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Remote scientific exploration of areas difficult to reach is not unheard of on the surface of the planet.  However, the difficulties and obstacles encountered when remotely exploring other worlds such as Mars can be daunting.  NASA’s Mars Pathfinder mission in 1997 proved that semi-autonomous exploration of other worlds was not only feasible, but that it is also reliable.  Whether it was the interplanetary communications network, the physical hardware of the lander, or the control systems used to remotely navigate the rover, the mission was a complete success and exceeded the expectations that NASA had hoped for.


NASA has sent dozens of remote probes to explore almost every large celestial body in our solar system.  With the exception of Pluto, a NASA-built satellite has visited every planetary system.  Mars has proven to be the most interesting candidate for future exploration for several reasons.  First, it is the closest planetary object, except for the moon, to the Earth.  The ability to launch an exploratory craft to Mars and have it reach its destination in approximately 9 months helps qualifying the return-on-investment when funding is requested from the federal government.  Mars is also just slightly smaller than the Earth, allowing future long-term human exploration to take place without the concerns of exposure to long durations of minimal gravity on the human body.  Finally, frozen water has been detected on the poles of Mars and, according to the current beliefs for the requirements of life, water, in some form, is a prerequisite.  With these ideas in mind, NASA funded the Mars Pathfinder mission to explore the surface of Mars and determine if any microbiological forms of life existed in the Martian topsoil.


The Pathfinder mission involved sending a craft capable of traveling the 193 million miles between Earth and Mars, landing on the surface of the planet, and deploying a mobile rover to explore the immediate surroundings of the landing site.  However, just getting any craft to Mars has proven extremely difficult for more than 35 years.  Over the years, NASA has sent approximately 14 missions to Mars, of which only 9 were deemed a successs [4].  The former Soviet Union/Russia has sent 13 of which only 2 where deemed a success [2].  The technical ability to reliably launch a satellite in to orbit, direct it to a new planetary orbit, and insert it into a stable and safe planetary orbit around Mars has slowed Mars exploration greatly.  NASA has lost various missions worth well over $1 billion combined just attempting to reach Mars before any science gathering has occurred [4].


However, NASA was and is determined to continue with Mars exploration.  The Pathfinder mission would entail new mission characteristics from any previous exploration mission to any planet.  The mission was tied to NASA’s “faster-cheaper-quicker” and was built around the idea that the mission should take no more than 3 years from start to finish, use current off-the-shelf-technologies, and cost under $150 million.  The mission succeeded in all three of these points.  The landing system would not use retro-rockets to slow the lander’s descent, but instead a parachute-air cushion combinational system.  Large balloons filled with a gas would inflate allowing the lander to “bounce” to a safe landing site.  In fact, the lander bounced over 15 times over a 1 km distance before coming to rest.  Finally, the mission would include a rover that would for the first time allow semi-autonomous exploration of the surrounding area of the original landing craft.  This ability allowed scientists to get an up-close view and inspection of nearby geologic sites of interest.  In addition, the mission was originally scheduled for a time span of 7 to 10 days, but in fact lasted almost 3 solids weeks before systems began to fail on the lander and the rover [1].


The Pathfinder landing craft was designed to be able to carry some of the larger scientific instruments that would help scientists explore the Martian surface.  However, these devices would be useless unless the lander could communicate its findings back to Earth.  Therefore, it needed to have a computing system capable of carrying out all the required work required of it.  The lander had a 32-bit RISC CPU running at 20 MIPs [6].  It contained no hard-disk, instead storing all of it operating system and program code in 128 MB of DRAM [6].  Some of this DRAM was radiation hardened and this memory contained the operating system [6].  In case of a large dose of radiation, the operating system would stay intact and new software could be downloaded to the lander.  Most important, however, was the high gain antenna that was the primary device used to communicate with Earth-based controllers [6].  A backup low gain antenna was also available should the primary antenna fail, but the main antenna never failed and it mainly remained in standby mode [6].


The rover, called Sojourner, was a 6-wheeled vehicle about the size of a microwave [6].  It rolled off the lander about 2 days after the lander landed and all mission-critical systems were tested [6].  The rover contained a 80C85 Intel-based chip that operated at about 2 MHz [6].  It had an 8-bit bus, operated on about 3-6 volts, and used 672 Kb of memory (160 Kb EEPROM with 48 Kb of that memory radiation-hardened) [6].  The rover also had no hard-disk and was programmed in ANSI C and Assembler C [6].  It contained off-the-shelf parts that required no breakthrough technology that could cause the costs or the timeframe of the mission to increase [6].


A plan of the rover’s movements towards a specific goal was developed daily to control of the rover.  The lander was built with a camera that could give a panoramic view of the lander’s area known as the Imager for Mars Pathfinder (IMP) camera [1].  The camera had two lenses that provided a stereoscopic view of the landscape [1].  This in turn allowed a 3-D view of the area to be generated on an Earth-based workstation [1].  An engineer would wear a pair of 3-D goggles that allowed him to “turn” the environment at various points and see “around” objects that may have otherwise not been seen [1].  With this information, a path could be plotted to get the rover to its destination [1].  Without, this device, it would prove much more difficult to determine the correct distances to travel from one rover waypoint to the next [1].  Next, the rover movement commands where developed and reviewed by multiple NASA engineers.  Once all engineers signed off that the commands were good, a final OK was required from the Mission Director before the commands were sent to the rover [1].  When ready, an Earth-bound workstation that would translate the commands into a Rover Activity Sequence File (RASF) [1].  This file would then be transmitted to the lander via the Deep Space Network (DSN) and then from the lander to the rover. At this point, the rover would follow its given instructions and the lander and the rover could explore the surface of Mars.


There were various issues involved with sending a remote exploration craft to Mars or any planet, never mind a semi-autonomous one.   The 193 million mile distance between Earth and Mars caused a 10-20 minute delay between when a signal was sent from Earth to when it was received on Mars [7].  There had to be systems on the lander and the rover that would allow them to recover if an incorrect instruction was sent and could not be immediately corrected.  There was limited bandwidth that could be used to transmit signals to the lander and for the lander to transmit findings back to Earth.  Only 600 bps was could be used in interplanetary communications [7].  The lander could also only emit a 20-watt signal to Earth-based receiving stations [7].  Upon reaching the surface of Earth, the 20-watt signal had degraded to a signal strength of just 7.9*10-19 watts [7].  Highly sensitive receiving stations needed to be in place along with computer systems that could boost the weak signal to a decipherable level [5].  Beyond these natural and unavoidable physical communication obstacles, there was always the chance that man-made errors could hinder the mission.  Anything from power malfunctions, to buggy software, to broken mechanics could cause a catastrophic failure ending the mission.


Lander-Rover intercraft communications was handled by a UHF radio modem connection [7].  It operated a simple session-based protocol that involved sending ACK and NACK messages back and forth to ensure message delivery [7].  There were distinct message types used, including a heartbeat mechanism, command requests, timing requests (to synchronize clocks), and telemetry requests [7].  The modems operated at 9600 baud and a physical range of about 700m although mission plans were to keep the rover within visual site of the lander at all times, roughly 30-50 meters [7].


The Mars-Earth interplanetary communications was handled by the high-gain antenna on the lander and the DSN sites on Earth.  The high-gain antenna operated at 600bps.  Transmission of data and commands to and from the lander employed both single and multi-bit error detection and correction schemes [7].  To ensure that constant communications channels were always open, the lander had several backup contingencies should communications be severed with Earth.  If communications was lost, the lander would detect a timeout had expired, usually 36-48 hours, and begin listening at pre-determined times for a recovery signal from Earth [7].  If this failed, the lander would start a scan of the entire sky looking for the strongest signal from Earth [7].  If this failed, it would assume a hardware failure and begin switching back and forth between primary and back-up systems, including the low gain antenna [7].  Meanwhile, on Earth, the DSN consisted of 3 sites across the globe in Canberra, Australlia, Madrid, Spain, and Goldstone, California that had large radio telescopes arranged to listen for the weakest radio signals from space [5].  34- and 70-meter radio telescopes were employed at each site and the sites geographical positions allowed at least one site to be pointed towards Mars to send and receive signals at any time [5].  The receiving stations are capable of filtering out background terrestrial radiation and radio signals, boosting the received signal strength, and sending new commands to the lander [5].  The accuracy of the satellite dish positions is very critical, involving the dishes to counter the 0.004 degree per second rotation of the Earth to keep a lock on the targeted signal [5].


In the future, an interplanetary network of satellites will be required to support more complex missions to Mars and other planetary systems.  These networks will allow for greater bandwidth (much more than the Pathfinder’s 600bps) and greater reliability in communications.  While nothing can be done to counter the sheer distances that radio signals must travel between different planets, the bandwidth can be increased through the use of Ka-band microwave communications [3].  Currently under development, the Ka-band of frequencies should allow for 10-100 times more bandwidth than currently available [3].  This will allow for higher quality scientific results to be sent back to Earth for analysis and more finite control of remote system.  The reliability of the signals can also be increased.  Ideally, NASA would like to employ a “network of networks” and have the ability to utilize a set of orbiting planetary satellites to communicate with remote rovers and landers at all times [3].  Also, a larger network of satellites will provide better coverage as “line-of-site” communications is required for all interplanetary transmissions [3]. Better protocols will need to be developed for large round-trip-time (RTT) messages.  Current protocols can involve frequent and rapid exchanges of information between end points, something that cannot be employed when RTT is between 10 and 20 minutes [3].  However, the same layered approach used in today’s Internet will be employed.  Services will be built on lower-level infrastructures and employ similar characteristics of separating functionality in each layer.


Current plans involve setting up the initial stages of the first interplanetary network (IPN) in 2004 [3].  Then in 2005, a network of multiple orbiting relay satellites should be in Martian orbit [3].  Currently, NASA has the Mars Odyssey and Global Surveyor in place now and have used them to search for debris and communications signals from lost missions to Mars, like the Mars Climate Orbiter that was lost in 1999 and the Polar Lander lost in 2001-2002 [4].  Two more remote rovers are schedule to be launched in June of 2003 by NASA along with Beagle-2, a remote rover from the European Space Agency (ESA).  Both missions will make use of the lessons learned from the successful Mars Pathfinder mission.


Development of semi-autonomous systems can prove difficult and costly.  However, these vehicles must travel large distances and cannot be easily debugged or have hardware exchanged once launched.  The systems must be robust enough and hardy enough to have the ability to return valuable scientific information to Earth during their missions.  The Mars Pathfinder lander and Sojourner rover was successful due to the designs employed to ensure the mission requirements and provided valuable feedback to what future systems Mars exploration crafts will be required to have.
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