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The AGC
● Real-time guidance, navigation, control
● 15-bit computer. 2K words RAM, 36K words ROM
● Under 1 cubic foot, 70 pounds, 55 watts
● First silicon integrated circuit computer
● ~43,000 instructions per second



  



  

Apollo Guidance Computer
● Brain of the 

spacecraft
● Descendent of 

Polaris missile 
guidance

● Made by MIT 
(Draper Labs) and 
Raytheon



  

Inertial Measurement Unit (IMU)

● Key to tracking position in space
● 3-axis gyroscopes and accelerometers
● Periodically aligned to stars
● AGC computes position

Photo: Draper / WeHackTheMoon



  

Apollo: landing on the Moon
● May 25, 1961: land a man on the Moon before the decade is out
● July 20, 1969: Apollo 11 Moon landing



  

● Large transistorized 
computers
– IBM 7094 (1959):

“Hidden Figures”
– Batch:

punch cards, tapes

● IC invented in 1958

Computers at the time

Photo: IBM / Columbia University Computing History



  

Apollo spacecraft components
● Lunar module

– Landed on Moon
– Rendezvous with Command/Service modules

● Command module
– Held astronauts, only part that returned to Earth

● Service module
– Rocket to/from Moon orbit
– Power, oxygen, communication
– Apollo 13: oxygen tank exploded



  

Computers in the mission

Apollo Guidance
Computer

Apollo Guidance Computer,
Abort Guidance System

Launch Vehicle Digital Computer,
Flight Control Computer (analog)



  

Restoration team
● Mike Stewart
● Carl Claunch
● Me
● Marc Verdiell



  

Restoration
● Most of the AGC worked perfectly
● Some difficult problems

– Broken wire in core memory
– No core ropes (ROM)
– Failed diodes
– Obsolete connectors 



  

Lunar Test Article LTA-8

Photo: Mike Stewart



  

Lunar Test Article LTA-8

Photo: Mike Stewart



  

Jimmie Loocke
● Bought 2 tons of space 

scrap in the 1970s
● Found an AGC in there
● Wanted it restored for 

50th anniversary of 
Moon landing

Photo: Wall Street Journal



  



  

AGC Hardware
● Tray A: mostly logic and interfaces
● Tray B: mostly core memory and support



  

Switching power supplies



  

Cordwood modules
● Cordwood construction in non-logic modules

– Components perpendicular through module
– Welded connections, not soldered
– Encased in epoxy for flight



  

Erasable memory module: RAM
● 2K words (15 bits + parity): ~4KB

– Magnetic core memory
– 32,768 tiny ferrite cores on thin wires
– Core planes folded, encased in epoxy

Photo by Jud McCranie
 (CC BY-SA 4.0).



  

Broken wire in core module



  

Core rope modules: ROM
● Six modules held 36K words (~72 KB)

– All software for the mission

● Data woven into the module during 
construction



  

Computers for Apollo



  

Raytheon / Smithsonian



  

Failures in current switch module



  

Logic modules
● IC invented 1958. AGC decided on ICs 1962.
● Used two ICs: NOR gate and sense amplifier

– No microprocessor; processor built from ~5600 simple gates

● 120 ICs (240 gates) per module
● Surface mount, 7-layer PCB: advanced technologies



  

AGC architecture



  

CPU

● 15-bit processor built from NOR gates
● Lots of I/O, background counter updates
● Error checking, alarms
● 1’s complement (mostly): +0 and -0



  



  



  

DSKY: Display & Keyboard
● Primary human interface to AGC

– Simple Verb + Noun commands
– Carl built a replica DSKY

Keypad,
usable with
gloves on

Program

Error and
status lights 3 data lines

Electroluminescent,
not LED

Program
Verb and noun



  

Verbs and nouns
● About 80 verbs: what to do

– V06: display decimal value
– V42: fine align IMU
– V99: enable engine

● About 90 nouns: what to act on
– N43: latitude/longitude/altitude
– N47: vehicle weight
– N70: star code



  

Connecting to the AGC



  

Obsolete “Mini-wasp” connectors
● New pins manufactured by 

Samtec



  

Peripherals
● FPGA boards, monitor software on laptop
● Interface boards, plugboard



  

AGC up and running!



  

AGC software development

“The effort needed for the software turned out to 
be grossly underestimated.”

— David Hoag, Director of Apollo Guidance and Navigation

● 1400 person-years of effort



  

Programming
● Complex software engineering

– Real-time OS with job 
scheduling

– Interpreter
– Mission software

● All in assembly language

Margaret Hamilton



  

The executive (OS)

● Eight jobs running at once
● Priority-based job scheduling
● Checkpoint / restart
● Waitlist of real-time tasks



  

The interpreter

● Virtual machine, 70 new op codes
– Easier to program, saves memory

● Designed for navigation programming
– Scalar / vector / matrix operations
– Double, triple precision
– Trig functions



  

Development environment

Photo:
Draper Labs



  

Mission software
● Lunar module: Retread, Aurora, Luminary

– About 34 programs.
● P52: IMU realignment
● P63-P68: Descent and landing on Moon
● P20: Rendezvous
● P70-P79: Aborts and backups

● Command module: Sundisk, Sunburst, Solarium, Colossus
– About 37 different programs: launch, to Moon, return to Earth



  

1201-1202 program alarm
● During Apollo 11 landing, alarms went off

– Computer overload caused 1201 and 1202 alarms
– Could have aborted the landing!
– Rendezvous radar problem: 1000s interrupts/second

● Checkpoint/restart design saved the Moon landing
– AGC restarted five times while keeping LM flying
– AGC dropped low-priority tasks, blanked DSKY



  



  

Simulated Moon landing

Photos from NASSP, CuriousMarc video

● Lunar module simulator with real AGC and software



  

Archived software from ropes

Photos from CuriousMarc video



  

Programming the AGC: then
● The “monitor”

– Connected to AGC 
test connector

– Breakpoints
– Examine memory



  

Programming the AGC: now



  

Instruction set
● 3-bit opcode, 12-bit address

– Bank switching to access more memory
– 34 instructions: prefix, hacks

● Weird instructions
– CCS: count, compare, and skip (4-way jump)
– TS: transfer A to storage, also handle overflow, jump
– Special memory locations for shifting



  

Bitcoin mining
● SHA-256 in AGC assembly

– 15-bit words inconvenient
– Data barely fit in a memory page

● 5.15 seconds / hash
● Time to mine: a million times 

the age of the universe
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Conclusion
● AGC essentially created IC industry

– Apollo used 60% of ICs in 1963

● Advanced hardware and software
– Real-time OS, checkpointing, fly-by-wire

● Limited computing power, but got to the Moon
– Moore’s law: what can we do today?



  

More info
● youtube.com/CuriousMarc — Marc’s videos
● ibiblio.org/apollo —  Virtual AGC project
● Wall Street Journal:

 “An Apollo Spacecraft Computer is Brought Back to Life”

● righto.com —  my blog
– ken.shirriff@gmail.com — my email

● Sponsors:
 

mailto:ken.shirriff@gmail.com


  


