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Abstract. According to a recent trend, robotic technologies will be included into
domestic environments in the form of simple, networked robotic devices able to
cooperate in the performance of tasks. These devices may take the form of smart
appliances, distributed sensors, or robotic furniture. In this paper, we describe the
design of an autonomous robotic table and its inclusion in a smart environment, the
PEIS Ecology. The design takes into account the constraints posed by the domestic
environment. The robotic table can perform autonomous point-to-point navigation,
and it can collaborate with the other devices in the ecology to perform complex
tasks that go beyond simple navigation.

Introduction
A vision has recently emerged in the robotics community, according to which robotics
technology will soon become part of our homes in a pervasive but somehow invisible
way. In this vision, the performance of complex domestic tasks will not be achieved
through the development of advanced stand-alone robots, but through the cooperation
of many simpler, specialized robotic devices distributed in the environment [16]. Several concrete realizations of this “ecological” vision now exist, and include Artificial
Ecosystems [17], the Ubiquitous Robotic Space project [23], the U-RT project [9], and
the P EIS-Ecology project [15].
In the ecological vision to domestic robotics, robots do not appear as bulky tin cans
nor as sophisticated androids. Instead, they may take the form of smart everyday appliances or actuated pieces of furniture that interact in the performance of a task. For
instance, the task of bringing a drink to a guest would be performed by having ceiling
cameras identify the guest on the sofa, a moving table approach a fridge equipped with
a simple manipulator, the fridge place the desired drink on the table, and finally the table reach the sofa. In the ecological vision, the entire home can be seen as a distributed
robotic system that performs the task.
In this paper, we adhere to the ecological vision and propose the realization of an
autonomous robotic table like the one in the previous scenario. Robotic furniture has
never been incorporated in a robot ecology until now, although this possibility was suggested [20]. A few examples of robotic furniture have been reported in the fields of am1 Work performed while this author was at the AASS Mobile Robotics Lab, Örebro University, Sweden.
2 Corresponding Author: University of Örebro, 70182 Sweden. E-mail: asaffio@aass.oru.se.
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bient intelligence [18,8] and interaction design [19,22], but these are usually stand-alone
objects that are manually operated. By contrast, the robotic table proposed in this paper
has autonomous navigation capabilities, and it is integrated in a smart environment. This
smart environment is an instance of the concept of P EIS-Ecology [15], and we therefore
call our table the P EIS-Table.
In the next section we remind the concept of P EIS-Ecology. We then discuss the
requirements for a domestic robotic table, describe the design of our P EIS-Table, and
show an example of operation inspired by the above “bring a drink” scenario.

1. The PEIS Ecology Framework
The concept of P EIS-Ecology [14,15] combines insights from the fields of ambient intelligence and autonomous robotics, to generate a new approach to the inclusion of
robotic technology into smart environments. In this approach, advanced robotic functionalities are not achieved through the development of extremely advanced robots, but
rather through the cooperation of many simple robotic components. The concept of a
P EIS-Ecology builds upon the following ingredients.
First, any robot in the environment is abstracted by the uniform notion of a P EIS
(Physically Embedded Intelligent System), which is any device incorporating some computational and communication resources, and possibly able to interact with the environment via 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, called P EIS-components, residing in one physical entity. Each component
may include links to sensors and actuators, as well as input and output ports that connect
it to other components in the same or another P EIS.
Second, all P EIS are connected by a uniform communication model, which allows
the exchange of information among P EIS, and can cope with them joining and leaving the
ecology dynamically. In our realization of a P EIS-Ecology, this model is implemented in
the P EIS-middleware [3]. This provides a distributed tuple-space on a P2P network: P EIS
exchange information by publishing tuples and subscribing to tuples, which are transparently distributed by the middleware. Each P EIS also provides a set of standard tuples,
e.g., to advertise its physical appearance or the functionalities that it can provide. The
P EIS-middleware is open-source and it can run on a large variety of platforms, ranging
from multi-core PC’s down to WSN motes.
Finally, all P EIS can cooperate using 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. We
define a P EIS-Ecology to be a collection of inter-connected P EIS, all embedded in the
same physical environment.
As an illustration, consider the “bring a drink” example above. Figure 1 illustrates
a simple P EIS-Ecology for this example. The fridge, the table and the ceiling cameras
are all P EIS. The fridge P EIS includes three components: the door controller, the arm
controller, and an RFID tag reader. The table P EIS does not possess a functionality to
open the fridge door, but it can “borrow” this functionality from the fridge P EIS by asking
it to open its own door.
The P EIS-Ecology approach has been instantiated in a physical experimental testbed
called the P EIS-Home, a prototypical home environment that reproduces a small bachelor
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Figure 1. Left: a P EIS-Ecology for the “bring a drink” scenario. Right: functional view of this ecology.

apartment, and is equipped with a number of P EIS which communicate and cooperate
through the P EIS-Middleware.

2. Realization of a Robotic Table
In realizing a piece of autonomous robotic furniture for use in domestic environments, a
number of requirements should be taken into account [2,7]. As we discuss below, some
of these requirements induce constraints for the navigation system that are different from
the ones usually considered for service robots, and they call for different approaches.
2.1. Hardware Construction
There are two main general requirements for the physical design of the P EIS-Table. First,
it should be familiar, that is, it should look as much as possible like a regular table.
Users should feel it natural to find the table around them and to place objects on it.
Users should also be allowed to interact with this table like with any other table, e.g.,
to displace it manually if desired. Second, it should be ecological, that is, it should have
minimal environmental impact. This means in particular that potentially dangerous active
sensors (e.g., lasers) should be avoided, and that noise emissions should be low. Energy
consumption, construction cost, and maintenance cost are other parameters that should
be kept as low as possible.
The P EIS-Table has been built starting from a commercial table (L ACK, from IKEA)
and a commercial robot base: an ActivMedia AmigoBot, augmented with a PC-board
running Linux, a Ni-Mh high capacity battery and a IEEE 802.11 bridge. In order to obtain the desired table-like appearance, the original parts were disassembled and placed
in a custom-made aluminum structure. The two driving wheels have been placed on the
sides of the base, and four spherical metal casters have been added under each corner
to improve stability. A custom-made transmission with a 1:3 ratio was mounted downstream the original one to increase the motor torque and hence the table payload. The aluminum structure was used as the new base for the L ACK board, and enclosed by wooden
panels that conceal the mechanical and electronic parts. A ring of LEDs was placed near
the bottom, that indicate the table’s status by their color — see Figure 2.
The sensory system is composed of 2 arrays of sonars. The first array is composed of
eight Polaroid transducers, suitable as range sensors for map-building and obstacle avoidance in a small environment. This array is hidden under the table board, and distributed
to span an angle of 180◦ in the front side of the table. The second array is composed of
four separated emitter-receiver sonars inset into the edges of table board. Compared to
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Figure 2. Left: main sensors and actuators of the P EIS-Table. Right: the table in its environment.

the first array, the second array features better precision on small distances and reduced
blind-distance. This array is used to provide accurate distance measurements during the
docking procedure, when small corrective maneuvers are performed according to the
front and lateral distances from the docking reference surfaces.
The motors are equipped with encoders, but the odometric precision of the P EISTable is inherently hindered by several factors, including: the non-linearities introduced
by the custom made transmission; the variable friction in the caster wheels due to dust
infiltration; and the unpredictable nature of wheel/floor interaction in a domestic environment. Odometric data may also become useless if the table is the table is manually displaced by the user. Because of these reasons, together with the difficulty to obtain precise
and reliable self-localization from sonar data, we decided to equip the P EIS-Table with
an indoor GPS for global localization. The system of our choice has been the StarLITE,
developed by ETRI [4].3 The sensor provides an estimate of its position and orientation
in a global reference frame at 30 Hz, with a typical precision of about 4 cm and 1◦ .
2.2. Software Architecture
The control architecture of the P EIS-Table is shown in Figure 3. This architecture has
been implemented in C, and interfaced with the robot hardware using Player [1]. This
section describes the main modules in a concise way: more details can be found in [5].
The fuzzy map building module maintains a geometric map of the environment in
the form of a global occupancy grid. The map is initialized from prior knowledge, if
available, and updated during navigation using data from the first sonar array, together
with global position information obtained through a combination of the StarLITE system and odometry. We have opted for the approach based on fuzzy grid-maps proposed
by Oriolo and colleagues [21]. In fuzzy grid-maps the uncertainty about the occupancy
status of each cell is represented using fuzzy logic rather than probability theory. Oriolo
and colleagues have shown that the use of fuzzy logic allows a more realistic modeling
of the uncertain data provided by sonar readings. An example of a fuzzy grid-map built
by the P EIS-Table is visible inside the map building box in Figure 3.
When a navigation task is requested, the safe navigation planner exploits the information in the occupancy grid to compute a path to the goal position. The main requirement for this path is to generate motions that are both safe and perceived to be safe by the
humans who share the environment with the P EIS-Table. For instance, the table should
not get too close to objects and walls, movements should be smooth, and there should
be few and predictable key turning points. Predictability in particular is a key factor for
3 The StarLITE system used in the P EIS-Table is a prototype kindly provided by Dr. Wonpil Yu, ETRI, Korea.
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Figure 3. Schematic control architecture of the P EIS-Table.

avoiding collisions in human-human interaction on roads [6], and is an important precondition for safety. Accordingly, the paths planned by the robot should not aim to minimize
length or time, but to maximize clearance from obstacles and predictability.
In order to produce paths that fulfill the perceived safety requirement, we restrict
the navigation of the P EIS-Table, whenever possible, to the locus of the points which
maximize the distance from the two closest obstacles. This corresponds to the Generalized Voronoi Diagram (GVD) extracted from the occupancy grid. In a nutshell, our path
planner generates paths consisting of three legs: (1) an initial leg that goes from the start
position xs to x1 , the closest point to xs that belongs to the GVD; (2) a path within the
GVD from x1 to x2 , the closest point to the goal position x g in GVD; (3) a final leg that
goes from x2 to x g . An example of such a path is visible inside the planner box in Figure 3: the short initial and final legs are drawn in red, while the main GVD leg is drawn
in blue. In practice, the planner computes an approximation of the GVD by applying a
skeleton operator [11] to the (thresholded) occupancy grid, and then computes the three
legs of the path as follows: the initial and final legs are computed by applying A∗ on the
original grid, from xs (resp. x g ) to the skeleton; the points where A∗ stops are x1 (resp.
x2 ). The middle leg is computed by applying A∗ on the skeleton grid, from x1 to x2 . The
computation is fast enough to be repeated at a frequency of 5 Hz. This provides prompt
reactivity to newly observed obstacles and to moving people, and it allows the table to
replan its course if it is displaced by the user.
Motion control is implemented by a set of fuzzy behaviors, that are coordinated by
a supervisor module [13]. Each fuzzy behavior implements a simple control policy for a
given objective, e.g., follow a given path, dock to a given pose, or avoid obstacles. This
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policy is coded using fuzzy rules, which associate classes of sensor readings to control
actions. Different behaviors can use inputs from different sensors, but they control the
same outputs, which are a translational and rotational velocity. The output from different behaviors are combined using context-dependent blending (CDB), which takes the
current context into account [13]. For instance, if a dangerous situation is detected, the
relative weight of the output from the obstacle avoidance behavior is increased. Linear
and rotational accelerations are kept low to improve smoothness and predictability.
The four main behaviors implemented in the P EIS-Table are: FollowPath, AvoidObstacles, Dock, and Undock. Of these, Dock is the most complex one. This behavior
is designed to dock the P EIS-Table in a box shaped location, in which at least two of
the sonars mounted in the table board are able to detect a reference surface. A docking
position is defined by a (x, y) position suitable for approaching the box-shaped area, a
required heading θ, and up to four side and front distances. The docking procedure is
broken down in three steps, each one performed using a different set of fuzzy rules: (1)
the approach position is reached using the FollowPath rules; (2) a different set of rules is
activated to achieve the P EIS-Table heading; (3) a set of rules is activated that perform
corrective maneuvers relying on data form the proximity sonars to reach the required
lateral distances. The P EIS-Table can also dock to locations that are not surrounded by
reference surfaces, like the open fridge, by first docking to a nearby corner and then
performing a small motion in open loop to reach the target location.

3. The Robotic Table in a PEIS Ecology: a Sample Scenario
The P EIS-Table has been incorporate in the P EIS-Home experimental facility mentioned
above, as one of the several P EIS present in the environment. As such, the P EIS-Table
interfaces to the other P EIS by exposing the functionalities which it is capable of providing, as well as all information regarding its current state. Such functionalities include
navigation, docking to specified points of interest, the use of its lights, and so on.
Through the P EIS-Middleware, other individual P EIS can form a coalition with the
P EIS-Table to realize services that require some of the capabilities of the P EIS-Table.
One such scenario was developed to illustrate how multiple robots and intelligent sensors
can be coordinated to obtain a “robotic butler”. The scenario develops as follows.
A person enters the P EIS-Home and sits on the sofa. A stereo tracking camera mounted
on the ceiling recognizes the presence of the person and supplies a coarse estimate of
his position. A mobile robot is then dispatched to the person’s approximate position to
identify the guest with the help of an on-board pan-tilt camera and a face recognition
algorithm. In this scenario it is assumed that the system knows the favorite drink of a set
of frequent guests. The P EIS-Table is sent towards the fridge to fetch the guest’s favorite
drink. The fridge, equipped with an internal gripper, an internal camera and an actuated
door places the drink on the P EIS-Table, which has in the meanwhile docked the open
fridge. The P EIS-Table then navigates towards the person’s current position to deliver
the drink.
The scenario is loosely inspired by a test of the RoboCup@Home league of the
RoboCup [12] competition. However, whereas a typical approach to this task in RoboCup
tends to concentrate functionality on a single robotic platform, the P EIS-Ecology approach leverages the coordination of functionalities provided by multiple P EIS.
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Figure 4. Snapshots from the execution of the example run: (A, B) the PeopleBot and its on-board pan-tilt
camera recognizing the person; (C) the fridge grasping the drink and (D) placing it on the docked P EIS-Table;
(E) the stereo-camera for locating the position of the person in the home; and (F) the user receiving his drink.

Key moments of an example run4 are shown in figure 4. The run involves several
P EIS: two robots (the P EIS-Table and an ActivMedia Peoplebot), a face tracking and
recognition algorithm based on OpenCV [11] which processes the images from the PeopleBot’s camera, a P EIS dedicated to localizing the person through the images fed by the
ceiling camera, the fridge with its drink-localization and manipulation capabilities, and
an overall controller in charge of coordinating the services of the individual P EIS.
The controller is a script-like program developed specifically for this demo. It triggers the face recognition algorithm on-board the PeopleBot when it is sufficiently close
to the person’s location. It is also responsible for sequencing the tasks of the P EIS-Table
and the autonomous fridge, allowing the latter to dock the fridge only once its door has
been opened, and allowing the fridge to close the door only once the robot is undocked.
Finally, the controller engages the P EIS-Table in a person-following operation if the person moves, by connecting the output of the person tracker to the input of the path planner.
Overall, the development of the robotic butler scenario is reduced to the development
of a coordination mechanism, implemented in the controller. Our current work in the
P EIS-Ecology framework goes in the direction of using AI planning based solutions to
autonomously configure robot ecologies for a specific task [10], thus avoiding the need
to hard-code the data flow requirements of a scenario like the one above.

4. Conclusions
The creation of robotic furniture is an expected development of the current trend toward
the inclusion of robotic technologies in smart domestic environments. Robotic furniture
will necessarily have limited capabilities: we claim that a strong added value will come
from the possibility to make these pieces of furniture interact with the other robotic devices in the environment. This paper provides an example that supports this claim. We
have presented the design of a robotic table intended to be part of a P EIS-Ecology, and
we have shown how this table can cooperate with other devices in the ecology to perform
complex tasks. The design of the table takes into account the aesthetic and the functional
constraints coming from the domestic domain. It is our hope that the methodology followed in this paper can be of inspiration to the future development of robotic furniture.
4 A video is available at http://aass.oru.se/˜peis/demonstrator.html#scenario8
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