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a b s t r a c t

Pervasive and mobile computing devices increasingly populate our environments. In this context,
innovative frameworks have to be identified for the deployment and execution of pervasive service
systems made up of a massive number of components, and able to exhibit properties of self-organization
and self-adaptability, and of long-lasting evolvability. This paper discusses how such frameworks could get
inspiration from natural systems, by modeling and deploying services as autonomous agents, spatially
situated in an ecosystem of other services, data sources, and pervasive devices, all of which acting,
interacting, and evolving according to a limited set of ‘‘laws of nature’’. A conceptual architecture is
introduced to frame the key concepts of nature-inspired approaches and to survey the key natural
metaphors that can be adopted to realize the concept of pervasive service ecosystems. Following, the key
characteristics of our original ecological approach are detailed, also with the help of representative case
studies, and an extensive set of simulation experiments are reported to show the potential effectiveness of
the approach.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Pervasive and mobile computing devices increasingly populate
ourQ4 environments (Estrin et al., 2002; Want, 2006). These, together
with the increasing amount of Web tools that make it possible to
produce and access spatially situated information about the phy-
sical world (Castelli et al., 2007), will define a global-scale and very
dense, decentralized infrastructure for general-purpose usage. At
the user level, the infrastructure can be used to access innovative
services for better perceiving/interacting with the physical world
and for acting on it. It is also expected that users themselves will be
able to personalize the infrastructure by deploying customized
services over it. In addition, the infrastructure will be used as a way
to enrich traditional classes of services with the capability of
dynamically and autonomously adapting their behavior to the
context in which they are exploited.

The effective development and execution of services in the
above infrastructure calls for a deep re-thinking of current service

models and of service frameworks, in order to: (i) Naturally match
the spatial nature of the environment and of the services within,
and rely on mostly localized spatial interaction to provide support
for massive scalability (Zambonelli and Mamei, 2005; Beal and
Bachrach, 2006; Locatelli et al., 2010). (ii) Inherently exhibit
properties of self-organization, self-adaptation and self-manage-
ment that are required in highly decentralized and highly dynamic
scenarios (Dobson et al., 2006; Roy et al., 2008; Brazier et al., 2009).
(iii) Flexibly tolerate evolutions of structure and usage over time
(Zambonelli and Viroli, 2008). This is necessary to account for
increasingly diverse and demanding needs of users as well as for
technological evolution, without forcing significant re-engineering
to incorporate innovations and changes.

To reach this goal, we should no longer conceive services and
their interactions as in usual service-oriented architectures (Huhns
and Singh, 2005), where services are simply functional entities
orchestrated according to mostly static patterns and with the help
of specific middleware services. No one can rely on ad-hoc one-of
architectural solutions to achieve specific self-! features in existing
systems, resulting in an increase of complexity (Kephart and Chess,
2003). Rather, the most promising direction is that of taking
inspiration from natural systems (Mamei et al., 2006; Babaoglu
et al., 2006),where spatial concepts, self-organization, self-manage-
ment, and long-lasting evolvability are inherently there because of
the basic ‘‘rules of the game’’.

We are aware that nature-inspired solutions have already been
extensively exploited in the area of distributed computing for the
implementation of specific middleware solutions or of specific
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distributed services (Mamei et al., 2006; Babaoglu et al., 2006).
Similarly,we are aware that natural and ecologicalmetaphors have
been adopted to characterize the complexity of modern ICT and
service systems (Ulieru and Grobbelaar, 2007; Herold et al., 2008).
Here, we go further than adopting natural system as an inspiration
for specific algorithmic or middleware solutions or as anmetaphor
to characterize complexity. Rather, in this paper we argue that
naturalmetaphors can act as a reference architecture aroundwhich
to conceive, model, and develop a fully fledged pervasive service
framework and all the components within.

Although one can think at different classes of natural systems
and from different perspectives (e.g., physical, Mamei and
Zambonelli, 2005; chemical, Viroli and Zambonelli, to appear;
biological, Babaoglu et al., 2006; or social/ecological, Agha, 2008)
one can always recognize the following characteristics: above a
spatial environmental substrate, autonomous individuals (i.e.,
agents) of different kinds interact, compete, and combine with
each other in respect of the basic laws of nature. Accordingly, in our
scenario, the shared pervasive infrastructure substrate will have to
be conceived as the space in which bringing to life an ecosystem of
service agents, intended as individuals whose computational
activities are subject to some basic laws of the ecosystem, and
for which the dynamics of the ecosystem (as determined by the
enactment of its laws) will provide for naturally enforcing features
of self-organization, self-management, and evolvability.

In this context, the paper provides the following contributions:

" Introduces a reference architecture for nature-inspired perva-
sive service ecosystems, to show how ecosystem concepts can
be framed into a unifying conceptual scheme (Section 2).

" Surveys the possible natural metaphors that can be adopted to
realize nature-inspired ecosystems, also with reference to the
state-of-the-art in the area, and discusses their pros and cons
(Section 3).

" Details the specific ecological approach that we have started
investigating. The approach abstracts the components of the
ecosystem as sorts of goal-oriented organisms that driven by
laws of survival, interact with each other and self-organize their
activities according to dynamic food-web relations (Section 4).
A representative case study (Ferscha, 2007) is also introduced to
clarify the concepts expressed, and to compare with more
traditional service-oriented architectures.

" We present a number of simulation experiments that we have
performed to assess the effectiveness of our approach (Section
5). The experiments, simulating a spatial pervasive computing
scenario, show that our approach is capable of effectively
exhibiting interesting self-organization features in a variety
of different situations.

" We describe other scenarios where our ecological approach can
be effectively applied (Section 6).

Eventually, in Section 7, we conclude and outline open research
directions.

2. A reference architecture for pervasive service ecosystems

A unifying conceptual reference architecture can be identified
around which to frame the key abstractions and the conceptual
structure for spatial pervasive service ecosystems, independently
of the specific natural metaphor adopted (see Fig. 1).

At the lowest level is the physical ground onwhich the ecosystem
will be deployed, i.e., a very dense and widely populated infrastruc-
ture (ideally, a world-wide pervasive continuum) of networked
computing devices (e.g., PDAs, tags) and information sources (Web
2.0 fragments). At the highest level, service developers, producers

and consumers of services and data, access the open service frame-
work for using/consuming data or services, as well as for producing/
deploying in the framework new services and newdata components.
At both levels, the architecture exhibits a high-degree of openness
and dynamics, as new devices, users, services, data components can
join and leave the systemat any time. Between these levels, there are
the components of the pervasive ecosystem architecture.

The ‘‘species’’ level is the one in which physical and virtual
devices of the pervasive system, digital and network resources of
any kind, persistent and temporary knowledge/data, contextual
information, events and information requests, and of course soft-
ware service components, are all abstracted as ‘‘living individuals’’
(or agents) of the system.Although such individuals are expected to
bemodeled (and computationally rendered) in a uniformway, they
will have specific characteristics very different from each other, i.e.,
they will be of different ‘‘species’’. The dense population of devices
and actors involved at the highest and lowest levels, together with
their dynamics, reflect in the presence of a very massive and
dynamically varying number of individuals and species.

The ‘‘space’’ level provides the spatial fabric for supporting
individuals, their spatial activities and interactions, as well as their
life-cycle. From a conceptual viewpoint, the ‘‘space’’ level gives
shape to and defines the structure of the virtual world in which
individual lives. What the actual structure and shape could be,
might dependon the specific abstractions adopted for themodeling
of the ecosystem. From a practical viewpoint, the spatial structure
of the ecosystem will be implemented by means of some minimal
middleware substrate supporting the execution and life cycle of
individuals, andwill enforce concepts of locality, local interactions,
and mobility, coherently to a specific structure of the space.

The way in which individuals live and interact (which may
include how they produce and diffuse information, how theymove
in the environment, how they self-compose and/or self-aggregate
with each others, how they can spawn new individuals, and how
they decay or die) is determined by the set of fundamental ‘‘laws’’
regulating the eternal service ecosystems model. Such laws, or
‘‘eco-laws’’, are expected to act on the basis of spatial locality
principles, as in real laws of nature (which is also what makes real
ecosystems scalable): the enactment of the laws on individualswill
typically affect and be affected by the local space around them and
by the other individuals on.
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Fig. 1. A reference architecture for pervasive service ecosystems.
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The dynamics of the ecosystem will be overall determined by
having individuals acting based on their own internal goals, yet
being subject to the eco-laws for their actions and interactions. The
fact that the way eco-laws apply may be affected by the presence
and state of other individuals, provides for closing the feedback
loop which is a necessary characteristic to enable self-! features.

As far as adaptation over time and long-term evolution are
concerned, the very existence of the eco-laws can make the overall
ecosystem sort of eternal, and capable of tolerating dramatic
changes in the structure and behavior of the species. Simply said
in ecological terms: while the basic laws of life (i.e., the basic
infrastructure and its laws) are eternal and do not change (i.e., do
not require re-engineering), the forms under which it manifests
continuously evolve (i.e., the actual service and data species),
naturally inducing new dynamics for the interactions between
individuals and for the ecosystem as a whole.

3. Survey of natural metaphors

The key difference in the possible approaches that can be
undertaken towards the realization of eco-inspired service frame-
works stands in the metaphor adopted to model the ecosystem, its
individuals, the space in which they live, and its laws. All of the
below surveyed metaphors inherently support, by construction,
spatial concepts.

3.1. Physical metaphors

Physical metaphors consider that the species of the ecosystem
are sort of computational particles, living in a world of other
particles and virtual computational fields, the latter acting as the
basic interaction means. There, all activities of particles are driven
by laws that determine both how particles should spread fields,
how such fields propagate and gets re-shaped upon changing
conditions, and how particles should be influenced by the local
gradients and shape of the computational field (those whose
description ‘‘matches’’ some criterion). Particles can change their
status based on the perceived fields, and they can move or
exchange data by navigating over such fields (i.e., by having
particles that move following the gradient descent of a field, or
bymaking them spread sort of data particles to be routed according
to the shape of fields). The world in which such particles live and in
which fields spread and diffuse can be either a simple (euclidean)
metric world mapped in the physical space, or a network space
mapped on the technological network, or it could also be a sort of
relativistic world, in which shapes and distances in the environ-
ment are not ‘‘inherent’’ but are rather shaped by fields themselves
(as in gravitational space-time).

Physical metaphors have been proposed to deal with several
specific middleware-level aspects in dynamic network scenarios,
such as in the Proto system (Beal and Bachrach, 2006) or in the
TOTA middleware (Mamei and Zambonelli, 2005). Also, the phy-
sical inspiration is at the basis of the amorphous computing
approach (Servat and Drogoul, 2002).

Physical metaphors appear suitable to facilitate coherent self-
organized and self-adaptive behaviors even in large scale systems.
Also, the conceptual tools available for engineering and controlling
the spatial behavior and the dynamics of such systems are well-
developed, most of them related to properly acting on the way
fields propagate and dynamically change. Unfortunately, physical
metaphors fall short in properly tolerating diversity and long-
lasting adaptation. In fact, if onewants to preserve the simplicity of
the eco-laws and of the supporting infrastructure (which is in
charge of enforcing the eco-laws also by supporting field propaga-
tion and updates), one has to limit the amount of different fields in

the system. However, to support very diverse components and
behaviors (at a time and over time), the eco-laws must become
complex enough to tolerate a wide range of different fields and
propagation rules, with an overall increase in the conceptual
complexity of the model and with an increase burden on the
infrastructure, which has to support a large number of different
laws for field diffusion and propagation.

3.2. Chemical metaphors

Chemical metaphors consider that the species of the ecosystem
are sorts of computational atoms ormolecules. Their properties can
be described by some sort of semantic descriptions, as the
computational counterpart of the description of the bonding
properties of physical atoms and molecules, yet made dynamic
by the fact that such description reflects the current state and the
context of individuals. Accordingly, the laws that drive the overall
behavior of the ecosystem are sort of chemical laws, that dictate
how chemical reactions and bonding between components take
place (i.e., relying on some forms of pattern matching between the
semantic description of components), and that can lead to the
production of aggregates (e.g., of aggregated distributed compo-
nents), of new components (e.g., of composite components or of
components spawned by existing ones) and to the growth/decay of
a set of components. The world in which components live is
typically formed by a set of localities, intended as the ‘‘solutions’’
in which chemical reactions can occur.

Chemical metaphors have been proposed to facilitate dynamic
service composition in pervasive and distributed computing sys-
tems. Examples include chemically inspired discovery and com-
position services (Quitadamo et al., 2007), or chemically inspired
coordination services (Viroli and Zambonelli, to appear).

In general, such chemicalmetaphors can effectively lead to local
self-organizing structures (e.g., local composite services and local
aggregates). Also, the same as real chemistry, chemical computa-
tional metaphors, can accommodate an incredible amount of
different components and composites, yet with the same set of
simple basic laws. In practice, this means that they can tolerate an
increasingly diverse and evolving set of semantic description for
components without affecting the basic eco-laws and without
increasing the burden to the infrastructure. The key drawback of
the chemical approach is that it typically relies on activities taking
place within a locality, making it hard to naturally and easily
enforce distributed self-organized behaviors. To this end, one
should rely on complementing the chemical metaphor with
physically or biologically inspiredmechanisms to rule the diffusion
of chemical substances across localities, and the creation of bonds
between components in different localities (Viroli and Zambonelli,
to appear). Clearly, this somewhat complicates the overall model
and the supporting infrastructure.

3.3. Biological metaphors

Biological metaphors typically focus on biological systems at
the small scale, i.e., at the scale of individual organisms (e.g., cells
and their interactions) or of colonies of simple organisms (e.g., ant
colonies). The species are, therefore, either simple cells or very
simple animals, both of which can be seen as acting on the basis of
very simple goal-oriented rules (e.g., move, find food, find mate).
Similarly to physical systems, interactions take place by means of
signals of various flavors (i.e., chemical pheromones) spread by
components in the environment and to which components can
react. However, unlike in physical systems, components are not
necessarily passively subjects to pheromones around: the reaction
of components to the sensed pheromones as well as their own
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spreading of pheromones can depend on their current ‘‘mood’’
(which reflect its current state towards the achievement of a goal).
Accordingly, within the biological metaphor, the laws of the
ecosystem are only aimed at determining how such pheromones,
depending on their specific flavors, should diffuse and/or evapo-
rate, depending on their specific flavors. With this regard, we
emphasize that pheromones, unlike fields, are typically more
persistent than fields (i.e., they slowly evaporate and diffuse),
which makes it easier for the infrastructure to support them, and
which makes it also possible to exploit them as a sort of environ-
mental memory, other than to reflect the current state of things in
the environment. Theworld inwhich components live is typically a
virtual computational landscape, either mapped on the network
topology or on the physical space, that can influence the way
pheromones diffuse and the way components can move over it.

Being somewhat similar to physical ones, biological metaphors
too have been proposed to solve specific algorithmic problems in
distributed network scenarios. For instance, to solve problems of
synchronization or distributed resource allocation (Babaoglu et al.,
2006) or to effectively coordinate the activities of distributed
robots (Shen et al., 2004).

Biologicalmetaphors appear very flexible in enabling the spatial
formation of both localized and (by exploiting diffusion of pher-
omones andmovements of individuals) distributed self-organizing
and self-adaptive patterns of activity and computation. As in
physical metaphors, the number of patterns that can be enforced
by the spread of chemical pheromones and by the reactions of
simple individuals seem quite limited, which does not match with
theneed to accommodatediversity and long-lasting evolution. Also
in this case, the problems can be somehow circumvented by
increasing the variety of pheromone flavors and characteristics.
This solution, for biological metaphors, can be more easily sup-
ported by the infrastructure, since pheromones (unlike fields) rely
on local diffusion and slow evaporation dynamics. An additional
problem of biological metaphors is the inherent difficulty in
understanding how to properly engineer and control the overall
behavior of such systems. By thinking that, so far, the mechanisms
of morphogenesis and biological self-organization in actual biolo-
gical systems are not fully understood by scientists, one cannot
hope to be able to properly enforce any desired form of control in
complex biologically inspired systems.

3.4. Social and ecological metaphors

Social and ecological metaphors focus on biological systems at
the level of animal species and of their finalized interactions, e.g., at
the level of market-based (who needs to buy what from who,
Cornforth et al., 2004) or trophical (who needs to eat who, Agha,
2008) interactions.

With reference to the case of trophical interactions, components
of the ecosystem are sort of goal-oriented animals (i.e., agents)
belonging to specific species (i.e., agent classes), that are in search
of ‘‘food’’ resources to survive and prosper (e.g., specific resources
or other components). The laws of the ecosystem determine how
the resulting ‘‘web of food’’ should be realized, that is, they
determines how and in which conditions animals are allowed to
search food, eat, and possibly produce and reproduce, thus
influencing and ruling the overall dynamics of the ecosystem
and the interaction among individuals of different species. Simi-
larly to chemical systems, the shape of the world is typically
organized around a set of localities, i.e., of ecological niches (think
at a set of local pervasive computing environments), yet enabling
interactions and diffusion of species across niches.

In general, the adoption of such trophic metaphors promises to
be very suitable for large-scale pervasive service ecosystems. In

fact, other than supporting adaptive spatial forms of self-organiza-
tion based on local economic or food-web forms of interactions,
they also inherently support diversity (a large number of different
agent classes can be involved in interactions) and long-lasting
evolution (no matter who is engaged in interactions and how the
individuals evolve over time, the overall laws of the ecosystems
need not to be affected).

Economic and market-based models have been already exten-
sively studied in recent years (Cornforth et al., 2004; Haque et al.,
2005; Ramchurn et al., 2007) and they are well suited for large-
scale Internet scenarios. However, they are possibly too complex
and elaborated for pervasive computing scenarios, where simpli-
city of both individuals and interaction rules is a primary require-
ments (due to the presence of resource constrained computation
and communication devices).

Based on the above consideration, on the fact that ecological
models appears to be able to properly support spatiality, adaptivity,
and long-lasting, and last but not least based on the fact that such
models are largely unexplored (e.g., in Agha, 2008 the adoption of a
trophic-based interactionmodel is argued but not put at work), we
have decided to develop, explore and experiment with one of such
models.

4. The ecological approach

In this section, we go into more details about the key char-
acteristics of the proposed ecological (i.e., trophic-based)metaphor
and about themodeling of the individuals according to it. Then, we
introduce a case study to clarify the concepts expressed and to
compare with alternative, more traditional approaches.

4.1. Key components

As already stated, ecological metaphors generally focus on
biological systems at the level of animal species and of their
interactions. In our specific trophic-oriented approach, the com-
ponents of the ecosystem are sorts of goal-oriented animals (i.e.,
agents) belonging to a specific species (i.e., agent classes), that have
the ego-centric goal of surviving by finding the appropriate food
and resources.

In general, an ecological system can consider the presence of
different classes of living forms (see Fig. 2). As far food-webs are
concerned, we can consider the following key classes. Passive life
forms (i.e., the flora system) do not actively look for food, although
their existence and survival must be supported by nutrients that
are in the space. Primary consumers (i.e., herbivores) need to eat
vegetables to survive and prosper. Secondary consumers (i.e.,
carnivores) typically need to eat other animals to survive, though
this does not exclude that can also act as primary consumers
(eating vegetables too). The result of the metabolization of food by
both primary and secondary consumers ends up in feeding lower-
level ‘‘digesters’’ life forms (e.g., bacteria), densely spread in space,
and that in their turn produce and diffuse resources and nutrients
for the flora.

Let us now translate the above concepts in computational terms.
Passive life forms represent the data sources and the computa-
tional/ memory/ communication resources of the ecosystem,
which are not to be considered proactive and autonomous com-
putational entities (i.e., they are not expected to act). Primary
consumers represent those services that require to digest informa-
tion to be of any use (i.e., to reach their goals), and that are
computationally autonomous in pursuing such goals. Secondary
consumers, instead, are those services that, to reach their goals,
need the support of other computational services/agents, other
than possibly of information sources. Digesters can be generally
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assimilated to all those backgroundcomputational services that are
devoted to monitor the overall activities of the system, and either
produce new information about or influence the existing informa-
tion and resources.

FromFig. 2, it is clear that the existence of such a food-web chain
(or, in computational terms, of such inter-dependencies in the
activities of agents) provides a close food-web loop. The existence
of such loops is indeed a known basic regulatory ingredient to
enable adaptation and self-organization in both natural and
computational systems (Mamei et al., 2006). However, unlike in
more structured approaches which consider the existence of a
single (or of a limited set) of regulatory loops (Kephart and Chess,
2003), the ecological approach canmake a number of related loops
co-exist, depending on the number of different classes of individual
and on their specific trophic relations.

As for the spatiality of the approach, the ecosystem space can be
typically organized arounda set of localities, i.e., of ecological niches
(think at a set of local pervasive computing environments), yet
enabling interactions and diffusion of species across niches. Each
locality will determine how the different species organize to live,
will describe how individuals of each species respond to the
distribution of resources and other species, and how they alter
these factors. Clearly, suchway of organizing spatiality aroundopen
ecological niches provides for the existence of spatially distributed
regulatory loops that ensure adaptation and self-organization at the
global level, rather than at the level of individual niches.

Such ecological metaphor promises to be very suitable for local
forms of spatial self-organization (think at equilibria in ecological
niches), and are particularly suited for modeling and tolerating
evolution over time (think at how biodiversity has increased over
the course of evolution,without evermining the health existence of
life in each and every place on the Earth).

We are perfectly aware that understanding how to properly
control the local and the global equilibria of real ecological systems
is a difficult task, and so it would probably be very difficult also in
their computational counterparts. Yet, and despite the challenges
involved in it, we think that is an interesting and promising
approach to explore.

4.2. Modeling of individuals

Let us now go into details about the modeling of the computa-
tional elements that populate the ecosystem (i.e., the ecosystem
individuals) and of the mechanisms underlying their interactions
(i.e., forming the basis of the eco-laws).

In our perspective, the key components of an individual include:

" A public semantic description of its own characteristics;
" A set of ‘‘needs’’ expressing which other individuals it needs to

interact (i.e., ‘‘eat’’) with;

" A ‘‘happiness’’ status acting as a main drive for the individual
activities;

" An internal logic for themaximization of its happiness, based on
its needs and it happiness status, and relying on a set of allowed
actions.

Active individuals typically express all the above components,
passive ones (i.e., pure data items and resources) typically express
only a public semantic description.

We recall that, in our model, each active individual needs food
and resources to survive. That is, it needs other components to
‘‘eat’’ (i.e., to interact with), whether passive or active ones. These
needs are specific for each specific individual/species. Generalizing
upon dynamic models of semantic service matching (Quitadamo
et al., 2007; Autili et al., 2009), the idea of our approach is that each
individual expresses its own characteristics in a public semantic
description. At the same time, each individual needs to eat some
others, expresses its own needs in a sort of semantic ‘‘templates’’,
describing the characteristics of the needed resources or individuals.

Then, based on the needs of an individual, and on the semantic
descriptions of the individuals around it, a discovery process based
on semantic matching takes place. Such process of matching
typically occurs within a niche, though without excluding the
possibility for one description to diffuse in spatially close niches
and enabler cross-nichesmatching. The existence of amatch of one
individual with another needing it establishes a session of inter-
action between the two components, which we metaphorically
abstract as an ‘‘eating’’ action by the individual that has found the
right food. Pragmatically, we can think at a service component that
has found the data/resources it needed or at a composite service
that has found the needed computational partners required to
fulfill its promises.

More formally, given the semantic description inda of an
individual a and the needs indbneeds of another individual b, the
process assumes the existence of a matching function:

match#inda,indbneed$,

that returns some value expressing the degree of match between
individuals. The eco-laws of the ecosystem have the duty of
automatically triggering possible matches in a niche (or across
close niches) and of establishing a connection between matching
individuals.

We do not go into details here on the specifics of such semantic
representations and of the matching function. Other works exist
detailing how such dynamic matching between components can
occur and based onwhat kinds of representation (Quitadamo et al.,
2007; Autili et al., 2009), and we forward the interested reader to
them. What we want to emphasize here is that both the semantic
descriptions of individuals and their expressed needs are dynamic
entities that can change over time depending on the current state
and the context of individuals. For instance, an individual that has
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Fig. 2. Key elements of the food-web for an ecological system.
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already fully satisfied some of its needs, will have to change its
expressed needs to avoid keep on searching for something it does
no longer need.

Upon occurrence of a match, the involved individuals can,
according to their own specific behaviors, start interacting with
each other (e.g., a primary consumer having found matching
information, can decide to absorb or consume it). The specific
capability (i.e., the set of actions allowed) within individuals will
determine the course of such interactions. In general, though, the
internal actions of an individual are mostly driven by the need to
maximize its happiness.

The happiness value of an individual expresses the satisfaction
degree of each individual, in other words it expresses how well an
individual satisfies himself. The happiness value of an individual is
generally a function of time, and it is affected by the previous
happiness value and by the current state of the individual.

The happiness increases when the individual finds the proper
resources to eat (i.e., a lot of matching individuals), because this
implies it is effectively achieving the goals its has been conceived
for. However, the happiness of an individual can also be affected by
different situations in its niche (or in close niches), and specifically
by the happiness of the other individuals in the niche.

Thus, we can distinguish between the instantaneous happiness
of an individual, which is merely a function of the current
matchings, i.e., for an individual i in a niche with n individuals:

Hinst
i #t$ % f #match#indj,indineed$, j% 1, . . . ,n$ #1$

and theoverall happiness of an individual,which is a function of the
current happiness of the individual, of the previous happiness, and
of the overall happiness of the other individuals in the niche, i.e., for
an individual i:

Hoverall
i #t$ % f #Hinst

i #t$,Hoverall
i #t&1$,Hoverall

j #t&1$, j% 1, . . . ,n$: #2$

The set of allowed actions (usually aimed at egoistically increase
the happiness of the individual) is the final elements that define an
individual. Beside specific internal computational actions and
beside interactions with other individuals, additional action cap-
abilities of an individual can include reproducing itself, moving
and/or replicating across niches, or even dying. For example, an
individual that does not find suitable matches in the current niche
can decide to move to another niche to search for matches that can
increase its happiness.

As a final note, we emphasize that – as far as happiness and
actions are concerned – similar proposals have been made in the
area of goal-oriented and utility-oriented agent systems (Etienne
de Sevin, 2005; Maes, 1991; Oliver Simonin, 2000). The peculiarity
of our approach is to couple thiswith the overall natural inspiration
applied to pervasive computing scenario and to exploit a flexible
model of dynamic composition.

4.3. A case study

To clarify the proposed ecological approach, let us introduce a
representative case study in the area of adaptive display systems,
mostly inspired by the related work in this area by Ferscha et al.,
Ferscha and Vogl, Ferscha (2007), and by some previous experi-
ences of our group in the area of adaptive advertisement
(Ferdinando et al., 2009).

Consider a scenario with different kinds of pervasive devices
spread on it, like a thematic park or an exhibition center, and in
particular densely pervaded with digital wall-mounted screens
where to display information for visitors, movies, advertisements,
or whatever. We can consider each of these screens (i.e., the
computational resources associatedwith each of them) as a spatially
confined ecological niche. The overall goal of the system is to

properly satisfy in a stable and balanced way all the stakeholders
involved in it. These include: visitors looking for information,
advertisers that want to display commercials on the screens, and
the displays themselves, that have the goal ofmaximizing their own
exploitation (and possible revenues from advertising companies).

Different classes of visitors will watch these screens to look for
different information. Thus, we can think at sort of ‘‘user agents’’
executing on the users’ PDAs that, once in the proximity of a screen
(i.e., while finding themselves into that specific ecological niche)
start looking for specific information to eat (i.e., to have it displayed).
User agents would thus act as primary consumers with the goal to
find the information required by users and maximizing users’
happiness.

Concurrently, we can think at ‘‘advertising agents’’ that acting
on behalf of some advertising company, roam fromscreen to screen
in search of specific classes of user agents (i.e., those interested in
specific types of information), with the ultimate goal of displaying
advertisements where they could be more effective. Advertising
agents would then act as secondary consumers.

Background monitoring agents, executing on each ecological
niche and possibly interacting with each other, can contribute
replicating and spreading information where it appears to bemore
appreciated, and can also contribute in supporting the spatial
roaming of advertiser agents by directing them where they could
findmore satisfaction. Thus, theywould act as digesters associated
to each display.

Specifically, here we can conceive the existence of one ‘‘display
agent’’ associated to each display and in charge of monitoring and
ruling the display, also possibly making available to advertisers
information aboutwhat is happening in close niches (thus support-
ing their movements). In addition, we can think at the presence of
several ‘‘information agents’’ in charge of controlling the spreading
and diffusion of information across displays. We emphasize that,
although we conceptually prefer to think at information as some-
thing passive that is externallymanaged by sorts of digestor agents,
for the sake ofmodeling it is also possible to think at information as
something ‘‘active’’, that has its own ‘‘information agents’’ asso-
ciated andwith the goal of properly spreading information around.

The resulting patterns of interactions among agents can be
defined accordingly to the food-web that we have already intro-
duced in Fig. 2. This can be instantiated for the introduced case
study as fromFig. 3. Information (or,which is the same, information
agents) feed user agents, and these feed the advertiser agents.
Display agents close the feedback loop in the system (between
information agents and user agents; and user agents and advertiser
agents) by affecting how the other agentsmove (and there included
how information is spread by information agents). This is necessary
for the ecosystem to overall self-regulate. It is expected that the
system continuously evolve in time as a result of the interactions
and actions occurring along such food-web.

As for the specific actions of agents, we can think at user agents
moving from place to place and thus being in the view range of
different displays (and thus looking specific information on them
and being exposed to different advertisement), at advertising
agents moving and replicating over the spatially distributed dis-
plays so as to capture the more suitable target audience, at display
agents that provide to actuate the display, and at information
agents that distribute and replicate information on need.

The feedback loop that derives from the above activities can
contribute to properly rule the overall dynamics of the screen
ecosystem, by continuously self-organizing and self-adapting the
way information flows in the system, aswell as theway advertising
agentsmove, act, and coordinatewith each other. The possibility of
exerting control over the dynamics of the system is ensured by the
possibility of injecting in the system additional classes of ‘‘digester
agents’’ that can radically influence the dynamics of information
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diffusion and the activities of advertising agents. The adaptation of
the system over time is ensured by the fact that it is mostly
irrelevant, for the overall functioning of the system, what specific
classes of information user agentswant, orwhat the specific goal of
advertising agent is. In fact, independently of the specific species of
life forms that will populate the system, the basic eco-laws will
ensure that such life forms will either find their way of living and
their role in the system (e.g., as it can be the case of useful
information andof advertising agents that find appropriate users to
which to display their ads), orwill simply disappear (as it can be the
case of useless information or of advertisements no user is
interested in).

Let us now detail the happiness functions for each class of the
case study.

Users are happy when they see what they are interested in. The
displays near to an user can satisfy (or not) his interests and
consequently influence in his happiness in a positive or a negative
way. In other words, if the users watch what they want/need in
the displays around, theywill feel happy. The function that gives us
the instantaneous happiness of an user agent is defined by the
following:

Hinst
user#t$ %

1
n

Xn

k % 0

match#dTk#t$,user$, #3$

where Huser
inst (t0)% 0.

n is defined as the number of displays that are around the user in
a specific time t. The match function expresses the degree of
satisfaction of the user when he watches the display k in a given
time t. A match takes place when what it is displayed (dT—dis-
played task) it is in agreement with the interests of the user.

The overall happiness for one user agent is

Hoverall
user #t$ %Hinst

user#t$'
Xt&1

k % 0

Hoverall
user #k$&D, #4$

where Huser
overall(t0)%0.

The function is the result of the sumof thewhole values that the
overall happiness had (

Pt&1
k % 0 H

overall
user #k$), and also the instanta-

neous/current happiness (Huser
inst (t)). D is a constant value that stand

for the unhappiness degree of the user, it makes his happiness
value decrease over time. This models the fact that the longer the
user does not see something interesting, the more he gets un-
happy. Eventually, if the user never sees something interesting, its
happiness will lower to 0.

Advertiser agents are happy when they display their clips in an
environment with many of happy users interested in their adver-
tisements. The idea here is that a commercial clip is well received
by users that are interested in it and that are ‘‘happy’’, i.e., that
have not being bored by uninteresting clips so far. The function

that evaluates the instantaneous happiness of advertiser agents is
thus given by

Hinst
adv#t$ %

1
n

Xn

k % 0

match#dTk#t$,adv$
1
m

Xm

k % 0

Hoverall
user #t&1$

 !
, #5$

where Hadv
inst(t0)%0.

In this function n and m are defined as the number of displays
and users, respectively, which are in the near environment of the
advertiser agent in a specific moment t and then, influencing in his
happiness value. This happiness is influenced by what the displays
around show and by the average of the overall happiness of the
users around (1=m

Pm
k % 0 H

overall
user #t&1$). The happiness of users

influences in the happiness of advertisers by the definition of the
final goal of the last: to show their advertisements to happy and
interested users. From this goalwe can deduce that:what increases
user happiness also increases advertiser happiness. By the other
hand, thematch function returns the degree of happinesswhen the
advertiser agent watches the display k. A match takes place when
what it is displayed (dT—displayed task) it is in agreementwith the
interests of the users around and of the advertiser agent, which can
be: his ownadvertisement or an interested information for users. In
a practical example, if the display k shows information (but this
information keeps users happy), then the match function returns a
positive value.

The overall happiness for one advertiser agent is given by

Hoverall
adv #t$ %Hinst

adv#t$'
Xt&1

k % 0

Hoverall
adv #k$&D, #6$

where Hadv
overall(t0)%0.

Similar to the overall happiness of users, this function includes the
values of the overall happiness already happened (

Pt&1
k % 0 H

overall
adv #k$)

and the current/instantaneous one (Hadv(t)). D is the constant value
that decreases the overall happiness of advertisers over time, expres-
sing the degree of unhappiness.

The happiness of information agents is very simple to express.
Information agent just want that the displays around them be
interested in their information. The instantaneous happiness for an
information agent is similar to the others instantaneous happiness
described before and is given by

Hinst
inf #t$ %

1
n

Xn

k % 0

match#dTk#t$,inf $, #7$

where Hinf
inst(t0)%0.

n is defined as the number of displays around the information
agent, i.e., the number of displays that the information agent can
see in a given instant t. The match function returns the degree of
happiness of information agents when they see a display showing
the task dTk(t) in a given time t.
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Fig. 3. Food-web for the ecosystem of displays case study.
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The overall happiness for one information agent is obtained as
the overall happiness described before, and is given by

Hoverall
inf #t$ %Hinst

inf #t$'
Xt&1

k % 0

Hoverall
inf #k$&D, #8$

where Hinf
overall(t0)%0.

The final goal of display agents is to show advertisements
because they pay for advertise on it. Consequently, their happiness
is proportional to the number of advertisements showed and the
degree of advertisers’ happiness, since displays want to keep their
advertiser clients happy.

The function that evaluates the happiness of the displays is thus
given by

Hinst
dis #t$ %

1
n

Xn

k % 0

Hoverall
adv #k$, #9$

where Hdis
inst(t0)%0.

n is defined as the number of advertisers that are around the
display. The display’s happiness is given by the average of the
overall happiness of the advertiser agents that are in the niche.

The overall happiness for one display is given by

Hoverall
dis #t$ %Hinst

dis #t$'
Xt&1

k % 0

Hoverall
dis #k$&D, #10$

where Hdis
overall(t0)%0.

This function is defined in the same way that previous overall
happiness.

4.4. Comparing with traditional SOA approaches

Following we describe how the presented case study could
be architected according to the standard service-oriented archi-
tecture (SOA). The final result would be such a scramble of SOA, to
rather suggest re-thinking from the scratch the architecture in
ecological terms.

In general, SOA considers the inter-related activities of service
components to be managed by various infrastructural (middle-
ware) services such as: discovery services to help components get
to know each other, context-services to help components situate
their activities, orchestration services to coordinate interactions
according to specific application logics, and shared data-space
services to support data-mediated interactions. In this context, we
have to set up a middleware server with the necessary infrastruc-
tural services to support the components of the considered
scenario, i.e., displays, information, advertisers, users and personal
devices.

In our scenario the interactions and the discovery of compo-
nents are strongly bounded to spatial information (e.g., one display
is interested only in the other near components—users, advertisers
and information). In order to attempt this with SOA, we need to
insert either sophisticated context-services to extract the neces-
sary spatial information about components, or to embed spatial
descriptions for each component into its discovery entry, inducing
frequent and costly updates to keep up with mobility.

Furthermore, another requirement of our considered scenario is
that its components be able to recognize relevant changes in their
current environment and plan corrective actions in response to
them. This will require notable communication and computational
costs for all the components involved. Alternatively, or comple-
mentary, one could think at embedding adaptation logics into some
specific server inside the middleware (e.g., in the form of auto-
nomic control managers, Kephart and Chess, 2003). However, such
logics would have to be very complex and heavyweight to ensure
capability of adapting to any foreseeable situation, and especially
hard for long-term adaptivity.

To reduce the identified complexities and costs and better
match the characteristics of the scenario, we could think at a more
distributed SOA solution, with a variety of middleware servers
deployed in the infrastructure to serve, on a strictly local basis, only
a limited portion of the overall infrastructure. For instance, we
could install onemiddleware server for each of the available public
displays. It will manage the local display and all local service
components, thus simplifying local discovery and naturally enfor-
cing spatial interactions. Adaptation to situations is made easier,
thanks to the possibility of recognizing in amore confinedway (and
at reduced costs) local contingencies and events, and of acting
locally upon them.

With the adoption of a distributed solution enforcing locality,
the distinction between the logics and duties of the different
infrastructural services fades: discovering local services and
devices implies discovering something about the local spatial
context; the dynamics of the local scenarios, as reflecting in the
local discovery tables, makes it possible to have components
indirectly influence each other (being their actions possibly
dependent of such tables), as in a sort of shared data space model.
This also induces specific orchestration patterns for components,
based on the local logics upon which the middleware relies to
distribute information and events among components and to put
components in touch with each other.

To most extents, the concept of locality promoted by such
distributed SOA solution makes the overall architecture of the
system very similar to the organization in niches of our ecological
approach. In addition, the fact that within a locality, the role of the
various kinds of middleware services tend to vanish, again goes in
the direction of making the SOA distributed solution similar to the
ecological one. That is, a solution in which, within a locality, some
local coordination rules (similar to eco-laws) support interactions.

In summary, it is of course possible to adopt a more traditional
SOA solution, but its actual design would in the end force the
adoption of solutions very similar to those that we propose, in a
cleaner way, in our ecological approach.

5. Experimental results

In this section, we describe the simulation environment that we
have realized to evaluate the effectiveness of the proposed
approach in the introduced case study. Then, we present several
results from the simulation experiments, assessing the approach in
terms of dynamic behavior, stability and scalability.

5.1. The simulation environment

The simulation environment has been realizedwith the Recursive
Porous Agent Simulation Toolkit (Repast, repast.sourceforge.net).

As from Section 4.3, the simulated scenario of the case study
considers a 2D space (i.e., the area of a thematic park) populated
with displays. Therefore, a number of spatially situated agents
belonging to different classes (users, advertisers, display, and
information agents) act, interact and evolve according to a simple
set of eco-laws (driving their matchings and interactions) and each
with the ego-centric goal ofmaximizing their individual happiness.

In the simulation environment, displays (and thus display agents
over them) have a fixed position and each represent a niche.
Displays are assumed to be able to display both information (some
data they own and that can be useful to users) and advertisements
(based on the actions of advertiser agents). Display agents have
indeed the goal of showing information and advertisements, and
their happiness is proportional to theoverall happinessof advertiser
agents and user agents that live in their niche, as from previous
section.
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Users (i.e., user agents) randomlymove in the simulation space,
that is, be moving close to specific displays, they move from niche
to niche. Each user agent is assumed to have an individual profile,
expressing its preferences in terms of information and advertise-
ments he would like to see. According to these preferences a
matching function is defined for the instantaneous happiness of a
user watching a display, that measures the degree of satisfaction of
the user when watching information and/or advertisements. The
matching function returns a value between 0 and 1, depending on
the degree of match between its preferences and the information/
advertisements currently being shown in the display inwhich he is
situated. In any case, we emphasize that in the simulation user
agents do proactively pursue the goal of increasing their happiness,
but are simply exposed to information and advertisements around.

Advertiser agents that reside on niches have the goal – that they
proactively pursue – of showing a specific advertisement to a well-
targeted audience. Again, a matching function varying between
0 and1 is defined. Thematching affects the happiness of advertisers
depending on how well the overall audience (i.e., the users
currently in that display niche) matches the advertisements.
Clearly, the currently displayed advertisement is selected as the
one best matching the current audience. Advertiser agents can
move to a different niche in the case no suitable matching is found
in the current one.

Information agents reside on niches and manage specific types
of information. That is, by monitoring the overall situation on one
niche, can affect the information stored (and displayed) on that
niche. That is, by increasing in one niche that information that
results being of use to the classes of users in that niche, and by
deleting useless information instead. Also information agents can
move from niche to niche to properly distribute on need the
information they hold.

Figure 4 shows a graphical screenshot of the simulation scenario
with100advertiseragents, 500useragents, 100 informationagents, 25
displaysand25niches. Thesquares represent thedisplaysand the little
bodies represent the users. Displays can show different colors that
representwhat theyare showing: information, advertisements, bothof
them, or simply nothing. To avoid overcrowding, the figure does not
show advertiser and information agents that reside on the displays.

Despite some limitations of the current simulation environment
(that is, the number of agents is static since agents cannot die or
reproduce; information and advertiser agents are not capable of
dynamically adapting their behavior and interacting with each
other, but rather follow a set of individual static rules), experi-
menting over it enables to get useful insights on the overall
behavior of our proposed ecosystem approach.

5.2. Overall ecosystem behavior

In the following we use two different simulation scenarios,
which we call for simplicity SS1 and SS2, adopting the following
parameters:

" SS1: 25 niches, 500 user agents, 100 advertiser agents, 100
information agents;

" SS2: 25 niches, 100 user agents, 100 advertiser agents, 100
information agents.

Let us first analyze the overall behavior of the ecosystem in
terms of how the average happiness of the agents involved evolve
over time.

Figures 5(a) and (b) show the evolution of happiness for scenarios
SS1and SS2, respectively. Thefigures showthat, after a short transitory
period, theoverall averagehappiness stabilizes toanearly steadyvalue
for all the agents involved. That is, the ecosystem reaches a sort of
global equilibrium in which its global parameters are stable, inde-
pendently of the specific parameters of the simulation. Indeed, such
stability is reached not only in scenarios SS1 and SS2, but also in other
scenarios with different number of agents and niches involved.

In any case, such apparent equilibrium is by no means the
expression of a static situation. Rather, as the simulation continues
executing and the agents in it continue acting and moving, it is an
expression of the capability of the ecosystem as awhole to globally
reach in a self-organizing way a coherent dynamic behavior.

To better analyze these results, let us see what happens at the
level of individual niches, where we will discover many complex
behavior that are hiddenbehind the above discussed global stability.
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Fig. 4. Screenshot of simulation with 500 users and 25 displays.
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5.3. Niche-level behavior

Let us see how things evolve in a single niche over time. Figs. 6
and 7 show the evolution of the happiness and of the number of
agents, respectively, in one of the 25 niches of SS1 (niche 11).
However, the patterns of evolution are very similar for all niches.

What we see here is that the stable balance already discussed at
the global level is achieved despite a high-degree of dynamics inside a
niche, where the average happiness of the various classes of agents
tends to vary over time, alongwith the number of agents themselves.

By comparing then Figs. 7 and 8 (the latter referring to SS2), one
can see that the variability in the number of agents in one niche is

much higher when there are a comparable number of user and
advertiser agents. In this case, in fact, advertiser agents have to be
muchmore mobile to find proper places where to effectively show
their advertisements, because the diversity of the situation of the
various niches can be instantaneously more various. However, as
from Figs. 5(a) and (b), this does not affect the capability of the
system of reaching a global stable equilibrium.

Figures 9(a) and (b) show the happiness average and the
number of agents average for each class of agent, for each niche
of the SS1 simulation scenario.

By looking at Fig. 9(a), we can see that the happiness average of
user agents is well balanced in each of the niches. That is, the
specific dynamics of the ecosystem, as enforced by the happiness
functions of its various agents and by their interaction, have the
effect of trying tomake users as happy as possible, which results in
users being nearly equally happy in every niche. Such balance of
user happiness goes at the price of somehow unbalancing the
happiness of the agents of other classes.

Such effect also is reflected in Fig. 9(b), where it can be seen that
the number of advertiser and information agents notably varies
from niche to niche, to due to the fact that they are forced to be
mobile in order to satisfy their own happiness.

It is also interesting to refer to Figs. 9(c) and (d), showing the
number of the displayed task average and requested task average,
respectively, for each niche (again for SS1).

In particular, one can see that there is an overall balance across
niches between the amount of displayed information and of
displayed advertisement (Fig. 9(c)), which was a necessary condi-
tion to make users overall happy. However, this is achieved at the
price of some relevant unbalance in the expectations of advertisers
and information agents, which requested a number of task much
more differentiated across niches.

5.4. Scalability

To evaluate the capability of the ecosystem to preserve its
behavior in large scenarios, we have evaluated it under scenarios
with a larger number of users and a larger number of niches.
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Figure 10 shows the average happiness of agents when increas-
ing the number of users involved. Interestingly, one can see that
there are no substantial changes in the happiness of the various
agent classes involved in the simulation. In otherwords, the overall
behavior of the system keeps stable even by changing the number
of users, showing that its overall properties are maintained
independently of the actual number of agents involved in the
scenario.

Figure 11, on the other hand, shows the average happiness of
agentswhen increasing the number of niches (while preserving the
same average number of user agents). Specifically we consider 25,
36, 49, 64, 81 and 100 niches with 500, 720, 980, 1280, 1620 and
2000 of user agents, respectively. Also in this case, no substantial
changes can be perceived as the number of niches (and, thus,
the size of the system) increases. This prove that our ecosystem

approach, being based on local interactions only, is capable of
preserving its properties even in the large.

In summary, the above two figures testify that the proposed
ecological approach is suitable for large-scale systems with a
massive number of agents.

5.5. Influence of other parameters

To further assess the robustness of our approach, we have
evaluated how its behavior changes by tuning both the parameters
involved in the matching functions and by varying the number of
tasks that a display can concurrently perform (i.e., the number of
information and advertisements it can concurrently show).

Varying the parameters of the matching functions implies
modifying the rate of happiness increase (or decrease) in agents.
For example, increasing the average return value of the matching
between users and advertisements implies making users more
tolerant to see advertisement.

Figure 12 shows exactly the effect of increasing the average
return value of the matching function between users and adver-
tisement. If users are more tolerant to see advertisements, which
means that thematch functionwhen users see advertisements will
return a higher value, then users and advertisers happiness
increase, since the system shows more advertisements because.
Information happiness decreases because the times to show its
information also decrease (Fig. 12).

From the definition of the happiness of advertisers, we know
that if in a niche the display shows interesting information that
increases the happiness of users, this will also increase the
happiness of advertisers according to their degree of tolerance
on seeing information. In Fig. 13, we increase the degree of
happiness when advertisers watch information. In other words,
advertisers aremore tolerant to see information, whichmeans that
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the match function between an advertiser and a displayed infor-
mation will return a higher value.

As expected, the happiness of agents increases, also the happi-
ness of advertisers (since their level of tolerance also increases),
even though, the number of advertisers showed decreases and the
number of information showed increases.

The other parameter that influences in the overall happiness
functions is the value of the unhappiness constant (see the
descriptions of the overall happiness functions in Section 4.3). If
we increase the degree of unhappiness of users (Fig. 14), thatmeans
we have users less tolerant, the system shows more information
looking to increase the happiness of users and consequently the
happiness of advertisers. On the other hand, if we increase the

degree of unhappiness of advertisers (thenwe have advertisers less
tolerant), the system tries to balance between the number of
information and of advertisements showed, in order to increase the
happiness of the (intolerant) advertisers. (see Fig. 15). In both
situations, the system tries to stabilize the happiness of their
components, by playingwith the number of times that each display
shows information and/or advertisements.

As a final test, we modified the simulation by varying the
number of tasks (information and/or advertisement) that each
display can concurrently show. Fig. 16(a) shows how the average
happiness of agents is proportional to the number of tasks that each
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display can show simultaneously. This is simply due the fact that
each display can accommodate at a time the needs of a larger
number of users and advertisers. However, this does not change the
overall behavior of the ecosystem. For instance, Fig. 16(b) shows
that the relative percentage of information and advertisements
shown on the displays does not substantially change. As more
information and advertisements can be concurrently shown, the
percentage of information tends to grow over advertisement.
However, the overall balance between advertisement and informa-
tion is preserved, due to the inherent dynamics of the regulatory
feedback loops which are part of the system.

5.6. Summary

The above presented simulation experiments, although per-
formed within a single case study and still exhibiting some
limitations, shows very interesting properties. In particular,

" In the proposed ecological approach, the components of the
system are able to reach stable self-organized global system
behaviors, despite the inherent dynamics of the system itself;

" The approach promises to be scalable to very large-scale
systems with a massive number of agents;

" The approach appears to exhibit very little sensitivity to
variations in the parameters of agents and ecosystems.

6. Other application scenarios

In this section, we sketch other scenarios where our ecological
concepts can be applied. The goal is to show that our proposed
approach is a general-purpose one.

Consider first the general scenario of smart buildings (e.g., smart
offices, smart houses, or smart rooms). The overall goal here is to
properly adapt in a stable and balancedway the overall functioning of
the building infrastructure (e.g., intensity of light, temperature, music,
etc.). For sake of simplicity, we do not focus here on other potential
issues for smartbuildings, suchas safetyor activity support tohumans.

The components involved in the overall smart buildingmanage-
ment are many. For each of the rooms and corridors of a building,
we can consider the presence of sensors (e.g., cameras, thermal
sensors, noise level sensors, etc.) and actuators (e.g., heaters, air
conditioners, motorized curtains, music speakers, etc.). Then, we
have human users, living, working, andmoving in the building.We
can assumed they have some sort of portable device (e.g., a PDAor a
smart phone), via which their specific preferences (e.g., the desired
heating level) can be expressed or sensed.

Clearly, the overall functioning of the building and of its tempera-
ture, light, or sound actuators, has to account for a number of possibly
contrasting objectives. If there is only one user in a room, the status of
such room (i.e., its heating, light, or music levels) can fit his/her
preferences, thus keeping he/she comfortable and ‘‘happy’’. However,
when several users with different needs are in a room, some
compromise status should be found. Usually, in this case, there are
contradictory preferences of users, for which a mediation point is
needed, e.g., oneuser likes the temperatureat30 3C andother at20 3C,
then the temperature of the room will be set at 25 3C. Furthermore,
since users can come and go froma room, the status of the roommust
be continuously updated to the current situation (i.e., to the pre-
ferences of the users currently in that room).

In addition to the local goals to be achieved within each room
and corridors, a proper functioning of the overall system, has to
account for some more global factor, such as the global energy
consumption (as inducedby heating and air conditioners, aswell as
by lightning plants). Thus, the dynamics within each room and
corridor that meet the specific needs of users, has to co-exist with
the need for more global stable behaviors as far as the global
parameters of energy consumption are concerned.

By modeling the overall application in terms of our ecological
approach, and by exploiting its self-organizing features, the above
needs of adaptation can be effectively achieved.

The ecological model of this application scenario, will consider:
each room of the building or house as an ecological niche; all the data
coming from the room sensors as well as data expressing users’
preferences will be passive life forms; software components in each
niche, acting as sorts of herbivors, can be in charge of evaluating the
current state of a niche (by absorbing sensorial data) and producing
planning decisions for the actuators; the actuators act as sort of
carnivors that digest thedecisionsof theplanners andact accordingly.

Putting such system atwork in a dynamic scenario, will lead to a
behavior very similar to that already observed for the pervasive
display scenario (Cfr. Figs. 5 and 6). In spite of a high dynamic at the
level of each room/niche, a globally stable behavior is exhibited at
the global level. That is, the self-organizing activities of the
ecosystem spontaneously find the proper trade-off between local
and global goals.

A second exemplary scenario where our approach can effec-
tively applied is dynamic traffic management. The overall goal here
is to adaptively control the traffic in anurban area, avoiding crushes
and traffic jams, satisfying at the best the needs of citizens and
drivers, and overall keep pollution and noise at reasonable levels.

Also in this scenario many different devices and actors are
involved: adaptive traffic lights, cars, drivers, pedestrian, cyclist,
diverse traffic sensors, GPS devices, etc. The same as in the smart
buildings scenarios, the human actors may have preferences and
constraints, as far as their driving route and their schedule are
concerned. For instance, there may be a driver that wants to reach
home by avoiding tolls and has no hurry, while another may prefer
the fastest route whatever it costs. Thus, there is again the need of
conciliating the possibly contrasting needs of users driving in
specific portions of the city with the global goals of balancing
the traffic in different urban areas and, at the same time, reducing
the overall pollution and whatever further factor may impact the
quality of life.
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Modeling this application scenario in ecological terms implies:
associating niches to crossings and streets; assimilating sensors
and user profiles to passive life forms; considering drivers and cars
as sorts of herbivors that consume data and resources to ego-
istically pursue their own goals; considering the existence of
further agents (e.g., associated to an adaptive street light) that
act as secondary consumers and interact with driver agents to
understand their planned activities and influence them according
to local goals (e.g., avoid crashes and traffic jams in a crossing);
finally, considering the presence of monitoring agents that
exchange information with each other to plan for the achievement
of global goals in dependence of the local activities.

At the level of local and global behavior of the resulting urban
traffic ecosystem, we can again observe the co-existence of local
dynamics and globally stable behaviors.

7. Conclusions

In this paper, we have elaborated on the idea of modeling and
developing the next generation of pervasive service framework by
getting inspiration from ecological systems. That is, by conceiving
future pervasive service frameworks as a spatial ecosystem in
which services, data items, and resources are all modeled as
autonomous individuals (agents) that locally act and interact
according to a simple set of well-defined ‘‘eco-laws’’.

We attempted to clarify these ideas through representative case
study scenarios and to assess the potential of our approach via an
extensive set of simulation experiments on a specific case study.
Beside the current limitations of our simulation environment, the
presented results suggest that the proposed ecological approach
has the potential to act as an effective general-purpose framework
for spatially situated and adaptive pervasive service ecosystems.

Beside the promising results, there are still a lot of open issues to
exploit to turn our idea into a practically usable one. First, more
simulations on a larger set of case studies are needed. Second, the
proposed modeling for individuals and interactions needs to be
better formalized and its propertiesmore formally analyzed. Third,
the security threats of our approach have to be identified. Finally, of
course, there is need to put the approach at work in a real
implementation and to test it on the field.
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