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The Project

The Replicator project funded by the European Commis-
sion focuses on the development of an advanced robotic 
system, consisting of a super-large-scale swarm of small 
autonomous mobile micro-robots that are capable of self-
assembling into large artificial organisms. These robotic or-
ganisms possess common energy and information buses as 
well as reliable legged, wheeled or climbing locomotion, 
based on modular sub-systems which can be autonomously 
reconfigured. Thanks to the heterogeneity of the elementary 
robots and their capability to share resources and commu-
nicate, the robotic organisms are able to achieve a large 
computational power, and rich close- and far-range sens-
ing. The energy is autonomously harvested from external 
power sources.

Novel software development principles underlying ro-
botic organisms, such as those for self-configuration, self-
adjustment and self-learning, will be investigated. These 
principles will allow the organism adapting to the changes 
occurring at micro-robotic and multi-robot hardware struc-
ture and functional levels as well as at environmental mor-
phodynamic levels. This enables the robotic organisms to 
emerge new functionalities, to develop their own cognitive 
and control structures and, finally, to work autonomously in 
uncertain situations without any human supervision.

Cognitive Sensor Fusion

The goal is the development of an organism that assem-
bles itself from distributed micro-robots that are in interaction 
with the environment and themselves, meanwhile keeping 
in mind their systemic limitations, e.g. energy, and targets, 
e.g. searching victims, and environmental spatio-temporal 
constraints. The central features to be acquired by an or-
ganism are situational awareness, capability of self-assem-
bly and distributed but coordinated control of engaging 
itself and its environment. The software frameworks at the 
disposal of such organisms describe how the software gen-
otypes and phenotypes of the organism come about and 
evolve upon interaction with the environment and itself, and 
how they remain compliant with the underlying distributed 
hardware of the micro-robots.

Ultimately, these robotic organisms, which are extremely 
adaptive, robust, scalable and rich in sensing and actuat-
ing capabilities, will be used to build autonomous sensor 
networks, capable of self-spreading and self-maintaining in 
open-ended, even hazardous, environments. After an earth-
quake, for instance, a rescue worker or wheeled robot has 
major difficulties to enter a collapsed building and explore 
the rubble for victims. The organism on the contrary will 
be capable of disassembling and subsequently entering 
such inhospitable places. Furthermore, this organism will 
be capable of aggregating to crawl over obstacles of dif-
ferent sizes to reach victims. The organism will do so by 
adapting and evolving its functional shape to the observed 
environmental constraints and dynamics. It does so not only 
for controlling, but also for sensing itself as well as its en-
vironment.

Perception - Cognition - Action

In multi-sensor data fusion, data from multiple sensors are 
combined in order to perform inferences that are potentially 
more efficient, complete, accurate and disambiguating 
than when using data from a single sensor only for such 
purposes. For example, data fusion of two-dimensional 
images of a stationary object from two fixed cameras at 
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slightly different viewpoints may allow determining depth 
information, whereas a two-dimensional image from a fixed 
single camera may only provide relative depth information 
using knowledge and experiences about sizes of objects. 
Note that the data as well as the sensors may be either 
spatio-temporally and dynamically heterogeneous or homo-
geneous, and may involve different modalities (cues) and a 
priori knowledge about the environment and human inputs. 
Furthermore, a prerequisite for proper multi-sensor data fu-
sion is that the different multi-sensor modules are consist-
ent with an grounded physical model. Last but not least, 
the inferences enabled or realized upon fusion comprise 
those for detection, recognition, identification, understand-
ing and prediction of complex systemic and environmental 
morphodynamics. 

Obviously, systemic and environmental modular fusion 
has to take place at critical cross-modal multi-sensory scales 
to ensure certain levels of discriminatory and regulatory 

power. For example, spatio-temporal visual and auditory 
observations and knowledge about a collapsing building 
of different extent may be fused to better infer its causes.  
The higher cognitive cycles are also possibly needed in 
the lower-level sensor fusion of primal sensor data fields 
across several spatio-temporal scales before feeding them 
to controller modules.

As a controller senses the world, a sensor controls it. In 
addition, as a controller controls the world, a sensor senses 
it. In this context the currently available multi-sensor data fu-
sion techniques do not serve critical cross-modal and cross-
scale fusion processes to achieve the observational and 
regulatory goals of robots. However, modules based on 
grounded cross-modal and cross-scale fusion mechanisms, 
such as aggregation, selection of attention and anticipa-
tion, can infer the necessary systemic-environmental obser-
vational information. Such modules will help the organisms 
to determine, e.g., the coverage of a certain region by 
micro-robots on the basis of location data derived from 
radio field strength measurements carried out by the mi-
cro-robots. This coverage information they may use in turn 
to decide when and whether to guide which other micro-

robots or organisms to this region to reach a certain sur-
veillance level. Moreover, this information may be used to 
select an effective scale of interaction with the environment, 
e.g. either reducing or increasing the camera resolution of 
an individual micro-robot taking into account coverage in-
formation and safety criteria. Fusion here serves both the 
assessment and the control of the surveillance of the envi-
ronment. Furthermore, they may help organisms determine 
e.g. battery power consumption by their vision systems. This 
observational information together with the actual discrimi-
natory power of the cameras the organisms may also use 
to locally control the power consumption of their individual 
vision systems. Fusion then again serves the assessment and 
the control but now of the energy consumption of the cogni-
tive multi-sensor fusion network itself.

The project clearly distinguishes cognitive fusion from the 
more classical AI robotics concept of low level fusion. The 
latter concept embraces merely fusion of sensory data for the 

purpose of e.g. noise reduc-
tion or so-called intelligent 
scene recognition based 
on e.g. classical geometric 
principles. Cognitive fusion 
instead addresses the ques-
tion how to go from one 
system-environmental scale 
to the next while captur-
ing systemic-relevant lower 
scale information about the 
system itself as well as its 
environment. At the primal 
scale this involves not only 
the sensory data, but also 
proprioceptor and intero-
ceptor data. Furthermore, 
the fusing mechanisms 
are rather a consequence 
of gauging – bootstrap-
ping - and renormalization 
–learning - by a continuous 
interaction and co-evolution 

amongst system and environment than a handcrafted func-
tion by a developer coined to be intelligent or smart.

Therewith, cognitive multi-sensor fusion promises reliable 
assessment and control of both the system and the environ-
ment at the same time. In particular cognitive fusion modules 
based on selection attention mechanisms and anticipation 
mechanisms – as observed in biological systems - will offer 
organisms the means to contextualize and load balance 
their multiple goal-oriented representation tasks across multi-
modal sensor networks and scales.

One of the main problems in this context that organisms 
have to face is finding a critical dynamic representation of 
themselves and their environment, which they can take ad-
vantage of. This representation problem - hardly addressed 
in the robotics literature - translates into a problem concern-
ing the requirements for stable, robust and efficient detec-
tion, recognition, understanding and prediction under vari-
ous classes of small or larger cross-modal and cross-scale 
(non-) pertubative changes of the morphodynamics of the 
organism itself and its environment

Replicators and environment

Sensor Detection

Multi-Sensor Fusion

Multi-Modal Fusion

Actuator Presentation

Multi-Actuator Fission

Multi-Modal Fission

COGNITION
Cognitive Sensor Fusion

Emerging Self-Organized Control

PERCEPTION ACTUATION

Replicator

Replicators and Environment



3

First Sight

A Replicator organism will contain a multitude of concate-
nated cube-sized 6x6x6 cm robots. Those cube-sized 
robots, or cells, will allow the organism to take different 
forms and append the organism with sensory and mo-
tor capabilities. The sensing-cognition-control architecture 
above, needed for such a Replicator, has an enormous 
amount of degrees of freedom, is very adaptive to its envi-
ronment, needs to combine sensory information from many 
heterogeneous sensors, has to express this information in a 
useful format for 3D mapping, assembly, locomotion and 
self-reconfiguration purposes, and has to compress and dis-
tribute its capabilities on a limited, embedded distributed 
robotic platform.

One of the parts of the architecture is devoted to cog-
nitive sensor fusion. The corresponding module comprises 
physical structures and mechanisms allowing the robot to 
combine data coming from different sensors, so that it can 
be used to drive the actions of the robots directly, or to  
store it in long term memory for later purposes. The type of 
sensor, their physical location on the cubes, the amount of 
sensors, and especially, the amount of overall cubes, their 
physical locations on the organism will be neither known 
nor dictated beforehand. It is also impossible to foretell the 
trade-offs between e.g. increasing surveillance level and 
the depletion of the battery power of the organism.

In order to ensure full flexibility at the software level but 
also continuous compliance at the hardware level the Repli-
cator project has created a generic hooking system via  the 
Symbricator RTOS. This hooking system enables different 
modules to interact with each other by defining a Neural-
NetworkTask and making use of Address Event Representa-
tions (AERs).

Such a NeuralNetworkTask combines other tasks, such 
as a SensorTask that aggregates and interprets the multiple 
sensor input and an ActuatorTask that actuates the wheels 
of the robot – both simulated in the Player/Stage simulator. 
All these tasks know how to talk about active perceptual 
invariants and systemic and environmental goals in terms 
of AERs.

The neural network on the Cortex M3 processor - the 
micro-controller used for lower level data processing tasks 
on the Replicator robots – will enable the robot to inter-
pret the input from its infrared sensors in such a way that it 
doesn’t collide for example with the walls in the simulated 
environment. Nonlinear recurrent spiking neural networks, 
such as an Izhikevich neural network, will be used to learn 
at different operational and evolutionary scales to represent 
the stochastic properties of the multi-sensory input patterns 
given the systemic and environmental morphodynamics.

The simulation environment in player/stage will allow 
both mimicking and modeling physics: the systemic and en-
vironmental gauging and renormalization can be ground-
ed. This means that the physical interactions and forces 
between objects can be empirically modelled. Furthermore, 
in order to allow the individual robot cells to act both au-
tonomously, on their own, and cooperatively, attached to 
other cells, they will be able to cope with and harness 
the information made available from the physical world. In 
case of exploring an earthquake zone, it may be therefore 
very useful for an organism to actively seek collisions with its 
environment in order to understand the physical properties 
of both the environment and its own. By using interaction 
and co-evolution with the environment at a physical level 
this relationship can be learned and used in further rescue 
activities.
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Background Information
Web: http://www.replicators.eu 
 http://www.symbrion.eu
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