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Abstract

The TRESSA (Teamed Robots for Exploration and Science on Steep Areas) system is a three-robot system consisting of the Cliffbot rover and two Anchorbot winches designed to provide access to steep terrains for planetary science missions.  TRESSA recently returned from its second joint field season with a team of planetary scientists and engineers.  This year’s goals were to investigate sample collection, caching, and return, as well as instrument placement in steer terrains.  Field results from 2007 are presented. 
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1. Introduction

The TRESSA (Teamed Robots for Exploration and Science on Steep Areas) system is a three-robot system consisting of the Cliffbot rover and two Anchorbot winches [Pirjanian 2002, Huntsberger 2005, Huntsberger 2007, Mumm 2004, Paulsen 2005, Stroupe 2007]. The system is designed to operate in steep terrain with slopes up to 85° and provide scientific access to areas that are not reachable by traditional rover methods (such as the Mars Exploration Rovers, which can only operate on slopes up to 30°).  The approach is modeled on human tether-aided climbing, where one or more team members remain at the top of the cliff and control the tension in safety lines to the cliff-climbing team member. Science operations in such steep slopes are highly desirable because exposed cliffs provide access to multiple layers of geological history at a single location, adding context and a deeper understanding of the local geological processes.
The rover objectives for the 2007 AMASE (Arctic Mars Analog Science Experiment) field season were:

· Perform robust driving on slopes up to 85 degrees, including one long traverse of ~15m.

· Perform multi-modal science analysis of a cliff target using MSL (2009 Mars Science Laboratory) relevant instruments

· Perform a sample collection off a cliff target

· Perform at least two sample collections on a single mission, caching the samples onboard the rover

· Perform mock flight rover operations using a MER-style operations model: data analysis, generation of science plan, uplink of plan, execution of plan, data return.

2. Science Operations

The TRESSA system is controlled in a manner similar to the MER rovers. A set of commands is sent to the team, which then executes those commands, and sends back telemetry and science data.  The primary control software is MAESTRO, which is also used for data analysis and plan generation for MER. MAESTRO is a graphical interface which presents images, science data, and terrain information for targeting (including reachability of different targets by different instruments) to be used for data review or planning future actions [Jis 2005].
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The Cliffbot rover, designed as a science rover, has a robotic arm that can carry various instruments and sample acquisition devices.  In the 2007 field season, the arm was equipped with a color microscopic imager (CMI), a deep UV excitation fluorescence detector (DUVEFD) to detect organics, and an interchangeable scoop used to acquire samples.  The rover has two stereo pairs of cameras (mounted on the front and on the back) that can be used for science target selection, science operations with the robotic arm, and drive operations.  The scoops are stored on-board the body of the rover inside closed containers, where the arm can retrieve and store them.  In this way, the rover can collect up to 3 samples which remain sealed on-board to prevent cross-contamination.

In order to achieve these goals, several modifications, both in software and in hardware, were made to the TRESSA system. First, the sample acquisition scoop interface was redesigned in order to allow for robotic acquisition and deposition of scoop sample containers for sample caching on the rover. Second, a set of four sample cache containers were mounted on the body of the rover for storing the scoops and acquired samples. Additionally, the science instrument suite was altered to include the portable DUVEFD (a new prototype in development for the MSL mission). Autonomous software for placing the new instruments, sample collection, scoop manipulation, and sample caching was developed to allow for flight-like control of these operations. MAESTRO was further integrated with the command interface of the system to allow for MER-like data analysis and science planning.  A separate three-dimensional terrain modeling software package was included but not fully integrated to allow visualization of the rover’s environment.  Lastly, several additional layers of fault protection were added to the cliff-driving system to improve safety and performance, most importantly including communication monitoring to detect the loss of a robot in the system (such as due to battery failure as occurred in the 2006 field season). 
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3. Sample Caching System

The sample caching system was designed to provide a sterile sampling environment that prevents cross-contamination between samples.  The sample acquisition devices (titanium scoops) are stored on-board the rover in closed containers.  The scoops are designed to slide onto the robotic arm and latch in place, allowing the arm to attach and detach scoops without the need for human assistance.  The external sample containers are designed with a lid that nests with a lip on the container.  The lids also have a tab that the robotic arm can push against to open or close the sample containers. A force sensor on the wrist of the robotic arm provides feedback for the rover to determine when it makes contact with the various components of the container and scoop system. For maximum reliability of performance, a set of arm configurations were experimentally determined for each operation; each activity begins at one of these “teach-points” such that subsequent actions are repeatable.  One scoop is reserved as a manipulation tool (for open/closing containers) and the additional three are used for sampling.
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Prior to a deployment, the scoops and scoop containers are sterilized by a multi-stage process [Steele 2004]. They are then swabbed and tested for biological material to verify the success of the sterilization process.  Until field deployment, the containers are wrapped in foil to prevent external contamination during transportation to the deployment site. During the mission, the rover retrieves one of these devices, collects a sample, and then returns the sample-containing scoop to its protective container.  In this way, no sample acquisition scoop contacts more than one sampling site, and is protected from external contamination during the remainder of the mission. 

To evaluate caching system performance, the sample scoops are swabbed again after the mission on the outside of the external container and on the outside of the sample-containing scoop.  In this way, external versus internal contamination levels can be compared.

4. 2007 Field Results
The Cliffbot rover was deployed at three field sites in Svalbard, Norway, in the 2007 field season of AMASE.  Two of the sites were cliff driving sites with the full TRESSA system, and one site was a benign terrain deployment using the Cliffbot rover only. 

4.1 Deployment 1: The Red Beds

The goals of the first deployment were:

· to perform mock flight operations using a full science team,

· to perform the integrated science operations on a cliff,

· (optional) to cache one sample (for mechanical validation of the process).
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The rover was deployed at a short cliff (approximately 2.5m in height and 50 degrees incline) covered mostly in loose rocks and some soil.  Each of these deployment goals were met, fully or in part.  Mock flight operations were performed, integrating the science team into the planning cycle.  Three tools were placed, and a sample was collected.  Details are described below.
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Mock Flight Operations

The science team was stationed nearby in a small gully, with no line of sight to the rover or the rover deployment site. Preliminary imagery taken by the rover and by a hand-held camera were provided to the science team to provide initial context. The science team was asked to examine the imagery and select a science target. This science target was provided to the rover operator, who then generated several sequences of commands to arrive at the goal location.  Once at the goal location, the science team was asked to determine a sequence of science observations to take at the location, which were then implemented and transmitted to the rover by the rover operator.  These science observations include CMI images and placement of the UV spectrometer on a rock and a collection of a sample of soil near the rock. A total of three science planning-rover execution cycles were performed during the deployment.

Cliff-based Science Operations
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The rover successfully drove approximately 2m down the cliff to the science target in 20-50cm steps, taking imagery at each step.  Both the CMI and the UV spectrometer were successfully placed on the desired science target, named “Ripple Rock.”  The CMI image was in focus. The DUVEFD took a spectrum of the rock, though the incident light resulted in a spectrum that was quite noisy. The robotic aspects of the science operations goals were successfully met, though the actual science results were limited. Additional calibration of the DUVEFD was required prior to additional outdoor deployments.

Sample Collection and Caching

The rover successfully collected a soil and plant sample at the targeted science location. However, sample caching was modified due to unanticipated complications.  The steep angle of the rover at the site and the cold temperatures led to error in the positioning of the robotic arm at the teach points.  The steep angle changed the direction of gravitational forces on the arm and the cold temperatures altered the performance of the motors.   The rover was able to successfully open and close the sample caching containers despite the error.  However, the accumulated positioning error was high enough in magnitude to prevent successful latching/unlatching of the scoops with the robotic arm.  Some human aid was required to fully latch the scoop onto the arm, and human visual observation was required to successfully position the scoop over the sample caching container.  Additionally, as a result of the high positioning error, the sample was delivered directly to the container (by opening the scoop over the container) rather than delivering the scoop to the container. 
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4.2 Deployment 2: Sverefjellet

The goals of the second deployment were:

· to collect and cache 2 samples using the full sample caching system

· to validate the sample caching approach as a method of preventing sample contamination.

As a result of the performance of the sample caching system at the first site (Red Beds), it was decided to perform the sample caching deployment on level ground.  The selected site was flat within 5 degrees and was predominantly soil covered with many types of plants.  The goals were met in part, as described in detail below.  Three samples were collected and cached, with some additional aid from humans.  Two acquired samples showed significantly reduced biological on the outside of the scoop relative to that on the outside of the sample container.
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Sample Collection and Caching
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Sampling sites were selected by on-site scientists.  These locations were provided to the rover operator, who then iteratively directed the rover into position.  One of the sample collection sites was additionally investigated by taking a CMI image of the sample site.

During the tests, the manipulator scoop was attached and detached by hand for simplicity and efficiency.  At each sample location, a new sample container was opened and a clean scoop was attached to the robotic arm.  At all sites, the rover successfully opened the sample caching container.  However, the cold temperatures induced error in the arm positioning and while the arm was able to engage with the scoop, it could not complete the final latching. It was necessary for a clean, gloved hand to manually push the arm into place. The rover was then able to autonomously acquire a sample in the scoop.  The rover placed the scoops back in the sample container with an on-site observer providing visual feedback to improve the alignment of the scoop with the container.  In two of the three caching runs, the rover was able to autonomously release the deposited sample-containing scoop.  In the third, it was necessary for the arm to be manually aided (again using a clean, gloved hand).

Caching Validation

Prior to deployment and after deployment, the containers and the scoops were tested for biological material in two ways: ATP and LAL.  ATP (Adenosine Tri-Phosphate), is a measure of biological metabolism activity in active cells.  It is measured in reactive light units (RLU) using an illuminometer.  LAL (Limulus Amebocyte Lysate), measures cell wall components. It is measured in endotoxin units per milliliter (EU/ml) using an Endosafe portable testing unit; valid measurements have coefficients of variation below 25%.  On two of the samples (1 and 3) the scoop biological levels were significantly lower than the external container measurements, indicating that the sample caching system was successfully preventing external contamination from entering the containers. Sample 2 registered a high level of biological material on the outside of the scoop due to the fact that the sample (a lichen) was partially protruding from the scoop and contacting the scoop’s outer surface.  While the biological readings were high, this may be predominantly due to sample material rather than external contamination.  These results are summarized in Table 1. ATP is measured in RLUs  The CV value for LAL is shown as (X%) after the value.
	Table 1: Sample Caching Validation Results

	Measure
	ATP Before
	ATP

After
	LAL Before
	LAL After

	Sample 1
	32±20
	203±181
	<0.05 (0%)
	<0.072 (8.6%)

	Sample 2
	37±7
	3217±3276
	<0.05 (0%)
	0.112 (18.8%)

	Sample 3
	---
	400±485
	---
	0.056 (6.2%)

	Blank
	17
	35
	---
	---

	Container Exterior
	---
	3000
	---
	---


4.3 Deployment 3: Bockfjorden

The goals of the third deployment were:

· to perform a long traverse (~15m)

· to operate on a steep slope (>75 degrees)

· (optional) perform scientific studies of a target.

The third deployment site was an approximately 15m cliff with slopes up to 85 degrees. The surface consisted of bedrock, loose rock, and soil. The rover successfully traversed down the height of the cliff, including slopes of greater than 75 degrees.  Thus, the goals were met, and details are below.

Steep Cliff Traverse

The drive goal was selected by an on-site scientist visually inspecting the cliff face. The rover drive was directed by the rover operator using input from the rover’s imagery and visual guidance from on-site engineers.  The rover drove in 20-50cm steps, taking images at each step.  Approximately two-thirds of the way through the deployment, the rover slipped into a narrow gully, partially trapping one of the wheels. This was not identified using rover imagery, but was recognized by the observing engineers. As a result the rover was directed to drive back up the hill for approximately one meter, drive sideways to clear the gully, and then was allowed to continue on the downhill traverse.  The rover successfully traversed a linear distance of about 11.5m, with a total drive distance of approximately 13-14 meters.  The rover reached the desired science target, but was unable to complete science operations due to time constraints. The final part of the traverse (to reach the cliff bottom) was not completed due to time constraints.

4. Summary and Conclusions
The 2007 field season successfully met required goals and partially met the additional desired goals.  The rover is successfully able to operate on steep environments and perform science operations. Sample caching still poses some difficult problems.

Robust driving on slopes greater than 75 degrees, including one long traverse of ~15m.

The TRESSA system completed 2 successful cliff traverses, including slopes up to 85 degrees and a 11.5 m long traverse.  The system remained stable, even during a battery failure, which sent the system into an emergency backup mode.  A full 15m traverse was not possible due to time constraints.

Multi-modal science analysis of a cliff target using MSL (2009 Mars Science Laboratory) relevant instruments

A single target was analyzed using the CMI and the MSL prototype DUVEFD.  The rover was also used as a platform to perform multi-model science investigations of field samples in the laboratory. 

Sample Collection on a Cliff Target

The rover successful collected a soil/plant sample on a 50-degree slope.

Perform at least two sample collections on a single mission, caching the samples onboard the rover

The rover collected and cached three samples on a single mission. Some additional human intervention was required to interface the sample collection mechanisms with the robotic arm due to accumulated error in arm positioning.

Perform mock flight rover operations using a MER-style operations model

The first field deployment successfully performed MER-style operations using a science planning – engineering planning – execution cycle. Three planning cycles were implemented.
5. Future Work
The 2007 AMASE field system demonstrated the efficacy of the cliff-driving approach for performing integrated science activities. Several limitations are still evident in the approach that must be addressed:

Arm Positioning Accuracy

The current sample caching system requires sub-millimeter accuracy in arm positioning for interfacing the arm with the sample scoops and for replacing sample-containing scoops in the sample containers.  The current TRESSA system does not have the required level of accuracy, but these deficiencies can be addressed.  First, an arm with more degrees of freedom would provide greater reachability of the arm for interacting with the sample containers.  Second, gravity compensation (such as that successfully applied on the Mars Exploration Rovers) would compensate for the errors include on the steep inclines.  Third, hard stops that could be repeatably identified regardless of operating conditions (and providing a reliable starting point for operations) would also reduce the error. Finally, the interface between the scoops and the arm will likely require redesign to allow successful attachment and detachment of the scoops in the wide temperature ranges.  Redesign approaches are still a current area of research.

Sample Containment

The largest contamination seen on the sample caching system was due to the sample not being fully contained in the system.  A method of validating sample containment is required.  The proposed system would use imaging to allow scientists to validate the containment of the sample. If the sample wasn’t contained, the scoop could be lifted and opened to allow any loose material to fall either into or out of the scoop, allowing it to seal properly.

Cliff Driving

Currently, hazard detection is done by humans looking at rover imagery or looking directly at the site.  Current software for hazard detection has been implemented for the Cliffbot rover, but has not been integrated with the cliff driving system.  Integration will allow the rover to perform more autonomously, increasing the efficiency of operations.  Additionally, hazards such as slip and wheel traps (like the gully encountered at the third deployment) are currently detected by humans.  Integration of visual odometry (which has been implemented but not integrated) will be able to compare commanded drives with actual motions and detect discrepancies. Small discrepancies can be accommodated (as on MER) by allowing the rover to drive adjusted distances to compensate for detected slip.  Significant discrepancies (such as if the rover is stuck and making no progress) can be reported to the operator to allow human intervention.

Flight-like Operations

The deficiencies in the flight-like operations result from a lack of integration of tools.  However, the necessary integration of terrain models, science targets, and imagery required to perform efficient operations has been developed for the Mars Exploration Rovers (and is being adapted for MSL), and will therefore only be partially addressed for AMASE.  The Maestro graphical interface will be adapted to display three-dimensional terrain models (generated by an independent process) to allow visualization of the rover’s location.
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Figure � SEQ Figure \* ARABIC �1�. TRESSA: Cliffbot and two Anchorbots together perform tether-aided cliff climbing.





SCOOP





CMI





     DUVEFD





Figure � SEQ Figure \* ARABIC �2�.  TRESSA 2007 Science Package. Color Microscopic Imager (CMI), deep UV excitation fluorescence detector (DUVEFD), and Scoop.





Figure � SEQ Figure \* ARABIC �3�.  Top: Cleaning the Sample cache containers.  Bottom: Transporting protected sample containers and scoops.





Figure � SEQ Figure \* ARABIC �4�.  Sample Caching System.  Arm with sample-containing scoop aligns to cache sample.





Figure � SEQ Figure \* ARABIC �5�.  Deployment Site at Red Beds.





Figure � SEQ Figure \* ARABIC �6�.  Mock Flight Operations at Red Beds.  Top: Science Team analyzing data for planning. Bottom: Rover operator building commands.





Figure � SEQ Figure \* ARABIC �7�.  Science Operations at Red Beds.  Soil sample collection.





Figure � SEQ Figure \* ARABIC �8�.  Sample Caching at Red Beds: placing sample in sample container.





Figure � SEQ Figure \* ARABIC �9�.  Deployment 2 Site: Sverefjellet.





Figure � SEQ Figure \* ARABIC �10�.  Sample Collection and Caching at Sverefjellet.  Top: Rover collects a soil and plant sample using the scoop.  Right: Rover places sample-containing scoop into sample container.





Figure � SEQ Figure \* ARABIC �11�.  Left: Testing interior of sample container for biological material prior to sampling.  Right: Testing outside of sample container for biological material after sampling.





Figure � SEQ Figure \* ARABIC �12�.  Third deployment site: Bockfjorden.





Figure � SEQ Figure \* ARABIC �13�.  Rover driving sideways to escape gully 
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Figure � SEQ Figure \* ARABIC �14�.  Top: .  Current Maestro Interface graphical view of rover imagery, science instrument reachability, and science data imagery (CMI).  Bottom: Example of JPL three-dimensional terrain modeling and viewing which will be integrated into Maestro.





CLIFF BASE





CLIFF FACE





CORRECTED HAZCAM IMAGES





RAW HAZCAM IMAGES





INTERACTIVE 3D TERRAIN





RANGE 











