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ABSTRACT

An investigation is made to determine how the human
operator makes use of roll motion cues in a man-vehicle
control system. To this purpose the human operator's
describing function is measured ever a wide range of
vehicle dynamics and under conditions of visual inputs
only, motion inputs only, and combined visual and motion
inputs. Both the describinf function (amplitude and
phase of the human operator s output relative to his
input) and the remnant (power spectral density of that
part of the human operator's output which is uncorrelated
with his input) are measured as a function of frequency.
The relative integral squared error is also measured.
Visual inputs are made by means of a dot moving laterally
on an oscilloscope, and roll motion inputs are made by
means of a motion simulator.

An analytical method of correcting the experimental
measurements for errors introduced by the remnant is
developed and applied to the data. The corrections are
generally small.

i&amination of the describing function data leads to
some conclusiond about the human operator's use of angular
motion cues in a man-vehicle control system. When the
roll motion cues are added to the visual cues the human
operator is able to increase his lead in the frequency
range above one radian per second. This permits him to
increase his gain and cross-ever frequency without de-
creasing his phase margin. The not effect of these changes
in the human operator's control behavior is to increase
the open loop gain without a loss of stability, and thus
to reduce the relative integral squared error for the
closed loop system.

The percentage reduction of the relative integral
squared error upon the addition of the motion cues to the
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dynamics. The human operator can make the most use of
motion cues for vehicle dynamics which lead to significant
roll motions above one radian per second. Such vehicle
dynamics include low order dynamics (1/s as opposed to
i/ss) and dynamics with an associated high control stick
gain.

It is possible, in some cases, to use the body of
data obtained for this thesis to predict actual in-flight
or moving-base measurements of the human operator's
describing function from fixed-base measurements of the
human operator's describing function.

Prof. L. R. Young, Chairman, thesis committee

Prof. Y. T. Li, Thesis Supervisor

Prof. W. Vander Velde, Thesis Supervisor

Prof. J. Meiry, Thesis Supervisor
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1.1 Motion Cues In Man-Vehicle Control

As aerospace technology develops, humans are being

put in control of an ever-increasing variety of vehicles.

Today's airplanes, VTOL's, and spacecraft are complex.

They have a large number of instruments which the human

must monitor to ensure the proper operation of the vehicle.

They also possess dynamics which demand a great deal of

skill on the part of the human operator to be controlled

safely. In fact, the control capabilities of the human

operator, and the interface between the human operator

and the vehicle, have become so critical that they must

be of prime concern in the development of new vehicles in

which manual control is to be considered as a primary or

back-up system.

In order to evaluate the dynamics of a proposed

vehicle from the point of view of human operator control,

the dynamics can be simulated on an analog computer. A

pilot is then asked to control the dynamics in the labora-

tory on the ground. For example, the pilot could be

placed in the compensatory system shown in figure 1.1.

However, the results obtained from such a laboratory experi-

ment are found to differ from the results of actual flight

tests when the vehicle is developed. The differences are

due to many things. In the fixed-base laboratory experi-

ment the pilot does not receive motion cues, and the visual
cues he receives are vastly different from actual flight

experience. The noises, sights, and the entire atmosphere

of actual flight are lacking in the laboratory. In order

to over-come such differences, more realittid. simulation

is used. By simulating the conditions of the vehicle in

flight it is possible to obtain a better prediction of

1



input + error HUMAN VEHICLE
OPERATOR YNAMICS

output

THE HUMAN OPERATOR PERFORMING A COMPENSATORY TASK IN A MAN-VEHICLE

CONTROL LOOP: A SITUATION OFTEN USED TO TEST VEHICLE

DYNAMICS, AND USED IN THIS THESIS TO INVESTIGATE THE

HUMAN OPERATOR'S USE OF MOTION CUES

Figure 1.1
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vehicle.

By experience it has been learned that the simulation

of vehicle motions is most important. When vehicle

motions are simulated in the laboratory, experiments

yield data for the human operator which are usually in

close agreement with the data obtained later from the

actual vehicle. The motions involved are the classical

six degrees of freedom (three degrees of translation and

three degrees of rotation), vibrations, and sustained

acceleration. Unfortunately it is expensive, often

difficult, and sometimes impossible to simulate the

motions of a given vehicle in the laboratory. Also

difficult and expensive is the use of variable-stability

aircraft to simulate a proposed vehicle. It would there-

fore be very useful to have sufficient knowledge about the

effects of motion cues upon the human operator to be able

to predict the actual flight data from fixed-base data

taken in the laboratory without motion simulations. The

purpose of this thesis is to take a step in that direction,

1.2 A Brief Review Of Results To Date

Simulation of vehicle motions has been perfected to

the point where laboratory data for the human operator

are very close to actual flight data for many situations.

It has been learned that in the absence of high vibration

levels or sustained acceleration the simulation of angular

motions is generally (but not always) -*ore important than

translation simulation. Young (referenco 28) points

out the fact that stabilization of most vehicles requires

attitude control prior to centrol of position, thus em-

phasizing rotational motions.

3



motion sensors within the vestibular system. Meiry

(reference 17) and Meiry and Young (referance 29) have

developed models for the semicircular canals and oteliths.
The model for the semicircular canals relates the human's

subjective angular velocity to the actual angular velocity

of his head. Thus the semicircular canals are primarily

angular velocity sensors. The moddl for the otoliths

relates the human's subjective angular petitionrr&litive"to

the horizontal, (or the human's subjective linear accel-

oration), to the specific force on the human's head. Thus

the oteliths are primarily linear acceleration sensors.

There is some knowledge of how the human operator

uses motion to aid in vehicle control, Of particular

interest is Meiry's conclusion (reference 17) that the

human operator uses angular motion cues to generate more

lead compensation at higher frequencies than can be

generated with visual cues only. In a survey report

(reference 28) which summarizes the results of cost of

the investigatiovis of the human operator's use of motion

cues as of January, 1966, Youngc oncludes that:".

"1. When vehicle dynamics are removed from the

accpptable regien, motion cues become more help-

ful to the pilet. &asily controlled vehicles do

not require additional cues. Marginally stable or

unstable vehicles, however, may require more lead

compensation than is comfortably generated by
pilots en the basis of instruments, and consequently

the rate sensing elements of the vestibular system
prove valuable in giving early indications of
attitude changes.

2. Motion cues are more helpful with unstable

4



dynamics than with lightly damped oscillatory

vehicles. As noted by others, the motion accom-

panying high frequency oscillations may shake the

pilot about in the cockpit making precise control

and accurate reading of the instruments difficult."

Knowledge of the human operator's use of motion cues

in man-vehicle control is far from complete. Other than

Meiry's result there is no clear understanding of how the

human operator modifies his control behavior upon the

addition of motion cues to visual cues, or of how this

modification varies as a function of the vehicle dynamics.

To a large extent the lack of knowledge is due to the fact

that the data available on the human's use of motion cues

comes from so many different sources. In trying to com-

pare data from any two sources one often finds that so

many experimental parameters differ between the two ex-

periments that a direct comparison of the results is im-

possible. Purthermore, there is very little data available

for the human operator's describing function while using

motion cues.

1.3 Objectives Of The Thesis

The objectives of the thesis are twofeld:

1) to develop a body of data on the human operator's

use of roll motion cues, and

2) to use the data to to extend our knowledge of

how the human operator uses angular motion cues

in man-vehicle control situations.

In pursuing these a third objective is encountered:

3) to develop a method of analytically correcting

the experimental measurements for errors introduced

by the human operator's remnant (see Chapter II,

5



1.4 Results Of The Thesis

1.4.1 The Data

The data taken consist of the human operater's

describing function and remnant and the system integral

squared error for each of the experimental conditions

studied. Data were taken for visual cues only, motion

cues only, and simultaneous visual and motion cues for

each set of vehicle dynamics considered. Visual cues were

made by means of a dot moving laterally on an oscillo-

scope, and motion cues were made by means of a motion

simulator in the roll mode. The vehicle dynamics studied

included

K

Y c s ('rs + 1) , K andtvary

a%=a , 2 mnand vary

c S(ss + 2 n + )n n

Furthermore, for Yc =1/ss, data were taken as other experi-

mental parameters we.v varied in order to permit comparison

of the data with previous and future work.

For complete details of the experiment see Chapter

II. The data are presented on pages 161 to 288.

Prior to this work very fovi dataiwere available

on the human operator's describing function in the presence

of motion cues.

In reference 17, Meiry states that the human's motion

6
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sensor dynamics are the same in pitch as in roll in-so-

far as orientation to the vertical is concerned. Hence

the data and conclusions drawn from the data can be gen-

eralized from the roll-control studied to include pitch-

control.

1.4.2 Conclusions About The Human Operator's Use Of

Motion Cues

The data consistently confirm that the human

operator uses roll motion cues to increase the phase

lead of his describing function above 1 rad/sec. The

increase in lead permits the human operator to increase his

gain, and hence his cross-ever frequency', without a less

of phase margin.(see Chapter IV, section 4.2). Pigure

4.7, on page 76, illustrates the changes the human operator

makes in his describing function when roll motion cues

are added to visual cues.

The data also permit conclusions to be made as to

which vehicle dynamics permit the human operator to make

the best use of motion cues. "Best use" is measured as the

greatest percentage reduction in the relative integral

squared error when roll motion cues are added to visual

cues. Better use of motion cues, as measured by percentage

changes in the relative integral squared error, can be made

for vehicle dynamics which are unstable er marginally

stable, and for vehicle dynamics which cause rapid angular

motions. Vehicle dynamics which cause rapid angular

motions include low order dynamics (i.e. 1/s as opposed

to 1/s), and vehicle dynamics with a high gain between the
.control :stick and roll azigle.,

1 cross-ever frequency: that frequency at which the
magnitude of the product of the vehicle dynamics
and the human operator's describing function crosses
from greater than unity to less than unity

7



In Chapter II the experiment is described in detail,

and then validated by comparison with known results from

ether experiments. Chapter III deals with the effect of

the human operator's remnant (the human's output uncerree-

lated with his input) en the measurements taken, and de-

rives a method by which the measurements can be corrected

for the effect. In Chapter IV the experimental results

are analyzed and some conclusions are made about the

human operator's use of roll motion cues in vehicle control.

Conclusions are also made as to just when the data can

be used to predict the off dcts of roll motion cues on

system performance, and thus permit prediction of moving-

base data from fixed-base results. Finally, in Chapter

V, the conclusions of the thesis are stated and some

suggestions for further work are made.

8
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2.1 What The kperiment Accomplished

The purpose of the experiment was to obtain a body

of data which would yield information about how a human

operator utilizos angular motion cues while controlling

a vehicle. Therefore, for each set of vehicle dynamics

data were taken for the human operator as he received

visual cues only, motion cues only, and simultaneous

visual and motion cues. As will be seen in this chapter,

all the parameters of the experiment were very carefully

controlled so that differences among the data were due

only to variations in the parameters of interest. The

experiment was also designed to show how the human opera-

tor's use of angular motion cues in vehicle control varies

as a function of the vehicle dynamics. For this purpose

data were taken for a wide range of vehicle dynamics of

practical interest (see section 2.3.6 of this chapter).

Finally, the experiment was used to produce data for one

set of vehicle dynamics as other experimental parameters

were varied, thus permitting future extrapolation of all

the data along these parameters for comparison with other

data.

The actual data taken for mach condition include:

1) the human operator's describing function as a

function of frequency,

2) the human operator's remnant as a function of

frequency, and

3) the system relative integral squared error.

Per more details about the form of the data see sections

2.3.8 and 2.3.9 of this chapter.

9
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Figure 1.1 (page 2 ) shows a simple block diagram of

the experiment:- the human operator controlling a vehicle

in a compensatory system. Figure 2.1 shows a few mere

details. The inputs to the human operator were visual

and roll angular motion indications of the system error.

The visual inputs were made by means of a dot moving

laterally on an oscilloscope, the centered position on

the scope face corresponding to zero system error. The

motion inputs were made by means of a simulator in roll,

the vertical position of the simulator cab corresponding

to zero system error. The output from the human operator

was by means of a spring-centered, pencil-type control

stick. Figure 2.2 shows how the human operator is con-

ventionally modelled by a describing function plus a rem-

nant. In order to provide numbers for the human operator's

describing function and remnant as a function of frequency,

data were taken at the input to and at the output from

the human operater, The data were stored digitally, and

processed at the end of- the run to yield values for the

human operator's describing function and remnant (see

sections 2.3.8 and 2.3.9 of this chapter'and Chapter III).

The vehicle dynamics were simulated on an analog computer,

and are described in section 2.3.6 of this chapter. The

system input was a pseudo-random sum of ten sinusoids

provided by the digital computer, and is described in sec-

tion 2.3.7 of this chapter. Figures 2.3 through 2.5 show

the actual experimental apparatus.

2.3 Details Of The &periment

2.3.1 The Method Of Mclber St al.

In reference 16, Mch.er et a model the human operator

10
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The NE-2 Simulator Used In The kperiment (see section 2,.)

figure 2.3
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The Interior Of The NE-2 Simulator Used In The i&periment
Showing The Control Stick And Oscilloscope (see section 2.3.3)

figure 2.4
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ing the human operator's describing function and rem-

nant as a function of frequency. Their methods were

heavily relied upon in setting up this experiment, al-

though several modifications were made to correct for

the effect of the remnant on the measurements (see Chapter

III) and to allow for the hybrid computer used in the

experiment (see Appendix A). In the following sections

of this chapter the results of McRaer et al. will be

used to justify some of the assumptions made.

2.3.2 The Human Operators

Seven subjects were used to take data and are iden-

tified as follows:

SU: a male MIT undergraduate student

JG: a male MIT undergraduate student

LL: a male MIT undergraduate student

BP: a female MIT undergraduate student

RS: a housewife

SP: a female MIT graduate student with a pilot's
license

TI: a male MIT undergraduate student with a
pilot's license and experience flying jet aircraft

The subjects were first trained with visual cues only

for the vehicle dynamics Yc=1/sm. After they learned

to maintain control of the system the 0.1-second delay

(the simulated simulator dynamics mentioned in section

2.3.4 of this chapter) was introduced and training

continued until consistent performance at an rISS of

loss than 1.00 was obtained. The rIS.2is explained in

section 2.3.8 of this chapter, and stands for relative

integral squared error. "Consistent performance" Van

16



five runs in a row on each of two consecutive days. After

this initial training, practice continued for an average

of twenty additional hours in order to train the subjects

to use motion cues and to switch from one dynamics to

another with facility. After that, frequent training

periods were used as each new system was introduced.

The two subjects with flight experience, SF and TI,

definitely proceeded faster than the others in the train-

ing period, both in the use of motion cues and of visual

cues. For example, TI learned to control omi /so to

criterion in only two hours, as compared to an average

of ten hours for the other subjects.

Throughout the experiment fairly high levels of

motivation were maintained, contests between subjects

occasionally springing up, and most subjects eager to

best their previous low ISE for a given set of dynamics.

At one time or another all the female subjects mentioned

a desire "to prove I can do it" or "to show that all lady

drivers aren't so bad".

If any subject appeared to be performing poorly

they were asked why. Usually the explanation was a

lack of sleep, and the subject was excused to remedy

the situation. In some cases the reasons given were

personal problems, and again the subject was excused until

a later date.

Subject to subject differences exist, both in

evet-all ability, as well as in ability to improve

performance with the addition of motion cues. Pages

221 to 2$0 show typical results for all the subjects

for several sets of-vehicle dynamics. The data on the

17
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data due to subject differences to be allowed for. On

each of the graphs showing the experimental results (pages

169 to 230) the subjects used to obtain the data as

well as the number Of runatbhyide aregiveu. .Fer

example, TI-5, SU-3, RS-2 means that the data en that

graph are an average of the results of five runs by

TI, three runs by SU, and two runs by RS. In order

to minimizes differences among the data due to temporal

changes in the physical and psychological state of

the experimental subjects, the data are always taken

in sets of three runs by the same subject. Bach of

these sets of throe runs consists of one run with

visual cues only, one run with motion cues only, and

one run with simultaneous visual and motion cues. For

any given set of runs all three runs are taken on the

same day, together, but in random order. See section

2.4.1.3 of this chapter for a discussion of run to run

variations.

2.3.3 The Motion Cues

The motion simulator used was the NASA Ne-2, two-

degree-of-freedom motion simulator, built by Ames Re-

search Center, and shown in figures 2.3 and 2.4. The

moving cab of the simulator is mounted within two gimbals,

the orientation of the gimbals and the mounting of the

cab being variable to permit simultaneous motion about

any two perpendicular axes, or, by locking one gimbal,

motion about any one axis. Bach gimbal of the simulator

is driven as a DC position servomechanism by an electric

amplidyne-motor set. The simulator was modified by the

18



sired angular accelerations for studies of the vestibular

system. For this experiment the simulator was used

in roll only. The characteristics of the simulator in

roll are:

Maximum rotation:
possible: 3600

used: 45*
Maximum angular velocity: 8 rad/sec

Maximum angular acceleration: 15 rad/seca

Maximum rms acceleration noise: .05*/secs

Dynamics: e'Is, a pure delay, good to 10 rad/sec

In order that the only visual cues available to the

human operator were by means of the oscilloscope, the

simulator cab was completely enclosed with an opaque

cloth cover.

The motion was about the roll axis, the angle of

rotation from the vertical being directly proportional

to the system error. The constant of proportionality

was chosen for each set of vehicle dynamics so that the

simulator motions were neither so small as to be useless,

nor so large as to exceed 45* during the run. The size

of the motions ranged from 5* for easy-to-control

dynamics, to 15* for hard to control dynamics. Once

the constant was chosen for one set of dynamics it was

maintained throughout the experiment.

The simulator roll axis passed approximately through

the subjects's belt line. The subjects' heads were not

restrained, although the subjects were tightly strapped

into the seat in the simulator cab, and their bodies

could not move more than about an inch in any direction.

19



the runs, including runs with motion cues only, and thus

had a visual reference of their head position relative

to the simulator cab. Thus, if we consider the case for

motion cues only, the subjects had the following com-

plex task: to process 1) visual cues of their head posi-

tion relative to the simulator cab, 2) neck proprioceptor

cues of head position relative to their bodies, 3) ves-

tibular system cues of roll angular position and velocity

relative to the horizontal, and 4) their knowledge of

the behavior of the vehicle dynamics, in order to make

the proper control stick motions to stabilize and control

the man-vehicle system. How all the cues brought about

by the roll motions of the simulator interact was not a

consideration of this thesis.

2.3.4 The Visual Cues

The visual cues were made by means of a dot moving

laterally on an oscilloscope. The center position on

the scope face corresponded to zero system error. A

constant of proportionality betwedn the system error

and the dot's displacement from the centered position

was determined so that the dot never reached the edge

of the scope face during a run, yet at the same time did

not just make minute perturbations about the center po-

sition. The scope face was ten centimeters wide, and

typical motions of the dot during a run ranged from

*1 to 23 centimeters depending on the degree of dif-

ficulty of the vehicle dynamics. The display sensi-

tivity of the oscilloscope was kept in the same propor-

tion to the roll motion throughout the experiment.

20



in order to mad LUa visual cuds cOrr.spula L4

the motion cues, which must pass through the simulator

dynamics, the visual cues were passed through simulated

simulator dynamics. As mentioned in section 2.3.3, the

simulator dynamics in roll are a pure .1-second delay,

e -.ls . Taking advantage of the hybrid computer (see

Appendix A) the error signal was sampled every .02

seconds and stored in the digital computer. It was

then fed back to the analog computer and to the oscille-

scope .1 seconds later, thus producing a .1-second de-

lay in the visual loop which matched the simulator dy-

namics in the motion loop. Appendix B shows how the

data, which were taken for dynamics with a factor of

ei.s included, can be modified so as to correspond to

vehicle dynamics without the .1-second delay.

2.3.5 The Centrol Stick

Th control-stick was a spring-centered, linear,

pencil-type control stick mounted to the right of the

simulator cab next to the human operator. The gain of

the control stick was set such that the human operator's

control motions were neither small perturbations about
the centered position, nor continual full-scale motions

to the 1300 limit stops. A measure of the gain, the
maximum voltage from the control stick at full 30*
defelction, is called K, and the value of K for each

case is given on all graphs of the data.

2.3.6 The Vehicle Dynamics

The vehicle dynamics were simulated on the analog
computer described in Appendix A. The dynamics in-
clude three general cases:
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1) YC(s) = s('s + 1,Kand t'var7

2) Y C =o nand 2 a vary
s + 2o nS + 3o

con*

(s))= 3) n and; 25or varya~s s a + 2 Ions + con)

These three cases were chosen because they cover a

wide range of vehicle dynamics of practical interest.

To show this, some examples4 will be given.

The first set of vehicle dynamics, for OtO,

corresponds to Yc(s)=K/ss, the relationship between

control moment and angular position of a spacecraft

in the absence of atmosphere. The various values of

1/k and K for which data were taken (see the list of

data points on pages 161 to 164) also correspond to

the dynamics of'an airplane in roll, relating aileron

position to roll angle, provided the Dutch roll mode

is neglected.

The second set of dynamics, for low damping ratios,

corresponds to a spacecraft during the early phases of

re-entry into the atmosphere, relating control moment

to vehicle pitch or yaw angle position.

The third set of dynamics corresponds to some com-

pensated helicopters in hover, relating control stick

position to horizontal velocity. These dynamics also

correspondo to the longitudinal dynamics of an airplane,

relating centrol stick position to pitch angle, although
there is often an additional lead term in the numer-

ator for such cases.
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were taken is given on pages 161 te 164.

2.3.7 The System Input

Fellowing the work of McIhaer, et al. (reference
16), the system input consisted of the sum of ten
sinusoids of known amplitude, phase, and frequency. The
ten frequencies chosen lay between 61 and 10 rad/sec, the
range of interest in measuring the human operator's
describing function. They were .1405, .2108, .3512,
.6326, .9137, 1.4757, 2.1787, 2.8816, 4.2872, and
7.505 rad/sec. All thesS frequencies were such that
a* i'tegral number of cycles occurred during the period
of data-taking, thus minimizing averaging errers (see
section 2.3.9 of this chapter). In other words,

2mi 
-=89.6

where o was in rad/sec, 89.6 seconds was the period of
data-taking, and n was a positive integer. The ampli-
tudes of the sinusoids were alternated positive and
negative in order to avoid a large initial transient
at the onset of data-taking. The amplitudes of the low
frequency sinuseids were 1, and the amplitudes of the
high frequency sinuseids were .1. The frequency at
which the amplitudes of the sinusoids change from 1
to .1 is called the breakpoint. The high frequency
sinusoids were reduced in amplitude to simplify the task
for the human operator without completely eliminating
the input at these frequencies. The total input signal
could further be multiplied by a gain, K', to vary the
input power. The phases of the sinusoids were such that
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all the sinusoids passed through zero-phase at the be-

ginning and at the end of the data-taking period, again

to minimize averaging errors. Finally, the inpat ws

given by
10

i(t) =XAksin(Okt + to)k=1

and t was chosen as a negative value of about 28 sec-

ends, such that i(t ) = 0. This caused the human *per-

ater to be in the process of tracking at the onset of

data-taking, avoiding taking data during the transients

in his tracking which occur when the system is first

turned on. Before any experimental runs were made the

input was calculated on the digital computer and stored

on magnetic tape. During the experimental runs the in-

put was played back from the magnetic tape and converted

to an analog voltage every .02 seconds, thus providing a

pseude-continuousjpseude-randem input for the system.

Figure 2.6 dhows the input.

For further details on the reasons for the nature

of the input, see reference 16.

2.3.8 The Data Taken

Data were taken at the input to and at the output

from the human operator, corresponding to the error and

the total human operator's output shown in figure 2.2.

The measurements taken were of voltages: the voltage

from the control stick and the voltage corresponding

to the.system error. The voltages were scaled on the

analog computer so as to be directly comparable, thus

permitting calculation of the human operator's descri-

bing function and remnant as shown in section 2.3.9, with-

out the necessity of a scale factor, The two signals
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THE INPUT
time (secs) -

0 30

V--- data-taking starts
tracking starts

f50 6

7 0 80 90

1 0 120

\-Oe end of run -j

THE INPUT

Above is a tracing of the input which is not precise,

but which gives an excellent indication of the nature of the

input which is the sum of ten sines.

Figure 2.6
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computer after analog to digital conversion, making a to-

tal of 896 samples of each signal during the 89.6-

second run time. It should be recalled that the input

was completely known (see section 2.3.7), and therefore

it was not necessary to take data at the system input.

In addition the system error signal was squared

and integrated on the analog computer during the run.

At the end of the run the resulting voltage was con-

verted to a digital value and saved in the digital com-

puter. When this number is divided by the integral

squared input, the relative integral squared error is

obtained, (written as rISS in this thesis), The rISS is

thus the ratio of total system error power to the total

input power.

2.3.9 Processing The Data

The data was processed by the digital computer

(see Appendix A). At the end of a run, stored in the

digital computer, or en magnetic tape available to the

digital computer, were:

1) e(ndt), the input to the human operator which
is also the system error,

2) M(nMt), the total output from the human
ope ator,

3) sin(cnAt) and cos( nMt) for each of the ten
frequenfies of the system input, and

4) sin(ojnMt) and cos(aonAt) for each of ten oI's

between the mk's of the input.

The w j s and the mk's were chosen such that an integral

number of cycles occurred during the period of data-

taking in order to minimize averaging errers. The co's
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.2810, .4920, .7732, 1.1947,

5.5523, and 9.6288 rad/sec.

the data were processed

1.8977, 2.6004, 4.0060,

dt was .1 seconds.

as follows (fellowing the

work of Mcier,

computer):

eq. 2.1)

eq. 2.2)

et al., but modified for the hybrid

Aek = e*(n4t

8
Bek = ' * (n4t)c9s(an4t)

eq. 2.3)

eq. 2.4)

eq. 2.5)

896
AMX =IF M(n4t

n=1

896
BMk = M(pAt,

8 6
AM, b26M(n4t

)sin (con4t)

)sin(mo n4t)

eq. 2.6)

eq. 2.7)

eq. 2.8)

eq. 2.9)

BM3 = (n4t)cos(aajnet)

1' (C )1a = (Ask + B31 )(4t)"ek k

=tan'&.o
, ek)

mm = (A k + B)(4t)a

27
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eq. 2.10) = tan

eq. 2.11) Mnn(o )IM = ( + B )(At)

Equations 2.7 and 2.8, and equations 2.9 and 2.10, give

the amplitude and phase of the input and the output of

the human operator. The human operator's describing

function is thus given by

eq. 2.12) Y 0 a MM

eq. 2.13) I/M(a )- A _wk

Equation 2.11 gives a neasure of the magnitude of the

remnant. - How this number can be processed to give

the actual remnant is discussed in Chapter III. The

phase of the remnant was not calculated, as the rem-

nant is a random signal possessing no fixed phase (see

reference 16).

Thus we see that the data were processed to yield

the human operator's describing function plus a measure

of the human operator's remnant. In addition, for each

run, the system integral squared error (ISE) is calcu-

lated on the analog computer during the run, and stored

in the digital computer to be typed out with the rest

of the data. The significance of thd ISE and rISS are

explained in section 2.3.8.

2.4 Validation Of The Sxperimental System

2.4.1 Variability Of The Data
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The accuracy and variability of the measurements made

by the experimental system were first checked by using the

experimental system to take data across a known filter. To

do this the system input was fed into the filter, and data

were taken at the input and output of the filter, which was

1
Yf(s) =

(s + 1 )

The experimental measurements of the amplitude ratio

of the filter all fall within 2% of the calculated values

of the amplitude ratio, and the experimental measurements

of the phase of the filter all fall within 20 of the

calculated values of the phase. These error limits give

the maximum measurement errors obtained in a series of

five runs. It must be noted that this check en the system

performance was made open loop with no noise injected

into the system. When a human operator is involved

in the loep his output is not simply the sum of ten

sinusoids, but includes the remnant. Hence comparisons

of actual human operator data with established results

are made in sections 2.4.2 and 2.4.3 in order to further

check the experimental system.

2.4.1.2 Subject To Subject Variability

Subject to subject variability was mentioned in

section 2.3.2, and subject to subject differences are shown

on pages 233 to 252. In taking the data, as many

subjects were used at each point as possible in order to

minimize the effects of subject to subject variability.

Notable exceptions to this practice occur at data points

where only the most skilled subjects were capable of
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subjects used at each point are listed on the graphs

of the data (pages 169 to 230).

As was the case for McRaer, et a.., subject to

subject and run to run differences among the data are

the most important sources of variations among the data.

Table 2.1 and pages 231 to 250 show the subject to subject

variability. The subject to subject differences among the

data were controlled for in two ways. Wherever practi-

cal, the same subjects were used at each data point.

When this was not possible, subjects of equal ability

were used as judged by results of the type shown on

pages 231 to 250. The fact that subject to subject

differences were properly controlled for, and that the

ability of the subjects used is representative of the

general range of ability of human operators is borne

out by the close correspondence between data taken

for this thesis.and previous established results (see

sections 2.4.2 and 2.4.3 of this chapter.

2.4.1.3 Run To Ran Variability

Figure 2.7 and tables 2.2 through 2.4 show typical run

to run variability for one subject. The variability in

the data from run to run is comparable to that ob-

tained by McRaer, et al., in reference 16, and is due

to the innate characteristics of the human operator,

whose performance varies as a function of time, and to

the run time of 89.6 seconds, which does not average the

human operator's response ever a long enough period to

smooth out the human operator's time variations. As in

reference 16, the effect of the run to run variability was
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TABLE 2.1

freq.
rad/sec

.14

.21

.35

.63

.91

1.48

2.18

2.88

4.29

7.66

a su
me an: 3

AR

1.16

.94

.64

2.73

2.87

4.37

7.20

9.17

14.6

24.2

RS TI
runsl mean: 5 runsl mean: 2 runs mean:

JG
5 runs

p p p yp

Data for visual and motion cues

PH

+21

-45

+50

+11

+48

+50

+52

+42

+30

-2

AR PH

.50

.90

.58

2.54

2.76

4.76

6.92

8.82

13.9

27.4

-39

+3

+40

+3

+49

+60

+47

+37

+25

-13

AR

.49

.17

.69

3.00

3.70

5.90

7.80

10.2

12.6

23.5

PH

-31

+9

-24

+37

+50

+41

+38

+29

+22

-5

AR

1.1

.40

.87

1.78

2.62

3.84

6.54

8.28

12.3

16.3

PH

-48

-15

+6

+23

+52

+46

+46

+37

+18

-14

Data for visual cues only

.14 .23 +28 .23 -25 .31 +51 .32 +1

.21 .45 -16 .20 +2 .36 -43 .36 -17

.35 .69 +8 .76 +28 .38 -10 .64 -10

.63 2.50 +31 3.03 +24 2.80 +27 1.64 +19

.91 2.53 +46 2.28 +48 4.55 +38 1.32 +62
1.48 3.73 +63 3.44 +54 4.05 +62 3.12 +65
2.18 6.27 +50 5.90 +50 6.20 +44 5.50 +51
2.88 7.50 +43 8.34 +42 7.90 +33 7.50 +40
4.29 14.2 +28 13.7 +16 11.4 +26 12.2 -1
7.66 28.1 -28 29.9 -49 22.0 -45 20.6 -50

SUBJECT TO SUBJECT DIFFERENCES IN THE MEASURED VALUES

FOR Yp FOR Y = e-.ls/32
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TABLE 2.2

RS

Yyp

visual cus only
freq.

rad/sec AR AR2 AR3 AR AR5 PH PH2 PH3 PH 4PH5

.14 .12 .32 .14 .37 .22 -48 -58 -138 +69 +48

.21 .11 .28 .11 .12 .37 -12 -72 +47 +41 +2

.35 1.2 .36 1.1 .5 .66 -71 +57 +68 +23 +63

.63 1.2 .95 4.6 7.3 1.1 +31 +24 --- +43 -1

.91 2.2 2.2 2.1 2.9 2.0 +44 +48 +49 +52 +46

1.48 3.3 3.1 3.6 3.7 3.5 +52 +59 +55 +54 +49

2.18 5.3 6.2 6.0 6.0 6.0 +46 +52 +54 +47 +50

2.88 7.9 6.0 10.7 9.6 6.0 +36 +38 +35 +49 +52

4.29 14. 13.2 13.7 13.9 13.5 +6 +18 +17 +15 +22

7.66 32.4 27.5 30.0 29.1 30.5 -54 -61 -36 -47 -47

visual and motion cues

.14 1.6 .1 .36 .36 .12 -105 -31 -32 +3 -31

.21 .42 .25 .69 2.8 .35 +51 +31 +43 -62 -47

.35 .72 .8 .61 .48 .27 +39 +76 +1 +33 +52

.63 1.8 2.5 1.7 2.9 3.8 +41 -44 -5 -68 +91

.91 3.4 2.2 3.5 2.2 2.5 +81 +36 +48 +41 +38

1.48 4.9 4.3 3.9 5.1 5.6 +67 +57 +51 +57 +70

2.18 6.7 6.9 6.9 7.1 7.0 +53 +47 +47 +44 +45

2.88 9.2 8.4 10.1 8.5 7.9 +35 +34 +40 +34 +41

4.29 13.7 13.4 13.9 13.9 14.8 +29 +25 +25 +25 +22

7.66 25.8 30.0 36.0 28.5 26.8 -15 -9 -16 -12 -12

RUN TO RUN VARIATION OF THE VALUE OF Y
p

yc= e -'.s2

MEASURED FOR
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TATLE 2.3

sU

visual

AR2 AR3

.33

.29

.66

1.5

2.3

3.5

6.0

9.0

14.7

31.2

.21

.87

1.1

2.8

3.7

4.1

6.7

7.1

15.0

31.8

y
p

cues only

PH 1

+37

-81

-56

+26

+9

+65

+49

+42

+24

-43

PH
2

-5

+18

+5

+16

+46

+60

+45

+40

+29

-25

PH
3

+52

+14

+76

+51

+34

+56

+46

+31

-17

TI

y
p

visual cues only

AR1  AR2

.44 .18

.57 .15

.27 .50

4.2 1.4

2.6 6.5

4.2 3.9

6.5 5.9

8.9 6.9

10.8 12.1

23.9 20.1

PH 1

+108

-59

+51

+28

+25

+60

+43

+34

+26

-31

visual and motion cues

.14 2.6 .52 .37 +82 +43 -63 .06 .93 -100 +39

.21 .13 2.3 .39 -47 -43 --- .24 .10 -8 +25

.35 .37 .55 1.0 +92 +31 +27 .57 .81 -24 ---

.63 2.5 1.9 3.8 +39 -22 +15 3.7 2.3 +60 +14

.91 2.4 2.8 3.4 +63 +46 +36 3.4 4.0 +50 +50
1.48 4.1 4.1 4.9 +50 +50 +51 6.1 5.7 +39 +44
2.18 7.4 7.4 6.8 +58 +50 +49 7.7 7.9 +39 +37
2.88 9.6 8.9 9.0 +40 +39 +46 11.4 9.0 +29 +29
4.29 13.9 14.4 15.4 +33 +23 +35 13.2 12.0 +20 +25
7.66 22.1 22.7 17.9 -14 +3 +5 19.7 27.2 +1 -11

RUN TO RUN VARIATION OF THE VALUE OF Y MEASURED
p

Yc =e

33

f req.
rad/sec AR 1

.14

.2

.3

3.2

1.6

3.6

6.1

6.4

12.9

21.4

.14

.21

.35

.63

.91

.48

.18

.88

.29

.66

1

2

2

4

7
L.

PH
2

-6

-26

-70

+27

+52

+64

+44

+33

+26

-59

FOR

_.



TABLE 2.4

JG

Y
p

visual cues only

f req.
rad/sec AR1  AR2  AR3  AR4  AR5  PH1  PH2  PH3  PH4  PH5

.14 .67 .15 .45 .21 .10 +53 +5 +19 -90 +19

.21 .38 .83 .19 .15 .27 -85 +31 +23 -38 -18

.35 .79 .24 .55 .43 1.2 -81 +20 +48 +34 -69

.63 1.6 1.1 1.1 3.1 1.3 +42 +4 +22 -5 +31

.91 1.6 1.5 1.3 1.2 1.0 +42 +64 +36 +86 +83

1.48 4.3 2.6 2.8 2.7 3.2 +64 +54 +65 +74 +70

2.18 6.0 5.2 5.3 5.3 5.7 +47 +50 +50 +50 +60

2.88 7.2 8.0 7.0 7.4 7.9 +38 +37 +33 +33 +59

4.29 14.7 9.8 11.3 11.2 13.8 +12 -2 -11 -6 +3

7.66 25.4 17.9 18.4 18.7 22.4 -48 -24 -47 -86 -47

visual and motion cues

.14 .27 2.2 .27 .37 2.6 -50 +38 -74 -105 -48

.21 .21 .32 .9 .15 .4 +4 -15 -26 +27 -63

.35 1.2 1.3 .54 .4 .9 +56 -10 -75 +47 +11

.63 1.5 1.6 1.7 2.4 1.7 +33 +11 +15 +76 -17

.91 2.4 2.9 2.7 2.3 2.8 +66 +63 +31 +50 +51

1.48 3.2 4.4 4.1 3.5 4.0 +45 +49 +43 +47 +46

2.18 6.5 6.9 6.5 5.9 6.9 +45 +47 +46 +44 +46

2.88 9.8 7.6 7.6 8.9 7.5 +41 +32 +37 +34 +39

4.29 11.8 11.4 12.6 10.5 15. +16 +12 +24 +15 +21

7.66 15.4 16. 15.9 15.4 18.6 -26 -6 -21 -6 -9

RUN TO RUN VARIATION OF THE VALUE OF yp MEASURED FOR

Y e-.ls 2

34



Y
p

I , ,I I I I ,

xX

I I I I I I I

X X

I I I I ii I II-
I I I I 1 11 11I

phase
-(*) x
x

X
ll

00 X

I I I I I t i i
I I I I i i i

0

I I I I I I I IiII
I I I I I I I II V

subject: SU

X first rul
o second run

<C third run

x
0

I I I i I I I I
I I I I I I

I I I I I11 I

1 10
w (rad/sec)

JRAMPLE OF TIE RUll-TO-RUN VARIABILITY OF THE DATA

Ye = 1/s
y = Jf i g u r e

35 2.7

F AR
10

I

80

40

0

-40

-8o

-o

.1

-1

. 4% *

I I I I - I I II



example, the standard deviations, V, of the data shown

in figures 2.8 through 2.10, are related to the standard

deviations of the averaged data, C- N, by

C-
N=

where N is the number of data averaged. In the data

presented en pages 171 to 232 from five to fifteen

sets of data were averaged. A minimum of ten sets of

data were averaged except for those vehicle dynamics

which could be controlled by only one subject, in which

case five sets of data were averaged. The number of runs

averaged for each experimental condition is listed on

the graphs of the data. The averaging performed was

of the calculated values of the human operator's describing

function and remnant for each run as follows:

P1(0))01
JYP (cok) m

m

m

9Mnnl(a)k
Mnn(CDk) = 1=1

MM

where m is the number of runs averaged.

2.4.2 Comparison Of The Results With The Literature;

Fixed-Base Data

Fixed-base data (data for the human operator con-
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trolling the simulated veaicle dynaaics in the absence

of motion cues) was taken for comparison with results

obtained by other investigators. The controlled vehicle

dynamics chosen were Ya=1, 1/9, and 1/sO, because re-

sults for these dynamics were well-known, and because

these dynamics require three widely varying modes of

control behavior from the human operator. The experi-

mental results as well as the results of McRuer, et al.,

(reference 16), and of Slkind (reference 6), are shown

in figures 2.8 through 2.10. An explanation of the

format of these graphs is given on pages 165 to 168.

As can be seen, the experimental results are in close

agreement with previous results.

2.4.3 comparison Of The Results With The Literature:

Moving-Base Data

Figure 2.11 shows data for the human operator's

describing function while he is controlling the vehicle

dynamics Yc(s) = 1/s with motion cues only. Data taken

by Meiry (reference 17) using the same simulator but

an entirely different method of measurement and data-

processing, are also shown. As can be see, the results

are in very close agreement.

Thus, the close agreement between the preliminary

experimental results and known results for both fixed-

-base and moving base data for the human operator's de-

scribing finction shows that the experimental system was

performing as desired.
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3.1 Derivation Of An Analytical Sxpression For The

Effects Of The Remnant On The Measurements

The remnant is of importance not only fir itself,

but also because it affects the measurement of Y (a)), theP
human operator's describing function (see figure 2.2, page

With reference to figure 3.1 we see that

M (c)
eq. 3.1) Y (a)) = -a-= the actual human operator's

p(a) describing function

Mm(Co)
eq. 3.2) Y (CO) = - = the measured human opera-

p(w) ter's describing function

To see how Y (co) and Y () differ we must examine the

quantities measured and the iethod of measurement in more

detail.

Consider any signal, f(t). The measurements and

calculations made on f(t) by the experimental program

would be (see Chapter II, sections 2.3.8 -and 2.3.9)

F(wk) Aeq. 3.3) =(cx)l' (n4t )sin(o k +
(et)'

f(nit )cos (coknAt))a

(n4t)cos(oknA)

eq. 3.4) = tan n

f (zAt )sin(akn4t)

If f(t) were given by
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10
i(t) = l

k=1

xnn (t)

A sin wk t

= the human operator's remnant, that part of his output

not linearly correlated with his input

Snn(w) = the continuous power spectrum of xnn(t)

M (o)
Ypa () a = the actual human operator's describing function

M (L)

Ypm (W)M = the measured human operator's describing

fun'ction

1
FxM (W)=1 + Y (W) Y () = transfer function between x and MM

pa c

F (W) =
-Y (kc 

+ YY = transfer function between x and e

pa c

DIAGRAM USED IN THE DERIVATION OF THE EXPRESSION FOR

THE EFFECTS OF THE REMNANT

Figure 3.1
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the results of applying equations 3.3 and 3.4 to f(t)

would be

IF= Ak
(At)

/F(O~k )=k

provided the aclts are chosen as integer multiples of

21T divided by the data-taking period to avoid averaging

errors (see reference 16). If, however, f(t) were a

random signal characterized by a continuous, smooth

power spectral density S (c), the results of equations

3.3 and 3.4 would be

F(cok)II
= (S,(ok k

F(k= 0

A word about the last two equations is in order. Be-

cause ga , the bandpass of equations 3.3 and 3.4, is

narrow (about .14 rad/sec), and because Snn(CO) is

assumed smooth and continuous following the work of

McRier, et al., (reference 16),

40S(D) (co)do ~S(nnak)gok

where k(co) is the bandpass of the measurements at the

frequency oa , and hence
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S I (S(o((Mk
(At)

where Sn(ok) is the average value of S (w) ever the

bandwidth Lcok centered at coi. See Appendix 0 and figure
0.1 for a derivation and discussion of Sok. The average
measurement of the phase of F(co) is given as zero: if the

angles are taken in the interval -n to to, and because
f(t) is a random variable, the expected value of the
phase of F(cok) is zero.

If f(t) consisted of both the sinusoid and the

random noise, i.e., if

f(t) = Aksin(acot + Pk) * sn (t)

then equations 3.3 and 3.4 would yield

= (As + S (ak
(4t) k nn )m~

/(a ) = Pk

In the actual case, measurements are made at Mm(t) and

at o(t) as shown in figure 3.1. It can be seen that both
e(t) and MM(t) contain sinusoidal components due to i(t),
the system input (see Chapter II, section 2.3.7), plus
a random noise due to x (t), the human operator's remnant.
By definition xn(t) is uncorrelated with i(t), but the
power spectrum of x (t), 0 (co), is not necessarilyma nn
zero at the input frequencies- in fact, it is assumed
that I (co) is a continuous, smooth function of w. MclUer,

et a., in reference 16, have shown by detailed analysis
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With reference to figure 3.1, lot us define the

transfer functions from x to Mm and from x to e as

M (M) 1
eq. 3.5) 1' (Cl) = ___ __ _ __ _

M x(O) 1 + Yp(Co)Y (Co)

e (c) -Yo)
eq. 3.6) F (Co) = --- =

+x(Yo) 1 +Y (w)Y(o)

and alse let us define Ask as the amplitude of the sinu-

seid of frequency ak at e due to the input, i(t). Then,

the amplitude of the same sinuseid at Mm is Ask lYpa( k*)\
Using the same reasoning as we did for the generak

signal, f(t), equations 3.3 and 3.4, when applied at

Mm and at o will yield

eq. 3.7) ii2kil[k ypakIa + P (mk)gmk IM (k,

eq. 3.8) (Cx ) =mk

eq. 39) (ID'=
SI 3 (=)' Ask + "nn k cokIxe*k J

eq. 3.10) = Pk

where Pmk and P are the phases of the sinuseids of
frequency ok at Mm and at o relative to the system

input, i(t). Similarly, if we measure MM(t) at frequen-
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3.3 and 3.4 give

IM (00)
eq. 3.11) =(1n(a4 co (co)(

eq. 3.12) M(M) 0

Squation 3.12, which gives the phase of the remnant

relative to the system input, represents the phase of

a random signal characterized by the power spectral

density U (w). This measured phase angle is a random

variable with expectation zero if the angles are taken

in the interval -iT to iT. xperiment shows that the

average value of the phase measured does tend to zero.

Re-writing equation 3.11 we obtain

eq. 3.13) t (cj) = I )

jw FXM(coj) (4tys

Dividing equation 3.7 by equation 3.9 yields an ex-

pression for the measured value of the amplitude .ratie

of the human oberater's describing function:

eq. 3.14) Ypm (-k)ek a '0d2+ FXM (wk
e:k -nn<-Ok )90k jx.<-(k~l

Subtracting equation 3.10 from 3.8 yields an ex-

pression for the measured value of the phase of the

human operator's describing function:

3.15) )=Pmk * Pok
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measured phase angle of the human operator's describing

function is equal to the correct value. Furthermore,

if the power of the remnant in the measurements made at

Mm and at e is small relative to the power of the

sinusoidal components, each measured value of the phase

angle will be near the expected value, which is also the

true value.

Following the work of MIcRuer, et al., reference 16,

it is assumed that 0 (a) is a smooth, continuousnn
function of o with no peaks at the input frequencies

or at harzonics of the input frequencies. We can thus

interpolate between the measured values of Mm (O3 ) (the

O is are frequencies between the input frequencies, a )

to obtain Mn(mk), the signal level at Mm due to xnn(t)

at the input frequencies og. Then we can write equation

3.13 as

eq. 3.16) nn
nn~S(k I~xm (*Dk)) 19(4ty

Now, realizing that

, 1- s((001' M( k)c(cIs)I'As =
ek (At) (4t)"

from equations 3.9 and 3.16, and that

FXG(CD) 
- 1c0'loI

from equations 3.5 and 3.6, and that
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M *M(Mk) '.( = c M( o
(At) X

from equation 3.16, and then substituting in equation

3.14 we obtain

eq. 3.17):

YPM ((a ) )j-2Mn (a k) c ck p"Ya a d + Mnn(ck)

which can be solved for lypa ) as

eq. 3.18) lY1(101) = Ie~a )I' -

where (Ypa(ci)I is the desired actual amplitude of the

human operator's describing function, unaffected by the

human operator's remnant. Thus, equations 3.15, 3.16,

and 3.18 now permit determinatiion of (a) and Y (

the measurements of Ypa(cok) being unaffected by the rem-

nant.

3.2 Application Of The Remnant Correction To The Data

Figures 3.2 through 3.5 and tables 3.1 through 3.3

show the effects of the remnant correction represented

by equation 3.18. Figure 3.2 shows the effects of the
remnant for some special cases involving Y,=1/s*, and

will be discussed in section 3.3 of this chapter.

As can be seen from the figures and tables the

corrections for the remnant are generally small com-

pared to one standard deviation of the data, and may

thus be neglected if desired. In general, the remnant
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TABLE 3.1

FMRU = fifteen minute run not corrected for remnant

NCFR = average of ten 90-second runs not corrected for

remnant

1SD = one standard deviation of the 10 90-second runs

FMRC = one fifteen minute run corrected for remnant, the

phase calculated using eq. 3.20

FMRP = one fifteen minute run corrected for remnant, the

phase calculated using eq. 3.19

54

EY e-.ls/2

IY(W)I /Y (W)
freq.n_ n _p

rad/sec FMRU NCFR 1SD FMRC FMRU FCFR 1SD FMRC FMRP

.14 .22 .23 .18 .38 +5 -20 50 +60 +5

.21 .45 .45 .24 .66 -18 -5 56 -36 -18

.35 2.4 1.8 1.0 2.48 +10 +18 58 +2 +10

.63 4.4 3.0 1.7 4.4 +23 +25 38 +15 +23

.91 5.2 3.3 1.3 5.2 +50 +41 8 +49 +50

1.48 6.8 5.3 .16 6.8 +63 +53 7 +78 +63

2.18 9.3 9.0 1.5 9.3 +48 +38 5 +32 +48

2.88 11.4 8.3 3.5 11.4 +40 +40 16 +23 +40

4.29 14.3 14 1.5 14.3 +15 +12 8 -5 +15

7.66 22.9 21 5.1 22.9 -40 -50 23 -30 -40



TABLE 3.2

Y= e ls/s

IY p(MZ4I

freq. 1SD 1SD
rad/sec NCFR 1SD CFR V- NCFR 1SD CFR V-

.14 2.8 2.0 2.2 .63 -3 43 -3 14

.21 2.6 1.8 4.1 .57 -1 31 -1 10

.35 2.9 1.5 3.2 .47 -28 15 -28 5

.63 2.9 1.0 3.0 .32 -2 14 -2 4

.91 3.0 1.0 3.0 .32 +4 7 +4 2

1.48 3.6 .9 3.6 .29 -3 11 -3 4

2.18 4.1 1.0 4.1 .32 -10 7 -10 2

4.29 4.0 .6 4.0 .19 -38 3 -38 1

7.66 3.9 1.1 3.8 .35_ -52 6 -52 2

Y ~10e-. ls

c s(s' + 10)

.14 .47 .41 .64 .18 -31 37 -31 16

.21 .43 .17 .50 .076 -39 19 -39 17

.35 .33 .10 .33 .045 -16 27 -16 12

.63 .22 .09 .18 .04 -25 14 -25 6

.91 .23 .10 .20 .045 -36 11 -36 5

1.48 .17 .06 .15 .027 -2 48 -2 21

2.18 .05 .02 .03 .009 +78 21 +78 9

2.88 .54 .34 .47 .15 +77 43 +77 19

4.29 1.9 .4 1.8 .18 +106 6 +106 3

7.66 3.9 1.0 3.8 .45 -14 3 -14 2

NCFR = not corrected for remnant (average of 5
to 10 runs)

1SD = one standard deviation of the data

CFR = corrected for remant (average 5 to 10 runs)

lSD/Vn = one standard deviation of the averaged data
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TABLE 3.3

NCFR = not corrected for remnant (average 10 runs)

1SD = one standard deviation of the data

CFR = corrected for remnant (average 10 runs)

lSD//n = one standard deviation of the averaged data

56

l5e-.ls
c s(si + 3s + 15)

IY (W)j /Y (W)
p "-P

freq. 1SD 1SD

rad/sec NCFR 1SD CFR Tn NCFR 1SD CFR An

.14 .77 .32 1.1 .10 -32 16 -32 5

.21 .93 .47 1.0 .15 -14 15 -14 5

.35 .76 .18 .78 .057 -11 9 -11 3

.63 .79 .22 .79 .07 +18 10 +18 3

.91 .84 .22 .84 .07 +19 10 +19 3

1.48 1.0 .2 1.0 .063 +30 5 +30 2

2.18 1.4 .17 1.4 .054 +32 7 +32 2

2.88 2.2 .5 2.4 .16 +3- 14 +30 4

4.29 3.1 .35 3.1 .11 +24 11 +24 4

7.66 7.6 2.7 7.6 .86 -30 20 -30 6



of the data for frequencies below .5 rad/sec, and up

to 30% (but generally less than 10%) of one standard

deviation of the data above .5 rad/sec. Thus, if the

measureients of the human operator's describing func-

tion are carefully made, following the work of McRuer,

et al., they will be nearly free of any errors caused

by remnant corruption of the experimental measurements.

All the data presented in this thesis are corrected

for the effects of the remnant except data taken for

vehicle dynamics which include a factor of 1/s. Such

data are clearly marked "NOT CORRSCTSD FOR R&MNANT".

Why these data are not gorrected for the remnant is

explained in section 3.3 of this chapter. Such cor-

rections would be small, however, as is shown in figure

3.2 where corrections for the remnant were made to

data taken for Y0=1/s20

3.3 Difficulties In Correcting For The Remnant

3.3.1 Low Signal Levels

When both the remnant and the output from the

human operator's describing function are low level sig-

nals, corrections cannot be made for the remnant with

ani reasonable accuracy. Such is the case for data

taken below .5 rad/sec for vehicle dynamics with a

factor of 1/s2.

Data were taken for the human operator's descri-
bing function for Y0 =e '* /4sby measuring YpYc(co) in-
stead of Yp(co) as was done for the bulk of the experi-
ment. This was done in order to avoid measuring the low
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of the human operator. These dataAre shown en figure

3.2. Also shown are the same data corrected for the

remnant, and data for the human operator's describing

function obtained by measuring Y () directly. Figure

3.2 shows two important results: 1) when data for the

human operator's describing function for vehicle dynamics

with a factor of 1/sS are corrected for the remnant, the

corrections are small as for the rest of the data taken,

and 2) the data taken for Yp(o) directly are accurate,

and it is not necessary to measure Y Y0(co) to get the

correct results. Chapter II, section 2.4.2, also veri-

fies the second result.

3.3.2 Averaging The Phases

The phases ofPM and s relative to the system

input are calculated according to

Pm(ck) = tan- 1 Bmk\

mk

Pe(ok) = tan1)ek
Ask

where we define the A's and B's, as in Chapter II, as

Ask = e(n4t)sin(okn)t

Bek = e(nt)cs(oknt
n=1

896
Amk = :: M b )sin(ao~kjat)
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Bmk = M M(nAt ) cs (a3njt)
n=1

Because the derivation for the correction of Yp(o) was

made after the data were taken, the data for the phase

were.averaged according te

where r is the number of runs over which the data are

averaged. Since

m=m .e

the calculated average of tha data is given by

Yp(wk mk ek

er

eq. 3.19) = tan'u't( -A

Although the data typed out, and hence available for

averaging, are of 2mk and Pek, the actual experimental

measurements made by the computer are of the A'S and

B's (see Chapter II, section52.3.8 and 2.3.9). Because

the inverse tangent is a non-linear operater

tanutan'n

and hence the averaging of/Yp(a) should be done accord-

ing to
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eq. 3.20) = tan( -tan. (jinj

In figure 3.2 the results of treating the phase data in

the proper manner are shown. Special data were taken

for this purpose, as during the bulk of the experiment

values of 2mk and 2ek were saved, but the actual Fourier

coefficients (A's and B's) were not saved. On figure

3.2 and in table 3.1 it can be seen that except for the

lowest frequency, the phase calculated according to

equation 3.20 (the proper equation to use) is very

nearly equal to the phase calculated according to

equation 3.19 (the equation actually used). Thus

again we see that the effects of the remnant on the

data are small.
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4.1 Introduction

A brief statement of the results of this thesis

is given in Chapter I and in Chapter V. This chapter

is devoted to a detailed explanation of how the data are

analyzed to obtain information about the human opera-

ter's use of motion cues in man-vehicle control.

The actual experimental data are presented en

pages 169 to 230. An index to the data and a complete

description of the method of presentation of the data

are given on pages 161 to 168.

Altbwh the data are tMtn er rollo ration cues,

t Sehould be remembered that very similar results can

be expected for pitch notion cues (see reference 17).

In section 4.2 the describing function data are

medelled and used to describe how the human operator

uses roll motion cues in vehicle control.

In section 4.3 the rIS3 data (see section 2.3.8) are

used to determine what vehicle dynamics permit the

human operator to make the most use of roll motion

cus.

In section 4.4 the describing function data are

examined to determine the effects en the data of

varying ether experimental parameters.

In section 4.5 these vehicle dynamics for which

the effects of roll motion cues en the human operator's

describing function are known or can be predicted are

summarized.

Finally, in section 4.6, the start of a physiologi-
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cally based 4gdel for the huinan operator's use of motion

cuss in man-vehicle control is suggested.

4.2 How Roll Motion Cues Affect The Human Operator's

Describing Function

The actual describing function data for the human

operater are shown on pages1 te . The data are

taken for three sets of vehicle dynamics:

eq. 4.1) Y(s ) = ,2 oand 0vary
+ c + onsJ+ 0

K
eq. 4.2) Ye(s) = , K and vary

s(ts + 1 )

eq. 4.3) Y0 (s ) = s , 2 n and 1vary
s(s + 2Tons + a

As 2 c and o* vary, equation 4.1 represents many dif-
forent vehicle dynamics. For the purposes of present-
ing data, it is possible to represent each such set of
vehicle dynamics, corresponding to a given value of 2

aa rand on, by a point in the minn plane. Similarly, each
of the vehicle dynamics given by equations 4.2 and 4.3
can be represented by points in the K-1/r plane and in
another 21In- 0 plane. Thus each set of vehicle dynamics
for which data were taken corresponds to a point in ene
of the three planes mentioned above. Axamination of
the data at these points within an area of one of the
three planes shows that the human operator's describing
functions assume a very similar shape. In fact, it is
possible to divide the three planes into areas according
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tion as shown in fir'ures 4.1 through 4.6. Spresenta-

tive points are cheS#n from each of the areas in the

three planes, and the data for visual cues only and for

simultaneous visual and motion cues are fitted using

one of the two following models:

eq. 4.4) Y (s) = Ke' s(?01s + 1) tts +

(%s + O)(.4s + 1)(#' s + 1)

Ke'*("s +1 )(s* + 2fms + o)
eq. 4.5) Y p(S) mn

(Tg2 s+ 1)(( 3s + 1)

The values of the parameters used are shown in tables
4.1 through 4.3, and the actual frequency response of
the models and the data points for the human operator's

describing function are shown en pages 251 to 288. As
can be seen, the model fits of the data are quite good
except for ens area: for vehicle dynamics given by

Y,=1/s(s+1), 1/sa, or -1/s(s-l), the phase curves are
poor fits below 3 rad/sec. A better fit cannot be ob-
tained using the models represented by equations 4.4
and 4.5. A third model is not used for three reasons:

1) It is desired to use as few and as simple
models for Yp as psssible in order to more
easily examine the differences in the model
parameters between tha fixed-base and moving-
base cases.

2) The phase of Y , where it does not agree
with the model used, does not change upon
the addition of roll motion cues to the
visual cues.
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and the actual data for the human operator's

describing function occurs only for the

three cases listed above.

Tables 4.1 through 4.3 give the parameters of the

models (equations 4.4 and 4.5) for the human operater's

describing function while he is controlling vehicle

dynamics with visual cues only, and while he is con-

trolling vehicle dynamics with simultaneous visual and

motion cues. The changes in the model parameters when

roll motion cues are added to the visual cues are summar-

ized in table 4.4. From table 4.4 it can be seen that

the human operator consistently uses the added roll

motion cues to modify his fixed-base (visual cues only)

behavior in two ways:

1) He increases his phase above 1 to 3
rad/sec as observed by Meiry (reference 17)

and shown by the decreases in the lag,lr, and

2) he increases his gain, usually by in-

creasing K, but sometimes by shifting the

lead-lag compensation represented byr2 and

T40

These results lead to the following conclusions. When

roll motion cues are added to the visual cues, the hu-

man operator controlling vehicle dynamics increases

his phase lead above 1 rad/sec. This permits the human
operator to also increase his gain, and hence the system
cress-ever1 frequency, without a less in phase margin (see

1) cross-ever frequency: that frequency at which the mag-
nitude of the product of the human operator's describing
function and the vehicle dynamics crosses from greater
than unity to less than unity.
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TABLE 4.1

ype model parameters 2.
umber 2Ew W2  dition K T T T T 2E w wn n d 1 2 3 m nm nim

I 20 V 9 .3 1.5 14 .08 1 20
V+M 20 .2 1.5 14 .08 1 20

I 5 V 3 .38 1.75 12 .08 2 5
V+M 5 .25 1.75 12 .08 2 5

I 5 V 11.5 .25 1.9 7.5 .5 4 5
V+M 20 .14 1.9 7.5 .5 4 5

5 25 V 4.5 .3 1.75 9 .17 5 25
V+M 6.8 .2 1.75 9 .17 5 25

2 10 V 19 .3 2.5 10 .43 3 10
V+M 23 .2 2.5 10 .43 3 10

V 19 .28 4.3 10 .65 5 4.5
V+M 30 .15 4.3 10 .8 5 4.5

V 3 .15 0 .2 .25 1.5 2.5IV 1 -2.5 V+M 5 .05 0 .38 .3 1.5 2.5

model: Y (s) =

vehicle
dynamics: c (s) =

Ke-Tds (ts + 1) (s2 + 2m w s + w2)nm
2 (T2S + 1) (T 3 s +1)

n

s + 2Ew s + W
n n

3 0

For the meaning of the type numbers see fig. 4.1 and 4.2

V means visual cues only
V+M means simultaneous visual and roll motion cues
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TABLE 4.2

yype condi- model parameters

umber l/T tion K Td 1 2 3 4 5

v G V 4.5 .08 7 1.9 15 .85 .08
V+M 4.5 0 7 5 15 1.75 .08

v 20 V 10 .07 6 1.1 27 .55 .08
V+M 10 0 6 2.5 27 .9 .08

vi 5 V 8 .1 7 .85 31 .13 .08
V+M 8 0 7 1.6 31 .29 .08

VII 4 V 16 .1 7 1.55 31 .15 .08
V+M 16 0 7 4 31 .6 .08

VIII 2 V 10.5 .1 7 2 31 .23 .08
V+M 15 0 7 2 31 .23 .08

VX/A 1 v 4.3 .1 7 3.8 31 .12 .08
V+M 5.5 0 7 3.8 31 .12 .08

VX/B 0 v .15 .25 10 3 .01 1.5 .08
V+M .18 .15 10 3 .01 1.5 .08

X/C -1 v .2 .2 10 3 .01 1.5 0
V+M .4 0.15 10 1.8 .01 1.5 0

model: Y (s) =

vehicle
dynamics: Y (s)c

Ke TdsI(t s + 1) (T2s + 1)

w 2(T 3 s + 1) (T s + 1) (T 5 s+

K
s (Ts + 1)

For the meaning of the type numbers, see fig. 4.3 and 4.4

V means visual cues only
V+M means simultaneous visual and roll motion cues
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TABLE 4.3

Y condi- model parameters

umber 2 wn w tion K T d Tl1T2 T3 T4 T5

x 4 0 V .4 .32 10 3 0 1.2 0
V+M .48 .25 10 3 0 1.2 0

model: Y (s) =
Ke-Tds (T 1 s + 1) (T 2 s + 1)

w 2(T 3 s + 1) (T 4 s + 1) (T 5 s

ype Y condi- model parameters

umber 2w w2 tion K Td 3  2m W
njn d 1 2 3 mwnm nmI

xi 0 10 V .9 .4 3 12 0 1 5
V+M 1.5 .35 3 12 0 1 5

XII 2 10 V .45 .43 .8 .15 .15 4 10
V+M .8 .43 .8 .15 .15 4 10

XII 4 10 V 1 .35 .9 .15 .25 4 10
V+M 1.15 .35 .9 .15 .25 4 10

model:
Yp

(s) =

Ke-Tds (T s + 1) (s 2 + 2mwm s 2 )
nm

w( 2 s + 1) (T 3 s + 1)

vehicle dynamics
for both cases: c (S) =

w 2
n

s(s 2 + 2 w s + w 2 )n n

For meaning of type numbers see figures 4.5 and 4.6

V means visual cues only
V+M means simultaneous visual and roll motion cues
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TABLE 4.4

Y Y Changes in the fixed base Y
example from Type I (visual cues only) model the
the dynamics Number to fit the moving base model
for which data see figs. (visual and motion cues) used
ere fitted 4.1-4.6 data for Yp

5-.*ls5e

s + 5

10e- ls

s2 + 2s + 10

5e- is
s2 + 5s + 5

-2.5e ' l

s2 + s - 2.5

-. lse
s

5- * s
5e -. i
s(s + 5)

4e is
s(s + 4)

2e- * is
s(s + 2)

e- .ls

s(s + 1)

e-.ls
2s

IV

II

V

VT

VT'

viii

TX/A

TX/B

1.
2.

1.
2.

1.
2.
3.

1.
2.
3.

1.
2.
3.

1.
2.
3.

1.
2.
3.

1.
2.

1.
2.

increase K 85%
decrease lag (Td)

increase K 25% to
decrease lag (-rd)

increase K 50%
decrease lag (Td)
increase 3 20%

increase K 60%
decrease lag (Td)
increase 3 20%

reduce lag (-r ) to
increase 2 190%
increase 4 100%

reduce lag (T ) to
increase 2 901
increase 4 100%

reduce lag (7 ) to
increase 2 136%
increase 4 300%

reduce lag
kncre:ie K

reduce lag
increase K

reduce lag
increase K

(T d)
50%

(T d)
25%

(r )
20

to

to

40%

50%

50%
50%

35%

60%

zero

zero

zero

zero

zero

eq. 4.5

eq.

eq.

4.5

4.5

eq. 4.5

eq. 4.4

eq. 4.4

eq. 4.4

eq.

e0

4.4

4-4
='4 -'0-2

eq. 4.4

continued on next page
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TABLE 4.4 (continued)

c p Changes in the fixed base p
example from Type (visual cues only) model the
the dynamics Number to fit the moving base model
for which data see figs. (visual and motion cues) used
were fitted 4.1-4.6 data for Y

p

-e s IX/C 1. reduce lag (Td) 40% eq. 4.4
s(s - 1) 2. increase K 20%

3. decrease 2 40%
- .ls

4e 1. reduce lag (Td) 20% eq. 4.4

s2 (s + 4) 2. increase K 20%

0e-.*is 10 1. increase K 60%s(s' + 10) 2. reduce lag (Td) 20% eq. 4.5

l0e 1 *sXII 1. increase K 15% to eq. 4.5s(s2 + 2s + 10) 90%

eq. 4.4: Y (s)
p(

eq. 4.5: Y (s) =
p

Ke-Tds(T1 s + 1) (T 2 s + 1)

(T 3 s + 1) (T 4 s + 1) (T 5 s + 1)

Ke-Tds(T s + 1) (s2 + 2 w s + W2
mrm nm

(T2 s + 1) (T3s + 1)W2
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log 7YPY C
P c

0

/Y Y
-p-c

phase
0)2

visual cues only

- -- simultaneous visual and
motion cues

1. While controlling a vehicle with visual cues only,

the human operator plant comp~ination has a certain amplitude

ratio, phase, and cross-over frequency.

2. The addition of roll motion cues to the visual cues

permits the human operator to add lead at the higher frequencies

and

3. thus permits him to increase the system gain and cross-

over frequency without

4. a loss in phase margin.

HOW THE HUMAN OPERATOR CHANGES HIS CONTROL BEHAVIOR

UPON THE INTRODUCTION OF ROLL MOTION CUES

Figure 4.7
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4.3 The Human Operator's Use Of Roll Motion Cues As A

Function Of Vehicle Dynamics

Along with the data on the human operator's de-

scribing function, data were taken for the system rISS

(relative integral squared error, see Chapter II, section

2.3.8). By examining the data for the rIS3, particu-

larly the percent improvement in the rISE (measured for

visual cues only) when motion cues are added, some con-

clusions can be reached about what vehicle dynamics per-

mit the human operator to make the most use of motion

cues. Figures 4.8 through 4.10 show all the data points,

indicating at each point roughly how much motion cues

helped the human operator. The classifications were

made as follows:

DESCRIPTION SYMBOL CRITERIA

"motion cues... significance of %improvement
improvement of of the rISZ
the rIS2 rIS V-rIS,,,

Prob(rIS3VrISJ +M) 100(
ISV

are neutral" PrebL4.05

give slight improvement" Prob .05 -

are helpful" Preob .01 % 430
are very helpful" Preb- .01 %730
are extremely helpful" Prob.. 01% 0

The classifications are chosen to fit obvious group-

ings in the data. It should be noted that at no point

did motion cues actually harm system performance as

measured by the rIS2. It is felt that the rIS& would

increase with the addition of motion cues to the visual
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cues for vehicle dynamics with low damping ratios and

high natural frequencies. Data were not taken above

co = 20 rad/sec for = 0 as the simulator was not

capable of the accel rations associated with such

vehicle dynamics.

In order to gain more information from figures

4.8 through 4.10, we will firat examine figure 4.11.

Here the usefulness of roll motion cues to the human

operator is shown as the vehicle dynamics vary from

1/s8 to1 u/ to 1/s. It is important to note that for

this figure the control stick gain, K, is constant at

a value of ten volts maximum control stick output (see

section 2.3.5). As will be seen in section 4.4.2, wide

control stick gain variation can strongly affect the

usefulness of motion cues to the human operator. As

can be seen from figure 4.11, motion cues are of more

help to the human operator as the vehicle dynamics

decrease in order from 1/s to 1/s. Furthermore, a

comparison between figures 4.8 and 4.10 shows that for

every value of 24On and cot studied, the vehicle dynamics

ons oY0(s) + 0n + a

permit less use of motion cues by the human operator

than the vehicle dynamics

YO(s) = a
c aI+ 2one + oi

Thus, for the range of vehicle dynamics studied (see
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section 2.3.6 of Chapter II), and for constant centrol
stick gain, the lower the order of the vehicle dynam-
ics the more useful motion cues are to the human oper-
ater.

Lower order vehicle dynamics have a higher ampli-
tude ratio above 1 rad/sec than higher order vehicle
dynamics, and thus have a greater response to the con-
trol stick at the higher frequencies. As seen in sec-
tion 4.2, the higher frequencies are where the human
operator makes the most use of motion cues. Thus it
is reasonable for the lower order vehicle dynamics,
which respond more to the higher frequency inputs, to
permit the human operator to make a greater use of
angular motion cues.

Now let us further examine figures 4.8 through
4.10. When these figures are divided into areas accord-
ing to the usefulness of roll motion cues to the human
operator, they appear as in figures 4.12 through 4.14.
On these figures. loci of constant pilot opinion of the
vehicle dynamics are also shown. These loci were ob-
tained from references 1, 5, 19, and 28, as well as from
some opinions stated by TI and SF, the two subjects for
this experiment who were licensed pilots. From figures
4.12 through 4.14 we see that when vehicle dynamics are
unstable or marginally stable (corresponding to negative
or near-zero values of 1/(, cza, or 2 fon in the figuroi,
motion cues are very helpful-to the pilot. Because
very poor pilot opinion ratings oorrespond to >nstable
vehicle dynamics, we can conclude that motion cues are
very helpful to the human operator for vehicle dynamics
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Young (reference 28).

However, figures 4.12 through 4.14 also show that

motion cues are very helpful to the pilot for vehicle

dynamics with very good pilot opinion ratings. In

figure 4.13 the best pilot opinion ratings occur for

Y = 1/, the lowest order vehicle dynamics on the figure.

In figures 4.12 and 4.14 the best pilot opinion ratings

are for non-oscillatory vehicle dynamics with a fast

response time (1icon = one time constant). In all

cases the vehicle dynamics receiving very good pilot

opinion ratings correspond to the stable vehicle dynamics

which best pass frequencies above 1 rad/sec. 1s mentioned

earlier, frequencies above 1 rad/sec are the frequencies

for which motion cues are the most useful to the human

operator, and hence we would expect motion cues to be

most helpful to the human operator for vehicle dynamics

which best pass these frequencies.

In summary, motion cues are least helpful to the

human operator for vehicle dynamics with intermediate

pilot opinion ratings. For vehicle dynamics with very

poor pilot opinion ratings, which correspond to vehicle

dynamics with little or no stability margin, motion cues

are helpful to the human operator as they help him main-

tain stability of the man-vehicle system. For vehicle

dynamics with very good pilot opinion ratings, which

correspond to vehicle dynamics which most readily pass

frequencies above 1 rad/sec, motion cues are helpful to

the human operator as they occur at frequencies where

they are most readily used by the human operator.
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Figures 4.15 through 4.17 are referred to in the

following sections. The data for the human operator's

describing function shown on these figures are straight

line approximations to the data shown on pages 169 to

230. See Chapter II, section 2.4 for a discussion of

the uncertainties and variability of these data.

4.4.1 Subject To Subject And iUn To Run Variations

The subject to subject and run to run variations

in the data are considered in Chapter II, section

2.4.1.2, page 29, and section 2.4.1.3, page 30. These

variations are the most significant sourcdSof error in

the experimental measurements.

4.4.2 Control Stick Gain

Figure 4.15 shows the human operator's describing

function and the system rISA forO e=,-1 /s(s+1) as

the control stick gain, K, is varied. As mentioned in

Chapter II, section 2.3.5, K is used as a measure of

the control stick gain, and is equal to the maximum

voltage available to the human operator from the control

atick. The centrol stick output voltage varied linearly

from 0 totK volts as the stick was displaced from the

centered position to 30. From figure 4.15 it can be

seen that for very low control stick gain the gain of

the human operator's describing function is reduced, and

the rISS is increased. The lowest control stick gain

for which data were taken was K=3, where K is the max-

imum control stick output and is just larger than the

maximum input level of 2.8. It should be remembered (see
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seCtion 2.).5 of QhaptUr II) tnat tho expxrLasnta.

meosurements made were of the error voltage and of the

control stick output voltage. xcept for the lowest

value of the control stick gain, as the control stick

gain is increased the human operator's describing

function shows a slight but consistent increase in

gain, while the rISS remains relatively constant. The

relatively small changes in the human operator's descri-

bing function (about a 50 to 100% maximum inarease for

a 1000% increase in the control stick gain) show the

great adaptability of the human operator, and are con-

sistent with the 0indifference threshold" often attributed

to the human operator. In other worcK within a given

range of the control stick gain, the human operator is

capable of adjusting his gain so as to keep the syptem

open-loop gain constant.

As the input gain is increased to very high levels,

the human operator can easily over-power the vehicle

dynamics, obtaining much faster vehicle responses than

he can for low values of the control stick gain. In

fact, the subjects reported that for high control stick

gain they operated in a "bang-bang" control mode, con-

tinually making small perturbations of the control stoik

from one side of the centered position to the other. Such

control behavior led to a continual cypling of the simu-

later about the vertical position, and to motion cues

which contained significant power above 1 rad/sec. As

mentioned in section 4.3 of this chapter, motion cues

above 1 rad/sec are of greatest use to the human operator.

The truth of this is substantiated once more by the data

presented in figure 4.11 (page 82 ), where it can be seen

that motion cues proved more helpful to the human operator

for high values of the control stick gain, which in turn
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iead to higher frequency motiwn cues.

4.4.3 The Input Gain

The system input is multiplied by a gain, I', which

is defined as unity for the system input level used

throughout the bulk of the experiment. Figure 4.16

shows the human operator's describing function and the

system rISA for Y. =-./s as K' varies from .5 to 2.0.

It can be seen from figure 4.16 that, except for the

lowest value of K', there is very little change in the

human operator's describing function as the input gain

varies, but that the rISE decreases as the input gain

increases. Once again the data show the great adaptabil-

ity of the human operator, as he is able to compensate

quite well for the changes in input gain.

4.4.4 The Input Breakpoint

The input breakpoint (see section 2.3.7 ef Chapter

II) is set at 2.5 rad/sec for the bulk of the experi-

ment. The breakpoint is that frequency above which the

amplitudes of the sinuseids comprising the input are

reduced by 90% in amplitude. Figure 4.17 shows the

human operator's describing function and the system

rISA for the vehicle dynamics Yc = e-'.1/sl as the

input breakpoint is varied from .7 to 5 rad/sec. The

variation of the rISS is small over the middle range

of the variation of the breakpoint, but the rISS in-

creases markedly at the maximum values of the break-

point for which data were taken. As the breakpoint

freqtency increases the human operator's describing

function changes in two ways: there is an increase

in lead at the higher frequencies, and an increase in

gain at the higher frequencies coupled with a decrease
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in gain at the lower srqucies.

4.5 Where The Affects Of Roll Angular Motion Cues

Are Known

For vehicle dynamics of the types

eq. 4.1 )

eq. 4.2)

eq. 4.3)

on
ye()=s , 21 onand on, vary

sa + 2 Ions + on

K0
Y (a) = , K and 1/ vary

Cs('as+ 1)

Y0 (s) = to, +2 rm n+and col vary
a( S + 2 n 0+ )

the effects of roll motion cues en the human operator's

describing function were measured by the experiment for

this thesis, and the human operator's describing functions

for these dynamics are presented en pages 162 to 232.

Purthernere, from these data it is possible to predict

results for vehicle dynamics of the types

eq. 4.6)

eq. 4.7)

y (s) =C

02f(1 + 08s);-.5

S(sa 2 Os+ oi

K(1 + o)eG
Y0 (s) = 5a

To show this we will consider the example

K(1 + Os)f a& KCe-*
yc (a) =I = - +-

a 2 a 
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values of 0, and they will approximate K/s for very large

values of 0. As 0 vari.es from 0 to 460, and thus as Y0
varies from K/s' to K/s, it would be expected that the

human operater'.describing function wqpld vary from

that for Y0 = /s to that for Y = KV/s. Thus, the

human operator's describing function for the vehicle

dynamics
.is6 + 0s).

C so

should be obtained by interpelatiWi between the results

for the human operator's describing functions far Y=
w/sa and Y = W/s. Similarly the human operator's

describing runction for the vehicle dynamics

IIS19(0 + os) 4:7
Y (is) 1

C s(s + 2 n + )

should be obtaine.d by interpolating between the results

for the human operator's describing function for

Y0 (s) =n
5(sa + 2 W a + Imn

Iand the human operator's describing function for

Ye(s) =n
a + 21(ns + Wo

4.6 The Beginning Of A Physiological todel For The

Human Operator's Use Of Motion Cues

It is not the purpose of this thesis to develop a
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trolling a vehicle with or without motion cues. It is

appropriate, however, to mention something of what is

known along these lines. Figures 4.18 and 4.19 show

the possible development of such a model. Visual and

vestibular paths are shown in these figures as they were
of interest in the experiment for this thesis. Other

non-visual paths, such as tactile or auditory paths, may

also be included in a similar manner if desired.

The most recent model for the human operator's

describing function while the human operator is using

visual cues only is given by McRier, et al. (reference

16), as

Ke 0s(T s+ 1)('rs + 1)
Y ()Y ()
Y(ts + 1)('gs + 1) musc

where the neure-muscular dynamics, 'musc(a), are most

commonly taken as

1
Yu (s)=mus(TN + 1)

but can be taken as the more precise form

a

Ymusc((s)= n
Nu+ 0s + 1 )(s + N ns +'in)

All three loops (visual, etelith, and semicircular
canal) must pass through the muscular dynamics. How-
ever, there is no reason to assume that the human
operator processes all three loops in the same manner,
and hence a different compensation network must be
placed in each loop, the form of the compensation network
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K(ts + 1)(Ts + 1)
ycomp (a )+ 1 a + 1

The delay term of the model for sLo human operator'a

describing function, given by e s is placed only

in the visual loop, as it must be treated separately

in the motion-sensing loops, as is discussed on page 00 .

The two motion sensors of most importance to the

human operator are the semicircular canals and the

oteliths. The most recent model for the semicircular

canals, relating sensed angular position to actual angu-

lar position, is given by Meiry (reference 17) as

G(s)
sensed 75

0(s) (7s + 1)(.1s + 1)
actual

It must be realized that strictly speaking this model

cannot measure angular position. The lead term at the

origin shows that,(over the frequency range of interest)

the human senses angular velocity, and cannot sense a

steady-state angular position, with his semilircular

canals. Thus, unless the human operator has some source

of information about his angular position, he cannot use

his semicircular canals to control his angular position.

Of course, the rate information he receives from his

se'vacircular canals is very useful to him i* controlling

his angular position.

The most recent model for the etoliths, relating

sensed angular position to actual angular position in

relation to a gravity vector, is given by Young and

Meiry (reference 29) as
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sensed 1.5(8 + .07h)

e(s) (a + .19)(s + 1.5)
actual

Both the model for the otoliths and the-, 4del fdo.i the semi-

circular canals are valid ever the frequency range of

interest,.1 to 10 rad/sec. The models were determined

primarily through eye movement measurements, but also

from various subjective responses. Both these measures

of the human operator's vestibular dynamics include the

delay associated with the human's central nervous system,

and hence the delay is already included in the models

of the vestibular apparatus. That is why, in figures

4.18 and 4.19, the dead-time delay normally associated

with the human operator's describing function, and

present in the visual loop, is not placed in the motion-

sensing loops.

100



I- IAX L' h )PU. a. j YAI'l XL.L

5.1 The CouclusionsOf The-Thesis

The purpose of this thesis was to investigate the

human operator's use of roll motion cues in man-vehicle

control. xtensive data were taken of the human opera-

tor's describing function while he was controlling a
wide range of vehicle dynamics with visual cues only,

motion cues only, and simultaneous visual and motion

cues. The data are presented on pages 171 to 232, and

the experiment is outlined and described in detail in

Chapter II. The data permit analysis to determine how

the human operator modifies his control behavior when

roll motion cues are added to visual cues. The data fill

a void in the present knowledge of the human operator's
performance, for there ha*#been very little data taken
on the human operator's describing function while the

human operator is experiencing motion cues. The data
may be used, under certain conditions, to predict actual
flight or movingi.base data for the human operator's de-
scribing function from fixed-base data for the human

operator's describing function.

By examination of the data it was determined that
the human operator uses roll motion cues to generate

additional lead at high frequencies. The additional
load permits the human operator to increase his gain,
and hence his ckoss-ever frequency , without a less in
phase margin.

1) cross-over frequency: the freoqAfcy at which the
open loop gain (the magnitude of the product of the
vehicle dynamics and the human operator's describing
function) crosses from greater than unity to less than
unity.
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for cases where the human operator receives visual cues

only, motion cues only, and simultaneous visual and

motion cues, permits determination of what vehicle

dynamics permit the human operator to make the most

use of roll motion cues. The human operator can make

a greater percentage improvement in the system integral

squared error, upon the introduction of roll motion cues,

for vehicle dynamics which most readily respond to in--

puts above 1 rad/sec. Such vehicle dynamics include lower

order dynamics. For example, the human operator can make

greater use of roll motion cues for the vehicle dynamics

Yc= 1/s than for Yc = 1/s*, for the vehicle dynamics

2

S( =s(s + 2)

than for

2
Y 0(a) =

. 8s(s + 2)

and for the vehicle dynamics

Y c(a) =
+=n + +o

than for

(0

Y(s) =( +

c s~s I+ 2 ns + OR

It is also found that high control stick gains lead

to more rapid vehicular responses and higher frequency

motion cues, and hence motion cues are also very help-
ful to the human operator for vehicle dynamics with an
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noted that the human operater can +.ake greater advantage

of motion cuas for vehicle dynamics which are unstable

or marginally stable.

In the process of obtaining the -data for the human

operator's describing function, the effect of the rem-

nant en the experimental measurements was considered.

In Chapter III an expression which permits corrections

of the data for the remnant is derived. When the cor-

rections are applied to the data they are found to be

small in relation to other experimental errors.

5.2 Suegestions For Further Work

At the end of Chapter IV, in section 4.6, the

start of a physiologically based model of the human

operator controlling a vehicle under the influence of

both visual and motion cues was suggested. The develop-

ment and completion of the model would be very useful

to those involved with man-vehicle control.

The experiments of this thesis involved only roll

angular motion cues, which can be extended to include

pitch angular motion cues. It is recommended that fur-

ther work be done with yaw angular motion cues, and also

with linear accelerations, thus including all six degrees

of freedom of motion.

The experiments of this thesis did not include

vehicle dynamics with a lead term in the numerator,

although a way of predicting results for certain such

dynamics was suggested in Chapter IV, section 4.4. It,

is recommended that some data be taken to test these

predictions, and to obtain data for Vehiale dynamics 'K

103



with lead terids in tile nuuexator wlican ca.nn.t 0p-

dicted from the data taken for this thesis.

It is further recommended that data be taken for

vehicle dynamics for which the simulator used for the

experiment for this thesis was incapable of providing

the necessary angular accelerations. In particular,

data should be taken for the human operator's describing

function with and without roll motion cues for the

vehicle dynamics Y (a) = K/(s+a) as a varies from 0 to

40, and thus as Y varies from K/s to 1. Of particular

interest is information to show whether or not the hu-

man operator can continue to make still greater use of

roll motion cues as the vehicle dynamics are reduced

in order from 1/s to 1.
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A.1) Introduction

The hybrid computer used for the experiment is

the 290-T model built by GPS Instrument Co., composed

of a PDP-8 digital computer, the GPS 200-T analog

computer, some digital logic circuits, and the hybrid

facilities permitting communication between the analog

and digital computers.

A.2) The Digital Computer

The PDP-8 computer, made by Digital Aectronics

Corp., is a single address, fixed word length, 12-bit,

2's complement arithmetic computer with a cycle time of

lj micro-seconds, an add time of 2 micro-seconds, and

having an extended arithmetic element permitting 21

micro-second multiplication time and 37 micro-second

division time. It also includes a very flexible in-

put-output facility with interrupt capability. It has

a 4096-word memory.

The Dectape (magnetic tape) system included with

the digital computer permits addressable blocks of

128 words to be reid from tape into core, or vice-

versa, operathng by cycle-stealing (permitting data-

transfer without interrupting the program in progress).

A.3) The Analog Computer.

The analog computer contains integrators, ampli-

fiers, potentiometers, comparators, multipliers,

electronic switches, limiters, and a digital voltmeter.

Of interest is the fact that the amplifiers and integrators

have a one megacycle response at the 3db level with a 200

ohm load at full amplitude (.i0 volts), and the multi-
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the analog computer compatible in frequency response with

the digital computer's lj microsecond cycle time.

The digital logic supplied with the analog computer

includes NAND gates, flip-flops, inverters, NOR gates,

Schmitt triggers, and pulse delays. In addition, each

integrator may be separately connected to a rate 1, 10,

100, or 1000 volts/sec, and may also be logically controlled

as to mode, rather than necessarily having to follow the

mode register.

A.4) The Hybrid Components

There are seven channels whereby, upon command from

the digital or analog computer (as programmed), data

may be converted or transferred from the digital to the

analog computer. Similarly, there are eight channels,

selected one at a time by a multiplexer, by which in-

formation is transferred on command from the analog to the

digital computer. There are also control lines by which

the digital computer can send pulses to the analog computer,

and sense lines, by which the analog computer can send

pulses to the digital computer.

Finally, there is the program interrupt, by which the

program may be interrupted for any purpose, either at

periodic times (using the analog clock) or when certain

criteria are met (such as the digital computer has fin-

ished program A, or as voltage A exceeds voltage B, etc.).
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HUMAN OPSRATOR'S DOSCRIBING FUNCTION

B.1) Sxamination Of The Data

Figures B.1 through B.3 show the human operator's

describing function for the vehicle dynamics Yb=1, 1/8,

and I/as both with and without the .1-second delay (.'0*)

For figure B.1 through B.3 the human operator receives

visual cues only. See Chapter II section 2.3.4 for details

of why the delay is in the motion and visual loops of the

control system studied in this thesis. In looking for the

effects of the delay on the human operator's describing

function the three dynamics given above were chosen as they

require three widely different modes of control behavior on

the part of the human operator. Together, they are represent-

ative of most of the vehicle dynamics studied in the thesis.

From figures B.1 through B.3 the manner in which the
human operator modifies his describing function when the

.1-second delay is inserted in the visual loop can be seen

to be fairly consistent.

A. Phase of the describing function

1. Below the cross-ever frequency: sufficient

lead is generated to compensate for the delay

(i.e. an extra jco/10 rad/sec).

2. Above the cross-over frequency: some

additional lead is generated, but far less
than is needed to compensate for the delay.

Roughly speaking, the phase above the cross-
over frequency does not change when the delay
is inserted into the vispal loop.

B. Magnitude of the describing function

1. Below the cross-ever frequency: the delay
is compensated for by a reduction of the
amplitude ratio by about 75% of the amplitude
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2. Above the cross-ever frequency: there is

no significant change in the amplitude ratio

of the human operator's describing function

upon the introduction of the .1-second delay

into the loop.

0. Remnant.

1. At and above the cross-over frequency:

near or above the cross-ever frequency, or

at any critical frequency (such as at a

resonant frequency of the vehical dynamics),

the introduction of the .1-second delay into

the loop consistently causes an increase in

the remnant, the size of the increase ranging

from 10 to 150%.

2. Below the cross-over frequency: except

for areas w4ere the remnant levels are low

(below 1ulO- volts*/rad'), there is little

change in the remnant when the .1-second

delay is inserted into the loop. At the low

remnant levels the remnant varies up to 50%
in either direction.

B.2) How To Correct The Experimental Data For The &ffects

Of The Delay.

For reasons explained in Chapter II, section 2.3.4,

qll the data taken for this thesis include a .1-second

delay (e-. 1 8) in the loop. To obtain the approximate

describing functions which would have been obtained

without the delay we can use the results of section B.1

of this appendix. Thus, to approximately correct the data
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of this thesis for the effects of tne a1-stcoid deiay

the following rules can be applied.

A. Above the cross-over frequency.

1) The magnitude and phase of the human operator's

describing function remain unchanged.

2) The remnant should be decreased 50%.

B. Below the cross-ever frequency.

1) The magnitute (amplitude ratio) of the

human operator's describing function should

be increased 33%.
2) The phase of the human operator's describing

function should be decreased (i.e., lag

introduced) Yjyo/10 rad/sec.

3) The remmant remains unchanged.

112



U: ~ii~ ~U~i~A& ~.~n.u)i2h

The measurements made by the programs and represented

by equations 2.1 through 2.6 of section 2.3.9 of Chapter

II are of the form

eq. 0.1) Xk x(nt)sin(nAtak))' +

n=1
(x~n t )cos (n t

If x(t) were of the form Aksinakt, where 89.6 is an even

multiple of 2n/ok, the results of eq. 0.1 are )C=kpAk,
where kp=44.75. If, however, x(t) were of the form

eq. 0.2) x(t) = Aksin(ack +Ack)t

where mk is small, what would eq. 0.1 yield? In other

words, what is the bandwidth of eq. 0.1?

The frequency range of interest is .1 to 10 rad/sec.

Within this range and for the run time od 89.6 secbnds,

equation 0.1 is very nearly equal to

[89.6)
eq. 0.3) Xk =f8 X("8)si(akt)dt 2

10

f9.x(t)cox(a~kt)dt

Substituting equation 0.2 for x(t) in equation 0.3, and

assuming Ak = 1"

89*6
eq. 0.4) xk = f sin(ak+ wck)t sin(ackt)dt) .+

89*6
(f 0 sin(ok+ ck)t ces(cokt)dt)23]

0
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Ssin(89.6acok)

2Aa

1 (~ - cos (89.64oa

(2&ca 2 (2cok+&ag ) 2 Aa

sin(89.6 (2ack+Aco ) )
2 (2ak +Awok)

) cos(89.6(2a0+Am))

292o.+4ak)

Squation 0.5, when evaluated at each ag of interest as a

function of w1k gives the shape of the filter represented

by equation 0.1.

Figure 0.1 shows the actual shape of the filters

for O equal to 7.66 rad/sec and .14 rad/sec. As can

be seen the difference between the two is very slight,

and the dependence upon cok may be neglected. Furthermore,

since the filter goes to zero at each of the input frequencies,

a fairly good approximation to the filter for the purposes

of measuring the remnant and the human operator's describing

function is the bandpass of .14 rad/sec shown in figur* 0.1.
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D.1 Introduction

The experiment for this thesis is described in de-

tail in Chapter II. As mentioned in Chapter II, the

hybrid computer described in Appendix A is used for

the experiment. At the end of this appendix the actual

comnputer programs used are listed. The programming lan-

guage used is PAL (program assembly language) designed

for the PDP-8 digital computer described in Appendix A.

The following sections state briefly what each program

does.

D.2 Ban Routine

The run routine is the program which runs the

experiment during the period of data-taking. The

program does the following:

1) it reads the system input from magnetic tape

and feeds it to the analog computer every .02

seconds,

2) after the 25 second delay it takes data at the

input and output of the human operator every .1

seconds, and

3) it controls and records the measurement of the

system integral squared error.

D.3 Conversion Routine

The conversion routine is used to move the data

around in core and to move the various programs from

tape to core and vice versa. Such manipulations are

necessary begause of the small core size of the PDP-8

computer.

D.4 F-0 Routine
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The F-0 routine calculates the Fourier coifficients

of the human operator's input and output at the ten

frequencies of the system input (see Chapter II, sec-

tion 2.3.9). It also calculates the Fourier coefficients

of the human operator's output at ten frequencies between

the input frequencies.

D.5 DQ And 2O Routines

The DFO and 30 routines calculate the human opera-

tor's describing function and remnant from the Fourier

coefficients of his input and output, and then type

the results out at each of the ten input frequencies.

D.6 Input Routine, SINCOS1. and SINCOS2

These programs calculate and store on magnetic

tape the system input used by the run routine, and the

sines and cosines used by the F-C routine (see Chapter

II, section 2.3.9).
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The hybrid computer program listings are given en

the following pages. The machine language used is PAL

(Program Assembly Language) developed for the PDP-8 digital

computer.
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/ RUIN ROUTIN
/ERROR DATA GUES 2400-4177
/USES DECTP1
/INPUT DATA GOES 5000-6777
/INCLUDES TENTH SECOND DELAY
*1

0001 54M2 JMP I .+I
0002 0130 INT
0003 4206 R128P 4206
0004 4200 W128P 4200
0005 0145 SCAT
0006 4341 ERCMP 4341

*2PF
0020 7402 ERROR, HLT
M021 5153 JMP START
0022 0000 SAVAC, P0
0023 0000 SAVAC2 P0
0024 0000 SAVLKI, 0
0025 0000 SAVLK2 0
0026 0000 SRET2 0
o@27 7776 M2, 7776
F1)3P9 7773 M5, 7773

0031 7766 MIP, 7766
P032 7754 M20, 7754

0033 P1130 INT1, INT
0034 F)247 INT2, INTR

0035 6200 SEVPAG, 6200
0036 7000 FORPAG, 7000
0037 7354 HELDVL, 7354

*62
0062 0000 CNTR1, P
0063 0000 CNTR2, 0
0064 0000 CNTR3, p
0065 0000 CNTR4, P1
0066 0000 CNTR5, P
0067 4777 INPGET, 4777
0070 2377 EDAT, 2377
0071 0577 HODAT, 577
0072 6000 LOCI, 6000
0073 5000 LOC2, 5000
0074 1072 RESET1, TAD LOCI
IR 0355 AT 0075
0075 5355 RESET2, JMP DOT
0076 2066 RESET3, ISZ CNTR5
0077 0105 TAPEO, 105
0100 0004 FOUR, 4
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0102
0103
0104
0105
0 106
0107

0l 10
0111
0112
0113
0114
0115
0116
0117
0120
0121
0122
0123
0124
0125
0126
0127
0130
0131
0132
0133
0134
0 135
0136
0 137
0 140
0141
0142
0143
0 144

0145
0146
0 147
0 1 50
0151
0152

0153
0154

0155
0156
0157
0160
0161

0002
0003
0000
0000
6543
6532
7200
6531
5110
6534
5504
0000
3045
3046
1122
3044
5514
0013
7300
1025
7010
1023
5426
3022
7004
3024
6771
7410
5406
6761
7410
5406
6454
6032
6042
6534
7300
1024
7010
1022
6001
5400

6002
1033
3002
6554
6551
6452
6401

TCF
ADRB
SCAT, CLA CLL
TAD SAVLKI
RAR
TAD SAVACI
ION
JMP I Z 0
*153
START, IOF
TAD INTl
DCA 2
DALB2
DALCI
CMR
AMIC

TWO, 2
THREE, 3
ERRSQO 0
CONVRT, 0
ADCC ADSC
ADCV
CLA
ADSF
JmP .- 1
ADRB
JMP I CONVRT
CVTs 0
DCA 45
DCA 46
TAD C13
DCA 44
JMP I CVT
C13P 13
BACK, CLA CLL
TAD SAVLK2
RAR
TAD SAVAC2
JMP I SRET2
INTP DCA SAVACI
RAL
DCA SAVLKI
MMSC
SKP
JMP I ERCM
MMSF
SKP
JMP I ERCM
CLIF
KCC
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?162
0 163
0164
0165
0166
0 167
0 170
0171
0172
0173
0174
0175
0176
0177
0200
0201
0202
0203
0204
0205
0206
0207
t210
0211
0212
0213
0214
0215
M216
0217
0220F
0221
0222
0223
0224
0225
0226
0227
0230
0231
0232
0233
0234
0235
0236
0237
0240
0241
0242
0243

6301
6311
6314
1030
3062
4403
5000
0020
0700
8010
0101
7200
1403
7650
5176
6002
1034
3002
1 067
3011
1071
3012
1070
3013
1035
3063
1036
3064
1027

3065
1037
3066
1074
3332
1077
3344
1076
3347
3103
4646
7402
6534
6454
6032
6042
6302
6452
6402
6001
7200

CCLP I
SCL02
SCL03
TAD M5
DCA CNTR1
JMS I R128
5000
ERROR
0700
10
101
CLA
TAD I R128
SNA CLA
JMP .- 2
'OF
TAD INT2
DCA 2
TAD INPGET
DCA Z 11
TAD HODAT
DCA Z 12
TAD EDAT
DCA Z 13
TAD SEVPAG
DCA CNTR2
TAD FORPAG
DCA CNTR3
TAD M2
DCA CNTR4
TAD HELDVL
DCA CNTR5
TAD RESETI
DCA CORE
TAD TAPEO
DCA TAPEAT
TAD RESET3
DCA HARE
DCA ERRSQ
JMS I DELAYS
HLT
ADRB
CLIF
KCC
TCF
SCL61
CMR
AMC
ION
CLA
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JMP .- 1
DELAY1, DELAY2
DELAYS, DELAYK
INTR, SKIF
JMP UP
DCA SAVACI

0244
0245
0246
6247
0250
9251
0252
0253
0254
0255
6256
0257
0260
0261
0262
P263
0264
6265
0266
0267
0270
0271
0272
0273
6274
0275
0276
0277
0310D
0301
0302
0303
0304
0305
0306
0307
6310
0311
0312
0313
6314
6315
@316
0317
0320
6321
0322
0323
6324

5243
041F
0460
6461
5271
3622
7004
3024
6771
7410
5406
6761
7410
5406
6531
7419)
5400
720
6632
6042
5145
3023
7004
3025
16@vi
6454
6001
3026
2062
5305
1630
3062
5346
7200
4645
1411
6554
6551
2064
5123
7200
1036
3064
2332
2065
5331
1027
3065
1067

RAL
DCA SAVLK1
MMSC
SKP
JMP I ERCM
MMSF
SKP
JMP I ERCM
ADSF
SKP
JMP I Z 0
CLA
KCC
TCF
JMP SCAT
UP, DCA SAVA
RAL
DCA SAVLK2
TAD Z M
CLIF
ION
DCA SRET2
ISZ CNTRI
JMP INPGIV
TAD M5
DCA CNTRI
JMP DATGET
INPGIV, CLA
JMS I DELAYI
TAD I Z 11
DALB2
DALC1
ISZ CNTR3
JMP BACK
CLA
TAD FORPAG
DCA CNTR3
ISZ CORE
ISZ CNTR4
JMP TAPEIN
TAD M2
DCA CNTR4
TAD INPGET

C2
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0325 3011 DCA Z 11
0326 1027 TAD M2
0327 1332 TAD CORE
0330 3332 DCA CORE
0331 7300 TAPEIN, CLA CLL
0332 1072 CORE, TAD LOCI
0333 3340 DCA COREAT
0334 1344 TAD TAPEAT
0335 1100 TAD FOUR
0336 3344 DCA TAPEAT
0337 4403 JMS I R128
0340 0000 COREAT, 0
0341 0020 ERROR
0342 0700 0700
0343 0004 4
0344 0000 TAPEAT, 0
0345 5123 JMP BACK
0346 7300 DATGET, CLA CLL
0347 2066 HARE, ISZ CNTR5
0350 5305 JMP INPGIV
0351 7200 CLA
0352 1075 TAD RESET2
0353 3347 DCA HARE
0354 6312 CCL03
0355 7001 DOT, IAC
0356 4104 JMS CONVRT
0357 3412 DCA I Z 12
0360 1101 TAD TWO
0361 4104 JMS CONVRT
0362 3413 DCA I Z 13
0363 2063 ISZ CNTR2
0364 7410 SKP
0365 5370 JMP END
0366 6001 ION
0367 5305 JMP INPGIV
0370 6002 END, IOF
0371 6301 CCLOI
0372 6304 CCL02
0373 6314 SCL03
0374 6452 CMR
0375 6411 AMH
0376 7200 CLA

0377 1102 TAD THREE
0400 4717 JMS I CENVRT
0401 3720 DCA I ORRSO
0402 6452 CMR
0403 6401 AMIC
0404 5605 JMP I .+1
0405 4600 4600
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i410
0411
0412

0413
0414
P415
0416
0417
0420
0421
0422
0423
0424
0425
0426
0427
0430
0431
F432

0433
0434
0435
0436
0437
0440
0441
0442
0443
0444
0445
0446
0447

0460
0461
0462
@463
0464
A465
0466
0467
el470
0471
0472

0473
0474
0475
0476

0477

0000
7200
6002
1306
6543
6532
7200
6531
5217
6534
6001
3321
1333
6552
6551
7200
2223
2224
7200
2315
5241
1307
3224

1312
3315
2316
5610
1311
3223
1312
3316
5610

0000
7200
6552
6551
1312
3314
1311
3270
3321
2270
2314
5270
1311
3223
1310
3224

X20
NCNT

ISZ LCNT
I DELAY2
HOPI
HAP
X20
LCNT
I DELAY2

YK, 0

1

X21
XCNT
HOPI
HOP

DCA SCAN
ISZ HOP
ISZ XCNT
JMP HOP
TAD HOPI
DCA HAP
TAD HAPI
DCA HAP+1

*410
DELAY2, 0
CLA
IOF
TAD FOOR
ADCC ADSC
ADCV
CLA
ADSF
JMP .- 1
ADRB
ION
HAPs DCA SCAN
TAD SCAN+12
DALS1
DALCI
CLA
ISZ HAP
ISZ HAP+1
CLA
ISZ NCNT
JMP ONW
TAD HAPTI
DCA HAP+1

TAD
DCA
ONW,
JMP
TAD
DCA
TAD
DCA
JmP
*460
DELA
CLA
DALB
DAL C
TAD
DCA
TAD
DCA
HOP.#
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15e v 1
0501 3
0502 1
0503
0504
05055
0506 0
0507 1
0510 1
0511 3
0512 7
0513
0514 P
0515 0
0516
0517 0
0520 0
0521 0
0522 0
0523 0
0524 0
0525 0
0526 0
0527 0
0530 0
0531 0
0532 0
0533 0
0534 0
05351
0536 0
0537 0
0540e
0541e
0542f
0543 f
0544 P
0545

BACK
CENVRT
CNTRI
CN TR2
CNTR3
CNTR4
CNTR5
CONVRT
CORE
COREAT
CVT

3 1,-
3315
1312
3316
7200
5660
~00A4
1321
1333
3321
7766
7773
000

0000

'1000

0104
P103
M000

0000
00 00
0000
0000
0000
0000
or4AO
0000
0000
0000
0000

0000
0000
0000
9.0000
0000
0000

IA N 10
DCA NCNT
TAD X20
DCA LCNT
CLA
JMP I DELAYK
FOOR, 4
HAPTI, TAD SCAN
HAPI, TAD SCAN+12
HOPI DCA SCAN
X20o 7766
X10o 7773
XCNT, 0
NCNT, 0
LCNT, 0
CENVRT, CONVRT
ORRSO, ERRSQ
SCAN- 0
0
0
0

0
0
0
0
S
0
0
0
0
0
0
0
0
0
0
0

9)

0123
0517
0062
0063
0064
0065
0066
0 104
0332
0340
0114
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c13
DATGET
DELAYK
1) EL AY S
DELAY I
DELAY2
DOT
EDAT
END
E RCM

ERROR
ERRSQ
FOOR
FORPAG
FOUR
HAP
HAP
HAPTI
HARE
HELDVL
HODAT
HOP
HOPI
INPGET
INPGIV
INT
INTR
INTI
INT2
LCNT
LOC 1
LOC2
M 10
M2
M20
M5
NCNYT
O N w
ORRSO
RESETI
RESET2
RESET3
R128
SAVAC I
SAVAC2
SAVLK 1
SAVLK2
SCAN
SCAT
SEVPAG
SRET2

0 122
0346
0460
0246
0245
0410
0355
0070
0370
0006
0020
0103
0506
0036
0100
0423
0510
0507
0347
0037
0071
0470
0511
0067
0305
0130
0247
0033
0034
0516
0072
0073
0031
0027
0032
0030
0515
0441
0520
0074
0075
0076
0003
0022
0023
V024
0025
0521
0145
0035
0026
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s T A 1N T
TAPEAT
TAPEIN
TAPER
THREE
TWO
UP
W 1289
X CNT
X10
X20

0153
0344
0331
0077
0102
0101
027 1
0004
0514
0513
0512
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/FC-ROUTINE, 200-571
/CALCULATES FCS, PUTS THEM 5-60 ON
/10ALSj, 1PBLSP 110ARS, 108.RS,
/10EAS, o10EBS WITH STARTINGS AT
/500- 512. 524. 536. 550. 562
ERROR=20
R128=3
W128=4
*200

0200 7200 CLA
0201 1337 TAD ANSPUT
0202 3013 DCA Z 13
0203 1372 TAD RESETI
0204 3210 DCA RESEI
0205 1367 TAD M2
0206 3370 DCA KNT
0207 7200 CLA
0210 1365 RESETP TAD M40
0211 3364 DCA CNTR
0212 1363 TAD BLOKO
0213 3222 DCA BLOK
0214 7200 BEGINl, CLA
0215 4403 JMS I R128/SINCOS INTO CORE
0216 2400 2400
0217 0020 ERROR
0220 0700 0700
0221 0007 7
0222 0000 BLOK, 0
0223 7200 CLA
0224 1403 TAD I R128
0225 7450 SNA
0226 5223 JMP .-3
0227 6002 10F
0230 7200 CLA
0231 1222 TAD BLOK
0232 1362 TAD SEVEN
0233 3222 DCA BLOK
0234 1361 TAD DAT1EG
0235 3011 DCA Z 11
0236 1360 TAD SINBEG
0237 3012 DCA Z 12
0240 1356 TAD SEVPAG
0241 3357 DCA PAG

0242 4766 JMS I FPONTC
0243 5353 FGET ZERO
0244 6350 FPLJT RIUNSUM
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0245 0000 FEXT
0246 7200 BEGIN2, CLA
0247 1411 TAD I Z 11
0250 3045 DCA 45
0251 3046 DCA 46
0252 1344 TAD C13
0253 3044 DCA 44
0254 4766 JMS I FPONTC
0255 7000 FNOR
0256 6345 FPUT DATFP
0257W 0 %F EX T
0260 7200 CL A
0261 1412 TAD I Z 12
0262 3045 DCA 45
0263 3046 DCA 46
0264 1344 TAD C13
0265 3044 DCA 44
0266 4766 JMS I FPONTC
0267 7000 FNOR
0270 3345 FMPY DATFP
0271 1350 FADD RUNSUM
0272 6350 FPUT RUNSUM
0273 0000 FEXT
0274 2357 ISZ PAG
0275 5246 JMP BEGIN2
0276 4766 JMS I FPONTC
0277 5350 FGET RUNSUM
0300 3341 FMPY CONST

0301 0000 FEXT
0302 7200 CLA
3030 1044 TAD 44
0304 7540 SZA SMA
0305 5310 JMP .+3
0306 7200 CLA
0307 5324 JMP DONE+1
0310 1340 TAD M13

0311 7450 SNA
0312 5323 JMP DONE
0313 7500 SMA
0314 5020 JMP ERROR

0315 7040 CMA
0316 3321 DCA .+3

0317 1045 TAD 45

0320 7415 ASR
0321 0000 0
0322 7410 SKP
0323 1045 DONE, TAD 45
0324 3413 DCA I Z 13
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032b 2364 ISZ CNTRk

0326 5214 JMP BEGINI
0327 7200 CLA
0330 2370 ISZ KNT
0331 5333 JMP ONE
0332 5335 JMP TWO
0333 5734 ONE, JMP I .+1
0334 0400 400

0335 5736 TWO, JMP I .+1
0336 4634 4634
0337 0477 ANSPUT, 477
0340 7765 M13P 7765
0341 7763 CONSTP 7763
0342 2000 2000
0343 0000 0
0344 0013 C131 13
0345 0000 DATFP, 0
0346 0000 0
0347 0000 0
0350 0000 RUNSUM 0
0351 0000 0
0352 0000 0
0353 0000 ZERO, 0
0354 0000 0
0355 0000 0
0356 6200 SEVPAG, 6200
0357 0000 PAG, 0
P360 2377 SINBEGP 2377
0361 0577 DATBEG, 577
0362 0007 SEVEN, 7
0363 0300 BLOKOP 300
0364 0000 CNTR, 0
0365 7730 MAO* 7730
0366 5600 FPONTC, 5600
0367 7776 M2, 7776
0370 0000 KNT, 0
0371 7754 M2@o 7754
0372 1365 RESET1 TAD MAO

*400
0400 7200 CLA
0401 4403 JMS I R128/GET EDAT INTO CORE
VA02 0600 600
0403 0020 ERROR
0404 0700 0700
0405 0007 7
0406 0740 740
0407 7200 CLA
0410 1403 TAD I R128
0411 7450 SNA
0412 5207 JMP .3
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0 413 60(42 1UF

0414 7200 CLA
0415 1222 TAD RESET2
0416 3621 DCA I RASAT

0417 5620 JMP I .+I

0420 0207 207
0421 0210 RASAT* RESET

IR 0371 AT 0422

0422 1371 RESET2, TAD M20

ANSPUT 0337
BEGINI 0214
BEGIN2 0246
BLOK 0222
BLOKO @363

CNTR 0364
CONST 0341
C13 0344
DATSEG 0361
DATFP 0345

DONE 0323
ERROR 0020

FPONTC 0366

KNT 0370
M13 0340

M2 0367

M20 0371
M40 0365
ONE 0333

PAG 0357
RASAT 0421
RE-SET 0210

RESETI 0372
RESET2 0422
RUNSUM 0350
R128 0003
SEVEN 0362
SEVPAG 0356
SINBEG 0360
TWO 0335
W128 0004
ZERO 0353
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/DFO AND EO RkuUI'NES, 400-577
/REQUIRE DFO AND E SUB-ROUTINES, 200-377
/OUTPUTS MAG OF REMP PHASE OF E-I,
/PHASE OF H-I, AivD MAG OF H.. DF
/10 TIMES, THEN INT ERRSG WITH
/TYPICAL VALUE OF MAGN H-I
OUTPUT=14
* 400

0400 6032 KCC
0401 6046 TLS
0402 7200 CLA
0403 1324 TAD ARBEG
0404 3011 DCA Z 11
0405 1325 TAD BRBEG
0406 3012 DCA Z 12
0407 1326 TAD ALBEG
0410 3013 DCA Z 13
0411 1327 TAD BLSEG
0412 3014 DCA Z 14
0413 1330 TAD EABEG
0414 3015 DCA Z 15
0415 1331 TAD EBSEG
0416 3016 DCA Z 16
0417 1332 TAD M10
0420 3333 DCA CNTRI
0421 7200 SPINIT, CLA
0422 1411 TAD I Z 11
0423 3734 DCA I AX
0424 1412 TAD I Z 12
0425 3735 DCA I BX
0426 4736 JMS I CONERT
0427 1200. CLA
0430 4737 JMS I MAGNIT
0431 7200 CLA
0432 4740 JMS I FPONTC
0433 5741 FGET I ASO
0434 0014 OUTPUT
0435 0000 FEXT
0436 7200 CLA
0437 1415 TAD I Z 15
0440 3134 DCA I AX
0441 1416 TAD I Z 16
0442 3735 DCA I BA
0443 4736 JMS I CONERT
0444 7200 CLA
0445 473 JMS I MAGNIT
0446 7200 CLA
0447 4743 JMS I PHASE
0450 7200 CLA
0451 4740 JMS I FPONTC
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0452 57Z,4 FGFJ I ANG
0453 0014 OUTPUT
0454 5741 FGET I ASQ
0455 0014 OUTPUT
0456 6345 FPLUT MAGN
0457 0000 FEXT
0460 7200 CLA
0461 1413 TAD I Z 13
0462 3734 DCA I AX
0463 1414 TAD I Z 14
0464 3735 DCA I BX
0465 4736 JMS I CONERT
0466 7200 CLA
0467 4737 JMS I MAGNIT

0470 7200 CLA
0471 4743 JMS I PHASE
0472 7200 CLA
0473 4740 JMS I FPONTC
0474 5744 FGET I ANG
0475 0014 OUTPUT
0476 5741 FGET I ASO
0477 4345 FDIV MAGN
0500 3350 FMPY CONST
0501 0014 OUTPUT
0502 0000 FEXT
0503 7200 CLA
0504 4742 JMS I RET
0505 7200 CLA
0506 2333 ISZ CNTR1
0507 5221 JMP SPINIT
0510 7200 CLA
0511 1754 TAD I ERRSQ
0512 3734 DCA I AX
0513 4736 JMS I CONERT
0514 7200 CLA
0515 4740 JMS I FPONTC
0516 5753 FGET I A
0517 0014 OUTPUT
0520 0000 FEXT
0521 7200 CLA
0522 5723 JMP I .+1
0523 4670 4670
0524 4023 ARBEG, 4023
0525 4035 BRBEGs 4035
0526 3777 ALBEGo 3777
0527 4011 BLBEG, 4011
0530 4047 EABEGs 4047
0531 4061 EBBEGs 4061
0532 7766 M1, 7766
0533 0000 CNTRI, 0
0534 0250 AX, 250
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0535 0251 HX, 251
0536 0226 CONERTP 226
0537 0301 MAGNIT, 301
0540 5600 FPONTC, 5600
0541 0317 ASOP 317
0542 0207 RETP 207
0543 0260 PHASE, 260
0544 0273 ANGP 273
0545 0000 MAGNs 0
0546 0000 0
0547 0000 0
0550 0001 CONST, 1
0551 2000 2000
0552 0000 0
0553 0252 Ap 252
0554 0103 ERRSQo 103

A 0553
ALBEG 0526

ANG 0544
ARBEG 0524
ASQ 0541
AX 0534
BLBEG 0527
BRBEG 0525
BX 0535
CNTR1 0533
CONERT 0536
CONST 0550
EABEG 0530
EBBEG 0531
ERRSQ 0554
FPONTC 0540
MAGN 0545
MAGNIT 0537
Mle 0532
OUTPUT 0014
PHASE 0543

RET 0542

SPINIT 0421
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/DFO AND EU Ub-,UUIINES, 200-377
/CVT, RET, POUT, CONERT, PHASE, MAGNIT

/PHASE GOES IN ANG, MAGNITUDE IN ASQ

OUTPUT=14
ARCTAN=5
SQUARE=1
SQROOT=2
*200

0200 0000 CVT, 0
0201 3045 DCA 45

0202 3046 DCA 46
0203 1206 TAD C13
0204 3044 DCA 44

0205 '5600 JMP I CVT

0206 0013 C13, 13
0207 0009) RET o0

0210 7200 CLA

0211 1216 TAD RETURN

0212 4220 JMS POUT

0213 1217 TAD LINFED

0214 4220 JMS POUT

0215 5607 JMP I RET

0216 0215 RETURN, 215

0217 0212 LINFED, 212

0220 0000 POUT, 0
0221 6041 TSF
0222 5221 JMP -- 1

0223 6046 TLS
0224 7200 CLA

0225 5620 JMP I POUT

0226 0000 CONERT 0
0227 7200 ' CLA

0230 1250 TAD AX
0231 4200 JMS CVT
0232 4647 JMS I FPONTC

0233 70'00 FNOR

0234 6252 FPUT A

0235 0000 FEXT
0236 7200 CLA
0237 1251 TAD BX

0240 4200 JMS CVT

0241 4647 JMS I FPONTC

0242 7000 FNOR

0243 6255 FPUT B

0244 0000 FEXT
0245 7200 CLA
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0246 5626 JMP I CONERT
0247 5600 FPONTC, 5600
0250 0000 AX, 0
0251 0000 BX, 9
0252 0000 A, 9
0253 0000 0
0254 0000 0
0255 0000 Bp 0
0256 0000 0
0257 0000 0
0260 0000 PHASE, 0
0261 7200 CLA
0262 4647 JMS I FPONTC
0263 5255 FGET 8
0264 4252 FDIV A
0265 0005 ARCTAN
0266 3276 FMPY DEGREE
0267 6273 FPUT ANG
0270 0000 FEXT
0271 7200 CLA
0272 5660 JMP I PHASE
0273 0000 ANG, 9
0274 0000 0
0275 0000 0
0276 0006 DEGREE. 6
0277 3451 3451
0300 4632 4632
0301 9000 MAGNIT. 0
0302 7200 CLA
0303 4647 JMS I FPONTC
0304 5252 FGET A
0305 0001 SQUARE
0306 6317 FPUT ASO
0307 5255 FGET 8
031 0001 SOUARE
0311 1317 FADD ASO
0312 0002 SQROOT
0313 6317 FPUT ASQ
0314 0000 FEXT
0315 7200 CLA
0316 5701 JMP I MAGNIT
0317 0000 ASQ, 0
0320 0000 0

0321 0000 0

A 0252
ANG 0273
ARCTAN 09105
ASQ 0317
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AX 0250
B 0255
BX 0251

CONERT 0226
CVT V200
C13 021"6
DEGREE 0276
FPONTC P247
LINFED 0217
MAGNIT 0301
OUTPUT 0014
PHASE 0269
POUT 0220
RET 0207
RETURN 0216
SOROOT 0002
SQUARE 0001
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/INPUT ROUTINE

*1
0001 5402 JMP I .+1
0002 0400 INT
0003 4243 4243
0004 4224 4224
0005 0411 SCAT
oP06 0000 MCOM, 0
0007 5600 5600

FSIN=3
*20

0020 7766 INVALI, 7766
0021 0000 INDEXI, 0
0022 0000 NULL, 0
0023 0003 THREE, 3
0024 5400 NeUM128, 5400
0025 7765 Mt3, 7765
0026 7402 ERROR, HLT
0027 0577 START, 577
0030 5064 UPSIN, FGET WI
0031 3122 UPCON, FMPY Al
0032 0000 INDEX2P 0
0033 4361 A, 4361

0034 0012 8LOKTOP12
0035 0101 BLOKAT, 101

0036 0000 INDEX3, 0
*64

0064 7776 WI, 7776
0065 2176 2176

0066 7636 7636

0067 7776 W2, 7776

0070 3276 3276
0071 6773 6773
0072 7777 W3, 7777
0073 2636 2636
0074 4077 4077
0075 0000 WA, 0
0076 2417 2417
0077 4412 4412

@100 0000 W5, 0
0101 3517 3517
0102 2040 2040

0103 0001 W6, 1
0104 2747 2747
0105 2446 2446
0106 0002 W7, 2
0107 2133 2133
0110 3750 3750
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0111 0092 V10, 2

0112 2703 2703
0113 3022 3022
0114 0003 WII. 3
0115 2111 2111
0116 4137 4137
0117 0003 W12P 3
0120 3651 3651
0121 0552 0552
0122 0001 Al, 1
0123 2000 2000
0124 0000 0
0125 0001 A2, 1
0126 6000 6000
0127 0000 0
0130 0001 A3, 1
0131 2000 2@00
0132 0000 0
0133 0001 A4P 1
0134 6000 6000
0135 0000 0
0136 P001 A5, 1
0137 2000 2000
0140 0000 0
0141 0001 A6. I
0142 6000 6000
0143 0000 0
0144 0001 A7, 1
0145 2000 20O0
0146 0000 0
0147 7775 AIM* 7775
0150 4361 4361
0151 4361 4361
0152 7775 All, 7775
0153 3146 3146
0154 3147 3147

0155 7775 A12P 7775
0156 4361 4361
0157 4361 4361
0160 7400 7400
0161 7766 WOWZIRp 7766
0162 6064 RATS. FPUT WI

0163 6122 MOUSE. FPUT Al

0164 0000 SUM, 0
0165 0000 0
0166 0000 0
0167 0000 ZERO, 0
0170 0000 0
0171 0000 0
0172 0000 TIME, 0
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0173 0000 0
0174 0000 0
0175 7773 DELTATv 7773
0176 2436 2436
0177 5606 5606

*200
0200 7300 CLA CLL
0201 6032 KCC
0202 6046 TLS
0203 1020 TAD INVALI
0204 3161 DCA WOWZIR
0205 1162 TAD RATS
0206 3214 DCA SISO
0207 1163 TAD MOUSE
0210 3227 DCA DADO
0211 7300 CLA CLL
0212 4560 JMS I 160
0213 4407 JMS I 7
0214 6064 SISO, FPUT Wi
0215 0000 FEXT
0216 1214 TAD SISO
0217 1023 TAD THREE
0220 3214 DCA SISO
0221 2161 ISZ WOWZIR
0222 5211 JMP 211
0223 1020 TAD INVALI
0224 3161 DCA WOWZIR
0225 4560 JMS 1 160
0226 4407 JMS I 7
0227 6122 DADO, FPUT Al
0230 0000 FEXT
0231 1227 TAD DADO

0232 1023 TAD THREE
0233 3227 DCA DADO
0234 2161 ISZ WOWZIR

0235 5225 JMP DADO-2
0236 1020 TAD INVAL1
0237 3161 DCA WOWZIR
0240 1020 TAD INVALI
0241 3036 DCA INDEX3
0242 4407 JMS I 7

0243 5375 FGET TINIT
0244 6172 FPUT TIME
0245 0000 FEXT
0246 7200 BEGINI, CLA
0247 1027 TAD START
0250 3010 DCA Z 10
0251 1024 TAD NUM128
0252 3032 DCA INDEX2
0253 7200 BEGIN2, CLA
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0254 1020 1TA1) 1N VAL 1
0255 3021 DCA INDEXI
0256 1030 TAD UPSIN
0257 3270 DCA .+11
0260 1031 TAD UPCON
0261 3273 DCA .+12
0262 4407 JMS I 7
0263 5167 FGET ZERO
0264 6164 FPUT SUM
0265 0000 FEXT
0266 7200 BEGIN3, CLA
0267 4407 JMS I 7
0270 5064 FGET Wi
0271 3172 FMPY TIME
0272 0003 FSIN
0273 3122 FMPY Al
0274 1164 FADD SUM
0275 6164 FPUT SUM
0276 0000 FEXT
0277 7200 CLA
0300 1023 TAD THREE
0301 1270 TAD .- 11
0302 3270 DCA -- 12
0303 1023 TAD THREE
0304 1273 TAD 0-11
0305 3273 DCA .-12
0306 2021 ISZ INDEXI
0307 5266 JMP 8EGIN3
0310 4407 JMS 1 7
0311 5164 FGET SUM
0312 3372 FMPY VOLTS
0313 6164 FPUT SUM
0314 0000 FEXT
0315 7200 CLA
0316 1164 TAD SUM
0317 7540 SZA SMA
0320 532: JMP -+3
0321 7200 CLA
0322 5337 JMP FINE+1
0323 1025 TAD M13
0324 7450 SNA
0325 5336 JMP FINE
0326 7500 SMA
0327 5026 JMP ERROR
0330 7040 CMA
0331 3334 DCA .+3
0332 1165 TAD SUM+1
0333 7415 ASR
0334 0000 0
0335 7410 SKP
0336 1165 FINEP TAD SUM+1
0337 3410 DCA I Z 10
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(1340
0341
0342
0343
0344
0345
0346
0347
0350
0351
0352
0353
0354
0355
0356
0357
0360
0361
0362
0363
0364
0365
0366
0367
0370
0371
0372
0373
0374
0375
0376
0377

0400
0401

0402
0403
0404
0405
0406
0407.
0410
0411
0412

0413
0414
0415
0416
0417
04210
0421

AT

2
2

,T

4.407
5175
1172
6172
0000
2032
5253
7200
1035
3357
4404
0600
0026
0700
0012
0000
7200
1433
7440
5360
1035
1034
3035
2036
5246
7402
0010
3153
1463
0005
4434
6315

3220
7004
3221
6771
7410
5617
6761
7410
5406
7300
1221
7010
1220
6001
5400
4201
0000
0000

RAL
DCA SAVLK

MMSC
SKP
JMP I ERCM
MMSF
SKP
JMP I MCOM
SCAT, CLA CLL
TAD SAVLK
RAR
TAD SAVAC
ION
JMP I Z 0
ERCM, 4201
SAVAC, 0
SAVLK, M

JMS I 7
FGET DELTA
FADD TIME
FPUT TIME
FEXT
ISZ INDEX:
JMP BEGIN:
CLA
TAD SLOKA
DCA .+6
JMS I 4
600
ERROR
0700
12
0
CLA
TAD I A
SZA
JMP .- 3
TAD BLOKA
TAD HLOKTI
DCA BLOKA
ISZ INDEX
JMP BEGIN
HLT
VOLTS, 10
3153
1463
TINIT, 5
4434
6315
*400
INT, DCA

T

T
3

SAVAC
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*557
0557 6032 BEG* KCC

0560 6031 KSF
0561 5360 JMP 0-1
0562 6036 KR3
0563 7106 CLL RTL
0564 7006 RTL
0565 7510 SPA
0566 5360 JMP BEG+1
0567 7006 RTL
0570 6031 KSF
0571 5370 JMP *-1
0572 6034 KRS
0573 7420 5NL
0574 3777 DCA I TEMP
0575 3377 DCA TEMP
0576 5357 JMP BEG
0577 0000 TEMP 0

A 0033
Al 0122
A10 0147
All 0152
A12 0155
A2 0125
A3 0130
AA 0133
A5 0136
A6 0141
A7 0144
BEG 0557
BEGINI 0246
BEGIN2 0253
BEGIN3 0266
BLOKAT 0035
BLOKTO 0034
DADO 0227
DELTAT 0175
ERCM 0417
ERROR 0026
FINE 0336
FSIN 0003
INDEXI 0021
INDEX2 0032
INDEX3 0036
INT 0400
INVAL1 0020
MCOm 0006
MOUSE 0163
M13 0025
NULL 0022
NUM128 0024
RATS 0162
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SAVAC 0420
SAVLK 0421
SCAT 0411
SISO 0214
START 0027
Sum 0164
TEMP 0577
THREE 0023
TIME 0172
TINIT 0375
UPCON 0031
UPSIN 0030
VOLTS 0372
WOWZIR 0161
WI 0064
W10 0111
WiI 0114
W12 0117
W2 0067
W3 0072
W4 0075
W5 V100
W6 0103
W7 0106
ZERO 0167
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/CONVEi-SION f- WUINE 46VO-4757
/CONVERT1 RR TO FC 4600
/CONVERT2 FC TO DFO, 4634
/CONVERT3 DF TO TRR 4670
/RET SUB-ROUTINE, 4710
CNTRI=62
ERROR=20
R128=3
W128=4
INT1=33
*460-)
CLA
TAD INTl
DCA 2
JMS I R128/GET F.C.
200
ERROR
0700
2
730
CLA
TAD I R128
SNA CLA
JMP .-2
IOF
JMS I W128/SAVE EDAT
2400
ERROR
0760
7
740
CLA
TAD I R128
SNA CLA
JMP .-2
IOF
JMP MISTAK
*4634
CLA
TAD ANSBEG/PUT FCS 4AMO ON

DCA Z 11
TAD ANSPUT
DCA Z 12
TAD M60
DCA CNTRI
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4600
4601
4602
4603
46e4
4605
4606
4607
4610
4611
4612
4613
4614
4615
4616
4617
4620
4621
4622
4623
4624
4625
4626
4627
4630
4631

4634
4635
4636
4637
4640
4641

4642

7200
1033
3002
4403
?2 00
0020
0700
0OP12
6730
7209)
1463
7650
5212
6002
4404
2409)

0020
0700
007
6740
7200
1403
76590
5225
6002
5330

7200
1264
3011
1265
3012
1266
3962



4643 1411 CYCLE, TAD I Z 11
4644 3412 DCA I Z 12
4645 2062 ISZ CNTRI
4646 5243 JMP CYCLE
4647 4403 JMS I R128/GET DFO AND EQ
4650 0200 200
4651 0020 ERROR
4652 0700 0700
4653 0002 2
4654 0734 734
4655 7200 CLA
4656 1403 TAD I R128
4657 7650 SNA CLA
4660 5256 JMP .-2
4661 6002 IOF
4662 5663 JMP I .+1
4663 0400 400
4664 0477 ANSBEG, 477
4665 3777 ANSPUTs 3777
4666 7704 M60, 7704

*4670
4670 7200 CLA
4671 4403 JMS I R128/GET RR
4672 0200 200
4673 0020 ERROR
4674 0700 0700
4675 0002 2
4676 0732 732
4677 7200 CLA
4700 1403 TAD I R128
4701 7650 SNA CLA
4702 5300 JMP 0-2
4703 6002 lOF
4704 7200 CLA
4705 7402 HLT
4706 5707 JMP I .+1
4707 0153 153

*4710
4710 0000 RET, 0
4711 7200 CLA
4712 1317 TAD RETURN
4713 4321 JMS POUT
4714 1320 TAD LINFED
4715 4321 JMS POUT
4716 5710 JMP I RET
4717 0215 RETURN, 215
4720 0212 LINFED, 212
4721 0000 POUT, 0
4722 6041 TSF
4723 5322 JMP .- 1
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4724 6046 TLS
4725 72M CLA
4726 5721 JMP I POUT

*4730

4730 7200 MISTAK, CLA

4731 4403 JMS I R128/GET CJVT FPONTC

4732 4600 4600

4733 0020 ERROR
4734 0700 0700
4735 0014 14
4736 0750 750
4737 7200 CLA
4740 1403 TAD I R128

4741 7650 SNA CLA

4742 5340 JMP .-2

4743 6002 IOF
4744 5745 JMP I .+1
4745 0200 20M

ANSBEG 4664

ANSPUT 4665
CNTRI )0P62
CYCLE 4643

ERROR 10020
INTl 0033
LINFED 472

MISTAK 4730
M60 4666

POUT 4721
RET 4710
RETURN 4717
R128 ?)9)A3
W128 0004
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/SINCOSI, 1-577
/PUTS SINS, THEN COSS (7 PAGES EACH)
/ON TAPEv BLOCK 300 ON, AMPS +-1
*1

0001 5402 JvP I .+1
0002 0403 INT
0003 4243 4243
0004 4224 4224
0005 0414 SCAT
0006 0000 MCOM, 0
0007 5600 5600

FSIN=3
FCOS=4
*20

0020 7766 INVALI, 7766
0021 0000 INDEXIP 0
0022 0007 SEVEN* 7
0023 0003 THREE, 3
0024 6200 SEVPAGP 6200
0025 7765 M13, 7765
0026 7402 ERRORP HLT
0027 0577 START, 577
0030 5064 UPSIN, FGET Wi
0031 3122 UPCON, FMPY Al
0032 0000 INDEX2, 0
0033 4361 A, 4361
0034 0009 TINIT, 0
0035 0000 0
0036 0000 0

*64
0064 7776 WI, 7776
0065 2176 2176
0066 7636 7636
0067 7776 W2P 7776
0070 3276 3276
0071 6773 6773
0072 7777 W3, 7777
0073 2636 2636
0074 4077 4077
0075 0000 W4, 0
0076 2417 2417
0077 4412 4412
0100 0000 W5 0
0101 3517 3517
0102 2040 2040
0103 0001 W6, 1
0104 2747 2747
0105 2446 2446
0106 0002 W7, 2
0107 2133 2133
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011 " 37-5 A 3750
0111 0002 W10, 2
0112 2703 2703
0113 3022 3022
0114 0003 WlI, 3
0115 2111 2111
0116 4137 4137

0117 0903 w12, 3
0120 3651 3651
0121 0552 0552
0122 0001 Al1 1
0123 2000 2000
0124 0000 0
0125 0001 A2, 1
0126 6000 6000
0127 0000 0
0130 0001 A3P 1
0131 2000 2000
0132 0000 0
0133 0001 A4p 1
0134 6000 6000
0135 0000 0
0136 0001 A5s 1
0137 2000 2000
0140 0000 0
0141 0001 A6P 1
0142 6000 6000
0143 0000 0
0144 0001 A7P 1
0145 2000 2000
0146 0000 0
0147 0001 A10 1
0150 6000 6000
0151 0000 0
0152 0001 A11, 1
0153 2000 2000
0154 0000 0
0155 0001 A12P 1
0156 6000 6000
0157 0000 0
0160 7400 7400
0161 7766 WOWZIR, 7766
0162 6064 RATS, FPUT WI
0163 6122 MOUSE, FPUT Al
0164 A000 SUMP 0
0165 0000 0
0166 0000 0
0167 0000 ZERO, 0
0170 0000 0
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01171 0 0 '
0172 0000 TIMES 0
0173 0000 0
0174 0000 0
0175 7775 DELTAT, 7775
0176 3146 3146
0177 3147 3147

*200
0200 7300 CLA CLL
0201 6032 KCC
0202 6046 TLS
0203 1020 TAD INVALI
0204 3161 DCA WOWZIR
0205 1162 TAD RATS
0206 3214 DCA SISO
0207 1163 TAD MOUSE
0210 3230 DCA DADO
0211 7300 CLA CLL
0212 4560 JMS 1 160
0213 4407 JMS I 7
0214 6064 SISO, FPUT WI
0215 0000 FEXT
0216 1214 TAD SISO
0217 1023 TAD THREE
0220. 3214 DCA SISO
0221 2161 ISZ WOWZIR
0222 5211 JMP 211
0223 1020 TAD INVALI
0224 3161 DCA WOWZIiR
0225 7300 CLA CLL
0226 4560 JMS I 160
0227 4407 JMS I 7
0230 6122 DADO, FPUT Al
0231 0000 FEXT
0232 1230 TAD DADO
0233 1023 TAD THREE
0234 3230 DCA DADO
0235 2161 ISZ WOWZIR
0236 5225 JMP DADO-3
0237 1020 TAD INVALI
0240 3161 DCA WOWZIR
0241 1371 TAD MTWO
0242 3372 DCA CRAT
0243 1373 TAD CREATE
0244 3275 DCA CLOD
0245 1377 TAD BLOKO
0246 3376 DCA BLOKAT
0247 7200 BEGINI, CLA
0250 1020 TAD INVALI
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0251 3021 DCA INDEXI

0252 1030 TAD UPSIN
0253 3273 DCA DUMB

0254 1031 TAD UPCON

0255 3276 DCA TROD

0256 7200 BEGIN2, CLA

0257 4407 JMS I 7
0260 5167 FGET ZERO
0261 6164 FPUT SUM
0262 5034 FGET TINIT
0263 6172 FPUT TIME

0264 0000 FEXT
0265 1027 TAD START
0266 3010 DCA Z 10
0267 1024 TAD SEVPAG

0270 3032 DCA INDEX2
0271 7200 BEGIN3, CLA

0272 4407 JMS I 7
0273 5064 DUMB, FGET Wi

0274 3172 FMPY TIME
0275 0003 CLUD, FSIN

0276 3122 TROD, FMPY Al
0277 3775 FMPY I VOLTS

0300 6164 FPUT SUM
0301 0000 FEXT
0302 7200 CLA
0303 1164 TAD SUM
0304 7540 SZA SMA

0305 5310 JMP .+3

0306 7200 CLA
0307 5324 JMP FINE+1

0310 1025 TAD M13
0311 7450 SNA

0312 5323 JMP FINE
0313 7500 SMA

0314 5026 JMP ERROR
0315 7040 CMA

0316 3321 DCA .+3
0317 1165 TAD SUM+1

0320 7415 ASR
0321 0000 0
0322 7410 SKP
0323 1165 FINE, TAD SUM+1
0324 3410 DCA I Z 10

0325 4407 JMS 1 7
0326 5175 FGET DELTAT
0327 1172 FADD TIME
0330 6172 FPUT TIME
0331 0000 FEXT
0332 2032 ISZ INDEX2
0333 5271 JMP BEGIN3
0334 1376 TAD BLOKAT
0335 3343 DCA .+6
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0336 4404 Jil S I 4

0337 0600 600
0340 M026 ERROR

0341 0700 0700
0342 0007 7
0343 0000 0
0344 7200 CLA
0345 1433 TAD I A
0346 7440 SZA
0347 5344 JMP 0-3

0350 7200 CLA
0351 1376 TAD BLOKAT
0352 1022 TAD SEVEN

0353 3376 DCA BLOKAT

0354 1273 TAD DUMB
0355 1023 TAD THREE
0356 3273 DCA DUMB
0357 1276 TAP TROD
0360 1023 TAD THREE
0361 3276 DCA TROD
0362 2021 ISZ INDEXI
0363 5256 JMP 3EGIN2
0364 1374 TAD CRITER
0365 3275 DCA CLOD
0366 2372 ISZ CRAT
0367 5247 JMP HEGIN1

0370 7402 HLT
0371 7776 MTWO, 7776
0372 0000 CRAT, 0

0373 0003 CREATES FSIN
0374 0004 CRITER, FCOS

0375 0/100 VOLTS, VALTS
0376 0000 BLOKATP-9
0377 0300 BLOKOP 300

*400
0400 0010 VALTS, 10
0401 3153 3153
0402 1463 1463
0403 3223 INT, DCA SAVAC
0404 7004 RAL
0405 3224 DCA SAVLK
0406 6771 MMSC
0407 7410 SKP
0410 5622 JMP I ERCM
0411 6761 MMSF
0412 7410 SKP
0413 5406 JMP I MCOM
0414 7300 SCAT, CLA CLL
0415 1224 TAD SAVLK
0416 7010 RAR
0417 1223 TAD SAVAC
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0 42P-) 0 q,1I I
0421 5400 JMP I Z 0
0422 4201 ERCM, 4201

0423 0000 SAVAC, 0
0424 0000 SAVLKP 0

*557
0557 6032 BEG, KCC
@560 6031 KSF
0561 5360 JMP -- I
0562 6036 KRB
0563 7106 CLL RTL

0564 7006 RTL
0565 7510 SPA
0566 5360 JMP BEG+1
0567 7006 RTL
0570 6031 KSF
0571 5370 JMP .-1
0572 6034 KRS
0573 7420 SNL
0574 3777 DCA I TEMP
0575 3377 DCA TEMP
0576 5357 JMP BEG
0577 0000 TEMP, 0

A 0033
Al 0122
A10 0147
All 0152
A12 0155
A2 0125
A3 0130
A4 0133
A5 0136
A6 0141
A7 0144
8EG 0557
BEGINI 0247
BEGIN2 0256
BEGIN3 0271
BLOKAT 0376
BLOKO 0377
CLOD 0275
CRAT 0372
CREATE 0373
CRITER 0374
DADO 0230
DELTAT 0175
DUM8 P 0273
ERCM 0422
ERROR 0026
FCOS 0004
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FINE 0323
F SIN ( 0 0 13
I NDEX 1 0021

INDEX2 0032
INT 9403
INVALI 0020

MCOM 0006
MOUSE 0163

MTWO 0371
M13 0025
RATS 0162
SAVAC 0423
SAVLK 0424
SCAT 0414
SEVEN 0022
SEVPAG 0024
SISO 0214
START 0027
SUM 0164
TEMP 0577
THREE 0023
TIME 0172
TINIT 0034
TROD 0276
UPCON 0031
UPSIN 0030
VALTS 0400
VOLTS 0375
WOWZIR 0161
Wi 0064
W10 0111
WI1 0114
W12 0117
W2 0067
W3 0072
W 4 0075
W5 0100
W 6 0103
W7 0106
ZERO 0167
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/SINCOS2, 1-571 (IMNANI)
/PUTS SINS, THEN COSS BLOCK 514 ON
/AMPLITUDES ARE +-I
*1

0001 5402 JMP I -+1
0002 0403 INT
0003 4243 4243
0004 4224 4224
0005 0414 SCAT
0006 0000 MCOM, 0
0007 5600 5600

FSIN=3
FCOS=4
*20

0020 7766 INVALl, 7766
0021 0000 INDEXI, 0
0022 0007 SEVEN, 7
0023 0003 THREE, 3
0024 6200 SEVPAGP 6200
0025 7765 M13, 7765
0026 7402 ERRORS HLT
0027 0577 START, 577
0030 5064 UPSINP FGET W1
0031 3122 UPCON, FMPY Al
0032 0000 INDEX2x 0
0033 4361 Ap 4361
0034 0000 TINITP 0
0035 0000 0
0036 0000 0

*64
0064 7775 W1, 7775
0065 2176 2176
0066 1202 1202
0067 7777 W2P 7777
0070 2176 2176
0071 7636 7636
0072 7777 W3P 7777
0073 3737 3737
0074 1667 1667
0075 0000 W4P 0
0076 3057 3057
0077 4067 4067
0100 0001 W5, 1
0101 2307 2307
0102 2767 2767
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0103 0001 W6P I
0104 3627 3627
0105 1752 1752
0106 0002 W7, 2
0107 2463 2463
0110 3172 3172
0111 0003 W19, 3
0112 2001 2001
0113 4223 4223
0114 0003 W1t, 3
0115 2615 2615
0116 3071 3071
0117 0004 W12, 4
0120 2320 2320
0121 3711 3711
0122 0001 Alp 1
0123 2000 2000
0124 0000 0
0125 0001 A2, 1
0126 6000 6000
0127 0000 0
0130 0001 A3, 1
0131 2000 2000
0132 0000 0
0133 0001 A4, 1
0134 6000 6000
0135 0000 0
0136 0001 A5, 1
0137 2000 2000
0140 0090 0
0141 0001 A6P 1
0142 6000 6000
0143 0000 0
0144 0001 A7, 1
0145 2000 2000
0146 0000 0
0147 0001 A10, 1
0150 6000 6000
0151 0000 0
0152 0001 All, 1
0153 2000 2000
0154 0000 0
0155 0001 A12, 1
0156 6000 6000
0157 0000 0
0160 7400 7400
0161 7766 WOWZIRP 7766
0162 6064 RATS, FPUT WI
0163 6122 MOUSE, FPUT Al
0164 0000 SUM,
0165 0000 0
0166 0000 0
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0170 0000^,
0171 0000 0
0172 0000 TIME, 0
0173 0000 0
0174 0000 0
0175 7775 DELTAT, 7775
0176 3146 3146
0177 3147 3147

*200
0200 7300 CLA CLL
0201 6032 KCC
0202 6046 TLS
0203 1020 TAD INVALI
0204 3161 DCA WOWZIR
0205 1162 TAD RATS
0206 3214 DCA SISO
0207 1163 TAD MOUSE
0210 3230 DCA DADO
0211 7300 CLA CLL
0212 4560 JMS I 160
0213 4407 JMS 1 7
0214 6064 SISO FPUT WI
0215 0000 FEXT
0216 1214 TAD SISO
0217 1023 TAD THREE
0220 3214 DCA SISO
0221 2161 ISZ WOWZIR
0222 5211 JMP 211
0223 1020 TAD INVALl
0224 3161 DCA WOWZIR
0225 7300 CLA CLL
0226 4560 JMS I 160
0227 4407 JMS I 7
0230 6122 DADO, FPUT Al
0231 0000 FEXT
0232 1230 TAD DADO
0233 1023 TAD THREE
0234 3230 DCA DADJ
0235 2161 ISZ WOWZIR
0236 5225 JMP DADO-3
0237 1020 TAD INVALI
0240 3161 DCA WOWZIR
0241 1371 TAD MTWO
0242 3372 DCA CRAT
0243 1373 TAD CREATE
0244 3275 DCA CLOD
0245 1377 TAD BLOKO
0246 3376 DCA BLOKAT
0247 7200 BEGINI, CLA
0250 1020 TAD INVALI
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02 c 1 3 1 u GA I N)EX 1
0252 1030 TAD UPSIN
0253 3273 DCA DUMB
0254 1031 TAD UPCON
0255 3276 DCA TROD
0256 7200 BEGIN2, CLA
0257 4407 JMS 1 7
0260 5167 FGET ZERO
0261 6164 FPUT SUM
0262 5034 FGET TINIT
0263 6172 FPUT TIME
0264 0000 FEXT
0265 1027 TAD START
0266 3010 DCA Z 10
0267 1024 TAD SEVPAG
0270 3032 DCA INDEX2
0271 7200 BEGIN3, CLA
0272 4407 JMS I 7
0273 5064 DUMH, FGET WI
0274 3172 FMPY TIME
0275 0003 CLOD, FSIN
0276 3122 TROD, FMPY Al
0277 3775 FMPY I VOLTS
0300 6164 FPIT SUM
0301 0000 FEXT
0302 7200 CLA
0303 1164 TAD SUM
0304 7540 SZA SMA
0305 5310 JMP -+3
0306 7200 CLA
0307 5324 JMP FINE+1
0310 1025 TAD M13
0311 7450 SNA
0312 5323 JMP FINE
0313 7500 SMA
0314 5026 JMP ERROR
0315 7040 CMA
0316 3321 DCA .+3
0317 1165 TAD SLIM+1
0320 7415 ASR
0321 0000 0
0322 7410 SKP
0323 1165 FINE, TAD SUMl+1
0324 3410 DCA I Z 10
0325 4407 JMS I 7
0326 5175 FGET DELTAT
0327 1172 FADD TIME
0330 6172 FPUT TIME
0331 0000 FEXT
0332 2032 ISZ INIJDEX2
0333 5271 JMP BEGIN3
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334 1376 T/) 9L1KA T
0335 3343 DCA .+6
0336 4404 JMS I 4
0337 0600 600
0340 0026 ERROR
0341 0700 0700
0342 0007 7
0343 0000 0
0344 7200 CLA
0345 1433 TAD I A
0346 7440 SZA
0347 5344 JMP 0-3
0350 7200 CLA
0351 1376 TAD BLOKAT
0352 1022 TAD SEVEN
0353 3376 DCA BLOKAT
0354 1273 TAD DUMB
0355 1023 TAD THREE
0356 3273 DCA DUMB
0357 1276 TAD TROD
0360 1023 TAD THREE
0361 3276 DCA TROD
0362 2021 ISZ INDEXI
0363 5256 JMP BEGIN2
0364 1374 TAD CRITER
0365 3275 DCA CLOD
0366 2372 ISZ CRAT
0367 5247 JMP BEGIN!
0370 7402 HLT
0371 7776 MTWO, 7776
0372 0000 CRATD 0
0373 0003 CREATEP FSIN
0374 0004 CRITERP FCOS
9375 0400 VOLTS, VALTS
0376 0000 BLOKATP 0
0377 0514 BLOKOP 514

*400
0400 0010 VALTS, 10
0401 3153 3153
0402 1463 1463
0403 3223 INT, DCA SAVAC
0404 7004 RAL
0405 3224 DCA SAVLK
0406 6771 MMSC
0407 7410 SKP
0410 5622 JMP I ERCM
0411 6761 MMSF
0412 7410 SKP

159



0413 5406 JMP I MCOM
0414 7300 SCAT, CLA CLL
0415 1224 TAD SAVLK
0416 7010 RAR
0417 1223 TAD SAVAC
0420 6001 ION
0421 5400 JMP I Z 0
0422 4201 ERCMs 4201
0423 0000 SAVACs 0
0424 0000 SAVLK, 0

*557
0557 6032 13EG, KCC
0560 6031 KSF
0561 5360 JMP .-1
0562 6036 KRB
0563 7106 CLL RTL
0564 700.6 RTL
0565 7510 SPA
0566 5360 JMP BEG+1
0567 7006 RTL
0570 6031 KSF
0571 5370 JMP .- 1
0572 6034 KRS
0573 7420 SNL
0574 3777 DCA I TEMP
0575 3377 DCA TEMP
0576 5357 JMP BEG
A577 0009 TEMPs 0

A 0033
Al 0122
AlO 0147
All 0152
A12 0155
A2 0125
A3 @130
A4 0133
A5 0136
A6 0141
A7 0144
BEG 0557
BEGINI 0247
BEGIN2 0256
BEGIN3 0271
BLOKAT 0376
BLOKO 0377
CLOD 0275
CRAT 0372
CREATE 0373
CRITER 0374
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S ) f I
DELTAT
DUMB
E RCM
ERROR
FCOS
FINE
FSIN
INDEX I
I NDEX2
INT
INVAL I
MCOM
MOUSE
MTWO
M13
RATS
SAVAC
SAVLK
SCAT
SEVEN
SEVPAG
SISO
START
SUM
TEMP
THREE
TIME
TINI T
TROD
UPCON
UPSIN
VALTS
VOLTS
WOWZIR
Wi
w 19
w II
W 12
W2
W3
W4
W5
W6
W7
Z ERO

?2 3P
0175
0273
0422
0026
0004
0323
0003
0021
0032
0403
0020
0006
0163
0371
0025
0162
0423
0424
0414
0022
0024
0214
"027
0164
0577
0023
0172
0034
0276
9031
0030
0400
0375
0161
0064
0111
0114
0117
0067
0072
0075
0100
0103
0106
0167
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AK2kDI 'F: THS 4XPIMAl TAL DATA

The experimental data are presented on the following

pages as follows:

Index to the data, pages 163 to 166

The explanation of the data, pages 167 to 171

The experimental data, pages 172 to 232

Subject to subject differences, pages 233 to 252

Models of the human operator's describing

functions, pages 253 to 290
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INDEX TO THE DATA
(no* Appendix B to correct for the facter **I)

controlled vehicle
dynamics

Yc(a)

1 ) 1 - le
- -l

2) goa.s
s(s-1)

3) -. 5 .1.
s(s-.5)

4) -. 25 e*"

s(s-.25)

5)
1

-

6) 1
s(s+1)

2
7) M-.e

s(s+2)

4
8) -. o

s(s+4)

5
9) 5 e le

s(s+5)

20
10) 0e ol.

s (S+20)

human operator data:
desaribing funotion and

remnant
YT(m) and (c)

data-6 through data-8

data-9

data-10 through data-13

data-14

data-15 through data-27
data-77, data-78

data-28 through data-31

data-32, data-69 through
data-70

data-33, data-71, data-72

data-34
data-73

data--38

through
through

data-37,
data-76

data-I
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Ii.DLX TO THE DATA

controlled vehicle
dynamics

T a(W)

11) 20 ,.18

82+20

10
12) -

80+10

13) - '0
84+5

14) -2.5s.018
SN-2.

25
15)

sn+5s+25

15
16)

80+5s+15

Ole,.15

humano perater data:
describing function and

remnant

y(a) and -3(9)

data-39

data-40 , data-79, data-80

data-41

data-42

data-43,

data-44

data-85, data-86

5
17) a+5,+5'

-5
18)

sn+5s-5

19) 15 ,as

s8+3o+15

20) 5 1
0 +39+5

data-46

data-47

data-48

data-2
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.m,1,
data-45
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IN.DZ TO TH.& DATA (continued)

controlled vehicle
dynamics

Yo(CD)

21) -5 sel.1
s8+3s-5

20
22) 

-0

s2 +2s+20

23) e-.1s
80+2s+10

24) 11
sa+s+5

25) -2.51
s8+s-2.5

26) 15 0., 18

sa-s+15

27) 2_am *3
s8(s+2)

4
28) eOle

s"(s+4)

29) 10

8(86+10)

20 *i

30) a( 20 e-.
s (a +.59+20)

human operator data:
describing funotien and

remnant
Yp(w) and fi(0)

data-49

data-50 , data-81, data-82

data-51

data-52

data-53

data-54

data-55

data-56

data-57

data-58
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INDaT- T HE DATA (continued)

controlled vehicle
dynamics

31) 15 Mole
s(s+s+15)

32) 5 .18

s(so+s+5)

20
33) 20

s(s+2s+20)

10

34) s(s*+2+10)

15
35)

s(sa+3s+ 1 5 )

humax operator data:
describixg functiox aud

remnant
Y(co) ad (c)

data-59

data-60

data-61
0, 19e

- .18

36) a %191

s(s+3s+5)

data-62,

data--63

data-64

data-87, data-88

20
37)

s (s0+4s+2C)

38)
10

s(s+4s+10)

data-65,.. * s

.a

data-83,

data-m66

15
39) 15 )

s (e+5s+15)

40) 5 .,s

s (s+5s+5)

data-67

data-68

data-4
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A0
100

Io

1

.1

LR~Q

10
4R Dce

14 o visual and

x

I ~ i i i i ii i i
-phasea

I Ia I I I I I i

I I iA na

voltsSID15 /rads

- RS-1 K=10
BP-2

aJG-3a a

X visual
-C> motion

0 sual

I - __I-

WLL

x -

X-

i i i i i i i -

I I

ozily, mean rIS1 = .21
only, mean rIS3 = .28
and motion, mean rISE =

I I I I

I I

10
co (rad/ cc)

.17

1 

I .1.

yo "17

I5I - 1050

13

cPERIM.WTAL RMULTS
NOT ACTUAL DATA

WCPLANATION OF DATA PRM&TATION/A
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EPLANATION OF TH.S DATA PRA TATION

see previous page, data-5/A

1) T,, the human eperater's describing function, consists

of the magnitude and phase of the human operator's

output relative to his input, and is shown in the

upper two sections of each graph.

2) AR, the amplitude ratio or magnitude of the human

operator's describing function.

3) phase, the phase of the human operator's describing

function.

4) 1 (w), the remnant, or that part of the human opera-
ter's output which is not correlated with his input, is

presented as a power spectral density.

5) c, frequency, is the horizontal axis for all three

sections of each graph (2, 3, and 4 above).

6) the scale for the AR (2 above), always a log scale,

but the labeled values changing from graph to graph.

7) the scale for the phase (3 above), always a linear
scale, the values shown usually used, but oocasienally
other values are used. The scale is in degrees.

8) the scale for the remnant (4 above), always a linear
scale, but the values widely varying from graph to
graph.

9) the scale for the frequency on the horizontal axis,

always a log scale with the values as shown. The scale
is in radians per second.

10) the data points, presented at the ton frequencies of
the input between .1 and 10 rad/sec.

data-5/B
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see previous two pages, data-5/A and 5/B

11) key to the data points, showing which symbols are

for vixual cues only, motion cues only, and simultaneous

visual and motion cues.

12) mean rISA, the mean value of the relative integral

squared errors for all the runs for the conditions listed.

The relative integral squared error is the integral

squared error divided by the integral squared input, and

hence is a measure of the ratio of the error power to

the input power.

13) the ISI, or integral squared input, is a measure of the

power of the system input, and is equal to 1050 unless the

input is varied from the usual form. See Chapter II for

more details about the ISA and rISA.

14) the cross-over frequencies, oco, listed separately

for visual cues only and for simultaneous visual and motion

cues if there is a data point between the two cross-over

frequencies. The cross-over frequency is that frequency

at which the product of the magnitudes of the human

operator's describing function and of the vehicle dynamics

crosses from greater than unity to less than unity. The

cross-over frequency was determined as lying between two

of the input frequencies (no closer determination of the

cross-over frequency was attempted) by examination of the

output of a digital computer program.

15) K, the control stick gain, is given for each set of

data. The control stick gain is the maximum voltage

available to the human operator from the control stick.

16) the listing of the subjects and the number of runs

for each subject which go into the average values of

the data which are presented. See Chapter II for more

data-5/0
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see previous three data pages, data-5/A-0

details about the subjects and inter-subject differences.

17) Yc, the vehicle dynamics, given as a function of

*, the Laplace operator. The vehicle dynamics all

include the factor e'*1 3, a pure delay of .1-seconds.

To correct the data for this factor see Appendix B.

data-5/D
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yp

AR

0

x

0
X

10

1

80

40

0

-40

-80

200

150

100

50

e( x

I I II

a
x

oco visual

Mo visual and
motion

I I II I I 1 1

- phase
- (0)

-6

I ~

I II - I I I I I1
-r - I TI I I I I 1

- nn5
voltse.105/radi runs: BP-2

TI-1
RS-3
SU-2
SF-2

. 9
I I I

I I I

K>
0x

r-X

II-

-l

I II

I II

TI II

K=5

K>

I RIAI,Lr

<> <>0

ou11111

1
X visual only, mean rISE = .23
<> motion only, meanrISE =.21
0 visual and motion, meanrISE = .16

-.1u
c= K=5

EXP&RIMENTAL REiULTS

10
w (rad/sec)

ISI=1050

data-6
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I I I I

.1

r-I

r-

i i i i -"
r-
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yp

AR <>

0
IV x

I I I I I I I I

- a
V V

0
Ik

Coo visual

10

1

80

40

0

-40

-80

320

240

160

80

I I I I 11111
I I II I I I 1 I I

x
0

I I I I II III

runs : BP-2
RS-3

x SU-3
0 <> S-
.0 x

K=1 0

0
x

I t I I I I I I I

1
X visual only, mean rIS. = .21
<> motion only, mean rISE = .15
0 visual and motion, mean vISlE =

y = K=10

PEIMENTAL RESULTS

I I

16

I I I
I I I

x

6 1

iI I I

X I

0-
K>i _

I I I I

10
w (rad/sec)

.13 IS I=1 050

data-7
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I I I I II I

9
x

phase
(0)

wo visual and
motion

.1

x
0

I I I I 11111I i

- vts'.105/rads

-K>

-o

-y"

i 1 1 1 1 1 4 4 1 1 1
F-I

"

I

I -L

I

a 0 9 IV



'tns: BPJ2
RS-4
SF-2
SU-2

y p

AR

0

I I

_ x

10

1

80

40

0

I
- phase

- (10)

0

0 6

.0 x x

w visual

o visual and
motion

I I I I I I I I I I
I~~~ I I II

'9 0

I I

I I

x
0

-Inn

_ voltsa *.1 05 /rad's
0

- x

o x

-x

1
X visual only, mean rISE = .21
<> motion only, meanrISE =.15
0 visual and motion, mean rISE

.18
YXCE-I aL .*KU=20

MER.IMETAL RESULTS

I I

K=2D

x

I I I I

x~_

I I II

I I II

I I I

320

240

160

80

I I I A I II I I

.1

0
x

I 1 1 1 1 1 11

0 0

, I I I

10
w (rad/sec)

ISI=1050= .12

data-8
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ooI
i I I I I I I I I I I I I I >

NOT O0RRBTED FOR R14NANT ft

0 X

'o
0

x

coo

I I I
I j I I 11111 I I t-*-t-******-
I I vI I I I Ii

I I I -5

x-

x

0

I I I 1 11111

voltsb.105/rada

runs: RS-5
TI-3 K=20
SU-2

6X & 6 d LI ii 0

I -
LL~" I'll

00
M O O 1

1
X visual only, mean VIBB = 1 .66
<> motion only, mean rISE = 1.05
0 visual and motion, mean rISZ = .83

-e.18
a= (s ), K = 20

MPARIMETAL RESULTS

X I

I I I

10
m (rad/sec)

ISI=1050

data-9
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AR

10

1

80

40

- x

phase
(0)

0I-

I I 1 11

-401 0

160001

120001

4000

01
.

%FMI (

. 9

II a I I i I I I I

I

i i I



-
j-T I IR I ID 11I1II NIT

NOT CORRED POR RUNJXT

I I I I I IE

19

100

10

1 o3oo

I I I I I I I I I

phase
- (0)

x X- .0

I I
I I I 111111 4.1

7~ ii

0

j I I II

I I I II I I I 1
SI ~....

I I I I Ti I 11

I I I I I i
I I I I I I

X

I II I I I 1 1
I I I I I I I

volts*.1 05 /radO

- runs: RS-5
SU=-3

K TI-2

0
K=10

X
I x x

Ix I LLiL I I

X
0

X
0

x

I I I I I I* I

1
visual only, mean rISi =1.87
motion only, mean rISE =1.90
visual and motion, mean rISE =1.52

Y = --. p K* = , 0,
C s(E - .5)

EPIRIMETAL RULTB

10
m (rad/seo)

ISI =1050

data-i10
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0
x

80

40

0

-40

-80

0

4000

2000

.1
I a I I I . . . .%W 1

I I
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NOT C0RRE0TED POR REUANT

100

10

I

I I I I 1 I I1
S I I I 111

^ 3 (
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