
CS
DL
- 

81
-6
4 

    

MAN-COMPUTER INTERFACE FOR THE APOLLO GUIDANCE, 

NAVIGATION, AND CONTROL SYSTEM 

J.L. Nevins and I.S. Johnson 

INSTRUMENTATION LABORATORY, 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

CAMBRIDGE, MASSA CHUSETTS 

iy 

An informal presentation to be made at the USC - NASA Conference on 

Manual Control to be held at the University of Southern California, 

March 1 - 3, 1967.



  

    
      

Purpose 

The purpose of this presentation is to describe the man-computer 

interface for a complex problem,where the interface has been sized by the 

usual spacecraft design constraints. | 

Introduction 
  

Apollo is the first manned U.S. spacecraft that contains enough 

sensors and data processing capability to allow the crew to navigate and 

guide their spacecraft from the''dn. board'' equipment only. 

Navigation and guidance for Apollo can be described as a problem | 

in fuel management of very high accuracy. To obtain the data, optical, force, ~ 

and attitude measurements of high precision are required. This data must 

then be processed and the results communicated in some convenient form to 

both the crew and the ground. In addition, the design must be very efficient | 

| because the spacecraft is as limited in electrical power, weight, and volume 

as it is in fuel. 

In order to describe the man-computer interface problem, it will 

first be necessary to briefly define the problem. This presentation is therefore | 

organized along the following lines: 

First, general description of the Apollo guidance and 

navigation system. 

Second, description of the basic man-computer interface 

| including the basic operations. | 

Third, use of the computer during a mission including a _ 

brief movie of some typical operations. 
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A. Navigation, Guidance, and Control for the Apollo Program 
  

Descriptions of the primary guidance and navigation (G&N) system 

for the Command and Service Modules (CSM), and the Lunar Excursier——"~ - 

Module (L ‘M) have previously been given in References 1, 2, 3, and 6. 

Therefore, this section will only briefly summarize this system. 

The G&N system has the capability to control the spacecraft path 

throughout its mission which, for the basic lunar landing mission illus- 

trated in Figure Al contains fifteen distinct guidance and navigation phases. 

Also required, Figure A2, is the capability to guide aborts from all phases 

prior to trans-earth injection. In order to perform these functions, three 

distinct tasks must be accomplished. 

1. Determine position and velocity on present spacecraft 

orbit. 

2. Compute future spacecraft orbit or landing point and 

the initial conditions for the required maneuver. 

3. Control application of thrust or lift so as to achieve 

the desired new orbit or landing point. 

Tasks 1 and 2 are performed periodically during free fall phases - an activity 

werrefer to as navigation. Task 3 is performed continuously during powered se 

maneuvers - an activity we refer to as guidance. Guidance of the Apollo 

Spacecraft is inertial, i.e. applied force is sensed by accelerometers 

mounted on a gyroscopically stabilized platform and processed by a computer — 

which generates steering and engine cut-off commands. (Figure A3). The Lunar © S ae 

~—<Béursion Module G&N system also utilizes radar and astronaut-visual in- 

puts during the final approach to landing and therefore the LHM may be said 

to use radar-visual-inertial guidance. 
  

  

 



  

          

  

Navigation Sensing 

Navigation angle data in cis-lunar space is obtained by a two line- 

of-sight instrument called a space sextant. This instrument is fundamen- 

tally designed to measure the angle between a selected star and an earth 

or lunar landmark. The astronaut senses both the star and the landmark 

visually (refer to Figure A4 and A5)and controls the instrument to track _ 

both with the aid of servo drives and spacecraft attitude control. 

Additionally, the sextant may contain photamietric sensors for auto- 

matic star tracking and detection of light in the visual band radiated from | 

the atmosphere at the earth's bright horizon. These features illustrated 

in Figure A6 permit acquisition of navigation data when earth landmarks 

are obscured by cloud cover or when a fully automatic guidance and nav- 

igation capability is desired. Single line-of-sight qperation to track stars 

provides the orientation data required for alignment of the inertial plat- 

form. 

The space sextant is a two line-of-sight instrument shown schemat- 

ically in Figure A7 designed and used very much like the conventional 

Mariner's sextant. It is operated to superimpose a starona landmark 

at which time the angle is read out electronically into the computer. The 

navigation process uses a sequence of these angle measurements to update 

the present best estimate of position and velocity in a statistical sense 

(ref. 4 and 5). | | 

In local orbit, the star-landmark angle rate of change is too great 

for measurement by the sextant. In this case, a Single line-of-sight, wide 

field instrument called the Scanning Telescope is used to track landmarks. 

(Figure A8) The direction of the tracking line with respect to the inertial 

platform is read into the computer which processes this data to update the 

local orbit ephemeris. Such a bearing "fix'' locates the spacecraft on a 
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line in the direction of the line-6f- sight and terminating at the landmark. 

The Scanning Telescope is also required as a finder for the Sextant. In 

addition, the SXT may. be used in local orbits (earth or moon) to track 

unknown landmarks. This technique has an obvious application on the back 

side of the moon or when the earth is covered by clouds. 

For rendezvous, navigation sensing is accomplished with a radar 

onthe Lunar E Sion Module tracking a transponder on the mother ship. 

A back up and monitor capability will be provided by the SXT on the mother 

ship tracking a light on the LEM. 

Figure A9 summarizes the navigation phases in a typical mission, 

while Figure Al0 summarizes the guidance phases in a typical mission. 

  

Equipment Description 

To sum up, navigation in deep space requires three things. 

a. Optics to make sightings 

b. A data processor | 

c. Guidance which requires: 

1. Gyros for attitude reference 

2. Specific force instruments for measuring-non- 

field forces. 

3. Optics for aligning the gyros 

Of course, we require engines for making velocity changes and a 

vehicle stabilization system to neutralize vehicle dynamics. For rendez- 

vous maneuvers, we also need radar in order to get range, range rate, and 

line-of-sight information. 

  

 



  

    

The primary G&N system consists of the following basic units in 

CSM and LEM installations: 

    

CSM Installation LEM Installation 

IMU Inertial Measurement Unit = IMU _ Inertial Measurement Unit 

AGC Apollo Guidance Computer - LGC LEM Guidance Computer 

PSA Power Servo Assembly PSA Power Servo Assembly 

CDU Coupling Data Units  CDU- Coupling Data Units 

SXT Sextant | AOT Alignment Optical Telescope 

SCT Scanning Telescope D&C Display and Controls 

D&C Display and Control RR Rendezvous Radar 

LR Landing Radar 

Apollo Guidance Computer 
  

The AGC (References 8, 9 and 10) is the central processor-for the 

guidance and navigation system. It is also the clock or basic time and 

frequency reference for the spacecraft. Figure Ali shows the inter- 

relationship of the AGC to the various sensors and to the spacecraft control 

and propulsion system for the CSM digital autopilot function. 

The AGC can also communicate with the sextant and scanning 

telescope via the Coupling Data Units (CDU's). It can also communicate 

with the displays and it can receive inputs from the astronauts via the key- 

board. In addition, the AGC can count pulses from the accelerometers, 

read gimbal angles and read and control radar angles. The AGC can send 

information to earth via telemetry and receive telemetry information on 

an uplink. During guidance modes of operation, the AGC can control and 

Stabilize the spacecraft and start and stop the engines. 

Two computers have been designed a Block I anda Block II. The 

Block Il is a more powerful version of the first: design Figure Al2 shows 

the Block I computer and its associated Display-Keyboards (DSKY' s) and 

  

 



  

  

  

Figure A13 shows the Block II computer and associated DSKY's. Figure Al4 

lists the characteristics of both computers. 

The equipment is mounted in the CSM, as shownin Figure Al5. The 

location of the equipment for the LEM is shown in Figure Al6. Figure A1l7 

shows a Block I system under test at the Instrumentation Laboratory at MIT, 

while Figure A18 is a Block II system undergoing tests. 

Man-Machine Interfaces 
  

Design Philosophy 

The usual discussions concerning the man-machine interface can 

be broken down into two categories; unfortunately, both cases usually represent 

extreme points of view. One point of view, illustrated by Figure A19, is the 

"fully automatic’ system where the astronaut, wrapped in a life maintaining 

cocoon, is delivered to the lunar surface. The only real problem here is keep- | 

ing him entertained during the mission. The other point of view, illustrated by 

Figure A20, is the ''fully manual’ system where the astronauts ate given a 

rocket, a big window, a control stick, and appropriate charts and tables. This 

technique is certainly feasible in infinite energy type of vehicles (an airplane 

with inflight fueling certainly falls within this classification) but becomes ques- 

tionable for finite energy vehicles such as Apollo where highly accurate and 

complex navigation systems are needed to determine the most efficient path, 

or orbit, to the moon and back. 

Instead of the two extremes quoted above, we would like to substi- 

tute a third category. This third category could be called ''manually aided” 

systems and would combine the best features of both the man and the machine. 

In order to illustrate this point of view, Figure A21 shows the 

functional relationship of the man to the spacecraft for a typical midcourse 

star-landmark angle measurement. For this task, the following things are 

expected of the man. 
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a. Acquisition and identification of a particular star 

and landmark. To do this, he must be able to maneuver 

the spacecraft via the control system. Also he must 

perform the pattern recognition problem of associating 

the desired star and landmark patterns from maps and 

charts to the real world beyond his optics. 

b. He must be able to operate the displays and controls 

associated with the optics to position the desired land- 

mark into the sextant field of view. 

c. He performs the superposition of the star on top of 

the landmark, to the accuracy needed, and "marks" this 

event to the computer which notes the time of the mark 

and the angle. 

d.. Monitor and communicate with the on-board data 

processor as it processes his and other data and solves 

the complex functions necessary in order to navigatecand 

guide the spacecraft to the moon. 

Thus, we have employed man in three major levels of activity. 

In the first level, he performs his major role of monitoring the on-board 

data processor. In the second level, he solves a complex pattern recognition | 

problem which would be costly in weight and system complexity to instru- | 

ment. In the third level, he performs the fairly routine mechanical job 

of accurately pointing the optics. Again, instrumenting this problem would 

add weight and system complexity. 

Another facet of this discussion is the question of control or 

sequence of operations. Here again, man possesses unique abilities in 
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assessing the proper operation of his equipment and the optimum course of 

action. Again, the equipment can aid the man by doing a lot of routine se- 

quencing associated with the many spacecraft tasks. At least it could check 

the sequencing to make sure that it had been performed and that it was done 

according to the checklist. 

On this level, the man and machine think exactly alike. They 

each need a predetermined checklist, or logical path, and then a display, 

or signal, or order to confirm the event. If both perform the total sequence, 

the overall mission relaibility goes up. At a minimum it allows man to sit 

back and modify the sequence, as necessary, to meet the myriad of possible 
4 

contingencies. Only man is capable of executing the judgement necessary . 

to perform a successful mission in the presence of unexpected and unplanned 

for difficulties. 

In summary, then, manually aided systems make maximum use 

of the unique but distinctive abilities of man and equipment. This com-= 

bination, we feel, minimizes the weight and complexity of the equipment 

and maximizes the reliability.



    

B. Man-Computer Interface 
  

The rest of the paper will be devoted to describing the man-computer 

interface. The discussion will be along the following lines: 

a. Physical description of the computer display-keyboard 

(DSKY) unit and its basic operations. 

b. Description of the DSKY use in mission operations. 

c. Summary. 

The two DSKY's (Block I and II) are shown in Figure Al2 and A13. 

The two are functionally the same, except for the following; in Block L, a “) J. - 

- finer detail of internal computer caution signals were brought out on the(LEB 

DSKY; while in Block II, a larger group of functional signal lights are dis- _ 

played. Note: The same Block II DSKY is used twice in the CM, on the main : 

display console (MDC) and in the LEB (Figure A15). In the LM, the same 7 

DSKY appears on the Main display panel (Figure A16). 

The remainder of the descriptions wil] be devoted to Block I because 

that is the one for which I have a movie. The differences between Block lI 

and Block II will be pointed out as I go along. 

Physical Description 
  

Each DSKY consists of a keyboard, relay matrix with associated   decoding circuits, displays, alarm circuits, and power supply. The key- 

board, which contains numerics, signs, and other control keys, allows the 

astronaut to exercise control of the AGC. The inputs from the keyboard are 

entered into an input register and are not processed by the AGC until the enter 

key is actuated. 

The displays, which are electroluminescent, perform the following 

functions: (1) display data, (2) identify the data, and (3) monitor certain S 

functional discretes. Data is displayed in three five * decimal, or octal, — | = 

digit registers. Associated with each register is a sign bit for the display 

of decimal. data. In addition memory locations may be addressed directly,



  

  

        

-10- 

but this is intended primarily for ground checkout. We might point out 

that there is no attempt to restrict the access of the crew to the computer. 

However, weprimarily train them to use the technique designed for flight | 

operations. For flight operations, data is displayed in two levels (ref- 

erence il ). The highest level is a two-digit decimal code called a program 

_ identifier. 

Programs are major functional operations (Figure B1) where the 

most significant digit is strongly related to mission phase. For example, 

the zero series are the pre-launch programs; the ten series are the boost | 

monitoring programs; the twenty series are the navigation programs; the 

thirty series are the targeting programs for changing orbits, rendezvous, 

etc. ; the forty series are concerned with the guidance for thrusting and 

the starting and stopping of the engines; the fifties are concerned with | 

inflight alignments of the inertial sensors; the sixties with entry; and the seven- 

ties with aborts. 

The unit programs define the functional programs within a particu- 

lar series. 

The second level of addressing consists of two 2-decimal digit 

identifiers called appropriately Verb and Noun. The intent of the Verb iden-_ 

tifier is to define an action. The Noun identifier modifies the action of the 

verb and identifies the data being displayed or loaded. (Figure R2} lists 

some examples of verbs and nouns.) For example, Verb 16 means the 

computer will continuously monitor a function, display the data in decimal 

form, and update the display every half-second. If we associate with that 

Noun 16, then we will have displayed the AGC clock expressed in ground- 

elapsed-time (GET), with hours in the first data register, minutes in the 

second data register, and seconds to hundredths of a second in the third data 

register. Another example is Noun 40, which is the noun used just prior 

to and during an actual thrusting maneuver. In the first data register, the 

time-to4ignition is displayed in minutes and seconds. In the second data regis- — 

  

      
ter is displayed the magnitude of the velocity-to-be-gained. Thethird register _ / - / / - |
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displays the magnitude of the velocity measured by the inertial components 

during the thrusting maneuver. 

Communication with a computer always is bimoded, i.e, ,the man 

talking to the computer, and the computer talking to the man. The latter 

mode is mechanized by allowing the computer to flash the verb-noun displays 

(flash rate 1/2 second on, 1/2 second off). Therefore, if the computer wants 

the man to review data for acceptance or rejection or to load data, it will 

flash the appropriate verb-noun combination. For example, to load registers 

of data, the man would select a V25 N--E. As soon as he keyed the enter, the 

verb register displays a flashing V21 and the first data register is blanked, 

permitting the man to read the data as he enters it. Note again that this data 

is not recognized by the computer until the enter" has been keyed. As soon 

as the enter is keyed on the first register of data, the flashing verb will.now | 

change to 22, and the second data register will be blanked. This process is 

then repeated for the third register. More interesting examples will be given 

during the movie. 

In addition there are "activity'' lights for both the computer and the 

telemetry uplink, and alarm lights for both computer and the rest of the 

inertial system. “Ins Block I the G&N system lights were located in the 

caution and warning array in the MDC. In Block II they were consolidated | 

in the DSKY. 

Mission Operations 
  

The computer programs are designed to require continuous or 

discrete monitoring by the crew. In addition, sequencing of the associated S/C 

system functions such as engine thrusting may be performed by the crew with 

moni:toring by the AGC. The crew must also review the initial computational 

parameter for all G&N system maneuvers including spacecraft attitude, — 
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thrusting, and entry. 

To illustrate these processes we will examine in some detail these 

programs: | 

‘a. Portions of Program P24 - Ground Track Determination | 

b. Program P52 - Inertial component alignment including 

automatic optics point routine. 

c. Portions of Programs P31 and P41 - P3l is the Pre- Thrusting 

program for an orbit change and P41 is the Thrusting program. 

Figure B3 outlines program P24. Of interest are the routines initiated 

by Verb calls (V 64) and (V 66). When the crew keys V 64, the program | 

number changes to 24 and the computer integrates the S/C state vector, stored 

in the computer with its associated time tag, to the present time. The computer 

When a 

solution is reached, the AGC displays a flashing V16 N 43 and displays the 

  

activity light comes on and the computer|sits and thinks for awhile) | 

apogee and perigee altitude of the present orbit in nautical miles and the time- 

to-go to the point where the spacecraft orbit would intersect 300, 000 feet if 

the perigee were low enough 4so0 called time-of-freefall). The display is 59 min. - 

59 sec. for a stable orbit.   
| At this point the computer holds the flash until the crew-man indicates 

he is through reviewing the data by keying a proceed (V33E). The computer 

then displays the time to the next perigee (N45). (Note: The time-to-perigee 

is measured from the instant N43 is displayed). Again the crew-man reviews 

the data and gives a proceed when heis through. At this point the routine is 

finished and the DSKY is cleared except to display the idling program (P00). 

During program P00 the computer performs a continuous automatic self-check. 

Crew keying of V66 selects another routine in P24. The first call in
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this routine is a flashing V21 N34 which requests the crew to load the ground 

elapsed time for which he desires the S/C Latitude, Longititude, and Altitude. 

‘That is, the program will calculate and display a point on his ground track. 

Note: He mayload any time (present, past or future). Once the time is 

loaded the computer updates the state vector to the specified time. After it 

is through thinking, it flashes V06 N44 displays the Latitude, Longitude, and 

Altitude of the orbit at the desired time. When the crew-man is through 

reviewing the data, he keys a proceed. A proceed in this routine causes the 

state vector to be recomputed and displayed for a time ten minutes beyond the 

initial time. Additional proceeds update the ground track in ten minutes in- 

crements. This routine is terminated by keying the terminate code (V34E). 

To summarize, we have shown how programs are called, the formats 

for displaying data, and some of the ways the crew can step through the 

programs. Table I lists the possible crew keyboard codes. 

The next program (P52) illustrates additional facets of the interface. 

Program 52 is selected by using the program selection verb (V37). 

This verb is the primary way of selecting or redesigning new programs 

(except for P24 which is really a collection of routines that can be called 

by individual verbs). Thus P52 is selected by a V37E 52E. 

The outline of P52 is shown in Fig. B4. In these outlines we are 

trying to show the program sequence with the various options for the 

crew's reloading new data, recycling to an earlier point within the program 

and/or terminating that program and selecting other programs. 

The purpose of Po2 is to check or re-establish the orientation of the 

inertial components in space. In this program the pointing angles of the 

optics at specified stars are noted by the computer to establish the desired
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reference coordinates. As soon as P52 is selected the computer selects 

two stars from a stored list of 37 coded navigation stars. The routine sel- 

ects the stars on the basis of their being simultaneously visible in the SCT 

cone of view and having a maximum angular separation, in order to optimize 

the sighting mark information. In addition, the routine checks to see that 

they are not occulted by sun, moon, or earth. The stars may be acquired 

manually or by computer control of the optics. When the star is centered on 

the optics reticle the navigator sends a mark signal to the computer. One 

such mark on each of two stars provides enough information to establish the 

inertial sensor orientation. After the two sighting marks, the computer 

calculates the actual angle between the stars (from the star positions stored 

in memory) and the angle between the stars from the sighting mark data and 

displays the difference between these two values. This data provides two 

checks. One, that the crew-man sighted the correct stars, and two, that 

his pointing was sufficiently accurate. Ig this angle error is satisfactory, 

the AGC automatically drives the inertial sensors to the desired orientation. 

The navigator keys V37E52E to select the inertial orientation program, 

P52. The AGC displays the first of two selected stars. The navigator accepts 

the star with a proceed (V33E) and the computer requests the navigator to | 

select computer control of optics positioning for star acquisition. The nav- 

igator accepts by placing the optics mode switch to computer mode and keys 

ENTER to start the automatic optics positioning. As the AGC drives the 

optics, it simultaneously flashes V51, requesting a sighting mark. The 

navigator verifies that the proper star has been acquired, takes over manual 

optics control, centers the star image on the SXT reticle and marks. 

The AGC requests termination of the sighting mark sequence, but the 
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navigator may reject a poor mark by keying V52E and the AGC again 

requests a mark. After a good mark, the navigator keys ENTER to terminate 

the mark sequence. The navigator then loads the code of the star marked 

and the entire sequence is repeated for the second star. | In. the movie, | 

the navigator chooses to acquire the second navigation star manually. After 

receiving the second star code subsequent to a good mark, the AGC displays 

the marking accuracy data. If this value were greater than. 05°, the 

navigator would have to decide to proceed with this data; if less than . 05°, 

the data is automatically accepted by the AGC and automatically torques 

the inertial sensors to the desired orientation and displays the angles through 

which the sensors are driven. The AGC then requests an alignment check 

consisting of a repeat of the entire sequence, which the navigator may reject. 

To summarize, P52 illustrates navigator optical measurements upon 

request of the computer with the "please mark'' verb (51); that the computer 

checks the data and can be forced by the navigator to accept larger than | 

nominal errors (step 15); that the AGC checks that the crew have set the 

control switches for proper program execution (step 5); and that the AGC 

notifies the crew of improper mode selection or sequencing. 

We will now turn to our final examples. - the pre-thrusting program 

P31 and the thrusting program P4l. The outlines for these programs are 

shown in Figures Bo and B6. 

The objective of Program 31 is to calculate and display the apogee and 

- perigee of a new orbit, the fuel consumption, and S/C attitude required to 

achieve that new orbit, based on the following crew inputs: (1) ignition time, 

(2) aim point coordinates, (3) period of new orbit, and (4) thrust engine 

gimbal angles to compensate for c.g. shifts and thrusting engine tail-off 
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characteristics. (This last factor is required because, for program sim- 

plicity, the computer assumes a step function burn cut-off, which does not 

actually occur. ) 

Having decided the nature of the orbit change, the crew may determine 

the above values by means of the orbital parameter determination program (P24) 

and charts provided in the on-board data package. The aim point coordinates 

may be determined, for example, by keying V66E, and loading a time about 1/4 

period beyond ignition time. The computer calculates the S/C coordinates for 

this time. The aim point is selected about 1/4 after ignition time to minimize 

dispersions in computer calculations of the new orbit. 

The crew selects the pre-thrusting orbit change program P3l by keying 

V37E3lE. The AGC first displays a time of ignition, which the operator may 

change by keying V25E and loading the appropriate data. Notice that when 

the "enter'’ subsequent to V25 is keyed, the Verb register displays a flashing 

V2l, and the first data register, Ril, is blanked. After the 'enter'’ subsequent 

to the data loaded in Rl, the Verb register changes to a flashing V22 and R2 is 

blanked. When the operator is satisfied with the data loaded he may proceed 

to the next data display, aim point coordinates. ‘The estimate of the period 

of the new orbit is loaded next, followed by loading of thrust engine gimbal 

angles and cut-off bias. 

The AGC computes and displays the resultant apogee and perigee 

and fuel (in feet per second) to achieve that orbit. If these values are not 

satisfactory the program may be reselectedand the data adjusted. Subsequent 

displays for time to ignition and inertial gimbal angles at thrust are pro- 

vided when the operator keys proceed (V33E). If these are satisfactory, the 

S/C is positioned either manually or by the AGC at the desired thrusting 

Orientation. The thrusting program P4l is then entered. In this program th€
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the engine ignition and shutdown are controlled by the crew through the computer 

and the resulting orbital parameters are displayed after the burn. 

Summary 

In summary, we have described a man-computer interface design for a 

family of space-oriented tasks which can be generalized as shown in Figure B-7. 

The cost of the interface in terms of computer memory capacity is 

about 8%. In terms of computer weight the DSKY represents about 19% of the 

total weight.



  

  

  

Crew Keyboard Control of 

Computer and Mission Sequences 

(1.) V37ES E 

(2.) V--N-- 

a.) V16 not 

b.) V2- N-- 

(3.) V33E 

(4.) V32E 

(5.) V34E 

(6.) ENTER 

(7.) CLEAR 

(8.) RESET 

(9.) KEY RELEASE 

  

  

TABLE I 

Select program specified by code XX. © 

Perform function defined by Verb code 
with and/or upon values defined by | 
Noun code. | 

Monitor continuously updated data dis- 
play defined by Noun Code, YY. 

Enable load data into computer. 

Proceed to next step in program. 

Recycle to head of program or sub- 
routine. 

Terminate sequence. 

Complete data load, program selection, 

or crew option specified by computer 

display. 

Erase improperly keyed data. 

Acknowledge awareness of improper 

keyboard procedure. 

Permit computer to regain requested | 
control of keyboard. 
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