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FOREWORD

This report wes prepared by the Crew Stations Section, Human Engin-
eering Branch, Behavioral Sciences Laboratory, 6570th Aerospace Medical
Research laboratories, under Project No, 7184, "Human Performance in
Advanced Systems,” Task No. 718405, "Design Criteria for Crew Stations in
Advanced Systems.®

The effort reported herein was suggested and initiated by Captain
John C, Simons, 6570th Aerospace Medical Research Laboratories. The mathe-
matical statement of the problem was prepared by Captain R, F. Vachino,
Directorate of Systems Dynanioc Analysis, Others who assisted amd cooperated
in the msearch and the preparation of the report were: Mr. L. M., Warshawsky,
Mr. R, T, Harnett, Mr, F, Muman, and Mr, C. Shoals, Directorate of Systems
Dynamic Analysis, Aeronautical Systems Division; and Dr, M. J. Warrick, 6570th
Aerospace Medical Research Laboratories; and the subjects who volunteered
their time and valuable critiocisms.
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ABSTRACT

Human performance vas measured in a simulated short-range, coplanar-
orbital rendesvous task, Orbital conditions and vehicle dynamics were
prograxmed on an analog computer, Two systems of vehicle oontrol and ome
system of information display were investigated, Performance oriteria
included impact velooity, fusl ocomsumption, mad transfer time required.
Comparisons were made between oontrol systems and between initial conditions.
Subjects! performence vas better with an orthogonal-axes, thrust-oontrol
system than with a pitech attitude and one-exis thrust-oontrol system. The
simulated direct-vision target display was found to be marginally acceptable.
Suggestions about control systems and rendesvous techniques are included in
the report.

PUBLICATION REVIEW
This technical doocumentary report has been reviewed and is spproved,

Pttt 7 Zzlor
WALTER F. GRETHER

Technical Direotor

Behavioral Seiemces Isboratory
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HUMAN PERFCRMANCE IN A SDMULATED
SHORT CRBITAL TRANSFER

I. INTRODUCTION

Three readily discernable differences exist between the flight character-
istics of atmospheric vehicles and those of space vehicles orbiting a
Planstary mass. These differences, due both to the lack of air resistence in
space and to the effects of a vehicle's orbital motion, may be stated bLriefly
a8 follows:

(1) Spece vehicle rotation and translation moticns may be made
independently of each other., A space vehicle may rotate about any of its
axes without effecting its velooity or it may translste along any axis
vithout prior rotation ani without effecting its attitude,

(2) An orbiting space vehicle vill maintain its orbital motiom
vithout the application of any thrust, Such a vehicle will remain in its
original ordit umtil power is epplied. After thrust is spplied, the wehicle
vill travel im an altered ordit or will imtercept or escape the body it wes

u‘bithg.

(3) The flight path resulting from the application of thrust to an
orbiting vehicle will, vhen viewed from that vehicle, appear to be curved
rather than a straight line

These, and other less important differences, meaks the tasks of atmospheric
and space flight significantly different from each other, The
sufficiently different to have prompted a great deal of research exploring

pllot performance in simulated space flights. The aspect of performance
that has been the foous of most laboratory investigation is the question of
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bhuman cspacity to scoomplish rendesvous vith an earth orbiting wehicle,
Interest in orbital rendesvous is stimulated by anticipation that this
nation's space progrsm will require rendesvous capability in future
space vehicles.

There appears to be a growing asoeptance of the oonoept that a bhuman
‘pilot can ocontribute reliability to the total missiom and precisiom to the
terninal phases of the rendesvous mansuver. To the extent that
operator can indeed functiom effectively as a ocontroller or a date prooessor
he can replace electro mechanical equipment, To the extent that he oan
replace such equipment, he can reduce booster weight and cost and contribute
to the overall reliability of the mission. To explore the possibility of
attaining these goals, randesvous simulation studies have been made
define humen rendesvous capabilities with varied initial oonditions
varied displays and oontrols provided for the operster.

Levin and Ward (ref. 3) concluded that a humen operator was s highly
element of a rendesvous system. In a ooplanar rendesvous task
these authors provided the subject with information that ineluded an
osoilloscops display of the positions of both the pilot's vehiele and his
target, Controls provided for forvard and reverse, and upward and dowoward
thrust. Levin and Ward found that their subjects oould perform terminal
rendesvous maneuvers vith great precision,

Froeman (ref. 2) using a simulator vith displays similer to levia amd
Vard's and controls supplemsnted by pitch ocapability, found that subjects'
ability to rendesvous wves highly dependent upon training. and set. A
mmber of Freemen's subjects faund the rendesvous task so difficult that
they "appeared somevhat irritated vith lack ef acocmplishment and requested
that they be permitted to terminate the experiment.*®

In a 6 degres of freedom simulator that provided attitude ocontrols and
forverd thrust, Brissenden, et al (ref, 1) abludoned oscilloseope
in favor of an all dialed instrument display pamel. Results of the study
indicated that human pilots could asoomplish rendesvous successfully under
mﬁbﬁ sdverse oonditions if adequate displays and controls were

In one sectiom of their stuly Wolowics, Drake, and Videen (ref. 4) used
a direct-visual-observation presentation of the rendesvous target. They
found that the displsy weas adequate for rendesvous, particiularly if
supplemsnted by range rete inforsation.

The variety of apparatus configurations and of experimental methods
represented in available rendesvous reports is imdicstive of the relative
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nevness of such research and of the large mumber of pertinent questions
thet remain wmansvered.

Purposes of the Study

The purpose of the present study wvas to determine whether a humen pilot
oould successfully ascoomplish short coplanar transfers between orbiting
vehicles if he were provided with only minimal display and control equipment.
For this rendesvous simulation experiment the investigator assumed that the
total weight of the pilot, his transfer vehicle, and his 1life support system
was 250 pounds, Under this assumption the pilot's vehicle can be nothing
more oomplex than a gyrosocopic stabilisation unit and an inmdividual pro-
pulsion unit, The investigator assumed that the pilot would receive no
more display information than he could obtain by visual observation of the
target satellite. Vehicles or propulsion umite of this nature are being
proposed for use by personnel transfering between earth orbiting vehicles
and by persomel performing maintenance or assembly tasks.

The subjects in the experiment were provided with two different types
of simulated propulsion control systems. One purpose of the s tudy was the
conparison of the influsnce of the two systems upon human rendesvous cepe-
bility. The experimenter hoped that some data might also be obtained that
would indicate whether rendesvous range, relative orbital position, or
initial vehicle attitude bad any effects on the pilot's ability to complete
successful interception of his target.

The current experiment was also designed to provide the experimenter with
experience and insight into the pilot problems of orbital rendeszvous to
facilitate future investigations,

The pitch and thrust values of the simulated oontrol systems wers based
on the ocontrol parmmeters of research equipment tested on sero-gravity
aircraft flights.
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II. METH®D

Apperatus

The orbital rendesvous simnlator used in thootudy oconsisted of displays,
controls, snd analog computer equipment. The components were arranged in
the normal closed-loop simlator pattern (fig. 1) with tho subject included
a8 part of the simulation loop.

DISPLAY SUBJECT |—»———1CONTROLS

Dsply

The target satellite with which the subjects were required to rendesvous
vas represented om the face of an osocillosocope. The oscilloscope wes a
17=inch ITT Model 1735D. The target sstellite wes represented by a pair of
oconcentric circles. The outer circle simulated the extreme dimensions of
& 150=-foot dismeter spherical satellite. The imner circle remresented a
laxding spot or dook centered on the surface of the target, The simulated
landing spot wes j-feetl in dismeter. From the subjects' normal viewing
distance of 24 inches, the oscilloscops circles subtended the same angles
that an astual 150-foot satellite would subtend vhen viewed from the ranges
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simulated in the s tudy. The full socreen of the oscilloscope subtended a
vertical vieving angle of 28 degrees,

The 28-degree angle was thought to be fairly representative of the field
of viev provided by a perisocope in a small rendesvous vehicle. Bven the
rectangular coordinate grid with 1/10-inch gradustions om the face of the
oscilloscops could be duplicated on a wehicle periscope. The target displey
vas an inside-out (fly-to) display with the moving element in the display
representing the target rather than the operator; i. e., as the subject
pitched or thrusted his wvehiocle downwerd the target moved upward in the
display, as the subject pitched or thrusted his vehicle upward the target
moved downvard on the soreen; as the subject's vehicle approached the
target the circles grew in diameter, appropriate to the extent to vhich the
sudbJect had closed with the target. Since the stuly treated only rendesvous
with the target and the wvebiocle in goplansr orbits, only fore and aft thrust
and vertical motion were required of the rendezvous vehicle. The analog

computer enabled the subjects to imduce those motions in their simulated
vehiocle.
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Controls

Both of the oontrol systems investigated in the dudy permitted the
subject to maneuver his wvehicle to a successful rendesvous with the target
satellite. The subject's vehicle was presumed to be stabilised relative
to the local vertical about the pitch, roll, and yaw axes.

One control system provided pitch and fore and aft thrust for the sudbject's
vehicle; the other system provided fore and aft thrust and upward and downward
thrust, The former system will hereinafter be referred to as the pitch-thrust
systen, and the latter will be called the orthogonal-thrust system. Figure 2
11lustrates the motion capabilities of the rendesvous vehiocle under the two
control systems, s

i ———————

TO TARGET

3 —t

PITCH~THRUST 6
SYSTEM

ORTHOGONAL THRUST
SYSTEM

Figure 2
Motiom Capabilities Provided by Two Control Systems

In beth systems the subject operated two control sticks vhich provided
oontrol inputs te his vehicle. Figures 3 amd 4 illustrate the positions of
the oentrols relative te the subject and the display. In both systems the
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Figure 3
Subject Seated at Controls - (Fitch-Thrust System)

lef't hand stick ocentrolled fore and aft thrust of the subject's vehicle. The
oontrol wvas a spring-loaded, return-to~center, one~dimension control stiock.
The lever arm of the stick was 8 inches long, had a total travel of 45 degrees
forwvard of center and an equal travel backwerd from center. A force of 1 pound
wves required to produce a stick movement of 15 degrees. In use, as the subject
pushed the left-band stick forward he spplied forward thrust to his vehicle;
as he pulled the stick backward from the center position he applied reverse
thrust to his vehicle; applied thrust wves directly proportional to stick
displacement as shown in Pigure 5. A full displacement (45 degrees) of the
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Figure 4
Subject Seated at Controls - (Orthogonal-Thrust System)

stiock from its ocenter position resulted in a vehicle acceleration of 3 feet
per second per second, For exmmple, if the stick were pulled fully backward
and held there for 5 seconds, vehicle velocity would have been reduced by

15 feet per second, if the stick were held at the extreme forward position

for 5 seoonds, velocity wuld have been increased z.ls fest per second,
Thrust alweys acted along the lemgitudinal «xis of subject's vehiocle.

After a subject had applied thrust and had released his thrust oomtrol stiock,
his vehicle would eontinue to move at a constant velocity in a trajectory
acted upon only by the mechanics of his orbit, until he applied reverse thrust.
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STICK DISPLACEMENT
O

ACCELERATION (FT./SEC2)

5
Fore-Aft Accelerations Resultine from Various Control-Stick Displacements

In the pitoh=thrust system, the right-haml stick controlled vehicle
attitude., This stick wes mechanically the same as the thrust stick, With
this stick the subjeot ocould comtrel the piteh angle of his vehiole, and since
he could alter the attitude of his vehiocle, he oould ocontrol the direction in
vhich thrust was applied, relative to ths earth and the target satellite.

That is, the subjest could alter his vehicle's attitude and by applying thrust
along a non horisontal 7ine of sight change his vehicle's altitude. If the
right stick were pushed forwerd, the subjeot's vehicle pitched down (or
forward), if the dick were pulled back, the vehicle would pitch up (or baock),
The rate of change of pitch angle was proportiomal to stiok displacement,

vith full displacement providing a pitch change of 3 degrees per seoond,

Thus, if the subject held the right hand control fully back for 4 seconis, his
vehicle would have pitched up 12 de e In the experimental situation this
means, of course, that the target satellite would have moved downward 12 degrees
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on the display. When the pitch stick was released, the subject's rendezvous
vehicle was stabilized at its new attitude,

In the orthogonal-thrust system, the right-hand control stick ocontrolled
vehicle altitude by providing upward or downward thrust. When the orthogonal-
thrust system vas in use, the right hand stick could be rotated on its base to
the position shown in Figure 4. The subject could increase his vehicle's
altitude by moving the stick upward and could move his wvehicle downward by
moving the control downward, Such thrust spplied to the vehicle was reflected
by appropriate changes in the subject's display. Vertical acceleration was
proportional to stick displacement, with maximm stick movement producing an
arceleraticn of 3 fect ‘er second per sceond, Aifter a subject had applied
vertical thrust amd “ad relzased the conirnl sticl, his vehicle would contime
to move vertically until the velocity attained ias cancelled by a reverse thrust

Computer

Control inputs were fed into analog computer equipment. The computer wes
programmed with the equations of orbital motion and produced the display amd
display motion appropriate to the orbital motions of the vehicles and the
subject's ocontrol inputs. The computer also produced the criteriom-messure
outputs. The analog equipment used consisted of the standard 16-31 series
computer manufactured by Electrenic Associates, Inc. The compoments included
60 amplifiers, 80 attemuators, 2 servo multipliers, 4 servo resolvers, 5 elec-
tronic multipliers, and 5 diode function generators.

Subjects

Five rated Air Force officers partieipated as subjects ia the data oollect-
ing part of the study. A non pilot civilian served as an additional subject and
contributed data for one portion of the analysis as moted later,

Procedure

Subjects were required to pilot a simulated interoeptor vehicle to a
rendesvous with a target satellite in a coplanar orbit, Both the vehicle and
the target satellite were in oircular orbits spproximately 200-nautical miles
above the earth's surface. At the begimning of each trial the subject's
vehicle had velooity relative to the target satellite appropriate to the
orbital conditioms for that trial.

Iraining

Although all of the subjects had some appreciation of the nature of the
orbital-rendesvous task, an «tensive instrustion program was undertaken with
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each subject prior to the data~taking trials.

Each subject first read the "Orbital Rendesvous Study Instructions"
(Appendix I) which explained the general nature of the rendesvous task, Each
subject was then introduced to either the pitchethrust or the orthogonal-thrust
control system, and read the instructions sppropriate to that system (Appendix I).
The subject was seated at the subject's station (fig. 3 and 4) md observed the
displey and familiarized himself with the controls, Using the agsigned control
system, the subject then attempted to fly his wvehicle to a rendezvous with the
target satellite. The ocomputer was programmed for a rendezvous trial vith its
starting point at T1 as seen in Figure 6, Figure 6 also indicates the orien-
tation of the pilot's vehicle relative to the earth and the target. In some

Figure 6

Initial Fositions of Interceptor Vehiele an® Tarcet 3atellite
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initial positions the pilot vas upside down (simulated) relative to the e arth,
The subject repeated runs from Tl using the assigned control system until he
completed two-suecessive successful rendesvous, The criterion of success vas
simply landing or impact on the target. The subject was then introduced to

the other contrel system anl read the instructions appromriate to it. He then
was required to prectice with the nev system, starting eash trial from initial
point, T1, until he completed two-successive successful runs, Then using the
two-control systems in the same order, the subject had to reach the same
criterion of success vith each system starting from point T2 as seen in Figure 6,
This completed the training session, During the entire training period, the
subject's queations were ansvered and the experimenter continued to make
suggestions to improve the subject's technique, The duration of the average
training period, held the day before the data trials, wvas approximately 6 hours,

Wﬂ Task

The task of the subject during the data gathering period was to fly his
vehicle te a rendesvous with the target satellite. Each subjest made five runs
wvith each oontrol system from each of four different initial positions. The
order in which starting points were assigned wvas randomised. The initial points
are identified as D1, D2, D3, and D4 in figure 6, The first two of each set of
five runs were considered corientation runs that served to familiarize the
subject with the peculiarities of flying a rendesvous from that particular
initial position and orientatiocm. Data were recorded on the final 3 trials
of eash set of 5 for each position-control combimatiom, Approximately 2
minutes elapsed between the runs from any particular starting position;
spproximately 5 mimutes were allowed between the final trial from one position
and the first trial from the next position. During the intertrial interval
the experimenter reported results to the subject., After successful trials the

ter reported the elapsed time and the impect velocity of the subject's
vehicle on the target., After unsuccessful runs the experimenter reported
vhether the subject had overshot or undershot the target, and the distance by
vhich the target was missed,

During each trial the computer traced, on an x-y plotter not visible to

the subject, the path followed by the subjeoct's wehicle, After each trial the
ter recorded the velooity of impact of the vehicle upon the target,

the time required to effect the rendesvous, and the amount of fuel consumed
by the subject's vehicle. Runs were termimated if the subject pessed by the
target at such a distance or with such a velocity that the experimenter judged
that it would be improbable that the subject would be able to effect a successful
rendesvous.
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EM&J. Design

The subject's primary tesk, as emphasised in the imstructions, was to
intercept the target satellite. Secondarily, he was to try to conserve both
fuel and time vhile achieving the remdesvous, and land on the target [
low velocity. The imterceptiom data were recorded as a sucoess-failure
dichotomy for each data run, With the inclusion of eriterion &ta from a sixth
subject, & Wilooxon Matched-Fairs Signed-Ranks test oould be cenducted te
deternine vhether the two contxol systems in the study differed significantly
from each other in permitting the subjects to land on the target. Data from
the sixth subject were used in the Wilooxom test only, and have been neither
used nor reported in any other part of this repert.

Target interception data from the five prinsipal simulator pilots were
subjected to a Friedman two-wvay analysis of variance to determine vhether the

degres of interception success is dependent upon the starting point of the
rendesvous,

Impact velocity, elapsed time, and fuel consumption data are presented
graphically, as are the results of ocombining time and fuel data.

The 95 per ceat confidence level wvas selected for conducting tests of
signifiocanee on the data.

&
2
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III. RESULTS

After the training period, all subjects were able to remdesvous with the
target satellite using either the piteb=-thrust or the orthogonal-thrust
control system., The subjects did not, however, attain equal degrees of success
with the two systems, Each subject piloted three data trials or runs from
each of four different starting points with e ach control system. The six
subjects wvho contrituted data to the first part of the analysis, therefore,
provided data from 72 trials with each control system, Of the 72 trials with
the pitch-thrust system, 46 resulted in rendesvous with, or impact on, the
target. With the orthogonal-thrust system, the subjects were able to
intercept the target on all 72 trials. The orthogonal-thrust system thus
yielded 100 per cent hits or sucoesses while the subjects were able to achieve
rendesvous only 6, per cent of the time with the pitch~thrust system. The
Wilooxon Matched-Pairs Signed-Ranks test applied to the data permits us to
conclude that a significant difference exists between the two systems compared
on the oriterion of frequency of hits attained with each, Details of the
Wilooxon test are shown in Table 1,

~ TABIE 1
Source N T P
Control Systems 6 0 05

If the data contributed by the sixth subject are removed from consideratiom,
the suecess of the five military pilot subjects wvith the two systems may be
oonsidered. Sush prosedures show that the Air Force subjects achieved impest
vith the target 100 per cent of the time when using the orthogomal-thrust
system but only 58 per cent of the time with the pitch-thrust eontrols. Raw
data for the five Air Foroe subjects are presented & Appendix III,

Since the subjects achieved a perfect rendezvous record with the orthogonal-
thrust system, the starting point of a trial evidently hed no influence on the
‘subject's ability to intercept the target while using the orthegonal controls,
Successes vith the pitch-thrust system were not, however, evenly divided between
starting points. Figure 7 shows the relative mmber of hits scored from each
starting position with each control system. The reader should note that the
spproach angle and initial range are completely confounded in the present
design. Hereinafter, the starting points shall be referred to by the range
associated with each,
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Figure 7

"elative Success of Rendezvous

Using the pitch-thrust system the five subjects achieved rendesvous on
80 per cent, 60 per cent, 47 per cent, and 47 per cent of the trials from,
respectively, the 2000-, 4000, 6000-, and 8000-foot starting positions.
These relstive success data for the piteh-thrust system wers subjected to &
Freidman Two-Way Analysis of Variance by Ranks., Im spite of the differences
in the data, the Friedman test failed to inmdicate the existence of a statisti-
cally significant difference between the different starting positions.

Interception of the target satellite was the subject's primary task, but
oconsideration was also given to secondary oriteria of success, The subjects
were instructed to fly the rendesvous mansuvers in such a way that their
velocity at the moment of impact with the target satellite was as low as
possible., The subjects were told that terminal velocities below 10 feet per
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seoond were desired. A comparison of data for the two control systems reveals
that the crthogonal-thrust system ylelded a lower landing veloecity than did the
piteh-thrust system. The mean impact velocity for the 60 successful trials
vith the orthogonal-thrust controls wes 4.6l feet per second. The average
terminal velocity for the 35 successful runs with the pitch-thrust controls

was 7.86 feet per second, The impact velocity ranges for the two systems

were 12,75 and 24,50 feet per second, respectively,

The mean impact velocity data for runs from each position with each
oontrol system are plotted in Figure 8, Average terminal velocities for the
different starting positions with the orth ~thrust system wers, in order
of increasing range of the starting point, 6.65, 3.82, 4.57 and 3.42 feet per
second, Impact rates, in the same order for the pitch-thrust system were 5.19,
9.00, 6,21 and 12,64, feet per second.

12r

[T ORTHOGONAL THRUST
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Figure 8
Velocities of Impact upon the Target Satellite
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Another secondary oriterion of rendesvous success was speed of inter-
ception, The subjects were instructed to accomplish the interception of the
target satellite as rapidly as possible consistent with the other oriteria,
Total time to rendesvous wes recorded for all suscessful trials. However,
since rendesvous range varied, total time to impact was, for all trials,
divided by range to maike comparisons meaningful, The resulting measure was
seconds per foot; high soores indicating relatively long rendesvous times
and low scores indicating relatively rapid runs, The mean time score for the
60~orthogonal thrust trials was 0,045 seconds per foot. The msan time score
for the 35 successful pitch-thrust rums wes 0,070 seconds per foot. Thus, the
orthogonal-thrust rendesvous runs were made im less time than the pitch-thrust
runs, The time scores ranged from 0,024 to 0,085 seconds per foot with the
orthogonal-thrust controls, and from 0,038 to 0.140 seconds per foot for the
successful runs vith the pitch-thrust controls.

Mean time scores vith the orthogonal-thrust system for trials from each
starting position were, in order of increasing range of the initial position,
0.059, 0.044, 0,035, and 0.04{1 seconds per foot. Time scores for the suscessful
pitche-thrust system trials, given in the same order, were 0,106, 0,070, 0.055,
and 0,047 seconds per foot. These data, converted to average velocity in feet
per second, are plotted im Figure 9.

The amount of fuel consumed during each rendesvous attempt was recorded by
the experimenter at the end of each successful trial, Subjects had been
instructed to try to conserve fuel by maintaining moderate interception veloci-
ties and by carefully plamning all course corrections, Since fuel consumption,
as well as rendesvous time, oould be a funstion of initial range under the
conlitions of the experiment, fuel consumption for each successful trial was
divided by range to make comparisons between initial conditions more meaningful,
The resulting data were expressed in terms of fuel units expended per foot of
initial range; a low fuel score, therefore, indicates good fuel management,
and a high fuel socore suggests the expenditure of relatively large amounts of
fuel, Since no specific fusl was assumed, fuel units are unlabeled. If a
specific impulse value is assumed, fuel units could be converted to pounds,

The mean fuel soore for the 60 successful orthogonal-thrust trials was
0.00435 units per foot., The 35 successful pitch-thrust trials were flown
vith an average fuel score of 0,0050 units per foot, indicating slightly
poorer fuel ecomomy than that achieved with the orthogonal-thrust control system.
Ranges of fusl scores om individual successful trials were 0.0023 to 0,0128
units per feot and 0,0016 to 0,0215 units per foot for the orthogonal-thrust
and pitch-thrust systems, respeotively.
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Orthogonal~thrust system mean fuel scores for trials from each initial
position were, in order of increasing range, 0,0058, 0.0045, 0.0034, and
0.0037 units per foot. Fuel consumption scores on the successful rmmns with the
pitoh~thrust controls were, in the same order, 0.0099, 0.0039, 0,0038, and
0.002, units per second, The fuel consumption data, converted to feet of
initial distance oclosed per unit of fuel consumed, are presented in Figure 10.

Though the subjects were instructed both to fly the rendesvous mansuver
in a short time and also to rendesvous with a small expenditure of fusl, the
investigator realised that each subject had to reach some compromise between
fuel economy and time esonomy. To some extent the two requirements were
inoocmpatidle, The rendezvous could be acoomplished quickly if it were done
vith acouracy and a highrate of speed; but high speeds required large
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expenditures of fuel, Fuel consumption could be minimised by maneuvering
accurately and by maintaining low speeds; but low speeds necessarily resulted
in large time costs. In order to take both time and fuel factors into account
vhen making data comparisons, the two ocriterion measures wers combined, The
resulting measure was the product of feet per second and feet per unit of fuel,
or range squared divided by the product of time and fuel. This combined
measure, vhich is indicative of the economy of both fuel and time, was called
the index of operating efficiency. A high index indicates economy of operation;
a lov index imiicates relative inefficisncy.

The mean index of operating efficiency for the 60 trials with the orthogonal-
thrust system was 5760; the index yielded by the 35 successful, pitch-thrust

19
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trials was 4458, Indices of individual orthogonal~thrust trials ranged from
1348 to 13514, The range of indices for the successful pitch-thrust trials

was 332 to 10526, Operating efficiensy means for the orthogonal-thrust system,
in order of increasing range of the starting point, were 2950, 5000, 8333, and
6757. Mean indices of operating efficiency of the pitch-thrust system, in the
same order, were 875, 3597, 4587, md 8772, These data are plotted in Figure 11,
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IV, DISCUSSION

Any oonclusions drawn from the results of this study must take into
acoount the limitations of the study. The apparatus presented an imperfect
simlation of coplanar orbital reniesvous. The simulation was imperfect to the
extont that the display included neither earth horison nor star field; in
addition, the imege of the target satellite was obviously an oscilloscope display
rather than an optical view of & space vehicle, The simulator was of the fixed-
base variety which provides no sensory motion cues other than the visual cues
of the display, Furthermore,a larger subjeot population would have been
desirable,

Within the limitations of the experiment, it may be concluded that the
orthogonal-thrust control system, vhish provided both vertical and fore-aft
thrust capability, was superior to the pitch-thrust system, which offered fore-
aft thrust and pitech ocontrol. The Wilcoxon-test rasults permit this conclusion,
and the seconiary criteria results support it, MNot only did subjects rendesvous
on 100 per cent of the orthogonal-thrust trials as opposed to 58 per cent of the
pitch-thrust trials, but the use of the orthogonal-thrust system resulted in
lover landing velocities, less time expenditure, and lower fuel consumption.

In addition to the support lent to the orthogonal system by the objective data,
the subjects reported unanimous preference for that system, Additional discussion
is included in Appendix II,

The subjects aschieved 100 per cent rendezvous success vith the orthogonal-
thrust system; the degree of success of interception was entirely independent
of the starting position of the subject's vehicle relative to the target satel-
lite. The Friedman test indicates that, in this experiment, rendeswvous capa-
bility was also independent of starting position with the pitch-thrust system.
A more sensitive experimental design might reveal differences in degree of
rendezvous success attributable to differences of initial range, approach angle,
or interceptor orientation. Such a conclusion is supported by the data presented
in Figure 7. Target interception vith the pitch-thrust system wes 80 per cent
successful vhen subjects started from the 2000-foot point, but only 47 per cemt
successful from the 6000~ and 8000-foot starting points. There appears to be
a definite trend suggesting that sucscessful rendesvous becomes less certain as
range increases vhen subjects are using the pitch-thrust controls, \hen rendes-
vous from different initial positions are compared on the basis of impect
velocity, time requirements, and fuel consumption, positional differences again
sppear to exist, Future expsriments could be designed specifically to test for
the existence of such differences.

Mean impact velocities with the orthogonal-thrust and pitch-thrust systems
were 4,61 aml 7.36 feet per secomd, respectively. Both means are below the 10
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fest per second figure suggested to the subjects, and both are certainly low
enough to be absorbed safely by a human landing on his feet or protected against
shock, The orthogonal-system landing peeds might have been even lower than they
were if the subjects had had less confidence of succeeding while using that
system, Some subjects appeared to be so confident that they could intercept

the target with the orthogonal system that they used less caution im

course corrections or in programmiag deceleratiom thrusts than they did with

the pitch-thrust system, With the piteh-thrust system, there again appeared

to be a deterioratiom of performance as range imoreases.

The fact that interceptioms were generally made im shorter time with the
orthogonal~thrust system than wvith the pitch-thrust system was probably also
due, in part, to the subject's greater confidence in their ability to ashieve
rendesvous with the former system. The subjects' confidence appareatly resulted
in their programming higher speeds from sach starting position vhen using
orthogonal thrust than vhen using piteh-thrust controls. In general, the
temporal efficiency of rendesvous increases vith imoreasing range of the
starting point from the target,

A similar trend of efficiency is suggested by the fuel consumption data
plotted in Pigure 10, For both control systems there appears to be an inorease
in effielienay of fuel expenditure as range increases, Slightly better fuel
oonsumption records were made with the orthogonal-thrust system, but the
di{toroncu vere relatively small compared to the differences measured by other
criteria,

In vievw of the efficiency trends suggested by the time and fuel records,
such trends should also be reflected in the index of operating efficiemcy data
vhich was developed from the time and fuel scores, Such is the case. The
higher efficiency of operation attained on the long range trials is most
striking in the data for the pitch-thrust system. However, only successful
trials contribtuted data to the means plotted in Pigure 11, amd fewer susocessful
runs were flown from the distant starting positions. The average efficiensy

of operatiom was again higher for the orthogonal-thrust system then for the
pitoh=thrust system.

I: m gmat mbﬂ;n lt:.ntttim of the s'mulation, evidence has been
presen ests ean succes h short 1anar-
ordbital transfers to a target satellite, Mm mmm can i.".’.’a.
repeatedly and reliably even with minimm display axd ocomtrol oquipment, if both
vertical and fore-aft thrust are provided by the pilot's control system, Fisally,
impressions gained during this experiment strongly support the use of treining
similators. Situstion understanding and rendesvous technique can be strengthened
intensely through training with realistic simulators.
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APPENDIX I

CRBITAL RENDEZVOUS STUDY INSTRUCTIONS

This study is ome of a series of studies designed to investigate human
performance in piloting a small orbiting space vehicle to a landing on a large
nanned satellite. In these studles you, the pilot, will have no tasks other
than that of making a soft landing om a target spot om the side of the satellite,
Ve are trying to find out hov well people can de this job with only very simple
oontrols and displays.

In this particular experiment your ship is orbiting the earth in the same
plane (not necessarily the same altitude) as the target satellite but you may
be above or below, shead of or behind your destination, or some combination of
these, Your starting position will be within 2 miles of the satellite; you will
have essentially no motion relative to your target and you will alvays face the
target at the beginning of the run, Your vehicle is inertially stadbilised
about all thres axes but you will have sufficient ocontrol over your ship to
rendesvous successfully.

Your task in this study is a rather difficult one since, owing to the
nature of ordbital mechanics, your flight path will not always correapond to
your line of sight, With practice, however, the task can be performed very
reliably., There are, in fact, several different ways of successfully making
the transfer to the target., We will illustrates the methods we want you to use,
Your display will oonsist of an oscilloscope mounted in front of you, The face
of the oscilloscope represents an optical window in your vehicle. This window
pernmits a total viewing angle of about 28 degrees in the vertical direction,
The target satellite is seen in the center of the screen. The outer circle of
the target represents the satellite's 150-foot diameter; the small spot in the
ocenter of the ocircle represents a 4{=-foot diameter landing spot om vhich you
wvill try to land.

Your only clue to your distance from the target is the tarzet's size in
the wvindow, as you approach, the target and the landing spot will appear to
grov larger, but the landing spot will not appear to grow larger until you are
within 375 feet of the target. When you have travelled half the distance from
your starting point to the satellite, the target will have grown to twice its
original sise. Your oue to your lime of sight (the direetion you are fasing
relative to the satellite) is the displacement of the target from the center
of your window, If the target is above the center of the window, you are
pointed below the target; if the target is below the center of the window,
your line of sight is above the target.
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In each part of this study we would like you to land on the satellite
at a lovw velooity using ss little time and fuel as possible; however, in view
of the serious consequences of missing the target, your primary task will be
to land on the satellite as near the target spot as possible, regardless of
fuel, time, or velooity.

PITCB-THRUST SYSTEM INSTRUCTIORS

You have two control sticks in fromt of you, the left stick controls
forvard and reverse thrust, thrust alwvays acts along your line of sight, that
is, toward the center of your window. Push the left stick forward and you will
accelerate towvard the center of the screen until you release the stick. When
you release the sick, you will ocoast forward until you reverse the thrust by
pulling back on the stick. This stick is a proportional control. A stick
displacement of approximately 1 inch will yield an acceleration of 1 foot per
second per second. A full displacement of the stick from its center position
will result in an acceleration of 3 feet per second per second. For example,
if the stick is held at the extrems forward position for 10 seconds, you will
have reached a velocity of 30 feet per second.

The right-hand stick ocontrols the pitch angle of the wehicle., With this
stick you can change your line of sight and therefore, your lins of thrust as
vell, That is, if you have applied thrust along your original line of sight
and you then change your line of sight, by adjusting the right-hanmd stick, and
finally apply thrust along your new line of sight, your resultant velocity will
be the vector sum of your original thrust and the added thrust along the new
line of sight., If you push the right hand stick forward, the vehicle will
pitch down (or forward) at rates up to 3 degrees per second (full forwerd on
control) and will continue to pitch until the stick 1s released. Now you will
remain stabilized in the new position, When you pitch down the satellite
image will move upward in the window, If the pitch stick is pulled bask you
will pitech up (or back) at rates up to 3 degrees per second. When the stiock
18 released you will be stabilised in the new position. Whem you pitch up your
target image will move dowrvard in the window, One inch on the screen represents
two and one-half degrees of angle. You must remember that in a spece vehicle
merely changing your pitch angle will not change the direction in which you are
travelling, To change your direction of travel you must pitch to some desired
angle and apply thrust with the left hand stick,
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CRTHOGONAL-THRUST SYSTEM INSTRUCTIORS

You have two control sticks in front of you. The left stick controls
forward and reverse thrust. Thrust always acts along your lime of sight, that
is, towvard the center of your window, Push the left stick forward and you will
accelerate tovard the center of your screen until you release the stick. When
you release the stick, you will coast forward umtil you reverse the thrust by
pulling back the stick, This stick is a proportional ocontrol. A stick displace-
ment of approximately 1 inch will yleld an acceleration of 1 foot per second
per sscond, A full displecement of the stick from its center position will
result in an acceleration of 3 feet per second per second, For example, i?
the stick is held fully forward for 10 seconds, you will have reached a velooity
of 30 feet per second.

The right hand stiek oontrols vertical or up-end-down thrust of yowr
wvehicle, With this stick you can move above or below your original line of
sight, If you pull the stick back or down, you will move downwerd and the
target will therefore move upward in your window., If you push the stick
forward or up, you will move upward and comsequ » the target will move
downvard in youwr vindow., If you have pushed the gick forward to move upwvard
and have then released the stick, you will ocontinue to coest upward umtil
you reverse the thrust by pulling back
proportional control yielding accelerations from 1 foot per second per s
to 3 feet per second per secomd. One inch on the screem represents 2§ degrees
of visual angle,
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APPEDIX II
SPECULATIONS ABOUT RENDEZVOUS TECHNIQUE

The foregoing report describeg the results of an experimert designed to
investigate human ability to perfora short coplanar orbital transfers with two
different types of control systems. The formal experiment was preceded by a
lengthy period of investigation of orbital situations, control parsmeters, end
rendesvous flight techniques. The preexperiment period wes an invaluable
learning perlod fer the experimenter. The most imteresting and perhaps most
valuable sestions were devoted to exploring different methods of flying the
rendesvous.

The orthogonal-thrust system afforded relatively little opportunity for
trying different flight techniques; rendesvous wes accomplished relatively
simply with the orthogonal system., Forwerd thrust was applied first to accel-
erate the pilot toward the target satellite, As the pilot's vehicle approached
the target, sufficient reverse thrust was applied so that impact velocity was
on the order of 4 feet per second, Correstions vertical to the line-of-sight
flight path vere made continuously. Traces 1 - 12 in Figure 12 are exsmples of
one subjeot's rendesvous trials with the orthogomal-thrust control system. The
normal rendesvous technique could be varied slightly by varying the time between
vertical (up-down) ecourse corrections. A further variation could be made by

a relatively large vertical thrust shortly after applying forward

thrust, Such vertical thrust would, at first, move the pilot away from his
line of sight ocourse, But the mechanics of the orbital situation would eventually
cause him to drift bask towerd his original lime of sight if the applied thrust
had been of approximately the appropriate megnitude. The subjects in the experi-~
ment did not deviate significantly from the use of the first method mentioned
above.

The pitch-thrust control system was invariably characterized by wide
variations of rendesvous technique, In theory a two-impulse rendesvous may be

flown vith the piteh-thrust system by accelerating at some angle to the original
pilot-target line-of-sight, coasting toward the target, and applying reverse
thrust before impact to decelerate to an acoeptable landing velocity. In
practice the subjects could seldom acoomplish this minimm fuel maneuver, becsuse
of the primitive nature of their display information. To perform the two

impulse maneuver successfully, the pilot mnst apply precise amounts of thrust

in exactly appropriate directions. Figure 13 illustrates the flight paths
resulting from nime different attitude-thrust combinations in a case vhere the
pllot's wvehicle is 4000 feet shead of the target satellite and at the same
altitude. The pmucity of information supplied by the pilot's display in this
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study almost precluded his being able to make ascurate juigments about levels

of thrust and angles of firing. Any additional displsy information would
probably have helped the subjects. The subjects suggested that information

about vehicle sttitude or velooity vector direction would have been most

helpful, Velosity, range, and range-rate displays would probably also have
helped the subjects to improve their performance. The difficulty of making
accurate judgments became apparent during the deceleratiom phase of the
rendesvous. The subjects' initial choices of angles and levels of thrust were
generally fairly suitable for the rendesvous situation presented., Additionally,
small insocuracies of ssceleration progrsaming could be compensated for by
appropriate deceleration mansuvering. If a subject made an error in decelerating,
however, he generally passed by the target before be oould make course corrections
to compensate for his error, Traces 13 - 24 in Figure 12 are examples of ome
subject's rendesvous trials with the pitch thrust system. Traces 13, 21, and 23
are typical of the results achieved in trisls vhere large terminal corrections

n



AMRL-TDR-62~138

were attempted, Trace 14 i1s an unusally successful terminal course correction.
Three different techniques were tried in attempts to reduce the problems of
accurate deceleration programming.

Since low rendesvous veloaities might allow more time for terminal oourse
corrections, trials were made with very low levels of initial thrust. These
trials were relatively unsucesssful, becauss while more time wvas available for
correstions, large attitude angle changes were required, and subjects' angle
juignents were poor for mgles greater than 15 degrees from the line of sight
(target no longer visible on soreen). Reduscing the magnitude of required
attitude changes by increasing the rendezvous velosity simply aggravated the
original problem of the imsufficiency of time available for terminal course
changes. The rendesvous technique that finally evolved from the preexperiment
investigation required that the subject select a pitch attitude angle that he
felt would be appropriate for the orbital situation presented. The subject
applied forward thrust at the chosen angle, and then observed the target as he
coasted towvard it., As soon as the subject felt that he should make a sourse
correction, he decelerated to remove as much of his initial velocity as possible,
and then selected a nev firing angle and once more applied forwvard thrust, This
method of successive corrections did not take maximm advantage of the piteh-
thrust system's capability for making minimm fuel remdesvous, but it seemed to
produce the most reliable results, Most subjects used some minor variatioms of
this last method,

The capacity of the pitch-thrust system to permit minimm fuel rendesvous,
and the tendency of the subjects to at least approximate the ideal two-impulse
rendesvous maneuver explains the relatively high efficiency of the pitch~thrust
systen for rendesvous from initial positions that were distant from the target.
In the 8000-foot rendesvous, subjects coasted for about 6000 feet without using
fuel when operating with the piteh~thrust system. Conversely, om the 8000-foot
maneuver, subjects using the orthogonal-thrust system were making vertical
course corrections, and thereby using fuel , during their entire flight., Even
vhen the efficiency of an umsuccessful rendesvous attempt is evaluated as sero,
the 8000 foot pitch-thrust runs ocompare quite favorably with the orthogomal-
thrust trials becsuse of the difference between the two systems im their
requirements for constant course corrections (figure 14).

Two simple hypotheses can be formulated about fuel consumption in rendes-
vous, All factors associated with each starting point that can effect fuel -
consunption are againm disregarded except for imitial range. Them fuel comgump~-
tion can be hypothesised to be either directly proportiomal to imitial range,
or independent of range. The first hypothesis, in effect, states that the
fuel expended in providing the initial asceleration and final deceleration is
negligible compared to the fuel consumed in making course correctioms, and



ARL-TIR~62-138

10000~
ORTHOGONAL THRUST [ ]
> PITCH THRUST s
(3]
& sooo}- (]
Q
W
w
w r—
2 6000
-
g -
3
'6' 4000y —
x
-]
2
| a
o 3655 %aa—ézb——-a@ %

STARTING POINT

e 14
Urcorrected Operating Zificioncies of the Two fontrol Srstems

that the mmber or magnitude of course corrections are directly proportiopal
to the initial range. The second hypothesis suggests that course correction
fuel consumption is negligible compared to imitial and final thrust fuel
oconsumption, and that the fuel comsumed im initial and finmal thrusts is
indeperdent of initial range. The first hypothesis was one prediction of the
behavior of subjects using the orthogonal-thrust control system. The secomd
hypothesis was a predictiom of fuel comsumptiom for piteh-thrust system trials
with subjects successfully ascomplishing two-impulse rendesvous vhile holding
speed comstant and permitting rendesvous time to vary with imitial range. If
the fuel oconsumption during the 2000-foot trials is comsidered to be a base-
live, H, in Figures 15 and 16 imdicates the fuel that should be consumed
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during rendesvous from different ranges if fuel tion is directly
proportional to initial range, H, in Figures 15 aad indicates the expected
relation between fuel consumption and initial range if the two variables are
independent of each other, Figures 15 and 16 respectively also present the
quantities of fuel actually consumed during successful rendesvous trials from
starting point for the orthogonal-thrust and pitch-thrust systems,
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Fuel Consumption of the Orthogonal-Thrust Control System

The fuel astually consumed in the simulator trials with the orthogonal-
thrust system (Fig. 15) 1lies below the directly proportiomal predictica (8),
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suggesting that either the fuel consumed in eeurse cerrections was less than

onal to range, or initial ascelsration and final deceleration ascounted
for a significant portion of the fuel comsumed; both explanations may be ccrrect,
The fuel consumption data for the simmlated piteh-thrust cemtrol trials (Fig 16)
cluster along the lime predicting independence of range and fuel censumption
(B,). In suscessful rendesvous trials, then, pllots apparently were able teo
approximate the minimm fusl, two-impulse maneuver,
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The fuel economy of the piteh-thrust system and the relisbility of the
orthogonal-thrust system may be realised in a control system that combines the
ospabilities of pitch control and orthogonal-thrust axes. Such a oomtrol
system would retain the two-impulse rendesvous capecity of the piteh-thrust
system and would also permit acourate terminal maneuvers. The combined
system, however, would necessarily be more complex and more massive than either
of the two original ocontrol systems.

Accuracy and reliability of rendesvous must remain the primery criteria
for the evaluation of the rendesvous oomtrol system, Anticipated frequeney
of use could dictate whether the orthogomal thrust or the combined oomtrol
system would be the more economical orbital remdesvous control system.
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