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ABSTRACT

This report describes the first two simulator evaluations in a pro-
gram to define advanced integrated display-control requirements for post-Apollo
space vehicles. The test program was conducted in the LTV Manned Aerospace
Flight Simulator employing a Space Analog Vertical Display and Horizontal Dis~
play, space vehicle subsystems status-trend information, and dynamic gimulation
of motion and auditory cues. The two simulations differed primarily in the
types of information presented on the Vertical Display: the First Evaluation
featuring command attitude information and the Second Evaluation presenting
information on deviation of the vehicle flight path (velocity vector) from the
required (Nominal)path. The report describes in detail the simulation problem,
hardware setup including equations, procedure, measurements, test data, and
interpretation of tests of significance and pilot questionnaires. The results
of the first two simulations demonstrate that the Space Analog Display is a
feasible means of control of space vehicles during orbital maneuvers with
median injection point data on relevant parameters generally within currently
anticipated allowable errors. Comparisons are made between various variables
both within and between evaluations and recormendations are provided for
further improvement of the display presentation for future evaluation.
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SUMMARY

The first two simulator evaluations-in a program to define advanced
integrated display-control requirements for post-Apollo space vehicles are
described. This includes the simulation setups in the LTV Manned Aerospace
Flight Simlator (MAFS); selection, grouping, and indoctrination of test
subjects; experimental testing procedures; data recording, analysis, and
results.,

FIRST EVALUATION

During the period 28 Jeanuary through 14 February 1966, a total of
172 experimental flights were flown in the LTV MAFS by six, currently qualified
jet pilots. A prime objective of this simulation was the evaluation of a
space analog vertical display, featuring a vehicle attitude command presenta-
tion during thrusting, in a cisplanetary injection maneuver. Concurrently,
the need for supplementary digital information, command attitude display gain
in various forms, and the effects of acceleration versus rate attitude con-
trol on pilot performance were evaluated.

Test results indicate that this analog format, in & standard tele-
vision presentation, is a feasible means for performing the injection maneuver.

However, the command attitude format did not provide adequate task
nnv-f‘nmnqco information { 'How am T An-nng‘?") The pilot had %o place complete
reliance in the attltude command during the thrusting maneuver whlch had to be
completed before the success of the maneuver could be ascertained.

Supplementary digital information did not improve pilot performance.

The use of display gain in the attitude command presentation had
little effect upon attitude control performance.

Use of the acceleration attitude control mode was deleted early in
the simulation program when it was determined that the vehicle was virtually
ummanageable in this mode. The angular rates achieved could not be effectively
canpensated for by the pilot and rapidly reached the limits of scaling in the
digital computer. Pilot opinion was that this mode could be learned, but not
without considerable practice. Rate attitude control was used for all sub-
sequent flights.

The space analog format was well received and comparatively inex-
perienced pilot and even non-pilots learned to make an acceptable injection
in just a few trials.

The prime recommendation made as a result of the First Evaluation
was to revise the vertical display format during the thrusting phase to add
task performance information. It was recommended that the command attitude
presentation be replaced by a more natural format incorporating the presen-
tation of the space vehicle direction of motion with respect to the required
(Nominel) path.



In this format task performance formation would always be availe
able in that the effects of pilot control of vehicle attitude and thrust
are presented in the form of vehicle position and direction of motion with
resgpect to the required path.

SECOND EVALUATION

During the period 27 June through 13 July 1966, a total of 84
experimental flights were flown in the LTV MAFS by six, currently qualified
pilot subjects. A prime objective of this simulation was the evaluation of
a space analog vertical display wherein the view is in the direction the
space vehicle is moving, and is in proper relationship to the required
(Nominal) path, and s background representative of the real world.

Three experimental gquestions were evaluated concurrently:

(1) Was display gain required in presenting vehicle path elevation
and heading errors;

(2) what were the effects upon pilot performance when attaining
the cisplanetary injection point fram initial on-path versus off-path positions;
and

(3) what were the effects upon pllot ability to acquire the Nominal
path when using e path display incorporating a single-scale range of vehicle
positional error versus one with a three-scale display of the same range (alti-
tude and lateral position)?

The flight problem, and other aspects of the simulation setup were
the same as in the First Evaluation to permit a direct comparison of pilot
performance between the Space Vehicle Command Attitude display format of the
First Evaluation and the Space Vehicle Path format of the Second.

Test results indicate that this analog format, in a standard tele-
vision presentation is a feasible means for performing the injection maneuver.
However, certain deficiencies were noted in the use of fixed display gein and
in the presentation of certain analog display elements, which when corrected
should result in a higher level of performance.

The Space Vehi¢le Path Mode was not flyable when vehicle flight
path elevation and heading errors were presented in a 1:1 relationship with
the real world. Gains of 6:1 in elevation and 32:1 in heading were used to
achieve the results reported herein.

Pilot performance with vehicle on~path initial conditions was superior
to that with off-peth initial conditions.

Overall pilot performance (all parameters) was superior when using
the single-scale path display, except for lateral position error control
where the three~scale configuration was superior.

The prime recammendation made as a result of the Second Evaluation
is to investigate techniques for providing a logarithmic increase in display
sengitivity as error is decreased and a decrease in gensgitivity as error is
increased. Parameters affected would include vehicle flight path elevation
and heading errors and altitude and lateral position errors. In addition,
in order that the pilot may anticipate the consequences of vehicle attitude
control inputs, it is recommended that quickening a.nd/or prediction be in-
vestigated and incorporated.
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COMPARTSON BETWEEN THE FIRST AND SECOND EVALUATION

Pour of the six flight performance parameters favoring the First

Evaluation were highly significant (0.02 or better). These parameters were
elevation error, heading error, altitude error, and roll energy expenditure,
The level of significance for a fifth parameter, lateral error, could not be
assessed because the First Evaluation reported this error as essentially zero.
The sixth parameter, velocity error, was significant at a very low level
(0.18). An explanation for the superior performance on these parameters

in the First Evaluation was the extremely fine display sensitivity to small
errors which was achieved through the use of a command attitude presentation.

The three parameters favoring the Second Evaluation were highly
significant (0.06 or better). These parameters were longitudinal error,
pitch and yaw energy expenditure. An explanation for the lower control
energy expenditure in pitch and yaw was that in the First Evaluation pilots
tended to overcontrol by correcting for insignificant errors, whereas in the
Second Evaluation pilots were less aware of very small deviations from an
idealized vehicle flight path and,therefore, corrected much less often.

A comparison of injection point data with representative space system
performance requirements is shown below. System requirements listed as allow-
able errors for interplanetary missions are based on the EMPIRE Program and
Apollo. These requirements are the best available at the present time and
subject to revision and more exact definition as interplanetary planning ad-
vances.

Allowable
Median Errors¥ Median Errors¥* Interplanetary
Parameter First Evaluation Second Evaluation Errors
Flight Path Elevation (DEG) 0.,0025 0.192 0.10
Flight Path Heading (DEG) 0.003 0.009 0.10
Velocity (FPs) 5.0 7.3 10
Lateral Position (FT) Essentially 1,027 50-11.,000
(out-of ~plane ) Zero
Longitudinal Position (FT) 6,441 1,181 50-11,000
(in-plane)
Altitude (FT) 121 4,368 3,000
Ener enditure
(attitude control)
Pitch (%) 29.0 13.68 N/A
Yaw (%) 24.3 8.28 N/A
Roll (%) 4,6 5.48 N/A

* Grand median error
*On-path, l-scale median errors
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PROGRAM RECOMMENDATIONS

The Second Evaluation has defined the need for further research in
specific areas which should result in a higher level of pilot performance.
This research can be accomplished with equipment and facilities presently
available to the program with required but limited modifications in certain
specific areas. It is therefore recommended that a Third Evaluation be con-
ducted in the LTV Manned Aerospace Flight Simulator (MAFS) to correct the
deficiencies in the Space Analog that have been identified.

The obJjectives of the Third Evaluation will be:

(1) Improve the natural (realistic) presentation of space vehicle
flight path angular and positional errors with respect to a required (nominal)
path by investigating techniques for providing a logarithmic or non-linear
increase in display sensitivity as error is decreased and a decrease in sen-
sitivity as error is increased.

(2) Improve displayed vehicle flight path response to attitude
control when thrusting by investigating techniques for incorporating quickened
and/or predictor forms of infomation in the Space Analog to compensate for
the inherent lag between pilot attitude control inputs and the visible change
in vehicle flight path.

(3) Revise the Vertical Display System Demonstrator equipmenmt
to correct deficiencies in display element, presentation.

(4) Incorporate an Earth cepture flight profile, in lieu of the
cisplanetary injection profile previously used, to extend the investigation
of the operational capabilities of the Space Analog to another critical phase
of the space mission.

(5) Investigate pilot ability to recognize malfunctions of the Space
Analog by observation of display element performance (through programmed
random deviations from the natural envirommentsl format) in the course of nor-
mal space flight operation; and to identify and correct such system melfunctions
through the interpretation of advanced integrated forms of vehicle sybsystem
status information appearing on the Horizontal Display, and applicable pesnel
controls, This will serve as a more realistic form of operational pilot task
loading than the first level of information Status-Trend display used during
the first two simulator evaluations.

(6) Define the envelope of flight operation for the Vertical Display
portion of the Space Analog, i.e., what are the limits, if any, in off Nominal
Path vehicle conditions, which retain a natural environmental format and do
not require supplementary planning information for normel flight operation?

It is expected that the Third Evaluation will produce the following
results:

(1) The deficiencies of the Space Vehicle Path Mode defined in the
Second Evaluation will be corrected and the resultant pilot flight performance
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will compare closely with that of the Space Vehicle Command Attitude Mode of the
First Evaluation. Further, it will be shown that the Space Analog concept of
information presentation meets the requirements of current and future space
systems in a manner that permits maximum manned participation and decision
making during the most critical phases of space flight.

) (2) Demonstration of a pilot's ability to recognize and correct
possible malfunctions in the Space Analog will increase confidence and accep-
tance of this form of information presentation.

(3) The application of advanced integrated information presentation
to vehicle subsystem malfunction detection and correction, used in conjunction
with Space Analog malfunction recognition and as pilot task loading, will
demonstrate the advantages of these concepts in this area,
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1.1 STATEMENT OF THE PROBLEM

In future space systems, man and his machine will require much more
integration than is presently being achieved to (1) maximize capabilities
in space operations, and (2) to permit the design of more functional and
reliable equipment. One ares where sufficient information is presently
not available to provide an adequate understanding of the man-machine inter-
face, is in crew station displays and controls,

Considerable research hars been conducted in the past by various
government organizations which has not been thoroughly evaluated for applica-
tion to space vehicles, and until the introduction of realistic simulation,
no adequate means has been available for such evaluation. A basic tool in
the present effort is the LTV Manned Aerospace Flight Simulator (MAFS), which
permits the required evaluations to be conducted under dynamic space flight
conditions.

1.2 PROGRAM OBJECTIVES
The objectives of this program are:

(1) To define, evaluate, and validate, in an objective manner,
advanced display and control systems concepts that will maximize man's capa-
bilities in the man-machine interface of advanced space systems.

(2) To provide proven display-control system requirements thereby
assuring an early optimization of the man-machine interface and a marked reduc-
tion in equipment development time.

1.3 TECHNICAL APPROACH
To date this program has accomplished the following:

(1) Examined contemplated manned space missions subsequent to Apollo
and established a generalized flight profile that encompasses the situations
relating to future space flights and is a suitable base for the evaluation of
advanced systems (Reference 1).

(2) Reviewed existing data on the most effective current methods
of presenting basic types of information to man and determined their initial
application to space flight (Reference 2).

(3) Conducted mission, function and task analyses of the generalized
flight profile and established initial vehicle systems display and control
requirements (Reference 3).



(4) Defined an initial integrated display and control configuration,
based upon man's fundamental capabilities and limitations, to meet the misgion
requirements of the generalized flight profile.

(5) Simulated this initial display and control configuration and
evaluated displey configuration performance under dynamic space flight con-
ditions in the LTV MAFS.

(6) Evaluated the results of simulation and recommended further
studies needed. (This report.)

Studies (1) through (4) above, were accamplished as part of the
Requirements Analysis Phase of this program which is summarized in Reference k4.

A schematic of the program to date is shown in Figure 1.
1.4 GENERAL EVALUATION PLAN

In the Requirements Analysis Phase, post Apollo space missions were
first reduced to a generalized flight profile and then to basic flight phases
and fundamental information and control requirements. Concurrently, advanced
display and control concepts developed by previous investigators were reviewed
and the most pramising selected for incorporation, evaluation, and further
development. The culmination of this analytic effort was an initial definition
of displays and controls which serves as the base configuration for further
development through realistic six-degrees-of-freedom simulation in the LTV
MAFS. By operational evaluation and development through all the flight phases
of the generalized flight profile, optimized integrated system requirements
are being defined along with supporting simulation data.

Each gsimulation phase of this program consists of the following:

(1) Definition of a display=control configuration incorporating
the concepts to be evaluated, a related flight phase environment, and test
objectives.

(2) Implementation of a simulator setup including: MAFS crew
station hardware, vehicle equations of motion, computer equations, supporting
computer programming, test experimental design, subject selection, test data
requirements, data evaluation procedures, computer hardware setup and engineer-
ing shakedown of the simulation complex.

(3) Formal testing.
(4) Test date evaluation.
(5) A report, containing a description of the simulation camplex,

test conclusions, identification of concepts validated, and recommendations
for additional analysis and testing of concepts requiring further development.
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1.5 REPORT FORMAT

This document reports on the results of two separate simulation
evaluations, for the purpose of comparing the operational performance' of two
analog displays: one presenting command attitude flight information, similar
to that available in current space programs (First Evaluation); the other an
advanced integrated Space Analog incorporating a natural environmental format
(Second Evaluation).

The greater part of the simulation setup is common to both evalua-
tions., the differences in display presentations being accomplished by changes
in the computer programming. Descriptions of equipment used, procedures, etec.,
appearing in the First Evaluation section of this report are also applicable
to the Second, except for those differences noted in the Second Evaluation
section.

The body of this report defines equipment, procedures and techniques
used; presents examples of data taken, descriptions of analyses, and the re-
sulting conclusions and recommendations. Additional supporting data is pre-
sented in the appendices.



2.0 FIRST EVALUATION

The purpose of the First Evaluation was to establish the operational
effectiveness of an analog vertical display when presenting flight information
similar to that in current space programs both with and without numerical
backup data. The results are to serve as a base for comparison and develop-
ment of more advanced integrated Space Analog Display requirements. Testing
consisted of 172 experimental flights in the LTV MAFS during the period
28 January through 14 February 1966.

2.1 OBJECTIVES
The objectives of the First Evaluation were:

(1) Investigate the ability of a pilot to set up and execute an
orbit (or trajectory) change maneuver using command attitude
indications, present orientation, and situation data and
presented on the Vertical Orientation and Horizontal Situa-~
tion displays.

(2) Determine what modifications or additional information were
required in these initial display configurations to achieve
better man-machine integration.

(3) Investigate the effects of different control modes on pilot
performance and define the requirements for the most effec-
tive control method(s).

(4) Establish requirements for display and control concepts that
had been validated through simulation results and/or define
the requirements for further investigation.

2.2 THE SIMULATION PROBLEM

2.2.1 The Space Mission Segment

The mission segment selected for the first evaluation program was the
critical injection maneuver from earth orbit into a Mars cisplanetary trajectory
(Figures 2 and 3). This had been designated as one of the events requiring
precise orientation, navigation, and energy management information for the
pilot to participate in the control loop with maximum effectiveness. In addi-
tion, nearly all maneuvers in space flight (with the exception of proximal
docking and non-atmospheric landing), are much like the injection maneuver
differing primarily in precise values of the parameters and in the degree of
control accuracies required.

The simulation began with the vehicle in a given position in a
circular orbit around the earth. The injection was made with reference to a
nominal path to Mars. The injection point was constant for attainment of the
Mars trajectory.
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Each simulation flight was terminated upon shutoff of the main engine
(a nuclear fission plant) at injection into the cisplanetary trajectory.
Assessment of the success of the injection maneuver was made in terms of
correspondence of the terminating position, velocity and flight path angles
of the vehicle (its "state") relative to the conditions required at the in-
Jjection point.

The only crew station considered in the program was the primary
pilot-commander station. No navigational operations were carried out by the
pilot. The director displays, which command the operator to take specific
action, presented information which would, in a realistic situation, be derived
from the spacecraft's computer and navigation system. The primary problem
herein was to determine (given the information that a pilot would require
from & navigation system) the degree to which he could:

(1) 1Interpret what it is he must do to accomplish the mission
goals and,

(2) His effectiveness as a vehicle controller in the man/machine
loop utiliging the displays and controls supplied him.

2.2.2 Simulated Space Vehicle

In order to study the utilization of any display-control concept in
a mission setting, it was necessary to "invent" a vehicle to convey the
simulation with as little bias as possible. This was accomplished by estab-
lishing vehicle characteristics typical of most vehicles in its class, and by
measuring those performance parameters which were as unrelated to the par-
ticular vehicle simulated as possible. Thus, speaking in terms of delta
velocity requirements instead of mass losses, acceleration instead of thrust,
etc., it will be possible to apply the experimental results to a wide variety
of vehicles, Table 1 presents the details of the Simulated Space Vehicle.



SPACEFRAME :

Shape =
- Symmetry -

Cylindrical

About longitudinal exis -

ENCINE (MAIN):

e -

Propellant =
Thrust « To Masg Ratio =

Location =

Operation -

Specific Impulse =

Nuclear Reaction
Turbulent Flow
Solid Core
Heat-Exchange
Fission
Gas=-generator Turbopump

Hydrogen

At thrust initiation approximately 32,2
£t/ sec?

Aft; Thrust along longitudinal axis
through center of mass*

Dichotomous; Full-power or off, Sequence auto=-
matic except for initiation. Fixed nozzle.

850 sec.

ATTITUDE CONTROL SYSTEM:

Trpe -

Acceleration Levels =

Operating Characteristics:

Momentg=
Acceleration Command =

Rate Command -

Hot Gas Reaction Jets
HyOp over Catalyst (monopropellant)

Pitch: 59/sec?
Yaw: 50/sec2
Roll: 59/sec?

Jets arranged to produce pure couples
Jet Valve Open or Closed -~ Fly by wire mode

Jet Valve Open or Closed -~ Open time varied
for amount of deflection by logic circuit.
Sign of a control movement determines direc-
tion of thrust. Full thrust attained after
ramp function buildup in rate by pulse-modu=-
lated system, Permits small deadband.

*Location of C.M. will be varied randomly (as a function of time) during each

trial run, simulating fuel mase shift, etc.

alignment problems.

This will produce thrust misge

TABLE 1 SIMULATED. SPACE VEHICLE . CHARACTERISTICS SUMMARY




2.3 SIMULATION SETUP

Major components included in the simulator implementation were
as follows:

2.3.1 LTV Manned Aerospace Flight Simulator (MAFS)

The MAFS is a moving base crew station simulator with the crew
station gondola mounted inside a 20-foot diameter sphere. The interior
walls of the sphere serve as a projection screen for appropriate visual
projection systems. However, external visual displays were not required
for this simunlation. Crew station gondola motion is provided by four
hydraulic powered gimbals - outer pitch, yaw, inner pitch, and roll. The
outer pitch motion has a deflection capability of +100 degrees and primarily
provides variations in the longitudinal acceleration on the pilot. Maximum
yaw and inner pitch deflections are +10 degrees. The yaw and inner pitch
drives are pivoted 6 feet behind the pilot, the yaw motion providing lateral
and yaw accelerations, with inner pitch providing normal and pitch acceler-
ation cues to the pilot. Roll motion, which provides pilot oriented roll
accelerations, is limited to +20 degrees in rotation. The roll axis is 20.5
inches below the normal eye position.

Figure 4 is a view of the simulator rcom and shows the gondola on
the moving base ingide the 20-foot diameter sphere with the Safety Engineer's
console at left. The purpose of the Safety Console is to monitor operation
of the moving base for the protection of personnel and apparatus. Figure 5
presents side views of the gondola, canopy open and closed, as it appeared
for this program.

2.3.2 Crew Station Displays and Controls

The crew station display panel is shown in Figure 6. Of this
configuration, only the units 1listed below were required to be operable for
this evaluation. These operating units are emphasized in Figure 7. Primary
cockpit controls were the vehicle thrust control and the three axis vehicle
attitude controller., In addition, the panel contained numerous illuminated
legend pushbutton switches and variable rotation controls (submerged wheel
type) on both sides of the television displays.

(1) Vertical Display

The vertical display was implemented with the Norden Pathway
Display System Demonstrator (Reference 5). This system utilized a 1li-inch
television tube in the MAFS crew station to display a space analog present-
ation. The electronically generated scene was a view looking forward over the
nose and along the thrust axis of the vehicle. The viewed scene was in 1:1
relationship with the real world with a view angle of 23.7 degrees in the
vertical plane and 31.2 degrees in the horizontal plane. The background scene
consisted of a ground plane, horizon line, and starfield presentation; for
displaying vehicle orientation, velocity and heading relative to the local
horizontal plane. In addition, the ground plane grid indicated variations in
altitude, the size of the grid varying inversely with altitude. A pathway,
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converging at infinity, was superimposed on the background scene with the
function of the path varying with the selected display mode - ATTITUDE or
COMMAND ATTITUDE. Figures 8 and 9 show typical vertical display presenta-
tions for each mode. :

(a) Space Vehicle Attitude Mode -~ In the attitude mode the pathway
represented the nominal {or required) orbital path, and conveyed vehicle atti-
tude, velocity, vertical (altitude) and lateral (horizontal) displacements
relative to it. For vehicle roll displacements the path rotated with the
background scene - i.e., with the ground plane. Vehicle yaw and pitch
motions with respect to the path were depicted by rotations of the path
with the pilot as the center, and displacement of the path vanishing point
(tip) from display center, right - left parallel to the ground plane, and
up - down normal to the ground plane, respectively. Vehicle velocity along
the path was displayed by bars, "tar strips," across the path, and parallel
to the horizon line, which translated along the path. The width of the path
varied inversely with altitude error (vehicle altitude relative to that of
the nominal path), the near end of the path being full display width for zero
altitude error. Direction of altitude error was presented by the relative
position of the path with respect to the center of the screen; the path
appearing in the lower half of the screen when the vehicle was above the
path and vice-versa. The near end of the path was displaced left and right
of display centerline parallel to the ground plane for lateral (horizontal)
displacement of the vehicle from the nominal path.

(b) Space Vehicle Command Attitude Mode - In the command attitude
mode the path presented required attitude at present vehicle position. The
near end of the path remained at full width of the display, parallel to the
ground plane, and centered in the display (zero altitude error and lateral
displacement) representing present vehicle position. Yaw and pitch attitude
changes required for controlling to the commanded flight path were presented
by lateral displacements of the path tip - by bending the pathway right and
left parallel to the ground plane; and vertical displacement of the path tip
by rotation of the pathway up and down about its near end normal to the ground
plane, respectively. Present velocity was displayed by the "tar strips" as
for the Attitude Mode, while the velocity error from the required value was
displayed by speed markers, bars adjacent and parallel to the left side of
the pathway, which translated along the path at a rate that was a direct func-
tion of the velocity error, the direction of motion relative to that of the
"tar strips" denoting the error sense.

(2) Horizontal Display

The horizontal display utilized a 16 inch television tube with
its long dimension (normally the width) oriented fore and aft. It displayed
a composite picture of three basic presentations as shown in Figure 10. The
composite scene was obtained via & closed circuit TV camera using a beam
splitter, one-way mirror, system as shown in Figure 1ll. Two of these dis-
plays, System Status-Trend and Horizontal Situation, were available for all
runs. The third display, Digital Readout, was presented only when specified
by the experimental requirements.
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(a) sStatus-Trend - The Status-Trend display utilized an Industrial
Electronics Engineers, Inc. Series 360 Readout Display, a rear projection
device incorporating transparencies for twelve different system status con-
ditions. The status conditions were presented individuelly, in a random
order by the computer program. This display appeared on the TV screen when
selected by the pilot (self-paced) as part of the task loading portion of
the simulation. (See Display Item H for operation.)

(b) Horizontal Situation - The horizontel situation display pre-
sented vehicle position and flight path heading information which were gene-
rated on a CRT. These were superimposed on a fixed position map and grid
background produced by an edge-lighted overlay on the CRT.

The horizontal situation display mode presented was dependent upon
the vertical pathway display mode selected. In both the ATTITUDE and COMMAND
ATTITUDE display modes the CRT generation presented a straight line along the
tube vertical, fore-aft, centerline, which represented the nominal path
(required orbital path).

A second straight line depicted present vehicle position and flight
path heading. This line was generated in such a fashion that the point at
the end which corresponded to present position was heavily accented and the
other end pointed in the present direction of flight.

In the COMMAND ATTITUDE mode three additional lines were displayed.
Two of these, normal to the nominal peth line, designated the longitudinal
positione for thrust initiation and termination. The positions of these
two markers were pre-set constants for each simulation run. A third line
to depict required (commanded) flight path heading was generated in the
same manner as the present heading line with the large, heavily accented,
end coinciding with that of the present heading line, at the present position
of the vehicle. The length of the required heading line was 25 per cent
greater than that for the present heading line.

All of the CRT generated lines were produced by a single beam in
conjunction with a function stepping switch. In this manner, normal CRT
drift characteristics affected all of the lines similarly without changing
their relative relationships.

(c) Digital Readouts - The digital readouts were produced by &
character generator writing the specified quantities on a second CRT. The
displayed parameters varied with display mode. For both modes, the digital
readouts included time to event (the event being thrust initiation until it
occurred and thereafter, thrust termination) and vehicle velocity values;
present (P), required (R), and change (C).




In the COMMAND ATTITUDE mode the attitude angles relating vehicle
orientation to the nominal path and local horizontal, for a yaw-pitch-roll
Euler convention, were also displayed - the displayed parameters being the
present, required, and change values for yaw, pitch, and roll.

(3) Vehicle Thrust Control

A fore-aft, push-pull type control, for left hand operation
was provided for primary control of engine thrust. This controller can be
seen in the lower left center of Figures 6 and 7. For this simulation only
on-off thrust control was utilized, the control being rigged for thrust ON at
control positions forward of 25 per cent throw, and thrust OFF for positions
aft of that. The microswitch on the control was wired in such a manner as
to require both the thrust controller function and nuclear propulsion power
switches to be selected before thrust could be obtained.

(4) Vehicle Attitude Controller

A three-axis side arm controller was provided for manual, right-
hand, control of attitude about all three vehicle axes -~ yaw, pitch, and roll.
This controller, an LTV development, is part of the right armrest as shown
in Figure 12. It is configured so that the yaw and pitch pivots coincided
with the wrist pivot of the pilot and the roll axisg with his forearm axis
through the wrist pivot. With this configuration manual control is possible
under high vehicle acceleration. The controller is equipped with spring
centering and a positive neutral detent, with full throw displacement of
* 10 degrees, in each of the three axes. In addition, two thumb control trim
knobs, pitch and yaw are provided on the hand grip. The function of the side
controller varied with attitude control mode, Rate or Acceleration Command.

(2) Rate Command - In the RATE command mode, displacements of the
stick in each axis beyond 10% (+ 1 degree) of full throw produced angular rate
commands proportional to stick displacement - zero at + 10% up to * 10 degrees,
per second at full throw. The pitch and yaw trim knobs functioned only in
the RATE command mode and provided bias signals, rate commands up to about
+ 1.5 degrees per second proportional to knob displacement, for such purposes
as compensating for engine misalignment moments about each of these axes without
having to continually deflect the attitude control.

(b) Acceleration Commend - In the ACCELERATION command mode the
attitude controller provided direct control of the attitude reaction control
Jets, commanding the jets on at the maximum acceleration level, + 5 degrees
per second, in the appropriate direction for corresponding control displacements
greater than 25 per cent of full throw; and Jets off, no acceleration, for
lesser displacements.
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FIGURE 12 CREW STATION SEAT AND VEHICLE ATTITUDE CONTROLLER
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(5) RATE/ACCELERATION Attitude Control Function Switch

This alternate action pushbutton switch permitted selection of the
attitude control mode, rate or acceleration command. The selected mode was

indicated by illuminating the RATE (Top and white illuminated) or ACCELERATION

(vottom and blue illuminated) halves of the switch display screen.
(6) NUCLEAR PROPULSION Power Switch

Arming of the nuclear propulsion system prior to thrusting was
obtained by this alternate action switch, the display screen of the switch
being illuminated (white) when the system was armed.

(7) THRUST Controller Function Switch

This alternate action switch was provided for selecting and
arming the vehicle thrust function for the left contreller and for a visual
indication of propulsion system operation, thrust on. Arming of the vehicle
thrust control was indicated by a dimly 1lit (white) switch display screen,
lighting only one of the four indicator lamps, the remaining three lamps being
illuminated to produce & brighter (green) display screen when thrust was on.

To provide greater flexibility in the simulation the thrust control microswitch
and thrust controller function switch interlock was so arranged that the single
lamps used for indicating thrust control armed would be lighted whenever either
switch was actuated. Thrust could therefore be initiated (providing the nuclear
propulsion system was armed) whenever both were actuated, regardless of sequence.
This arrangement provided a means for possible eveluation of a pushbutton switch
for on-off thrust control in comparison with the linear motion control.

(8) START and STOP PROGRAM Switches

START PROGRAM (computer to operate) and STOP PROGRAM (computer
to reset), of the simulation runs was commanded by these two holding coil
switches with the appropriate switch display screens being illuminated (white)
to indicate the start or stop program condition. The two switches were elec-
trically interlocked such that actuation of either would release the holding
coil of the other, thereby deactivating it.

(9) VERTICAL end HORIZONTAL PRESENTATION Switches
These two alternate action switches were used to provide on-

off control of the vertical and horizontal displays with the display screen
of each switch being illuminated (white) when selected.
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{(10) Display Mode Switches

Mode selection for both the vertical and horizontal displays
was accomplished by means of the ATTITUDE and COMMAND ATTITUDE switches in the
vertical display switch group.

These holding coil switches vwere interlocked with each other
such that actuation of one would deactivate the other. They were also inter-
locked with the VERTICAL and HORIZONTAL FRESENTATION switches such that the
mode selection switches were non-functional unless either one of the present-
ation switches was on. The display screen in each of these switches in the
vertical group was illuminated (white) to indicated the selected display mode.
In addition, the same display mode in the horizontal display switch group
illuminated (white) though the horizontal display switches were non-functional
in this simulation for simplicity in simulation setup.

(11) Task Loading Switches

Ten pushbutton switches were implemented for the task loading
portion of the simulation - seven holding coil switches and three momentary
action switches. Manual operation of these switches was interconnected with
a8 camputer logic program to provide & vehicle systems task loading to the
pilot on both an operator query and automatic warning basis.

(a) Operator Query - For operator query, functional only when no
sutomatic warning indication existed, the pilot could actuate the SYSTEM
OPERATION switch, then select one of five systems by actuating the appropri-
ate switch, and then actuate the STATUS-TREND switch to obtain the system
status~trend display on the horizontal TV presentation. Each of these seven
switches contained a holding coil interlocked with the computer logic and
stayed on and illuminated (white) subsequent to actuation and until the pilot
responded properly to the displaeyed status-trend.

The five functional system switches were ENVIRONMENT, COMMUNICATION,
POWER, GUIDANCE AND NAVIGATION, and NUCLEAR PROPULSION.

In conjunction with the particuler status-trend which was displayed
(twelve different combinations being programmed by the computer on a random
basis) there were three possible response actions (only one being correct)
which the pilot could make. (Figure 13) These were the actumstion of one of
three momentary switches; ZERO, CAUTION (in effect extinguishing the original
alerting signal) and ESCAPE. Incorrect actions by the pilot produced no
results other than for a data record. A correct action resulted in satisfying
the computer logic with resultant clearing (turning off) of all associated
switches and the status-trend display. An exception occurred when escape was
the correct response, actuation of that switch resulted in illuminating (red)
the ESCAPE switch display screen and halting the computer.

(b) Automatic Alert - Automatic warnings were indicated by the
illumination (amber) of the CAUTION switch and half of the lamps in the associ-
ated system switch by the computer program. For these cases the procedure
followed by the pilot was similar to that used for an operator query except that
it was not necessary to actuate the SYSTEM OPERATION switch, his first action
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being to actuate the switch for that system associated with the warning.
Actuation of the system switch resulted in the 11lumination of the
remeining lamps (white) for its display screen. Subsequent pilot actions
were the same as for an operator query.

(12) Miscellaneous Switches
Three other switches were utilized in the crew station panel
as indicators only (nonfunctionel switches). These were the COMPUTER POWER,
CISPLANETARY IRJECTION and EARTH COMMUNICATIONS switches which were illuminated
(white) at all times when 28 VDC power was supplied to the gondola.

2.3.3 Magter Control Station

The simulator operations were directed from the master control
station, Figure 1%. Included in this station were & control console, the
Forden verticsal displey generator console, and the data recording equipment.
The control console contained the intercom system controls; & repeater display
for the horizontal presentation; indicator lights for display mode, attitude
mode, &nd engine on-off; and a number of simulation control switches. The
Norden display generator console included a repeater display of the vertical
presentation,

2.3.h Hybrid Computation Setup

The hybrid, analog-digital computer arrangement, part of the LTV
Simulation and Anslog Computation Facility, is shown in Figure 14, The
primary computing tasks for the simulation were performed with an ASI-2100
digital computer with associated analog-to-digital and digital-to-enalog
conversion. Analog computing equipment was utilized where necessary to supply
such functions as display and moving base drive signals. A schematic of the
computer arrangement is shown in Figure 15.

2.3.4.1 Date Recording

Recording of the required data was accomplished with a digital line
printer; a dual pen 30 x 30 inch plotter; and two six channel strip chart
recorders. The 30 x 30 inch plotter was used to record a three-~dimensional
trajectory plot. One pen plotted the projection of the trajectory into the
nominal orbital plane, Xp vs Zp, where Xp coincided with the local redius
vector at the nominal insertion, thrust termination, point. The other pen
recorded the out-of-plane plot, Xp vs Zp, Yp being normal to the nomina.l
orbital plane. A typical plot is shown in Figure 16.

The strip chart recorders were used to record time histories of:
sttitude controller deflections in pitch, roll, and yaw; trim knob displacement
in piteh, roll, and yaew; task loading response times; end engine thrust
initiation and termination. Examples of recorded deta are shown in Figure 17
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DEFLECTIONS -
VEHICLE ATTITUDE CONTROLS

VEHICLE THRUST '

1. CHART MOTION — (1) MILLIMETER PER SECOND
2. FOR RECORDS (1) THROUGH (5), CHART WIDTH REPRESENTS FULL
DEFLECTION RANGE FOR APPLICABLE CONTROL.

FIGURE 17 TYPICAL DATA RECORDS FOR CONTROL POSITIONS AND TASK LOADING
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The digital line printer recorded 32 parsmeters on a time or function
command basis. Time based printouts were obtained at one minute intervals
during nonthrusting flight and at 20 second intervals while thrusting. In
addition, function commanded printouts occurred at engine ignition and
termination and with computer reset, stop program. Printouts could also be
manually comanded from the master control console. Pormat used is shown

in Figure 18,

Further detalls on recorded data are given in Section 2.5.2
Measurements. _ _
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NOTE: TERM “E~(NO.)" PLACES DECIMAL POINT. EXAMPLE - 077849 E—2 = 0778.49

THE

0778489 E-2

-8403346 F-1

182259 E~Q

-=000002 E=3

~Q00008 Fa3

:»003039 F=3

000000 E=3

06224] F=3

0000131 E=0

=001697 =3

=Q44839 E=3

Q0222 £=3

000000 E=3

000000 £=3

00083} F=3

=004528 E=3

=00010S E=3

004528 E=3

008007 E=«3

_QQA073 E=3

=08483S =3

000105 E=2

004052 E=3

LBR6S3 Fe~i

~QQ4809 E=3

000195 E=3

019378 Ee2

124032 Ewu2

l0Q6AS F=2

=000788 E=!

=000004 Ead

2000316 E=0

008000 -E=8%_ @

000000 geil

0 BAB
019812 E-2

110939 E=p

008
=Q00846 E~3

128069 E~2 ~00076) Fei
AS| 2100 LINE PRINTER DATA (TYPICAL)
EVENT: 11, 2. 3. 4. 5. 6. 7. 8.
ELAPSED ORBITAL ALTITUDE ACTUAL FLIGHT PATH | ORBITAL ORBITAL THRUST/MASS
TME - TIME TIME VELOCITY FLIGHT PATH  |HEADING LONGITUDE LATITUDE RATIO
FEN - FIRE ELEVATION
ENGINE 1 v h/10 y Yy Y RpP Z gD T/M
SEN - SHUTOFF (SEC.) (FT.) (FT.) (DEG.) (DEG.) (DEG.) (DEG.)
ENGINE
EPT ~ END 9. & 10, n. 12, 13. 14. 8 15.* 16. 8 17.* 18. 19,
POINT CONTROL MODE | PRESENT PRESENT PRESENT YAW RATE PITCH RATE YAW PITCH
MAN - MANUALLY |AwD Y AW PITCH ROLL COMMAND COMMAND COMMAND COMMAND
SELECTED |DISPLAY MODE 143 3. b3 /c (DEG/SEC)  |6c (DEG/SEC) _ |Yrc G
PRINTOUT (DEG.) (DEG.) (DEG.) ReFERENGE — TVeocTy (DEG.) (DEG.)
PITCH ANGLE | ERROR .
0 REF.(DEG.) | E(FPS)
2. 2, 22, 23, 24. 25, 2. 2.
YAW PITCH YAW PITCH INTEGRATED |INTEGRATED |INTEGRATED | VELOCITY
ERROR ERROR CORRECTION | CORRECTION ABSOLUTE ABSOLUTE ABSOLUTE CHANGE
TERM TERM ERROR YAW ERROR PITCH | ERROR ROLL
¢ G ¢ ~€0 & aps ABS Ebans Av
(DEG.) (DEG.) (DEG.) (DEG.) (DEG.) (DEG.) (DEG.) (FPS)
2. 2. 30. A, 32. 33, 34, 3.
ENERGY ENERGY ENERGY VELOCITY FLIGHT PATH | ALTITUDE PITCH YAW
EXPENDED EXPENDED EXPENDED ERROR ELEVATION ERROR ACCELERATION | ACCELERATION
ROLL PITCH Yaw ERROR RELATIVE TO
. NOMINAL
Aps Aqs Ars —€y —€ An AjE _ | A:E
(DEG/SEC) (DEG/SEC) (DEG/SEC) (FPS) ko) (FT) (DEG/SEC?) (DEG/SEC2)

*UPPER TERM PRESENTED BEFORE

PM OF 2/2/66; LOWER TERM THEREAFTER.
SEE TABLE 5 FOR FURTHER DEFINITIONS.

PRINTOUT IDENTIFTCATION

FIGURE 18 DIGITAL PRINTOUT FORMAT ~ FIRST EVALUATION



2.4 SUBJECTS

Twelve prospective subjects, LTV engineers and Navy BuWeps personnel,
were contacted on the basis of thelr knowm pllot experience. It was important
in this study, because of the limited two week experimental period, to have as
hemogeneous a pilot population as possible.

Subjects were selected according to the following criteria:

2.4.1 Qualifications

(s) Over 1000 hours jet aircraft experience (either single or
maltiple engine).

(b) Over ten years total aircraft experience.
(c) Over 1500 total £light hours.

These criteria were esteblished on the basis of the preliminary
questionnaire sent prospective pilot candidates.

2.h,2 Selection and Grouping

It was possible to select a very homogeneous group of six subjects.
Of the six, four were LTV engineers who were currently active in military
reserve flight programs, and two were engineering flight test personnel
assigned to the LTV Navy BuWeps Representative Office and commigsioned officers
in the U, S. Navy.

Teble 2 lists pertinent data on these pllots. The numbers appearing
in this table are used for pilot identification in the remsinder of this report.
TABIE 2

SIMULATION PILOTS EXPERIENCE AND QUALIFICATIORS

Total Years Total Totel
Pilot Age Flight Jet Flight
Eb:;oerience Hours Hours

1 35 15.5 1500 2500
2 37 13.0 2000 2700
3 36 4.5 1600 2800
i 36 13.0 1000 1800
5 36 20.0 1900 2200
6 36 13.5 1700 3400
Means 36 1.9 1618 2567
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Pilots 1, 2, and 3, were assigned to Group I (display gain of
1.75:1). Pilots h, 5, and 6, were assigned to Group II (variable display
gain of 8.75:1 max.), with Subjects 5 and 6 performing their final block
of flights with a gain of 1:1. It should be noted that the assigmment of
subjects to groups was a random process, the enumeration of subjects
taking place after group assignment and scheduling.

Within Group I, Pilots 2 and 3 were provided digital information
on the Horizontal Display; Subject 1 had analog information only. Within
Group IT, Pilots 4 and 5, had analog information only, Pilot 6 had digital
information as well. This subject assigmment to groups is summarized in
Table 3.

TABIE 3
SUBJECTS GROUP ASSIGNMENTS
DISPIAY GAIIN*
Variable to

I (1.75:1) II (8.75:1 Max.)
ANALOG Pilot 1 Pilot L
OMLY Pilot 5%
AWALOG Pilot 2
AND Pilot 3 Pilot 6%
DIGITAL

%*See Section 2,5.1.1 ¥¥Final bdlock of
runs with a gain
of 1:1

2.4.3 Evaluative Subjects

A number of engineering shakedowm flights were made prior to the
beginning of the formal experimental test period by the MAFS Group Super-
visor. These flights are documented in the Flight Log, and were conducted
t0o establish the combinations of variables to be used with the simmlation
subjects. Experience and qualifications of the MAFS Supervisor were equal
or superior to those of the test population.

In addition, a certain number of speculative runs were made after

the experimental period by the program Simulation Engineer, in prepara®ion
for the Second Evaluation.
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2.5 PROCEDURE

2,5.1 Independent Variables

The First Evaluation is classed as a "Feasibility Demonstration” in
which the principal cbjective is to show whether or not management of a given
maneuver or mission is possible under the control and display setup used
(Reference 6). The initial program plan for the First Evaluation (Reference 7)
identified such independent (or experimental) variables as the presence or
absence of digital readouts and use of acceleration vs. rate coammand in attitude
control. Somewhat later in the program (January 1965) it was determined that
display gain was a worthwhile variable to investigate. The Display System
Demonstrator provided by Norden Division of United Aircraft had total errors
in attitude command of one to three degrees, but the attitude profile had to
be controlled to less than one degree error to provide an adequate insertion
into cisplanetary orbit. Thus the ability of the available means of display
of cammanded attitude was marginal as far as control accuracy was involved
and it was further considered that such display errors were not unreasonable
in an operational space vehicle attitude display. It was thereupon decided
to incorporate gain change capability in the simulation.

2.5.1.1 Gain Variable

Three types of gain were set up initially: (the gain was identical
for piteh, roll, ysaw)

(1) GAIN 1.75:1: This was to be no gain change (or 1:1), but an
inadvertent miswrite of computation program resulted in a
constant gain of 1.75 to one, i.e.,, an error of 1 degree
appeared on the display as an error of 1l.75 degrees,

(2) STEP GAIN: This was & step change in gain at attitude errors
below 1 degree from 1l:1 to S:1, Thig change was superimposed
over the 1:75 to 1 basic gain of the vertical display setup,
g0 the gain was actually 8.75 to 1.

(3) VARIABLE GAIN: This was a linear gain change from 1.75:1
at 2 degrees error to 8.75:1 at 0.l degree error. Gain was
a constent 8.75:1 from 0.1l degree error to zero error.

The implementation of these gain schemes is explained in Appendix I-A.
From an operational standpoint, Step Gain was perceived by the pilot as a sudden
increase in sensitivity of the vehicle to corrective attitude control system
inputs when the displayed attitude error was nearly nullified., Varisble gain
was perceived as a gradual increase in such gensitivity. Both gain change
methods produced an attitude command display resembling a quickened displa.y of
error, though, the implementation was entirely different.

During the last week of experimental runs the programming error which
resulted in the overall 1.75:1 gain was discovered. It was decided, therefore,
to test the last two pilots, 5 and 6, on a rectified 1:1 gain ontheir last
experimental day. Thus GAIN (1:1) was the fourth, if belated, level of the

GAIN independent varisbles.
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" 2.5.1.2 Digital Information Variable

The other principel experimental variable in the First Evaluation
was the presence or absence of digital information as backup to the analog
presentations of the vertical and horlzontal displays. The following parameters
of information were presented in digital form on the Horizontal Display:

(Figure 10).

(1) TIME TO EVERT: In minutes and seconds.

(2) VELOCITY: PRESERT - (P), in feet per second
REQUIRED- R;, in feet per second
CHANGE - (C), difference between (P) and (R) in
feet per second.

(3) PITCH: PRESENT - (P), wp 311) or dowmn sng in degrees and tenths
REQUIRED - (R), up (U) or down (D) in degrees and tenths
CHANMGE - (C), difference between (P) and (R) in degrees

and tenths

REQUIRED - (R), left (L) or right (R) in degrees and tenths
CHANGE - C), difference between (P) and (R) in degrees
and tenths

(%) ROLL: PRESENT - %Pi, left 21,) or right_(R; in degrees and tenths

(5) YAW: PRESENT - $P , left éL; or right (3; in degrees and tenths
REQUIRED -(R), left (L) or right (R) in degrees and tenths
CHAMGE -(C), difference between (P) and (R) in degrees
and tenths '

Only the first two parameters appeared in ATTITUDE Mode; all appeared
when the pilot selected COMMAND ATTITUDE Mode.

The digital information was generated with a character generator on
a cathode ray tube (CRT), as explained in Appendix I-A, which image was then
transmitted by closed-circult TV to the horizontal display. The clarity of
the digital display was inferior because of CRT difficulties and interfered
with effective use of the information when used.

2.5.1.3 Attitude Control Mode Variable

The original experimental program plan called for compsrison of two
types of attitude control systems.

The first type being ACCELERATION command in which actuation of the
attitude controller produced a constant angular acceleration about the axis
commanded. The longer the control was held on, the faster the angular rate
attained. The rotation imparted to the vehicle was cancelled by opposite
deflection of the control for an equal period of time.



&

The second type of control was RATE command, in which angular rate of
rotation of the vehicle about any axis was proportional to the amount of
attitude controller deflection. Release of the control automatically damped the
induced rate. Operational capabilities of the control modes are described in
Section 2.3.2, while implementation of the control system iz described in
Appendix I-A, Section 2.2.

In a series of preliminary shake down flights, which were documented
in the Flight Log, both types of attitude command were evaluated. It was quickly
determined that the vehicle was virtually ummanageable when in ACCELERATION
commtand., Angular rates achieved, quickly reached the limit of scaling in the
AST 2100 digital computer, which thereupon halted. The subject felt that the
mode "could be learned", but not without considerable practice time. The
fact that the ACCELERATION command mode is considered to be an emergency form
of control coupled with the stringent time limitations of the First Evaluation,
caused the deletion of ACCELERATION command from further consideration in the
study. All subsequent flights were made with RATE command.

In the same get of preliminary flights, the various gain-change
methods were investigated, and Step Gain was also eliminated. The sudden
increase in sensitivity of the error signal to the command path was considered
to be very disruptive, and to have no advantages over Variable Gain. It was
thus decided to study only two gain change conditions: Gain 1.75:1 and
Varisble Gain.

2.5,1.4 Initial Conditions

A set of fifteen initial flight conditions were set up for this study.
The pilot would find himself in any one of thegse fifteen conditions when he
initiated a flight by pushing START PROGRAM. The vehicle could be in the
nominal plane, or out-of-plane to the left or to the right. The vehicle could
be at the nominal altitude (300 nautical miles) or above or below this altitude.
It could be in a circular or elliptical orbit, and if in an elliptic, be on
the ascending or descending side of the spogee. Additionally, each initial
condition was accompanlied by an initial attitude, each being s random combin-
ations of pitch, roll and yaw. Table 4 lists these initial positional conditions
and a description of each from the standpoint of the subject. Conditioms 1, 2,
and 3 were presented on the first, or familiarization day. On succeeding
experimenteal days, all conditions except 1, the on-nominal-path condition,
were presented.

2.5.2 Measurenents

Principal performance data were obtained through the ASI Digital
Line Data Printer. This device printed out pertinent system performance data
every 60 seconds starting 60 seconds after initiation of each flight and every
20 seconds after ignition. Special printouts occurred at engine ignition and
shutoff. These printouts are identified on the data sheets as follows:

2

Time identification of printout ('1‘1ME)
Printout at moment of engine ignition (Fire ENgine)
Printout at moment of engine shutoff (Shutoff ENgine)

Printout at termination of run and computer reset (End PoinT)
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», ALTITUDE PLANE RELATION* REMARKS

1 Nominal In plane ~ | Same as nominal - circular

orbit.
2. Nominal 15.1 miles right of plane
3. Nominal 15.1 miles left of plane
L4, §12.5 miles below In plane Elliptical orbit - climb-

- -4 ing toward minor axis.
5. 112.5 miles below | 15.1 miles right of plane

6. | 12.5 miles below | 15.1 miles left of plene

T. 112.5 miles above In plane Elliptical orbit - descend-
ing toward minor axis.

8. ]12.5 miles above | 15.1 miles right of plane

9. } 12.5 miles above | 15.1 miles left of plane

10. § 33.3 miles above In plane Elliptical orbit - climb-
ing toward apogee.

11. [ 33.3 miles above [ 15.1 miles right of plane

12, §33.3 miles above | 15.1 miles left of plane

13. | 33.3 miles below In plane Elliptical orbit -
deacending toward .

1h4. ] 33.3 miles below { 15.1 miles right of plane | perigee.

15. | 33.3 miles below | 15.1 miles left of plane

#With respect to Nominal

TABIE 4 - INITIAL VEHICIE CONDITIONS
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The data reported in this document are derived from EPT or SEN
denoted printouts.

The system performance measurements processed through the digital
computer are listed and defined in Table 5, while Figure 18 describes the
printout format.

In addition to digital printout information, several analog channels
in the simulation were recorded for reference on a Brush Oscillogrsph as
follows:

Controller deflection-~-pitch
Controller deflection~-roll
Controller deflection--yaw
Trim nob displacement--pitch
Trim knodb displacement--yaw
Task loading response times
Engine Thrust, On-0ff

~ O\ WD

These data were not reduced during the First Evaluation.

It was planned to use an X-Y plotter to record the flight path trace
during each run, but in practice it was found that the resulting plots were
not sufficiently informative to justify further data recording with the plotter.
It was thereafter used as a flight progress display by the Test Conductor. A
typical flight is presented in Figure 16.

2.5.3 Pilot Questionnaire

: All simulation pllots were given a short guestionnaire to answer
upon completion of their flights in the simulator. The gquestionnaire was
similar to the form used for pilot reports on test aircraft. A few of the
items on the form were short-answer, but most were rating questions, 1.e.,

a particular feature of the cockpit was to be graded on a three-point scale.
Generally, an approving or positive rating was to be "3", a neutral reaction
“2", and an unfavorable grade "1", The questionnaire with pilot responses is
enclosed as Appendix I.B.

Pilots comments made in the course of experimental runs or at other
times were recorded in the Simulation Flight lLog which is described in Section
2.5.6.

2.5.h Pretraining

All six pilots were interviewed, ten days before the start of the
experimental runs, for final acceptance as subjects. At that time, a specially
prepared Pilot Handbook (Reference 8) was given to them for study. Contents
of the Pllot Handbook included:

(1) Introductory information on the program.
(2) Simulated vehicle characteristics, a description of the vehicle's

propulsion and reaction control systems, the two modes of attitude control, and
related material.
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PARAMETER IS‘!'MBOL

DEFINITIOR

PERFORMANCE IMPLICATION

1. ELAPSED TIME 1& Time from initiation. Iocates other parameters
in time history of
flights.

2, ORBITAL Inertial velocity

VELOCITY resultant.
3. ALTITUDE A Vehicle height relative | Computation term.
to surfage of the earth.
k., FLIGHT PATH Angle between vehicle Should be zero at
ELEVATION r path and nominal in injection
nominal plane,
5. FLIGHT PATH ’y Angle between vehicle Should be zeroc at
HEADING /4 path and nominal in injection.
local horizontal plane.
6. ORBITAL @ Central angle between At injection, expresses
IONGITUDE ” vehicle position and under or overshoot
nominal position in position. Should be
nominal plane. zero,
7. ORBITAL @ Central angle between At injection, expresses
LATTTIUDE /] vehicle position and out-of-plane position.
nominal position in Should be zero.
Plane normal to nominal.
8. THRUST-TO- T/M Increasing ratio due to | Computation term,
MASS RATIO reduction in fuel mass
during thrusting period.
9. CORTROL MODE Status Term: Single sum term defines
00000 = Acceleration both mode selections.
Mode
00001 = Rate Mode
10. DISPLAY MODE Status Term:
0000 = Attitude
0001 = Command Attitude
11, PRESENT YAW % Buler angle, relative to | Computation term,
local vertical axes.
12, PRESERT PITCH| éab Euler angle, relative to | Computation term.

local vertical axes.

TABLE 5 DEFINITIORN - DIGITAL FRINTOUT FERFORMANCE MEASUREMENTS

FIRST EVALUATION
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PARAMETER SYMBOL DEFTM12ION PERFORMANCE IMPLICATION

13. PRESENT ROLL d? BEuler angle, relative to | Computation term.

local vertical axes.

1. YAW RATE ;& Rate of change of yaw Computation term.
COMMAYD < rate command. (Secondary).

15. PITCH 9 Reference pitch angle, Computation temm,
REFERENCE OEF,

16. PTICH RATE 9' Rate of change of pitch | Computation term,
COMMAND € | rate command, (Secondary).

17. VELOCITY Prior to ignitiom Coxputation term; check
ERROR ‘/‘ coumand, Vg = 0, prior to quantity.

COMPONENT ignition, Vg’évi after
ignition, ~€, =Vgt.7 /M

18. YAW $y Yaw attitude cosmand. Ideally, values follow
COMMAND < noninal command profile,

19. PITCH 6 Pitch attitude command. Ideally, values follow
COMMAND < nominal command profile.

20. YAW ERROR ;[I Yaw error term (path Value at all times close

[ signal). to zero for optimm
performance.

21. PITCH ERROR 6 Pitch error term (path Value at all times closge

€ | signal). to zero for optimum
performance,

22, YAW — - Computation temm.
CORRECTION éf/ 2 %

23, PITCH - — Computation term.
CORRECTION éo S g.?

2. AVERAGE Average yaw error over a | During thrust period,
ABSOLUTE E ;0 time period. should stay close to
ERROR YAW A4S zero; a measure of

controller accuracy.

25. AVERAGE £ Average pitch error over | During thruat period,
ABSOLUTE em a time period. should stay close to
ERROR FPITCH zero; a neagure of

controller accuracy.

TABIE 5 DEFINITIONS - DIGITAL PRINTOUT PERFORMANCE MEASUREMENTS

FIRST EVALUATION
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PARAMETER SYMBOL DEFINITION PERFORMANCE IMPLICATION
26. AVERAGE Average roll error over | During thrust period,
ABSOLUTE % a time period. should stay close to
ERROR ROLL ' Zero; a measure of
controller accuracy.
27. VEIOCIYY A V Energy geined from Vo, = VacTuarL=»0
CHANGE thrust initiation to for optimum performance.
termination.
28, ENERGY - p.} P Ideal angular velocity Fuel expenditure corre-
ROLL rs expended around roll late. Used with
axis. average absolute error
to establish control
usage efficiency.
29. ERERGY- a Jdeal angular veloclity Fuel expenditure
PTTCH 2‘ s expended around pitch correlate. Used with
axis. average absolute error
to establish control
usage efficiency.
30. ENERGY- 4 r. Ideal angular velocity Fuel expenditure
YAW s expended around yaw correlate. Used with
axis. average absolute error
to establish control
usage efficiency.
31. VELOCITY - 6 Actual velocity versus Reflects pitch profile
ERROR 1 4 commanded velocity. managenent proficiency
plus response to shut-
off due.
32, FLIGHT PATH |- é Difference between Overall pilot performance
ANGUIAR ERRCR ¥ | actua flight path in pitch profile
elevation to local managenment,
horizontal and required.
33. AIYTTUDE A h Reference is 300 N. M. Pitch profile management
ERROR indicant.
RELATIVE TO
ROMINAL
34, PITCH A Y Pitch angular acceler- Conputation term.
ACCELERATION 3’5 ation contribution from
engine misalignment.
]
35. YAW Va) 'E Yaw angular contribution | Computation term.
ACCELERATION from engine misalignment

TABIE 5 - DEFINITIONS - DIGITAL PRINTOUT PERFORMANCE MEASUREMENTS SHT, 3 of

FIRST EVALUATION
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(3) Flight plan, in which the cisplanetary injection maneuver was
described, and the general tasks to be performed were indiceted. Also, the
display setup was placed in its historical context and described.

(4) Panel Description, a functional item-by-item description of all
displays and controls in the cockpit.

(5) Flight management procedures, a task description and check list
detalling what was to be done during a simulator run.

(6) System management procedures, a task description of the systems
monitoring (task loading) job.

Subjects were encouraged to contact the Program Qffice if questions
arose while they were studying the Pilot Handbook.

All subjects were sware of the fact that some of their number would
have digital information and others would not (the task descriptions had
branching instructions for both groups). None were aware that gain of the
vertical display error presentation was a variable in the study.

The first day for each subject was designated as the . Familiarization

Da."r, anid 8 an rennrded in +he Flight Too Tha euhiant rannrta’d for hie

i Al BV JTWWLIUCU Gl UMT D adiiiU UK Al DUV VLU AdvpuL Ve 4aVLA aD

experimental period at either 8:30 a.m. or 1:00 p.m. The main points in the
Pilot Handbook were covered in a short briefing conducted with the mockup of the
crew station, (Figures 19 and 206.) The pilot was given a few ground rules for
correcting attitude error while in the extreme pitchdown posture which charac-
terized this simulation toward the end of each run. (These will be covered
later.) The pilot was then taken to the MAFS and seated in the moving base
gondola. There he was briefed on flight procedures by the Simulation Engineer
and given safety instructions in case a malfunction occurred while the moving
base was connected to the computer facility.

The first one or two flights were conducted in automatic attitude
mode, The attitude profile was managed by the computer, the only pilot tasks
being to initiate and terminate thrust, and monitor the system status displays.
An out-of-plane initial condition was programmed to permit the pilot to observe
both the pitch profile and the yaw profile he would be managing. At the sanme
time, he could without much interference, learn to respond appropriately to the
gystems warning and parameter lights, and read the system Status-Trend present-
ation on the Horlzontal Display.

Following the automatic attitude control runs, the pilot was given
manual control. The first three manual runs were conducted with the systems
monitoring task disconnected, to enable the pilot to devote full time to
flight management. The first four initial conditions were used for these
familiarization runs. The pilot was "talked through” his early flights by
the Test Conductor. It was emphasized that the subject should not attempt to
control more than one axis at a time until he was accustomed to the control
characteristics of the vehicle and he was encouraged to explore. It was pointed
out that roll should be nulled first, then heading, and finally pitch, ~
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unless the vehicle was in an extreme pitchdown position (greater than 20
degrees) in which case, yew should be nulled first, or brought as close to null
as possible, followed by pitch and finally roll, At extreme pitch angles, roll
and yaw interacted, which led to large and divergent errors in attitude, unless’
prompt and correct action was taken by the pilot.

Cues for ignition and shutdown were counted down by the Test Conductor,
to assure correct pilot interpretation of these display indications,

At the end of the first day of testing, all pilots appesred to have
mastered the rudiments of the flight task, and were transitioned to the
experimental sequence.

2.5.5 Experimental Procedure

All experimental flights (flights after the first, familiarization
day) were éonducted in the same manner.

The pilot was asked whether he was ready to go. At the same time,
the MAFS Safety Engineer signified the readiness of the simulator. The pilot
was then directed to select START PROGRAM at will.

Selecting START PROGRAM made the simuletor responsive to pilot con-
trol inputs, since this switch enabled the computer. The pilot established a
null orientation to local horizontal and the vehicle's orbital path vector.
Then, upon request from the Test Conductor, he mede an estimate of his position
with respect to the nominal path depicted on the Vertical and on the Horizontal
Display. He would report being on, above, or below the nominal pegth, a.nd/or
to the right or to the left of that path. The Test Conductor provided feedback,
and additionel information on orbital shape and position if the initial con-
dition was Number 4 through Number 15. For this group of conditions, the pilot
was told that he was in an elliptical orbit, and either ascending or descending.
This information was required by the pilot to interpret his initial pitch com-
mand, since the first flight objective during thrust was to cancel this negative
or positive vertical velocity in such a way that nominel altitude was attained.
This nulling of vertical velocity was accomplished by a modified (as compared
to nominal) pitch profile.

Approximately three minutes after flight initiation, the pilot was
requested to select COMMAND ATTITUDE Mode and to establish the initial attitude
indicated. As the subject selected COMMAND ATTITUDE Mode the Nominal path
depiction of the Vertical Display was replaced by a Command Path which the
pilot flew to, i.e., errors in attitude were shown by the amount of deviation
of the path tip from the center of the screen (null point). The pilot steered
the center of the display-screen (nose of the vehicle) to the path tip. Local
velocity was shown on this command path, as it was on the nominal path, by
tar strip motion,

The Horizontal Display in COMMAND ATTITUDE Mode retained the Nominal
path, but added a path heading required line emanating from the vehicle symbol,
as well as ignition and shutoff lines on the nominel path trace. If the pilot
was in the digital information group, the ATTITUDE Mode readout of TIME TO
EVENT and PRESENT VELOCITY were supplemented by Required and Change Needed
readouts of velocity, and attitude information (present (P), reqiiired (R) and
change (C) needed, for pitch, yaw, and roll).
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During this period the pilot responded to the vehicle subsystem
monitoring task. He was instructed to treat this task as secondary, though
important. He was not to drop & primary task, such as ignition, for the secon~-
dary task. However, because of ingrained past training some pilots continued
to respond to the red warning light as a primary task. To correct this, an
amber CAUTION alerting display was substituted for the original red WARNING
after the first few days of testing.

A minute and a half before ignition, the subject was asked to arm
the thrust control by selecting RUCLEAR PROPULSION and THRUST on the console.

The Test Conductor observed the countdown for ignition on the monitor
and the ignition input by the subject (by means of a light indicator on the
Test Conductor's Console) and informed the pilot how well he had responded
to the ignition cue.

Commnication during thrust was kept to a minimum. Any interchange
made was initiated by the pilot. Little or no coaching of the subject by the
Test Conductor or Simulation Engineer occurred during this phase of the flight.
Where communication did occur it was documented in the Flight Log.

After thruster shutoff, the pilot was asked to select STOP PROGRAM
(which reset the camputer), to disarm the thurster control, and to select
ATTITUDE MODE on the displays, thereby preparing the crew station for the
next flight.

The Test Conductor reported flight path heading, elevation angle,
velocity error, and average absolute errors in all three axes to the subjects
after each run. This information was read off the ASI printout record made
at the instant of shutoff. (SEN). His performance was critiqued, and he was
told to prepare for the next flight.

The Test Conductor then instructed computer personnel in attendance
which initial condition and task loading tapes were to be used next.

Each flight required fifteen minutes, with about two minutes between
flights.

Upon completion of the formal testing period each subject was given
the Pilot's Questionnaire to complete within 24 hours. Results of this ques=-
tionnaire are given in Section 2.6.3 and Appendix I-B.

2.5.6 Simulation Flight Iog

During the experimental and evaluative flights, a flight log was
maintained of initial conditions, simulation operation, and comments between
the Pilot and the Test Conductor.
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In this log, the first column indicated the flight number. This
number corresponded to that given to the same flight on the digital printouts,
and the number assigned that flight in the raw data tables in the RESULTS .
portion of this report, Section 2.6.

The second column listed the initial condition for the flight.
These Initial Condition numbers are the same as those listed in Table L.

The third column contained the pilot's interpretation of these initial
conditions. If he correctly identified the condition, i.e., placed the vehicle
in its correct relation to the nominal path, then the entry in the column is
"OK." Where the pilot's interpretation was faulty, his interpretation was
given.

Notes made on the simulation, including the experimental conditions
set up were shown in the fourth column. Any malfunctions which occurred,
change in simulation mechanization, etc., were noted in this column.

Finally, the comments made by the pilot during and after each run

were recorded in the last column. Explanatory materiel and Test Conductor
comments were in parentheses.
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2.6 RESULTS

2.6.1 Injection Point Data Analysis

Of the printout data identified in Table 5, only certain flight
injection point items are relevant for evaluating system performance. These
injection point parameters are further defined in Figure 21 which also presents
their spatial relationships. Median scores achieved for these parameters are
given in Table 6., Each of these measures was derived in the following menner:

(1) Scores for each experimental run were transcribed from the ASI
printout records onto (subject) x (run) matrices, one matrix for each measure,

(2) On each matrix, the scores were summed over the flights for
each subject, and the mean, standard deviation, and median computed.

Medians (score above or below which fifty percent of the scores fall
in value) are the basic data for analysis rather than means, because many of
the sample distributions were markedly skew (i.e., non-normel) as can be seen
in Table 7. Skew in these cases were produced by a score or two of the set of
scores for a subject being atypical. The subject misinterpreted an initial
condition, temporarily reversed responses to the caommend display, or made some
other error. In view of the small number of scores for a given measure, median
data, a statistic unaffected by extreme cases in the set of scores, appears to
be most descriptive of performance.

The injection point date given in Table 7 are detailed in a series of
eleven histograms . in which median dats per subject are shown for each parameter.
In the case of in-plane yaw average error and yaw control energy expended, mean
data are substituted for median, since the muber of observations was less than
four. "In-plane yaw" means an in-plane initial condition for that run.

In the following histograms each bar represents the performance of &
particular subject tested under specific group conditions as assigned in
Section 2.4.2. These conditions are restated as follows:

CODE GROUP

I-A Group I, with Analog information only.
(Gain 1.75:1)

I-AD Group I, with Analog and Digital backup information.
(Gain 1.75:1)

II-A Group II, with Analog information only.

(Linear gain change from 8.75:1 to 1.75:1 for
errors of 0.1 to 2.0 degrees).

II-AD Group II, with Analog and Digitel backup information.
(Linear gain change from 8.75:1 to 1.75:1 for
errors of 0.1 to 2.0 degrees.)

IT-A(1:1) Group IT, with Analog information only.

(True 1:1).

II-AD(1:1) Group II, with Analog and Digital backup information.

(True 1:1)

Specific comments on the data contained in each histogram appear in
the explanatory text that accampanies each figure.
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AVERAGE ABSOLUTE
ERROR

CONTROL ENERGY
EXPENDED (TOTAL)

TERMINAL VELOCITY
ERROR

ALTITUDE ERROR

LONGITUDINAL ERROR
® RDS
LATITUDINAL ERROR

@ Rros

ELEVATION ERROR
[
Vs

FLIGHT PATH
HEADING ERROR

UH,

INJECTION POINT

TO

1
'
| | '

' [
TO GEOCENTER

A MEASURE OF CONTROL STABILITY. THE INSTANTANEOUS ABSOLUTE
DIFFERENCE BETWEEN COMMAND AND ACTUAL ATTITUDE FOR EACH
AXIS OF ROTATION IS SUMMED OVER THE THRUST PERIOD AND DIVIDED
BY THE TIME TO ARRIVE AT AN AVERAGE ERROR ESTIMATE.

A MEASURE ANALOGOUS TO FUEL CONSUMPTION. THE INSTANTANEOUS
ANGUI_AR VELOCITY FOR EACH OF THE THREE AXIS OF ROTATION IS
SUMMED OVER THE THRUST PERIOD.

ENGINE SHUTOFF VEHICLE VELOCITY WITH RESPECT TO THE NOMINAL
42,000 FEET PER SECOND (ABSOLUTE VALUES).

ENGINE SHUTOFF VEHICLE ALTITUDE WITH RESPECT TO NOMINAL
1,800,000 FEET ALTITUDE (ABSOLUTE VALUES).

ENGINE SHUTOFF POINT POSITIONAL ERROR ALONG PATH MEASURED
AS ORBITAL LONGITUDE; CENTRAL ANGLE IN NOMINAL ORBIT PLANE;
INJECTION POINT IS CONSIDERED AS ZERO (ABSOLUTE VALUES).

ENGINE SHUTOFF POINT POSITIONAL ERROR OFF PATH MEASURED AS
ORBITAL LATITUDE; CENTRAL ANGLE NORMAL TO NOMINAL ORSBIT
PLANE; INJECTION POINT CONSIDERED AS ZERO (ABSOLUTE VALUES).

ANGLE BETWEEN THE NOMINAL FLIGHT PATH AND THE ACTUAL VEHICLE
PATH IN THE NOMINAL ORBIT PLANE AT ENGINE SHUTOFF (ABSOLUTE
VALUES).

ANGLE BETWEEN THE NOMINAL FLIGHT PATH AND THE ACTUAL PATH IN
THE PLANE NORMAL TO THE NOMINAL ORBIT PLANE AT ENGINE SHUTOFF
(ABSOLUTE VALUES).

FIGURE 21 DEFINITION OF FLIGHT INJECTION POINT
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FIGURE MEASURE
AVERAGE ABSOLUTE ERROR
22 PITCH (Degrees) | 0.691 1.439 0.332 0.k50
23 YAW-IN-PLANE 0.658 1.833 0.950 1.250
23 YAW-OUT-OF-PLANE 0.830 2.038 1.218 1.777
2k ROLL 1.085 1.599 0.925 1.281
CONTROL _ENER
y(mm VELOCITY )EXPENDED
25 PITCH (Percent) | 27.2 43.7 26.4 26.5
26 YAW- IN-PLANE 17.7 35.0 23.1 24,9
26 YAW-OUT-OF-PLARE 23.7 33.2 23.9 25.4
27 ROLL 3.1 8. 2.4 k.2
VELOCITY ERROR
28 ABSOIUTE (Feet per sec.x 1.5 66.L4 4.2 k.9
28 ACTUAL -0.2 66.4 -0.6 2.9
ALTTTUDE ERROR
29 ABSOLUTE (Feet) 95 259 51 53
29 ACTUAL 5 -259 -32 -51
LONGITUDINAL ERROR
30 2Degrees of Central Angle)] 0.007 0.037 0.015 0.017
Equiv. Nautical Miles) 0.L6k 2.450 0.993 1.126
FLIGHT PATH HEADING ERROR
31 (Degrees) { 0,002 0.015 0,003 0.007
FLIGHT PATH EIEVATION ERROR
32 (Degrees) | 0.001L 0.009 0.002 0.004

TABIE 6 SUMMARY OF MEDIAN SCORES - FIRST EVALUATION
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AVERAGE ABSOLUTE ERROR COTAI‘{;OL mgwmm VELOCE! ERROR AITITUDE ERROR mm on -IISVA!I(I
SUBJECT JCONDITION |[PARAMETER § PITCH -PLANE | GUT-~PLANE ROLL PITCE |IN-FIANE |OUT-PIAKE ROLL | ABSOLUTE ACTUAL | ABSOLUTE | ACTUAL DB, N.MIL. o .
(DEG.) | (oEG.) | (DBG.) | (DEG.) (nm/ssc*(nm/sm) |(DEG/SEC) [(DEG/SECY  (¥PS) (F8) | (¥1.) (FT.) (B} () (oea. ) (os3.)
1. I-A 0.78% 11,073 | 1.032 2,041 [1009.3 59%.k | 687.2 207.1 22.9 17.4 12.6 -68.2 | o.017 1.3 0. 0,003
(sD) 0.145) [(1.055) | (0.436) [ (1.636) }(253.0) | (Adk.4) |(146.3) kal 6) | (19.2) (2h.5)}  (83.h) | (122.W)](0.022) | (0.80) (0.003) {0.003)
mzs 0.824 | 0,658 | 0.830 1.573 9%% 5:32‘ 627;.;‘ 93 & 1.5 6.3 95 -59 0,012 0.80 0.002 0.002
2. 1-AD 1467 | 2.4k9 | 2,708 2,050 &4k, 3 519.3 | 57L.9 103.4 67,0 65. 279.8 | -269.8 | 0.150 9.93 0,013 0,015
(sp) (0.239) [(1.609) | (2.519) | (2.511) | (93.9) | (46.9) | (;a.b) | (76.9) | (39.9) (12.6)] (77.5) | (292.2)](0.290) [(29.2) (0.010) (0.021)
(}?;IS 1.439 | 1.646 | 2,038 1.599 6'}5(3‘ 52; 58“(}3‘ 79.; 66.4 66.4 259 -259 0.037 2.45 0.015 0.009
. . o 3.
3, I-AD MEAR 1.105 | L.7A1 | 1.786 2,306 755.5 T95.3 | 657.1 1h2.5 31.9 ‘31,9 122.1 | ~108.3 § 0.0k0 2,65 0.057 0.004 -
(sp) (0.520) |(0.755) |(1.132) | (2.720) | (56.h) | (258.3) é75.7) (90.5) | (28.7) (28.7)| (B2.2) | 99.6 §(0.043) | (2.98) (0.032) (0.010)
m% 0.979 | 1.833 | 1.hi2 1.577 7;2.;‘ 7;22 2.% ug S% 19.7 19.7 36 -136 0.007 0.6 0,00k 0.0¢X
b, | IT-A MEAN 1,098 | 0,696 | 1.852, 1.626 651.8 4oLk | 540.L4 115.3 7.8 3.6 1569 -78.9 | 0.036 2,38 0,005 0.00%
(8D) (0.600) En;‘ 1.26) | (0.578) | (82.9) Em; (62.7) | (13.7) (7.8) (ro.u}{  (87.5) (m.h) Ko.0k5) | (2.98) (0.002) (0.014)
)&g P3 0,888 | (M 1,387 1.574 633.9 1;‘7“* 53;.1 Jag:é‘ k.9 -0.2 . -125 0.021 1.39 0,005 0.003
5. | I-A HEAN 1.092 [ 0.730 | 0.984 1..219 726.1 | 517.3 SThel The7 7.0 5.9 223.8 9.1 {o.o12 0.73 0,002 0.003
(sp) (0.287) EIA;’ (0.387) | (0.h90) [(233.6) s ; (99.1) | (36.5) | (10.8) (11.2) | (195.3) | (282.8) K0.032) | (2.12) (0.002) (0.003)
()?‘; a 0.981 | (m 0.89%9 1.085 7;2.3‘ 2?8‘* 515.;‘ 6;.11‘ 1.5 0.7 182 -17 0,008 0.53 0,003 0,002
6. | 1T-ap MEAX 0,703 |1.249 | 1.473 1,445 690.3 793.1 | 746.8 8.4 7.4 110.4 -32.6 ]0.015 0.99 0,002 0.002
(sp) (0.187 slA} (0.653 (0.554) | (61.7) inAg (69.0) (u1.8) (7.6) (8.6) | (65.5) | (12k.1) Y0.010) | (0.66) (0.001) (0.003)
)(nl; 0.69) | (ma)* | 1.270 1.259 6&33‘2’.; 13{; o 7;5.2 ‘ 5.1 k.9 09 5 0.017 1.13 0.002 0.003
in . . o 5.1
5. | 1I-A MEAX 0.407 |1l.201 | 2,521 1.718 589.9 563,5 | 635.8 91.7 4.9 1.5 61.8 -28,0 }0.169 .2 0.005 0,003
(1) (sp) 0.179 2ng (1.749) | (0.79%) |} (78.1) ing (127.6) | (69.8) (3.3) (3.6) ] (87.8) | (72.9) f0.310) j(20.5) (0.00k) (0.002)
?sn ‘) 0.332 | (m)* | 197 1.281 522 Ei 'ﬁ ot 5g§.7 5:.2‘ 4,7 ~0.6 53 -32 0.015 0. . 0,003 0,004
in 2k, . .
6. |Iz-ap | rman 0.k67 |0.950 | 1.347 1.003 5T1.7 524,8 .3 87.0 6.5 3.5 98.2 -87.8 0.023 1.52 0.006 0.002
(1:1) (sp) 0.127 én;‘ (0.318) 0.230 (78.3) fmg (36.3) | (23.6) (4.2) 6.9) | (99.5) | (208.9 Fe.oaz) (2.12) (0.003) (0.002)
MED: 0.k50 A 1.218 0.925 599.9 HA 575.2 oh,1 h,2 2.9 51 =51 0.017 1.13 0.007 0,002
(in %) 26.5% 23.19% | "25.4% 424

(¥A) ~ Not Available

* - Mesn Value Used in Lieu of Median

TABLE 7 INJECTION CONDITIONS = ACROSS TRIALS - FIRST EVALUATION




Figure 22 - Median Pitch Average Absolute Error

This figure shows all subjJects with respect to the amount of average
error between the commanded pitch attitude and achieved pitch attitude during
the thrust portion of the flights. For example, Subject No. 1 maintained a
median average error in pitch of 0.82h degrees during all his experimental rums.
Note that moat of the subjects controlled with an average error of less than one
degree. There were no noticeable difference in performance attributable to
experimental conditions. As will be seen in the gquestionnaire answers, subjects
used the vertical analog display almost exclusively. Performance differences here
were most likely the result of individual skill levels and motivation. BSubjects
5 and 6 working under the 1l:1 gain condition had the best performance sgcores
for many parameters. This is attributable to learning and to improved operation
of the analog command display, since several electrosmechanical servos were
replaced by an all-electronic circuit for these 1:1 runs (see Appendix I.a).It
might be tentatively said that these subjects scores are representative of the
best obtainable with this particular version of the Space Analog for thege
scores were obtained under near-perfect simulator operating conditions.

Figure 23 - Median Yaw Average Absclute Error

Both median average error for those flights in which the vehicle was
initially in-plane {and thus no yaw attitude profile was required, other than
null heading) and those runs begun out-of-plane are shown on this histogram.
Note that in all cases except Pilot 3, error for the out-of-plane fiights
exceed that for in-plane. This is because no yaw profile was commanded in an
in-plane maneuver, and no yaw rate had to be set up. The pilot simply prevented
any error in heading from creeping in as he went through his pitch profile.
Therefore, this performance difference in in-plane vs. out-of-plane average
error in yaw is not surprising. Yaw average error tends to be greater than pitch
error overall. No digtinct differences among experimental conditions appear in
this plot. The higher error for yaw than for pitch suggests that the Vertical
Display did not present yaw error as well as pitch error. The principal cue
for yaw error was the "bending" of the path. With a slight amount of roll
error, it was possible to fly the vanish point of the command path at the
center of the screen with a fair amount of yaw error, unless the "bending" of
the path was noted and corrected by a combined roll and yaw attitude control
input.

Figure 21 - Median Roll Average Absolute Error

The high error scores shown here are not particularly significant
as far as flight management is concerned. Most of the subjects (see Question-
naire resultsg complained that the roll error cue was difficult to discern
after the horizon disappeared during the pitch-down profile. The effect of a
more or less constant roll error was slightly coupled pitch aml yaw indications.
That is, a correction in pitch affected the amount of yaw error depicted, and
vice-versa. The subjects were allowing an error in roll (commend roll was always
zero in this flight) to remain during much of the thrust period. This inter-
pretation 6f the data is reinforced by Figure 27, Median Roll Energy
Expended. None of the subjects used more than 9 per cent of their available
roll capebility.
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FIGURE 22. MEDIAN PITCH AVERAGE ABSOLUTE ERROR - FIRST EVALUATION
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Percentage figures for the next three histograms (Figures 25, 26, and
27 were calculated in the following manner:

= 1004 153 ares =
Pitch % 5 Ats where: Atb Burn time.
Y = 100AYs -
aw $p = 2R 9B , LY, = Pitch angular
5 Atg B velocity expended.
Roll % = 1008Psp AYs,=Yaw angular
> Oty velocity expended.

APs 5 Roll angulsar
velocity expended.

for the purposes of this computation,Atpy was arrived at by taking

the mean burn time for all initial conditions as measured under automatic
attitude control.

At5n= 453.46 seconds

SDAt3= 5.11 seconds

Maxinmum operational capability (5 Atg) is, of course, the same for

all three axes in this simulated vehicle. (The amount of velocity expended if
the reaction control system were on all during the thrust period.)

Figure 25 - Median Pitch Energy Expended

Note that there were little if any differences among median energy
expenditures for the subJects, regardless of condition. Pilot 1, by his own
admission, was somewhat heavy-handed on the attitude controller, using a
number of "bang-bang" control inputs where a single input would have sufficed.

Figure 26 - Percent Median Yaw Energy Expended

Rather surprisingly, the differences between the in-plane runs and
the runs which started out-of-plane seen in Figure 23 for average absolute error
are not evident here. It took as much yaw energy to stay in-plane as it did to
go through a yaw profile to get into the nominal plane, yet the pilots did not
control to as close an accuracy vwhen out-of-plane. Apparently, they had more
chance for error in the out-of-plane case,

Figure 27 - Percent Roll Energy Expended

Note the very low energy expenditure for all subjects, and compare
this with the high average roll error shown in Figure 24, Subjects were
permitting a high roll error to remain without attempting to correct.
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Figure 28 - Median Veloeity Error at Injection

Both actual (algebraic sum of positive and negative values) and
absolute (negative values converted to positive and totalled) medians are given
on this plot. It should be noted that very little change in median values occurs
when absolute values are substituted for actual values., Subjects showed a tenden-
ey to terminate at a velocity in excess of nominal 42,000 fps. Subject No. 4 and
Subject Fo. 5 operating in the 1:1 condition were contrary to this trend with
slight negative (slow) median scores.

This overshoot tendency can be explained by assuming either a late
response to thruster shutoff cue or by a slightly positive pitch error at
shutoff, or by a combination of both. Pilot No. 2's velocity error is twice
or more as large as any of the other subjects. This individual missed the shut-
off cue several times because he was watching the horizontal display digital
readout timer countdown. He falled to transition to the vertical analog display
of the cue quickly enough to respond in time to the disappearance of the
command velocity markers. ‘A lead term in this cue was incorporated, 0.5 seconds,
to compensate for subject latency (see discussion in Appendix I-A, Section
2.5.2.2). However, response time to the termination cue (Atgo) for the various
subjects varied between 0.57 and 3 seconds, with a mean of about 1 second and
therefore 0.5 seconds late, considering the lead term inserted. ILag in response
is probably respongible for the pogitive error in veloeity. The need for a more
positive thrust terminstion cue ig indicated by this finding. Such a conclu-
s:l.<6m is supported by the results of the questionnaire, discussed In Section
20 030

Figure 29 - Median Altitude Error at Injection

This higstogram shows how well the subjects maintalined the nominal
altitude of 300 nautical milegs at thrust termination. Again Pilot 2 has a high
error, but Subject 5 approaches him. The actual scores reflect a tendency (ex-
cept for Pilot 6) to finish a thrust period below the nominal altitude. Thus,
if these findings are combined with those shown in the preceding plot, subjects
tended ¥ terminate thrust low and fast with respect to the nominal flight path.
This suggests that the pitch profile error may have been positive, or have a
positive tendency for most pilots, thet is, they pitched down more than the
command indicated, but they terminated late, with respect to nominal. This
finding is supported by the differential longitude data (A@zpa) which
showed that subjects tended to have negative differential longitude require-
ment to reach 42,000 fps i.e., they exceeded the velocity requirement at the
thrust termination point.
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Figure 30 - Median Iongitudinal Error at Injection

These data were derived in the following mammer:
\'f
A@RPB = @RPS '@RPF -22.2 S AtBo
by
, . 8

where: ®RPS = Longitude at thrust termination.

®RPF = Longitude at thrust initiation.

VS = Vehicle velocity at termination,
rg = Altitude at termination + 20,926,080 feet
(termination radius),
57.3 = Conversion factor from radians(y_g) to degrees.
r
JAX - €v °
BO —————

(%Id:)s cos B4

The measure gives the amount of central angle in longitude that must
be traversed at the thrust termination wvelocity to reach 42,000 fps, the nominal
injection velocity. There were no significant differences smong experimental
conditions. Median latitude error at thrust termination, @R , was esgsentially
zero for all subjects. Pilots were within +.001 deg(central la)iale) of being in
plane when thrust termination occurred.

On this histogram 0.0l degree equals 0.6622 nautical miles.

Figure 31 - Median Flight Path Heading Angle Error at Injection

These data should be considered with Median Flight Path Elevation
Error which is shown in Pigure 3p. These two parameters reflect the "aiming"
accuracy of the pilots at thrust termination. Median error (deviation from
nominal heading) was never more than 0.015 degrees, or leass than a minute of
arc, well within requirements for orbital injection.

Figure 3¢ - Median Flight Path Elevation Angle Error

Median error (deviation from nominal path elevation) was never more
than 0.009, or half a minute of arc.

The above two quantities reflect control accuracy, especially during
the terminal thrust stage.
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2.6.2 Mann-Whitney "U" Test

The large amount of variance in the data, the skewed distributions,
and the low number of trials run in the experimental period make any use of
parametric tests of significance questionable. Consequently, the median data
were converted into ranks across experimental conditions for each performance
measure, s8¢ that a non-parametric test of significance, the Mann-Whitney "U"
test for 2 Independent Samples, could be applied to the data. Two such tests
were run on each performance measure; one test between Display conditions
(Analog vs. Analog plus Digital information) and the other test between
displey gain conditions (Gain 1.75:1 vs. Variable Gain). The 1l:1 gain con-
dition was not tested, because there were insufficient data for any meaningful
comparison.

In the Mann-Whitney Test (Reference 9) scores which achieve at
least ordinal level of measurement are converted into ranks, retaining group
identity in the conversion. One of the two groups is arbitrarily selected as
the group of interest. Then a count is made of the number of times that a
score, in the rank order, which comes from the other group, precedes a score
from the group of interest. This number, the statistiec "U", will be around
a half or more of the total number of scores in the ranking because the scores
from the two groups will be intermixed in the rank order. But "bunching" of
gcores, from either the group of interest or the other group, will produce a
low "B." The distribution of the "U" statistic is known and tabled for various
size groups. These tables give critical values for the one-tailed hypothesis,
i.e., signifiicant differences either positive or negative, but not both,
between groups which result in rejecting the null hypothesis of no group
differences. In the present study both positive and negative differences
are relevant., Hence, the critical values in the tables are doubled to
provide a test of the two-tailed hypothesis.

With this test, the researcher is testing the probability that a
possible score from one group is either larger or smaller than a score from
the other group. The Mann-Whitney is one of the more powerful non-parametric
tests, and is widely used as & less restrictive alternative to the parametric
"t" test.

Results of the Mann-Whitney analysis of median data is presented
in Table 8.

In the tests between the Analog Only and Analog plus Digital
information conditions, Teble 8 shows that significant differences were in
favor of the analog-only group. That is,subjects who did not have digital
information tended to control better, as measured by yaw control and velocity
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T A - AD COMPARISON

GAIN COMPARISON

MEASURE LEVEL TREND LEVEL TREND

ABSQOLUTE ERRCR

PITCH N.S. None N.S. None

YAW-IN-PLANE 0.10 }Analog Only | N.S. None

YAW-OUT-OF~PLANE 0.20 |Analog Only | N.S, None

ROLL. N.S. None 0.20 Variable Gain
CONTROL ENERGY EXPENDED

PITCH N.S, None N.S. None

YAW-IN-PLANE 0 . 20 Ana.log Only N qs » Nom

YAW-OUT-OF-.PLANE N.S, None N.S. None

ROLL N.S. None N.S. None
VELOCITY ERROR

ABSOLUTE 0.20 |Analog Only § 0,10 Variable Gain

ACTUAL 0.20 |[Analog Only | 0.10 Variable Gain
ALTITUDE ERROR

ABSOLUTE N,S. None N.S. None

ACTUAL N.S. None 0,20 Gain 1,75:1
LORGITUDINAL ERROR N.S. None N.S. None
FLIGHT PATH HEADING ERROR | N.S. None N.S. None
ELEVATION ERROR N.S. None N.S. None

A-AD < Analog Only to Analog Plus Digital
Level - Level of Significance (2-Tailed Probability)

Trerd . Which Group Did Better

N.S,

- No Significant Difference

TABLE 8

MANN-WHITNEY "U" TEST RESULTS
FIRST EVALUATION
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maintenance, than those with digital inputs. The guestionnaire data suggests
that the digital information tended to distract the subjects, as presented in
this simulation., It is possible that other ways of displaying numerical data
might not lead to these results. The level of significance, except for yaw
average absolute error--in plane, was very low, 0.20.

The tests between gain conditions tend to favor the Varisble Gain
condition, a linear change from 1.75:1 to 8.75:1. Veloeity error was affected
by this variable; and, since this in turn was affected by pitch control, it
may be that the greater sensitivity of the display to attitude error in the
Variable Gain condition can account for this significant difference. Altitude
erroxr was better for the Gain 1.75:1 condition than Variable Gain, but the
level of significance was very low.

Some of these trends as reflected by tests of significance are
interesting, but individual differences in performance fairly well swamped
what differences may exist between experimental conditions., The above results
should therefore be interpreted very cautiously.
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2.6.3 Questionnaire Analysis

The Pilot Questionnaire vwas administered to all subjects following
their participation in the atudy. The questionnaire format, the rating
scales used, group results and individual responses are given in Appendix I-B.

As a summary of the questionnaire the following statements can be
made:

(1) Pilots did little scanning between the Vertical and Horizontal
displays. Instead, they fixated on the Vertical Display, with but occasional
glances at the Horizontal display.

(2) Pilot opinion was that the vertical analog display satisfac-
torily fulfilled the mission requirements of managing orbital change.

(3) The pilots considered the vertical display as being easy to
interpret in both situation and command modes, much superior to other forms
of situation presentation and somwhat superior to other forms of attitude
command presentation.

(4) Roll presentation was more difficult to interpret than pitch
and yaw, mainly because the horizon line was not visible in pitch attitudes
greater than +11 degrees,

(5) The velocity marker motion used for thrust initiation and
termination was considered to be less effective than an indicator light
at the side or top of the display would have been.

(6) The Horizontal Display presentation was somewhat blurred and
considered too gross to be of much use to the pilot during this maneuver.
Digital information was used extensively by only one pilot, while the others
only used attitude change readouts to some extent.

(7) The system monitoring task was overemphasized as to importance
by some pilots, but none were task loaded to any significant extent during
the thrusting sequence., Time was apportioned appropriately. The pilots were
evenly divided with respect to opinion of systems information presentation;
half liked a random sampling scheme to cut down systems status display
clutter in the cockpit, while half preferred to have the information always
available.

6k



&

2.6.4 Discussion

These date and the questionnaire material suggest that the independent

‘variables studies in this program had little if any effect on the pilot's

performance. The constant condition, the vertical display, was adequate to
manage the cisplanetary injection profile. Digital information only served
to distract several subjects, although this might have been due to its being
presented on the horizontal display, and its being presented with inferior
clarity. But, certainly, no case can be made for the necessity of digital
information on the basis of this simulation. Analog information was suffici-
ent to control the vehicle, and to follow through an attitude command profile.

The results for display gain are inconclusive, mainly because
ingufficient data were collected for a true 1l:1 gain conditions. The display
was always more sensitive to error and to corrective inputs by a factor of
1.75. The small amount of information obtained under 1l:1 does suggest that
larger than 1:1 gain is not required for adequate injection management. The
effect, on the pilot, of the high-gain type display used in this evaluation
is that of an error display which becomes somewhat more jittery as zero error
is approached. However, this increased sensitivity does not necessarily lead
to more accurate attitude control. The pilot appeared to be reacting to the
increased sensitivity as if it were noise.

The horizontal planning display had little or no role in this study
other than providing a realistic crew station environment. It is basically
a long-range planning display, and a panel on wWhich subsystem information was
presented. No long-range planning was required for this particular orbital
injection. The vertical display informed the pilot as to what to do and
when to do it. The path heading presentation, and thrust initiation/termination
lines were useful for general planning of the maneuver and not intended to
compete with the greater accuracy of the vertical display. In the Second
Evaluation, a vastly simplified horizontal displey will be used which will
only show vehicle position with respect to nominal, for "how goes it" infor-
mation.

The task loading sequence succeeded in its principal purpose--
providing the pilot with a realistic amount of work in the cockpit, though it
would have been better had more variety been built into the sequence, perhaps
with several levels of information capability of presentation.

The vertical display functioned very well as a mulling display of
the "follow me" variety. It led the pilot through the whole thrust profile.
If he followed its instructions exactly, "steering" in the direction commanded
by the path, he made a successful injection. The data are conclusive on this
point. The Space Analog display as used in this study is a feasible command
display. The path depiction is analogous to the highway which provides the
heading command for the motorist. But, like the motorist who has no road map,
the pilot must trust the display generation that he will actually arrive at
his objective by following the path. He has no "how am I doing” information,
except for the horizontal plane information shown on the horizontal display.



A significant problem iz, the non-intuitive relationship between
attitude and velocity vector in space flight, especially if orbital dynamics
are considered as well., Pointing the nose of the vehicle at the required
path will not necessarily put it on that path. In the present study, the
pilots could have dispensed with "what am I doing" information provided by
the ground reference plane, since they were locked into the command path,
and had no nominal path depiction to relate their present position to. Had
the pilots been presented two paths, the command attitude and nominal, on the
vertical display, understanding of the flight situation would have been better,
and the "how am I doing"” fundamental question answered, as the command path
led the pilots ever closer to the nominal--desired trajectory. However, it
was not possible to show both paths in true relationship to the real world at
the same time due to the limited view angle of the vertical display and the
extreme attitudes required by the vehicle when thrusating along its longitudinal
axis.

This study has established the feasibility of analog-type command
attitude displays for conveying all necessary information for flight control
of a fixed booster, constant-thrust space vehicle. All pilots and many
visitors considered the display of attitude and command attitude information
to be superior to, and more easily interpretable than, any space flight hard-
ware now in use.

These study results have shown that, analog information is adequate
to manage an orbital change, the most fundamental of all space flight
maneuvers, Therefore, methods of presentation and types of analog information
should now be investigated to provide the answers to all four of the fundamental
vehicle control questionss

(a) VWhat am I doing?

(b) What should I be doing?

(c) How am I doing?

(a) How should I be doing?

Such combination must be integrated within a single display, so that

in one view the pilot can obtain all the information required to adeguately
perform his role in the space vehicle system.
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2.6.5 Conclusions and Recocammendations

2.6.5.1 Conclusions

(1) Vertical Display Performance - The Vertical Display, with a
flight path presentation of command attitude and thrust initiation and termin-
ation cues 1s an acceptable means of performing an orbital change space
maneuver. Test subJects considered it to be the equal of or superior to any
other type of command attitude Aisplay with which they have had experience,
Subject performance supports this opinion. With the analog format used
presented on a standard television raster of 512 lines and a view area of
8 x 10 inches with a 1:1 relationship to the real world, the following flight
performance was achieved:

No Display Gain (1:1)
Average of Median Scores

Velocity Error k.6 feet per second
Altitude Error 52 feet

Out of Plane (lateral) Position Error Essentially zero

In Plane (longitudinal) Position Error 1.07 nautical miles
Flight Path Headling Error 0.005 degrees
Flight Path Elevation Error 0.003 degrees

(2) Vertical Display Gain - Increased gain had little effect upon
attitude control accuracy. Step Gain, a sudden five fold increase in sensi-
tivity of the attitude error displayed (at 1 degree and below) was found to
be very disruptive to the pilot. Variable Gain, wherein the increase of
sensitivity is linear over an error range of 1.9 degrees (from 2.0 to 0.1)
was acceptable,

It is possible that higher gains for a given of attitude error (ten
or twenty to one) might lead to greater control accuracy, but this must be
traded off with "Jitter" effects on performance with a slow responding space-
craft. Preliminary investigations of 17.5:1 in the present study proved
unsatisfactory in that the system was unstable. Another approach which can be
taken in this area is in quickening the dlsplay by presenting the first and
perhaps the second derivative of the error. This approach has led to improved
control performance in other slow response systems such as submarines,

(3) Deficiencies in Coomand Attitude Presentation - The format
evaluated did not provide adequate task performance information ("how am I
doing"). The pilot was not able to determine his approach to the nominal path,
how far he still had to go, and when he would be on nominal. The pilot had to
trust the display to take him to the nominal path he was attempting to attain.
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Roll cues from the reference surface were relatively weak once the
local horizon was no longer in view. This can be alleviated by increasing
the texture gradient of the reference surface, i.e., presenting more of the
guasi-random square surface pattern by an spparent increase of vehicle
altitude.

(4) Need for Digital Information - Digital information was not
necessary to perform the orbital change maneuver. Tue verticel display was
clear and unequivocal in the command mode,

(5) Space Analog Horizontal Display - The horizontal display was
not required for the accomplishment of the orbital change maneuver. It was
used only as a backup for situation information. The need for this display
would have been greater had the simulation included the preceding cisplanetary

injection planning phase.

(6) Training Requirements for the Space Analog - Comparatively
inexperienced pilots and even non-pilots learned to make an acceptable injection
in just a few trials., The vertical display presentation is sufficiently like
the cues that are obtalned in other more familiar vehicle management situations,
and presents command information in a sufficiently straightforward manner, that
positive transfer takes plece. The integration of information in this display
makes a complex and difficult task much easier and natural.

(7) Acceleration Mode Attitude Control - In this mode the attitude
controller, when actuated, produced a constant angular acceleration about the
axis commanded. To cancel the rotation imparted to the vehicle required an
opposite deflection of the control for an equal period of time. It was quickly
determined that the vehicle was virtually unmanageable when in the Acceleration
Mode, Angular rates achieved, rapidly reached the limit of scaling in the
ASI-2100 digital computer, and resulted in computer shutdown. It was the
opinion of the pilot that the mode "could be learned” but not without consider-
able practice time,

Rate attitude command was used for all subsequent flights.

(8) Task loading - The Task Loading was fairly effective, and
differences in performance rate between coast and thrust periods were noted,
a8 expected. But a more continuous task is necessary to ascertain the points
during the thrust period at which primary task loading occurs.
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2.6.5.2 Recommendations

The majority of the following recommendations are directed toward
the further development of the analog concept of information display for orbital
change space maneuvers: and as such also serve as the base requirements for
the second simulator evaluation.

(1) Vertical Display Format - Revise the 1nformat10n format of the
vertical display as follows:

(a) Vehicle Coast Period - Presentation to be the same as in
the First Evaluation, i.e., view forward (center of the display screen) repre-
sents the direction the vehicle is pointed. The background, reference surface,
horizon, sky texture and nominal flight path are presented in a true 1l:1 real
world relationship to the line of sight. This mode remsins as the ATTITUDE
MODE.

(b) Vehicle Thrust Pericd - Presentation is changed from that
of the First Evaluation wherein the flight path represented command attitude
and the view forward the direction the vehicle was pointed. In the revised
format the flight path and the background are the same as in the ATTITUDE MODE
above. However, the view forward (center of the display screen) now repre-
sents the direction of the vehlcle fllght path (vector). This change now
permits the presentation of "how am I uOii’is;' information in that there is
a positive presentation of vehicle position with respect to the nominal path
at all times during the thrusting maneuver. This mode is now identified as
the PATH MODE.

(2) Vertical Display Scaling - Provide scale changes in both lateral
and vertical vehicle positional error display to permit the study of flight
techniques for acquiring the nominal path when the vehicle is off path by a
significant amount. The ability of the pilot to re-acquire a nominal path
following either poor pilot technigue or system malfunction during the pre-
vious flight maneuver would reduce the need for pilot navigational effort and
vehicle computer capacity to reprogram the nominal path after each flight path
error.

(3) Horizontal Display Format - Delete digital backup data and re-
quired vehicle path heading. Retain the nominal path, vehicle position, pre-
sent vehicle flight path heading, thrust initiation and termination lines,
and background reference grid and terrain texture as planning information for
the orbital change maneuver. In addition retain the status-trend display for
vehicle subsystems as task loading during the simulation.

(4) Simulation Performance Comparisons - Upon completion of the
Second Evaluation compare the flight performance with that of the First
Evaluation to determine the significance of the added "how am I doing?"
information.
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- 3.0 SECOND EVALUATION

The purpose of the Second Evaluation was to establish the operational
effectiveness of, and requirements for, an advanced Space Analog Vertical
Display incorporating a real world analog display format. This format
corrects the task performance information ("how am I doing") deficiencies
inherent in the command attitude display of the First Evaluation. Testing
consisted of 84 experimental flights in the LTV MAFS durlng the period
21 June through 13 July 1966.

3.1 OBJECTIVES
The objectives of the Second Evaluation were:

(1) To assess pilot performance when using a Space Analog Vertical
Display wherein the view is in the directionthe space
vehicle is moving (velocity vector) and is presented in proper
relationship to the required (Nominal) path and a background
representative of the real world (ground texture, horizon,
and sky plane).

(2) Compare pilot performence during the Second Evaluation with
that in the First Evaluation.

(3) Establish requirements for displeys and controls that have been
validated through simulation resulis and define requirements
for further investigations.

3.2 THE SIMULATION PROBLEM

3.2.1 The Space Mission Segment

The mission segment for the Second Evaluation was the same as for the
First Evaluation for purposes of obtaining a direct comparison of pilot per-
formance (Section 2.2.1 and Figure 2). Though the flight profiles were the
same the differences in individual flight problems were visually more apparent
in the Second Evaluation. The command attitude presentaetion of the First
Evaluation appeared to be the same for all flight problems. However, in the
Second Evaluation the presentation of space vehicle direction of motion re-
sulted in a realistic view of each flight situation. This is best illustrated
by a comparison of Figures 33 and 3.

3.2.2 Simulated Space Vehicle

The same space vehicle configuration was used as in the First Evaluatim
(Section 2.2.2 and Table 1).
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3.3 SIMULATION SETUP

The hardware setup for the Second Evaluation, consisting of the LTV
MAFS crew station gondola, hybrid digital-analog computer, etc., was the same
as for the First Evaluation (Section 2.3) with the following exceptions.
(Certain descriptions are repeated for clarity.)

3.3.1 Crew Station Displays and Controls

Revisions to the crew station were limited to the information content
on the vertical and horizontal displays (a computer program change) and a new
control procedure for clearing the task loading CAUTION light.

(1) Vertical Display

Two display modes were used:

(a) Space Vehicle Attitude Mode - Same as the attitude mode in the
First Evaluation (Figure 8) wherein the presentation is a true view forward
of the vehicle nose. This mode is used primarily during the initial coast
period to permit vehicle attitude orientation in preparation for vehicle
thrust initiation. Thrust command being a part of the Path Mode.

(b) Space Vehicle Path Mode - This mode was substituted for the
Space Vehicle Command Mode of the First Evaluation to provide the pilot with
task performance or "how am I doing" information during the thrusting maneuver.

The center of the display screen represents the direction the space
vehicle is moving (flight path velocity vector). This view forward is oriented
with respect to the Nominal Path and the background consisting of the ground
reference plane, horizon line, and sky plane. The Nominal Path is the ideal
earth orbital path required to attain the cisplanetary injection point.

Typical presentations in the Space Vehicle Path Mode are shown in
Figure 34.

Initially the Path Mode was unflyable when vehicle path elevation
and heading error displays (relationship of the center of the display to the
tip of the Nominal Path) were in a 1l:1 relationship with the real world. The
small angles involved in the injection maneuver, and their rates of change,
were not discernible to the pilot. Consequently, in the course of the engineer-
ing shakedown flights, and prior to the start of testing, display gain values
were incorporated progressively, with trial flights following each gain in-
crease, until a flyable configuration was arrived at. Final gain values used
were:

Vehicle Path Elevation Angle Error Gain - 6 : 1

Vehicle Path Heading Angle Error Gain - 32 :1

The additions of the above gains had one detrimental effect upon the
realism of the vertical presentation. Large errors in vehicle path elevation

and heading were magnified by the gain and resulted in excessive displacements
of the Nominal Path with respect to the background. To minimize these distortions,
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gains were also added to the background presentation (ground plane, horizon,

and sky plane). These were: U:1 in the horizontal plane and 2:1 in the vertical
plane. These lesser values were used so as not to restrict excessively the
field of view represented by the display screen width and height. The final
relationships between display view angles and gains are illustrated in Figure
II-A-1 of Appendix II-A.

Thrust initiation and termination commands via velocity markers,
to the left of the Nominal Path, were the same as in the First Evaluation.

Vehicle altitude and lateral position errors with respect to the
Nominal Path were displayed in the same manner as during the First Eveluation
when operating single-scale. Single-scale denotes a single range of + 100,000
feet in both altitude and lateral position error using one configuration of
the Nominal Path. Vehicle position errors being displayed by a reduction
in path width for increasing altitude error and a lateral displacement of
the path, in the appropriate direction, for lateral errors as described in
Section 2.3.2(1)(a). This was the prime configuration evaluated.

Since vehicle closure with the Nominal Path was & critical flight
cue the simulation setup included an additional three-scale presentation con-
figuration to determine if there was value in such a format in improving flight
performance. Each scale configuration of the Nominal Path operated in the same
manner as described in the preceding paragraph. However, an additional coding
feature was added to distinguish between the scale ranges. This coding was
dictated by the capability of the available equipment and does not represent
optimization from the human engineering viewpoint.

Scale coding was as follows:

VEHICLE ALTITUDE + 100,000 ft. Dim path
+ 50,000 ft. Medium bright path
+ 10,000 ft. Bright path

VEHICLE LATERAL

POSITION + 100,000 ft. No tar strips on path
+ 50,000 ft. Tar strips stationary
+ 10,000 ft. Tar strips moving
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When operating in the three-scale mode, vehicle altitude and lateral
positional errors dictated the coding, width and position of the Nominal Path.
As elther error was reduced, and the vehicle entered the next lower scale range,
the coding would change automatically and the Nominal Path width and position
would reflect the extreme range position of that particular scale (narrowing and
lateral displacement of path as applicable).

(2) Horizontal Display

The horizontal display was simplified by the deletion of the
numerical backup data and the required vehicle path heading line from the con-
figuration used in the First Evaluation. The resulting format is shown in
Figure 35. This one configuration was used with both the Attitude and Path
Modes of the vertical display. The presentation of the space vehicle position
corresponded with that of the vertical display when in g'ingle-scale or three~
scale modes. When in three-scale mode, scale change wag reflected by a dis-
placement in vehicle position concurrently with the displacement of the Nominal
Path on the vertical display.

(3) Task Loading Switches

The task loading response procedure wes improved by eliminating
the need for direct extinguishing of the CAUTION light. This unit is located
on the right side of the main display panel and in the First Evaiuation either
use of the left hand (arm obscured the horizontal display) or the right heand
(required release of the side-arm controller) was needed to cancel the CAUTION
light when this was the correct response. In the Second Evaluation the CLEAR
switch on the left side of the display panel was used for this purpose. All
other task loading functions remained the same as described in Section 2.3.2(11).

3.3.2 Hybrid quputatiop Setup

The hardware of the computation setup was essentially the same as
described in Section 2.3.4 with the exception that the character generator and
related cathode ray tube associated with the generation of digital date for the
First Evaluation were deleted (Figure 15).
3.3.2.1 Data Recording

Data recording was essentially the same as described in Section 2.3.4.1

except for some revisions in the parameters recorded. The revised digitel printout

format is shown in Figure 36.
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3.4 SUBJECTS

3.4.1 Selectionand Grouping

The pilot-subjects employed in the Second Evaluation were LTV engineers
and Navy BuWeps personnel who were known to have extensive pilot experience.
Experienced pilots were employed to minimize training time and to insure homo-
genuity of the pilot population.

Criteria for selection were identicel to those employed in the
First Evaluation with one exception. Four subjects, (1, 4, 5, and 6)were the
same subjects employed in the First Evaluation. Scheduling problems neces-
sitated the substitution of two subjects. A Navy BuWeps pilot of comparable
flight experience was substituted for Subject 2 of the First Evaluation, also
a Navy BuWeps pilot. The substitution for Subject 3 was an experiences simu-
lation engineer who lacked the flight experience of the other subjects, but
who was highly experienced in simulation flight proceudres. (This Bubject
was subsequently found to fly the best injection maneuver.)

Pilot subjects were employed to permit generalization to the astro-
naut population. However, uniform skill levels across subjects were not as
critical as for the First Evaluation because each subject was compered with
his own performance under different conditions. In the First Evaluation,
three pilots were assigned to me treatment (display gain) and three pilots
were assigned to another (variable gain), hence, homogenuity of pilot experi-
ence was necessary to insure that differences between treatments were not due
to differences in skill. In the Second Evaluation, each pilot-subject served
as his own control; the same subject was compared under two different treat-
ments. Sequence effects of treatments were minimized by assigning treatment A
first for three subjects and treatment B first for the other three subjects.
Hence, difference in performance between treatments are not duvue to basic skill
differences between subjects or sequence effects, and, therefore, should be
due to differences in treatments, e.g. display characteristics.

3.4.2 Evaluative Subjects

A number of engineering shakedown flights were made prior to the
beginning of the formal experimental test period. Participants were the MAFS
Group Supervigsor and the Project Engineer for this study. These flights were
conducted to establish the level of difficulty of the proposed simulation task
and to determine easily programmed methods for improving the presentation to
the subjects. The decision to increase the gain setting on the tip of the path
was a product of the shakedown flights.

In addition, each morning prior to running the subjects, the simuwlator
displays were calibrated to insure that they were uniform in the presentation
of information. The MAFS Group Supervisor assisted by the Safety Engineer par-
ticipated in the calibration.
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3.5 PROCEDURE

3.5.1 Independent Variables

The independent variables of interest in the Second Evaluation were
as follows:

(1) Vertical Display Characteristics and Interpretation - This variable
wag uniform throughout the Second Eveluation; however, injection point data acquired
during the Second Evaluation will be compared with comparable injection-point data
for the First Evaluation. In this sense, the revised display setup may be
compared to a control condition, the display setup employed in the First Evalua-
tion, and tests of significance will be conducted to determine the probability
of such differences occurring by chance.

In the First Evaluation, pilots were instructed to follow a comand
attitude profile as depicted by movement of the flight path. The view forward,
from the pilot's eyes to the center of the screen,was the direction the space
vehicle was poiated. In the Second Evaluation, the pathway represents the
nominal path to be achieved and the view forwardw#s the direction the vehicle
wasmoving (the vehicle's flight path or velocity vector). The position of the
tip of the path with respect to the center of the display represents elevation
end heading (angle) error rather than command attitude information.

This primary difference in display interpretation was a major subject
for investigation. In the Path Mode, the pilot no longer received vehicle
attitude information, but rather saw the results of his attitude inputs in
changes in the vehicle's path relative to the nominal path.

(2) Three-Scales Versus Single-Scale Positional Cues - Each pilot
flew seven flights under each of two scale coding conditions. The threé-scale
coding condition (Section 3.3.1) provided distinct visual cues whenever the
pilot reduced his attitude or lateral error below specified distances. At
50,000 feet altitude error, the flight path changed from dim to medium bright-
ness and narrowed to minimum width; and at 10,000 feet it changed again to very
bright and minimum width. Similarly, as lateral error was reduced below 50,000
feet, tar strips appeared across the pathway, and at 10,000 feet error the tar
strips began to move rapidly. Concurrent with the tar strip changes were lateral
displacements of the path. The path was initially at a position of maximum error,
but as error decreased the path moved inward toward a centerline position, where
the tar strips changed the path displaced outward to a position of maximum error,
and again moved inward with decreasing error. The cues were intended to provide
greater sensitivity to positional errors. The single-scale condition presented
& bright pathway with moving tar strips throughout the flight.

To insure that sequence effects (practice, boredom, etc,) did not
confound the date, three subjects received the multiple scale condition first and
three subjects received the one scale condition first.

(3) on On Path Versus Off Path Initial Conditions - The initial conditions
employed in the Second Evaluation were identical to those depicted in Table 4
of the First Evaluation. In order to compare performance under the two types




of conditions, each pilot received seven flights under Initial Condition #1
(on-path) and seven flights under other Initial Conditions #2 through #15
(off-path). Three pilots received the odd numbered initial conditions and
~ three pilots received the even numbered initial conditions.

The Second Evaluation employed a single attitude cantrol mode (Rate
control) and the same three axis side-arm controller. The gain in the flight
path tip was constent for all conditions. Pilots received no digital informa~
tion during the Second Evaluation and the systems management tapes were randomly
assigned to conditions.

3.5.2 Measurements

Principal performance data were obtained throught the ASI-2100
digital computer typewriter printer. This device printed out 32 flight param-
eters at the moment of engine shutoff (coded SEN). The data reported in this
document are derived from the SEN printouts. Other data collected as backup
informaetion were digital printouts every twenty seconds of the same flight
parameters and Brush Oscillograph recordings of pilot pitch, roll, yaw,
inputs, trim knob displacement, thrust initiation and cutoff times, and task
loading initiation and response time. A most useful source of information
during the administration of the flights was the X-Y=Z plobter which recorded
vehicle position.

3.5.3 Pilot Questiomnaire

All simulation pilots were given a brief questionnaire or pilot
report upon completion of their flights in the simulator. Most of the ques-
tions were ratings on a three point scale; some were short answers. Pilots
were provided an opportunity to comment on the displays, controls, or simu-
lation procedure at the end of the questionnaire. The questionnaire with

pilot responses and evaluation is presented in hdix II-C. An analysis of
the questionnaire date is presented in Section 3.6.3.

3.5.4 Pretraining

All subjects were interviewed ten days before initiation of the
simulation. Each subject received a Pilot Handbook, similar to that provided
for the First Evaluation, which described the simulated vehicles charac-
teristics, the flight plan, the displays and controls available and their
functions, and the flight management procedure. The major differences between
the experimental setup for the First and Second Evaluetion were verbally de-
scribed to the pilots. The pilots were told that they would fly the cis-
planetary injection maneuver under both three-scale and one-scale
conditions.

The first day for each subject was designated as the Familiarization
Day and was so recorded in the Flight Log. Subjects were given & short briefing
and were given an opportunity to ask questions. They were then seated in the
MAFS gondole, briefed on flight procedures by the Simulation Engineer, and
were given safety instructions in the event the simulator malfunctioned.



The first two flights were conducted in the automatic mode. The
flight profile was managed by the computer, the only pilot tasks being to
initiate and terminate thrust, and monitor the systems status displays. One
of the automstic flights was Initial Condition #l (on-path); another automatic
flight wasan extreme off-path condition, e.g., InitialC ondition#12 (15.1 miles
left of plane and 33.3 miles above nominal altitude),

Following the automatic flight the pilot was given a manual flight. The
first four runs were conducted without the systems monitoring task to enable
the pilot to devote full time to flight management. Pilots received at least
nine familiarizationflights beginning with the simpler initial conditions
{1, 2, and 3) and progressing to the more difficult, off path initial con-
ditions. Most of theflights were with the three- scale condition. The
pilot's skill in mastery of the flight management task was used to gauge when
to stop the familiarization period. At the end of the first day, all pilots
appeared to have mastered the rudiments of the flight task and were transi-
tioned to the experimental sequence.

3.5.5 Experimental Procedure

All experimental flights were conducted in the same manner for all
subjects. Name, date and flight number was recorded on the digital
readout sheets, the strip chart oscillograph tapes, and the X-Y plotter graphs.
Computer personnel were given the predetermined I.C. number, scale mode, and
task load number before each flight.

The pilot was asked whether he was ready to go. At the same time
the MAFS Safety Engineer signified the readiness of the simulator. The pilot
was then instructed to select the "Start Program" at will. The pilot estab-
lished a null orientation to local vertical and the vehicle's orbital path
vector. The pilot was then asked to estimate his position with respect to
the nominal path as depicted by the position of the Nominal Path on the
Vertical Display. His response was recorded in the Simulation lLog and he was
advised on the correctness of his estimate.

After approximately four minutes in the ATTITUDE mode, the pilot
was informed that it was 90 seconds until thrust initiation and that he should
arm his thrust control by pressing the THRUST and NUCLEAR PROPULSION push
buttons. Shortly thereafter he was to select his PATH mode display. The
path display represented the required path that the pilot was to acquire (if
off path) and maintain in order to arrive at the cisplanetary injection point.

Thrust initiation time was indicated by the pulsing of the velocity
markers followed by the markers disappearing momentarily, then reappearing and
moving away rapidly. Thrust ignition was accomplished by moving the thrust
lever forward.

During the PATH mode, communications with the pilot were kept to a
minimum while he regulated his attitude controller and set up a program for
achieving the nominal path. After thruster cutoff, the pilot was asked to
select STOP PROGRAM (which reset the computer), to disarm the thruster control,
and to select ATTITUDE mode on the displays.



The Test Conductor reported to the subject after each flight his
flight path elevation and heading errors and his lateral, altitude, and
velocity errors. This date was read from the typewriter printout record
which was made at the instant of engine shutoff (SEN).

Iach flight required approximately fifteen minutes. There were rest
periods of two to five minutes between flights and & 15 - minute break after
an hourto an hour and one half.

Upon completion of the formal testing period, which included two
experimental sessions, each subject was given the questionnaire described in
Section 3.5.3.

3.5.6 Simulation Flight Log

During the experimental, familiarization, and shakedown flights, a
simulation log was mainteined by the Test Conductor. The log format was very
similar to that reported for the First Evaluation (Section 2.5.6). The Test
Conductor prepared in advance an assignment of initial conditions and scale
ordering for each subject. These assignments were typed in the Log and dic-
tated the sequence of administration of conditions. The subject assignments
are reported in Appendix II-B. Pilot performance (the five SEN readings given
to the pilot) was recorded in the log after each trial, Pilot comments and
initial condition interpretations were also recorded.
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3.6 RESULTS

The two major sources of data for the Second Evaluation were the

'flight performance (end point) data and the pilot questionnaire.

The results of the Second Evaluation in terms of parametric scores
which are summarized by measures of central tendancy across subjects and
conditions are given in Section 3.6.1.

The results of the non-parametric test (Mann-Whitney "U" Test) to
determine whether the derived differences across conditions could be due to
chance or whether there is a high probability that the differences are due
to experimental conditions are given in Section 3.6.2.

An analysis of questionnaire results is given in Section 3.6.3.

3.6,.1 Injection Point Data Analysis

Aid

Of the printout data identified in Figure 36, nine injection point
parameters were identified as relevant for evaluating systems performsance.
These were: flight path errors (elevation, heading, velocity), positional
errors (lateral, longitude, altitude), and control energy expenditure (pitch,
yaw, roll). These parameters are the same as those measured in the First
Evaluation thereby permitting comparison between the two evaluations. A
descriptive (graphic) comparison is presented in this section. A statistical
comparison and interpretation of deta is presented in Section 4.0,

Table 9 summarizes the results of the Second Evaluation in terms
of total absolute scores for all subjects, the associated mean values, and the
separately calculated median values for each of the nine parameters. Within
each of these major summary categories shown in Column 1 are presented the sub-
categories of interest: three-scale versus one-scale and on-path initial con-
ditions versus off-path initial conditions.

The measures presented in Table 9 were derived in the following manner:

(1) Scores for each experimental flight were transcribed from the
typewritten digital printout records on to (subject) x (flight) matrices. This
raw score data for each subject during 14 flights is presented in Appendix II-B.

(2) On each matrix, the scores were summed over flights for each
subject. By summing these totals across subjects, a Grand Total was derived
for each of the parameters based on 84 measurements, The Grand Mean for esach
cell was derived by dividing by 84.
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(3) The three-scale totals and one=scale totals were derived in a
gimilar menner from raw score data in Appendix II-B by inclusion of only the
seven relevant flights per subject. Three-scale means and one-scale means
were derived by dividing by 42. The totals and means for on-path (I.C. #1)
and off-path (I.C. #2 through 15) were derived in a similar manner.

(4) The grand median, above and below which 50% of the scores
lie, was calculated by ranking the 84 scores and assessing a value midway
between the 42 and 43 scores. Three-scale and one-scale medians (and on
and off path medians) are, by definition, values midway between the 21 and
22 velue when the 42 scores are ranked in absolute magnitude,

The median scores are considered to be more representative of the
distribution than are the mean scores due to the extreme skew of the dis-~
tribution of scores. Appendix II-B data shows that a majority of the scores
are quite small with a few values often accounting for more than half of the
column total. The mean is sensitive to score magnitude; the median is sensi-
tive to ranking only. The effect of using median data is to eliminate the
bias of extreme scores and, when the extreme scores are very large, to make
the median smaller than the mean,

Figures 37 through 45 present by histogram the median data presented
in Table 9 in order to clarify the effects of experimentel conditions on par=-
ticular parameters. The reader can readily assess from Columns 2 through 6
which conditions are contributing to increasing the grand median (Column 1)
and which are reducing the median. Columns 7, 8, and 9 present comparable
data from the First Evaluation (maximum, minimum, and median values for the
eight conditions). These results are discussed in Section 3.6.1.1.

The data presented in Table 9 and illustrated in Figures 37 through
45 presents three-scale versus one~scale data with initial flight conditions
grouped together and on-~path versus off-path initial conditions with the
three scale and one scale dats grouped together. Each of the four presen-
tations was based on 42 data points. However, in order to determine which
single condition resulted in the best overall performance, the data was further
enalyzed as follows:

(1) On-path initial conditions with three-scale and one-scale data
analyzed separately.

(2) Off=-path initial conditions with three-scale and one-scale data
analyzed separately.

It was hypothesized that the best performance would be achieved during
the on-path condition for whichever scale variable was determined toc be superior.
Table 10 sumarizes the results of this analysis. Each of the medians was
based on 21 daba points.
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Figure 37 - Median Flight Path Elevation Error

Of the four major conditions investigated, the on-path initial cori-
dition resulted in the most accurate elevation angle at injection (.208
degrees) followed by one-scale, off-path, and three-scale in that order.
On-path, single-scale resulted in the best sub-condition, but only slightly
better than the on-path with combined single and :three-scales, Although
the error is 20 times as great as the largest error reported for the First
Evaluation, it is submitted that an accuracy of 12 minutes or .2 of one
degree may well be satisfactory for a cisplanetary injection with subsequent
midcourse corrections.

Figure 38 - Median Flight Path Heading Error

Of the four major conditions, the one-scale and on-path initial
conditions resulted in the smallest heading error followed by the off-path
condition. The three-scale condition resulted in five or more times as great
an error as any of the other three conditions. The on-path, single-scale con~
dition resulted in a median error of .009 degrees which is smaller than the
meximum for the First Evaluation (.015) and comparable to the median (.003).
This accuracy is well within requirements for an orbital injection.

Figure 39 - Median Velocity Error

The one-scale condition incurred the smellest median velocity error
followed by on-path, off-path, and three-scale conditions in that order. The
on-path, single-scale condition of 7.3 feet per second was camparable to the
5.0 fps median reported for the First Evaluation. Velocity error was primarily
due to terminating late (at a velocity in excess of 42,000 feet per second) and
is probably more a function of attention to the velocity marker than to other
display characteristics. The high three-scale error suggests lack of control
during the terminal thrust period.
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Figure 40 - Median lateral Error

The three-scale condition resulted in the smallest error followed
closely by the on~path condition. The one-scale error was nearly four times
as great and the off-path error was seven times as great. It is suggested that
scale changing magnifies the importance of position error. Three-scale, on=
path error is only slightly more than 1,000 feet and easily corrected for
during the cisplanetary flight.

Figure L4l - Median Longitudinal Error

The on-path initial condition resulted in the smallest longitudinal
error at injection with the one-scale condition only slightly less accurate.
The three-scale and off-path conditions resulted in median errors approxi-
mately twice as large. Eight-eight per cent of the errors were positive sig-
nifying a late termination. Late termination is most likely a function of
attention to velocity markers during the terminal thrust period. Longitudinal
error was significantly smaller for the Second Evaluation than for the First
Evaluation. The best single sub-condition was on-path, single-scale (1,181 fps).

Figure 42 - Median Altitude Error

The three-scale condition resulted in smaller median error than the
one-scale condition; however, the differences were not significant according
to the Mann-Whitney "U" Test (see Section 3.6.2). The on-path, one-scale,
and off-path conditions followed in that order. Median altitude errors were
significantly larger than those reported for the First Evaluation. Altitude
error is the only parameter where the grouped on and off path error value was
smaller than errors for the on-path condition only.
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Figure 43 - Median Pitch Energy Expended

Pitch, yaw, and roll were much less affected by experimental con- .
ditions than were flight path and position errors, i.e., the percent of total
energy expended was more or less homogeneous across conditions, ranging from
154 to 18% for pitch. The on-path, single-scale condition at 13.68% was the
best single sub-condition or conditlion. Pitch energy expenditure was signi-
ficantly lower than that for the First Evaluation. It is suggested that in the
First Eveluation pllots tended to compensate for minor errors from command
attitude resulting in a somewhat wasteful expenditure of energy. In the
Second Evaluation, scale sensitivity was less at large error initial con-
ditions, and once a vehicle path closure with the Nominal Path was set up
the pilot applied minimal control inputs until close proximity to the Nominal
Path was achieved.

Figure U4 - Median Yaw Energy Expended

Yaw energy expenditure ranged from approximately 10% to 15% for the
four major conditions. The on-path, single-scale condition at 8.284 was the
best single sub-condition or condition. Yaw energy expenditure was also gig-
nificantly lower for the Second Evalustion than for the First Evaluation for
the seame reasons suggested in the preceding paragraph.

Figure 45.- Median Roll Energy Expended

Roll energy expenditure ranged from approximately 7% to 11% for the
four major conditions. The on-path, single-scale condition at 5.48% was the
best single sub-condition or condition. The median roll energy expenditure
for the First Evaluation is significantly lower than median roll expenditure
for the Second Evaluation. However, the on-path, singlewscale:median does not
differ appreciably from the First Evaluation median of 4.6%.
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SUMMARY OF SECOND' BVALUATION PERFORMANGE -

On-Path vs Off-Path with One-Seale and Three-Scale Data Analyszed Separately

: FLIGHT PATH ERRORS POSITION ERRORS | CONTROL ENERGY EXPENDITURE
FLIGH® | INITIAL|SCALES | ELEV., | HEAD, | VEL., § LATERAL| LONG. | ALT. | PITCH YAW ROLL
o Skl s |2 1% 2] s | s |+
ON PATH |- SINGLE |SCALE
20 1 1 .358 .125 899 4,798 | 2,420 0,200 § 13.90 9.h45 6.4
20 |2 B e Lo | orss oo Juamafusos Jusee Joas Jse |
ON PATH |- THREE, SCALE. '
22 1 3 .589 .191 k29,3 3,499 | 4,971 p0,138 | 18.46 11.38 9.56
22 .265 .038 12.5 4,368 @ 18.00 [11.05 9.40
DFF PATH |- SINGLE |SCALE
22 2-15 | 1 .605 .109 60.6 13,984 5,311 23,030L8.u 14,40 11,56 _
22 2-15 1 .306 .028 11.7 [ 9,438 3,513 p2,484 __15.88' 14.88 ,110.67
OFF_PATH .- THREE BCALE
20 2.15 3 .803 576 | 1,025 fe3uma | 7,688 k6,174 § 19.56 fi6.54  |i13.08
20 2-15 3 .552 .062 19.8 1,919 | 5,174 |8,022 | 19.38  |15.55 |12.82
SUMMARY
8l 1-15 153 .588 .250 604 11,_&38 5,008 1!+,886I 17.51  § 12.9% | 10.15
84 1-15 | 1&3 .286 .033 12.10 § 2,314 | 3,007 6,19u| 16.94 12.97 | 10.04
D--Best Performance TABLE 10




3.6.1.1 Discussion of End Point Date Results

(1) General Observations

(2) First Evaluation median performance was superior to the Second
Evaluation on all parameters except longitudinal error, pitch energy expended,
and yaw energy expended.

(b) The Second Evaluation has demonstrated that a pilot with a
minimum of training can perform a successful cisplanetary injection maneuver
with the displays provided. (Median end point performance was comparable to
presently available requirements for Apollo and interplanetary flight.)

(c) Performance with initial ‘on-path’ initial conditions were
superior to off-path” initial conditions on all nine parameters.

(d) Performance at injection point is superior with a single-scale
than with a ‘three-scale on all parameters except lateral and altitude posi-
tion errors. Apparently, the greater positional accurecy available in three-
scale operation encourages the pilots to concentrate more on minimizing posi=-
tion errors. While under single-scale conditions pogitional errors were less
obvious and pilots concentrated on the more significant factor, minimizing
elevation and heading angles.

(e) The on-path, single-scale condition resulted in the best overall
performance on all parameters except lateral position error.

(2) Comparative Performance on Individual Parameters

Under all conditions, heading error (Figure 38) was less than
elevation error (Figure 37) and lateral position error (Figure 40) was less
than altitude position error (Figure 42). There are several possible explana-
tions for the superior lateral control:

(a) The lerger gain in the path for heading error (32:1) than for
életation error (6:1) resulting in more discernible lateral movement of the
tip.

(b) A more positive indication when the vehicle was on Nominal Path
(centered) than when nominal altitude had been achieved (apparent view from
above or below).

(c) Redundant information in the horizontal display.

(d) More deviant initial conditions in altitude than lateral error
under some conditions.
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3.6.2 Mann-Whitney "U" Test

The Mann-Whitney "U" Test was applied to median score data for the
Second Evaluation in order to determine the statistical significance of the
differences reported, i.e., to determine the probability that such differences
might have occurred by chance.

The nine relevant parameters were canpa.red under the following con-
ditions discussed in Section 3.6.1:

(1) On-Path versus Off-Path.

(2) Three-Scale versus One-Scale, with On-Path and Off-Path
conditions combined.

(3) Three-Scale versus One-Scale, considering only On-Path con-
ditions. In addition, the grand median scores for the Second Evaluation were
compared with those for the First Evaluation. The results of the Mann-Whitney
test as applied to the comparison between the First and Second Bviluations
will be discussed in Section 4.0.

Tables 11, 12, and 13 sumsarize the results of the three comparisons.
For each of thé parameters, the median scores are shown for the two con-
ditions being compared. The fourth column reports the level of significance
of the difference as determined by the Mann-Whitney Test. If the probability
of difference between the two medians occurring by chance is greater than 20§,
the difference is considered non-significant (N.S.). This implies that we
cannot be too confident that there is a real difference between the two groups
because the reported difference could occur as often as 20% of the time by
chance. The last column indicates which condition had the smaller error or
superior performance. If the difference is not significant, no trend is
indicated.

The test of significance was condiacted in the following manner:

(a) Reference was made to the raw score data (Appendix II-B).
For each subject and each parameter, there are seven raw scores for each
of the conditions, i.e., seven three-scale, seven one-scale, seven initial
conditions #1 (on-path) and seven initial conditions #2 through #15 (off-
path). The median (fourth ranking score) was determined for each of the six
pilot subjects. (See illustration below.)

(b) In comparing two conditions, the six median scores from each
‘were combined and ranked from smellest error to largest error. Opposite each
score was indicated the original identity of the median before cambination.

(c) The "U" Test is based on the assumption that a highly signi-
ficant difference between conditions would be one in which all the median
scores from one condition are ranked above (or below) all the median scores
from the other group. To the degree there is overlap in the joint rankings,
the probability of a real difference is lower. To determine "U" for small
groups, Siegel (Reference 9) requires a simple counting of the mmber of times
a2 member of Group B precedes & member of Group A as illustrated below. The
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count column is summed yielding a "U" value and reference is made to Tables
in Siegel listing the level of significance for the "U" for a 6 by 6 subject
comparison.

ILLUSTRATION OF PROCEDURE FOR CALCULATING "U" VALUES
FOR SMALL GROUPS HEADING ERROR

SUBJECT MEDIAN SCORES

o FWNH

-3 Scale 1l Scale
1.658 027
.02h .01l
.006 .009
126 .03k
.035 .026
.164 .009

JOINT RANKINGS
.009
.009
.011
.02k
.026
.027
.034
.035
.126
.164

1.658
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CONDITION  COUNT
3
1l 1
1 1
1 1
3
1l 2
1 2
1l 2
3
3
3

U=9

Significant at
.090 level



"MEASURE T ON-PATH | OFF-PATH LEVEL#* TREND
FLIGHT PATH ERROR
ELEVATION 0,208 deg| 0.416 deg] 0.155 ON-PATH
HEADING 0,021 deg| 0.051 deg} 0.155 ON-PATH
VELOCITY 11.5 fps| 12.6 fps| N.S.(.409) | NONE
POSITION ERRORS
LATERAL 1,262 rt} 7,743 £t N.S.(.242) | NONE
LONGITUDINAL 1,880 rt] k4,655 | 0.066 ON-PATH
ALTTTUDE 4,875 £t] 9,879 ft] 0.066 ON-PATH
CONTROL ENERGY B
“EXPERDITURE
PITCH 15.09 ¢ | 16.81 ¢ N.S.(.294) | NONE
YAW 9.93 4] 15.04 ¢ 0.013 ON-PATH
ROLL 6.86 ¢ | 11.05 % 0.013 ON-PATH

* Level of significance (Mann-Whitney "U" Test)

TABLE 11

A COMPARISON OF ON-PATH VERSUS OFF-PATH

MEDIAN PERFORMANCE AT INJECTION POINT

SECOND EVALUATION
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" MEASURE THREE SCALE | ONE SCALE | LEVEL* TREND
FLIGHT PATH ERROR
ELEVATION 0.596 deg 0.284 deg .120 One-Scale
HEADING 0.247 deg 0.017 deg .090 One-Scale
VELOCITY 12.9 fps 9.4 fps .155 One-Scale
POSITION ERRORS i
LATERAL 1,154 ft 4,259 f¢ .006 Three-Scale
LONGITUDINAL 3,711 ft 2,029 ft N.5.(.242) | None
ALTITUDE k,079 ft 7,626 £t N.S.(.531) | None
CONTROL ENERGY
EXPENDITURE
PITCH 18.49 % 15.05 % .155 One-Scale
YAW 12.59 % 10.15 % N.5.(.350) | None
ROLL 10.08 % 9.20 % N.S.(.294) | None

* Level of significance (Mann-Whitney "U" Test)

TABIE 12

A COMPARISON OF THREE-SCALE VERSUS ONE-SCALE

SECOND EVALUATION
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MEASURE THREE SCALE | ONE SCALE 'LEVEL* TREND
FLIGHT PATH ERROR
ELEVATION .589 deg .192 deg 197 One-Scale
HEADING .038 deg .009 deg 021 One-Scale
VELOCITY 12.5 fps| 7.3 fps N.5.(.242) | None
POSITION ERRORS
LATERAL 1,027 £t 2,709 £t .021 Three-Scale
LONGITUDINAL 2,029 £t 1,181 £t .120 One-Scale
ALTTITUDE 4,368 £t 4,593 £t N.S.(.k09) | None
CONTROL ENERGY
TEXPENDITURE
PITCH 18.00 % 13.68 ¢ .120 One-Scale
YAW 1.05 ¢ 8.28 ¢ N.S.(.350) | None
ROLL 9.20 % 5.48 ¢ .120 One-Scale

#* Level of significance (Mann-Whitney "U" Test)

TABIE 13

A COMPARISON OF THREE-SCALE VERSUS ONE-SCALE

ON-PATH CONDITIONS ONLY

SECOND EVALUATION
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3.62.1 Discussion of Mann-Whitney "U" Test Results

(1) Table 11 indicates that on-path initial conditions resulted in
significantly superior performance for six parameters; off-path initial conditions
were superior for no parameters; three parameters resulted in non-significant
results. The differences between conditions for yaw and roll energy expendi-
ture were highly significant; the difference between conditions for position
errors were fairly reliable with a probability of being wrong of less than
T per cent. Differences between elevation end heading were significant, but
at & very low level (.20 or greater was defined as non-significant).

(2) Table 12 presents -a comparison.of three-scale versus one=:
scale displays when on-path and off-path conditions were combined. Under these
conditions the one-scale was superior on four paremeters, the three-scale
wasg superior on one parameter, lateral error. Four parameter differences
were not significant.

(3) Table 13 presents a comparison of three-scale and one-scale
displays for on-path date only. This comparison was made beceuse it was origi-
nally predicted that the on-path condition would result in best performance
and it was suspected that some of the differences between three-scale and one-
scale reported in Table 12 were obscured by large degradation contributed by
off-path initial conditions. By considering only on-path initial conditions
the effects of scale factors alone would be manifest favoring the single-
scale by greater differences.

Analysis of the data indicated that the effects of considering only
on-path initial conditions was to increase the level of significance below .20
for two parameters - longitudinal error and roll control energy expenditure, but also
to decreuse the level of significance for another, velocity error. The net result
was that five parameters were now significent in favor of the single-scele as
compared with four parameters when on-path and off-path were combined. However,
the predicted overall effect of increasing the differences in medians was not
confirmed. Five differences were increased; three differences were decreased;
one difference was unchanged.

(4) In summary, the results of the Mann-Whitney Test for significance
supports conclusions reported in Section 3.6.1.1. The differences between
medians for the single &nd three-scale conditions are unlikely to have
occurred by chance and reflect real differences favoring the gingle-scale
display except for lateral error control. On-path initial conditions also
result in significantly better performance than offe-path initial conditions.
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3.6.3 Questionnaire Analysis

The Pilot Questionnaire was administered to all subjects following their
participation in the study. The questionnaire format, the rating scales used,
group results, individual ratings and comments are given in Appendix II-C.

The following summarizes the key statements made:

(1) Pilots judged the Second Evaluation Thrust Phase task to be more
difficult than the First Evaluation task, but more interesting.

(2) The loss of vehicle attitude information was felt to be a
handicap.

(3) The realism of the Vertical Display presentation was egual to
that of the First Evaluation.

(4) Nominal path tip (vanish point) displacement with respect to the
center of the Vertical Display was the primary cue for estimating vehicle flight
path heading and elevation error.

(5) Occasional to considerable confusion was reported due to the
inherent slow response of the nominal flight path to flight control inputs,
suggesting the need for increased sensitivity or other improvements in this
ares.

(6) The velocity marker was rated a fairly good cue for thrust
initiation and cutoff, but a cue requiring less concentration would be preferred.

(7) The Horizontal Display was used more often than in the First
Evaluation as a supplement to the Vertical Display and primarily for vehicle
path heading and vehicle position information. A need was expressed for a
similar display for flight planning in the vertical plane.

(8) The digital information provided in the First Evaluation was
generally not missed. Two plilots requested altitude and lateral error readouts;
however, use of more responsive display configurations should minimize the need
for this type of information.

(9) Despite the increased difficulty of the Second Evaluation, most
of the pilots judged the systems monitoring task to be less distracting than
during the First Evaluation. An explanation may be that the monitoring task,
as progremmed, was too simple.

(10) More time was spent with the flight management task than with the
systems monitoring task. During vehicle coast, two thirds as much time was
spent monitoring systems as flight management, while during vehicle thrusting
only one third as much time was spent monitoring. These differences are most
likely due to a coast period with little flight management activity other than
vehicle attitude control, and to the added demands of the flight management
task during thrusting, respectively.
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(11) Opinion was divided on the value of the three scales for
achievement of the naminal path. An explanation may be found by reference
to the end point data, which revealed that the three scales provided better
vehicle lateral and altitude control, whereas the single scale resulted in
more accurate elevation and heading angles. An improved scaling technique
should incorporate the advantages of both the single and three scale
techniques.

(12) Subjects commented that three-scale changing was confusing
when errors were large, but were useful when the nominal path had been
achieved. They recommended either a two-scale system with manual changeover
or eliminating step changes entirely and increesing sensitivity as error is
reduced.

(13) Brightness was rated the most helpful cue that a scale had
changed.

(14) There was a lack of a positive index of when the naminal alti-
tude has been achieved, i.e., the Vertical Display implementation requires that
pilots recognize that nominal altitude is a displayed condition with the sides
of the path coincident with the corners of the scope. Further altitude correc-
tion results in the path switching abruptly to a similar position in the
opposite field (above or below). Pilots frequently used this flipping as a
gauge of on-altitude conditions.

(15) Large elevation and heading angles resulted in the path tip
moving out of view. This condition could be avoided by a logarithmic decrease
in sensitivity of the path tip. For large errors, horizontal and vertical
situation planning displays were recommended.

(16) 1Indication of the rate of change in altitude (path width) was
not sufficiently pronounced.

(17) Immediate feedback on the amount of the pilots attitude correc-

tion was recommended. This could be achieved by a more sensitive feedback of
the effects of attitude changes on flight path and positional errors.
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3.6.4 Conclusions and Recommendations
3.6.4.1 Conclusions
(1) General

(a) First Evaluation median performance was superior to the
Second Evaluation on six of the nine eritical parameters (elevation and heading
angles, velocity, lateral position, and altitude errors; and roll energy expendi-
ture). Second Evaluation parameters for which significantly better performance
was achieved were longitudinal error, pitch and yaw energy expenditures.

(v) With a minimum of training,pilots were able to perform a
successful cisplanetary injection maneuver with the displays provided.

(c) Performance with a single-scale positional error presen-
tation was superior to that with three-scaleson five parameters. Superior
performance with three-scaleswas achieved only for lateral error control. Three
parameters showed no significant difference. The implication of this finding
is that future displays should employ a single-scale modified to provide
greater sensitivity for small position errors.

(d) On-path initial conditions resulted in superior perform-
ance than off-path initial conditions on six parameters; three parameters re-
ported no significant difference.

(e) Median performance was better in the horizontal plane than
in the vertical plane. Heading errors were smaller than elevation errors and
lateral position errors were smaller than altitude position errors. Among the
factors contributing to better horizontal performance were the higher error
display gain used and the existence of & horizontal display for planning purposes.

(f) Significant observations from analysis of the questionnaire
data were as follows:

(1) The Second Evaluation was more difficult, but more
challenging and interesting due to the increased
responsibility assigned to the pilot.

(2) The three-scale condition was considered detrimental
and & modified single-scale technique was recommended.

(3) The Horizontal Display was used more often than in the
First Evaluation and a comparable vertically oriented
presentation was suggested for altitude control when
the vehicle is off path at greater than line-of-sight
distances.
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(4) The absence of vehicle attitude information was
considered to be a handicap suggesting the need for
greater sensitivity in presenting vehicle position
relative to the flight path.

(5) The cue for thrust cutoff (at injection) should be
more positive.

(6) Digital information was considered to be unnecessary
with the displays provided.

(7) The systems monitoring task was not sufficiently dis-
tracting and was too simple for task loading as it
was programmed.

(2) Vertical Display Flight Path Heading and Elevation Angle
Presentation .

The Space Analog Vertical Display was not flyable when the vehicle
flight path heading and elevation angles with respect to the required path were
presented in true relationship (1:1 with the real world). Display gain in
flight path heading error (32:1), and elevation angle error (6:1) resulted in
a flyable configuration with the following best median on path performance
at the cisplanetary injection point:

Heading error 0.009 degree
Elevation error 0.192 degree

Though the use of fixed gain resulted in acceptable flight per-
formance, it induced undesirable presentation characteristics under certain
flight conditions. These were not noticeable when the vehicle flight path
heading and elevation errors were relatively small as in a well controlled flight
profile. However, they were very pronounced under poor path control and large
deviations. Under these conditions, the required path position depicted the
amplified error at the expense of i1ts true position to the real world, ie,
large path tip displacements above and below the horizon and to the side of
the apparent vehicle path.

The gains used provided an adequate presentation of change in
elevation and heading errors but the rates of change were still much less than
that of a true attitude presentation. Consequently, flight control correc-
tions required care in application.

(3) Vertical Display Vehicle Position Presentation

Flight performance was superior when using a singlee-scale in
presenting vehicle altitude and lateral position errors with respect to the
required path. The use of three-scale presentations with increasing sensitivity
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as the path was approached resulted in undue pilot attention to positional
errors at the expense of elevation and heading errors. This is undesirable
because the latter are of greater significance to the cisplanetary path re-
quired. However, the greater sensitivity of these scales did produce better
vehicle positional performance. The results indicate the need for the combina-
tion of the best features of single and three ~scale presentation of positional
errors, i.e., & single path configuration with increasing sensitivity of error
presentation as the required path is approached.

Best vehicle position performance was achieved with the
1 10,000 ft. scale as follows:

Lateral error 1,027 feet
Altitude error 4,368 feet

(4) Control System Energy Expenditure

The use of the vehicle attitude control system was significantly
less during the Second Evaluation than during the First. In the First Evaluation
the command attitude presentation encouraged the constant correction of errors
and generally resulted in a certain amount of overcorrection. The Second Evalua-
tion presentation, on the other hand, incorporated a display configuration that
required care in control application, as well as flight techniques requiring
minimal control action.

Best control system energy expenditure performence was as follows

(medians):
Pitch Yaw Roll
On-Path - Single-Scale 13.684* 8.25% 5.4,
Off-Path - Single-Scale 15,88% 14.88% 10.67%

* Per cent of total available during thrusting period.
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3.6.4.2 ' Recommendations
VERTICAL DISPLAY

(1) Program a Logarithmic Relationship Between Display Sensitivity
and Error - Investigate techniques for providing a logarithmic increase in
display sensitivity as error is decreased and a logarithmic decrease in
sensitivity as error is increased. Parameters affected would include flight
path heading, elevation, altitude and lateral errors as displayed on Vertical
and Horizontal Displays.

(2) 1Increase Altitude Error Sensitivity - Increase the sensitivity
of the path width to altitude error, i.e., the path should be perceptibly
narrower for such initial conditions as 33.3 miles above nominal than for 12.5
mjles above nominal. With training, pilots should be able to associate dis-
played path widths with specific altitude errors. Accuracy in estimating alti-
tude error should improve as error decreases due to the increased sensitivity.
This will affect the Vertical Display implementation equipment.

(3) 1Increase Lateral Error Sensitivity - Increase the sensitivity
of the path's lateral displacement to lateral errors, i.e., the path should be
displaced much farther toward the horizon line for such initial conditions
as 33.3 miles left than for 12.5 miles left. Pilots should be able to associate
a displayed extent (or angle) of displacement with a given lateral error.
Accuracy in estimating lateral error should improve as error decreases. This
will affect the Vertical Display implementation equipment.

(4) Investigate a Vertical Position Planni i - The Vertical
Display necessarily becomes degraded in precision of information as the
altitude error becomes very large. Whereas it is feasible to display specific
path widths for specific altitude errors when there is a relatively small
lateral error (line-of-sight distances), the display problem becomes more
difficult as lateral error increases. Consider the initial condition of a
33 mile lateral error. The display of altitude changes in combination with
this lateral error is necessarily much less precise than with no lateral error.
In the present simulation, pilots had a horizontal presentation for planning
purposes when there was a large lateral error, but no corresponding vertical
presentation. It was difficult to detect small changes in altitude in combina-
tion with a large lateral error, the pilot relying somewhat on his knowledge
of his own attitude inputs. End condition data for the Second Evaluation
indicated median altitude error was over twice that of median lateral error,
possibly due to the less precise information in the vertical plane. It is
recommended that a verticel position planning presentation analogous to the
horizontal presentation be investigated. This would present the orbital
situation, similar to Figure 2, as part of the long range planning information
on the Horizontal Display.

(5) Improve "Fly-Through" Presentation of Path - Eliminate present dis-
continuity in path altitude error presentation when vehicle is in close proximity
to the path. Present display implementation results in a sudden switching of
path position indicating a vehicle position above or below path commensurate
with small altitude errors. This sudden switching has caused pilots to over=-
campensate for what appears to be a significant altitude error with resultant
poor altitude control when on path. A smooth transition of path presentation
is required to provide a more positive index of small altitude changes. This
will affect the Vertical Display implementation equipment.
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(6) Standardize Path Tip Displacement Distance for Heading and
Elevation Errors - The gain in the path tip should be adjusted so that a given
displacement from center constitutes the same angle (error) for both heading
and elevation. Hence, pilots may learn that a specific tip displecement
equals a specific angle regardless of the spatial plane he is attending to.

(7) Standardize Scale Factors on Common Drives to Path Tip and
Background - The scale factors should be the same for drives to the Naminal
Path tip and background elements. Background cues (horizon, ground plane,
star field) provide secondary cues to established elevation and heading angles.
It is axiomatic that these cues must verify the pilot's interpretation of an
angle and, therefore, the scale factors to drives to the tip and background
must be uniform.

(8) Quicken Feedback of Flight Parametric Information - In order
that the pilot may anticipate the consequences of improper attitude management,
it is recommended that a quickening of displays be investigated. The informa-
tion fed back would be the parametric values (flight path angular and position
errors) which would exist at some specified future time (e.g., 10 seconds or
as required) if the vehicle continues on its present trajectory. In the Second
Evaluation approaching the nominal path at a steep angle often resulted in
passing through it and continuing on for many thousands of feet before the
error could be corrected. Knowledge that "X" seconds from then the vehicle
will pass through the nominal path should prompt the pilot to immediately
correct his attitude and approach assymptotically rather than oscillating
ebout the path, Predictor information would also compensate for some of the
inherent lag between attitude command inputs and a visible change in movement
of the flight path.

(9) Provide a More Positive Engine Cutoff Cue - The pulsing of the
velocity marker provided good anticipatory indication of an approaching thrust
requirement (initiation or cutoff). The disappearance of the markers, followed
by their reappearance with rapid movement is a satisfactory cue for thrust
initjation. The slowing, stopping and disappearance of the markers is not a
satisfactory cue for thrust cutoff because it requires continuous monitoring
and forces reliance on detecting the absence of a cue for initiation of a
very critical discrete act. It is recommended that a more positive cue--
possibly an auditory cue, separate display element or pulsation plus deletion
of markers similar to the thrust initiation command--be activated at the exact
moment that the engines should be cutoff. The velocity markers were not easily
detected when the pathway was to the extreme left. It is recommended that there
be markers on both the right and left side of the path for ease of detection
under extreme lateral error conditions.
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HORIZONTAL DISPLAY

(1) rove Sensitivity to lateral Error - Since the Horizontal
Display elements are coordinated with the Vertical Display elements, sensitivity
of the moving vehicle position symbol will also increase logarithmically as the
nominal path is achieved. To faclliitate detection of movement, it is recammended
that the symbol be displaced much farther toward the periphery of the display.
It would then be possible to tell that the vehicle was closing on the nominal
path even at relatively gradual closure rates. The symbol should move continu-
ously toward the nominal path (rather than switching back outward at critical
periods as in thethres-scale teehnique). '

(2) Provide a More Realistic Task Loading - The use of the Status-
Trend display, a first level of vehicle subsystem status monitoring, has
proved to be too simple a task for pilot task loading. It is recommended that
& more demanding procedure be incorporated in the next evaluation involving
recognition of malfunctions in the wvehicle systems that control the vertical
display presentation (Guidance, Navigation and Control). Programmed devia-
tions in the natural format of the vertical display would signal the mal-
functions. Pilot query of the vehicle systems via presentations on the
Horizontal Displsy, detection and correction of the malfunction by suitable
control action, would provide a realistic task loading and also permit inves-
tigation of advanced vehicle subsystem monitoring concepts. In addition,
ability to cope. with potential malfunctions in the Space Analog will build
confidence in this type of display.
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4,0 COMPARISON OF THE FIRST AND SECOND EVALUATIONS

The objectives of the First and Second Evaluations differed con-
siderably, hence any general comparison between median injection point perfor-
mance must be made with recognition that differences in the display technique
have been combined with other specific problems of interest in the particular
evaluation., For example, the grand median performance for the First Evaluation
was a camposite of median performance under six conditions, three with analog
information only and three with both analog and digital information. Also,
investigated were different display gain settings. The grand median per-
formance in the Second Evaluation was a composite of median performance
under three scale and one scale conditions, with on-path and off-path initial
conditions also analyzed within each group.

A comparison between the First and Second Evaluation was conducted
by determining the grand medians for each parameter for the respective evalu-
ations and by conducting a Mann-Whitney "U" Test, similar to that described
previously, to determine the significance of the reported parameter medians.
Table 14 presents the results of this comparison.

The major differences between the First and Second Evaluations may
be summarized in terms of what they investigated. The First Evaluation was
concerned primarily with determining the applicability of the analog display
concepts to the cisplanetary injection maneuver, with the pilots following a
command attitude profile in a manner similar to that currently employed or
planned for the Gemini and Apollo missions. The First Evaluation demonstrated
that a command attitude profile could be successfully flown with relatively
small error in the relevant parameters. The First Evaluation provided infor=-
mation on "what am I doing" and "what should I be doing,” but lacked infor-
mation on “how am I doing.” The Second Evaluation attempted to correct
this deficiency, by permitting the pilot more control over the selection of
appropriate elevation and heading angles and by allowing him to see his
nominal path error. However, the Second Evaluation presented a task which
required greater pilot participation and management, especially under the
off-path initial conditions., The Second Evaluation demonstrated that it was
feasible for pilots to perform a cisplanetary injection maneuver with feedback
of nominal flight path error as the major infomation input.

The experimental design of the Second Evaluation incorporated the
recommendations and conclusions of the First Evaluation as follows:

(1) The recommendation that the vertical display presentation be
changed during the thrust period so that the pilot is able to receive infor-
mation on "How am I doing" and can control the vehicle's position relative
to the nominal path. This change, in effect, integrates the man into the
loop as a command element rather than as a nuller of errors.
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FIRST SECOND

MEASURE EVALUATION EVALUATION LEVEL#* TREND
ELEVATION ERROR 0.0025 deg 0.305 deg .001 First
HEADING ERROR 0.003 deg 0.032 deg .003 First
VELOCITY ERROR 5.0 fps 11.7 fps 179 First
LATERAL ERROR 0.0 ft 2,488 £t N/A First
LONGITUDINAL ERROR 6,441 £t 2,799 ft .006 Second
ALTITUDE ERROR 121 ft 6,560 £t .001 First
PITCH ENERGY 29.0 % 16.12 4 .001 Second
EXPENDITURE
YAW ENFRGY 24.3 ¢4 11.75 4 .001 Second
EXPENDITURE
ROLL ENERGY ke ¢ 9.62 % .01k First
EXPENDITURE

% Level of

significance (Mann-Whitney "U" Test)

TABLE 14

COMPARISON OF THE GRAND MEDIAN SCORES

FOR THE FIRST AND SECOND EVALUATIONS
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(2) The recommendation to include scale changes in both vertical
and horizontal positional error to investigate the display of rates of closure
between the vehicle and the nominal path.

(3) The recommendation to use analog information alone; digital
backup information was unnecessary.

(4) The conclusion that rate attitude control rather than accelera-
tion attitude control should be used.

(5) The conclusion that in the First Evaluation a realistic level
of performance with a standard TV roster analog display was determined against
which more advanced display techniques could be compared.

It was predicted that the incorporation of Recommendations #2 through
#5 would act in the direction of improving performance in the Second Evaluation.
Recommendation #1, which resulted in changing the meaning of the flight path
and view of the display in the Second Evaluation, would not necessarily result
in better initial performance, but with improved display techniques, could
eventually result in better performance.

b1 Performance Differences in the First and Second Evaluations

It can be seen in Table 14 that four of the six parameters favoring
the First Evaluation were highly significant (.02 or better). These parameters
were elevation error, heading error, altitude error, and roll energy expenditure.
The level of significance for a fifth parameter, lateral error, could not be
assessed because the First Evaluation reported this error as essentially zero.
The sixth parameter, velocity error, was significant at a very low level (.18).
An explanation for the superior performance on these parameters in the First
Evaluation was the extremely fine display sensitivity to small errors which
was achieved through the use of a command attitude presentation.

Table 14 indicates that three parameters favored the Second Evaluation
and were highly significant (.06 or better). These parameters were longitudinal
error, pitch and yaw energy expenditure. An explanation for the lower control
energy expenditures in pitch and yaw was that in the First Evaluation pilots
tended to overcontrol by correcting for insignificant errors, whereas in the
Second Evaluation pilots were less aware of very small deviations from an
idealized vehicle flight path, and hence, corrected much less often. Roll
commands were rarely introduced in the First Evaluation, the pilots relying
much more often on pitch and yaw commands.

The parameters reported in Table 14 are grand medians and the Mann-
Whitney tests were conducted only between these grand medians, which included
both on-path and off-path initial conditions. Since the Second Evaluation
reported much poorer performance for the off-path condition than did the First
Evaluation (the off-path or on-path condition being much less consequence in
an error nulling task), it was decided to compare best performance in the
Second Evaluvation with performance for the First Evaluation. This data is
presented in Table 15. Note that the differences in values are much less
between the two evaluations.
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k.2 Space Systems Applications

Table 15 presents a comparison of injection point data with represen-
tative space system performance requirements. System requirements listed
below as allowable errors for interplanetary missions are based on the EMPIRE
Program and Apollo.

Median Median Allowable
Errors¥* Errors** Error for
First Second Interplanetary
Parameters Evaluation Evaluation Missions
Flight Path Elevation (DEG) 0.0025 0.192 0.1
Flight Path Heading (DEG) 0.003 0.009 0.1
Velocity (FPS) 5.0 7.3 4 to 10
Lateral Position (FT) Essentially 1,027 50 to 11,000
(out-of-plane) Zero
Longitudinal Position (FT) 6,4k 1,181 50 to 11,000
(in-plane)
Altitude (FT) 121 4,368 3,000
Pitch Energy Expend. (%) 29.0 13.68 N/A
‘Yaw Energy Expend, (%) 24,3 8.28 N/A
Roll Energy Expend, (%) 4.6 5.43 N/A
%  Grand Median
¥¥% On-path, l-scale
TABLE 15

COMPARISON OF FIRST AND SECOND EVALUATION MEDIAN
SCORES WITH SPACE MISSION ALLOWABLE ERRORS
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Of the first six parameters listed above on which allowable error
data is available, the First Evaluation median performence is either more
accurate or within the range of accuracies required for a successful injection
on all of the parameters., Median data for the Second Evaluation meets allow-
able error requirements on all but two of the parameters, flight path elevation
error and altitude error. This observation confirms the recommendation that
additional display sensitivity is needed to improve pilot performance on these
two parameters.

The interplanetary requirements are tentative and based on the best
available current date. As such, it is subject to revision and more exact
definition as interplanetary planning advances.

4.3 Conclusion

The First Evaluation established the level of performance of a
standard TV presentation space anslog with pilot nulling of computer deter-
mined vehicle attitude errors.

The Second Evalustion determined an initial level of pilot performe-
ance when the Space Analog format permitted pilot management of the vehicle
flight path with respect to a required (nominsl) path. The use of a constant
display gain resulted in relatively acceptable flight performance under ideal
control conditions but with inherent display deficiencies under poor control
or high error conditions. The Second Evaluation has also indicated the direc-
tion for further improvement of the Space Analog: (1) the incorporation of
non-linear gain in the presentation of vehicle flight peth deviations from
the Nominal, and (2) the investigation and application of quickened and predice
tive information to improve display response to pilot control inputs.
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5.0 PROGRAM RECOMMENDATIONS

" The results of the first two program simulations have shown the
Space Analog Display to be & feasible means for control of space vehicles
during orbital maneuvers. The Second Evaluation has further indicated that -
operation in the Space Vehicle Path Mode permits a higher level of decision
making and participation on the part of the pilot than when simply nulling
computer presented errors as the case in the Space Vehicle Command Attitude
Mode of the First Evaluation. The Second Evaluation has also defined the need
for further research in specific areas which should result in a higher level
of pilot performance. This research can be accomplished with equipment and
facilities presently available to the program with required but limited modi-
fication in certain specific areas. It is therefore recommended that a Third
Evaluation be conducted in the LTV Manned Aerospace Flight Simulator (MAFS)
to correct the deficiencies in the Space Analog that have been identified.

5.1 OBJECTIVES
The objectives of the Third Evaluation are:

(1) Improve the natural presentation of space vehicle flight path

3 a (N 3 1Y) +h h
angular and positional errors with respect to a required (Nominal) path by

investigating techniques for providing a logarithmic or non-linear increase
in display sensitivity as error is decreased and a decrease in sensitivity
as error is increased.

(2) Improve displayed vehicle flight path response to attitude
control when thrusting by investigating techniques for incorporating quickened
and/or predictor forms of information in the Space Analog to compensate for
the inherent lag between pilot attitude control inputs and the visable change
in vehicle flight path.

(3) Revise the Vertical Display System Demonstrator equipment
to correct deficiencies in display element presentation.

(4) Incorporate an Earth capture flight profile, in lieu of the
cisplanetary injection profile previously used, to extend the investigation
of the operational capabilities of the Space Analog to another critical phase
of the space mission.

(5) Investigate pilot ability to recognize malfunctions of the
Space Analog by observation of display element performance (programmed random
deviations fram the natural environmental format) in the course of normal
space flight operation; and to identify and correct such system malfunctions
through the interpretation of advanced integrated forms of vehicle subsystem
status information appearing on the Horizontal Display, and applicable panel
controls. This will serve as a more realistic form of operational pilot task
loading than the first level of information Status-Trend display used during
the first two simwlator evaluwations.
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(6) Define the envelope of flight operation for the Vertical Display
portion of the Space Analog, i.e., what are the limits, if any, in off Nominal
Path vehicle conditions, which retain a natural environmental display format
and do not require supplementary planning information for normal flight opera-
tion? (Is it line-of-sight distance to the Nominal Path and/or other factors?)

5.2 TECHNICAL APPROACH
The Third Evaluation will consist of':

(1) Review current concepts and applications of logarithmic or non-
linear galn, quickened, and predictor techniques for information display.
Select specific techniques for application to the Space Analog and simulator
evaluation. '

(2) Review current concepts for space vehicle Earth capture maneuvers
and select one that is most representative of future manned space flight.

(3) Review the circuitry of the Vertical Display Pathway Display
System Demonstrator and define specific hardware changes needed to correct
presently defined deficiencies in digplay element presentation. Coordinate
this with the equipment manufacturer. Implement the required changes by
revising existing or procuring new circuit boards for the System Display
Generator.

(4) Setup the LTV MAFS and its supporting computer complex incor-
porating the Earth capture flight profile and revised Vertical Display Pathway
Display System Demonstrator. Prepare a test program incorporating the test
objectives defined.

(5) Conduct a three week test program utilizing, if possible,
the same pilot subjects as in the preceding two simulator evaluations.

(6) Reduce and evaluate test data and compare to the results of the
previous Evaluations and to current requirements for manned Mars, Venus and
Apollo space programs.

(7) Prepare a formal report containing descriptions of the simu-
lation setup, test procedures, data acquired, evaluation procedures, results,
conclusions, and recommendations for further research. In addition prepare
a documentary film illustrating the display presentations evaluated.

5.3 ANTICIPATED RESULTS

It is expected that the Third Evaluation will produce the following
results:

(1) The deficiencies in the Space Vehicle Path Mode defined in
the Second Evaluation will be corrected and the resultant pilot flight per-
formance will compare closely with that of the Space Vehicle Command Mode of
the First Evaluation. Further, it will be shown that the Space Analog con-
cept of information presentation meets the reguirements of current and future
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space systems in a m&nner that permits maximum manned participation and
decision making during the most critical phases of space flight.

- (2) Demonstration of a pilot's ability to recognize and correct
possible malfunctions in the space analog will increase confidence and accep-
tance of this form of information presentation.

(3) The application of advanced integrated information presenta-

tion to vehicle subsystem malfunction detection and correction, used in con-
Junction with Space Analog malfunction recognition and as pilot task loading,

will demonstrate the advantages of these concepts in this area,
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DEFINITION OF SYMBOLS

Definition

Eccentricity of nominal trans-Mars orbit.

. Gravitational constant.

Vehicle altitude relative to reference sphere
(Farth).

Altitude error relative to nominal trajectory.
Vertical display altitvde drive signal.
Vertical display altitude error drive signal.

Reference altitude rate in attitude command
computation.

Reference altitude rate resulting from Ah.
Specific impulse, main engine,

Logic terms for computation of vertical display
angular drive gains,

Logic terms associated with display mode selection.
Logic term associated with main engine operation,

Represents Kz, 1,2,3,4, or 5 in computation of
display angle gains.

Vertical display angular drive gains.
Vertical display altitude error sense signal,
Gains in attitude command equations.

Logic term associated with first initiation of
thrust (time to even computation).
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Symbol

KPI »2,3,4
Kq L2534

K"\,‘L.‘iﬂ»

Koa Ky, Koo
lt,z,; Mi2a N23
l\,z‘s "z M2

b, .M. . N

as s Onz3
Pa,"
Piq, "
Pey19es) Yeq
Qers Yor

Pe,%Ve ) re
APS) Aq‘) A"‘

APy 894, AV

Definition
Inertia coupling constants in roll.
Inertia coupling constants in pitch.
Inertia coupling constants in yaw.

Logic term associated with speed marker velocity
error computation.

. Logic term associated with total thrusting time.

Logic term associated with orbital longitude
relative to nominal insertion (thrust termination).

Pitch, yaw, and roll gains for automatic attitude
control.

Direction cosines relating Xp¥pZp body axes to
YpYpZp inertial axes.

Rates of change of 1 m n direction
cosines. 1,2,3, 71,2,3, "1,2,3

Direction cosines relating XpYgZp body axes to
Xo¥o2o local horizontal-vertical axes.

Inertial angular rates about Xp¥pZp body axes -
roll, pitch, yaw.

Inertial angular accelerations about XpYpZp body
axes,

Stick commanded angular rates.

Trim knob commanded angular rates.

Attitude control system angular rate errors.

Attitude control system thruster fuel measures,
ideal angular velocities expended about each

body axis.

Angular acceleration contributions of attitude
control system thrusters.
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R
#4,2.3,---- 10,

Rz,

S

at,
atg
tra

[N 123,102
T/m

T/m,

Definition

Angular acceleration contributions resulting
from main engine misalignment moments.

L]
Initial values of Ui‘and A

c L]
L ] -
Variations of A end AYg with thrust-to-mass
ratio.

3 Je o
reference sphere (Earth).
Radius of nominal trajectory prior to insertion
(thrust termination) and perigee radius of
nominal trans-Mars trajectory.

Local radius of flight path (vehicle distance)
from center of reference sphere (Earth).

Longitudinal range on surface of reference sphere
(Earth) from nominal insertion (thrust termination).

Iongitudinal range preset for thrust initiation.

Longitudinal range terms for scheduling speed
marker on-off logic.

Longitudinal range term for changing speed marker
velocity error computation at thrust initiation.

Laplace operator.

Elapsed time from run initiation.

Lead time in velocity error computation.

Total thrusting time.

Time to event.

Time terms for computation of Rz 3, 2,3.,.11,12.
Thrust-to-mass ratio.

Initial thrust-to-mass ratio.

I-A-6



Symbol

< <

ConR

*°;Q°)io

Xp Yo, 2o
%p Yok
Yo e

bﬁﬁ.,lffh,IY!'

x.
R

chzr ) icu.r

Definition
Resultant inertial velocity.
Velocity change required.
Vertical display velocity error signal.
Projection of inertial velocity in local horizontal.
Nominal insertion (thrust terminetion) velocity.
Perigee velocity of nominal trans-Mars trajectory.
Vertical display pathway velocity signal.
Required velocity, digital readouts.
Main engine fuel measure, ideal velocity expended.

Vertical display ground plane velocity signal
parallel to reference heading.

Vertical display ground plane velocity signal
normal to reference heading.

Thrust resultant acceleration along Xy body axis.

Inertial velocity components in Xg¥pZpy local
horizontal-vertical reference system.

Inertial position coordinates in XpYpZp inertial
reference system,

Inertial velocity components in XpYpZp inertial
reference system,

Inertial acceleration components in XpYpZp inertial
reference systen,

Thrust resultant accelerations in XpYpZp inertial
reference system,

Projection of local flight path radius ()
in Xp~Zp plane.

Inertial velocity in Xp-Zp plane along radius

vector projection.

Horizontal situation display CRT coordinates
associated with command flight path heading
line (end of line away from vehicle position
depicting direction of command heading).
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Symbol

\ﬁ“ctr\!“\ccf

Yo rer

Y\'uf ) a"c:r

OYos

ilcw.'r

Dee
®co

|
Definition

Horizontal situation display CRT coordinates
associated with present flight path heading line
(end of line away from vehicle position depicting
direction of present heading).

Reference lateral velocity in attitude command
computation.

Horizontal situation display CRT coordinates
associated with vehicle position and present
and cammand flight path heading lines (end of
both lines which corresponds to present vehicle
position).

Vertical display pathway latersl offset signal.

Horizontal situation display CRT position associated
with thrust initiation command line.

Orbital longitude, central angle in Xp-Zp plane
relative to Xp axis (nominal insertion).

Orbital latitude, central angle displacement from
Xp-Zp plane (nominal orbital plane).

Represents '-\’3, 93,¢ ,VE, or K.©OE in computation
of display anglé gains.,

Actual flight path elevation from local horizontal
plane.

Nominal trajectory flight path elevation from
local horizontal plane.

Attitude control, side stick deflections in roll,
pitch, and yaw.

Attitude control, trim knob deflections in pitch,
and yaw.

Integrated absolute error in pitch, roll and yaw.
Instantaneous velocity error.
Instantaneous flight path elevation error.

Instantaneous errors in pitch and yaw.
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Symbol Definition
©. 4) ¥ Pitch, roll, and yaw Euler angles for vehicle
3,78, °®

orientation relative to local horizontal-vertical
reference system,

9¢, Y _ Pitch, and yaw commanded attitudes.
OCGIR ‘%‘WM 'Pézgiléaioi;dgﬁgs{raw attitude change requirements -
eou‘ bou, Wo.s Vertical display, angular drive signals in pitch,
roll, and yaw.
e, W Pitch and heading (yaw) errors.
Otm' \ng‘ Vertical display, pathway angular drive signals

in pitch error and heading error,

elur Reference pitch angle in attitude command computation.
"U“ Actual flight path heading in local horizontal
plane relative to reference heading (nominal orbital
plane).
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2.0 EQUATIONS

The implementation of the First Evaluation Simulator program included
the computation of vehicle motion in six degrees-of-freedom, vehicle configuration
variations, attitude control system operation, display drive signals, moving base
drive signals, and data recording parameters.
2.1 TRANBLATIONMAL MOTION

The translation, position and velocity, of the vehicle were computed in a
geocentric, inertially oriented axis system - Xp, Yp, Zp., The Xp-Zp plane was
the nominal orbital plene with the Xp axis coinciding with the local radius vector
at the nominal insertion, thrust termination point.

2.1.1 Eqguations of Motion

The equations of translational motion in the inertial reference system

were:
o . GM
XP hd Axp - rv's Xp (1)
o v M
";."ls1ﬁn = -E;"‘rf' (2)
oz A%, - ir‘.‘} o (3)
v

The thrust resultant accelerations in equations 1, 2, and 3, were

determined from:

AXP = !g my N, o
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Thrust resultant accelerations were produced in the vehicle along only

the longitudinal, XB, axis - the acceleration along Yp and Zp always being zero:

‘S;k|5== ‘Lg_(?‘sz\‘) (5)

2.1.2 Geometric Definitions

The geometric relationship of the various axis systems and terminologies
used in the simulation were as shown in Figure I-A-l., The magnitude of the radius

vector for the pfesent position of the vehicle was computed from

Y
r= v (X)) (6)

where the projection of the radius vector into the Xp - Zp plene was

X = + (x> + 2" h, (7)

The altitude of the vehicle above the surface of the reference sphere -

Earth assumed to be spherical - was determined from the radius vector:

The polar angles of vehicle position relative to the nominal orbital plane

and insertion point were orbital longitude
SN Dep  Zp/%e 9)
s Dge * Xp/Xe (10)

and orbital latitude
sw GEh;°'= Yo /¥ (1)
Cos Agp= %X /v (12)
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The components of vehicle inertial velocity in the Earth referenced local

horizontal and vertical of present vehicle position were computed from:

. io = - ;(P sin, @g' + ‘ép Cos ®gp (13)
?Q - = ;‘g 3"\@‘0 + ?P Cos ®¢D (lh)
i°= -;(1008®¢p - Yp sin Deo (15)

where the vehicle velocity in the nominal orbital plane, Xp - Zp, along
the projection of the radius vector was:

xR.= .XPCOSQgp + i' S:V\.®¢p . (16)

The resultant inertial velocity of the vehicle was:
2 . T VQ_
Va ~[v“ « (2] (17)
with the local horizontal component being:

Vs [ G v 1™, (28)

The orientation of the flight path relative to the reference nominal

orbital (XP - ZP) plane and local horizontal was defined by the flight path heading:

s, = %/v, (19)
Cos Wy %o/ Vi (20)

and flight path elevation angle
sin¥ = ~%&/V (21)

s ¥ = Vu/V . (22)
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2.2 ROTATIONAL MOTION

The rotational motion of the vehicle was defined in terms of body axis
inertial angular accelerstions and rates, the direction cosines relating the
orientation of the vehicle body axes to both the inertial reference and the
local horizontal and vertical axes, and the Euler angles which defined vehicle
attitude relative to the local horizontal and vertical axes.

2.2.1 Eqguations of Motion

The equations of rotational motion for computing the bedy axis inertial

angular acceleration were:
P =Pt Kg qr + Kp (q-¥*) + Kg (¥ pq) ¥, (4- pO) (23)
Q= Bq* B9, * Kg, pr+ K, (Fi@) +¥a, (Fran +Kg (F-pq) ()

re A"s* A"E + K\c. & T \(r‘(r"-f) *K(a (i-b rr)ﬁ-Ka(‘B —&\-) . (25)

The constants in equations 23, 2k, and 25 - Kp, Kp,, Kqg» Kry» ete.
reflect the assumption of constant moments of inertia for the simulated vehicle,

2.2.2 Direction Cosines

The direction consines relating body axis orientation relative to the

reference, inertial axes - Xp, YP, Zp - were computed from the body axis angular

rates:
.i. '.'\‘ ;\’ 1. m N, o =¥ &
g'- '.n‘ ‘3\'_ = ". m:_ “g_ r © ‘P (26)
£y My Ny fymy g p o .
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The direction cosines relating body axis orientation relative to the local

horizontal and vertical axes - Xg5, Yo, Z2g were:

Loy Moy Moyl (02Rep Sn@ip 00D 6 e || & ™, 1,
Qo,_ Mo, Ne, |° 5-"‘%%0 © v o G m, N, (27)

Lo, o, No, o o 1|5y, Ocu@epl |l My Ma ]

2.2.3 Attitude Angles

The vehicle attitude = body axis orientation relative to the reference,
nominal orbital plane, heading and local horizontal plane - was defined for a

yaw-pltch-roll Euler angle convention as shown in Figure I-A-l.

Sn 9y = - o, (28)
cos Oy * +(\-Q-:)'h' (29)
sin Wy Qo /cose, (30)
cos Wy 3 Lo fcos @, (31)
sind,*r Mg, /ces 8, (32)
Cewd,* Nop /coe®@y . (33)

2.3 VEHICIE CONFIGURATION VARIARLES
2.3.1 Mass

The simulgted vehicle was assumed to vary mass only as a function of fuel
consumption by the main, nuclear propulsion engine which was assumed to produce
constant thrust., Since actual mass and thrust magnitudes were of no concern for
this simulation, it was important then to compute only the variations in thrust-

to-mass ratio. For a vehicle with a constant thrust engine and which varies mass
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only as a result of operation of that engine, variations of the thrust-to-mass
ratio are a function of only the initial thrust-to-mass ratio, the specific impulse
of the propellant, and the total operating time of the engine, This approach was
used for the computation of thrust-to-mass ratio:

T - 32.1 I‘p (TI"\.)
fn " 322 T4y - Oty (Vmo) - (4)

Engine burn, operating time was determined from:

t
Atg = j; Kg dt (35)

where the logic term, Ky, was determined from:

2.3.2 Moments of Inertia and Center of Mass

The moments, and products, of inertia of the simulated vehicle were
assumed to be constants, but the center of mass was assumed to vary in the
Yp and Zy body axis directions. Assuming the attitude control jets to be
arranged to produce pure rotational couples, the only effects of a varigble center
of mass are associated with the resultant misalignment of the main engine thrust
vector producing rotational moments in pitch and yaw. A simplified routine was
used in the simulation to compute the angular acceleration contributions resulting

from the thrust vector not being aligned through the center of mass.

pe” %e[dde,+ & (Qe/aTD] (56)
At = ke [+ T (% 74X ] (37
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2,4k  ATTTTUDE CONTROL

Attitude control of the vehicle was performed by means of the 3-axis
side stick controller in either a RATE command or ACCELERATION command, direct,
mode.  Trim knobs in pitch and yaw were available for providing supplementary
rate command signals when operating in the RATE command mode, only. Except for
the trim Mctiom s none was available in the roll loop, all three control loops
were identical and the single attitude mode switch in the cockpit changed mode
in all three loops simultaneously. A schematic of the attitude control system
as simulated is shown in Figure I-A-2., Automatic control of attitude was also
provided for use as réquired. A simplified approach was used wherein the rotational
equations of motion - 22, 23, and 2k, and the attitude control system were bypassed
with the body axis rates being computed as functions of roll displacement and pitch

and yaw attitude errors:

pP= [- Kéa ‘b‘]um t0% (38)
Q- L-en 0 ]Limt 10% (39)
r= [- Kuy Ve ]L'untlo'/s : (ho)

2.5 DISPIAY DRIVE SIGNALS

2.5.1 Vertical Display Angular Drives

The angular drive signals to the vertical display were implemented such
that the effects of varying the gain of the displayed angle could be evaluated.
In addition to displaying the true values of the angles; i.e,, using a constant
unity gain between displayed and actual values; two approaches were available

wherein the gain was varied.
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In one, a step change in gain was made when the absolute value of the

angle was equal to one degree. When the actual angle was less than an absolute

one degree, the displayed value was 5 times the magnitude of the actual value,

a gain of 5 between displayed and actual. For actual values greater than an

absolute one degree the displayed value was equal to the actual, a unity gain.

In the other approach to variable display gains, the gain was continuocusly

varied between unity and 5 when the absolute value of the actual angle was in

the range of 0.1 to 10 degrees such that the displayed value was a linear function

of the actual. For actual values greater than an absolute 10 degrees and less than

0.1 degree the gain was constant at unity and 5, respectively.

Selection of the display gain method to be used was available only at the

computer, and only one of the three methods being used for any given run. The

angular drive signals for the vertical display are defined below.

2.5.1.1 Ground Plane, Horizon, and Starfield Orientation

The Orientation of the ground plane, horigon, and starfield were obtained

from sine and cosine inputs of the displayed values of yaw, pitch, and roll:

Wois = Ka, Vs
eD\ﬁ’ KG; L=FY

¢D|s = Kgy ¢3 .
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2.5.1.2 Pathway Orientation
The orientation of the pathway wes defined by sine and cosine values of

the diaplayed values of the héading and pitch error terms:

Ve oug * [KG‘ wg]lim.tZo' (k)

The display gains - KGl, KGZ’ etc. for each of the displayed angles were

determined as follows:
Letting o = Q’s, ©3, 415, We , OF e O¢

and KG‘ = Kq‘ ’ “t\ qu' K%) (-1 Kq‘

2.%1s (o]
pe ) (46)
2.41s \‘“Au

then: Ke © K|+5l<z+(

vhere the logic terms K;, Kp, and K3 are determined from:

DISPLAY GAln WMETHOD

No &Godiu Chawge
Can&hu~uws€5ah~cyuqu
S&o.e GQaw Q\muﬁe

=)
K,o
K‘lo
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The heading and pitch error terms used in equations L4l and 45 were

computed from:
‘p! = \V5 - Kgq’q (h7)

Oc: ©,- K. Oc . | (u8)

The heading and pitch command terms of equations k7 and 48 were

determined from:

[ (e %) i s e (49)

©cr [Orer +Kit (Vace +i¢.)]c‘mt&. (50)
Yoee At(zY"b‘b (V-%ar) Ky, Yo (51)

Mper * AMgee + V %in ¥y, (52)
Age * Kat Ai.‘:‘ ‘) (1-Kae) i, BW (53)
LU P (T (5k)
c” ('-KQ)[& —rCL(?‘_Z%] (55)

Yo * "e['-"eb*“@ %E—"—c::&')] (56)

(57)

The additional logic terms used in equations 51, 53, 55, 56, and 57,

K at and K @were determined from:

)
Wo

o
> Kat*O L7 Rl
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2.5.2 Vertical Display Position and Velocity Drives

2.5.2.1 Ground Plane

The ground plane grid varied size as a function of vehicle altitude and
translated as a function of the horizontal velocity components parallel and
normal to the reference orbital plane. Because of a limitation on digital-to
analog conversion capabilities, and since the altitude variations involved in
this simulation were small compared to the nominal altitude, the altitude drive
signel for the ground plane grid was approximated using the altitude error

term of equation 54 and a nominal bias:

Nog = AR + 1.823%10° feet . (58)

The velocity drives were:

T )'(° (59)

Wous

View* Yo - (60)

2.5.2.2 Pathway
The pathway position and width were functions of vehicle lateral and

vertical displacements from the nominal path and display mode conditions:

AYgg = KnuYp (61)

Bhg, = % lanl,, (62)
aw '

K‘\m 2 KN |A‘\|m + KC - (63)
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The logic terms, K, and Ky, in equations 61-63 and 45, 47, and 48 were

functions of the selected display mode, ATTITUDE or COMMAND ATTITUDE.

Ste

% ro
K=t

The motion of the tarstrips on the pathway was a function of vehicle

veloclity. Although there could be some difference in this velocity between the
two display mode conditions, }'{o and V for ATTITUDE and COMMAND ATTITUDE, respectively,
the difference was negligible for this situation. As a result, and since

conversion space was limited, Xo was used in both modes:

VeamH = Xo (6k)

The speed markers along the pathway translated as a function of the
velocity error and were displayed only in the COMMAND display mode. Two methods
were available for "on-off" control the speed markers. In each case the speed
markers were turned on automatically as a function of range, corresponding to a
preselected time interval prior to thrust initiation, providing COMMAND mode was
selected.

In the first, simpler method, the velocity error was displayed as zero
(no speed marker motion), until the thrust initiation command was displayed, at
which time the speed marker motion indicated the vehicle velocity differential
which was to be corrected. The "on-off" control involved no more than the "on"
command, automatically with range, then staying "on" as long as COMMAND display
mode remained selected. With this method, the thrust termination indication was

no more than observation of the speed marker motion slowing to a halt, with subsequent
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increase in rate in the reverse direction, if thrust was not terminated on uchedule_._

The logic diagram for this "on-off" method is:

baall:)
MARKERS
on

Sreeo
MaRke

where Ry, = TE @gp . (65)

The second, and more complex method, provided a means for alerting the
pilot to the impending thrust initiation requirement with definite command
indications for both thrust initiation and termination. With this method the
speed markers were automatically turned off and back on five times prior to thrust
initiation, the final one being the initiation command. The timing of these off-
on commands to the speed marker control was fully adjustable, The thrust
termination command indication consisted of turning off the speed markers when the
computed velocity error had decreased to zero. An example of the timing of the
speed marker on-off control used in the simumlation was as follows:

COMMAND Display Mode Selected - Speed Markers Off

Thrust initiation minus 20 sec. - " " On
" " " lo 1t - 1" 11 Off
" 1" " 1] 1t 171
" " 11" 9.3 " - " " g?r
" " " 7.5 " - ” 13} m
Thrust initiation minus 6 sec.- Speed Markers Off
" u " 5.5 1] " " On
" n L1} l" " - " 1" off
" " " 11 1 1] "
111 " " 3.2 1" - n " g?r
" " " 03 " =" " On and velocity
error from zero
to0 max.

Thrust termination minus 0.3 sec. - Velocity error decreased to
zero, followed by
speed markers. off.
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e

In this example, it should be noted that the thrust initistion and
termination command indications were displayed 0.3 seconds prior to the required
action as an allowance for pilot response. This lead time capability was also
built into the velocity error computation so that it could indicate zero at a
preselected time prior to attaining the required velocity. The logic disgram

for this latter "on-off" method of speedmarker control was:

s
Commaup e % D .
BAUECTED > ,
’ 2
s
Mo No e
e 155
%3 SR Ne
o Yes
“ -
o Yes
i (N
Re3 V5 Rz 0
-
o YEs
‘$; Yes o
Wo Yes
YEe
SPELE0 e
> — > MO—L——J uo @ 2
OFF
4
Ty
MWARMERS
ow
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The range functions in the speedmarker logic diagrams (Rzl common to

both) were time based, the times being preset as desired:

Rz, = Rz, * %o A%, | (66)
Ry, = Ra, + %o at, 67)
Re, = Ra, + K 0, : (68)
Ry = Rayp+ % Ay (69)
Reg™ Ry * % bkg (70)
Ra, = Ra, + X, ok (71)
Re, = Rag + %Ko Atq (72)
Req * Ra, + Ko Atg (73)
Req = Rap + %o bk (74)
Re,, = Rag + X, 4%, (75)
R, » Ra, + X, at, (76)

The velocity error computation for either method of speed marker control

Ve = Kgg [\/m_v+ Ke Aty ("'/n)] (77)
with the loglic term KRZ coming from:

LEPER
Rz, i
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where Re, = Ra, + %o at, (78)

N - Gm Y2
and with wWNom < Ve (‘- KQ) +K® "m v;#%sﬁp (79)
The preset time constants, for the example shown for the latter method

of on-off speedmarker control, had the following values

Atl = ~20 sec.

Aty = -10 "
Aty =-9.5"
aty =-8 "
Ats = -7.5"
aAtg = -6.

Aty = -5.5"
atg = -4 "
atg = -3.5"
Otyg = -2 "
Atyy = -0.3 "
Atyjp = -0.3 "
Aty =-0.2"

(Since T/M was used in equation 77 with Ats to compute an equivalent
velocity change and dV/dt was only sbout 2/3 of T/M near termination, bty was
adjusted so that computed velocity change corresponded to a lead of 0.3 sec.)
2.5.3 Horizontal Display

Three separate presentations were ccmbined on the horizontal television
display (Figure I-A-3) and ixplemented using the setup in Figure I-A-4 ag follows:
2.5.3.1 Vehicle Horizontal Situation

The horizontal situation display was implemented using a S5-inch diameter
CRT and a stepping switch to generate the individual traces. The rectangular

coordinates plotted on this scope were lateral, out-of-plane, versus longitudinal,
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in-plane, range as projected into the inertially oriented YP-ZP plane, local
horizontal plane at nominal thrust termim tion.

The lateral, YP, range inputs were scaled such that 2 x 107 feet produced
a lateral scope deflection of one inch with zero on the vertical centerline of
the CRT. The longitudinal, Zp, range inputs were relative to the nominal thrust
termination position and were scaled for 5 x 106 feet per inch of vertical scope
deflection. Zero 1ongitudiha1 range was displayed 1.75 inches above the CRYT
lateral centerline. The reference plane, nominsl path line was generated as a
vertical, longitudinal, line with a fixed position and length, at zero lateral
displacement (CRT centerline) with a length of 4.5 inches (+2.25 inches from
the center), an equivalent Zp range of 22.5 x 106 feet. The present path line,
and the reference plane line were the only horizontal situation display parameters
during ATTITUDE diasplay mode operation. They were generated from present vehicle
position and flight path heading information with the CRT coordinates for each
end of the line being computed. This computation was performed in the analog
computer as follows:

YVCRT = YP x (Scave facror)

Zveer * Zp*(Seas Facwe) + (oFFser)

(Yp cALe FAcToR)
(2p ScaLg FAcoR)

Yacer * Wear +(Lwe wuam @ Wyeo) sind),
Paier * Eveer * (Wre Kna™ @¥,20) con thy

Agsuming lPH is a small angle such that the sine of the angle equals the
tangent and the cosine is unity, and, letting 5{0 be constant at 25,000 feet per

second (uhich ‘tended to amplify the displayed angle as velocity increased and
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the required flight path angle approached zZero), also using a line length at \PH = 0
of 0.5 inch, and applying the scale factors amd offset, the eguatioms for these CRY

deflections in inches were as follows:

Yene * 5o x 107 | | (80)
Zvge = V1S * 22 x 16" | (81)
Yacer * YWeer *+ 5:{0*";‘ (82)
Zucer* Bvegr ¥ O 5 _ (83)

Three &dditional lines were displayed during COMMAND ATTITUDE display mode
operation. A lateral line, 2 inches length, centered on the vertical centerline,
was generated to denote the longitudinal position for thrust initistion. The
vertical (longitudimal)displacement of this lime on the CRT was determimed from
the preset values of RZI and orbital radius at the thrust initiation point:

. 2‘:
By 2 115 + 2\'\/! swn| — (84)

erY Ye

The position for thrust termination was depicted by a second lateral line,
this one 0.4 inch long, positioned 1.75 inches above CRT centerline (Zp and Ry
values of zero). The rectangular coordinates for one end of the command flight
path heading line were the same as those for the vehicle position end (YVCRT
and ZVCRT) of the present heading line. The coordinates for the other end were
computed in a similar manner as equations 82 and 83 except for the length of the

line at zero heading being 0.625 inches and the use of ionn:

Yecar * Wegr + ©.25 Yo g ¥ 1O (85)

R ® EVeey ¥ O628 (86)

v

T-A-31



2.5.3.2 Digital Readouts
The digital readout parameters which were common {0 both display mode
conditions were present velocity which was equal to V and time to event, required

veloclity, and velocity change which were cemputed as follows:

e s (-%g) E2RD) Ly (V) (1)
% 38+ 014 Aty

where the logic term KI was defined by

Has

Thrust Yes

Been
Initiated KI =1
At Any
Time In
The Rurn
No
KI = 0

and the denominator term, (38 + .OLk Aty), was an approximation for
av/at, |
Veeq = ¥V + ¥e Viiom (88)
Veo Ve (89)

ze * VReq ~V

The attitude parameters which were part of the digital readouts during
COMMAND mode operation were: the present roll, pitch, and yaw angles which were
equal to ¢3 s 93, and 'P3, respectively; the required roll, pitch, and yaw angles
which were equal to zero, €g, and ‘PC, respectively; and the roll, pitch, and

yaw attitude changes which were determined from:

¢c°‘g = - ¢3 (%)
ec°‘1 = ec - D (91)
‘Vq,gg = q’c - ‘V; (92)
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2.5.3.3 Vehicle Subsystems Status-Trend

The status-trend display; a Series 360, Industrial Electronic Engineers,
rear-projection readout; appeared on the horizontal TV screen only in conjunction
with pilot selection of STATUS-TREND. The indicator positions on this display were
artifically produced by illumination of one of the twelve individual film strips
in the display unit, each film strip providing a different combination of the two
indicator positions. The selection of the indicator position film strip for each
operation of the status-trend display was made by the digital computer from a random
order storage of the twelve combinations. Each selection was independent of all
others displayed, there being no intended relationship to previous or subsequent
selections.
2.6  MOVING BASE DRIVES

The moving base of the simulator cockpit was driven as a function of the
computed vehicle body axis angular and translational accelerations. The angular
accelerations - ;E), 1'1, end r - drove the primary roll, pitch, and yaw motions,
the translational acceleration - AEB - producing displacement of the outer pitch
drive:

oA P
Roll displacement radians = [*'—
' P 25*\ ] lim%.249 vad (93)

03 q
Inner pitch displacement, radians = \1- 1 (9k
P ? ? Lim ¢ . 114 vad )

S+
o3 v
Yaw displacement, radians = R:T—-l Lo £ 174 vad (95)
' o.03t &X
Outer pitch displacement, radians = {. o3t s] (96)
LA Lim tL.6T vad
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2.7 DATA RECORDING PARAMETER COMPUTATION

A number of data recording parameters required computation in addition

to those presented in Sections 2.1 through 2.6. These were:

€y T = Veaew
€°' -eeolt
R
€¢ﬂls= Kf;f ‘Ksev\.“ dt
Q
¢
Cons” K"Z;f \KeCal, At
&
Epnan T ] 1Kedalpggdt
t
av = I Ke (T/m) At
LI
APs‘J: 18Rl ,,, ot
.,
Aq J: 18\ aeg <t
I j:t 18%, |, At
€y~ - Vco:z

Gx = ¥- Km
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(102)
(103)
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3.0 COMPUTER DATA INPUTS

The data inputs for the computer program during the First evaluation

simulation program were as shown in Tables I-A-1 & 2. Table 1-A-l presents values of .

those parameters and constants which were independent of initial conditlons. Table

I-A-2 . lists the parameter values for the 15 initial condition situations which

were programmed for use in the simulation.

TABLE I-A-1

SIMULATYON CORSTANTS - FIRST EVALUATION

Parameter

I-A-35

Value
1.85070k416
1.407690367x1016 ££3/sec?
850 sec.
0.002 rad/ft/sec
2‘6 per sec.
0.556
-0.0111
0.0056
0.0500
-0.0100
0.0050
-0.1053
-0.0105
0.0053

2.0 per sec.



TABIE ;I-A-l
SIMULATION CONSTANTS - FIRST EVALUATION (Cont'd)

Parameter Yalue
AQEO 27 rad/sec?
ArEo 0

adg/a !—T‘ -2711 rag/tt
az'-E/d;i’4 2-12 rag/tt
ry 20.926083x10° rt.
rp 22.748918x10° rt.
bty 0

aty -20 sec.

At, -10 sec.

At3 -9.5 sec.
Aty -8 sec.

At5 ~-7.5 sec.
Atg -6 sec.

At.-{ | -5.5 sec,
atg -b sec.

Atg -3.5 sec.
Atlo -2 sec.
8%)1,12 0

/Mg 32.2 ft/sec?
Vp 42,000 fps
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TABLE I-A-2 INITIAL CONDITIONS - FIRST EVALUATION

No. \ 2 3 4 5 (- 7 &8 9 =] " ] 3 14 13
Xp |COMPUTER 1.C. INPUTS
rr NIW,450 034 306 1,318,306 1335, 491 (133598 (133598 1,453,556 | WA, ALD LA13,463 (11,446,392 | 1,446,300 14464,300 (11,282,236 | 11,282 104 (1,282, Wl
:1'_’ o 92068.40-R0e840 © MISZ N -9 FT| © 923848, -92204.84 © NOPBLI-RAIC © 92,132.097-R,132 61
Err 30,14 -197100,980 [~ 110980 - 19,633,519, 6I3464 19,033,404 -191C8 858 19,1L8AT 19,18 CIT 19,860,573 [-19,800,243 |19, 800,213 (~19,341,444 (19,541,281 11954128}
j‘; 20,542.$8 24,5427 [20,S42.7 | 24, WT. 06 21, 1W1,04 | 2,17T.04 [ 21,6194 | 243CT. 4 | 2120146 [21,412.00 |2,41. 90 | 24,4190 [21,615.41 [21C15.29 (2161529
;:: © |42 |-4zcaea| © [4s.azd-43.424) © Ao [amso| o |emwilazien| o [.snifaacn
'i' (A9 | AT 12,431.92(12,305.05 205,18 | 1230518 12 568.43 |12 56824 (12,568. 24 2 263 606 2263161220076, 12,1288 12,0301 \z,gm.q'
L, | 19240A [a4cA [A2408 | 142400 | 643580 |-OdBSE0 [<OMB580 |.0A%580 [ 142404 | 142404 | 1RAcA | <1230 4 |-oIASE0 |-OB680 |-odb 680
SI841 [, 619841 51984l [.S\198A41 [A98095 |-49809S |- A98095A98095 [.AIBAL (.5 | .S N . . -
N R e e B e
v P 36 . - =994 - oY - =515 -, 524 - SAS |~ «O1 oA
-$AALco |.o52m1D [Jest39 | 17 TR0 | JeaZido VAR -052319 BAASLO -, OLANTT | BT A
I S e gR g L&iﬁa_&_@:&s_ﬁ PRI B e oDl o e ]
N, [S5C1C1 420 o ss:.«.\ ~OPRLSL |- 994\,0 V90| .09B6SZ | .85 G .4&254 43:;54 .s:uu Q984 5? =~ FOLI 90(~-. 99U 90!
2 [20A%%Y | 8S52C FoB 26! “WZCa9 Lalaqoy Bl |-, VD | o BCATCY [~ 2CQ94- | 8520 £S [~ BSTLSE] » 126294 - LLFTLT | . 08TICo [-.CoT%n
. anea L%9 20997 |.221398 | 4%2405 | o -492805 (. 82 +2099% | 309916 | - 821398 |. 492409 Q
:‘.}.’. ~2248.5|-2250.9(-2250.9/-2248.5[- 2256. 2 |-2255.2.[~-2250 .0|-2251.9 |~2251.9[-2212.1 |-2215.3 |-2218.3 —aoo.sl-zsol.a -234.8
1
"_i' 22,148,918 22,670,984 22,82, n! 22,932,184 22,864,856
F:s 24,815.58 24,960,95 24,190.20 24,619.%% 25,018.04
W o 202.10 -200.60 8S.% 1 -8%.%
Frs |
&9 o 0.2%2 |~0.232 © 0.232 [~0.2%2| © ©.232 |-o.232| © 0.230 [-o.230| © 0.234 [-0.2M4
S | gts |41 |41 |4t [-ace [aco [-4e [-4ce [ 413 [ars | arn |41 |- 4T |-ace -4
;:: 203 [So.0 [-Sa.0 |-So.n |4Ac.8 | 464 |-4.@ |-4c.4 ] 50.8 [ So.Bd |-Sa.S|-%. | 4.& | 4.8 |-4.8
ot:. So. |-4s.1 | 441 |-Sea |56.4 [-43.2 | A3.4 [-5C.B | Bo.D [-44.9 | M4 |-49.9 | Se.ta | -43.6 | 43,0
Yug CONDITION THRUST INITIATION
- 22,148,918 22,148,018 22,148,998 22,948,918 22, 548,9\8
vz
';‘:L 24.815.58 24,815,558 24, 815.58 24,.51.24 26,09%5.25
T - i {
Ps o 218.70 218.70 Q [+
o 0.252 [-0.252| © 0.252 |[-0.252 o 0.2%2 |-0.252 (-] 0.2%50 |-0.280| © 0.254 |-a.254
L_PEG
Note: 1.C. VALLES For  BoDy RATES - p,q,4r- WERE ZERO FoR AL 15 CONDITIONS.




4,0 PROGRAM CHANGES DURING OPERATION

Several changes to the simulation program were effected during the basic
experimental test phase and for : subseq_ue\nt brief quaslitative evalustion of
different vertical display drive methods.
b1 EXPERIMENTAL TEST PHASE

Changes to the basic experimental rums involved: the %bgic in the
attitude command computations, the velocity error lead time (AtA), the
speed marker logic timing (Atll and Atlz) s generation of the verticel display
pitch and heading error drive signals, and task loading switch lighting and
nomenclature. .

h,1.1 _1_(® Logic

Prior to initiation of the experimental rums it was noticed that the
step change in pitch command at the nominal thrust termination longitude
resulting from eREF going to zero, as required to change from the nominal
circular orbit td the hyperbolic path, provided a cue which coincided too closely
with the primary thrust terninafion coemand indic;tion, speed' markers "off."” To
prevent possible response by the test subjects to this cue rather than the speed
marker i‘ndication, the K@ logic was disabled such that K® remained constant at
zero and the nominal circular orbital path was maintained past the nominal point
for insertion into the hyperbolic path.

k.1.2 Velocity Error Lead Time

The value of the lead time, At,, in the velocity error (VB) computation for
thrust termination was changed twice during the experimentsl runs in attempting
to compensate for an average subject response time, The initial value-in Teble
I-A-1 of zero was first changed to -0.7 sec. and later to -0.5 sec. vwhere it

remained thereafter.
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4.1.3 Speed Marker Timing

The preset time values for indication of the ignition command with
the speed markers and for the corresponding step input in the velocity error,
Atyy and At,,, respectively, initially were zero as shown in Table I-A-1
were both changed early in the experimental run phase to -0.6 sec., to allow
tor' subject response time.

L.1.h Verticel Display Pitch and Heading Errors

Prior to the final day of experimental runs the analog computer setup
was revised to eliminate the servo resolvers which had been used for generating
‘the sine and cosine values of QEDIS and q'EDIS in order to attein smoother drive
gignals for the vertical display. The new approach assumed small angle relation-
ships wherein the angular values of eEDIS and q’EDI,S in radians were used for the
sine inputs and the cosine inputs were set constant at unity. In the process of
making this revision s scaling error was discovered which previcusly had been
present in the displayed values of GEDIS and "PEDIS' This error was such that
the displayed values previous to the change were greater than intended by a factor
of 1.7453. This error was corrected at the time of the revision.
4.1.5 Task Loading

In the process of conducting the experimental runs it was determined that
the use of the red-lighted WARNING switch-light resulted in some pllot response to
the automatic task loading alerts at the expense of the primary guidance and
control task. To correct this tendency the amber i11uminated CAUTION switchlight
was substituted for the red illuminated WARNING switchlight.
h.2 VERTICAL DISPLAY DRIVE VARTIATIONS

On completion of the basic experimental runs which were all performed with
the vertical display configured as previously described, additional methods for

driving the vertical display in the COMMAND mode were briefly evaluated. These
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included twe different approaches for orientation of the background scene
(horizon, ground plane, and starfield). This inveolved changes in the pitch amd/or
yaw input signals, the roll input signal remaining as the gine and cosine of ins
as previously described. In the firsti appreach present flight path orieantation
with a higher sensitivity was substituted for vehicle attitude, i.e.:
Wors = K| ka3 + 4K ¥q ] (108)
®p1s = Kz | Koy + 2% ¥ ] (209)

In the other approach, only the pitch input signal was changed. In this

case the pitch attitude relative to Opgpy was displayed:
8p1s = %2‘_93 - KCGREF] (110)

Two additional methods for driving the pitch and heading error inputs teo
the pathway were investigated. The first presented the relative orientation

between the actual and nominal flight paths:

Wep1s =[K<;u (xy¥E + R \PH)] 1imit¥20° (111)
= cy =120
®Ep1s “E‘GS Xe (235] e (112)

The other method presented the relative orientation between the actuel

and commanded flight paths:

Veprs = ‘_KGu{ kW - Xoky, (T, -io)}] limit + 20° (113)
®Eprs = [:sz KC K, (bpgp + io) limit ;EZ (114)

In addition, the simulation was revised so that the pathway could be driven
with altitude error and lgteral offset during COMMAND mode operation as well as
ATTITUDE wmode:

AYprs = X (115)

P
Abprg ‘Ah| ABS (126)
Ah

018 = Wl e (117)
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When evaluating these revised display methods the K<E>lo¢ic was enabled,
functioning in the attitude command computations as described in Section 2.5.1.2

of this report.
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1.

1a.

1C.

RASA DISPLAY-CONTROL STUDY
PILOT REPORT

GENERAL PANEL IAYOUT

Could you obtain information from both the Vertical Display and the
Horizontal Display simultaneously?

RATING SCALE GROUP ‘MEAN ! INDIVIDUAL

21; - o (1.67) 1. 51) Y, ga)
2) - To some degree 2. (2 5. (3)
3) - Yes 3. (1} 6. (1)

When viewing the Vertical Display or the Horizontal Display, could you
gscan the Warning Panel to the right or the System Panel to the left?

RATIRG SCALE GROUP (MEAN INDIVIDUAL

(1) - ¥ (2.67) 1. (3) L. (2)
ga) - To sane degree 2. (3) 5. (3)
3) - Yes 3. (3) 6. (2)

From & pilot's standpoint, what struck you as particularly good about
the panel layout?

l. Vertical situation display and lights.

2, Ko comment,

3. ZEasy to reach.

L, sSatisfectorily fulfilled requirements of mission.
5. Easy reach aml accessibility.

6. Vertical Attitude Display clarity.

What struck as particularly obJjectionable about the panel layout?

1. Arm crossover to null task loading.

2, (Same) Plus multi responses for task loading.

3. ©Status-trend display on horizontal situation display.

%k, Horizontal Situation Display not easily visible during thrust
(due to gondola gross pitch).

5. Same as 1.

6. Same as 1.
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2.

Rate the panel layout.

RATING SCALE GROUP (MEAN IRDIVIDUAL
glg ~ Poor (3) 1. through 6. (3)
2) - Fair
3) - Good

VERTICAL DISPLAY - ATTITUDE /ATTTIUDE COMMAND

In the Situation Mode, rate ease of obtaining vehicle orientation
information ag the flight began:

RATING SCALE GROUP_(MEAN INDIVIDUAL
1) - Difficult 3) 1. through 6.(3)
2) - Intermediate

3) - Easy

How does this presentation compare with the two methods below in

mmacnandatdan AP vahdrla adtd+nvda?
PLEBTILVAUVLUVIL Ul VTULLULT auvivuaci

Visual reference.

RATING SCALE GROUP (MEAN INDIVIDUAL

1) - No comparison (2.58) 1. 3; h, 53)

2; - Not as good as VFR 2, (2 5. (2)

3) - Equal to VFR 3. (3) 6. (3-2)

A three-axis ball

RATING SCALE GROUP (MEAN INDIVIDUAL

1) - Inferior to ball (2.90) 1. (3) k. (nmo

2) - As good as beall basis of

3) - Superior to ball comparison)
2. gsg 5. (3)
3. (3 6. (3-2)

In.the Attitude Mode, rate ease of cbtaining nominal path information -

its relationship to your vehicle:

RATING SCALE GROUP (MEAN INDIVIDUAL
1) - Difficult (2.83) 1. (3) k. (2)
2) - Intermediate 2. 53; 5. 53;
3) - Easy 3. (3 6. (3
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In your opinion, is this a feagible way of present orbital situation

information?

Yes (all subjects).

In the Command Mode, rate ease of following the attitude command profile:

RATING SCALE GROUP (MEAN INDIVIDUAL

(1) - Difficult. (2.75) 1. (3) k. (2)
(2) - Intermediate. 2. (3) 5. (3-2)
(3) - Basy. 3. (3) 6. (3)

Any general comments on the vertical display?

1. Roll gqifficult to interpret.

2. Ground terrain unnecessary in command mode.
3. Same as 1.

, Acclimstion to "fly to" difficult.

5. Same as 1.

Compare the attitude command information given you by the Space Analog

with other attitude command displays you may be familiar with (such

as the lear 3-axis ball, etc.)

RATING SCAILE GROUP SMEAN! INDIVIDUAL
(1) - Inferior to other attitude (2.63) 1. (3) k4.(no response)
command displays.
szg - Equal. 2. (2) 5.(so response)
3) - Superior. 3. (3) 6.(no response)
YOU HAD BACKUP DIGITAL INFORMATION:
To what extent did you use the numbers for attitude control of the
vebicle?
RATING SCALE GROUP fMEAN! INDIVIDUAL
%1) - A great deal. (1.67) 2. (1)
2) - Some. 3. 3;
(3) - Very little. 6. (1
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3B.

3C.

VERTICAL DISPLAY-VELOCITY INFORMATION

Rate the command velocity marker thrust initiation cue.

RATING SCALE GROUP (MEAN INDIVIDUAL
1) - Poor. . (2033) la 3) : ho 2
2; - r‘irn 2. 2 5. 2
3) - Good. . 3. (3 6. (2
Rate command velocity tWt termination cue.
RATING SCALE GROUP QMEAN 2 INDIVIDUAL
(1) - Poor. (2.00) 1. (3) k., (2)
3) - Good. 3. (1) 6. (2)
Rate these cues as to preference for thrust initiation countdown.
RATING SCALE
1) - Poor.
2) - Fair.
3 - GOOd.
GROUP INDIVIDUAL
LEaw)
l. 2' L h’ [ ] 6'
Verticel display command velocity markers, (2.83) T3) (2) Tg‘)’ ) ‘(%7 [€))
Horizontel display initiation point. (z.27) (1) () (3) (@) (2) (1)

(it you had this)

Timer (on horizontal display). (2.33) (-) (3) (@) (-) (-) (@)
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3D.

hA.

4B,

Rate these cues as to preference for thrust termimation countdownm:

RATIRG SCAIE
1) - Poor.
2; - Fair.
3) - Good
GROUP
(wzaw)

1. 2, 3. bk, 5, 6.
Vertical display command velocity markers.(2.83) T3) (2) ‘é‘)’ BIBB
Horizontal display imitiatiom point. (z.17) (1) (1) (1) (2) (2) (1)

(if you had this)
Timer (on horizomtal display). (2.33) (-) (3) (2) (-) (-) (2)

HORIZONTAL DISPLAY - SITUATION/HEADING

Rate the effectiveness of the horizontel display depictiom of nominal
path and vehicle position/peth heading:

RATING SCAIE GROUP (MEAN INDIVIDUAL

§l§ - Poor. (1.33) 1. (2) 4.(mo

2) - Fair. rating)

(3) ~ Good. 2. {1) 5. 51)
3. (1) 6. (2)

How @id you use vehicle heading and commsnd heading im flying the injec-
tion maneuver (in relation to information received from the Vertical

Display).

1. Kot used.

2. No data (misunmderstood question).
3. Not used.

k, HNot used.

5. Used at commgnd mode select.
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IF YOU HAD BACKUP DIGITAL INFORMATION
5. DIGITAL READOUTS - VELOCITY

SA. To what extent did you use digital velocity information?

RATING SCALE GROUP (MEAN INDIVIDUAL
1; - Very little. (1) - 2. (1)
2) - Some. 3. (1)
3) - A great deal. 6. (1)

5B. Rank the following in descending order in which you used them:

Present velocity (P) (2) (@ (-)
Required velocity (R) 3) 3) ()
Change in velocity (C) (1) () ()

6. SYSTEMS MONITORING DISPLAYS

6A. What do you think of a method like this for presenting system information
va., an array of constantly visible system parameter displays?

1. like display, did not want to see information if system was function-
ing properly.

2. Preferred single parameter dials,

3. Acceptable, status-trend could be by light code.

4, Very good.

5. Same as 2.

6. Acceptable for ease of monitoring, but preferred numerical and trend
information and more automatic operation.

6B. How much of a distraction was the system monitoring task for you?

RATING SCALE
glg - Very distracting. _
2) - Moderately distracting.
3) - Ko problen.
GROUP INDIVIDUAL
{MEAN)
l. 2. Ll h. * 6‘
-Early in the flights. (2.42) T @ '(%)' T12-3) %55 [€)]
-Late in the flights, (2.52)  (2) (2) (3) (2-3) (3) (2)
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6C. How important did you consider the system monitoring task: Apportion
your time in percentage between the two tasks as you recall it:

7.

GROUP - INDIVIDUAL

1. 20 ;2. ho 5. 6.

- During coast. Flight Management (6k.2%) (25) (70) (50) (70) (90) (80)

System Monitoring (35.8%) (75) (30) (50) (30) (10) (20)
thrust. Flight ement (84.2%) (50) (90) (90) (95) (90) (90)
System Management (25.8%) (50) (10) (10) ( 5) (20) (20)

WOULD YOU BE WILLING TO SERVE AS A PIIOT IN A FUTURE SIMULATIOR LIKE THIS?

Yes (all subjects).

ANY COMMENYS OR CRITICISMS COF THE SIMULATION OR OF ANY PAREL FEATURE?

1.
2.

None.

Replace attitude trim potentiometers with "beep" trim; place as on
aircraft (pitch and roll on stick, yaw on left console). Only digital
readouts required are: roll, right-left; pitch, up-down; yaw, left-right;
and their values; and time-to-go. Yaw profile should be less abrupt.

Better roll information needed. Digital information should be more
legible (larger).

Horizontal display not necessary for this maneuver.

Need analog display of trim displacement, or scme way of determining
this. No way of gauging amount to put on in present setup.

A better horizontal display presentation might be of some use. Thrust
ignition/termination cue should be positive light onset.
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SECOND EVALUATION - SIMULATION EQUATIONS
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The implementation of the Second Evaluation Simulator program was as
described in Appendix I-A with revisions to the display mode nomenclature, dis-
play drive signals, and data recording parameters.

1.0 DISPLAY DRIVE SIGNALS

1.1 Vertical Display

In the Second Evaluation thc;. vertical display had two modes of operation - SPACE
VEHICLE ATTITUDE AND SPACE VEHICLE PATH, The ATTITUDE mode was identical to the
ATTITUDE mode of the First Evaluetion with the PATH mode replacing the pre-
viously used COMMAND, ATTITUDE mode.

The display mode logic terms in the equations, Ky and Kp, which were
formerly associated with ATTITUDE and COMMAND ATTITUDE mode operation, respec-
tively, in the First Evaluation, were used for ATTITUDE and PATH mode operation,
respectively, in the Second.

The vertical displey angular drives were essentially as defined in Section 4.2

of Appendix I-A:

Yo1s =Koy [KN Y3 + “chyﬂ] (1)

Gois ~¥eo [ w83 + 2K ¥ ] (2)
]IJEDIS = Kay [KN Ve + K}ffHKCWH] (3)
Erp1s = Kgg [Kr ke (¢ 'J/NOM)] (%)

The values of ¢ EpIs and eEDIS were originally limited in the Second Evalua-
tion to # 20° end + 15° and - l2°, respectively; these limits were later removed.
The gains KWH and K)— were adjusted such that full screen displacements

of the path tip were obtained in the PATH mode for values of ’”H of + 0.k deg.

and (a/- rNOM) of + 1.4 deg.

II-A-2



In the ATTITUDE mode, full. screen path tip displacements were obtained for
values of ‘”E of + 19.1 deg. and03 of + 8.5 deg.

f\xll screen deflection of the starfield, horizon, and ground plane were
produced with ¢3 and 93.va.1ues +12.9 and + 8.6 deg., respectively, in the
ATTITUDE mode and with ¢H and )’ velues of + 3.2 and + 4.3 deg., respectively,
in the PATH mode. These values are illustrated in Figure II-A-1,

The leteral offset and altitude error drive signals were as defined by equations
115-117 of Appendix I-A with the maximum displayed error for each being + 100,000
feet, i.e., errors greater than 100,000 feet produced no cﬁa.nges in path lateral
offset or path width. Automatic scale change capabilities, as well as single
scale, were incorporated for thed Yprs and AhDIS signals. With the automatic
scale changes, the ranges were provided for both & YpIs and A hprg - + 10,000,

*+ 50,000, and + 100,000 feet - the scale changes automatically performed at 10,000
and 50,000 feet.

The tarstrips were used to denote the range of AYDIS - the tarstrips on
and moving as a function of velocity (normel operation) when the absolute error
was equal to or less than 10,000 feet; the tarstrips on with a zero velocity input
(tarstrips stationary) when the absolute error was greater than 10,000 feet
but less than or equal to S0,000'feet ;s and the tarstrips turned off when the
error was greater than 50,000 feet.

Path brightness was varied to denote 4 hprg range - maximum with the error
equal to or less than 10,000 feet; medium for 10,000 to 50,000 feet; and minimum
for greater than 50,000 feet.

For single scale operation - + 100,000 feet with no scale changes - the

tarstrips were always on and moving and path brightness was always maximum.
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The KGD logic was enabled for all runs in the Second Evaluation.

1.2 Horizontal Display

The horizontal display was the same as for the First Evaluation except that
the horizontal situation display had only one display mode - the same as pre-
viously used with the COMMAND ATTITUDE mode with the required (command) flight
path heading line and the digital readouﬁs deleted.

2.0 DATA RECORDING PARAMETER COMPUTATION

The revisions to the printout data requirements for the Second Evaluation
deleted the requirements for equations 97-101 of Appendix I-A. An additional
equation was incorporated for hyom, nominal flight path altitude:

nnov = Plnom — Px (5)
The computations of the remaining date printouts were as defined in Appendix I-A.
3.0 COMPUTER DATA INPUTS

The data inputs for computer program during the Second Evaluation were the

same as stated in Section 3.0 and revised by Section 4.0 of Appendix I-A.
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c~g-IT

SUBJECT .

FLIGHT PATH ERRCRS POSITION EHRCURS CONTI0L ENERGY EXPENDITURE

FLIGHT | INITIAL|SCALES ELEV HEAD VEL, LATERAL{ LONG. ALT, PITCH YAW ROLL

COND. 9//,,.. ?‘P.s, %/,o %rp AFTA % % %
/ 3 10,074-40,058 40.52.1/6.53| /8,48
2 3 8,603v$3045) 29.24 1 23.00\/4./9
K 3 /1139|2194 24.6/ | /2.45 /0,25
4 3 727318193} 2/.11 |30,08)23.08
s 3 +11 {4113} 10.56 | 8,27 | S0/
2 3 14,7251-7851) 37.521/5.9/ | /447
7 3 159413591\ /9.257 8.9 | /6, 6%
8 !/ 1624 |1,802) 12.09| /97 428
9 / 889 |54551 /3.34| c.057| £.73
/0 ! /023 /40091 9./ | 929 |&.87
. / 690 t5n1) /4.c4 5546 | 5748
/2 | 19 / 8,026 -73,93/' 22./7\ /4.48\/0.¢7
/3 | 7 / 20251499711 /3.53| 57/ | 7.3
£ 1 4 | /98322902 /9./6 | 594555

+: Up, Above, Right

-: Down, Below, Left

INJECTION POINT CONDITIONS

SUMMARY

SUBJECT NO, /_

-



¢-g-1I

FLIGHT PATH ERRORS POSITION ERRORS CONTROL ENERGY EXPENDITURE

LATERAL§ LONG. | ALT. § PITCH YAW ROLL
BolE %] s | s | s
2] 14.20) /0,50 9.23
-4 5100 /8.47\//. 48 | ?.28
gog| /366|478 | 2.32
- /44 1583\ 2o/ /.75
U520y 8.33 | 548 /.42
27801\ /8520 | 7299 /417
2901y 16,53 &.3/ | £77
-SIsI) 2/ 42 10.57 | 13 M
-3912) /6,07 | 7.53 | £ .46
~j220) 27.09 | /705 203
/234|631 -5 549) 7662 | /2.99 | /406
572 433 |290#| 1320 | 76.4L| /.05
1,075 | 2,341 | 4422) 7691 | 4.9/ |3 28
=/ 76| 4998|3908} 22.72. | /2.8 | /247

SUBJECT

wWiwlwlwlwlwiWli~i~[>1~I~1~)~

TRJECTION POINT CORDITIONS SUBJECT NO. _<.



t=dg-IT

SUBJECT

FLICGHT PATH ERRCRS

POSITION ERRORS rCONTROL ENERGY EXPENDITURE

FLIGHT INITIAL|[SCALES ELEV, HEAD. VEL. LATERAL | LONG. ALT, PITCH YAW ROLL
B S|l lze |2 s | s | s

/ |/ |3 V=307 fhoos\-t7 | &9z| 2/ |[,090) 10.84|/2.95) /0.97
Z | 6 | 3 |-z202|.072|-53 }-2.519|/850|408) 22.47)| /5 18] /5:79
2 / 3 V068 ,012|-/3 | 43 1-274|2585) 72.79 | 9.43 | 8.24
' £ 3 V.onwl=003| 8¢ ) 770 /57 \2583) /6.78 \/1.52| 7.07
s |/ 3 \.o72|.006\-48]) 35¢ |-3// |3228) /2.90 /193 | /4.03
7 /2 | 2 1-29¢|.004) 49 | 305 |2242|444 /#:79 | /4.75) 20, /0
7 / 3 V= /071.013)-C.4) 300 | £7412557) /2.06\/0./6 | /0.43
8 \.z2 | 1 |-4:24|.058|3924\/2/4|3023|-18.) 2259\ 3.42| /298
V4 / I V=307 |- 01| /2 ) 45731/,686\-73)25,531/0.// | 1046
/0 | /0 | N-.098 |- oo —/). 5 Y-,324) 629 |20912) 9.4/ |/2./8 | 9.2¢
n V1 {1 ). 053 009|-52 | 792 |-20915902) 03| 4.45|/0.35
/z | & ! V=175 |- 03/| 8.8 {11384\ 741 |/,29) /501|559 |97
/3 |/ | Y= /732|— 003|433 | 2/ 767 | =86 ) /509 8.289.58
14 V14 || Y29/ 0.00| 784N/, 437 |G 404)/}024} /3.27 | 1549 | %.2/

IRJECTION POINT CONDIUTIORS

SUMMARY

SUBJECT NO. 3.

/



G-g-1T

SUBJECT

SLIGHET

NC.

INITIAL
COND,

SCALES

TLIGHT PATH ERRCRS

POSITION ERRCRS

CONTROL ENERGY EXPENDITURE

ELEV.

HEAD,
g/

5

L%G.
i
%2

2746

PITCH
%

/593

YAN

4
/7,07

KOLL
b4

/3

-, 4oz

768

64699

/572

/5,20

4¢3

- 0/0

/2049

244

26.2/

22.30

/2097

/N6 |-

5557

679

/7.95

9.52

¢.22

. 403

19970}

YA

4

A4

1034

428

/3.4

AN

4,39

] 009

~4,655]

29./4

9.24

4,69

/4

5,0

/183

25/¢4

473

- 2/9

ldz1

A

/504

262

*~ ?37

-/} 622

22.76

4,5¢

/2.24

=~ 053

/4. 4o

/4.59

b7z

3844
3970

.

/7.79

NES5

9.09

b7/

-9750) .92

9.8/

9¢2

wlwlwlwiw]wlw] <[~~~

~ 042

4853} /820

/2.03

2.7/

M - NoT AVALAGLE

INJECTION POINT CONDITIONS

SUMMARY

SUBJECT NO. .




9-4-11

SUBJECT

FLIGHT
NO.

INITIAL
COND.,

S

SCALES ELEV.

.
, 445

HEAD.

FLICHT PATH ERRORS

POSITION ERRORS ICONTROL ENERGY EXPENDITURE |

A
DEG.
, 022

VEL.
Ev
FPS

LATERAL
YP
FT

6./ V665

LONG.
%
4619

Iy
2] s

37239 14.93

PITCH

YAW

%
/.40

ROLL

¢
4.05

7

=572

, 004

¢/9.4)9604

5649

=S H49) /.C6

/5,02

/12,44

A

- ¢85

8./ 15623

44

2874\ /7.9

Z24,44

/17:70

/5|

-, 939

- 427

50,4 112,727

/227

6445 /548

29.60

3063

- /69

, 026

-40)9272

- 560

soas| /0.4

8.58

7,62

000

2. 054

17,124 37489

/2079

/8 | M4

~/4

/A

Vz78

004

-53 V2 45¢

(/84

/2.32

822

573/

/482

- /. 004

-205%9 |45052

24,723

24.49

23.08

2757

- 025

—, 0/9

— 4/4.3}-2,933

2717

2047

503

4,35

EYAIAYRELNATAN A TR T AN

-/ /95~

O

/9.5 V37153

4359

/307

9,30

g.23

X

= 705

~ 034

2.8\ 357

2719

/7.43

4,95

4.7z

N

- 223

- 0/b

~/3.7 |-382

974

/522

4.94

5,24

~
w

-23%7

—0335

-2706 34968

23,985T

168/

25:99

Zo.02 |

~
D

- 192

- &0/

-&3 83

2645

20,)7

/0,54

685

INJECTION POINT CONDITIONS

SUMMARY

SUBJECT X0, J_
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SUBJECT

FLIGHT PATH ERRORS ?OSITION ERRORS CONTAROL ENERGY EXrENDITURE
FLIGHT ] INITIAL|SCALES ELEV, HEAD. VEL. LATERAL | LONG. ALT, PITCH YAW ROLL
R St | % (S 12 [ |k s | s | s
/ £ | 7 V25904 -5/ )99 [103|423|2.4¢ {7799\ ¢.¢0
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NASA DISPLAY/CONTROL .STUDY
SECOND EVALUATION
PILOT REPORT

1, VERTICAL DISPLAY

1A -

1C -

1F -

In the Thrust Phase did you find that following the nominal flight
path, rather than attitude commands, made the task of cisplanetary
injection ...

RATING SCALE GROUP (MEAN INDIVIDUAL

(1) more difficult (1.0) 1. (1) k. (2)
(2) no difference 2. (1) 5. (1)
(3) easier 3. (1) 6. (1)
(1) less interesting (2.4) 1. §2) b, (2)
22) no difference 2. l; 5. (3)
3) more interesting 3. (3 6. (3)

Did the absence of vehicle attitude information handicap you in
achieving the nominal flight path?

(1) considerably (1.6) 1. (1) ' é?)
(2) occasionally 2. (1; 5. (1)
(3) not at all 3. (2 6. (3)

Was the Verticel Display, in the Thrust Phase, more realistic than
in the first evaluation?

El) less realistic (2.0) 1. (1) k. ?2)
2) no difference 2. (=) 5. (2)
(3) more realistic 3. (3) 6. (2)

During the Thrust Phase, when estimating your heading and elevation
angles, estimate the per cent of time you relied upon (1) direction and
extent of displacement of tip of path from cross; (2) vehicle flight
path attitude as given by horizon, ground scene, and sky field movement.

(1) ____ % (1) 79%% 1. (1 -80%) k. (1 - 75%)
(2) 36%* (2 - 20%) (2 - 25%)

(2 _% 2. (1 -4o%) 5. (1 - 90%)
#* Percentages do not total (2 - 2 -10%)

50%)

100% because two subjects 3. (1 - 100%)6. él - 804)
gave percentages totaling 2 - 90%) (2

more or less then 100%.

<!

Did the leg in naminal flight path movement following attitude con-
troller input result in any confusion?

51) considerably (1.5) 1. 1; b, (1)
2% occasionally 2. (1 5. gl)
(3) not at all 3. (3) 6. (2)
Rate the velocity marker as a cue for thrust initiation and cutoff.
1) poor (2.5) 1. $3; ' gzg
2) fair 2. (2 5. (3
3) good 3. (2) 6. (3)
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HORIZONTAL DISPLAY

2A - Did you use the Horizontal Display more or less often in this
evaluation than in the First Evaluation?

RATING SCALE GROUP_(MEAN INDIVIDUAL
(1) less often (3.0) 1. (3) k. (3)
22; no difference 2. N/A 5. 23;
3) more often 3. (3) 6. (3

2B - Did you use information on the Horizontal Display to supplement
that on the Vertical Display?

(1) not at all (2.8) 1. 3; 4, (3

2) scme 2. (2 5. (3

3) often 3. (3) 6. (3

If (2) or (3) define information used

a. Vehicle position with respect to nominal path

b. Vehicle path heading

c. Vehicle position with respect to thrust initiation line

d. Vehicle position with respect to thrust termination
a. 83% 1. (a,b,c,d) U4. (a,b,c,d)
b. 100% 2. &b) 5. a,b,cs
c. B83% 3. (a,b,c) 6. (a,b,c,d)
a. 50%

IF YOU HAD DIGITAL INFORMATION IN THE FIRST EVALUATION, DID THE ABSENCE
OF THIS NUMERICAL INFORMATION HANDICAP YOU IN THIS EVALUATION?

(1) found tasks more difficult without it 1. N/A k. (3)

(2) would like it on certain meneuvers 2. N/A 5. N/A

(3) not at all 3. (2) 6. (2)
(2.3)

SYSTEMS MONITORING

hA - Was the systems monitoring task during the Thrust Phase more or less
distracting than in the First Evaluation?

(1) more distracting (2.6) 1. (3) k. (2)
éz no difference 2. N/A 5. 33
3) less distracting 3. (2) 6. (3
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5.

4B - How important did you consider the systems monitoring task? Indicate
by apportioning your time in percentages between the two tasks as you

recall it. _
RATING SCALE GROUP MEANS INDIVIDUAL gin %)

12 (3: 6
During coast: Flight management (59) 20 50 60 80 95 50

Systems monitoring%g (41%) 80 50 4 20 .5 50
(%)
(%)

é?é%) 50 50 90 90 95 80

During thrust: Flight management
244) 50 50 10 10 5 20

Systems monitoring
SCALE CHANGING

5A - Did you find that the scale changing during thrust provided a more
gensitive feedback on your achievment of nominal flight path?

(1) Was more detrimental (0.8) 1. (1) k., (1)
than a single scale 2. (2) 5. él)
(2) No difference from 3. (3) 6. (3)

use of a single scale
(3) Assisted in acquisition
of the nominal path

5B - Would you recommend & different combination of scale changing?

213 No 1. (12 b, (1
2) Yes (Explain)#* 2. (2 5. szi
3. (2 6. (1

#* See Section 3.6.4.5 for recommendations.

5C - Which cues are most helpful as an index (indices) of scale changing?

GROUP MODE
1) tar strip presence and motion (2) 1. (1) k., (3)
2) brightness changes 2. 52) 5. (2;
3) shift in flight path 3. (3) 6. (2

GENERAL PANEL LAYOUT

6A - From a pilot's standpoint, what struck you as particularly good
about the panel layout?

1. The relocation of the task loading (CLEAR) button to the left side
panel from the right hand panel in the First Evaluation. This
change permitted the right hand to be kept continuously on the
controller during thrust.

2. Ease of access to all controls.

3. The tandem arrangement of the Horizontal and Vertical Displays.

L, The initial training received on the Attitude Mode Displays.
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6B - What struck you as especially objectionable about the panel layout?

1. The Horizontal Display was too small and outlines were somewhat
blurred.

2. The moving index on the Horizontal Display was not displaced
far enough from the nominal path.

3. Inability to read panel light labeling until they were 1lit.

L, The scan angle between the Horizontal and Vertical Displays
was too great. '

6C - Rate the panel layout.

GROUP MEAN INDIVIDUAL
1) poor (2.3) i. (3 k.,
2) satisfactory 2. (2 5
3) good 3. 2 6.
T. ANY ADDITTONAL COMMENTS OR CRITICISMS OF THE SIMULATION OR ANY PANEL

FEATURES,

Comments are discussed under Section 3.6.4, Questionnaire Analysis.
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