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RAYTHEON COMPANY
FOREWORD

Raytheon Company's Apollo Program effort was fulfilled under pur-

chase order FNP 12775 and covered the period from 25 July 1964 through
31 December 1969.

References are Statements of Work

a. Block I and Block I(100) series Guidance Computer, Simula-

tion Computer, and Associated Ground Support Equipment, dated 1 December
1964; and revisions thereto.

b. SOW 32-31-21, Block II/LM Apollo Guidance Computer, and

Associated Airborne, Simulation, and Ground Support Equipment, dated
1 September 1967.

In accordance with the requirement:c of references a. and b. this

final report is submitted covering the period of 25 July 1964 through
31 December 1969.
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SECTION 1

INTRODUCTION

This document is submitted as the Final Report under Purchase Order
FNP 12775, a subcontract by AC Electronics under prime contract NAS
9-497 with the National Aeronautics and Space Administration. The
scope of the contract included design effort and the development and
fabrication of Apollo Guidance Computer subsystems and associated
Ground Support Equipment. This effort was accomplished under the di-
rection of AC Electronics, and in association with the Massachusetts

Institute of Technology which was responsible for the overall design.

The program progressed in three increments: Block I(0), Block I(100)
and Block I1. The early Block I phase was devoted primarily to research
and development and is covered in this report to provide a design base-
line and to maintain continuity with the deve'opment of eventual flight
systems. In the Block I(100) phase, flight qualified systems and the
associated support equipment were produced. Block I(100) systems were
used in early unmanned Earth orbital flights.

The Block II phase resulted in the final design and development of

the flight systems utilized in lunar missions.

This report is devoted primarily to equipment delivered and the
Engineering, Manufacturing, and Reliability and Quality Assurance effort
provided during the program. Highlights of significant events, problems
encountered, and their solutions are described in each section. De- .
tailed reports documenting events in depth have been provided period-
ically throughout the program.
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SECTION 2

EQUIPMENT

This section covers the description and leading particulars of the
major Airborne and Ground Support Equipments which were built and de-

livered under the Apollo contract.

2.1 BLOCK I(O)

2.1.1 PHYSICAL CHARACTERISTICS
The Computer Subsystem consists of the Apollo Guidance Computer
(Figures 2-1 and 2-2), the Main Panel Display and Keyboard (Figure 2-2),

and the Navigation Panel Display and Keyboard (Figure 2-2). Figure 2-3

is a block diagram of the guidance and navigation (Ga&N) system.

2.1.1.1 Apollo Guidance Computers

The Apollo Guidance Computer (AGC) is approximately 19 inches wide,
24 inches deep, and 7 inches high (a detailed sketch is shown in
Figure 2-4). The AGC consists of three plugin tray assemblies and an
end connector assembly which are mounted on a base coldplate. The base
coldplate, which is part of the spacecraft, is an aluminum alloy, liquid-
cooled, honeycombed structure designed to dissipate the heat emitted
from the AGC. The end connector assembly is bolted to tbe base cold-
plate and provides support for tne plugin tray assemblies. The three
plugin tray assemblies consist of one memory tray aQsembly, one logic

tray assembly, and one G&N harness assembly.

The memory tray assembly (Figure 2-5) consists of two panels which
are mounted vertically on the coldplate and bolted back tc back. The
right panel contains 1l horizontally mounted and two vertically mountgd
modules. The left nanel contains six horizontally mounted and rine

vertically mountzd modules.

WSTp——
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Figure 2-5 Memory Tray Assembly

The logic tray assembly (Figure 2-6) consists of two panels. Each
panel contains 18 horizontally mounted and two vertically mounted
modules. Two test connectors located on the logic tray assembly pro-
vide connection between the AGC and Ground Support Equipment (Computer
Test Set).

The G&N harness tray assembly provides connection of the AGC to the
Power and Servo Assembly (PSA) and the spacecraft and also provides con-

nections between the PSA and the spacecraft.

The micrologic modules (Figure 2-7) consist of micrologic elements
which are miniaturized semiconductor packages mounted in TO-47 cans.
The cans contain the necessary resistors and transistors diffused onto

a single silicon chip.

The micrologic modules used in the plugin tray assemblies of the
AGC contain a maximum of 120 integrated NOR elements per module. The
module (Figure 2-7) is 9 3/4 inches long, 1 inch wide, and 1 1/2 inches

2-6
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Figure 2-6 Logic Tray Assembly

deep and is constructed of a hard anodized magnesium H-beam header,
which divides the module into two sections. The elements mounted on the
module are interconnected by a folded matrix which is connected to male
connector pins through a flat inner matrix. The complete assembly is

potted with urethane foam.

2.1.1.2 Navigation gghel Display and Keyboard

The Navigation Panel Display and Xeyboard (Navigation Panel DSKY)
(Figure 2-8) is approximately 22 inches high, 6 inches wide, and 14
inches deep. The DSKY is divided into two sections: one for the Jdin-
play and one for the keyboard. The display section cont.ins 12 fa’lurc x
lights, eight operatior display lights, and 18 data display lights.
Mounted in the rear of the display section are three interchangeable
decoding modules. The keyboard section contains 19 keys and a bright-
ness control. Mounted on the rear of the keyboard is a case containing

four interchangeable relay trays and a power supply modu.e. Each relay

a7 ;
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tray consists of seven modules, each of which contains six relays. The

power supply module furnishes the voltage to light the various displays.

2.1.1.2 Main Panel Dispiay and Keyboard

The Main Panel Display and Keyboard (Main Panel DSKY) (Figure 2-9)
is approximately 10 inches high, 9 inches wide, and 7 inches deep. The
front panel of the Main Panel DSKY contains 18 keys, two failure lights,
eight operation display lights, 18 data display lights, a brightness

control, and a toggle switch.
2.1.2 ELECTRICAL CHARACTERISTICS

The AGC portion of the Computer Subsystem is divided into seven

functional areas: a Timer, Sequence Generator, Central Processor, Input-

Output, Priority Control, Memory, and Power circuits. The seven func-
tional areas of the AGC plus the Navigation Panel DSKY and the Main

Panel DSKY form nine functional areas of the Computer Subsystem.
2.2 BLOCK I(100

This subsection describes the Block I(100) computer hardware.
2.2.1 PHYSICAL CHARACTERISTICS

The computer subsystem (Figure 2-10) consists of the AGC and two
DSKY's. The AGC 1s the main part of the computer subsystem. It is an
automatic, electronic, digital computer with parallel internal transfer,
and a static, random access, core-type memory. The DSKYs provide a two-
way communication capability between the astronaut and the AGC and are
functionally identical with a few exceptions. The following is & brief

description of each major component.

2.2.1.1 Apollo Guidance Computer

The AGC consists of logic and memory tray assemblies bolted back to
back. The tray assemblies, as a unit, measure approximately 22 inches
long by 15 inches wide by 5 1/2 inches deep. The unit is mounted on a
base coldplate which is a part of the spacecraft. The base coldplate
is an aluminum alloy, liquid cooled, honeycombed structure which dissi-
pates heat generated by the AGC.

2-10
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The logic tray Assembly (Figure 2-11) contains 40 modules: 36 logic
modules (in rows of nine) and four interface modules (packaged at the
ends). The memory tray B assembly (Figure 2-12) contains 25 modules.

A STRY/ON (Standby) switch mounted on the front of tray B provides a

standby mode of cneration for conservation of power.

Table 2-1 summarizes for reference pertinent characteristics of the
AGC.

2.2.1.2 Navigation Panel Display and Keyboard

The AGC navigation panel DSKY measures approximately 22 inches high
by 6 inches wide by 14 inches deep. It is divided into two sections:
one section for displays and one section for the keyboard. The display
section contains 12 failure indication lights, eight operation display
lights and 18 data display lights. Three interchangeable decoding
modules are mounted at the rear of the display section. The keyboard
section contains 19 keys and a brightness control. A case containing
four interchangeable relay trays and a power supply module is mounted
on the rear of the keyboard. Each of the relay trays consists of seven
modules and each module contains six relays. The power supply module

supplies the voltage required to light the display indicators.

2.2.1.3° Main Panel Display and Keyboard

The AGC main panel DSKY measures approximately 10 inches high by
9 inches wide by 7 inches deep and is mounted in the left hand side of
the main panel of the command module. The front panel contains 18 keys,
two failure indication lights, a brightness control and a toggle switch.
The decoding modules, relay trays and power supply are the same as thne

navigation panel DSKY.

The keyboards are used to manually insert or call up AGC data. The
displays provide a visual readout of information being inserted into or

extracted from the AGC, and AGC failure indications.
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TABLE 2-1

COMPUTER SUBSYSTEM CHARACTERISTICS

Characteristics

Description

Computer type

Internal transfer
Memory

Erasable

Fixed

Word length

Number system

Hardware registers
Circuitry type

Regular instructions
Interrupt options

MCT (mer ory cycle time)
Add time

Double precision add
Multiply time

Number of counters

Telemetry

Basic clock oscillator

AGC power supplies

Logic

Parity

Automatic, electronic digital, general
purpose

Parallel
Random access

Coincident current core type, capacity,
1008 words

Core-rope type, capacity 24,576 words

(16) pits, including (1) parity and
(1) sign bit

Binary one's complement

17 total

NOR micrologic

11 total

6

11.7 us, equal to 12 "action" times
23 us

234 us

93 s

20

Single error correcting pulse train,
asynchronous to computer timing

2.048 Miz

Cne +3 V
One +13 V

Positive
0odad
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2.3 BLOCK II

2.3.1 PHYSICAL CHARACTERISTICS

The physical characteristics of the Block II subsystem differ from
Block I(100) in that the Main Panel DSKY is redesigned and be-omes a
"universal" DSKY, used in both the main spacecraft and the Lunar Module
(LM). The AGC differs in that a redesign incorporated the use of flat-
pack-type integrated circuits (see Figure 2-13) resulting in increased
capacity and capability while reducing the weight, yet maintaining the

same external dimensions as the Block I(100) AGC.

2.3.1.1 Apollo Guidance Computer

The AGC (see Figure 2-14) is a parallel, single address, stored pro-
gram, general purpose computer. The basic logic element is a dual 3-
input NOR integrated circuit. Control pulses for instructions are syn-
chronized by a 12~-phase gating system operating at a 1 MHz clock speed.
Arithmetic is performed in a binary, fixed-point, l's complement number
system. The basic instructions and single-precision arithmetic opera-

tions are based upon a 15-bit word length.

The basic control section of the AGC is the sequence generator which
processes priority requests and decodes instructions into sequences of
control pulses to the other computer sections. The central registers
are all directly addressable, thus providing important programming

freedom.

The main program and constant memory is of core rope design."This
fixed, read only memory contains 36,864 16-bit words. The memory cycle
time is 11.7 uys. The erasable, scratch pad memory is a coincident cur-

rent core memory with a 2,048 word, lé-bit capacity.
Additional features of the AGC include:

a. Ircremental Input Counters

b. Programmed Pulsed Outputs

c. Fixed Pulse Timing Outputs

N 1 P S S R s 6
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d. Program Controlled Interrupts

e. Automatic Interrupts

f. Serial Telemetry Input and Output Channels
g. Automatic Fault Detection and Alarm

h. Dual Display and Keyboard Capability

i. Special Monitor and Test Circuitry.

The organization of the AGC provides the flexibility important to
redesign and/or modification for any specific application. For example,
a special interface channel and associated channel registers provide
great I/0 flexibility. The address structure readily allows realloca-

tion of special and central registers, fixed memory and erasable memory.

Mechanically, the AGC is a hermetically sealed device, consisting
of two trays which provide wirewrap interconnection for the various

modules and connectors (see Figures 2-15, 2-16 and 2-17).

The necessary power supplies, logic, drive, interface and sense
circuitry, erasable memory and alarm circuitry is packaged in potted

modules which plug into the two trays.

The AGC includes a separate removable interconnect tray which houses
the fixed memory modules and fixed memory jumper modules and contains
two external connections; one which allows the AGC interface with the
G&N system, and one which allows the AGC to interface with GSE or an

auxiliary memory unit.

The AGC also includes the necessary cover to prntect the test con-
nector when not in use, and to protect the AGC from radiated noise
pickup at the test connector. Table 2-2 lists the basic tacts of the

Block II AGC.

2.3.1.2 Display and azyboard (DSKY)

The DSKY (see Figure 2-18) contains the electroluminescent panels,
their power supply, some incandescent lamps, electronic circuits to run
both the electroluminescent indicators and the iacandescent indicators,

and a keyboard. There are two DSKYs in the Command Module and one in

2-20
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TABLE 2-2

BLOCK II /.GC PERTINENT STATISTICS

Organization Parallel

Number System l's complement

Power (Operating) 100 W

Power (Standby) 10 W

Clock Frequency 2 MHz

Memory (Fixed) 36,864 words

Memory (Erasable) 2048 words

Word Length 15 bits plus parity

Volume Approximately 1 cubic foot ;
Weight Approximately 70 lbs. é
Add Time 24 us
Double Precision Add 36 us ;
Multiply Time 48 Qs g
Double Precision Mult. 480 s §
Divide Time | 84 ps i
Memory Density (NDRO) 3000 bits per cubic inch :
Memory Density (DRO) 1000 bits per cubic inch |

the Lunar Module, and their sole function is to provide communication

between the G&N system (via the AGC) and the astronauts.

S—

2.3.1.2.1 Mechanical Design

The DSKY is a dry nitrogen filled unit of two piece box-type struc-
ture in which all wiring interconnections frc.. front to rear are con-
tained. Six. interchangeable irdicator driver modules anc a powér supply
contain the majority of electrical components and are plugged into
connectors mounted on the rear portion of the structure. A rear cover
is then placed over those modules to keep them enclosed 'n the nitrogen
atmosphere. The rear structure also contains the AGC connector and a ;

pressurizing fill valve.
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Plugin indicator and alarm lights are mounted to the Ifront, or dis-

play portion of the unit which also contains 19 push-button switches
with luminescent lighting. The electrical components for this keyboard
are housed in a module and mounted inside the unit, Finally, a front
cover of eggcrate construction (to prevent unintentional activation of
the switches) is placed over the units which are mounted to the front

structure (see Figures 2-19 and 2-20).
A brief description of the basic components follows:

a. Indicator Driver Module (IDM ower Suppl odule (PSM

and Keyboard Module

Material: Magnesium, lightweight, and located in the

humidity-free, dry, nitrogen atmosphere
Finish: Dow 17, dark anodize

Connector: Protected male Malco pins aligned and keyed by

use of guide pins

Location: IDM and PSM plug-in to rear portion of unit

after removal at rear cover. Keyboard module

(plugin-type) located inside wiring area because

of its related functions.

b. L__.*%al Indicator Light (Electroluminescent)

The basic lamp is of glass-to-metal hermetic seal construc-

tion mounted in an encapsulated pluggable housing.

c. Indicator Alarm Light (Incandescent)

The incandescent lights are molded into acrylic plastic and

mounted to an encapsulated, pressure-tight plugin-type header.

d. Pushbutton Switches

The switches are illuminated by panelescent lights and
mounted pressure tight against front structure. The basic switch is
encapsulated and mounted outside the pressurized area with wiring to

the inside accomplished through glass-to-metal sealed discs.

2-26
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e. Structure

The main structure is made of aluminum. The rear cover
design incorporates structural ribbing inside the pressure area, and
this design allows for a larger volume of nitrogen to be inserted into
the unit., The rear structure, or wirewrap plate, receives a pcrtion of
its structural stiffness from the innerconnector. This method has also

been followed in the design of the front housing.

Pressure sealing has been obtained by using Parker seal be-
tween the main structural components of the unit. Components external

to the unit are mounted using "O" rings.

2.4 FIXED MEMORY

2.4.1 CORE ROPES

The fixed memory for the Block I(100) AGC consists of up to four
core rope modules. The module quantity is dependent of the computer
program (released by MIT/IL for specific application,. Mounted on the
Block I(100) Computer, the four rope modules are contained in two indi-
vidual compartments with their own cover. Each core rope consists of
magnetic cores permanently threaded by selection and sense wires. A
full complement of four modules affords a total fixed memory capacity

of 24,576 16-bit words.

The fixed memory for the Block II AGC subsystem is comprised of a
maximum of 3ix modules. The modunle guantities are also dependent on
specific computer prégram prepared by MIT/IL. The modules are perma-
nently wired for‘these programs for special purpose applicat:ons such

as factory test, system test, and flight missions.

The core ropes are of a flat, modular configuration (see Figure 2-21)
and are externally slide mounted in the AGC rope tray. Each core rope
module has a storage of 6,144 16-bit words and contains the necessary
magnetic corés, diodes, resistors, connectors and set, reset, sense,
and clear wires (see Figure 2-22) to allow the module to operate in

conjunction with other core rope and jumper modules as a fixed memory

2-29
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with the AGC. Examples of computer programs and their specific applica-
tions that have been wired into core rope memory modules are listed in

Table 2-3.

TABLE 2-3

APOLLO COMPUTER PROGRAMS

LAMESH diagnostic factory test :
SUNDIAL Command Module system test
AURORA Lunar Module system test
SOLARIUM unmanned Earth orbital Command Module flight
program
SUNBURST unmanned Earth orbital Lunar Module flight %
program
SINDISK manned Earth orbital Command Module flight
program
SUNDISK manned Earth orbital Lunar Module flight
program
COLOSSUS the flight program for the Command Module for
manned flight to the moon
LUMINARY the flight program for the Lunar Module for
manned flight to the moon

2.4.2 JUMPER MODULES

Fixed memory jumper modules are capable of completing the inhibit,
set, reset, and clear 1ine paths in fixed memory when an odd number of
core rope modules are usei. The jumper modules have the same external
physical dimensions as the core rope modules and are potted. The jumper

modules simulate the resistance of the set, reset, and clear drive lines

of the actual core ropes.
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2.5 ELECTRONIC COUPLING DATA UNIT

2.5.1 PHYSICAL DESCRIPTION OF TRAYS AND LOGIC MODULES

Raytheon wirewraps the tray and manufactures three types of logic
modules for the Block II Electronic Coupling Data Units (ECDUs). Each
ECDU contains Trays S and X. However, the trays used for the Command
Module ECDU's are wired differently than the trays used for the Lunar
Module ECDU's. The versatility designed into the logic and analog
modules allows a given set of modules to perform various functions de-
pending on the way in whichk the modules are interconnected through the

tray wiring.

The Command Module and Lunar Module ECDUs each contain one digital ;
mode module, five read counter modules, five error angle counter and
logic modules, and several different types of analog modules in varying
guantities. Raytheon manufactures the three types of logic modules
identified herein. Basically, each module contains four rows of flat-
pack micrologic elements (each row being a quadrant), signal layers for
each guadrant, and a header having two rows of connector pins (70 pins

; in each row). Each module has keying pins, jacking screws, and is

potted.

The digital mode module contains a clock, pulse generators, and
control logic. The timing and phase pulses produced by the digital mode

module synchronize most ECDU operations. '

The read counter module contains a 16-bit parallel counter (2's
complement) capable of counting up and uown depending on the polarity
of the input control signals. This module also contains special de-
coding logic which provides signals to the analog-to-digital converters
of the ECDU.

The error angle counter and logic module contains a 9-bit parallel
counter controlled to saturate at a count of 384. This counter is also
capable of counting up and down, but not below a count.of zero. The
error angle counter and logic modile contains decoding logic which pro-
vides signals to the digital-to-analog converters and up-down logic which
controls the polarity of the read counter module inputs as well as the

error angle counter inputs.

; 2=33
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2.6 GROUND SUPPORT EQUIPMENT (GSE)

2,6.1 COMPUTER TEST SET

The Computer Test Set (CTS) provides the following functions:

a, monitoring of computer subsystem operation

b. program loading and control

¢, data recording of system parameters computer by the AGC
d. display of system parameters as computed by the AGC

e. diagnostic use in troubleshooting system/subsystem problems.
The general capabilities of the CTS are:

a, direct program control including stopping or stepping the
program

b. continuous or sampled monitoring of the computer's central
register or selected memory locations

c. monitoring of key computer program functions

d. loading of the computer for specific output functio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>