___5_8_@9__ —_—_——ee——
(ACCESSION NUMBE (THRWU)

o ST e
(PAGES) (CODE)

(NASA CR OR TMX OR AD NUMBER) (CAT‘GORYI

FACILITY FORM 602

CAMBRIDGE 39, MASSACHUSETTS




Approved:%gt g{_ﬁgﬁﬁ&iﬁ Date: G//_f'_bs—
R . O Y, DEPUTY DIRECTOR

INSTRUMENTATION LABORATORY

To pe presented at the
IFAC Symposium on
""Automatic Control in the Peaceful Uses of Space'
Stavanger, Norway
1965

!

R-495

APOLLO SPACECRAFT
GUIDANCE SYSTEM

by
Milton B. Trageser
David G. Hoag
June 1965

4 ., '.."-.;:&J;
)

CAMBRIDGE 39, MASSACHUSETTS

CoPY # L/Z




ACKNOWLEDGEMENT

This report was prepared under DSR Project 55-238,
sponsored by the Manned Spacecraft Center of the National
Aeronautics and Space Administration through Contract NAS
9-4065.

The publication of this report does not constitute ap-
provalby the National Aeronautics and Space Administration
of the findings or the conclusions contained therein. It is

published only for the exchange and stimulation of ideas.

® Copyright by the Massachusetts Institute of Technology.
Published by the Instrumentation Laboratory, Massachusetts
Institute of Technology, Cambridge 39, Massachusetts.
Printed in the United States of America.



APOLLO SPACECRAFT GUIDANCE SYSTEM
by
Milton B, Trageser and David G. Hoag
Massachusetts Institute of Technology
Cambridge, Massachusetts

ABSTRACT

The guidance and navigation problems inherent inthe Apollomission
are discussed. The phenomena to be employed in the solution of
these problems are considered. Many of the design features of the
equipment which will implement the solutions of these problemsare
described. The system organizations and the installation
configurations for this hardware in both the Apollo Command Module
and the Apollo Lunar Excursion Module are presented. In the
discussions, elements of the development program and design
improvements of Block II over Block I hardware will be revealed,
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1, INTRODUCTION
The Primary Guidance and Navigation Problem

The goal of the Apollo Project 1s to place a human exploration
team onthe moon and returnthem safely toearth., The project 1s well
outlined 1n reference 1. In brief, a spaceship consisting of three
modules 1s launched on a trajectory to the moon with an enormous
rocket. The Command Module1s designed for atmospheric re-entry
and 1s the home for the threeman crew during most of the trip. The
Service Module provides maneuver propulsion, power, expendable
supplies, etc. The lunar excursion module is the vehicle which
actually makes the lunar descent. It carries two of the three-man
crew while the other two modules remain in lunar orbit. The Apollo
Guidance and Navigation System 1s the on-board equipment which 1s
used for the determination of the position and velocity of this
spacecraft and for the control of its maneuvers, A set of this guidance
equipment 1s contained in both the Command Module and the Lunar
Excursion Module, Each set consists of a device for remembering
spatial orientation and measuring acceleration, an optical measuring
device, displaysand controls, equipment to make an interface with a
spacecraft control system and indicators, and a central digital data

processer.
Orgamization of Paper

It is the objective of this paper to give a brief description of
the Block II Apollo Guidance and Navigation System. Before
proceeding, some of the guidelines of the development of this system
will be reviewed. Also, the development program which has led to
the Block II designwill be described briefly., The main differences
of Block Il compared with Block I are summarized. Sectionnumber
two reviews the guidance and navigation tasks which must be
performed in carrying out an Apollomission. This material defines
the requirements on the hardware. The remaining sections each
describe portions of the Block II Guidance and Navigation System,




Design Guidelines

In executing the design of the Apollo Guidance System, there
have been many beliefs which one could describe as guidelines for
the design Of the many, four stand out as guidelines which have
been particularly strong and consistently present.

The first guideline 1s that the guidanceand navigation system
shall be self-sufficient. The system should be designed with the
capability of completing the mission with no aid from the ground.
Three principles led tothis concept at the beginning of the program.
The first of these principles isthe general appeal of theideathat the
crew should be provided with all the means to be the master of its
destiny. The second principle 1s the tendency to supply redundant
means of performing each of the functions necessary for crew
survival. Thus, althoughthe on-board guidance andnavigation system
can perform all the guidance and navigational requirements of the
mission and the various possible aborts with noaid from the ground,
1t 15 planned to have redundant navigational capability in the ground
tracking networks. Thethird principle which makes the guideline of
system self-sufficiency attractive 1s that the effort expended on the
Apollo development will advance the state of the art inthe manner that
wi1ll make 1t of the most general usefulness for various projects and
missions that may occur in the future,

System flexibility 1s a second guideline that was recognized
early in the development. During the imitial studies 1t was easy to
determine that the Apollo guidance and navigation problem was an
extremely complicated one having many phases. In fact, there are
many alternative ways of performing the mission. Recognition of
this complexity and variety urged great flexibility in system design
so that modifications of the trajectories or plans would affect only
computer programming. At the same time emphasis was given to
eliminating features of the system which appeared to give 1t flexibility
but which really gave little advantage,

The third guideline emphasizes making proper and appropriate
use of both man and machine 1n performing the guidance function. **

The design does not have excessive data displayed to the crew nor



does 1t require the crew to perform dynamic loop closures that are
either tedious or high-speed. On the other hand, the man's ability at
pattern recognition 1s employed to establish the space reference by
using stars and to make navigational sightings on landmarks.
Further, the system providesa good capability for allowing the crew
to freely exercise1ts various options and carry out human decisions
efficiently.

The fourth guideline favors using advanced components and
techniques in the design but 1s against overstepping the limits of the

state of the art in the design.

Development Program

The development program which led to the Block II design
beganat the Laboratoryin early 1961, It began as a study program
with ‘a very modest funding level which was initiated before the
American Government decided to pursue the manned lunar
exploration program with vigor. During this early study, as shown
in figure 1, the basic concepts of the Apollo Guidance and Navigation
System were defined and theinitial error studies made. This study
gave us a good uderstanding of the essentials of the problem as it
existed during the middle of 1961, At that time avigorous designand
development program was 1nitiated at the Laboratory.

The first step in this effort was the preparation of a development
plan. The projected schedules were very tight, It was determined
thenthat the best method of performing to the tight schedule and yet
making the lunar trip with the system of mature design would be to
plan on a system configuration change. Therefore, Block I was as
quickly as possible defined, designed, built, and tested. This effort
proceeded with the realizationthat hindsight would reveal desirable
designimprovements. It was decided not to let these improvements
retard the progress of the Block I design. Instead, these changes
would be saved tomake a Block II improved design. During the first
two years of the development program the complicated mission
became much better defined. There were a number of decisions and

some alterations in course. The most notable of these changes




occurred inmad 1962, At that time 1t was determined that the most
practical method of making the manned exploration was to use a
smaller vehicle designed especially for the landing. This vehicle
would make the descent to the moon while the larger portion of the
spacecraft stayed in lunar orbit. Prior to this decision to use the
Lunar Orbit Rendezvous method, 1t was envisioned that the whole
Command Module which 1s designed especially for atmospheric re-
entry, the service module, and a large landing propulsion module
would be landed together on the moon.

The flexibility inherent in the design of the system to be instal-
led 1n the command module enabled 1ts application also in the new
smaller vehicle, the Lunar Excursion Module.

The Laboratory had the first of its two prototype guidance
systems operating before the middle of 1964, The second of these 1s
shown 1n figure 2. This figure shows the Block I design in the test
stand used to check out the system at each field site. This system
consists of the same functional parts as the Block Il system. Systems
of this type will undergo extensive ground testing and some flight
tests in Apollo vehicles.

Figure 1 shows that the study and experimentation phases for
the Block II design were much shorter than for Block I. This 1s
because the bulk of the guidance and navigation problem had been
defined by the execution of the Block I design. Except for this
shorter study and experimentation phase, the development cycle for
Block II has phases similar to those which were experienced in
Block I. At the present stage, mock-ups of the systems exist and
operating hardware subsystems exist.

Figures 3 and 4 show the guidance system location in each of
the spacecraft. In figure 3 the installation in the Command Module
is shown. Figure 4 shows the installation in the Lunar Excursion
Module. The elements of these systems are of identical design
except for some features that pertaintothe details of theinstallation.



Summary of Block II Changes.

It 1s intended that this paper shall make the imtial presentation
of the Block II Apollo Guidance and Navigation System. A discussion
of the whole guidance system in a paper of reasonable length will
necessarily be somewhat general. Many of the features of Block II
have evolved from those of Block I. 40 Of the many changes between
the Block I and Block II, only six are substantial. For one, we have
been able to incorporate a smaller and lighter instrument for
remembering spatial orientation and measuring acceleration,
Physically the computer 1s substantially smaller but substantially
more powerful. The third change 1s the incorporation of the star
tracker and horizon photometer in the Block II command module
optics to enable the use of the illuminated earth horizon as a
navigational phenomenon. The fourth major change 1s the use of an
electronic coupling data unit to provide the interface between the
geometrical reference, the computer, and the spacecraft control
systems and indicators. Formerly, a less flexible mechanical unit
was used. For another, a far reaching packaging change resulted
from an intensive effort to moisture-proof all electronic modules
and connections against the humid saline envaronment of the cabin,
Sixth, a digital autopilot 1s incorporated in the Block II guidance
system. This gives a better integrated and more efficient overall
spacecraft steering and attitude control system in both the Command

Module and the Lunar Excursion Module.
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SECTION 2
Guirdance and Navigation Task of the Apollo Mission

The Apollo mission consists of a complicated series of
intervals of free-fall flight alternated with intervals of powered
flight. The tasks of the guidance system during these two types of
flight are somewhat different. During periods of freefall, knowledge
of the position and velocity of the vehicle 1s maintained. This activity
1s referred toasnavigation. Figure 5 shows that for navigation, data
are used from MSFN (Manned Spaceflight Network for spacecraft
tracking), optical measurements between stars and the earth and the
moon, and radar. These operations are generally under the control
of the astronaut. These data when processed enable the display of
position, velocity, and the required maneuver to reach the proposed
destination. During these free-flight phases and especially when
navigational sensing 1s in process, attitude control 1s frequently
necessary.

Guidance occurs during powered-flight phases. Guidance 1s
the measurement of vehicle velocity changes and the control of vehicle
attitude to producethe required changesin course and speed. During
guidance a spatial reference is necessary. For this purpose a
gyroscopically stabilized platform (Inertial Measurement Unait) 1s
employed. This unit also measures acceleration and delivers this
information to the guidance computer for processing. Radaris still
another sensor used 1n guidance during the lunar landing phase,

Guidance requires the initial conditions of velocity and position.
These1nitial conditions are generated during the navigation phases.
Similarly, velocity changes during thrusting phases are a necessary
type of information for maintaining accurate navigation.

Figure 6 shows each of the navigation mission phases and
Figure 7 shows each of the guidance phases in a normal mission.
These figures will be used 1n explainming briefly what 1s to be ac-
complished by the guidance and navigation system during each of

these phases:.
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Launch to Earth Orbat

During the operation of the launch booster, guidance 1s provided
by a system inthe forward section of the booster, during this powered
flight, however, the command module guidance system 1s operating
in a guidance mode., During most of the flight it1s generating steering
signals which can beused by the booster should there bea failure 1n
its guidance system. The command module guidance system data
are alsouseful in showing the crew that the flight 1s being guided on
approximately the right course. It 1s the objective of this mission

phase to achieve an efficient but safe earth orbat,
The Earth Orbit Navigation Phase

The spacecraft and the final stage of the booster remain in
earth orbit for one or several periods. Navigational measurements
aretaken on-boardduring this orbiting primarily toverify the proper
operation of equipment. The optics portion of the command module
guidance system 1s used to better define position and velocity. The
on-board data are combined with information sentup from the ground
position tracking network. Finally, the gyroscopic reference in the
command module guidance system 1s accurately realigned to the

stars, by once more using the optical device.
Translunar Injection Guidance Phase

During this phase the system in the command module 1s active
in supplying the crew with monitoring data and in providing steering
signals which are available as a back-up for the booster guidance
system. The measurements made of the accelerations during this
phase will be used to generate 1nitial conditions for the translunar

navigation phase,
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Translunar Navigation Phase

The spacecraft separates from the booster and begins a long
coasting flight to the moon shortly after translunar injection. The
small error in spacecraft velocity at translunar injection would
result ina gross errorin the arrival conditions of the spacecraft at
the moon 1if left uncorrected. Upon 1njection, a series of navigation
measurements using both the on-board optical system and the ground
tracking system 1s inmitiated to better determine the position and
velocity of the spacecraft., As these measurements proceed, the
position and velocity of the spacecraft become more accurately
defined. @ When sufficient accuracy i1s obtained, a mid-course
maneuver 1s made toimprove theaccuracy of the course. Three such
maneuvers will generally occur on the trip to the moon. Each of
these maneuvers has the order of magnmtude of several or ten feet
per second. The first may occur as early as an hour or two after

injection.
LEM Injection Guidance Phase

The first application of the Excursion Module guidance system6
1s toaccurately apply a several-hundred-foot-per-second maneuver.
The maneuver 1s intended to produce an excursion module trajectory
which has a mimimum altitude of ten miles i1n the vicinity of the
designated landing site. Theinitial conditions for this maneuver are
obtained from thenavigation phase inthe command module. The data
are entered into the excursion module guidance system manually by

the crew using the computer display and control unit.
Lunar Landing Guidance Phase

At the proper time, as determined by the Excursion Module
guidance system, the landing engine 1s ignited to remove velocity
from the LEM. Inertial measurements of acceleration and orientation
are used in the early steering of the vehicle. After a fairly low
velocity and altitude have been obtained, altitude and velocity data

13



from the landing doppler radar are used in the guidance system to
obtain a more accurate set of guidance conditions. Approximately at
the same time the programmed destination 1s displayed to the crew
by means of some window markings and the Excursion Module
guidance computer display. The guidance objective during this phase
1s to efficiently use the propellant torapidly obtain a good landing at

the desired location.
Surface Navigation Phase

While the Excursion Module 1s on the lunar surface, its
rendezvous radar i1s used totrack the Command Module to determine
more accurately the location of the Command Module orbit relative

to the landing site,
Ascent Guidance Phase

The initial conditions obtained while on the surface are used to
calculate the rendezvous trajectory in the Excursion Module
computer. Inertial measurements areused for the control of steering
and rocket cut-off during the ascent. Thrust termination initiates a
coasting trajectory which 1s a collision course with the command

module.
Mid-Course Rendezvous Navigation

The Rendezvous Radar on the Excursion Module i1s used to
supply 1ts guidance system with information on the relative positions
of the Excursion and the Command Modules. This tracking and
range data enable a successively more accurate determination of the
relationship between trajectories. As this datumimproves, several
rendezvous mid-course corrections establish a more accurate col-
lision course. These are applied in the same manner as translunar

mid-course corrections.
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Rendezvous Guidance Phase

When the vehicles are close together, radar and inertial
measurements are againused to steer and control thrust termination
to remove most of the hundred or so feet per second of relative
velocity between the two vehicles. Final control of the rendezvous at

close ranges 1s strictly a piloted manual function,
Return to Earth

The return trip of the Command and Service modules to the
earthis similar tothetrip from the earth tothe moon. The homeward
trip involves a transearth injection guidance phase, coasting mid-
course navigation phases, and mid-course correction guidance
phases. Theobject during the last mid-coursenavigation phaseisto

determine accurately the initial conditions for re-entry guidance,
Re-Entry Guidance Phase

In appearancé the Command Module 1s a body of symmetry.
However, the mass distribution within it 1s concentrated on one side
so that the re-entry body trims asymmetrically, thus providing a
modest lift-to-drag ratio of three tenths. During atmospheric entry
the guidance system makes inertial measurements of acceleration
and orientation and provides control of the re-entry body in roll,
The first objective in the exercise of roll control7 1s achieving the
correct solution to the altitude problem. Thus, by adjusting the
amount of l1ft in the vertical plane, the desired re-entry range may
be established. Trajectories having ranges of several thousand
miles may be controlled in this manner. During the later phases of
the re-entry this roll control 1s exercised to adjust the transverse
aim and to establish the fine aim in range to bring the Command
Module accurately to the designated landing site.
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Mission Abort Paths

This section so far has summarized very briefly the main
features of a normal lunar exploration mission. The total of such
features presents a complex guidance problem having many phases.
It does not, however, give the full picture of the flexibility and
capability which the guidance system must have, Figure 8 suggests
the variety of conditions which may be encountered in various kinds
of abort circumstances. This abort logic will not be belabored in
this paper other than the suggestion of its complexity given by the

rather overwhelming set of options shown in Figure 8.
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Section 3.

Inertial Measurement Unit And Its Uses

Function

The function of the Inertial Measurement Unit in the Apollo
Guidance and Navigation Systemis 1) to provide an accurate memory
of spatial orientationand 2) to provide an accurate measurement of
spacecraft acceleration. Its functions are the same 1n both the
Command Module and the Lunar Excursion Module. A three-gimbal
gyroscopically stabilized platform was chosen to implement these
functions.

Figure 9 shows a schematic of the chosenarrangement. In the
maiddle of the figure is a stable platform which has mounted on 1t
three gyroscopes represented by the larger si1ze cylinders and three
accelerometers represented by the smaller size cylinders. This
stable platform is supported by a gimbal system which provides
three degrees of freedom between the structure of the spacecraft and
the inner member. In both vehicles the outer gimbal axis 1s aligned
approximately along the thrust direction of the vehicle.

Prior to any maneuver the inertial space alignment of theinner
axis is chosen. The selected direction 1s always chosen so that the
inner gimbal ax1s lies approximately normal toa plane that more or
less contains the planned maneuver, Since the thrust axis of the
vehicle remains approximately in this plane, such a selection of inner
axis orientation results in the direction of the outer and inner gimbals
being widely separated. It can be seen that i1f these two axes were
parallel or nearly parallel the loss of one degree of gimbal freedom
would occur. Thus theinner member could no longer be stabilized.
However, in any reasonable maneuver this geometry can always be
easily avoided by the proper selection of inner axis orientation as
described. Alignment along a preferential axis for each specific
mission phase doesnot represent any penalty. As this portion of the

system 1s unpowered during coasting phases of the mission to

17




conserve electrical energy, 1t must be realigned prior to use during
an accelerated maneuver in any case.

For the stabilization of the inner member, motors are provided
on each of the three axes. They provide the necessary torques
between pairs of gimbals to accomplish the stabilization. The
gyroscopes are only called upon to provide signals. One gyroscope
1s sensitive to rotations whach occur about the inner gimbal axis only.
A resolverisused on theinner gimbal axis tooperate on the signals
of the remaining two gyrosto develop a signal touse for the middle-
gimbal and outer-axis stabilization motors., Waith this arrangement
the gyro signals are held to very small values. Thus the inner
member provides an accurate memory of inertial space orientation
since the gyroscopes havevery lowunbalance drift. Excellent servo
performance 1s maintained even while the inner and outer axes are
as close together as 15 or 20 degrees. Thus all att:tude maneuver
capability nearly exists without the added weight, complexity, and
dynamic problems associated with a fourth degree of gimbal freedom.

The stable platform 1s used to provide an inertially fixed
coordinate system for the measurement of accelerations. This 1s
accomplished by mounting thethree accelerometers onthe platform.
Each accelerometer s sensitive toaccelerationalong one direction.
Thus the accelerometer set delivers signals to the computer giving
the three components of acceleration resolved along the stabilized
platform axes

For the accelerometer coordinate system to have meaning, a
method must be provided to accurately establish the orientation of
the stabilized platform. The orientation method consists of sensing,
transmitting, and acting.

Sensing 1s accomplished by the use of Command Module and
Excursion Module optical devices for determining orientation from
the stars. This will be described inthenext sections. The optics and
the mnertial measurement unit are mounted on a common rigid
structure sothat orientation information obtained from the optics can
be transmitted to the inertial unat,

The transmission of this information requires accurately

machined gimbals and a precision resolver between each pair of
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gimbals. Each precision resolver has two windings. A coarse
winding generates sine and cosine functions of the respective gimbal
angle. The fine windings generate these functions for an angle which
equals 16 times the respective gimbal angle. Thus these resolvers
provide the means for measuring the geometry within the gimbals,
Processing of their data by the computer enables the determination
of inner member orientation. Thus transmission of orientation 1s
accomplished.

Action requires accurate and sensitive changes 1n 1inner
member orientation. To accomplish this each gyroscope has
magnetic components for producing a precision torque. These
components are excited with pulses directly under the control of the
computer so that each pulse produces anincrement of angle change.

An operation modeis present sothat the converse transmission
of geometryis possible. Thusthe indication of spacecraft orientation
relative to the inner member 1s provided. This information is used

to generate spacecraft steering signals in the guidance computer,
Gyroscope

The three gyroscopes used onthe Apollo Block II Guidance and
Navigation System are designated 25 Inertial Reference Integrating
Gyro Apollo Block II. This gyroscope 1is a relatively minor
modification of Apollo Block I gyro. The designation "25" 1s
associlated with a family of inertial components which has a body
diameter of 2.5 inches. A cutaway of this gyroscope is shown in
figure 10. The drawing shows a spherical inner member which
contains a gyro rotor supported on ball bearings. This rotor 1s
driven at 24,000 rpm by 800-cycle-per-second excitation of its
hysteresis motor. The motor has an angular momentum of roughly
one-half-million dyne-centimeter-seconds.

Tominimize disturbing torques the mass of this inner member
1s buoyantly supported by a dense viscous fluidin the thin gap between
the surface of the spherical float and the gyro housing. Inaddition to
the support provided by buoyancy, either of two features provide

supplementary suspension,
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When operating, a magnetic suspension 1s used to supply this
supplementary support. At each end of the spherical float thereis a
magnetic device called a ducosyn. The ducosyn has eight magnetic
poles and numerous coils. By providing excitation on the proper
combination of coils, each ducosyn has the means of translating an
end of the gyro float in two transverse degrees of freedom.
Furthermore, the ducosyn pole faces are slightly tapered which
gives a capability for applying end to end forces on the float. Thus
the pair of ducosyns provide small magnetic forces to supplement
the buoyancy of the floatinthe dense fluid. Thus the float 1s suspended
in five degrees of freedom.

The remaining degree of freedom allows the float to rotate
when the gyroscope 1s rotated about a direction transverse to both
the rotor and the pivots. Other combinations of coils in the ducosyn
sense the small angular excursions. The resulfing signals are used
in the stabilization servos. Torque to process the gyro for fine
alignment of a stable member 1s also provided by this arrangement
of coils.

Whennot operating, the supplementary support 1s provided by
pivots. The sole purpose of the pivots showninthe cutawayisto keep
the float approximately centered during periods of storage.

Ducosyn improvements and the arrangements i1n the expansion

bellows are the primary changes in the Block II over the Block I

gyro.
Accelerometer

Three size-16 Pulsed Integrating Pendulum units are mounted
on the stable member. Figure 11 shows one of these sensors. Agan
"16'" stands for an 1nertial component family having a 1.6-inch case
diameter.

The suspensionscheme and internalarrangements of the Pulse
Integrating Pendulum unit are generally similar to those of the
gyroscope which have just been described. The internal float ar-
rangement of the Pulse Integrating Pendulum s, of course, simpler

than that of the gyroscope. An off-center mass distribution 1s
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substituted for the rotor assembly., In the accelerometer small
angular displacements cause the ducosyn signals used to develop
error pulses, These error pulsesare applied tothe torquing ducosyn
as precision pulses of current to restore the Pulse Integrating
Pendulum assembly to its reference position. The computer uses
these pulses as datarepresenting increments of the velocity change

along the respective accelerometer's sensitive direction.
Inertial Unit Assembly

Figure 12 1s a photograph of the Inertial Measurement Unit
for system 600F, the first Block Il prototype system. This Inertial
Measurement Unit 1s designated as ''12.5", which 1s the number of
inches corresponding toits spherical diameter. In Block I the cor-
responding dimension 1s 14 inches, The Block II design has a cor-
respondingly lighter weight. The change 1n size and weight resulted
largely from improvement in the available state of the art in
electromagnetic components, especially the precision resolvers,

Inthe photograph, the inner member 1s exposed by the removal
of two gimbal hats. The outer of these has been removed from the
gimbal case which contains hydroformed cooling passages.
Spacecraft Cooling fluid 1s circulated through these passages.

On the mnner gimbal the large shiny disc on the axis houses a
direct-drive torque motor, resolvers, and slip rings. The use of
direct-drive torque motors enables the achievement of especially
excellent servo performance. In this arrangement a permanent
magnet stator 1s mounted 1n one gimbal. The armature 1s mounted
on the other gimbal without gearing. The armature 1s excited with
the direct current and has an air gap 3.8 inches 1n diameter. Each
ax1s has an unlimited degree of freedom. The absence of gearing
enables theinertias of the gimbals to aid 1n their own stabilization.

At each end of the middle axis 1s an assembly containing 40 slip
rings each. Vaisible i1n the photograph are the ends of the gyro and
accelerometer with associated electronics attached. Some of the

remaining electronics on the mner member is associated with iis
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temperature control heaters and sensors. The temperature of the
inertial components 1s maintained witha much greater accuracythan

one degree fahrenheat.
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SECTION 4.

The Command Module Optics and Its Use

Function

Unlike other portions of the guidance and navigation system,
the design of the Command Module optics 1s not employed in the
system aboard the Excursion Module. The Command Module optics
has three functions, The function which determines 1its
characteristics themost 1s that of navigation. Another function for
which 1t also 1s well qualified 1s the measurement of the inertial
platform orientation. The Command Module optics are also of use
for general viewing since 1t consists of a pair of articulating
telescopes, one of high power and the other of low power.

The principle of navigation which the Command Module optics
1s designed to implement 1s illustrated in figure 13. This figure
shows a spacecraft ona lunar trip and the directions to some stars.
From the spacecraft, an earth landmark can be seen. The conein the
figure having anaxis parallel to the direction of the star Fomalhult
1s a locus of points from which a certain angle can be measured
between the direction of the star and the landmark. The precise
measurement of such anangle establishes a cone of position in space,
A second cone, very flat in the figure, with its axis parallel to the
direction of Deneb, intersects the first cone ina line of position. To
obtain a measurement which determines the spacecraft position along
this line, a third object must beused. This object could be a second
landmark or 1t could bethe moon as shown in the figure, In the figure
the angle between the moon horizon and the star Antaresis employed
toobtainthe location along the line. Thus, the principle of navigation
to be implemented by the Command Module optics 1s 1llustrated.

The1llustration above assumes the simultaneous measurement
of three angles between the stars and two landmarks. Simpler
hardware results if time-sequencing single measurements of such

angles 1s done. It 1s this type of measurement which the Command
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Module optics 1s designed to implement. The theory used in the

reduction of such data 1s given in references 8 and 9.

Mechanization

The Command Module optics consists of two telescopes as
shownin figure 14. The telescope on the left 1s the space sextant and
the one on the right 1s the scanning telescope. The sextant 1s a
powerful instrument having a magnification of 28. The scanning
telescope has unity power. Both telescopesare fitted with eye pieces
which provide eye relief in excess of two inches so that they can be
used with space helmets on if necessary. Both head assemblies
containing the deflecting optics are each driven by motors and gearing
about parallel axes called the ''shaft axis."

The scanning telescope has only one line of sight which 1s
deflected normal tothe shaft axis by a dove prism which 1s driven by
a second motor and gearing.

The sextant's 1.6-inch objective has in front of it a partially
reflecting beam-splitter mirror. Thus the view through the beam
splitter 1s fixed in the spacecraft. The beam splitter enables the
deflection of the second telescope Iline of sight by means of other
marrors including one which 1s precisely driven. This articulated
line of sight i1sused for seeing stars and thus has been provided the
greater efficiency. The body-fixed line of sight used for observing
landmarks 1s given poor efficiency to make up for the difference of
brightness of the targets.

The sextant 1s used during maid-course navigation in a very
similar manner to a marine sextant of great power. To make a
mid-course navigation sight, the crew first uses the scanning
telescope as a finder. The spacecraft 1s maneuvered to guide the
desired earth or lunar landmark onto the shaft axis so that it can be
seen with the narrow field of view of the sextant. By applying very
small control impulses to the spacecraft i1t 1s made to come almost
to rest with the landmark in the middle of the sextant field of view,
Now a search 1s made for a surtable star with the scanning telescope.

Once acquired with the scanning telescope, the star can be observed
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through the sextant. The crew now obtains by means of the two
degrees of freedom of the star line of sight the juxtaposition of the
star on the landmark as shown 1n figure 16, It should also be noted
that this juxtapositionneed not occur in the center of the field to yield
an accurate measurement.

When the measurement geometry 1s correctly obtained, the
observer depresses a button which enables the computer tomark the
time and the angle of the accurate trunnion drive of the sextant. This
angle 1s measured by means of a single- and 64-speed precision
resolver mounted directly on the trunmion of the drive axis. The
accuracy of such measurements has an order of magnitude of ten
seconds of arc. Thus, sensitivity to changes of position when madway
between the earth and the moon 1s several miles,

The earth's horizon is also a promising phenomenon for
navigation. Its use 1s 1llustrated in figure 17, The figure shows an
1lluminated horizon. Near sea level the atmospheric scattering 1s
so extreme that the appearance of the horizon i1s cloud white.
However, if the horizonis observed through a column of air passing
roughly 100,000 feet above sea level, 1t has the same scattering
power as the zenith sky. This results from the column having the
same total mass of air as a vertical column., As the altitude of
observation of the column changes by 2,500 feet the scattering power
should change by 10 percent. Experimentis currently under way
show promise of good accuracy.

The star tracker and horizon photometer shown on the sextant
head in figure 14 are for making such measurements. The body-
fixed horizon photometer line 1s scanned across the horizon by means
of slow rotation of the vehicle. The photometer circuitry provides
the computer with a mark at the moment the column being scanned
has a certain ratio of brightness to the peak brightness observed
near sea level. Sincea staris being tracked automatically while the
scan occurs, the mark enables the reading of the precision angle,

Figure 18 shows a Block II sextant and scanning telescope.
The predominant difference between this and the Block I instrument
1s the inclusion of the star tracker/photometer. The frame of this

addition 1s shown on the left hand side of the sextant head.
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Other Uses

The Command Module optics 1s well qualified to make
navigational measurements in earth or lunar orbit. To do this the
Inertial Measurement Unit 1s referenced to the stars. The scanning
telescopei1s used to observe the bearing of a mapped landmark. By
means of the resolvers on the Inertial Unit gimbals and on the scanning
telescope drives, these bearings are referenced to the stabilized
platform. Several such bearings give sufficient information to derive
the characteristics of the spacecraft's orbait.

The inertial platformis aligned to the stars with the Command
Module optics. This is accomplished by first approximately aligning
the stable platform. Then the direction of a suitable star 1s tracked
with the sextant and marked. The direction of a second star is
marked The computer processesthese data to obtain the directions
of the two stars in the inertial reference coordinate system., This
defines the orientation of the stable platform relative to the stars.
Using the capability to process the gyros by torques, the stable
platform can now be aligned more accurately to some desired

orientation.
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SECTION 5.
The Lunar Excursion Module Optics and Its Use

The Optics on the Lunar Excursion Module 1s very much
simpler than that onthe Command Module, It consists of a single unit
called the optical alignment telescope. The single unit has no
mechanical drives but does have two manual degrees of freedom.
The sole purpose of this telescope 1s to provide stable-member
orientation information to the computer. It does this by means of the
crew tracking two stars. The same principles that were discussed
for command-module Inertial Measurement Unit alignment apply.

Figure 19 shows a wooden mockup of the Excursion Module
Optics. This photograph has been marked up to show the outlines of
the LEM vehicle. Alsoshownis the line of sight of the telescope. As
the markings show, this instrument has a single line of sight, This
line of sight makes a 45-degree angle with the instrument's tube
which 1s mounted vertically in the Excursion Module. The field of
view 1s 60 degrees. The field of view i1s aimed upward so that the
sunlit moon will not be present to obscure the visibility of the stars
being used for prelaunch alignment. The line of sight has several
positions. The position 1s selected by the upper knob on the side of
the instrument. The forward position i1s shown in the drawing.
Alternative operating positions are 60 degrees to the left and 60
degrees to theright. These positions enable the crew tosee roughly
one-half of the overhead sky. In addition to these three operating
positions thereis a storage position to prevent damage to the Optics
from lunar dust during the landing.

In order to make an observation on a star, a suitable detent
position 1s chosen so the star may be seen. The lower knob on the
mockup rotates the position of the reticle in the instrument. The
reticle has a straight marking and a spiral marking as shown in
Figure 20. Byusing the knob torotate the reticle the direction of the
radius from the center of the field of view to the star 1s measured.
When the alignment 1s correctly made the observer marks with the

buttons. The reticle angle 1s given to the computer manually by
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means of a counter and data entry into the computer keyboard. A
second measurement mustnow be made to the same star. To do this
the spiral 1s rotated tooverlay the star. Note how the direction of the
straight line and the direction of the spiral inthe neighborhood of the
star arenearly at right angles. Thusthetwo observations correspond
to measuring both degrees of freedom of the bearing of the star.
Similar measurements on a second star are made. The
computer has now obtained data sufficient to determine the orientation

of the stable platform.
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TABLE 1

APOLLO GUIDANCE COMPUTER CHARACTERISTICS - BLOCK II

WORD LENGTH 15 Data Bats plus one
Parity Bit
NUMBER SYSTEM One's Complement
MEMORY CYCLE TIME 11.7 sec
FIXED MEMORY REGISTERS 36,864 Words
ERASABLE MEMORY REGISTERS 2,048 Words
NUMBER OF NORMAL INSTRUCTIONS 34
NUMBER OF INVOLUNTARY INSTRUC-
TIONS (Interrupt, Increment, etc.) 10
INTERRUPT OPTIONS 10
ADDITION TIME 23.4 sec
MULTIPLICATION TIME 46.8 sec
DOUBLE PRECISION ADDITION TIME 35.1 sec
DOUBLE PRECISION MULTIPLICATION
SUBROUTINE TIME 575 sec
INCREMENT TIME 11.7 sec
NUMBER OF COUNTERS 29
POWER CONSUMPTION 100 Watts
(AGC + DSKY's)
W EIGHT 58 pounds
(computer only)
SIZE 1.0 Cubic Foot

(computer only)
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TABLE 11

APOLLO GUIDANCE COMPUTER INTERFACES-BLOCK II

NUMBER OF INPUT DISCRETES 73
NUMBER OF INPUT PULSES
(Serial and Incremental) 33
NUMBER OF D.C., OUTPUT DISCRETES 68
NUMBER OF VARIABLE PULSED OUTPUTS
(Serial, Incremental, and Discrete) 43
NUMBER OF FIXED PULSED OUTPUTS 10

NUMBER OF CONNECTOR WIRES 365
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SECTION 6.
Computer

Since another paper 1n this syrnposmrn10 treats the
organization of computation and control in the Apollo Guidance
Computer, this section will emphasize the physical nature of the
Block II computer rather thanthe organizational aspect of 1t. Figure
21 shows a simplified block diagram that is applicable to both the
Block 111 12
observed that there 1s a very extensive fixed memory consisting of

and Block II computers. In this section it will be

coreropes. Thereisa verylimited erasable memory, primarily for
data. This consasts of a ferrite coincident-current memory plane.
There 1s extensive logic for the performance of arithmetic, sequence
generation, computer control, etc.

Tables I and II summarize the Apollo Block II computer
characteristics and interfaces. Block II contains twice the erasable
memory of Block I. There 1s an increase of 50 percent 1n the fixed
memory. There are considerable speed increases resulting from
extra operationinstructions. Theinterfaceis considerably expanded
to handle additional functions 1n the control of spacecraft.

In spite of increased capacity and power, the Block II computer
1s smaller physically. The tworeasons for this are shownin figures
22 and 23. Figure 22 1s an unpotted computer logic module. The
computer contains 24 of these modules. They differ only in the
wiring pattern on the matrix located in the middle of the module. On
the surface of this module can be seen the active components. Each
of the small rectangular elements contains twomicrologic nor gates
ina flat package. In Block I single nor gates were contained in small
To-47 transistors cans.13 The Block II high-density packaging
results 1n a greatly reduced thickness for each logic module,
Consequently, a reduction in the overall size of the compute\r 18
achieved.

Smaller physical sizealsoresults from a higher densityin the
fixed memory. In Block II, 24 sixteen-bit words are stored per

core. Anunpotted Block II module1s shown 1n figure 23. In a Block
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I rope module of of similar volume, there were 16 such words per
core, The core rope 1s an extremely dense technique for storing
information. It also possesses considerable reliability advantage
since physical destruction of the core or wire 1s necessary for loss
of information

The mockup of the Block II computer 1s shown i1n figure 24,
Except for the core rope memory module plugs, the computer is
physically sealed azgawnst mo'sture. The internal layout of the
computer 1s shownin figure 25. Basically, 1t consists of two planes

of plug-in modules.

32



SECTION 7.

Power Servo Assembly Characteristics

The power servo assembly 1s a collection of electronics in a
common package which supports the operation of the Inertial
Measurement Unit, the Optics Unit, and other parts of the system
with power supplies, servo amplifier, etc. These miscellaneous
circuits are packaged in modules of various sizes,

Figure 26 shows several typical Power Servo Assembly
modules before potting. The frames of these modules are made of
magnesium for light weight and good thermal distribution. These
modules plug 1nto a single header which makes the necessary inner
modular and system connections. The construction of the Power
Servo Assembly1s shownin the cutaway of figure 27. It can be seen
that the modules of various sizes screw upward into this header in
the Command Module. Eachone presentsthe header witha flat area
to establish good thermal contact. The header is in turn screwed to
the coldplate which 1s a part of the spacecraft. This coldplate has
spacecraft coolant fluid circulated withinit, although this feature 1s
not shown in the cutaway.

After the modules are plugged into the header, a cover 1s
placed over the frame to complete the seal of the power servo
assembly's modules and plugs. This assembly 1s installed as a unit
onto the spacecraft coldplate. In all there are 44 modules that
comprise a set for the Command Module Power Servo Assembly,

The wooden mockup of the Power Servo Assembly for the
Command Module 1s shown in figure 28. The screw holes are for
fastening the power servoassembly toits coldplate in the spacecraft,
The raised rectangles represent plugs which the Power Servo
Assembly presents to the Guidance and Navigation system harness,
The cylinders inthe foreground represent test connectors which are

accessible after spacecraft installation.
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SECTION 8,
Control Interfaces

The control interfaces between the guidance and navigation
system and the spacecraft consist of signalstoand from the computer
and of signals to the spacecraft from the Coupling Data Units, In
addition, the Coupling Data Units provide interfaces within the
Guidance and Navigation system. Before discussing the overall
control configuration, the Coupling Data Unit will be briefly examined.

Figure 29 shows a very simplified schematic of an electronic
Coupling Data Unit. The first function shownin the schematicis that
of converting the mechanical angle datainto digital quantities which
the computer can process. The schematic shows that each of these
mechanical angles 1s converted to sine and cosine signals by
resolvers. In the Coupling Data Umt it 1s desired to have a solid-
state digital counter contain a word which represents the value of the
mechanical angle, The contents of this counter represent the
indicated value of theangle. The most significant four binary digits
of this word are used for initial processing of the resolver signals.
These four bits 61,
significant bit corresponds to 22-1/2 degrees. These bits are used

represent the large part of theta. The least

inthe sine and cosine function multipliers. These multipliers consist
of solid state switches controlled by the bits through logic to switch
appropriate combinations of the sine and cosine of 22-1/2 degrees,
45 degrees, 67-1/2 degrees..... .., to form a sum of the resolver
signal times the sine and cosine, respectively, of the large part of
theta.

The less significant figures in the counter indicating theta are
summed in a similar linear function multiplier operating on the
excitation signal, Examination of the trigonometric forms indicated
shows that, to a good approximation, the sum as indicated in the
drawing of these signals should be zero or of very small value when
the counter correctlyindicates the value of theta, When the value of
theta1s not correctlyindicated, the error detector generates pulses

which are delivered to the computer to give it knowledge of changes
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in the value of theta indicated. These pulses are, of course, alsoused
to add or subtract increments from the counter.

The discussion above 1s extremely simplified and illustrates
the principle used i1n analog-to-digital conversion in the electronic
CDU's. In actual fact, each mechanical angle to be encoded has a
coarse and a fine resolver. The operations described above are
performed on both resolver signals with anonlinear circuit to select
between the coarse and fine resolvers, depending on the size of the
error signals.

A second function of the electronic CDU 1s to generate an
analog signal from digital increments delivered for steering by the
computer. These increments go into a counter which controls a
similar linear function multiplier. An analog 800-cps signal
proportional to the argument in the counter is generated. In some
cases this 1s an engine gimbal command. In other cases this
represents attitude errors, etc.

A complete discussion of the CDU 1s complicated because
many of the operations are on multiple-speed signals, It 1s further
complicated because the CDU's have within them logic to select a
number of modes which areused for various purposes, Examples of
modes are Inertial Measurement Unit Coarse Alignment, Zero
Optics, Steering, etc,

The wooden mockup shown in Figure 30 1llustrates the physical
characteristics of the electronic Coupling Data Unit package. In
Block II this sealed container has five CDU's plus associated logic
and power supplies as shown in the cutaway in figure 31. The
packaging 1s very similar to that found in the computer, There are
two layers of modules plugging into a wire-wrapped header, all of
which 1s contained within a seal.

Figure 32 1san overall block diagram of the guidance system
operating as a digital autopilot in steering the spacecraft. It can be
seen that during powered flight two of the analog signals from the
Coupling Data Units go directly to the gimbal eng1nes14 on the
spacecraft. Similarly, during free-fall flight, signals go directly
from the computer to the solenoid-actuator amp11f1ers14 in the

Reaction Control System. Flexibility i1s the advantage of the
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electronic Coupling Data Units in Block II over the mechanical units
used i1n Block I. The arrangement gives the computer knowledge of
Inertial Measurement Unit gimbal angles while allowing it to generate
independent steering commands. These can then bear fairly

sophisticated computational relationships to each other.
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SECTION 9.
Installation and Displays and Controls

The appearance of the Apollo Guidance and Navigation System
installed in the Lower Equipment Bay of the Command Module 1s
shown 1n figure 33.

The displays are somewhat abbreviated in Block II compared
wth Block I. The control stick on the left i1s for the Optics. The
control stick onthe rightis for changing spacecraft attitude by means
of very small impulses of ‘chrust.14 This stick provides a sensitive
means of steering the landmark line of sight by turning the spacecraft.
Above the left-hand control stick are switches which establish the
proper mode of Optics system operation. The buttons next to the
right-hand stick are for marking the navigational sighting time to the
Computer. The numeric panel with keys and display lights to the
right 1s the Computer display and keyboard unit. An identical unit
exists onthe main panel of the Command Module where the astronauts
canreach 1t during power and re-entry flight. The optics eye pieces
are not shown in this mock-up.

The Lunar Excursion Module displays are more abbreviated.
Anidentical Computer display and keyboard 1s provided on the LEM
main panel. Several of the meters, attitude displays, and markings
on the Excursion Module window, all display guidance quantities but
are not considered a part of the guidance system.

Command Module installation features can also be noted in
figure 33. The figure shows the panel installation. The computer
and CDU's are the lowest member of the guidance system shown in
the photo. They occupy a bay which 1s displaced to the left of the
remaining equipment. Above them 1s the Power Servo Assembly
shown attached to the coldplate with the coolant-carrying flex lines
abovei1t. The bellows which 1solate the optical unit from structural
stress are barely visible near the top of the photograph.

The optics bellows are better visible in figure 34 which shows
the behind-the-panel installation. Below the bellows 1s a spherical

member which 1s the Inertial Measurement Unit. The Inertial
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Measurement Unmit housing 1s mounted on precise surfaces of the
oval-like structure. This oval structure 1s called the Navigation
Base and 1s mounted with three strain-isolation mounts to spacecraft
structure. The Navigation Base also carries the optics umt thus
gwing the right mechanical connection necessary for Inertial
Measurement Unit alignment.

The Excursion Module Guidance and Navigation system instal-
lation has two locations. Shownin figure 35 1s the front location., This
1s outside thevehicle pressure hull and above the crew's heads. In
the foreground i1s the Optical Alignment Telescope. Behind 1t a
toroidal member with the protruding struts 1s a Navigation Base
that connects this Telescope to the spherical Inertial Measurement
Umit. Behind the Inertial Measurement Unit 1s that portion of the
electronics which could not easily tolerate a cable run having a
length of the order of 20 feet. The remainder of electronics,
consisting of most of the PSA, Coupling Data Unats, and the computer,

1s near the very back of the vehicle,
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Fig, 2 First Prototype (System Number 5) On Test at Instrumentation
Laboratory of MIT

40



SINpPON
puewWIWIO) 9y} Ul WdsAg UOTIRSIABN PuB 2OUBPIND dY} JO UOTIBOOT] ¢ ‘811

NAd DINO¥IDITI

(>OV) 331NdWOD
IDNVAIND ONOdY

(vSd) A,SSV OA¥3S ¥3IMOd

(NWI) LINN IN3IW3YNSVIW TVIL¥INI

ANSQ DOV

(1XS ® 10S) INVLX3S %
340DS3131 ONINNVDS

AV1dSIQ 1INVd NIVW

41




9INPOJAl UOTSJINOXH

Jeunr] 9y} ur wajisAs uoljeSIABN PuB 90UEPINY) Y} JO UOIBOOT § *Srq

43INOILIANOD
TVNOIS N8O

5

1/

B2y

na>

291

1111

NWI /

A\ -

S10¥LNOD ANV
|_SAV1dSIQ ¥3IHLO
aNvy >%a D97

3710113

3d0ODS3131 1VvDILdO INIWNODITV

\.@r

434 3ANLILLY
dNXDOVE ¥O4 V3I¥v

dvavy
SNOAZ3IANNY

42




MOT, uorjoun, - uorjesdraeN aouepiny) ofjody ¢ ‘Sij

1HO114 Tv4 3344

o Ajuo W31
_
: 104INOJ |
S}8r 8pNyYY _
el aniiLy “A 104.INOD
_ _
| apniy | LNYNOYLSY
" Emsmu:mmos _
JaAnauey padinbay ! - m .avavy
8 A0l =g | NOMVIIAWN - —d——e37 s
uol}sod _ il NISW
L]
U0I}eJa|3ddy 0} SuOI}IpU0)
anp abueyy eryu]
s A [ A
paujed aq : T avavy
o) Ayoojon, “+ Terdsig T 1ONYAIN9 m
| ﬁ W
_ bu149a)s _
I
|
S1af apnjyl D BEE—
1or 8pNyRY o100 | uoljezi|ige}s o 104INOD
au1bu7 - — AORBAISIULL 1 nYNOYLSY
. 04Ju0) | |

L
1

HO114 3LY¥3130JV

43




S9S®eYJ UOISSI|N uorjediaeN 9 °Stg

SINIWINSYIW JIVAVY B 1VOILdO T1vd 33344

IINAOW NOISINOX3 YVYNNI
INIWNONY

1NOXD3HO

Ivavy
Ivavy ~. ONIONV1

X
\ ONIOVAL

Jvavy

w2 Yy o

3VNNISNVAL ONIIDVAL
WIVWANY]
30 =
i NOZI¥OH R
SN —— - A¥13W3131dN
viva A¥13WI131dN
viva
- \ /\ - — >
INIWIINSVIW ——i"
Qo334 ONDIDVAL SINIWIANSVIW
vwanvl /A% INv1X3s
H13VISNVA1
oS~

SINIWIINSVIW 1VIILdO T11vd 3334
3TINAOW ANVWWOD

N3 NOILVIINDD0
AVIS

44



SOSBYJ UOISSTA @ouepiny ) *3S1dg

SR TR
S3ISVHJ
JIVAVY B TVILY3INI Q31v¥31300V NIW S
oy Noean vNAd NOILD3IIMNI

- ~

A ( J3s o8y
ONIGNVT

\

b \ D3asozr o ¢
__LIN3DSVY
\
I
/
\\ h’)b
’ A
xvw 1vior  + P
L7 03S0E <
SNOILD3¥¥0D> ¥
535 001 ~ — __-3S3N0DAIW € <&
SNOAZ3IAN3Y
- XVW 1VIO1L NIW 20
SNOI1D3340D HIAVISNVAL €
mUZ(Q_DO W WAL RN
V101 ¥NOH90 S3SVHd
TVUAINI 5 v931300v
NIW9'C
NOILD3rNI ITINAOW ANVWWOD
H1¥V3ISNVAL

NIW §°S
NOILD3MNI
11930 ¥VNN1



syjeq }I0qy UOISSTN 8 “81d

K1ar023Y younejaid
a|npow uoisandx3j Jeuny W37 -
3INpOW 82IAI8S WS
wa)sAg adessy younel S37 buipue]
abeys pag  gAI-S
19)500g A uanies J abeys puz  |1-S RN
abeys 3T J1-S 7 =
:pasn uois|ndoid 0} A8 A3
27
7
\\ s’ /
\\\\ / | \
\\\\\\ _ //
/s \\ _/ ///
uoipafu] BTSN .
Jeunjsued] 1300 Une3

leunjsued)

I-S

oosg

4
14v3 01 IS

46



}U[ JUSWSINSEIIN TeIMIAU] dY} Jo OIfewayds 6 “Srg

(9) X1GWISSY ___ —~="

IVEWI9YILNI QY

(v9ol) SIXV
TVENWIO Y3NNI

IVanIO MJDO_E/}

09 ¥
HOLIMS LINIT

(VOW) SIXV &~
Ivawi9 310aIwW

(v90) SIXV TvaWI9 ¥31N0

(VW19 Y3NNI)
d38W3W 3718VlLS

WW\

L

3\

_s<——(3SV0) TVEWID L¥0ddNS
\ﬂ

47




9JIOIO Terja ur @ b ot * T
2] Oo_m Jo kﬁ.m\smu.ﬂp ) mﬂ
I b

48



(wnmpuag Suryeadeu asing 91) JId 91 jo ydeadojoyg

1T "8ig

49



(Teuoriouny W) J009 wos£g jo jrun juswraansesy Teryreul gl “Srd

U ANOLVHOBVYT NOILVANIWNYALSNI "L I'W &.ﬁ g
S . . Al
.

4-009 dOd4 NI PR

50



oordg ur X1, uorjediaeN e jo Lxjowoan) ¢l ‘Srg

14v¥23DOvdS
AIVWANVT Ol SO

SYVINV HIV3IN3G
NOZIYOH 3¥NN1 OL

SYVINV Ol

INVHIVWOL Ol

Y
g3IN3Q OL

51



so13dO SINPOA purwwo) Yy} jo Aemem) parpdwis 1 'Srg

e SO1 MYYWANY]

SO1 ¥313WOLOHd

SOT 4PIovAL
dvlsS JlLvwolny

;/“HHHHHHW/Mmm/x<hm
—

SO1 19S

/

1HOIS -40-3INIT INVLX3S

1HIIS -40-3INI1 \

3d0JSI13L ONINNVYIS



SurySig uor3eSTABN ©SJINOOPIJ\ -UOT}BIUSLIO Jerdoededs GI "81g

f10)e100e7 UOnEIUBWINISU| <=} 1
7961 AON TIN

L ZA B

#

: 3INIT HVLS

N
319NV NOINNN¥L ‘

N o 319NV
B HUVNANY 14VHS

ONILHOIS NOILVOIAVN 3SHNOOAINW

NOILVLNIIHO 1L4vydO3OovdS
OT10dV

53




Surydrg sirewpue] yprey 91 S

A10)es0qey vonejuawniysu)
L 1IN

ANV1X3S
HONOYWHL M3IA

FONFYIITA NOILVOIAVN XAVWANVYT HINV3




Surydrg uoz1IoH Yprey

“K10}el0qRT] UOIJRIUBWNIISU|
£961 U2ioW TI'N

1A

AINIDVYUL VIS ANV
¥31IWOLOHd NOZI¥OH

ANVLIX3S

FTONV NOILVOIAVN

LT

1%

14 000’00l




paAowdY I9A0) ‘sO13d0 SIMPOJN purBWIWIO)) dY} JO puy paeoqing gl

‘Sra



$013d() SINPOJN UOISJINOXG Jeunt ayj Jo dnsoo

61

g%

57



o1o139y so13dO AT 02 "81d

LIN3W34NSY3IW ONOJ3S

NY311vd 371014134

009 - oSS M3IA 40 N34

Q1314 40 -
H3ILIN3D ONV
VLS N33ImL38 YviS NOILVLN3IHO OL

39NV OL Y IWWHON 3NN
TYNOILHOdONd o¥32 AHVIIXNY

AN3INIYNSVYIW LSHId

vyids

3NN
NOILVLNIIHO

v
30N3¥3434 0832

319NV
NOILVIN3INO = (437




AHOW3IN

DDV oy} jo weaderq yoolg peyrdwis 1z 814

Hlvd wv.iva

Hlvd TOHLNOD @———-—

LINN
OIL3INHLIYVY

vivQa
)\

(s118 €)

HOOO

> - -

3Q020
NOILVH3dO

\WZO_FODKFWZ_

H4344N8 AHOW3N

HOLVH3IN3ETO
3ON3IND3S

sliig a2l

Ss34Aaav
vivQ

7

7~
7
e
-~

(viva
“mOu ANEVNING)
FA9OVHOLS I 1avsSvy3
]

”
”

”~

(SNOILONYLSNI
d04d AIYVINIYA)

IJOvdHOls a3Xid

NOIL
O3N3s

- sii18 2l
77 aav
ILONSELSNI

L]

|

|

-,
-

- — = = - ——

H33LNNOD
NV HO OMHd

59




II ¥oo1g ‘ornpojn o180 Jondwo)) peojjodun

2z '8ia

60



II 3°01g ‘oInpop Lroway odoy 210y pejpjodun

R T T LA
i 14

ey By v en

€z "S1a

CC

£

e
~..: EEEE A

AR R AR AR R AR LR
R

FA IR LT

Y u.fnf W)

q-..s&.\._,-u‘.‘.‘
Uikl

\1

61




._”—m

62



(¥2) S3TNAOW 21907

Lemeny gomdwo) ¢z "Sta

S3TNAOW H3AINQ-ANV ‘3OV4H3ILNI
‘43141NdWY ISNIS‘HOLIMS LN3HHND
‘AHOW3IW 3718VSvH3 ‘WHVYIVY ‘H0L1VT112S0

(9) S37NAOW AYOW3W 3doH

63



SOINPOIN 0AJ9g Jomog TedotdA], 9z ‘Siq

ANOLVHOHVT NOILVANIWNNLSNI “L1I'W é

;:b
JOW VSd 1¥DIdAL

64



Aemen) LA[quIassy OAIDG I9MOJ

Le

Y4

e2rr0100e gr 400" VA
o

1%

65



II

yoo1g

‘dny[ooj AJquIassy OAJdG I9mOog 82

81

66



OT1BWaYOS U eleq Suridno) OTUOJIIOI[H

v
431LNNOD

vL191a ANVYWWOD

62 "81a

9 +79 uwm
J3INNOD 1VviI9Ol1a

JTONV 1vaWIO Q31vDIIANI

14V¥23DVdS T a3yom 1vio1a-v
10¥1NOD 4
ol d31dILINWINO 11V LIXT
- NOUONNd ——— . — e 3
TYNOIS JVINIT sd>00 8 | ‘0
$d2008 m%oo et ._h._wﬂn_mhl_. | sonoitaos
. | | 319NV 398V
v 6 _ NOILVLIX3 . 29
nabl sdd>
—— e 2 33174 10NW oow_
_ N_m::s6ul__ NOLLONN [=—-
_ _ ¥VINIT .
_
| “ " |
_~ W&m_w “ ¥0LO313q . 43174 10NW Vg 505
Z | . . NOILONN4 S 319NV
NN ¢ s34} JOy Y3 e g NIS VEWIO 1V
_ ) | . > N I ~-NVHDIW
_ Sﬂd 6 | *8-Ug-YgINis | TG NIS G5O _ WaWI O
_ W _ .
V390 ¥d nwWi
_ ONI¥33LS | 78500 Yg Nis ] '
LooNwaaLs 33174 1LINW
_ owﬂ._ S _ NOILDONNA VG NIS
" _ g SO>
|
_ ¥3LNdWOD | NOILVLIX3
_ 3ONVaINo _ sd>008
_ 01104V _
_ |
| I

67




dny{oojy jtun eyeq Surpdno) OTUOJIOSTH  0€

g1

68



KLemem) jun eyeq Surdnop  1¢ "8rg

21907 3A0W
AlddNS ¥43mMOd

/\MF/ S3TNAOW ¥3IAV1 WOLLOS

43143ANOD Vv/A

21907 ANV H¥3LNNOD dHOY¥H3
W31SAS 3SYVOD

d31NNOD aVv3y

40103Mr34 34N1lvyAvNO ANV VSW
40123713S LNvdavNO

69



wexderq yoorg jortdomy 1endig gg ‘Srd
SMS = SIHILIMS
Q31VDIAONI 33V _r
SIWVNOIS 40 ( ) ¥338WNN 3HL .
TWNOIS INO NVH1 J30W SIN3S NINIESTI0 NG 378 IL i
-3343% INIT 31ONIS ¥ NIHM SIOVAAIUNI 8RS =2 1031NOD %
P — $3133D51Q 304 A 82 [ 13oNvaino ems A
9IIS B WSD 'SDS HLIM | 01> ..l* 1SA¥HL 39v11n
SIDVYIINI D¥NO AINO- SMS 13NVd 1UINOD /S | MO 353133 INVAIND
1$840N — N3NLVS 40 1INOD D/SH _l.l.l-.l.v.tllv|v,.|1|
1INOD d/V D%9 _ mmmUml_n_,
SALvLS +Q3HOvLLY dﬁ 531347510 ¥04 A8 ! SO IARL m.:_nmo
NOILYHVd3S ¥3d =118 Wi m_%f. [ Q8 Ax
wwﬂszud__ ﬁ P ¥3ON3INO3IS NOISSIW _ AVN B NIVW
J1vavd3s eAIs
o1 ~—  AQV3¥ SdS | SANSA
NOILNBIY¥ISIA -” * 31VIVdIS WS (2) _
[ i, o e (s) : \A
SdWV ¥A¥Q : i
(A¥d) yOu33
aION3105 91 0 I Llv 9718 (€)
ISAS 1INO> ,o«%ﬁ a9 CREETY
NOILDV3I¥ Z A%z :
A'¥'d3 WINOD SNwal[ (9]
T9INOD 10¥ | — ooV
1Ivd 93MOd DOV (€)
INOILNVD DBNO -11vd DENO i - R 14INOD
1aNvd Navm: Tivid 50V 401 ¥4 A 8¢ | [priaow na3 e dWI NIW
x\ww_u 330-NO 3INION3 SdsS H
313 VEWIO _ 2]
¥ M- (2% ) AV;
SdS e
(X'd) OIS 1vaWIO ON3 sds (Z2) %6v;
|
(X¥d) o15 you¥3 1iv (€)
TIve v 5%
....... i 1313 sds[,_338~008 =
PIW 30843 1lv $03 % NIs x L (€) n_ﬂ»ﬂ.r
Ivad
! wi
1320V
3OV NWI 0¥AD
m\ SMS 13NVd 1INOD /S NWI
| —
$313¥7610 ABZ NWI . 753
<+———— SW31SAS NOISINdOYd / SOS—WSD >le DBND ————

70



Fig. 33

Command Module Displays and Controls
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Fig. 34 Command Module Installation Mockup, Block II

72



Fig. 35 Lunar Excusion Module Installation, Front
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