Mars Rover Case Study – An IT Perspective
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Rover pic here: http://marsrovers.jpl.nasa.gov/mission/images/rover1_detail_500.jpg

Purpose
Stimulate student interest in unique and exciting applications of computer technology.

Useful Links
http://www.windriver.com/
http://marsrovers.jpl.nasa.gov/home/index.html
http://www.jpl.nasa.gov/
http://www.nasa.gov/
http://www.cdscc.nasa.gov/
Article 1
Thinking on Mars: The Brains of NASA's Red Planet Rovers 

http://www.space.com/businesstechnology/technology/mer_computer_040128.html
By Tariq Malik 
Staff Writer 
posted: 06:00 am ET 
28 January   2004 
Humans have long depended on machines to explore strange, new worlds; guiding mechanical rovers from millions of miles away, then waiting -- and hoping -- that the robotic beast carried out its instructions. 
Spirit and Opportunity, NASA's twin Mars Exploration Rovers (MER), are no exception to the rule. But while their onboard computers are based on past spacecraft computing systems, engineers have beefed up their memory capacities to handle what is hoped to be a slew of data from Mars despite a serious glitch with the rover, Spirit. 
"These computers are absolutely identical, and what's more impressive is that there is just one for each rover," said Victor Scuderi, manager of space products for Information and Electronics Warfare Systems (IEWS) in Manassas, Virginia. IEWS, part of BAE Systems, provided the computer at the heart of the MER rovers. "It's quite unusual to have a single computer for the whole mission," Scuderi said, adding that many missions tend to have redundant systems as a guard against failure. 
But the MER computers are based on systems that have been proven repeatedly in the past and present, particularly in the 1997 Mars Pathfinder mission and the ongoing Mars Odyssey, which has led to some faith in the technology on NASA's part. 
A standard Martian brain 
Both the hardware and operating software onboard Spirit and Opportunity are very similar to those used in the highly successful Pathfinder mission, which dropped a lander and the small Sojourner rover onto red planet. 
At the nerve center of each MER rover is a 6-by 9-inch electronics board containing one computer responsible for every process that goes into a mission, whether it be monitoring spacecraft health in transit, deploying parachutes during landing or roving about the red planet. The computer, called a RAD6000, is a tried and true component for NASA space mission that has formed the brains of past Mars missions in the, as well as the recent Stardust comet encounter. 
"This has become a real workhorse for space missions," Scuderi said. "We currently have about 150 of these [computers] in space today." 
RAD6000 microprocessors are radiation-hardened versions of the PowerPC chips that powered Macintosh computers in the early 1990s, with 128 megabytes of random access memory (RAM) and capable of carrying out about 20 million instructions per second. A critical feature of the spaceworthy chips -- developed jointly by BAE systems, JPL and the Air Force Research Laboratory -- is the radiation shielding, which uses a series of resistors and capacitors to ground harmful radiation before it can damage onboard electronics. 
"In space, there are tons of high-energy particles, X-rays, gamma rays, you name it," Scuderi told SPACE.com . "If [a computer] is not protected against them, they could create short circuits, create fake bits or burn up electronics." 
Since the MER rovers are much larger than Sojourner, with missions planned to last almost three times as long, JPL engineers added another 256 megabytes of "flash" memory - the same type used to store pictures in digital cameras - to hold more mission data. Altogether, each MER robot has more than 1,000 times the memory capacity as Sojourner. 
The operating systems running on Spirit and Opportunity are based on a flexible commercial platform initially chosen by JPL engineers for its reliability. 
"[JPL] needed the tools to be able to develop their mission software on a system from someone with a proven track record," explained Steven Blackman, director of business development for aerospace and defense for the software company Wind River. The Alameda, California-based company developed the VxWorks real-time operating system used in aboard the MER rovers, as well as other NASA and European Space Agency missions. 
In addition to VxWorks' reliability, the system allows users to add software patches -- such as a glitch fix or upgrade -- without interruption while a mission is in flight. "We’ve always had that [feature] so you don't have to shut down, reload and restart after every patch," Blackman said, adding that some commercial desktop systems require users to reboot their computers after a patch. 
Keeping warm and in touch 
Rover computers, as well as equipment aboard Spirit and Opportunity, can only operate properly within a set temperature range, which stretches from -40 degrees Fahrenheit at the low end on up to 104 degrees Fahrenheit at the high. 
While a hot day on Mars is nothing for the robot brains to worry over -- they tend to top out at 71 degrees Fahrenheit -- nighttime is another matter. Once the Sun sets on Mars, the temperature can drop down to a -140 degrees Fahrenheit. To survive the frigid Martian night, MER computers are housed in warm electronics boxed heated by a combination of electric heaters, eight radioisotope heater units as well as the natural warmth from the electronics themselves. 
Each rover computer is programmed to periodically takes its own temperature and check its ability to communicate with Earth to verify that all systems are in working order and that the rover is "healthy." The MER computer also responsible its rover's navigation, and constantly uses images from an array of hazard and navigation cameras, as well as standing movement orders from mission controllers, to keep itself moving smoothly in the right direction. 
A quirky Spirit 
The current Mars rovers may rely on proven computer technology, but for Spirit the journey has not been glitch-free. 
After a promising start to its mission, the Spirit rover -- the first of the MER twins to land on Mars -- stopped sending proper data to JPL scientists 18 days into the mission and later baffled ground controllers by rebooting itself over and over again. Since then, mission controllers were able to regain reliable communications with the rover and continue to study what may have caused the malfunction. 
Recent reports cite the breakdown of software that controls file management in Spirit's computer memory as the leading theory to the rover's computer woes. While JPL scientists have expressed confidence they can overcome the problem, possibly in a matter of weeks, the hardware and software manufactures behind the computer system are more than ready to help. 
"If they ask, we come," Blackman said, echoing the enthusiasm of BA



Article 2
Mars rovers get help from Wind River Systems 

The company's VxWorks operating system plays a key role in the Martian landings 

http://www.computerworld.com/governmenttopics/government/story/0,10801,88734,00.html
News Story  by Todd R. Weiss 
JANUARY   02, 2004 (COMPUTERWORLD) -When the first of two Mars Exploration Rovers lands on the red planet tomorrow night, scientists will be ready to begin collecting new evidence to try and solve the riddle of whether life has ever existed on Mars. 

The first rover to land, named Spirit , is expected to descend to the Martian surface at about 11:30 p.m. Eastern time tomorrow and will be guided -- as it has been throughout its flight -- by an embedded operating system from Wind River Systems Inc. in Alameda, Calif. The operating system will manage the trajectory, descent, operations control, data collection and communications of the missions, according to Wind River. 

The VxWorks operating system was embedded in a specially prepared, radiation-hardened 20-MHz PowerPC CPU installed on each of the rovers, along with 128MB of RAM. The hardware was cutting-edge back when it was chosen in the mid-1990s, but then it had to be treated to ensure its reliability in the radiation of deep space -- a process that takes five to 10 years, said Mike Deliman, a technical staff member at Wind River. 

The electronic circuits in manned spacecraft didn't require such intensive hardening treatments because the vehicles were specially built to protect the crew and offered the same protection for hardware. In space, unprotected silicon can be damaged by fast-moving protons, which can bore holes in it, Deliman said. 

As the mission has progressed, NASA technicians have uploaded new instructions to the landers at each phase of the mission because of their small memory capacities. 

Later this month, on Jan. 24, a second Mars rover, named Opportunity, is expected to land and begin its own experiments and exploration of the planet. 

Meanwhile, a separate NASA mission, a comet research probe called Stardust , is scheduled to do experiments and arrive today after a four-year flight to catch the comet Wild 2. Stardust is equipped with a VxWorks operating system programmed to help the probe collect samples of interstellar dust from the comet's tail. 

The dust particles will be collected using a super-lightweight, silicon-based substance called Aerogel , which will later return to Earth in a recovery capsule. Scientists will then analyze the collected space dust for clues to the origin of Earth and the solar system. 

The Mars rovers were launched last June and July, and Stardust was launched in February 1999. 


Article 3
Earthly Software Rebooted Spirit  

http://www.wired.com/news/technology/0,1282,62306,00.html?tw=wn_story_top5
Associated Press Page 1 of 1 
10:03 AM Feb. 15, 2004 PT 
ALAMEDA, Calif. -- It's a PC user's nightmare: You're almost done with a lengthy e-mail, or about to finish a report at the office, and the computer crashes for no apparent reason. It tries to restart but never quite finishes booting. Then it crashes again. And again. 

Getting caught in such a loop is frustrating enough on Earth. But imagine what it's like when the computer is more than 100 million miles away on Mars. That's what mission controllers faced when the Mars rover Spirit stopped communicating last month. 

Ultimately, the fix that saved Spirit wasn't that different from how a PC would be repaired on Earth. It's just that the folks who have their hardware on Mars -- and the eyes of the world on them -- are better prepared for disaster. 

Tech support for an $820 million mission is a cautious affair. Tools to recover from and fix any problem must be built into the system before launch. The systems' behaviors need to be completely understood and predictable. 

"Luckily, during the design period, we anticipated that we might get into a situation like this," said Glenn Reeves, who oversees the software aboard the Mars rovers Spirit and Opportunity at NASA's Jet Propulsion Laboratory. 

For stability, reliability and predictability, mission designers did not bust the budget and design the hardware or software from scratch. Instead, they turned to hardware and software that's been used in space before and has a proven track record on Earth as well. 

"The advantage of using commercial software is it's well-known, and it's well deployed," said Mike Deliman, an engineer at Alameda-based Wind River Systems, which made the rovers' operating system. "It has been used throughout the world in hundreds of thousands of applications." 

The operating system, VxWorks, has its roots in software developed to help Francis Ford Coppola gain more control over a film editing system. But the developers, David Wilner and Jerry Fiddler, saw a greater potential and eventually formed Wind River, named for the mountains in Wyoming. VxWorks became a formal product in 1987. 

The operating system is embedded in systems that control jetliners and atomic colliders, anti-lock braking systems in cars and even heart pacemakers. It's also been used successfully in the Mars Pathfinder lander, Mars Odyssey orbiter and Stardust comet probe. 

"These are all things that can't afford to fail," Deliman said. 

A key advantage VxWorks has over Microsoft's Windows or the Unix operating system is that it is nimble enough to react quickly to any scenario that might crop up. 

"If your heartbeat goes irregular, you don't want it to take five minutes to figure out that your heartbeat has gone irregular," Deliman said in his office filled with computers, an empty fish tank and a few dog toys. "You want to be able to catch it right off the bat." 

That's simply not available yet in Windows or Unix. 

"I'm sure you've done things with Windows and perhaps gone off to go get a drink in the fridge, made a sandwich and come back and it's still waiting," Deliman said. "It's similar to Unix. Unix can take its sweet time about getting back to you what you want it to do." 

VxWorks operates within only 32 megabytes of random access memory, and parts of it can be modified remotely without having to restart the entire system. (Windows users also can have fixes automatically sent, but restarts are very often required.) 

VxWorks also can be tweaked to accommodate different hardware, said Deliman, who started working with JPL while Pathfinder was under development in 1994. 

In the rovers, the hardware is a single-board computer called the RAD6000. It was originally developed in the early 1990s by a division of IBM, Air Force Research Labs and NASA's JPL. It's now owned by BAE Systems, of Manassas, Va. 

The RAD6000, except for its protection from radiation, is similar to IBM's RS6000 server, which was popular among businesses in the 1990s. Its processor is a predecessor of the PowerPC, used in Apple Computer's Macintosh computers since 1994. 

Today, 145 RAD6000s are running on 77 satellites in space, said Vic Scuderi, manager of space programs at BAE Systems. It's so reliable, there's only one running on each rover. Like VxWorks, it was used aboard Mars Pathfinder and Stardust. 

The computer, which costs up to $300,000, runs at a fraction of the speed of today's desktop computers. It also has other limits, such as just 128 megabytes of random access memory. 

But Spirit and Opportunity carry more flash memory -- the same type used in digital cameras to store pictures -- than any other spacecraft. 

That turned out to be part of the problem that temporarily halted Sprit in its tracks. 

All computers, through the operating system, need to keep track of their files, whether they're on a hard disk or, as in the case of the rovers, in flash memory. And each file requires a little bit of memory. 

After seven months of cruising between Earth and Mars as well as a couple weeks on the ground, thousands of files accumulated in flash memory, quickly gobbling up the 32 megabytes allocated for the operating system. 

After more than two weeks on the ground, Spirit's computer reset itself. Over and over again. From the perspective of controllers on Earth, the device just stopped communicating. 

Each time it tried to load its software, it maxed out the available memory, triggering an alarm and another reset. Eventually, the batteries drained, a scenario that activated a setting similar to "Safe Mode" on Windows PCs, where only essential files are loaded at startup. 

"When it came up in this diagnostic mode, we started bringing back data, and that's when we figured out what really happened," Deliman said. 

Engineers acknowledged that the problem could have been caught in preflight testing, though that would have slowed development of a program already on a tight schedule. 

"Consuming all the memory in this vehicle is what we consider

Questions
First article

1. Why are robots being sent to Mars?  Why not humans?
2. Why are the computing systems on the MER’s based on and very similar to past spacecraft computer systems?

3. What is the name of the computer used on the MER’s?

4. How many of them are in space?  Why?

5. Describe the architecture of the computers.

6. What special feature does it have?

7. What types of memory do the MER’s have?  What do you know about these types of memory?

8. What operating system do the MER’s have?  How would you describe this operating system?

9. What special features does it have?

10. What do you think is meant by the term ‘embedded’ operating system?  What are some other examples of embedded operating systems that you use on a daily basis?

11. What major problem did Spirit face?

Second article

1. List the things that the operating system manages?

2. How fast is the processor in the MER?  How does this compare to processor speeds in computers today?

3. Why is the hardware in the computer 10 years old?

4. Do the computers on the MER’s contain all the instructions they need when they leave Earth?  Why/Why not?

5. How long did it take for the Mars rovers to reach their destination?

Third article

1. Describe the malfunction Spirit faced.

2. What was its cause?

3. Why do you think this is a major malfunction?

4. What 3 things does the article mention were important when designing the hardware and software for the rovers.

5. Why didn’t the designers of the rover’s computer build their own operating system?  Why did they use a commercial product?

6. What is an embedded operating system?  List some examples.

7. What do embedded operating systems have in common?

8. What are some key advantages of VxWorks over other common operating systems like Windows and Unix

Suggested Answers
First Article

1. Why are robots being sent to Mars?  Why not humans?
They don’t require any life support/protection systems – these are complex and costly.
2. Why are the computing systems on the MER’s based on and very similar to past spacecraft computer systems?
Proven success.  Faith in the technology.  Tried and tested components.
3. What is the name of the computer used on the MER’s?
RAD6000

4. How many of them are in space?  Why?
150 – they know they work.
5. Describe the architecture of the computers.
Version of IBM PowerPC chip used in the early 1990’s with 128 mb RAM.  20 million instructions/sec.
6. What special feature does it have?
Radiation shielding – high energy particles, X-rays, gamma rays.
7. What types of memory do the MER’s have?  What do you know about these types of memory?
128 mb RAM – variable, non-static, loses data after power is switched off.
256 mb flash memory – variable, holds data after power is switched off.
8. What operating system do the MER’s have?  How would you describe this operating system?
VxWorks – real-time embedded operating system.
9. What special features does it have?
Reliable
Upgrade/change parts of the system without having to re-boot.
Computer contained in a warm electronics box (WEB) to regulate temperature.
10. What do you think is meant by the term ‘embedded’ operating system?  What are some other examples of embedded operating systems that you use on a daily basis?
Built into the hardware.  Other examples – ATM, calculator, mobile phone, GameBoy.
11. What major problem did Spirit face?
Stopped sending data.  Rebooted itself over and over.
Second article

1. List the things that the operating system manages?
Trajectory
Descent
Operations control
Data collection
Communications
2. How fast is the processor in the MER?  How does this compare to processor speeds in computers today?
20-Mhz.  Very slow – currently up to about 3-Ghz in desktop computing.
3. Why is the hardware in the computer 10 years old?
Had to be treated to ensure its reliability in the radiation of deep space – this process takes 5-10 years.
4. Do the computers on the MER’s contain all the instructions they need when they leave Earth?  Why/Why not?
As the memory capacity is very low, instructions are often uploded as they are needed and deleted when not needed.
5. How long did it take for the Mars rovers to reach their destination?
4 years.
Third article

1. Describe the malfunction Spirit faced.
Kept re-booting itself without ever successfully booting.
2. Why do you think this is a major malfunction?
There are no computer technicians on Mars.
3. What was its cause?
Limited memory availability.  After its 4 year journey, Spirits memory had gathered lots of data in it.  There wasn’t enough memory left over to boot the system and eventually the batteries drained from the continuous re-boots.
4. How was it fixed?
The system was commanded to boot in a low-memory mode in which the engineers on Earth could see they had to free up some memory to properly re-boot the system.
5. What 3 things does the article mention were important when designing the hardware and software for the rovers.
Stability, reliability and predictability.
6. Why didn’t the designers of the rover’s computer build their own operating system?  Why did they use a commercial product?
Its well known and used and tested around the world.
7. What is an embedded operating system?  List some examples.
A computer operating system built into hardware designed for a specific purpose eg. Calculator, ABS braking systems, heart pace-makers.
8. What do embedded operating systems have in common?
They often operate equipment that can’t afford to fail.
9. What are some key advantages of VxWorks over other common operating systems like Windows and Unix
It can react quickly to any scenario because it’s a small and simple design.
It can be modified without having to reboot the system.
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