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Abstract

To operate over a long period of time, autonomous
mobile robots must have the capability of recharging
themselves whenever necessary. In addition to be
able to nd and connect to a power source, robots
must also consider taking actions to preserve and
share energy in an environment where energy is a
limited resource. Coordination is then required to
ensure the survival of the group and the accomplishment of the robots' tasks. This paper explores these
issues by allowing robots to predict and reason about
their energetic capabilities, as individuals and as a
group. The approach described allows robots to determine when to recharge, when to change their activity
level and how long they should recharge. Validation
of the work is done in simulation to demonstrate the
versatility of the approach for di erent numbers of
robots and power sources. Experiments with Pioneer
2 robots are also reported.
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Introduction

Robots, like humans, need energy to survive.
Maslow's Hierarchy of Needs Theory recognizes
physiological needs (hunger, thirst, breathing, sleeping, etc.) as the most basic ones. For mobile
robots, this means to have energetic autonomy, also
referred to as self-suÆciency [1], self-reliance [9], selffeeding [14], continuous or perpetual operation [8],
life-long experiments [9], long-term or prolonged activity [5, 6, 9].
Since most of our machines are not mobile and remain connected to a power source, we sometimes
forget that energy is a limited resource for a mobile robot. It is worth noticing that the rst mobile robots were capable of autonomous recharging.
Grey Walter's tortoises (1950) were capable of entering a lighted recharging hutch, and the Hopkins
Beast (1960), of Johns Hopkins University, was able
to plug itself in black wall outlets, using photocells and a special recharging arm that slided on
the wall. Research then began focussing in mobile

robotics on navigation and more cognitive capabilities. But recently, energetic autonomy is regaining
interest with projects like robotic rovers for space
exploration (e.g., Sojourner, using solar panels), Museum Tour Guides [9], teleoperated web-based robots
[10], security and surveillance [4], and life-long learning [8, 9].
For an individual robot, energetic autonomy means
answering the following two questions:
1. How can a robot nd and connect itself to a power
source?
2. When is it appropriate for a robot to recharge?
These problems are usually solved by using landmarks or beacons to localize a charging station or a
power outlet, and by comparing the battery voltage
level with a pre-determined threshold. Depending
on the perceptual and localization capabilities of the
robots, it may be diÆcult to anticipate how long it
will take to nd a power source and how much energy
is remaining to allow the robot to stay operational
(which may vary depending on the age of the batteries). Answering question 2 becomes a bit more difcult if we consider contraints associated with what
a robot has to accomplish in its environment. For
instance, a robot may need to recharge while it is
accomplishing a critical task. And so, an additional
question may arise:
3. How long the robot should recharge itself?
Finally, it is usually assumed that there is no limit
to the amount of energy available for recharge. However, if access to a power source cannot be immediate, one last question needs to be answered:
4. What can be done to preserve energy?
For instance, a humanoid robot may inhibit moving
di erent parts of its body when energy is getting low
[15]. The research project presented in this paper
addresses all of these issues in the context of having
a group of mobile robots share a limited number of
charging stations in an enclosed area, while having
to accomplish a task. This is a spatial and temporal
coordination problem, where each robot can in u-

ence the behavior of the others in space and in time
(e.g., by gaining access to a charging station for a
certain amount of time). Robots need to be able to
analyze their energetic capabilities and communicate
their states to determine what to do in regard to the
situations experienced by the group.
This paper is organized as follows. Section 2 describes the experimental setup used for the project,
and more speci cally the robots and our charging
station. Section 3 presents the theoretical analysis
of the problem, deriving criteria to evaluate if suÆcient energy is available for the group and what is
the optimal number of robots to do the task while
sharing power sources. Section 4 describes the algorithm we developed, allowing a group of robots to
share a number of power sources. Since long-term
activity of a group of real robots necessarily involves
experiments over many days, we use simulation to
validate our algorithm in relation to characteristics
about the group and the power sources. As a rst
step in doing experiments with real robots, Section
4 presents analysis of the batteries voltage level of
one robot in order to characterize its energetic capabilities. Section 5 presents related work, followed in
Section 6 by the conclusion and future work.
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Experimental Setup

To conduct experiments that allow robots to autonomously recharge themselves, a power source that
they can nd and use is required. It is possible to
emulate autonomous recharging by having the robots
go to a speci c location and have somebody replace
batteries or manually plug the robot to a power supply. But situations such as a potential malfunction
or getting physical access to the power source cannot
be completely addressed.

Figure 1: Our charging station (left), with one robot
(right) seen from the back, with the IR detectors.
To experiment with real robots, we use up to six
Pioneer 2 robots, three indoor and three outdoor

models. Each robot is equipped with 16 sonars, a
compass, a gripper, a pan-tilt-zoom (PTZ) camera
with a frame grabber, a RF Ethernet-modem connection and a Pentium 233 MHz PC-104 onboard
computer. Each robot has three sealed Lead Acid of
12V, 7 AH. With the battery level at 10V, the robot
cannot continue operating reliably. To detect and
dock into the charging station, we installed on the
back of each robot a ring of seven infrared receivers
with two metal pins, shown in Figure 1. The charging station is shown on the left side of Figure 1, and
emits an infrared signal that can be detected from
the back or the sides of a robot. The robot docks
into the charging station by backing up so that the
charging pins located above and below the infrared
ring make contact with the charging station. The
charging station is designed to adapt the amount of
current generated to recharge the batteries as fast as
possible. The robot can detect the charging station
from a distance of 6 meters, and dock into the station
on average in less than 45 seconds.
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Theoretical Analysis

If we consider only one robot in a closed environment with one power source, it can either be in
Activity (accomplishing its tasks), Searching for a
power source, Charging, or Shutting-down (in case
the robot is experiencing problems and it was not
able to recharge). With a number of robots having
to share a smaller number of power sources, an additional state is required in order to preserve energy:
Waiting (or saving energy) for a power source to become available.
To determine when to wait for a power source, or
even to determine that a robot is suÆciently charged
so that it can leave the power source to others, we
need to have a variable that approximate the amount
of energy available to a robot. Di erent approaches
can be taken to determine when it is appropriate
to recharge, like a threshold on the robot's battery
voltage level [10] or activation variables [5, 6]. The
approach proposed in this paper is to predict the energetic capabilities of a robot based on a model of its
battery levels. We chose to express this parameter
in terms of time because it is more practical than to
use the voltage level directly (which varies a lot depending on the actions taken by the robot, or on the
types of robot). Suppose that a robot can approximate its \time of activity" (toa), i.e., the amount of
time it can be in the Activity mode, approximated
from the voltage level of its batteries. It is assumed
for now that at 11V, the robot would starts searching for a power source (eventually the time to nd
a power station would be learned by the robot). So,
at 11V, toa is equal to 0. Assume also that a robot

knows or can determine the following parameters:






TA : the maximum amount of time a robot can
operate in the Activity mode, going from full
charge of its batteries to 11V.

W : the maximum amount of time a robot can
survive in the Waiting mode, going from full
charge of its batteries to 11V. Note that we assume that a robot requires less energy in the
Waiting mode than in the Activity mode, and
so TW > TA .

the time required to charge. The right side of the inequality is the ratio of the number of robots that
cannot be recharged simultaneously over the number of charging stations (assuming that the charging
stations have all the same energetic capabilities).

PNR TWi
( )

T

C : the maximum amount of time a robot requires to fully recharge its batteries, starting at
11V. Note that this, of course, depends on the
charging station used.
T

Based on these parameters, it is possible to approximate interesting information about the global state
of the group. For instance, Equation 1 can be used
to detect that the amount of energy of the group
is getting low, in an environment where the number
of robots NR is greater than the number of power
sources NP .

NR
X
i=1

PNR TAj toaj
j =1

toa

i<

P

N

TAj
TCj

(1)

The left side of the equation represents the amount of
energy of the group, and the right side is an approximation of the amount of time required to re-energize
the group: the numerator approximate the amount
of time spent in activity divided by the ratio of active time over the charging time; the denominator indicates that energizing the group can be distributed
over NP power source. If this inegality becomes true,
it means that we can anticipate that the group is going to have a shortage of energy if all robots wait until their toa reaches 0 to search for a power source. In
the case where the number of robots is lower or equal
to the number of power sources, there is more than
enough power sources. The right side of Equation
1 can be set to an arbitrary value (like 10 minutes)
as a security factor, to compensate for the possible
divergence between the predicted time and real life
contingencies.
Another interesting criteria is the amount of energy
available to the group for survival, taking into consideration that robots can go into the Waiting mode.
Obviously, if the number of robots is lower or equal
to the number of power sources, no problem should
occur. But in the other case, Equation 2 can be
used. The left part of the inequality represents the
averaged ratio of time that can be spent waiting over

i=1 TCi
NR
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Sharing Scenario

Our algorithm for making each robot accomplish
tasks and share power sources in a group environment is illustrated by the state diagram shown in
Figure 2. This algorithm assumes that robots can
communicate their toa, TA , TW , TC and their states
(or modes).
Link A represents the conditions for which a robot
will start searching for a power source. If a power
source is available and toa is lower than 0, the robot
goes into the Searching mode. With a group of
robots, Equation 1 is used to anticipate a potential
shortage of energy. If so, the robot with the minimum toa will start looking for a power source. Such
conditions are valid for robots that are in activity
or waiting for a power source to become available.
Link B monitors similar conditions to link A, but
to determine when to go from the Activity mode to
the Waiting mode. Obviously, when no power source
is available and that toa is lower or equal to 0, the
robot should wait for a power source. At the group
level, if a shortage of energy is anticipated and that
the robot is not the one with minimum toa, the robot
will also wait for a power source to become available.
C
Activity

B

Waiting

10V
10V

D

A

A

Charging

Dock

Searching

Shuting-down
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Figure 2: State diagram of our approach. It represents the decision process followed by each robot.
Link C allows a robot in the Waiting mode to become
active again because it anticipates that it can go back
into the Activity mode without compromising the
survival of the group. For instance, a robot may
have waited for a certain amount of time to allow
the energy of the group to be suÆciently high. This
possibility is anticipated by nding the minimum toa

between the robots that are not in a Charging mode,
and to evaluate that after this time is passed if Equation 1 is veri ed. If not, the robot with the smallest toa for the robots in a Waiting mode, will go in
the Activity mode. Finally, link D monitors conditions like no energy sensed at the power source or
maximum energy reached for the batteries to make
a charging robot leave a power source. In the case
of a group, a charging robot i can also leave a power
source to a robot that is in the Waiting mode if robot
i has the most energy compared to other charging
robots, and that it has received enough energy to
leave its power source. The criterion used to determine if a robot has received enough energy to leave
its power source is arbitrarily set to toa > 10 minutes.
4.1

Simulation Results

Figure 3: Graphs representing the summation of
toa for the group (middle), and the toa (bottom) of
three robots and with two power sources, in relation
to time (in minutes). The experimental conditions
are TA = [150; 120; 100], TW = [300; 240; 200], TC =
[210; 180; 120], and toa = [10; 30; 10].
Validation in simulation of this algorithm is important because it allows to determine the theoretical
limit of the approach based on the number of robots,
the number of power sources, the characteristics of
the robots and of the power sources. For di erent
combinations of NR , NP , TAi , TWi and TCi , the
simulator evaluates the di erent states/modes the
robots reached in relation to time. The simulator
assumes that at each cycle the toa of a robot is decreased by 1 if it is in activity, by TTWA if it is waiting
for a power source, and increased by TTAC if it is charging. Also, the conditions for the simulation are ideal,
i.e., TAi , TWi and TCi are precise and constant, and
there is no physical interference between the robots.
Figure 3 shows an experiment with three robots and
two power sources. The graph on top illustrates the
two expressions of Equation 1 (the dotted line rep-

resents the right side of the equation), and allows to
compare the energy of the group with the energy required for charging the group. The graph on the bottom represents the evolution of the toa of each robot
in relation to time. At t = 60 min, robot 3 leaves
the power source to let robot 2 (in a Waiting mode,
as seen by the slowly decreasing toa slope) take the
charging station. Robot 3 had at this time recharged
suÆciently its batteries to share the power source.
The same phenomenon occurs around t = 145 with
robot 1. However, since the energy of the group is
too low, the robot goes right away into the Waiting
mode. By recharging robot 3, the group then get
passed a critical point at time t = 170, at which the
energy of the group becomes greater than the energy
required for charging the group. Robot 1 then goes
into the Activity mode (as seen with higher decreasing toa slope). The opposite situation occurs at time
t = 305 and robot 3, the non-charging robot with
the smallest toa, goes to charge in anticipation of a
lack of energy.

Figure 4: Graphs representing an experiment
with three robots and with one power source, with
TA = [150; 120; 100], TW = [300; 240; 200], TC =
[20; 15; 20], and toa = [10; 30; 10].
Figure 4 illustrates the same graphs but with a di erent set of experimental conditions, mainly by using
faster recharging sources. The gure shows that the
energy of the group is bigger, but still the robots can
get in a situation where the energy of the group becomes lower than the energy required for charging
the group, making robots go into a Waiting mode
(around toa = 280).
An interesting performance criteria for such experiments is the Percentage of Activity of the Group,
P AG, de ned as the ratio of the sum of time spent
by the robots in activity over the total time of the
experiment. With only one robot, the P AG would
necessarily be lower than 1 since a robot needs time
to recharge. But with two robots sharing one charging station, P AG can be greater than 1 depending

on the energetic capabilities of the charging station.
Equation 3 de nes P AG in terms of the proportion
of time spent in Activity (PA ) and Waiting (PW )
over one period of charging/discharging.
P AG

=

NR
X

A  TAi
i=1 PA  TAi + PW  TWi + TCi
P

(3)

For the group to survive, the amount of time spent
charging by the group must be lower or equal to the
amount of time spent in activity or waiting: otherwise robots will be shuting down. So the critical case
occurs when both amounts are equal, as expressed by
Equation 4. The multiplicating factor of the right
side of the equation is to take into consideration the
ratio of robots not charging in relation to the number
of power sources.
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N

(4)
Assuming that the robot is either in activity or waiting during discharge, PA + PW = 1, we can resolve
these equations to determine P AG for di erent values of NR , NP , TAi , TWi and TCi . Note that one additional constraint is required: PW must be greater
than or equal to 0. A negative value would mean
that the robot could spend more energy than usual
when in activity, which is not a possibility considered
in our experiments.
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is adequate at the beginning of the experiments, the
batteries change over time. This demonstrates that
to work, the model needs to be adapted dynamically.

Energetic Analysis

Having demonstrated in simulation the algorithm
proposed, the next step is to see how can it be implemented on real robots. The algorithm relies on
the capability of approximating toa using the voltage level of the robot's batteries. To see how such parameter can be characterized, we conducted experiments having one robot operate continously for days,
in a pen. The robot starts searching for the charging station when its batteries are at 11V, and leaves
the charging station when they are fully charged.
During the operation of the robot, we monitor the
voltage level of the batteries during operation and
during charging. Figure 5 shows typical charge and
discharge curves observed during such experiments.
The graph on the left shows that the battery voltage
level is noisy and does not vary linearly. Using a standard curve tting algorithm (discrete least square),
we tried 3rd degree polynomial equations to model
the charge and the discharge curves. Such equations
are expressed in the form toa = f (v), v being the battery voltage level. However, even though the model

Figure 5: Samples of charge and discharge curves
for a robot operating continuously for 94.4 hours.
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Related Work

Di erent methods have been implemented to allow
a robot to be self-suÆcient, energetically, as innovative as hunting and catching slugs [3] to more conventional ones like having a robot go underneath a
copper-plated, hinged roof, and make contact with a
spring xed on the wall [8]. Another method consists
of two parallel horizontal plates xed on a wall, and
with which the robot comes in contact for recharging
[2]. A robot can also dock into a charger by following an optical line [13]. Compared to these methods,
our charging station is much smaller, cheaper, simpler, and o ers fast charging capabilities.
One famour self-suÆcient robot is SAGE [9], a robot
tour guide in a museum that can dock into an unmodi ed plug. The outlet is localized using a 3D
visual marker, perceived by the robot using a CCD
camera. The docking process occurs over a distance
of 4 meters and takes two to three minutes. The
robot has eight hours of autonomy and can measure
the charging and discharging current of the batteries, as well as their voltage levels. This information
is used to determine the batteries' state relative to
a discharge curve (which is not provided in the paper). The robot has a mean time before failure of
224 hours (9 days), including the time the robot is
recharging (which is not indicated) and probably not
working when the museum is closed. Oh et al. [10]
also have developed a robot tour-guide teleoperated
via a web-browser is capable of autonomously dock
into a power plug in two or three minutes over a 4
meter distance. Their charging station is detected
using IR beacon, sonars and a special grid mechanism detected by a laser scanner. Torres-Jara [14]
is also working on a docking mechanism for regular
outlets, using a digital color camera. With these approaches, the robot has to carry its own power supply
to recharge the on-board batteries (which are usually
lead-acid batteries).
Concerning the energetic needs of a group of robots,

one project involves two robotic agents in an ecosystem in which competition for energy occurs [1, 12].
Light boxes placed in the environment are arti cial artifacts that are draining energy available for
recharging, and agents have to cooperate to make
one agent recharge while the other is inhibiting the
light sources. Egoism and altruism are addressed
by setting up the experiment so that one agent cannot survive on its own. We do not consider limitation in the amount of energy available to the group
other than the number of charging stations in the
environment. Another project called MICRobES
[11, 7] involves making robots recharge themselves
autonomously, but by having robots helping each
other out when necessary, like pushing a robot that
has no energy left for moving into a charging station. Robots are allowed to communicate information to others. The charging station used allows for
extremelly fast recharge (around 20 minutes), using
a di erent kind of batteries.
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Conclusion and Future Work

As outlined in the introduction, this paper addresses
four important issues for the long-term use of a group
of robots. However, it does not resolve them all.
The approach proposed is a starting point to conduct more elaborated experiments with a group of
heterogeneous robots over long period of times. Such
experiments on long-term adaptation in a social environment can serve as a good benchmark for distributed autonomous robotics systems [16]. Performance criteria can be based on the amount of time
the robots can survive, or the amount of time the
task is being accomplished (which will be greater
than 100% if more than one robot is involved), studied in relation to the availability of the charging
station and the amount of information communicated. We are currently simulating conditions involving large numbers of robots (up to a 100), and
initial results suggest that as the number of robots
grows, the proportion of number of charging stations
required increases, with a decrease of their eÆcient
use (since more robots needs to recharge more frequently). Experiments with real robots (which is always the diÆcult part, especially with a group of
robots) are underway, and future work will address
adaptation of parameters [9] and models of energetic
capabilities, and other approaches for energetic analysis and prediction using activation variables [5, 6].
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