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Summary. In this paper, we first motivate the need for innovative open service frameworks
that ensure capability of self-adaptability and long-lasting evolvability (i.e., eternity). On this
basis, we discuss how such frameworks should get inspiration from natural ecosystems, by
enabling modelling and deployment of services as autonomous individuals in an ecosystem
of other services, data sources, and pervasive devices. A reference architecture is presented
to clarify the concepts expressed, and then several possible approaches to realise the idea are
surveyed and critically analyzed.

1 Motivations

In the near future, pervasive sensing and actuating devices will densely populate our
everyday environments, will be tightly integrated with current Telecom and Internet
networks, and will eventually contribute to blur the distinction between Telecom and
Internet networks [5, 9].

In this context of tight convergence and integration, a single innovative open
software platform will have to be provided to host and orchestrate in an integrated
and self-managing way the execution of general-purpose pervasive Telecom/Web
services and the organization of large masses of contextual data. Also, such an in-
frastructure should take into account the increasingly diverse and demanding needs
of users (which will also seamlessly act as consumers and producers of data and
services) [14], and must be able to flexibly tolerate evolutions over time without
requiring significant re-engineering to incorporate innovations and changing needs.

Recently, a great deal of research activity has been devoted to produce solutions
to match the emerging characteristics of future networks [7] and to solve problems
related to, e.g., increasing dependability, reducing management efforts via self-* fea-
tures, enforcing context-awareness and adaptability, tolerating evolution over time
and eventually ensure that the overall service framework (if not all services within)
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can be highly adaptive and very long-lasting, even in the absence of explicit man-
agement actions. Unfortunately, most of the solutions so far are proposed in terms of
“add-on”, one-of solutions to be integrated in existing frameworks. The result of this
process is often an increased complexity of current frameworks and the emergence
of contrasting trade-off between different solutions.

For instance, while the strict layering of network architectures and protocols
enables services to easily survive changes at the device and communication level,
it prevents information about the current execution context of services from freely
flowing in the network, limiting the adaptability of services. As another example, a
huge amount of research proposes application-level and self-organizing overlay net-
works as a mechanism to exchange information in several distributed and dynamic
scenarios. However, such overlays are typically conceived to serve specific classes
of application problems in specific network scenarios, and cannot tolerate adapta-
tions with regard to changes in their usage or in the characteristics of the underlying
network.

In our opinion, there is need for tackling all the above problems by reformulat-
ing their foundation, and by trying to answer the following question: Is it possible
to conceive a radically new way of modelling integrated network services and their
execution environments, such that the apparently diverse issues of enabling perva-
siveness, context-awareness, dependability, openness, diversity, flexible and robust
evolution, can all be uniformly addressed once and for all? In other words, in our
opinion, the way towards the realisation of eternally adaptive services is to tackle the
problem form the foundation, and start from a total deconstruction of current service
architectures and models. We should no longer see services as localised “loci” of data
and functionalities, whose activities are to be orchestrated and synchronised accord-
ing to specific patterns, with the support of middleware services such as discovery
services, routing services, data and context services, and where self-adaptability and
evolvability are enforced via the introduction of autonomic managers [11]. Rather,
we should start taking inspiration from natural systems [16, 8], where adaptability
and eternal evolvability are there because of the basic “rules of the game”.

No matter whether one thinks at physical systems, at chemical systems, at bio-
logical systems, as well as at general ecological systems. In all these systems, you
can always recognise the following characteristics: Above a common environmental
substrate (defining the basic “laws of nature” and the ground on which individuals
can live), individuals of different kinds (or species) interact, compete, and combine
with each other (in respect of the basic laws of nature), so as to serve their own indi-
vidual needs as well as the sustainability and the evolvability of the overall system.

Although such considerations apply whether you think at a physical system, at
chemical systems, or at biological system, let us try to better elaborate the idea by
referring at biological evolution and at the dynamics of life on earth. Life is, to most
extents (i.e., apart from planetary catastrophes) sort of eternal and eternally adaptive:
mechanisms, protocols, and the basic “infrastructure” of life do not change and have
never changed since its first appearance. Simply, new individuals get on appearing,
finding their own way in the overall system, and possibly leading to the emergence
of new reactions and new combinations of elements, in the end possibly leading to
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the emergence of new life forms and new ecological dynamics. The chemistry of life
is eternal, the forms under which it manifests depends on the specific characteristics
of the environment, and the specific contingencies occurring in the environment, and
on the specific species that populate the environment. Also, very important, it is not
individuals that evolve, but the ecosystem as a whole.

This is the sort of endeavour that we think one should assume towards the re-
alisation of “Eternally adaptive service ecosystems”: conceiving services and data
components as individuals in an open ecosystem in which they interact accordingly
to a limited set of “eco-laws” to serve their own individual purposes in respect of such
laws, and where self-adaptation and eternity are inherent, endogenous properties of
the ecosystem rather than peculiar characteristics of its individuals [10].

Against this background, the remainder of this paper (i) tries to sketch a general
reference architecture for nature-inspired service ecosystems and (ii) surveys and
shortly analyses the possible metaphors that can be adopted for such ecosystems,
and that can lead to different realisation of the reference architecture.

2 A Reference Architecture for Eternally Adaptive Service
Ecosystems

Independently of the specific approach adopted, a uniform reference architecture
can be adopted for open service ecosystems. A pictorial representation of such an
architecture is reported in Figure 1.

At the very low level, the physical ground on which the ecosystem will be de-
ployed is laid, which is a very dense network (ideally, a pervasive continuum) of
networked computing devices and information sources. The former includes all the
devices that are going to increasingly pervade all our everyday environments (e.g.,
PDAs, smart phones, sensors, tags), all interconnected with each other. The latter
includes the increasing amount of Web data sources that already (and increasingly)
collect knowledge, facts and events about nearly every aspect of the world.

At the top 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 lower and the top levels of the architecture openness stands:
on the one hand, new devices can join/leave the system at any time; on the other hand,
new users can interact with the framework and can deploy new services and data
items on it. Between these two levels, the components of the ecosystem reference
architecture stand.

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 tempo-
rary knowledge/data, contextual information, events and information requests, and of
course software service components, are all provided with a uniform abstract view
of being the“living entities” of the system, which we refer to as ecosystem individ-
uals, and which populate the world. Although such individuals are expected to be
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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 a bootstrap phase, an ecosystem is expected to be filled with a set of individuals
physically deployed in the environment (physical and network resources, contextual
information, initialization data and services, and so on). From then on, the ecosystem
eternally lives, with the population of individuals evolving in different ways: (i) the
initial set of individuals is subject to changes (to tackle the physical system’s mobil-
ity, faults, and evolution); (ii) service developers and producers inject in the system
new individuals (developers insert new services and virtual devices, prosumers in-
sert data and knowledge); and (iii) consumers keep observing the environment for
certain individuals (inject information requests and look for certain data, knowledge,
and events).

Below the level of species there is the individuals “world” level, which provides
the virtual fabric that supports individuals, their activities and interactions, as well
as their insertion and evolution. This overall ecological behaviour is to be enacted
by a middleware substrate, a software infrastructure deployed on top of the physi-
cal deployment context (i.e., on top of the pervasive continuum), which is in charge
of handling insertion and observation of individuals, their persistence and accessi-
bility, as well as their interaction. Moreover, it should deal with the mobility and
dynamism of the underlying context, properly turning it into the creation, destruc-
tion and change of individuals representing physical and network resources. More
in general. the world level define the “shape” and the characteristics of the world in
which individuals live.

The way in which individuals interact, compose with others, aggregate so as to
form or spawn new individuals, and decay (ultimately winning or losing the natural
selection process intrinsic in the ecosystem) is determined by the set of fundamen-
tal “laws” regulating the eternal service ecosystems model. Starting from the unified
description of living entities—the information/service/structure they provide—and
from proper matching criteria, such laws basically specify the likelihood of certain
spontaneous evolutions of individuals or groups of individuals. Typical evolution
patterns driven by such laws are the following: temporary data and services decay
as long as they are not exploited until disappearing, and dually, they get reinforced
when exploited; data, data requests, and data retrieving services might altogether
match, hence spawning “data-found” events; new services can be created by aggre-
gating existing services whose description strongly matches; an existing service can
be upgraded—or corrected when faulty—by injecting a service patch that will auto-
matically compose to it; and so on. A key consequence of the fact that all components
are seamlessly seen as individuals is that ecological laws abstract away from the pe-
culiarities of the above cases, uniformly dealing with the concepts of individuals’
match-based grouping and evolution: laws of the ecology are the only part of the
ecosystem that do not evolve—as happens in natural ecologies. Accordingly, ser-
vices and applications built with this paradigm will never be stopped or shutdown,
but simply debugged, maintained, sustained, or sacrificed by an on-the-fly evolution
based on laws behaviour and on the insertion of new individuals—e.g., acting like
cures, diseases, feeding resources or viruses.
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Fig. 1. Service Ecosystems Architecture

3 Survey and Analysis of Possible Approaches

The key difference in the possible approaches that can be undertaken towards the
realisation of eco-inspired service frameworks (as from the described reference ar-
chitecture) stands in the metaphor adopted to model the ecosystem, its individuals,
and its laws. In particular—without excluding the existence of other useful natural
metaphors or the possibility of conceiving interesting non-natural metaphors—the
main metaphors that can be adopted and have been suggested are: physical metaphors
[6, 12], chemical metaphors [3], biological metaphors [2, 4, 15], together with the
properly called ecological metaphors [1, 13].

A summary of the characteristics of each of these metaphors is in Figure 2.
We emphasise in any case that, so far, none of these metaphors has been actually
adopted to extensively study and prototype an actual, open and general-purpose ser-
vice framework: either the metaphor has been applied to specific application scenar-
ios [12, 4, 15] or its potential general adoption has been only envisioned [6, 1].

3.1 Metaphors

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 compu-
tational particles, living in a world of other particles and virtual computational fields,
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which act as the basic interaction means. In fact, all activities of particles are driven
by laws that determine how particles should be influenced by the local gradients and
shape of the computational field: they 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 by making
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, or it could be a sort of relativistic world, in which
shapes and distances 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 com-
putational atoms/molecules, with properties described by some sort of semantic de-
scriptions which are the computational counterpart of the description 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, that dictates how chemical re-
actions 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 both the production of aggregates (e.g., of aggregated distributed components) or
of new components (e.g., of composite components). In this case, the world 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 compo-
nents can flow/diffuse across localities to ensure globality of interactions.

Biological metaphors typically focusses 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 sim-
ple 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 activ-
ities by the strength of chemical signals in their surroundings. 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 determines how such signals should
diffuse, and how they could influence the behaviour and characteristics of compo-
nents. The world in which components live is typically a virtual computational land-
scape that can influence the way signals diffuse and the way components can move
over it.

Ecological metaphors focusses on biological systems at the level of animal
species and of their interactions. The components 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). The laws of the ecosystem determine how the resulting “web
of food” should be realised, 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. Similarly to chemical systems, the shape of
the world is typically organized around a set of localities, i.e., of ecological niches
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Fig. 2. Metaphors for Service Ecosystems

(think at a set of local pervasive computing environments), yet enabling interactions
and diffusion of species across niches.

3.2 Space, Time, and Control

The analysis of which metaphor to adopt cannot abstract from the fundamental ques-
tion of: what do we want to achieve with it? What features do we want our ecosystem
to express?

In general terms, as already stated in the introduction, we think that the ecosys-
tem should be able to exhibit features of self-adaptation and eternity. Such features,
from a very practical viewpoint, translate in: (i) the capability of the ecosystem of au-
tonomously self-organize the distributed (i.e., spatial) activities of the components,
so as to autonomously adapt the overall structure and behaviour of the system to
specific contingencies; (ii) the capability of the ecosystem of tolerating changes over
time, which includes the capabilities of adaptively accommodating new species or of
surviving the extinction of species, as well as the capability of accommodating very
diverse and composite behaviour with the same limited set of eco-laws. In addition,
since we should never forget that the service ecosystem is here to serve us, we can-
not forget an additional important feature, that is, (iii) the need allow humans (e.g.,
system administrator and users) to exert control over the behaviour of the ecosystem
(or of some of its parts), i.e., of directing its activities and behaviour over space and
time. All of these features, of course, should be enforced 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 world in which
they live).
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The analysis of the extent to which the presented metaphors are able to accommo-
date (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 considerations about this, as summarised in Figure 3

Physical metaphors have been extensively studied for their spatial self-organization
features, and in particular for their capability of facilitating the achievement of co-
herent behaviours even in large scale system (e.g., for load balancing and data distri-
bution), and the conceptual tools available 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 adaptation, in that it hardly tolerates the
presence of very diverse 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 composite services) and, to a more limited extent, to some sorts
of global structures (e.g., networks of distributed homogeneous components, as in
crystals). Real chemistry, and so chemical computational metaphors, can accommo-
date an incredible amount of different components and composites, yet with the same
set of simple basic laws. This is an important pre-condition for facilitating evolution
over time. As far as control is concerned, one can think at using sort of catalyst or
reagent components to control the dynamics and the behaviour of a chemical ecosys-
tem.

Biological metaphors appears very flexible in enabling the spatial formation of
localised morphological and activity patterns, and this has been shown to have no-
table applications 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 seem (as it is in physical metaphors) quite limited,
and this does not match with the need for time evolution and adaption. Moreover, it
is quite difficult to understand how to properly control the overall behaviour of such
systems (just think at the fact that, so far, the mechanisms of morphogenesis are not
fully understood by scientists).

Ecological metaphors, the same as chemical ones, 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 ever mining the
health existence of life in each and every place on earth). However, unlike chemical
systems, understanding how to properly control 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, we have a preference
for using the chemical abstraction as a basis—which seems to be the most flexi-
ble one—possibly extending it with features of other metaphors: hence the correct
answer is probably in some new “hybrid” metaphor, getting the best of all the above.
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Fig. 3. Advantages and Limitations of the Different Metaphors

4 Concluding Remarks

The peculiar characteristics of emerging and future network scenarios challenge cur-
rent service frameworks, calling for novel service models and associated open service
frameworks capable of exhibiting properties of autonomous adaptation and long-
lasting (ideally eternal) availability and effectiveness.

In this paper, we have tried to elaborate on the idea of getting inspiration from
natural ecosystem, i.e., of conceiving future service frameworks as an ecology of
data, services and resources. There, services are modeled and deployed as au-
tonomous individuals in an ecosystem of other services, data sources, and perva-
sive devices, and their interactions takes place in the form of a natural obedience to
a simple set of well-defined ”laws of nature”. In this way, it is possible to deliver
adaptivity and eternity as inherent properties of the service framework, rather than
as complicated ad-hoc solutions.

Despite the promises of the ecological approach, though, the road towards the
actual deployment of usable and effective ”eco-inspired” open service frameworks
still requires answering to several challenging questions. What metaphor, among the
many possible ones (e.g., biological, physical, chemical) should be better adopted
for modeling a suitable service framework? How should we model and represent
individuals, the space in which they live, and the laws of nature to which they are
subject? How can such individuals and the laws of nature lead to suitable, useful,
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and controllable forms of spatial self-organization? How can their dynamics be con-
trolled to ensure eternal evolvability in an open setting? What shape should be taken
by an actual software infrastructure that supports the ecosystem? All of these, and
many further questions we may have missed identifying, open up fascinating areas
of research.
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