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Abstract—The increasing complexity of robotic systems demands novel approaches for their design and special support for
their development and programming. To tackle this issue, the
project Q-ROCK presents a novel, life-cycle inspired development
process for the automated self-exploration and qualification of
robotic capabilities and behaviors. The development process in QROCK consists of three interdependent steps: (1) the automated
exploration of capabilities that given robotic hardware can
perform, (2) the classification and semantic annotation of these
capabilities to generate more complex behaviors, and (3) the
mapping of existing application requirements to a robot system
that is capable of fulfilling these requirements due to its set
of capabilities and behaviors. Each of the steps builds upon
the results of previous steps. Furthermore, Q-ROCK ’s main
intention lies in the introduction of a unified development
cycle comprising the selection, development and improvement
of robots, which can be used by robot experts and novice endusers alike. By traversing the development cycle multiple times, a
comprehensive, continuously growing knowledge-base including
but not limited to hardware and software components, their
capabilities and inter-dependencies is evolved.
Index Terms—automated robot design, behavior exploration,
transfer learning, automated robot synthesis

I. I NTRODUCTION
Recent progress in the development of sensors, actuators
and computing hardware enables the design of feature rich
robotic systems. The robot Mantis [1], for instance, comprises
61 Degrees of Freedom (DoFs), and includes more that 400
sensors. At the same time, however, the amount of actuators
and sensors presents a significant control, data processing, and
finally a hardware and software integration challenge.
To facilitate the development of such systems in the future,
an essential task is to effectively reduce the development complexity a robot designer has to handle. To achieve this, robot
designers of different fields, e.g. mechanical and electrical
engineers, software developers and machine learning experts,
but also application-oriented end-users, need to be equipped
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with novel tools, for instance to select a robot for a specific
task, to simplify the enhancement and improvement of existing
robots, or to develop entirely new robots.
There are already many tools available, for example [2] or
robotic frameworks like ROS [3], Rock [4] that facilitate the
general software integration for robotic systems, Computer
Aided Design (CAD) software that facilitates the general
mechanical design process, and machine learning libraries
and frameworks like scikit-learn [5] or TensorFlow [6] that
enable even inexperienced users to apply advanced artificial
intelligence algorithms.
Although the existing set of tools is complementary, to our
knowledge there is no unified and (semi-)automated approach
permitting the co-development of hardware and software.
Hence, the idea of Q-ROCK [7] is to apply artificial intelligence techniques to establish a development cycle for robotic
systems that is driven by users’ high level task specifications
and requires minimal human intervention. To this end, the
focus of Q-ROCK is the automated identification and design
of robot behaviors by applying a holistic development process
that integrates different perspectives.
In Q-ROCK we build upon the work of the predecessor
Project D-Rock [8] that actually builds a hierarchical database
of hardware components for robotic systems. The key feature
of this hierarchy of D-Rock components is the fact that
hardware and associated software are inherited upward through
the hierarchy. D-Rock established a database of robotic components and created a workflow and supporting tools to model
components, synthesize composite structures, and deploy corresponding hardware and software structure to control a target
robot.
II. Q-ROCK D EVELOPMENT C YCLE
The development cycle is broken down into several steps
and consider two main entry points into this cycle. The whole
cycle including its entry points is illustrated in Figure 1.
The first entry point (E1) permits the provisioning of a set
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Figure 1: Q-Rock development cycle consisting of three interdependent stages and two entries points E1 and E2.

of available hardware and software components, for which
capabilities are (at least partially) unknown and thus have to
be explored.
In the exploration phase, a robotic system tries on its own
different capabilities in a simulated environment, much like
a newborn human or animal would in the real world. Here,
the aim is to do this with as little goal direction as possible
in order to generate a maximal variety of capabilities and
to detect new, unanticipated capabilities. The results of this
exploration – functions for actuating the robot’s body and
processing the sensory input – are robot experiences or rather
execution samples. Execution samples are temporal sequences
of robot states which are generated and stored in a database
for later reference and analysis. These sequences represent the
atomic capabilities of a robot. Based on these, composite and
more complex behaviors can be generated at later stages.
Execution samples are forwarded to a classification and
semantic annotation phase for analysis and characterization.
This phase utilizes clustering approaches and embeds human
support for the semantic annotation. During the clustering
step, similar execution samples are grouped together and a
centroid for each cluster is identified, so that it can serve
as a representative for that cluster. In specific cases, these
centroids are shown to human observers who can provide
appropriate labels for annotation. These semantic labels are
then attached to each cluster. The semantic annotation leads to
so-called cognitive cores, which represent an essential building
block in the Q-ROCK life-cycle, since they relate hardware and
software components with appropriate control mechanisms and
additionally provide a semantically meaningful and machine
readable description of their behavior. Alternatively, semiautomated annotation can be built upon observations of human
behaviour, e.g., when picking an object. Such observations can
also be used as centroids for clustering.

A continuously growing database of cognitive cores forms
the basis to support actual user queries, which represents the
second entry point (E2) into the life-cycle. Given a userspecified problem description, the structural reasoning phase
exploits these previously evolved cognitive cores to generate
a suggestion of a robotic system. Note that the specific design
of the system is unknown a-priori. For this, the problem is fist
decomposed into a set of functional requirements. Based on
existing semantic descriptions a set of applicable cognitive
cores is queried from the database. The related hardware
and software components can be identified and a structurally
consistent system is assembled and suggested to the user as a
potential solution to the specified problem.
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