
 

Abstract

 

Sun-synchronous exploration is accomplished by
reasoning about sunlight: where the Sun is in the sky, where
and when shadows will fall, and how much power can be
obtained through various courses of action. In July 2001 a
solar-powered rover, named Hyperion, completed two sun-
synchronous exploration experiments in the Canadian high
arctic (75°N). Using knowledge of orbital mechanics, local
terrain, and expected power consumption, Hyperion
planned a sun-synchronous route to visit designated sites
while obtaining the necessary solar power for continuous
24-hour operation. Hyperion executed its plan and returned
to its starting location with batteries fully charged after
traveling more than 6 kilometers in barren, Mars-analog
terrain. 

In this paper we describe the concept of sun-synchronous
exploration. We overview the design of the robot Hyperion
and the software system that enables it to operate sun-
synchronously. We then discuss results from analysis of our
first experiment in sun-synchronous exploration and
conclude with observations. 

 

1 Introduction 

 

Robotic exploration of planetary surfaces is restricted by
the availability of power. With constant energy, surface
exploration missions could last for months or years. Sun-
synchronous navigation is a potential means to provide the
capability for persistent, in some cases perpetual, presence
to explore, dwell in, and develop resource-rich regions of
planets and moons. 

Sun-synchronous exploration proceeds by reasoning
about power, specifically sunlight as a power resource, and

the amount power that is obtained through each potential
course of action. It is a technique that integrates reasoning
about power with navigating to explore terrain in a way that
optimizes both energy and mobility. Robotic explorers
must estimate how much energy is required to achieve their
goals and plan a course of action in position and time that
optimizes the use of available power.

 

1.1 Sun-Synchrony

 

Sun-synchrony is accomplished by traveling opposite to
planetary rotation, in synchrony with the Sun, to ensure
adequate exposure to sunlight.[1] On the planets and
moons robots  may employ the sun-synchronous
exploration technique to acquire the power necessary to
sustain operation for extended periods of time. [2]

Sun synchrony could achieve global circumnavigation
when the speed of traverse is sufficient to match the rate of
planetary rotation, as at the equator of Mercury or the poles
of the Moon. On bodies with axial inclination like the Earth
and Mars, sun-synchronous routes in polar latitudes follow
a path of continuous exposure to the Sun which circles
above the horizon in summer. By setting speed appropriate
to latitude and navigating to avoid shadows cast by local
terrain, solar-powered robots can operate continuously in
these situations. We believe sun-synchronous navigation is
a viable mission concept for surface exploration.

 

2 Hyperion

 

We have prototyped a robot, named Hyperion, to exploit
the advantages of sun-synchrony.[3] Hyperion represents a
class of polar robot notable for reduced mass, reduced
complexity, and vertically-oriented solar panels.
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2.1 Mechanism

 

The configuration of Hyperion is based on a premise of
mechanical simplicity in order to reduce mass and thus
reduce necessary system power. It features fixed vertically-
oriented solar arrays and a passive steering articulation.
The configuration provides opportunities to add actuation
but rather than add mass and complexity for these motions,
such as an actively pointed solar panel, our approach is to
seek intelligent behavior given the constraints imposed by
mechanical simplicity.

Hyperion, Figure 1, is capable of speeds up to 0.5m/s. It
is designed for natural terrain and to surmount obstacles up
to 20cm in height. It uses four wheel independent drive and
passively articulated steering. This steering design
combines the maneuverability of frame articulation with
the mechanical simplicity of skid steering. The front axle
angle is controlled by differential velocity on the front
wheels, eliminating the need for a steering actuator.
Velocity control on all four wheels eliminates skidding
while minimizing locomotion power.[4]

 

2.2 Power

 

The hardware to gather and store power for the robot
consists of two arrays of solar cells, two maximum power-
point trackers (MPPT), two sets of batteries, and
components for conversion and distribution of power to the
various subsystems, Figure 2. Hyperion’s solar arrays
consist of 8 modules, visible in Figure 1, fabricated from
(12.8% efficient) Silicon cells. The total area of solar cells
is 3.45m

 

2 

 

which can provide a maximum of 440W given
isolation of 1000 W/m
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. Maximum power-point trackers
allow operation of each of the arrays with maximum
efficiency for various insolation and thermal conditions and
support two separate battery buses at a nominal 24 volts.
Two sets of lead acid gel-cell batteries can power the robot
during conditions of shadowing or peak consumption
during slope climbing. The batteries have capacity to run
Hyperion for approximately 2 hours under typical
operating conditions. The two battery buses also supply
power to a main bus for the computing, sensing, control and
communication subsystems. Power system parameters
such as bus voltage, battery and load currents, are sensed
continuously and monitored.

 

2.3 Computing and Control

 

The computing hardware is  designed to support
autonomous functionality such as stereo perception and
local navigation. The computational complexity of robot
autonomy can always make full use of high-performance
processors yet to meet the competing demand for power
efficiency, the computing system includes a single 500MHz
Pentium III processor board in a 3U CompactPCI form
factor. A CompactPCI solution provides scalability through
numerous bus interface and processor cards available and is
designed for mechanical reliability in shock- or vibration-
prone environments, an important feature for a field robot.
The on-board operating system is Linux. 

The computing system interfaces over IEEE-1394 busses
for devices including two digital cameras and a digital
video camcorder and RS-232 busses for a motion
controller, a laser rangefinder, a tilt/roll sensor, and the

 

Table 1: Hyperion specifications

 

Mass 156 kg

Size 2.0m width, 2.4m length, 3.0m height

Speed 0.3m/s nominal, 0.5m/s maximum

Power 75 W steady-state + 0 - 150 W locomotion

Figure 1: Hyperion
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power  managemen t  and  d i s t r i bu t i on  (PMAD)
microcontroller.

Hyperion’s motion control system consists of two
elements: control of drive motor velocities and control of
steering axle angle; both are carried out by a multi-axis
controller for PID drive motor control using encoder
feedback. Algorithms loaded into the motion controller’s
nonvolatile memory, are responsible for maintaining a
desired steering axle angle, thereby holding a commanded
steering arc. This strategy provides the accuracy needed by
the navigation software, the maneuverability to ably avoid
obstacles and the reliability to prevent chassis damage. For
a detailed description of the control system see [4].

 

2.4  Communication and Telemetry

 

To conduct experiments with Hyperion calls for a high-
bandwidth wireless connection with the robot. An operator
interface for telemetry and video display can easily utilize
a 1 Mbps data rate and for Hyperion we tried to maximize
use of available bandwidth at any given time.[5] 

Wireless Ethernet bridges are used with a pointed 19 dB
antenna at the control station and an omnidirectional 15 dB
antenna on Hyperion as well as an optional transportable
repeater. The bridges provide 100mW of transmit power
and theoretically provide 11 Mbps data rates beyond 10km
with appropriate mounting. The bridges operate at 2.4 GHz
using the 802.11b protocol. 

Communication on-board Hyperion is implemented
using the IPC protocol.[6] IPC is a publish/subscribe,
message-based protocol for which a message dictionary
was defined containing specific to Hyperion’s software
design. IPC performs anonymous message subscription, so
a Telemetry Manager process was implemented to listen for
and log a wide variety of message types. The resulting
telemetry logs can be replayed to simulate operation or
analyzed to extract experimental results.

 

2.4.1  

 

Software

 

To operate sun-synchronously, Hyperion must optimize the

orientation of its solar panel with respect to the sun; by
maintaining its orientation within 15° of the sun it receives
at least 90% of the available solar energy (related by the
cosine of the incident angle). This poses significant
constraints for the navigation software; it must go beyond
avoiding obstacles and reaching goal locations to also
maintaining orientation relative to the sun, which of course
follows a temporal schedule.Hyperion can run into
difficulty not just from obstructed paths but also from
improper orientation or being off schedule. This calls for a
control architecture that enables rigorous error detection
and flexibility in the command structure to facilitate error
recovery including operator intervention.

 

2.4.2  Architecture

 

Hyperion’s software architecture exhibits a property of
sliding autonomy so that the current conditions dictate the
operational mode. The operator can interact with the robot
by directly teleoperating its actions, by enabling it to
safeguard operator commands or by allowing it to navigate
autonomously. Figure 4 shows the software components
active during each of the operational modes. 

Direct teleoperation allows direct low-level commands
to the robot and provides minimal safety.

In the safeguarded teleoperation mode, the operator
guides the robot with coordinated motion commands and
receives state directly from the sensors, including on-board
cameras. The State Estimator integrates sensor information
including position, orientation and speed. The Laser
Mapper detects nearby obstacles and signals the Health
Monitor of potential collision. When the Health Monitor
detects this or other anomalous conditions, motion is
stopped and the fault is signalled to the operator. 

In its autonomous mode the Stereo Mapper classifies
terrain, generating a traversability map from stereo
imagery at 1.5Hz. The Navigator evaluates the map and
selects a path that best leads the robot to the next goal. 

A Mission Planner determines position and orientation
goals and produces a scheduled plan, at 25m resolution, to
guide the Navigator along a sun-synchronous route. 

 

2.4.3  Health Monitoring

 

In exploring the unknown, circumstances will likely arise

Figure 3: Hyperion software architecture

Figure 4: Components active during each Operational Mode

3503



 

that challenge the capability of a robot. The robot must
detect and recover from errors as well as monitor
developing conditions so that it may modify its behavior
appropriately. This self-awareness becomes crucially
important to achieving long-duration operation where
faults should not end the mission. 

In the Hyperion software system the Health Monitor
samples approximately 100 state variables including
temperatures, voltages, currents, positions, orientations,
and velocities as well as monitors software state like
process activity and uncertainties in stereo correlation and
terrain modeling. This information is used to detect faults
in the system which are signaled to the operator. 

The Health Monitor also determines the system
operating mode, meaning whether it acts autonomously or
not. When some individual faults or combination of faults
occur the Health Monitor may change the operational
mode, for example if the uncertainty in stereo matching
becomes large, indicating the robot cannot perceive the
terrain ahead, the Health Monitor will signal the fault and
switch to a safeguarded mode to await operator guidance. 

On critical faults, the Health Monitor commands an
emergency stop of the system which halts motion and puts
the vehicle in a safe mode until operator guidance is
received. When the operator engages the autonomous
operational mode, the Health Monitor first checks for faults
before allowing the robot to begin driving. 

Hyperion's Health Monitor has been designed and
developed incrementally. There are capabilities that may be
necessary including monitoring for abstract faults such as
wheel entrapment or vehicle high centering, that require the
inference from a number of observables. Eventually the full
capability of system executive may be appropriate.

 

2.4.4  Perception

 

Hyperion uses a combination of stereo vision and a laser
range finder for terrain perception. The nature of the terrain
encourages the use of an optimistic navigation algorithm;
allowing terrain that is unsensed by the stereo vision
system to be considered traversable for planning. The laser
is operated as a "virtual bumper", detecting obstacles
missed by the optimistic evaluation and stopping the robot
prior to collision. In practice almost all terrain is eventually
sensed by stereo and all is swept by the laser. This
combination allows for efficient navigation without undue
risk or perfectly accurate terrain perception.

Hyperion utilizes odometry, inertial sensing and carrier
phase differential GPS for localization. The dGPS provides
accurate heading, pitch and location information but is
subject to drop-out. By filtering the GPS and incorporating
odometry and measurement of the roll/pitch sensor, stable
and accurate pose information is obtained. Accurate
localization is important for collecting ground truth data on
robot performance but is not critical to navigation which

operates in the local reference frame. Foregoing GPS and
applying a less accurate positioning system, such as
localization from tracking visual features would be
sufficient for an actual mission.

Critical to the design and implementation of a navigator
are the characteristics of the terrain it is to operate on. The
high arctic terrain where Hyperion is designed to operate is
typical of the arctic and of many regions of Mars and the
Moon. The ground is gently sloping with discrete boulders
and impassable gullies interspersed at a fairly low density.
The ground generally consists of loose shattered rocks or
hard-packed soil. This type of environment allows for
many optimizations to the navigation algorithm that would
be inappropriate in more dense terrain. 

By combining an optimistic navigation algorithm with a
highly reliable virtual bumper, the process by which data is
combined into a global navigation map can be streamlined.
Furthermore the robot does not have to be overly cautious
about entering terrain it has not fully sensed using the
stereo vision system.

 

2.4.5  Navigation

 

The Navigator for Hyperion operates on a queue of
waypoints. For each of these positions and orientations in
the queue, a new map is initialized and commands are
generated to drive the robot (when it is in its autonomous
mode). Path planning is implemented using the D*
algorithm.[9] The basic procedure of the Navigator when
evaluating possible paths to the next goal is:
• Update the robot position via the State Estimator
• Obtain stereo information from the Stereo Mapper
• Insert the terrain information into the map
• Update position to account for movement
• Evaluate the cost along a discrete set of arcs
• Choose the arc that has the lowest value of total cost
along the arc plus cost from the end of the arc to the goal
• Send radius, speed, and time for arc to the Controller
The robot travels a fraction of the chosen arc, and then the

Figure 5: Terrain model (inset terrain view from camera)
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entire procedure is repeated, so smooth transition among
discrete arcs (-4m to +4m) is achieved. Goals are regions
whose dimensions and orientation were determined by the
operator, analogous to science targets in a planetary
investigation. In general, the map is oriented along the
direction in which the robot should travel to optimize sun-
angle, and the goal is aligned perpendicularly to this
preferred direction of travel. 

 

2.4.6  Mission Planning

 

The Mission Planner solves for time-sequenced path plans,
with minimum energy guidelines, to enable a robot with a
fixed solar array to operate for extended periods. The robot
must reason about the complex interactions between
motion of the sun in the sky, terrain, shadows, solar array
pointing and energy consumption.[7] An actively-pointed
solar array decouples sun tracking from robot heading.
Although Hyperion is mechanically simpler and lighter
than it would be with a pointing capability, it must
synchronize its route timing with the position of the sun in
the sky to achieve solar array pointing that collects
necessary energy. Operating with a fixed solar array on a
planar surface, optimal paths are circular and timed to
maintain direct sun on the solar array for the entire route.
More realistically, terrain and the shadows caused by
terrain, and intermediate, goals, for example science
targets, prevent a circular path solution. Because non-
circular routes prevent the solar array from rotating at a
constant rate, the specific choice of route and timing must
be carefully planned to maintain sun-synchrony and
appropriate power levels.

The Mission Planner applies the TEMPEST algorithm
[8] which combines goals with the ephemeris data with
models of robot power performance and operational
constraints to form a basis for path and time search. Surface
lighting is determined by a ray-tracing algorithm that
determines line of sight visibility from the sun to each cell
on the map. The planner uses an incremental search engine
(ISE)[9] to determine the route that is optimal based on
navigation and power criteria and outputs a list of
waypoints and times that is transferred to the Navigator for
mission execution.

 

3 Field Experiment 

 

The arctic circle, 66.55°N, marks the southernmost latitude
of the northern polar regions at which the sun does not set
on the summer solstice. Haughton Crater is located at
75.36°N, 89.68°W on Devon Island. It is particularly
notable for the lunar-like breccia inside the crater and
Mars-like “planitia” to the northwest of the crater rim,
Figure 6, and is the site of ongoing investigation by the
NASA Haughton Mars project.[10] 

The objective of the first field experiment was to prove
the concept of sun-synchronous exploration by navigating
a sun-synchronous circuit in 24 hours and to finish batteries
fully charged so that, in principle, the operation could be
repeated indefinitely while sunlight persists. An important
result was to determine the practical effectiveness of
synchronizing to sun and this requires measurement of
ground-truth power input and output, and achievable
vehicle speed and endurance (on Earth). 

The robots route is driven by goals that may be selected
by planetary scientists who designate scientific sites from
orbital images, but for our experimental purposes a
arbitrary circuit was sufficient. The goals define the shape
and length of circuit that the Mission Planner transforms
into waypoints and times that achieve sun-synchrony while
traversing the terrain, for example avoiding shadows or
slopes that represent higher energy cost. 

Figure 6: Mars-like terrain of Von Braun Planitia northwest of Haughton Crater on Devon Island, Canada

Figure 7: Sun-synchronous traverse on Devon Island
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Human operators monitored robot progress throughout
the field experiment. Vehicle telemetry as well as imagery
from a panoramic camera were continually available to the
operator through the user interface. Once the robot reached
a waypoint the operator would wait until the designated
time to execute the next waypoint thus simulating a science
opera t ion .  Between waypoints  the  robot  would
autonomously navigate through the terrain avoiding any
obstacles.

 

4 Results

 

The first 24 hour sun-synchronous experiment was
completed on July 19, 2001. The robot had traveled 6.1km.
90% of the mission was completed autonomously, Figure
7. Teleoperation did occur upon indication from Hyperion's
health monitor that a fault had occurred. In this experiment
the only faults to occur were failure to find a forward path
and laser obstacle detection. No intervention was required
by field observers for safety or any other reason (despite
winds up to 27kph). During the experiment Hyperion, in
several instances, fell behind its plan due to the difficulty of
the terrain it encountered. In each case it was able to catch
up to the plan when it reached more benign terrain.

 

4.1 Solar Power Performance

 

 

 

Analysis of data obtained during the course of the
experiment shows the total mean solar input to the power
trackers to have been 113W. This represents the time
averaged power generated by the solar panels. The total
mean load power of the robot was 144W. The relatively low
mean load reflects the nature of the planned path which
included extended periods of charging during which the
locomotion load was negligible. The difference of 31W
corresponds to power tracker conversion and battery
inefficiency. The batteries were in the same fully charged
state at the start and conclusion of the experiment.

 

4.2 Obstacle Avoidance

 

The navigation software proved extremely reliable was
capable  of  avoiding obstacles  in  very c lut tered

environments (Figure 8), even when up to a third of the
sensed surface area the robot drove through was rough or
impassable. On average, the robot maintained a heading
error of less than 5° while traveling through terrain with an
average obstacle density of 6.9%. Also interesting to note
in Figure 9 are several instances of large heading error
where Hyperion was navigating to avoid obstacles and in
came fully about to get out of impassible boulder fields.

 

4.3 Sun-Synchronous Performance

 

The mission planner was successful in generating sun-
synchronous routes for Hyperion. Figure 7 depicts the path,
the shape of which indicates the degree to which terrain
prevented an ideal circular path. Streambeds ran along the
outside of both diagonal legs, and a rocky promontory rose
to the west of the northwest end of the route. Predesignated
goals steered clear of these global terrain hazards.
However, because of the elongated shape of the traverse,
the planner had to reason about how to best time the route
to minimize inevitable solar array off-printing. 

The histogram in Figure 10 shows a measure of the
Mission Planner’s ability to maintain sun exposure on
Hyperion’s solar array. It depicts the angle, in the plane of
local horizontal, from the sun to the solar array normal
resulting from the mission plan. Zero degrees indicates
optimal pointing, while negative and positive values
indicate sun aft and sun forward conditions, respectively.
The similarity between planned and actual pointing,
indicating a high level of integrity of the execution to the
mission plan, are illustrated. Differences in these profiles
are attributed to off-pointing due to specific actions taken
by the local navigation system to avoid obstacle. The
histogram indicates a high percentage of the route is spent
with optimal solar array pointing. The bias in sun angles
toward the aft of the robot is attributed to the Mission
Planner’s path selection criteria. In cases of path
performance equivalence, ties are broken by selecting the
earliest path opportunity. For clockwise paths in the
northern hemisphere, earlier opportunities tend to bias sun
angles aft.

Figure 8: Local obstacle avoidance
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4.4 Sliding Autonomy

 

Hyperion spent 90.0% of its time in the experiment
operating in autonomous mode,  9.9% of t ime in
safeguarded teleoperation mode and 0.1% was in
monitored teleoperation mode. These measurements only
take into account Hyperion’s goal-to-goal activity, not time
spent waiting at a goal for timing or recharging purposes. 

As the results suggest, nominal waypoint navigation was
performed autonomously. In autonomous mode, driving
decisions were based on perception from stereo sensors and
the location of sun-synchronous mission goals. A remote
operator was limited to two actions in autonomous mode:
submitting goals and setting the nominal driving speed. An
operator would generally decrease driving speed to 20 or
15 cm/s if rocky terrain was perceived ahead; in retrospect
this conservative measure was probably unnecessary. 

Teleoperation was initiated in two situations: when
traversing areas observed to be dangerous due to flowing
water and when the Health Monitor triggered a fault.
Remote operators detected dangerous areas primarily with
images from the panoramic camera. Streams and ice
patches were typical types of dangerous terrain. During the
course of the field experiments, operators never needed to
intervene to stop Hyperion, its Health Monitor always
detect the condition and changed operational mode, and
stopped, as necessary. Laser-detected obstacles were the
most common fault triggered by the Health Monitor. Less
common faults included loss of heartbeats from processes,
typically from temporary communication loss.

 

5 Conclusion

 

We observe that performance was sufficient for the
exploration activities presented to Hyperion. Undoubtedly
it  could be improved, notably by automating the
communication of the time-tagged waypoints to the rover.
The ability to replan as the robot falls behind or ahead of
schedule is needed to add robustness. The robot can fall
behind if rough terrain is encountered but in this

experiment, the Mission Planner provided enough power
margin for Hyperion to regain the scheduled plan. 

While the ability of the robot to autonomously avoid
obstacles and navigate between waypoints was effective,
there were times when teleoperation was required. Robot
initiated human intervention functioned smoothly. 

Views from the panoramic camera were able to provide a
good environmental awareness to the operator, but the
resolution was not enough to clearly distinguish obstacles.
The laser rangefinder that was used as a virtual bumper, to
stop the robot proved ineffective in terms of providing the
operator detailed information about how to proceed when
an obstacle was detected. Further refinement is necessary. 

The first  24 hour sun-synchronous exploration
experiment showed the feasibility of continuous operation
of a solar-powered rover. The ability to operate the sun-
synchronous and maintain the necessary power levels was
clearly demonstrated.
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Figure 10: Comparison of planned and actual panel pointing
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