Task Evaluation f or Robotic Explor ers

Ph.D. Thesis Proposal

Submitted by: Kimberly Shillcutt The Robotics Institute Carnegie Mellon University December 2, 1998

Abstract

Abstract

Robotic explorers of remote locations require autonomous capabilities to select the best tasks to perform. Successfully accomplishing their mission requires careful utilization of resources, particularly power. The robot must evaluate each potential task in terms of the power that will be gained from solar panels or other sources, as well as the power that will be expended by the performance of the task. The uncertainty of the evaluation helps determine the level of risk associated with the task. Major parameters to be considered are the terrain, orbital parameters of the sun, and the locomotion and power generation capabilities of the robot.

A primary goal of surface exploring robots is complete coverage of an area, so coverage patterns are a major task to be evaluated. The effects of each task on power and other resources, as well as on the fulfillment of the robot’s goals, need to be evaluated and then weighted by the priorities of the resources and goals. The priorities are dynamically changing, depending on the current resource availability and on the goals to be accomplished in the robot’s current mission stage. The weighted evaluations are combined into one equation, producing a rank for that task. The task to perform can be chosen based on the rankings of all available task options.

Motivation

Motiva tion

Autonom y and P ower Resour ces Capable and adaptable robots are needed for exploring areas too dangerous or costly for humans to visit. Planets and moons, ocean floors, polar regions, and other remote earthly locations are some such areas. The absence of close human presence in these places requires some degree of autonomy, particularly when the work area is dynamically changing and not fully known ahead of time. Preprogramming the robot is not an option when insufficient information is available. Teleoperation is not viable either in remote areas, where time delays between the robot and human operators cause multiple difficulties. Rapid reactions to dangerous situations are not possible, limited sensor information is difficult for humans to decipher and react to, and multi-stage tasks are lengthened unacceptably. Autonomous operation allows robots to reason about their ability to perform various tasks as well as the probable results of performing those tasks, all with respect to the current, possibly changing environment.

Reasoning about the probable results of actions is crucial for robotic explorers. These robots typically have limited resources, which must be used as efficiently as possible. To succeed in their mission of exploration, as much work as possible needs to be extracted out of few resources. These resources include power, such as solar panels, wind turbines or batteries; time; sensors; computer and other hardware resources. The financial budget for robotic explorers is always limited, creating size and weight restrictions for any robot destined to be launched into space or injected into other remote areas. Thus, efficient use of resources can be of vital importance to robotic explorers, making the difference between success and failure of their mission.

The most critical exploration resource is power, and optimizing its generation is crucial. For this class of remote, exploring robots, solar power is the mode of choice. The use of non-renewable batteries or fuel cells alone is not feasible for extended missions, due to the enormous weight and volume that would be needed to transport the required amount. Nuclear power is another option, but one which requires extensive safety reviews, public and governmental approval which may take years to complete. Despite the drawbacks of solar power, such as inefficiencies due to material composition, dust storms or clouds, solar power is a prime power source in the inner solar system, ranging from the Sun out to Mars. To generate solar power for use by a mobile robot, several factors need to be considered. Solar power generation depends not only on the static solar panel configuration, but also on the changing orientation of those panels with respect to the sun, and the current visibility and strength of the sunlight reaching the panels. The motion of the sun over time in a particular location combined with local terrain maps will indicate whether or not the sun will be visible at a given location, and at which angle the sunlight will be incident on the panels.

The effect of terrain on sun visibility is an issue which requires more explanation. While planetary and lunar surface missions to date have been near-equatorial expeditions, polar regions are increasingly of interest to researchers. Solar power generation near the equator is simplified, but in the polar regions, the sun remains low on the horizon, producing long shadows and enhancing the effect of terrain features. Calculating the location and movement of shadows is thus complicated, but necessary to ensure adequate generation of solar power. In some cases, long periods

Motivation

without sunlight may occur, at which time dependence on other power sources or hibernation must occur.

Given information about the environment and the solar panel configuration, robotic explorers can evaluate how a given task will affect the solar panel orientation and location, and therefore the amount of power generated. For robotic explorers, extensive travel around and through a region is a primary task, using complete coverage patterns. Evaluating such tasks requires a clear understanding of the changing relationship between environmental parameters such as the sun angle and terrain features, and the robot’s location and orientation.

This generated power, whether used immediately or stored in batteries, needs to be used efficiently as well. The type of steering activity and the terrain covered will affect the power requirements of the locomotion system, so tasks need to be evaluated in terms of the steering activity and terrain which will be covered, as well as other power consuming activities. Additional power sources and other resources need to be carefully utilized and conserved as well. With proper evaluation metrics, the effect of robot tasks and actions on all relevant resources can be considered. These evaluations may not accurately reflect the true use and generation of resources that will occur when the robot enacts the tasks, however, so a measure of uncertainty must also be calculated. If the uncertainty is large enough, the robot may run out of power before completing a task, so the risk associated with committing to a given task will be based on this uncertainty.

Task Media tion The more capable robotic explorers are, the more valuable they will be. As an extension of the human presence, robotic explorers should provide as much information as possible about the environment being explored. To this end, robots must be able to perform a wide variety of tasks, such as driving to a point, observing with high resolution cameras or radar, taking spectrometer readings, drilling or extracting core samples, and processing data that has been gathered. These mission related tasks can be separated from other survival tasks, such as turning on heaters or fans, and sensing and avoiding obstacles, which are not addressed in this proposal.

These mission tasks, in combination or separately, are used to meet more general goals, such as covering an area as completely as possible, searching for and evaluating new areas, classifying and identifying certain rocks or soil samples, evaluating the stratigraphy in a location, or performing other geological tests on rocks. The overall mission of exploration will involve one or more of these general goals. With multiple resources to optimize and multiple goals to achieve, robots must have some way of prioritizing their potential tasks.

Tasks can be evaluated both for their effect on the robot’s resources and their effect on meeting the robot’s goals. The distinction between resources and goals clarifies the effects for human operators or programmers, but the robot’s planner need not distinguish between them. The criteria for selecting one particular task from a larger group of possible tasks depend only on the priorities of the resources and goals. One resource may be more scarce than the others, or one goal may be more important than another. The amount of uncertainty can also be evaluated for each resource just like the resources themselves, weighted by a priority based on the amount of acceptable risk. These priorities might also change over time, as the availability of resources changes, or as goals are completed and the robot’s mission changes shape.

Motivation

For example, a robot may have a mission of exploring a remote location to evaluate its usefulness to humans. Rough environmental information may be known ahead of time from remote sensing data, but the first stage is to map the terrain from the ground in a higher resolution. The goals in this stage are coverage of the area as completely as possible and searching for and evaluating new areas. The level of evaluation here is to determine areas which have high probabilities of various resources so that they can be further explored later if possible. Deviations from the pattern or detailed examinations of rocks are not generally desired at this time. The types of tasks that will be used in this stage are driving in a patterned search, observing with high resolution cameras, and processing the data to store in a map of the area.

When a specified area has been traversed with a broad coverage pattern, the second stage begins. This stage involves evaluating the actual presence and quantity of resources. Finer coverage of specific, smaller areas is desired, and many deviations from the pattern for closer examination of specimens will occur. The goal of coverage is still desired, but the goal of classifying rocks and soil samples is given a higher priority. After this stage is completed, the robot may move to a new area and begin with the first stage again.

Such dynamic missions, in dynamic environments, require flexibility in how robots evaluate and pick specific tasks to perform. When determining the best task to do next, each task can be evaluated in terms of resource utilization and effectiveness in meeting different mission goals. The priorities of goals and resources may change over time, so the planning system must take these priorities into account when selecting the best plan of action. Different mission stages will affect the priority of different goals and the amount of acceptable risk, low power situations will increase the priority of power resources, temporary unavailability of some resources will change the goals or resources allowed, and time constraints due to communication availability with human controllers will affect the priority of time required to complete a task. Allowing the priorities for each resource and goal to vary will allow robotic explorers more adaptability in responding to their environment.

Problem Statement

Problem Sta tement

The evaluation of coverage patterns and exploration tasks with respect to power generation, power consumption, and other resources and goals will enable crucial improvements in the productivity and return value of robotic explorers. Many planners and schedulers for mobile robots have been designed, ranking discrete tasks in terms of optimizing costs or achieving goals. Coverage patterns and path planners have also been designed for various types of robots and missions, ensuring completeness or optimizing distance, curvature or other path features. Calculations of power generated by a particular solar panel configuration and given average environmental parameters have been made. Studies of power consumption in terms of terrain to be covered have been performed. However, combining all these factors, for the duration of entire coverage patterns and other tasks for surface exploring robots, with changing environmental parameters, is a topic which still requires further research.

Proper use of resources is essential for remote robotic explorers, particularly power generation, so optimizing resources such as solar power gain needs to be part of their planner. Terrain features, the apparent movement of the sun, the starting time of the path plan, the robot’s location, the robot’s orientation including terrain-induced slope, and solar panel configuration all need to be analyzed and combined for the duration of a path plan in order to generate an accurate evaluation of the solar power generation possible. The uncertainties in the evaluation then provide a way to appraise the risk associated with pursuing the task. Similar factors need to be considered for wind power generation, or other sources of power. Combining power generation then with power consumption, for a coverage pattern or other plan, considering the current environmental conditions, is required for a complete power evaluation.

For robotic explorers, each task needs to be evaluated with respect to all resources and goals of interest, the values being combined in a way which reflects the current availability of resources, desired goals, allowable risk and demands of the robot. Priorities of resources and goals may be changing with time, so a planner must be able to take into account different priorities. Combining the effects of a robot’s actions on all issues of importance, the planner can then mediate between proposed tasks.

Problem Space Robotic explorers have limited resources and multiple goals. They primarily operate autonomously, with only high-level goals defined and intermittent communication with remote operators. They have a limited repertoire of tasks, but these can be combined to form a variety of plans of action. One or more tasks will comprise a plan, which will be evaluated as to its affect on each of the robotic explorer’s goals and resources. These evaluations are weighted by the current priorities of the goals and resources to produce a ranking of that plan. The planner does not synthesize new tasks and evaluate an unlimited variety of options, but rather, compares the rankings of a predetermined set of potential plans, mediating between them and selecting the best one for the current situation.

This general mission planner is adaptable to any number of goals and resources, and various types of robots. This thesis will concentrate on a specific class of robotic explorer with an emphasis on the resources of power generation and consumption. The class of explorer is a mobile surface

Problem Statement

robot, designed to explore remote outdoor locations by enacting coverage patterns and performing close-range sensor or contact measurements of target objects. Solar panels are the primary source of the robot’s power, along with batteries to store energy. The solar panels will generally be fixed in place, although pointing panels, wind turbines or other power sources can also be considered. The areas to be explored are uncluttered and generally devoid of man-made structures. Priorities of goals and resources depend on the mission stage, the current state of power and time related resources, and any failures of goal accomplishment. A number of steps need to be addressed before plan mediation can occur:

• Formulate and describe the tasks of which the robot is capable • Itemize the goals and resources which are relevant to the robot • Develop algorithms for calculating the relationship of each task to resource utilization and goal fulfillment, and the uncertainties involved For solar power generation:

• Develop algorithms for relating surface location to sun position, as well as Earth position for off-planet communication, as a function of time, for planetary bodies of interest • Merge locally generated map data with a priori large-scale terrain information • Combine sun position algorithm with terrain features to determine shadowing • Combine robot configuration and orientation with sun position and terrain shadowing to determine solar power generation • Develop heuristics for estimating the uncertainty of robot orientation and thus solar power generation, based on terrain and other irregularities For power consumption:

• Relate path and coverage pattern plans to steering activity • Model robot locomotion to determine power consumption, and its uncertainty, as a function of steering activity and terrain • Coordinate evaluation methods for all resources and goals, to enable evaluations and their uncertainties to be combined in a meaningful manner • Determine a method or methods of setting resource and goal priorities for task mediation

Problem Assumptions Fully developed robotic explorers contain many interrelated components, with multiple systems and capabilities which are required for complete functionality. This thesis only addresses a limited portion of these components, and thus many assumptions are made:

• Adequate localization of the robot exists, such as GPS or landmark navigation • Adequate obstacle detection and avoidance exists • Adequate locomotion of the robot exists, along with other control and manipulation functions • Adequate sensor functionality and information acquisition exists for local map generation and target object localization • A robust executing architecture and communication protocols exist • Recovery from or compensation for failures of mechanical robot components and the detection of such failures are not addressed • Exploration area is effectively in 2-1/2 D: area is a two-dimensional surface, although the effects of changes in elevation and slopes on sun angles, shadows and area coverage will be considered

Prior Work

Prior Work

Solar power concepts, resource optimization, navigation and path planners, coverage patterns, and mission planning architectures have all been studied to varying degrees. This section will describe the work done in each of these areas, explaining the relevant points which will be useful in this thesis research, as well as the points which remain to be addressed.

Solar P ower Several studies have been made of the material composition of solar arrays. Landis [36] describes the evaluation of several types of material based on the environment of Mars. The effect of latitude on available solar power is mentioned, but more attention is paid to the effects of dust, light spectrum, temperature, and the soil. An experiment to test five types of solar array material near the Martian equator is described in [54]. This experiment will take place on the Mars 2001 Surveyor Lander. An earlier paper by Landis and Appelbaum [37] also discusses the efficiencies of solar array materials, and various projects which could utilize solar power on Mars. In addition, this paper provides graphs of the number of daylight hours as a function of time of year and latitude. Polar latitudes generate the worst-case scenario, with times during the year when no sunlight is available. However, these papers primarily concentrate on the physical aspects of solar arrays, and not the dynamic evaluation of power generated by a single solar panel configuration.

The optimum angles for deployed solar arrays on Mars or on the moon are the topic of two papers by Anthony Colozza. In [12], Colozza describes the deployment of a stationary tent-shaped array. The desired energy profile is flat, generating a constant amount of power. A tent angle of 60 degrees is found to be best, assuming the sun passes directly overhead, which is too much of a simplification for the needs of this thesis. In [13], a tracking array is studied, comparing the gain of generating more power with the costs of consumed power, mass, volume, implementation time and reliability of the array. In both papers, more details about the composition and mechanical configuration of the arrays are described than the actual evaluation of solar power gain over time.

Three papers discuss the modeling of solar power input and output for proposed and actual missions. McKissock et al. [44] discuss the power requirements for a forty day human mission in an equatorial location. The solar model used has equal amounts of sun and darkness, and the solar arrays considered are fixed. Ewell and Burger [19] describe the solar array power model for Mars Pathfinder. This models the power produced by the lander, based on the latitude of the landing site, the orientation of the lander, the time of year, and the atmospheric and temperature conditions. Shadowing by the rest of the lander is considered as it changes throughout the day, but the lander itself is not mobile. The authors state that the sunlight model used is “too crude an approximation...especially for missions near the poles.” So while the concept presented here of modeling how much power can be produced is relevant to this thesis research, the actual implementation is not applicable to a mobile rover at an arbitrary latitude. A review of the power components of Mars Pathfinder is given in [58]. They used the model discussed in [19] to provide some of the input for the power subsystem model, which takes the optical depth and intensity of the sunlight, the tilt and shadowing of the solar array, and the amount of power used to predict the status and voltage of the lander battery. Again, this work is relevant to this thesis, but does not consider a mobile rover, or tasks such as coverage patterns.

Prior Work

Studies of solar power in polar latitudes are more limited. A study was made of the trade-offs between cost, complexity and power generation for a fixed versus tracking solar panel for the Mars Polar Lander [64]. The fixed panel was chosen, despite the existence of long shadows at the lander’s proposed site of 73 to 78 degrees south latitude. Instead of panels tracking the sun, the lander will be preprogrammed to touch down in an orientation which optimizes the amount of sunlight incident on the panels and limits the amount of shadowing caused by the rest of the lander body. In the technical report detailing the design of a lunar polar rover [15], the appendix describes calculations of solar elevation for polar latitudes on the moon, as described in the work to date section of this proposal. Some description of terrain effects is also given.

The work most relevant to this thesis proposal is described by Bresina et al. in [4], where the use of solar power resource information in the planning process is suggested. Shadowing, continual assessment of resources, and updating the utility of plans based on environmental and resource changes are all mentioned. The power profile described includes estimations of solar exposure, the tilt of the terrain, and risks associated with uncertainty. Choosing a particular step to take in a general plan, the concurrency and order of tasks, and scheduling of various resources and tools are the main contributions. Remote Agent considers maximum resource needs of discrete tasks to guarantee that enough power or other resources are available for each task. Selecting whether or not a task should even be performed is not the goal of this architecture. This work does not develop an actual algorithm for sun angles, or for sun and terrain interactions, as part of a rover on-board system. Other power sources such as wind have not been considered either. Coverage patterns are not considered, and neither is the selection of a specific path or pattern based on the position of the sun to optimize the generation of power.

Resour ce Optimiza tion Planning to optimize resources is a prevailing concept in robotics research [22]. Some research deals with specific ways to optimize a particular resource, and other research has developed more general architectures which include resource management and optimization. Dorais et al. [18] describe two such architectures, Remote Agent and 3T. 3T primarily deals with scheduling of resources, and can detect events such as when a resource reaches a certain threshold or is depleted. Remote Agent can ensure that resources are not depleted ahead of time, but mainly manages discrete resources which are already present, as opposed to ways to generate new resources. Remote Agent was implemented on the Deep Space 1 mission [24]. This paper discusses more of a software engineering perspective, managing abstract resources as discrete objects, and using resource locks to manage conflicting demands. The adaptation of Remote Agent to planetary rovers is described in [4]. The ability to continuously assess the capacity of resources and to predict the demand for them allows dynamic resource allocation and scheduling, optimizing their utilization. The resources and tasks considered are more discrete than would be considered for evaluation of long-term tasks such as coverage patterns, however.

More specific resource optimization is used in calculating optimal space trajectories. [65] describes planning for minimum fuel rendezvous trajectories in space, optimizing the amount of fuel and the number of thruster firings. Optimal trajectories for motion between two co-orbiting objects is described in [50]. This problem is coupled in time and distance, so numerical methods are required to solve for the optimum solution. Based on multiple cases, heuristics for near-opti-mum trajectories can be developed. Though the environment is different than that considered in

Prior Work

this thesis proposal, the use of heuristics may be helpful in quickly calculating resource utilization estimates for long-term coverage patterns in the presence of uncertainties. A two-dimensional version of trajectory calculation optimizes distance, time and fuel in the presence of dynamic environmental changes which necessitate replanning from time to time [45]. Similar replanning may be necessary for the scenario considered in this research proposal, due to plan deviations.

More general approaches to plan optimization are the A* and D* algorithms. D* is described by Anthony Stentz in [60, 61, 62]. This optimal path planner incorporates new environmental information as it becomes available. The cost function often used is based on distance, but any similar cost function can be used, where the cost from a particular point to the goal can be calculated or estimated based on currently known information. [6] uses D* with multiple robots and multiple goals, with the environment becoming gradually better known with time and exploration. Though this algorithm can be used in some aspects of the path and task planning for this thesis proposal, the evaluation of costs pertaining to solar power generation still needs to be developed.

Navig a tion and P a th Planner s Navigation in outdoor environments and planning of paths are each topics that have generated a multitude of methodologies and papers. Latombe’s book [38] reviews many of the approaches that have been studied. For the purposes of this thesis research, several related subjects can provide useful background knowledge.

One subject is the formulation of maps to use in representing the environment and in planning paths. Maintaining complete and high resolution information about the robot’s environment is difficult and resource-intensive, but multiple ways to consolidate the information have been developed. Brooks first suggested representing the obstacle-free space with geometrical cones [5]. Other methods are the visibility graph, based on the vertices of obstacles [39, 53, 70], the Voronoi graph, based on the distance from obstacles [10, 53], and cellular decomposition, dividing the area into variously shaped regions [14, 53, 34]. A uniform grid cell is also a common representation [40], where the grid resolution can be chosen to reflect the size of obstacles or the robot [14].

For all these types of maps, certain useful points can be selected, such as meetpoints where all nearest obstacles are equally distant, nodes situated between obstacles at defined distances, or lines of points separating obstacles. Maintaining only this point information further consolidates information about the environment, allowing a concise graph, such as a quadtree, to be built. This graph can be searched to pick a sequence of nodes to follow through the environment [40, 70]. The best paths between each node can be determined beforehand. For known environments, a complete map can be built ahead of time, but unknown environments can be mapped incrementally, using sonar, vision, or other sensors.

Algorithms for searching a graph or map are another useful subject. One of the primary considerations in finding a path is avoiding obstacles, so by limiting the path search to free space areas, collisions can be avoided. To guarantee that the path is wide enough for the robot, many maps are built with “expanded” obstacles, or configuration space [55]. Aside from collisions, the length or cost of a path should be optimized as well. Several algorithms can search a map and produce a minimum cost path, such as A* [28, 39, 53], D* for when the world is not completely known or is changing [61, 62], and distance wavefront propagation [14, 27, 70]. The cost function used in

Prior Work

these approaches can be not only distance, but can also include a discomfort cost of being too near obstacles [68], a value describing terrain difficulty, the number of maneuvers required [28], visibility of a landmark, or amount of uncertainty [29]. Another way to avoid obstacles is to use a potential field technique, that provides a “repulsion” factor to steer the robot away from dangerous areas [67]. A common failing of this technique is the production of potential field minima which trap the robot. One approach uses a genetic algorithm to effectively generate a random search when the robot is temporarily trapped in this way [55].

A non-optimal, but guaranteed path can be found by using a “Bug” algorithm. This algorithm guides the robot straight to the goal, and when an obstacle is encountered, the robot follows rules which guide it around the obstacle [39, 42, 43]. A different approach, utilizing qualitative information and a human-based idea, is to plan a route with multiple levels, similar to picking major highways to get from one city to another, then picking the local roads which lead to a particular location within the city [26]. Another multi-layered approach depends on the type of environment. In simple areas, the robot just reacts to the immediate environment. In more complex areas, a two dimensional map is utilized, and in the roughest terrains, a three dimensional map incorporating elevation is required to ensure the robot can safely travel from point to point [8, 9].

The methods above can select complete paths or just waypoints for the robot to use as subgoals. Calculating a precise path to follow and maintaining that path is another subject. Straight line paths between waypoints can be smoothed or modified to better enable robots to follow them [17, 27, 57]. In very rough terrain, each point along the path may need to be checked to guarantee that the robot can be safely positioned in that location [28, 29]. To maintain a given path, the robot needs to know where it is. Dead reckoning can provide a rough estimate, while a human operator or landmarks can provide a more accurate fix from time to time [29, 33, 43, 69]. In fact, a range of human interaction can be utilized, from complete teleoperation to complete autonomy [67].

The details of all the above techniques are described in the referenced papers, along with descriptions of their implementation on real robots. This review simply indicates that a large body of work in this area already exists and can be utilized for this thesis research. Path planning and navigation are not the focus of this proposal, but are instead a platform upon which path and task evaluation can be built.

Co verage P a tter ns Coverage patterns are a main topic in this thesis proposal, and many researchers have concentrated on this field. The most common type of coverage pattern is the straight rows pattern, where the robot sweeps up and down parallel lines [7, 11, 32, 33]. Obstacles are handled in various ways. In [11], the search area is decomposed into cellular regions, each of which contains no obstacles. The robot performs the straight rows search in each region, using a calculated sequence of moves to optimally link the regions. In [7], when obstacles are sensed, the robot follows the obstacle boundary until the other side is reached, and then continues the search pattern. Similarly, rules are defined in [32] for where the robot should move when an obstacle or sub-inlet is detected, producing an optimal coverage pattern in terms of distance so that minimum overlap occurs. The floor cleaning robot of [33] has several options for turning around when obstacles are encountered or at the end of rows, based on the width of the rows and the capabilities of the robot.

Prior Work

Another type of approach is the contour following pattern [35, 69]. The coverage area is divided between multiple robots in [35], with each covering an area by following its contours. The extension into small corners is done by following a Voronoi diagram. [69] uses a distance wavefront propagation in a grid representation of the environment. The robot starts by moving through all grid cells with the smallest value, moving up to the next higher valued cells after that, and so on. This produces a contoured path surrounding the starting point.

Random searching may be more beneficial than an exhaustive search in some conditions, such as mine-sweeping, where minimizing the number of unseen targets in a limited area is a higher priority than maximizing the total number of targets found [23, 31]. Knowledge of the prior probabilities of target locations also can affect how efficient a given search pattern is. Animals, for instance, tend to follow heuristics more than exact rules when searching for food, as if they were incorporating the effect of uncertain target location probabilities [25].

The evaluation of pattern efficiency is addressed in [23], [31] and [33]. Hofner and Schmidt, in [33], evaluate their floor cleaner’s patterns after completion, based on the total time required, the amount covered out of the specified area, the amount of overlap in covered area, and the floor space covered per hour. However, no research to date has evaluated coverage patterns based on the amount of solar or wind energy that could be generated by following the pattern, or has calculated directly the amount of energy that has been expended. The types of coverage patterns studied in the literature is also very limited, compared to what is proposed in this thesis research.

Mission Planning and Agent Ar chitectur es Agent architectures provide a framework for mission planning, deciding when to do which task. Nearly all architectures have multiple layers, such as a functional level which controls the actual hardware, a planning level which decides what to do when, and perhaps an executive level which converts a plan into specific actions. One architecture which fits this description is the Remote Agent, or RA, developed by researchers at NASA’s Ames Research Center. RA was originally designed for spacecraft such as Deep Space 1 [2, 18, 48, 49, 51, 52]. The top layer of this architecture is the Planner/Scheduler and Mission Manager. Human operators give high level goals that need to be achieved in a certain amount of time, while the planner uses temporal reasoning to determine in which sequence actions need to be taken. Expert subsystems can be used to provide information to the planner, such as the amount of resources that will be consumed during a certain action. The second layer is the Smart Executive, which can select among different ways to accomplish a task given to it by the planner, and requests that the actions be executed in the proper order. It communicates with the third layer, Mode Identification and Reconfiguration. This is a more reactive troubleshooter which checks to ensure that errors do not occur, and determines what to do if they do occur. Any uncertainty is handled by assuming the worst case.

The spacecraft domain considered for RA has many differences from the mobile robot domain, such as a simpler environment. Current work plans to adapt RA for rovers [4]. This adaptation will consider resource utilization based on estimated profiles of the capacity and demand for the rover’s resources. The Smart Executive’s choice of which task decomposition to pick can be based on a utility value, updated to reflect the environment, current resource availability, and the system state of the rover. Ways for handling environmental uncertainties and the allowable risk

Prior Work

are also being studied. The areas which this work covers as opposed to the work proposed for this research were discussed in the solar power subsection previously.

Another agent architecture is 3T, which is being developed and implemented in work at NASA’s Johnson Space Center [3]. [18] suggests that this architecture might be effectively merged with the Remote Agent, combining the best properties of both, such as RA’s resource management and 3T’s user interactivity and adjustable level of autonomy. 3T also has three layers, the planner, the sequencer, and the skill manager. The planner takes a high level goal, reasons about goals, resources and time constraints, and produces a partially ordered sequence of tasks. The sequencer takes each task and decomposes it into detailed steps necessary to accomplish the task. This layer monitors the state of the world, stopping or starting actions when required. The skill manager contains the actual interfaces with the hardware for each action.

3T has been combined with a Generic Scheduler/Rescheduler for use in crop planning for life support systems [41]. The scheduler reasons about time and dynamic changes in resource availability, including long-term dynamics that are part of a system such as planting crops. User interaction is allowed at various levels, such as manipulating the weights in an objective function used to select the best task. Replanning occurs when significant deviations from the plan are observed. In [6], replanning occurs when new information about the environment is obtained. This planner uses D* to select the best paths for multiple robots traveling to multiple goals. In some cases, the planner reorders which robot should travel to which goal. Both these papers address dynamic evaluations, but specific tasks or goals are the primary consideration, as opposed to long-term coverage patterns which have a continual affect on power generation and consumption.

Two other architectures of note are the Task Control Architecture [59], and the architecture developed at LAAS-CNRS in France [1, 8, 9, 16, 66]. The Task Control Architecture, or TCA, provides a framework for control and management of multiple processes, hierarchical task decomposition, sequencing and scheduling of actions, resource management, activity monitoring and error recovery, and interprocess communication. Algorithms for specific robots or tasks, such as path planners or real-time interfaces, are not included in TCA. The LAAS architecture has three layers again: decision, execution and functional. The decision layer is primarily a temporal planner using the IxTeT software to roughly schedule tasks. The PRS software further refines the tasks by selecting from among a library of plans and procedures which can be enacted. Similar to the work proposed here, synthesizing original plans is not done. The execution layer uses Kheops to produce executing code from a set of logical rules, providing a link between long scale planning and short term action. The functional layer controls the hardware to interact directly with the environment, using action modules generated by GenoM. Resource management is done at the planning level, dealing with the predictable part of a dynamic environment. Primarily access to hardware resources and amount of available power are the resources which are considered.

The research proposed for this thesis could fit in either at the decision or execution layers of the above architectures, depending on how the layers are defined. The power evaluation scheme proposed is similar to an expert subsystem used in the top decision layer of the Remote Agent, providing specific information about tasks to be accomplished. Deciding in which order tasks should be executed can be placed at either the top or middle layer of the architecture. Details about how

Prior Work

tasks are to be executed are not part of this proposal, though implementation through the actual robot level, using existing work, is planned.

The evaluation of tasks is the main focus of this thesis proposal, and several other papers deal with this or related topics. The author’s prior research addressed modules based on costs and benefits for evaluating tasks [56]. Similarly, Sukhatme and Bekey used a weighted evaluation of multiple criteria to pick the best design for a physical rover [63]. Farritor described several uses of modular evaluations, combined with a genetic algorithm, to pick the best plan of action [20] or the best robot assembly [21]. All of these modular systems are similar in approach to evaluating tasks based on multiple criteria. A “systematic, quantitative performance evaluation” for planetary rovers is described in [43]. This was an evaluation of different physical rover types for a single given task instead of an evaluation of multiple tasks. Finally, Morignot and Hayes-Roth describe a motivational profile that is used to determine which task a robot should perform [46, 47]. The profile is a set of weights indicating the importance of five different attributes, including physiological needs such as power and the desire to learn and explore the environment. The profile weights can be adapted depending on the environment or human operator choice, and a linear combination of the weights determines which task is the best to perform. Solar power, wind power, and coverage patterns are not considered here.

Technical Approach

Technical Appr oach

Several major categories of a robotic explorer’s mission need to be studied and developed before the robot will be able to make an informed decision about which tasks to perform. This section will describe these categories which are needed for an effective mission planner. The information gained by each category will be highlighted, and the development strategies which will initially be explored will be given, though alternate strategies may become more relevant as work on this thesis progresses.

The overall definitions and purposes of the categories are generalizable to many different classes of robot, with many different missions. However, one particular robot class will be emphasized, an example of which is described below in the scenario. More general definitions of each category, the information they provide, the approach strategies and steps, and generalizations of the categories will be discussed following the scenario. The mission planner component will then be described.

Scenar io Coverage of an area is a common theme in several applications, whether pursued robotically or by humans. Searching for landmines in order to guarantee the safety of an area, or demining, is one such application. Another is searching for fossils as a record of the history of an area. The third application which is discussed here is searching for meteorites. Antarctica is one of the most remote locations on Earth. Its cold and pristine environment makes it one of the best places to find meteorites, with little melting or surface erosion to hide meteorite falls. The extreme conditions also make it difficult for humans to work there, but a robot designed to explore this area could provide great scientific returns.

The tasks associated with an Antarctic exploring robot include performing coverage patterns to fully search an ice field and insure that all potential meteorites can be spotted. When a potential target is spotted, the robot must drive to that target, maneuver itself so that the target is within a particular sensor’s workspace, and then use the sensor to take a reading of the target. Processing the sensor readings and calculating the probability of the target being a meteorite are other required tasks. These tasks must be evaluated with respect to various resources and goals.

The generation of power is a vital resource for a solar or wind powered robot. Both these power sources depend on the location and orientation of the robot while performing a given task. In the polar regions of Antarctica, the wind is often from a particular direction, so knowing this primary direction will enable planning the future generation of wind power. The future position of the sun can be calculated even more precisely, allowing a evaluation of solar power gain to be made. The amount of power consumed while pursuing a given task is also a resource to be considered. The power consumption will depend on the types of terrain to be covered and the type of steering activity required to follow a given task or plan, as well as the power required to use a given sensor. Computing resources and time required to complete a task are other resources to be evaluated.

Different goals of the robotic explorer are met by performing different tasks. One goal could be to completely cover an area, or in other words, to minimize the amount of uncovered area. Another goal could be to optimize the area coverage, or minimize the amount of area covered

Technical Approach

more than once. Minimizing the uncertainty of a target’s classification, to determine as closely as possible whether or not a target is a meteorite, is another potential goal. The goal of survival is the most crucial, however, which includes generating enough power to remain functional.

Ca tegor y Analysis Tasks

A robotic explorer’s repertoire of tasks determines its abilities and usefulness in accomplishing a given mission. These tasks include coverage patterns, driving to a waypoint, maneuvering to a certain orientation, communicating with remote users, processing data, using a manipulator such as a drill or a scoop, and using a sensor such as a panoramic camera, stereo cameras, high resolution cameras, spectrometer or magnetometer. The coverage patterns which can be followed include a straight rows pattern, a spiral pattern, a curved or sun-following pattern, or even a random pattern. The ability to robustly perform these tasks is already assumed in this thesis, as a foundation upon which task evaluation and mediation can be built.

The information provided by the descriptions of these tasks needs to be sufficient to evaluate the tasks’effects on the resources and goals of the robot. For example, the location and orientation of the robot at discrete time intervals throughout a coverage pattern is needed to calculate the potential solar power generation. The time and power required to accomplish the task are other facts which need to be described. The details needed in the task description will depend on the resources and goals of interest, but providing a set of general facts such as listed above will be sufficient for the majority of tasks.

The primary tasks which have been addressed in the work done to date are several coverage patterns and driving to a waypoint, all of which involve driving over an extended period of time. These tasks were approached by describing the position and orientation of the robot at each second of the total time required to accomplish the task. This information is used to calculate the task’s effect on the resources of time and power generation, and the goal of area covered. This assumes certain information about the robot’s configuration is known, such as the availability and configuration of power sources, the locomotion capabilities of the robot, and the extent of sensor coverage. Information about the external availability of power is also needed, such as the position of the sun over time. These are aspects which are defined as part of the resources category.

A study of the effect of terrain on these tasks is still needed, as is a study of the uncertainties in the evaluations. Some of the terrain factors that affect uncertainty are previously unknown obstacles which will cause path deviations, and smaller rocks and hills which will temporarily affect the orientation of the robot. One strategy for determining the uncertainty is to consider a range of possible locations and orientations of the robot that might occur, given the terrain and locomotion capabilities. Another strategy is to take actual field data and compare it to predicted data, converting the observed variations into uncertainty. Combining a priori terrain knowledge with a locally generated higher resolution map remains to be done, both for path planning purposes and resource and goal evaluations. Characterizing the steering activity of various patterns and paths is also needed. Other tasks that remain to be developed and described are additional coverage patterns, maneuvering, communicating and using sensors and manipulators.

Technical Approach

In order to generalize the work in this thesis to other classes of robots, additional tasks and descriptions can be considered. The structure of maintaining certain information about each task, to be evaluated in terms of the resources and goals described later, will still be effective for many classes of robots.

Plans

The robot must choose a single plan to enact, out of a limited number of possible plans. These plans are just combinations of one or more of the tasks described above. Examples are coverage of an area with a certain sensor, which combines a coverage pattern with a continual sensor measurement; classification of a rock or soil sample, which includes driving to a waypoint, maneuvering, taking a sensor measurement or using a manipulator, and processing the data; classifying a series of rocks or soil samples; analyzing a site, which adds processing data to the area coverage plan; and sending results to a remote user, which combines driving to a waypoint where communication is possible and then communicating. The tasks involved in a plan will either be sequential, or if simulataneous, the combination will be guaranteed to have no resource conflicts. Each plan will combine the evaluations of its component tasks, producing a ranking for that plan which will be supplied to the mission planner.

The current strategy is to define a set of plans ahead of time which are to be considered by the mission planner, as opposed to generating new plans or even tasks during the mission. Consideration of unlimited permutations of all tasks is a difficult planning problem, and not addressed by this thesis. Only certain permutations are even relevant to or sensible for a given mission. One plan which can remain open ended is the classification of a series of rocks or soil samples. The locations and numbers of nearby target objects are determined only during the mission, and so cannot be defined ahead of time. Visiting the targets in various orders can be considered as separate plans, though heuristics can limit the number of permutations of target order to a reasonable subset.

Resources

The resources which are available and important to a robotic explorer will determine how the tasks and plans are evaluated. Typical resources to be considered are solar power, wind power, stored power, time and computing resources. The power to be consumed, either by locomotion, sensors or other devices, is effectively a negative resource, taking away the resources of solar, wind and stored power. The definition of the resources will depend on the configuration of the robot and its abilities, or in other words, the tools and power sources which are a part of the robotic explorer.

The information to be gained through this category is the evaluation of tasks. An algorithm for each resource calculates the gain or loss of that resource which will occur as the result of enacting a task. This gain or loss can be expressed in various ways, as long as the value is uniform in some sense so that a comparison between different tasks can be made for the same resource. The evaluation must also be comparable for different resources or goals, since a loss of one resource is worth a certain gain of another resource or goal. This need for uniformity and comparison is discussed further in the mission planner subsection.

Technical Approach

One strategy for determining how to normalize the task evaluation is to calculate the percentage of gain or loss relative to some fixed maximum. For example, given the solar panel configuration of the robot, the maximum amount of power gain is fixed. In non-optimal situations, such as when the panels do not directly face the sun, the amount of power gain will be some lower percentage of the maximum amount. For a certain path and period of time, the total energy gained will be some percentage of the maximum which could have been gained. This percentage can be used as the evaluation of that task. Another option would be to just use the total power gain as the evaluation, and to determine how to normalize different evaluations only after all tasks and plans have been evaluated. In this case, normalizing the evaluations would be the job of the mission planner, and would be based on all available information about all the plans being considered. With either option, the uncertainties involved with the evaluations must be taken into account. Either a range of values will be determined, or a separate uncertainty value will be produced.

Several pieces of information must be known before a resource evaluation can be made. As stated previously, the configuration of power sources is one major component. The size and efficiency of the solar panels will determine how much solar power can be generated. An algorithm to determine the position of the sun as seen from the surface is another needed component. Preliminary work has already been done in this area, as described in the work to date section of this proposal. Merging this information with terrain features to determine shadowing, and then with robot configuration and pose to determine power generation, is the final step. For the power consumption resource, the amount of power used for locomotion in different terrains and with different steering activities, and the power used by sensors or other equipment, needs to be known. Tests to determine some of these values for the current robotic testbed are now being performed.

To generalize to other classes of robot, additional resources can be considered. For example, the resource of cargo space may be relevant for a robot designed to work in a warehouse. Pursuing a plan to load multiple packages before reaching the unloading dock would require consideration of how much cargo space the robot has available. A multiple robot scenario could consider each robot as a separate resource or set of resources. The relationships between the resources would be more complicated, but the method of evaluating tasks based on resources could still be used.

Goals

The goals of a robotic explorer describe the desired effects of tasks in accomplishing the robot’s mission. Some goals to be considered are the amount of area covered, the amount of area covered more than once, classification of target rocks and soil samples, communication of data and results to remote operators, and analysis of a site’s potential future use.

The information provided by this category is similar to that provided by the resources category. An algorithm will evaluate how well a given task accomplishes the goal, calculating some value which describes the effectiveness of the task. Again, this effectiveness must be expressed in a uniform or normalized manner so that the evaluations of different tasks can be compared.

An example of the strategy currently being considered is an evaluation of the amount of area covered. The amount of area that a particular coverage pattern covers will be a percentage of the total area desired to be covered. This percentage can be used as the evaluation. Another type of evalu-

Technical Approach

ation is for the classification of a target rock. The use of a sensor on a rock will improve the certainty of what type of rock it is, where the amount of improvement is related to the information gain of obtaining that sensor reading. Different sensors will provide different information gains for different targets, so the gain can be used as the evaluation for the goal of rock classification.

Other classes of robots will have additional goals. Again, as with the resources, goals can simply be added to the planner. With tasks properly described to allow the goals to be evaluated, the list of goals can be modified to fit any type of mission profile. Minimizing the time to sort and handle packages could be a goal for a warehouse robot. Ensuring that every mine is detected could be a goal for a demining robot. Any goal that can be adequately defined for a numerical evaluation to be produced is acceptable.

Mission Planner The mission planner is the highest level considered in this thesis proposal, organizing the evaluation and selection of plans. As described earlier, the mission planner does not generate new plans, but only evaluates a predefined set of relevant plans. Each plan is separated into its component tasks. Each task is then evaluated with respect to the resources and goals which it affects. These evaluations are weighted by the respective priorities of the resources and goals, producing a ranking of that plan. The plan ranks are then compared, and the highest ranking plan is selected as the one to pursue.

Several details need to be considered in addition to the overall scheme stated above. The evaluation of resources such as solar power depend on the timing of the task, so a starting time is needed. If a sequence of tasks are being considered, then the starting times of each task must be determined to be used in the evaluations. At the beginning of the mission, the robot can select a predetermined activity, such as a coverage pattern, evaluating alternate tasks only after the robot is in motion. An underlying mechanism for switching between tasks is assumed, such that the previous task or plan can be halted cleanly, and the new task initiated.

Another detail is the uncertainty of evaluations, which can be handled in several ways. If the uncertainty of an evaluated task is reflected by a range of values, then the level of acceptable risk can be used to pick which value out of the range to use. If the acceptable risk is low, for example, then the value which reflects the worst-case scenario should be used. Higher risk levels indicate that a more optimistic value can be used. Another way to handle uncertainty is to treat it in the same way as a resource or goal. In other words, different tasks will result in different amounts of uncertainty for each resource. The amount of uncertainty can be evaluated in addition to the resource itself, weighted by a priority based on the amount of risk allowed.

The selection of the priorities of the resources and goals is another important research item. Initially, the priorities can be set ahead of time, based solely on the robotic explorer’s mission. A human operator can also reset the priorities at any time. However, if the priorities are to change with the changing environment or mission stage, then a way to relate the changes to the resource and goal priorities needs to be developed. The priorities can be simply based on the importance of each resource and goal, so changes in the mission stage will lead to changes in goal priorities, and changes in resource availability will lead to changes in resource priorities. Care still needs to be taken in setting the priorities so that increases and decreases in different task evaluations are com-

Technical Approach

parable and reflect the true preferences for the tasks, both for the same resource or goal, and across different resources and goals. Similarly, care must be taken in determining how the values are normalized.

For example, consider a task for which the evaluation of resource A is 0.8 and the evaluation for resource B is 1.0. A second task has an evaluation of 1.0 for resource A and 0.8 for resource B. If the priorities of A and B are equal, then the planner will decide that these two tasks are equivalent. If the priority of resource B is greater than that of resource A, task #1 will be preferred. However, consider a third task which has an evaluation of 0.8 for resource A and 0.9 for resource B. If all that is known is that the priority of resource B is greater than that of resource A, then this task will definitely be less preferred than task #1, but it could be either better or worse than task #2, depending on the actual values of the priorities (see Table 1 below). The priorities and evaluation normalizations need to be coordinated so that the final rankings accurately reflect the desired outcomes.

Table 1: Resour ce Priorities and T ask Rankings

One final consideration for evaluating plans is how to sum the rankings for the component tasks. Different plans may have different numbers of tasks, so summing the individual rankings will not work generally. Averaging the rankings is one option. Another option is to combine the evaluations for all component tasks within a given plan, for each resource or goal. Then weight and sum these combined evaluations just as if the set of tasks were a single task, producing a single ranking for the entire plan.

Reevaluating plans may be needed for two reasons. One occurs when deviations from the current plan grow large enough for the plan to become out of date and irrelevant. By keeping track of the expected position of the robot and comparing it to the actual position over time, deviations that exceed a threshold can trigger a new evaluation cycle of the mission planner. Another reason for reevaluating is that an alternate plan may become more desirable than the current plan. If one plan is to leave a coverage pattern to investigate a rock sample more closely, then that plan may not become desirable until the robot has moved closer in the pattern to that rock. One strategy is to consider such plans only when they become relevant. For instance, only when a new rock sample is detected or comes within a certain range should a plan to go to that rock be considered. Another strategy is to maintain a list of currently relevant plans and evaluate the plans intermittently. A variation of this strategy is to keep the initial ranking of the current plan, and only rank the alternate viable plans at given time intervals. Once an alternate plan surpasses the current plan’s rank, the new plan can be initiated.

Resource Priorities

Task #1 0.8A + 1.0B

Task #2 1.0A + 0.8B

Task #3 0.8A + 0.9B

Task Rankings

A = 5, B = 5 9.0 9.0 8.5 1 & 2 tied, 3

A = 4, B = 5 8.2 8.0 7.7 1, 2, 3

A = 1, B = 5 5.8 5.0 5.3 1, 3, 2

Work to Date

Work to Da te

Simulations of several coverage patterns have been performed, along with evaluations of these tasks for a selection of resources and goals. Two coverage patterns, waypoint and sensing tasks have been implemented and tested on the Nomad robot. In addition, an algorithm to calculate the visibility of the Earth and the sun from the lunar surface has been developed.

Refueling Sim ula tion The earliest work involved a rows pattern, with the additional requirement for the robot to halt searching and return for refueling when needed. The purpose of this simulation was to investigate the cost trade-offs of developing a single type of searching robot that had to return to a fixed fuel depot versus developing two types of robots, one which would search for meteorites and one which would follow along more slowly as a mobile fuel station. For the purposes of this research, the relevance is the evaluation of the fuel and time costs of the patterned search plan.

Without the mobile fuel station, the searching robot spent almost as much of its time and fuel returning for refueling as it did searching for meteorites. The simulation evaluated two searching robots covering an ice field 5 km by 7.5 km, with 10 meter swaths covered with each row. The searching robots are assumed to travel 100 cm/s, 24 hours a day, with 6 gallon tanks and a 3 km/ gallon fuel efficiency. These values were roughly based on the capabilities of the Nomad robot. The mobile fuel station travels at the same speed and with the same efficiency, but with an extra tank of 36 gallons to use for refueling. The mobile fuel station must still return to a fuel depot when it runs out of gasoline. Without a mobile fuel station, the robots require 2,050 gallons of gasoline and take 142 days to cover the area. With the mobile fuel station, the robots, including the fuel station, only require 1,324 gallons and take 87 days. Simulations were run with different size fuel tanks for the searching robots, from 4 to 12 gallon tanks.

Sun and W ind P ower Sim ula tions Simulations of five different coverage patterns were made for a polar Earth environment. These coverage patterns were simulated for a 24 hour period, while the power spent driving, the distance traveled, the area covered, the power gained from two types of wind turbines, and the power gained from two solar panel configurations were all determined. Calculations were then made to find the percent of the total area covered which was covered more than once, and to find the percent of the area within a bounding area which went uncovered. These evaluations were then used to determine which type of coverage pattern would best meet the robot’s goals, which were some combination of maximizing wind or solar power gain, minimizing re-coverage of an area, or minimizing amount of area uncovered.

Assumptions about the robot’s environment allowed several simplifications. The sun was assumed to be visible at all times, rotating around the horizon at a constant rate such that it returned to its starting point after 24 hours. The elevation of the sun was taken to be just enough above the horizon to be in line with the robot’s vertical solar panels, to simplify the calculation of the sun’s incidence angle on the panels. The wind was assumed to be of constant speed and direction. The area being covered was flat and had no obstacles. The robot traveled at a constant speed at all times and never deviated from its path. Power consumption did not depend on any parameters other than distance traveled.

Work to Date

Four configurations of the robot’s power generating capabilities were evaluated. One was a twosided fixed solar panel, positioned as a vertical sail on top of the robot. Another was a fixed solar panel “box” with four vertical sides, again positioned on top of the robot. For comparison purposes, the total surface area of each of these solar panel configurations was assumed to be equal. The third configuration was a fixed wind turbine on top of the robot. The fourth was a movable wind turbine, free to rotate with the wind such that it always maximized the power generated, no matter which direction the wind blew relative to the robot’s direction of travel.

The five coverage patterns generated included a straight rows pattern, a spiral pattern, a curved rows pattern, a sun-following rows pattern, and a random pattern. The random pattern was considered due to the possibility that pattern deviations to examine targets more closely would occur so frequently as to make the pattern appear random in the long run. The straight rows and spiral pattern are fairly self-explanatory. The straight rows pattern was oriented such that the wind direction relative to the robot’s orientation produced the optimal wind power generation for the fixed wind turbine. The solar power was also optimal at the start, but due to the motion of the sun, the orientation gradually became non-optimal. The curved rows pattern assumed the robot started in an orientation such that the solar and wind power generated was optimal. The pattern then directed the robot to follow a straight row, but after returning from a round-trip row, to turn just enough such that the new orientation of the robot along the next row was again optimal with respect to the sun, at least at the start of the row. The sun-following rows pattern also assumed the robot started in an optimal orientation, but then continually turned at a rate such that the robot always maintained this optimal orientation, both on outbound and inbound rows. These two patterns generated similar groundtracks, but their differences can be seen below in Figure 1.

Figur e 1: Coverage P atter n Gr oundtrack Comparisons

Due to the assumptions made, the power consumed, the distance traveled, and the power gained by the rotating wind turbine were the same for all five pattern types. For the non-rotating wind tur-

Curved Rows Sun-Following Rows

X X

X = point starting

Work to Date

bine configuration, the power gained was the greatest for the straight rows pattern, due to the assumption that the rows were aligned with the wind direction. Each of the other four types of patterns only generated about 65% of this power when summed over the entire 24 hour period. The two solar panel configurations produced the most solar power when using the sun-following rows pattern, as should be expected. Following the curved rows pattern generated almost this amount of power - 99%. With the solar panel “sail” configuration, the other three patterns generated about 65% of the maximum power generated, while the solar panel “box” generated about 91% of that power. See Figure 2 below.

Figur e 2: Power Generation

The other two evaluations considered were the percent of area missed, out of a bounding area which encompassed the entire pattern performed, and the percent of area covered more than once, or area overlap. The straight rows and spiral patterns did not miss any area and did not cover any area twice. The curved rows pattern missed 48.3% of the circular area encompassing the pattern. This was due to a large “doughnut hole” in the middle of the pattern, as well as missing area at the outer ends of the rows. 2.4% of the area was covered more than once, due to overlapping at the inner turns of the rows. The sun-following rows pattern missed 19.6% of the bounding area, again due primarily to a hole in the middle of the pattern. Similarly, 23.2% of the area was covered more than once near the inner portions of the rows. This overlap can be seen clearly in Figure 1, at the top of the sun-following rows groundtrack picture. These percentages will vary depending on the length of the rows traveled and the speed of the robot. For the random simulation, the robot missed covering 89.6% of a rectangular bounding box which encompassed all the area the robot did cover. 23.1% of the area was covered more than once. These percentages will also be different every time a random pattern is generated. The comparisons between patterns, however, pro-

= Straight Rows = Spiral = Curved = Sun-Following = Random

Pattern Types

1.01.00.650.650.990.641.00.910.910.990.910.650.650.650.641.01.01.01.01.0

Numbers are percentages of maximum total power gain

Solar Power Wind Power

Work to Date

vided valuable information about the generic differences between coverage pattern types, showing what types of patterns were similar in what respects.

Nomad T ests The algorithms to generate the straight rows and spiral patterns developed in the earlier simulation work were useful in practice. These two algorithms were modified and implemented to work with the Nomad robot for its Antarctic expedition in the late fall of 1998. A navigation planner software module was written which can generate either a straight rows or a spiral pattern, or can go to a designated waypoint. Various parameters can be set for the straight rows pattern, such as the length of the rows to travel, the separation between rows, the width of the area to cover, the minimum turning radius allowed by the robot at the end of the rows, and the distance from the robot the sensors can reach. Another option allows the user to define the vertices of a convex polygonal area to cover, and the row length will be determined automatically, changing to fit the designated area. For the spiral pattern, the separation between spiral loops, the maximum radius of the spiral, and the direction of travel, either clockwise or counterclockwise, can be set. The starting point of the patterns or a waypoint goal, in global or relative coordinates, can be entered by the user.

The navigation planner maintains state information about the pattern or path plan currently being enacted, takes the robot’s current location, and determines the steering angle and speed required for the robot to continue the plan. This steering angle and speed is sent as a command to the robot’s navigation system using TCA interprocess communication protocols. The details of the plan to enact is initially sent to the navigation planner by a mission planner software module. The goal is for this mission planner to have more functionality eventually, to be able to mediate between possible plans, as described previously in the technical approach section. Currently, the mission planner only passes through commands from a user interface, using NDDS communication protocols. With this interface, the user can interrupt a patterned search, commanding the robot to go to a waypoint and use its close range sensors on a target object. After the sensor measurements are taken, the robot can be commanded to return to the pattern, continuing until the designated area has been covered.

The navigation and mission planners were tested at the slag heaps near the Monongahela River in Pittsburgh. The available space was large enough for a spiral pattern of approximately 20 meter radius, and a straight rows pattern of 30 by 25 meters. Testing of these patterns allowed many improvements of the path following algorithm used, in addition to the pattern generation itself. Characteristics of the steering ability of Nomad had to be accommodated for in order to keep the robot on the designated path as closely as possible. A pure pursuit path following algorithm was implemented, with varying lookahead distances designed to prevent oscillations around the path and at the same time, enable the robot to return to the path as quickly as possible after a deviation occured. Actually utilizing the pattern algorithms on a real system provided insights not only into how to maintain a given path, but also into the types of deviations which might occur and affect the uncertainties of the path’s power generation and consumption evaluations. The differential GPS coordinates of the robot as it pursued the patterns were recorded. The best trials to date, showing how closely the robot followed the patterns, are shown in Figure 3 below. Testing in Antarctica is currently being performed to evaluate how well the coverage patterns are followed, as well as evaluate the robot’s locomotion capabilities, power consumption and steering activity, where larger areas and different terrains may affect the performance.

Work to Date

Figur e 3: Slag Heaps Testing Results, P atter n Gr oundtracks

Solar and Ear th Visibility Calcula tions The simulation described earlier for calculating solar power generation made rather strict and simplistic assumptions about the motion of the sun. Some work has been done in calculating the true visibility over time of the sun and the Earth from the lunar polar regions. Using a program which determines the right ascension and declination of the sun and Moon with respect to the Earth, at any given date and time, these values were converted to the lunar coordinate system. Given the date and time and the latitude and longitude of a location on the Moon, the angle of the sun’s and Earth’s elevations above the horizon are calculated. Work still needs to be done to convert the information into a direction and orientation with respect to a robot’s solar panels or communications antenna. The angles calculated also assumed the Moon is a perfect sphere.

From a position near the lunar south pole, at a latitude of 89.3^o S and longitude 255^o W, the sun remains above the horizon for an extended period of time. Graphs of the visibility of the sun and the Earth from this location on the Moon are shown below in Figure 4, for the entire year from January 1st to December 31st, 2000. The approximately monthly cyclic variations are due to the Moon’s revolution around the Earth, while the longer yearly cycle for the sun is due to the Earth’s revolution around the sun. The small relative angles between the Earth-Moon and Earth-sun orbital planes, in combination with the direction of the Moon’s rotational axis, are what enable the extended periods of sun visibility.

Straight Rows Pattern Spiral Pattern

Work to Date

Figur e 4: Earth and Sun Ele vations Abo ve Lunar Surface

Some calculations of how the terrain affects the visibility of the sun and Earth were also made. A study was made to determine if certain craters near the lunar polar regions could be cold traps. These are areas which are never illuminated by sunlight, maintaining such cold temperatures that any ice in the craters never sublimates. Comparing the elevation angle of the sun over time to the elevation of the crater’s walls, both as seen from the center of the crater, determines whether or not the crater is a cold trap. Similarly, the visibility of the Earth from such craters was studied to determine if communication with ground-based operators would be possible [15].

Sun Elevation Earth Elevation degrees

time

Jan.1

Dec.31

Jan.1

Dec.31

Surface location: 89.3 255.0o S W o

Proposed Research Plan

Proposed Resear ch Plan

The proposed research will develop a mission planner which evaluates a set of tasks and plans based on the resources and goals of interest to robotic explorers, primarily power generation, power consumption, area coverage, and sample classification. In addition to the planner development work, actual implementation and testing will be a major component of the thesis work. Several of the issues below are dependent on the particular robotic explorer being used. The primary testbed to be used in this research is Nomad. As discussed in the work to date section, the Nomad rover is a well developed research platform which has been tested extensively in the Atacama Desert in Chile and in Antarctica. A simulation of Nomad will be used extensively for testing the logic of the planner and its components, as well as for evaluating the effectiveness of the planner. As the opportunity arises, tests with the real Nomad will also be performed. Nomad’s primary power source is gasoline, but its power consumption can still be tested, and power gain can be simulated. Another testbed could be the proposed “meteorobot” which will have fixed solar panels and possibly a wind turbine. Other mobile robots designed for exploring may also be considered.

The anticipated research agenda is itemized below:

General Resear ch 1. Develop an algorithm based on the orbital parameters of the planetary bodies to calculate the position of the sun, and when relevant, the Earth, as seen from a point on the surface of another planetary body. Three cases will be considered: the Earth, the Moon, and Mars.

2. Merge the terrain map with the sun and Earth position algorithm to determine when the sun or Earth is in line of sight of a given point on the surface.

3. Incorporate a priori large-scale terrain data with locally generated maps to create a higher resolution map of the environment.

Power Genera tion 1. Define the robot configuration(s) to be used, such as solar panels and wind turbine. A standard configuration will be defined at first, with additional configurations added when specific robot platforms are developed.

2. Merge the solar panel configuration with robot pose and sun position information to calculate the solar power which can be generated.

3. Merge the wind turbine configuration with robot pose and wind direction information to calculate the wind power which can be generated.

Power Consumption 1. Develop an algorithm to relate the steering activity to power consumption. This will require locomotion tests to be performed on the specific robot used.

2. Determine the power and time costs of various sensor measurements. 3. Relate each path type to the steering activity involved. The path types to be considered are:

straight rows, spiral, sun-following, and other coverage patterns which may be developed. 4. Incorporate terrain features into the power consumption calculation. For example, going uphill requires more power, and traveling on snow may require more power than traveling on ice.

Proposed Research Plan

Uncer tainty 1. Determine how to handle uncertainty in making evaluations and ranking tasks and plans. 2. Develop a measure for the uncertainty of power generation and area coverage evaluations, based on the changes in robot orientation due to terrain features. The uncertainty may vary for different paths, so consider all coverage pattern types.

3. Develop a measure for the uncertainty of power consumption evaluations, based on the changes in steering activity which may occur as a result of terrain features. Again, this may differ for various coverage pattern types.

Tasks 1. Develop the algorithm for a sun-following coverage pattern. Also consider other possible coverage patterns.

2. Define the steps involved with various sensor measurements or other non-coverage pattern tasks.

3. Develop a maneuver planner to move the robot into a certain orientation at a certain position.

Locomotion tests will need to be performed for this.

4. Incorporate the terrain map with the path and maneuver planners, considering only how best to avoid obstacles and cover the terrain.

Rankings 1. Develop evaluation methods for goals such as area coverage and sample classification, including any uncertainty involved.

2. Coordinate the evaluation methods and priority selections to generate appropriate rankings. 3. Develop algorithms or heuristics for relating the priorities to environmental factors and evolving mission stages

Evalua tion of Thesis Resear ch The utility and effectiveness of this research will be evaluated in several ways. The mission planner will choose certain tasks over other, less optimal tasks. Calculating just how much better the chosen tasks are will show the benefit of having such a planner. The total power generated and consumed during the enactment of the chosen task will be compared to the power generation and consumption of alternate tasks. Another evaluation uses a predefined mission of covering a certain area and classifying any significant rocks in the vicinity, with a given terrain and random target locations. The total power generated and consumed, and the time required to complete the mission can be calculated for two cases. In one case, the task evaluation method is used to select the best tasks as the mission progresses. In the second case, a single preselected coverage pattern is performed, with deviations to investigate when target objects come within sensor range. In this second case, the power generated during the coverage pattern is likely to be insufficient, requiring the robot to pause in a certain orientation to generate more power reserves before continuing. This will reduce the amount of productive time during the mission, which is another number to be used in evaluation. The accomplishment of mission goals can also be calculated, such as the amount of area actually covered and the number of targets classified correctly. The evaluations will be done both in simulation, and when possible, with actual hardware. Secondary to these calculations, the implementation of the planner can be evaluated by noting how accurately the robot follows the given tasks and plans.

Schedule

Schedule

The expected schedule in which the above work will be completed is shown in the table below. The numbers refer to the listing of tasks in the previous proposed research plan section.

Table 2: Resear ch Schedule

Time Period Task

January - May 1999 General Research: orbital parameters algorithm (1), merge terrain map with orbital parameters (2) Power Generation: standard configuration (1), merge solar configuration with pose and orbital parameters (2) Tasks: sun-following algorithm (1), define task steps (2)

June - October 1999 General Research: merge a priori maps with local maps (3) Power Consumption: relate steering activity to consumption (1), determine sensor costs (2) Uncertainty: determine how to handle uncertainty (1) Tasks: maneuver planner (3), incorporate terrain map (4) Rankings: develop goal evaluation methods (1)

November - December 1999 Proposed testing in Antarctica

January - May 2000 Power Generation: merge wind configuration with pose and environment (3) Power Consumption: relate path types to steering activity (3), incorporate terrain (4) Uncertainty: develop uncertainty for power generation (2), develop uncertainty for power consumption (3) Rankings: coordinate evaluations and priorities (2), algorithms/heuristics for priorities (3)

June - August 2000 Proposed testing in slag heaps, overall planner evaluations

September - December 2000 Final write-up

December 2000 Defend thesis

Significance

Significance

Three facets of this research are of primary significance. One, this work will provide a means for choosing tasks and plans which generate the most power. This ability will be critical for future planetary exploration by robotic vehicles, which depend on extremely limited resources.

Two, this research will produce a planner which evaluates solar power generation for coverage patterns. More generally, tasks can be evaluated based on changes in resources or goals which are predictably, yet continually and nonlinearly changing throughout the duration of a single task. Combining a solar orbital parameters algorithm with an onboard planner will enable solar resources to be evaluated by the robot. Other resources vary depending on the environment, while the goals also vary depending on the current stage of the mission.

Three, this research will produce an implementation of a complete mission planner for a remote surface robotic explorer with multiple tasks, capable of working with no human interaction from deployment to mission completion. The planner will be demonstrated in simulation, or else added on to an existing robot platform, with navigation, sensors and real-time control already developed.

Bibliography

Bibliogra ph y

1 Alami, R., R. Chatila, S. Fleury, M. Ghallab, F. Ingrand, “An Architecture for Autonomy,” International Journal of Robotics Research, Vol. 17, No. 4, April 1998, pp. 315-337.

2 Bernard, Douglas E. and Barney Pell, “Designed for Autonomy: Remote Agent for the New Millennium Program,”Proceedings of the Fourth International Symposium on Artificial Intelligence, Robotics, and Automation for Space, i-SAIRAS, Tokyo, Japan, 1997.

3 Bonasso, R. P., R. J. Firby, E. Gat, D. Kortenkamp, D. Miller and M. Slack, “Experiences with an Architecture for Intelligent, Reactive Agents,”Journal of Experimental and Theoretical Artificial Intelligence, Vol. 9, No. 2, 1997.

4 Bresina, John, Gregory A. Dorais, Keith Golden, David E. Smith and Richard Washington, “Autonomous Rovers for Human Exploration of Mars,”Proceedings of the First International Conference of the Mars Society, August 1998.

5 Brooks, Rodney A., “Solving the Find-Path Problem by Good Representation of Free Space,”Proceedings of the Second Annual Conference on Artificial Intelligence, Pittsburgh, PA, August 1982, pp. 381-386.

6 Brumitt, Barry L. and Anthony Stentz, “Dynamic Mission Planning for Multiple Mobile Robots,”Proceedings of the 1996 IEEE International Conference on Robotics and Automation, Minneapolis, MN, April 1996.

7 Cao, Zuo Liang, Yuyu Huang and Ernest L. Hall, “Region Filling Operations with Random Obstacle Avoidance for Mobile Robots,”Journal of Robotic Systems, Vol. 5, No. 2, 1988, pp. 87-102.

8 Chatila, Raja, Simeon Lacroix, Thierry Simeon and Matthieu Herrb, “Planetary Exploration by a Mobile Robot: Mission Teleprogramming and Autonomous Navigation,”Autonomous Robots, Vol. 2, 1995, pp. 333-344.

9 Chatila, Raja and Simon Lacroix, “A Case Study in Machine Intelligence: Adaptive Autonomous Space Rovers,”Proceedings of the International Conference on Field and Service Robotics, Canberra, Australia, Dec. 8-10, 1997.

10 Choset, Howie and Joel Burdick, “Sensor Based Motion Planning: The Hierarchical Generalized Voronoi Graph,”Workshop on Algorithmic Foundations of Robotics, 1996.

11 Choset, Howie and Philippe Pignon, “Coverage Path Planning: The Boustrophedon Cellular Decomposition,”International Conference on Field and Service Robotics, Canberra, Australia, 1997.

Bibliography

12 Colozza, Anthony J., “Design and Optimization of a Self-Deploying PV Tent Array,” NASA CR 187119, 1991.

13 Colozza, Anthony J., “Design and Optimization of a Self-Deploying Single Axis Tracking PV Array,”NASA CR 189132, 1992.

14 Conte, G. and R. Zulli, “Hierarchical Path Planning in a Multi-Robot Environment with a Simple Navigation Function,”IEEE Transactions on Systems, Man, and Cybernetics, Vol. 25, No. 4, April 1995, pp. 651-654.

15 Deans, Matthew, Stewart Moorehead, Ben Shamah, Kimberly Shillcutt, and William “Red” Whittaker, “A Concept for Robotic Lunar South Pole Exploration,”CMU Technical Report CMU-RI-TR-97-22, May 1998.

16 de Medeiros, Adelardo A. D., Raja Chatila and Sara Fleury, “Specification and Validation of a Control Architecture for Autonomous Mobile Robots,”International Conference on Intelligent Robots and Systems, IROS ‘96, Osaka, Japan, Nov. 4-8, 1996.

17 Diken, Hamza, “Energy Efficient Sinusoidal Path Planning of Robot Manipulators,” Mechanism and Machine Theory, Vol. 29, No. 6, 1994, pp. 785-792.

18 Dorais, Gregory A., R. Peter Bonasso, David Kortenkamp, Barney Pell and Debra Schreckenghost, “Adjustable Autonomy for Hunan-Centered Autonomous Systems on Mars,”Proceedings ofthe First International Conference ofthe Mars Society, August, 1998.

19 Ewell, Richard C. and Dale R. Burger, “Solar Array Model Corrections From Mars Pathfinder Lander Data,”26th IEEE Photovoltaic Specialists Conference, Anaheim, California, Sept 29 - Oct 3, 1997.

20 Farritor, Shane and Steven Dubowsky, “A Self-Planning Methodology for Planetary Robotic Explorers,”ICAR ‘97, Monterey, CA, July 7-9, 1997, pp. 499-504.

21 Farritor, Shane, Steven Dubowsky, Nathan Rutman and Jeffrey Cole, “A Systems-Level Modular Design Approach to Field Robotics,”IEEE International Conference on Robotics and Automation, Minneapolis, MN, 1996, Vol. 4, pp. 2890 - 2895.

22 Feldman, J. A. and R. F. Sproull, “Decision Theory and Artificial Intelligence II: The Hungry Monkey,”Cognitive Science, Vol. 1, 1977, pp. 158-192.

23 Gage, Douglas W., “Randomized search strategies with imperfect sensors,”Proceedings of SPIE Mobile Robots VIII, Boston, Sept. 9-10, 1993, Vol. 2058, pp. 270-279.

24 Gat, Erann and Barney Pell, “Abstract Resource Management in an Unconstrained Plan Execution System,”Proceedings of IEEE Aerospace Conference, Snomass, CO, 1998.

Bibliography

25 Gelenbe, Erol, Nestor Schmajuk, John Staddon and John Reif, “Autonomous search by robots and animals: A survey,”Roboticsand AutonomousSystems, Vol. 22, 1997, pp. 23-34.

26 Goel, Ashok K., Todd J. Callantine, Murali Shanker and B. Chandrasekaran, “Representation, Organization, and Use of Topographic Models of Physical Spaces for Route Planning,” IEEE, 1991, pp. 308-314.

27 Guldner, Jurgen, Vadim I. Utkin and Rudolf Bauer, “A three-layered hierarchical path control system for mobile robots: Algorithms and experiments,”Robotics and Autonomous Systems, Vol. 14, 1995, pp. 133-147.

28 Hait, Alain and Thierry Simeon, “Motion planning on rough terrain for an articulated vehicle in presence of uncertainties,”IEEE/RSJ International Conference on Intelligent Robots and Systems, IROS ‘96, Osaka, Japan, Nov. 4-8, 1996, pp. 1126- 1133.

29 Hait, A., T. Simeon and M. Taix, “A Landmark-based Motion Planner for Rough Terrain Navigation,”Proceedings of the 5th International Symposium on Experimental Robotics, ISR ‘97, Barcelona, Spain, June 15-18, 1997, pp. 173-183.

30 Harinarayan, K. R. and V. J. Lumelsky, “Sensor-based motion planning for multiple mobile robots in an uncertain environment,”Proceedings of the IEEE International Conference on Intelligent Robots and Systems, IROS’94, Munich, Germany, Sept. 1994, pp. 1485-1492.

31 Healey, Anthony J., Scott McMillan, David Jenkins and Robert B. McGhee, “BUGS:

Basic UXO Gathering System,”Proceedings of Autonomous Vehicles in Mine Countermeasures Symposium, April 4-7, 1995, Monterey, CA. pp. 8-32 - 8-38.

32 Hert, Susan, Sanjay Tiwari and Vladimir Lumelsky, “A Terrain-Covering Algorithm for an AUV,”Autonomous Robots, Vol. 3, 1996, pp. 91-119.

33 Hofner, Christian and Gunther Schmidt, “Path planning and guidance techniques for an autonomous mobile cleaning robot,”Robotics and Autonomous Systems, Vol. 14, 1995, pp.199-212.

34 Hou, Edwin S. H. and Dan Zheng, “Mobile Robot Path Planning Based on Hierarchical Hexagonal Decomposition and Artificial Potential Fields,”Journal of Robotic Systems, Vol. 11, No. 7, 1994, pp.605-614.

35 Kurabayashi, Daisuke, Jun Ota, Tamio Arai and Eiichi Yoshida, “Cooperative Sweeping by Multiple Mobile Robots,”Proceedings ofthe 1996 IEEE International Conference on Robotics and Automation, Minneapolis, Minnesota, April 1996, pp. 1744-1749.

Bibliography

36 Landis, Geoffrey A., “Solar Cell Selection For Mars,”Second World Conference on Photovoltaic Solar Energy Conversion, Vienna, Austria, July 6-10, 1998.

37 Landis, Geoffrey A. and Joseph Appelbaum, “Photovoltaic Power Options for Mars,” Space Power, Vol. 10, No. 2, 1991, pp. 225-237.

38 Latombe, J. C., Robot Motion Planning, Kluwer Academic Publishers, Norwell, MA, 1991.

39 Laubach, Sharon L., Joel Burdick and Larry Matthies, “An Autonomous Path Planner Implemented on the Rocky7 Prototype Microrover,”Proceedings of the 1998 International Conference on Roboticsand Automation, Leuven, Belgium, May 16-20, 1998.

40 Lee, Jang Gyu and Hakyoung Chung, “Global Path Planning For Mobile Robot With Grid-Type World Model,”Roboticsand Computer-Integrated Manufacturing, Vol. 11, No. 1, 1994, pp. 13-21.

41 Leon, V. Jorge, David Kortenkamp and Debra Schreckenghost, “A Planning, Scheduling and Control Architecture for Advanced Life Support Systems,”NASA Workshop on Planning and Scheduling for Space, October, 1997.

42 Lumelsky, Vladimir J. and Alexander A. Stepanov, “Path-Planning Strategies for a Point Mobile Automaton Moving Amidst Unknown Obstacles of Arbitrary Shape,” Algorithmica, Vol. 2, 1987, pp. 403-430.

43 Matthies, Larry, Erann Gat, Reid Harrison, Brian Wilcox, Richard Volpe and Todd Litwin, “Mars Microrover Navigation: Performance Evaluation and Enhancement,” Autonomous Robots, Vol. 2, No. 4, 1995, pp. 291-312.

44 McKissock, Barbara I., Lisa L. Kohout and Paul C. Schmitz, “A Solar Power System for an Early Mars Expedition,”American Institute of Chemical Engineers Summer National Meeting (also NASA TM 103219), San Diego, CA, Aug 19-22, 1990.

45 Miles, David W. and Stephen M. Rock, “Real-Time Dynamic Trajectory Optimization,” Proceedings of the AIAA Guidance, Navigation and Control Conference, Reston, VA, July 1996, Paper No. 96-3741.

46 Morignot, Philippe and Barbara Hayes-Roth, “Why Does an Agent Act?”AAAI Spring Symposium on Representing Mental States and Mechanisms, Stanford, CA, March 1995.

47 Morignot, Philippe and Barbara Hayes-Roth, “Adaptable Motivational Profiles for Autonomous Agents,”Knowledge Systems Laboratory Report No. KSL 95-01, Stanford University, 1995.

Bibliography

48 Muscettola, Nicola, Paul Morris, Barney Pell and Ben Smith, “Issues in Temporal Reasoning for Autonomous Control Systems,”Proceedings of the Second International Conference on Autonomous Agents, Minneapolis, MI, 1998.

49 Muscettola, Nicola, P. Pandurang Nayak, Barney Pell and Brian C. Williams, “Remote Agent: To Boldly Go Where No AI System Has Gone Before,”Artificial Intelligence, Vol. 103, No. 1/2, August 1998.

50 Neff, J. M. and W. T. Fowler, “Minimum-Fuel Rescue Trajectories for the Extravehicular Excursion Unit,”The Journal of the Astronautical Sciences, Vol. 39, No. 1, Jan.-Mar. 1991, pp. 21-45.

51 Pell, Barney, Edward B. Gamble, Erann Gat, Ron Keesing, James Kurien, William Millar, P. Pandurang Nayak, Christian Plaunt and Brian C. Williams, “A Hybrid Procedural/ Deductive Executive For Autonomous Spacecraft,”Proceedings of the Second International Conference on Autonomous Agents, Minneapolis, MI, 1998.

52 Pell, Barney, Douglas E. Bernard, Steve A. Chien, Erann Gat, Nicola Muscettola, P.

Pandurang Nayak, Michael D. Wagner and Brian C. Williams, “An Autonomous Spacecraft Agent Prototype,”Proceedings of the First International Conference on Autonomous Agents, Marina del Rey, CA 1997.

53 Rao, Nageswara S. V., “Robot Navigation in Unknown Generalized Polygonal Terrains Using Vision Sensors,”IEEE Transactions on Systems,Man, and Cybernetics, Vol. 25, No. 6, June 1995, pp. 947-962.

54 Scheiman, David A., Cosmo Baraona, Dave Wilt, Phillip Jenkins and Geoffrey A. Landis, “Mars Array Technology Experiment (MATE) for the 2001 Lander,”Second World Conference on Photovoltaic Solar Energy Conversion, Vienna, Austria, July 6-10, 1998.

55 Sheu, Chi-Haur and Kuu-Young Young, “A Heuristic Approach to Robot Path Planning Based on Task Requirements Using a Genetic Algorithm,”Journal of Intelligent and Robotic Systems, Vol. 16, 1996, pp. 65-88.

56 Shillcutt, Kimberly and William Whittaker, “Modular Optimization for Robotic Explorers,”Integrated Planning for Autonomous Agent Architectures, AAAI Fall Symposium, Orlando, FL, October 23-25, 1998.

57 Shin, Dong Hun and Anibal Ollero, “Mobile Robot Path Planning for Fine-Grained and Smooth Path Specifications,”Journal of Robotic Systems, Vol. 12, No. 7, 1995, pp. 491-503.

58 Shirbacheh, Mike, “Power and Pyro Sybsystems for Mars Pathfinder,”Proceedings of the 32nd IntersocietyEnergyConversion Engineering Conference, Honolulu,Hawaii,July 27 - Aug 1, 1997, pp. 2231-2236.

Bibliography

59 Simmons, Reid, “An Architecture for Coordinating Planning, Sensing, and Action,” Proceedings of the DARPA Workshop on Innovative Approaches to Planning, Scheduling and Control, San Mateo, CA, 1990, pp. 292-297.

60 Stentz, Anthony, “Optimal and Efficient Path Planning for Partially Known Environments,”Intelligent Unmanned Ground Vehicles: Autonomous Navigation Research at Carnegie Mellon, M. Hebert, C. Thorpe and T. Stentz, eds., Kluwer Academic Publishers, Norwell, MA, 1997, pp. 203-219.

61 Stentz, Anthony, “Optimal and Efficient Path Planning for Unknown and Dynamic Environments,”Carnegie Mellon Robotics Institute Technical Report CMU-RI-TR-93- 20, 1993.

62 Stentz, Anthony, “The D* Algorithm for Real-Time Planning of Optimal Traverses,” Carnegie Mellon Robotics Institute Technical Report CMU-RI-TR-94-37, 1994.

63 Sukhatme, Gaurav S. and George A. Bekey, “Multicriteria Evaluation of a Planetary Rover,”Proceedings ofthe Planetary Rover Technologyand SystemsWorkshop, IEEE International Conference on Roboticsand Automation, Minneapolis MN, April 22-28, 1996.

64 Thurman, Sam W., Project Engineer/Flight Operations Manager, Mars Surveyor ’98, personal communication, October 1998.

65 Tschauner, Johann F. A. and Peter R. Hempel, “On Minimum-Fuel Rendezvous- Techniques,”AIAA 2nd Aerospace Sciences Meeting, New York, Jan. 25-27, 1965.

66 Vidal, Thierry, Malik Ghallab and Rachid Alami, “Incremental Mission Allocation to a Large Team of Robots,”Proceedings of the 1996 IEEE International Conference on Robotics and Automation, Minneapolis, Minnesota, April 1996, pp. 1620-1625.

67 Wilcox, Brian, Larry Matthies, Donald Gennery, Brian Cooper, Tam Nguyen, Todd Litwin, Andrew Mishkin and Henry Stone, “Robotic Vehicles for Planetary Exploration,”Proceedings of the 1992 IEEE International Conference on Robotics and Automation, Nice, France, May 1992.

68 Zelinsky, Alexander, “Using Path Transforms to Guide the Search for Findpath in 2D,” International Journal of Robotics Research, Vol 13, No. 4, August 1994, pp. 315-325.

69 Zelinsky, A., R. A. Jarvis, J. C. Byrne and S. Yuta, “Planning Paths of Complete Coverage of an Unstructured Environment by a Mobile Robot,”International Conference on Advanced Robotics, ICAR’93, November 1993, Tokyo, Japan, pp.533-538.

70 Zelinsky, Alexander, “A Mobile Robot Navigation Exploration Algorithm,”IEEE Transactions of Robotics and Automation, Vol. 8, No. 6, Dec 1992, pp.707-717.