IAA-L-0504P1ON-BOARD SOFTWARE FOR THE MARS PATHFINDER MICROROVERJack C. MorrisonTam T. NguyenJet Propulsion LaboratoryCalifornia Institute of Technology4800 Oak Grove DrivePasadena, CA 91109ABSTRACTThe Pathfinder Micro-rover Flight experiment will perform engineering and science experiments onthe Martian surface to pave the way for future Mars missions. The rover is controlled by a 1970’sera microprocessor. Its on-board software, while in some ways a typical embedded-system design,has to deal with some unusual constraints.The rover will be operating in a harsh and mostly unknown environment, with limited electricaland processing power, accessible only via a limited-bandwidth communication link with long timedelays. The software design is driven by these factors to provide reliability in the face of hardware,software, and operational failures, flexibility to allow adaptation and reconfiguration, simplicity,predictability, and visibility into its internal state and the external environment.This paper describes the overall software structure, and details some of the more interestingfeatures of the design, including error handling, power control logic, and navigation with hazardavoidance. The development environment is also described, including the use of world-wide-web-style hypertext to provide quick access to the collection of documents that accumulate in a softwareproject.

IAA-L-0504P2MISSION TO MARSThe Mars Pathfinder Microrover, a 10-kilogram robotic vehicle, will performengineering and science experiments on theMartian surface, and pave the way for futureMars exploration. Due to the communicationtime delays between Earth and Mars, and theunpredictability of the surface environment,the rover must operate semi-autonomouslybased on traverse waypoints and high-levelcommands from a human operator.Research robots like the Pathfinder rover’spredecessors often sport state-of-the-artprocessors, but a flight project requiresproven, radiation-hardened components andimposes a severe power and weight budget.With the limited financial budget of a low-cost flight project on top of that, the result isa spacecraft with a difficult mission, a shortdevelopment schedule, and a"computationally-challenged" centralprocessing unit.The rover’s software architecture is motivatedby several ideals intended to meet the missiongoals while addressing all of theselimitations:• Reliability: handling failures of non-essential hardware components andunexpected environmental conditions.Time-critical anomalies (such as powerdrains and obstacle contact) must behandled without operator intervention.Software failures must be protectedagainst occurring, and recovered from ifthey do occur. • Flexibility: adapting to changes in therover’s hardware and environment.Modifications to behavior should beautonomous or easily commandable.Where possible, the rover is self-calibrating.• Simplicity: in general, the simplestacceptable approach to each requirementor design problem is chosen. Besidesbeing more reliable and flexible, simplersolutions are easier to test and have morepredictable behavior. Not to mentiontaking less time to develop.• Visibility: concisely but completelyreporting the current hardware andsoftware state, in particular unexpectedconditions.GENERAL SOFTWARE ARCHITECTUREThe rover is so constrained by electrical andprocessing power that it literally cannot "walkand talk" (run drive motors and communicateover its radio modem) at the same time. Amultitasking executive would reduceperformance without adding much capability.So instead, the software is organized as asingle control loop, with interrupt handlingfor a few asynchronous "reflex" events (suchas bumper contact) to which the rover mustreact quickly. This loop dispatches periodicfunctions (e.g. thermal management,automatic vehicle health checks, andcommand upload requests) as indicated bysoftware timers, and invokes commandhandlers as directed by the uploadedcommand sequence.Command handlers follow a common format:• extract and validate any commandparameters• verify that the command is allowed basedon the current rover state (e.g. missionphase and power availability)• set a timeout limit for completion of thecommand• perform the command• format and send results telemetry• return a completion statusNAVIGATION AND HAZARDAVOIDANCEPerhaps the most unique component of theon-board software, for a spacecraft, is thewaypoint navigation and autonomous hazardavoidance logic. Since the rover is normallydirected along an operator-specified pathbased on 3D stereo images from thePathfinder lander, it doesn’t need to be a

IAA-L-0504P3robust maze-solver - but it does need towatch for and deal with unexpected problemswhile moving.The basic procedure for traversing to awaypoint is to drive forward in shortsegments, stopping for proximity scanningbetween each segment. In the absence ofhazards, the rover arcs (at one of a smallnumber of fixed-radius turns) toward the goalposition. Inertial sensors and wheel encodersare used to dead reckon the vehicle’slocation.While moving, other sensors (such asinclination and motor currents) are sampledfor hazard detection and telemetry. Severalconditions are monitored:• reaching an operator-specified timeoutlimit• sensor reading outside safe limits, from atable based on a risk-level parameter• being too close to, and heading toward,the lander• physical contact sensingWhile stopped in between segments, variouslow-rate operations are performed when due,including a lander communication check"heartbeat" and transmission of bufferedtelemetry data. The rover then uses its opticalproximity scanning system to look forobstacles (such as tall rocks or dropoffs).The scanner consists of infrared lasers andCCD imagers, which are used to build asparse and approximate map of terrain heightin front of the rover.The map is searched for the following hazardconditions:• missing data (inside the minimumrequired detection range; indicating apossible drop-off)• height difference between any twoadjacent detections above a (risk-level-dependent) threshold (indicating a rock orhole)• height difference between lowest andhighest detections above a higherthreshold (indicating a steep slope)If any proximity hazards are found in themap, the rover turns in place about its centeras needed to avoid them. It first turns inwhichever direction has the smaller requiredavoidance turn, or toward the goal if there’sno preference. On any subsequent turns(after re-scanning) at the same location, itcontinues to turn in the same direction, toavoid bouncing back and forth between twohazards. Non-proximity hazards, such ascontact and sensor readings outside safetylimits, result in aborting the traverse - unlessthe operator has given the rover permission todeal with these itself. In that case, it backsup, turns, and tries again. Any time it hasturned away from a hazard, the rover drivesstraight for a few segments before arcingback toward the goal.Normally, the rover tries to keep far enoughaway from any hazards to allow it to turnaround if it should get into trouble. Thesoftware has an option, however, to"squeeze" through narrower paths for alimited distance. If it runs into obstacles orfails to reach a clear region beyond thisdistance, it backs straight out and turns awayfrom the narrow path looking for anotheralternative."Rock finding" is a modified driving mode,in which map data indicating a prominentrock triggers a behavior to center the roverheading between the edges of the rock usingproximity sensing. If the destinationwaypoint is reached first, the rover performsa spiral search for a rock. The operator canthen command the rover to turn 180 degreesand back its spectrometer onto the rocksurface.STATE INFORMATIONNearly all of the global data is allocated inone of two structures - the volatile state areaand the persistent state area. The volatilestate data is initialized at each wakeup, andincludes latest sensor readings and navigationcontrol states.

IAA-L-0504P4The persistent state data is the rover’s "long-term memory." It is loaded from EEPROM(electrically-eraseable programmable read-only memory) at wakeup, and the EEPROMimage is updated regularly as the statechanges. This data includes mission phase,vehicle location, odometry, and long-termtime limits.Persistent state data is the only part of theEEPROM that needs to be rewritten enoughtimes to be in danger of exceeding theguaranteed lifetime of the memory duringdevelopment and the mission. Enough spaceis therefore reserved for several copies of thestate data, and the active copy is accessedindirectly through a pointer stored separatelyin EEPROM (this pointer is itself updatedinfrequently, so it can stay in a fixedlocation). Acount of the number of rewritesis updated and stored with the persistent state;if this count reaches 95% of the guaranteedEEPROM lifetime (which is 1/10th thenominal lifetime), the state data isautomatically relocated to the next allocatedspace. The pointer is updated accordingly,and the write count reset to one.POWER CONTROL AND DEVICEMONITORINGEach controllable device, and each inputsensor, is associated with a device statusvalue indicating the health of that device. Thevalue is automatically adjusted if anomalousbehavior (such as an out-of-range input) isseen from that device, typically duringperiodic health checks, and adjusted back ifnormal operation is observed. With severalsteps between "normal" and "failed" states,the rover can autonomously disregardsuspicious sensor data but recover fromtransient failures. At cold start, the status forfailed devices is adjusted to that they haveone chance to show that they are nowworking properly.If a sensor reaches a "failed" state, the roveravoids using that sensor to influence itsbehavior. If possible, it uses an alternatesource of information as a fallback. Forexample, it one temperature sensor fails, itmay use a nearby temperature sensor instead.If a potentiometer indicating motor positionfails, the rover can fall back to time-delay-based actuator control. However, actualsensor readings are always returned intelemetry - regardless of whether the rovertrusts that data.If an actuator devices reaches a "failed" state,the rover rejects operator commands thatdepend on that device functioning. Thedevice status values are reported with healthcheck telemetry, and can be modified directlyby operator command. Special values allowthe operator to force a device into a "good" or"failed" state which the software won’tautonomously alter.Whenever a device is turned on, the rovermonitors the electrical current drawn by thatdevice (after a short delay to allow fortransients). If this current exceeds a device-specific limit, the rover sets the device’sstatus to an additional special "failed" statethat prevents that device from being turnedback on. It can even mark a device with this"keep off" state if powering the device causesa system reset or trips the brown out-protection power monitor circuit. This logicreduces the chances of running downbatteries or damaging electronics should adevice short-circuit. The "keep off" state canbe cleared (or set) by operator command.Device status was a convenient capabilityduring testing, because at any one time, somepart of the vehicle was often missing. Bysetting the corresponding devices as "failed",the software could operate while ignoringinvalid data from missing sensors.CONTROL PARAMETERSNumeric "constants" in the rover software areimplemented in three forms. Those that aresure to remain fixed are coded as compile-time constants ("#define" preprocessorsymbols or "enum" compiler constants)."Constants" that will probably remain fixed,but could conceivably need to be altered todeal with unexpected conditions, are coded as"const" values, resulting in runtime constantsstored in non-volatile memory with the code.Since the values exist at a single location that

IAA-L-0504P5is identified in the linker map, these can bereadily patched before or during the mission.A common use of patchable constants are thetime delays needed between various controlsteps.Finally, for a limited set of parameters thatthe operator might need to alter during thecourse of the mission to alter vehiclebehavior, run-time variables or "controlparameters" are provided. Adedicatedoperator command allows these parameters,which are part of the persistent state datamaintained in EEPROM, to be easilychanged. This "set parameter" commandcontains a table of valid limits for eachcontrol parameter to prevent acceptance ofimproper values. Some examples arenavigation algorithm options, temperaturethresholds for heating logic, and periodicprocessing rates. In addition to "behaviormodification"-type parameters, some controlparameters are used to store calibration data,such as zero offsets for position sensors, thatcan be updated late in the integration testphase based on experimental calibrationmeasurements using the final flight hardware.ERROR HANDLINGTwo mechanisms handle error situations: anerror reporting capability, and error stateflags. The reporting function is invokedwhenever a new anomaly is detected. Anerror ID unique to the source code location (8bits indicating the module and 8 bitsindicating an error call within that module),along with a severity level and a few wordsof optional associated information, are passedto the error reporter. If the severity levelpasses the current reporting threshold, thisdata is time-tagged and stored in a telemetrypacket that is sent at the completion of thecurrent command (or periodically, if nocommands are executing). The error packethas a limited size; if it becomes full,additional error reports are counted but theassociated data discarded. The severitythreshold and overflow treatment preventflooding of the telemetry channel with uselessdata in the event of a severe problem.Autility program can quickly locate theprogram source corresponding to a specificerror code, explaining the reason for andcontext of the error, and indicating theinterpretation of the associated data.Pinpointing the error call directly in thesource code eliminates the danger of an out-of-date or incomplete error code definitiondocument, not to mention the work ofmaintaining one.In addition to the error event reporting, eighterror state flags track specific classes of errorconditions, such as device failure, invalidcommand, and command execution timeout.They are set when corresponding problemsare detected, and allow a limited form ofconditional command execution, since mostcommands are skipped if error states areactive. All flags, or a selected set, can becleared by operator command. Agroup ofinterdependent commands within an uploadsequence are typically sent starting with this"clear error" command so that they canproceed regardless of an irrelevant earlieranomaly; any failures seen during executionof the group causes the rest of that group - upto the next "clear error" command - to beskipped. The operator also has the option ofmasking out specific error state flags, toprevent a particular type of error fromaffecting command execution.ROVER LITEThe rover computer has 160K bytes of non-volatile EEPROM memory, used to store thesoftware, persistent state data, contingencycommand sequences (in the event ofcommunication loss), and telemetry that can’tbe immediately sent to Earth via thePathfinder lander (e.g. at night, when thelander may not be operating its modem).This EEPROM is particularly convenientduring development, since software updatesare easily downloaded, but remain residentacross power downs. It will also allowpatches to the rover software to be sent afterlaunch.However, there is some concern about theradiation tolerance and reliability of thesedevices. The first 16K bytes of the memoryspace is therefore populated by (expensive)radiation-hard non-erasable PROMs. Thisarea contains the boot code first executed

IAA-L-0504P6when the rover wakes up. (Being primarilysolar powered, the rover normally shuts itselfoff every night.). The boot code computesand validates checksums on the EEPROMcontents. If the EEPROM looks okay,control is passed to the normal EEPROM-resident software. Otherwise, a stripped-down rover control program containedentirely in the high-reliability PROM takesover.This scaled-back program, known as "RoverLite", can accomplish a subset of the missionobjectives without depending on non-volatilestorage. It includes the full communicationprotocol, some diagnostic and memorypatching capability, and low-level devicecontrol. About half of the normal rovercommands are supported in some form,along with a special "drive" command - inplace of high-level navigation - allowing asequence of vehicle motions to beprogrammed, something like a remote-controlled toy.SOFTWARE TOOLSThe only software purchased explicitly forthe rover project was a PC-hosted Ccompiler/assembler/linker/debugger packagefor the 8085 target architecture, and a PCemulator allowing that software to be runfrom UNIX workstations. The remainingdevelopment environment is based oncommon facilities - such as MAKE, RCS,AWK, and text editors - that are either freelyavailable or part of the standard UNIXenvironment. Where appropriate,components of the target software itself wereacquired from free Internet sources. Theseincluded the 8085 debug monitor, and CRC-16 and Reed/Solomon Error Detection andCorrection algorithms.ONLINE DOCUMENTATIONAnew technique that has proven to be veryuseful is the collection of the assorteddevelopment documents that every projectaccumulates into web pages using aHypertext Markup Language (HTML) index.These documents include such things asmemory layouts, "how-to" notes for startup,shutdown, calibration, and other procedures,descriptions of utilities and developmenttools, coding standards, and delivery releasenotes. Both informal notes and officialdocuments are accessible as web pages.Many are left as plain text files, but somehave been formatted with HTML commandsto allow instant access to sections of a largedocument or access to related documentsthrough hypertext links. The HTML formatalso allows inclusion of images such asdiagrams and drawings.Having these documents available on-line in astandard format makes them readily availableto the developers themselves as well as otherson the project, whether they are using Unixworkstations, Macs, or Windows PC’s. Thefiles can be kept up-to-date much more easilythan paper documents, and there is no dangerof someone working with an obsolete versionof, say, an interface specification. They canbe called up when needed during testing atany location that has Internet access, savingtime and guesswork. It is at least hoped thatthis will save paper as well.DATA GENERATORSThe rover software employs several relateddata tables and identifier lists to work withdevices, sensors, and operator commands.In order to reduce the effort of changing thesetables, and to eliminate the risk of tablesbeing out of synchronization, scripts usingthe UNIX "AWK" program were built togenerate the tables and identifiers fromdescription files. For example, one filedescribes all of the analog sensors -multiplexor addresses, input gain settings,minimum and maximum expected values, etc.- and is processed into a list of sensoridentifier codes, encoded tables used by thesensor input functions to setup and samplethe sensor data, limit tables used by healthcheck functions to validate sensor operation,and so on. Several times duringdevelopment, there have been hardwarechanges that were quickly incorporated intothe software by simple updates to the tablesor the generator functions, without worryingabout missing some corresponding change ina forgotten source file.

IAA-L-0504P7TEST UTILITIESDevelopment risk was reduced byimplementing temporary software to stand infor external interfaces, eliminatingdependence on other subsystems. Especiallyuseful is the "simulator" for the landerspacecraft, which communicates with therover by radio modem. Besides supportingtests of the modem communication protocolitself, this program accepts operatorcommands in text form (typed in or read froma command file) or in the official sequencefile format (as generated by the RoverControl Workstation) and sends them to therover. It also receives telemetry data from therover, storing it on disk and optionallyrelaying it through a socket connection toother test software. This lander simulator canbe run either in a window on a UNIXworkstation, or on a PC (such as a laptopused for remote testing).Another utility program can extract data fromtelemetry packets, and thus stands in for theground data system, providing real-time(when connected to the lander simulatortelemetry socket) and after-the-fact (when fedstored data files) viewing of telemetry.Related programs allow conversion ofextracted image data, both normal andcompressed, into a standard format forviewing and analysis.These facilities have allowed end-to-endtesting of the rover before the actual controlworkstation, lander, or ground data systemwere ready for integration. When suchintegration did take place, the rover teamcould was confident that its side of theinterfaces had already been verified.Asimple downloadable menu-drivendiagnostic program also proved to be worthfar more than its development cost. Thisutility provides a thorough but easy-to-runregression test after hardware changes andenvironmental testing, a convenient facilityfor direct control of rover devices, and a"second opinion" on sensor or controlanomalies observed by the operational roversoftware.THE PATH AHEADThe Pathfinder spacecraft is scheduled tolaunch in December 1996, arriving at Mars inJuly 1997. During integration testing so far,the microrover software has performed well,often demonstrating its flexibility andreliability when faced with changes in plansand hardware failures. Perhaps the biggestcomplaint is that it sometimes thinks toomuch, overriding our commands when weforget to tell it not to worry about somecomponent that was temporarily removed.Fortunately, by the time the rover rolls outonto the surface of the red planet, we will bewell-practiced in the art of cooperating with asemi-autonomous rover, and ready to exploretogether.ACKNOWLEDGMENTThe research described in this publicationwas carried out by the Jet PropulsionLaboratory, California Institute ofTechnology, under contract with the NationalAeronautics and Space Administration.