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1 Introduction

The study of architectures to support intelligent behaviour is certainly the broadest,
and arguably one of the most ill-defined enterprises in Al and Cognitive Science. In
the CoSy project one of our goals is to develop and understand cognitive architectures
suitable for the control of robots. This is not the same as developing an architec-
ture for robot control, nor is it the same as developing a purely cognitive architecture
unconnected to real sensors or actuators. We argue that work on architectures tradi-
tionally falls into two camps. First there are cognitive architectures which attempt to
provide unified theories of cognition such as SOAR [Laird et al., 1987] and ACT-R
[Anderson et al., 2004]. Their value is typically measured in terms of an ability to re-
produce some of the characteristics of human like information processing. ACT-R for
example is used extensively for creating models of cognition that are then evaluated
against data from humans. In other words, they are evaluated as psychological theo-
ries. On the other hand, roboticists have been engaged with issues of how to enable
robots to act reliably and robustly in a rapidly changing world when faced with limited
computational power, uncertain sensing, and uncertain action. Architectures for robot
control such as 3T [Bonasso et al., 1997] are therefore largely concerned issues of real-
time control, uncertainty, sensory fusion (or the lack of it), and error recovery. They
are evaluated in terms of the performance of the resulting robotic systems on a variety
of tasks.

In CoSy we have interests in both cognitive science and engineering science, and
consequently our work is related to both of the aforementioned camps whilst also look-
ing at closely related issues. Our work is neither concerned with trying to model hu-
mans or any other specific type of animal, nor with trying to compete on practical
design tasks. Rather it is concerned with trying to understand the possibilities and
trade-offs involved in different designs in relation to different sets of requirements. In
this paper we will describe an architecture schema which inherits some of the ambi-
tions of classic cognitive architectures, and those of robot control architectures, whilst
allowing us to explore these additional issues. It is important to note now that we don’t
present an empirical evaluation of an implementation of a scenario-specific instantia-
tion of the architecture schema in this paper — although we do describe two possible
instantiations based on the CoSy demonstrator scenarios. It is also worth stating at this
stage that our intention is not to perform extensive evaluation of the architecture schema
against human behaviour. Instead we intend to evaluate it by profiling the behaviour of
scenario-specific instantiations of it under varying conditions, such as internal failures
and varying types of change in the world.

The document is organised roughly as follows. In the next section (Section 2)
we describe some of the background to our research on architectures and describe
our methodology. In Section 3 we give a high-level description of the scenario that
motivates our work, and the requirements that we have drawn from this scenario. In
Sections 4 & 5 we then outline the key features of our architecture schema, and the
key design principles. These include concurrent, modular processing; structured man-
agement of knowledge; and dynamic context sensitive processing. The architecture is
composed of a set of subarchitectures coordinated by a central reasoning system. We
describe the subarchitectures in Section 6, and the central coordination mechanisms in
Section 7. In Section 8 we describe the various roles subarchitectures can play in an
instantiation of the architecture schema. In Section 9 we give an example of processing



with the architecture design, and in Section 10 we compare the architectural choices
we have made, and the issues we are addressing, with those of other prominent archi-
tectures from both the cognitive science and robot control communities. Finally we
describe two possible scenario-specific instantiations of the architecture schema, and
the flow of information in a particular instantiation of a subarchitecture.

2 Architectures and the Science of Cognitive Systems

To provide some motivation and context for this document we start by clarifying the
role of “architecture” in the science of understanding and building artificial cognitive
systems. To understand its role we must first go back to basics. Al is a field of science
that attempts to understand intelligent systems partly through the process of building
them. To date a great deal of work has been done on the building part of this, and much
less on the understanding aspect.

If we are to attempt to understand the artificially intelligent systems built by our-
selves and others, we must be able to objectively compare them to other such sys-
tems. To look at this in a different way, we require something that is orthogonal to the
RoboCup competitions [Kitano et al., 1997, Kitano et al., 1999]: where they ask “how
good is a system at doing X", we want to ask “why is a system good at doing X and
“why is system X better than system Y when they both make use of Z”. It is hard to
ask such questions of designs for systems when they bear no relation to each other, it
is harder still to do so for implementations of the designs when the implementations
can have an unclear relationship to the original designs. It is because of this issue
that our research group has previously argued for researchers to make the distinction
between design space and niche space [Sloman, 1998, Hawes et al., 2006], and pro-
posed the CogAff schema as (an incomplete first draft of) an ontology for comparing
architectures [Sloman, 2001].

Currently we are interested in applying this methodology to meet the main goal
of the CoSy project, namely “to advance the science of cognitive systems through
a multi-disciplinary investigation of requirements, design options and trade-offs for
human-like, autonomous, integrated, physical (e.g., robot) systems”!. Given our previ-
ous statement about the nature of Al, this means that not only must we study and design
such systems, but we must also implement them in order to further our understanding
of our designs.

We are engaged in trying to understand principles for designing robotic systems
and actually building one or more in order to test ideas and demonstrate the theo-
retical claims. In this process the study of architectures plays a dual role: On the
one hand studying and comparing requirements and architectures that have previously
been proposed provides insights leading to a general schema characterising possible
structures for integrated intelligent systems. On the other hand, a specific architecture,
once chosen for implementation, provides practical guidance and support during the
implementation process, especially if tools are available that are designed to support
the requirements of such architectures.

This is not a novel idea. Some of the most prominent architectures in Al & Cogni-
tive Science provide software toolkits which can be used to implement systems based

ITaken from the CoSy website at cognitivesystems.org.



on them [Laird et al., 1987, Jones et al., 2006]. Unfortunately the use of such toolkits
is problematic when the scientific aims of a project involve studying a variety of dif-
ferent architectures that include many software components from various sources that
are written in different languages. Instead we must produce concrete designs based on
our scientific principles, then constrain our implementations to meet the restrictions of
these designs.

To satisfy the scientific principles mentioned above, we must do the following when
faced with the task of implementing a robotic system:

1. Study the requirements of each of the designs that we eventually want to be able
to understand and compare by building examples of them. This study can be
done partly through the analysis of scenarios in which the systems demonstrate
their competences [Sloman, 2006].

2. Use these requirements to produce an architecture schema. An architecture
schema is a task and implementation independent set of rules for structuring
processing components and information, and controlling information flow.

3. Using a scenario that includes considerable generality in the form of multiple
tasks and multiple behaviour sequences, produce one or more instantiations of
the schema so that implementations can be tested and demonstrated, and their
strengths and weaknesses compared.

The separation of steps 2 and 3 is crucial because when evaluations are carried
out across multiple implementations of instantiations of the abstract schema, or across
multiple schemata with similar features, it must be clear as to which elements are part
of the abstract schema (and therefore comparable across instantiations) and which are
not (and therefore not directly comparable).

This document addresses the second and third of these above points. It presents
an architecture schema for a certain (restricted) class of cognitive systems based on
requirements we have identified previously. It also presents two scenario-specific in-
stantiations of this schema in the form of designs for architectures suited to the CoSy
test scenarios (which allow for a variety of types of tasks and behaviours). Ideally al-
ternative architectures should be implemented and compared, but that is beyond our
resources. Instead of that we can make comparisons with related implementations pro-
duced by other researchers.

The schema presented in this document should not be confused with the CogAff
schema which we have presented elsewhere [Sloman, 2001]%. The CogAff schema
can be used to describe any architecture schema or instantiation, whilst the schema
presented here is only able to describe a subset of designs.

3 Scenario & Requirements

In order to start the process described in Section 2 we must have a scenario or set of sce-
narios to work from. In a previous project deliverable (see CoSy deliverable DR.1.1)

2For a more in-depth discussion of the CogAff schema, see CoSy Deliverable DR-2-2.



we analysed a scenario in which a hypothetical future robotic assistant interacts with
a family and its environment, changes its world through physical action and linguistic
discourse, performs household tasks for its owners, and learns about its world. This
analysis gave rise to a list of behaviours that such a robot must be able to enact. From
this list of required behaviours it is possible abstract a fairly small set of general archi-
tectural requirements which we can use both to restrict our architecture schema, and
to guide the design of specific instances of that schema. These requirements were se-
lected because they appear to be essential to the performance of many of the tasks in
the scenario, and also because they are central to some of the simpler scenarios we have
derived from this more complex scenario (cf. the Explorer and Playmate scenarios). In
short, any architecture schema we produce must support:

1. Interaction in a Dynamic World: Because the real world changes frequently
and unpredictably, and because some behaviours are tied to the dynamics of the
real world (e.g. grasping a moving object, or even comprehending a sentence as
it is spoken), the architecture must allow processes within the robot to interact
with each other and with processes in the external world in a manner appropriate
for their purpose.

2. Information Integration from Multiple Sources: To be able to act and in-
teract both linguistically and through various forms of physical behaviour (e.g.
grasping, locomotion) many different forms of information must be considered.
Allowing communication between different subsystems and consistent decision
making and conflict resolution means that the architecture must provide mecha-
nisms for information transfer, for relating the content of information from dif-
ferent sources, possibly using different formats, and for detecting and dealing
with conflicts or inconsistencies both within and between sub-processes.

3. Goal-Directed Behaviour: In a system with multiple resources and multiple
goals (as in our scenario) it is crucial that it can manage its long term behaviour
in a way that allows it to act to achieve the goals. This means that the archi-
tecture must provide structures that allow global motives to influence processing
throughout the system.

It is important to note that although these requirements describe generally desir-
able properties of intelligent systems, they are not intended to describe the complete
space of requirements for a general intelligent system. Instead they are intended to
reflect the most important requirements from our study of a set of limited scenarios.
As such, the above observations, and all subsequent proposals relating to the architec-
ture schema, are all related to this limited set of scenarios. We are not attempting to
propose a general theory of mind, cognition (human-level or otherwise) or of infor-
mation processing, but rather study the design options and trade-offs apparent in the
space of possible information-processing architectures for robots that can display the
competences required for our limited set of scenarios.

The scenarios we have chosen involve a robot with multiple capabilities: language
understanding, multiple types of vision, planning, navigation and manipulation, all in
interaction with a human. This means that a number of architectural issues not com-
monly addressed become prominent. Perhaps the most important is that because we
want to incorporate multiple specialised representations for each sub-system (as op-
posed to the general representations employed in SOAR or ACT-R) we are driven to



consider many processing modules, each of which updates asynchronously. In contrast
to some robotic architectures these multiple modules may not be vying for control of
actuators, but may be generating new knowledge that flows around the system. This
means that the problem of how the information flow should be managed looms large.
In particular we have hard choices to make about the degree of knowledge sharing
between modules; how they should be grouped, if at all, into sub-systems; whether
a particular type of information should be pushed or pulled through the system; how
varying latency in communication between modules can be accommodated; how in-
cremental processing between some sub-systems can be implemented; whether coordi-
nation should be achieved centrally; and in what ways execution monitoring and error
recovery need to be incorporated. Some of these issues arise in existing robotic ar-
chitectures, but no robot systems that we know of, employing principled architectures,
exist able to cope with such a variety of input channels or such a variety of types of
internal processes collaborating in producing overall intelligent behaviour. The archi-
tecture schema we give doesn’t make final decisions about all of these issues, as many
are issues relevant to particular scenario-specific instantiations of the schema.

Although all of our scenarios feature language we do not see linguistic competence
as essential to models of intelligence. It is clear both from the existence of highly
competent pre-linguistic human children, and the existence of intelligent non-human
animals that do not use human language (including hunting animals, nest building an-
imals, tree climbing animals, animals with complex social systems, etc.) that use of a
human language to communicate is not a requirement for rich and flexible behavioural
competence.

It is therefore important to understand what sorts of mechanisms, forms of represen-
tations and architectures can support such rich competences without the use of human
language. Moreover, it is arguable that unless human language is added to a system
that already has goals, percepts, intentions, plans, for which a variety of competences
can be combined, there will be no basis for the language to have a semantic content for
the animal or robot. (It will have nothing to communicate.) So we need to be able to
investigate what sort of architectural scheme can incorporate a robot that exhibits sub-
stantial competence without the use of language, and then extends its competence by
the addition of language, where the language subsystems interface in principled ways
to the other components.

4 Key Features

The following list provides a quick summary of the key features of the architecture
schema. More detail is provided in the subsequent sections.

1. The schema contains subarchitectures for separate competences. These subar-
chitectures are loosely coupled to reduce complex inter-dependencies. Systems
could contain subarchitectures for motor control, vision, action, planning, lan-
guage etc. The structure is recursive. Some subarchitectures can be further
decomposed, for instance in the multi-window visual and motor sub-systems
mentioned in the representations deliverable.

2. Each subarchitecture contains a number of processing components which share
information via a subarchitecture-specific working memory.



3. Each of these subarchitecture working memories is only writable by processes
within its subarchitecture, and by a single global process (the goal manager).

4. Information flow is controlled by goals generated within the architecture at run
time, allowing it to deal with new problems and opportunities. This allows the
schema to support different approaches to processing (e.g. incremental process-
ing, forward chaining, backward chaining etc.). The architecture schema distin-
guishes between two classes of goal: global goals (goals of various kinds that
require coordination across subarchitectures), and local goals (goals of various
kinds that originate from a processing component within a single subarchitec-
ture).

5. The knowledge that can be used within a subarchitecture is defined by a set of
ontologies for that subarchitecture. Relationships (not necessarily equivalence)
between the entries in the ontologies in different subarchitectures are defined by a
set of general ontologies. These ontologies can also be used to define knowledge
at an architecture-general level.

S Design Principles

From the explicit architectural requirements presented in Section 3 we have generated
three related design principles which represent the realisation of these requirements in
our architecture schema.

5.1 Concurrent Modular Processing

Two design features will help with the requirement of supporting action in a dynamic
world in the scenarios we are considering.

First, our architecture design is composed of concurrently active processing com-
ponents. The need for this, as many other researchers have observed, arises from the
fact that action may require concurrent sub-tasks, including controlling detailed arm
and finger movements at the same time as using visual information to guide the pro-
cess. We also require the robot to be able to cope with a question or piece of advice
from a human while performing the task. In principle a very fast single process using
a ‘big switch’ could deal with multiple-competence tasks, but a more modular design
based on concurrent processes aids development and testing and allows for the possi-
bility of distribution across separate processors. It also allows the architecture go grow,
with new components being added while existing ones are not completely redesigned
to provide the new functionality.

Second, the architecture combines processing components into subarchitectures for
various competences (e.g. language, vision, manipulation, action planning etc.) con-
nected by a small number of competence-independent components. Subarchitectures
give the architecture coarse internal structure, and importantly (for the requirement of
supporting action in a dynamic world) allow processes that commonly work together to
easily share information without interacting with other (subarchitecture external) pro-
cesses. Additionally, this structure is useful for managing information exchange across



competences (cf. Section 5.2), controlling processing (cf. Section 5.3), and allow-
ing the architecture (and its functionality) to be extended relatively independently of
existing components.

To reduce the dependence of components in one subarchitecture on the presence of
other components within the same or other subarchitectures (for flexibility and ease of
alteration), our design encourages subarchitectures to interact via local working mem-
ories. Our current design only allows access to a subarchitecture’s working memory by
components within the subarchitecture and architecture-general processes. This places
the burden of control on the global processes and prevents subarchitecture processes
from having a view of the entire architecture. Instead, subarchitecture processes can
access particular global memories (which could be subdivided into globally accessi-
ble memories for particular tasks) into which selected results of processing across the
architecture are asynchronously added, cf. Sections 7.3 & 8.1.

5.2 Structured Management of Knowledge

The requirement that our architecture is able to integrate information from multiple
external and internal sources represents a key problem in designing (and implement-
ing) cognitive systems. Many designs focus on structuring processing components but
ignore the information that flows between them. This makes the whole system more
about different forms of processing, rather than a gradually evolving information pro-
cessing context. To overcome this, we propose a rough ontology-based structure for
the managing information across the architecture.

The information structure is defined by two levels of ontologies: subarchitec-
ture ontologies and general ontologies®. FEach subarchitecture has its own set of
subarchitecture-specific ontologies which define the information it can process. In
addition to this it is evident from previous work that the knowledge described by sub-
architecture ontologies will require its own representations, so for the remainder of
this discussion when we use the term “ontology” we are also implying an attendant

formalism that is used to represent information described by the ontologies.

Subarchitecture ontologies will contain knowledge specific to the competences that
the subarchitecture supports. It is assumed that a lot of this knowledge will only be un-
derstood by the processes within the subarchitecture (e.g. if it represents the intermedi-
ate results of a process), or that this knowledge may have an expected useful life-time
that may make sharing it with other subarchitectures pointless (e.g. precise metrical
information about the world which will change unpredictably). The general ontolo-
gies are not linked into any particular subarchitecture, but are competence independent
and represent knowledge that is relevant across both the collection of subarchitectures
and the general architecture mechanisms (such as global goals, coarse conceptions of
space and time, plan structures etc.). The general ontologies can be used for general-
purpose planning and reasoning, motive generation and other tasks that must cut across
subarchitectures.

To embed the knowledge of the subarchitectures within the knowledge framework
of the whole architecture, concepts within the subarchitecture ontologies that are re-

3We use the term “ontology” to mean a (structured) description of the kinds of information that the
cognitive system can process from either internal or external sources. This is not the same as an ontology
that could be used by the designer of such systems, cf. CoSy Deliverables 2.1 & 2.2.



lated in some way to concepts within the general ontologies can be interconnected in
various ways (e.g. action recognition models could be linked to action verbs and to
planning actions via common activation). This allows general mechanisms and sub-
architectures to interact with other subarchitectures via the mediating presence of the
general ontology. In the previous work we have investigated particular ways in which
such interconnections could be made (e.g. [Kruijff et al., 2006c]), but for our current
architecture schema we prefer to leave the mechanisms unspecified as they are likely
to vary a great deal across scenario-specific instantiations of the abstract schema.

In terms of engineering a working system, ontologies provide a useful mechanism
for separating interface and implementation. They allow us to specify the kinds of
information the architecture must be able to obtain and process, without initially speci-
fying exactly how these components are actually implemented. This provides the flexi-
bility necessary to collaboratively develop integrated systems in which some part of the
ontology may be learnt, or developed at a different rate from the rest of the system (pro-
vided suitable short-term replacements can be implemented). In terms of a scientific
study of a cognitive system, we can point to the ontologies as a way of demonstrating
the scope of the system’s competences. This will allow us to describe the generality
and limitations of particular instantiations of the schema.

5.3 Dynamic Contextual Processing

In order to satisfy our requirement of the architecture supporting goal-directed be-
haviour, and given our previous design decision to use multiple concurrent processing
components, we must provide mechanisms to control which components can influence
processing and when. We propose the following way in which a component in our ar-
chitecture can be controlled. Components must announce their intent to perform some
processing by posting a goal stating what they want to do (and possibly why). An ad-
ditional control mechanism can then monitor the current state of the architecture and
determine whether the goal should be adopted or not. A side-effect of this approach to
control is that there can be no fixed path of information flow through the architecture
as components may not always be operational, or permitted to process when they can.

To support this dynamic approach to information processing, our architecture dis-
tinguishes between two types of goal:

1. Global Goals: These are the goals that control the global information process-
ing behaviour of the architecture. Once a global goal has been adopted it can
be considered as the ultimate justification of the system’s subsequent behaviour.
Typical global goals may be to explore the world (i.e. gather as much informa-
tion as possible) or to respond to an utterance (either just linguistically or through
action or using a combination of both). Global goals will typically involve coor-
dination across multiple subarchitectures.

2. Local Goals: The presence in a subarchitecture’s working memory of a particu-
lar piece of information will trigger the proposal of local goals by the subarchi-
tecture components that can process the information. For example, a parser will
propose a goal of extracting a logical form from an utterance, or an edge detector
will propose a goal of extracting all the edges from a region of interest.



Within the architecture, it is the role of the subarchitecture task managers to de-
termine whether local goals should be adopted or not. This decision can also be made
by the global goal manager which must also make decisions about global goals for the
entire system. These decisions will depend on the current global goals, and what other
demands are currently being made on the architecture. This will require these com-
ponents to have a knowledge of what the architecture is currently doing, which things
can happen in parallel, and, more importantly, how the results of particular processes
contribute towards the satisfaction of global goals. This final type of knowledge could
either be statically defined, or derived by a deliberative system such as a planner.

6 Subarchitecture Design

The core of the architecture design is the manner in which local processes in a sub-
architecture interact via a local working memory. This section describes the general
template for this interaction.

As mentioned in Section 5.3 to make the behaviour of subarchitectures as flexible
as possible whilst being controllable (e.g. to allow attentional mechanisms to have an
effect) we propose that every time a processing step can be undertaken by a subarchi-
tecture component, it must propose this processing step as a local goal. For example,
if a locomotion subarchitecture contains a description of a point that must be reached,
and a component within the subarchitecture can move the system to that point, then
this component must propose a goal to that effect.

Depending on the current control profile of the architecture these local goals may
be automatically adopted or rejected, or they may get stored until the necessary re-
sources are available (or some other condition is met). This level of indirection also
allows different components to process the same information in different ways with
an appropriate mechanism selecting which one should be active (or if they all should).
Such an approach may appear to add a large amount of overhead to the processing of
the architecture, but in the long term it will allow us to scale architecture implementa-
tions to bigger problems, and to investigate various methods of control, without having
to manage the complex dependencies that develop when processing components are
directly, and possibly arbitrarily, connected.

We propose that subarchitectures should be designed along the lines of Figure 1
(the rest of the global components are not shown), with each subarchitecture composed
of the following components:

e Subarchitecture Working Memory: The subarchitecture specific working
memory holds the results of the processes contained within the subarchitecture.
Depending on the specific scenario, subarchitecture working memories could be
augmented to maintain a local history, or assign levels of activation to processing
results and related information. Entries in the working memory should conform
to the specified ontology of the subarchitecture.

e Subarchitecture Task Manager: The subarchitecture task manager is the com-
ponent that manages the subarchitecture’s local goals to control which of the
processing components are active. Processing components within the subarchi-
tecture must post local goals to this task manager when they want to act. These
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goals are then either adopted, rejected, or stored and ordered in some way (which
can be scenario dependent). This is described in more detail in Section 7.2.

Unmanaged Processing Components: Each subarchitecture can have a set of
zero or more unmanaged processing components which monitor data external
to the subarchitecture for simple, easily determined cues for further processing
within the subarchitecture. These will typically be linked to a system’s sensors.
These components can add information to the working memory without propos-
ing a local goal. Examples of such components may be a motion detector in a
visual subarchitecture or a speech-detector in a linguistic subarchitecture. un-
managed processing components will sit withing the reactive tier of the CogAff
architecture schema [Sloman, 2001].

Managed Processing Components: Each subarchitecture can also have a set of
zero or more managed processing components. Each of these must monitor the
subarchitecture working memory for information that it can process. When it
recognises such information it must generate a local goal that indicates what it
intends to do. This goal is posted to the subarchitecture task manager, and the
component must then wait for it to be adopted.

Pull — 44— ¢

One part of the subarchitecture design which currently needs further development
is how motor processes, and related behaviour-based control styles, can be integrated
in a principled manner. Currently the route of information into the subarchitecture and
onwards into the wider architecture can be explicitly discussed in terms of the schema
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components, but such a discussion is not yet possible in terms of subarchitecture out-
puts into a robotic platform. It is possible that managed components could enclose
motor controllers and related methods of generating physical output from the system.
In this case the overall control of output signals would rest with the control mechanisms
for the managed components (principally the subarchitecture task manager).

7 Goals, Control and Memory

The previous section described how processing occurs within a single subarchitecture.
A crucial aspect of any architecture is how it integrates processing across the entire
architecture. In this case this involves how the results of processing in one subarchitec-
ture can trigger processing in a different subarchitecture. This requires three additional
components that are connected to all subarchitectures: the motive generator, the global
goal-manager, and general memory.

7.1 The Motive Generator

The motive generator is connected to the working memory in every subarchitecture. Its
role in the architecture is to monitor these working memories for information that may
be able to trigger processing in a different subarchitecture, or subarchitectures. When
the motive generator notices such information, it uses it to generate a new global goal
for the whole architecture. New goals are pushed into the global goal manager. For
example, the motive generator may notice that a linguistic subarchitecture has fully
interpreted an utterance as a command and may then generate a global goal to follow
this command, or it may notice that a planning subarchitecture has completed a plan
and may then generate a global goal to execute this plan.

In previous work we have argued that a mechanism for quickly generating new
goals is important if an agent must keep up with a dynamic, rapidly-changing world
[Beaudoin and Sloman, 1993]. This is because it is essential that decision making pro-
cesses within the architecture are aware of the myriad possibilities for future behaviour
as soon as they can be predicted, even if these possibilities are not acted on (either im-
mediately or ever). Because of this need for speed, we propose that the motive genera-
tor be a reactive component in terms of the CogAff schema. This requires that it should
make use of fast, forward-chaining rules or pattern-matching, rather than slower delib-
erative capabilities. Crucially, this means that the motive generator will not be able to
consider the implications of the architecture’s current state in much detail and should
therefore propose goals regardless of much of the architecture’s current state (i.e. its
current set of goals, beliefs, processes etc.).

7.2 The Global Goal Manager and Subarchitecture Task Man-
agers

Because the motive generator must necessarily be ignorant of the state of the archi-
tecture beyond the aspects of information required to generate new global goals, an
additional component is required to manage the goals it proposes. This is the role of
the goal manager. Our architecture schema does not specify the exact nature of this

12



management process, but the minimum required abilities will be to accept or reject
proposed global goals. In addition it will be useful if the goal manager can store goals
for later adoption, perhaps when the current goal is no longer valid or other condi-
tions are met. For a detailed analysis of a broad range of goal management tasks see
[Beaudoin, 1994].

Once a global goal has been adopted, the goal manager must then trigger the be-
haviour required to achieve this goal. To do this it must write some suitable data into
the working memory of the appropriate subarchitecture. This will then produce a local
goal from a processing component in the subarchitecture and start a chain of process-
ing in that subarchitecture. This is a similar behaviour to an unmanaged component
writing information into it subarchitecture working memory, except that in this case
the source of the information is the result of a process in another subarchitecture.

To be able to manage goals successfully, the global goal manager must have access
to information on various aspects of the architecture’s current state. Exactly how the
goal manager operates should be scenario-specific (although perhaps general enough
to be readily reusable), but the minimum of information it should have access to are
the local goals currently being pursued by the subarchitectures, and the goals it has
adopted in the past (which may still be being pursued). The latter can be recorded
internally to the goal manager, but the former must be obtained by connecting the
global goal manager to each of the subarchitecture task managers. Each subarchitecture
task manager can then inform the global goal manager when it adopts a local goal and
when the subsequent processing is completed.

To allow the goal manager to exert more control over the processing in the subar-
chitectures we also propose that the global goal manager can use this connection to the
subarchitecture task managers to make decisions on the management of local goals.
This could be done on a goal-by-goal basis where appropriate (where the global goal
manager has knowledge from the wider architecture that is relevant, for example), or
it could be done by setting management profiles in the subarchitecture task managers
that control how they operate. Examples of such profiles could be setting the subarchi-
tecture task managers to reject all goals, reject all goals that involve physical action,
immediately accept all goals that involve a particular object, or queue all goals until a
particular state is reached.

The final necessary interaction between the global goal manager and the subarchi-
tecture task managers is for the subarchitecture task managers to signal when a chain of
processing initiated by the global goal manager is complete. This behaviour will allow
the global goal manager to move on to a subsequent processing step, perhaps by adopt-
ing another goal or trigger behaviour in another subarchitecture to pursue the current
goal. As discussed previously, a chain of processing will be started in a subarchitecture
by the global goal manager writing appropriate information into its working memory
as a result of adopting a global goal. To be able to signal the completion of processing,
the subarchitecture task manager must be able to determine when all the necessary pro-
cessing on this information has been done. A useful heuristic for this will be when it
cannot adopt any further local goals relating to the initial information. The signal sent
back to the global goal manager when this state has been reached may indicate success
or failure, or it may just indicate that no further processing can be done.
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7.3 The General Memory

The general memory in the architecture stores long-term knowledge about concepts,
types, processes, competences, beliefs, goals and anything else that may be of general
use to processing components in an instantiation of the architecture schema. In this
current iteration of the architecture schema we are not specifying any structure for
the general memory. This means that it could be split into many structured, special-
purpose memories for different types of information, or it could be one large repository
for everything the system considers worth storing in a generally accessible place. The
main restriction should be that the contents of general memory are relatively static
when compared to the contents of subarchitecture working memories. For more a
discussion of more dynamic memories see Section 8.1.

8 Interactions Between Subarchitectures

The arrangement of processes into subarchitectures is a fairly general way of viewing
groups of related processes. In terms of complete architecture instantiations there may
be various ways in which subarchitectures may need to interact. In addition to oper-
ating in isolation, subarchitectures may abstract across the information produced by
combinations of other subarchitectures (cf. Section 8.1), or take part in tightly-coupled
task-specific interactions with other subarchitectures (cf. Section 8.2).

The most basic use of the subarchitecture design approach is to group processes
that only directly interact with each other. These components will not interact with
other components in the rest of the architecture instantiation (except the general ones
such as general memory). This will give rise to closely controlled processing loops that
are the typically required for modality-specific information processing (e.g. extracting
information from visual or linguistic input). Within our architecture schema, these
kinds of subarchitectures can be created by directly instantiating the subarchitecture
design described in Section 6.

8.1 Subarchitectures for Active Memories

One way of viewing information-processing architectures for intelligent systems is as a
two-level collection of subarchitectures with the division based on the primary sources
of information the subarchitectures process. On the first level we can group subar-
chitectures that process information closely tied to the system’s inputs and outputs.
On the second level we can group subarchitectures that process information produced
by other subarchitectures and provide information for other subarchitectures to work
with. Because of the role these second type of subarchitectures typically play in in-
stantiations of the schema, we will refer to them as active memory subarchitectures.
This name reflects that their purpose is to provide structured information to the rest of
the architecture (the “memory” part), but that this information is the result of “active”
processing, rather than retrieval from a static store of knowledge.

Although this division is an over-simplification of the reality of both natural and ar-
tificial intelligent systems, it allows us develop a view of how our architecture schema
can be used to characterise the processes that result in a system having views of the
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world, and itself, that are not tied directly to a single input modality. An example of
this is the approach taken to grounding language in other input modalities by the CoSy
project [Kruijff et al., 2006b]. In this work modal information is produced by subar-
chitectures directly concerned with a single input modality, and then an additional,
cross-modal, subarchitecture binds information across these modalities using knowl-
edge about the cross-modal correspondences. These bindings can then be used within
other subarchitectures to influence processing. Another example of an active memory
subarchitecture is the spatial working memory we are currently researching for use
in the CoSy demonstrator systems. In this proposed subarchitecture high-level repre-
sentations of space are generated from detailed modality-specific spatial information
obtained from input and output subarchitectures (primarily vision and manipulation).

Within our architecture schema, active memory subarchitectures can be created by
directly instantiating an extension of the subarchitecture design described in Section 6.
The extensions required to this design is that processing components within the sub-
architecture can read from the working memories of other subarchitectures, and that
components in other subarchitectures can read from the working memory in the active
memory subarchitecture. Although this violates one of the primary tenets of our de-
sign, it is justifiable because of the expected level of detail and rate of change of the
information involved.

The key difference between the information in the working memories of active
memory subarchitectures and standard subarchitectures is how it is accessed and by
which processes. The standard subarchitecture working memories are designed to be
changing rapidly and therefore constantly monitored by subarchitecture components
for changes. The active memory subarchitecture working memories are not intended
to change so rapidly (although we do not specify any limit on this). Because of this it
is not intended that they be explicitly monitored, but rather specific information should
be pulled from them when required.

Although the contents of working memory in active memory subarchitectures will
mostly be determined by the details of the scenario-specific architecture and the sce-
nario itself, the schema should present some guidelines for this because of the privi-
leges granted (in information-processing terms) to these subarchitectures.

One key point is that the contents of the working memory should be potentially
useful to more than one subarchitecture in an instantiated architecture. For example,
a high-level description of the current location of the system may be useful to many
subarchitectures, but the current laser range profile of the location may be much less
so. Related to this is the level of description of the contents of working memory in
an active memory subarchitecture. Information should be presented in a form that is
understandable to other subarchitectures, not just a single subarchitecture. For exam-
ple, an object description abstracted from information in the visual subarchitecture and
represented in terms of coarse properties and shape may be generally understandable
as these facts may have close analogues in other subarchitectures, but a description in
terms of a point cloud and HSV values may be much less generally understandable due
to the specific nature of the representation.

In addition to this, we believe that the contents of working memory in active
memory subarchitectures should change at a frequency that makes the information
usable for high-level deliberative reasoning. This necessitates a choice of a repre-
sentation that either abstracts away frequently changing details, or one that only repre-
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sent relatively stable information. This observation is again closely tied to the level
of detail of the chosen information and representation (as mentioned above). For
a discussion related to representing changeable information in a dynamic world see
[Wood, 1993, Hawes, 2004].

Elsewhere we have argued that complex embodied cognitive systems require such
amodal representations which these constraints give rise to [Sloman et al., 2006]. They
are necessary to ease the complexity and overhead involved in integrating the results
of heterogeneous processes, whether they abstract across different types of informa-
tion, represent the same thing in different ways, or are used for sending one item of
information to various processes.

8.2 Specialised Subarchitecture Connections

In addition to the mechanisms for information processing described previously, we
are aware that we may need to make allowances for specialised connections between
subarchitectures that either circumvent some of the communication mechanisms of the
schema, or are unaffected by parts of them. For example, if an architecture for an agent
that must grasp objects separates its visual processes and its manipulative processes
into separate subarchitectures, how does the latter subarchitecture get access to the
specialised metrical information about object surface patches and position that it needs
to carry out the grasping, when we’ve already specified that such detailed, potentially
changeable information should not be placed into a generally accessible memory. Also,
in incremental utterance understanding the behaviour of a number of components need
to be tightly coupled. If all of these components do not share a subarchitecture (perhaps
because they do not always work together), should they still share the partial results of
processing via a general memory?

In general we are interested in ways that subarchitectures can quickly exchange
detailed, specialised information that may change rapidly. This exchange should not
rely completely on the central management mechanisms (as it may overwhelm them),
but it also should not be done in a completely ad-hoc manner. We currently view this as
an open question, but one of crucial importance to the overall design (as such behaviour
is central to many operations of cognitive systems). In the following paragraphs we
discuss a number of possible solutions that exist to this problem.

One approach to direct information exchange between subarchitectures that does
not deviate too far from the previously described architecture is to allow subarchitec-
tures to pass pointers via general memory to information within their working mem-
ories. Other subarchitectures could use these pointers to access the information they
required directly, without invoking any other mechanisms. This appears to be a power-
ful mechanism that maintains all of the other structural constraints previously imposed.
The downside is that information that may need to be processed together still remains
separate in this approach, and it does not seem an efficient solution for two-way infor-
mation sharing between two subarchitectures.

A similar approach that allows related information to be collected together involves
having an additional process that copies the relevant information between the working
memories. This would deal with the previously identified issue of information sep-
aration, but it would result in the duplication of the copied information. This could
potentially cause problems with copies of information being changed in different ways
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simultaneously in different subarchitectures. This would result in the architecture being
put into an inconsistent state.

An approach that alters the structure of the architecture, but does not face the sep-
aration and consistency problems of the previously described approaches, is for sub-
architectures that occasionally perform tightly-coupled processing to share a working-
memory specifically for these processes. In the previous example, this would mean
that a visual subarchitecture and a manipulation subarchitecture would share a work-
ing memory specifically for visual servoing. These shared working memories would
be treated like standard working-memories by the managed components within the at-
tached subarchitectures. If data is processed from a shared working memory, then the
results are placed back into the same memory.

For the current iteration of the schema we will use the approach of allowing shared
working memories for specialised connections between subarchitectures. Future im-
plementations based on the architecture schema will be used to evaluate this approach.

9 Examples of Information Processing

In a subarchitecture based on our schema, a typical processing chain will look some-
thing like the list below. In this example, the format and other presentation details are
unimportant to the content, and the names of goals and types of data are defined by
ontologies.

1. An unmanaged component extracts some raw data from a sensor, and adds it
to subarchitecturel’s working memory: [raw_data data]. Where
raw_data is be the name of an entry from the subarchitecture ontology, and
data is the actual data.

2. A managed component in subarchitecturel notices raw_data and
posts a goal to the subarchitecture task manager to process it:
[1cl_goal 1lcl_goal_1 process_raw_data [raw_data datal].
Where 1c1_goal_1 is the id of the goal and process_raw_data is the
name of the information processing goal.

3. Through some decision process the subarchitecture task manager adopts this in-
formation processing goal. To signify this it sends the following back to the
component: [adopt lcl_goal_1].

4. The processing component then performs the processing. The result of this pro-
cessingisthat [processed_data pdata] isadded to the working memory.

It is in this manner that subarchitectures can go through multiple processing steps for
a single piece of data. Depending on the nature of the problem, data and components,
this approach allows components to run in parallel if required by the subarchitecture
task manager.

The following list gives an example of how the global components interact with
the subarchitectures to move information around and trigger processing in different
subarchitectures.
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1. The motive generator notices [processed_data pdata] in
subarchitecturel’s working memory and posts a global goal to the global
goal manager to process it:

[gblgoal gblgoal_1 act_on [processed_data pdatal]

2. At the same  time the motive generator ~ moves the
[processed_data pdata] into the general memory, so that it is
accessible to other subarchitectures.

3. Through some decision process the global goal manager adopts the proposed
global goal. To act on the goal it must trigger some behaviour in another subar-
chitecture.

4. To trigger behaviour in subarchitecture?2 the goal manager writes
[processed_data pdata]] into subarchitecture2’s working
memory.

5. At this point the managed components in subarchitecture?2 notice the
change and can propose local goals if appropriate.

The above is the simplest information processing strategy for the whole architec-
ture. Additional complexity could occur with processing happening in parallel, multi-
step global goals, specialised connections between working memories etc.

10 Related Work

When comparing the work presented in this document to the work in the literature
there are a number of places to start and a number of different ways comparisons can
be drawn. Because our work is difficult to compare directly to much of the other work
that potential readers may judge as relevant, we will eschew this approach and instead
discuss how our work relates to the broad trends evident in the literature.

The term “architecture” has been defined many times in relation to systems devel-
oped to demonstrate capabilities that could be judged as cognitive or intelligent. Two
recent surveys cover most of the relevant ways in which the term has been used in the
past [Langley et al., 2006, Vernon et al., In Press]. What most of these uses of the term
agree on is that “architecture” refers to some kind of underlying structure or organi-
sation in a system. We also use the term is this sense. Where groups of researchers
start to differ is on the additional meanings of the word. Cognitivists use the term to
refer to unifying theory of mind, including specifications of all relevant aspects of cog-
nition (learning, attention, memory etc.). This includes two of the most well-known
cognitive architectures: ACT-R [Anderson et al., 2004] and SOAR [Laird et al., 1987].
Although other uses of the term “architecture” are not so all-inclusive, they do usually
refer to those aspects of a cognitive or information-processing system that remain con-
stant over time. Whilst this definition is closer to the definition we use than the “unified
theory of mind” one, we believe that the structural elements that make up the architec-
ture of an information-processing system do not have to remain constant over time, but
can develop as the system itself develops. To quote Vernon et. al who use the follow-
ing to describe the architecture of emergent systems, the resources represented by the
architecture are “the initial point of departure for the cognitive system and they provide
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the basis and mechanism for its subsequent autonomous development, a development
that may impact directly on the architecture itself” [Vernon et al., In Press].

Disagreements over what should be covered by an architecture lead us to discuss
the distinction we drew in Section 2 between an architecture schema, and scenario-
specific instantiations of such a schema. Because our main scientific objective is the
study of design options and trade-offs between architectures, we restrict our compar-
ison to related work to those works that are explicit in presenting an architecture in-
dependent of any particular scenario or implementation. Myriad other architectures
exist that are implicit in such implementations, including some that offer behaviour
that demonstrates the integration of capabilities perhaps in advance of those offered by
the architectures discussed below (e.g. Kismet [Breazeal, 2003]). Unfortunately, com-
parisons between such architectures and those that are explicitly designed as abstract
templates for information-processing systems are not easy to make or are potentially
inaccurate because it is impossible to draw a line between the scenario-specific and
non-scenario-specific elements without input from the original authors.

Although most existing work on architectures does not make explicit the distinc-
tion presented in Section 2, it is often possible to infer the set of requirements the
work is based on. It is possible to divide the majority of the work into two camps
based on requirements: human performance and robot performance. Within the hu-
man performance camp are cognitive architectures largely aimed at enabling an often
disembodied system to produce human, or human-like, performance on a particular
set of tasks, e.g. CLARION [Sun et al., 2001], the Global Workspace Architecture
[Shanahan, 2005], ACT-R and SOAR. This means that these architecture schemata in-
clude all of the mechanisms and assumptions that the authors view as necessary for
instantiations of the architectures to demonstrate human-like performance. Within the
robot performance camp are cognitive architectures largely aimed at enabling a robotic
system to complete a usually well-specified task in the physical work such as collecting
cans, or moving around a building, e.g. 3T [Bonasso et al., 1997, Gat, 1997], ICARUS
[Langley and Choi, 2006], and the Subsumption Architecture [Brooks, 1986]. These
architectures are typically focused around producing robust actions in the world, and
therefore mechanisms to enable this are usually prominent in their designs (e.g. RAPs
[Firby, 1987]).

The preceding discussion is not intended as a criticism of the referenced architec-
tures, as each one is more-or-less explicit about their target scenarios and the effects this
has on their architecture designs. What we wish to highlight is that all of these archi-
tectures were designed with a particular purpose in mind, and this should be considered
before they are used for any other purpose. None of the architectures mentioned above
are general-purpose approaches for creating information-processing systems, just as
neither is the architecture we present in this document. As such researchers should not
just blindly pick an existing architecture for their system without first considering their
requirements.

A high-level description of the desired performance of our system was described
in Section 3 and from this the requirements for the underlying architecture were dis-
tilled into three design principles. These were presented in Section 5. The following
paragraphs examine existing architectures with reference to these principles. It is also
worth noting before this that the aims of our research, and consequently the require-
ments for our systems, sit between the two camps discussed above: we want to be
able to produce robust robotic behaviour, but we are also interested in this behaviour
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demonstrating properties that could be described as human-like (although we are not
aiming to replicate human behaviour).

The design principle that has perhaps the biggest mismatch with existing architec-
tures is that of concurrent modular processing (Section 5.1). We view it as critical that
elements of an architecture can be active in parallel (so that a system can handle asyn-
chronous inputs from multiple sensors whilst solving a problem, managing resources
and coordinating action across different modalities, for example), but the significant
majority of existing architectures are essentially monolithic in their styles of process-
ing. By this we mean that the architectures only support a single process occurring at
a time. This is true for most of the architectures mentioned so far including ACT-R,
SOAR, ICARUS, 3T, the Subsumption Architecture and CLARION. It is also true of
many other architectures that have a similar coarse structure to these, such as Prodigy
[Veloso et al., 1995]. One main exception to this list is the Global Workspace Archi-
tecture, where concurrently active processes are central to its overall processing style.

Conversely, concurrently actively modules are a common feature of implemented
robotic and software systems where abstract architecture research has not been made
a prime concern. This includes examples such as Kismet [Breazeal, 2003], BIRON
[Haasch et al., 2004], and many other systems that attempt to achieve tasks whilst in-
teracting with a dynamic and unpredictable world. This goes some way to (perhaps
anecdotally) demonstrating the importance of the design principle of concurrently ac-
tive processes.

Our second design principle is the structured management of knowledge (Section
5.2). For this we require that processes within an architecture are able to use problem
specific representations as required, and then any knowledge that is globally useful to
the architecture must be translated into a single central representation as necessary.

Many existing architectures postulate a single central representation, but they vary
greatly on the other representations catered for. For example, ACT-R and SOAR can
again be considered monolithic, but this time in terms of representation. In both sys-
tems all knowledge must be encoded in their preferred forms of representation, with
external processes translating information to and from this representation to support
interaction external to the system. There are a number of issues that can be raised with
this, but crucially for us this means that these external processes are not considered
within the architecture and therefore their nature, and their interactions with the rest of
the system, cannot be studied through the study of architecture. This perhaps reflects
these architectures’ cognitivist stance which posits cognition as a central process only
indirectly coupled to input-output processes [Vernon et al., In Press].

Perhaps the most common approach to including more than one representation in
architectures is to couple a high-level logical representation that can be used for plan-
ning and reasoning to a behaviour-based system with problem-specific representations
that are used for action tasks. This is an approach taken by many architectures includ-
ing 3T, ICARUS and CEREBUS [Horswill, 2001]. This express reliance on behaviour-
based systems, and the use of problem-specific representations almost exclusively for
action, reflect the motivation of such architectures as methods for generating robust
behaviour from robotic systems.

Our architecture schema is in essence a generalisation of the approach taken by the
robotics-motivated architectures.
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Some of the researchers behind these systems realised that a specific task (affect-
ing change in an unpredictable world through physical action) might require different
specific representations within concurrently operating different subsystems performing
different information-processing sub-tasks required for the single external task, such as
combinations of visual servoing along with condition checking in plan execution. Vi-
sual perception and speech understanding tasks also obviously require different kinds
of representations for different sub-processes. The consequence of this is that to meet
our requirements, our architecture schema must make allowances for processes, or
groups of processes, to use representations that are not generally understood by the rest
of the architecture (this could include distributed or sub-symbolic representations). We
also view the translation of parts of these representations into a generally understand-
able format as a problem that is central to understanding and developing integrated
cognitive systems. This is why we require central representations (i.e. the represen-
tations used by generally accessible memories) and mechanisms for translating to and
from then to be part of our architecture schema, rather than placing such processes out-
side of the architecture (as happens in architectures with monolithic representations)®.

As with the previous design principle, multiple representations are common in im-
plemented systems such as the work done previously by CoSy [Kruijff et al., 2006b,
Hawes and Wyatt, 2006]. As such our work can be viewed as an attempt to formalise
in an architecture schema what is already viewed as common practice in some research
fields.

Our final design principle is that the concurrently active processes within the ar-
chitecture must be controlled in a way that is subject to both problem-specific con-
straints and global constraints. Due to the fact that the majority of the other archi-
tectures do not have concurrently active processes, it is hard to relate their control
methods directly to our requirement as specified. In the majority of cases, a central
control loop selects a single process for activity or a single rule for firing. This is
usually based on the evaluation of some logically specified preconditions, although
in the case of ACT-R this is also based on the activation of information in memory
[Anderson et al., 2004]. In the Global Workspace Architecture, which is one of the
few architectures to specify concurrently active processes, a central controlling pro-
cess is actively rejected [Shanahan, 2005]. Instead processes compete for access to the
Global Workspace, where they get a chance to broadcast information to the rest of the
architecture. This could in effect act like a control signal, but it could also be used to
pass information around the architecture. This idea of competition between processes
is similar to the mechanism we have specified for managed subarchitecture processes
(in the case that there are multiple processes proposing the same goal), although we
still have an separate arbitration mechanism (which could arbitrate through competi-
tion of some sort). This idea of multiple competing processes is also included in other
architectures, for example the Subsumption Architecture [Brooks, 1986].

4We do not wish to be drawn into arguments about the nature of symbols, so for this discussion we have
focused purely on the engineering consequences of allowing various representations and a single central
representation to co-exist in a single architecture.
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11 Scenario-Specific Instantiations of the Architecture
Schema

This section of the document presents subarchitecture-level descriptions of examples
of possible scenario-specific instantiations of the previously presented architecture
schema. Two instantiations are presented, one each for simplified versions of the CoSy
demonstrator scenarios in which a human can order the robot to perform a simple task.
Following this a more in-depth look at the design is provided by a description of the
information flow within a single subarchitecture.

11.1 A PlayMate Instantiation
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Figure 2: A PlayMate Instantiation of the Architecture Schema

Figure 2 presents a schematic overview of an instantiation of the previously pre-
sented architecture schema. The instantiation represents an architecture for a robot to
take part in a much simplified version of the CoSy PlayMate scenario. In this ver-
sion the only allowable interaction is for a human to command the PlayMate robot to
move objects around on a table. The general roles of the subarchitectures and general
components in the instantiation are described in the following paragraphs.

Input to the system is handled by the two modal-specific subarchitectures: the vi-
sual subarchitecture and the linguistic subarchitecture. The role of the visual subarchi-
tecture is to extract information from the world that can be used for identifying objects
that the human may refer to in a command, locate them in space to allow the human to
use spatial prepositions in their action commands, and identify surfaces that are gras-
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pable to support manipulation. The role of the linguistic subarchitecture is to interpret
the human’s utterances as part of a situated dialogue about the current scene, and also to
allow the PlayMate to make utterances about its world. To allow the PlayMate to under-
stand utterances in terms of the visual world (i.e. to support the grounding of language
in vision), the category binding active memory subarchitecture binds object references
from both of the modal subarchitectures together into an amodal representation of the
referred to entity [Kruijff et al., 2006¢]. In parallel with this, the spatio-temporal ac-
tive memory subarchitecture abstracts symbolic spatial relationships that describe the
current scene, allowing the linguistic subarchitecture to ground utterances with respect
to spatial prepositions as well as object references [Kelleher and Kruijff, 2005]. It is
the role of the plan generation and execution subarchitecture to use information from
both of the active memories to generate a problem description suitable for planning
which is then either fed into a planner to generate a manipulation plan to satisfy the
human’s commands [Brenner et al., 2007], or used as input to a plan execution moni-
toring component that examines whether the preconditions and effects of the plan steps
are satisfied in the world as appropriate. The motor control subarchitecture uses infor-
mation pulled from the visual subarchitecture via a specialised connection to perform
the manipulation tasks specified by the plans produced in response to the human’s ut-
terances.

In this instantiation, the role of the motive generator and global goal manager is to
transfer information and control around the subarchitectures to allow them to perform
the particular tasks required to respond to an action command. First, an action com-
mand in the linguistic subarchitecture must be noticed and a global goal to act on this
command must be proposed and accepted. Second, this acceptance must be translated
into the necessary input to the plan generation and execution subarchitecture to trigger
a plan to be formed. Finally the resulting plan must be sent to the motor control subar-
chitecture for execution, whilst this execution is monitored in the plan generation and
execution subarchitecture.

11.2 An Explorer Instantiation

Figure 3 presents a schematic overview of an instantiation of the previously presented
architecture schema. The instantiation represents an architecture for a robot to take
part in a much simplified version of the CoSy Explorer scenario. In this version the
only allowable interaction is for a human to command the Explorer robot to move to a
particular room in the current building.

This Explorer instantiation of the schema is similar to the previously described
PlayMate instantiation in many ways (given the simplified nature of the scenario). The
role of the linguistic subarchitecture is identical across both instantiations (i.e. inter-
preting action commands), and where the PlayMate instantiation receives additional
input from just vision, the Explorer receives input from vision and a localisation and
mapping subarchitecture. This subarchitecture builds maps from range data available
from laser scans of its environment and uses this to localise itself in the world. Given
this new input modality subarchitecture the roles of the two active memory subarchitec-
tures can be extended. The category binding active memory subarchitecture must now
also bind linguistic references to spatial areas to information within the mapping and
localisation subarchitecture [Kruijff et al., 2006a]. The spatio-temporal active memory
subarchitecture must now use the mapping and localisation subarchitecture as an addi-
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Figure 3: An Explorer Instantiation of the Architecture Schema

tional source to extract spatial relationships from. In this Explorer instantiation the role
of the motor control subarchitecture is to move the robot from its current position to
target the position given by the human and bound into the mapping subarchitecture via
the category binding subarchitecture. This behaviour is closely coupled with the map-
ping and localisation subarchitecture (as the Explorer robot must relate its movements
to its position in the world), so, much like the PlayMate, a specialised communication
connection is required between these two subarchitectures.

As with the PlayMate instantiation the role of the central components is to ensure
that information and control is passed to the appropriate subarchitectures for the pro-
cessing steps required to act on the human’s command. First this involves the motive
generator proposing a global goal to follow the human’s command. Then this must
result in the necessary information being written to the localisation and mapping sub-
architecture in order for a new route to be generated to the target point. Finally a
global goal must be proposed and accepted to transfer this route to the motor control
subarchitecture to generate the necessary behaviour.

11.3 A Plan Generation Subarchitecture in Detail

To get a more detailed view of how a subarchitecture processes information we can
examine a hypothetical plan generation subarchitecture based on some previous CoSy
work [Brenner et al., 2007]. Given an interpreted action command as input from a lin-
guistic subarchitecture a planning subarchitecture based on this work would need to ex-
tract a planning goal from the command, then generate an initial state for the planning
problem, and finally use all this generated information as input to a planning process
to produce a plan for achieving the goal. To achieve this behaviour our planning sub-
architecture will contain three managed components: a planning goal generator com-
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ponent, and planning state generator component and a planner component. In addition
the subarchitecture will contain a subarchitecture task manager and the subarchitecture
working memory.

Assuming a surrounding architecture instantiation much like the one described in
Section 11.1, processing in the subarchitecture is triggered by the global goal man-
ager writing an interpreted linguistic action command into the subarchitecture working
memory. This change to working memory is detected by the planning goal generator
component which subsequently proposes a local goal describing its intention to ex-
tract a planning goal from the command to the subarchitecture task manager. The task
manager accepts this and the component subsequently extracts a planning goal from
the command and writes it to subarchitecture working memory. This change triggers
the planning state generator to propose a local goal to generate an initial state for this
planning goal. This is accepted by the task manager (perhaps after confirming that
the planning goal generator has been run previously), and the component is allowed to
run. To generate the initial state for the planning problem the component must obtain
information from the architecture about the types and attributes of the objects that are
to be included in the initial state. Again assuming a surrounding architecture instantia-
tion like the one described in Section 11.1, this can be done by pulling a representation
of the current scene from the spatio-temporal active memory subarchitecture and cate-
gorical information about the objects in this representation from the category binding
subarchitecture. Using this information the component generates the initial state and
writes it to working memory. Finally the planning component notices this change to
working memory and proposes a local goal to produce a plan for the most recent plan-
ning goal using the most recent initial state. This is accepted by the subarchitecture
task manager and the planner runs and adds the resulting plan to the subarchitecture
working memory. This working memory change could then be noticed by the archi-
tecture’s motive generator which could propose a global goal for the system to execute
the plan.

12 Conclusion & Future Work

In this paper we described an architecture schema which can be used to generate ar-
chitecture instantiations for a limited set of scenarios (i.e. it is not a general model or
intelligence or a completely general purpose architecture schema). We described both
the design requirements that the schema is based on and how these requirements have
been realised in our schema. In Section 10 we described how the presented schema is
related to the current state-of-the-art in architectures research, positioning our working
as distinct to both the monolithic architectures produced by cognitive scientists and the
behaviour-focused architectures produced by roboticists.

We have yet to experimentally evaluate our schema, so this remains a major piece
of future work. We intend to do this by profiling the behaviour of different scenario-
specific instantiations of the schema under varying conditions, such as internal failures
and varying types of change in the world. We are currently working towards this by
developing a software toolkit that embodies the schema in software and simplifies the
creation of scenario-specific instantiations of it on real robots using state-of-the-art
processing components. In addition to this we also plan to further explore the inte-
gration of motor control and behaviour-based control methods into the schema. This

25



will allow us to extend the schema to handle a wider range of requirements based on
physical behaviour. Finally, we intend to study the schema in both a theoretical way
and a practical way (using the aforementioned toolkit) to generate examples of sub-
architecture instantiation approaches that can be used to generate commonly required
information-processing styles.
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