iller86@IInl.gov)

resented at ATPESC
August 6th 2019
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APOLLO
GUIDANCE
COMPUER

Architecture
and Operation

m@

Ihe Histony of the
Apollo Cavkdonce Compuicr

@ Springer

/ Virtual AGC l [/ WwW .ibilio.org/dpollo/ j

3-Part Blog Series on Better Scientific Software Site (bssw.io)

/ Part 1 | Part 2 | Part 3 40

7



https://www.ibiblio.org/apollo/
https://bssw.io/blog_posts/celebrating-apollo-s-50th-anniversary-when-100-flops-watt-was-a-giant-leap
https://bssw.io/blog_posts/celebrating-apollo-s-50th-anniversary-the-oldest-code-on-github
https://bssw.io/blog_posts/celebrating-apollo-s-50th-anniversary-users-stories-from-space
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!._Mcm On Threshold

‘Space Travel -

j

% - By.DANIEL F. GILMORE
United Staff Correspondent |
(UP)—The dio “beep” of the fi

manmde earth satellite signalled joday to the world that
man had crossed the threshold into the age of travel through!
space,
‘p The Soviet Union announced it had won the race i
space by launching an earth satellite Friday, a 184-pound, 22.
inch globe now orbmng the earth at 18000 milu an hour,
560 miles up.- e
Millions of

the world hear
beep..." robrmdcut today

|

r.on. throuzhoutl
‘‘beep...beep

— WEATHER —

1 How To Spot

1

1 “semi-dark. There is-a ohance that

rta

ussuans Win Race To
nch Earth.

& i

. Satellite

. By UNITED PRESS
“ Here's how o look for the Rus-
sian earth satellite which will be

.-

‘whizzing through the ty at 18.-*

miles an hour .-

The best time fo spot it is lt
dawn or dusk when the sky is

it’ could be seen if it travels
across the face -of the moon al
night.

The best instruments (o use are

Up' Satél]ite—
Program

By :oa:m L m
United Press Staft Correspos
WASHINGTON (UP)—Amel
scientists, caught flatfooled
Russia’s epic iaunching of the
man-made meon, indicated 1
the United States may spes
itz own earth satellite mtﬁ
‘Leaders of the US. m‘!

ordinary binoeulars or telescopes. |
F ‘Powerful telescopes won’t pick K“
up because of their narrow fields.

Through optical instruments,

by 10—1

® M. 1 A N cal stations and realized that man|
) {
ISSIon pp ICCO had taken his first faltering steps| WEST VIRG
into the new era. with hl.boot in the o m q

Sunday. Lowest tomight 50

Launching of the satellite was a
‘tremendous victory 1or sciemce. “l'“ 40 east portions.
was a more tremendous victory| VIRGINIA—Fair with lowest
‘for Soviet propagands to be tble to 50 west and morth and 50 to 55

=

‘sians were the first to bmk mostly sunny and a littié warmer.
through the frontiers of space.

Boisters ICBM Claimg
- maletavand Russian claims to

%! with the naked eye.

[ Tides on the coast and lower bay!

SR b s gy

the satellite will look like the

INIA—Partly cloudy (00t star which can be seen (0 an intercontinental ‘e
| | missile,

‘--Kecpnm eye out.

o satellite travels so fast it m

{
|

appear on the' horizon for only |
seconds and chances of mottill

“in a hundred.

4
.
.

gram also said that it ap
Rubsia rocketed its heavy
pound satellite into a globd
\dling orbit with a rocket 2

Mcuﬂdmw

{weapon” for modern day
ICBM. This country naq

tested a miccessful ICBM.
Ammrican diplomats 0
Russia had scored u M
i victory, m




o> ®The Apollo Gidanc Computer (;\GC)

/> was instrumental in the success
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Ul = Punch ars &

Time slice multi-tasking

~1 Flops/Watt




®* Ul = Punct

® Time slice multi-tasking
O ® ~1 Flops/Watt




seconds

Verb /Noun ELD (DSKY)

® Priority Based Multi-Tasking
® ~259 Flops/Watt
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ssing IMU gimbal lock
y field
er of mass (fuel slosh & loss)

rize fuel consumption

® Communication lapses and blackouts j

® Real-time, Accurately,

® Allowing for failures & contingencies .
° [
Autonomously
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Peak acceleration @ 5G

LAUNCH: CRS-4 MISSION

06°01°41.28
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® 36K words Fi

(’* Both RAM and ROM were NVM
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®* 8 basic + 33 extended instructions




line label
0184 P63SPOT3

\ l_'. f\

)
V)

.‘I'; 1

1

A
018
018
AR B*.
VvV AD
)18

D> OO

2194 P63SPOT4
195
0196

It‘ 1 '—‘l -“
VN e

EXAMPLE CODE SNIPIT

opcode

CA
EXTEND
RAND
EXTEND
BZF
CAF

TC
CADR
TCF
TCF

TC
CADR
TC
CADR

address
BIT6

CHAN33

P63SPOT4
CODES5S00

BANKCALL
GOPERF1

GOTOPOOH
P63SPOT3
BANKCALL
SETPOS1

POSTJUMP
BURNBABY

comments

ANTENNA IN POS

BRANCH IF

ASTRONAUT :

TERMINATE
PROCEED
ENTER

OFF TO SEE TI

ANTENNA ALREADY

PLEASE CRANK

SILLY THING

SEE IF HE'S
INITIALIZE

it WIZARD..

| VT NG
LT AIND

LANDING

THE

AROUND

RADAR




* QPRE

* X1, X2, S1, S2 (index, g
® PUSHLOC/PUSHLIST (small stack) * SIN/COS/ASIN/ACOS
form of compression to tradeoff memory space for time




Problem: Computez =aM (x + y)
® where a 1sascalar and M a3 x 3 matrix

Probram (requires/7 words of storage) Explanation

MXV} Operation 1) The first address of an equation s used to load

VXSC Codes an accumulator; VAD requests a vector load.

\
Each op code results in a subroutine call

Operand with the corresponding address left in a

X

Y

IXI Adresses standard location.
Y

s

Left-over After all op codes have been "executed," the
STORE Z } address used remaining address 1S used to store the result.
l0 store result Since the result o the last operation 1s a
vector, a vector will be stored in Z.
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-14 |

yroper scaling!!
gineer’s Slide Rule

Single, double, triple precision j
® +,x,% = 35.1,70.2, 133.4 usec [ P

33 ¢




Flops/x Computing Metrics Comparison

1.00E+15

1.00E+14
1.00E+13
1.00E+12
1.00E+11

1.00E+10
1.00E+09
1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
1.00E-01
1.00E-02

1.00E-03

flops/kb flops/watt flops/kg flops/m3 flops/S
EAGC ®IBM 360-20 m IBM AC922 (Summit)






* Consumed 4% g and testing complexity

r



REACTION CONTRCL
JET COMMANDS




= System S€

®* MTBF - 40,000 hours (due to quqh'ry 1Cs)
®* Modern systems using triple redundant hardware & voting
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INSTRUMENTAL uamny HUSETTS T oF TECHNOLOGY //' v
CAMBRIDGE MASS - 4 - o

L

PLEASED TO ADVISE THAT THE NAT!ONAL AERONAUT (o AND SPAOE ADHINIbTRATl

PROJECT APOLLO SPACECRAFT. APOLLO IS cunm.: OF CARRYING THREE

MEN TO THE MOON AND BACK. MIT IS THE FIRST MEMBER OF THE APOLLO
TEAM TO BE CHOSEN. BIDS ARE NOV UNDERWAY FOR THE PRIME CONTRACTOR'S
JOB. IN ADDITION TO APOLLO THE INSTRUMENTATION LABORATORY WILL *
ALSO DEVELOP THE GROUND SUPPORT AND CHECKOUT EQUIPMENTe« CONTRACT

COVERING THE FIRST YEAR IS AN ESTIMATED $4 MILLION
LEVERETT SALTONSTALL UNITED STATES SENATOR.




SLOWTRY RICTIVER e
& IRANSMITIER L

TELEMETRY RECEIVER
& TRANSMITTER

Fig. | The Lunar Module Computer Inmterfaces

® None of these components were known when MIT was awarded the PGNCS contract

®* NASA didn’t decide upon Lunar Orbit Rendezvous (LOR) until a year later

? ® Everything was being developed essentially simultaneously
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® For ~30 planned with unique guidance requirements

K %




® Mission divided in es (e.g. "burns” of the main engines)

® A lunar mission involved ~11 burns

® For each unique maneuver, there was a major mode program to handle it B4 o




Lunar Module Descent Profile

Braking Phase: Program 63

PRE-IGNITION PHASE

Approach Phase:
Program 64

Terminal Descent: Program 66

- -

e, LUNARSURFACE
T T e




ng Fourier series

® Polynomial fi

* 8 double precision coefficients for each of X, Y and Z > 48 words
* AGC Interpreter subroutine > 86 words
® Initially in MAC language Honeywell 1800 mainframe



INFRASTRUCTURE SOFTWARE

Program Name
Executive?®
Waitlist?®
Down-Telemetry 2°
Restart30:31:32
Interpreter?’
DSKY /028

Combined Total

Purpose

Priority-driven large/long-running process manager
Time-sequenced small/short-running process manager

Transmit system data to ground

Error recovery and restart protection

Space guidance domain-specific programming language interpreter
Cockpit displays and keypad

22% of fixed memory

Size (AGC words)
~350
~300
~200

~1225
~2200
~3500
~7775







(j * Performance Portability: Switch settings and pre-programmed parameters
@
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A B C D E

BLOCK II — AUTOPILOT CONFIGURATION DATA (Noun 46)
DAP data loaded into components R1 and R2 upon request by flashing
KALMANKEE
1 DIGITAL Rl = ABCDE (DAPDATRI)
Vehicle X-transl for X-transl for Attitude Maneuver
() Config. Quad A/C Quad B/D Deadband Rate

0=No DAP 0=Disable A/C 0=Disable B/D 0=+/-0.5 deg 0=0.05 deg/s
1=CSM 1=Use A/C =Use B/D 1=+/-5.0 deg 1=0.2 deg/s
2=CSM & LM 2=0.5 deg/s
3=CSM & SIVB 3=2.0 deg/s

6=CSM & LM
(ascent stage
only)

R2 = ABCDE (DAPDATR2)
A B

Roll Quad Quad A
Select Status

0=Use B/D 0O=Disable 0=Disable 0O=Disable 0=Disable

1=Use A/C 1=Use 1=Use 1=Use 1=Use




Fixed
Memory
(Rope Core)

Erasable
Memory

Keypress / switch change
Engine gimble angle change
Linear Acceleration change
Rotational Acceleration change

}mpurs

Major Mode Programs
Crithzl

OUTPUTS{

Digital Auto Pilots

Shared Vars,
GN&C State

Update display / light on/off
Thruster on/off

Engine gimbal angle up/down
Engine throttle up/down




K\OTESTING 4
l\@ _

* All-digital simulator: (AGC + Devices + Spacecraft “Environment”)

O ° 1 HW-800, 2 HW-1800, 2 IBM 360-75 (4,500 equiv. HW-1800 hours/month)

® Several other levels of testing

®* Hybrid Simulator: Real AGC + Analog Computer (two story building)

® Flight simulators & Crew Rehearsals

® Actual flight testing in mission plans

ACTUAL INNER GIMBAL ANGLE == ACTUAL OUTER GIMBAL ANGLE
Free SMULATED INNER GIMBAL ANGLE 4, -~ SIMULATED OUTER GIMBAL ANGLE === ACTU. OUTEN DIEAL ANGLE
~-- SIMULATED OUTER GIMBAL ANGLA

SECONDS OF BURN SECONDS| OF BURN SECONDS OF BURN



Manned
Unmanned
SOLARIUM
(Apollo 4)
(Apollo 6

CORONA
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SUNRISE

ECLIPSE
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Analysis Coding Testing Documentation Management




Apollo (10 yr) 25,000 203,000 20,300
o | PGNCS (10 yr) 600 ~5000 500
Software (5 yr) 60 ~500 100 §

%









“No one doubted the quality of the

v, LLO

process used in development that cai

Date

o . ofe roved: /2
Five lessons were identified: .swmza;fxgraw&masgwﬁé’c‘%

Appmvcd g Date: & ;
APOLLOG IDM\CI:. I) NAVI(‘A'IIOZ\ PR RAM

Approved: -
RALI"HR RJ\GAN DEPUT‘( DIRE(.TOR
INSTRUMENTATION LABORATORY

1. up-to-date documentation is crucia

. verification must proceed through s i T
AN AUTOMATED DOCUNENTATION ip ladelnds, Aiiciapuls.
o o "HNIQU ATI

. requirements must be clearly defin "APOLLO CREW PROCEDURES

AND COMPUTER LOGIC

oy
J.C. Dunbar, R..-\. Larson, *

4. good development plans should be | P Ave PAC Eiectronics Reskden Enginsor
" ' 5' R T ts%'z, & M 1 &sﬁ‘ hON
5. more programmers do not mean fc LABORATORY







el

Mercury 7 Astronauts
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Gemini Astronauts







/ Apollo Astronauts 64 ¢



Apollo Mission Control



66

/Z Apollo 15 Apollo 16 Apollo 17

/o Apollo Moonwalkers
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Valentina Te;reshkovq it 3 days in orbit, 1963
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A Female Share of Bachelor's Degrees in Computer Science, 1970-2016
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,600 others in 1945

®Led development of F1 engine and Saturn booster

/'Chqmpioned racial integration in Wallace’s Alabama
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NOUN LIST

* = LEGIT LOADABLE NOUN & DATA
VALID ANYTIME NOUN CALLED

V - DATA VALID ANYTIME NOUN CALLED

L - LEGIT LOADABLE NOUN

X = LEGIT LOADABLE NOUN (HR, MIN, .015)
(IF LOAD, ENTR R1,R2,R3)

VERB LIST

01-05 DISPLAY OCTAL

06  DISPLAY DECIMAL

07  DP DEC DSPLY (sN38)
11-15 MONITOR OCTAL

16  MONITOR DECIMAL
17  DP DEC MON (sN38)
21-25 LOAD DATA

27 01 DSPLY FIXED MEMORY
30  EXECUTIVE(PRE/L N26)
31 WAITLIST (PRE/L N26)

01,02,03 * SPECIFIED OCT ADRS
DSPY | OCT DEC

NO1 EOCTJ E.xxxxx]

32 RECYCLE NO02 OCT] | [Xxxxx.]
33 PROCEED N3 | (OcCT) (.o1°
AAAAAA (REQ W/ V 21-V23) 04 GRAVITY ERR % [.01°(R1)]

05  SIGHT £ DIFF/SV-RR LOS %[.01°(R1))
06 L OPTION CODE[OCT]
(SEE P21, P22, P52, P57)
07 L ADRS/CHNL,BIT ID,ACTION [OCT]
(SEE "FLAGWRD/CHNL SET/RESET")
08 V ALARM DATA [OCT]
(ALMCADR, "BBCON", ERCOUNT)
09 V ALARM CODES [(OCT]
(1ST, 2ND, MOST RECENT ALM)
10 * SPECIFIED CHNL [OCT(RN)]
CAN'T 34, | CAN'T 3, 4, 7,15
READ 35 LOAD 16,30,31,32
IF LOAD CH 33, RESETS BITS 15-11
11 X T CSI OR T APOAPSIS [H, M, .015]
(0,0,0 = COMPUTE T APOAPSIS)
12 L OPTN CODE [OCT (0000X, 0000Y)]
| X(SPFY) | Y=1 | v=2

V82| 2 (VEH) M CSM
V89| 3 (TK ATT) | +Z +X
V63 | 4 (RADAR) | RR LR
41 7216 (RRFN) | LOCK | DESIG
_(0 i

34 TERMINATE
(EXCEPT N49,60,43, 88)
35  TEST LITES (POO)
36  FRESH START
37  CHANGE PROGRAM
40 20
4072

ZERO ICDU'S
ZERO RR CDU'S

41 20 IMU CRS ALN

41 72 RR CRS ALN

42 GYRO TORQ

43 LOAD FDAI ERROR
NEEDLES (P00)

44 TERM RR DESIGNATE

47 INITIALIZE AGS

48 DAP DATA LOAD

49 CREW ATT MNVR (P00)

50 PLEASE PERFORM

52 REQST CURSOR MK

53 REQST SPIRAL MK

54 REQST X OR Y MK

55 INCRMT CLK (H,M,5)

56 TERM TRACKING
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APOLLO 11

® Russian Luna 15
®* Program alarms & restarts
® Hot I/O Device

® Boulder Field &

Manual Inputs

® Ascent engine arm CB
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* Apollo 1

* Problems with barbecue 4 f " Terrain model for landing radar

(f ® Incorrect AGS setting at staging
O




ARGON-11C: RUSSIAN GUIDANCE COMPUTER

] ".';
ite q d Circuits

® 1968: Zond 7, First Russian

circumlunar flight
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COMPUTING WAS AN ESSENTIAL TOOL
1\@ USED IN MANY ASPECTS OF THE APOLLO PROJECT

<= 30 DOF <« 120 DOF <« 400 DOF «— 300 DOF

APOLLO SATURN V  BEAM-ROL BEAM-ROD/QUARTER QUARTER SHELL THREE-DIMENSIONAL
SPACE VEHICLE MOLEL SHELL MODEL MODEL MODEL

FIGURE 1-7 MATH MODEL EVOLUTION
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®* Ultimate AGC Talk
® Spaceflight Computing History


https://bssw.io/blog_posts/celebrating-apollo-s-50th-anniversary-when-100-flops-watt-was-a-giant-leap
https://en.wikipedia.org/wiki/Mercury_13
https://youtu.be/2KSahAoOLdU
https://github.com/virtualagc/virtualagc
https://www.ibiblio.org/apollo/
https://youtu.be/xx7Lfh5SKUQ
https://history.nasa.gov/computers/contents.html
https://www.ibiblio.org/apollo/hrst/archive/1728.pdf
https://en.wikipedia.org/wiki/Hidden_Figures_(book)
https://wehackthemoon.com/




