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Executive summary
As specified in the work plan, Deliverable D3.3 was to present a cognitive architecture schema, i.e. a cognitive
architecture blueprint, setting out the component functionality, control flows, and mechanisms for specifying
behaviour, from which a specific cognitive architecture could be derived, but specified at a level of abstraction
that is independent of a specific application niche that the full architecture targets.
The specification of the schema was to be based on the catalogue of cognitive systems capabilities that were to
be identified in deliverable D3.2.
However, arising from the change in strategy set out in Deliverables D3.2 and D3.4, Deliverable D3.3 now takes
the form of reflections on architectural requirements based on Deliverables D3.1, D3.2, and D3.4, including
lessons learned from experience with CRAM when preparing deliverable D3.2 and afterwards.
This change in strategy was motivated by a recognition in D3.2 that designing a cognitive system is not simply a
question of assembling off-the-shelf algorithms but of designing the entire system, as a whole, in the context of
the target application domain and the run-time implementation infrastructure. This resulted in a focus in D3.2
on one of the very few open source cognitive architectures – CRAM (Cognitive Robot Abstract Machine) [1-6] –
that has the demonstrated potential to be deployed as a complete cognitive robotic framework.
The change was also motivated by the related realization that that it makes more sense to base the design of a
practical cognitive architecture for robotics on specific use-cases (so-called design by use-case) rather than on a
long list of desirable features (so-called design by desiderata) [8].
We concluded that a cognitive architecture schema is not as useful for cognitive robotics, at the current level of
maturity of the discipline, as it seemed to be when the work plan was originally written, hence the new revised
focus of this deliverable on offering something that will be of practical value in advancing the deployment of
cognitive robotics in industry.
Despite this change in approach, Deliverable D3.3 still forms an integral part of Work Package 3, as explained in
Appendix I. It draws on D3.1 Industrial Priorities for Cognitive Robotics and D3.4 Cognition-Autonomy
Framework through the list of cognitive functional requirements derived from a meta use-case that
encapsulates the industrial requirements and are specified using the terminology of autonomous systems. It
draws on Deliverable D3.2 by using the CRAM case study to provide insights on the practical issues of
specifying, designing, and implementing a practical robotics cognitive system. These insights and the related
architectural requirements are taken up in Deliverable 3.5 on the implications for software engineering in
cognitive robotics.
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Introduction

The goal of Task 3.3 was (i) to create a cognitive architecture schema that can be used both to provide a
context for constituent cognitive system algorithms and the functionality they encapsulate and (ii) to identify
those aspects that require the greatest attention in the short-term to develop effective cognitive robots.
According to the work plan, A cognitive architecture schema is not a cognitive architecture – it is a blueprint for
the design of a cognitive architecture, setting out the component functionality, control flows, and mechanisms
for specifying behaviour. It describes a cognitive architecture at a level of abstraction that is independent of the
specific application niche that the architecture targets. Its purpose is to define the necessary and sufficient
components and the organization required to create a complete cognitive robot system.
A cognitive architecture schema was viewed as an effective way of organizing the information in Deliverable
D3.2. In planning this, we anticipated that we would be addressing difficult questions. For example: is it feasible
to design a general reference schema, what is required to develop a re-configurable cognitive architecture,
what are the software engineering implications, and can any existing models be used as a starting point?
The one question we didn’t ask when writing the task description was: does a cognitive architecture schema
make sense, given the embryonic state of development of the discipline. Two and a half years on, it is now
evident that it doesn’t. This deliverable explains why this is so. Nevertheless, the deliverable still fulfils its
original intention to consolidate what was learned from Deliverables D3.1, D3.2, and D3.4, present something
useful to aid the deployment of cognitive systems in industry and set the stage for Deliverable D3.5 on the
implications for software engineering with cognitive robotics.

2.

The story so far

Let us recap on the situation at this point. Work package 3 has five deliverables:
D3.1 Industrial Priorities for Cognitive Robotics (M12).
D3.2 Catalogue of Cognitive Systems Capabilities (M18).
D3.3 RockEU2 Cognitive Architecture Schema (M24).
D3.4 Cognition-Autonomy Framework (M18).
D3.5 Software Engineering Factors in Cognitive Robotics (M24).
Deliverable D3.1 identified on eleven industrial priorities for cognitive robotics (see Appendix II).
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Safe, reliable, transparent operation.
High-level instruction and context-aware task execution.
Knowledge acquisition and generalization.
Adaptive planning.
Personalized interaction.
Self-assessment.
Learning from demonstration.
Evaluating the safety of actions.
Development and self-optimization.
Knowledge transfer.
Communicating intentions and collaborative action.

Deliverable D3.4 provided a list of thirteen cognitive functional requirements derived from a meta use-case
that encapsulates the industrial requirements, specified using the terminology of autonomous systems,
reflecting all eleven industrial priorities, and cross-checked against the results of previous similar exercises [9].
1.
2.
3.
4.
5.
6.

Perception.
Declarative knowledge & memory.
Procedural knowledge & memory.
Planner & plan executive.
Reasoning & inference mechanisms.
Meta-cognition.
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Environment model.
Internal simulator.
Goal representations.
Declarative learning.
Procedural learning.
Attention mechanism.
Real-time action controller.

Deliverable D3.2 was to provide a definitive catalogue of algorithms and data structures for the
implementation of cognitive systems: a set of essential algorithms and software implementations from which
cognitive robots can be built. However, it eventually took a different form to the one originally intended.
Instead of a catalogue of independent software algorithms, we focused on one of the very few open source
cognitive architectures that has the demonstrated potential to be deployed as a complete cognitive robotic
framework: CRAM (Cognitive Robot Abstract Machine) [1-6].
This change in strategy was motivated by a recognition in D3.2 that designing a cognitive system is not simply a
question of assembling off-the-shelf algorithms but of designing the entire system, as a whole, in the context of
the target application domain and the run-time implementation infrastructure. In other words, contemporary
cognitive robots are constructed as custom systems that are tightly linked to their underlying development
framework and middleware. Even assuming a common middleware such as ROS or YARP, there still remains the
need to match knowledge ontologies, knowledge representations, reasoning, inference, and planning
mechanisms.
This deliverable, Deliverable D3.3, was to bring all this together by encapsulating the list of algorithms and data
structures in a cognitive architecture schema. However, arising from the change in strategy, Deliverable D3.3
now takes the form of reflections on architectural requirements based on Deliverables D3.1, D3.2, and D3.4,
1
including lessons learned from experience with CRAM when preparing Deliverable D3.2 and afterwards.
There is a second reason for this change in the nature of D3.3. This was the related realization that that it
makes more sense to base the design of a practical cognitive architecture for robotics on specific use-cases (socalled design by use-case) rather than on a long list of desirable features (so-called design by desiderata) [8].
This is significant because cognitive architecture schemas are generally created from such a list. Furthermore,
the process of designing a specific cognitive architecture from a cognitive architecture schema is a major
undertaking because many design decisions have to be made that derive from the application requirements
and the development and run-time environment. This undermines the cognitive architecture schema exercise,
at least in the context of building practical cognitive robot systems.
We concluded that a cognitive architecture schema is not as useful for cognitive robotics, at the current level of
maturity of the discipline, as it seemed to be when the work plan was originally written, and hence the new
revised focus of this deliverable on offering something that will be of practical value in advancing the
deployment of cognitive robotics in industry.
Let us now proceed to look at what we can learn from the exercise, first addressing insights from the
realization of CRAM derived from Deliverable D3.2 and subsequent experience with CRAM, and second
addressing the role of cognitive architecture schemas in the big picture of cognitive architectures.

1

We don't suggest all cognitive robots should be based on CRAM but it does prove an excellent exemplar of a maturing system of
interoperable AI tools and techniques that can be freely used by the community, especially as a vehicle for industrial deployment.
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Lessons learned from Deliverable D3.2

Useful cognitive architectures are system architectures: they encapsulate design choices that are constrained
by their implementation infrastructure and application domain. When rendered in a much more abstract form
as a schema, too much of the important low-level detail that makes cognitive architecture feasible is lost.
These details matter. For example, there are many inter-dependencies between the components. You can try
to abstract them by adopting a powerful middleware for robots, e.g. ROS or YARP, both of which are instances
of the component-based software engineering paradigm, e.g. just as CRAM has done in adopting ROS, but the
complexity remains and the gap in abstraction between a cognitive architecture schema and a real cognitive
system architecture, specified at a level of abstraction that is suitable for implementation, is too great to be
bridged without a great deal of difficulty.
This becomes alarmingly evident when you consider that even cognitive architecture are themselves already
specified at a very high level of abstraction and there is a significant gap between them and a system
architecture that has necessary and sufficient level of detail to facilitate implementation.
Consider either of the versions of the CRAM cognitive architecture we presented in Deliverable D3.2 in Figures
1 and 2 and the schematic in Figure 3 showing an intentionally-simplified depiction of the CRAM executive.
Even the information required to fully specify the CRAM executive was deemed to be too complex to be
usefully included in the on-line CRAM documentation. It seems then that there is little to be gained by
compounding the problem and adding an additional schema-level layer of abstraction on top of the cognitive
architecture and mapping functional capabilities to that level. It doesn’t offer any value when it comes to the
extremely difficult task of realizing the architecture and building an operational cognitive system.

Figure 1: The Cognitive Robot Abstract Machine - CRAM - cognitive architecture as depicted in [1].

Figure 2: The Cognitive Robot Abstract Machine - CRAM - cognitive architecture as drawn by the authors of this deliverable
based on personal communications with the CRAM designers and developers. This figure has not appeared in published
documents.
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Figure 3: The main software components involved in the CRAM development process from the programming languages
point of view. The figure has many inaccuracies (e.g. CRAM is not entirely written in Common Lisp, or ASDF is not actually a
component of SBCL, it is, in fact, developed independently from SBCL but is automatically included when installing the
latter, etc). On the other hand, it tries to keep things simple. [taken from CRAM setup and IDE instructions at http://cramsystem.org/doc/ide].

The D3.2 exercise overlooked the simple truth that cognitive systems are software systems and the behaviour
required of cognitive robots depends on the coherent operation of a network of non-trivial components. This
coherence entails that all components are mutually compatible and share implemented knowledge
representation and reasoning formalisms. Consequently, designing a cognitive system is not simply a question
of assembling off-the-shelf algorithms: the entire system is designed as a whole and the design choices depend
on the application context and practical considerations of available technical resources.
Arguably, the best you can do in the current circumstances where cognitive robotics is still an embryonic
discipline is to follow some pragmatic guidelines. We present here a short list based on our experience in Work
2
Package 3 and other projects. First, let us remark that there are three different paradigms of cognitive science
on which cognitive architectures are based: cognitivist, emergent, and hybrid. There are many differences
between them but, broadly speaking, cognitivist systems are based on classical symbolic models of cognition,
emergent on sub-symbolic developmental models, and hybrid models try to combine the best of both,
normally complementing symbolic information processing with sub-symbolic associative networks (e.g.
artificial neural network).
Here are some guidelines.
3

1.

Choose either cognitivist or hybrid approaches. While some researchers believe that the emergent
paradigm is based on principles that are more consistent with natural cognition, the cognitivist and hybrid
paradigms are far more mature technologically and are more suitable for deployment in industry today.

2.

Adopt a suitable software engineering paradigm, e.g. component-based software engineering (CBSE); see
Appendix III.

3.

Because of the inevitably large size of a cognitive system which will probably have to be constructed as a
multi-component system, recognize that you need to adopt one or other of a suitable publish-andsubscribe component-port-connector middleware that provides sufficient flexibility for inter-component
(i.e. inter-node in ROS and inter-module in YARP) message communication between components using
topics (ROS) or ports (YARP).

2

3

For example, DREAM: Development of robot-enhanced therapy for children with autism spectrum disorder (ASD);
www.dream2020.eu
Including at least one of the authors of this deliverable.
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4.

Identify the key focus of your application domain, i.e. what problem is your cognitive system meant to
solve, and build from there. Use these to create use-cases.

5.

Identify your priority capabilities, e.g. by selecting from one of eleven industrial priorities in Deliverable
D3.1, and focus on building a cognitive system with just one or two capabilities at the outset. For
example, Predictive Sequence Learning (PSL) [36-38] focusses only on priority 7, Learning from
Demonstration, in mobile robotics and DREAM [39] focusses on priorities 5 and 11 (personalized
interaction, communicating intentions and collaborative action) in robot-enhanced therapy for children
with autism spectrum disorder (ASD). CRAM [1-6] is more ambitious and focusses mainly on priorities 2,
3, 4, 6 and 10 (high-level instruction and task-aware execution, knowledge acquisition and generalization,
adaptive planning, self-assessment, and knowledge transfer) in targeting abstract specification of robot
actions which are semantically-underdetermined, i.e. vaguely- or roughly-stated, among other things.

6.

As we learned from our attempts to map from the industrial priorities for cognitive behaviours, as
described in Deliverable D3.1, to a list of AI tools and techniques, the difference in the level of abstraction
between them is too great. We were more successful in creating a list of cognitive functional
requirements at a lower level of abstraction in Deliverable D3.4 by using the terminology of autonomous
systems and (meta) use-case analysis, linked to the industrial priorities. Follow that example.

7.

Decide what functionality you want based on use-cases, e.g. in a similar manner to that in Deliverable
D3.4 with the meta use-case analysis. This will require you to map meta-capabilities – e.g., adapt, selfmonitor, anticipate – onto specific systems that realize operational capabilities, e.g. plan formulation and
execution.

8.

Create your system architecture based on this functionality but factoring in the constraints imposed by
the availability of appropriate techniques, tools, and appropriately skilled developers.

9.

Try to partner with R&D people in research labs – industry or university – to help develop and realize the
cognitive system, targeting especially labs that have experience in these techniques and tools.

10. If possible, adapt or extend an existing operational cognitive architecture; don’t opt to build from scratch
if a reasonable amount of your required functionality is available in an existing system. Even if you do opt
for an existing cognitive architecture, double check to check that the claimed functionality is operational
and to what extent is has been tested in real-word scenarios. Be prepared for a steep learning curve.

4.

Two complementary ways to design a cognitive architecture4

In this section, we address the role that cognitive architecture schemas play in the big picture of cognitive
architectures and we highlight that this role is inconsistent with the goals of Work Package 3 (or, if it is not
inconsistent, it is certainly not well aligned with them).
There are two conflicting agendas at play in the design of cognitive architectures [8]. One is principled: to
create a model of cognition and gain an understanding of cognitive processes. The other is practical: to build
useful systems that have a cognitive ability and thereby provide robust adaptive behaviour that can anticipate
events and the need for action. The first is concerned with advancing cognitive science and psychology, the
second is concerned with effective engineering. Success with one agenda may not necessarily lead, in the short
term at least, to useful insights that lead to success with the other agenda.
These two views are patently different and they are not necessarily complementary or mutually-supportive.
There is no guarantee that success in designing a practical cognitive architecture for an application-oriented
cognitive robot will shed any light on the more general issues of cognitive science and neither is it evident that
efforts in the design general cognitive architectures have been tremendously successful for practical
applications.

4

This section is an abstracted version of [8].
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The origins of cognitive architectures have their roots in pioneering research in cognitive science by Allen
Newell and his colleagues in their work on unified theories of cognition [10]. As such, a cognitive architecture
represents any attempt to create a theory that addresses a broad range of cognitive issues, such as attention,
memory, problem solving, decision making, and learning, covering these issues from several aspects including
psychology, neuroscience, and computer science, among others. A cognitive architecture is, therefore, from
this perspective at least, an over-arching theory (or model) of human cognition and, as such, focusses on
generality and completeness (e.g. see [11]). We draw from many sources in shaping these architectures. They
are often encapsulated in lists of desirable features (sometimes referred to as desiderata) or design principles
[12-15]. This, then, is the first approach to designing a cognitive architecture (or a cognitive architecture
schema): design by desiderata [8].
The alternative agenda focusses on the practical necessities of the cognitive architecture and designing on the
basis of user requirements. This is referred to as design by use case. Here, the goal is to create an architecture
that addresses the needs of an application without being concerned whether or not it is a faithful model of
cognition. In this sense, it is effectively a conventional system architecture, rather than a cognitive architecture
per se, but one where the system exhibits the required attributes and functionality, typically the ability to
autonomously perceive, to anticipate the need for actions and the outcome of those actions, and to act, learn,
and adapt. In this case, the design principles, or desiderata, do not drive the cognitive architecture — the
requirements do that — but it helps to be aware of them so that you know what capabilities are potentially
available and might be deployed to good effect. Significantly, design by use case implies that it is not feasible to
proceed by developing a cognitive architecture schema and then instantiating it as a specific cognitive
architecture because routing the design through the meta-level schema tacitly abstracts away many of the
particularities of the application that makes this approach useful.
As we stated in the introduction, according to the work plan, a cognitive architecture schema describes a
cognitive architecture at a level of abstraction that is independent of the specific application niche that the
architecture targets. Consequently, the cognitive architecture schema is incompatible with the design by usecase approach advocated in [8].
Since we are intent here on building practical cognitive robotic systems and not on advancing cognitive science,
we again conclude that the creation of a RockEU2 cognitive architecture schema is not a useful exercise.

5.

Summary and Conclusions

As specified in the work plan, Deliverable D3.3 was to present a cognitive architecture schema, i.e. a cognitive
architecture blueprint, setting out the component functionality, control flows, and mechanisms for specifying
behavior, from which a specific cognitive architecture could be derived but specified at a level of abstraction
that is independent of a specific application niche that the architecture targets.
The specification of the schema was to be based on the catalogue of cognitive systems capabilities that were to
be identified in deliverable D3.2.
However, arising from the change in strategy set out in Deliverables D3.2 and D3.4, Deliverable D3.3 now takes
the form of reflections on architectural requirements based on Deliverables D3.1, D3.2, and D3.4, including
lessons learned from experience with CRAM when preparing deliverable D3.2 and afterwards.
This change in strategy was motivated by a recognition in D3.2 that designing a cognitive system is not simply a
question of assembling off-the-shelf algorithms but of designing the entire system, as a whole, in the context of
the target application domain and the run-time implementation infrastructure.
The change was also motivated by the related realization that that it makes more sense to base the design of a
practical cognitive architecture for robotics on specific use-cases (so-called design by use-case) rather than on a
long list of desirable features (so-called design by desiderata) [8].
Taken together, we conclude that a cognitive architecture schema is not as useful for cognitive robotics, at the
current level of maturity of the discipline, as it seemed to be when the work plan was originally written, and
hence the new revised focus of this deliverable with the goal of offering something that will be of practical
value in advancing the deployment of cognitive robotics in industry.
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Appendix I – Work Package 3 Tasks and Outcomes
The key goal of Work Package 3 was to accelerate the deployment of cognitive systems in industrial
applications and to identify the technologies that most urgently need further development. It comprises five
tasks:
Task 3.1: Industrial priorities (months 1-18)
Task 3.2: Catalogue of Cognitive Systems Capabilities (months 6-18)
Task 3.3: RockEU2 Cognitive Architecture Schema (months 1-24)
Task 3.4: Cognition-Autonomy Framework (months 1-18)
Task 3.5: Software Engineering Factors in Cognitive Robotics (months 9-21)
The original proposal identified some links between these tasks, stating that Task 3.1 would provide input for
Task 3.3, 3. 4, and 3.5, and that Task 2 would provide input for Task 3.1, 3.3, 3.4, and 3.5. While indicative of
their mutual relevance, these links lack the specificity necessary to render them operationally useful. Here, we
aim to make explicit the flow of information between these five tasks and to highlight what each task will
endeavour to do with that information.
5

Figure A1 depicts a flow-graph showing the five tasks and their outputs. Some of these outputs are
deliverables while others encapsulate information that will be derived from these deliverables.

Figure A1: Information flow among the five task in Work Package 3 – Cognitive System Coordination.
Let’s look at each of these outputs. The industrial priorities document, which is the product of Task 3.1, is
complete. It comprises, essentially, eleven desiderata for cognitive robotics. These desiderata represent a
distillation of the views of many industrial developers and, by extension, their customers. However, the
distillation has rendered them somewhat abstract in formulation and they are difficult to map directly to the AI
tools and techniques that are required to make them a reality, or even indirectly through an intermediate list of

5

Although Figure 1 shows the information flow among the work package 3 tasks, it should not be interpreted as a schedule
of tasks (e.g. as a form of PERT chart). All tasks are operational concurrently.
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requirements for cognitive functionality. Therefore, we exposed the essence of all eleven desiderata in a
6
meta use-case. This was used to provide the list of requirements for cognitive functionality.
Notably, this use-case uses the terminology that resulted from an exercise (Task 3.4) in viewing cognitive
robots as autonomous systems and highlighting the language required to specify autonomous behaviour as
opposed to the language used to describe cognitive behaviour.
A parallel task, Task 3.2, to create a catalogue of implemented and accessible cognitive systems capabilities had
the goal of identifying the AI tools and techniques that can be deployed today to satisfy the cognitive functional
requirements. As a result of this change of strategy, Task 3.2 did not produce such a list (see Deliverable D3.2
for details) and instead it used a case-study of an open cognitive architecture for deployment of cognitive
robots in everyday tasks to identify typical AI tools and techniques.
It was originally envisaged that Task 3.3 would map the catalogue of AI tools and techniques to cognitive
architecture requirements, also known as a cognitive architecture schema. For the reasons set out in the main
text of this deliverable, this proved to be futile goal and instead we listed our reflections on architectural
requirements based on Deliverables D3.1, D3.2, and D3.4, including lessons learned from experience with
CRAM when preparing deliverable D3.2 and afterwards, focussing on the pragmatic issues of specifying,
designing, and implementing a practical robotics cognitive system.
In turn, these architecture requirements must be converted to a fully functional system. That requires
sophisticated software engineering. While there is more than one popular software engineering paradigm in
robotics – component-based software engineering and model-based software engineering to name two of the
most prominent – the deployment of that paradigm should factor in the type of software architecture that is
required to integrate the AI tools and techniques into an effective cognitive robot control system. These
insights and the related architectural requirements are taken up in Deliverable 3.5 on the implications for
software engineering in cognitive robotics. Sone of the issues are anticipated in Appendix III.

6

They are meta use-cases because they are more generic in their description than would be a use-case tied to a real target
application.
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Appendix II – Industrial Priorities for Cognitive Robotics7
While cognitive robotics is still an evolving discipline and much research remains to be done, we nevertheless
need to have a clear idea of what cognitive robots will be able to do if they are to be useful to industrial
developers and end users. The RockEU2 project canvassed the views of thirteen developers to find out what
they and their customers want. The results of this survey follow, cast as a series of eleven functional abilities.
1. Safe, reliable, transparent operation
Cognitive robots will be able to operate reliably and safely around humans and they will be able to explain the
decisions they make, the actions they have taken, and the actions they are about to take. A cognitive robot will
help people and prioritize their safety. Only reliable behaviour will build trust. It will explain decisions, i.e. why
it acted the way it did. This is essential if the human is to develop a sense of trust in the robot.
A cognitive robot will have limited autonomy to set intermediate goals to when carrying out tasks set by users.
However, in all cases it defers to the user’s preferences, apart from some exceptional circumstances, e.g.
people with dementia can interact in unpredictable ways and the robot will be able to recognize these
situations and adapt in some appropriate manner.
The freedom to act autonomously will have formal boundaries and the rules of engagement will be set on the
basis of three parameters: safety for people, safety for equipment, and safety of the robot system. The rules
may change depending on the environment and a cognitive robot will not exceed the limits of safe operation.
The limits may be application specific, e.g., the robot should not deviate further than a given
specification/distance/etc. A cognitive robot will use this type of knowledge to act responsibly and will ask for
assistance when necessary (e.g. before it encounters difficulties). In particular, in emergency situations, the
robot will stop all tasks to follow some emergency procedure. Ideally, if the user is deliberately trying to misuse
the robot, e.g. programming it to assist with some unethical task, a cognitive robot will cease operation.
2. High-level instruction and context-aware task execution
Cognitive robots will be given tasks using high-level instructions and they will factor in contextual constraints
that are specific to the application scenario when carrying out these tasks, determining for themselves the
priority of possible actions in case of competing or conflicting requirements.
Goals and tasks will be expressed using high-level instructions that will exploit the robot’s contextual
knowledge of the task. This will allow the robot to pre-select the information that is important to effectively
carry out the task. The goals will reflect the user’s perspective. This means that all skills which implicitly define
the goals are tightly linked to real- world needs and to the solution of specific problems, e.g., “get me a
hammer”. The following guidelines will apply.

7

1.

Instructions will use natural language and gestures to specify the goals.

2.

Natural language will be relatively abstract but will be grounded in the codified organizational rules,
regulations, and behavioural guidelines that apply to a given application environment. This grounding
means that each abstract instruction is heavily loaded with constraints which should make it easier for
the robot to understand and perform the task effectively.

3.

The goals should be specified in a formalized and structured way, where the designer defines them
well and can verify them. For example, teach the robot the environment it is working in, follow a
described route to reach each of the target locations and reach these positions to carry out the task.
These clearly-specified tasks are tightly coupled with risks and costs, e.g. of incorrect execution.

4.

It should be possible for the robot to be given goals in non-specific terms (e.g. assist in alleviating the
symptoms of dementia), guidelines on acceptable behaviour (or action policies), and relevant
constraints, leaving it to the robot to identify the sub-goals that are needed to achieve these ultimate
goals.

The following are abstracted from Deliverable D3.1 and [8].
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A cognitive robot will learn ways of measuring the success of outcomes for the objectives that have
been set, e.g., creating a metric such as the owner’s satisfaction related not only to the directly
specified objective but also the manner in which the job was done). It should learn from these metrics.

A cognitive robot will consider the contextual constraints that are specific to the application scenario. It will
determine the priority of potential actions, e.g., in case of competing or conflicting needs. For example, the
robot might know the procedure to be followed but the locations to be visited or the objects to be manipulated
need to be specified (or vice versa). For example, when an automated harvester encounters a bale of straw, it
can deal with it as an obstacle or something to be harvested, depending on the current task. For example, the
robot might engage in spoken interaction with older adults until the goal is communicated unambiguously,
using context to disambiguate the message and allow for the difficulties in dealing with different accents,
imprecise speech, and poor articulation. A cognitive robot will know what is normal, i.e. expected, behaviour
(possibly based on documented rules or practices) and it will be able to detect anomalous behaviour and then
take appropriate action. The following guidelines will apply.
1.
2.
3.
4.

It will be possible to pre-load knowledge about the robot’s purpose and its operating environment,
including any rules or constraints that apply to behaviour in that environment.
It will be possible to utilize domain-specific skill pools (e.g. from shared databases) so that the robot is
pre- configured to accomplish basic tasks without having to resort to learning or development.
The robot will continually improve its skills (within limits of the goals and safety, see above) and share
these with other robots.
The robot might assist the user by proposing goals from what it understood and the user makes the
final selection.

The level of detail in the description required by a cognitive robot will decrease over time as the robot gains
experience, in the same way as someone new on the job is given very explicit instructions at first and less
explicit instructions later on. One should need to demonstrate only the novel parts of the task, e.g., pouring
liquid in a container, but not the entire process. It will be possible to instruct the robot off-line if there is no
access to the physical site; e.g., using a simulation tool, with the robot then being deployed in the real scenario.
3. Knowledge acquisition and generalization
Cognitive robots will continuously acquire new knowledge and generalize that knowledge so that they can
undertake new tasks by generating novel action policies based on their history of decisions. This will allow the
rigor and level of detail with which a human expresses the task specification to be relaxed on future occasions.
A cognitive robot will build and exploit experience so that its decisions incorporate current and long term data.
For example, route planning in a factory, hospital, or hotel should take into account the history of rooms and
previous paths taken, or it might take another look to overcome high uncertainty. In general, the robot will
overcome uncertainty in a principled manner.
A cognitive robot will generalize knowledge to new task by understanding the context of a novel task and
extrapolating from previous experience. For example, a care-giving robot will reuse knowledge of a
rehabilitation exercise, customizing it to another person. A welding robot will weld a new instance of a family
of parts. In general, a cognitive robot will extract useful meaning from an interaction for a future and more
general use, with the same or another user. This may extend to learn cultural preferences and social norms.
For example, in a domestic environment, a cognitive robot will learn how to do simple household tasks, e.g.
how to grasp different objects and them bring to a person that wants them. This will be continuously extended,
allowing the robot to do more complex things, including cooking.
4. Adaptive planning
Cognitive robots will be able to anticipate events and prepare for them in advance. They will be able to cope
with unforeseen situations, recognizing and handling errors, gracefully and effectively. This will also allow them
to handle flexible objects or living creatures.
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A cognitive robot will be able to recognize that circumstances have changed to avoid situations where progress
is impossible. It will also be able to recognize errors and recover. This may include retrying with a slightly
different strategy. The learning process will be fast, ideally learning from each error.
A cognitive robot will be able to learn how to handle errors, how to react to situations where, e.g., a human is
doing something unexpected or parts are located in an unexpected place.
A cognitive robot will be able to anticipate events and compensate for future conditions. For example, an
automated combine harvester will be able to apply a pre-emptive increase of power to compensate for the
demands caused when an area of high yield is encountered.
A cognitive robot will be able to learn about the environment it is in and modify the its current information
accordingly. That is, it will adapt to changes in the environment, verifying that the environment matches with
what is known, or there is a change and updates. This may require an update of the task but only after asking
the user.
A cognitive robot will be able to manipulate flexible or live objects, e.g. living creatures such as laboratory mice.
To do so means that the robot must be able to construct a model of their behaviour and adapt its actions as
required, continually refining the model.
5. Personalized interaction
Cognitive robots will personalize their interactions with humans, adapting their behaviour and interaction
policy to the user’s preferences, needs, and emotional or psychological state. This personalization will include
an understanding of the person’s preferences for the degree of force used when interacting with the robot. A
cognitive robot will be able to adapt its behaviour and interaction policy to accommodate the user’s
preferences, needs, and emotional state. It will learn the personal preferences of the person with whom it is
interacting. For example, an autonomous car will learn the preferred driving style of the owner and adopt that
style to engender trust.
A cognitive robot will understand nuances in tone to learn a person’s voice, detecting signs of stress so that it
can react to it and review what it is doing. In the particular case of interaction with older adults, the robot will
be able to understand gestures to help disambiguate words.
A cognitive robot will able to extrapolate what has been taught to other situations. For example, it might
remember that the user has certain preferences (e.g. to be served tea in the morning) and the robot will
remember that preference. However, the robot will not allow these learned preferences to over-ride critical
actions policies.
In cases where showing the robot what to do involves physical contact between the user and the robot, the
robot will be able to learn the dynamics of the user, i.e. his or her personal preferred use of forces when
interacting with objects in the environment.
A cognitive robot will be able to the psychological state of a user, e.g. based on the facial expressions, gestures,
actions, movements. Based on this, it will be able to determine what they need by cross-referencing that with
knowledge of the person’s history.
A cognitive robot will be able to make decisions from a large body of observed data, thereby assisting people
who typically make decisions based on learned heuristic knowledge but without a quantitative basis for this
decision-making. For example, there is a need to provide farmers with a fact- based quantitative decisionmaking framework. A cognitive robot or machine would observe the physical environment and the farmer and
provide a sound bases for making improved decisions.
6. Self-assessment
Cognitive robots will be able to reason about their own capa- bilities, being able to determine whether they can
accomplish a given task. If they detect something is not working, they will be able to ask for help. They will be
able to assess the quality of their decisions.
If a cognitive robot is asked to perform a certain task, it will be able to say whether it can do it or not. It will
detect when something is not working and will be able to ask for help.
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A cognitive robot will assess the quality of its decisions and apply some level of discrimination in the task at
hand, e.g. being selective in its choice of fruit to harvest.
7. Learning from demonstration
Cognitive robots will be able to learn new actions from demonstration by humans and they will be able to link
this learned knowledge to previously acquired knowledge of related tasks and entities.
Instructions will be communicated by demonstration, through examples, including showing the robot the final
results, with the robot being able to merge prior know-how and knowledge with learning by demonstration.
Some of this prior knowledge should be extracted from codified organizational rules, regulations, and
behavioural guidelines.
The situation is analogous to training an intern or an apprentice: a trainer might ask “Has someone shown you
how to do this? No? Okay, I’ll show you how to do three, then you do 100 to practice (and to throw away
afterwards). If you get stuck on one, call me, and I’ll show you how to solve that problem”.
A cognitive robot will learn and adapt the parameters to achieve the task. Today in the assembly of
components, often robot assembly is not robotized because it requires too much engineering and it is too
difficult for robots because it is based on traditional programming, tuning and frequent re-tuning of
parameters.
Teaching will exploit natural language, gaze and pointing gestures, and by showing the robot what to do and
helping it when necessary.
Actions will be expressed in high-level abstract terms, like a recipe, ideally by talking to it. For example, “go to
hall 5 from hall 2 and pick up the hammer” or “open the valve”.
When being taught, the robot should be anticipating what you are trying to teach it so that it predicts what you
want it to do and then tries to do it effectively.
It will be possible to provide direct support for the robot, switching fluidly between full autonomy, partial
autonomy, or manual control.
8. Evaluating the safety of actions
When they learn a new action, cognitive robots will take steps to verify the safety of carrying out this action. If
a robot learns new action, it will be difficult to certify the new action. The process of generating a new action
will involve interaction with the world and that may already be harmful. So, when learning a new action, there
needs to be a step to verify the safety of carrying out this action. For example, showing a new action plus
defining safety and success such that the robot can check if it achieved success.
9. Development and self-optimization
Cognitive robots will develop and self-optimize, learning in an open-ended manner from their own actions and
those of others (humans or other robots), continually improving their abilities.
A cognitive robot will be able to use what it has learned to determine possible ways to improve its
performance, e.g. through internal simulation at times when the robot is not working on a given task. It will
also be able to learn from its mistakes, e.g., breaking china but learning from the effect of the action. A
cognitive robot will learn to optimize the actions it performs (e.g. doing something faster) within the certified
limits of safety and without increasing the risk of failure and associated costs.
10. Knowledge transfer
Cognitive robots will be able to transfer knowledge to other robots, even those having a different physical,
kinematic, and dynamic configurations and they will be able to operate seamlessly in an environment that is
configured as an internet of things (IoT).
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A cognitive robot will be a crucial component of cyber- physical systems where the robot can be used, for
example, as a way of collecting data from large experiments.
11. Communicating intentions and collaborative action
Cognitive robots will be able to communicate their intentions to people around them and, vice versa, they will
be able to infer the intention of others, i.e. understanding what someone is doing and anticipating what they
are about to do. Ultimately, Cognitive robots will be able to collaborate with people on some joint task with a
minimal amount of instruction.
The need for people around a cognitive robot to be able to anticipate the robot’s actions is important because,
if cognitive robots are to be deployed successfully, people need to believe the robot is trustworthy. A cognitive
robot will be able to interact with people, collaborating with them on some joint task. This implies that the
robot has an ability to understand what the person is doing and infer their intentions.
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Appendix III – Component-Based Software Engineering (CBSE)8
CBSE targets the development of reusable software [16] and has been widely adopted in the robotics
community [17]. It complements traditional object-oriented programming by focussing on run-time
composition of software rather than link-time composition. Consequently, it allows different programming
languages, operating systems, and possibly communication middleware to be used in a given application.
Related to the classic concept of communicating sequential processes (CSP) [18], components are individuallyinstantiated processes that communicate with each other by message- passing. Typically, component models
assume asynchronous message-passing where the communicating component is non- blocking, whereas CSP
assumed synchronous communication. The key idea is that components can act as reusable building blocks and
that applications and system architectures can be designed by composing components. This gives rise to the
two key concerns of component-based models: composability (the property of a component to be easily
integrated into a larger system, i.e. to be reused under composition) and compositionality (the property of a
system to exhibit predictable of the components are known) [19].
In complex robotics systems, as in other large software systems, integration is difficult. It is made easier by
adopting practices that support composability and compositionality. As Bruyninckx notes, composability and
compositionality are not independent and “achieving full compositionality and composability is an ideal that is
probably impossible to achieve” [20] because the information hiding characteristic inherent in good
component design conflicts with the transparency required by system builders to optimize system robustness
by selecting components whose internal design is such that it can cope with as many system variations as
possible.
Although they share some common principles, CBSE and object-oriented approaches are not identical.
Typically, the granularity of components in CBSE is larger than that of objects in object-oriented approaches.
Thus, the functionality encapsulated in a component is usually greater than that of an object. Also, components
are explicitly intended to be stand- alone independently-executable reusable pieces of software with welldefined public interfaces.
On the other hand, in CBSE, as in object-oriented programming, the component specification is separated from
the component implementation. A component exposes its functionality through abstract interfaces that hide
the underlying implementation. Thus, the implementation can be altered without affecting any of the systems
or other components that use (i.e. interface with) that component. Components exchange data through their
interface.
In robotics, a component implements a well-encapsulated element of robot functionality and robot software
systems are constructed by connecting components [21, 22]. The connections are often, but not necessarily
made using ports in the components. As we will see below, this echoes the key elements of the CPC model.
CPC AND THE BRICS COMPONENT MODEL
Focussing on the issues that are particularly important in developing robot software, the BRICS Component
Model (BCM) [19], [23], [24] is a best-practice CBSE model that provides a set of principles, guidelines, metamodels, and tools for structuring the development of individual components and component-based systems. It
does so in a framework-nonspecific manner, i.e. at an abstract (meta) level that does not refer explicitly to the
implementation of the required functionality on a specific robot platform.
BCM brings together two strands of software engineering: the separation of the so-called 4Cs of
communication, computation, configuration and coordination [25] and robotics- oriented MDE [26]. BCM
extends the 4Cs to 5Cs [27] by splitting configuration into finer-grained concepts of configuration and

8

The material in this appendix is abstracted from [10]. Note: it is not intended to pre-empt the findings to be documented in
deliverable D3.5. On the contrary, it is intended merely to provide some technical background to the arguments put
forward in this deliverable on the nature to two of the most prevalent robotics middleware systems, ROS and YARP.
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composition. The core principle is that good component-based engineering practice strives to decouple the
design and implementation of these five concerns.
Computation refers to the system’s main functionality, i.e. the information processing the component has been
designed to perform. Communication provides the data required by the computation and takes care of the
quality of service of data communication, e.g. timing, bandwith, loss (accuracy), priority, and latency.
Coordination refers to the functionality that determines how all the components in a system work together
and, thus, how the component or system behaves. Configuration refers to the functional aspects concerned
with influencing the behaviour of the computation and communication elements either at start-up or at runtime. Finally, composition, the fifth C introduced in [19], provides the glue that binds together the other four
Cs, each of which is focussed on decoupling functionality. In contrast, composition is very much concerned with
coupling: how the other four Cs interact. Strictly, this C does not reflect software functionality but is rather a
design characteristic that seeks to find a good trade- off between composability and compositionality [27].
Complementing CBSE, MDE aims to improve the process of code generation from abstract models that describe
a domain. The OMG [28] defines four levels of model abstraction, going from higher to lower levels of domain
specificity (i.e. from platform-independent to platform-specific) by adding platform knowledge. These four
levels can be characterized as follows [19].
M3 Domain-nonspecific: the highest level of abstraction using a meta-meta-model.
M2 Platform-independent representation of a domain, using, e.g., a Component-Port-Connector
(CPC) meta- model.
M1 Platform-specific model: a concrete model of a specific robotic system but without using a
specific programming language.
M0 The implementation level of a specific robotic sys- tem, with defined software frameworks,
libraries, and programming languages.
Level M2 is of particular interest here because the abstract model, i.e. the CPC meta-model, maps directly to
the principles of component-based software engineering. The essence of this model is as follows [19]. An
application system has zero or more components and zero or more connectors. A component has zero or more
ports, and a port belongs to one and only one component. A connector is always between two ports. Finally,
and of particular importance in the context of the current discussion, components expose their data and
service interfaces on their ports and exchange data over the attached connectors.
The principles of CBSE have another important role in that they also constrain the selection of a software
environment that will be used to provide the abstraction layer between the application code, on the one hand,
and the middleware and operating system services (including support of distributed systems processing and
device input/output), on the other. This abstraction layer is typically provided by the robot programming
framework. It provides an abstract interface between the robot software system (implemented as a network of
components) and the underlying operating system and middleware.
The CBSE CPC approach offers several advantages in configuring robotics applications. The robot application
can be implemented simply by identifying the components to be instantiated and specifying the connections
between their port interfaces. Each component can encapsulate some coarse- grained robot functionality, i.e.
the component can perform some substantial function while maintaining its cohesion. It is possible to have
multiple instances of the same component by having a mechanism for uniquely naming each instance of the
component and propagating that name to the component’s port names. A key characteristic is the support for
external configuration of the component allowing the behaviour of individual instances of a component to be
customized by the application developer without recourse to the component developer. This goes hand in
hand with a facility to allow components to run in different contexts, meaning that the robot programming
framework allows the component user to specify the location of the components configuration files and other
resources. Runtime configuration of the behaviour of the component can be provided to allow users and other
components to control the component’s processing, if required. In many robot programming frameworks, e.g.
YARP, components run asynchronously on a distributed system with the inter-component communication over
ports being handled transparently by the robot programming framework. This means that the logical definition
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of a component-based application is independent from its run-time configuration and the ports provide
abstract component interfaces. This communication infrastructure may provide multiple transport layer
protocols, e.g. udp, tcp, and mcast.
What is significant about this is that adopting the CBSE CPC approach imposes a minimal number of required
configuration practices on the component developer. Specifically, these are to support:
1) Unique naming of each instance of a component and propagation of that name to the port names;
2) Renaming any of the ports through which the interfaces are exposed;
3) External configuration of the component behaviour;
4) External specification of the context (i.e. path) to search for the associated configuration files;
5) Run-time configuration of the component behaviour reading parameter values from a port.
Clearly, the underlying robot programming framework is pivotal in supporting these practices and making them
straightforward for the component developer to implement. There are many robot programming frameworks.
These include ROS [29], YARP [30], URBI [31], and Orca [32, 33]. All have their respective advantages and
disadvantages, as explained in various surveys and comparisons [34, 35]. ROS, a popular choice in many
instances, has been criticized in the context of CBSE as lacking an abstract component model [26]. On the other
hand, while YARP does not have an abstract component model either, it provides a framework that explicitly
supports all the CBSE needs identified above.

