaviour, as each robot will
respond to every coordination command.

These limitations motivate the predicate-based extensions presented in chapter 3,
where communication is restricted to robots that satisfy task-specific condition while
preserving the decentralized properties of the inherited infrastructure.

12
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Methodology

This section presents the methodology used to design, implement, and evaluate the
predicate-based communication mechanisms for this thesis. This work builds on
an existing ROS2-based coordination infrastructure developed at Chalmers. The
infrastructure serves as the foundation upon which the proposed extensions are
developed. The implementation developed for this thesis is maintained using a
private GitHub repository!.

The approach combined design principles, formal modelling, and system-level im-
plementation. Formalization of predicated communication and corresponding ex-
tension to the coordination semantics are defined. These are then realized in the
system architecture through the integration of predicate evaluation. Based on this,
two mechanisms are introduced: predicated broadcast for local state dependent
participation, and predicated multicast for coordination within dynamically formed
subgroups. Additionally, an election system for group formation is introduced.

Lastly, a set of scenarios has been defined to help guide the development and eval-
uation of the predicated broadcast and multicast. These scenarios are constructed
in a way to test the principles that the program shall uphold, while simultaneously
acting as concrete development goals during implementation.

3.1 Design Choices

As this thesis builds on previous work done at Chalmers, a set of design principles
were defined to constrain and guide the implementation. These principles had to be
upheld throughout development, including when introducing the predicate features.

Principle P1 — Decentralized Coordination

Predicated broadcast and multicast must be developed with the decentralized nature
of the coordination infrastructure in mind. Agents are responsible for evaluating
their own internal states and determining whether they fulfil conditions required
for a given task. Therefore, there should not exist a centralized server that handles
decision-making, instead decisions to join or not are made by the agents themselves.

LGitHub: https://github.com/aaniculaesei/master-thesis-tobias-filip

13



3. Methodology

Principle P2 — Anonymous Coordination

Intermediary servers and robot agents shall remain anonymous throughout the net-
work with the sole exception being that nodes know their parent and their child.
This limits the knowledge to only entities directly coupled to a node, but said node is
unaware of other participating robots, agents, and servers. Coordination shall only
be done using message propagation while preserving the anonymity. This is mainly
an issue during predicated multicast, where robots create subgroups to cooperate
on a task, but should still stay anonymous to each other.

Principle P3 — Ordering of Messages under Asynchrony

The inherited coordination infrastructure already has mechanisms to handle correct
ordering of messages under asynchronicity, and these guarantees had to be preserved
throughout the entire lifecycle of a predicated multicast group. The central challenge
arose during group formation, where multiple eligible robots submitted participa-
tion bids concurrently through the election system. Since the infrastructure relied
on globally ordered message IDs, the concurrent nature of bid submission risked
disrupting the expected message progression across the network. Ensuring that the
election process could determine group membership without violating the ordering
assumptions of the underlying communication infrastructure was therefore a central
constraint on the design of the predicated multicast mechanism.

Principle P4 — High-Level API Integration with ROS2

The implementation must extend the existing high-level middleware API that works
as an interface against the ROS2 commands understood by the robots. These work
as pre-programmed shortcuts the developer/user can use directly to describe and
program robot behaviour without the need for direct use or knowledge of ROS2
terminology. These shall be expanded to include predicated broadcast and multicast
behaviour, while still offering a high degree of customization.

3.2 Predicated Communication Model
The concept of predicated communication used in this work is formally defined. Let

R:{T’l,TQ,...,T‘n}

denote the set of robots in the system. Each robot r; maintains a local state s;,
which may correspond to properties such as role, position, capabilities, etc.

A predicate is defined as a boolean function
P(r;, s;) — {true, false}

which evaluates whether robot r; satisfies a specific condition based on its local
state s;. When a robot’s predicate evaluates to true, they are considered eligible
participants in the given coordination task.

14



3. Methodology

In predicated broadcast, a coordination message is distributed to all robots in the
system. However, only robots that satisfy the predicate participates in the task.
Formally, the set of participating robots is defined as

Rp={ri € R| P(r;,s;) = true}

and robots that do not belong to Rp ignore the message and continue their current
task.

Predicated multicast extends this concept by forming a temporary coordination
group consisting of the robots from Rp. Rather than all robots in R p participating
directly, the system elects a bounded subset of eligible robots to form a temporary
multicast ensemble.

Formally, let
G§CRp

denote the multicast coordination group created through the election procedure,
where |G| = N for a requested group size of N. Communication messages related
to the coordination task are exchanged among robots belonging to G, while robots
outside the group remain unaffected and continue their current task. Membership
in G is determined through the election mechanism described in subsection 3.5.3

3.3 Formal Semantics of Predicated Communica-
tion

To incorporate predicated communication into the coordination infrastructure, the
original semantics defined in presented in section 2.2.2 are extended. In the origi-
nal semantics, message distribution and reception are defined independently of any
condition on the local state of the agents. The semantics are extended such that
the coordination messages carry additional information used to restrict participa-
tion. This extension affects both how messages are constructed and how they are
processed, while preserving the decentralized nature of the system.

Sending Rule The original SND rule presented in section 2.2.2 requires only a
minor modification. The message transmission behaviour remains unchanged, but
the coordination payload is extended by embedding it with the predicate . This
predicate is evaluated by receiving robots to determine whether they should partic-
ipate in the coordination activity. Since the underlying transmission mechanism is
unaffected, the formal rule is not shown here.
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Reception Rule The reception rule RCvD presented in section 2.2.2 is modified
to ensure that a message is only processed if the receiving agent satisfy the predicate
associated with the message. Upon receiving a message, each agent evaluates the
predicate ¢ against its local trait set 7.

m = (D’ id, X, addr,msg} id>nid T, |= ¢
{addr,nid, W, X, .. .Ve = {addr,nid, W + m, X, ...),

RcvD  (3.1)

This addition is shown in Equation 3.1, where a message is accepted only if T, = ¢,
meaning that the predicate evaluates to true under the attribute values contained
in the receiving robot’s local trait set. Otherwise, the message is ignored. This
modification preserves the decentralized nature of the coordination infrastructure,
as participation decisions are made locally by each robot rather than by a central-
ized component. As a result, communication becomes selective while maintaining
anonymity between participating agents.

While predicate-based broadcast enables selective participation in coordination ac-
tivities, multicast communication additionally requires the formation of temporary
coordination groups. The following rules are introduced to enable mechanisms for
group formation, group membership assignment, and multicast message exchange.

Election Bid Rule The bid rule initiates the multicast group formation process.
Robots that satisfy the predicate and are not already members of another multicast
group may submit a bid that indicates their interest in participating. These bids are
later used to determine which robots become members of the temporary coordination
group. ¢id, indicates the robot a’s current group’s ID and 1 means None. That is,
a robot only makes a bid to join a group if their current gid, = None and it fulfils
the conditions in the group formation command.

7:1 ): 2 gida =1
(addr,nid, mid, X, .. .), bid, (addr,nid +1,-1,X,...),

BI1D (3.2)

Election Winner Rule The winner rule formalizes the assignment of multicast
group membership after a successful election round. The election winner rule states
that the robot whose bid receives the earliest valid message ID during the election
round, will become a member of the multicast coordination group associated with
a group 1D (gid).

rid = election_nid gid, # L
(addr, nid, W, X, L, .. Vo 229D ddr, nid, W, X, gid, . . )

ELECTWIN (3.3)

The earliest valid message ID is used to resolve competing bids during the election
round. By leveraging the existing message ordering mechanism, group membership
can be established without introducing centralized decision-making.
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Election Abort Rule This rule formalizes timeout handling during election rounds.
If no eligible robots responds within the configured timeout interval, the election
round is aborted and the temporary coordination state is reset.

timeout = true

abort

(election__state, gid, ...) — (idle, L,...)

ELECTABORT (3.4)

Multicast Sending Rule The multicast sending rule ensures that only robots
belonging to the multicast coordination group may generate multicast coordination
message associated with that group ID. This prevents robots outside the group from
interfering with the coordination tasks within the group.

nid == mid gid == gid, T :; P m . P
{(addr,nid, mid, [T :; P], X, gid,...),

{‘D’7mid,addr,X,msg7gid}\

MSND (3.5)

(addr,nid +1,—1,T" :; P', X, gid, ...}

Multicast Reception Rule The multicast reception rule ensures that multicast
coordination messages are processed only by robots belonging to the multicast co-
ordination group associated with gid. This enables selective coordination within
a subset of robots while preserving the global message ordering guarantees of the
underlying infrastructure. If an incoming m D message contains the field gid and
that gid matches the robots gid,, then it will be received.

m = {‘D’,id, X, addr,msg, gid} id > nid gid == gid,
{(addr,nid, W, X, gid .. .)q — {addr,nid, W < m, X, gid...),

MRov  (3.6)
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3.4 System Description

The proposed middleware is largely based on the inherited coordination infrastruc-
ture described in section 2.2, with targeted modification to specific nodes while leav-
ing the overall architecture largely intact. The primary chances are concentrated at
the robot hub level, with some minor additions to the agent hubs.

There were two main problems that guided the extension: enabling selective pro-
cessing and execution of coordination commands, and enabling selective group for-
mation. The former is the foundation of predicated broadcast, and the latter is
central to predicated multicast. Since predicated multicast depends on the selec-
tive precessing introduced by predicated broadcast, the two mechanisms where were
developed in that order.

To support predicate based handling, the robot hub was extended with a predicate
handler responsible for evaluating whether a received coordination message is rel-
evant to the robot’s local state and traits. Predicates were embedded within the
payload of D messages alongside the command itself, and are parsed upon arrival.
At the agent hub level, a new thread was introduced to detect when an attached
robot has lost an election round, in which case it generates and forwards a dummy
message to keep the global message ordering consistent.

An overview of the updated message handling process introduced by predicated
broadcast is illustrated in Figure 3.1. The detailed behaviour of each mechanism is
described in section 3.5.1 and section 3.5.2
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Figure 3.1: Predicated broadcast message flow
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3.5 Predicate-Based Coordination Mechanisms

Building on the system architecture described in section 3.4, this thesis introduces
predicate-based coordination mechanisms to enable selective and decentralized in-
teraction between robots. Two mechanisms are defined: predicated broadcast, which
enables the identification of relevant participants based on local state, and predi-
cated multicast, which supports communication within dynamically formed subsets
of robots.

3.5.1 Predicated Broadcast

To enable selective participation in coordination tasks, a predicated broadcast mech-
anism is implemented on top of the distributed communication infrastructure de-
scribed in section 3.4. The mechanism allows only relevant robots that satisfy a
specified predicate to respond to the request, where each robot independently deter-
mines whether a received message is relevant for its current state and capabilities.

Each robot maintains a set of locally stored traits that describe properties relevant
for coordination tasks. These traits may represent capabilities, roles, or other at-
tributes associated with the robot. When a robot initiates a predicated broadcast, a
coordination message containing a predicate specification is distributed to all robots
in the network. When receiving the message, each robot evaluates the predicate
locally using its own trait information. Robots that possess this trait accept the co-
ordination request and participates in the resulting task. Robots that do not satisfy
the predicate ignore the message and continue their current task.

The implementation further supports the composition of predicates using logical op-
erators. In addition to single-condition predicates, coordination requests may specify
multiple predicates using conjunction and disjunction (e.g. ¢1 Aps, or ©1V o). This
allows more expressive selection of participating robots, enabling coordination tasks
to target multiple traits or combinations of capabilities. The predicate is evaluated
locally by each robot as a boolean expression of its trait set.

This mechanism ensures that, although messages are distributed system-wide, par-
ticipation in coordination tasks is restricted to robots whose local state satisfies the
predicate.
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3.5.2 Predicated Multicast

Predicated multicast builds upon predicated broadcast by introducing a second co-
ordination phase in which robots that satisfied the predicate form a temporary
coordination group. While predicated broadcast is used to identify relevant par-
ticipants, predicated multicast supports coordination among the selected robots by
restricting message exchange to the subset satisfying a given predicate. Formally,
the multicast coordination group satisfies G C Rp, where only robots elected into
G participate in the coordination task.

Following a predicate broadcast, temporary coordination groups are formed through
an election mechanism. Rather than all robots satisfying the predicate automati-
cally joining the task, the system non-deterministically selects eligible robots that
will become members of G. Compared to broadcast communication where messages
are distributed to all robots, multicast communication is limited to robots included
in G. Communication within the group is restricted such that only robots belonging
to G send and receive coordination messages related to the task, while robots out-
side G remain unaffected and continue executing their current behaviour. A robot
belonging to G is considered occupied by the active coordination task and therefore
does not participate in additional election procedures until the multicast task has
completed. Only once the task is completed, the group will disband gracefully and
all robots return to their default state, becoming available for new coordination
tasks.

3.5.3 Election System

The predicated multicast mechanism extends the broadcast model with an election
procedure used to construct temporary coordination groups. The purpose of the
election is to select a subset of N robots from Rp.

Phase 1: Group Formation A coordination task is initiated through a broad-
cast request containing a command, an optional predicate, and the number of robots
required for the task. The request is distributed system-wide through the com-
munication infrastructure. Upon receiving the request, each robot independently
evaluates the predicate against its locally stored traits.

To preserve decentralized coordination, the decision whether a robot is eligible is
performed locally by each robot rather than by a centralized authority. However,
group membership itself is determined through a competitive election process co-
ordinated through the message ordering semantics already present in the inherited
communication infrastructure.

The underlying coordination framework maintains a globally ordered message se-
quence by increasing message IDs. During an active election round, the Agent Hub
records the ID corresponding to the first valid incoming response message. Eligible
robots submit participation bids concurrently by transmitting response messages
upstream through the communication tree. As these bids arrive, they are assigned
globally ordered message IDs by the communication infrastructure. The robot whose
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bid receives the first valid ID is declared the winner of the election round and be-
comes a member of the temporary coordination group. Remaining bids are discarded
for the current round, although their associated messages still advance the global
message ordering state to preserve consistency throughout the system. If no eligible
robot respond within a configurable timeout period, the election round is aborted
and the temporary coordination state is reset.

The election mechanism does not explicitly randomize winner selection. Instead,
election outcomes emerge from the asynchronous timing behaviour of the commu-
nication infrastructure. Since bids are processed on a first-arrival basis, the se-
lected robot corresponds to the participant whose response message first propagates
through the communication tree and receives the earliest valid message ID.

To support the formation of groups containing multiple robots, the election proce-
dure is performed iteratively. After a robot wins an election round, it immediately
initiates a new broadcast request with a decremented value of N until N = 0.
Robots already belonging to the temporary coordination group are excluded from
subsequent rounds and therefore cannot be selected multiple times. Throughout the
election process, all selected robots are associated with a shared group ID represent-
ing the temporary multicast ensemble. This ID is attached to coordination messages
and is used to restrict communication to robots belonging to an active group.

Phase 2: Coordinated Task Execution The election order additionally defines
the execution order of coordinated tasks within the group. Once the final election
round completes, a synchronization broadcast is distributed to all group members
indicating that the coordination group is fully assembled. The final synchronization
message additionally acts as the execution trigger for the coordination task. Upon
receiving this message, robots belonging to the temporary group transition from the
election phase into task execution.

For scenario-based coordination tasks, execution proceeds sequentially between robots
in the order established during the election process. The assigned coordination step
is computed from the number of remaining election rounds, ensuring that the first
elected robot is assigned the first step, the second elected robot the second step,
and so forth. Each robot signals the initiation of its assigned coordination step
before executing the associated task. Subsequent robots monitor these synchroniza-
tion messages and begin execution once the preceding step in the sequence has been
announced.
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3.6 Evaluation Scenarios

To evaluate the proposed coordination mechanism and demonstrate correctness of
predicated communication, two coordination scenarios are considered. The scenarios
are designed to represent real-world multi-robot tasks in a simulated environment.
The experiments are conducted using a ROS2-based simulation visualized in RViz
where multiple robots operate in a shared space. Each robot runs as an independent
agent with locally defined traits.

3.6.1 Scenario 1: Trait-Based Task Coordination

In the first scenario, a group of robots patrols an environment while maintaining
simple but yet distinguishing traits. These traits are represented by different colors
which are tied to capabilities or roles that may be relevant for a specific task.

At some point during the patrol, a robot initiates a task that requires collabo-
ration with a robot possessing a specific trait. The initiating robot broadcasts a
coordination message requesting assistance from a robot with the trait green. The
communication is distributed to all robots in the system. However, only robots
whose state satisfies the specified predicate (that is, robots with the trait green)
respond to the request. Formally, these robots correspond to the subset Rp de-
fined in section 3.2, where the predicate P(r;,s;) evaluates to true. Robots that
do not satisfy the predicate ignore the message and continue their patrol behaviour
unchanged.

Once a suitable robot responds, the initiating robot and the responding robot jointly
perform a coordinated activity, such as moving to a designated area and executing
a circular patrol pattern around a location. Throughout this process, other robots
remain unaffected by the coordination event and continue their patrol.

This scenario illustrates the concept of predicated broadcast, where a message is
distributed system-wide but is only acted upon by agents whose local state satisfies a
given predicate. It demonstrates that the coordination mechanism correctly enables
selective participation in multi-robot tasks, while avoiding unnecessary responses
from unrelated robots.

3.6.2 Scenario 2: Group-Based Task Coordination

The second scenario evaluates the proposed predicated multicast mechanism through
a coordinated group task executed by a dynamically formed subset of robots. During
execution, a multicast coordination request is issued that is specifying the multicast
group size of N. The request additionally includes a predicate used to restrict
participation to robots that possess a specific trait. If Rp > N, only a subset of the
eligible robots are selected to participate in the multicast group.

The robots are idle and waiting for a multicast message to start a task. The proce-
dure follows a sequential execution structure where each robot signal the next before
the next coordination step is initiated. The coordinated task consists of robots nav-
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igating toward a target location before moving on to a second target location. This
coordination maneuver can be motivated by robots having to perform a certain task
at different locations, e.g. moving cargo from A to B. After completion of the co-
ordinated movement sequence, the robots return to their initial positions and the
multicast group is dissolved. Robots then go back to their initial state and become
available for other coordination tasks.

Communication within this temporary coordination group occurs through pred-
icated multicast, where messages are exchanged only by robots that belong to
G C Rp. Robots outside the group neither participate in, nor process these co-
ordination messages. This scenario demonstrates the combined use of predicated
broadcast and predicated multicast. Predicated broadcast is used to find suitable
collaborators, while predicated multicast supports coordination within a dynami-
cally formed subgroup of robots.
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Results

This chapter presents the results of implementing and evaluating the proposed
predicate-based communication mechanisms presented in the previous chapter. The
implemented mechanisms consist of predicate-based broadcast and multicast, which
has been fully implemented and tested using the evaluation scenarios described in
section 3.6.1 and section 3.6.2.

The results demonstrate how predicate-based communication enables selective par-
ticipation in coordination tasks, while preserving decentralized decision-making.
Furthermore, predicated multicast shows that dynamic group creation command
execution is possible in a decentralized and anonymous coordination infrastructure.

4.1 Implementation Overview

To support predicate-based communication, the inherited coordination infrastruc-
ture was extended with mechanisms for predicate representation, local trait man-
agement, and decentralized predicate evaluation. The implementation was designed
to integrate with the existing broadcast-based communication infrastructure. Pred-
icate support was introduced by extending the payload structure of broadcast mes-
sages with the additional predicate argument . Rather than introducing a separate
field within the D message structure, predicates are embedded directly within the
existing payload representation.

Robot traits and coordination behaviours are configured using YAML-based config-
uration files. Traits are stored locally within each robot and defined as boolean ex-
pressions. These are used during predicate evaluation, allowing predicate matching
to be performed within each robot hub. While predicates are evaluated at runtime,
the underlying traits are statically defined through YAML configuration files in the
current implementation and are not updated dynamically during execution. How-
ever, connecting the system to real robot sensors would enable dynamic trait updates
during execution, making the predicate logic responsive to live data. Additionally,
YAML configurations are used to define robot commands and evaluation scenarios.
The implementation supports both finite commands, which terminate after a pre-
defined duration, and continuous behaviours such as patrol patterns that execute
until interrupted by a new coordination task. Evaluation scenarios are executed in
a step-based manner, where coordination tasks progress sequentially according to
predefined scenario definitions.
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The evaluation scenarios were executed using a hierarchical topology consisting of
a root server connected to multiple agent hubs, where each agent hub manages an
individual robot instance as illustrated in Figure 4.1.
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Figure 4.1: Simulation tree structure

Coordination messages propagate through the infrastructure using the inherited
tree-based routing structure. In addition to the participating robots, the simulation
includes a dedicated team leader node used for issuing coordination commands to the
network. The team leader acts as an interface between the user and the coordination
infrastructure, but does not participate in coordination tasks itself.

4.2 Predicated Broadcast

The predicated broadcast mechanism was successfully integrated into the existing
coordination infrastructure and mainly evaluated using Scenario 1 defined in section
3.6.1. The evaluation demonstrated that coordination tasks could be selectively
distributed to robots based on locally evaluated trait predicates, while preserving the
decentralized and anonymous communication model of the existing infrastructure.

During execution, coordination messages containing predicate specifications were
distributed through the infrastructure using broadcast communication. Upon re-
ceiving a predicated broadcast, each robot evaluated the predicate against its trait
configuration. Robots whose trait sets satisfied the predicate accepted the coordi-
nation request and started the assigned coordination task, while robots that did not
satisfy the predicate discarded the message and continued their current behaviour.
This behaviour is illustrated in Figure 4.2.

26



4. Results

(a) Initial robot positions (b) Execution of patrol behaviour (c) Predicate-matching robots
executing new task

Figure 4.2: Scenario 1: Predicated broadcast execution

The evaluation additionally demonstrated support for compound predicate expres-
sion using conjunction and disjunction operators which is explained in section 3.5.1.
This enabled coordination tasks to selectively target robots based on combinations
of traits. Predicate evaluation remained fully decentralized, as no centralized com-
ponent maintained knowledge of robot traits or participation eligibility.

4.3 Predicated Multicast

The predicated multicast mechanism was successfully integrated into the inherited
coordination infrastructure and evaluated using Scenario 2 defined in section 3.6.2.
The evaluation demonstrated that temporary multicast groups could be formed
through decentralized election and predicate-based robot selection. During execu-
tion, robots satisfying the broadcast predicate participated in the multicast election
procedure by submitting bid messages to the coordination infrastructure. Robots
were iteratively selected into the multicast group until the requested group size of N
had been reached. Testing showed that multicast groups were formed successfully
without requiring centralized knowledge of robot identities or capabilities.

Once a multicast group had been established, multicast messages were only pro-
cessed by robots associated with the active gid. Robots outside the multicast group
ignored these messages and continued their default behaviour. This demonstrated
that restricted multicast communication could be achieved while preserving the ex-
isting broadcast-based communication infrastructure. The evaluation additionally
showed that the execution ordering established during the election process was pre-
served during task execution. Participating robots executed coordination tasks ac-
cording to their assigned order while maintaining synchronization through multicast
coordination messages.
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(a) Initial robot positions (b) Elected robots moving towards (c) Target reached, initiating turn
the coordination target

Figure 4.3: Scenario 2: Predicated multicast execution

Figure 4.3 illustrates the multicast group formation and initial task execution, while
Figure 4.4 shows the continued ordered execution of the selected robots. In this
execution, three robots satisfied the predicate associated with the multicast request,
but only two robots were required (N = 2). The final multicast participants were
therefore selected non-deterministically through the election process, while the re-
maining robot ignored subsequent multicast coordination messages.

(d) Moving towards the next (e) Target reached, initiating turn (f) Going home
coordination target

Figure 4.4: Scenario 2: Predicated multicast execution

After completion of the scenario, the multicast group was disbanded and partici-
pating robots returned to their default state and ready to receive new coordination
tasks. This demonstrated that temporary multicast groups could be created and
removed during runtime without persistent group membership.
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4.4 Limitations

The current multicast coordination mechanism is primarily designed around prede-
fined scenario sequences where tasks are executed according to a progression of fixed
steps. While this approach simplifies synchronization between participating robots
and allows deterministic evaluation of multicast group formation and message iso-
lation, it limits the flexibility of the coordination behaviour during runtime. In the
implemented system, robots execute coordination tasks according to a predefined
execution order which is established during the election process. As a result, the
multicast coordination groups are coupled to scenario-specific task flows rather than
dynamically adapting to changes in the environment or robot state during execution.
In the implementations current state, it does not support reactive or continuously
evolving coordination tasks.

Despite this limitation, the step-based scenario structure was considered sufficient
for the scope of this thesis, as the primary objective was to demonstrate the integra-
tion of predicated multicast within the inherited coordination infrastructure. The
implemented approach therefore serves as a proof of concept for temporary multicast
group formation and restricted group communication.
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Discussion

The results presented in chapter 4 demonstrate that predicate-based communication
mechanisms can be integrated into a decentralized ROS2-based coordination infras-
tructure, while still respecting the core principles of the inherited infrastructure. In
particular, the evaluation shows that selective coordination can be achieved without
introducing centralized decision-making or explicit knowledge of robot identities.
This indicates that predicate-based communication can serve as a practical way to
manage coordination for distributed multi-agent systems.

The predicated broadcast mechanism demonstrated that robots could independently
determine their participation in coordination tasks through local predicate evalua-
tion. This was made possible with the help of a predefined configuration file that
each robot loads upon initialization. This decentralization reduces dependency on
global system state, as robot participation remains fully distributed throughout the
infrastructure. At the same time, the approach allows coordination behaviour to
remain flexible since predicates can dynamically target different subsets of robots
depending on the requested task.

The predicated multicast implementation further demonstrates that decentralized
systems can support temporary restricted coordination groups without sacrificing
anonymity. Instead of relying on robot identities, multicast membership is repre-
sented indirectly through the use of group IDs and decentralized election proce-
dures. In the implemented approach, no node maintains complete knowledge of
which robots belong to a group during execution. The results therefore suggests
that anonymous group coordination can be achieved in a decentralized multi-agent
system.

The evaluation also demonstrated that multicast group formation is inherently non-
deterministic when more robots satisfy the predicate than required by the requested
multicast group size. In these situations, the final group composition depends on
the decentralized election process rather than predefined robot identities. This be-
haviour aligns with the decentralized nature of the infrastructure, since no central-
ized authority determines which robots should participate.

Building on this, it is worth considering how the election system behaves when
multiple multicast group formation requests are issued concurrently. Since every
bid message must acquire a globally ordered message ID from the root, concurrent
elections do not run in true parallel but instead interleave at the message level.
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This means that even when two elections are active simultaneously, their individual
rounds are sequenced by the global message ordering, preventing their bids from
interfering with each other in an uncontrolled manner. A consequence of this is
that concurrent elections cannot mutually deadlock. While it is possible for one re-
quest to time out when eligible robots are scarce relative to the combined demands
of concurrent requests, it is not possible for both requests to simultaneously fail
due to the interleaving of their election rounds alone. This is because the global
ordering ensures that robots are claimed in a consistent sequence across all active
elections, meaning there always exists an ordering in which at least one request can
make progress. Notably, this property was not an explicit design goal of the election
system. The global message ordering was adopted primarily to preserve anonymity
and enable decentralized winner selection within a single election, making the pre-
vention of mutual deadlock between concurrent elections an emergent property of
the message ordering rules rather than a deliberate design decision.

5.1 Design Principles

When we started work on this thesis there were some already defined design princi-
ples which we inherited from the previous work done on this coordination infrastruc-
ture. With these in mind we made sure to design our features so that they would
comply with each of these so not to invalidate or compromise the core meaning of
this work. Here we will go through them one by one and reflect on whether they
still hold.

Principle P1 — Decentralized Coordination

Principle P1 required that predicated broadcast and multicast should function with-
out a server or node acting a centralized conductor for decision-making. Our results
demonstrate that this principle has been upheld. Predicate evaluation happens
locally at each robot using its own stored trait configuration, without any node
maintaining global knowledge of robot capabilities or participation eligibility. Dur-
ing predicated multicast elections, eligible robots make use of our message ordering
semantics to determine which robots shall participate in a group by themselves,
without external help from a central authority.

These results address the sub-question (a) in section 1.1, which concerns how pred-
icate evaluation can be performed locally while preserving coordination. This ob-
served behaviour therefore indicates that Principle P1 was successfully satisfied.

Principle P2 — Anonymous Coordination

Principle P2 required that coordination and communication within the infrastruc-
ture should be done without the knowledge of other participants, with the only
permitted exception being the parent-child relationship between a robot and its
agent hub. This posed the most significant challenge in the context of predicated
multicast, where robots must cooperate within a temporary group without reveal-
ing their identities. We addressed this issue by associating group membership by
a group ID (gid) instead of persistant robot identities. Communications between
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members of this group recognize messages destined to them by the inclusion of the
gid in the D message, meaning no robots need to know which other robots belongs
to the same group. Intermediary nodes and the root also remain oblivious to robot
identities throughout message propagation.

These results address the sub-question (b) in section 1.1, which concerns how co-
ordination groups can be formed while restricting communication with not relevant
robots. This observed behaviour therefore indicates that Principle P2 has been
satisfied.

Principle P3 — Ordering of Messages Under Asynchrony

Principle P3 required that the message ordering guarantees of the inherited infras-
tructure to be preserved, including during multicast group formation and dissolution.
The challenge arose during the group formation process, where robots participated
in an election to determine membership in a temporary multicast group. Robots
that did not become members still remained part of the underlying communication
tree and therefore continued to receive coordination messages. Simply discarding
these messages was not possible, since the infrastructure relies on globally ordered
message [Ds. If a robot ignored a message, its next expected ID would no longer
match the current ID used by the rest of the network, causing it to fall out of sync.

To solve this, agent hubs connected to the losing robots would create a dummy
message containing no content and send it out through the tree. While regrettably
creating some communication overhead, it ensured that the message ordering guar-
antee were preserved throughout the group’s lifecycle. In addition to the presented
scenarios, message ordering was observed to remain intact during tests involving
additional robots and coordination activities.

These results address the sub-question (c¢) in section 1.1, which concerns how the
message ordering guarantees can be preserved of the inherited infrastructure through-
out the lifecycle of temporary coordination groups, including during group formation
and disbanding. The results therefore indicate that Principle P3 has been satisfied.

Principle P4 — High-Level API Integration With ROS2

Principle P4 required that there exists a high-level API middleware that abstracts
away direct ROS2 interaction, allowing users to describe robot behaviour in terms
of coordination commands instead of ROS2 code. Our implementation extends
this API to include predicated broadcast and multicast behaviour. Users can issue
commands with attached predicates and group size parameters without needing
knowledge of the underlying ROS2 behaviour. Robot traits and scenarios can be
configured through YAML files, further reducing the barrier for users working at the
coordination level. Though, it’s worth noting that more complex behaviours can be
added by the developers through the YAML files or with Python in the robot hub

if more logic is required.

These results address the sub-question (d) in section 1.1, which concerns how high-
level coordination abstractions can be provided without exposing users to low-level
ROS2 interaction. This concludes that Principle P4 has been satisfied.

33



5. Discussion

In summary, all four principles have been upheld in our implementation. While
some required more consideration than other, especially P2 and P3, we were able
to find solutions that satisfied each of them without compromising the core intent
of the infrastructure. We are therefore confident that the foundations laid in the
previous work remains intact.

5.2 Research Question

Can predicate-based communication mechanisms be adapted and integrated into
ROS2-based decentralized multi-robot systems to enable selective coordination while
preserving anonymity and message ordering guarantees?

This research question was formulated to capture the central objective of the thesis
and the challenges associated with extending the inherited infrastructure. The re-
sults presented in subsection 3.5.1 and subsection 3.5.2 demonstrate that predicate-
based communications mechanisms can be integrated to selectively coordinate robots
while maintaining decentralized decision-making and anonymity between partici-
pating agents. Furthermore, the proposed extensions respect the design principles
stated in section 3.1, as shown in section 5.1, including preservation of global mes-
sage ordering guarantees throughout the lifecycle of both predicated broadcast and
multicast.

The message ordering guarantees of the inherited infrastructure are preserved through
the existing global message ID mechanism. All coordination messages, including
broadcast and multicast messages, are assigned globally ordered IDs by the root
server. Nodes update their expected message IDs upon receiving messages, ensur-
ing a consistent ordering across the network. Consequently, coordination activities
targeting different groups can coexist without violating the ordering assumptions of
the underlying communication infrastructure.

Based on these results, the thesis concludes that the research question can be an-
swered affirmatively.

5.3 Future Work

Future work could extend the proposed multicast group scenarios to support more
dynamic coordination behaviour during runtime. While the system forms groups in
a dynamic manner based on predicates, the execution of the scenarios themselves is
defined through a fixed sequence of coordination steps. Future research could inves-
tigate coordination mechanisms that allow robots to react continuously to changes
in their environment and internal states, enabling coordination decisions to emerge
from the current context rather than from predefined execution sequences. Such
an approach could increase flexibility in dynamic operating environments and move
the system closer to adaptive frameworks such as the automata-based approach
presented in [8]. Furthermore, the implementation of dynamic predicates could be
investigated where the system makes use of runtime information such as battery
levels, sensor readings, or relative position of robots. This would allow predicate
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evaluation to adapt continuously to changing system conditions and enable more
context-aware coordination decision.

Additionally, the predicate-based communication mechanisms could be integrated
into the more mature coordination infrastructure that is being developed at Chalmers.
This infrastructure comes with NAV2-based navigation and pathfinding abilities, as
well as support for hardware like LIDAR sensors, cameras, and robotic arms. Inte-
grating the proposed mechanisms into this environment would enable evaluation on
physical robotic platforms and allow investigation of how predicate-based coordina-
tion performs under real-world scenarios.

Furthermore, future work could investigate methods for reducing communication
overhead while preserving the message ordering guarantees. This becomes particu-
larly relevant as the number of robots in the system and coordination tasks increases,
where efficient message distribution may have a greater impact on system scalability
and performance.
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Conclusion

This thesis investigated whether predicate-based communication mechanisms could
be integrated into a decentralized ROS2-based multi-robot coordination infrastruc-
ture while preserving the core architectural principles of the inherited infrastructure.
The results indicate that predicate-based communication provides a flexible mecha-
nism for selective coordination in decentralized multi-robot systems.

Through local predicate evaluation, robots were able to independently determine
their participation in coordination tasks while preserving decentralization. Further-
more, the proposed multicast mechanism demonstrated that temporary coordination
groups could be formed and maintained anonymously through decentralized election
procedures and group IDs.

The work additionally extends the inherited high-level coordination API to support
predicate-based communication abstractions, allowing users to describe coordination
behaviour without direct interaction with low-level ROS2 mechanisms.
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