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Abstract

Innovative paradigms and frameworks have to be iden-
tified to enable the effective deployment and execution of
pervasive computing services. Such frameworks must be
conceived so as to match the spatially-situated nature of
pervasive services, and must be able to exhibit properties
of self-organization and self-adaptability, self-management,
and of long-lasting evolvability. This paper discusses how
such frameworks should get inspiration from natural sys-
tems, by enabling modeling and deployment of services as
autonomous individuals, 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 spatial “eco-laws”. In this context, this pa-
per presents a reference architecture to uniformly frame
ecosystem concepts, surveys and critically analyzes differ-
ent nature-inspired spatial metaphors to realize the idea,
and details our current research agenda concerning the de-
velopment of service frameworks inspired to the ecological
metaphor.

1 Introduction

Pervasive and mobile computing devices increasingly
populate our everyday environments [7]. These, together
with the increasing amount of Web tools that makes it pos-
sible to produce and access spatially-situated information
about the physical world [5], will eventually define a com-
prehensive, integrated, and very dense, decentralized shared
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 other words, the overall per-
vasive infrastructure will be as open the same as the Web
currently is). In addition, the infrastructure will be used as
a way to enrich more traditional classes of digital services

with the capability of dynamically and autonomously adapt-
ing their behavior to the context in which they are invoked
and exploited.

The inherent spatial nature of the above infrastructure
and of all the services that will be deployed over it is very
sharp. On the one hand, the infrastructure will be embedded
into physical space, will have to deal with spatial concepts
and spatial data, and its devices will typically interact based
on spatial proximity (as induced by wireless communica-
tions). On the other hand, services will have to deal with
spatially-situated activities of users, and with their interact-
ing with the physical world.

The effective development and execution of services in
the above infrastructure calls for a deep rethinking of cur-
rent service models and for service frameworks, in order to:

• Naturally match the inherent spatial nature of the envi-
ronment and of the services within.

• Inherently exhibit those properties of self-
organization, self-adaptation and self-management
that are necessarily required in highly-decentralized
and highly-dynamic scenarios (as the envisioned
infrastructure is, due to its distributed nature, the
unreliability of its components, and its openness to
user contributions).

• Flexibly tolerate evolutions of structure and usage over
time. This is necessary to account for increasingly di-
verse and demanding needs of users as well as for tech-
nological evolution, without forcing significant (and
economically unbearable) re-engineering to incorpo-
rate innovations and changes.

To reach this goal, we should no longer conceive ser-
vices and their interactions as it is usual made in standard
SOA architectures [9]. There: services are simply consid-
ered as “loci” of functionalities, whose activities are orches-
trated according to specific pre-defined patterns with the
support of middleware services (such as discovery, routing,
and context services) that either miss in accounting spatial



concepts or do not elect them as primary abstractions; self-
organization, self-adaptability and self-management are not
intrinsic properties of the system, but are typically enforced
via ad-hoc one-of solutions, e.g., via the introduction of spe-
cific control tools [10]; long-term evolvability is simply not
ensured, and most likely it can be achieved only at very high
re-engineering costs.

Thus, the most promising direction is that of taking
inspiration from natural ecosystems [16, 8], where spa-
tial concepts, self-organization, self-management, and long-
lasting evolvability are inherently there because of the basic
“rules of the game”. We are aware that nature-inspired so-
lution have already been extensively exploited in the area of
distributed computing (see e.g. [2, 11] for two recent exten-
sive surveys). However, most of these proposals exploit the
natural inspiration only for the effective implementation of
specific algorithmic solutions or for the realization of spe-
cific distributed services. Here we go further, and argue
that natural ecosystem can act as the key metaphor around
which to conceive, model, and develop, fully-fledged per-
vasive service framework and all the components within.

You can think at physical systems, at chemical systems,
at biological systems, as well as at the most properly called
ecological systems. In all of them, you can always recog-
nise the following characteristics: above a spatial environ-
mental substrate, individuals of different kinds (or species)
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 services, intended as individuals whose com-
putational 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 contributions of this paper are as fol-
lows:

• We introduce a unifying reference architecture for
nature-inspired pervasive service ecosystems, to show
how ecosystem concepts can be framed into a unifying
conceptual scheme (Section 2).

• We survey the different metaphors that can be adopted
for such ecosystems (Section 3), and discussed their
advantages and limitations w.r.t. the capability of
supporting self-organization and self-adaptation, self-
management and decentralized control, and evolution
over time (Section 4).

• We go into more details about the so called ecological
metaphor, and sketch our current research work and
our research agenda in that area (Section 5), and con-
clude (Section 6).

Figure 1. A Reference Architecture for Perva-
sive Service Ecosystems

2 A Reference Architecture for Pervasive
Service Ecosystems

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

At the lowest level is the physical ground on which the
ecosystem will be deployed, i.e., a very dense infrastructure
(ideally, a pervasive continuum) of networked computing
devices and information sources. These includes all the de-
vices that are going to increasingly pervade all our everyday
environments (e.g., PDAs, smart phones, sensors, tags), all
interconnected with each other, and most of which gener-
ating a large amount of information about the surrounding
environment. In addition, such ground can also include the
increasing amount of Web tools and data sources that al-
ready collect spatially-situated knowledge about nearly ev-
ery aspect of the world.

At the highest level, service developers, producers and
consumers of services and data, access the open service
framework for using/consuming data or services, as well as
for producing and deploying in the framework new services
and new data components.

At both the bottom and the top levels, the architec-
ture exhibits a high-degree of openness: new devices can
join/leave the system at any time, and new users can inter-
act with the framework and can deploy new services and
data items on it. In between these two levels, there are the
components of the pervasive ecosystem architecture.



The level of “Species” is the one in which physical and
virtual devices of the pervasive system, digital and network
resources of any kind, persistent and temporary knowl-
edge/data, contextual information, events and information
requests, and of course software service components, are
all abstracted as “living entities” of the system (i.e., the
ecosystem individuals) that populate the pervasive ecosys-
tem space. Although such individuals are expected to be
modelled (and computationally rendered) in a uniform way,
they will have specific characteristics very different from
each other, i.e., they will be of different “species”.

In general terms, an ecosystem is expected to be popu-
lated with a set of individuals physically deployed in the en-
vironment (physical and network resources, contextual in-
formation, initialization data and services, and so on). Yet,
the population of individuals is far from being static. First,
the set of individuals is subject to changes (to tackle the
physical system’s mobility, faults, and evolution). Second,
service developers and producers inject in the system new
individuals at any time (they can insert new services and
virtual devices, as well as data and knowledge). Third, pro-
ducers and consumers can keep control and influence the
behavior of (a limited set of) the individuals.

The “Space” level provides the spatial fabric support-
ing 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. Given the inherent
spatial nature of pervasive services, it is clear that this level
should consider that individuals exist in a specific portion of
some metric space, and that their activities and interactions
are directly dependent on their positions in space and on the
shape of the surrounding space. What the actual structure
and shape could be, might depend on the specific abstrac-
tions adopted for the modeling of the ecosystem.

From a more practical viewpoint, the spatial structure of
the ecosystem will be implemented by means of some mini-
mal middleware substrate, i.e., a software infrastructure de-
ployed on top of the physical deployment context. Such
middleware substrate will provide for supporting the execu-
tion and life cycle of individuals, and will 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 they move in the environment, how they self-compose
and/or self-aggregate with each others, aggregate, 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: the enactment of the
laws on individuals will typically affect and be affected by

the local space around them and by the other individuals
on. The enactment of the eco-laws requires the presence of
some meaningful description (within the uniform modeling
on individuals) of the information/service/structure/goals of
each species, and of proper “matching” criteria to define,
based on such description, how the eco-laws apply to spe-
cific species in specific conditions of the space.

The dynamics of the ecosystem will be overall deter-
mined by having individuals in the ecosystem act 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 look
which is a necessary characteristic to enable self-* features.
Indeed, the typical evolution patterns that can be driven by
such laws may include forms of self-organization (e.g., ser-
vice aggregation or service orchestration, where the eco-
laws can play an active role in facilitating individuals to
interact with each other and orchestrate their actions), self-
adaptation (changing conditions will reflect in changes in
the way individuals in a locality are affected by the eco-
laws) and of decentralized self-management (the injection
of new individuals can be used to modify the way eco-laws
affect other individuals and, thus, to somehow control the
evolution of the ecosystem dynamics form within the sys-
tem). As far as adaptation over time and long-term evolu-
tion 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 living in the ecosystem (i.e., the presence of
brand new classes of services). Simply said in ecological
terms: while the basic laws of life (i.e., the basic infras-
tructure and its laws) are eternal and do not change (i.e., do
not require re-engineering), the forms under which it man-
ifests continuously evolve (i.e., the actual service and data
species), naturally inducing new dynamics for the interac-
tions between individuals and for the ecosystem as a whole.

3 Metaphors for Pervasive Service Ecosys-
tems

The key difference in the possible approaches that can
be undertaken towards the realisation of eco-inspired ser-
vice frameworks (as from the described reference architec-
ture) stands in the metaphor adopted to model the ecosys-
tem, its individuals, the space in which they live, and its
laws. Without excluding the existence of other useful nat-
ural metaphors or the possibility of conceiving interest-
ing non-natural metaphors, the main metaphors that can
be adopted and have been suggested so far are: physical
metaphors [6, 12], chemical metaphors [3, 14], biological
metaphors [2, 4, 15], together with the most properly called
ecological metaphors [1, 13].



Figure 2. Metaphors for Service Ecosystems

As far as we know, none of these metaphors has been
so far adopted to extensively studying and prototyping an
actual, open and general-purpose service framework: either
the metaphor has been applied to specific application sce-
narios [12, 4, 15] or its potential general adoption has been
only envisioned [6, 1].

Let us now come to the distinguishing characteristics of
each metaphor, a summary of which is in Figure 2.

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,
which act as the basic interaction means. In fact, all ac-
tivities of particles are driven by laws that determine how
particles should be influenced by the local gradients and
shape of some computational field (those whose description
“matches” some criterion). In particular, they can change
their status based on specific 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 by making them spread sort of data particles
to be routed according to the shape of fields). The space
in which such particles live and in which fields spread and
diffuse can be either a simple (euclidean) metric world, or it
could be a sort of relativistic world, in which shapes and dis-
tances in the environment are not “inherent” but are rather
shaped by fields themselves (as in gravitational space-time).

Chemical metaphors consider that the species of the
ecosystem are sorts of computational atoms/molecules,
with properties described by some sort of semantic descrip-
tions which are the computational counterpart of the de-
scription of the bonding properties of physical atoms and
molecules. Indeed, the laws that drive the overall behaviour
of the ecosystem are sort of chemical laws. They 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 can
lead to both the production of aggregates (e.g., of aggre-
gated distributed components) or of new components (e.g.,
of composite components). In this case, the space in which
components live is typically formed by a set of localities,
intended as the “solution” in which chemical reactions can
occur, altough of course it is intended that components can
flow/diffuse across localities to ensure globality of interac-
tions.

Biological metaphors typically focus on biological sys-
tems at the small scale, i.e., at the scale of individual or-
ganisms (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 (unintelligent)
animals, that act on the basis of very simple goal-oriented
behaviours (e.g., move and eat) and that are influenced in
their activities by the strength of specific chemical signals in
their surroundings to which they are sensitive to (i.e., with
which there is a match). Similarly to physical systems, in
fact, components are expected (depending on their status)
to be able to spread and diffuse (chemical) signals around,
that can then influence the behaviour of other components.
The laws of the ecosystem together with the shape of the
spatial computational landscape in which individuals live
determine how such signals should diffuse, and how they
could influence the behaviour and characteristics of compo-
nents.

Ecological metaphors focus on biological systems at the
level of animal species and of their interactions. The com-
ponents of the ecosystem are sort of goal-oriented animals
(i.e., agents) belonging to a specific species (i.e., agent
classes), that are in search of “food” resources to survive
and prosper (e.g., specific resources or other components
matching specific criteria). The laws of the ecosystem de-
termine how the resulting “web of food” should be realised,
that is, they determine 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. Similarly to chemical systems, the shape
of the space is typically organized around a set of locali-
ties, i.e., of ecological niches (think at a set of local per-
vasive computing environments), yet enabling interactions
and diffusion of species across niches.

4 Critical Analysis

As already stated in the introduction, a pervasive ser-
vice ecosystem should be able to exhibit features of self-
organization and self-adaptation (i.e., the capability of au-
tonomously and adaptively self-organize and self-adapt the
distributed spatial activities of the components) and self-
management (here mostly intended as the possibility of ex-



erting control and directing the behavior of the system form
within the system itself, a fundamental feature not to lose
control over the system and not to be forced to introduce
complex management solutions), and should tolerate evo-
lution and adaptation over time (i.e., should adaptively ac-
commodate new species, should survive the extinction of
species, and should be capable of accommodating very di-
verse and composite behaviour with the same limited set of
eco-laws). All of these features, of course, should be en-
forced without paying the price of dramatically increasing
the complexity of the ecosystem, i.e., the number and com-
plexity of eco-laws, and the structure of its components and
of the space in which they live.

The analysis of the extent to which the presented
metaphors can be able to accommodate (and how easily and
naturally) the above features is very complex, and would
require much more room than the few pages of this paper.
Nevertheless, we can try at least to draw some considera-
tions about this.

Physical metaphors have been extensively studied for
their spatial self-organization features, and in particular for
their capability of facilitating the achievement of coherent
behaviours even in large scale system (e.g., for load balanc-
ing and data distribution), and the conceptual tools avail-
able for controlling the spatial behaviour and the dynamics
of such systems are well-developed. However, the physical
metaphor seems to fall short in evolution and time adap-
tation, in that it hardly tolerates the presence of very di-
verse components with very diverse behaviours (at least if
we want to preserve the simplicity of the eco-laws).

Chemical metaphors, on the other hand, can effectively
lead to local self-organizing structures (e.g., local compos-
ite services) and, to a more limited extent, to some sorts
of global structures (e.g., networks of distributed homoge-
neous components, as in crystals). Real chemistry, and so
chemical computational metaphors, can accommodate an
incredible amount of different components and composites,
yet with the same set of simple basic laws. This is an impor-
tant pre-condition for facilitating evolution over time. As
far as self-management is concerned, one can think at using
sort of catalyst or reagent components to control the dynam-
ics and the behaviour of a chemical ecosystem.

Biological metaphors appear very flexible in enabling
the spatial formation of localised morphological and activ-
ity patterns, and this has been shown to have notable appli-
cations in a variety of applications to distributed systems.
However, the number of patterns that can be enforced by the
spread of chemical gradients and by the reactions of simple
individuals seems (as it is in physical metaphors) quite lim-
ited, and this does not match with the need for time evolu-
tion and adaption. Moreover, it is quite difficult to under-
stand how to properly control the overall behavior of such
systems (just think at the fact that, so far, the mechanisms

Figure 3. Key Elements for an Ecological Sys-
tem

of morphogenesis are not fully understood by scientists).
Ecological metaphors, the same as chemical ones,

promise 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 evolu-
tion over time (think at how biodiversity has increased over
the course of evolution, without ever mining the health exis-
tence of life in each and every place on earth). However, un-
like chemical systems, understanding how to properly con-
trol the local and global equilibria of real ecological system
is a difficult task, and it would probably be very difficult
also in their computational counterparts.

In summary, it is very difficult to assess once and for all
which of the metaphors is the best for next generation of
adaptive service ecosystems. Some exhibit suitable features
for certain aspects, but fall short for others.

Personally, and having already extensively studied in the
physical metaphor in the past [12], we are now very inter-
ested in studying both the chemical metaphor (see for a pre-
liminary study about [14]) and the ecological one (which is
the specific subject of the PhD studies of the first author,
and which is detailed in the next section), and in possibly
ending up with a sound new “hybrid” metaphor, getting the
best of the above.

5 Our Current Approach and Research
Agenda

As from Section 3, the development of a pervasive ser-
vice ecosystem inspired by the ecological metaphor should
conceive the individuals within as the life forms of an eco-
sphere, each of which having the trivial ego-centric goal
of surviving by finding the appropriate food and resources.
The eco-laws thus reduce to simply ruling the dynamics of
the food web (who eats who and when), and the spatial
structure of the system (typically structured around spatially
confined ecological niches) determines how life forms can
find and look for food.

In general, an ecological system can consider the pres-
ence of different classes of living forms (see Figure 3). Pas-



sive life forms (i.e., the flora system) do not actively look
for food, although their existence and survival must be sup-
ported by nutrients that have to be spread in space. Primary
consumers (i.e., herbivors) need to eat vegetables to survive
and prosper. Secondary consumers (i.e. carnivors) typically
need to eat other animals to survive, though this does not
exclude that can also act as primary consumers (eating ve-
gatables too). The result of the metabolization of food by
both primary and secondary consumers typically ends up in
feeding lower-level “digestors” life forms (e.g., bacteria),
densely spread in space, and that in their turn produce and
diffuse necessary resources and nutrients for the flora.

Let us now translate the above concepts in computational
terms. Passive life forms represent the data sources of the
ecosystem, which are not to be considered proactive com-
putational entities, i.e., they do not need to “do something”
to exist and be used. Primary consumers represent those
services that require to digest information to be of any use,
and yet are computationally autonomous (they do not re-
quire external computational functionalities). Secondary
consumers, instead, are those services that, to be of any
use, need the support of other services (whether primary or
secondary in their turn), other than possibly of information
sources. Digestors can be generally assimilated to all those
background computational services that are devote to mon-
itor the overall activities of the system, and either produce
new information about or influence the existing informa-
tion.

To better clarify, let us present a simple case study we
are currently in the process of developing.

Consider a scenario like a thematic park or an exhibi-
tion center, densely pervaded with digital screens where to
display information, movies, advertisements, or whatever.
We can consider each of these screens (i.e., the computa-
tional resources associated with each of them) as a spatially
confined ecological niche. Different classes of visitors will
watch these screens to look for different types of informa-
tion (intended as passive life forms). 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 them-
selves 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. Concurrently,
we can think at “advertising agents” that, acting on behalf
of some advertising company, roam from screen 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 there where they could be more
effective. Advertising agents would this act as secondary
consumers. Background monitoring agents, executing on
each ecological niche and possibly interacting with each
other, can contribute replicating and spreading information
there where it appears to be more appreciated, and can also

contribute in supporting the spatial roaming of advertiser
agents by directing them there where they could find more
satisfaction. Thus, they would act as digestors.

The feedback loop that derives from the above activities
can contribute the properly rule the overall dynamics of the
screen ecosystem, by continuously self-organizing and self-
adapting the way information flows in the system, as well as
the way advertising agents move, act, and coordinate with
each other. The possibility of exerting control over the dy-
namics of the system is ensured by the possibility of inject-
ing in the system new classes of “digestor agents” that can
radically influence the dynamics of information 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 agents want, or what 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 sys-
tem (e.g., as it can be the case of useful information and
of advertising agents that find appropriate users to which to
display their ads), or will simply disappear (as it can be the
case of useless information or of advertisements no users is
interested in).

We personally believe that, within the above simple con-
ceptual framework (mostly in line with that envisioned in
[1]), we will be able to identify a simple yet usable general-
purpose model for the design and development of specific
data/service/control components, and will be able to de-
velop a practical software framework for the execution of
a wide class of distributed spatial services for pervasive en-
vironment. To this end, we are currently in the process of:

• Trying to identify a proper semantic representation of
the needs and characteristics of each life forms (what
food one agent class needs, and what kinds of nutrient
it can represent to others);

• Define a simple agent-inspired computational model to
have the action of agents, as well as their propagation
and diffusion over space, driven by a simple set of “eat
to survive” eco-laws;

• Implement a simple “middleware” infrastructure to test
and put at work our ideas. Such middleware will typ-
ically rely on a spatially-structured network of nodes,
each of which acting as the basic ecological niche for
the local execution of components and their interac-
tions, and interacting with close niches to enforce spa-
tial diffusion and propagation of life forms;

• Put our ideas at work in a variety of application sce-
narios, to verify their generality and their extent of ap-
plicability;



• Evaluate how and to which extent to integrate and ex-
tend the sketched ecological approach with features
and characteristics inspired by other metaphors, if at
all needed.

6 Conclusions

In this paper, we have elaborated on the idea of getting
inspiration from natural ecosystem to model and develop
next generation pervasive service framework. That is, of
conceiving future pervasive service frameworks as a spa-
tial ecosystem in which services, data items, and resources
are all modeled as autonomous individuals that spatially
act and interact in accord to a simple set of well-defined
”laws of nature”. In this way, it is possible to deliver self-
organization, self-adaptation, self-management, and long-
lasting evolvability as inherent properties of the framework,
rather than as complicated ad-hoc solutions.

The road towards the actual deployment of usable and ef-
fective pervasive service ecosystems, however, still requires
answering to several challenging questions. Among the oth-
ers: what actual metaphor is the best to be adopted among
the possible ones? What should be the actual modeling
of individual and of eco-laws? What should be the actual
shape and properties of the space in which individual will
live and interact? And how can we practically implement
this? Finding at least some of these answers is the current
goal of our research work.
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