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Having then a large number of simulations with different
initial conditions, and with simulated omnerators of a wide range
of ability, we analyse the relations between the different
variables affecting the pfocess (i.e. specific variables of the
manoeuvre such as initial distance of the operator from the
target, acceleration provided by the thruster,... etc., and
specific variables of the human operator such as his errors of
observation, reaction time,...etc.). Likewise we study their
influence on the process and check the results with the ones
obtained in the analog simulation.

As far as this formalized treatement resembles human behaviour,
we find that there is an optimum (in the sense of minimum fuel
consumption) value of acceleration around 0.5 times the
rendezvous £;stance per sec-a. Besides, it seems that the human
being is more handicapped by his implementation errors (im pointing

the thruster) than by his visual observation errors.
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SIMULATION OF RENDEZVOUS OF A MAN IN DEEP SPACE

SUMMARY

We study here the rendezvous of an isolated man in deep
space with a predetermined target (say, his parent vehiclé)
with the purpose of determining the main factors which influence
the process. We assume that he utilizes (effectively) monocular
vigiop as the only mean of observation,Aand that he is equipped
with some thruster which, when necessary.g he can direct éither

along the line of sight or at right angles to it.

Tvro sim&ﬁations, by analogue and digital computer, have

been deviszd to study this manoceuvre. The analog computer is

used to represent (on an oscilloscope screen) the appearance of

the target and star background during the course of the manoceuvre .
Its main purpose is to obtain anlinsight into such a maﬁoeuvré
and to observe the strategies and performance of a real human
being in such a process.

| The digital simulation consists of a program which formalises
human behaviour in this rendezvous manoeuvre, Ve use it to provide
a fast and ready method of obtaining a large number of simulations

under different well defined circumstances.
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SYMBOLS

The origin of coordinates will be the center of the parent
vehicle, and in consequence all the variables are referred to
this moving system, Unless otherwise specified, distances ,

velocities and accelerations are those of the operator with

respect to the vehicle,

o Upper boundary for @ in the decision diagram.

B: =
B@ = Upper boundary for ¢ in the decision diagram.
FI = Transverse thrust.

F2 = Thrust to approach the target

_ F3 = Thrust to recede from the target

RO = Target apparent size voltage

Ve = Voltage needed to reach the edge of the oscilloscope
screen,

a = Operator’s acceleration proﬁided by the thruster.

a, = Radial acceleration

2y = Transverse acceleration

bé = Lower boundary for 6 in the decision diagram

b@ = Lower boundary for ¢ in the decision diagram

f1 = Coefficient for radial control decision

f2 = Coefficient for transverse control decision

iii



i

R

}<

<

Radius vector of the operator’s position
Rendezvous distance (Distance from the target
at which rendezvous is considered achieved)

Modulus of the initial radius vector (initial

separation)
minimum distance from the target to the corresponding

operator’s free linear trajectory.

~Maximum reaction time of the operator

Minimum thrust time (level of uncertainty of
thrust time)

Operator’s vector velocity‘
Réndezvous velocity (Maximum value allowed for
the radial and transverse components of the

operator’s final velocity)
Operator’s veiocity at the beginning of the manoeuvre
Radial component of operator’s wvelocity
Transverse component of operator’s velocity

Generating voltage of the target appearance

Star abcissa voltage

Generating voltage of the target appearance

Star ordinate voltage

iv
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H

Size of the vehicle

Initial angle between operator’s radius vector
and velocity

Solid aggle subtended by the vehicle from the
operator’s position

Angle Betweenta and the line of sight of any star
on the plane determined by r and v_

Rate threshold, in general

Rate threshold in the frontal plane

Rafe threshold in depth

Relation (Total time employed in the manoeuvre to
time the impulse has been applied)

Standard deviation of the error (either visual ob-
servation or aiming)

Standard deviation of the visuval observation errors

Standard deviation of the thrust aiming errors
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SUMMARY

We study here the rendezvous Qflan.isqlated man in deep
space with a predétermined target (say, his parent vehiclé)
with the purpose of determining the main factors which influence
the process. We assume that he utilizes (effectively) monoculér
vision as the only meah of observation, and that he is equipped
with some thruster which, when nedessary ; he can direct éither

along the line of sight or at right angles to it.

Two simulations;'bj‘énalogue and digital computer; have
been devised to study this manoeuvre; The analog computer is
used to represent (on an osciiloscope screen) the appearance of
the target and star background during the course of the manoeuvre .
Its main purpose is to obtain an‘insight into such a maﬂoeuvré
and to observe the strategiés and performance of a real human
being in such a process.

-The digital simulation consists of a program which formallses
human behaviour in £his.rendezvous'manoeuvre. We use it to provide

a fast and ready method of obtaining a large number of simulations

under different well defined circumstances.




: Having then a lafge number of simulations with different
initial conditions, and with simulated operators of a wide range
of ability, we analyse the réiations between the different
variables affecting the process (i.e. specific variables of the
manoeuvre such as initial distance of the operator from the
target, accelerafion provided 5y the thruster,... etc., and
specific vériables of the human operator such as his errors of
observation, reaction time,...etc.). Likewise we study their
influence on the process and chgck the fesults with the ones
obtained in the analog simulation.

As far as this formalized treatement resembles human behaviour,

we find that there is an optimum (in the sense of minimum fuel

consumption) value of acceleration arovnd 0.5 times the
rendezvous distance per sec_a. Besides, 1t seems that the human
ﬁeing is more handicapped by his implementation errors (in pointing

the thruster) than by his visual observation errors,



STATEMENT OF PROBLEM

The rendezvous of an\isolated human being in deep space
with a determined target (for instance his parent vehicle),
will be of prime importance in many future space missions,
such as the assembling of space stations.

Thefeforé is highly desirable to study the ability of a
~human operator to carry out such a task with the minimum
amount of equipment (i.e. only a small thrust booster).

We presume that the operator is able to perform the manoceuvre
with the aid of (effectively) monocular vision as his only source
of information, no automatic means ofrobservation or control

. are supposed to be employed.

The best way to provide a reliable knowledge of this rendez-
vous process is by simulation. A complete simulation of the
manoeuvre would be desifablé as a training aid, but clearly
this is an aim.beyond the bounds of the present investigation,
it would also involve a study of the possible inter-relations
‘between the diverse variables affecting the proéess and their

separate influence on it; and this is our aim here,

N
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b)

b

These variables could be subdivided into:
Specific variables of the manoeuvre, such as,

we Initial distance of the operator from the target.

Initial velocity of the operator relative to the target.

1
]

Initial angle of this velocity vector with the 1line of sight,.

—-- Acceleration provided by the thruster.

Size of the target.

Rendezvous distance.

-- Rendezvous velocity limit.

Specific variables of the human operator, such as,
~= Minimum observable rates of’angular velocity of the target
against the star background and its apparent rate
of increase in size (called here the angular
discrimination thresholds -transverse and radial- of
human vision).
-- Standard deviation of the errors of visual observation
" of these angular rates,
-~ Standard deviation of the errors of implementation
(i,e; of directing the thruster unit -the thrust being
assumed constan£~).
- Maximum reaction time of the operator (by convention
taken to inclu&e observation, decision, alignement

of thruster and thrust initiation).



As a f)articular a:i;zn of such a study, we may endeavour to
discover if there is an optizﬁum value of booster thrust (accelera-
tion) which minimises the propelant consumption. Additionally,
of coﬁ.rse, ’ch'ere i1s the general problem of Voptimizing'" the
strategy, or de‘cision process, of the operator in the rendezvous

manoeuvre,
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PREVIOCUS WORK

Before procéeding we shall very briefly refer to accounts
of the "state of the art" in the large national space programs,
in so far as these bear on our problen.

There are some simvlation studies of the capability of the
human being for extravehicular tasks in weilghtless condition
(refs. L and 6). .

In ghe Gemini project, there were used Neutral-Buoyancy
Simulation Techniques, Alr-Bearing Training_Equipment and an
.Inertia Coupling Training-Air Model, for understanding manned

extravehicular operations in space (refs. 2,5 and 8j.

The preparation for Gemini IX extravehicular activity
included‘a 6-degree Qf freedom.simulator (Manned Aerospace Flight
Simulator) useful at target distances below 250 feet. It was
used for training with the AMU (Astronaut Manoeuvering'Unif)
(refs, 2 and 3). Other Gemini Simulations used a small thruster

(Hand Held Manceuvering Unit»-HHMU-) (refs., 2 and 3),

These studies seem to have been very useful in training

operators for accomplishing extravehicular activity tasks.

Extrévehicular capabilities of the human being were

demonstrated in the course of several spatial missions,




and the HHMU was evaluated briefly, but succesfully, on two

‘different Gemini missions (ref.2)

Most of this work has being directed towards evaluating
the performance of a tethered human being in performing tasks
in the close proximity of his parent vehiclé. It has been very
valuable in determinig the_many difficulties and linitations
presented by the problem. However, none of this work has involved
large translations, and therefore it is of little direct relevance

to our study.




PROCEDURE

A simulatbr is more acceptable the more it resembles the
téue conditions, buﬁ.unfortunately it is then also more expensive.

We have been contend to use the relatively simple resources
of digital and analogue computers as simulators., The analog‘
computer is used to represent, on an oscilloscope screen, a rough
aproximatioﬁ to the visualﬂimpression of the rendezvous manoceuvre.
The digiiél computation seeks to formalize the reactions of the
human operator‘during‘the process and to output The measures of
performance, with the intention of enlarging and completing the
information from the analog simulation.

— Despite the inherent simplification of the problem, the
analog simulation is used to adéuire a first and direct acquaintareée
with the most important characteristics of the process, and to
~ obtain a better knowledge of the sfrategy utilized by the man
in.this manoeuvre (this. knowledge has been applied in programing
the digitai simulator). The analog simulator serves, as well, as
a cheéking model for particular cases of the digital program.

Ultimately it could be usd as a very simple training device.

Thé'digital simulator program is a fast and cheap way for
obtaining a large number of simulations under very different

assumed conditions and with many sorts of simulated ‘'human




~ operators".

Undoubtedly, the human behaviour is very difficult to

simulate, Among the wany possible and useful models ﬁhich could
be built up, we have developped one which consists‘schematically_
of a sequence of calculatioﬁ of the variables the man is observing
(which are "humanized" by introducing some error), and of ‘-
application of the subsequent human control action. This sequence
of "cause" and '"effect" is essentially the one that a human being
would follow in such é process, The main difficulty‘arises when
we try té éstablish which particular action (and what duration
of it) corresponds to each combination of the observable variables.
Tgerefore the program has, certainly, the weak points of every
simple prégram trying tb simulate reactions of a human being,
i.e., the lack of the extensive fénge of estrategles that every
ﬁan may_employ and the absence of a 1eérning process in its
widest sense.

Further, in our partiqular case, one knows little of the

effect of welghtlessness on human behaviour, with respect to

the coordination of motidn and attitude.

No doubt, the model we have devised in this digital
simulation could be improved substantially. However, several
models of fhe-decision process have bheen tried, and the one

which we shall detail here seems to be the most satisfactory._
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: The method used in obtaining'resuits from this digital
program consists on running simulations under different

initial déta parameters, i.e, the specific parameters of the
manoceuvre, and these of the human operator. Each particular
simulation is repeated several times for statistical purposes,
Aftér these repeated runs, the program will output some average
data of the simulation (such as the total time employed in the

manoeuvvre, and impulse consumption), and the standard deviations

of these data .

The structure of the results was checked, when possible, by
means of the analog simulator. Nevertheless, a wider dispersion
of the analog results must be expected because the analog'Simulation
implies a real human operatof. He will be continously changing
hié strategy whereas, in the digiﬁal simulation the dispersion
»éf the results 1is due entirely to the effect of the simulateq
human errors, but not to the changes of strategy.

In both simulations, aﬁalog and digital, we have assumed
~ that the'applied thrust dﬁring the manoeuvre, is directed either
along the 1ine'of sight (so as to cause the operator to approach

or to recede from the target), or at right angles of it,
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We assume only two degrees of freedom in the analog simulation
‘(translations in a plane) and three. degrees of freedom in the

digital simulation (translations in space).

As a consequence, the equations of motion (polar coordinates)

in the analcg simulation are reduced to

e -2
ar = r - 8o
ae = re + 2re

In the digital simulation we use cartesian coordinates.
In both cases no field of force exists and the only

acceleration 1s the one provided by the thruster,

The two methods of simulation are described in detall in
separate parts of this work, and finally the results obtained

are discussed 1in a separate section.



Part I.

DIGITAL SIMULATION

Introduction

Inage Point Model
States and Decisions
Decision Boundaries
Reaction Time
Apﬂication of fhrust

The Program

12
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T.1., INTRODUCTION

The simulation consists of a program designed to calculate

the position and attitude of the man with respect to the target

vehicle.

The

man is supposed to observe (by means -effectively of

monocular vision) the following quantities:

¥

-8

solid angle subtended by the vehicle,

apparent angular velocity of the parent

vehicle against the star background.

From these, He infers a value of % ’ and his angular

velocity about the vehicle (+ ).

According to the particular combination of values of these

variables, in effect he may take action in one of the following

ways: he

may

apply a transverse thrust, that is a thrust directed

»

towards = v so as to reduce 8, or

w8 ?
apply a radial thrust either to approach or to move
away from the vehicle (in other words, to control\@), or

he may wait.

process is finished by reaching the rendezvous conditions
and [x}svo) or upon exceeding a specified maximum time,

sources of error are introduced (to simulate '"human error™):
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~== errors of observation:,The.éimulation does not
operate with thé true values of ¥, ¥ and &, but
with randomised values selected to have a gaussian
distribution whesz mean valuwe is the true value, and
whose étandard deviation is a parameter adjusted

( by program data.

——~- ‘errors of implementation: It is assumed that the
man applies the thrust with some randomised error
in direction, normaliy distributed.ltﬁmostlprobable
valué is~£$ken to bé-the true direction:(Thé-precise

method of applying the erreor is discussed later).

Trying to develop a program which displays a close resenm-

blance to human response suggest something like the block

diagram of fig. I-1.

There is a period of time occupied by each decision which
the man takes.This time could be subdivided into two parts:
one dealing with the time spent in observation and decision,

and the other spent in preparing for the appropliate action

(i.e. to apply a thrust). Because of this passage of time, the

position and attitude of the man with respect to the vehicle
must be updated. Tﬁe decision nust dépend only on the observed

current values of the variables ?,‘?and 6. This suggests that




'- !

Hlﬂ‘ld%\ Y

achieved 7

Calculate End _ )

elapsed time

Update system

{?

. : \
9 : Decision

4

.Corresponding
action

4

Update system

'

-

Fig. I-1. First aproach simulation flow-chart.

it would be useful to study the problem in terms of the coordi-
nates of a point represented by the values of ¢, ¢ and ® and
to study what decision corresponds to every position of this

so called "image point"¥,

15




I.2. IMAGE POINT MODLL

]

We suppose that what the man is doing is to provide a mean
of control so that:
—— @ is not too big.Otherwise the approach would be too
quick, .
--- ¢ 0, s0 that he does not recede from the vehicle.

- |8l is kept within reasonable bounds.

We interpret this as implying that the process of hﬁman

control will seek to keep the 'image point" within a volume

close to the ¥ axisn(in the "phase-space' given by ?,‘?, é).

The cross-sectional dimensions of this wolume can be expected
to increase with Y.
A successful rendezvous will be achieved only if the

image point passes through a rectangular "window" ABCD (see

fig. I.2.}, whose corners have the coordinates;

¥ 6 ¥

A 0 0 “b/ro

B 0 vo/rO do/ro
oV 2

D o) o/rO 0 “o/ro

as vgv, at rLT,,
Here % represents vehicle size, r, is the rendezvous

distance, and v, is the limiting approach speed at rendezvous.
i

In order to try to appreciate the problems involved, let
us consider some exanples of the motion in terms of that of

the image point.

16
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Fig. I-2. Rendezvous window.

T.2.1. Motion of the image vpoint

a) Radial mofion at constant speed,

If the transverse component of the velocity is zero, then

B & =0 (1)

and consequently f
. o(o

f=- —-—é—- K (2)
B

“'Since ¥ = o%/r‘ , -~ .-. we obtain

¢ = K¢ (3)

AoLo

The equations (1) and (3) show that in this circumstance
the motion of the image point is in the plane & = 0 and follows
a parabola of the family indicated by (3). The image poiﬁt moves
in the direction of increésing P if thg man 1s approaching the

vehicle, and to decreasing ¥ in the oppossite case.(See fig. I.3).




RECEDING APPROACHING

Increasing V.

.—,-m&,f}'?

Fig. I.3. Wotion'of the image point. Constant radial speed

b) General motion at constant velocity
Let the man havéﬁf.velocity‘x"and move - without applying
any force, and let us call the perpendicular distance between

the velocity vector and the vehicle T

Since ra
vr = vi1l -“gf”"
- r )
. .\\,
is
S, + 0(0
LA (4)

The plus sign denoting approach, and the minus sign
recession from the vehicle.

Eliminating r by expressing it as a function of Y (i.e, rt:m%/?)

and calling ' @ - oo

we find the relation

$ = T \/1" (P/e0% (5)
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. <{’ reaches a maximum for
¥ = *?m-\la/j = 0.8164 ¢, (6)

and the value of this maximum is

p 2 v ) 2 '_ 2 v
?maxQ - 35040 (Pm - 0'3849‘Fm' o, - (7

("*'\'

8-

G

Fig. I.L4. Motioﬁ of the image point on the plane 8=0. Constant speed

The projection of the image point on the plane @ =0

follows a path like the represented on fig. I.L.

Under the same conditions, since

m
we have
° v 2
e = \P
o(o‘Pm - ‘ (8)



Fig. I.5. Tridimensional motion of the image point.

Eq. (8) indicates that the motion of the image point on
the plane Y= 0 is a parabola, and fig. I.5. show the tridimen-

sional nature of the motion.



I.3. STATES AND DECISIONS

21

Tor every value of the radial distance to the target

vehicle r, that is for every value of ‘Y, we shall now try

to construct plausible decision-making process, which we can

interpret by means of a diagram in the phase-space (8, ¢ ),

so as to indicate the action to be taken in order to keep control

of the pr cess apnd lead ultimately to’'a successful rendezvous.

A

|

o e

(a)

e

(b)

Yy

Fig. I1.6. Fundamental actions.
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If the image point lies in area 1 of fig. I.6.@,the value
bf é (i.e. the value of the transverse velocity) is gréater than
certain limit (this value will be specified later on).In that
condition it will be avpropiate to reduce the transverse
component of the ﬁeloéity by appiying a fransversai thrust.

If the point image lies in area 2 the value of $is less
than zero which _means that the apparent size of the wvehicle is

getting smaller, and consequently the man is moving away from it,

' Therefore it is neccessary for him to apply a radial thrust

towards the vehicle,

Note that area 1 overlaps area 2 in the half plane @”(O.
However, the analogue simulation, shdws that in this region of
overlap a human opérator will ,generally prefer to apply trans-
verse, rather than radial, thrust, and consequently we limit

area 2 to bounded values of 6 outside the area 1.(see fig. I.6. b).

Area 3 (fig. I.6.Db) .corresponds to a large peitive value
of @ , implying that the approach is too rapid, with the inherent
danger of loss of control or even crash. This area 3 again
overlaps area 1, and as it represents a situation\qf possible
danger which must be avoided at all costs, a human operator will

prefer to remedy the situation by applying a radial, rather than

a transverse, thrust. (Fig. I.6.c.)

We shall now try to show that if the reaction of the human

béing”is:Qﬁick enéugh,Aand the-minimum impulsé (a.tf) is bélow



a certain limit, then the decision diagram of the figure will

lead to successful rendezvous.

Calling
F1 the transverse thrust,
F2 - the" thrust towards - r ,
- F5 the thrust towards + r ,

and assuming that they are applied instantaneously and directed

without error,

.

F] must decrease 6,
F2 must increase @,
FB must decrease V¥,

and the motion of the image point on the plane ¥= constant, after

aﬁﬁlying the respective thrust, will follow the direction of the

.
arrows in fig. I.7. &
\3
1 N
N 3 :
Ll lL LI ALt r Rl LRI LR TSI EL g 0L L8 LS 111 I —
ST TR RTINS \\\§ R 2
. \ B
N N
2. \ N .
ARATRELLRER RN \\\\\\\\\\\\\\\\\ R - e 3 (@’3

Fig. I.7. Initial direction of the image point

movement by effect of the thrust.
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In fact, the initial motion of the imagée point (see Appendix )

can be determined by a study of the Taylor’s_ first term for _‘P

and é . .
a¥, x @, AL (10)
a6 2 & a4t (1)
Since ' a_ = v ear (12)
. ag = r8 + 278 (13)

expresing r and its derivatives as a function of ¥ , we obtain

AG, -(5‘—3"-—‘99 *ar—‘f% Jat ()

Agor.v..(-":fﬁgg—s + '37.-, Qg) st (15)

If a, = ag =0, the remainder terms would detail the motion
of the image point for operator’s constant velocity (comprobate
in fig.I.5.). A thrust applied according to the position‘of the
image point on the phase?space decision diagram; would imply

the displacements sketched in fiz.I.8

Fig.I.8. Effect of the thrust

L)
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We observe from fig. I.8. that whatever the initial
bosition of the image point,.the corresponding sequence of actions
would ultimately caus; the man to approach the wvehicle.

In a real situation; we can expect there to be two further
regions, 4 and 5, as shown in fig I.9., because if the point
image lies persistenﬂy in one of thesé areas the human being
&@ would try to iﬁprove the control
' ' of the process, as there is

~nothing else urgent to do.
1

NG LOLLL ALY

Area 5 corresponds to a very

3 _ slovw approach ( ¢ small and

2 5 possitive). A persistence in

- 6
‘? this area would be followed by

. L. . a thrust towards the vehicle.
Fig.I.9. Decision diagran

A situation in area 4 implies
that the transverse component
of the velocity is still quite high although within reasonable
bounds., A transverse thrust Would be useful 1f the image point stays
long within this area. |

Area 5.has ﬁrecedence over L4 because, if the model is to be
realistic it must avoid the possibilities of oscillations or loops.
These would happen. if after applying an action (i.e. a thrust)
ﬁhe free motion of the image point reproduced the initial condi-

tions. Of course this situation depends largely on the reaction
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time of the operator and the minimum duration of the thrust,

among other parameters. Nevertheless there can be discovered

some possibilities of oscillation:

Let us assume that we take as decision diagram the one

4©
1 Fig., I.10., Initial effect
' 3 of the thrust
B L I A0
o>
5
2 6 .
> P
4 X
5 . : Fig. I.11. Motion of the image
point on the plane
i , ~ of 6 and ¢
‘ + P
1&@
| 1 T T
1 < L I P Fig. I.12. Possible motion of
* 4 3 . the image point
I I across the boundaries
2 «—— = ==
5 6
- P
»»»»»»»»»»»»» v e _dr:.m-t—-’;_: < e T SR e e e L et e i s e Z-L":.":.._;':zﬁ;au».'...:;_ Ul Lo
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in fig.I.10., on which are represented the direction of the
motion of the image point af?er applying the corresponding thfust.
Bearing in mind the motion of fhe image point in the plane of 8
and @ (fig.i.il), wé.obserVe that it may cross the borders of
such.decision diagram in the directlons indicated in fig. I.12.
by the arrows.

Oscillations can happen, if and only if, one of the directions
shown on fig. I.10. is oppéésiteAto that indicated on fig.I.12.
after crossing the appropiate boundary.

Therefore oscillations can take place near the following

boundaries:
1 -3 7 T -4 5-6
- 4.3 b -6 CR
6 -3 b - 5 2 -5
. Fig.I.13. shows . the directions of free
mofion (dotted arrows) and effect of vthrust at the boundaries

susceptible to oscillations.

I = g
1 L4
i 3 ---»free motion
I i I of the image
O €|~ meele P e point
2 B ’ L" ?,
: : o—» effect of
i ' the thrust
O e|ae D & -~|-*e+—o
O—> 4-fane .
> ¢

Fig.I.13. Boundaries suvsceptible to oscillations
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However,those oscillations which take place in the half plane

will either end up as rendezvous, because the operator would be

always approaching to the vehicle, or will cease.

Having that in mind it remains only to study possible
oscillations 2~4 and 2-5. The latter one will not arise if
the radial thrust F, is continued (in the region 5) until a
recognizable positive approach velocity (¢ ) is achieved,(éee
flow~char§), but oscillation'2-4>may still . oécur, which is
why region 5 is allowed to override region 4.

Note . that any model trying to simulate intelligent
‘behéviour'should avoid situations like the oscillation which

.

could happen around the border 2=l If it happened, since ¥
' ié"very small the man would continucusly bé appljing transverse
and radial thrust in a successive séquence,lbut wouldlalways
remaln at nearly the éame distance from the vehicle. Although
he.might at first do this, he would ultimately try some other
strategy. | | |

A decision diagram without this inconvenience is the one
of fig.I.9., in whiéh area 5 overrides area 4. This diagram has

been the one used in the present study. In area 6 no action is

called for.,

it remains a particularly hard problem to determine
plausible boundaries of each one of the decision diagram areas
for every value of %, (i.e. for all the distances from the

‘ parent vehicie).



29

T... DECISTON BOUNDARIES

Il

Let us call (see fig. I.14.)

Bé to the upper boundary for 8
bé to the lower M " é
B¢ to the upper boundary for ¢
by to the lower B no ¥
N
We note that at ¥-»0,
1 ' i.e. r—eo, all the boundary
Bé(?) | limits muét tend to zero,
? 5 : bé(?) . since they must cbrrespond
e B¢(¢)' =% to rinite velocities.
Fig.I.14. Boundaries The easiest model would
be then based 6n boundary
limits which increase
with ?, reachins ' . the greatest values at the rendezvous

distance. This seems logical, and agrees well enough with what
has been observed in the analog experiments. Accordingly it seems
natural, as a first suggestion, to devise a model with boundaries

linearly.increasing with @’(fig.1.15;).

Rendezvous window

|
6.

Fig. I.15. Linearly increasing boundaries
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I.L.1. Boundaries for ‘P

An obvious choice might. be a boundary function of ?]1
B, = K. ¢" (16)
‘P .
Unfortunately the simple relation n = 1, (i.e. the linear

boundary), with Ve

(17)

L . o]
does not seem to suffice.

To try to explain why, let us consider a trivial condition of a
purely radial approach with continuous deceleration to zero

velocity at zero radial distance. Then
2 2
r

$2 - 2a‘P3/oeo (19)

2ar V (18)

- If r = Vo at r = Tl which is the limiting rendezvous

N : 2 2 .
condition, then as= v0/2rO = vo.qg/au%,and
: 2
) . . v 0?
2\ ::"—"9"2’“"2.‘?3/2' (20)
(XO '

The limit variation linear with * (eq.(17)) is seen to
imply a larger ? without the existence of a decision to apply

a thrust. Consequently, the variation in proportion to 993(2

would seem to be preferable, as there would be 1little dispute,’
in the example cited, that the constan£ decel.eration would
be a "naturali', if ideaiized, human’strategy. Further, it seems
reasonable to relate the values of v, to fo’ so.as‘to imply
(on the above basis) a reélistic énd acceptable Value of
degeleraéidn:.that i§7We assume a relaiion

: . N )

Vo = Zaro (21)
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According to these considerations it seems convenient

and realistic to define our boundary'Bé as

2

2 VO‘“?O 3 (22)

By = £y - (£, is a Factor, 0<f,<1)
o(O

Notice that the fact that By depends on the values of
a and v is significant, as it dan be interpreted in the sense
that the man knows "a priori" these values (a and vo), and he

will act with more or less caution depending on that knowledge.

The boundary by defining area 5 may be stated as having

the same form that the prececding BQ?, but with a differeﬁt

value of the factor f which can be a data parameter of the

1 ?

program. In fact our calculations have been made with f1 = 1/2

for B¢‘and with the value f1 = 1/3 for the function b¢ .

T.Lho2. Boundaries for €

As we have said before, the eésiest and quickest way to
control the fransverse motion is to reduce '© substantially,
- right from the beginﬁing of the rendezvous manoeuvre,. However
the nearer the man comes.to the vehicle, the greater will be
his tolerance for 6. |
'.In our model the boundary B@ has been.choéen’linearly

‘increasing with ¥, and with a maximum value:
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f,. Vo/ro
(which corresponds to a transverse velocity of fa.vo'at the.

rendezvous distance). f, is a factor 0 <f2‘41 , but studies

have shown that the choice of f, close to unity lead to

2

unrealistic situations, énd the results quoted here have been
taken with f2'= 0.1 .
The limit for immediate correction of & (i.e. Bé)' has

to coincide with the preceaing one in both limiting conditions
f=0and ¢¥= u;/ro,.and it must be greater than by in all
other conditions. There are many functions acconplishing this
After many trials, a function of the-fcrm K.Jq; has been
accepted as answering ﬁell‘enough for the case. Then

Je @

- . v_ -
B, = £, —=

Remembering that

v
by = £, —— P ay)
-8 a %o .

we notice  -that the difference between Bé and bé (the width of
the area 45 is maximﬁm at r = 4 r_. In other words, at that
distance the indecision margin for controling the transverse
component of the wvelocity is maximun at four times the rendezvous
distance: it is difficult to associate any special significance

to this precise number, but it represents qualitatively an

undoubted effect, as has been cbserved in the analog simulation.



I.L.%3, Effect of Observational Uncertainties on Decision Roundaries

The differential threshéld in the frontal plane referé
to the minimum change of the component of angular velocity of
an object, at right angles to the line of sight, which can be
detected by a human being. This threshold depends upon the
magnitude of the angular speed. When this is zero, the minimum
speed which is perceived as motion is called rate threshold in the
frontal plane.

This depends on the contrast level and on the fixed visual

reference.

The definition of rate threshold in depth refefs in a
siﬁilar manner to the minimum change in.the radial speed which
can be detected. |

Aithough it;has.been: siven values of these rate thesholds(ref.1)
such as 1 or 2 minutes of arc per second, it must be noticed
‘that these values are perhaps very different in a rendezvous
process. On one hand it will depend largely on the paftigular
circﬁmséances of illumination of the wvehicle and the star
field which surrounds it, aﬁd on the other, it has to be observed
.fhat in general both types of motion are present (i.e. radial
and transverse) making it more difficult to discriminate either

component of motion.

The rate thresholds appear in our model as lower uncertainty
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level for each one of the boundaries specified in the decision

Biagram. Then the lowest value for the functions B@ and b%

would be eor’ the radial rate theshold, and for the functions

Bé and b@ would be S the transverse rate threshold.

Both rate thresholds are considered as data parameters

in the program, so that their individual effect could be

studied.
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1.5, REACTION TIME

v
5

By the term reaction time we iﬁclude the period from the
instant the man first observes a particular situétion to the
instant he takes the corresponding action (whether it is to
apply a thrust, or to walt).

As can be anticipated, the problem of determining the
reaction time corresponding to any situation is highly difficult ,
since it depends largely of What has haﬁpened inmediately before,
and on peculiar characteristics of any human response, such as
training, momentary distractions, etc. With the idea of

formulating it in some way, it has been assumed that the time

involved in taking a decision leading to a thrust is of .the form:

t =t e a (25)

where
- t i1s the maximum decision time,

S is a parameter associated with the angular velocity
concerned with the decision (é or ¥)

and Ka is a constant related to the ability of the operator.

Obviously the reaction time is positive, and egually
obviously, it will decrease with training, or decrease due to
the certainty attached to the observation; the formula suggested

aﬁpears to be a convenient way of including these effectsﬂ

To avoid the inconvenience represented by the different



range of ¥ and &, the variable § has been normalized, so that

its value is 1 for the maximdnlpermitted values of ¥ and & at

the rendezvous distance. As these values are vo/ro for é and

2 o . .
vo.cxo/ro for ¥, & is either

r r2
o . ) D
® or ._.__._.._......(\o
v v .
o . _ o* %o

The Eime involved in a waiting decision is called twd and
a fixed value is generaliy assumed, Since the decision to wait
does not involve any physical preparation, and is usually made
in a sequence of su;h decisions, there is good reason to presume

that this tlme twa is 1essrthan to.

The parameters to,Ka and twd form part of the data parameters

of the program.

36
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I.6. APPLICATION OF THRUST

AS‘WG have mentioned earliér it is assumed that the
acceleration is applied during a number of discrete intervals
of time, whose length is tf, 50 that the impulse avvlied will
be always integer multiple of (a.tf),'which is the '"quantum"
impulse., -

The effect of applying a force is simulated by calculating

the position of the image point then apﬁly- a "quantum" of
impulse repeating this procedure - until the decision program

indicates that other action should be taken.

The aiming error committeéd by the operétor‘is‘simulgted by
randomizing the components of a unit vector in the direction
the thrust is intended to be applied. This gives anbther'direction
in which the real thrust will act, (i.e. if tﬁe thrust is desired
éo be applied in the direction gf the unit vector u, it will
be in fact applied in the direction of (2>+ R)’ where n_is a
random vector. The standard deviation used to randomize'the
components of the unit vector is a data parameter to the simuia—

tion taking account of the errors of implementation.

I.6.1. Limitation of the product a.t

f

The minimum amount of impulse applied to the man is pro-
. portional to a.tf <(a is acceleration and tf is minimum thrust
time). Associated with the "gquantum" impulse is the increment

of velocity A‘v:a.tf . Therefore vy has to be determined so that

its value 1z higher thanthis minimum difference between discrete
levels of speed.



I.7. THE PROGRAM

Flow-chart (See Fig.I.16.).

If the man is not in rendezvous condition the subroutine

" Image (b) calculates the variables 0, ¢ and 6 and randomiz:s
N

v

them to take account of the errors of observation.™

Following this is calculated (c)'ﬁhe time spent to take
the.next decision, which of course will depend on the new
values of "P,‘{.’ and €. |

In the next step (d) the position and attitude of the man
is updated to the instant he is goiné to take an actlon: This
action is determined by the subroutine (f) with aid of theée data
provided by (e).

There are seven different exits of this subroutine decision:
5 _

Exit 1. It has been decided to apply a thrust in the transverse
direction, so as to cancel the transverse component
of velocity, that is to decrease 181 : ‘ |
The thrust is applied for a discrete time tf
: (minimum duration of the thrust}! and position and
velocity of the man are updated (h), new values of
¢ ,&% and ) ére calculated (i) and it is tested (j)
whetheror not more thrust has to be applied. This

branch simulates the fact that the cperator applies

thrust until he judges it is no longer neccessary.

Exit 2. This branch is similar to 1 except that the thrust being

applied is fhat required to appreocach the vehicle (i.e.

towards - r ).
AAA,



Fig.T.16. FLOW-CHART OF THE PROGRAH
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Exit 3; Here the thrust islapplied to recede, that is towards + n

ﬁxit 4; Sometimes an action is not taken as soon as possible,
as it would be in thé three preceding.cases. After a
close observation, an action which is not absolutely
neccessary but merely convenient would be taken to
improve the process. This decision 4 means really that
there is a small component‘of tranverse velocity. If
nothing more iwmportant to do arises it will be followed
by a jump to the branch 1, dbut only after passing
several times consecutively throuéh this branch 4, as

is indicated by a counter L4 (k).

Exit 5. Si@ilar considerations apply as fér_branch L with the
difference théf it is associated with a jump to'branch 2
instéad of to branch 1. Decision 5 means-that although
the man is aéproaching the vehicle,.the motion is too
slow,

Notice that both counters L and 5 are cleared in

_every branch except in those in which they are updated.
. Exit 6. The process seems to be controlled. The man decides to

. wait.
Exit 7. This means that virtually the rendezvous condition has

'been reached., This decision has been inserted only to
provide an exit of the preceding branches in case of

eventual rendezvous.




The conditions to take each of these decisions are

(see fig.T.1l4.) :

(cij AB“:))..'AND.‘( $>bg ). AND. (6> by) .mn.(é< Bg)

(¢>0). MID.(‘?(bL%).AI\ID.té < By)

'("f’<B\';,)-AI\FD._(‘i’}b‘;,).ALF\ID.(é»(bé)

Decision Conditions
-1
2 ( ¢ < 0).AND.(&> By)
3 (?}B@)
L
5
6
7 (‘P)%/ro)

and the corresponding flow-chart is squetched in fig.T.17..

ENTRY
;- |
¢>/r < ~(7)
N : _
¢ 5B, ()
N .
< Y .
O
_
T N
‘P)Sot - ‘ 2
2 ® .
$ 51 - (5)
Y
< >+—C
N- o

‘Fig. I.77. Decision Flow-Chart
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‘IT.7. INTRODUGTION

It is the intention of the experiment described here to
assess the performance of a human operator in controlling a
system which has certain similarities with the rendezvous

manoeuvre in deep space,

The operator is presented with a display on an oscilloscope

representing:

1) a target, the size of its image on the scope being
adjusted to fepresent the true anguiar size of the
spacécraft, as i1t would appear during rendezvous, and

- its ceastre being at the centre of the scope, and

2) a star "packground" adequately represented by three
moving spots of light on the scope, having the same
relative angular motion'at the.operatorfs position-
with respect to the (fixed) target centre, as the
target would have relative to the star background in

rendezvous,

=

The simulation is of course carried out in a true time
scale, The unit of length corresponding to. 1 volt is, by
.definition, the rendezvous distance rye

No derived physical gquantities involved in the simulation

-1
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need to introduce a mass unit.

i
L

Since the target is fixed in the scope and the star field
moves, the frame of reference is as if the astronaut keeps
his body orientation fixed relative to the line of sight.

Ks - an. initial objective, it is suggested that
we imagine he also keeps his body orientation fixed with respect
the appérent plane of motion of the target so fhat the direction
of motion of the star field is'fixed, (for instance, horizontally
on the scope). In order to provide a continuous moving reference,
any star reaching.fhe edge of-the scope would need to be feu

injected into the field of view at the opposite edge.

-~ Consistent with this limited objective, the operator is
given a control mechanism which, by means of thé simvulation,

appears to consist of reaction thrusts either

-~ in radial, direction, towards or away from the target
vehicle, or | |

-= in transverse direction, i.e. at right angies of the line
of sight, causing the apparent motion of target relative

to star background.

We shall now describe the components of the simulation In

detail., Of these components only the generation of the visual

presentation calls for a certain amount of ingenuity (i.e. the
Target Trace Generation, the Star Field Presentation and the

Scope Display).
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II.2, TARGET TRACE

To réprésent the tafget‘we choose a figure-of-eight rather
than a circle, as the former provides meaningfﬁl information
even when the.scale of angular magnification is such that only
part of the figure-of-eight can pe contained on the écopé display:
thus at closest approach the figure of eight would consist of two
diagonal>lines across the>ééreen5 intersecting at the centre.

This could be generated by a signal voltage

_ XO: Ro(t)sin Qt

¥y = Ro(t)sin wt.cos wt

o
where w is a frequency high enough that, to the eye,'the figure
appears. continuous, and where Ro(t) is generated to provide the

appropiate angular size of image, to the operator.

An electronic resolver could be used in the polar-to-rec-~
tangular resolution mode, with continuous rotation cireuitry, and
with a fixed voltage input to provide the appropiate w, and a
variable voltage Ro(t) as input. This would provide oﬁtput
values of ~Rosin(yt, ROéOStut and Usin wt volts (U= voltage
corresponding to 1 M.U.). The two latter could be passed to a
multiplier to produce - Rosinaut.costut and consequently the
Vvalues of - X, and - Yo obtained for tﬁe scope display, from

the single variable voltage Ro(t). A proper adjustment of the
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time constant of the resolver’s integrator can give a value of
% near.BO/bps. which 1s adequate for the purpose,

Aithough this arrangement has proved to work perfectly well,
it has aome disadvantages: in the particular instalation fhe
resolvers have a lower reliability than the rest of the equip-
ment, and there are "teeth"~accompaqﬁng the output wave,‘in_
continuous mode, at this frequency. |

For these reasons it was judged better-to build an oscillator
without using resolvers;

The basic ldea 1s to get a sinusoidal function of frequency
ﬁ!from a solution of the second order differential equation

T‘+u@y::0
but as in any practical caae the amplitude would
deérease*i with time,due to daMping.resulting‘from.capacitor‘
Jdeakage. and thel, integrator’s input-resistor ,~ . This damping

can however be compensated by designing into the circuit a

negative damping so that the differential equation to be solved

is apparently
y* - 20y +way =0

This has been found to be a perfectly satisfactory expedient
to overcbme the difficulty, and theAselaction of the appropiate
value of ¢ to ellminate the inherent damping is not difficult.

The circuit'to generate the sinusoidal wave is shown in

fig.I1I.1, and it has been used to generate frequencies near 100 cps.
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1 - 10y 1Q

yyfy 1 10

T=0. 1s. i 7=0.1s. 1 100y o

P

; . : ) | | A;”i
: ) - ‘\!

'Fig.II.J. Amplitude constant sinusoidal oscillator

(Observe that the time constant of the two intégrators has to
ﬂé 0.1 secs,j. The circuit provides both éinkut and cos wt and
with the aid of ﬁultipliers we generate the functions Rosinwt
and Rosinbt.cgswt to provide the required target trace.

The potentiometer P in fig.ITI.1. is continucuﬁy'adjustable
by hand setting; and a suitable setting is obtained by‘observing
the effect of applying a voltage from'tlemain loop to the Y-plates
of an oscilloscope. In préotise,'values of P corresponding 'to 0.01w are

found necessary.
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IT.3. STAR FIELD

13

This is represented by three moving spots of light. This
limitation on the number of spots is only dependent on the
avalability of equipment.

Thé problem of providing such a display can conveniently
be divided into three parts:

a) Generate the stars apparent speed. The position of the -
star image (as distipct‘from its motion) is of little
impqrtanoe.

' b) When any sfar reaches either the right or'the left edge
of the Qscilloscope screen that star and only that one
. must be re-injected onto the screen at the opposite edge.
¢) The stars and the target trace must be displayed on the

single beam oscilloscope.

- We shall explain stevs a) and b) in this parragfaph, leaving

¢) to be discussed in paragraph II.6.

a) The apparent spéed of the stars_ki will be‘proportional to é,
angular veloclty of the rendezvous subject relétivé to the target,
which is éenerated when solving the equations of motion (éee
parragraph II.4.). An integration of -ki will give the .position

of the stars, and the coefficient of proportionality between ii

and © can be selected by use of a potentiometer,

b) Calling : Ve the voltages corresponding to the edges of the
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. scope’s screen, re-injection implies that if lxiljrlvel , then

e e

-ZIVelsgn(xi) must be added "instantaneously" to p Y
As this is not a periodic function in the normal sense
(since the variation of Xy is not expressible in formal terms),

there is no transfer function description of it.

The effect is achieved with sufficient‘accuracy by testing
the conditions xi:>Ve , or xi<~ve, by two comparétors; they
are used to drive a relay so as to add a large voltage to . 5 of
the sign needed tq decrease the absolufe value of X4 and

at the same time ‘o chaﬁée'tﬁé.cbmﬁéiaﬁioh’leﬁéi‘effectéd‘by the

. : . actuating
comparator, as we shall now explain:

- The circuit used is shown in fig.II.2, The value of the

— e iy s

M6J M6

-10

Fig.II.2., Star re-injection circuit
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yoltage needed to reach the edge, Ve, is here 21 volts, If
‘le<:21 volts, neither of the two comparators (M1 and M6) will
be actuated, and the arms of both relays will be connected to
graund voltage, Further % is the only input voltage to the
integrator (providing -x). |

If x increases-and reaches +21 volts, comparator M1 will
switch and aqtuate the arm of relay Mi1J to-the + position,
connecfing - LO volts to the input of the integrator (which
consequently will rapidly increase the value of -~ x), and at
the same time the voltage to be compared with x by the comparator
M1 is changed to - 4O + 21 = - 19 volts, consequently this will
stay in the + positioh only until x drops below - 19 volts,
when it will revert once more to the normal position (outputting
ground zero voltage). Therefore the varlation of x reverts to

the integration of %.

If x decreases and reaches - 21 volts, a similar situation
(with opposite polarity) will happen with comparator M6 and
relay M6J interacting in a similar manner with the integrator

for x.

The time needed for.the voltage x to change sign is of the
same order as the relay switching time (1.5 msec.).

As the motion of the star background is constrained to
represent apparent motion in a plane, the ordinéte of each star
is a constant. This constant voltage is easily obtained by means

of a potentiometer,
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II.L, BEQUATIONS OF MOTION

If r is the radial distance of the target, and d, its
diameter, its apparent size (represented by RO) would be
proportional to-arctan (do/Zr). This function could be
generated (froﬂ r) by use of an electronic resolver. However
for ryyd_, evidently arctan(do/zr)::do/Zr, and for smaller
values of r the field of view of the target is in any case
restricted in our simﬁlation;'so that it 1s adegquate to regard
Ro as inversely proportional to r (the constant of proportionality
being chosen accqrding to the values of do_and the distance |

between the oscilloscope screen and the observer).

The problem of representing the wotion consists essentially
therefore of the generation of values for r and & from the

voltages 2, and a, representing the fadial and tangential

e

accelerations. This can be done by solving the pair of differen-

tial equationé

T = arlf Ve.e
& (rve) = rée
dt
for r and Vg = ré, subject to the initial conditions that
r=r,, r = F; , and vg = vg;  at time t = O,

The method of solution employing quarter square diode
multipliers, in our simulation is represented in the circuit

of fig. II.3.
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Fig. II.?%. Equations of Motion

Two considerations are paramount: The voltages must be kept
as high as possible to the inputs of the multipliers and to the
denominators of those multipliers used as dividers; but the
voltages must nowhere exceed 100 volts which would overload the
amplifiers. In designing the ciréuit shown, it is supposed that
the values of r will be in thg range from 1 to 100 volts and that

the velocity component Vo does not exceed 10 volts,
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II.5. CONTROL VOLTAGES

Ideally the control volﬁages (for a. and ae) would best
be supplied from a hand-held control unit provided for the
operator. However in the simulation we have conducted, two
hand operated 3-vole switches (on the PACE console) have been
used to provide a'bang-bang' control voltage, sepafately repre-
senting a, or ag, without attempting to introduce the element
of human error inidirecting the acceleration vector. With the
time scaling used in the integration, values of an, and &g of
about 1 volt are suitable. Fig.II.4 shows the connections of

the 3-pole switches,

+100 ™
) %r
ar/1O
+100 r™ _ | a
\./ _ e -
ae/10'

Fig.Il.h. Control Voltages



IT.6. OSCILLOSCOPE DISPLAY

To represent adequakely'on,the simgle beanm scope the target
and the three stars forming the background, it was decided to
use é chopped signal alternating rapidly between the voltages
representing the target trace (xo,yo), and thé spot position of

the i~th star (represented by xi,yi).

The values of y; are constants and ii is independent of i
(see parragraph II.3.). The variation of X1 Yy has been discussed
in para.II.Z2. |

By suitable choice of the chopping signal we can provide the

appearance of four separate signals and four separate beanms,

The PACE equipment has repetitive cycling operation facilities
which allow this chopping to be done. This equipment produces

a rectangular wave output in which the duration at the high and
low ievels can be adjusted digitally to values between 99.9 msec.
and O.1 msec., in steps bf 0.1 msec., There are two independent
rectangular wave generators of this kind providing the voltages
that we are calling A and B (fig.IIL.5). The complements A and B

are also avallable.

TRUE A
FALSE o - x;- (T 777 "Xg — o > e g
TRUE , —— . B
FALSE dex-Z 7 7% =7 _— g

-~

Fig.IIL.5. Rectangular waves A and B



By means of these voltages A*and B and four AND gates we can
have the four logic signals AB, AE, EB, and Kﬁ, which can drive
D/A switches, so as to provide the required signal, as in fig.II.6.
S are D/A switches, closed when the indicated logic signal is

TRUE, and opened if it is in FALSE condition.

AB iB AB a8
; | S
. { t
A 3 |
X, ‘ 5 ' | | l '
\\\Y/// ; o E \ to scope
X5 | //1;?\\ i | X plates
] Y /\ |
. ,
: D D7 NI
I | \/
- X, | [ Y <
I ¥ | y
/\ R
y . |
1 5 | , ! o
\\\q/(, o | : ' to sdope
| Yo \52/ i | Y plates
| |
! J /1'\ [
> s
‘ \3/ N
y‘ N
[o] S(’)

Fig.IIl.6. Chopping Process

~



A proper setting of the .time the voltages A and B are in

'TRUE and in FALSE condition (that is, the values of Xa’X;’Xb
and xé in fig.II.5) enables both apparent image continuity and

brightness to be adjusted.

The méan time that A is TRUE during one unit of time, (or the

probability of A being TRUE), is

X
a
p(8)= .
Xt X
and reasoning similarly
X x’ X,
b - a =
p(B) = — , p(A) = —%— and p(B) = —>—
Xt Xy Xt X X+ Xy

fi the same way, the chopping signal AB is TRUE the following

fraction of-time

X X.
o
p(AB) = ——F

Xb+ xb
with similar relations for the other three signals KB, A§, AB.

‘These probabilities are related to the brightnéss of the'
image associlated with each logic signal. However since
~ p(4B) p(AB)
p(4B) p(AB)
it is not‘possible to arrange for the three star 1images to have

the same brightness, unless the target brightness is also the

same as that of the stars. Similarly if the target is to be much
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brighter than the stars, one of the stars has to be brighter
‘than the two others. Choosing for instance the following values,

which by observation have been found appropiate:

X 11.0 msec. b'd

a 29.9 msec.,

I

il
i}

10.1 msec.,

o O

Xb 1.1 msec, X

the relative luminance of the star images are in the ratio
1:2.5L:9.35, and 25.3% that of the target.
The-continuity of the images is obviously related to the

absolute time scale of the chopping process.



58

II.7. PRESENTATION OF NCN-VISUAL DATA

The simulation has beeﬂ provided with means of recording
parameters such as the elapsed time and the fuel consumption
(in terms of the impulse). It has also been found useful to
provide a visual signal to the opemtor showing when the rendez-

vous is achieved, and whether or not it was successful.,

II.7.1. Fuel Consumption

The output voltage of an integrator is used to repfesent
the fuel consumed (in arbitrary units) or, what is the same
thing, the total :‘L‘mpulse applied, The input 1‘:0 the integrator
is the absolute value of ény acceleration (either radial or
transvefse) applied during the process., This can be checked by
-Observing the outputs of the summing amplifiers uséd to determine
the moduli, and remedied by adjustment of the potentiometers

P and P’ (see fig.II.7).

=la_l

- al = Trunk T1
IMPULSE
—t» Trunk T2
-la ol

Fig.II.7. Fuel Indicator
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I1.7.2. Clock f

This is an integrator whose constant input is switched off
when rendezvous 1s achieved, thus recording the duration of the

manoeuvre.

TRUE if r sro

-1 v, 3 JE&'—|®» time

Fig.II.8. Clock

I1.7.3. Rendezvous Indicator

When the variable r is less than T, (rendezvous distances},
éhe figure¢§f—eight aﬁpearanqe of the target is changed. Provided
the manoeuvre 1s succesful, (i.e, the arrival speed is lower than
vo), the target appearance becomes an ellipse, However, should
this not be the condition (i.e. the arrival can be interpreted

as a "crash"), the target figure will turn into an inclined line

(fig.I1.9.)

. »* X , »*

" x x

Normal Succesful Rendezvous "Crash!

Fig.II.9. Screen Display
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Y

N‘Qa
["3

0 o VELOCITY TEST

" Fig.Il.10., Distance and Velocity Tests

If r<r (fig.II.10.), comparator M8 drive relays M8J and
M8K to the + condition and it will remain clamped (notice + of
M8J connected to ground voltage). Then if comparator M5 (which
is testing the condition v;>vo) is in the TRUE state, Yo will be
proportional to sinwt, and both Xy and Ys will have’the same phase
(thus generatingastraight line on the screen). On the other hand
if VLV, the relay M5J is counnected to the negétive termipal,
and Yo is proportional to coswt, causing the figure on the
screen to become an ellipse symmetrical with respect to the x,y

axes.
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AIT. 1. INTRODUCTION

In the next 'Paragraphs we shall attempt to determine the
effect (on thefprocéss) . of both specific variables of the

manoeuvre and specific variables of the human operator:

Initial angle of operators’velocity with the line of sight

Size of the target

Initial velocity of the operator relative to the target.

Acceleration.

Initial distance of the operator from the target.

Rate thresholds (see parr. T.4.3.)
~ Human errors (i.e. errors of visual observaticn and error -
- committed -inaiming the thrust, each represented by its

corresponding standard deviation, for we assume they

are normally distributed).

- Maximum reaction time of the operator (by convention this includes
observation, decision, alignement of thruster and thrust

initiation).

- Minimum duration of the impulse (level of uncertainty of the

on-off thrust time).

The most important characteristics of the manceuvre can be

reduced to: a) Impulse consumption (product acceleration by time



of épplication) y- ... which is directly proportional to the
Eamount'of fuel used, b) Time. employed in the whole process, and
c) The ratio p of the Total time to the time the impulse has
been applied, i.e. total time /action time. We can regard this

as a meésure of the facllity of the manoeuvre, since if the

ratio is large, then for most of the time there is no need for
action by thé man. Cleérli(a) is a measure of how costly, (b) how
quick, and (c¢) how easy; the process appears.

The standard deviation of these parameters with respect to
their mean are ligewise of importance: they measure the variability
of these éualities in respect to a single manoeuvre. However it
should be notéd that these deviations are caused solely by the
simulated human errors of observation and implementation, because
without those the étrategy of each manoeuvre with pfescribed

initial conditions would be identical.

-
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III;E. INITIAL ANGLE

As in any case the manoeuvre consists of’reducing substantially
the transverse compdhent of the initial velocity (i.e. visinB)
and similarly, but separately, the radial component (i.e. Vicosﬁ),'
we may expect that the Impulse consumption is proportional to
IsinBl +A[cos§|; or in other words to]cos(ﬁ -'n/q)L This reaches
a maximum value for initial velocities having the same transverse
and radial’ components. |

Fig.III.3. sﬁows a polar diagram of the Impulse conSumpti0n
versus fhe initial angle (of the operator’s velocity with the
line of sight) for'two different values ofAthis initial velocity
viz ?, and vy :5. We can see that the results fit reasonably
with the expectation mentioned above,

The indentations at B = 0 and B =T are easily explained,
for the manoeuvre would be made easier.under such a particular
circumstaﬁce. The peaks in the curVe-corresponding to vy =5 for
values of B around 50° are due to the fact that the transverse
compdnent of the wvelocity hés‘not been eradicated before the
operator has passed by the target for a first timefwconsequently

he has to reverse a receding radial component. Note that the

same effect is not shown at the lower velocity

(#) an effect that we shall call "fly-past'.
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II1I.%, SIZE OF THE TARGET

t

Table III.3. shows the value of the Total time and Impulse
consumption for different target sizes (o%), and for different
initial velocities (vi). As could be expected there is no apparent

influence of the target size on the manoeuvre.

IIT.L. ACCELERATION

Fig.III.Z; shows the Impulse consumption versus aécéleration
for different values of the initial velocity vy The figure
suggests the existence of a locus of the minimum value of impulse
for each initial veloclity which has a quite realistic significance
as we shall see lafer. Thus we pressume the existence of an
optimum acceleration for each value of Ve We have shown in .~
fig.ITII.3. the mean and confidence interval calculated for
. ditferent: values*ofvi. Note the increasing ampvlitude of the
éénfidence interval as the acceleration increases, due to the

effects of mismanagement of a large acceleration.



III.5. INITTAL DISTANCE

It vy is assumed zero, the time spent in the manoeuvré
seems to increase in proportion to rl/a. This of course would
result 1if the motion involved only uniform radial acceleration.
Theilmpulse consumption seems, to be a linear function of L
This is shown by figs.IIIl.hL. and III.5.

An interesting fact is that with zero initial velocity,
low acceleratipns seem to iwmply a smaller fuel consumption:
This trend of'redugtion in-optimal acceleration by reducing vy
is also apparent from fig.III.3.

In the figs.IIT.6., III.8. and III.9. the parameter of
yériation of the curves is the rendezvous distance ry instead
of acceleration., Observe the minimum, both of time and impulse,
originated from the ocurrence of‘?ly—past"'(see parr.ITI.2.).

The Impulse consumption again varies linearly with ry and

depends less sensitively than the total time on the ratio (ri/ro).

IIT.6. RATE THRESHOLDS -

Considering the results of fig.III.10, we infer that an
increase of the rate threshold values, which define the decision

process: (parr.I.lt.3), 'reduces the variation of impulse with

66
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acceleration, Nevertheless there still remains a range of optimal
gccelefation.

The influence of 9, (rate thresholds) is more noticeable
at low accelerations. Fig., III.12, likewise, showing the effect
of Go_at low accelerations on the total manoeuvre time, again
points to the desirability of a large "dead zone'" in the decision
strategy.

The operator, of course, who is '"hyper-sensitive" to error

(i.e. he has a small eo) .May' well | cause more error by over-reacting.

IIT.7. MINIMUM IMPULSE DURATION

The fig{III.13, shows the Impulse consumption versus accelera-
tion , for different values of tf (minimum impulse duration) .
Apparently there is no great influence of this parameter, although

the Impulse consumption decreases slightly for low values of tf.



IITI.8 ERRORS OF OBSERVATION AND IMPLEMENTATION

It appears that the timé spent in the manoeuvre increases
roughly with the vistial observation error (see fig. III.14).
Note that although the Impulse consumption (fig,III.16) does
not change much with this unitary error, both standard deviation
of impulse and total time (figs. III.15 and IIL.17) certainly
increase with the observation error.

Fig.,~-II11.19 suggests that tﬁe impulse consumption increases
with the error commited at pointing the thrust (implementation

‘error).

IIi.9. MAXIMUM REACTION TIME®

The appearance of figs. III.18 to III.25 would suggest
that ‘the total manoeuvre timeAdepends almost linearly of the
maxinum reaction time of the operaﬁor,‘to, buf from values of to
from 6 br 8 secs. upwards, both manoeuvre time and impulse - -

consumption increase rapidly with to.

68
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ITI.10, ANALOG EXPERIMENTS

T

Experiments have been made varying the relation initial distance
to rendezvous distance and the acceleration,.

After a sufficient training of the operator so as to familiarize
with_tﬁe manoeuvre, we took 4 samples of each experimgnt and obtained
the results indicated in tables III.1. and III.2., plotted in
figs. III.26 and III.Z27.

The results were performed with equal initial values of ry
and Vei?
para.lIl.2). Although we have takeh arbitrarily as value of the

condition which seems to be the most unfavourable ( see

initial velocity vy =5, this value pretends in some way, represent
an uneasy case. It is not out of logic, then , to'consider the
clrcumstance that vy is 5 times per second the rendezvous distance

r . In any case the value of v

° . must be the predicted maximum

i
initial velocity in the manoeuvre.,

Note in fig. III.27 the optimum value of acceleration cbrres—
ponding to minimum fuel consumption. This wvalue depends on the

parameter Ty, but an. acceleration of 0.6 times the value of rj

2 . .
per sec , aproximately, seems convenient,

Further, with this value of acceleration, the control of

~

the manoeuvre appears to be easiler,
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ITT.11., CONCLUSIONS

‘1) The most unfavourable angle (for minimum impﬁlse consunption)
of the initial velocity with respect to the line of sight is

about 450 or 500.

2) Taget size has no apparent influence.’ on the rendezvous

process, assuming that it is large enough to be visible,

3) An optimun acceieration seems to exist for every'vélue of the
initial speed. This optimum acceleration increases with'tﬁe
initial speed and the rendezvous distance., Up to velocities of 5
units per second, the opﬁimumvis avout 0.5 uni%s/seca (a unit

being the rendezvous distance, and meaning by this the distance

- from the parent craft at which rendezvous is deemed to be completed).

L) Statistical deviatiéns in Impulse consumption (i.e. the integral

with respect to time of the absolute applied acceleration)

increase with acceleration.

‘-5) The impulse consumption seems to be proportional to the

initial distance, whereas the total time of the manoeuvre seenms

to be proportional to the square root of the initial distance.

6) The influence of the Rate Thresholds (ﬁhich represent the

uncertainty levels of human vision -see para.I.h.B_) is most

noticeable at low accelerations, whereas it becomes smaller for

values of acceleration above the optimum,



%) The minimum thrust time (which determines the least value of
impulse associated with a discrete action) does not have much
importance in the process, provided it is a small fraction of

the human reaction time (measured from decision to action).

8) An increase in visual observation errirs causes an increase

in manceuvre time, although the impulse ceasumption is not greatly
affected. However, the deviations of both time and consumption
parametegs‘(about their respective means) increase ndticeably
with such errofs. An increase in the error committed in aiming
thé thrust scems to iﬁply,an increase in impulse consumpﬁion and

its deviation.

9) The Impulse consunption is least for valueé of the méﬁiﬁum
reaction time (see para. I.5) in the range from 1 to 5 secs,
incggasing at smaller valuesg fhan'this,'and incréasing very’rapidly
for greater values of the maximum reaction time of the operator.

‘(i.e. "Festina lente"),

E L LI U T S UL s e Tl s Y e .
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ITI.12. SUGGESTIONS FOR FURTHER WORK

1

*

of coﬁrse it would be highly desirable to provide a simulation
of this manoeuvre with 6 degrees of freedom, but it would imply
more sovhisticated techniques. Perhaps the rotation about the’
roll axis could be ommited as it rarely would arise (ref.2).

The simulation worl: Presented hercould, however, be éxtendgd
in some Ways,.as we feel 1t may be interesting: |
1) To make a digital program so as to siﬁulate (as close as
possible) the analog devigs, coordinatinglin that way'the.two

simulations,

2) To admit (in the Analog Simulation) the possibility of commiting
thrust~aiming errors. It might be done either by introducing a
random'voltage.added to both transverse and radial accelerations,

br by means of a linear potentiométer (see adjoint fig.) whose arm

would be aiued as if it was a thruster (thé thrust being then

"al | 1 S
a sinfet-2t,) | a, -
Resolyer o
—a.co.s(ot- &o) l_. II Qo

e

A possible aiming-error circuit




applied by means of the four-pole switch S), or by means of -

another similar device.

3) To devise a matﬂématical model (perhaps a factorial model)

able to describe the inferaction between different parameters of

the manceuvre. If would be useful both in making tesﬁsAof hypothesis
about the interactions, main parameters, and in analyzing the
variance.

L) To study tﬁe effect of the second derivatiQe of the solid

angle subtended by the target (F?) with relation to the decision-
making process in the digital program.

5) To try to achieve rendezvous employing the minimum fuel

amount (perhaps waiting until auto-cancellation of the tfansverse

vélocity ve), and compare the results with the values obtained if

we try to achieve rendezvous in the minimum time,

6) To Study the trajectory

7) To devise some sort of ”manoeuvreusequencing” so that we can

consider the process in such a way that a complete study of a
domponent of this sequence would permit -us to infer what will

happen in a completed sequence. For instance:



If we assume that the initial distance is always the unit
Bf length, any succesful rendezvous would consist of a displacement
of the operator from the spherical surface of radius r=1, to the
surface of radius r, (ro is the rendezvous distance, here being
I}f<1). The units of &elocity and acceleration would be then
related to the initial conditions of the problem. Any manoeuvre
could be considered as a suvccesion of several such component
manoeuvrés (each reducing thé distance by a factor ro),However,
in this sequence we could lose the physical.significance of the
process, as the arrival velocity in the n-th step would need
to be thé initial velocity in the (n+1)-th step. But as that
velocity is unpredictable both in modulus (it can vary from O fo

v the rendezvous velocity), and direction, we are not able

0’
to know the modulus and direction of initial velocity in the
(n+1)-th step, other than as a probability.

Nevertheless it may be interesting to carry on this study,

by considering that both the initial and the final velocity

are zero, Or near zZero.

Another way to sequence the process is by assuming that the
initial velocity is unity, and - modifying the timescale so that
1 sec. of simulation = F secs in the reality, with the factor

F = initial distance/initial velocity. However if we do that,

any time dependant variable (e.g. reaction time, acceleration,...etc.),

will be related to the initial velocity.




5

\
W
@)
!
/

- 1 S
” - = S
e o et o N .
- + {=1= &
= P P e
R .'I,_“'__f N !
= >0 LS 8
- 'H::t Z o
#i fui 1
5 S
V.= FEeEH
" €T X R T ag »
3 . o Eh. IS AT
4 ; \( y < S ! o 1, :'{(‘
¢ N, .lo y 41“ &,
D o '~ %
7 £ X v A%
£\
/ - V.= 1 & SH LA v -
1 1
LA LT 8 S
f £ EIEE 27, hE

T
T
T
T
e
1
iy
T
i
AR
e

o

Rk 5 \cos(n

g st Direction or

o

AL the target

1S &

S e
~ Wi

'\\ 2
: IR
L . +
% THHT
T T %
s {J-
ri=100r; 1 : N
a =0,5 : g
O =0
t,.=0.
£70-1 =

Fig.IIT.1 1Impulse Consumption versus angle

of the Initial Veloelity vy

.-



& Impulse

A
Values of

the initial

velocity

0.2 O.Lp . 0.6 0.8 9 o
ACCELERATION r.=100
B :500
T =0,02
tf=0'1
to=
4
eo=3010
r =
(o]

0.2 O.4 0.6 U.2
ACCELERATION

Figs. III.2 and III.3



B~
o~ ) 2
a < .
MO O O — M =
S T T { A L
o 4 O O O
A <@ 5 P P D M
Q
3
— o 3
e}
Al O
& —
% L]
< =2
@ =
| A i %
3 i 2
5 i =
ull_ xrw., A
= il 3
— = =
i = i
° B = " a
- I
g . w, & 5
=
T._ "
— _Nc
o = =
3 &0
o O
o O
®) W "
o T
o it
5 2 |
) i .
- = i
M D
— WL
2 =



60

20

we

200 400 40
INITIAL DISTANCE r,

Fig.III.6

Total Time

Action Time

B BAA iy

PG Sl bt g ol

INITIAL DISTANCE r.

0 Gco 1000




TIME segs A _ . 79

140
120
100
380
60
Lo L=l A EHEE ESIAn RS i ann
100 300 500 700 1000 v,=5
(]
INITIAL DISTANCE r. - B =50
i a =0,5
Fig.ITI.8 o =0.02
f’= Total Time . ' tf=0.1
& Action Time v , t0=
e =3¢1O
2
1

INITIAL DISTANCE ry

Fig.III.9

-



OV
Impulse f .y, k e et

fi=

50

-vv—-l:

) [ SO (paperey g

rad/sec.

‘rad/sec.

rad/seg.

.:;‘W"‘..‘ﬁy.“"'@‘

"@-—n ""E""'——'

L=
_ , ACCELERATION ' 1
. Vi:5
' Fig.II1.10 a :500
G =0.05
t.=0.1
Total time tf 1.
b Action time ) ro~1

Values of
(rad/se

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ACCELERATION ’

Fig.IIT.11



TIME sec? : . 81
200 [—
e .=0.0
270 —
240 —
0,=0.005
210 |
©,=0.006
180 [—
©,=0.007
150 f— 6,=0.008
9,=0.009
- © =0.01
120 — ©
90 [—
60 [
30 [
l R I I | | 1 |

=
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ACCELERATION (arbitrary units)

Fig. III.12



B.wnn,"tf: 0.05 secs

£ 0.20 secs

Total time

Action time

| et

0.5 1.0 3.0
ACCELERATION.

Fig.III.13



Time (secs)

Rate Threshold|:

e, (rads/s)

F:
. T R L H M. s 3 : o ' ’;.
0.05 0.1 0.15 0.2 / i
L UNITARY ERROR r;=100
. . . ! vi:5
- Fig.III.“i_x_ : R =50o
' a =0.5
ST DEVIATION - te=0a1
4 t =1
.~ . - - - : - - - . _— - . - o
‘Time ) Impulse st r =
6 .
I
2
T - 0.05 0.1 0.15 0.» UNITARY .ERROR

Fig.III.15



|

Values of the
- Initial velocity A

O e o [

!

i

:t;-f*x

0.04 0.08 0.12

_VISUALAQBSEEVATIONUNITARY ERROR

Fig.III.16

ST.QDEVIATION Impulse

0.16 0.20 0.24 c.28

r.=100
8 =50°
a =0.5
t,=0.1
t
e
r

s

c.04  0.08 0.12
VISUAL OBSERVATION UNITARY ERROR

]

Fig.III.17

0.15 0.20 0.2l 0.28



A Time (secs.)

e
b

TR
i

P TEEE FE Y

nitial.velocit 'vi=2

MPLEMENTATION ERRCR

Fig.III.19



A Impulse

L
MINIMUM REACTION TIME B =50°
: . T =0.05
Fig. ITI.20 o 0.5
.

Iotal Time
ime

bt dd
LR O T

36




A WLALLMGAL WA /W ¥ sa b Wk WAk T s WAL e bR A e A W

Action Time

LE =
8
Values of ©
6 o
(Rate Threshold),
in rad/sec.
L
2
I - L B B B - it I s BRSS!
2 L 6 8 10 secs
) MINIMUM REACTION TIME ri=1OO
F 22 V3=
ig.III.
g 2 =500
0— =an5
a =0.5
‘ ] tf=0~1
_Total The I‘0:

-':".T"’F‘E':T‘Y""ﬂ‘, S s

0. 001"rd/sc.

= Rate Threshold

MINIMUM REACTICH TInkE

Fig.IIT.23

8 ) 'secs



LilpPpUL o

80

70

60

88

Values of the

Rate Threshold eo

—_— 90=0.001 rd/s

-—~ ©_=0.004 rd/s

ot

rOMEe =g eo:0.00‘? I‘d/S

— = eo=o.01o rd/s

1 2 3

N 5 ¢ 7:8 10 secs

MINIMUM REACTION TIME

Fig III.24



TIME
secs

270

240

210

180

150

120

90

60

30

MINIMUM REACTION TIME (to) secs

Fig.III.25

.\ 89
/
!
Values of eo
e . (Rate Threshold), ] ri=1OO
in rad/sec. o / - vi=5
| o.001 f/ B =50°
0.00
\*# ' , 7 =0.05
. /' a=O-5
©0.007/ t,=0.1
/ r0=1
!
A
)
C.01
RS N SN RUS SN R N | l .
0. 1. 2. 3. L. 5. 6. 7. 8. 9. 10.



£

L2 IIT 914 ~ i 9z*III'STd

ol 870 90 0 20 ot e 5°0 w0 20
I ) i [} L , i i i 1 1
e -2 = — 0¢
=
&=
- . o
' Q
L 8
- — 7 B
ota . v
0c® . s
] . Cte T2
- 0Lwv, o
I . O_‘ a9 A - m -
YT FONVISIQ TVILINI m,
. - o’
T....
v 5
— < . — w m
(3]
L a 4 i = ‘
- 06a &
Ole
ol - oca L ool
oA °
L. OoLo - |
- T goNvISIq TVIIINI v
21 _ . kY ozl
&
i ] } J al o I ! !

(*s2es) FUITL




TABLE TTI,1 Results of 100 analog experiments (Time)

initial distance
-

acceleration;_ 10 30 50 70 .90 mean

92.9 145.6 135.9 90.2 102.1
0.2 115.,2 108.2 107.4 89.9 80.1

* 87.6 100.1 119.2 84.3 71.1
_ 137.8 134,17 99,8 102.9 88.1

mean...| 108.37 122.0| 115.57 91.8| 85.35) 104.62

56.1 48 .4 51.0 47.2| . 50.2.
0.4 50.8 43,1 49.6 47.8 55.3

: 60.5 L4, 6 51.9 46.0 58.4
64.2 53.3 56 7 49.6 60.0

1 mean... - 57.9 L7.4 52.% L7.6 56.0 52.23
S0.4 36.8 32.9 36.3 3.7
: 52.6 34.8 37.1 35.4 37.7
0.6 38.5 27.4 37.7 35.6 53. 4
40.7 39.4 28.9 35.1 38

mean. .. 45.5 3.6 3.1 - 35.6| L1.0 38,18 |

37.3 25.6 25.6 | 35.4  L7.4
40.3 30.4 27.2 29.6: 33,1
0.8 28.2 28.4 26.5 34,3 32.8
29.8 34,0 26.3 4.8 31.7

| "
Nean. .. 33.9 29.6 26.4 3%,5 36.2 31.93

4. 4 21.6 41.7 31.1 35.8
52.9 21.8 27.6 28.7 26.7
1.0 34.0 19.9 34.9 37.2 31.8
34.3 25.6 26.1 38.7 45.6

Meane.. 41.9 22.2 32.6 33 9 3L.9 33.12
mean 57.5 51.1 52,2 L8.5 50.7 52.01




TABLE ITT.2, Results of 100 analopg experiments (Impulse)

initial distancq

R %

acceleration ] 10 30 50 70 90 mean

14.10)  11.98] 12.94| 10.85) 10.74
17.52 16,660 13.42 | 11.45)  11.42
0.2 14,80 15.65] 11.50| 11.59 91

. 62

. 9.72 15.00] 11.89 11.47 12.
means..] 14.93| 14.821 12.44 | 11.34]  10.92] 12.71

13.58 10.13 10.17 11.08 13.62
13.94 10.43 7.66 11.40 11.24
oLy 11.40 11.48 10. 44 10.75 14.40
13.32 11.62 11.25 9.76 13.09

Mean. .. 13.06 10.91 9.88 10.75 13.09} 11.54

10.78 8. 4L 8.38 8.06 11.29
11.64 10.29 8.99 14.07 17.12
0.6 12.32 9.44 9,70 13.71 11.23
14,28 9.06 8.22 11.23 10.79

mean...| 12+25 9.31 8.82 11.77 11.60] 10.75
9.77 7.48) 11.20 10.75 12.50
10.80 72.521 8.3 8.55 11.58
0.8 10.82 9.8 8.20 9.89 11.65

10.53 7.36 7.73 12.43 11.58

mean...| 10.48 g.ouf 8.87 | 1o.40) 11.83| 9.92

10.69 6.741 11.18 9.971 12.38
9.80 8.151 9.0 15.52] 12.75

1.0 10.35 " 6.01 9.70 11.47 15.97
11.12 9.22 7.58 10.23 11.75
mean...f - 10.49. 753 9.49 11.80 13.21 10.50

mean 12,06 10.12 9.90 11.21 12,13 ] 11.08




TABLE III.3 Effect of Target Size

vy o Time Action Time Impulse
i3, 5 51.3 18.5 9.25
3. 15 51.9 17.6 8.80
3. 25 51.6 19.2 9.60
3. 35 S52.1 19.6 9.80
3. 40 51.9 18.2 9.10
3.5 10 53.5 19.1 9.50
3.5 15 53.4 19.8 9.90
3.5 25 53.9 19.6 9.80
3.5 30 52.6 - 20.2 10.00
3.5 50 54.9 20.5 10.00
L, -1 55.0 20.4 10.20
L, 10 56.2 21.6 10.70
L, 20 55.3 21.3 10.70
L. 25 54.7 20.6 10.00
L. 35 56.2 20.0 10.00
L. - 40 54.8 20.7 10. 40
L. 50 55.0 20.6 10.00
5. 1 45.0 26.3 13.10
S 5 LL.5 24.8 2 12.40
S 10 L5.1 27.1 13.50
5. 15 L4, 5 25.6 12.80
5. 20 Ln.3 28.3 14,10
Se 25 43.7 26.9 13.40
5. 30 45,0 26.6 13.30
5. 35 bl by 21,9 12.140

-4

.10
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Appendix A: ANALOG PATCH PANEL and STUULATION RECORDS

Table A.1 POTENTIOMETER ADJUSTHMENT

Pot, Variable Setting
Q13 0.21
QZB "
P29 ‘ "
Q29 13}
Q33 "
Q}Ll 1]
Q1L 0.40
Q27 "
QIE . . ) 1]
Q79 : "
-P11 , n
QLh "
Q19 0.15
P56 ‘ 0.7 (adjust for stable
sinusoid amplitude)

P21 X1i 0.1

- P26 Xss 0.0
P31 XBi 0.1
Q87 : L 0.1
Q88 Yoy 0.1
Q89 a4 0.2
Q10 Sinusoid Ampl. . 0.90
P37 /200 0.99
P22 0.99
Q97 r, 0.99
Q09 vg/io 0.10
Q98 ar/10'
Q40 ‘ i«.l/loo
QL1 r; /100
PO riyéi/1000
QU6 ag/10
Poy In IC mode, adjust for T16 = -a
P61 mnn ttn T‘]? = _.ar
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Anpendix B

GENERAL IMAGE POINT MOTION

The motion of the image point in (é,@ ,¥) space is given
for the free motion in'para. I.2.1. If the motion is forced
we cannot in general determine the motion uniquely, since we
do not necessarily know the time history of the applied accele-
ration. However we may determine the instantangous direction’
- of motion of the image point at any given coordinate (é, &, ).
This is relevant to the problem of finding whether the decision
boundaries involve the possibility of looping (as in psra. I.3.).
sipce the image point motion has a component in the ¢-direction,
one cannot detérmine the component of motion perpendicular to the
boundaries without a knowledge of their variation in shape with ¥.
For the particular decision boundafies that we éhoose
(para.I.q.).‘ We may determiﬁe that, on these boundarie;s, é/\ou2~
and %/$%gre constants, and’consequently if we determine the direction
of image point motion in terms of these '"normalized" values of
6 and.@; then in effect we are resolving the motion of the image

point into components perpendicular and parallel to the boundary.

Now
ad/ed &  g¢  ay
= = =1, T g, S s5ay
at R I R PO

and
da( ‘i.’_/‘fs/") & 3 9> dx
at TV 9% g

y Say

and from the equations of motion:
q
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¥ °
. . .
b & = 2 oF _ &r.
AP = =5 —%0 — -9
Hence L.
3 &% Ro_ /2
dy Z e T T,
- E— - & & _ ar M
* 2.¢5/2 — cp’/l X, @

and with a,=ag = 0 we obtain

dy >xy
dx xZ -2y2
— On integrating this differential equation we obtain
%% = (C - 1ny)y®

loci of directions sketched in fig.B.1
If the thrusts are impulsive then the directions of motion
are as shown in the text fig.Il.10. Clearly in conditions where

the thrust is finite, the loci of directions will be intermediate

between these two extremes as sketched in fig. B.Z2.

It is interesting to note that with f1=1 and fi= 0.5, the

diagonal line representing an image point free motion in the

direction of the - axis passes through the corner of the decision

diagram.



" 100

-
Fig.B.1. Loci of Image Point Directions. No Thrust

+8

/////

=
¢

Fig.B.2. Loci of Image Point Directions. Finite Thrust



101

APPENDIX C

b

DIGITAL SAMPLE STZk

With the purpose of determining the number of samples able
to give a reliable statistics we chose a random set of variables
which produced the following values of rendezvous time for the

different sized samples:

Sample Size N Mean Tine f Standard Deviation
10 168.1 / 7.62
20 168.5 8.95
30 168.5 9.99
- 40 | 171.3 10.67
50 170.8 - 11.33
) 60 171.9 10.72
— 70 168.3 , 7.80
- 80 170.5 9.78
90 "170.8 | 9.78
100 168.2  8.20

Comparing the two samples of size N1 =10 and each one of

.the remaining and testing the hypothesis

o T, ML S O (The difference of means is due
/ / merely to chance)

H1 :j*a'/“t# 0 (There 1s a significant difference)

we can tabulate for the remaining samples the difference of sample

means, the standard deviation of the difference of means



2
_ q; 1:'" Ty

Tl T
ﬂ‘_/*b N:_' sz

(using the sample standard deviations as estimates of T, and T3),
cdt < i ~'c = W, ~ oL 0’— - c.-

and the standardized yarlqble Z ()H./iz)/( f‘]ﬁ‘)’ obtaining
that for a two-tailed test, the results are significant at a 0.5

level., Hence we conclude that it is enough to take samples of 10

digital simulations.
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APPENDIX D: DIGITAL PROGRAH

) Table D.1.
DIGITAL DATA CARDS TABLE
bard | Parameter’ “ - " Format
1 XM1,X01 (Axlis scale for graphs) LT 2E10.3
2 ¥iM2,Xxo2 id. A T 2R10.3
3 YMT,YOoT id., Y-axis (Time) 2E10.3
L YMTD, YOTD. id Y-axis (st.dev. time) 2E10.3
5 YMR, YOR id. Y-axis ( [ ) 2E10.3
6 YMI, YOI id. Y-axis (impulse) 2E10.3
7 YMID, YOID id. Y-axis (st.dev. impulse) 2E10.3
8 NRAN (first random number) I11
9 JNSIM (Number of simulations) 11
10 _ TIMMAX (max time allowed for each simul.) Ei1.3
11 NDATA1 (Variable to change) I11
12 " NDATA2 id. . I11
13 to 27 All the variables (vt two),in order: . E11.3
ry vi,B,unitary st.dev. errors observ.,
.
sF.dev.errors implen., tf, to, Waiting time,
ilna% ﬁindezvous tinme, Gnr’ eotﬁ o,y Tys @,
- a "1 a2”
28 J JNREPT (Humber of repetitions each simul.) I11
29 ' NE1 (Number of values for var. NDATAD) I11
30 to (29+NE1) Values adquired by var.NDATA1 . E11.3
(30+NE1) . NE2 (Number of values for var., NDATA2) It1
(31+NE1) to '
(30+NE1+NE2) - Values adquired by var.NDATA2 E11.3

Total number of cards: (30+NE1+NE2)



PRCT .

l}/'\ I M

‘m
2n
3%

& a

END OF

1%
&
G

b

O
©F
T
Hx
PET
10:;;
lix
1p%
1a%
Ly
154
lox
17%
Lo
19:x
20
21
22:@:

ehx

2.:-}3:
20*
g
24%
29
30:&:
KNES
Sk
KT
Shpe
Syx
Do
37*
-5;,3*
39k
4%
Hix
4ok

ANE

Lipx
Gk
q'{'j}{:
47
by
LR

PROGR A
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Digital Program Routines Employed

CALL STauRa
CALL SInFILT
CALL Ex1v
END

CORPILATLIONS , NO  DIAGNOSTICS.

oL
69

"2003

2004

C20U5

2921,
2807

23802
26035

2604

SUBROUTINE RoNUEZ

COMMON/ZBLL/X Y e 2N XY o NZ e ALPHAY Pd{fDﬁHI!DTHET;STl
COMMON/3L.27 P10 VOrIHRTerHRRD'CfLrALPH
COMMON/BLO/NRARN
COMMONZBLUE/KMRANYPARL Y PAR2 Yy ARTr ASTr ARF e ASFr ARIy AST v KVWRO
COMMON/BLY/NREL P NE2r AR

DIMENSLO, DAT(30) rARKCLI0r2) v COMEB(100r2)

DIMENSTO; STLH(L00) »SFUEL(L100) v SFAT(LGO)

DIMENSTO0 KNRANCLI00Y v PARL(I00) »PAR2(I00) yART(100) v AST(100)
DIMENSLON ARFILO0) rALF(L00) P ARICIOO) P ASTI(100) vKWRO(100)
AMODUL (XA YY r ZZ)5SGR 1 (XXR*2HY Y42+ 2 2% x2)

NSIM=]

READ 637, kAN

READ 63 JdN51M .

READ €Ly TImMAX ™~

FORMATI(E L] . 3)

READ 63, UATAL

READ 83¢DATAZ

FORMAT(ILL)

DD 2003 i=1el7

IFCCLWNELNDATAL)  ANDe (1T «NEJNDATA2)) READ 619DAT(I)
CONTINUE

READ 63, UNREPT

READ 6391

DO 2004 I=1rNEL

READ 61 ARR(Le1)

CONT INUE

READ ©3rpnER

DO 2005 [=1rjNE2

READ 61» ARK(1I»2)

CONTINUE

NEL1Z2=NE1=NES

DO 2921 i=lenEl2

ICI1=31+INT((L=-1) /NES)

IC2=m0D(IrNE2) .

IF(IC2.Eue0) [C2=pME2

COMB(Lr1)=ARR(ICL,1)

Coﬂb(leJ—Aﬂﬁ(ICZva)

COMTINUE

PRINT 28¢7 ‘

FORMAT(///719¢ IHNITIAL PARAMETERS/Z//)

PRINT 280220AT (L) DAC(H) v DAT(O) pDAT(LL) »CATC(L3) P DAT(16)
FORMAT (ob DIST=rElH4e3r4HSTIZ ELO 45 IHTF=vEL1T7 o 3 6HTHRRD=)

LELG e 30 0HALPHAZELYG « 31 3HCT=rEL1763)

PRINT 2803vUAT(2YDALISI v OAT() »DATCL2) 2 DAT(LY) o DAT(LT)
FORMATUEi VEr LT e 3 ST 2 0ELOe 3 3TO0S 1l 7 e 30 6HTHRTREPE L o 5y

13HR0Z P EL 74 304 CTES E L6, 3)

PRINT 2304»DAT(3) DAL (8)
FORMAT (61 BETAZrES«3r 26X 0 6HTWAITSE843)



50%
Si%®
Ok
Sk
Sy
Sox
Baw
57x%
5&*
O
JVES
1%
Ol
6j*
Ohx
655
O35
67 %
(GYIP
69
10

91k

G
G5k

Yo%

97$

Yo%

99
1LOG*
101
10g%
105%
104
103*
16,

c
C

GO0

28006

2808

2701

2922

2042

10%

PRINT 280520AT(15) 2 DAT(9)

5 FORMATASi1 A e 17430 20K SHTWDZ0E1643)

PRINT 2806,0AT7T(10)

FORMAT(HOXr 4 TROZ P E Lol 3)

PRINT 28uBrNOATALINDATAZ

FORMAT(///214)

PRINT o5y TIMuaXr JHRErT
FORMAT(//lOXrTHTlMMAA:vFlU.Bo4Xr6HNREPT:,17)

PRINT 2701

FORMAT (Ol e GO UHNR AN 27X e G HTIME r SX» THES T DEV e r 22X
LLIHACTION Tl r2X e 7THoT «OEV e 08X r THIMPULSE » 4 X e 7THSTeDEV e ¢
28X THUNSUCCe /) : X
COMNT IINUE

KNRAN(HS L) =NRAN

NREPT=1

NSwR=0U

DATCNOATAL)=COHBANSIMe L)

DAT(NDATAZ) =CumB (NS I 2)

CunNTINUE

X=DAT(L)

VZDAT(2)

BETAZDAT(3)

STLIEDAT ()

ST2=DAT(2)

TF=DAT (&)

TO=DAT(7)

TWAIT:UAT(B)

TWh=DAT ()

TROUSGAT (L0)

THRRD=DAT(11)

THRTRZLAT(12)

ALPHAZDAT(13)

RO=0AT(Ly)

AZDAT (LS

CT=DAT (1)

CTERDATI(LT)

INITIALIZATION

T=0+0

TImE=0.0

TFUEL=C.0
VASVCOS(oETA®D«017H0229252)
VYZSERT (ywka=yXkk2) :
ALPH=ALPHA

PiHI0=1.0/R0
VOZSORT (2« 0%AKR0)

I0=0
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100
109
110
111x
112
115%
S 1llge
11l.%
llox
1i7w
1la*
1i9x
120*
lai#
12.%
125%
124
125%
126
127#
12d%
129%
1dy%x

131

13z%
135%
134%
135x%
1354
157%
13y#
139x%
140
141
142
143%
14
1454
l4ox
147%
l4ax
1%
150=%
154
152%
“150%
154
1Dox
156=%
157«
15ux
159x%
16U::;<
161;'}9
1024
165

C
C
C

2100

c
C

500

2310

106

COMT LHUE

IF (k2 YRR+ Z4%2) o T RO**P}.ANQ,((UY**¢+VYa*2+y7**a) LTe
Ivo**2))  GOTO 2820

FORMAT (320 3rE2048715)

IF(ID.EQ.7) GOTO 2604

IF(TIME6Te TLMAX) GUTO 2801

Catl YMAGE

CaLl. DECLIS(PHIOYPRUrIW)

CALL OECTIMUIL»PHIrDrHIYDTHET»TOrCTeTyDeTRDYT)
XZXTYR¥T

Y=V T

L2 Z*®T

TIME=TIMEHT

CHLL YHAGE

CALL DECLS(PH10» RUrIu)

GOTO(2313r2320 2550rc540r2550r2360.2100)pID

DtLISIOH APPLY THAN:VLHSAL FORCE
CONTINUE
ROOT1=AMODUL(Xr Y Z)
ROOT255QRT (VX#k2k (Yhk24+2%42) VY aok 2% { Xak 24 2542 ) 4y ZHA52K (XK %2+
1Y*%2) ) #R00T1L

COSINES LWIRECTORS
ADI= (VX (Yt 2+ 2%k ) =AY =~XkZEVZ) /JROOT2
AUDZ= (VYR ARk 2+78:k2) =Tk KAV K=Y RZxVZ) /JROOTZ
AUBS (VZF (XAR24YRK2) =k XKV K=Z% Y VY ) /ROOT2
ACELERATLION
AAZ=ARRANORM(STR2rA0L)
AYZ=AFRANORNM(ST2r AQ2Y
AZZ=A*¥RANORM(ST29AQ3)
URPDATE
XZXHVXKTEHQ o SRAXKTFH42
YZYHYYRTFHQ e DRAYKRTFH*KZ
ZmZHVEZATEHQ o« BAZRTEH%Z

- VXSVXHAXSTE

2320

VY=VY+AY*TF

VZ=VZ+AZ«TF

TIME=TINEHTF

TFUELSTFUEL+TF

IF(TIME«6T« TIMMAX) GUTO 2801
CALL YMAoE

CALL DECIS(PHIO!ROrIL)
IF(CIDeFEuel) sORe (LU LU 4))GOTO 2310
GO Ty 2390 .

APPLY RADIAL FORCE TU APPROACH
COoMT LiiugE

ROQTL=AMODUL (XY 2)
ACELERAT 101
AR==AXRAJURM(ST2 ¢ X/RO0T)
AY==ARRALORM(ST2» Y/RUOTL)
AZ==AFRA GORM(ST2e 2/RU0TL)
UPDATE

XZSXHVXERTE+H0 e 53k A X*TF*%Q
YSYHVYYHTE+H0 DAY RTFHRZ2



164
lobx
lbox
1Lo7w*
Loy
169x%
170%
L7 4%
17:x%
17 5%
L74%
17474
176
L77=
1750
179%
180%
181%
1624
165
184%
185%
1Oo#

187% .

184#%
169«%
1Sy*
191
192%
19 55
194
195%
19a6%
197%
195w
199
200
201 %
205
20 5%
20k
205H=
200%
207
206%
209
210
211«
2iz%
215#
2lux
2lo*
216%
21 '/:i-;
210*
213«
2y

597

2500

2940

2550

2360

2390

ZEZHVZHATEHO e DAAZKTH*2
VASVATFAX=TF
VY=VY+aAYxTF
VEZ=VZHaZxTF
TIMmE=TIMe+TF
TFUEL=TFURLTTE
IF(TIME «GTe TIiAX) GUT
CALL YwnAsE

CALL DECIS(PHLOrROrIL)
FORMATOLGX P SEZD037E20,

IF((onEucd)oUQt(IUctu‘J)) GO0TO 2590

GOTO 249y

APPLY RAULIAL FORCE Tv
COonTINUE

RupTl= A:uUUL(AerL)
ACELERATLON

AXZ A¥RAGORM(ST2e X/RUO
AYZ AXRAGORM(STZ2rY/RUO
ALz pRRALURMSTZ2r Z2/7RUO
UPDATE

X=X HVARTEHG o DapX&TF *%L
YEYHVVHRTEFQ o SHAYRT[ %2
LmZHAYEFTEFD e DRAZFTFHx2
VASVAHAXKTF
VY=VY+AY R F
VZ=VI+HAZ#TF
TIME=T LM +TF
TFUEL=TFUELFTF
IF(TImME, GTeTIMMAK)Y GUT
CALLYMAG:

CALL DECIS{FrHiIOrRGrIL)
IF(IUEQ.3) GOTO 2330
GO To 2390

DECISION 4

CunTINUE

IF(KTRB«5ED) GOTO 201
KTRU=KTR4+1

KTR5=0

GOTO 2100

DECISION 5

CONTINUE

IF(KTRB.GE D) gOTO 292
KTRS=KTRS+1

KTRU=0

GOTC 2100

DECISION © WAIT TwaIll
ComTINUE

K=xHVX=THAIT

Y2YFV #TwALT

=2tV ZFTGALT
TiME=TIM=+TWALT

6010 239y

RESET COUNTERS

KTRH=0

KTRS5=0

GOTO 2104

0 2801
8r15)

RECEDE

T1)
T1)
T1)

0 2801

0

0

SECONDS

UnsSUCCESFUL RENDEZVOUS



221% 2601 NSuRZHNSWR+L
222% TimME=0.0
225% TFUEL=0.0
2245% GOTO 2820
225 c RENDEZVOUS ACHIEVED
220k 2820 CONTINUE
227 STIM{NREFT)STARME
C 22w SFUEL{NRLZPTI=TFUEL
2249% SFAT (NREFPTY=TFUEL®A
230% NREPT=NRwPT+1
23 L% IF(NREPTJLESJLREPT)Y  GOTO 2012
232x  C EDS A SLMULATION
25 5% REPT=1¢0/ (UNREPT=HSWK)
234 DO 2900 I=LrJunREPT
235% SSTESST+LTIMT)
236 S5FESSF+SFUERL (L)
287 % SSASSSAHSFAT (L)
236 2900 CONT [NUE
239 c -
240* C
2% SSTM=SSTHKEPT
Cebzwk SSFM=SSFH#REPT
2 o SSAM=SSA#REPT
24k C
2845 % DO 2901 I=1rJuREPT
2o IF(STIM(L)«L.T«a0«0001) GO TO 2902
247w - STU=(STIH(I)I=SSTM) % +5TQ
24 oo SFE=(SFULLA{I)=5SFi) #x24+SFQ
2494 SAQE(SFAT{I)=55AM) #¥2+SAQ
250% 2902 CONTINUE
251 % 2901 COMTINUE
252% C
25 Hx STOT=SQRT(STUsREPT)
254 % STOF=SQRT(SFGxREPT)
259% STOAZSART (SAQxREPT)
250k PARL (NSIM)=UAT(NDATAL)
257:x PARZ{(NST4)=DAT (NDATA)
255% ART(NSTIM) =53 '
259 AST(NSIM) =3TDT
260x% ARF (NSTM) =5SFH }
261 % ASFANSIMI=STOF
202% ART (HSTIM) =SS5 A
265% - AST(NSIMI=STDA
264 % KaRO NS TH) =nsSuR
2095k Du 2915 [(=1erunNREPT
2bo¥k STIM(I)=0¢.0
_267% ' SFUEL(I)=0.0
26g%x SFAT{I)=(0.0
204%k 291y CONTINUE
27§+ S5T=Q.0
27 i # SSF=0.90
2712 . S5A=0.0
2T 0% STQZU0
27 4% SFu=Q0.0
27 5% . SAR=0.0
275 PRINT 2702 NSIMrKNRANINSIA) pPARLGYSIM) v PARDINSIM) r ART (MO I ) »

27 1 LASTINS LM r ARFCHSTIM) e ASFINSTIM) p ART (SIs) p AST(NSTM) # KWRO (WS IM)
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276% 2702 FORMAT(IunrI9rSF114tr18)

279w MSEMZNS T+,

28 COIF(NSIMeLE JJINSIM) GO0 2922

281 % RETURN

2862% EiND

END ¢F COMPILATILON: ‘ O DIAUNOSTICS.

1% SUBRQUTINE YwAGE
2% COMMONZBLLZA e Y e 2o VX VY o V2  ALPHA P PHI # DEHI P DTHET ST
3% DEN=1s U/ (kB2 YRE2FHZH%RD)
4k ' AUXL=ALP 1A +SUR T (DEN)
5% AUX2==ALPHA®DENRSOGRT CGEND) * ( Xk VX+YxyY+7%VZ)
X AUXBZOENGSQRT (VIXRR2% (YR 2+ 242 ) VY ok 2k ( Xk 24
7 - 1Z%%2) +V 2k Dk (ORKZHYHRZ) )
Gk PHIZRANOM{STIxAUXL » AUXL)
Gx - DPHI=RAHORMSTLRAUX2r AUX2)

VE™ DTHET=RANORM(STLHAUXO» AUXE)
1% RETURN

1z2% EnND

END OF COMPILATION: NO  DIAGHOSTICS.

IE 3 ) SUBROUTINE DECTIMUID e PHI2OPHI »DTHET TurCT e TuD e TRD» T

2% COMMON/BL2/ PHIGYVO» 1HETRy THRRDP»CTE » ALLPH

3% GOTO (Lr2r3r1e3000t ) I0

Ly 1 TETOREXP (=~ CTsuTHhT/(Vu*PHIO))

ot RETURN

% 2 T=TOXEXP ( CT*uPHI*ALPH/(PHIO*PHIO*JO)l

T RETURM

&* 3 T=TOREXP (=CTH#DPHIXALFPHZ (PHIO*PHIO*V0))
L RETURN
1% o T=TWD

Lix RETURN
12% 7 T=TRD
15 RETURN
lyx END
END OF COMPILATION: NO  DIAGHOSTICS.
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SUSROUTINE DECIS(PHIVIROPID)

i*
e C8M§UN/8L1/ XoYrZoVXevY e VZr ALPHAPPHI e GPHIPDTHET» ST
3ok To=
e IF (OGR4 Y k424 750%2) o LT o {ROKk*2) ) RZTURM
5K SIuz=3
o IF(DPHI T ALIMI(PHI)) RETURN
VE: ID=1 :
Gk IF(DTHET 46T« Al IMY(PHL) ) RETURN
G ID:EI_ .

1i% IFADPHIwiLT«0e0) RETUrp

L1 I=b

Lo IF(DPAL LT e ALLMB(PHI ) )} RETURN

1 5% Io=4

Lo IF(DTHET«0TeALTH2{PHL) ) RETURN

1oz I1U=6

1o RETURIN

Y7 END

END (F COMPILATION N0 DIAGNOSTICS.

1% FUNCTION ALImL(PHI)
2% COomMMON/BLZ2/ PHIOWVO P 1HRTR e THRRDY CTE P ALPH
KES W0 52V ORPHIRSGRTIPHLUXPHI/ZALPH)
G IF(WeblTe2e ORTHRRID) W=2+0*¥THRRD

bk AlLIMl=w
O RETURN
T END

END oF COMpPILATION: NO  DIAGMOSTICS.

L% FUNCTION ALIMR2(PHI)
2 COMMON/BLEZ PHIUP VO 1HRTR ey THRRD 1 CTE » ALPH
3% Q=0 e L¥VOxPHI/ ALPH
fhE IF(Q=THRTR)YL1er 12
oL 3 ALIM2STHRTR
O% RETURN
7% ALTIMR=N
H% RETURN
Gk END

END oF COMPILATION: NO  DIAGHNOSTICS.



I FUNCTION ALIMB(PHI)
2% COMMON/B1.27 PHIO»VOrIiHRTRy THRRO»CTE» ALPH
3%k Q=0 BRVORPHIFRSART (PHLO0xPHI/ALPH)Y /CTE
Lok IF(Q=THRRD)1r 12
o 1 ALIMA=THRRD
o RETURN
T = 2 AL IM3=Q
[$Ls RETURN
S EnD
END oF COMPILATION: NO DIAGOSTICS.
i* FURCTION ALILiy(PHI)
2% COMMOW/BLZ/Z Pril0sVOr inkTRy THRRD CTE » ALPH
3% Q=0 LRVOSQRT (PHIVXPHIZALPH)
e 3 IF(G-THRTR)YLedlr2
5k 1 ALIMUSTHRTR
&% RETURN
T 2 AL IMYy=Q
G RETURN
Gk EnD
END F COMPILATIONG N0 DIALHOSTICS.
AP |
i#* FUNCTION RANSOR(APB)
2% COMMUN/BLS/NRAN
9% MRANZMOD (L20%KAN 2796203)
Lo RANSGR=Z(MRANFD W 5) % (B=3) /2796203, 0+7
5% RETURN »
o END
ENG oF COMPILATEQM: NO DIAGHOSTICS.
1 FUNCTION RANORM{SDEV e VALM)
ek DATA TwWORl/6.2831853u7187
9% COMPLEX U
4 VARSSDEV»*2
2% ) U=CEXAP (CHMPLACO0rRANSGR (04 0r TWORPI) ) ) *SART(~ALOG (RANSQR( 00
O ) 1100))*(\/,&1}'{+VAR) )
WL RANORM=REAL (D) +VAILLM
8% RETURN
Yk END

 END oF COMPILATIONG N0 DIAGHOSTICS.



1
&%
Sk
ok
OES
O%
VES
8%
Yo

lgw

11
12+
Lo*

52
S%x%
Sk
Hh¥
Sux
S7x%
Sox
5Ix

OoOOoOO000

49

48

490z

43901

4900
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SUBROUTI E GRIRAPHIP» TUENT» IDr XMAX » XORG, YHMAX » YORG)

THIS SU3ROUT LI SIVES A PLOT OF THlE Ip POINTS wHOSE COCGRDIMAT
PROVIDED Il THE ARRAY P. -

THE AXES ARE CENTEREWL IN (XORGrYORm) AND XMAXe» YMAX ARE THE U
OF THE GiAPHIC.

EACH POINT wliwh Bt PRINTED AS ®:QrXretpe3eC,00Er OR F GIVI
TOENTIFTER Orie20308 15960798 OR 9 IN THE ARRAY IDENT.
DIMENSION PULL»2) v 10T (ID)

DIpEMSION PLIB00r2) »us(121) » TDENTL(500) » AUX(500)
AINTYI= (Y RAX=YORGY/25.u
ALNTAZ (XAX=XORG)Y /76040
JPOINT=10#*

JOLAMK= L

JONEZLATL

JPLUS=LH+

JMINUSZ L=

JEu= 1

JAXELHX

JOIX=1H

JAZIHA

JB3=1HB

JC=1HC

JO=1HD

JE=LHE

JF21HF :

X INZE o QR RORG=~XMAK

YU INTZ2e 0#YORG=YMAX
XL2ZXAIN+L2« UATNTX
X2USXWMIM+28 « OAINTX
XIOZAMIMN+36e OXAINTX
KYBZAMIMN+HE 8« ORAINT X
XOL=XMIN+GL « URATNTX
XT2ZAWIn+T2 UxATNTX
RBGEXMINT B4« PFRATINTX
XOO=XMIM+96« OkAINTX
K108=XmIy+1Uch e OFAINTA
DO 49 I=4irIv
AUXCTI=P(Ire)

CONT INUE

DO 48 I=1,500
PL{TI»L)=xXMIn
PL{I»2)=¢MIN

DO 4900 1L=1rID
AYZ=YHIN

NY=1

DO L4901 [=1rly
IF(PCLr2)=AY) 4901490294902
AYZP(Lr2)

NY=I

CONT IMUE

PLi(Iir2)=AY .
FLOIL L) =P(NY L)
IDENTI(IL) SIDenNT (YY)
PONY»2) =y I

CONTINUE

J=l

DO 4903 1=1,1ID
TECPLCI L) «OToXMAX) sORGIPLIT 1) oLT o XIM) «ORW (PL(152) o GTaYHAX)

CeOTO 4903



Q5%

97+
9k

99k
10y:*
101
102%
YNINET
104
105«
10bx
107%
1058%

4903

4904

4905

4939

-
!
(SN

Pi(Jel)=pi(Lel)
PllJde2)z=pllir2)

IDENTL(D) =IuENTL(Y)

Jad+ L

CONTINUE

J=d~1

PRINT 1

FORMAT (111)

DO bud4 i=lrizi

JS (L) Z=USLANK

COTINUE B
J5(61) = JuiE

Ia=1

ILIN=D
IF(PLOIQr2) o LT« (YMAX=(ILIN=1)*AINTY)) GGTO 4915
IF(TweTad) GUTO 4%l
KXSIFIK(OPLOIQe L) =X ZATNTX) 40,50+
IKX=30EMTL (LG +1

GO TU (4935194950,48529 49532 4954949559 495694957 ,4395314959) » TK
JS(KX) =Jdua

GOTO 497y

JSIRX) ZJPOINT

GOTO 497p

JS KXY =JAX

GOTO 4979

JS(KK) =JuX

GOTO 497Q

JS5(KA)=da

GOTU 497¢

JS5(KX)=dis

GOTC 497y

JOS (KX =Jg

GOTO 497y

Ju(KX)=dy

GOTO 4970

JS KXY =UE

S 60TO 4970
09 JS{KRI=JF

4921

BILG

1a=Tg+1

IFCILINGGE.S52) GO TO 4920
GO TO 4945

DO Gu21 (=irll
P(Ir2)=Aux(])

PLl{I,1)=20.0

PL(I+2)=0.0

IDENTLI(I)=0

CONT INUE

PRINT 4940, AITXeALNIY
FORMAT (62X e THIUNIT XSrEQe4/52X e THUNTIT Y=rEDW4)



109% PRINT 1

- 1ly* RETURRN

Liyls R9Ls IF(ILIM.EQ.20) GOTO 4907

11z : IF(MOUCILIN=LrD) o@alb) GOTO 4908
N IR IF(ILINGZG.27) GOTO «909

1lyw 49500 PRINT 42100 (USL) P L=0r221)

1lox 5005 FORMAT(IA0r 40188402 110)

Llow 4910 FORMAT(121AL)
1174 4911 ILINSILIj+L

1l DO 4930 I=1lri21
119 JS (1) =JBLANK
120« 4250 CONTLNUE
121+ JS(O L) =JONE
122% IF(IiLidewEaB2) GO TO 4920
125% GU TO 4905
1&4% 4907 Do 4912 Il=irlzi
1254 . IF((US(IL) eEQeJBLANK) s OR (JUS(I1) . EJ!JONL)) JS{T1)=UMINUS
1205 491z CONTINUE
127% DO 4931 12=13r121912
120% IF(JS(12) WEdeuMINUS) J5(12)=JPLUS
129 4931 CONTINUE
130% GO0 TO 4950
igl* G906 YAXSYMAX=(IL l=1)*AINTY
paE PRINT 495.3r (JS L) L= e S53) o YAX  (JS () P L=
1358% 4913 FORMAT(SOALIET«2061A1) LIri=6lrlal)
134% GO T 4311
135% 4909 PRINT 49&4!XMIH JSEB)» JS(9) r JSH ) X1 ) = 2
l?u* LOUSLI r =300 30) o X360 (US L) P L= 4?12a;'xiéf€3é%L;LLi24?§§;?§g§e
157+ ) 2lJS L) v =00 r 70 X720 CJS(L) 1 L=78082) 1 X834 (US(L) yLZ90»94) 1 XI5
1?&* SUUSML) L =1020206) o X1UBr (JSILY rL=1240118) » XMAX
139 4914 FORMAT(E 7420 310 CI-Z'O(aﬁl'E7 2))
140 GO TO 4911
141‘* END

END F COMPILATION: NO DIAUNOSTICS.

- -
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Lok SUBRUUTINE SIMFIT

2% :

Sk C GRCUP 1 =~ NE2 LIMES TIME VERSUS VARL

Gk C GOUP & = pNEZ2 LIMNES S7TD TIHME VERSUS VARL

S C CGROUP 3 = pNE2 LINES RRHO VERSUS VaR1

O C GROUP 4 = NEZ2 LINES IMPULSE VERSUS VaR1

T + C GROUP 5 = HE2 LINES STDe. IHPULSE VERSUS VAR 1
% '

5% c GROUP o = NMEL LINES TLME VERSUS VAR 2

o= C GrOUP 7 = el LINES STDhe TIME VERSUS VARZ

lTix C GROUF o = NEL1 LIMES RHO VERSUS VAR2

12% C GROUP 9 = NE1 LINES IMPULSE VERSUS VAR 2

NICES

lyx

BASTS _ ‘

Lo COMMON/ B /7Kiin AN PARLIPARZP AR T ASTr ARF 2 ASFr ARI,ASTI P KWRO
L7 COMMON/ BL.S/mu 1l s ME2 » ARR

1o DIMENSION KNRANTL00) »PARLICL00) »PAR2(LIG0) P ARTOLO0) » AST(LOD)
19% DIMENSION ARFLO0) pASF(L00) rARIC(L00) » 45 (200) »KWRO(LO0)
20% QIMENSIOH ARR{L1092) »nUX(100)

2Lk . DIMENSION K(L0) Y (10)

2% Cc GROUPS WITH VAR 1

25% PRINT 33

Sl 33 FORMAT (/710X L2HVERSUS VAR 1/)

25 NP=NE L*%NE2

26 DO 1 K=1enEL

a7x% 1 XIK)=ZARR(Kr L)

2ok IL=1

T

30:{:

Si* 50 CONT INUE

i DO 10 I=i»4P

dbx 10 AUX (L) =ART (L)

Sk ASSIGH 20 TO JUMP

35k GO TO (1u0»200) Il

Sk 20 D0 11 I=jpef)P
37 % 11 Aux(I)=A5TLI)

3% ASSIGN 21 TO JumP
39% GO TO (1000200) 1L,
40w 21 DO 12 I=irtpP _
4] 12 AUX(I)=ART(I) /ARF (1)
bz ASSIGH 22 TO JumMP
43 GO TO (1g0r200)rIL

Lo 22 DO 13 I=iepip
b5 5 13 AUX(I)=ARI(T)

G ASSIoN 23 TO JUMP

L7 GO TO (1y0r200)rIL

LIeES 25 DO 14 I=i2pP

G 14 AUXCL)=ASI(L)

50% ASSIGN 24 TU gUMP

5 1x : GO TO (100,200) 1L

5o C GROUPS WITH vAR 2
Sax

bax 24 CONT IHUE

55% PRINT 34 -

bo* 34 FORMAT(//L0X» L2HVERSUS VAR 2/)
57% IFCILEQ.2) RETURNM

5% IL=2 -

5% DO 5 K=1iriiE2

bJ* 5 A =ARR (K &)

Ol#% 60 TO 50
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O 2%
SIGE
O4m
0ok 100 COonTIngg
O&+ DO 2 I2=jrpER
6 7% DO 3 I1=1snEL
ook IN=(11-1)*nE2+12
Ok 3 Y(i1)=AUA(Iiv)
Tux 2 CALL FETULp(MZLeXrY) .
Ti+ GO TO JUrP e (200210221231 24)
1o
ASE:
Tk
Tox 200 COpMTINUE
To* DO & u=1l,nElL
77 DU 7 IATLepER2
T 5% In=Ia+(Jd=1) #0272
T 7 YCLA)ZAUA I
Bu* 6 CaLl FITuipGit2exeY)
61 % GO TO JupiPr (2ur21le22r23e24)
ok _ END
END oF COMPILATLON: NO  DIALHOSTICS.
1% - SUBROUT Liite FITLIN(N?APY) .
2% C PRINT Y=alsXA+4A0 WHICH FITS BETTER THE N POINTS XoY.
% DIMENSION XC1G) oY (1009 XY (L0} X2(10)
Tk 5X=0,0
5% SY=0,0
OF SAY=0.0
Es SX2Z0.0
RS DO 1 I=ispy
Yo XY(D) =X (1) =Y(1)
1o#* 1 X2(I)=X (1) %A (})
1 DO & I=1sN
12 SA=SX+X(1)
135« SY=9Y+v (1)
14k SXY=SXY+AY (1)
15 2 SXE=5X2+x2 (1)
lox D210/ (N#SK2=5X*SX)
17:x% AOzD* (SY4SK2=5X*SKY)
loux AL=Dx (1F, XY =SK*5Y)
19% PRINT SralrAD
AT 5 FORMATC(LOX v 2riY=2E12eDr5H %Y +1E12.5)
el RETURN -
22% EiD

END oF COMPILATION: MO DIAGROSTICS.
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Yo

Yipw
L5k
b
47k
TS
LIRS
S0*
D1k
S2%
55-"&

OO0 OOO0CGOO0O0 o
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3

SULIRQUTIHE SIMGRA
IT GIVES 10 GRAPHICS WITH sUBR. GRAFO

Le TIME VERSUS VARL

2e5TD. TIME versUSs VAR 1
ety VERSUS VAR 1

o IMPULSE VERSUS VAR L
5¢S5Tu. IMPULSE VERSUS VAR 1

oeTlMi VERSUn VAR 2

TeSTDe TIMeE VERSUS VAR 2

Ge RO VERSUS VAR 2

9 IMPULSE VERSUS VAR 2
10.5Tue. IMPULSE VERSUS VAR 2

COMMOWN/BLLZXr Y 2 ZrVXevY I V2o AlLPHAYPHI P DPHIPGTHET » ST
COMMON/RBLE/ PHIO P VO LHRTRy THRRD P CTE» ALPH

COMMON/ 3.3/ NRAN
COMMON/BLY/RMNRANPPARLrPARZ ARTr AST e ARFr ASE P ARI ) ASI »KWRO
COMMOIN/BLO/NE L P NE2 7 ARR

DIMENSION KNRANTIOO) pPARI(LOD) v PAR2(100) »ARTCL00) P AST(100)
DIMENSLO; ARFULU0) v ASFIL00) rARICLOD) v ASTI(100) v XKWROCLO0)
DIMENSTION PLLODr2) » TLEMT(L00)

READ 302 X419 X001

READ 30 5020 K02

READ 30 YMTeYOT

READ 30 (NTOeYOTD

READ 300 yMiRe YOR

READ 30r¢taleYul .

READ 30 (ID»YQID

FORMAT(2E10¢3)

CALL RENUEZ

NP=NEL#i

DO 1 I=1l,nNpP

PCIr2)=ART (1)

PCIrL)=PaARL(L)

IDENT(L)=MOU(I-1) P NL.2)

CALL GRAFO(P» {DENT P e XMLo XOLr YT »YOT)

DO 3 I=1,1P

PCIe2)=A5T(1)

CALL GRAFO(PrIDENT Mo XX o X012 YMTO YOI

DO 5 Iz=1,NpP ’
PCLe2)=a4RT(L)/ARF(I)

CALL GRAFG(Pr IDEMT NP » XMLy XOLr YMRPYOR)

DO 7 I=1,ip

P(Te2)=ARIC(IL)

CALL GRAFO(P LDENTeNE» XML X001 Y4I»YO0OI)

DO 9 I=1.NP

PlIr2)=n51(1)

CALL GRAFO(P» IDENTeMNFe XMLy X0l YMID, YO LD)

DO 2 I=1,npP

POIe2)=ART (L)

PlIr1l)=para2il)



Bap e 2 TUENT(D)=(I~1)/NE2
Yo CALL GRAFO (P XDEHT P NF o XM21 X002 YMT» YOT)
56 Do o I=LyNP
57w 4 PCIr2)=AnT ()
Hgw CALL GRAFO(P» IDENT e N p Xin2e X02r YM1U'YO|U)
56x. DO 6 I=1,MpP
60 % o POLr2) =ART(LI/ARF(I)
O 1% CALL GRAFO (P LOENT eNP e M2 X020 YMR» YOR)
6% DO 8 I=tyiP
Lo* 8 PUYr2)=ARICL)
O CALL GRAFO(PY IDEMNT e N e X290 A022YMI»¥CI)
6k DU 10 I=io9p
ReREs 10 PLIr2)=A51(0))
o7& CALL GRAFO(PrIDENT NP r XHM20A02:YMID,YOID)
6% ReETUR
Y% END
END oF COMPILATION: NO  DIAONOSTICS
1¥ SUBROUTINE MATIN(A»Brn»DEL)
\?* C MATRIA INVERSION 8Y ELIMIMATION WITH PARTIAL PIVOTING
%
4ok C ORIGLINAL MATRIX = Ar INVERSFE MATRIX =
Sk DIMENSTO ACGieM) v B3 (N N)
% EPS=0.0040001
VEs - .
&% Cc CONSTRUCT IDewTITY MATRIX gll,J)=1
D DO 6 I=1,i
10 DO 5 J=1,i4
lix IF(I=J) 5¢304
12 3 B(irud=1.0
T GOTC 5
1y 4 B(irJ)=0.0
15 5 COMT LHUE
1o ) COoNTINUE
17k DEL=1.0
Lo '
1% C LOCATE MAXIMUM MAGHNITUDE A(Irg) ON OR RELOW MAIN DIAGOAZ
20% DO 45 K=irN
2ix IF(K=N) L2030,30
2% 1z TrdaX=K
2% AMAXZABS(A(KP X))
2ifxy KP1=K+ L
25% DO 20 I=vPLlry-
o IF(AMAX=4BS(A(TIK))) 15020020
YL 19 IMAX=1



26%
PAS B
0%
Si*
LYor o
Sk
St
Sk
LTY 3
Gy E
Saw
Sk
B
b Lo
4%
by
Ltjk
Lok
ok
47%
G
49
50*
S
S22
5._’):%:
Bipak
Sy
Su%
o} YE:S
Sa*
59
SIVES
Ol
Ok
6%
6
65%
BO*

2V

- 25

3o

39

e
4o

L)

99
93

113

o N 119
AFAXZALSS K (LK)

CONT INUE

INTERCHANGE wOWS IMAX AHD K IF IMAX NOT EGUAL Tu K
IFCIMAX=K) 25¢302250 .
DO &9 J=irnN

ATMP=A(THAX e d)

ACIMAKrd)=A G e d)

A(Krg)=ATP

BTuPa3(TwaXed)

BOIMAXr JI= (K0 J)

B J) =3 (P

DEL=-DEL

COMTINUE

TEST FOR SINoULAR HMATRIX
IFCAGSIALKIRDY ) =EPS) 9051 93¢35
DEL=A (KK xDEL '

DIVIOE PIVCT ROW 8Y ITS MAIN OIAGONAL gLEMENT
DIVEA(KPK)
DO 33 J=1N
ALK J)=A(K J) /OTV
BIKrJI=3(Ked)/DIV

REPLACE EACH KOW BY LINEAR COMBINATION WITH PIVOT RO

D0 43 T=ieN

AMULT=A(LrK)

IF(I=K) 599435, 39

DO 42 Jdz=l.i

ACIrI)=A (T J) =~AMULT*A K J)

BOLru) =80T 0d) =AMULT*E (Kr J)

CONTINUE |
CONTINUE

RETURIY

PRINT 115K

GOTO 99

FORMAT (201 SINGULAR MATRIX FOR K =, I2)
END

END UF COMPILATLON: MO DIAGHOSTICS.



i®
2K
3k
e
sk
O
Ve
e
Gk
10%
lix
o=
1%
lyx
Lo
17
Lyx
1Y«
20%

S oalk

22%
&9
£l
e5H%
25%
&7
25%
29%
30%
YIS
Sz%
3G
S g
35%
Jo%*
37 %
e
39
Hix
4lk

b 5%

OO0

49

4302

4901

120

SUBRUUTINE GRAFO(PrTUENT IDr XMAX» XORGy YMAX» YORG)

THIS SUS3ROUTILILE GIVES A PLOT OF THg Ip POINTS wHOSE COORDILE
PROVLOED IN THE ARRAY P. _

Trk AAES ARE CENTEREWL IN (XORGyYORG) AND XMAXe YMAY ARE THE
OF TrHE GiAPHIC.

EACH pPuInT WILL Bk PRINTED AS *,QeXserArEBeC,DeEr OR F GI
IOENTIFICR TUrir2¢3049¢54607¢8r OR 9 IN THE ARRAY IDENT.
DIMENS L0, POLG0e2) p IuisiiT(L00)

DIMENSIO.y Pl(aUOfa)rub(l30)rID NTl(SOa)vAUX(SuL)
ALINTYZ (Y \AX=TCRG)I /500
ATNTX= (Aunh-k@hb)/l?u.
JPOTNT=1, 4%

JALANK=1H

JONEZLH]T

JPLUS=1H+

JMINUS=1~

Jaa=1Ha

JAXTLHX

JOX=1ide

JAZ1HA

Jo=1lHB

JC=1HC

JO=1HD

JE=LHE

JFZ1HF

XMIN=XORyY

“YMINZYORG

AL2EXMINFL2 0RATHNTX
X2U=XMINF24 0:ALNTX
XH56= XM i +36« OxATIMTK

XGBEAMIN+48 0xAINTX

XO1=XHMIN+60« 0kAINTX
XT2=XMIN+T2 ORAINTK
XBUSXMIN+E8Y « OFAINTX
XIB=XMIM+96« 0F#AINTX
XLUB=XMIN+1L08.0AINTA

DO 49 I=i,1I0

AUZCTI=R(1r2)

PL{Is2)=YMIN

CONTINUE

00 4900 iL=1r1D

AYZYRIN B
NY=1 ‘

DO 4901 1=1.1ID
IF(P(Le2)=AY)49201r4902,4902
AYZP(1r2)

NY=1I

CONT LNUE

PL(ILe2)=AY
PLlILe)=P(NT, L)

IDENTL(IL) ZIOENTINY)

'P(NI.Z):fMIN



9%

T1%
T+
Tax
Tux
Tox
Tox
T
Tox
T9%
B0*
B1%
B
%
8y %
d,, B3
B&x
87%
Be%
B8Gu
90
ik
R
9o
Gipk
9;;‘#—
Y
97*
9u*
T 9%
100=
10 L%
10zx%
105x%
104
105%

121

4900 CONT InUE
J=1
DO 4903 (=110
IFCPLCI 1) oGT e XMAX) e ORe (PLLT #1) e LT o X Lid) e ORe (PLLI+2) o GT o YHAX)
CGOTO 4904 :
PL{JpL)=pa(Ir1)
Pi(Jde2)=p1 (L)
IDENTLCD =ILERTL(L)
J=dt+1
4903 CONTINUE
JSJd=1
PRINT 1
1 FORMAT (1,1)
DO 4904 i=irlel
JS D) TUSLANK
4904 CONTILNUE
J5(9)=00E
ITa=1
ILIN=1 ’
4905 IF(PLIIQe2) LT (YMAX=({ILIN=1)*AINTY)) GOTO 4915

IF(IQ«G6T.d) GGTO 4910 .
KAZIFIXCOPLCIQr 1) =XmIN) ZAINTX) +0.5)+9
IKX=IDENTLI(IQ)+]1
GO Ty (195194950 Qchr4953149b4'4905!490614957;4950!49 9)rIKX
4950 JS(KR)=Jul
GOTO 497¢
4951 JS(KL)=JPOTINT
GUTO 4970
4952 JS(KK)=dnX
GOTO 497¢
#9583 JS(KAY=doX
GOTO 437y

B954y JSIKX)=Jda

GOTO 497¢
4955 JSKX)=dy
GOTO 497¢
4956 JS(KX)=JC
GOTC 497Q¢
4957 Js(KX)=Jy
GOTO 4979

4958 JS(KX) =JE

GOTO 497¢
4959 JS(KX)=JF

4970 Ia=Ig+l

IFCILINSOE«S2) G0 TO 4920

GO TQ 490b
4920 CONTINUE

PRINT Y14rXORGIX12e Xebh e X300 XUBr XOL» KT 29 X8UrX96, X108 XMAK
914 FOKMAT(11E12.3)

DO 4921 1=1rIl

P(Ir2)=puX (L)

PL(I,L)=0.0

Pl(l!fd’.):UoO



iUD;&'
10 7
105
LU
Llyms
lll$
113#
Lioss
11y
11:}:{4
Llox
L17*
1lo*
119x%
12G4
121%
124%
125%
124k
l2n%
1o
12 f;{;
12-.,)-3‘3
ey
13U>;c
13+
132

153$v

1oy*
13oHx%*

4zl

494Q

4915
4906
50056
49iy
4911

4950

4907

4912

4931
4908

915

122

ToENTL(I) =0

CunT IHJE

PrINT 490r AL TXr ALY
FOSMATCO2Xr T1iuin 1T XErE9aH/062X v THULIT YZrEY,.4)
PRIMNT 1

K TURel

IF(ILING waDL) GOTO 43207
IFMMoulIolil=1r5) EGeu) GOTO 4908
PRINT 4910y (U (L)Y pL=200130)
FORMATU(ILO P HELS e 42T U)
ForMAaT(1L0AL)

ILIN=ILT, ]

DU 4939 I=1rl50

Ja(l)=Jd2lANK

CONT INUE

J5(9)=JDnE

Gu Ty 49usb

DO U912 11=9%»130

IFCOUSTL) oo JBLANKI «ORs (JS(I1) oEqedJONE) ) JS(I1)=UMINUS
CopnTINUE

DO 49381 12z=9r130r12
IF(JS(T2) s Qe dsilNUSY JS(I2)ZJPLUS
ConTINUE

6O TO 49¢o
YAXSYMAX=(ILL~1) *ATNTY

PRING S1lovYAXy (US(LY L9130
FORMAT(Zne2r122A1)

GO TO 491

Evip

I
END GF COMPLLATLUN: H0 DIAWNOSTICS.




