
Fifty Years Beyond the Giant Leap  
Spacecraft Navigation from Apollo into the 21st Century 

Presenter
Presentation Notes
I’m not going to advise you on how to translate for aerospace, though I’ll introduce some terms and concepts you may not know. I’m focusing more on the history of technologies that made the Apollo missions possible, specifically the guidance, navigation, and control technology that engineers and scientists at MIT developed. I’ll speak briefly at the end on how those technologies have evolved.

Photo: the Lunar Module Eagle carrying Neil Armstrong and Buzz Aldrin from the lunar surface to rendezvous with the Command Module. 



How to reach the Moon? 

 A system combining inertial navigation, the Apollo guidance computer 
(AGC), and on-board flight software 

 

 Milestones - performance of this system and its legacy:  
Apollo 8: leaving Earth to orbit the Moon 
Apollo 11: first lunar landing 
Highlights of Apollo 12-13 
 Spaceflight today: innovations and the legacy of Apollo 

 
 

Presenter
Presentation Notes
INTRO TO SLIDE: By 1961, when President Kennedy proposed a lunar landing, satellites and single-person capsules had orbited Earth, but how could humans reach the Moon?
Answer: a system that engineers at MIT developed by combining 3 elements I'll discuss today:



Goal: avoid extremes 

So what? I learned that watching PBS 

 

AIO 

Apollo information overload 

 

Presenter
Presentation Notes
INTRO TO SLIDE: I don’t want you to walk out of here thinking, “So what? I learned that watching PBS,” but I also want to avoid a condition I learned about this year: Apollo information overload.



GNC 
Guidance, navigation, and control 

 

Guidance: How do we reach a destination? 
 

Navigation: Where are we now? In what direction are 
we moving?  
 

Control: What do we tell the spacecraft to do?  

Presenter
Presentation Notes
INTRO TO SLIDE: A good concept to know is GNC: guidance, navigation, and control

Source: Eyles, page 19




1957 

Sputnik Mars Probe Model 

Presenter
Presentation Notes
Right: a model of a spacecraft that never flew. 
As the USSR launched Sputnik in 1957, engineers at MIT were designing a probe that would travel to Mars, take photographs, and return to Earth. The first satellite was orbiting Earth. How could anyone imagine reaching Mars? 
A good way to answer that question is to ask: If, you were blindfolded, stuffed in the trunk of a car without GPS, and could only feel changes in speed and direction, how do you keep track of where you are? 

Sources: 
wehackthemoon.com 
Mindell, pages 99-101





Inertial navigation 
system (INS) 

 

Apollo  
inertial 

measurement unit 
(IMU)  

 

Presenter
Presentation Notes
Answer: an inertial navigation system, or INS, a black box with no connection to the outside world that always knows where it is, provided it knows its starting position. 

This is the Apollo INS, or inertial measurement unit, which contained instruments and electronics that allowed it to track the spacecraft’s position.

Sources:
Eyles, page 38
Mindell, page 97



Key 
instrument: 
gyroscope 

Presenter
Presentation Notes
At the center of a gyroscope is a spinning rotor, mounted in a gimbal. The rotor keeps its orientation because its momentum resists the tilting of the gimbal. My resource list has a Youtube video that shows how a spinning gyroscope keeps its orientation. The Apollo IMU gyroscopes functioned as extremely fine sensors that measured changes in the spacecraft's direction.

Sources:
Eyles, page 41
Mindell, page 97



Key 
instrument: 

accelerometer 

Presenter
Presentation Notes
Accelerometers measure changes in speed. Think of fuzzy dice in a car. They tilt back as you accelerate, tilt forward when you brake, and hang vertical when speed is constant. 
Accelerometers and gyroscopes are now so small that they’re in your phone’s GPS 

Sources:
Eyles, page 41
Mindell, page 97



Presenter
Presentation Notes
This is another representation of the IMU, which was also called the “inertial platform”

Three dimensions: I wave my arms to show pitch, roll, yaw – gyroscopes measured changes in P, R, and Y, accelerometers measured how much speed changed, also in 3 dimensions

Slide from Tom Fitzgibbon’s 2015 Apollo Brown Bag talk at MIT



Backup: the space sextant 

Presenter
Presentation Notes
Inertial navigation dates to the 1930s, but its use in spaceflight was new, so the Apollo spacecraft had a second way to check its position: the space sextant. An astronaut used two scopes to locate a landmark, such as a point on Earth or the Moon, and a star, then superimposed the two images and pressed a button. The sextant measured the angle between the landmark and star lines. With 2-3 angles, a computer could determine the spacecraft’s position. An early form of Optical navigation

Image and description from Mindell, page 116
Trunnion (Merriam-Webster): a pin or pivot on which something rotates or tilts



The Apollo guidance computer (AGC) 
“The fourth astronaut” 

 
 
 



Essential AGC features 

Design (size) 

Interface (use of language) 

Reliability (integrated circuits - memory - 
software) 

 
 

Presenter
Presentation Notes
After last bullet: 
The lead AGC designer, Eldon Hall, now 95, recently told the BBC that in the early 1960s: …nobody trusted computers…commercial computers only worked for a few hours or maybe a few days without repair.” 13 Minutes to the Moon, episode 5



The AGC  
from model to the Moon 

Presenter
Presentation Notes
Left early 1960s version of a computer that could execute operations to reach the Moon. Right, one of the AGCs that went to the Moon.





Design and reliability 
integrated circuits 

This Photo by Unknown Author is licensed under CC BY-SA-NC 

Presenter
Presentation Notes
1. Early integrated circuits made it possible to shrink the computer to 70 pounds and one cubic foot. 
2. AGC contained 2800 IC. 
Source: Mindell, pages 125-127.
3. In 1966: 4 prototypes consumed 60% of IC production, creating demand. As a friend in the industry wrote recently, “The space program in essence launched the semiconductor industry.” 
4. Lead AGC designer Eldon Hall: “There was no alternative. We wouldn’t be able to get a computer with enough computing capacity without integrated circuits.” 13 Minutes to the Moon, episode 5








Risk 

AGC: 1st digital, portable, general purpose computer 
 

Apollo: 1st time lives depended on computer 
performance: if AGC failed, astronauts could die. 

 

Safety target (astronauts survive): 99.9% 
 

Reliability target (mission succeeds): 99% 
 

 

Presenter
Presentation Notes
Mindell 128: 
Important to acknowledge risk in using new technologies for spaceflight: airliners have multiple computers, Space Shuttle had 3, Apollo had 1
Cover bullets
NASA Aimed for 99.9% for safety (1/1000 chance astronauts don’t survive) and 99% for success (1/100 mission fails)



“It had to work.” 
Margaret Hamilton, Director of Apollo  

On-Board Flight Software Development, MIT-IL 1968-1972 

Presenter
Presentation Notes
Read this, then cover slide: There were three computers (Saturn V, Command Module, an Lunar Module), but a backup would add too much weight. MH often says in interviews, “It had to work”




Reliability: 
 
 

Core rope, 
read-only  
memory 

(ROM) 72 KB 

This Photo by Unknown Author is licensed under CC BY-SA 

Presenter
Presentation Notes
What are we looking at? This is the AGC's “core rope memory," one of six modules that went into the computer. The red circles are cores, the green copper wires are “sense lines.” Sense lines that run through a core represent 1s, lines that bypass cores represent 0s. ROM 72 KB, RAM 4 KB. 

This is where the AGC software was stored.
Eyles describes memory, pages 64-65, Mindell, pages 154-157.



Making core 
rope memory 

Presenter
Presentation Notes
Experienced textile workers spent weeks making the core rope memory, and there was no way to change it once they finished. This all sounds nuts, but the memory was extremely reliable.

Photo: wehackthemoon.com



Interface: 
Display 

Keyboard 
(DSKY) 

 

 19 keys that 
astronauts used 
to enter 
commands: verb 
+ 2 digits, noun 
+ 2 digits, Enter 

 

Presenter
Presentation Notes
No mouse, touch screens, or voice commands. 
Astronauts interacted with the AGC using the Display Keyboard, or DSKY (rhymes with “whiskey”, entering combinations of 2-digit codes representing a verb and a noun. 

Top left has 14 information and warning lights, such as PROG for Program Alarm and GIMBAL LOCK, which you hear about in the film Apollo 13. Gimbal lock was the term for  the alignment at the same angle of all 3 IMU gimbals. This caused IMU had lost its orientation and the astronauts had to use the sextant to re-establish it.

Top right displays mission data, will give example later.

Mindell describes development of the DSKY, pages 165-169.




Sample DSKY 
commands for 
lunar landing  

 V37N63 = run 
powered descent 
program (start of 
lunar landing) 

 V16N17 = display 
attitude 

 

 V16N68: display 
range-time to target 

 Estimate: 10,500 
keystrokes round-trip 

 

 



Reliability: on-board flight software 
Benefits: saves space and weight, connects systems 

(displays and switches, engines), and automates 
maneuvers (software: digital autopilot / system: digital 
fly-by-wire) 

Risks: Software is new and complex, hard to manage; 
it must detect problems and recover in real time; 
software errors or bugs can abort a mission or kill the 
astronauts 

Laugh lines: soft-w-e-a-r and Please don’t tell our 
friends 

 
 

Presenter
Presentation Notes
Read this: Early 1960, few people knew what software was. As MH told the BBC, there were no rules, there was no field for what we did. 

After 1st bullet: software that executes maneuvers is “digital autopilot.” Systems that use this software are digital fly-by-wire. FBW became standard, most of us flew here on planes that use digital FBW, but Apollo was the first to use it.

People often referred to “softwear.” 
Richard Battin: An MIT Professor, who was a member of my gym until shortly before he died and told me, ”I taught Buzz Aldrin how to fly a spacecraft 50 years ago.” 
In 1965, Battin’s wife asked him what he was doing at MIT. When he told her he was responsible for developing software, she replied, “Please don’t tell our friends.” 

Mindell describes software development in Chapter 7.



How to balance multiple  
AGC operations? 

1960s computers: 
oAll operations have = priority, execute sequentially 

(like a washing machine) 

AGC software prioritized operations: 
oHigher-priority operations could interrupt those with 

lower-priority (asynchronous - unpredictable) 

 
 

 

Presenter
Presentation Notes
Cover bullets, then read:
AGC was extremely slow by today’s standards, but fast enough that it appeared to be executing multiple operations simultaneously.

Mindell describes asynchronous executive software, pages 149-151.
Vintage Space youtube video uses the washing machine comparison: Hal Laning: The Man You Didn’t Know Saved Apollo 11



What power failed?  
restart protection 

 

Software can restart, two words in a line of code 
for vital operation allow it to resume: 

register waypoint 

“Giving the computer an enema” 
 

 

Presenter
Presentation Notes
Mission planners assumed that power would fail, so developers designed software to restart quickly, so fast that the astronauts would only know because the RESTART button on the DSKY lit up. They inserted two words  – “register waypoint” – in lines of code for vital operations. This allowed AGC to return to the most recent waypoint after a power failure or if the computer stopped for another reason.
One software developer called this “giving the computer an enema.” Think of restarting a phone, computer, or application and how long you expect that to take. We’ll see later an example of how the AGC software restarted. 
By Apollo 11, the fourth flight with a crew, waypoints and other restart code consumed 4% of the 72 KB fixed memory, but the software had never shutdown and restarted. Question for software team: Was restart protection worth the cost in memory? 

Eyles describes restart protection, pages 79-83. 



Software testing 
  

 

Presenter
Presentation Notes
Developers had to do exhaustive software testing, trying to find bugs or errors so they didn’t occur during a mission.

Printout > Punch cards > fed into Honeywell 1800 computers to run overnight

Simulated mission sequences: landing, rendezvous, re-entry, produced another printout that showed how the software ran. Did this almost every day. 

The printout at left is for the Lunar Module Guidance Computer software, Luminary, and is about 1,500 pages. Apollo 11 used Version 99 of Luminary and less than 4 months later, Apollo 12 used version 131, shown here.

Mindell describes software development and testing in Chapter 7.



Writing AGC code:  
does this sound familiar? 

There are as many ways to write a 10-word line of 
code as a 10-word sentence.  

You need a unifying aesthetic that becomes a 
personal style and that is something that may keep 
evolving throughout a long career.  

Don Eyles, Sunburst and Luminary: An Apollo Memoir, 
page 59 

Presenter
Presentation Notes
I wanted to provide examples of AGC code, but couldn’t find anything appropriate as its almost entirely symbols, numbers, and text that makes no sense if you don’t write software.



Early software engineering 
 Margaret Hamilton to BBC – 13 Minutes to the Moon 

 

We tried to understand the errors and find new ways to 
prevent them. I began to worry about everything working 
together, what the astronaut might do by mistake. What 
would happen as a result of hooking up the wrong radar? 
The radar in the wrong position could affect the software. 
How do you let them know when they’re busy and don’t 
even notice there’s a problem? 
 

The big 3: Wrong data, wrong time, wrong priority 
 

Presenter
Presentation Notes
Intro:
Apollo was the first rigorous, large-scale professional development of software 
Read quotation, then explain Hamilton’s “Big 3” – avoid having the computer provide wrong data, wrong time, with wrong priority



Apollo 8 
Leaving Earth to orbit the Moon 

 

This Photo by Unknown Author is licensed under CC BY-SA 

Presenter
Presentation Notes
December 1968, everything was ready to attempt to orbit the Moon 

3-stage rocket:
First 2 get everything off the ground into Earth orbit



Service - Command Modules 
SM-CM (CM + SM =  CSM) 

Presenter
Presentation Notes
SM – CM: 
SM has a main engine and 16 maneuvering jets for getting to the Moon and back to Earth
Command module is where astronauts are for most of the flight, also has maneuvering jets.
Command Module + Service Module = CSM

Image from 1970 NASA brochure




Presenter
Presentation Notes
This illustration shows what the AGC for the Command Module did during missions. There’s a similar illustration for the LM guidance computer, or LGC
Eyles, page 59



What the AGC did 
 Collect data from IMU, other on-board sensors, switches, and 

controls; and from ground transmissions 
 

 Run software that guides, navigates, and controls the spacecraft 
 

 Display information to the crew 
 

 Send telemetry data to the ground 
 

 Command engines, maneuvering jets, antennas, other 
components 

 

 “…write the plot, apply the higher-level logic that pulls the strings 
to accomplish the mission.” 
 
 
 
 
 

Presenter
Presentation Notes
Eyles, page 42



Translunar injection (TLI) 

 

 

Presenter
Presentation Notes
After 1.5 orbits of Earth, third stage of the Saturn V burned 5:19 (min/sec), increasing speed to nearly 25k mph - Translunar Injection: TLI
Left: NASA illustration 
Right: TLI photographed from a ground telescope – this is humans going further and faster than ever before

Apollo 8 then relied on the principles that Isaac Newton defined in the 17th century and coasted to the moon. Earth’s gravity slowed the spacecraft before the moon’s gravity began to pull it forward, 90% of the way to the moon.


Right: TLI from earth-based telescope: https://airandspace.si.edu/multimedia-gallery/5317hjpg





AGC performance  
 Jim Lovell used sextant > 100 times check AGC 

navigation 

NASA compared this data to ground tracking: 

 “essentially identical” 

 
 

 

Presenter
Presentation Notes
On later flights, the main source of data that the AGC used to navigate during most of the mission was not the IMU, but an Earth-based tracking network (3 telescopes in CA, AUS, and SP). There were two exceptions to this policy that I’ll explain shortly. 

On Apollo 8, NASA tested the IMU as the main source of nav. data to the AGC. Astronaut Jim Lovell used the sextant > 100 times to check the spacecraft's position and NASA compared this data to ground tracking: essentially identical. 

Mindell, 179



Lunar orbit insertion (LOI) 
 

 Target orbit: 170 x 60 miles 
 

Actual orbit: 169.1 x 60.5 miles 
 

 

Presenter
Presentation Notes
This shows the CSM spacecraft going behind the moon for the first time, but from a later mission, and one detail is inaccurate: there is a Lunar Module attached to the CSM, but there was no LM on Apollo 8. 

This is the first time the spacecraft couldn’t communicate with Earth, so the LGC had to execute a 4:07 (min./sec.) engine burn to reduce speed by 3000 ft/sec so moon’s gravity would capture spacecraft and set it in orbit. 

Burning too short or too long could cause the spacecraft to crash on the lunar surface or go past the moon. While it might be possible to recover from an erroneous LOI that sent the CSM past the Moon, there was a grave risk that the astronauts could never return if that happened. 

This was the critical test of the AGC, and it passed: 
Target orbit: 170 x 60
Actual orbit: 169.1 x 60.5

Mindell covers Apollo 8, pages 177-180.



Earthrise 
 

  
 

 

Presenter
Presentation Notes
This is the famous Earthrise photo that an astronaut took when the spacecraft orbited the Moon for the first time. The Apollo 8 crew were the first humans to see Earth from so far away, and this image has come to symbolize the beauty and fragility of our planet. 



Next steps 

 Apollo 9: testing Lunar Module in Earth orbit 

 Apollo 10 – “The dress rehearsal:” orbited Moon, LM 
descended to 47,000 ft. above surface but did not land 



Apollo 11: reaching the Moon 

Presenter
Presentation Notes
This is the 250-mile approach to the first lunar landing, which took ~13 minutes, the most demanding part of the mission for the astronauts and the computer. During descent the LGC ran a 2-second cycle, taking data from the IMU and adjusting trajectory every 2 seconds. The LM starts horizontal and the engine burns to slow the spacecraft. The astronauts can see the surface, but after 3 minutes, the LM rotates so they’re looking up. Landing radar can then provide the computer the LM’s position and speed relative to the surface. The LM also has rendezvous radar the astronauts will need if they have to abort and return to the Command Module. 
After ~8.5 minutes, 5 miles from the landing site, 7k feet above the surface, the LM pitches forward so the astronauts can again see the surface. P63 and P64 are LGC programs that control the flight. ~90 seconds before landing, Armstrong told Aldrin to enter Noun 37, Verb 66, for  program 66. P66 allowed Armstrong to control the LM orientation using a joystick controller with his right hand. He could also increase or decrease the rate of descent with his left hand. 
NASA timed Saturn V launches so the LM would descend with the sun 5 to 14 degrees above the lunar horizon, providing enough sunlight to see the surface without blinding the astronauts. 

I drew on Mindell, Eyles, and wehackthemoon.com for this slide



 
 
 
 

      
   

 
 

DSKY display 2:19 before landing 
COMP  
ACTY 

PROG 

What the numbers mean 

66 

VERB NOUN 
06 60 

+ 00601 HORIZ. VELOCITY (XXXX.X FT/SEC) 

- 00100 ALTITUDE RATE (XXXX.X FT/SEC) 

+ 00410 ALTITUDE (XXXXX FT) 

Presenter
Presentation Notes
This is the mission data displayed in the top right of the DSKY 2 min. and 19 sec. before landing. Buzz Aldrin entered Verb 06 Noun 60, which displayed 3 numbers:
Horizontal Velocity with 1 decimal place:  LM is moving over the surface at 60.1 ft/sec
Altitude Rate with 1 decimal place: LM is descending at 10 ft/sec.
Altitude, with no decimal place: LM is 410 feet above the surface

DSKY image from Eyles, page 155.



 1201 - 1202 program alarms 
What was the LGC doing? 

 Hardware problem: rendezvous radar sending pulses of 
meaningless data to LGC 

 This occurred in 2% of simulations and a few engineers in 
Houston recognized it, astronauts didn’t know what alarms meant 

 Data pulses consumed 13% of LGC capacity, overloading 
computer and triggering 

 

restart protection  
 

 LGC continued descent uninterrupted - real-time problem 
detection and recovery 

Presenter
Presentation Notes
If you watch videos of the landing or the CNN film Apollo 11, you’ll hear that in the final minutes, the LGC beeped to signal "alarms" five times, two of the alarms just 15 seconds apart. 
Astronauts hear beeping and see that the PROG indicator on the DSKY is lit.
They enter a command to display the alarm code, and see 1202 4x and 1201 once

After 2nd bullet: Question: can descent continue or will LM go out of control? Is a computer malfunction or software error going to kill the astronauts? 

In 20-30 seconds, it became clear that the LGC software was shutting down and restarting operations based on their priority. The landing thus continued as planned, uninterrupted. Real-time problem detection and recovery.

What was the AGC doing? Exactly what it was designed to do. 

Eyles covers the lunar landing, pages 142-160.
Mindell covers it in Chapter 9.






Presenter
Presentation Notes
First time humans walked on the Moon
Also first time a computer and software ran on the Moon



Apollo 12: Lightning strikes twice 
 (in less than a minute) 

 

Presenter
Presentation Notes
NASA photo
Lightning struck the Saturn V rocket twice within a minute of liftoff. The rocket continued to climb and reached orbit. 

The AGC lost navigational data, but the core rope memory was not damaged. Astronaut Pete Conrad used the sextant to determine the spacecraft's position, orienting the IMU, and the mission proceeded as planned. 
wehackthemoon.com




Apollo 13 

Presenter
Presentation Notes
Going to and from the Moon, the SM engine propelled the combined spacecraft forward, but an explosion disabled it. The LM engine thus had to burn to propel the spacecraft back to Earth and the LGC had to control maneuvers. The combined spacecraft is much larger and heavier than the LM and its center of gravity is further forward. Debris around the spacecraft also prevented astronauts from using the sextant to verify their position.

I used the memoir that Jim Lovell wrote with Jeffrey Kluger, Lost Moon, for this slide and the next one.





Apollo 13 rescue trajectory 

Presenter
Presentation Notes
Nonetheless, the LGC controlled two successful engine burns to put the spacecraft on course and allow it to return safely to Earth (after the astronauts executed one manual burn without using the computer). 
Lovell and Kluger: Lost Moon

Image from nasa.gov

In the 9 Apollo missions to the Moon, 6 that landed on the surface, the guidance computers never failed. No one has ever identified any software error or bug during any mission. 



Leaving Earth is risky, challenging 
1962-2018: 22 of 45 attempts to fly by, orbit, or land on Mars have failed 

This Photo by Unknown Author is licensed under CC BY-SA 

Presenter
Presentation Notes
Forbes.com: 11/27/18 - https://www.forbes.com/sites/niallmccarthy/2018/11/27/missions-to-mars-have-had-a-high-failure-rate-historically-infographic/#140329aa2bb1




Insight: what it takes to reach Mars 
 Launched 5/5/18, rover landed 11/26/18 
 12 thrusters navigators on Earth control 

using data from:  
 Optical star tracker 
 Inertial measurement unit (IMU) 
 Sun sensors  
 Required six Trajectory Correction 

Maneuvers (TCMs) to reach Mars 
 Had to enter Martian atmosphere at 12° 

angle (Apollo re-entry corridor: 5.5 °  to 

7.5 °) 

Presenter
Presentation Notes
Optical star tracker: photographs stars, compares it to known star positions to verify orientation
IMU tracks changes speed and direction
Sun sensors – orientation to sun

Entry: 1st of many things that have to go right – engineer explains them in a short video on my resource list

https://mars.nasa.gov/insight/timeline/cruise/




Cassini: Reaching Saturn 
Launched 1997 arrived  at 

June 2004 
 

Orbited around Saturn 
and Titan until 2017 

 

Sent European Space 
Agency Huygens probe to 
surface of Titan 

 

 

 

This Photo by Unknown Author is licensed under CC BY-SA 

Presenter
Presentation Notes
https://solarsystem.nasa.gov/missions/cassini/the-journey/timeline/

The 2004-2017 Cassini mission to Saturn is a great example of deep space navigation. The spacecraft had an inertial navigation system but had to rely heavily on physics to complete its mission



Cassini trajectory to Saturn 

Presenter
Presentation Notes
https://www.esa.int/ESA_Multimedia/Images/1998/01/Cassini_s_trajectory_to_Saturn

The fuel the spacecraft carried at launch represented just 0.3% of the energy it would need to reach Saturn and orbit the planet for 13 years. 97.7% of the energy to propel Cassini came from “gravity assist.” To reach Saturn, Cassini first flew around the sun passing Venus twice, then Earth, then Jupiter. The gravity of each body increased the spacecraft’s speed to help it reach Saturn.



June 30, 2004: Saturn orbit insertion (SOI) 

Presenter
Presentation Notes
https://solarsystem.nasa.gov/resources/11794/saturn-arrival-a-guide-to-saturn-orbit-insertion/

SOI required the spacecraft to pass between Saturn’s rings, firing its engine for 96 minutes to reduce speed enough to enter orbit. 



294 orbits of Saturn and Titan 2004-2017 

Presenter
Presentation Notes
SOI put Cassini into an elliptical orbit b/w Saturn and Titan. Exact orbit varied, but if Cassini flew within 620 miles of Titan, the moon’s gravity increased its speed by 1800 mph and put it on course to pass b/w Saturn and its rings at the other end of the orbit. 

The spacecraft used small amounts of fuel to correct trajectory when necessary, but otherwise relied on gravity assist. In 2017, navigators on Earth commanded Cassini to fly into Saturn’s atmosphere so it couldn’t contaminate Titan or another of moon that might contain life.



Reaching an asteroid: Osiris Rex 
7-year mission to survey 

asteroid Bennu, take 
sample in 2020, return to 
Earth 

 

To survey Bennu: 
 LIDAR: Light detection and 

ranging 
 Natural Feature Tracking 

(NFT) – added to 
supplement LIDAR 

 To reach asteroid: inertial 
navigation (IMU) 

 

This Photo by Unknown Author is licensed under CC BY-SA-NC 

Presenter
Presentation Notes
LIDAR: uses a pulsed laser to measure variable distances and generate precise, three-dimensional information about the surface of Earth or another body.
https://oceanservice.noaa.gov/facts/lidar.html

NFT: compares current images to models, must focus on features that a model can show and that optical system can capture



Recommendations: book and media 

Presenter
Presentation Notes
A great book on how engineers developed and adapted technology so astronauts could use it in spaceflight is David Mindell’s Digital Apollo

The best media resource on the work at MIT is episode 5 of the BBC series 13 Minutes to the Moon, link in resource list



Peter Volante   
(front, center) 

 B.S. Aeronautical 
Engineering 1958 

 

 Learned to write 
software, early 1960s 

 

 1963: started at SDC > 
MIT-IL in 1966 (right 
place/time) 

 
 Here: MIT group that 

supported Apollo 14 
landing (the longest-
distance tech support 
call in history) 

Presenter
Presentation Notes
We like to say we stand on the shoulders of others, and today I've stood on the shoulders of my 82-year-old father, who wrote and tested AGC software. He didn't have any brilliant insights or startling revelations, but he read this presentation, offered suggestions, answered my questions, and I like to think he guided me in the right direction, between a PBS special and Apollo information overload. 



What a great job!(?) 
“Guess who’s coming to dinner?” “Daddy!”  

Wife and child of Alex Kosmala, AGC 
Programmer 

“Most of us ended up divorced” - Dan Lickly,  
Director, On-Board Flight Software Development, 

1964-1968 
 

Presenter
Presentation Notes
Read title
My father said it wasn't always so great. It could often be difficult and frustrating. These two quotations are from the 2009 Science Channel documentary, Moon Machines: Navigational Computer



Mid-1966:  
NASA engineer to MIT software team 

How can you possibly do this? 

Here you sit at the very center of the success or 
failure of this extremely important program. 

You’re behind. 

Get it through your head you are ****ing this up! 

Presenter
Presentation Notes
INTRO: In 1966, after programmers at MIT had been writing AGC software for two years, NASA sent an engineer, Bill Tindell, to check their work. He was not pleased.

Read slide:
At that time, the software team was only 25-30 people, and they realized they’d need more. This was the opportunity that brought people like my father to Apollo.

Quotation is from Mindell, page 173.



Coming up with solutions and new ideas was an 
adventure. Dedication and commitment were a 
given. Mutual respect was across the board. 
Because software was a mystery, a black box, 
upper management gave us total freedom and 
trust. We had to find a way and we did. Looking 
back, we were the luckiest people in the world; 
there was no choice but to be pioneers. 

Margaret Hamilton, MIT News, July 2009 

Presenter
Presentation Notes
But the reward was great. Many of the people whom Tindell told 3 years earlier that they were “****ing this up” gathered in a conference room on July 20, 1969 and listened live as Neil Armstrong and Buzz Aldrin used the AGC and software they’d developed to land on the Moon. 



Cliché: My [device name] is [number] million times 
more powerful than the Apollo computer   

Simpsons clip of Meat Loaf Night (Wed.): Lisa is sick 
of Pork Chop Night (Fri.), wants “anything but pizza, 
hamburgers, or fried chicken!” Homer suggests Mars. 
Marge suggests a sushi restaurant. 

Bart heard on the playground that sushi is raw fish. 

Lisa: As usual, the playground has the facts right, but 
missed the point entirely. 



Seven Apollo contributors  
few people have heard of 



Phyllis Rye: Software Engineer 
 

 Member of team that wrote 
AGC code 

 
 Helped write multiple AGC 

programs, including 
COLOSSUS code for 
Command Module 

 
 Later wrote flight software for 

Space Shuttle 
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Ramon Alonso: computer scientist 
 

 Born in Argentina, learned 
English as 2nd language 

 
 Late 1950s: worked on 

designing computer for Mars 
probe that never flew 

 
 Apollo: conceived and 

designed Display Keyboard 
interface (DSKY) 
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Jane Goode: Software Engineer  
and Astronaut Trainer 

 Helped write rendezvous 
targeting and navigation software 
for Command Module 

 

Member of teams that: 
 

 Provided mission support from 
MIT 

 

 Trained astronaut crews 
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Richard Battin:  
Primary Guidance System Lead 

 
 Taught Astrodynamics at MIT 1960-

2010 (students included 8 Apollo 
astronauts – his TA, Janice Voss, flew 
on the Space Shuttle 5 times) 

 
From wehackthemoon.com: 

 

 “Played an integral role in making 
modern space exploration possible” 

 
 “His work resulted in the basis of 

modern spaceflight guidance 
algorithms” 
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Don Eyles: Software Engineer 
 Graduated from Boston Univ. in 1966, 

had never studied computer science, 
walked into MIT office, was hired 
same day 

 
 Helped write AGC code for lunar 

landing  sequence 
 
 Wrote workaround code in 90 minutes 

when AGC erroneously aborted Apollo 
14 lunar landing, saving mission from 
failure (“an  ingenious solution…an 
amazing feat…” Peter Volante) 
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Elaine Denniston: Data Keypuncher and 
“Rope Mother” 

 

Went to MIT as a temp to do 
data keypunching for software 
testing 

 

 Soon made herself invaluable 
checking code developers wrote 
for missing words, symbols, or 
punctuation (”Rope Mother”) 

 

 Later went to law school, had a 
career as an attorney 
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Hal Laning: Computer Scientist 
 

 Programmed some of the earliest 
computers in 1950s   

 
 Conceived of asynchronous 

computer operations based on 
priority: the computer 
architecture that made landing 
on the Moon with 76 KB of 
memory possible 
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