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ABSTRACT

Hunm performanoe vws measured ln a simulated short-range, ooplanax-
orbital rendevou task. ebittal onditions and vehicle dynmi@os were
programmed am em analog .cqipmtLr. Two systems of vehicle control an me
systet of InformatIo display vere .mestigated. Performace criteria
Imluded Impact ,e2ocityp foul ocmmptios, mad transfer time required.
Coqmaisoms wer. mnde between omtrol systems and between Initial acditioms.

ubjeotts' performanoe wvs better with an orthogonal-a•xe, thrust-control
system than with a pitch attitude and one-a•is thrust-control system. The
simulated direot-vision target display was found to be mrginaflly aooeptable.
Suqgstioms about control systems ad rendesvous techniqu are rinol•led in
the report.

PUUMLICAOI RZITID

This technical documentary report has been reisyeved and is appuovd.

WALTER F. QITEUM
Technical Director
Behavioral Seineus laboratory
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mIMEN PgRW AEE IN A SDWJM3
0'! 9MRBTAL MANI"

I. IJRRODUTION

Three readily dsoeraable differences eziat between the flight character-
istics of atmapheric vehicles and thoee of space vebiclee orbiting a
planetary mass. These differemoee, due both to the lack of air resistance in
spaoe and to the effects of a vehiol ts orbital notion, nW be stated briefly
as follows

(1) Spece vehicle rotationand atranslation actions mn be mnde
Independently of each other. A space vehicle mW rotate about am of its
mm without effecting its velocity or It sa translate alcg as' aids
without prior rotation anu without effecting its attitude.

(2) An orbiting space vehicle vi mintin its orbital notion
without the application of = thrust. Sub a vehiele wini rumui In its
original orbit untA power is applied. After thrust In applied, the vehiele
will travel la an altered orbit or will interept or emeape the body it oms
orbiting.

(3) •eh flight path resulting from the application of thrust to an
orbiting vehicle wll9 when viewed fom that vehicle, appear to be crd
rather than a atraight line.

Thee, amd other less Iportant differences, make the tasks of atmopheric
and space flight si4gniian different from eah other. The two tomb we
sufficiently different to have proepted a great deal of research exploring
pilot performance in sluated space flights. Tho aspect of performance
that has been the focsm of nut laboratory investigation is the question of
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human capaoity to acomaplish rendeosv with an earth orbiting vehicle.
Interest in orbital reandevous Is stlmated b, anticipation that this
nation's space program vl require razdesmovo capability in future
space vehicles.

There appears to be a growing asoeptance of the conoept that a buan
,pilot can ooutribute reliability to the total misaion and precisiom to the
terminal phases of the renIeavous mnvero To the extent that the human
operator cam indeed function effectively as a oontroller or a data pwoessor,
he can replace electro mechanical equipment. To the eatent that be can
replace such equipmentp he cm reduee booster woigt ad cost and contribute
to the overal reliability of the missio.n To explre the pem ibility of
attalni these goals, ranMesvou imilaetIon sties have been made to
define hsman redesvcu eapabilities with varied initial condition• ad with
varied displqu aM controls provided for the operator.

Jv and Ward (ref. 3) eonsluded that a h operator was a highl
capable elemt of a rendezvous system . In a coplana reuivomin task
these authors provided the subject with InfMation that nel2ded an
oscilloscope display of the positions of both the pilot's vehile and his
target. Controls provided for forward and reverse, ad upward aM ndoward
thrust. Lavin ad Ward foud that their subjects eeuld perform terminal
rendezvous ummeuvers with great precision.

Freemen (ref. 2) sing a simulator with dislys similar to lowLs ad
Ward en ad controls supplemented by pitch oapabiitys, foud that subjects'
ability to radesvous was highly dependent upon tratning.and set. A
mbe of ftem tn's subjects fond the readoma- task so difficult that
they *appeared somewhat irritated with lack of aamntd re•queted
that they be permitted to terminate the ep mnt

In a 6 degree of freedom aimulator that prov1ded attitude cantrcle aad
forward thrust, hisseden, at al (ref. 1) abdmed esiloee ampe dispis
in favor of an an dialed istrument display penl., Results of the study
iWicated that human pilots oeuld aoeomplish re'desvou N-eessfl md.
relatively adverse eonditims If adequate displaps aMd eontols were
provided.

In one section of their study Wolovios, Drias and Vidon (rae. 4) wed
a direct-vtsual-observatien presentation of the ramesvm target. They
found that the display was adequate for rendezvows, pewilulrly if
supplemented by range rate Warmation.

Te variety of apparatu cenfiguratione ad at ezpe intal methods
roeesented In available redevonm reports Is Idicative of the relative
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nmaness of such research and of the large number of pertinemt questions

that remain uanswvered.

DgMoes of the td

The purpose of the present study was to determine whether a humn pilot
could uocessful• y aacoplish abort coplanar transfere between orbiting
vehicles if he were provided with only minimal display and control equipment.
For this rendezvous simlation smperiment the investigator assured that the
total weight of the pilot, his transfer vehiclep and his life support system
was 250 pounds. Under this assumption the pilot's vehicle can be nothing
nor couplex then a gyrosoopic stabilisation unit and an individual pro-
pulsion unit* The Investigator assumed that the pilot would receive no
more displ3A information then he could obtain by visual observation of the
target satellite. Vohicles or propulsion unite of this nature are being
proposed for mse by personnel tranmfering between earth orbiting vehicles
and by persomel performing maintenance or assembly tasks.

The subject. in the experiment were provided with two different types
of stiulated propulsion oontrol systems. One purpose of the a tudy was the
comparison of the influence of the two system upon human rendesvous cape-
bility. The experimenter hoped that aome data might also be obtained that
would indicate whether rendesvo range,, relative orbital position, or
initial vehicle attitude had any effects an the pilot's ability to couplets
successful interception of hi. target.

The current experiment was also designed to provide the experimenter with
experience and Insight into the pilot problens of orbital rendezvou, to
facilitate future investigations.

The pitch ad thrust values of the similated control system were based
on the control parameters of research equipment tested on sero-gravity
aircraft flights.

3
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II, MI'D

The orbital ramidovoe simulator used in the a tUdy omlated of displeasp
ontrols, ad analog oomuter equIpnute. The osompets erea wranged in
the noral closed-loop slmlator patteon (fig. 1) with the subject Included
a part of the simulation loop.

I D IS P L A Y 
S U B • J E C T 

IO D H A O

Figure 1
Simulator mop

DI~pIM

Mw target satellite with iAich the subjects w required to randenvos
was rejlesewted on the face of n ooilloeope, The oscilloscope was a
17-Imnh MT Model 1735D, The target satellite was re eented bF a pair of

noeanttloe circles. The outer circle simulated the extreme dmaimsms of
a 150-foot diameter spherical satellite. toe Imer circle represestd a
lauing spot or dock centered cc the surfsem of the target. The simulated
landig spot we 4-feet, In dimmete. Yrom the subjsects' I moml viewing
distance of 24 Inohes9 the oecillosoope circles eubtended the mom angles
thAat n actual 1506-foot satellite would subtend wben viewed from the range

4



simlated In the a tudy. The full seremn of the oscilloscope subtnded a
vertioal vieling angle of 28 degrees.

The 28-degree angle was thought to be fairly representative of the field
of view provided by a perispe In a manll rendezvous vehiele. Swun the
rectane uar coordiate grid with IA4.nsh graduations nm the faee of the
oecillosoepe eou3d be duplicated on a vehicle periscope. The target displa
im an inilde-out (fly-to) dimpay with the moving element in the displap
represeeting the target rather than the operator; L. s.9 as the subject
pitched or thrusted his vehicle dewuvard the targetnoe upward In the
displaW as the subject pitched or thrusted his vehicle upvard the target
noved dovmrd on the scree a the subject's vehicle approached the
target the circles gew In diomtep approprate to the emtent to Which the
subject had closed vith the target. Since the study treated only rendezvou
with the target and the vehicle In oml• orbita, on3l fore and aft thrut
and vertical notion were required of the reneuvous vehicle. The analog
oemputer enabled the subjects to induce thoee mtions In their ualilated
vehicle.
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Controls

Both of the control systems investigated in the Atudy permitted the
subjeot to mumever his vehicle to a successful rendesvou with the target
satellite. The subject's vehicle was presmmed to be stabilised relative
to the local vertioal about the pitch, rollp and ya oezs.

One control system provided pitah and fore a aft thrust for the subject's
vehiole; the other system provided fore and aft thriust and upward mai downwd
thrust. The former system will hereinafter be referred to as the pitch-thrust
system, and the latter wiU be called the ortAogoual-tbzut system. Figure 2
illustrates the motion capabilities of the rendezvous vehicle under the two
control system.

TO TARGET

PITCH -THRUST
SYSTEM

ORTHOGONAL THRUST
SYSTEM

Figure 2
bottm Capabilities Provided by Two Control Syntem

IN beth sytem the subject operated two control sticks which provided
control nuts to his vehicle. Figures 3 and 4 Illustrate the positions of
the eestrals relative to the subject ad the diapls. In both systems the

6
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Subject Seated at Contro~ls - (Pitch-Thrust Systemn)

left han stick ontr•lled fore aMd aft thrust of the subjoct's vehicle. The
cotrol was a spring-loaded, reton-to-oontw, om-diuemsion control stick.
Mhe lever am of the stick w s L8uInhes lgg bad a total travel of 45 degrees
forward of cente ad an equal travel backward trnm cmnte. A force of 1 poad
was required to produce a stick =olvmnt of 15 degrees. In use,, as the subject
pished the left-baM stick forward he applied forward t•rust to his v"hicle;
as he pulled the stick baoknd from the ea'r position he applied revuse
thrust to hMs vehicle; applied thrust wva diretl3y proportional to stick
displacemnt a sheio in Figure 5. A ful d4sploanent (45 degrees) of the

7
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?IV'e .4
Subject Seated at Controls - (Orthogonal-Thrust System)

stick from Its center position resulted In a vehicle eceeleration of 3 feet
per second per secoed. For eszple, if the stick woee pulled fully backward
and held there for 5 seceeds vehicle veloolty would have been reduced by
15 feet per seonrd, if the stick were held at the etrtae, foead poestion
for 5 secodas, velocity would have been increased 15 feet per second.
Thrut alwqu acted along the legitudlnal aim of I subject's vehicle.
hftw a subject had qppied trust ad had released his thrust control stick,
his vehicle would eotinue to mve at a ntenat velocity in a trajectory
acted upon only by the ndhaniem of his orbit, until he opp~led r•verse thrust.
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Figure 5
Fore-Aft Accelerations Resultin. from Various Control-Stick Displacements

In the pitch-thrust sstem, the right-hand stick controlled vehicle
attitude. This stick wea nechanically the seme as the thrust stick. With
this stick the subject could contrel the pitch angle of his vehicle, and ainms
he could alter the attitude of his vehiclep he could control the direction In
Wbich thrust was ali, relative to the earth and the target satellite.

That is, the subject oould alter his vehicle's attitude an by applying thrust
along a no horizontal line of sight change his vehicle's altitude. If the
right stick w•re pahod forward, thq subject's "eile pitched down (or
forward), if the ALck were pulled beak, the vhicle would pitch up (or back).

ohe rate, of change of pitch angle wee propartional to stick displaoemmt,
with full islointproviding a pitch cheang of 3 degrees per seoond.
Thus, if the subject held the right haM conatrol ful2y back fork secods, his
vehicle would have pitcbed up 12 degrees. In the experimental situation this
seamm, of course, that the target satellite would have noved downward 12 degrees

9



on the display. When the pitch stick was released, the subjectfs rendezvous
vehicle was stabilized at its new attitude,

In the orthogonal-thrust system, the right-hand control stick controlled
vehicle altitule by providing upward or downward thrust. nhen the orthogonal-
thrust system was in use, the right hand stick could be rotated on its base to
the position shorn in Figure 4. The subject could increase his vehicle's
altitude by moving the s tick upvard end could mov* his vehicle domnward by
moving the control downward. Such thrust applied to the vehicle we reflected
by appropriate changes in the subject's display. Vertical acceleration was
proportional to stick displacement, with aezimm stick movement producing an

aiceleraticr, of 3 feet or secorn per second. After a subject had applied
vertical thrust and ý-ad relamed the control stick, his vehicle would continue
to miove vertically until the velocity attained was cancelled by a reverse thrust

ComPuter

Control inputs were fed into analog computor equipment. The computer was
progamend with the equations of orbital notion and produced the display and
display notion appropriate to the orbital motions of the vehicles and the
subject's control ilnpts. The omputer also produced the criteriom-inswe
outputs. The analog equipment used consisted of the standard 1-1 series
computer manufmatured by Electrsnic Associates, In. The coaqpoments Incluled
60 amplifters, 80 attenuators, 2 servo mailtiplierst 4 serv resolvers, 5 elec-
tronic multipliers, and 5 diode function generators.

Subjects

Five rated Air Force officers partilpated s subjects I& the data oollect-
in part of the study. A non pilot civilian served a an additJinal subject and
contributed data for one portion of the anal•yis as noted later.

Procedure

Subject. w•re required to pilot a sluaated interceptor vehiele to a
rezdeovmu with a target satellite In a coplanar orbit. Both the vehicle and
the target satellite oere In circular orbits appo.•nte2 lT 200-nautioal miles
above the eartf's surface. At the beginning of each trial th sbject's
vehicle had velocity relative to the target satellite approyiat* to the
orbital onu•itions for that trial.

Altho*u all of the subjects hod some appreciation of the nature of the
orbital-ridosvous task, an ectensive instruction program vas undertaAem with

10
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each mubject prior to the date-taking trials.

Each subject first read the *Orbital Rendosvous Study Instructions"
(Appendix I) vhich explained the general nature of the rendezvous task. Each
subject was then introduced to either the pitch-thrust or the orthogonal-thrust
control system, and read the instructions appropriate to that system (Appendix I),
The subject was seated at the subject's station (fig. 3 and 4) mnd observed the
display and familiarised hirnlf with the controls, Using the assigned control
systen, the subject then attepted to fly his vehiole to a rendezvous with the
target satellite. The computer web programed for a rendezvous trial with its
starting point at TI 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

SDI

ETI

L ~ORD"X MOTION

TO EAT REFRESENTATION OF"

BOY

Figure 6
Initial Fositions of Interceptor VWhicle and T-ar-et Satel•ite

11
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4aitial positions the pilot was upside down (simulated) relative to the e arth.
2e subjoet repeated runs from Ti using the assigned control system until he
completed twoosuecesive successful rendezvous. The criterion of success was
simply laMing or impact on the target. The subject was then Introduced to
the other contrel system and real the Instructions approiato to it. Ho then
was required to practice with the now system starting each trial from initial
point, Ti, until he completed two-sucessive successful runs, Then using the
two-control. system in the sme order, the subject had to roach the same
criterion of success with each system starting from point T2 as seen in Figure 6.
This completed the training session. During the entire training period, the
subject's questions were anwered and the experimenter continued to make
suggestions to imprve the subject's technique. The duration of the average
training poriod, hold the day before the data trials, was appracizately 6 hours.

Uprmnal Task

The task of the subjoet during the data gathering period vw to fly his
vehicle to a reondesvous with the target satellite. Bach subject maed five runs
with each control system from each of four different Initial positions. The
order in which starting points were assigned was randomised. The initial points
are identified as DI D2, D3, eand D4 Ia figure 6. The first two of each sot of
five run vere o idered orientation rs that served to familiarise the
subjoet with the peculiarities of flying a redezvous from that particular
initial position and orientation. Data were recorded on the final 3 trials
of each set of 5 for each position-oontrol combination. Approximately 2
minutes elapsed between the runs from ae particular starting position;
appr oimately 5 minutes were allowed between the final trial from one position
an the first trial from the next position. During the intertrial. interval
the e ienter reported results to the subject. After successful trials the
experimenter reported the elapsed time and the impact velocity of the subject's
vehicle on the target. After unsuccessful runs the sxperlmenter reported
whether the subject had overshot or undershot the target, and the distance by
which the target was missed.

During each trial the computer traced, on an z-y plotter not visible to
the subj•ct, the path folloved by the subject's vehicle. After each trial the
experimenter roooided the velocity of impact of the vehicle upon the target,
the time required to effect the rendenvous, and the mount of fuel consumed
by the subject's vehicle. Runs were terminated If the subject passed by the
target at such a distance or with such a velocIty that the experimater Judged
that it would be improbable that the subject would be able to effect a successful
rendesoouse

22
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The subjeot's prina7 takp as mpihosised In the instructionsp vas to
Intercept the target satellite* Soordaai2ylyp he va to try to oonezrve both
fuel amn tim vb*U achieving the remndevous amn land on the target with a
low velooity. The interoeptive data m recorded as a suooes-fallure
diohotom, for each data run. With the Inolusion of criterion &ta from a sixth
subject.. a Wiloomzm 14atohed-Iamirs Slgmd-ainka test could be oanduoted to
determine whether the two control system in the study differed signifiomnt~y
from each other in permitting the subjeot to land an the target. Data from
the sixth subject were used in the Wiloozam test only, and have been neither
used nor reported in sy other part of this report.

Target Interception data from the five principal simlator pilots vam
subjected to a Mrdeime W-ay analysis of variance to determine hoethe the
degree of interception success is dependent upon the starting point of the
reedeivous.

Impat veloolty, eloped time, and fuel ooneption data are presented
graphically, as are the results of combining time and fuel data.

The 95 per ost confidence level was selected for conducting tests of
significanse on the data.

1.3
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III. RESULTS

After the training period, all subjeets were able to readeo •us with the
target satellite using either the pitch-thrust or the orthogonal-thrust
control system. The subjeots did not, however, attain equal degrees of success
with the two systemns. Each subject piloted three data trials or ru from
eaoh of four different starting points with e ach eontrol system. The six
subjects %ho contributed data to the first part of the nalysis, therefore,
provided data from 72 trials with each control system. Of the 72 trials with
the pitch-thrust system, .46 resulted in readesvous 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 successes while the subjects vere able to achieve
renlezvous only 64 per cent of the tim vith the pitch-thrust syntem. The
Wiloozon Nktched-Pairs Signed-Ranks test applied to the data permits us to
oonclude that a significant difference exists between the two systems oaqred
on the criterion of frequency of hits attained with each. Details of the
Wiloemon test are shown in Table 1.

TABLE I

Source N T P

Control •tems 6 0 .05

If the data contributed by the sixth subject are reav from enideration,
the sueess of the five military pilot subjects with the two systems may be
oesidaered. Sweh proceduree show that the Air Force subjects achieved impact
with the target 100 per cent of the time when using the orthogonal-thrust
system but only 58 per cent of the time with the pitch-thaumt eontrols. Raw
data for the five Air Force subjects are presented In Appemdix 111.

Since the subjects achieved a perfect rendezvous record with the orthogonal-
thrust systea, the starting point of a trial evidently had no Influence on the
subject'. ability to Intercept the target while using the orthogonal controls.
Suceses with the pitch-thrust system were not, however, evenly divided between
starting points. Figure 7 show the relative nmber of hits soared from each
starting position with each control system. The reader should note that the
approach angle and initial range are eompletely oonfxouded In the present
design. Hereinafter, the starting points shall be referred to by the range
associated with each.

24
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10-I ORTHOGONAL THRUST

_7__ PITCH-THRUST

60-

V

a4 0

20-

80

2000 4000 6000 8000 2000 400 6000 6000
STARTING POSITION

Figure 7
"elative Success of' Rbmfezvois

Using the pitch-thrust apt..t the five subjects achieved rendeuvouis on
80 per oent, 60 per cents, 47 per cent, and 47 per sent of the trials fromp
respectively,, the 2000-, 4000-, 6000-, and 8000-foot starting positions,
Theme relative susscess data for the pitob-tbrust system, were subjected to a
Freidmnan Tiio-Way Analpisi of Variance by Ranks. In spite of the differences
In the datas, the Friedman test failed to Indicate the existenoc of a statisti-
isally significant difference between the different starting positions.

Intwereption of the target satellite was the subject's primary task, but
consideration was also given to secondary criteria of success. The subj ects
vwer Instructed to fly- the rendezvous maneuvers in such a way that their
velocity at the moment of Impact with the target satellite was as low as
possible. The subjects iner told that terminal velocities below 10 feet per

/1
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second were desired. A comparison of data for the two comtrel system reveals
that the orthogonal-thrust system yielded a lower lemding velocity than did the
piteh-thrust system. The man Impact velocity for the 60 successful trials
with the orthogonal-thrust controls was ,4.61 feet per second. The average
terminal velocity for the 35 succoesful run with the pitch-thrust controls
was 7.86 feet per second. The Impact velocity ranges for the two system
were 12.75 and 24.50 feet per secondp respectively.

The man Impact velocity data for runs from each position with each
control system are plotted in Figure 8. Average terminal velocities for the
different starting positions with the orthogonal-thrust "stem were, in order
of increasing range of the starting point, 6.65, 3.82, 4.57 end 3.U feet per
second. ipact rates, in the soei order for the pitch-thrust system were 5.19,
9.00, 6.21 and 12.64 feet per second.

12-

ORTHOGONAL THRUST

10- PITCH-THRUST

I.'

4-

2•

STARTING POSITION

Velocities of Impct upon the Target Satellite

16
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Another secoudary criterion of rendoevous success was speed of inter-
ception. The subjeot ware instructed to aoeeiplish the interception of the
target satellite as rapidly as possible conslAtnt with the other criteria.
Total time to reuzosvous was recorded for all succeesful trials. However,
since rendoevous range varied, total time to impact waso, for all trialas,
divided by range to mmke comparisons meaningful. The resulting measure was
seconds per foot; high scores indioating relatively long rendesvouw time.
and low scores indicating relatively rapid rns. The man tim smore for the
60-orthogonal thrust trials was 0.045 seconds per foot. The man time soore
for the 35 successful pitch-thrust rms was 0.070 seconds per foot. Thus, the
orthogenal-thnut rendoevow rn were made ia les time than the pitch-thrust
runs. The time moores ranged ftro 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 with the pitch-thrust controls.

M1an time scores with the orthogonal-thrust system for trials from each
starting position ,srep In order of increasing range of the Initial position,
0.059, 0.044, 0.035, and 0.%1. seconds per foot. Tim scores for the successful
pitch-thrust system trial., given In the same order, vere 0.106# 0.070, 0.0559
and 0.047 seconds per foot. These data, converted to average velocity in feet
per second, are plotted in Figure 9.

The mount of fuel consumed during each rendezvous attempt vas recorded by
the experimenter at the ead of each successful trial. SabjeeUt had been
instructed to try to conserve fuel by maintainin noderate interception veloci-
ties and by carefully planning all course corrections. Since fuel consumption,
as woll as rendezvous time, could be a fmnotion of initial range under the
oonditiom of the experiment, fuel consumption for each successful trial was
divided by range to make comarison between initial conditions more meaningful.
The resulting data were expressed in term of fuel units expended per foot of
initial range; a low fuel soore, thero•ore, indicates good fuel mwanament,
and a high fuel score suggests the expenditure of relatively large amounts of
fuel. Since no specific fuel was assumed, fuel units are unlabeled. If a
specific Impalse value Is assumed, fuel units could be converted to pounds.

The man fuel score for the 60 successful orthog•nal-thrust trials vas
0.00435 units per foot. The 35 successful pitch-thrust trials were flown
vith an average ful moore of 0.0050 units per foot, indicating slightly
poorer fuel economy than that achieved vith the orthogonal-thrust control system.
Ranges of fuel soeres n individual successful trials vere 0.0023 to 0.0128
units per foot and 0.0016 to 0.0215 units per foot for the orthogonal-thrust
and pitch-thrust systeme, respectively.
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Functional Velociti rzs of 71endezvous

Orthogonal-thrut 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 unite per foot. Fuel consumption scores on the gmuoessful runs with the
pitcb-thrust controls were, in the asm order, 0.0099, 0.0039, 0.0038, and
0.004 units per second. The fuel consumption datae, eonvaete to feet of
initial distance closed per unit of fuel consuaed, are presented In Figure 10.

Though the subjects were Instruoted both to fly the rendezvous maneuver
in a ahort time and also to rendezvous with a small ezpenditure of fuel, the
investigator realised that each subject had to reach some compromise between
fuel economy and time economy. To som= extent the two requfrnmente we
Incompatible. The rendevous could be acoomplished quickly if it we" done
with accuracy end a highmate of speed; but high spses required large
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expenditures of fuel. Fuel consumption could be midniised by maneuvering
aoourately sal by maintaining low speeds; but low speeds necessarily resulted
in large time costs. In order to take both time and fuel faotors into soaount
mhen making data comparisons, the two criterion measures were 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, which is indicative of the eoonomy of both fuel and time, was called
the index of operating efficiency. A high index indicates economy of operation;
a low index indicates relative inefficiency.

The mean index of operating efficiency for the 60 trials with the orthogonal-
thrust system was 5760j the index yielded by the 35 successful, pitch-thrust
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trials was 4458. Indices of individuau orthogonal-thrust trials ranged from
1348 to 13514. The range of indices for the sucoessful pitco-thrust trials
was 332 to 10526. OperatIng effiooeney means for the orthogonal-thrust system,
in order of increasing range of the starting point, were 2950, 5000, 8333, ad
6757. Yban indioes of operating efficiency of the pitch-thrust system, in the
amo order# were 875, 3597j, 4587, ad 8772. These data are plotted in Figure 11.
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IV. DISCUSSION

Any conclusions drmm from the results of this study mnst take into
account the limitations of the study. The apparatus presented an imperfect
simulation of coplanar orbital rendezvous. The simalation was Imperfect to the
extent that the displar Included neither earth horison nor star field; in
addition, the Imp of the target satellite was obviously an osoiflosoope display
rather than an optical view of a space vehicle. The simulator was of the fixed-
base variety which provides no sensory notion cues other than the visual cues
of the displAy. Furtherorea larger subject population would have been
desirable.

Within the limitations of the experiment, it may be concluded that the
orthogonal-thr~ut control syste, whieh provided both vertical and fore-aft
thrust capability, was superior to the pitch-thrust system, which offered fore-
aft thrust and pitch control. The Wiloozon-tast results permit this conclusion,
and the secondary criteria results support it. Not 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-thrmt system resulted In
lower landing velocitles, lees time qpediture, ad lower fuel oonsumption.
In addition to the support laut to the orthogonal system by the objective data,
the subjects reported unanimus preference for that system. Additional discussion
is included In Appendlx II.

The subjects achieved 100 per cent rendezvonus success with the orthogonal-
thrust syste,; 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 Mradmen test indicates that, in this expearment, rendezvous cap&-
bility wae also independent of starting position with the pitch-thrust system.
A more sensitivo p tal design might reveal diffeenoes in degree of
rendezvous success attributable to differences of initial range, approach angle#
or interceptor orientation. Suoh a conclusion is supported by the data presented
in Figure 7. Target interception with the pitch-thrust system was 80 per cant
successful when subjects started from the 2000-foot point, but oly• 47 per cast
successful from the 6000- and 8000-foot starting points. There appears to be
a definite trod suggesting that successful rendesvous becomes less certaie as
range Increases when subjects are using the pitch-thrust controls. 1n redes-
vous from differeat Initial positions are compared an the basis of Impact
velocity, time rulle10q19 and fuel oonsumption, positio•al differences again
appear to eoist. Future experiments could be designed specifically to test for
the existence of such differenoes.

Mian Impact velocities with the orthogonal-thrust and pitch-thrust systems
wers 4.61 and 7.86 feet per secda, respectively. Both means are below the 10
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feet per second figure suggested to the subjects, and both are certainly lo
enough to be absorbed safely by a human landing on his feet or protected against
shook. The orthogonal-system landing qgods might have been even lower than they
were if the subjects had had less confidence of succeeding Whi1e using that
system. Sow subjects appeared to be so confident that they could Intercept
the target with the orthogonal system that they used less caution in midg
course corrections or in progragmu deceleratioe thrusts than they did with
the pitoh-thrust system. With the pidth-thrust systems there again appeared
to be a deterioration of performnece as range inoreases,

The fact that intercoptions were generally re in shorter tim with the
orthogonal-thrust system than with the pitch-thrust system vas probably also
duo, in part, to the subject's greater confidence in their ability to achieve
rendezvous with the former system. The subjects' confidence apparently resulted
in their programing higher speeds from each starting position when using
orthogonal thrust than when using pitch-thrust controls, In general, the
temporal efficiency of rendesvous increases with Increasing range of the
starting point from the target.

A sinilar trond of efficiency is suggested by the fuel consumption data
plotted in Figure 10. For both control systems there appears to be an Increase
in offieieney of fuel expenditure as range increases, Slightly better fuel
consumption records we mad* with the orthogonal-thrust systems but the
differences were relatively small compared to the differences measured by other
criteria.

In view of the efficiency trends suggested by the tim and fuel records,
such trends should also be reflected In the indez of operating officiency data
hich was developed fram the tim awnd fue scores. Suoh is the case. The

higher effioenoy of operation attained on the long ran•g trials is most
striking In the data for the pitch-thrust system. HowveOr only successful
triala contributed data to the means plotted in Figure U, ad fever suoessful
rune wero flown from the distant starting positions. The average officieny
of operation ws aain hiher for the orthogonal-thrust systen than for the
pitch-thrust system.

Tn geeral,8 ald within the limitatioms of the g4Mlati•ou evidence has been
presented suggesting that subjects can successfully aooomplish short, coplaner-
orbital transfers to a target satellite. Susoeesful radeosvous ca be me-
repeatedly min reliably even with minimum display and control equiment, If both
vortioal and fore-aft thrust are Provlded by the pilot's control syste6. Fialss
ipessimms gained dmning this exaq ment strongly support the neo of training
sinmators. Situation sundertanding and rendesvou toohnique can be strengthened
intenely through traeln with realistio simulators.
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APPENDII I

CRBITAL RUMDZVOUS STDDY INSTRUCTIONS

This study is am of a series of situdies designed to investigate human
peofomamnoe in piloting a small orbiting space vehicle to a landing on a large
manned satellite. In these •, tdii you, the pilot, wil have no talsk other
than that of malkn a soft la•ding on a target spot on the side of the satellite.
We are trying to find out bow weo people can do this job with only very simpe
oontrols and displ~a.

In this particular experiment your ship i. orbiting the earth in the same
plane (not necessarily the am altitude) as the target satellite but you m
be above or below,, ahead of or bei your destination, or aome ccobination of
these. Your starting position will be within 2 miles of the satellite; you will
have essentially no notion relative to your target and you will always face the
target at the beginning of the ruz. Your vehicle in inertially stabilised
about all three smoe but you will have sufficient control over your ship to
rendezvow suoessfully.

Your task In this study is a rather diffieult cue since, owing to the
nature of orbital mechanics, your flight path will not always correspond to
your line of sight. With practice, however, the task can be performed very
reliably. There are, in fact, several different Va"s of successfully makil
the transfer to the target, We will illustrate the methods we want you to use.
Your display will consist of an oecilloscope mounted in front of you. The face
of the oscilloscope represents an optical window in your vehicle. This window
permits 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 reproesnts the satellite's 150-foot diameter; the small spot in the
center of the circle represents a 4-foot diameter landing spot an which you
will try to land.

Your only clue to your distance from the target in the target's size in
the window, as you approach, the target ain the landing spot wiln appear to
grow larger, but the lending spot will not appear to grow larger until you are
within 375 feet of the target. Vh=n you have travelled half the distance from
your starting point to the satellite, the target will have grown to twice its
original sise. Your cue to your line of sight (the dirsetion you wre facing
relative to the satellite) is the displacement of the target fram the center
of your wildow. 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 low velocity using as little time and fuel as possible; however, in view
of the serious conosquence0 of missing the target, your primary task will be
to land on the satellite as near the target spot as possible, regardless of
fuel, tinme or velocity.

PITCH-THRUST SYSTEM INSTRUCTIONS

You have two control sticks in front of you, the left stick controls
forward and reverse thrust, thrust always acts along your lie of sight, that
is, toward the center of your window. Push the left stick f orward and you wil
accelerate toward the center of the screen until you release the stick. VIsn
you release the tick, you win coast forward until you reverse the thrust by
pulling back on the stick. This stick in a proportional control. A stick
displacement of approximately 1 inch wil yield an acceleration of 1 foot per
second per second. A full displacment of the stick from its center position
will result in an acceleration of 3 feet per second per secind. For example,
if the stick in held at the extreme forward position for 10 seconds, you wil
have reached a velocity of 30 feet per second.

The right-hand stick controls the pitch angle of the vehicle. With this
stick you can change your line of sight and therefore, your line of thrust as
wll. 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-hand stick, and
finally apply thrust along your now line of sight, your resultant velocity Vill
be the vector am of your original thrust and the added thrust along the new
line of sight. If you push the right hand stick forward, the vehicle wil
pitch down (or forward) at rates up to 3 degrees per second (full forward on
control) and will continue to pitch until the stick is released. Now you will
remain stabilized in the now position. When you pitch down the satellite
image will move upward in the window. If the pitch stick is pulled back you
will pitch up (or back) at rates up to 3 degrees per second. V= the stick
is released you will be stabilised in the now position. Nham you pitch up your
target image will ove dovnwrd in the window. One inch an the screen represents
two and one-half degrees of angle. You must remember that in a space vehicle
merely changing your pitch angle will not chane the direction in uhich you are
travelling. To change your direction of travel you mout pitch to sm desired
angle and apply thrust with the left had stick.
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CaTHOGONAL-THRUST SUSTEM IMMTRTUTIONS

You have two control sticks in front of you. The left stick controls
forward and reverse thrust. Thrust always acts along your line of sight, that
is, toward the center of your viedow. Push the left stick forward and you win
accelerate toward the center of your screen until you release the stick. Nhen
you release the stick, you wil coast forward until you reverse the thrust by
pulling back the stick. This stick is a proportional control. A stick displace-
ment of approximatel 1 inch will yield an acceleration of 1 foot per seed
per second. A full displaceiment of the stick from its center position wil
result in an acceleration of 3 feet per second per secound. For ezaqnle, if
the stick in held fully forward for 10 seoondl, you wil have reached a veloity
of 30 feet per second.

The right hand stiek controls vertical or up-and-down thrust of your
vehicle. With this stick you can nve above or below your original Line of
eight. If you pull the stick back or doaw, you wil move downward and the
target will therefore move upward In your widdow. It you push the stick
forward or up, you will ao upward and consequently, the target will ove
downward in your window. If you have prohed the tick forward to sove upward
and have then released the stick, you will continue to coast upward u.til
you reverse the thrust by pulling back on the stick. This stick Is als a
proportional control yielding accelerations from 1 foot per ecomnd per second
to 3 feet per second per second. COe Inch on the screen represents 2* degrees
of visual angle.
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APPIEX II

SPECULATIONS ABOUT RfMfZVOW TECHNIQUE

The foregoing report describe@ the results of an experiment designed to
investigate hum ability to perfoam short coplanar orbital transfers with two
different types of control syste. The formal experiment Vas preceded by a
lengthy period of investigation of orbital situations, control parameters, and
rendouveiou flight techniques. The preepemt peried wvs an invaluable
learning period for the experimenter. The mat intereeting and perhaps most
valuable sessloss were devoted to exploring different methods of flying the
reandevouso

The orthogonal-thrust system afforded relatively little opportunity for
trying different flight techniques; rendezvous was aoomp~lished relatively
simply with the orthogonal sytem. Forward thrust vas applied first to acel-
orate the pilot toward the target satellite. As the pilot'lt vehicle approached
the target, sufficient reverse thrust was applied so that impact velocity vas
on the order of 4 feet per second. Corrections vertical to the line-of-eight
flight path were made c•nti1mouye. Traces 1 - 12 in Figure 12 are examples of
one subject's reondevous trials with the arthogomal-thrust control system. The
norml rendezvous technique could be varied slightly by varying the time between
vertical (up-downa) eourse corrections. A further variation could be made by
applying a relatively large vertical thrust shortly after applying forward
thrust. Such vertical thrust would, at first, mve the pilot aw from his
lin, of sight course. But the aechanles of the orbital situation would eventually
cause him to drift back toward his original line of eight if the applied thrust
had been of approximately the appropriate magnitude. The subjects in the experi-
ment did not deviate aignificant1y from the we of the first method metioned
above.

The pitch-thrust control system ma Invariably oharacterimed by wide
variations of rendezvous technique. In theory a two-impulse rendevous may be
flown with the pitch-thrust system by accelerating at memo angle to the original
pilot-target line-of-sight, coasting toward the target, and applying reverse
thrust before Impact to decelerate to an acceptable landin velocity. In
practice the subjects could seldom aecomplish this m-inim fuel maneuver, because
of the primitive nature of their display information. To perform the two
impulse ms euver successfully, the pilot .t apply precise amounts of thrust
in exactly apropriate directions. Figure 13 illustrates the flight paths
resulting fron aim different attitwie-thrust embinations in a case where the
pilot's vehicle is 4000 feet ahead of the target satellite and at the sane
altitude. Mhe penalty of information supplied by the pilot's display in this
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Figure 13

Flight Paths Resultinw from Various Attitude-Thrust Combinations

study alat precluded his being able to make accurate judgmsnta about levels
of thrust and angles of firing. Any additional display information vould
probably have helped the subjects. The subjects suggested that informatiom
about vehicle attitude or velocity veotor direction would have been =at
helpful. Velooity, range, and range-rate displays would probably also have
helped the subject. to improve their performance. The difficulty of makid
accurate judgments became apparent during the deceleration phase of the
rendezvous. The subjects' initial choices of angle and levels of thrust were
generally fairly suitable for the rendezvous situation presented, Additionally,
small Inaccuracies of acceleration progrinung could be oompensated for by
appropriate deceleration manuvering. If a subject made an error in deoeleaetinag
howver, he generally passed by the target before be could make course oorreetia
to compensate for his error. Traces 13 - 24 in Figure 22 are example of me
subject's rendezvous trials with the pitch thrust system. Traces 13, 21, and 23
are typical of the results achieved in trials where large terminal eoreerotis
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were attempted. Trace 14 in an unusally successful terminal cours correction.
Three different techniques were tried in attempt. to reduce the problem of
accurate deceleration pregreming.

Since low rendezvous velocities might allow more time for terminal eourse
corrections, trials were made with very low levels of initial thrust. These
trials were relatively mmuoeessful, because while more time was available for
corrections, large attitude angle change. were required, and subjects' agle
judgmeats were poor for angles greater than 15 degrees from the line of sight
(target no longer visible on screen). Reduoing the magnitude of required
attitude changes by increasing the rendezvous velocity simply aggravated the
original problem of the Insufficiency of time available for terminal course
changes. The rendezous technique that finally evolved from the preexperimeat
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 toward it. As soon as the subject felt that he should make a eourse
correction, he decelerated to remove as such of his initial velocity as possiblep
and then selected a new firing angle and once more applied forward thnut, This
method of successive corrections did not take maxim advantage of the pitch-
thrust system's capability for meldng minimmm fuel rendezvous, but it @eemd to
produce the most reliable result.. Most subjects used some minor variatioms of
this last mthod.

The capacity of the pitch-thrust system to permit mini4m fuel rendezvous,
and the tendency of the subjects to at least aprnoiate the ideal tuo-impulms
rendezvous maneuver explains the relatively high efficiency of the pitch-thrust
system for rendezvous from initial positions that were distant from the target.
In the 8000-foot reodezvo•u, subject. coasted for about 6000 feet without uing
fuel when operating with the piteh-tbrust system. Conversely, on the 8000-foot
maneuver, subject. using the orthogonal-thrust system verse akig vertical
course corrections, and thereby using fuel , during their entire flight. Won
,hen the efficiency of an unsuccessful rendsevems attempt is evaluated as sero,9
the 8000 feot pitch-thrust russ compare quite favorably with the orthogonal-
thrust trials because of the difference between the twe system in their
requirements far cometant course corrections (figure 14).

Two simple hypotheses can be formalated about fuel ceesu•itiom In reedes-
vous. All factors associated with each starting point that cam effect fuml -
consmptio are again disregsaded except for Initial range. Them fuol oomp-
tics can be bhpothesised to be either directly proportional to Initial ramp,
or independent of range. The first hypothesis, In Offect states that the

fuel expended in providing the initial aeceleration aid final deceleration is
negligible compared to the fuel comsimd in makin course eorreetioes, and
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that the umber or magnitude of course o eo s wre directly proportional
to the initial rnge. the seco•d bypothesis suggests that oourse correction
fuel ooaumptics is negligible oaq.-ed to initial and fiasl thrust fuel
consumption, md that the fuel eemsned in initial ad final tbrusts is
iWdepedent .f initial range. The first bypothesis wa one prediction of the
behavior of subjects using the orthogonal-thrut control system. The s ecom
hypothesis was a prediction of fuel onusumption for pitch-thrust system trials
vith subjects suoceesfully aoemoplishing two-impu2se rendesvoeu vhle holding
speed oetamteman pes ittin rode.sv.m tiue to vwy with ltitall rne. If
the fuel oema mmtl during the 2000-foot trials Is eonsidered to be a base-
limne % in Figures 15 and 16 Indicates the fuel that should be semumd
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during rendo.,sy frem different ranges if fuel o0in2tU n is directly
proportional to initial range,. 2 In Figures 15 ad A Imeiates the expected
relation between fuel .omiutio and initial range if the two variables are
independent of each other. Figures 15 sad 16 respectively also pesent the
quantities of fuel actually ootmin d during successful renosvous trials free
starting point for the artboganalthrust and pitob-thrst system.

/H

30
/

/

2C0-

S/-ACTUAL FUELJ• • CONSUMPTION

W
LL.

/ H2
/

/
/

/
/

I I I I
0 2000 4000 6000 8000

STARTING POSTION

Figure 15
Fuel Consumption of the Orthogonal-Thrust Control System

The fuel aetually ecmc.ed in the slumlator trial.s with the orthogonam.
thrust system (Fig. 15) lies below the directly jportia prediotiM (8)0
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muggsting that either the fuel ooemsn In sere oerr~otsicm Iwosls than
preportiaman to roago, or Wutial aeeoleati.. and final &..lrtia akwuno
for a sigufifant portia. of the fuel oesioun; both -.paatoi mq be oarreot.
The fuel eonsuqpticm data for the simmulated pitab-tbruut, aemtol trialsm (FIg 16)
oluster along the lime predicting iWpees of rang aMd fuel eansumptics
(H2). In smoessful reodeuvoim trialop then, pilots apporestlyr vere able to
gypsedmate the 101MlUm fUelj, tW*-iMpolse IMUzvWo
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Figure 16
Fuel ^onsm-'tior. of the i~itch-Thrust lontrol. 3ystem
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The fuel eonomy of the piteah-tirut system and the reliability of the
orthogonul-tbust system mey be realised in a ocntrol syste. that combines the
capabilities of pitch oontrol und orthgonal-thraust ae. Suh a control
system vould retain the tuo-imulse readesvou capacity of the pitah-thrust
system and vould also permit accurate terminal maneuvers. The combined
system, howeverp vould naessesrily be more omqplex and nore massive than either
of the two original control .yst....

Accuracy and reliabil•ty of rendezvous must remain the prima eriteria
for the evaluation of the rndomvous control system. Anticipated frequemiy
of use oould dietate wdether the orthognal. thruat or the combined control
system would be the nore economical orbital redezvous control system.
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