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Location of guidance and navigation equipment in lower equipment bay

The guidance and na\ngatlon subsystem gives
astronauts the ability to navigate. the spacecraft.on:
a required course- through space. |t can he operated
either semi-automatically or manuallyand performs
the basic functions of guidance and navigation --
similar to the navigation of an airplane or of a shlp'
at sea, tt can -also he updated by the ground via
telemetry,

While an airplane or ship at sea is concerned with
two-dimensional ‘navigation (it is always on or riear
the surface of the earth), Apollo is faced with
exacting three-dimensional navigation as it speeds
through deep space. Sightings from the spacecraft
ot stars and pre-determined landmarks on the earth
and moon are used to establish the location and

path of the spacecraft in space. The guidance and

navigation- system is used in conjunction with the
stabilization and control, service propulsion, re-
action control, electrical power, environmental con-
trol, and telecommunications subsystems.

Massachusetts Institute of Technology, an. asso-
ciate contractor to NASA's Manned Spacecraft
Center, is responsible for development and desigri
of the subsystem. AC FElectronics Division of
General Motors. is responsible for its production,
operation, and integration. The guidance computer
is manufactured by the. Raytheon Co. and the
optics are produced by Kolisman [nstrument Co,

There are three main efementsin the guidance and

navigation subsystém. The inertial guidance su'b.sy_s-_
tem measures-changes in the spacecraft position and

239



velocity and assists in generating stéering com-
mands, The optical subsystem is used to take
precision’ navigational sightings and provide the
computer with measured angles between the stars
and landmarks, The computer subsystem consists: of
a digital computer which takes data from the
inertial guidance and optical subsysiems and calcu-

lates spacecraft position, velocity, and steering

commands.-

The components of the guidance and navigation

subsystem, including the primary controls ‘and

displays, are located in the lower equipment bay-of

the command module, The main display consols
contains the switches and displays rfecessary for the .

astromauts to ‘control the spacecraft while in their
couches,

INERTIAL GUIDANCE SUBSYSTEM

This subsystem measures changes in the spacecraft
position, assists' in genierating steering commands,

STEERLHG SIGNALS {TRIRD STAGEY -

and measures spacecraft velocity changes, 1ts instrus
ments sense changes in velocity and attitude in a
manner similar te the balance system in the human
ear,

ThHe main part of this subsysieni is an inertial
measurement uriit mounted ‘on a navigation base.
The key part of this mechanism is a device called a
stable platform, suspended on gimbals which allow
it to incling freely regardless of spacecraft position,
It is aligned to star direction references and retains
this alignment regardiess of the rotational move-
ment of the spacecraft and thus provides a refer-
ence against which the movements of the spacecraft
can be measured,

Mounted on ‘this stable platform are the actual
sensars: three accelerometers and three gyroscopes.
The gyros are used to Keep the stable platform
fixed with respect to some point in space. The
accelerometers sense any change.in the speed of the
vehicle -- forward, backward, up, down, sideways,
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Data flow in guidance and navigation subsystem
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iMPROVED. ESTIMATE OF POSITION

Pr233 Determination of midcourse position.

Any change from the pre-determined flight path
ar attitude generates electronic signals which resuit
in firing of the reaction control subsystem engines

(for -attitude change only} or positioning of the

service propulsion enging for flight. path changes,
The service propulsion engine is fired on signal from
the computer or astronauts,

Devices known as resolvers, mounted on thHe
gimbal axes, measure how’ far the spacecraft has
rotated with respect to the stable platform, These

‘Measurements are transmitted to the gquidance

computer,

The inertial guidance: subsystem is controlled
automatically by the guidance computer through
créw selection of‘a computer program.

OPTICAL SUBSYSTEMS

This subsystem is used by the astronauts to take
navigational sightings of ‘the stars and earth or
‘moon landmarks, 1t consists of a nawgatlon base, a
telescope, a sextant, and equipment to permit
operation with the computer_and inertial guidance
subsystems,

The telescope and sextant can he opérated inde-
pendently but generally are used together to obtain
precision navigationai mghtmgs The telescope has a

C DATAUNIT

60-degree field 6f view with no magnification and is
used to Obtain coarse sightings of the stars or
fandmarks, Because of the telescope’s limited fisfd
-of view, controls are prov:ded so the astronaut can
maneuver the entire spacecraft to point the instru-

ment in the general desired direction, The sextant is.
used to take the precision sightings and has.a much
smalier field of view {1.8 degrees) but has a
magnification of 28, '

These two instruments are used to measure the
angle between two targets such as stars and earth or
mocn  landmarks, The teiescope and then the
sextant are manipulated by the astronaut 16 line up
a sighting and enter the- reading into the computer,

COMPUTER SUBSYSTEM

This subsystem consists of a digital computer which
stores and uses signals from the inertial guidance
subsystem and sightings by the optical subsystemf
with other data, This highly sophisticated computer
uses this. data to calculate” necessary corrections to
maintain:course. Tha computer memory contams-
38,912 words, or pieces of guidance data, and is
divided into non-erasable and erasable sections; The
‘non-erasable memory contains all the. basic data
necessary to achieve the round trip to the moon, *
The erasable memory is used by the astronauts
when performing the various guidance ard naviga-
tion computations, -

The major functions of the computer are to
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calculate spacecraft position, velocity, and steermg
data; to calculate the signals for the main engine
and attitude contro! jets necessary to keep the
spacecraft on' the required flight path and attitude;
to position. the stable platform in the inertial
measurement unit as defined by precise optical
measurenients; to position: the optical unit to
celestial ob;ects to monitor the guidance and
navigation subsystems for failure indications; and to
supply information ‘to the display and control
panel,

The display of iriformation, the results of compu-
tations, and the control of the computer by the
astronauts is accomplished with two display and

keyboard panels. One is located in the lower .

equrpment bay and the other (a duplicate} ison the
main display console,. Lights on the panels also
-indicate the detection of- malfunetions in guidance
and navigation systems.

SEQUENCE OF QPERATI ONS

Operation of the guidance and navigation subsys.
tem in specific fflght phases, control modes, and
critical manetvers during a typicel lunar mission is
described here briefly.

Before launch the stable platform is al'igned with
respect to the earth and dunng flight it is aligned
to the stars,

Launch and Fransiunar Injection — Guidance of the

taunch vehicle is monitored during the ascent from.
earth-and firing of the third stage which sends the
spacecraft on a trajectory to the moaon, At launch,
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the inertial measurement unit'is switched from an
earth refererice to @ space reference frame, The
crew then uses. the guidance and navigation subsys-
tem 10 monitor thé spacecraft flight profile.

During bogst, should the Saturn's instrument unit
fail, the: command module has the capability to
take over, tfansmitting steering signals 1o the
instrumant unit autopilot, There are two mades
of operation: .automatic, in which steering com-
‘mands. are issued, and.manual, in which rotation

contral commands arg issued through the CM

computer.

Earth and Lunaf Orbit — During fhese phases, the
crew ‘checks the spacecraft position and orbital
path with optical sightings. The crew takes these
‘sightings by identifying and. tracking landmarks
with the optical instruments.

and.the time of the optical saghting

Midcourse Navigation — This may be performed
several times during the translunar and transearth
‘mission . phases, Sta_r[an_dmark sightings: are taken
and the computer records the. angles and time of
sighting and determines spacecraft position and
velocity,

Course Correction -- The spacecraft’s course must
be ‘torrected during both the transiupar and
transearth journeys. The computer, after calculat-
ing spacecraft position and velocity from naviga:-
tion sightings, determines the, need for a course
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CONTROL SUBSYSTEM PROPULSION

SUBSYSTEM

SUBSYSTEMS

| ey
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SUBSYSTEM.

SEQUENTAL EVENTS
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Guidance and contral relationship 1o other suuspstems
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The computer
records optical sighting data, spacecraft attitude,
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EQUIPMENT

The guidance and navigation system occupies a
space 4 feet high, 2 feet deep, and about 3 feet
across the top -and 2-1/2 feet acress the bottom.
It is in the command module lower equipment
bay. ’

tnertial Measuring Unit. (AC Electronics Division

- of General Motors) — This ball-shapad unit has a
diameter of 12.6:inches and weighs 40.9 pounds.
It consists of three gimbals of which the inner
gimbal is the stable member, with three gyfo-
scopes and three accelerometers, all can-shaped
and. mounted onto the ‘stabilized .inner member
structure, aor platform. The gimbals are con-
nected to each other by drive motors and angle
resolvers.. THe unit is pressurized in dry air
for good heat transfer. When in operation, the unit
requires 217 watts at. 28 volts de. |t maintains an
inertially referenced coordinate system for space:
craft attitude centrol and measurement and main-
tains three accelerometers in this coordinate 5ys-
temn' for accurate measurement of spacecraft veloc-
ity changes:

Navigation Base (AC Electronics) — This *

- 27-by-22-by-4.5-inch unit” weighs 17.4 pounds.
and is made of rivéted and bonded anodized pre-
‘formed sheet aluminum alloys. It is filled with

p-257 Guidance and navigation equipment in test. polyurethane foam. It is a rigid supporting struc--
Fixture simulating spacecraft installation ’;L(;Lelpﬁgnihe inertial measuring _unit and optical
correction by comparing the actual to the required Power and Servo Assembly {AC Electronics) — it
trajectory, IT a course correction is necessary, the is 2.75 inches high, 23.1 inches wide, and 22.6
computer calculates the time of firing and velocity inches deep -and weighs ‘49.4 pounds. it contains
change needed, repositions. the spacecraft, and 37 modules, most of the electronic modules for
coritrels the initiation and duration of thrusting of the inertial and optical subsystem serve loops
the service propulsion engine. and powef supplies. ) ' '
tunar Injectien and Retu_rn to E'arth — The _gu_-id- Coupling Data Unit {AC Electronics) — It is 20 by
ance and navigation sqbsvst‘em‘ places t}?e space- “T13 by 55 inches ah'd weighs 3BE5 pounds. This
craft into the attitude required for firing the sealed unit contains modular packaged solid-state
service propulsion engine and controls the time of electronics necessary to provide five separate
thrusting required, coupling data: unit channels for use with inner,
. . o _ middle;, and outer inertial measuring uhit gimbal
Entry — The guidance and navigation subsystem resolvers and the shaft and trunnion resolvers of
controls the flight path of the command module the optical subsystem. It also contains failure
during entry. The computer determines the proper detection Circuitry for inertial subsystern and
trajectory  and steers the command module. by optical ‘subsystem. It provides analog-to-digital
rolling it. This changes the lifting force actzng gn conversion of the inertial _rheasuri’ng unit g'imbaf-
the command module and thereby varies its angles and optical subsystem trunnion and shaft
trajectory. angles, and digital-to-analog: conversion of
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computer-derived data 1o contra! inertial subsystem
and optical subsystem modes of nperation using
ciscretes issued by the computer. 1t also controls
service propulsion system engine gimbaling, .atti-
tude error display, and, as 2 backup mode, it
guldes and contréls the attitude of the launch’s
third stage.

Irertial Reference Integrating Gyros (AC
Electronics) — Three gyros are mounted mutu-
ally perpendicular to egch other on the stable
platform of the inertial measuring unit. Each i3
2:1/2 inches in diameter. They sénse displace-
ment of the inertial measuring unit’s stable plat:
form and generate error signals. They .are pres-
surized in an atmosphere of helium to provide
good heat transfer.

Accélerometers (AC Electronics) — There are
three: pulse-integrating pendulous accelerometers
mounted perpendicular to each other on the
stable meémber of the inertial measuring unit.
Each is can-shaped with a 1.8-inch diameter,
They measurs velocity changes along all dxes of
the three:axis inertial measuring unit.

Sextant (Kollsman Instrument Co., Syasset, N.Y.).
— This is a highly accurate dual line-of-sight:
electro-optical instrument with. 28X magnifica-
tion and 1.8 degrees field of view. It can sight
two celestial targets simultaneously and measure
the angle between them with 10 arc seconds
-gccuracy to determine the position of the space-

This tiny pendulum is-heart of an eccelerometer, a key
component in guidance and navigation subsystem
p.258
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craft. It is mounted on the navigation base. One
line of sight is fixed along the shaft axdis normal
to the local conical surface of the spacecraft. it
is positioned by c¢hanges in the spacecraft
attitsde. The other line of sight has two degrees
of rotational freedom -about the shaft akis {plus
or minus 270 degrees) and trunnion axi§ {minus

5 to plus 50 degrees). The variation about the-

trunnion axis is represented by movement of an
indexing mircor.

Scanning Telescope (Kollsman) — It is a single
line-6f-sight, refracting-type, IX magnification
instrument with 60-degree instantanéous field of
view. It is similar to theadolite {surveyor's instru-
ment used to measure horizontal and vertical
angles}, It has a double-dove prism mounted in
the head assembly. The operating power for the

telescope, sextant, and assoclated -electronic:

equipment is .94.5 watts at 28 volts dc, The tele-
scope has two axes of rotational freedom, which
are: formally slaved to the sextant axis, The wide
field of view is used for general celestial viewing
and recognition of target bodies. It is also used
1o track landmark points during earth and lunar
orbits.

Computer {Raytheon Co.] — This is 24 by 12.5°
by 6 inches and weighs 70.1 pounds with six.

memory modules. It consumes 70 watts. of
power at 28 volis de-during normal operation. it

is a digital computer with fixed and erasable.

memory. The erasable memory. has a.capacity -of
2048 words; fixed memory has a capacity of
36,864 words., The fixed memory contains pro-
grams, routines, constants, star coordinates, and
pther pertingnt data. The computer solves guid-
ance and navigation problems, provides control
information to optical and inertial subsystems as
well as other spacécraft systems, provides per-
tinent information to astronauts and the ground
on request, provides means by which astronauts
or ground control can directly communicate with
the primary guidance pavigation control system,
provides direct on-off control for reaction control
jets and service. propulsion enginies, and monitors
its own operation ‘and other primary guidance
navigation control system operations.

Display Keyboard {Raytheon Co.) — This
8-by-8-by-7-inch panel weighs 17.5 pounds. It is
made up of a keyboard, power supply, a decoder
relay matrix, status and caution circuits; and dis-
plays. It is a 21-digit character display and a
16-button keyboard through which crewmen can
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Major guidance and navigation subsystem equipnieht

communicate in a coded numerical language.
Crewman inserts data and commands the com-
puter by punching numbers on the keyboard.
They are. then displayed to him in -electto-

lJuminescent counter-type readout windows. The.

computer communicates with the crewman by
displaying numbers in the same windows. When
the computer requests the crewman to take some
action, -numbers flash to attract attention.

Signal Conditioner Assembly - This 3-by

5.7-by:14.3-inch” unit weighs 5.8 pounds. It con-
tains encapsutated electronic circuitry to condi-
tion primary guidence navigation ontrol system
signals so that they are acceptable to the space-
craft telemetry system.

DETAILED DESCRIPTION

INERTIAL SUBSYSTEM

The inertial subsystem provides a space stabilized
inertial reference from which velogity and attitude
changes can be'sensed. It is composed of the inertial
meéasurement unit, the navigation base, parts of the
power and servo assembly, parts of the control and
dispfay panels, and parts of the coupling data unit.

The navigation base is the rigid supporting struc-
ture on which the inertial measuremnent unit and
optical instruments are mounted. It is mariufactured
and installed 1o close tolerances to provide accurate
alignment of the equipment mounted on it, 11 also
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pravides shock mounting for the inertial measure-
rment unit and optics:

The inertial measurement unit is the main unit of
the inertial subsystem. It isa three-degree-of-freedom
stabilized platform assembly, containing threg iner-
tial reference integrating -gyros, and three pulised-
integrating pendulous accelerometers. The stable
member is machined from-a sotid biock of beryltium:
with holes bored for mounting the accelerometers
and gyros.

The stable platform attitude is maintained by the
gyros, stabilization loop electronics, and gimbal
“torque ‘motors. Any angular displacement of the
_ stable platform is sensed by the gyros which gener-
ate error signals. These signals are resolved and
amplified at the inertial measurement unit and
appiied to stabitization locop electronics, The result-
ant signal is conditioned and applied to the gimbal
torque maotors, whicth restores the desired attitude.

The stable platform provides a' space-referenced
mount for the three accelerometers; which sense
velogity changes. The accelerometers are mounted

orthiogonally (each at right angles1o the other two)
to sense the velocity changes along all three axes.
Any translational force experienced by the space-
craft causes an acceleration gr deceleration which is
sensed by ope or more accelerometers. Each gen-
grates an output signal proportional to the magni-
tude and direction of velocity change. This signal,
in the form of d pulse train, is sent t6 the:computer
which uses it to update the velocity infofmation.

Temperature is controlled by a thermostatic sys-
tem that maintains the gyro and accelerometer
temperatures” within their required limits during
inertial measurement unit standby and operating
modes. Heat is applied by end-mount heaters on the
‘inertial comiponents, stable member heaters, and a
temperature control anticipatory heater. Heat is
removed by convection, conduction, and radiation.
The natural convection used during inertial measure-
ment unit standby mades is changed to blower:
controlled, forced convection during opérating
modes. fnertial measurement unit internal pressure
is normally between 3.5 and 15 psia, enabling the-
required: forced convection. To aid in removing
heat, a water-glycol solution passes through coolant
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P-261

Cutaway of inertial measurement unit

passages in the outer case of the inertial measure-
ment unit. Therefare, héat flow is from the stable
member to the case and coolant. The temperature
control system consists of the temperature control
circuit, the. biower gontro! circuit, and the tempera-
turealarm circuit.

The coupling data unit' is an zall-electronic device
used to convert and transfer signals among the iner-
tial, computer, and optical subsystems and between
the computer and various controls and displays. Each
of the five channels has two sections: one acting as
an_analog-to-digital converter and the other as a
digital-to-analog converter. These five channelsare:
one each for the inner, middle, and outer inertial
measurement unit gimbals, and one each for the
shaft and trunnion op'ti{_:ai axes. Each channel con-
verts inertial or optical gimbai angles from a resolver
analog form to a digital form, supplies the.computer
with thid information, and canverts digital signals
from the: computer to either BQ0-cyile per second
or direct current analog signals, The coupling data
unit -also controls the modes of the inertial and
optical subsystems through logical manipulations
with the computer.

The power and servo assembly provides a central
collection peint for most of the guidance and navi-
gation subsystem power supplies, amplifiers, and

other electronic components, |t is located in the
lower equipment bay directly beneath the inartial
measurement unit. It consists of 42 modules
mounted to a header assembly. Connectors and
harnessing are integral to the construction of the
header assembly, and guidance and navigation
harness branches are brought out fram the.power

servo-assernbly header. A thin cover plate.is mounted

on the assembly 10 provide a hermetic seal for the.
interior. During tlight this permits pressurization of
the assembly ‘to remain at 15 psi. Connectors are
available for measuring szgnals at various system
1est. polnts

OPTICAL SUBSYSTEMS

The optical subsystem is used to take precise
optical sightings of celestial bodies and landmarks,
These sightings are used to align the inertial medsure--
ment unit and to determing the position of the
spacecraft. Thé system includes the nravigational

base, two of the five coupling and data units, parts

of the power and servo assembly, controls and dis-
plays, and the optics, which include the scanning
telescope and the sextant.

The optics consist of the telescope and the sextant
mounted in two protruding tubuiar sections of the
optical base assembly. The scanning telescope and
sextant line of sight may be offset depending on the
mode of operation.

The sextant is a highly accurate ogtical instrument-
capable of measuring the included angle betwsen
two targets and the direction. of -any single target
with respect to the navigation base. Angular sighting

between two targets is made through a fixed beam

splitter and ‘a movable mirror located in the sextant
head. The sextant lens provides 1.8-degree true
field-of-view with 28X magnification. The movable
mirror is capable of sighting a target to 57 degrees
line of sight from the shaft axis. This is reduced to
approximately 45 degrees when installed in the
spacecraft, however, because of interference from

structure. The mechanical accuracy of the trunnian

axis is twicethat of the line-of-sight requirement due
to mirror reflection which doubles any angular dis-
placerment intrunnion axis:

The scanning telescope is similar to a theodolite:

in 1ts ability to measure elevation and azimuth

angles of a single target accurately using an estab-
lished reference. The lenses provide 60-degree true
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field of view at 1X magnification. This is reduced
to- about 40 degress when instailed because of
obstruction b\,_f. venicle structure. .

The 'cbupling data unit used in the inertial sub-
system is -also used as a part of the optical sub-
system. Two channels of the unit are used, one for
the sextant shaft axis and one for the sextant
‘trunnion axis. These channels repeat the sextant
shaft and trunnion angles and. transmit angular
change information to the computer in digital form.

The arigular data transmission in the irunnien
channel is mechanized to generate 1 pulse to the
computer-for 5 arc-seconds of movement of the.
sextant trunnion which is equivalent to 10 arc-
seconds o0f star line-of-sight movement. The shaft
channet issues 1 puise for gach 40 arc-seconds of
shaft movement. The location of the sextant shaft.
and trunnion axes are transmitted to the coupling
data units through 16X and 64X resolvers, located
on the sextant shaft and trunnion axes. This angular
information is transmitted to the units in the form
of electrical signals proportional to the sine and
cosine of 18X shaft angle and 64X trunnion angte,
During the computer mode of operation, the unit.

. BATA VT
PULSES =28g M anuaLoG 0 ) SAg
- I QIGITAL - :

o

provides d_igital-to—analo_g conversionl of the com-
puter output tO genérate an ac imput to the sextant

shaft and trunnion servos. This analog fnput to the
sextant axes will drive the'star line of sight to some

desired position. In addition, the optical subsystem
‘channgls of the couphng data unit perform a second
function on a time-sharing. basis. During a thrust.

vector control furction these channels provide

jdlgital -to-analog. conversion of the service propul-
sion engine -gimbal angfe command between the
computer and the service propuision subsystem
gimbals.

The modes of operation. for the optical subsystem

are selected by -the astronaut using the controls

located on the indicator control panel. There. are
three major modes: zero optics, manual control, and
computer control.

During the zero optics mode, the shaft.and trun-

pnion axis -of the sextant are driven to their Zero

positions by taking- the output of the transmitting
resolvers. {1X and 64X in trunnion, and 1/2X and
16X in shaft) and feeding them through the two-
speed ‘switches 0 -the rotor drive amplifier. This
in turn drives loops to null positions as indicated
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by zero output from the resolvers. The telescope
and trunnion axes follow to a zero position. The
zero optics mode can be selected either manually
by the flight crew or by the computer after the
computer control mode of operation has been
manually selected.

The manual mode can be selected to operate under
either direct hand control or resolved hand control.
Independent control of the telescope trunnion is
possible in both of these variations.

In direct hand control the hand controller outputs
are applied directly to the sextant shaft and tru nnion
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Schematic of sextant and telescope

motor drive amplifiers. Forward and back motion
of the hand controller commands increasing and
decreasing trunnion angles, and rightand left motion
of the hand controller commands increasing and
decreasing shaft angles. The apparent speed of the
image motion can be regulated by the flight crew by
selecting either low, medium, or high controller
speed on the indicator control panel. This regulates
the voltage applied to the motor drive amplifier and
therefore the shaft and trunnion drive rates.

The slave telescope modes provide for alternate
operation of the telescope trunnion while the sextant
is being operated manually. Three alternate modes
can be selected by a telescope trunnion switch: the
telescope trunnion axis slaved to the sextant trun-

nion (the normal operating position), the telescope

trunnion locked in a zero position (by applying fixed
voltage to the telescope trunnion 1X receiving re-
solver, causing this position loop to null in a zero
orientation. Therefore, this means the centerline of
the telescope 60-degree field-of-view is held parallel
to the landmark line of sight of the sextant), and the
telescope trunnion axis is offset 25 degrees (the
centerline of the 60-degree field of view is offset
25 degrees from the landmark line of sight of the
sextant), This last position of the telescope trunnion
will allow the landmark to remain in the 60-degree :
field of view while still providing a total possible
field of view of 110 degrees if the telescope shaft is
swept through 360 degrees.

In manual resolved operation, the hand controller
outputs are put through a matrix transformation
before being directed to the shaft and trunnion
motor drive amplifiers. The matrix transformation
makes the image correspond directly to the hand
controller motion. That is, up, down, right, and left
motions of the hand controller commands the target
image to move up, down, right, and left, respec-
tively, in the field of view.

Buttons on the indicator control panel are used to
instruct the computer that a navigation fix has been
made and that sextant shaft and trunnion position
and time should either be recorded or rejected. The
“mark’” command is generated manually by the
flight crew which energizes the mark relay. The
mark relay transmits a mark command to the com- -
puter, If an erroneous mark is made, the “mark
reject” button is depressed.

The computer-controlled operation is selected by
placing the moding switch in computer position.
The mechanization of this loop is chosen by the
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computer program that has been selected by the
flight crew. The computer controls the sextant by
completing the. circuit from the coupling data unit
digitalltqfanalog converters to theshaft and trunnion
moter drive amplifier. The computer can then pro-
vide inputs to these amplifiers via a digital input to
the coupling data unit which converts it to an 800-

cycle signal that can be used by the motor drive
amplifier. This mode is used when it is desired 1o
look at a specific star for which the computer has

the’ cofresponding star coordinates, The computer

‘will know the attitude of the spacecraft from the

paosition of the inertial measurement unit glmbais

and will, therefore, be able to calculate the position

of the sextant axes required to acguire the star.

COMPUTER SUBSYSTEM

The compuiter subsystem consists of the command

module computer and two display and keyboard
panels. The computer and one keyboard are located’

in the lower equipment bay. The other keyboard is
located on the main display consofe. All .computar
controls and displays are Iocated on the keyboards.

The computer is a core memory digital computer
with both fixed and erasable memary. The fixed
memory germanently stores navigation tables, tra-
jectory parameters, programs, and constants. The
erasabler memory stores intermediate information,

The computer processes data and .issues discrete.
control signals, both. for guidance and control and
for other spacecraft subsystems, it is a control com-
puter with many of the features of ‘a genéral-purposs
computer. Asa.control computer, it aligris the stable
platform of the inertial meastirement unit in the iner-
tial subsystem, positions the optical unit in the opti-

cal subsystem, and issues control commands to the

spacecraft thrusters, As a general-purpose computer,
it solves guidance problems reguired for the space-
craft mission, {n.addition, it.mionitors'the opération
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of the guidance and control and other spacecraft
subsystems.

The computér computes information about the
flight: profile  that the spacecraft must assume in
order to compléte its mission, This position; velocity,

and irajectory information is used by the computer

to solve the various flight equations. The results of
various equations can be used to determine the re-
quired magnitude and direction of thrust required.
Corrections to be made are established by the com-
puter. The ‘spacecraft engings are turned on at the
correct time, and steering and engine control signals.
are gefierated by the computer to re-orient the
spacecraft to & new trajectory if required. The
inertial subsystem senses acceleration and supplies
velocity changes to the computer for calculating the
total velocity. Drive signzls are supplied from the
computer to coupling data unit and stabilization
gyros in the inertial subsystem to align the gimbal
angles in the inertial measurement unit. Error
signals are also supplied to the coupling data unit to
provide attitude error display- signals for the flzght
director attitude indicator. Couphng data unit posi-
tion signals are fed to the computer to indicate
commanded changes in engine gimbal angles. The
computer receives mode indicationhs and anguiar
information from the optical subsystem during

optical sightings and uses it to calculate present

position and -orientation and to refine trajectory
information. Optical'subsystem components can:also
be positioned by drive. signals supplied from the
comptiter.

The zcompu_t'_er' is functionally divided into seven
blocks: timer, sequence generator, cent_r_al proCessor,
‘memory, priority control, input-output, and power.

The timer generates the synchronization pulses to
assure a logical data flow from one area to another
within the computer. [t also generates timing wave-

forms which are used by the compister in alarm cir-

cuitry and other areas of the spacecraftfor control
and synchronization purposes,

The master clock frequency is generated by an

oscillator and is applied to.the clock. divider logic..
The divider logic divides the master clock input into-

‘gating-and timing puises at'the basic clock rate of the

computer. Several outputs are available from the

pulses at the basic ¢lock rate of the computer,
Several outputs are available from the scaler, which
further divides the divider logic output into output
pulses and signals which are used for gating, to

generate rate signal outputs, and for the accumula-
tion of time. Outputs from the divider logic also
drive the time: pulse generator which produces a re-.
curring set of time pulses. This set of time puises
defines a specific interval {memory cycle time} in.
which -access to memory and word flow-takes place

within the computer. The start:stop logic.senses the.
status-of the powersupplies and specific alarm con-

ditions in the computer and generates a 5top signal
which is applied to the time pulse generator to

inhibit word flow, Simultaneousty, a fresh-start sig-
nal 15 generated which is applied to ali functional
aleas in theé computer. '

The sequence generator dirgcts the execution of
machine instructions. it does this by generating con-
trol pulses which sequence data throughout the com-
puter. The control pulses are formied by combining
the order code of an instruction word with synchro-
nization pulses from the timer, The sequence genera-
tor contains the order cdde processor, cormmand
generator, and control pulse generator. Tha sequence
generator executes the instructionsstored in memory
by producing control puises which regulate the data
flow of the computer. The manner in which the
data flow is regulated among the varicus functional
areas of the computer and between the elements of
the central processor causes the data to be processed
according. to the specifications of each machine
instruction.

The order cade processor receives signals from the
central processor, pricrity control, and peripherai
equipment {test equipment}, The order code signals
are stored in the order code processor and converted.

1o coded signals for the command generator, The

command generator decodes these signals and pro-
duces instruction commands, The instruction coim-

‘mands are sent to the control pulse generator to pro-

duce a particular sequence of control pulses, depend-
ing on the instruction being éxecuted. At the com-
pietion of each instruction, new order code signals
are sent to the order code processer to continue the
execution of the program.

The central processar performs all.arithmetic opera-

tions required of the c‘omput'er buffers all informa-

tion coming from and going to' memory, checks for

correct parity on all words coming from memory,

and generates a parity. bit for all words written into
memory. It consists of flip-flop registers, the write,
clear, and read control logic,. write amplifiers,
memory buffer register, memory. address reglster
and decoder, and the parity logic.
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Primarily, the central processor performs opeéra- external sources. In all instances, data is placed on

tions indicated by the. basic instructions of the the wtite lines and routed to a specific register, or to
program stored in memery. Communication within another functional area under control of the write;
the ceritraél processor s acgomplished through the clear, and read logic. The logic section accepts-con-:
write- amplifiers. Data flows from memory to the trol pulses from the sequence generator and gener-
flip-fiop registers:or vice versa, between individual ates signals to read the content of a register onto the
flip-flop registers; or into the central processor from write lines, and write this content into another
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register of the central processer or to another fuhc-
tional area of the computer. The particular memory
location is speeified by the content of the memory
address register. The address is feéd from the write
lines into this register, the output of which is
decoded by the address decoder logic. Data is subse-
quently transferred from memory to the memory
buffer register., The decoded address outputs are
also used as gating functions within the computer.

The memory buffer register buffers all informa-
tion read out or written into memory. Durirg
readout, parity is-checked by the parity logic and an
alarm is generated in case of incorrect parity. During
write-in, the parity logic generates a parity bit for
information being written into memory. The flip-
flop régisters are used to accomplish the data imanip-
ulations and arithmetic opérations, Each register is
16 bits or one computer word in length. Data flows
into and out of each register as dictated by contral
pulses associated with each register, The control
pulses are generated by the write, clear, and read
control logic.

External inputs through the write amplifiérs in-
cluded the content of both the erasable and fixed
memory bank registers, all interrupt addresses from
priority control, control pulses which are associated
with speeific arithmetlc operations, and the start
address for an initial start condition. Information
from the input and output channels is placed on the
write lines, and routed to specific destinations
" either within or- external to the central processor.

Nie_mory provides the storage for the computer and
is divided into two sections: erasable memoty and
fixed memory. Erasable memory can be written into
or read from; it is destroyed when it is read. oist (dlis-
played); th_ere_fore ‘information required for later
use: must be restored. Fixed memory cannot be
written ‘into and’ its readout is nondestsuctive.
Erasable memory stores intermediate results of
computations, auxiliary program information, and
variable data supplied by the: duidance and control
and other subsystems of the spacecraft. Fixed
memory stores programs, constants, and tables.
There is a total of 38,912 sixteen-bit word storage’
locations in fixed and erasable memories. 1t should
be noted that the majority of the memory capacity
is in fixed memory {36,864 word locations), The
erasable memory. uses planes or ferrite {iron) cores
as storage devices. A core is @ magnetic storage de-
vice having two stable states. it.can be magnetized in
one or two-directions by passing a sufficient current.

through a wire which pierces.the core. The direction
of current determiines the direction.of magnetization.
The core will retairt its magnetization indafinitety
until an ‘opposing current switches the core in the
oppasite direction. Wires carrying current through
the same core are algehraically additive. Sense wires
which pierce a switched core will carry an induced

pulse. The fixed memory is high- density core rope—

tiny nickel-iron cores woven fogether with thousands.

of copper wires and encapsulated in plastic. Each
core functions as a-transforrner and storage does not,
depend on magnetization. The advantages of encap-
sulated core rope for fixed memiory are indestructi-

bility, permanence of data, ahd storage of & vast

amount in d small volume, The technigue requires,

however, that programs for classes of missions. be
developed and verified before the rope: is woven,
because the program determines the wiring sequence.

Priority control establishes a processing priofity of
operations that must be performed by the computer.
These Operations are a result of conditions which
occur both internally and externally. Priority control
consists 6f counter pricrity control and interrupt

priority control. Counter priority control initiates.
actians which. update countérs in erasable memory.

Interrupt priority controi transfers control of the
computer to one of several iriterrupt subroutines
stored in fixed memory,

The start instruction control restarts the com-

puter after a hardwarg or program failure. The

counter instruction control updstes the various:
counters in erasable memory upon reception of
certain incremental pulses. The interrupt instruc-
tion controi forees the execution of the interrupt
instruction to interrupt the current operation of the.
computer in favor of a programmed operation of
a higher priority.

The input-output secticn routes and conditions.
signals between the computer and other areas of
the spacectaft. In addition to the counter interrupt
and the ptogram interrupts previously described,
the computer has a number of other inputs derived
from its interfacing hardware, Thesg inputs are a
result -of the functioning of. the hardware, or an
action'by the operator of the spacecraft, The counter

interrupts, in most cases, enable the computer to

process inputs representing such things as changés
in velocity. The program interrupt inputs are used

1o initiate processing that must be done a relatively

short time after a particular function is present.
The other inputs io the computer, in general,
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Optics contral panel

enable it to be aware .of conditiohs which exist in

_ its environment. These inputs are routed to com-

puter and are available to its programs through the
input channels..

The outputs of the computer fall in one of the
following categories: data, -contrel, or condttl_o_n
indications. Some of these outputs are controllable
threugh' the computer program while others are
present as & function of computer ¢ircuitry. All
of the outputs which are contrelled by the com-
puter programs are developed through the com-
puier output channels.

The powersection provides voltage tevels necessary
for the proper operation of the computer. Power is
furnished by two switching-regulator power supplies:
a +4-volt and.a +14-voit power supply which are
energized by fuel cell powerplants in the electrical
power subsystem.

The power supply outputs are monitored by a
failure detector consisting of four differential ampli-
fiers. There aretwo ampiifiers for each power supply,
one for overveltage and one for undervoltage detec-
tion, If -an overvoltage or undervoltage condition
-exists, a relay closure signal indicating a power fail
is supplied to the spacecraft. ' '
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The display and keyboard panels provide com-
munication between the flight crew and the com-
puter. They operate in parallel, with the main dis-
play console keyboard providing computer display

‘and controi while. crewmen are in their ‘couches.

The exchange of data between the flight crew
and the computer is usually mlt[ated by crew

-action; however, it can also be initiated by internal

computer pregrams, The exchanged information is
processed by the keyboard progrant. This program
allows the fotlowing four different modes of opera-
tion:

1. Display of internal data—both a one-shot dis-
play and a periodically updating display {called
monitar) are provided.,

2. Loading external data—as each numerical char-
acter is entered, it is displayed in the appropri-
ate display panel location.

3.. Program calling and control—the keyboard is.

used to initiate a class of routines which are
concerned with neither loading nor display;
certain routines require instructions from the.
operator 1o determine whether to stop er
‘continue-ata given point..
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4, Changirig major mode—thé initiation of large-
scale mission phases can be commanded by the
c’:p‘érat’br.

The data involved in both loading and display can
be presented. in either octal or decimal form as the
operator ‘indicates, [f dec_lma_i form-is chosen, the
appropriate scale factors are supplied by the pro-
gram. Deciral entries are: indicated by entering a
pius ar minus sign.

‘The basic language of communication between the
operator and the computer is-a pair of words known
as verb and noun. Each of these is represented by a
two-character ‘decimal number. The verb code
indicates what action is to be taken (operation};
the noun coda.indicates to what the action is applied
{operand). Typical verbs are those for displaying and
loading: Nouns usually refer to a group. of erasable
registers within the computer memory, The pro-
gram, verb, and noun displays provide two-digit
numbers which are coded numbers describing the
action .being performed. The register 1, 2; and 3
displays show the contents of registers or memory:
locations. These displays are numbers which are
réad as decimal numbers if a plus or mins sign is

‘present and octal numbers if no sign is used. The
-register -displays. operate under program control un-
less the contents of a specific register or memory

location is desired. The crew may request display
of the contents of a specific register or memory
location by commanding the display from the key-
board. The only other displays are the ”actwlty"

tights Whlch indicate whether the computer is.

computing or accepting telemetry from the grou nd
and status lights.

The keyboard consist of ten numerlcal keys (push-
buttons} |abeled 0 through 9, twossign keys {+ or-)
and severi instruction keys: Verb, Noun, Cir {clear},
Pro. {proceed), Key Rel (key release), Entr (enter)

and Rset {reset). Whengver a key is depressed, 14
velts are applied to a diode encoder which generates

a unique five-bit code associated with that key.
Therg is, however, no five-bit code associated with
the. proceed key. The function of the keys is as
follows:

Pushbutton Function

0 through 8  Enters rnumerical data, noun codes,
and verb codes into the computer
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Computer display and keyboard

+ and -

Noun

Cleér

Proceed

Key Re

Enter

lease

informs the computer that the fol-
lowing numerical data is decimal and
indicates the sign of the data

Condi’ti_ons-the'compute‘r to ihter‘pret
the next twe numerical characters as

'a noun cods and dauses the noun

display to be blanked

Clears data contained in the data
displays; depressing this key clears
the data display currently being
used: successive depressions clear
the pther two data displays

‘Commands the computer to proceed
with present data, or to the standby
mode when depr_essed if in standby
mode, depression commands the
computer to-resume regular opera-
tion (operate mode) '

Releases the keyboard displays initi-
ated. by keyboard action so that
infarmation supplied by the com-

puter program may be displayed

Informs the computer that the as-
sembled data is complete and that
the requested function is to be
executed
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Reset E__xt_inguish_es the lamps that are con-
trolled by the comiputer

Verb Conditions the. computer to interpret
‘the néxt two numerical characters as
a verb code and causés the verb dis-
play to be blanked

The standard procedure for the execution of key-

board operations consists of & seguence of seven

Key ‘depressions:

Veib Vo, V4 Noun Ny Ny  Enter

Pressing the Verb key blanks the two verb lights on.

the keyboard and clears the verb code register in
the computer. The next two numerical inputs are
interpreted as the verb code. Each of theseé charac-
ters is displayed by the verb lights as it is inserted.
The Noun key operates similarly with the keyboard

noun I;ghts and computer noun code register..

Pressing the Enter key initiates the program indi-
cated by the verb-noun combination. -Thus, it is
not necessary to foliow a standard procedure in
keying verb-noun codes; it can be done in reverse

‘order or a previousty inserted verb or noun ¢an be

used without re-keying it. No action is takeh by
the .computer in initiating the verb-noun:-defined

program until the Enter key is actuated. If an-error

is noticed in either the verb or nicun code befare

actuation. 'of the Enter Key, it can be corrected
simply by pressing the corresponding Verb or

Noun keyand inserting the proper code.

If the selected verb-noun combination requires:

data from the operator, the Verb and Noun lights
flash on and off about once pet second after the
Enter key is pressed. Data is loaded in five-character
words and is displayed character-by-character in one
of the five-position data display registers. The Enter
key must be pressed after each data word. This tells
the program that the numerical word- being keyed in
is complete.
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The keyboard .also can be used by internal com-
puter programs- for subroutines.. However, any
operator keybpard action (except error reset} in-
hibits keyboard use by internal routines. The
operator retains:eontrol of the keyboard until he
wishes to release jt. This assures that the data he

‘wishes to observe will not be replaced by internally

initiated data displays..

A rioun code may réfer to a device, a group of.com-
puter registers, of a group-of counter 'registe_rs, orit
may- simply serve to. convey information without
referrmg to any- particular computer register. The

noun is made up of 1, 2, er 3 components, each

entered. separately as requested by the verb code.
As each component is keyed, it is disptayed on the

display panel: component 1 in Register 1, comi-

ponent 2 in Register 2, and component 3 in
Register 3. There are two classes of nouns: normal
and mixed. Nermal nouns {codes 01 through 39)
are those whose component members refer to

-computer registers which have consecutive addresses
and use the same scale factor when converted to.

decimal. Mixed nouns (codes 40 through 99) are
those whose compenent members refer to- non-

consecutive addresses or whose. component mem:

bers require different scale factors when converted

1o decimal, or both.

Averb code indicates what actlon is to be taken. It
also determines which component member of the

noun group. is to be acted.upon.. For example, t_he_re
‘are five different load verbs. Verb 21 is required for

loading the first component of the selected noun;
verh 22 lpads the second comiponent; verb 23 toads
the third component; verb 24 loads the first. and
second component; and verb 25 loads all three
components. A similar component format is used in’
the display and monitor verbs, There are two gen-

eral classes of verbs: standard and extended. The.

standard verbs (codes 01 through 39} deal mainly
with loading, displaying; and monitoring data. The
extended verbs (codes 40 through 99} are principally

concerned with calling up internal programs whose

function is system testing and operation.



