
Chapter 4
Reference Architecture for Self-aware and
Self-expressive Computing Systems

Arjun Chandra, Peter R. Lewis, Kyrre Glette, and Stephan C. Stilkerich

Abstract This chapter covers a reference architecture for describing and engineer-
ing computational self-awareness and self-expression in computing systems. The
architecture provides a common language with which to engineer the capabilities
exercised by a “self” at a fine resolution inspired by concepts from psychology. The
“self” demarked by the reference architecture is conceptual in nature, and therefore
not limited to describing single agents. Consequently, the architecture allows the en-
gineering exercise to scale freely across systems composed of arbitrary agent collec-
tives. Being a common language, it paves a way for identifying architectural patterns
influencing the engineering of computational self-awareness and self-expression ca-
pabilities across a range of applications. The psychological basis of the architec-
ture brings clarity to the notion of self-awareness and self-expression in computing.
These foundations also serve as a rich source of ideas which can now be chan-
nelled into the computing domain and inspire the engineering of computationally
self-aware and self-expressive systems of the future.

4.1 Introduction

Computational self-awareness and self-expression are processes that can realise a
range of capabilities within computing systems. We introduce a reference archi-
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tecture for engineering such capabilities within agents and agent collectives. The
architecture does not assume self-awareness to only be an add-on capability, but
instead encourages methodically describing and extending the capabilities that may
already be exercised by the system. The advantages to using this architecture as a de-
sign guide are threefold. First, the architecture offers tangibility over the extent and
scope of the system’s capabilities, irrespective of whether the system spans a single
agent or an arbitrary collective. It does so by separating the knowledge concerns
that underpin different levels of computational self-awareness, and the concerns in-
fluencing computational self-expression. This enables a high-resolution analysis and
design of these capabilities, the design exercise freely scaling to include collective
systems. Different implementations of the same capability can therefore be com-
pared and evaluated. Second, it can be used as a template for identifying common
ways of assembling these capabilities within systems, resulting in patterns for ar-
chitecting a variety of applications. Third, the architecture provides a common and
principled basis on which researchers and practitioners can structure their work.
The psychological foundations of the architecture, while not strictly necessary, can
serve as a rich source of inspiration that may not have occurred to engineers to have
existed. From this source, a wide range of ideas could be channelled into the com-
puting domain, thereby inspiring the design of future computationally self-aware
and self-expressive computing systems.

This chapter is structured as follows. Section 4.2 questions the need for a ref-
erence architecture for engineering self-aware and self-expressive computing sys-
tems. Having established the need, Section 4.3 describes our proposed architec-
ture in detail, enriched with example instantiations of the primitives that compose
the architecture. Section 4.3.1 is mostly concerned with engineering computational
self-awareness and self-expression capabilities in the context of single agents. We
extend this discussion in Section 4.3.2, showing the applicability of the architec-
ture in the context of agent collectives, and put forth the idea that these capabilities,
being computational processes, can also have an emergent nature. In Section 4.4,
we briefly discuss how our reference architecture is actively being used to engineer
computational self-awareness and self-expression in computing systems.

4.2 Architectures for Designing Self-adaptive Systems

An agent is a computing entity “that can be viewed as perceiving its environment
through sensors and acting upon that environment through effectors” [345], typi-
cally in order to satisfy some goals, where its actions may also depend on any rele-
vant knowledge the agent may possess, in addition to what is immediately perceived
through sensors. Russell and Norvig [345] describe a number of widely recognised
architectural blueprints for realising intelligent agents. Varying degrees of knowl-
edge acquisition and decision making capabilities, ranging from condition-action
rules to the agent’s modelling the environment in relation to its actions, charac-
terise these exemplars. Computational self-awareness and self-expression, as terms,
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do not feature in these, yet the blueprints incorporate the foundational ideas which
characterise these capabilities.

Various types of distributed systems, typically without central control, can be
termed as collectives. Some examples include swarms, systems-of-systems, popu-
lations of computing entities, multi-agent systems, etc. Individual components of
these systems can indeed be referred to as agents. Such collectives may or may not
be composed of agents heterogeneous in their knowledge acquisition and decision
making capabilities. We intend to showcase the means by which computational self-
awareness and self-expression capabilities can be architected within both agents and
collectives, which we generally refer to as computing systems.

Many architectures embodying (often layered) control loops have found practi-
cal use for engineering computing systems with self-awareness capabilities. Some
of these do not explicitly use the term self-awareness. However, they are generally
driven by operational challenges which complex computing systems face when en-
countering circumstances that are hard to consider at design time, e.g., faults. The
space of such operational circumstances can be large, indeed unfathomable at de-
sign time, rendering run-time self-adaptation to being a fundamental architectural
concern across a range of research communities. Notable amongst these include the
observe-decide-act (ODA) loop and the MAPE-K [213] architecture respecting the
autonomic computing paradigm [252], and the Observer/Controller [277] architec-
ture originating in organic computing research.

All proposed ODA loop variants and their corresponding architectures are de-
rived from the groundbreaking work on OODA (observe-orient-decide-act) loops,
originally introduced by Colonel John Boyd [44]. Surprisingly, the second O-step
(orient) is removed from these models. But in the OODA loops this step represents
the important phase where pure observations from the first O-step are given a sense
and meaning, based on a-priori knowledge and learned knowledge (experience). The
reason to drop the “orient” step might be in order to simplify the model, although
an important idea of OODA loops is lost in doing this. This may also be in order to
not refer directly to OODA loops, which have their origin in the military domain.

One manifestation of the ODA loop is the SEEC [173] architecture. Extend-
ing the ODA loop, it decouples application and system developer concerns, with a
view towards unburdening application developers from run-time operational know-
how. Explicitly sitting at the interface, SEEC provides application-layer observation
primitives that help monitor running applications, run-time decision making/con-
trol primitives that allow for varying degrees of deliberation on observed applica-
tion data, and actuator primitives which let the system act on itself and its appli-
cations. This self-adaptive control loop lets the system dynamically manage both
application- and system-level goals at run-time.

Another design framework characterised by a self-adaptive control loop is the
RAINBOW [143] architecture. This architecture enables dynamic management of
the system’s components, in this case a system’s computational, storage, and in-
terface units, by adding on an external control layer to the system. Relying on the
design specification of the system’s software, this control layer monitors the run-
time properties of the system, evaluating constraint violations based on the speci-
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fication. Any violation is followed up by system- or component-level adaptations.
Borrowing ideas from robotic system architectures inspired by the ODA loop, the
three-layered reference architecture [225] for describing self-managed systems also
relies on the use of the system’s design specification for adaptations. Each layer is
characterised by the degree of deliberation required for actions to follow feedback
from the monitored system.

Any networked system which manages itself through autonomous decentralised
decision making could be considered autonomic. A defining characteristic of the
MAPE-K architecture for engineering such systems is to have an autonomic man-
ager added on to each component of the system. In addition, a knowledge repository
is available to the autonomic manager, containing models of the behaviour and per-
formance of the managed component, along with goals, objectives or utility func-
tions which describe desirable states for the managed component. The knowledge
base may contain explicit system models able to predict the likely effectiveness of
potential actions, which can then be used by the manager to plan appropriate actions
to execute. The repository is typically developed and provided by an expert in ad-
vance. Crucially, the components of the system become self-aware by virtue of this
manager, and are not so without it.

These control loop architectures have much in common with generic learning
agent architectures [345], as depicted in Figure 4.1.

When a system is provided with knowledge about itself in advance, by an expert
who is external to the system, we argue that the presence of this knowledge does
not itself endow the system with self-awareness capabilities. We argue that the sub-
jective nature of self-awareness requires that, in order to be considered self-aware,
a system’s knowledge concerning itself and its environment be obtained by the sys-
tem itself, through subjective experiences. The system must exercise processes al-
lowing it to learn from its own point of view. Supporting the argument that such
self-awareness would be beneficial for autonomic systems, Tesauro [383] claims
that the difficulties in obtaining a sufficiently accurate model of a component, espe-
cially considering the complex and dynamic nature of the environment within which
the component may operate, has been a limiting factor in the adoption of this archi-
tecture and its derivatives. Instead, he argues, such models may themselves need to
be adaptive, and that this is something which is very difficult to achieve following
classical system modelling approaches.

However, we are not arguing for the abandonment of design-time modelling; far
from it, as Tesauro [383] advocates, hybrid knowledge bases can be used, consist-
ing of available domain knowledge and that obtained during run-time by reinforce-
ment learning. In essence, the difficulties associated with sufficiently and accurately
modelling the complexities associated with autonomic systems leads the delibera-
tive planning process to be replaced with a more reactive reinforcement learning
process.

As discussed in the previous chapter, self-awareness also finds mention in the
Organic Computing vision [277]. The core aim of this vision has been to get a deeper
understanding of the emergent dynamics of large autonomous systems. In order
to have a tangible handle on the emergent behaviour, the vision prescribes adding
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Fig. 4.1 Existing control loop architectures in the context of a generic learning agent/computing
system [345]. Existing architectures prescribe the control loop be externally fitted on to managed
components. We prescribe the explicit internal consideration of self-awareness aspects, including
control loops, in the system being engineered. Any computing system that continuously learns
or obtains knowledge through subjective experiences, in line with the general concept of a learn-
ing agent/computing system, including obtaining knowledge about itself, has computational self-
awareness capabilities which can be described in explicit terms inspired by psychology.

on an observer and controller [353] component to the system. Architecturally, the
component sits outside the system, monitoring and taking corrective actions on it
when necessary. At the same time, this external component may only monitor and
act on parts of the system, therefore affording varying degrees of autonomy to the
emergent system.

These architectures assume the idea that self-awareness can be added on to a
computing system in the form of a reflective management or control layer. Human
psychology research considers self-awareness as being a more general notion, as we
elaborate in Chapter 2. Self-awareness, in this broader sense, permeates all aspects
of a system’s behaviour. Limiting its consideration to an external feedback loop
may therefore not be fully appropriate. It also limits the diversity of potential design
opportunities that can be entertained by engineers. Entertaining both generality and
precision with which to engineer self-awareness capabilities therefore warrants a
novel architecture, which we describe next.
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4.3 Generic Reference Architecture for Designing Self-aware
and Self-expressive Computing Systems

Our reference architecture [127, 236] differs from the ones covered in the previ-
ous section in two important ways. First, it facilitates an engineering perspective
that explicitly considers different levels of self-awareness and self-expression that
may be present in computing systems, supporting the analyses of design concerns
at a higher resolution. Second, it does not assume that self-awareness can simply be
added on to an existing system. Instead, it is based on the view that it is important
to acknowledge the capabilities of the entire system, the entire “self”, when engi-
neering computational self-awareness and self-expression within it. In doing so, it
encourages engineers to methodically describe and extend the capabilities that may
already be exercised by the system.

Both these considerations have firm roots in human psychology research. It is
important to point out that the latter relaxes the assumption that self-awareness is a
form of reflective conceptualisation process alone. As we have seen in Chapter 2, the
self-as-a-subject [232] notion of self-awareness is widely regarded as the minimal
form of self-awareness any agent can possess. This minimal form does not require
for the subject to have any monitoring layer to objectively reflect on and concep-
tualise its own experiences. The fact that experiences are subjective and without
any conceptualisation is alone sufficient to make the subject self-aware in a mini-
mal sense. A stimulus-aware agent is therefore self-aware to some extent, and any
additional conceptualisation only adds to the extent of its self-awareness capabil-
ities. This notion has not received any attention in existing architectures. Asking
engineers to consider describing the capabilities at various levels of self-awareness
would therefore encourage generality and precision, indeed greater design opportu-
nities, by letting them focus their efforts towards engineering only relevant capabil-
ities, dictated by the wide range of challenges offered by various applications. Our
reference architecture offers such design opportunities.

The architecture is based on the three key ideas (elaborated on in Chapter 2)
underpinning computational self-awareness:

1. Computing systems can possess public and private self-awareness.
2. The extent of a system’s self-awareness capabilities can be characterised by

levels of self-awareness.
3. Self-awareness can be an emergent phenomenon in collective systems.

It is also based on the notion of an abstract computational node. Such a node
may or may not exist as a separate physical entity in hardware or software, but more
importantly represents the locality of the notion of what is considered self in a com-
plex computational system. Nodes therefore represent the level(s) of abstraction at
which the considered self-awareness exists. This may, in many cases, be consistent
with the level at which agency is considered to exist when employing an agent-
based paradigm; however, one can also think of the self as being a collective of
agents, which together possesses self-awareness. A “self” is therefore an abstract
boundary within which an engineer wants to give explicit consideration to realising
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computational self-awareness and self-expression. This “self” is the subject of expe-
riences of its own, where its capabilities allow it to process these experiences and act
accordingly. We term this abstract boundary, the span of a “self”. The domain of the
phenomena able to be sensed and modelled by the “self” in question is what we call
its scope. As such, for a system which is only privately self-aware, the scope may
be the same as the span (i.e., it has no perception of its environment). For a system
which has some private and some public self-awareness, the scope would be larger
than the span, and include external social or physical aspects of the environment.

This notion of a node (the self ) being a collective is particularly relevant to the
idea of distributed self-awareness, as expounded by Mitchell [272]. In this case, it
is entirely possible that such self-awareness properties are present at the level of the
collective, but not at the level of any individual component within that collective.
In this case, we might consider that self-awareness properties have emerged from
the interactions of simpler components. In summary, since a system can be a single
agent or a collective, this architecture can apply equally to agents or to collectives,
or both. We will discuss how it applies to agents in Section 4.3.1, and extend the
discussion for its applicability within collectives in Section 4.3.2.

4.3.1 Reference Architecture for Agents

Figure 4.2 shows a schematic of our reference architecture. Our experience shows
that, as a template, it brings structure to the design of self-aware systems, and helps
benchmark different self-awareness capabilities. Each level of self-awareness can be
studied or implemented independently or in the context of other levels. Different im-
plementations of the same capability can be compared based on their complexities
and their effects when employed by a node.

The architecture clarifies that computational self-awareness is a process (or set
of processes). It is concerned not only with knowledge possessed by an agent at any
point in time, but additionally the computational processes that enable it to continu-
ously obtain knowledge via online learning. Such learning can result in models per-
taining to the levels of self-awareness being exercised by the agent. The architecture
enables reasoning about and investigating online learning in relation to an agent’s
self-expression capability. Driven by its goals, a self-expressive agent should be able
to use the learnt models in a variety of ways so as to make decisions on how to act.
Different action selection/decision making mechanisms can therefore be evaluated.
Such decisions can directly or indirectly drive learning.

Given this architecture, if an agent possesses only public self-awareness then
it would only be able to access knowledge of other agents or the environment
the agent is operating within. Conversely, an agent which possesses only private
self-awareness would have no knowledge of its social or physical environment, but
would instead have knowledge about itself: perhaps its state, current behaviour or
history. Possession of both public and private self-awareness allow these two sources
of knowledge to be combined to provide a meaningful context for adaptation and be-
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Fig. 4.2 Reference architecture [127, 236] for designing self-aware and self-expressive computing
systems

havioural decisions. This knowledge will, for example, be able to support both sim-
ple reactive behaviour as well as complex learning, prediction and action selection
tasks. Moreover, actions of an agent can further help it learn how and when to act
towards affecting the external environment and its internal functionality, given the
knowledge that forms part of its self-awareness. In other words, self-expression is a
crucial companion of self-awareness. Without self-expression an agent is essentially
a data sink.

An example of the benefit of considering a system’s self-awareness and self-
expressive properties separately can be provided in the context of the distributed
smart camera system [122] described in greater detail in Chapter 13. Here, indi-
vidual cameras within a decentralised network are self-aware, in that they collect
and process information about their state and context, such as what they can cur-
rently see, their progress in achieving their goals (here associated with tracking
seen objects), and knowledge of their interactions with neighbouring cameras in the
network. However, they are also self-expressive; they make decisions about which
objects to track and how to allocate tracking tasks between neighbouring cameras.
Their communication behaviour determines how to balance the trade-off between
overhead and performance by making use of historical knowledge. Thus, the self-
awareness informs the self-expression of the camera. Clearly, the processes associ-
ated with knowledge and those with actions must both be attended to in optimising
the cameras’ design. Our architecture separates these concerns, thereby encouraging
a focussed effort when assessing and engineering these capabilities in the context
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of each other. Engineers can compare and evaluate a variety of self-expression im-
plementations for their efficacy in getting the system to achieve design and run-time
goals, given the same knowledge acquisition processes.

At this stage it is helpful to visit Agarwal’s [4] design properties for self-aware
computing systems. More on these is detailed in Chapter 3. Each of these may be
decoupled into a self-awareness component and a self-expression component. Such
a proposed decoupling is presented in Table 4.1. Decoupling these design properties
facilitates a thorough consideration in designing what a system knows about itself,
as well as how it acts on itself and its external environment.

Original property Self-awareness component Self-expression component
Introspective Knowledge based on observation

and monitoring of system be-
haviour.

Optimisation of behaviour ac-
cording to system objectives.

Adaptive Knowledge of application or
component requirements.

System adaptation appropriate to
current and future application re-
quirements.

Self-healing Knowledge of faults in the system
or utilised resources.

Appropriate corrective action.

Goal oriented Knowledge of system level, ap-
plication and user goals.

Actions taken to meet known
goals.

Approximate Knowledge of current and possi-
ble performance and capabilities,
and of requirements.

Ability to select behaviours and
techniques appropriate for re-
quired performance and other
goals.

Table 4.1 Agarwal’s [4] design properties of self-aware systems, decoupled to show self-
awareness and self-expression components

4.3.1.1 Architectural Primitives

The building blocks or architectural primitives of our proposed reference architec-
ture include:

Internal and external sensors: The private and public self-awareness of an agent
rely on continuous streams of data, which are provided by the internal and external
sensors respectively. Sensors are therefore the measurement apparatus of an agent,
allowing it to observe phenomena on which to base its self-awareness.

Internal and external actuators: The interactions of an agent with its external en-
vironment are affected by external actuators. Similarly, the interactions of an agent
with itself, or the actions of the agent that directly affect internal functionality, are
exercised by internal actuators. Note that the actions taken by an agent, either ex-
ternal or internal, need to be observed by the agent for higher degrees of interaction
awareness. The explicit flow of data directly from the actuators to the interaction



46 Arjun Chandra, Peter R. Lewis, Kyrre Glette, and Stephan C. Stilkerich

awareness component depicts the knowledge of actuator status. The eventual out-
come of the actions, however, may need to observed through the sensors.

Self-awareness: The computational process that realises each self-awareness ca-
pability analyses the observations provided by sensors. This results in subjective
models or knowledge of the internal or external phenomena being accounted for by
the agent. Additionally, the goal-awareness component helps an agent obtain and
acknowledge both design and run-time goals, which are then used by various lev-
els to construct the respective models, further affecting the actions of the agent.
Meta-self-awareness plays a key role in managing the set of goals an agent works
with during its lifetime. Different operational environments or internal states that
an agent finds itself in can require the agent to change focus from one goal to an-
other. The meta-self-awareness component can help an agent perceive the costs and
benefits, indeed the trade-off between various goals, given the feedback from these
environments and states that arise out of the agent’s actions. It allows an agent to
continuously monitor these goals and their relationship with its own functionality.
Due to such monitoring, the meta-self-awareness component can manage the agent’s
functionality, specifically the degree to which its self-awareness and self-expression
capabilities get realised.

Self-expression: An agent uses the knowledge and models obtained through self-
awareness processes, including knowledge about goals through the goal-awareness
component, when deciding upon its actions. The results of the self-expression pro-
cesses are commands for the internal or external actuators. As can be expected,
affecting internal functionality or the external environment can directly or indirectly
influence an agent’s learning, indeed self-awareness. As the self-expression com-
ponent may itself involve complex decision making processes, a clear separation
between this component and self-awareness can help designers and practitioners
evaluate a variety of such processes explicitly.

4.3.1.2 Example Implementations of the Primitives

Below are concrete examples of the architectural primitives described above:

Internal and external sensors: Internal sensors measure aspects internal to the
agent and could, for example, be temperature or battery level sensors. External sen-
sors can include cameras or microphones.

Internal and external actuators: Internal actuators could, for example, be affect-
ing the energy consumption of the system, like throttling the internal CPU speed,
or changing properties of the sensors, such as adjusting the zoom level of a camera.
External actuators, on the other hand, will affect the environment in some way, and
could for instance be a radio transmitter or a loudspeaker.
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Self-awareness: While at the stimulus-awareness level the agent could receive mes-
sages from neighbouring agents, at the interaction-awareness level the process could
involve building a model, e.g., a spatial map, of the different agents. Advancing to
the time-awareness level, one could add communications history to this map, which
could be used for estimates of future communication decisions. The goal-awareness
level may, for example, monitor a goal of sensory coverage in an area based on inter-
nal sensing as well as communications from other agents. The meta-self-awareness
component could employ self-expression to perform algorithm selection, such as
switching between sensing strategies based on knowledge about energy levels and
neighbourhoods. Low energy levels or good neighbourhood coverage could activate
a more power-efficient algorithm which builds a less accurate environment model
based on fewer samples.

Self-expression: A self-expression process would build on knowledge from the self-
aware processes, and could for example choose to rotate an on-board camera in
another direction, based on knowledge about the area covered by other agents.

4.3.2 Architecting Collectives

There are a multitude of ways computational processes can be set up so as to re-
alise various levels of self-awareness and self-expression. The capability realised is
a property of some computing system. Components of this system may have au-
tonomy, and may interact with each other following some rules of engagement,
adapting to local circumstances given the costs and benefits afforded them by this
autonomy. The dynamics of such a system may therefore be complex. The system
may evolve through periods of instability towards exhibiting patterns of behaviour
deemed desirable for it to sustain. These complex adaptive systems can in them-
selves be seen as computational processes which give rise to desirable systemic
phenomena, making the system appear self-aware at various levels.

The emergent appearance of self-awareness can also be viewed as follows. Var-
iedly (in terms of levels of self-awareness) self-aware agents which interact with
each other only locally as part of a bigger system might not individually possess
knowledge about the system as a whole (i.e., the global state). The information
about the global state is distributed and statistical in nature [272], but the system is
able to collectively use this information such that it appears to have a sense of its
own state and thus be self-aware at one or more of the aforementioned levels.

We should emphasise that the reference architecture described in the previous
section is not confined to being an agent architecture. It describes how capabilities of
a computing system can be organised. It is independent of the processes that realise
the capabilities, or indeed the forms of self-organisation that can be exercised by an
agent collective. It describes the self, not how one self may interact with another.
Yet, it allows the interaction between different selves to be studied and engineered in
depth, by letting engineers focus on the concerned levels of self-awareness, partic-
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ularly interaction-awareness, and self-expression. In doing so, it allows drawing an
arbitrary boundary around a subsystem to describe its capabilities. We can therefore
study capabilities of collectives, or arbitrary parts of it, under the same abstraction.
This idea is depicted in Figure 4.3. As such, our reference architecture not only en-
ables the principled engineering of self-awareness and self-expression capabilities
at a fine conceptual resolution inspired by human psychology, it also enables this
engineering exercise to freely scale across collectives.

‘‘selves’’ being engineered

part of external physical/social 
environment being observed/affected

Fig. 4.3 Reference architecture demarking the “self”, composed of either individual agents or an
arbitrary agent collective. The boundary of each “self” defines the span of the subject exhibiting
computational self-awareness and self-expression capabilities. Given the span, a principled study
and engineering of the extent and scope of self-awareness capabilities and self-expression, realised
by the “self”, can be carried out.

We now give some examples of collectives exhibiting emergent behaviour rem-
iniscent of the characteristics attributed to a “self” with different levels of compu-
tational self-awareness and self-expression. Consider ant colony optimisation; an
artificial ant senses pheromone levels to act (the system is stimulus-aware) and it in-
teracts with others via stigmergy, where the system maintains and updates a memory
(the system is time-aware); and this system appears to be able to find the shortest
path even if there are disruptions (by way of dynamics in the optimisation problem
in question), making it goal-aware as well.

Significant research effort has been expended in recent years towards agent-based
modelling of collectives where individuals within the collective have competing
goals. One particularly active direction has been in terms of modelling economic
interactions [60] and how to engineer market-based agent collectives [240, 321].
Amongst other things, these efforts have shown that desirable systemic character-
istics can emerge through decentralised agent interactions, specially when these
agents can adapt their behaviours through online learning. One of these systemic
characteristics is that of the system resolving individual conflicts of interest and
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reaching equilibrium states. Individual agents do not share any knowledge of, nor
a means to cooperate towards, equilibrium states. These systems appear to be goal-
aware without their components having any notion of these goals. Having obtained
the knowledge that their actions affect their social and/or physical environment, by
way of sensing the changes to the costs and benefits their agency affords them,
the components continuously adapt to meet their individual goals. The components
therefore exhibit interaction awareness.

4.4 Reference Architecture in Practice

In recent years, we made use of this reference architecture to aid the engineering
of computational self-awareness and self-expression across a wide variety of appli-
cations. We have found its use advantageous, helping advance the state of the art
across these applications. Some of these include:

• Decentralised service selection in cloud-based collectives (Chapter 5).
• Run-time hardware reconfiguration (Chapter 8).
• Run-time reconfiguration of the Internet protocol stack (Chapter 10).
• Acceleration of financial market computations on heterogeneous compute clus-

ters (Chapter 12).
• Object tracking with smart cameras (Chapter 13).
• Encouragement of human participation in single and multi-user active music

environments (Chapter 14).

The above applications are covered in detail in the remainder of the book. One
benefit of using the architecture is that it provides a common language with which
to describe the range of capabilities each “self” in these applications possesses, be
it an FPGA, a smart camera, an interactive musical device, a host in the cloud, or
indeed a collective of these computing entities.

Any common description language carries within it the potential for exposing
similarities across phenomena it tries to explain. Our reference architecture, having
been used as such a language across the applications mentioned above, has exposed
common ways of assembling computational self-awareness and self-expression in
order for the “selves” to meet various quantitative and qualitative requirements,
be they functional, non-functional, or constraints, posed by these applications. As
such, we have formulated a wide range of architectural patterns, each characterising
the effects of assembling and realising one or more levels of computational self-
awareness and self-expression within computing systems. These patterns can be re-
ferred to by engineers and practitioners when challenged by achieving these effects.
Chapter 5 describes these patterns and a systematic pattern selection method which
uses a set of questions to help the designer identify application-specific requirements
in relation to each level of computational self-awareness.
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Köllen Verlag (2006)

339. Rietmann, M., Messmer, P., Nissen-Meyer, T., Peter, D., Basini, P., Komatitsch, D., Schenk,
O., Tromp, J., Boschi, L., Giardini, D.: Forward and adjoint simulations of seismic wave
propagation on emerging large-scale GPU architectures. In: Proceedings of the Conference
on High Performance Computing Networking, Storage and Analysis (SC) (2012)

340. Rinner, B., Esterle, L., Simonjan, J., Nebehay, G., Pflugfelder, R., Fernandez, G., Lewis, P.R.:
Self-Aware and Self-Expressive Camera Networks. IEEE Computer 48(7), 33–40 (2015)

341. Rinner, B., Winkler, T., Schriebl, W., Quaritsch, M., Wolf, W.: The evolution from sin-
gle to pervasive smart cameras. In: Proceedings of the Second ACM/IEEE Interna-
tional Conference on Distributed Smart Cameras (ICDSC), pp. 1–10 (2008). DOI
10.1109/ICDSC.2008.4635674

342. Rinner, B., Wolf, W.: Introduction to Distributed Smart Cameras. Proceedings of the IEEE
96(10), 1565–1575 (2008). DOI 10.1109/JPROC.2008.928742

343. RNA: Recursive Network Architecture. URL http://www.isi.edu/rna. (Accessed March 8,
2015)

344. Rochat, P.: Five levels of self-awareness as they unfold in early life. Consciousness and
Cognition 12, 717–731 (2003)

345. Russell, S.J., Norvig, P.: Artificial Intelligence - A Modern Approach, 3 edn. Pearson Edu-
cation (2010)

346. Saaty, T.L.: The Analytical Hierarchical Process. McGraw-Hill (1980)
347. Sakellari, G.: The cognitive packet network: A survey. The Computer Journal 53 (2010)
348. SanMiguel, J.C., Shoop, K., Cavallaro, A., Micheloni, C., Foresti, G.L.: Self-Reconfigurable

Smart Camera Networks. IEEE Computer 47(5), 67–73 (2014)
349. Santambrogio, M., Hoffmann, H., Eastep, J., Agarwal, A.: Enabling technologies for self-

aware adaptive systems. In: 2010 NASA/ESA Conference on Adaptive Hardware and Sys-
tems (AHS), pp. 149–156. IEEE (2010)

350. Santner, J., Leistner, C., Saffari, A., Pock, T., Bischof, H.: PROST: Parallel robust online
simple tracking. In: Proceedings of the IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), pp. 723–730 (2010)

351. Schaumeier, J., Jeremy Pitt, J., Cabri, G.: A tripartite analytic framework for characterising
awareness and self-awareness in autonomic systems research. In: Proceedings of the Sixth
IEEE Conference on Self-Adaptive and Self-Organizing Systems Workshops (SASOW), pp.
157–162 (2012)

352. Schlömer, T., Poppinga, B., Henze, N., Boll, S.: Gesture recognition with a Wii controller.
In: Proceedings of the 2nd International Conference on Tangible and Embedded Interaction,
pp. 11–14. ACM (2008)

353. Schmeck, H.: Organic computing - a new vision for distributed embedded systems. In: Pro-
ceedings of the Eighth IEEE International Symposium on Object-Oriented Real-Time Dis-
tributed Computing (ISORC), pp. 201–203 (2005)

354. Schmickl, T., Thenius, R., Moslinger, C., Timmis, J., Tyrrell, A., Read, M., Hilder, J., Hal-
loy, J., Campo, A., Stefanini, C., Manfredi, L., Orofino, S.: CoCoRo–The Self-Aware Un-
derwater Swarm. In: Proceedings of the International Conference on Self-Adaptive and
Self-Organizing Systems Workshops (SASOW), pp. 120–126. IEEE Computer Society, Ann
Arbor, MI, USA (2011)

355. Schnier, T., Yao, X.: Using negative correlation to evolve fault-tolerant circuits. In: Proceed-
ings of the 5th International Conference on Evolvable Systems: From Biology to Hardware
(ICES’2003) – Lecture Notes in Computer Science, vol. 2606, pp. 35–46. Springer-Verlag
(2003)

356. Scholz, M., Klinkenberg, R.: Boosting classifiers for drifting concepts. Intelligent Data Anal-
ysis 11(1), 3–28 (2007)

357. Sharan, K.: Java remote method invocation. In: Beginning Java 8 APIs, Extensions and
Libraries, chap. 7, pp. 525–548. Springer (2014)



4 Reference Architecture for Self-aware and Self-expressive Computing Systems 319

358. Shaw, M.J., Sikora, R.: A distributed problem-solving approach to inductive learning. Tech.
Rep. CMU-RI-TR-90-262, School of Computer Science, Carnegie Mellon University (1990)

359. Shipp, C.A., Kuncheva, L.I.: Relationships between combination methods and measures of
diversity in combining classifiers. Information Fusion 3(2), 135–148 (2002)

360. Showerman, M., Enos, J., Pant, A., Kindratenko, V., Steffen, C., Pennington, R., mei Hwu,
W.: QP: A heterogeneous multi-acceleator cluster. In: Proceedings of the International Con-
ference on High-Performance Clustered Computing (2009)

361. Shukla, S.K., Yang, Y., Bhuyan, L.N., Brisk, P.: Shared memory heterogeneous computation
on PCIe-supported platforms. In: Proceedings of the 23rd International Conference on Field
programmable Logic and Applications (FPL), pp. 1–4 (2013)

362. Simonjan, J., Esterle, L., Rinner, B., Nebehay, G., Dominguez, G.F.: Demonstrating au-
tonomous handover in heterogeneous multi-camera systems. In: Proceedings of the In-
ternational Conference on Distributed Smart Cameras, pp. 43:1–43:3 (2014). DOI
10.1145/2659021.2669474

363. Sironi, F., Bartolini, D.B., Campanoni, S., Cancare, F., Hoffmann, H., Sciuto, D., Santambro-
gio, M.D.: Metronome: Operating System Level Performance Management via Self-adaptive
Computing. In: Proceedings of the Design Automation Conference (DAC). ACM (2012)

364. Sironi, F., Cuoccio, A., Hoffmann, H., Maggio, M., Santambrogio, M.: Evolvable Systems
on Reconfigurable Architecture via Self-aware Adaptive Applications. In: Proceedings of
the NASA/ESA Conference on Adaptive Hardware and Systems (AHS) (2011). DOI
10.1109/AHS.2011.5963933

365. Sironi, F., Triverio, M., Hoffmann, H., Maggio, M., Santambrogio, M.: Self-aware Adap-
tation in FPGA-based Systems. In: Proceedings of the International Conference on Field
Programmable Logic and Applications. IEEE (2010)

366. Smallwood, J., McSpadden, M., Schooler, J.: The lights are on but no one’s home: meta-
awareness and the decoupling of attention when the mind wanders. Psychonomic Bulletin
and Review 14(3), 527–533 (2007)

367. Song, S., Chandra, A., Torresen, J.: An ant learning algorithm for gesture recognition with
one-instance training. In: Proceedings of the International Congress on Evolutionary Com-
putation (CEC), pp. 2956–2963. IEEE (2013)

368. SRC Computers, L.: SRC-7 MAPstation. Tech. rep., SRC Computers (2009)
369. Srinivas, N., Deb, K.: Multiobjective optimization using nondominated sorting in genetic

algorithms. Evolutionary Computation 2(3), 221–248 (1994)
370. Stanley, K.O.: Learning concept drift with a committee of decision trees. Tech. Rep. UT-AI-

TR-03-302, Department of Computer Sciences, University of Texas at Austin (2003)
371. Sterritt, R., Parashar, M., Tianfield, H., Unland, R.: A concise introduction to autonomic

computing. Advanced Engineering Informatics 19(3), 181–187 (2005)
372. Steuer, R.E., Choo, E.U.: An interactive weighted Tchebycheff procedure for multiple ob-

jective programming. Mathematical Programming 26(3), 326–344 (1983)
373. Stone, P.: Layered Learning in Multiagent Systems: A Winning Approach to Robotic Soccer.

MIT Press (2000)
374. Strassen, V.: Gaussian elimination is not optimal. Numerische Mathematik pp. 13:354–356

(1969)
375. Street, W., Kim, Y.: A streaming ensemble algorithm (SEA) for large-scale classification.

In: Proceedings of the Seventh ACM International Conference on Knowledge Discovery and
Data Mining (KDD), pp. 377–382. New York (2001)

376. Strenski, D.: The Cray XD1 computer and its reconfigurable architecture. Tech. rep., Cray
Inc. (2005)

377. Strey, A., Bange, M.: Performance Analysis of Intel’s MMX and SSE: A Case Study. In:
Proceedings of 7th International Euro-Par Conference on Parallel Processing (Euro-Par), pp.
142–147. Manchester, UK (2001)

378. Susanto, K.W., Todman, T., Coutinho, J.G.F., Luk, W.: Design Validation by Symbolic Sim-
ulation and Equivalence Checking: A Case Study in Memory Optimization for Image Ma-
nipulation, LNCS, vol. 5404, pp. 509–520. Springer (2009)



320 Arjun Chandra, Peter R. Lewis, Kyrre Glette, and Stephan C. Stilkerich

379. Sutter, H.: The free lunch is over: A fundamental turn toward concurrency in software. Dr.
Dobb’s Journal (2005)

380. Sutton, R.S., Barto, A.G.: Reinforcement Learning: An Introduction. MIT Press (1998)
381. Taj, M., Cavallaro, A.: Distributed and decentralized multi-camera tracking. IEEE Signal

Processing Magazine 28(3), 46–58 (2011)
382. Tawney, G.A.: Feeling and self-awareness. Psyc. Rev. 9(6), 570 – 596 (1902)
383. Tesauro, G.: Reinforcement learning in autonomic computing: A manifesto and case studies.

IEEE Internet Computing 11(1), 22–30 (2007)
384. Thomas, D., Luk, W.: Non-uniform random number generation through piecewise linear

approximations. In: Proceedings of the International Conference on Field Programmable
Logic and Applications (FPL), pp. 1–6 (2006)

385. Thomas, D.B., Luk, W.: Credit Risk Modelling using Hardware Accelerated Monte-
Carlo Simulation. In: Proceedings of the 16th IEEE International Symposium on Field-
Programmable Custom Computing Machines (FCCM), pp. 229–238 (2008)

386. Todman, T., Boehm, P., Luk, W.: Verification of streaming hardware and software code-
signs. In: Proceedings of the International Conference on Field Programmable Technology
(ICFPT), pp. 147–150. IEEE (2012)

387. Todman, T., Stilkerich, S.C., Luk, W.: Using Statistical Assertions to Guide Self-Adaptive
Systems. International Journal of Reconfigurable Computing 2014, 1–8 (2014). DOI
10.1155/2014/724585

388. Tong, X., Ngai, E.: A ubiquitous publish/subscribe platform for wireless sensor networks
with mobile mules. In: Proceedings of the IEEE Eighth International Conference on Dis-
tributed Computing in Sensor Systems (DCOSS), pp. 99–108 (2012)

389. Torresen, J., Hafting, Y., Nymoen, K.: A new Wi-Fi based platform for wireless sensor data
collection. In: Proceedings of the International Conference on New Interfaces for Musical
Expression, pp. 337–340 (2013)

390. Torresen, J., Plessl, C., Yao, X.: Special Issue on “Self-Aware and Self-Expressive Systems”.
IEEE Computer 48(7), 45–51 (2015)

391. Touch, J., Pingali, V.: The RNA Metaprotocol. In: Proceedings of the International
Conference on Computer Communications and Networks, pp. 1–6 (2008). DOI
10.1109/ICCCN.2008.ECP.46

392. Trucco, E., Plakas, K.: Video Tracking: A Concise Survey. Journal of Oceanic Engineering
31(2), 520–529 (2006)

393. Tse, A.H.T., Chow, G.C.T., Jin, Q., Thomas, D.B., Luk, W.: Optimising performance of
quadrature methods with reduced precision. In: Proceedings of the International Conference
on Reconfigurable Computing: Architectures, Tools and Applications (ARC), Lecture Notes
in Computer Science, vol. 7199, pp. 251–263. Springer (2012). DOI 10.1007/978-3-642-
28365-9 21

394. Tse, A.H.T., Thomas, D.B., Tsoi, K.H., Luk, W.: Dynamic scheduling Monte-Carlo frame-
work for multi-accelerator heterogeneous clusters. In: Proceedings of the International Con-
ference on Field-Programmable Technology (FTP), pp. 233–240 (2010)

395. Tsoi, K.H., Luk, W.: Axel: A Heterogeneous Cluster with FPGAs and GPUs. In: Proceed-
ings of the 18th annual ACM/SIGDA International Symposium on Field Programmable Gate
Arrays, pp. 115–124 (2010)

396. Tsymbal, A., Pechenizkiy, M., Cunningham, P., Puuronen, S.: Dynamic integration of clas-
sifiers for handling concept drift. Information Fusion 9(1), 56–68 (2008)

397. Vassev, E., Hinchey, M.: Knowledge representation and awareness in autonomic service-
component ensembles – state of the art. In: 14th IEEE International Symposium on
Object/Component/Service-oriented Real-time Distributed Computing, pp. 110–119 (2011)

398. Vasudevan, S.: What is assertion-based verification? SIGDA E-News 42(12) (2012)
399. Vermorel, J., Mohri, M.: Multi-Armed Bandit Algorithms and Empirical Evaluation. In: Pro-

ceedings of the European Conference on Machine Learning, pp. 437–448. Springer (2005)
400. Vickrey, W.: Counterspeculation, auctions, and competitive sealed tenders. The Journal of

Finance 16(1), 8–37 (1961)



4 Reference Architecture for Self-aware and Self-expressive Computing Systems 321

401. Vinoski, S.: CORBA: Integrating diverse applications within distributed heterogeneous envi-
ronments. IEEE Communications Magazine 35(2), 46–55 (1997)

402. Volker, L., Martin, D., El Khayaut, I., Werle, C., Zitterbart, M.: A Node Architecture for 1000
Future Networks. In: Proceedings of the IEEE International Conference on Communications
(ICC), pp. 1–5 (2009). DOI 10.1109/ICCW.2009.5207996

403. Volker, L., Martin, D., Werle, C., Zitterbart, M., El-Khayat, I.: Selecting Concurrent Net-
work Architectures at Runtime. In: Proceedings of the IEEE International Conference on
Communications (ICC), pp. 1–5 (2009). DOI 10.1109/ICC.2009.5199445

404. Wang, J., Brady, D., Baclawski, K., Kokar, M., Lechowicz, L.: The use of ontologies for the
self-awareness of the communication nodes. In: Proceedings of the Software Defined Radio
Technical Conference (SDR), vol. 3 (2003)

405. Wang, S., Minku, L.L., Yao, X.: A learning framework for online class imbalance learn-
ing. In: Proceedings of the IEEE Symposium on Computational Intelligence and Ensemble
Learning (CIEL), pp. 36–45 (2013)

406. Wang, S., Minku, L.L., Yao, X.: Online class imbalance learning and its applications
in fault detection. International Journal of Computational Intelligence and Applications
12(1340001), (1–19) (2013)

407. Wang, S., Minku, L.L., Yao, X.: A multi-objective ensemble method for online class imbal-
ance learning. In: Proceedings of the International Joint Conference on Neural Networks
(IJCNN), pp. 3311–3318. IEEE (2014). DOI 10.1109/IJCNN.2014.6889545

408. Wang, S., Minku, L.L., Yao, X.: Resampling-based ensemble methods for online class im-
balance learning. In: IEEE Transactions on Knowledge and Data Engineering, vol. 27, pp.
1356–1368. IEEE (2015). DOI 10.1109/TKDE.2014.2345380

409. Wang, Z., Tang, K., Yao, X.: A memetic algorithm for multi-level redundancy allocation.
IEEE Transactions on Reliability 59(4), 754–765 (2010)

410. Watson, R.: The Delta-t Transport Protocol: Features and Experience. In: Proceed-
ings 14th Conference on Local Computer Networks, pp. 399–407 (1989). DOI
10.1109/LCN.1989.65288

411. Werner-Allen, G., Tewari, G., Patel, A., Welsh, M., Nagpal, R.: Firefly-inspired sensor net-
work synchronicity with realistic radio effects. In: Proceedings of the 3rd International Con-
ference on Embedded Networked Sensor Systems, pp. 142–153 (2005)

412. Weyns, D., Schmerl, B., Grassi, V., Malek, S., Mirandola, R., Prehofer, C., Wuttke, J., An-
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