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1. How	  has	  robotics	  revolutionized	  space	  exploration? 

 “Robotics” in planetary space exploration refers to different computer technologies that 
automate navigation, scientific data gathering, and communication, enabling us to 
explore remote parts of the solar system while remaining on Earth. Four types of robotic 
missions have occurred, all with different operational challenges: orbital spacecraft (e.g., 
Cassini), rovers (e.g., MER), stationary landers (e.g., Phoenix), and flyby missions (e.g., 
New Horizons). Robotic capabilities include miniaturized computer-controlled 
instruments, power and communication systems, and a wide variety of propulsion, 
landing, and driving systems. Most importantly, computer planning tools enable scientists 
and engineers to operate these robotic systems remotely, by regularly sending them new 
programs to follow. 

In terms of scientific exploration, programmed, mobile laboratories like MER have 
demonstrated that is it is possible for scientists to do field science on another planet. This 
is a remarkable achievement that wasn’t even fully realized as something we could do a 
few decades ago.  

In some respects, many people didn’t realize what MER would enable because they had 
narrow views of robotic systems, usually as either replacing people (as if they were 
exploring without us being involved) or as being “collaborators” (like friends who 
joined our team). Neither view is possible anytime soon—or necessarily desirable.   

Both perspectives—robot as replacement or as a collaborator—come from artificial 
intelligence and science fiction, in which the dominant vision has been a robot with fully 
human intelligence. So it might be said that MER has in some respects revolutionized our 
understanding of what a robotic system can be. Rather than replacing people, MER 
became a way for more scientists in different disciplines to work together in exploring 
Mars.  MER could be said to be a collaboration tool that allows scientists with different 
perspectives and interests to participate in the investigation and contribute to the 
interpretative analyses. 

By enhancing scientific collaboration, MER and other planetary spacecraft have 
promoted an interdisciplinary, systems perspective for scientific understanding of planets. 
For example, rather than a geologist or an atmospheric scientist working alone in the 
field, MER scientists investigate Mars together in a large team. They relate observations 
of the atmosphere and surface (as well as analyses from spacecraft orbiting Mars) to 
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develop an integrated, historical perspective about how Mars developed as a planet and 
how its climate changed, and how materials are distributed over Mars today. This 
systemic view of Mars assists interpreting features in different regions (e.g., relating the 
chemicals found in soil in the martian arctic to the clays at Gale crater) and provides a 
holistic view of “habitability,” the possibility that life evolved and might still exist Mars, 
which is the focus of our investigations on Mars today. 

Robotics enters into this story at another level as well, in the instruments themselves. 
Understanding the nature and history of planetary surfaces requires several kinds of 
chemical and atomic analyses, involving lasers, cameras, “wet labs,” and ovens. The 
complex programmable instruments that carry out these analyses are themselves robotic 
mini-laboratories, that follow precise programs the scientists “upload” into the rover’s or 
lander’s computers for collecting, preparing, processing, and measuring samples. (To 
learn more about robotic instruments, see http://msl-scicorner.jpl.nasa.gov/Instruments/) 

Finally, reliable robotic systems that can operate in extreme environments over multiple 
years—without repair or even oiling the parts (unlike our automobiles!)—have allowed 
scientists to investigate areas more thoroughly and deliberately. For example, Cassini’s 
robotic instruments in orbit around Saturn have been reprogrammed since 2004, allowing 
repeated, incremental investigations of the rings and moons of Saturn. We can fly by a 
body or region of interest, scan, analyze, then go around again for another view—closer 
or with different lighting or perspective—and study features in new ways. 

 
2. What	  were	  some	  challenges	  in	  operating	  the	  MER?	  How	  were	  they	  

overcome?	   

Landing safely on Mars was probably the greatest operational challenge, accomplished 
by the computer-controlled navigation, aerobraking, parachute, and airbag system. 

The domineering practical challenge of operating a rover on Mars is keeping it alive day 
by day, which means managing power and memory especially to work within the 
resources available. This entails monitoring and tending the batteries charged by solar 
panels, as well as planning generation and transmission of images and other data to fit 
within the available memory and bandwidth.  

In this regard, a design shortcoming in memory management caused Spirit to become 
crippled within the first month in January 2004. The problem had to be diagnosed and 
MER’s operating system upgraded – all from Earth, without losing our ability to 
communicate with and control the rover. 

The MERs were not really expected to be operated more than a few months or survive the 
first winter.  But both rovers operated for years, and Opportunity is still working after a 
decade, using its abrasion tool, taking microscopic and panoramic images, and doing 
atomic spectral analyses (APXS). The operations challenges behind this accomplishment 
have included: parking the rovers at the appropriate angle to maximize the solar power 
during each winter on Mars, using a special program when the Sun is between the Earth 
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and Mars preventing communication about every two years, diagnosing and working 
around hardware problems such as stuck wheels and heater failures. Plus we have been 
lucky—dust devils on Mars have cleaned the solar panels (though images of Opportunity 
panels today are scarily red). 

But all I have described concerns the engineering perspective of operating MER. The 
scientific operations themselves are another matter.  The scientific work of a rover 
mission can be characterized in terms of long-term campaigns (e.g., going to and 
investigating a crater or local landform over several years, such as our work with 
Opportunity at Cape York on the rim of Endeavour Crater) and short-term investigations 
(e.g., studying an outcrop for a few days or weeks, such as our work with Curiosity at a 
drilling site).  So scientific operations focus on relating the interesting features to the 
available instruments/analyses to characterize the surface forms and materials and answer 
the scientific questions about their nature, origin, change over time, and possible relation 
to habitability. Effectively, science operations is carrying out an expedition on Mars over 
several years, doing field science. 

A repeated operations issue for scientists is weighing how long to devote to any particular 
area and when to drive on to explore new, perhaps obviously enticing areas. Often plans 
are set aside and we don’t continue driving until we understand exactly what we have 
encountered (at least to our best ability with the instruments at hand). This requires 
relating data from multiple instruments or sampling again nearby, leading to much 
discussion within and between the different scientific disciplines and instrument teams.  

Given the longevity of the rovers, strategic planning has been important and challenging 
in the MER missions. The scientists are markedly thorough: Rather than being like a 
child at a museum flitting about from one flashy place to another, the MER team has 
patiently studied each outcrop, strange rock, crater layers, spherules, etc. before moving 
on. Today in Gale Crater this same style had led to wondering when we will begin 
climbing Mt. Sharp and what the pace will be like.  Might it take ten years to reach the 
peak? 

As an example of the strategic challenge of science operations, the Spirit team agonized 
over how long and how to explore Home Plate behind the Columbia Hills near where the 
rover landed. This plateau-like region has such promising geological features, suggesting 
ancient geothermal activity related to volcanism, that several years were devoted to 
studying an area the size of a few soccer fields, rather than moving on to nearby areas 
that from orbit appear interesting and remain unexplored today. Yet again, all of this was 
“bonus science,” far beyond explorations we thought we might accomplish, given the 
original objectives of the original ninety sol (martian day) missions of Spirit and 
Opportunity. 

 
3. What	  are	  some	  of	  the	  aspects	  (i.e.:	  design,	  engineering,	  computing)	  

that	  originated	  with	  the	  MER	  that	  are	  used	  presently	  on	  Earth? 



WJ	  Clancey,	  The	  MIT	  Press	  Blog,	  10	  April	  2013	   4	  

The answer to this question probably lies more in our future than near-term.  

First, we must remember that the greatest problem of remotely working on Mars is the 
delay caused by communicating over such a great distance. Even at the speed of light the 
commands and data require 5 to 20 minutes each way depending on the relative position 
of the planets. It’s simply not practical to control a robotic system in real-time (“joy-
sticking”) because you have to move the rover too slowly and must keep stopping to see 
what you are doing.  Instead, we send programs and allow the robot to operate untended 
throughout the martian day (and with MSL’s radioisotope thermoelectric power system 
it’s possible to operate the instruments at night).   

On Earth we don’t have this time delay problem, and people can monitor and control 
robotic actions (navigation, cameras, shovels, etc.) directly like playing a video game.  
The robot becomes a direct extension of the human body, rather than a proxy like MER 
that operates without our immediate involvement.  So all this means that some of the 
greatest operating challenges we’ve faced with MER are not necessarily relevant to 
undersea robots, surgical robotic systems, and so on.  

Now this said, the fact is we don’t always want to be involved in controlling systems that 
might be automated and operate without our continuous monitoring.  A good example is 
the recent progress in developing “auto-mobiles”—cars that can drive themselves.  These 
robotic vehicles use methods that have been under development in Artificial Intelligence 
laboratories for nearly 50 years.  Today, with a range of lightweight sensors and vastly 
more powerful, inexpensive computers, the control program that drives the vehicle is able 
to process sonar and visual images in realtime, which means a robotic car can actually 
move at 60 mph down a highway staying properly spaced in its lane, and even taking an 
exit on a predetermined route.  These robotic vehicles use methods related to what we 
have exploited on MER for long drives over relatively unobstructed terrain.  However, 
most of the software and many of the sensors on the auto-mobiles of today has been 
developed since MER arrived on Mars. 

One of the more interesting applications of the MER programmed, mobile laboratory 
concept may be in robotic mining for gold. Some mines in South Africa are so deep it 
takes too long for miners to get to work, and the environment is so extreme that they need 
something like a spacesuit to stay cool and dry (instead companies air condition miles-
deep, extensive tunnels at great cost).  Most likely a mixture of programmed robots and 
robots controlled directly in real time will be employed for mining in coming decades.  

 
4. Do	  you	  see	  robots	  dominating	  the	  future	  of	  space	  exploration,	  or	  

do	  you	  think	  it	  will	  be	  a	  robotic-‐human	  collaboration? 

I believe it’s inevitable that people will colonize Mars and eventually go beyond our solar 
system. Automated systems will surely be important for monitoring and controlling life 
support and other habitat systems, reconnaissance and surveys, scientific measurements, 
and so on. After a long sol working on the martian surface in a spacesuit, we might be 
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glad to put the rover on autopilot to take us back to the habitat.  

A robotic collaborator is something else altogether.  For if a robot is capable of 
collaborating in the manner of a person, it would necessarily have its own projects and 
point of view, so we might have to entice it to work with us.   

I believe what’s desirable instead, as scientists and engineers explain in my book, are 
automated systems that do more of what we find tedious and uninteresting, and so allow 
us to focus on the strategic, conceptual, and analytic aspects. An example are the 
computer tools that enable planetary scientists to directly plan what a rover or orbiting 
spacecraft will do when, and other tools that assist the engineers in refining these plans 
into tested programs. 

Nevertheless, the success of IBM’s Watson program suggests another liaison might 
emerge. As important as search tools are today for scientists, a search program with more 
capability to extract meaning from text, photographs, and videos will undoubtedly change 
how research is done and what will be possible. Such tools might be personalized into 
assistants that know what you’ve read and are trying to learn about, so its possible they 
will approach an early graduate student’s ability in coming decades. 

So again, as I said about MER being different from our “horseless carriage” notion of a 
robot—something that replaces or is identical to what we already know—artificial 
intelligence may play a role in changing how we do our work and enable people to work 
alone and together in ways that are not now obvious. 

Even today with robotic systems present on Mars, orbiting Saturn, on the away to Pluto, 
and so on—while astronauts have not left Earth orbit in 40 years—robots do not in any 
sense dominate space exploration because they are not capable of exploring at all. People 
are exploring Mars, virtually present on the surface through a combination of “virtual 
reality” planning and analysis computer tools, which let them see, manipulate, and 
understand the materials they encounter. Working on Mars is possible because the 
programmed, mobile laboratories of MER and MSL reliably carry out the operations the 
scientists prescribe. In effect, the robots don’t replace the scientists, but rather the 
integrated technology makes the scientists into cyborgs on Mars, as one scientist told me, 
“with two boots on the ground.”   

The story of people and machines in space is going to be like that—the systems that relate 
our bodies to our actions and our thoughts, and ourselves to each other, will amplify and 
extend our physical, intellectual, and social reach in ways not yet imagined. 

 

	  


