Lunar Rover Demonstration- 7 -7. FundingThe overall budget to perform the work described in this proposal is at $1.15M and uses subcontractsto reduce overhead costs and utilize experts outside of CMU. Rough cost breakdown is as follows:Personnel Costs are $310K, Department Expenses are at $148K with Subcontractors and Equipmentat $200K each respectively. The remaining amount is overhead.The equipment budget includes new configuration design and fabrication, logistics and siting and fieldtests. It also includes communications and power systems for the new configuration.To fit within the $900K guidelines we would reduce the scope of the proposal: while we would stilldesign and build the new configuration, the 10K traverse would be demonstrated with the existingRatler rover. This will be a much less convincing demonstration of space-relevance, in addition to thefact that the Ratler�s power system is currently inadequate to allow an uninterrupted traverse of thatlength.8. FacilitiesAll development and initial testing will be done in the laboratories at Carnegie Mellon. Testing inFY94 will also include the slag heaps of the Pittsburgh area. These desolate areas resemble the roughsandy terrains of the lunar surface and offer varying features including plateaus and steep climbs. Thisarea is large enough to support multi-kilometer traverses of extended duration, yet they are closelyaccessible and we have used them for years for programs such as ARPA�s Unmanned GroundVehicle and the Dante tests prior to Antarctica and Alaska missions. In partnership with Sandia, wewill also be using the White Sands area in New Mexico. White Sands has been offered to Sandia andour program by the Air Force.9. Principal InvestigatorsEric Krotkov is a Research Scientist in the Robotics Institute at Carnegie Mellon University. Dr.Krotkov has been a faculty member at CMU since 1988, and prior to that worked at LAAS inToulouse, France.(phone: 412-268-3058; fax: 412-621-1970; e-mail: epk@cs.cmu.edu)Reid Simmons is a Research Computer Scientist in the School of Computer Science and RoboticsInstitute at Carnegie Mellon University. Dr. Simmons has been a faculty member at CMU since1988.(phone: 412-268-2621; fax: 412-621-5739; e-mail: reids@cs.cmu.edu)William �Red� Whittaker is a Principal Research Scientist in the Robotics Institute at Carnegie MellonUniversity. He is founder and director of the Field Robotics Center at CMU.(phone: 412-268-6559; fax: 412-682-1793; e-mail: red@frc2.frc.ri.cmu.edu)The mail address of the principal investigators is:Robotics InstituteCarnegie Mellon University5000 Forbes AvenuePittsburgh, PA 15213

Lunar Rover Demonstration- 6 -5. DeliverablesWe will provide a new configuration for a rough terrain lunar roving vehicle for use on the moon. Wewill demonstrate the system in a 10km traverse in FY 95.Figure 1 illustrates the three-year plan for the Lunar Rover Demonstration task. Level 1 milestonesappear in bold type; the others are level 2 milestones. The task culminates in FY96 with a 100 kmoutdoor traverse featuring multimedia interactions permitting novice operators to participate in thetraverse.ElementFY95FY96RoverNavigationRoverConfigurationConsortium10 km OutdoorTraverse with NewRover, Flight-likeProcessors100 km OutdoorTraverse with Multimedia PublicInteractionsDesign and BuildNovel RoverQualify SelectedComponentsDetailed MissionPlanMissionAnalysisFigure 1. Lunar Rover Demonstration schedule (level 1 milestones shown bold)Figure 2 shows the milestones scheduled for FY95. Level 2 milestones appear in bold type; the othersare level 3 milestones. The year will include a 10 km traverse over natural terrain by the new roverand milestones for the Lunar Rover Consortium which will produce a detailed mission plan of bothlunar and terrestrial missions.Element95Q195Q2RoverNavigationRoverConfigurationConsortium10 km TraverseWith New RoverDesign andComponentAnalysisProcurementand FabricationMissionStudyMissionStudyContinued Testingand Runs With RoverRefinementsand InterfaceTestingContinuedTrial Runs95Q395Q4Fabricationand TestingContinuedRoverConstructedDetailed Mission PlanFigure 2. Lunar Rover Demonstration FY95 schedule (level 2 milestones shown bold)6. Commercialization PotentialWe have already attracted commercial interests through LunaCorp, a company devoted to initiating alunar mission. We are in process of reaching out to several large companies in the entertainmentcommunity including Disney and other large companies.

Lunar Rover Demonstration- 5 -In FY96 the Consortium will analyze in detail the mission components identified as critical during thesystem study. This analysis will lead to the selection of a single comprehensive system. In addition,the Consortium will seek suppliers for key products and services required for launching and operatinga lunar rover flight mission.4. Participants� Carnegie Mellon University¥The Robotics InstituteThe Robotics Institute, part of the School of Computer Science, is the largest organizationdevoted to the study and application of robotics. With over 200 faculty, researchers and studentsthe work spans a wide variety of programs, research and applications.¥Carnegie Bosch Institute. (CBI)CBI is a part of the highly rated business school at CMU. Each summer CBI holds a nine-weekintensive development program for senior technical managers for Managing Engineering Designand Development (MEDD). MEDD teaches new process skills and in the lecture sessions andexercises separates process development from product tasks. As part of the MEDD program, aproject is used so participants can apply process techniques to a real task. In summers past thishas included the Erebus Project, Apex project and for FY94 we anticipate the development oflunar consortium business plans. For FY95 we plan a lunar mission focus.¥Software Engineering Institute (SEI)Each year a new group of experienced software personnel enter the SEI�s Master�s in SoftwareEngineering Program. An extensive Studio Project brings classroom experiences plus individualtalents and skills to bear upon real software development. For two years the Tessellator, theKSC Tile Robot Project, was the focus of the Studio and for this year, Task ControllerArchitecture components and the Lunar rover navigation system are the studio tasks.� DOE Sandia National LaboratorySandia�s Robotics program has produced a wide variety of mobile devices and systems. TheRatler, an articulated, four-wheeled, skid-steer machine is the cornerstone of CMU�s initialdevelopment and testing program for the Lunar Rover Demonstration. Sandia is providing boththe vehicle and support for the onboard controller. In return, CMU is providing keydevelopments in simulation, TCA, and stereo vision. The partnership is both strategic andfruitful.� NASA Ames Research CenterAmes� teleoperation and virtual immersion work has developed a set of powerful tools forinterface and control development for teleoperated systems. Butler Hine�s group at Ames hastested and used these developments in Antarctica and elsewhere for underwater work and arebeginning to explore remote driving uses with CMU.� LunaCorpLunaCorp is a private for-profit enterprise, based in the Washington DC area, dedicated to thedevelopment of lunar missions. LunaCorp is attracting investors and other organizations topartner in these activities. We are partnering with LunaCorp to realize a lunar mission.

Lunar Rover Demonstration- 4 -assembling them as rover subsystems, and then adding on electronics, sensors, processors, and alow-level real-time control system.At this time, we envision a capable wheeled machine that provides simplicity of mechanism while stillproviding high terrainability for locomotion over lunar surfaces. Communications and power are keyelements that impact the configuration. The real-estate to support this will be at a premium. We arealso examining solar power integration options for our current rover to extend operations.Later, in FY96, we will study selected components for use in a real space mission. The purpose ofthis effort is to identify critical but vulnerable components, and to aggressively promote their flightqualification. The qualification process will include vibration, shock, radiation, and thermal tests forhardware, and validation and verification tests for software.Critical areas of development include the communications systems for lunar to earth video and datatransmission. Our Precision Pointing proposal will directly address these needs. For FY 95, weanticipate continued use of the RF and microwave links that we already have and are licensed for, butwe will closely examine the options available for lunar-earth communication. Compression techniqueshave advanced significantly in the past several years and we will make use of the appropriate ones forour program.3.4 DemonstrationWe will perform a series of terrestrial traverses in natural terrain, progressing from 10 km in FY95 to100 km in FY96. In FY96, the third year of the program, we will conduct the long demonstrationswith a novel, lunarworthy rover configured for the terrestrial demonstrations. These will take place inthe slag heaps (See Facilities Section) and White Sands, New Mexico to provide lunar-like terrains fortesting.As we build, fabricate and assemble, it is important to evaluate the rover’s capability vis-a-vis anactual mission scenario. We plan to quantify and evaluate performance of each component separately� for instance, mobility, endurance and power consumption of the mechanism, accuracy andcomputational complexity of the perception system, reliability and generality of the planning system,etc. The quantification will also extend to issues of speed, reliability and terrainability. For operatorinterface work we will quantify differences in teleoperation versus semi-autonomous versusautonomous control.3.5 Consortium.We are forming a Lunar Rover Consortium with prominent members from the space robotics, lunarscience, and commercial communities. This group, including both technology providers andtechnology users, will pursue a lunar rover mission scenario that fulfills both scientific andcommercial objectives.The Lunar Rover Consortium includes members from three communities: space robotics, lunarscience, and commercial. The initial membership invitations will include the following:¥Robotics: NASA Centers, DOE Laboratories, and industry, including Martin Marietta.¥Lunar Science: LEXSWG.¥Commercial: Lunacorp, Shimizu, International Space Enterprises.In FY95 the Consortium will perform a system study, addressing issues such as launch vehicles,orbital trajectories, landing technologies, deployment techniques, high-bandwidth telemetry, userinterfaces for novices, mission profiles, and rover technologies. We will then determine a smallnumber of comprehensive systems that satisfy mission and budgetary constraints.

Lunar Rover Demonstration- 3 -3.2 PlanningThe planning efforts in FY95 will focus on enhancing local navigation, integrating route planning andglobal navigation, and providing reliability in the form of execution monitoring and exceptionhandling. These technologies are critical for autonomous navigation and add great value toteleoperation by providing safeguards for the rover.In FY94, we adapted local navigation software from the UGV effort to drive the Ratler in roughterrain using stereo input. For FY95, we will augment the navigation system to utilize proximitysensing (making the rover more reactive) and to handle uncertainty better (using results from theAutonomous Rover Technologies program). This will enable the rover to navigate in rougher terrain.To traverse multiple kilometers, the rover must also plan at a more global level. Even undersupervised teleoperation, it will be advantageous to have the rover suggest potential routes. We willto adapt route planning software developed at CMU and integrate it with the local planners: the routeplanner will provide desired heading information, which the local planner will follow. The routeplanner will monitor overall progress and update the desired goal heading as needed to keep the roveron track.To achieve the times and distances required, the rover will have to be extremely reliable, monitoringboth internal and external sensors for any indications of trouble. The rover must react to suchexceptional situations, at least by informing human operators, and at best by handling the situationitself. We will utilize expectations generated by the local planner to monitor for potential problems innavigating, will augment the real-time controller to monitor the health and safety of the underlyinghardware, and will provide proximity sensors on the vehicle as an added safeguard. Themethodology will be one of incrementally increasing system reliability, using the control constructs ofTCA to minimize the need for code changes when adding new monitors and exception handlingstrategies.3.2.1 Virtual Reality Interface and TeleoperationAn effective way to interact with the Lunar Rover is in a semi-autonomous mode. This allows ahuman to use a virtual reality interface to view the area surrounding the rover and to indicate preferreddirections for the rover to follow. We are partnering with NASA�s Ames Research Center, in thiswork.Site maps are used to facilitate planning and commanding large-scale routes for the rover to follow aswell as monitoring rover progress over terrain. We are utilizing existing digital maps published by theUnited States Geological Survey, the Defense Mapping Agency and other agencies, and havedeveloped tools for reading, writing, and manipulating such maps. We will also implement moreadvanced operations such as real-time display of local information provided by the stereo and dead-reckoning systems, and also add texture mapping information from the video images to provide a veryrealistic view to the user.3.3 MechatronicsCurrently, we are using the Sandia National Laboratories� Ratler vehicle as a basis for providingimmediate testing for planning, perception and task control. In addition, we will have evaluated thisconfiguration and use our past experience in mobile machines in producing a new configuration inFY94.In FY95, we will design and build the newly configured rover. The design process will follow theguidelines successfully established for the Ambler, Dante, Tessellator, and Daedalus robots. We willemploy off-the-shelf design tools, as well as innovative tools developed in the Autonomous RoverTechnologies task. The construction process will include fabricating components, unit testing,

Lunar Rover Demonstration- 2 -The proposed program will advance the state-of-the-art in planetary surface robotics. The programwill produce scientists, systems, and rover technologies that are crucial to the realization of NASA�slong-term objectives in planetary exploration. Applications of the technologies developed here willimpact the non-aerospace private sector in agriculture, mining, construction, and hazardous wasteremediation.The proposed research program will continue to form productive partnerships with industry. Byincluding industrial organizations as team members early in the mission�s definition, the proposedprogram will serve to catalyze the development and transfer of technologies, which in turn stimulatethe economy.We intend a scope beyond this program to enroll the public in the lunar missions. As part of this,these precursor lunar missions will provide an interactive, live means to enroll public awareness,participation and support into lunar and space missions. NASA�s mission is to provide stepping stoneto space and the planets and this program is a compelling means to do so for the space community andthe public.People will find that live �immersion� into lunar exploration will be fascinating, educating andenchanting. Rather than dry commentary about geologic features and flickering black and white viewsthe relatively fast moving rovers and high quality imagery will prove to be an edge-of-seat experienceto the public. Tie-ins to mainstream media, education and the proliferation of Internet access willallow real-time access to this information.3. Approach We will provide significant developments in perception, planning and mechatronics that will greatlyadd to our capabilities during the FY95 demonstrations. Each of these areas is addressed in thissection.3.1 PerceptionThe perception effort in FY95 will concentrate on two main topics: stereo mapping of the localenvironment, and multi-sensor position estimation. These are required to achieve the 10 km traverse.For stereo mapping, in FY94 we implemented a system consisting of a stereo module that computesdisparities from trinocular images, and a mapping module converting disparities into elevations (orequivalent). In FY95, we will improve and extend this system in two directions. First, we willoptimize it for speed by customizing the algorithms for the processors, video links, and terrain. Weexpect to achieve a twofold increase in speed. Second, we will relax the requirement for precisecamera calibration by adopting the �fundamental matrix� formulation implemented in the FY94Autonomous Rover Technologies task. We anticipate that this will improve the robustness of theoverall stereo system.For position estimation, in FY94 we concentrated on dead reckoning using inputs from the Ratlerwheel encoders and onboard compass. In FY95 we will implement a more general position estimationsystem that incorporates sensor data from the Ratler turn-rate sensor, inclinometers, and differentialGPS. Note that the DGPS system will be used to provide ground-truth information only since GPS isnot seen as viable for the lunar mission. In addition, if it becomes available, we will incorporate astrapdown inertial measurement unit (IMU) built by Watson and used in the Unmanned GroundVehicles program at CMU.

Lunar Rover Demonstration- 1 -Lunar Rover DemonstrationThe Robotics Institute, Carnegie Mellon UniversityFebruary 14, 1994Submitted to: National Aeronautics and Space AdministrationFor the period: October 1, 1994 to September 30, 1995Principal Investigators:Eric Krotkov, Reid Simmons, William Whittaker1. ObjectivesOur objectives for FY95 are to build a space relevant configuration and to continue a significanttesting program for perception, planning, teleoperation and mission operations with the new robot.This will culminate in a 10km outdoor traverse. This program is to demonstrate capability here onearth with an intent to eventually transfer this into a real lunar mission. Through this we willdemonstrate a convincing, comprehensive mobile robot mission capability required for the LunarRover Flight Mission. The project will have demonstrated rover technologies suitable for lunarmissions, and will provide those technologies to NASA and industrial initiatives for scientific andcommercial enterprise on the Moon.In FY95, the CMU program will provide a capable rover configuration tested over many multi-kilometer demonstrations. These tests will evaluate a range of user observation, control andinteraction ranging from direct teleoperation through fully autonomous scenarios. The terrestrialmission will be compelling and attract a widespread audience through quality imagery, high-bandwidth interaction and enticing mixture of science and adventure.2. JustificationSpacefaring nations are now re-examining the role of lunar activities in support of human explorationand utilization of space. The proximity of the Moon enables cheap access and rich telemetry; its terrainpermits far-ranging mobility; and its solar insolation supplies abundant power. New lunar-focusedprojects are being considered in lunar science, astronomy, technology demonstration, Earthobservation, video production and entertainment,. Most of these projects require or derive addedvalue from mobility over the lunar surface.The proposed Lunar Flight mission will supply answers to questions about lunar geology andscience. For the first time, a long duration (time and distance) excursion can examine areas andfeatures that were precluded in the missions and explorations of another era. By visiting originallanding sites we can also learn more about long term effects of the lunar environment upon man-mademechanisms and materials.The mission will be far more than an exploration of a small territory; it is envisioned to be a tour ofhistoric sites, interesting features, and unknown areas. It will be compared to the voyages of newworld explorers of centuries past and reach a large and widespread audience. It will drawcomparisons to the age when explorers pushed the frontiers and knowledge of our own world, butinvolve and excite many rather than a select few.