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Abstract— We introduce the concept of Ecology of Physically
Embedded Intelligent Systems, or P EIS-Ecology. This is a network
of heterogeneous robotic devices (P EIS) pervasively embedded in
the environment. A P EIS can be as simple as a toaster and as
complex as a humanoid robot. P EIS can exchange information at
different levels of abstraction, and share both physical and virtual
functionalities to perform complex tasks. By putting together
insights from the fields of autonomous robotics and of ambient
intelligence, the P EIS-Ecology approach explores a new road to
building assistive, personal, and service robots. In this paper, we
discuss this concept, describe a first realization of it, and show
an implemented use-case scenario.

I. I NTRODUCTION
Johanna is 76 years old and she lives in a small
house. Soon before she wakes up, her refrigerator
realizes that the milk is smelling bad. It notifies the
robotic trash-can, which comes and collects the old
bottle. It also sends a request for a new bottle to the
local store, so when Johanna’s autonomous trolley
goes there to fetch the daily newspaper it will also
get the milk. When Johanna gets out of bed, her
motion is detected and the coffee machine starts to
brew coffee. Johanna then sits at the table, and is
greeted by her pet robot who also reminds her of the
incoming visit of her son.
Like many similar stories, this vignette depicts a future
scenario in which robotic technologies are pervasively present
in our everyday environments, coexisting with humans and
helping us to achieve better quality of life, safety, and autonomy. This scenario is in line with the current projections on
the population aging, and the corresponding need to develop
new assistive technologies to cope with the increasing proportion of older people. The scenario is also in line with the
current market forecasts, which indicate that service, personal
and entertainment robots will constitute a large market in
the next 10 years [1]. This scenario, however, is not in
line with our current ability to develop robots which are
so flexible, competent, and safe, to take on the envisaged
assistive role. Despite the impressive progress in the fields
of artificial intelligence and autonomous robotics, problems
like reliable vision, safe motion and dexterous manipulation
in unconstrained environments are still unsolved, and make
the above scenario far from reality.

In this paper, we explore a new road toward the inclusion of
robotic technologies in everyday environments. Most classical
approaches to service robotics envision a stand-alone robot
empowered with extraordinary abilities to perceive the environment, understand it, and to act upon it (e.g., [2], [3]). By
contrast, we assume a “smart” environment, which contains
sensors, actuators and active tagged objects, and which collaborates with the robot by providing it the needed information
or by performing actions on its behalf. As an example, the
thrash-can robot in our vignette would not need to use its
sensors to detect the shape and weight of the milk bottle in
order to grasp it — a task which has proved elusive in decades
of robotic research [4]. Instead, the bottle itself, enriched with
an IC-tag, can hold this information and communicate it to
the robot. By a similar argument, the robot would not need
to possess advanced mobile manipulation capabilities to open
the refrigerator door: it can simply ask the refrigerator to open
its door.
The idea of integrating robots and smart environments
is starting to pop up at several places, including strategic
documents and white papers (e.g., [5], [6]). To the best of our
knowledge, there are only two concrete major efforts today
that try to put this vision into practice: one is the Japanese
Network Robot Forum (NRF) [7], and the other one is the
Korean Ubiquitous Robot Companion program (URC). The
approach proposed in this paper is part of the latter effort.
Our approach to integrating robots into everyday environments is based on the notion of an ecology of physically
embedded intelligent systems, or P EIS-Ecology. The goal of
this paper is two-fold. First, to define this notion in a more
precise way. Second, to provide a preliminary validation of the
following hypothesis: the P EIS-Ecology approach can be used
to by-pass many of the hard problems of autonomous robotics,
and hence it allows us to introduce robotic technologies in
domains which are beyond the reach of current techniques.
We shall validate this hypothesis constructively, by building
a demonstration system able to perform tasks similar to the
ones in the vignette above.
In the next two sections, we present the concept of a
P EIS-Ecology and discuss how it can be implemented. We
then proceed to describe our demonstration system, going
through an example of its operation. Finally, we summarize
the achievements, discuss the outlook, and conclude.
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Fig. 1.

An example of cooperation in a simple P EIS -Ecology.

II. T HE C ONCEPT

OF

P EIS -E COLOGY

A. Ingredients
The concept of P EIS-Ecology builds upon the following
ingredients.
First, any robot in the environment is abstracted by the
uniform notion of P EIS: any device incorporating some computational and communication resource and possibly able to
interact with the environment through sensors and/or actuators.
A P EIS can be as simple as a toaster and as complex as a
humanoid robot. In general, we define a P EIS to be a set of
inter-connected software components residing in one physical
entity. Each component may include links to sensors and
actuators that connect it to the physical environment, as well
as input and output ports that connect it to other components
in the same P EIS or in other P EIS.
Second, all P EIS are connected by a uniform communication
model, which allows the exchange of information among the
individual P EIS, and can cope with their dynamically joining
and leaving the ecology. This model hides the heterogeneity
across different P EIS, and across different physical communication media.
Third, all P EIS can cooperate by a uniform cooperation
model, based on the notion of linking functional components:
each participating P EIS can use functionalities from other P EIS
in the ecology in order to compensate or to complement its
own. The power of a P EIS-Ecology does not reside so much
in the power of the individual P EIS in it, but rather it emerges
from their ability to interact and cooperate.
We define a P EIS-Ecology to be a collection of interconnected P EIS, all embedded in the same physical environment. We call configuration the set of connections between
components within and across the P EIS in the ecology. Note
that the same ecology can be configured in many different
ways depending on the current context. Relevant contextual
aspects here include the current goals, situation, and resources.
B. Example
As an illustration of these concepts, consider a simple
autonomous vacuum cleaning robot. This can be seen as
a P EIS, which includes simple functionalities for reactive
navigation and obstacle detection. By itself, this robot cannot
devise and execute complex cleaning strategies because its
perceptual abilities are too simple to reliably estimate its own

Fig. 2.

Functional view of above simple P EIS -Ecology.

position in the home. Suppose, however, that the home is
equipped with an ambient monitoring system using a set of
cameras, which in addition to its other functions is able to
estimate the position of the vacuum cleaner. Then, we can
combine the monitoring system and the vacuum cleaner into a
simple P EIS-Ecology, in which the former provides the latter
with a global localization functionality. The vacuum cleaner
can use this functionality to realize a smarter cleaning strategy.
See Figure 1.
Suppose next that the vacuum cleaner finds an unexpected
parcel on the floor. The cleaner needs to know its properties
(e.g., weight and fragility) in order to decide whether it can
push it away or not. These properties can hardly be estimated
using the robot’s sensors. However, if the parcel is equipped
with an IC tag holding information about its content, then it
can be seen as a P EIS, which can join the ecology and deliver
this information directly to the robot.
Figure 2 shows a different view of the above situation,
which emphasizes the connections between functionalities
through a shared communication infrastructure. The example
presented in section IV below shows how a similar scenario is
realized by means of our actual implementation of the concepts
and mechanisms above.
C. Benefits
A P EIS-Ecology redefines the very notion of a robot to encompass the entire environment: a P EIS-Ecology may be seen
as a “cognitive robotic environment”, in which perception,
actuation, memory, and processing are pervasively distributed
in the environment. The complex functionalities of this environment are not determined in a centralized way, but they
emerge from the co-operation of many simpler, specialized,
ubiquitous P EIS devices. The number and capabilities of these
devices do not need to be known a priori: new P EIS can join
or leave the ecology at any moment, and their existence should
be automatically detected by the other P EIS.
In addition to simplifying many problems that are difficult
to address using a traditional approach, this decentralized
approach has a number of pragmatical benefits. In particular, it allows incremental and piece-wise development and
deployment of components. From the point of view of the
end user, this means to be able to buy robotic components
as needed, e.g., starting with just a simple robotic vacuum
cleaner and ending with a completely robotized intelligent

home. (Compare this with the alternative to buy a hypothetical
all-migh
 ty robotic assistant at once.) From the point of view of
the producers, it is probably easier to invest in the production
of (and to create a market for) familiar components with a
well defined purpose and functionality.
The P EIS-Ecology approach also recognizes the fact that our
environments are increasingly populated by embedded devices
and tagged objects. For instance, Wal-Mat already requires
that all commercial goods are equipped with an RFID tag.
These tags can carry a large amount of information about
the objects in the environment. In future, they may also be
writable or they may be able to transmit some sensor-based
information. We claim that a robot should exploit the richness
of this environment rather than operate in isolation from it.
III. I MPLEMENTATION OF A P EIS -E COLOGY
In this section we discuss a reference architecture for a
generic P EIS-Ecology, in terms of its building blocks (components), the mechanisms to connect (configure) them, and the
basic communication structure. We also describe a suite of
implemented components that we use in our experiments.
A. P EIS-components
The basic building blocks of a P EIS-Ecology are the
P EIS-components: the set of available software components
implementing robotic algorithms (control, image processing,
planning, etc.). In other words, P EIS-components implement
all the functionalities which are incorporated into the P EIS
that participate in the ecology. Each P EIS-component can be
conveniently seen as a logical process.
A P EIS-component can also have sensors and actuators to
interface with the environment, and input and output ports
for providing its functionalities to other P EIS-components.
Allowing P EIS to use functionalities provided by components
in other P EIS is the basis for cooperation in a P EIS-Ecology.
B. The communication model
In order to allow interaction between components, we need
a communication mechanism which allows the seamless communication between any two P EIS in the ecology, regardless
of their having a direct or indirect physical communication
channel. This communication mechanism should be compliant
with the dynamic nature of the ecology and should preferably
have no dependencies on any centralized point needed to
bootstrap the environment. In our implementation we have
opted for a distributed communication model based on tuplespace together with an event mechanism. Hybrid approaches
combining tuple-spaces and event-driven systems are increasingly used both in ambient intelligence systems [8], [9], in
sensor networks [10], [11], and in autonomous robots [12].
To allow a more efficient and simple implementation of the
distributed tuple space, tuples are restricted to be of the form:
<peisID, compID, key, val0, ..., valN>

where peisID and compID are uniquely assigned to every
P EIS and every component inside it, and key is the tuple

key. This convention simplifies the resolution of conflicts for
multiple producers of the same key.
The tuple-space is endowed with the usual insert and
read operations [13]. In addition, we define event-based
primitives subscribe and unsubscribe, by which a P EIS
can signal its interest in a given key. When an insert operation
is performed, all subscribers are notified. Management of
subscription and notifications is done by the middle-ware, in
a way which is transparent to the P EIS.
C. P EIS-Ecology configurability
A P EIS-Ecology must be able to adapt when the situation
changes or when a P EIS enters or leaves the ecology. To enable
this, it is important that the descriptions of the configuration
of the P EIS-Ecology and those of its constituent components
are accessible. In our framework, the connections between the
different components as well as descriptions of the components’ functionalities are accessible in the same standardized
way as the functionalities themselves, that is, they are stored
as tuples in the distributed tuple-space. This idea is inspired
by recent developments of the semantic web initiative [14],
and allows the use of components whose responsibility is to
coordinate the functionalities of other components, using AI
techniques for creating new configurations [15].
D. The P EIS-kernel
The communication model has been implemented in a runtime library called the P EIS-kernel which acts as a middleware for all components (i.e., processes) in the ecology.
This library implements an ad-hoc P2P network using any
available communication links between participating P EIS.
This network is instrumental in maintaining the decentralized and distributed tuple-space, and in providing the needed
event-driven communication mechanism. By implementing the
middle-ware as a lightweight portable library which handles
all aspects of the physical communication between units —
including the routing of information between P EIS lacking
direct communication links — we have obtained a flexible
platform in which any P EIS-Ecology can be implemented.
The P EIS-kernel handles all communication issues by automatically discovering other running instances of itself on the
local networks, by handling arbitrary types of networks, and
by providing independence from the network type (TCP/IP,
serial links, etc.).
By using the distributed tuple-space implementation provided by the P EIS-kernel, the P EIS-components can detect the
presence of other components and lend functionalities to each
other. For instance, if a P EIS-component requires access to a
specific functionality it simply looks for a tuple announcing
that functionality in any P EIS: if the tuple is found in a given
P EIS, then the corresponding P EIS-id is used to exchange data
tuples with that functionality.
In practice, the P EIS-kernel has been implemented using
a layered approach for design simplicity. This allows, for
instance, to separate the lower level communication (Ethernet,
serial links) from the management of the P2P network and
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get/set tuple, subscribe/unsubscribe
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Communication layer

TCP, UDP, serial links, ...
network discovery, ...

Fig. 3.

Layers and responsibilities of the P EIS -kernel

from the details of managing the distributed tuple-space. Some
of the layers and services inside the P EIS-kernel are shown in
Fig.3. An alternative version of the P EIS-kernel using an offthe-shelf framework (Java Spaces) has been described in [16].
E. A suite of P EIS-components
Besides the implementation of the P EIS-kernel library we
have converted a number of existing software modules for
robotic and image processing tasks into P EIS-components and
we have developed new modules customized for the ecology.
The conversion of existing programs typically involves writing
a P EIS-kernel compliant wrapper around any existing interface
to the modules and/or inserting appropriate calls to the P EISkernel from within the programs themselves. In order to deal
with failures in communication or other components, these
components typically have fall-backs that either ensure ending
in a safe state (e.g., stop moving) or perform the original
functionality to a reduced degree (e.g., use odometry instead
of the camera based localization system). Below we describe
some of the P EIS-components that we have developed.
a) The Thinking Cap component: This is an implementation of a fuzzy-logic behavior-based architecture for
autonomous robot control [17]. It provides advanced navigational functionalities and responds to tuples in the distributed
tuple-space representing goal states that should be achieved.
The success of the navigation operations and other status
information is continuously published to the tuple space. In
order to drive the robot the Thinking Cap exports velocity
and steering set-point tuples to the tuple-space.
b) The Player component: This is a P EIS-wrapped instance of the player program [18], which provides an interface
between the robot’s sensors and actuators and the tuplespace. It issues sensor readings from the robot to other P EIScomponents and uses velocity set-points gathered from the
tuple-space to steer the actuators of the robot.
c) The Deliberation component: This is a high level
deliberation software capable of performing execution monitoring and action planning using a conditional planner called
PTLplan [19]. This deliberation component also provides configuration planning for deciding which functionalities should
be used by the different P EIS-components [15].
d) The Camera component: A simple component which
provides an interface to a camera. A camera component
make the camera’s functionalities available to other P EIScomponents by publishing compressed camera images to the
tuple-space. Thanks to the subscription mechanism of the

tuple-space these components consume no bandwidth unless
the image data is needed by other P EIS-components.
e) The Object Recognition component: This provides
simple image processing routines to identify a number of
predefined object types in the grabbed images.
f) The Localization component: Another image processing component, based on [20], which uses the images coming
from the ceiling mounted cameras. It provides localization
tuples to any color-marked P EIS located within the cameras’
field of view.
IV. A N I LLUSTRATIVE E XAMPLE
In order to validate the main hypothesis stated in the Introduction we have tested our framework on some simplified versions
of the scenario that introduces this paper. In the experiment
reported here, our mobile robot Pippi has to perform the task
to go and wake up Johanna, but on its path it encounters an
unexpected obstacle. It deals with the self-localization problem
and with the problem of determining the nature of the parcel by
co-operating with other P EIS in the environment, as illustrated
in Figures 1 and 2 above.
In this section, we first describe our test-bed environment,
then we list the P EIS which are actors in our scenario,
and finally we provide an account of the actual executed
experiment.
A. The P EIS-Home
To give our ecology a natural working environment we have
built the P EIS-Home as a test-bed in which we can check
P EIS-Ecology in various configurations. The P EIS-Home is an
experimental environment that looks like a typical bachelor
apartment of about   . It consists of a living room, a
bedroom, and a small kitchen. The walls have been constructed
to be  high, so that the observers can get a bird’s eye
view of the entire apartment. The ceiling has been lowered
to standard height of   : the space above the ceiling is
used for cables, computing equipment, and wireless access
points. Four web-cameras have been mounted on the ceiling
such that they cover the living room and the kitchen, but not
the bedroom, which is considered a private space.
Beside the main apartment there is an “observation deck”,
a small elevated area from which the experimenters and the
visitors can observe and control the behavior of the full P EISEcology. Fig. 4 shows some views of the P EIS-Home.
B. P EIS-Ecology Participants
The P EIS-Ecology implemented for this experiment consists
of four P EIS:
 Pippi: a Magellan Pro robot equipped with odometry,
sonars and a camera. It features a conventional PC on
which a number of P EIS-components can be run.
 Emil: a Magellan Pro robot similar to Pippi with some
minor differences in the sensors.
 The Home Monitor: a tracking and monitoring system
consisting in a computer connected to the four web
cameras mounted on the ceiling;

Fig. 4. Some views of the P EIS -Home. From left to right, top to bottom:
The living room, the kitchen, the ceiling web-cameras, the observation deck.

 The Parcel: a box containing a small computer running
a single P EIS-component that provides static information
about the parcel and its content.
The P EIS-components run on these P EIS are shown in
Figure 5. Pippi is running a Thinking Cap, a Player, a Camera,
and an Object Recognition components. Emil runs an instance
of the Deliberation component. The Home Monitor runs an
instance of the Localization component together with four
instances (one per camera) of the camera component. On all
the P EIS an instance of the P EIS-kernel is installed, as a library
to which all the P EIS-components can link. All the tuples
issued by all components are always entered into the tuplespace through calls to the P EIS-kernel.
C. The P EIS-Ecology in Action
The scenario of this experiment is as follows. The deliberation component running on Emil receives the high-level goal
to wake up Johanna. Emil decides 1 to delegate the execution
of this task to Pippi, and generates a plan for Pippi. The plan
consists of three actions:
((at me bed) (wake-up) (at me sofa)),

where (at me X) denotes the goal to navigate to X. The
deliberation module starts by configuring the different components in the P EIS-Ecology to connect in the way shown in
Fig. 5. To do so, the deliberation module provides each P EIScomponent with the compId’s of the other P EIS-components,
whose tuples it should use. Each component then individually
subscribes to those tuples. By means of subscription each
P EIS-component will automatically find in its local tuple-space
the copies of the tuples that it needs to perform its individual
task.
1 The reasons why Emil receives this goal, and why it decides to delegate
execution to Pippi, are outside the scope of this experiment.

Fig. 5. Configuration of the P EIS-ecology in our example. For simplicity,
most of the P EIS -components not relevant to the example have been omitted.

After this configuration phase, the deliberation module
enters the first ActionRequest tuple into the tuple-space.
The Thinking Cap on Pippi reads this tuple from its local
tuple-space and reacts by attempting to move the robot to the
bedroom with the help of the Position tuples provided by
the ceiling localization system.
When Pippi reaches the entrance to the bedroom, it detects
an obstacle in the middle of the doorway both through its
sonars and through its object recognition system. As soon as
the obstacle is detected, the information about the presence of
an obstructing item, called Obj1, is entered into the local perceptual space of the Thinking Cap together with its perceptual
properties, e.g., box-shaped, color, size. At the same time, a
failure to achieve the goal is published to the tuple-space as
an ActionResult tuple, along with the information that the
plan failed because of an object blocking the only doorway.
As soon as the deliberation module receives the failure
notification, it performs a recovery planning and comes up
with the conditional plan that the blocking object should be
pushed, if it can be pushed, or that the global goal will fail
unless the object can be pushed. 2 The recovery plan looks as
follows:
((ask-pushable Obj1)
(cond ((is-pushable Obj1 = True)
(push Obj1) (at me bed)
(wakeup) (at me sofa))
((is-pushable Obj1 = False)
Fail)))

As before, this plan starts by issuing the first ActionRequest into the tuple-space. The interesting difference here
2 See

[19] for more on the ability of PTLplan to generate this sort of plans.

D. More experiments

1. Emil sends commands to Pippi

2. Pippi is blocked entering the bedroom

We have used the P EIS-Ecology framework and test-bed
to run several more experiments of various kinds. One such
experiment, reported in a companion paper [22], uses a P EISEcology approach to provide a viable solution to the problem
of mobile olfaction. In that experiment, a network of simple
gas sensors are combined with a mobile robot equipped
with a sophisticated electronic nose to monitor and classify
suspicious odours in the environment. The main result of the
experiment is that the concept of P EIS-Ecology can be used
to address some of the difficulties of mobile olfaction.
Other experiments and videos can be found in the P EISEcology homepage www.aass.oru.se/˜peis/.
V. D ISCUSSION

3. Pippi pushes the box away

Fig. 6.

4. Task completed

Four snapshots taken during an actual run.

is the conditional aspect of the plan which is realized by the
outcome of the ask-pushable observation action, which
results in the predicate is-pushable to become either true
or false. When this observation action is executed by the
Thinking Cap, since the local perceptual information is not
enough to answer whether or not the objects can be pushed,
a look in the tuple-space for this object is made.
In order to accomplish this, the association between the
object Obj1 and the corresponding P EIS-component has to
be performed. This is done by querying the tuple-space for all
PhysicalRepresentation tuples of P EIS and attempting to match these to perceived properties of the object Obj1.
The matching operation succeeds for the parcel P EIS, thus
giving us the necessary association. This is similar to what
is called perceptual anchoring [21], but with the difference
that in our case we anchor the perceptual representation of an
object with its representation into the virtual world.
After performing this action the Thinking Cap answers the
deliberation module with a success ActionResult tuple,
and also provides the corresponding can-push Property
tuple for object Obj1, as received by the parcel P EIS. The
execution of the rest of the actions proceeds one after the other
as planned, and the robot successfully enters the bedroom.
When Pippi enters the bedroom, she exits the field of view
of the cameras, and she reverts to using the (less reliable) selflocation information from its internal odometry. Odometry localization is used during all the navigation inside the bedroom.
As soon as Pippi exits the bedroom, the Position tuples of
the outer localization system can be used once again. When
Pippi finally reaches her home position, she notifies Emil about
the success of the last action and the task is completed.
Fig. 6 shows four snapshots taken during an actual execution
of this scenario.

AND

C ONCLUSIONS

The basic idea of the P EIS-Ecology approach is to see the
robot(s) and the environment as parts of the same system. In
this system, functionalities can be allocated both to devices in
the robot or to devices in the (smart) environment, whichever
is most adequate. This concept was first proposed in [23].
Our experiments indicate that this approach allows simple
robots to perform relatively complex tasks. For example, in
the presented scenario, a single state-of-the-art autonomous
servant would have to deal with the difficulties of identifying
some non-evident object features, like weight and fragility of
the parcel. In the P EIS-Ecology, the parcel is the smart device
which can best identify itself, so all the others have just to ask
it about its features. In a similar way, the localization problems
can be handled by the ceiling cameras, instead of being solved
by the (possibly sensor-poor) mobile robot. We can therefore
claim, informally, that our experiments validate the hypothesis
made in the Introduction.
The development of a P EIS-Ecology relies on the integration
of several technologies: robotic technology, taken out from the
current robotic systems and used inside specialized devices;
artificial intelligence technology, to provide the needed capabilities of adaptability, self-configuration, and task orientation;
and ubiquitous computing technology, to provide the needed
standardized mechanisms for communication and cooperation.
P EIS-Ecology, then, can be seen as a new research area at the
intersection of the above three fields — see Fig. 7.
Although there is much work done in the pairwise integration of these fields, these do not extend to cover the
full problem addressed by P EIS-Ecology. For example, the
idea of networking everyday objects and appliances in the
environment has been actively pursued in the field of Ambient
Intelligence [24]. However, emphasis has usually been on the
creation and delivery of information: the P EIS-Ecology approach extends the work in ambient intelligence by considering
the performance of full physical tasks. In a similar way, P EISEcologies extend the work on sensor networks by adding
the dimensions of intelligence and cognition [25]. Finally,
the P EIS-Ecology approach extends the work on autonomous
robotics by adding the dimension of pervasiveness. This approach redefines the very notion of a robot to holistically
encompass the entire environment. In a P EIS-Ecology, the
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Fig. 7.

The study of P EIS-Ecology lays at the intersection of several fields.

robot would disappear in the environment in the same way
as computers should disappear according to the well known
vision of ubiquitous computing [26].
The most evident difficulty when implementing environments pervaded by distributed intelligent systems consists in
the necessity to put in communication and intelligent cooperation a number of heterogeneous devices. Heterogeneity does
not only outcome from hardware/software platform variety,
but also from the different levels at which the devices need
to exchange information: from raw data streams to one-shot
data readings to symbolic communication. The P EIS-Ecology
approach handles heterogeneity by networking all the devices
on top of a common middle-ware, that takes care of all data
exchange: the P EIS-kernel.
The communication mechanism is very straightforward,
since data access is restricted by a small set of insertion/extraction primitives to/from the tuple-space. The experiment shows how this limited set of primitives is sufficient
to handle different data exchange paradigms. The tuple-space
is used there to transfer high level communication messages
(e.g. the ActionRequest and ActionResult tuples), as
well as low level streams (e.g. the Position tuples).
Among our many current directions of development, we
mention: the extension of the current experimental system
to incorporate a wider variety of P EIS; the inclusion of
small embedded devices (e.g., smart objects and RFID-tagged
objects) in a P EIS-Ecology; the automatic re-configuration of
a P EIS-Ecology to account for changes in the ecology, in the
environment, or in the system’s goals; and the study of humanrobot interaction in the P EIS-Ecology framework.
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