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ABSTRACT

This paper is a first approach to a robotic
exploration mission in low gravity environments.
A colony of cooperative hopping robots has been
proposed as an efficient solution based on the
biological analogy of insects. The problem has
been divided in three levels of behaviour: robot,
team and colony. A survey about current devices,
sensors and algorithms are presented in order to
solve each of the levels. For the first level of
behaviour I also introduce several experimental
results using a multi-robot simulator.

INTRODUCTION

The Mars Pathfinder mission with the
autonomous vehicle Sojourner’, proved that
mobile robots, especially microrovers, are a
good solution for planetary exploration
mission. The dual mission Spirit/Opportunity
to Mars has continued with this tendency.

The use of robots reduces costs in missions
because they are lighter than humans, they do
not need life support systems, and, for
exploration tasks, they do not need to be
recovered.

On the other side, considering their reduced
size, insects are especially gifted to explore
great surfaces. However, their ability comes
from three basic and simple principia:
redundancy, efficiency and specialization.

A colony of insects is a global system
composed by hundreds of units dedicated to
one common task. This makes the global
system immune to local failures. If an insect
dies, his fellows finish the task without
problems®.

The morphology of insects is more efficient
than that of other bigger animals. Their
muscles are incredibly more powerful, their
skin is more resistant, their wings are faster
and they can climb over a smooth wall or
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walk over the water. These skills allow them
to survive in extreme conditions. This
efficiency increases  exponentially in
cooperative works.

The last advantage is specialization which is
closely related with efficiency. Each species
of colonial insects (bees, ants...) has several
types of workers. Each type is specialized,
and so more efficient, in one simple task
(bring food, lay eggs...).

These principia may be applied to robotics.
Recent studies with robots show that
cooperative work with some little and cheap
units is more efficient than work with a single
expensive  robot.  Furthermore, if a
malfunction happens in a unit, the process
can continue.

Continuing with the biological analogy,
hoppers may be the most efficient locomotion
system in  low-gravity  environments,
especially for little robots. As a robot gets
smaller, obstacles the size of the robot come
along much more frequently. But in planetary
environments, all the obstacles are on the
floor. The solution is to travel long distances
staying as time as possible far away from the
surface.

The behaviour of the hoppers will be
structured in three levels: robot level,
working team level and colony level. The
paper presents an overview of techniques and
algorithms for the three levels. A simulation
of the behaviour of the robot Ievel
implemented in MATLAB is also presented.
In this paper, these principia will be oriented
to a simulation of an exploration mission of
the Moon for a base building. However, the
concepts presented can be adapted to other
robotics  missions in low  gravity
environments.



MISSION CONCEPTS

The building of a base in the Moon has some
interesting applications. It can be used to
broaden the knowledge of the Moon and the
Solar System. In addition, the base can be
used to develop some scientific research in
unusual conditions (low gravity, absence of
atmosphere, seismically stable terrain, etc).
These conditions are especially useful for
radioastronomic observation.

The first step in base building includes a
complete exploration of the possible
emplacements'. The main characteristics that
the elected emplacement must have, are:

1. Flat terrain for assuring landing
manoeuvres and deployment.

2. Compactness of the terrain to hold up
the buildings and installations.

3. Proximity to interesting points of the
Moon.

4. Continuous communications with

Earth.
Good observation of the sky.

6. Chemical composition of the ground
suitable for extraction of necessary
substances (oxygen, water, etc).

Some of these conditions can be analyzed
using artificial satellites, but others need a
surface exploration. A cooperative team of
hopping robots (called hoppers) can inspect
these constraints on every emplacement and
choose the best.

In each robots’ team, there will be a first
group of hoppers, called active robots, with
sensors to help navigation, localization and
map building (stereo cameras,
omnidirectional or panoramic cameras, laser
rangefinder, etc)’. The other group, known as
passive robots, will be equipped with mission
tools:
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1. Non navigational Sensors:
underground  sonar, microscopic
camera, spectrometer, chemical
Sensors,

2. Small tools for mining and ground
prospecting

3. High performance CPUs for high
level computing, real-time map
building and data distribution.

First, the hopper’s team could be deployed
from a low orbit to the desired point as the
mobility system of the robots include a
structure resistant to impacts and have an
automatic self-righting system. Secondly,
active hoppers would launch their sensors to
localize all robots, nearest obstacles and
environment features. Then, one by one, each
robot will jump to the next position according
to the global and local planning. In every
jump, active hoppers will launch the sensors
to recompute the localization of every robot
and feature using probabilistic approaches.

HOPPING ROBOTS

The paradigm of mobility systems is the
wheeled vehicle (like Sojourner) because it is
the most studied and tested device. However,
the low gravity of the Moon and other
celestial bodies such as small planets,
satellites or asteroids require to think in new
concepts of mobility systems which may
seem inefficient in Earth.

Recent studies in the field of hopping robots
had shown the efficiency of this kind of
locomotion in low gravity environments. This
efficiency comes from two facts: the low rate
of energy cost per meter covered and the
capability to cross over high obstacles, i.e.
big rocks, without needing to go around it. A
comparative between a wheeled nanorover
and a hopper is presented in Schell et al.”’,
Main studies in hopping robots are focused in
two fields based upon the hopping
mechanism: those in which the robot make
little hops to maintain its equilibrium, like a
man in an elastic bed; and those in which the
robot makes long jumps for travelling, like a
grasshopper or a frog. In this work, I have
focused on those prepared long jumping.
There are two prototypes for this kind of
robot which can be used for planetary
exploration. The first has been developed in
the Jet Propulsion Laboratory, California
Institute of Technology, in USA and is the
third generation of hoppers for planetary
exploration®. The second has been developed
in Sandia National Laboratories, in USA%.
The characteristics of these two robots are
compared in table 1 with the characteristics



chosen for the hopper in the simulations of
this paper.

For the robot used in the simulations, I have
chosen worse characteristics than those of the
prototypes, except for the payload, as we
assume each robot will carry independent
equipment according to its role. The weight
of the tool or sensor is not considered.

Caltech Sandia Simulated
Hopper Hooper Hopper
Weight 1-15kg 1.25 kg -
Max. high ~l'm ~3m Im
jumpon lg
Max. length ~2m ~3m Im
jumponlg
Ener Solar-panel Fuel tank
sour ciy charged (including -
" batteries oxidizer)
Battery life
Energy life (1 hop =125 | ~1000 hops -
Jules)
Adjustable Yes Yes Yes
Jump
On-board Yes Yes Yes
control
On-board Yes Yes Yes
comms.
On-board Camera No -
sensors
Wheels Yes No -
Payload No 1.25kg I tool or
sensor

Table 1: Comparison between hoppers. Data extracted
from Jet Propulsion Laboratory, California Institute of
Technology®’ and Sandia National Laboratories™.

MULTI-ROBOT NAVIGATION PROBLEM
IN MOON

Many possible solutions have been studied to
solve the navigation problem with one or
more robots. Most of them are focused in less
restrictive conditions (structured
environments, flat floor movement, etc). The
especial traits of the exploration mission in
the Moon (unstructured and unknown
environment, unknown starting position, GPS
not available, etc) make navigation a complex
issue that must be approached by separating it
in more simple tasks. In this work the
problem has been divided in two groups of
tasks.

The first group are computations needed to be
accomplished in each hop: localization of the
hoppers, obstacle avoidance and formation
control. These algorithms depend on the
motion system of the robot and must be
computed with the systems on-board to avoid
time delays due to communication lag with
Earth.

The tasks of the second group (goal planning,
data processing, etc) can be computed on
Earth with more complex algorithms and do
not depend on the motion system of the robot
(hopping, wheeled, etc).

Environment-based localization

The problem with exploration missions is that
as the environment is completely unknown,
the current localization is relative to the last
known position. The extraterrestrial concept
of the mission prevents us from using Global
Position Systems (GPS) or magnetic
compasses.

Usually, exploration missions require the
building of an environment map. So, the
Simultaneous Localization and Map-Building
(SLAM) is one of the best solutions for
localization during exploration®.

This algorithm uses environment features
(landmarks) to build a map while moving.
The localization of the robot is based on
continuous map matching. Furthermore,
multi-robot platforms often use a common
map to increase the accuracy of the
computations.

Landmarks are difficult to be found in
unstructured environments like Moon, so it is
necessary to use complex landmark extraction
and matching procedures. In the last years,
the tendency for landmark detection is to use
laser rangefinders, stereo vision® or
omnidirectional-panoramic cameras'>*’. The
coordinates of the landmark can be related to
a global or local reference system. Global
reference systems are the best solution for
centralized processing and map matching
between robots. Local reference systems are
used in distributed processing and they are
not affected by singularities.

The weakness of the SLAM problem using
hoppers is that the measures have to be made



between two points far away; increasing the
difficulty of the matching problem (the length
of the hop in some prototypes can reach more
than 3 meters on Earth, which is
approximately equivalent to 18 meters on
Moon).

Consequently, another localization method
with a higher frequency of measures would
be useful. This conduces to dead-reckoning
techniques (odometry, accelerometers,
gyroscopes, etc.). But most of them do not
work on hoppers.

Odometry works in wheeled wvehicles or
similar, because it requires a continuous
contact between the robot and the ground.
Accelerations-decelerations in the beginning-
end of the jump are too high for an
accelerometer. However, in hoppers, the
rotation movement and the linear movement
are separated in time, so a combination of
gyroscopes can give good results for Euler
angles computation®.

Multi robot-based localization

Multi-robot systems open the gates to new
paradigms for more accurate localization and
with fewer constraints than the classical ones.
This theory is based on two concepts:

a) A robot can be used as an artificial
feature, which is more easy to be
extracted and  matched than
environment ones.

b) Multi-robot platforms allow several
measures from different points of
view of the same feature. So the
position of features (and the position
of the robot based on features) can be
estimated more accurately.

The first point allows us to calculate the
localization of passive robots, which would
be impossible with environment localizations.
For the robot identification, some authors use
retroreflective totems for laser rangefinders
positioning'>'*'” and colour patterns for
camera positioning'’.

The second point is especially relevant in
multi-robot and multi-sensor platforms and
not only for the localization problem. Each
observation generates an information gain
over the last observations, which produces
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more accuracy in the final measures (see
figure 1).

Information
gain

Confidence
sensor 1+2

Feature

Confidence
sensor 1

Fig. 1. Dependence between two observations. First,
Sensor 1 observes the feature within a confidence
interval (dashed ellipse). Finally, Sensor 2 observes the
same feature with a confidence interval inside the last
one (solid ellipse). The marked area shows the
information gain.

The problem of data fusion has been
developed from different points of view. The
classical methods are based on centralized
Kalman Filter (KF) and Extended Kalman
Filter (EKF)®™. Some authors present a
decentralized version of this filter which
substitutes the system state for the
information state'’. Fox et al. use a sampling
method of Markov localization, the Monte
Carlo Localization (MCL), for multi-robot
localization. Finally, Howard et al. present
techniques using particle filter'® and
maximum likelihood estimation"’.

At the end, all the robots use the data fusion
results on a local or global reference
depending of the method used.

There is also the possibility of building a
graph, capturing the neighbourhood relations
among the robots and its relative position’.
This graph can be solved with feature
matching or using active beacons”. The active
beacon signal must be triangulated (or
trilaterated) to obtain a global measure. In
this case, the graph is used to build a system
of equations to solve the relative positions of
all robots. However, other method is needed
due to the symmetry indeterminations in the
localizations. On the other hand, the graph



could be a solution for computing the
orientation of the robots.

The robot based localization presents some
advantages in planetary environments:

1. The environment features are easily
differentiable from retroreflective or
coloured totems.

2. The robots themselves are the most
dangerous obstacle, as they need to
be near the rest of the group and
because of their mobility.

Path planning and obstacle avoidance

Especially for outdoor navigation, both
obstacle avoidance and path planning has to
afford the concept of traversability.

For obstacle avoidance, traversability is
called obstacle negotiation (ON), and it is the
ability to decide if the obstacle should be
traversed or circumnavigated®. This concept
is extremely important in hoppers.

For path planning, Howard and Seraji'®
quantify the traversavility of the terrain based
on fuzzy rules. The parameter includes terrain
roughness and slope which are computed
with stereo vision. The planning of the
trajectory is also implemented using fuzzy
rules.

Laubach and Burdick®' present other path
planning algorithm based on the experience
with Mars Pathfinder mission. The planer
works in a 2D environment model detecting
obstacle boundaries inside an angular wedge
of stereo vision. The position of the boundary
determines the direction of the next step.

In fact, the most studied method for reactive
navigation is based on potential fields. In this
case, the obstacles generate a repulsive force
as the goal generates an attractive one. These
forces are generated with a discretization of
the terrain using characteristic points or cells.
Haddad et al. give an example using stereo
vision with a projective discretization.
Normally, these approaches only work with
obstacles with positive elevation (rocks),
because in environments like Moon or Mars
those are the more frequent. However, some
authors are considering also negative
elevations (craters) where classical stereo

vision is unreliable. A good solution for this
could be the multi-sensor platform®'.

Deployment and formation control

The planning of multi-robot configuration
requires taking a new step in the navigation.
Some authors have developed algorithms for
formation control of wheeled vehicles in
unstructured environments than can be
translated to a hoppers colony.

Desai et al. offer a leader-follower method. T
A robot takes the role of the leader and
follows the path planning like a single robot.
The algorithm uses a graph with some
behavioural rules for formation control. The
formation is recomputed, changing the
distance-orientation of the followers related
to the predecessors and based on local sensor
feedback. With this system, the formation can
avoid obstacles and change their shape
without changing the graph.

In contrast, other authors focus in adaptative
control to formation-keeping, considering
also the effect of actuator saturation in some
robots'’. In this case, the whole formation
follows the path planed.

Finally, other cooperative method for multi-
robot navigation is the use of a landmark trail
as navigation waypoints. The first robot sets
the waypoints related to relevant environment
features common to all robots. The rest of the
group has to follow the trail to reach the
goal®. Moreover, this trail can be also built
using active robots to track the passive robots
along the path (see figure 2). Some
algorithms based on incremental deployment
can be adapted to this purpose'’. The single
condition of the robot trail is that every active
robot must be in the field of view of the next
robot. Thus the distance covered in each step
is:

d=>R =N, [R

Nar

where N is the number of active robots and
Ri is the maximum reliable range of the
sensor i. If the robots’ team is homogeneous
Ri is a constant value (R) for all the robots.



Fig. 2. Trail of active robots. First, the active
robots (white circles) are deployed along the path.
Then the passive robots (dashed circles) travel
along the path with the tracking of the active
robots. If the number of active robots is not
enough to cover all the distance, the process is
repeated from the first point since the goal is
reached. The dotted circles show the range of
Sensors.

EXPLORATION IN THE MOON

Exploration is probably the broadest studied
application for single and cooperative robots.
It is based on the information gain about the
knowledge of the environment. However, in
this work the concept of exploration includes
ground prospecting, chemical analysis and
other mission objectives.

Furthermore, some authors have created the
concept of integrated exploration which joins
the main problems of mobile robotics:
localization (where I am), mapping (where |
was) and motion control (where I go). Since
other authors focus on the information gain
for the exploration, Makarenko et al. ** weight
the concepts of information gain U, (new
knowledge of the environment), navigability
Uy (less distance travelled to build the map)
and localizability U_ (density of known
features to an accurate localization). The
integration allows adding a new concept: the
mission goals Ug. The final decision of the
next goal will be the highest values of the
total utility U™":

U™ =w, U, +w, W, +w, W +> w, W,

The relative weights (W) depend on the
mission and must be adjusted according to the
priorities of the goals and the estimations of
the structure of the environment.

The problem of choosing which robot must
reach each goal is known as the multi-robot
task allocation. This is a classical
mathematical problem (multi traveller
salesman problem, MTSP) which has been
evaluated in different situations, missions and
environments™''**. The main objective for
each step is to get the combination robot-
frontier points that maximizes utility (U)
while minimizes the travelling-time cost (V)
(like market economy problems™)

O i 0O frontier, j O robots
maxZ:Ui,j U minZVi,j

There are also some algorithms that focus on
the problem from the point of view of



mapping and exploration. These methods add
some concepts like information overlapping’.
Multi-robot exploration algorithms are based
on active robot teams. Rekleitis et al.”’ offer
some algorithms which are useful in open
spaces with low obstacle density. They are
based on robot tracking and strict formation
control. The algorithm has low information
gain which is compensated with a high
accuracy of the localizability. They use
similar hypothesis to those presented in this
paper.

In contrast, recent works are founded on the
frontier-based exploration using occupancy
grids®. On those papers, each robot is
focused on a different part of the environment
and, usually, one robot is separated from the
others. These hypotheses introduce a different
point of view compared to those in our paper.
The solution studied here is a multi-team
algorithm. Each team of robots (actives and
passives) is considered like a single unity for
the exploration of the environment, but all the
robots are part of the same network.

SIMULATIONS

I have simulated the first level of behaviour
presented in this paper. This includes the
problems of localization (single and multi-
robot), map-building and obstacle avoidance.
The experiments have been implemented in a
MATLAB  multi-robot  simulator.  For
simplicity, the simulator only considers 2D
movement, because the possible
emplacements for a moon base have the
constraint to be flat terrains. Furthermore, the
obstacles implemented are equivalent to
medium-high rocks which are the most
frequent obstacle for a hopping robot on the
Moon. The features considered for the
Simultaneous  Localization ~And Map-
building, SLAM algorithm are the peaks of
the rocks, which are an invariant feature
taking into account the heterogeneous sensors
(laser rangefinder and stereco panoramic
cameras). The robots are detected and
identified using a retro-reflective coloured
totem. The range of view of the camera has
been limited to 200 meters and the laser to 20
meters. All the matches are supposed correct.

The data fusion is solved using an extended
Kalman Filter (EKF)®. It is based on the
general nonlinear system and measurement
model, where X, U and z represent the state,
action and measurement vectors and Vv, W are
the state and measurement noises:

Xy = f(xk—l’uk;vk—l)

Zy = h(Xk—l;Wk—l)
The system and measurement noises are
assumed to be Gaussian with zero mean and
are represented by their covariance matrices

Q and R. In the simulation the values for
these covariance matrices are:

0= {(0.25 @)} 0 }

0 2.700°

[625 0
Rcamera - 0 1 6[]0—5

107 0
RIaser = -5
0 2500

where d is the distance travelled in a jump by
the robot.

The optimal state estimate is propagated from
state k-1 to state k by the relation:

X = f(xk—l’uk;o)
- _ T T
Pe =APaAcy 7B QuiBis
At state k, the measurement z, becomes
available. The estimate is updated by the

kalman filter gain Ky in both the mean and
covariance relations:

K, =P;HI(H,PcHT +R, )"
%7 = %5 +K, [z, (%)
Pei = (I _Kka)Pk_

where | is an identity matrix and system (A),
input (B) and measurement (H) matrices are



computed as the Jacobians of the system
(f(x,u)) and measurement (h(x)) functions
respectively.

For the initial covariance, the value chosen is
several times higher than any distance on the
map.

The state of the system includes position (X,
y) from the robots and the features. The
orientation of the robots is assumed to be
calculated by other methods like triangulation
or coded totems.

For obstacle avoidance, the path planer has
been implemented based on simple potential
fields, because the discrete movement of the
hoppers do not need accurate adaptations.
Therefore, the attractive and repulsive forces
are defined as

o

where Ka and Kr are the respective weighting
constants. Finally, the total force applied to
the robot is

FT=F,->'F,

obs

This force shows the direction of the next
jump and is proportional to its length.

The weights of the potential fields have been
calibrated to keep the robots close to each
other.

Simulation with a simple far obstacle

According to the characteristics presented to
the terrains for a base building in the Moon,
the obstacles and the landmarks are few and
far from the working area of the robots. As a
result, these features are out of range of the
laser rangefinders and only the cameras can
build a map.

This fact has been simulated in an
environment with a single far
obstacle/landmark (see figure 3). The results

of the experiments with different teams of
robots are presented in table 2. The
combination of multiple robots increases the
accuracy of the measures (even though some
of the robots are passive). The conjuction of
laser and camera offers the best solution
because it mixes a wide range measure
(camera) for the obstacles/landmarks with an
accurate  short range measure (laser
rangefinder) for the robots.

Multi-Robot Simulator
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B0}

50 Uncertainty
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Fig 3: Experiment with far obstacle

Robot 1 Robot 2 Obstacle

Passive 12.9791 -

Camera 11.6760 7.8734

Camera & Camera 7.0822 7.2479 4.8756

Camera & Laser 2.5771 2.5771 2.5049

Camera & Passive 8.4589 9.1673 5.6345

Laser & Passive 5.1807 5.1807 -

Table 2: Maximum uncertainties (in meters) at the
end of the experiments with single far obstacle.

Simulation with several obstacles

I have developed some experiments with a
higher density of features in all the range of
distances from the robots’ team. In this case,
the simulation represents a more general
environment with some obstacles in the
trajectory of the robots. Figure 4 shows the
effect of potential fields in the trajectory of a
camera robot. The simulation presents also
the effects of adding new robot/features to the
environments. Again, a good combination is




camera-laser. However, adding new passive
robots offers similar or better results.

Multi-Robot Simulator
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Fig 4: Experiment with several obstacles

Robots Obstacles
Cam | Las | Pass | Mean Mean Max Min
1 6.9921 | 4.8309 | 6.3934 | 3.4764
1 6.3640 5.1533

4.1949 | 3.1861 | 3.8826 | 2.6678

24928 | 2.4923 | 2.4931 | 24918

24899 | 2.4898 | 2.4900 | 2.4896

24877 | 2.4877 | 2.4880 | 2.4875

N[ —= (DN — D
D= ==
W

3 24856 | 2.4856 | 2.4857 | 2.4855

Table 3: Maximum uncertainties (in meters) at the
end of the experiments with several obstacles.

Consequently, the best solution for a working
team is a combination of laser robots that
covers all the positions of the other robots
(especially passive robots), complemented
with a pack of camera robots for a complete
knowledge of the environment, solving the
problem of visual occlusions (not considered
in the simulations).

Furthermore, multi-robot platforms are
especially useful to avoid singularity errors.

CONCLUSION

In this paper, I have introduced an approach
to the problem of planetary exploration, in
low gravity environments.

The solution has been oriented to an
exploration mission in the Moon, but it could
be adapted to other satellites or planets like
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Mars, with new mission parameters (search of
life or water, crater exploration, etc).

Future work includes an accurate model of
the environment and robots for the simulator
(3D movement, visual occlusion, landmark
extraction and matching, etc.) and the
implementation of the next levels of
behaviour (formation control and autonomous
deployment and exploration).
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