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Abstract. We introduce the concept of collaborative awareness as a
means to enhance interoperability, resilience and self regulation in syn-
thetic agent collectives. We discuss the theoretical, computational and
engineering framework of collaborative awareness built by the EU project
EMERGE, and its application to distributed robotic systems.

Keywords: awareness * distributed robotic systems : robot swarms -
neural networks + dynamical systems

1 Introduction

Awareness is a fundamental aspect of any agent capable of information inte-
gration into complex and rich internal representations, across a multitude of
dimensions including perceptual, introspective and social facets. In this respect,
it characterizes as a fundamental concept to engineer efficient and effective dis-
tributed loosely-coupled systems of synthetic agents [6], as it caters for the ability
to communicate and interoperate by exchanging bits of semantically rich infor-
mation, which are the awareness states possessed by the single agents. Aware-
ness in biological agents has converging definitions when considering local states
describing content-related awareness from an agent-specific perspective. How-
ever, it becomes highly debated when it comes to global states. The issue mag-
nifies when considering collectives of artificial agents, such as in robotic swarms.
Several frameworks exist, all unsatisfactory in the limitations posed to agents’
heterogeneity and disappearance of the local self into an integrated state. Ulti-
mately, existing awareness frameworks are ineffective in explaining, facilitating,
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and supporting cooperative behaviours in artificial agents. The lack of a com-
pelling theory of global awareness in Al is currently a significant barrier to the
effective deployment of artificial agents in the real world. The EIC Pathfinder
Challenge project EMERGE (grant n. 101070918,2022-2026)" is a recent 4-years
research endeavour tackling this grand challenge by introducing and character-
izing a novel concept of global awareness that we call collaborative awareness.
EMERGE builds on a scenario comprising collectives of artificial beings with
no shared language and constrained individual capabilities, which nevertheless
leads to high-complexity behaviours at the collective level. Collaborative aware-
ness becomes an emergent process supporting complex, distributed, and loosely
coupled systems capable of high degrees of collaboration, self-regulation, and
interoperability without pre-defined protocols. EMERGE designs a philosophi-
cal, mathematical, and technological framework that enables to know how and
where to allocate awareness to optimally achieve a goal through the collective,
and whose characterizing aspects are overviewed in Sect. 2. Collaborative aware-
ness can have a transformative effect on those application domains involving
delivering a service over a loosely coupled collective of virtual/physical enti-
ties, by providing enhanced resilience to high heterogeneity and compelling con-
straints on computation and energy. As such, we envision IoT, smart cities and
transportation, microservice-based ICT systems, biomedical nanodevices, and
robotics as immediate impact areas. Among them we believe that robotics pro-
vides the perfect setting to test the fundamental concepts of our framework and,
in Sect. 3, we provide a brief account of how EMERGE is feeding into robotic
applications involving soft robots, robotic swarms and cobots.

2 A Theoretical, Computational and Engineering
Framework of Collaborative Awareness

Theoretical Framework. EMERGE defines collaborative awareness using an
emergent approach where locally aware artificial agents, of possibly heteroge-
neous capabilities and without a shared language, develop a form of collective
awareness through interacting with each other and the environment. We build
on the idea that this form of awareness emerges when coordination or coopera-
tion across a collective of task-aware agents is needed. We formalise collabora-
tive awareness following a dimensional framework [1] representing the variations
across individuals on a multidimensional space of awareness capabilities and cor-
responding scales. Our framework acknowledges that there are different domains
where awareness needs to be defined and measured, e.g. bodily, spatial, temporal,
situational, etc. It acknowledges for possible dependencies between dimensions,
without imposing a unified model throughout the collective: single agents can be
comparable in terms of quantity of awareness while differing on the dimensions
on which they fare higher. This framework allows us to consider collaborative
awareness as an addition of new dimensions and changes the way awareness is
measured across dimensions, when confronted to purely local awareness states.

! EMERGE project web page: https://eic-emerge.eu/.
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Ethical Framework. EMERGE assesses the awareness framework also from an
ethics perspective, evaluating the attribution of agentive and moral responsibil-
ity to collectives having collective awareness, and characterising transparency,
trust, and risks of such systems. In particular, we are exploring key ethical
challenges and opportunities that could arise with the introduction of collec-
tive aware systems powered by Al into human society. Some of our early results
in this sense, highlight that humans are keen to exploit benevolent algorithms
with significant differential treatment of humans and machines under the same
experimental scenario. Another direction of study [10] explores the key differ-
ences between human attitude about responsibility against other humans, Al
agents (single and collective), and conventional, non intelligent, tools. The third
dimension of our ethical framework studies transparency of Al systems and, in
particular, defining and measuring awareness through explainability approaches
[3]. To this end, we are building a framework that relates the different aware-
ness types of our dimensional model with specific explainability techniques and
methodologies.

Computational Framework. Collaborative awareness emerges as goal-promoted
interactions unfold following transformations of perceptual states into richer
awareness states. To this end, it is important to be able to identify and charac-
terize template dynamical transformations, and their compositions, that favour
emergence of collaborative awareness from local perceptions. We use nonlinear
dynamical system theory, for its ability to integrate rich temporal information
across scales, to establish, analyse, implement, and test a new Al framework for
collaborative awareness. The underlying mathematical framework comprises a
dictionary of low-dimensional template dynamical systems and ways of connect-
ing them (Archetypes) so that they can be combined (in Archetypes Networks)
to generate awareness. We complement this by mechanisms capable of inferring
a map from a real-world system to its archetype representation, and viceversa.
The composed Archetype Networks are not abstract and static items. Rather,
they are meant to be executed and deployed in the physical world, i.e. to pro-
vide agents with the ability of developing awareness about specific aspects, from
their interaction with the environment and other agents. This calls for a com-
putational engine (the Archetype Computing System (ACS)) with the level of
adaptivity needed to process and represent dynamically changing information.
To this end, we provide the ACS with life-long learning mechanisms operating on
Archetype units parameters and evolutionary mechanisms to adapt structural
aspects of the Archetype Networks. The ACS provides a computing engine to
perform dynamic distributed information processing by executing the Archetype
Networks, seeking emergence of awareness in the attractors of their non-linear
systems. Our computational framework is general enough to be able to describe
both the information transformation computed by the body of a robot, as well
as neural layer transformations. The ultimate goal of EMERGE, in this sense,
is going towards the realization of a universal dynamical systems computing
engine [7], strengthening the bridge between physics and computation, creating
a substrate for the execution on non-conventional architectures, e.g. neuromor-
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phic and morphological computing [11]. In our early results, we have shown how
the Archetype framework can be used to define new recurrent neural networks
designs based on oscillator-like neural units [2]. From a mapping perspective, we
have looked into how to learn physical-consistent dynamics of Lagrangian sys-
tems from data [9] and how to compress high dimensional mechanical systems
akin to soft robots into low dimensional neural representations [8].

Engineering Framework. To realize an actionable implementation of collabora-
tive awareness for collectives of intelligent synthetic agents, we need an additional
ingredient, that is an engineering framework that can control emergence of (the
different dimensions of) awareness. Understanding and engineering awareness
requires to have impartial metrics that can measure changes in behaviour based
on different dimensions of awareness. However, awareness cannot be measured
directly. Hence, our engineering framework builds first and foremost a scheme
that will allow to evaluate each dimension of awareness in a given context for
any system. We put forward a framework in which an awareness dimension is
measured by evaluating the performance of the systems in prozy tasks, associated
with specific capacities for the given awareness dimension. Performance is mea-
sured with respect to defined metrics (e.g. robustness, adaptability, speed) and
tasks are chosen to allow differential evaluation with respect to capacities. Under
such a setting we measure awareness through the change of task performance
between systems with and without awareness capacities. Such awareness met-
rics will then serve two purposes: (i) they will be used by evolutionary methods
to guide the evolution of agent collectives with emergent collaborative aware-
ness; (ii) they will serve to provide human-readable insight and control over the
resulting collective.

3 Collaborative Awareness in Distributed Robotics

EMERGE results find perfect match in distributed robotic systems. We con-
sider three scenarios each corresponding to a representative areas of robotics: (i)
modular soft robots, as an example of a physically distributed collective where
the body needs to self-organize to account for the dynamic addition of compo-
nents; (ii) robotic swarms, as an example of large scale minimal collective where
agents need coordination to achieve a collaborative goal; and (iii) cobots, as a
closer-to-market use case where interoperability is currently a significant barrier.
Soft robots [4] are characterized by continuously deformable bodies inspired by
invertebrates. We target a local minimal collective under the form of a mod-
ular soft squid-like robot entirely made of silicon. Its main body will contain
some central intelligence, where any number of soft tentacles can be added in
a modular fashion (along with their local intelligence). Minimal or no explicit
information is shared between the various parts, which will autonomously learn
to swim in an unknown environment. This will allow us to investigate the capa-
bility of physically distributed systems to create awareness in a scenario of con-
tained complexity. Our robot swarm deployment [5] is based on an autonomous
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warehouse with users taking robots out-of-the-box and needing the collective to
gain collaborative awareness in order to achieve the task and communicate their
awareness to the user. Swarm members will be artificially made minimal, their
capabilities varied by evolutionary learning to understand the impact of com-
plexity and heterogeneity on the emergence of collaborative awareness. Cobots
have potential for large-scale industrial use and to allow cooperation with human
workers. However, they still suffer from two significant issues: (i) limited individ-
ual intelligence and inability to autonomously adapt to situations and, (ii) lack
of interoperability between systems by different providers. We will investigate
if emergent awareness can solve these two challenges by putting collaborative
robots in a realistic retail environment, and comprising cobots from different
companies. These will interact without direct information transfer, assessing
whether collaborative awareness can emerge to a sufficient extent to perform
standard tasks like filling shelves with products.
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