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Abstract

\ An analog computer simulation was used to model the
roll dynamics of the generic aigcraft which had been evalu-
ated on the variable stability NT-33A .ircraft. Sum of sine
waves and random step functions were used as the two differ-
ent command signals. The purpose of this study was to deter-
mine what effect the nature of the command signal had on the
pilot rating of the task simulation.

The experiments consisted of fourteen different tests
for each command signal. Five pilots, with varied flying
experience, were instructed to follow the command signal in
a pursuit flying task. The system time delay was varied from
0.1 to 0.8 seconds. The highest frequ=zncy component of the
input signal was 2.54 radians/second. The subjects used a
control stick while 1looking at an oscilloscope displaying
the command signal and the subjects's response. RMS error,
time on target, and the Cooper-Harper rating scale were used
as performance measures.

The experiments showed that the subjects considered
the sum of sine waves task «closer to an actual flying task.
In addition, as the time delay was decreased, the subjects

preferred K/s-like dynamics.
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EXPERIMENTAL TESTING OF
FLYING QUALITIES THECUG:'1ES

I. Introduction

Background

The increasingly complex control systems of modern
fighter aircraft have resulted in closed-loop system dyna-
mics substantially different from traditional flight dyna-
mics. Because of these differences, it is nearly impossible
to accurately predict pilot-aircraft performance and pilot
rating for many of the aircraft/cont-ol systems now being
tested or designed. The small data base on handling quali-
ties of modern aircraft (or high-order systems) compounds
the difficulty. Traditional aircraft flight dynamic charac-
teristics for favorable pilot ratings on different levels of
flying quality are contained in the old Military Specifica-
tion, MIL-F-8785B. However, because the modern system dyna-
mics which increase the aircraft capabilities and add to its
complexity, the criteria in that Military Specification are
not adequate to evaluate or predict the the flying qualities
of modern aircraft/control systems (Ref 2). This situation
provided the motivation for the simulations reported in this
thesis, as well as the revision to the Specification,
MIL-F-8785C (Ref 1).

Current aircraft modeling concepts can shed some

1




light on predicting the flight qualities of new aircraft by
man-in-~the-loop simulations. One can place a pilot in a sys-
tem simulation programmed with the proper aircraft equations
of motion and control systems dynamics where the pilot-
aircraft performance can be observed.

Two, of many, previous studies were done for the Air
Force Wright Agronautical Laboratories/Flight Dynamics Lab-
oratory (AFWAL/FDL) by the Calspan Advanced Technology Cen-
ter using the USAF/Calspan variable stability NT-33A air-
craft. The NT-33A is a test bed used to study the effects of
different control system dynamics (Refs 2; 3).

Up until the recent NT-33A studies (Refs 3; 5), the
prevailing theory was that K/s-like dynamics are the 1deal
transfer function. Earlier studies with the NT-33A suggested
similar conclusions. However, very little data were avail-
able to reach a definite <conclusion,. The origin of using
ideal dynamics represented by the simple transfer function
K/s was obtained during ground-based compensatory tracking
tasks using a sum of sine waves signal for the input. A com-
pensatory tracking task is one where the subject sees only
the system error and tries to correct this error. The recent
NT-33A experiments, however, used a pursuit task in an air-
borne flight with step inputs. A pursuit task shows both
command signal and aircraft position, the difference between
the two is the error. The purpose of this thesis is to use &
ground-based experiment to evaluate the differences 1in ex-

perimental conditions.
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The Air Force Wright Aeronautical Laboratories,
(AFWAL) Wright-Patterson AFB, is interested in this research
for possible application to future specifications.
Problem

AFWAL desires the simulation of the dynamics used in
the NT-33A duplicated in the laboratory and a comparison of
these ground results with the actual flight data. The speci-
fic tasks réqu{red are:

1. Determine the effect the' “l:2 type of

tracking command (random vs. step) has on

the pilot rating during a roll tracking task

with various roll time constants.

2. Determine the effect of stick sensiti-

vity (gain) on pilot rating for these same

cases.

3. Develop a data base of simplified low

order equivalent system results that can be

used to predict the handling qualities for

high order models in the pitch axis.

Scope

The experiment is concerned only with studying the
flying qualities of the dynamics used in the NT-33A air-
craft as simulated on the Electronic Associates Incorporated
(EAI) 2000 Analog Computer. The roll task has two different
inputs. The first test examines the roll task with a sum of

sine-waves input. The other test uses a random square wave

——————— e
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input. The pitch task uses only the sum of sine waves as an
input.

Three performance measures ai: used. The Cooper-
Harper Pilot Opinion Rating Scale (Fig 1)} is be the sub-
jective performance measure, while RMS error and time on
target are the objective perTormance measures. A per-
formance measurement is an evaluation of how well a system
operates (i.e., how well the output follows the input or how
small the error can be maintained over a given period of

time).

Assumptions

1. The Aeronautical Systems Division (ASD) EAI 2000
Analog computer will be a good representation of the dyna-
mics simulated with the NT-33A.

2. The volunteer pilots will bc a good representa-

tion of USAF "line" pilots.

Approach
The pitch (Ref 7) and roll (Refs 3; 5) equations

were provided by AFWAL. Chapter II discusses the experimen-
tal approach and how the equations were implemented on the
EAlI 2000 Analog computer. Chapter III presents the results,
problems encountered during the simulation, and observa-
tions. Chapter IV presents conclusions and further recommen-
dations resulting from this study. Tne appendices contain

additional pertinent information and tabulated results.
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COMPENSATION

The measure of additonal pilot effort
and attention required 1o maintan a
given leve!l of performance in the face of
deficient vehicle charactenstics.

HANDLING QUALITIES

Those qualites or charactenstics of an
aircraft that govern the ease and preci-
sion with which a pilotis able to perform
the tasks required in suppont of an air-
craft role,

MISSION

The composite of piiot-vehicle tunctions
that must be performed to fulfill opera-
tuonal requirements. May be specified for
a role. complete flight, fight phase, or
fiight subphase.

@ Ox of raquired Ra0ises COYQ
FERFORMANCE

The precision of control with respect to
arrcraft movement that a pilot is able to
achieve n performing a task. (Pilot-
vehicle performance is a measure of
handiing performance. Pilot pertorm-
ance 1S a measure of the manner or
efficiency with which a pilot moves the
principal controls in performing a task.)

ROLE

The function or purpose that defines the
primary use of an arcraft

TASK
The actual work assigned a pilot to be
nerformed 1n completion of or as repre-
sentauve of a designated fight segment.

WORKLOAD

The integrated physical and mental eftort requited
to perform a specified piloting task.

Fig 1.

Cooper-Harper Pilot Rating Scale
(Ref 3)




O

IT. Experimental Approach

General

This thesis documents the experimental study of the
dynamics of thg roll and pitch axes of conventional aircraft
(Fig 2). The roll task will have two alternate inputs, a sum
of sine waves and a random step function. The pitch task
will deal only with the sum of sine waves input. All experi-
ments took place in Building 676, the Aeronautical Systems
Division (ASD)} computer center. The roll and pitch equations
were simulated on the EAI 2000 analog computer. A control
stick obtained from bench stock was used (Fig 3). The stick
was free to move in both the pitch and roll axes. More de-
tailed information on the stick is found in Appendix A. The
stick was wused by the pilot to follow the command signal in
a pursuit environment. Only one axis of the stick was used
per task. The command and stick signals were displayed on a
dual trace Tektronics oscilloscope, type 454 (Fig 4). The
flying W represents the pilot's simulated aircraft. The
pilots were instructed to maintain minimum error between the

command signal and the flying W (Fig 5).

Experimental Setup

The simulation was performed on the EAI 2000 analog

computer. Figure 6 shows a simplified block diagram of the

system. The analog circuitry of the system (see Appendix B)
6




was installed on the EAI 2000 in the normal fashion with

output displayed on the oscilloscope. The pilot was in-
structed to minimize error by moving the <control stick in
the proper direction. All runs were timed for 90 seconds.
The RMS error and time on target were monitored and kept on

MODCOMP Classic IV hook-up.

Simulator

Figure 7 shows the simulator setup for this experi-
ment. It consists of a flat chair (no wheels), the stick,
and a dual trace oscilloscope. The stick polarity was set
similar to an aircraft stick. Force applied away from the
subject caused the W to move down and vice versa. Since the
simulation was flown one axis at a time, it would not be
possible to perform roll and pitch motion at the same time.
For each task the pilot was given several practice runs
until he felt comfortable with the task and apparatus. Dis-
tance between pilot and scope varied with the pilot con-
cerned. On the average, the distance was two feet from the
head of the pilot to the oscilloscope. All the pilots used

the stick as a center stick.

Aircraft Equations

The roll equation used is the same used by Monagan
(Ref 3). The pitch equation came from NASA contractor report
CR-2144 (Ref 7). The equations are shown below.

Roll equation:

T s g




® K (1)

Fis " 3(s + T77g)

Pitch equation:

1
*] K s * 7 -1S
= =( le (2)
Fas S S e 25ps e
SPp wsp

Pade's approximation for e > was used in the pitch
simulation, All analog circuit drawings appear in Appendix
B.

Pade's approximation:

-1s 2 - ts
=

e T s (3)

Command Signals

The sum of sine waves command signal is similar to
the one used in AFFDL-TR-65-15. This experiment uses six
different sine waves because of equipment limitations. The
frequency components for the sine wave are shown in Table 1.
Each sine wave had a peak voltage of one volt to ensure the
command signal would not go off the face of the scope (6
volts). This signal was used for roll and pitch.

The random step function used the sum of sine wave
signal as both a trigger to start the random appearing step

and set the value for the step voltage. A more detailed ex-

planation of both circuits appears in Appendix B.




TABLE 1
Sum of Sine Waves
(Ref 4)

w
n

.262:rad/sec
.393
.602

.969
.49
.54

o~ O O O O

Presentation of Task

During a tracking task the pilot 1is aware of two
parameters, his position and the target's position. A dif-
ference between the two positions 1s an error. The pilot
task is to minimize the error. In this simulation, the com-
mand signal is a horizontal line on the scope. The command
signal in the pitch axis moves wup or down and will not go
off the face of the scope. For the roll task, the command
signal rotated 34 degrees left or right on the scope because
of equipment limitations. A typical presentation of both
tasks is shown in Fig 4. To correct the pitch error dis-
played, the pilot must pull back or push forward on the
stick, causing the W to rise or fall and follow the command
signal. To correct the roll error, the pilot must push the
stick toward the left or right, which will make the W rotate
in the direction of the command signal.

During the first roll tests, pilots were confused as

to which signal was which when the W and command signals

were superimposed. To eliminate this confusion, the signals




were separated by two divisions on the scope face. This con-
fusion did not occur in the pitch task.
A normal run began with the cc..mand and W lines hor-

izontal on the scope face, with no 1initial conditions. The

pilots were instructed to keep the error at zero for 90 per-
cent of the time for as long as possible. When the pilot was
ready, the computer operator started the command signal.

Then the pilot began tracking his target. The data variables

f monitored were command signal, stick output (6), error,

( pitch or roll rate, RMS error and time on target. RMS error
and time on target were read on a digital printout, while
the other signals were on a strip chart. Each run was Y0
seconds long. Figure 7 shows a typical strip chart recording

for the experiment.

The Gathering of Data

o PO

Once the position of the stick and scope were ad-
justed for the comfort of the pilot, a <training period

began. A training period <consisted of as many runs as the

pilot wished, usually three to five runs. This allowed for

l further adjustment of the stick, scope and chair, as well as

familiarity with the task involved. The testing began when
the pilot was ready. 1
The roll task consisted of fourteen runs. These

runs were made up of four sets of three runs and one set of

two runs. During each set of runs, R would remain the same

and stick gain would vary. For the last run of each set, the §

10
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subject was asked if the task could be improved. If so,
which run was preferred. Should the stick act more like task
A, task B, or someplace in between? The subject would then
fly a 45-second test run. This allowed him to judge if the
stick characteristics were improved. This testing procedure
continued until optimum perfofmance of the system was
recached. Then.the subject would fly the new system for a
recorded 90 seconds.

At no time did the subject know what parameter had
changed. He only knew the stick would handle differently,
and his preference was used to improve the system. After
completing each run, the subject was asked for comments and
a Cooper-Harper rating for the task. UHe was reminded not to
rate himself, but the task.

To present the tasks in a random fashion, all sub-
jects were started on a different set of tasks. For
instance, SF began the roll task with sum of sine waves test
one and ended with test fourteen. DS started with sum ot
sine waves test four and ended with test three. This allowed
for a randomized test. Table 2 lists the parameters tested
(Ref 3). However, these parameters were not actually tested
due to an error. The details are discussed in Chapter 1II.

The pitch task was cancelled due to problems with

the simulation. The details are also discussed in Chapterv

et et e e e e .




TABLE 2
Parameters and Values
(Ref 3)

Variable Tested Parameter
Tp .1, .15, .25, .45, .8
sec

Psg

r— 10, 25 Set by Pilot

AS (deg/sec)/1lb

RoLL

Fig 2. Pitch and Roll Axes
12

AP P g AT AT, S AT - 8 g




and Side of Stick

Front

Fig 3.




Fig 4. Oscilloscope Display

command

aircraft \/\/_QLLSLQII___

PITCH TASK ROuLL TASK

i T e -y

Fig 5. Task Displays
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EA] 2000
ANALO3 5C0PE |——s{PILOT
COMPUTER
CONTROL
stick |
Fig 6. System Block Diagram

Fig 7. Simulator
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ITI. Experimental Results

This chapter contains the data from all the experi-
mental runs with the five subjects. The problems, observa-

tions and results are also presented and discussed.

Pitch Task

The pitch task was never accomplished due to a stick
"bobble" which appeared in the scope display during the ini-
tial tests. A bobble is a continued movement of the subject
response (W) when no force is applied. The subjects noticed
that the W on the scope would make a slight downward move-
ment after the desired response was complete. This problem
was later traced to the simulated pitch equation. The con-
nections to the control stick were interchanged to allow the
pitch axis to be connected to the roll equation and vice
versa. After the connections were made, the pitch display
had no bobble but the roll did. This procedure eliminated
the control stick as the problem, 1leaving the simulation
e¢quation as the source of the bobble.

As a result, the roll tests were continued while
uttempting to solve the problem with the pitch equation.
This problem was very disturbing since the equation is an
actual description for the T-33 pitch dynamics. The problem

was never rectified, and we still do not know why the bobble

is present. To continue the research, other equations recom-
17




mended by AFWAL were simulated. The second equation is shown

below:

1
K(s + =)
A (4)

(]
5 T s? £
s(;r + 2;5 + 1)

Although this equation is very similar to the original equa-

tion, this simulation was not stable. Recently another much

equation was simulated on the EAI 2000, and no

The simpler equa-

simpler

bobble or instability problems occurred.

tion is shown below:

Ke™*3

- — (5)
s{(s + T—.)

R

ole

Due to the coordination needed for ASD employees to be pre-

suent during test runs, conflicts with subject pilots' sche-

dules and the small amount of time left for further re-

search, this last equation was not pursued any further. It

was decided to document what had happened and recommend that

the last equation be used for further research. The sche-

matic diagram for Eq (5) is found in Appendix F.

If the pitch equation had no problems, the data

would have been used to start a data base for low-order

equivalent system results to aid in predicting the handling

qualities of high-order systems.
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Roll Task
Table 2 (Chapter II) shows the original values for
the proposed test parameters. These parameters were not

tested due to a factor not accounted for in the roll simula-

tion. Therefore the values shown in Table 3 were tested. To
switch from one test to anotﬁer in the simulation, one
potentiometer was used to set the value for K. Typing in the
value for time delay on the CRT set the value for R After

the results were examined in detail, it was discovered the K

potentiometer included a R factor which was not accounted

for. This unaccounted factor changed all the values for K

and PSS/FAS values. Table 3 shows the actual parameters

tested.
TABLE 3
Actual Tested Values
* X Pss/Fas
sec deg/sec? deg/sec
0.1 ~1000.00 “166.66
0.15 1111.11 66.66 ;
0.15 444 .44 66.66 |
0.25 400.00 100.00 ;
0.25 160.00 40.00 4
0.45 49 .38 22,22
0.45 123.42 55.54
0.8 15.63 12.50
0.8 39.10 31.28
Nuic: K optimum was set by the subject (see Tables 4 and 5)
A summary of the results in tabulated form is found

in Tables 4 and 5. The tables show the 14 different tasks,

pilot ratings, time on target (TOT), RMS error, and the
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optimum gain (K) values for the two different inputs. Please
note, PSS/FAS values above 75 are not attainable with real
aircraft. Since the error was not discovered until after the
data were taken, all the data and parameters are displayed
to establish trends within the data.

All the pilots agreed fhat the sum of sine waves
tusk appeared .to act more like an airplane flying task when
compared to the step function input. Several pilots com-
mented that the step function input task was superficial and
did not "act like an airplane." Furthermore, the random step
task was easy, and they knew more than enough time was
available to minimize the error between signals. More infor-
mation regarding pilot experience 1is found in Appendix D.

Pilot comment data is found in Appendiz E.

Time on Target

Figures 9 through 16 show the pilot rating versus
time on target data for the two different inputs. The random
step data do not show any apparent consistent trends. It 1is
suspected the subjects were not sensitive to this measure
except where the time delay was high (r = 0.8). The sum of
sine waves data, on the other hand, show definite trends.
All the tests (except v = 0.1) show that all the pilots gave
low ratings for high time on target results. The subjects
were better able to evaluate the dynamics for the sum of
sine waves task and were certainly more consistent with each

other. The high ratings (poor performance) reflected direct-
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ly the degree of pilot compensation and workload needed to
minimize the error for each task. In comparison, the sum of
sine waves data shows more sensitivity and the subjects were
better able to judge their task, since high time on target
tasks received low ratings. Probably the degree of pilot
compensation and workload account for the higher ratings for
the square wave task. In addition, there was more consis-
tency in pilot'ratings between the sum of sine waves task as

compared to the step function.

RMS Error

Figures 17 through 21 show the pilot rating versus
RMS error for the two different inputs. Again, the data show
inconsistencies for the random step data and definite trends
for the sum of sine waves data. The subjects appear to be
more sensitive to RMS error data due to the data lines not
being as steep as the time on target data.

The high pilot ratings for high RMS error and vice
versa seem reasonable. The data for the random step show the
subjects were more sensitive to this measure, but they were
not consistent (except where t = 0.8). In comparison, the
sum of sine waves data show a definite agreement among the
ratings and lower ratings were given for lower RMS error.
Again, the high ratings are a measure of how much pilot com-

pensation is necessary to manage the workload,

Time Delay (:)

Figure 22 1is a composite for all the time delays
235




versus pilot ratings for those values of K that were chosen
by the subjects. At the top of the graphs are the average
optimized stick gains. As can be readi'y seen, there is very
little difference between the two different inputs. However,
it is interesting to note that the subjects preferred higher
gains for lower time delays and higher gains were preferred
for the sum of sine waves task when compared to the step
function. Thié figure <clearly shows K/s-like dynamics were

preferred for both inputs.

Stick Gain (K)

Figures 23 through 29 show stick gain versus pilot
rating. The higher the gain, the more sensitive the stick
reacts to stick input. For the step input, the inconsisten-

cies continue and no trends are shown. For the sum of sine

waves, however, a definite trend is shown. First, the sub- I

jects were most sensitive to stick gain. In addition, the

subjects were very consistent. The subjects generally gave

the higher gains lower pilot ratings. When t was equal to

0.15 (very responsive aircraft), an optimum gain was ob-

tained between 600 and 900. This illustrates that after a

certain point high pilot ratings were given, the gain

reached a point where the simulation was just too respon-

sive. This is why no straight trends lines appear in Fig 28.

(Since this was a trend in itself, this author connected the ' ﬂ
puints with straight lines to emphasize the agreements bet-

ween all of the subjects for stick gain where t = 0.15.)

26




To correlate the runs, mean RMS error and time on

target were graphed in Figs 30 and 31, It was expected that

8 simulation resulting in a low RMS error and high time on
target would reflect "good" flying qualities and "low" pilot
ratings. For the random step this was not the case (Fig 30).
In fact, this result agrees with:Monagan (Ref 3). There was
no apparent correspondence between time on target, RMS error
and pilot ratiﬁg. For the sum of sine waves, on the other
hand, Fig 31 shows a definite correlation between the three
different levels of flight characteristics. This figure
definitely shows "poor" flying qualities tend to be associ-
ated with higher RMS errors and with low time on target.
Arcs are shown between what might be considered the three
different levels of flying qualities. This agrees with
Onstott (Ref 12). Onstott concluded that a pilot will toler-
ate more sluggish response 1in a given flying level if the
resulting time on target is gocd,

Figures 32 and 33 compare stick gain versus time
delay with the flying quality level shown. All that can be
deduced from these figures 1is that the subjects preferred
low time delays with high gains. However, the data points tc
the extreme right should not be considered valid since these
gains cannot be attained with real conventional aircraft.

These points are displayed only to show trends. Note, as 1

decreased, the subjects preferred higher stick gains and the

| rating improved, indicating a preference for "K/s-like'" sys-

tems. This data is in direct «conflict with Chalk and
27




Monagan. However, the difference <could be due to motion

effects present in the NT-33 experiment and not here. Add

this conflict to the extremely consistent data with the sum
of sine waves command signal tests and a question arises.
Namely, are random step function command signals wuseful in
defining flight characteristics alone or should a variety of
different command signals be used? The data seem to speak

for themselves.

In summary, the experimental results show the sub-
jects preferred K/s-like aircraft characteristics. Figure 21

clearly 1illustrates that as 1 decreased, pilot ratings im-

proved for the two different inputs. In addition, the above
results certainly lead one to question why the step signals
were used. It might also be recommended that step functions

not be used as the only inputs to define flying characteris-

tics.
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IV. Summary, Conclusions and Recommendations

The purposes of this thesis were to determine what
effect the type of command input has on the pilot rating
during a roll tracking task with various time constants,
determine the éffect of stick sensitivity on pilot rating
for those same cases, and collect data on the pitch axis to
compare with high order systems. Early in the study a prob-
lem (still not resolved) arose with the pitch
simulation.Data <collection <continued with the roll axis
simulation. After all the roll data were taken, an algebraic
error was discovered in the roll simulation. An extra factor
was not accounted for. This factor changed all of the stick
gain results. However, the data were recalculated to account
tor the newly discovered factor; the revised data showed
that some of the configurations tested are not attainable in
today's normal aircraft. Instead of discarding the data, the
results were used to show trends and form conclusions based
on all the data. These trends are counsidered valid.

In short, all of the random step data were incon-
sistent. When all three performance measures were used,
there were no correlations that could be definitely made
between the data. For the sum of sine waves data, there are
many signs of trends between performance measures and the

data were consistent, even between different pilots. The
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subjects continually gave low pilot ratings for high time on

targets, low RMS errors, and high stick gains. In addition,
subjects optimized their stick gains when time delay de-
creased. Finally, all the subjects preferred "K/s-like"
dynamics as the time delay was decreased. This ccnclusion is
in direct conflict with both Monagan and Chalk.

It should be remembered that Monagan and Chalk's
studies were oﬁ an actual aircraft with motion. The current
studies were performed on a fixed-base simulator. The ob-
vious difterence between the two are the effects of motion
and actual flight. These factors cannot be accounted for in
the simulator. Clearly further study with more pilots and a
motion simulator is needed before assuming any definite con-
clusions. In addition, it is recommended that any future
flight tests include sum of sine waves command signals, and
the experimenters compare these test results with the other
test data.

This thesis did bring out the fact that a sum of
sine waves command signal (highest frequency 2.54
radians/sec) is preferred by subjects and does lead to K/s-
like dynamics for time delay between 0.1 and 0.8 seconds as
most desirable, at least when no motion is present. Thus,
prevailing theories are still appropriate and one might
question the conclusions of both Chalk and Monagan because
of the inconsistencies associated with the step data. Fur-

thermore, it is recommended that future inflight testing

with the NT-33 include sum of sine waves command signals.
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APPENDIX A
CALIBRATION OF THE CONTRUL STICK

AND ROLL SIMULATION

As mentioned previously, a control stick obtained
from bench stock was used in these experiments. However,
there was no documentation on the control stick. This parti-

cular stick was used only because the pilots had no experi-

ence with a force stick, the only other stick available. The
pilots wanted another feedback cue other than just the
visible display on the scope, and a force stick could not
accommodate the pilots since it did not move. The control
vtick used was free to move plus or minus 25 degrees in the
roll axis and plus or minus 20 degrees in the pitch axis. By
judging the movement on the stick with the W on the scope, a
pilot «can gage his force necessary to follow the command
signal, 1In addition, all pilots have had experience with a
moveable control stick and none with a force stick, other-

wise additional training would have been required.

Stick Calibration

The items used to calibrate the stick were assorted
weights, string, tape, protractor grid, bearing and a
needlepoint. The stick was secured t: 2 table to insure no
movement of the base. The string was attached to the center

of the grip and placed over a bearing which was rigidly
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attached to the table. The end of the cord had a loop to
allow for the weights (Fig A-1). As weights were placed on
the end of the string, the handie would deflect. A protrac-
tor grid was rigidly placed around the axis of movement and
a needlepoint was attached to the same axis. As the handle
deflected, a reading in degrees was made. This procedure was
used for both axes. Tables A-1 and A-2 show the tabulated

data, and Figs.A-Z and A-3 show the graphed data.

TABLE A-1
Roll Axis
Left Right
Pounds Degrees Pounds Degrees
0.88 0.5 0.88 0.5
0.99 0.5 0.99 1.0
1.10 0.5 1.10 1.5
1.14 0.5 1.14 7.0
1.21 1.0 1.21 13.5
1.32 2.0 1.32 25.0
1.54 6.0
1.64 20.0
1.66 25.0
TABLE A-2
Pitch Axis
Forward Aft
Pounds Degrees Pounds Degrees
1.32 0.5
1.54 0.5 1.54 0.5
1.65 0.5 1.65 0.5
1.76 0.5 1.76 0.5
1.98 1.0 1.98 1.0
2.20 4.0 2.20 3.5
2.31 7.0 2.31 7.5
2.42 12.5 2.42 13.5
2.64 19.0 2.64 19.0
2.68 20.0 2.68 20.0
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Fig A-la. Stick Calibration Setup

; Fig A-1b. Stick Dimensions and Travel
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Stick Hiriq&

Since there were no wiring diagrei.» of the control

stick, one was drawn up and is shown in Fig A-4.

; Simulation Calibration

This calibration was actually used to verify that
| the same values of PSS/FAS in Monagan's paper were used for

this thesis. This calibration led to the discovery that the

experiments did not duplicate Monagan precisely. The poten-
tiometer controlling the value of K had an extra t factor
which was not taken 1into account. The procedure for the

calibration removed the control stick and replaced it with a

signal of one volt for one second. This procedure was re-
peated for every different value of <t and K. The output of
integrator 34 (¢) was then measured with a digital
voltmeter. Table A-3 shows the calculated and measured

results for PSS/FAS'

TABLE A-3

Calculated and Measured PSS/FAS

Calculated Measured
T K pSS/FAS ) pSS/FAS
2
sec deg/sec deg/sec deg deg/sec
1b 1b
0.45 49 .38 22.22 0.95 21.83
0.45 123.42 55.54 2.37 54.48
0.25 400.00 100.00 4.14 95.17
0.25 160.00 40.00 1.70 39.08
0.80 15.63 12.50 0.54 12.41
0.80 39.10 31.28 1.34 30.80
0.15 1111.10 166.66 6.92 159.07
0.15 444 .44 66.66 2.80 64 .36
! 0.10 1000.,00 100.00 4.14 95.17
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The calculation for Ryg /Fag required several factors.

The first value of .012 1lb/deg was obtained from the stick
calibration. The 7.83 deg/in was derived from the amount of
stick radius moved per degree. The 2.16 v/in was obtained
from Dammarell's calibration of the stick (Ref 11). ¢ was

measured from the output of integrator 34,

de 1 in 2.16 v .95 deg/sec _ 5 g3 4
7.83 deg in v ) efésec

F = 21.83 (deg/sec)/1b
Pss’Fas (deg/sec)
The other measured values of pSS/FAS were calculated in a

similar manner.
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APPENDIX B
SCHEMATIC DIAGRAMS

The EAI 2000 analog computer was used for all exper-
iments. The pitch and roll equétions, as well as the per-
formance measures, were all programmea on one board. The
descriptions are printed with the permission of Electronic
Associates Incorporated of New Jersey (permission statement
included). Before detailing each diagram, each individual
component is described below. The schematic diagrams show
the circuitry used to implement this experiment. The simula-

tion was accomplished by the computer technician.

Oscilloscope Images

Figure B-1 is the circuit diagram for the generation
of command, subject response and external trigger for the
oscilloscope. Integrator zero produces the sawtooth signal
(labeled X); it is connected directly to the external trig-
ger of the oscilloscope. Signal X is also used to generate
the W. The output of summer 52 1is the W signal. Switch 3
allows either the subject pitch (amp 71) or roll (integrator
34) to control the W on the scope. Switch 7 allows .either
the sum of sine waves (switch 67) or the random step (switch
25) to control the command bar on the scope. Amplifiers 42,

45, 46, 47, and 51 make up the slopes for the W signal.




Pitch and Roll Equations

Figures B-2 and B-3 show the circuitry for the pitch
and roll simulations. Since it would be too cumbersome to
explain each connection in the drawings, the equations for
each signal are shown as the output for the amplifiers. For
continuity, summer 71 (Fig B-Z)Aand integrator 34 (Fig B-3)

are shown in Fig B-1.

Sum of Sine Waves

Figure B-4 illustrates the sum of sine waves input
signal. The signal is made up of six different sine waves.
The output of summer 67 is the total sum. Each sine wave has
a peak voltage of one volt, therefore, the maximum peak sig-
nal is six volts. The output of track/store amp 6 1is used
for the generation of the random step function (Fig B-5).

Switch 67 is shown in Fig B-1 for continuity.

Random Step

The random step function generator is shown in Fig
B-5. Comparator 31 compares the sum of sine waves signal to
one volt. The comparator inhibits signal changes of less

than one volt and passes greater than one volt. Counter 26

counts down every 1.5 seconds. The track/store circuitry (o

and 26) ensure a pulse change at least every two changes of
flip flop 11. Therefore, the time between step changes is at
least three seconds. Switch 25 is shown in Fig B-1 for con-

tinuity.
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Evaluation Methods

Figure B-6 is the circuitry used to evaluate the RMS
error and time on target. The output of summer 126 is the
error signal and it is used by both the RMS error and time
on target hardware. Comparator 35 compares the error with
the margin of error. In pitch ipot 37) the margin of error
is one divisign on the scope face. The margin of error for
roll is 4 degrees (pot 33) in slope between command and sub-
ject response. The comparator inhibits signals greater than
the margin of error. The increment for time on target is 0.1
volts/second. The time on target value is stored in analog
to digital port number 3,

The error 1is fed as an RMS value into analog to
digital port number 1. The circuit located in the lower left
ensures an RMS error value 1is stored once each second.

The «circuit in the lower right acts as a timed
switch. It is activated when the test begins, runs for 9]
seconds, then shuts off the input signal. The 91-second
shutoff is needed to ensure that all the time on target and
RMS data values have entered their respective analog to
digital ports. The analog to digital ports keep track of the
voltages and allows the digital program (Appendix C) to read

and store their values.

Switching Diagram

Figure B-7 shows the switching wiring necessary for

switching between the input signals and the roll and pitch

68




WM amc e Pareva, WestLong Brancn N 277€4 (20N 22510

hugust 9, 19&2

Capt. Nathan Krys
AFIT/EN

Box 4237

Viright Patterson AFB
Chio 45433

Dear Capt. Krys:

This letter is authorizing your request tc use parts of Chapter 4 fronm
cur EAI 2000 Analog Reference Book fcr your thesis.

If you have any additional requests, please do not hesitate to call ne,

Sincerely yours,

i Topeiar=

Williian raplan
Procuct rarager

vK/e Jb

69

cale Hh_t GESTLONGBRACH v, Tews * 1 44)

)

Simim



4.2 COEFFICIENT UNIT

FUNCTION:
Conunuous multiptication of an analog variable times a constant coefficient.

DESIGNATIONS:
DCA  Diptatly Controlled Attenuator or Digitally Set Coefticient Unit
POT  Manually Set Coefficient Unit

SYMBOL:

As shown in Figure 4.1

—1<A<LH

Figure 4.1 Coefticient Unit: Typical Prog-amming Symbol

P

4.3 SUMMER

FUNCTION:

Connmuous summation of several analog variables.

OPTIONS:

As an oplional teature, the 4-input and the 7-input Summer can be equipped with a variable limiter. The Linnter 15 de
scribed i Paragraph 4.14. Note that earlier versions of the EA} 2000 are not equipped with 4 4-input Surnmer and
1Its optional Limiter.

DESIGNATIONS:
SUM, L

SYMBOL:

As shown in Figure 4.4

N
/

Y = —(U+V+10W)

Figure 4.4 Summer: Typical Programming Symbol
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4.4 INTEGRATOR

FUNCTION:

Continuous integration, with respect to time, of an analog variable.

OPTIONS:

As an optional feature, the Inte grator can be equipped with a variable limiter. The limiter is described in Paragraph 4.14.

SYMaeoL:
As shown in Figure 4.6.

_Yo

-X Y = ¢Y°+j°‘th

Figure 4.6 integrator: Typical Programming Symbol

o i

4.5 MULTIPLIER

FUNCTION:

Continuous multiplication of two analog variables.

DESIGNATIONS:
MUL

e T

=

SYMBOL:

As shown in Figure 4.9,

! Figure 4.9 Multiplier: Typical Programming Symbol

e gy Y
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4.7 SQUARE RCOT GENERATOR

FUNCTION:

Generate the Square Root of an analog variable.
DESIGNATION: ./~

SYMBOL:
As shown in Figure 4.13.

X
e e Y- -/x

Figure 4.13 Square Root Generator. Prograinming Symbal

48 TRACK-STORE UNIT

FUNCTION:

Store an analog value.

OPTIONS:

As an optional feature, {ater versions of the TS/Z tray (Model Number 0.72.0051-1) contain a Limiter that is associated
vith the Track-Store Unit. The Limiter (s described in Paragraph 4.14. The earlier versions (Model Numtb«r 0.72.0049:
T3/% tray does not have this option,

CESIGNATIONS: T/S

SYMBGL:

~ssnhown in Figure 4.16.

LOGIC T
ANALOG . Ic INPUTS R 0 1
INPUTS _——"“r 1/ ANALOG
—_— OUTPUT of s T
T JiCc
LOGIC —_—1 1] IC IC
CONTROLS {—————-—J
a. Symbol b. Logic Mode Contro/

Figure 4.16 Track-Store Unit: Pragrainming Symbol
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4.9 SELECTOR SWITCH

FUNCTION:
Analog Signal Switching

i DESIGNATION: Sw

SYMBOL: ;
As shown in Figure 4.21. :

. LOGIC :

CONTROL :

| . SELA g
! A ’}

v sW yJu L=t ;

B V, L= |

Figure 4.21 Selector Switch: Typical Programming Symbol

4.10 SINE GENERATOR

FUNCTION:

4 Generate the Sine of an analog variable.
' 'SNATION: SIN

SYMBOL:
As shown in Figure 4.23.

[;] ———j SIN Y =SINS

-n<8<+n

Figure 4.23 Sine Generator: Typical Programming Symbol

B T
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APPENDIX C
PROGRAM USED TO INITIALIZE THE EAI 2000
ANALOG COMPUTER

The purpose of this proéram is to initialize the
system on the.EAl 2000 by setting specific values for all
potentiometers, integrators and counters. It also changes
potentiometers to show the change in variables for the dif-
ferent runs involved.

After the program begins the run, it monitors flip
flops 50 and 60 (Appendix B, Fig B-6). If flip flop 60 is
set high, the run has gone 91 seconds and the program stops
the run. If 50 is high, the program samples and stores the
values of analog to digital converters 1, 2, and 3 stores
the values in an array and resets flip flop 50.

When the run has stopped (flip flop 60 - high), the
program calculates the RMS mean errec: and time on target,

then prints out the values.




LK I R I B N R R I I A R AR S S I

-
-

[
e
tep}

(28)anvw

[SAL I S T RO B
SEVICI A RV B
’ L I

" . ~ ) N

LR I I R I 2 R N SR 2 ® FN Y Y

»
(AT T Yy X 0ne
(SRR IS I GRB Tt
~\)Nrﬂvmxby)l-l
U A NN,

Topn

(NQU3T)IN0OD2S

AR G QLA RS (R )

NOA 239 FACSNOGD HIIHY W)1iv
(QT*50T1Y

VAN EFAVAS YA
R B S B R0l J Rel 20N G L AN 16
SASHECN44n WD
NWSHyeHr2yen2etlnd

fo

LR
1y
-~y

a7y

‘)

()

J 1

-
o

1152
Ay 3
C7aM
vL.iaC 3
[

vivec
wwC2
1o¢n

$CThMe

STHANCY L IHE RS THANY L S THEINY LS I3CNVYLSY E3Z¢y90W0ex Y3y

(AP ETA LN

aC4 S3TEVIuvA LMN3%24410 CNy
Wy dHE 9N ISP ¢TI0y MO H3ILT 4 N0
N3HL LI *H2ZKD JIL71S v 30 0l
T AME-ME MACHS -SINIYA 0L Su3ixn0) C
1l *ee6l S0 wowwlis 3IHL oM
GNIL1S 3L IH9T77s gCuI=3Hi=N[{=-87n

IsTI¢O0l 2+u39

a¥uMNslIOND g 230

€10ZTCTEILOLG(Ta)SwWY NOISh

L

AOTACHRA S d31S 3kl uC SIZ AN
=2 SLS2L NN QL MDL7HIg” IHL
HOL7H3dC HL SLIWA43d CNY 5

JINT
3101
RER SN

AR I e ) Ao
s 40
Sen1vy
AV Howln

A7 SMILexaIMeSIe s ATy 1T oM

200 MVTAYLe?( INMIY AR INCO
IHL %03 CIECTIATT TyE LTE0

L27rned
vd el

PRDAN

¥

[0 R

[

13

(S IEUES WS RS NS

—
W) Ry Ny T

PV D B
oY

N

LRI ST

e 0y
L B IS BRAVEN o VIRR N I o VIR o)

EVI

o™~
~—t

NOT N
e

\

DS LN D e
- e

- NS T

82

R

R R A T T W N

L N Yy




TR LIS RS SRS I IR S S Bt Ty
c..c!liltctvi-o-¢«¢v|-1¢¢‘¢-cc.-<14‘.-‘¢1“Act‘lillq"!qloq'c¢o<!clu0. N\
'SR B B RS e B L
Autovri...u‘_“ NV w Y AN
(Gla®e/0)gn 1=" 17%5 “1
(I10°=-*3¢YY) .14+ 1772 ]
'SR RKINEEE JoToll 7 e K2 2
\ (hO*%L5 VI L= 1w 1L
CIREEIASE SRR N b 2! ol
(£528-831)107 e 170 e
(1 2 VY27 Etae 772 “5
(ol =4n)Yy3C " 7% 1=
(FA4°45T1)y20 1e?® 1) "5
(S =42 TYIY2C1 4% 179D %Y
(20S°8G,2)9¢20LeM VD %9
{209°=4¢22¥20 18" 79D %9
(T65*%92)yI0Lsn YD 29
(SEC*=84h)y301M" YY) Ie
(292°¢TTHVICLIA® 1TVD "5 p
(292*=*ChHyyI0Ly® 11v) -C
(T*%72)y2CL%M 1) e
- (I1*=¢02)%201 4% 1vD lc
(T*=-%ha)yaCLam 1y) 5¢
- (*T-*%C)VI0Lu" 11VD B
(2°-%¢G)VI01H® V) "G
(Z*-62c)yI01x™ TIv) 7
CT**13)92C LM Tv) b4
- - (GN*LyyydCM™ %D IS
. (1°%73%)9ICLHM 1IvD 26
(GO*=%34)¥2Q 1M IV) ‘4
(1*-%04)y301%" T1y2 Gh
(LRT*$2TY920 12" v Lh
(50T VICLH™ IV Dy
- - . : (GY2ee27)y30us 193 Cy
(F*=%TL)ydniNs 373 wh
(Z22Ty*ersyvdaLdm My2 cH
(2[*¢27)927 1% 37y2 Y
(C5F9°=%K3) Y00 Ly 1753 1)




|7 ap-A124 693 EXPERIMENTAL TESTING OFf FLYING OUALITXES THEORIES(U) 23
AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB OH SCHOOL
OF ENGINEERING N H KRYS DEC 82 AFIT/GE/EE/B2D-43
UNCLASSIFIED F/G '4/2




10 Bk ki

v W=

T
o FE
=

22 i nie

MICROCOPY RESOLUTION TEST CHARY
NATIONAL BUREAU OF STANDARDS-1963 A




L R L L IR 2R N 3

S S VIRV ol

Ce2nnnlinLs Ct

$F FS BB FEELP LSNP Y RS PEE N EC Y BN ES RN

Bl 032

v)
CNIMYOM NOTLI2ANS 313 F

TAVE ANTS AR GL MO RSy

Co :NTANCD CL NYNLEX (O3

AR A RS R LR AN AE LN EE AN R I RN SRR ELE RS ARSI NN E T NE R R NEEESEIE R R

srsxsuBe vy esn’

.q),,\q,,.
PR TEEEIERPEIVAND B F VRTINS B SLPTY R R

(SRS B & Tl 8

G- 3A3 40 1w T T 9
YL (Doe SGEY YT

cILS S LSvY ANIS M2IIRD adbiwHCy Iy

7 OSIAYM SCS IENS Ny 2
(Ohé¢coly) LI
P} HS O e D
JIse Myvw)d

340455 2ISh SAWH 1SNaw J

(ZYRESX TILY-ECS 17
XI (ggdcaorylean

WV DI LYLS CO o) LvuduCd ne
(02¢GNRTYILInun
LSSH T1v)

J

sessnsvxzre )
(*I%w2)nsiIre VYD
(*T*HTHY:SLTIYS V2
(*T¢»)eStIan YD
(*T¢62T)S1IPD TYD
(*14027)usiInO VD
(°*T¢HTTINSLIMD VD
(21801 T)SLIND VD
(*1¢%x0T)NSLIM® YD
(*T403THY™SLI™® w2
(°I1%92)YySLIm®® V3
(*Té¢egIYESLIA™ VD
(°0T&nTHYuSLIMG vwD
(*0T80GHINSLTIE w2
(*gTeH2)ESL I 172
(*0T*0CTIYNESLIPED WD
(*°0T45CHYNSLIRD VD
(*31enNeHINSLIMD VYD
(°T¢0L)2SLI®D VD
(*N0T%% Y54 I TIv)
(*QT¢ng) st I A%
(N0 18353 LINE Y™y 0

ST
LTl
R
ctt
H11
ST
A
(R84
nty
201
m.)

191
301
<ol
LAVA
¢ey
<0t
101
oct
€€

H6

L6

96

€

%6

~

r
2h
16
Y
63

e~

oa
Lo

S
SR
%3
¢
ch
[

84

-y

s L A NWE PRT N e s

Futiwie et




N T L T e -

[
(Cew(xe]®

(Ve

(z°*9

104 JpeI¥aCrddy SL3s JdWY o LSTL HILIDd %03 SI8YIy

08T ¢y C9 (T °T3e

T L R R N e N Y L N Y]
T=LINYS(T ®
EezNNL*8T 24 v 2T °
C=tdunden -
{*3S¥44812)144m0 ¥ 2¢cC *

- "~ (09
Coa=NIS ¥N3 T 4319 HC4 9
T e e S - (001G
NOGILINNG c31s ¥0 S3AVM INIS 4C W
[ EXES R ER SR NN E NAEN RN ERERERENEXE R NI INEEEEREREESENENERENESNNENLSZ
o o . {=dyOMCl *
(*ZPNL*802)34m0 IIVYZ(T *
- 1=d404(Qq *
; (* 287w d*%2220440° v 2¢(0 *
(1
AL
(37708 %04 1 4uwllld 4tta 2
(ages

w 2L Td 50 10 1531

1)1 a2C2 30T
SRTY OV
Ly ea¥nd 6T

RS XN R -1,

2
YA 123738 J
M
d¥74r4l CT1

s svesssves])
a3 Y4l
3T MY 4I
£3* MY il
£33 Yl
cCoUYQQw
)LV HANOA 00t
01231 1um 06k

J
3
NS 3ISCOHD J
J
J

LA R L R R
=3* Y2l
£3* rydl
23 M3l
T3 rmydt
[YLywaed n3
COT)INY 5
) L7hHC 4. dL
sTYsLlne 3%

L9

o

[l S AV 24
FRRN Vol o BNV BTe N t
Lo e B I B IR e B

L 2
-

nhl
Lel
3bh1
cHT
L2 B¢
¢Hl
2hnl
Iel
get
(2N
et
LeY
3¢t
Get
Hel
¢er
T4
I¢1
get
&21
vZ1
L2
9ct
c21
Wel
¢t
2el
121t

85

A e A s i i SE At




L - — - . oy
ll ' T P . e T YT eSrITeo e — . o

(AR LN R ARG A ISR SE- AN O A I N ¢

Lt i et A | 0T

NUHATNTA ) NI A 0

- LRI RICTERV S RO B S SO -
YTeo 2Ly 03T YSYTRY 4

AN IS O SR IR ST T B REE z

R AT OF BhY P 3¢

2

2

g ds® 11wl
I=1

(°ZSTAv 4 03)¥4-%n 19D

(* 35SV 3400420 1TVD

41 (0gscoIIivCd
CeINIATY L¥vls 0L MMHALIY ) Lnwded 0o
(02c*s0T)31Ium 0T

(A A EREIREEREESENRIN LSRRI ENEEEE NN E RS N EEIENE NN EEINERNN YRR Y RWENNY] C'..’C,’I.CCCU
(X/G0**TTHYuvICPD YD
- A=IHA4NY ]
£ (0CT8GOTY Cy3Y
(s IHANYL #)LlYWHOL 161
(OET4GOTYITLINN O0RT

- ———— v e . ima e . - - U

S104 31VI4d0ddd¥ 135 GNY 1S31 17CY¥ 0Q 04 SIVEVINVA 123135 2

- — .- . — . .~ . U

LR E XN E R KR EENE P CC"li"llii.’l"ll"lil’ﬂ’lCC"'C”"C’CC""CC'CC’.‘.’!U
SR : 0T2 N1 C9
(X/20°-4G3)¥700P% 1VD
mmeme e e ¥=130nv1

¢ (0ET¢GOT)IOY Iy
(aV1130NVLE W)LY HNCY 091

QOEALIT RS RED &L,

(X/7°1¢G5)4v2QPY VD

FER TR

Sommm e X (0¢lécoUrIrIn
. CaV 1 IHLINYL 4)1vWH0S DT

(0 TeCcoTy LIV

(AeXe?®¢TQ)Y3VICRYy NVD
A=1122

86




' (P20 Ty iy [ae iy
A
[N U T g c°
; .
L R R N R N RN RN AR RN YRR R IY A cya
) L9
bR S AR T bl
(XYool sl inwle Qe 72
Nes0T=w GG (Q 2¢2
=AY 162
TWN OMU4 INTIYA N3N CMT S 2 ae2 :
CEAY B2/ () 32Y) LARS= (W) Sy 0% 2 €22 .
[~¢1zs 0G2 (O 22 ,
SMOTLIVINDTIYD Sw¥ 3L17dW0 3 3 122 ¢
((900)300)=*) 2=V 3HLH ST A4
€CL92)30D2)»*002=1HaN 527
HOL1Td QNVY T10% ¥Ood4 % 31YINJIVD I y2e .
S I ts¢301)31I%m €22
((2°L4%XCHI9%, T LYnYCd  In 222
- B2Y402Y (1H2%]0T)2t1InMA 122
CITdWYS 3434 SENIVA NS 3INVMW J oz ~
31SP 1vD . 612 ®©
C* 0T (CIICYISAV=CTIICY 212
S ees e - = - C°00NT=+¢TIIOYISIY=CIIOSY Ltz
. (*0T+(2)70Y)S3V=A(1)p2V 912 ’
= o T7eW¥S 1SYY 139 €1 3WNS 3@ 2 G612 £
CI0HSO® T1Tvd  0%2 viz :
o I 4 :
NN¥ 40 CNT 44N SENO2IS V€ 3 zte i
o o I 4 &4 :
[ XX R RS IR EE RN R NI X R AR R S R R Y N S L R N Y Y I Y Y RPN RS E Y Y W RN NN NN 5 12 m
£se C1C9 502 !
Tesl (2¢ *3¢° D)4l #02 ;
- AVYYY NIHIIM AVLS ) ez :
183 E3 902 !
- e R GEZ €L U9¢(TIISISM I cne w
. (OIS I1YSTIM vl G52 LD F i
35S 135 S1E9 5645 VIIAD Jdeon 3 €62 ;
C*ClelgYITVISHY(INLCL 202

€*Co0T (1) ISEY=(1d0CY




$ /¢ 10 8l 310G ZUtTIRT=C e
ARSI I PTELE N B TR TR SR
.. cw - . - <. . )
4 YTty g
sbte oL
RN pore (T ey 41

DA Sey Y Ty G

L k3lM AGL U a) Lo HC
C(DIC*SCTI Ll

e 91 U9 (U*g93°r)y 41

A AN IR & el el

(o tA=T &7 <

o
o~
v
1,1
(S8
b
-
o
[P
¥
1
>

(ol 3dA L 37713 1 3l A0 GHL %74 £0LS ©) 4518 FOA 4] a e
S/ el D dIMES el QLS ENCY ST ONNe STHLO @)LV .04
(IGT4CITY I un

SAswuwkl ITXya MY SNMNIANGD CL LMw™ NCA €

nee

I AR AR EE RS AL N AL NI A EEEEEEENEEEEEENEEE AR R RN T E R R R R ENE NS RS S AN SN NSNS R YN

Q0T 314 On3G

- (0-8T=T4(1)LI01) (OCE4ANI)ITI I
(8(5235) 139Hv1 ANC WILa®XT2%a04) [7hUOHA

. (GAIREAS ENDE -2

(C*S 384 =S 40 NYTWN s ) LV AnGd

NWSWY (TCE*20T) 111N

((2°L3*xS)IF8/%s+a)LVWNCS

(0eST=TC(I)IShHY) (CET9C0TI LI NA

(e¥03%3 40 30IVA SWHe*XT2%Ne)IVHY0A

(N2E433T)3 Iy

CeNCTLIINMD STAY® ENIS 40 WLS e)LlvWMNCA

T e (TS8O YL Tum (T *=3° (2FNA)dI
) CoNOTLEINNA d71S adlVWeO4

(022201231 1dMm (3 *23° LINNA)II

(s 1CH0 8LV WHC S

(CARZE2CTYILTN® (T L7 ay~¥) 4l

(eHO2L1IdD a) IV WW™CS

o (03244 01)IMm €3 *BH3® guOM) 4]

(2948 Qg8 70Qyb 2 b (Z0C48X5)28(2°34%UC)IT8,y 4)LYWHCY

Idex® 7L 30Nt TNV L ®NICAY LS THINYL S WL/ 6702w (OL2oYCTYILINm
(ol <4 v1THL»

V9 3Ia0 Tedl%+»uCAd

v ommmmm s mmmsvacnca eiiam. - mee e S o e e e e

Aaimagny visCnvil viivirvy L1377

ons

g1¢

J
o)
J
J

o B8 110 s me s

88

-

ppov e

ERRE I ERR™ 7 5 g R TR

e

—t s

e az




e

SRS |

s B ¥

OSyMCO ARLNG

XxI ¢QaTI*CO01IC73:

s ) CoINNILIN0D CL-MUNEIN B3L94N0H
(902T8GQTyY L I2”

SHNL3IM02Z L1 dINY AT

- (CTEEdXTIIVWALS

- ("*NeT=rs(rY4nglY (Q20TéGCtY LI nN
270 1egN )P

s : TedTM=4N
7107 ¢ N vive

- - - (0234N91  2+¥393NI
(GN24ASIIISHLND INTLINCYENS

S e e : . an 3
AG LS
. fe(CEsDS*NTITIOL O
r (034cpl)ICy3IN
- (3diiS MG INIS 30AVHI-C e

92 /70y s RILLIMP CSONIDIYM

[VAME7R

po 1t

PRI RIRENS RS I R T YT ST X R SR Y R R N E T R X A R E B RN LN X R R R E X ENE N X ‘U

avlcl

D~
AN I &/ R W)
S ) )

-

N NN

P TSN




.y Y e T e - e W e

[—

o

APPENDIX D

PILOT EXPERIENCE AND TESTING SCHEDULE
Pilot Aircraft Hours Flown

DS T-38’ 1400
F-16 350

MK T-33 800
C-47,B-25 1000

MM C-141 2200
RL F-111 1800
SF F-4 500

Pilot Test Start #/Sum of Sines Test Start #/Step Function

DS 4/2 Aug 1/9 Aug |
MK 7/3 Aug 10/12 Aug
MM 10/10 Aug 1/9 Aug
RL 1/16 Aug 4/10 Aug
SF 1/29 Aug 7/5 Aug

FTY Chanr %

90




APPENDIX E
PILOT COMMENT DATA

This appendix contains all the pilot comments anu
ratings given during the test runs. Most of the comments arc
one-word descriptions, and each thought is separated by

comma. All t's refer to TR-

Sum of Sine Waves

L SREEN M

ERREEARSARE

Pilot: DS
Date: 2 Aug

Test 1 Tt = .45 K = 49.38 PR
too sluggish, I can keep up with the command signal, but the
stick is too sluggish

Test 2 T = .45 K = 123.42 PR 3
better, less sluggish, some lead required

Test 3 T = .45 K = 133.33 PR 2.5
fast response, felt like I have weights on the wings, slight
PIO, overshot

Test 4 Tt = .25 K = 400 PR 2
pretty good, responded the right amount for stick movement,
responded quickly

Test § T = .25 K = 160 PR 2.5
not a whole lot of difference, not as responsive to stick
inputs

Test 6 t = 25 K = 320 PR C
felt like Test 4, no difference, just fine

Test 7 t = .8 K =15.63 PR 7.5
sluggish stick, couldn't keep up with command signal

Test 8 Tt = .8 K = 39.1 PR 7
some improvement, roll would keep up with command, some PIC
(overshoot)

Test 9 t= .8 K = 225 PR 4
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fairly quick response, I didn't 1like it, small stick input
made large change in W

Test 10 vt = .15 K =1111.1 PR 4
required a lot of effort not to overcontrol, fast response

Test 11 t = .15 K = 444 .44 PR 3
this is better, not as much effort (resquired to control),
fast response

Test 12 t = .15 K = 833.33 / PR 2
fast response, no problem with control

Test 13 = .l K = 1000 PR 1.5
liked it, fast response, no PIO (overshoot)

No Test 14, after several runs, DS could not improve on Test
13,

Pilot: MK
Date: 3 Aug

Test 1 t = .45 K = 49.38 PR 6
response too sluggish, no overshoot

Test 2 T = .45 K = 123.42 PR 4.5
much better, response to stick is still sluggish

Test 3 T = .45 K = 388.88 PR 5
response still sluggish, overshoots

Test 4 = .25 K = 400 PR 3.5
better, responds quicker and small overshoot

Test 5 T = .25 K = 160 PR 4.5
too sluggish, overshoot okay, very slow

Test 6 t = .25 K = 800 PR 3
sluggish, slight overshoot, not enough damping

Test 7 t = .8 K = 15.63 PR 7.5
not responsive, doesn't respond quick enough, overshoots,
plant is no good

Test 8 t = .8 K=139.1" PR 6.5
not quite so bad, responds too slowly, still overshoots

Test 9 T = .8 K = 225
much better adequate response, still too much inertia and
overshoot

Test 10 r = .15 K =1111.1 PR 3.5
easier to track, too much inertia and slight overshoot
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Test 11 T = .15 K = 444 44 PR 3
best one yet, responded quick, less overshoot

Test 12 t = .15 K = 900 PR 2
very responsive, no overshoots,no complaints, easy to fly

Test 13 T = .1 K = 1000 PR 2.5
not responsive, damping okay, no overshoot

Test 14 t = .1 K =2000 +: PR 2.5
1 1like this, pretty responsive, 1little overshoot, good
damping

Pilot: MM
Date: 10 Aug

Test 1 T = .45 K = 49.38 PR 6
terrible, sluggish, stick seemed almost dead, it was slow
when I wanted to move in a different direction, no good

Test 2 T = .45 K = 49.38 PR 4

better, faster reaction to stick input, smoother not as
sluggish as before, stick more sensitive, stick more
proportional (further I move the stick--faster the response)

Test 3 Tt = .45 K = 277.77 PR 2
better, went right where I wanted it to go, just about right

Test 4 Tt = .25 K = 400 PR 4
a little slow, otherwise pretty good

Test 5 Tt = .25 K = 160 PR £.5
seemed even more slow, less sensitive, (I was) always behind
what I wanted to do

Test 6 Tt = .25 K = 600 PR 1.5
sensitivity good, reaction time on stick response good,
proportional stick, overall pretty good, (I) liked it

Test 7 T = .8 K = 15.63 PR 8
terrible, slow, very sluggish, bad overall

Test 8 x = .8 K = 39.1 ~ PR 5.5
little better, not as sluggish, too much inertia, overshoot

Test 9 T = .8 K = 143.75 PR 3

sensitivity good, less inertia, fast reaction time,
therefore had to compensate for overshoot, overall not bad--
fairly good

Test 10 T = .15 K = 1111.1 PR 4
good and smooth, a little fast at times, not bad overall,
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needed more control (since it) wasn't sensitive enough

Test 11 ¢ = .15 K = 444.44 PR 2.5
better overall, sensitivity better, good and smooth, easier
flying task

Test 12 t = .15 K = 833.33 PR 2
better, improved sensitivity, everything else 1is the same,
it reacts better

Test 13 T = .1 K=1000 +:+ PR 4

fair, smooth, sensitivity (reaction of stick) was staii
stepped, no extra momentum, W stopped when stick movement
stopped

Test 14 t = .1 K = 1250 PR 1

pretty good, smooth, sensitivity easy to control, just about
right proportional movement of stick, no lag time, response
was instantaneous

Pilot: RL
Date: 16 Aug

Test 1 T = .45 K = 49.38 PR 6
not very good, 1initial response slow, roll rate slow,
overshoot, used maximum stick deflection to arrest roll rate

Test 2 t = .45 K = 123.42 PR 5
better, primarily response is more prcdictable in arresting
roll rate, initial response about the sanme '

Test 3 Tt = .45 K = 277.77 PR 4

seemed roll rate was non-linear before, this was more
predictable, roll in and roll out no change, command got
away from me before but I had better response with this run,
warrants improvement

Test 4 Tt = .25 K = 400 PR 4
didn't seem very predictable, roll in response didn't have u
good feel, needed compensation

Test § t = .25 K = 160 PR 4
slower, more predictable, easier to control, actually better
in accomplishing task

Test 6 t = .25 K = 600 PR 3

mildly unpleasant deficiencies, accasional small PIG
(overshoot) very minor though, miniuum desired performance
better

Test 7 t = .8 K= 15.63 PR 7
not very good, bang-bang system, definitely requires
improvement, can't perform task, slow system, need max

94




deflection, control no problem

Test 8 Tt = .8 K = 39.1 PR 7
better but not by much, quicker, roll out still needs 1lead
time, task still difficult

Test 9 t = .8 K = 156.25 PR 6
, very objectionable, extensive compensation, must anticipate
an input that can't be anticipated, tendency to overshoot

Test 10 t = .15 K =1111.1 , PR S

needs improvement, still need pilot compensation, real high
gain, less overall error but when there is an error (I) miss
it by a lot

Test 11 t = .15 K = 444.44 PR 6
need something in between, poor initial response--all gone,
there's more overshoot

Test 12 v = .15 K = 833.33 PR 3
best overall, good response for large amplitude corrections

Test 13 Tt = .1 K = 1000 ‘PR 4
not all that bad, roll out response not predictable--a
little too quick, for large correction some overshoot

Test 14 T = .1 K = 1500 PR 2

negative deficiencies, predictability in roll out response,
roll rate control very good, pretty good, very small
corrections difficult to make, overali ve.y good

Pilot: SF
Date: 29 July

Test 1 Tt = .45 K = 49.38 PR 5
very sluggish, as I approach target--can't feel where |
should line up with target, smooth but excessive time delay

Test 2 Tt = .45 K = 123.42 PR 3

nice reacting system, tended to overshoot but didn't task
me, don't know how system reacts to my input, better than
before, good feedback or stick motion, comfortable

Test 3 T = .45 K = 166.66 PR 2
good system, easy to control, good feedback, good rate and
position, slight overshoot, (I have to) anticipate targets

Test 4 v = ,25 K = 400 PR 1.5
really sharp, used very discrete iunputs--almost digital,
stopped W whenever I wanted to

Test S T = .25 K = 160 PR 7
slow in responding, couldn't get it where [ wanted, by the
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time I got there target moved, need lots of compensation,
good on small error not large

Test 6 t© = .25 K = 320 PR 2 )
1 1like it, able to precisely stop motion, bank rate is
better on roll in

Test 7 Tt = .8 K = 15.63 R 8
time delay too large, no roll rate, no roll out, have t¢
lead system, target is faster than me, command signal wa: ‘

contolling me

t
Test 8 Tt = .8 K = 39.1 PR 7 ¥
rate slope not linear, couldn't judge input, very sluggish,
overshot, good for catching up but not for stopping

Test 9 T = .8 K = 237.5 PR 4

responsive but abrupt, mushy handling, good course
correction but no fine correction, time delay acceptable,
felt more comfortable to make little inputs

Test 10 t = .15 K = 1111.1 PR 1

best one so far, easy to line up very responsive, very easv
to control, no time delay, a little abrupt, easy to predict
stick movement to correct error

Test 11 t = .15 K = 444 .44 PR 4

higher time delay needed to lead the command signal, crisp
in eliminating input, slow in getting input in, behind thc
power curve but didn't have to chase target, not as good a:
Test 10, for larger errors this system would be ver\
deficient

Test 12 T = .15 K = 666.66 PR 1
large errors show a slight objectionable +time delay 1in
input, crisp tracking good, didn't need to lead '

Test 13 t = .1 K = 1000 PR 3 1
slow moving target, I couldn‘t follow it, needed discretc
inputs (steps), not objectionable for large errors

4'-..|

Test 14 = .1 K = 750 PR 3
slight tendency to overshoot not quite as crisp, good +
tracking, inputs smooth and reasonable, didn't need to move
the stick very much

Random Step

Pilot: DS
Date: 9 Aug

Test 1 t = 45




P Bt b ek

real slow, required full stick deflection

Test 2 t = .45 K = 123.42 PR 3
much faster response, slight tendency to overshoot

No Test 3, could not improve stick response compared to Test
2.

Test 4 r = .25 K = 400 PR 2
much faster, less tendency to overshoot, liked it

Test 5 T = .25 K = 160 PR 3
little too slow, less tendency to overshoot

Test 6 T = .25 K = 360 PR 2
real good, easier to control straight and level

Test 7 t = .8 K = 15.63 PR 7.5
too slow, needed to use full stick deflection, too stable to
oscillate

Test 8 T = .8 K = 39.1 PR 7

slightly better, still required full stick deflection, large
tendency to overshoot, used full stick to start and full
stick to stop

Test 9 T = .8 K = 125 PR 5.5
has big overshoot problem, responded fairly quickly, need a
lot of compensation to control overshoot

Test 10 t = .15 K=1111.1 PR 5.5
great tendency to overcontrol, had to compensate, very quick
response, just too sensitive, no appreciable overshoot

Test 11 T = .15 K = 444 .44 PR 2
better, more easily controlled, no appreciable overshoot

Test 12 t = .15 K = 533.33 PR 1
very nice, no overshoot, quick response, good tradeoff
between response and stability

Test 13 T = .1 K = 1000 PR 2

good, no overshoot, quick response

Test 14 T = .1 K = 600 PR 1.5

good, no tendency to overshoot, quick response but
controllable

Pilot: MK

Date: 12 Aug

Test 1 t = .45 K = 49.38 PR 4
easy to fly, doesn't matter what I do W will eventually get
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there

Test 2 v = .45 K = 123.42 PR 4.5
kind of sluggish, tended to overshoot, I did not like this

Test 3 t = .45 K = 44 .44 PR 4
easier to fly, better because the W r:sponded more quickly,
good damping, not too much overshoot

Test 4 t = .25 K = 400 PR 3
like that better, good damping,” not much overshoot, quick
response

Test 5 t = .25 K = 160 PR 3.5
just as easy as before, I don't like the way it feels

Test 6 t = .25 K = 500 PR 3.5
this is as good as I can do 1it, if it responds quickly, I
like it, if it overshoots much I don't like it

Test 7 T = .8 K = 15.63 PR 4

too much inertia, response is too slow, overshoots,
uselessly atypical--never bang an airplane against stops
except in acrobatics, easy to maintain task

Test 8 Tt = .8 K = 39.1 PR S5
too much inertia, response is quicker but harder to fly

No Test 9, could not improve on Test 7.

Test 10 T = .15 K = 1111.1 PR 3
nice airplane, very responsive, quick no inertia, as soon as
I move stick airplane moves

Test 11 t = .15 K = 444_44 PR 3
different but flies nice, response is slow, no overshoot

Test 12 t = .15 K = 1333.33 PR 3
I like this the best, quick response

Test 13 T = .1 K = 1000 PR 3
like this better, response is quicker, less overshoot

Test 14 T = .1 K = 750 PR 2.5
responds real quick and stops, absolutely no overshoot, this
is the best one

Pilot: MM
Date: 9 Aug

Test 1 Tt = .45 K = 49.38 PR v
too dull, stick not sensitive enough, had to overcompensate
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Test 2 T = .45 K = 123.42 PR 6
sensitivity has not changed, definite improvement in stich
response, quicker, not bad overall--fair

Test 3 t = .45 K = 155.55 PR 2.5
better than Test 2, didn't like sensitivity (not enough),
speed compensated, easy to control, pretty good overall

Test 4 t = .25 K = 400 PR 4
good, moderate speed, could be more sensitive

Test S t = .25 K = 160 PR 2
better than Test 4, not as sensitive--almost 1like bein;
sluggish, I liked it

Test 6 v = .25 K = 240 PR 1.5
sensitivity real good, nice and smooth movement

Test 7 T = .8 K = 15.63 PR 5.5
too slow, W had some momentum, dull reacting, had to really
push the stick

Test 8 v = .8 K = 39.1 PR S
sensitivity better, kind of dull, not much inertia--about
the same as before, slightly better than Test 7

Test 9 t = .8 K = 100 PR 4
sensitivity real good, liked the wav 1t moved, sensitivity
helped--compensated for the momentum

Test 10 T = .15 K = 1111.1 PR 7
moved fast, didn't 1like it, sensitivity was good (didn'1
have to move the stick as far)

Test 11 T = .15 K = 444 .44 PR 2.5
much better sensitivity, just right, good response

Test 12 t = .15 K = 533,33 PR 1

handled real well, good speed in response, sensitivity is
good, moved when I wanted it to, felt real smooth, evel
flow, good overall

Test 13 t = .1 K = 1000 PR S

overall pretty fair, sensitivity okay, slightly unstable,
felt 1like it was moving on its own, good speed for
correction

Test 14 t = .1 K = 850 PR 1
good, nothing wrong, smooth, felt good

Pilot: RL
Date: 10 Aug
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Test 1 T = .45 K = 49.38 PR 3
slow roll, initial okay, overshot slightly but easy to
overcome, used full stick deflection

Test 2 t = .45 K = 123.42 PR 2

roll rate faster, initial response good, overall
predictable, liked it better, less stick deflection, less
overshoot

Test 3 Tt = .45 K = 444 .44 PR 2
nothing unpleasant, roll in good, roll out rate not the
same, very predictable, slight overshoot but not PIO

Test 4 v = .25 K = 400 PR 3
slower system, less responsive, predictable, large
correction gave slight overshoot but no PIO

Test § t = .25 K = 160 PR 2
better, more predictable especially in rolling out, more
solid, roll rate good, most predictable

Test 6 T = .25 K = 208 PR 2

good and predictable, easiest task to accomplish so far

Test 7 T = .8 K = 15.63 PR 4

didn't 1like 1it, very sluggish, long roll in, small

corrections hard to make, large corrections are easier, no
PIO

Test 8 t = .8 K = 39.1 PR 4
improved response, small corrections easier, tend to
overshoot on large corrections, still sluggish, no PIO

Test 9 Tt = .8 K = 100 PR 4
sluggish, have to force overshoot, heavy workload

Test 10 t = .15 K = 1111.1 PR 3

good response, tendency to overshoot but less than before,
very sensitive--not what you want for ILS final, otherwise
good

Test 11 T = .15 K = 444 .44 PR 3
better than before, less sensitive especially for small
corrections, goo as far as roll out

Test 12 t = .15 K = 500 PR 3
minimal pilot compensation

Test 13 Tt = .1 K = 1000 PR 3
good, better than the last test (Test 12), roll out response
predictable, less tendency to overshoot
Test 14 v = .1 K = 750 PR 2
100




roll out predictable, no pilot workload

Pilot: SF
Date: 5 Aug

Test 1 T = .45 K = 49.38 PR 6

very slow responding, needed considerable 1lead, not
precise~-couldn't tell where I would end up, had to put leau
in, time delay okay

Test 2 T = .45 K = 123.42° PR 8
roll PIO problem, didn't know when to take rate out,
difficult to control, too much compensation needed

Test 3 T = .45 K = 88.88 PR 4
best one, (had to) kill motion with opposite input--pilot
lead, hard to predict, rate acceptable, no real PIO

Test 4 T = .25 K = 400 PR 7
PIO (pilot induced oscillation), too abrupt, rate seemed
high

Test S Tt = .25 K = 160 PR 2.5
very predictable, a 1little sluggish, good system, very
tolerable

Test 6 t = .25 K = 140 PR 2
good system, frequency a little low, <could be more respon-
sive, very tolerable, like it

Test 7 T = .8 K = 15.63 PR 7
very sluggish, terrible system, had to wait on response, had
to predict when to take out input

Test 8 t = .8 K = 39.1 PR 8.5

sluggish, PIO prone, time delay hard to manage, verging on
uncontrollability at times, not precise, rate too slow, not
crisp

Test 9 t = .8 K=62.5 PR 5

sluggish, pilot lead required, 1little PIO, no problem with
control, compensation required, phase lad noticeable but not
objectionable

Test 10 t = .15 K =1111.1 PR 2.5
pretty precise, (I) wanted to 1let the stick drift into the
target, good system

Test 11 T = .15 K = 444, 44 PR §

breakout force very high, very sluggish, had to wait for the
W to move, precise and smooth

Test 12 T = .15 K = 833.33 PR 2
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good system, a little on the abrupt side, had to compensatc
for the high rate

Test 13 t = .1 K = 1000 PR 2
can't tell much of a difference (from Test 12), the gain is
less, seems to be good, (the task is) not exercising me

Test 14 1 = .1 K = 750 PR 3
slight tendency to bobble, (I) can judge the stick however

?
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APPENDIX F
SCHEMATIC FOR EQUATION 5

Figure F-1 is the schematic for Eq

pitch equation which had no stability problems.

(5), the only
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APPENDIX G }

SAMPLE STRIP CHART RECORDINGS

The following are sample strip chart recordings.
f Figures G-1 through G-3 show the Test 1 for MM. Figures G- :

through G-6 show Test 13 for MK. The voltage values in all

of the figures are the following:

Fas

s

.05 v/div
.5 v/div

¢ = .5 v/div

.5 v/div

(-]
o
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.05 v/div
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APPENDIX H

TABULATED DATA FOR RMS ERROR AND
TIME ON TARGET

The data in this appendix are read from left tu
right. The first value is located in the top left and last
value in the bottom right. The data were printed for every
second during a 90-second period. The first 10 values of RMS
error were not used because of the physical limitation on
the multipliers wused (5 millivolts/10 volts). The first 1¢
values of error were on the order of 0.01V or less, giving
an error of 50% or more. The RMS error value was calculated
by the formula below.

RMS error = % fot(error)2 dt Note: t is the time at

any one point.
The mean of RMS is the average of the last 80 values for RMS
error.

The 1list below are those tests where the subject
could not improve stick action when the stick gain was
changed. Therefore, there were no runs for the following
tests:

Tést 9 step function MK

Test 3 sum of sine waves DS

Test 14 sum of sine waves DS
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MK test 32

RJILL
STEP FUNCTION

2elh
leo7
Y]
les5
1.51
1.57
1463
154
le58
1e9d
1049
lo4a
1.“6
l1e43
1e4%

ALAN Or RMS=

0«08

3¢713
13.18
15420
21.02
2ueBd
50e69¢
50.95
41455
46e80
52449
5692
5295
6396
75475

1637
le67
le4b
le 34
l.04
l.08
le60
125
leo?
len4
1.49
le44
le46
le44

le4d

De71

YebY
11.19
17.21
21473
25488
31e94
37474
42.5958
47.91
224068
27«04
0390
6Je57
T4413

kMS VALUL OF ERRONM

1.71
1,686
1650
1623
lets
l.67
le59
le62
153
led2
ledd
ledt

1e644

le4b
1e42

TIME ON
leuo
Lelb

12619
lee2o
22478
20.35
52497
57.70
435662
45406
526391
2887
64498
6‘7c7U
15670

128

leo?
led
le33
1es2
1.‘0‘,‘
l.l}t
le 57
lesd
le 3D
loJU
ledo
l.45
let
le4dl
leu4

TARKGel (SECS)

2e 11
153.21
19473
2515
cle U
355e 24
344503
‘e D3
w36 )
S%e 32
D7e 0l
L0e 3
106172
15472

le2¢
1e54
lel2v
1e27
le4D
lend
led®
1459
lent
len0
le47
1.‘*2
o4l
l.l'L
led!”

Sea70
gelt
l4a21
2le2¢
24477
Zdel Y
34098
39e0
"j.d'/
Eie9l
SLeld
5092
Suedl
Tle71
77-7L*

1620
lei
1.54
lei4
leuid
leauy
‘A.E‘I"'
leul
leB 3
leds
1e4°
labn
IR
;a‘t‘:

9671
se !
1«20
Zledn
Jheld
e 32
STe
LR
“Deual
Sle5¢
53.)4‘
il.“‘?
alede
12e11
15,77




MK test 4 f

ROLL
STEP FUNCTION

®MS VALUC OF ERROR

2e117 led0 l1a49 lecb l1e22 1e2%
lel2 125 1405 lal2 leld led2
UeYét Ue94% 095 le04 leQ4 le0s
U-99 1.05 loULJ loul l.U‘# 1007
1007. leld 1405 1633 97 107
le17 lel15 lels lecl le2d leud
1.21 126 1e22 le21 1420 lele
1.10 lel17 l.18 le15 1.20 lel¥
1420 1,17 lel2 leln lelo lel?
leld lel) 117 lecd le2¢ ia2%
l1e27 le29 125 la 29 122 1e24
1623 le24 128 leuYy le23 1..27
le28 1e27 le20 leZo l1e27 1.27
le24 1e2b le2u ls b ledL led0
ledd 1.359 l1eda le 54 le4d levd

ALAN OF KMS= 1419

TIME Jnk TARGET (SECS)

0e01 070 1.75 2.171 P telo

5.76 6.83 7079 -,9 3.75 IUOI'

11.81 12.81 135.d4 149ecl 19e8Y 1538
17.86 18458 15691 2035 2le32 Sl
25094 Z".g‘f 2D etk 2Hhe s T 21le%0 PETEE: i
25e98 29,94 5695 2.4 31477 LRI %) )
33,79 54474 55479 S6e78 17454 15e19 !
5984 40687 4189 42 e 37 435412 Abe 27
44097 46401 47401 4Y.ul 18598 JJeld
51402 52408 25406 53433 34002 Lhets ¥
HYbelb ‘.)7'11 Hbeld 29s12 ”:)Uoll olell ’
62.11 6298 55407 B4 e b £0e0% sbelU ‘-
6706 b8el0 Ljelo 70411 71.1% 12412
73507 74420 THrel® 160Ut Tuell 1o

77497 T8e98 1997 dle U0 w1e002 2eid

|
129

¢ i o oo Do




MK test 5

-

rRILL
STEP FUNCTION

0e0U
105
1.11
le0D
l1e23
14295
1,19
le2b
1.27
1,25
le22
1,24
1.26
1.23
le22

A4ZAN OF RMS=

Ue27

6e34
12441
1de47
25.28
cBe93
54454
39469
44622
20631
56637
blo""
6beb2
71270
1Te68

1037
lell
1e03
1.14
1.27
1,23
1.17
le24
1629
le25
1.23
129
le2b
1.23
lec2

1.21

134

Te4l
13.496
1304
25649
29653
59a460
40409
45426
5129
5736
61.08
57685
726172
TeeT71

R4S VALUE OF LRR R

1e57
0,91
Jedt
124
128
122
1.19
125
1.7
lecd
1629
l.26
ledD
le2$
lecs

TIME JON TARSGe [l (»ell)

234
Bedd
1441
15448
24 ¢49
50e4n
Jbe5S
4175
4uelb
Dl e33
DY el
02057
Dbcﬁl
1Se01
1968

1425
1ell?
Je JO
1ecd
l1e24
lel2
leid
le22
lelo
le25
24
la27
lelH
le4

le.3

3633

Jeul
15e44
20.""\.\
JdlenD
31e02
:17- w4
W!o?é
47..7
336 32
JBoul
Lu3en’
v ed
74 08
“Jelo

ledv¢
De9z
1.01
leal3
1427
le22
12U
1423
1217
1622
10;)'1
lech
lel4
1625
l1e21

1054
lUedl
156045
21e5&
2oed |
3264935
35632
4074
4Hedl
Duedn
H5Jae0Y
5"1’-01
70.7V
Toebb

1e11
S A
1.0-’.‘
1.238
Xo;)l
lel®

lel3

le3d
e’y
1e29
l.04
leldb

T I
LeldO

1,23
121

Je
11e44
k?-‘ﬁt)
22400
JledD
5.‘4.?)5
I W
43117
47 )
Db
Ldent
S e b
il.q]
Twell
ERES N




M

ROLL
sree

test 6

FUNCTION

1.36
1,33
1.20
1.11
1-15 .
1.09
1.21
1.17
124
1el9
lels
1+19
121
1e1Y
1eld

AL AN UF RM32

0.2';}

530
11641
16041
22645
2dede
32603
38695
ﬂb-bz
4367
39.71
6004
69532
71445
71750

2410
1.36
1415

1el19

1015
1.11
1.18
le17
10290
1e11
l1.16
1.20
119
1.18
122

1ol

Qeb?
Heldb
12.40
17e41
23452
29e24
33449
39459
94499
52064
36.75
6lelb
abe 56
7241
TT«TS

RMS VALUE OF trruR

170
leg¥
107
lelb
1e15
1013
1.21
113
ie20
1.20
1.16
119
leu
l1al13

PR

1eal
le27
lnklé
l1.14
t.lt
100
1.;_)1
1.17
1e1Y
lelb
l1e14
1ei7
1.‘),(}
1.1¢

22

1IMc uN TAaRutTd (5£C0)

1,30

1‘\5\)
1ia45
18e4c
24692
3Uaend
54 92
4095
45403
51672
:)7-72
L2zaUb
57T 56
73643
71Te0d

131

2etY
et
1he i)
1990
2.".).‘).’)
51 602
SHe0d
414006
“{)‘ ‘b
52 e 30
383 . L9
bdel2
e840
7443
18372

1ell
le26
1elD
lelc
lelt
1613
1,20
121
1.21
lol’;’
1.17
1.21
1ol
lolb
1620

5-20

1ot ]
1% a4 %
JUhA
cHeb
Al e4 4
ILedd
4rall
4] ebS
25608
>4ed 7
537
:.1‘5.‘*3
Thedl
TyeTa

\..)U
1e20
Le2d
114
lol;A
« 20U
1.70
1ecd
le2U
1.12
1.1
1627
1628
1el
1.:30




MK

ROLL
STEP

MEAN

test 7

FUNCTION

298
lentl
1.9¢
1.97
177
le62.
1465
leb2
179
1.71
1e65
177
le7%
1.7%
le74

OF RrMS=

0.01

44d0

ceTl4
12,74
1380
249490
306014
S4450
38408
44412
50617
55633
5858
62,37
6710

2e406
le42
2602
1691
le74
le61
leb8
le99
l1e179
le?72
letbo
le75
1.73
1e75
le73

le74

LUe03

S5.80

Yelb
13.78
19.84
25488
30642
35553
39.08
45.12
20647
53098
5809
63435
&Bel2

KMS VALUE UF

l1.82
1438
24135
l.8¢
1.70
1496
1.69
leby
1.77
l1.71
175
1e7n
1.77
1le74
l1.72

TIME ON TARGLT

Ue?6

Gelid

de24
14075
20 e8%
26493
30695
36 eH4
90.1“
40.12
50.98
5508
99.38
O4 440
6911

f.RR Uk
le938
0eJd
Celb
1,46
la71
le3?
lnbl‘)
lnbg
lel6
le71
le77
le 74
1,77
le /s
le71

lel
Tess
Jell
1oe 81
2le87
2132
Zlend
JTe43
41e12
47610
214 36
S5be Y
60630
RS |

Frde il

(SECS)

lesnt
l'8"
1.61
leoy
leD6
104
l.70
1.73
1eb3
1e706
1e73
l1e75
1a72
1.70

Jetol

Terl
10753
1'2.79
Zd.d\s
29.68Y
Jied2
3Te47
42e14
43610
Jiedd
537.07
5137
20,87
Tlell

).-';U
1.98
2eD3
100.5
1.63
l.‘)S
1e0:H
l.dﬂ
le74
Lele
le?5
1071
le74
lel4
lats

Seal

Terl
11.78
17040
23417
25890}
SSetd
;,‘;7“‘"
45403
47121
254212
DGe0Y
-JA_)‘:;.I
sbel0n
Tleld




4 AN

FUNSTION

Jela
ekl
2405
1e92
1e80 .
172
1e73
1.82
1e79
leod
1.76
1.87
1e81
le81
1.77

OF RMS=

0e04
349

T.9¢6
12.75
17.7C
236717
28478
3253
S7T.84
45692
4b 437
92472
S8e78
oledu

59.52

2e U4
2429
197
l.46
le8D
lebY
1176
led3
le75
l1.65
le76
lebo
1ea0
1e80
le76

led2

0e45
tel3
Je01
13,380
1570
24 T4
2712
55659
Sded8
44,93
494308
53072
29.176
04.30
104 36

RMS VALUL OF ERRJX

1002
J.;l
2edy
lcO'&
1.79
1-06
174
ledl
le76
1.80
leily
105
1.7'1
1e81
1.73

TIML ON
leds
YaoH
J a4

1‘0.7‘)
14471
200’&
¢Jdevd
249+24
$9492
45404
49442
H4e76
vldelv
Obob[)
71.38

133

1e 57
el
e Ul
leoy
1177
leob
1475
leuvl
l1.70
lenl
le 78
Tkt
107\"
1o 79
1e75

TARGLT (5cC™)
Yoo
Ie 10

15081
Joed
2ue lo
20e37
3299
4de2
4434
43 e 00
YoelS
Dlodz
060 3%
724357

L
Zelb
ZelU
190
1o71
lepD
1e71
171
1e72
le79
le3
let?2
1ab0
la77
1eT4

2etsl
U'UU
10e7n
lueb84
2letd
~Te?7
5ied?2
SLebld
41652
tnedd
5007
Tvelb
50620
5Tel
T5e4 U

Zea0d
lec
lavrh
l.5¢8
1.73
1.040
Ledd?
el
1,71
1./79
1039
lesz
leidtc
la17
1.73

2es9
el
11.7%
l;:oflf‘-
NI BN
el
;10:
Aeet 1
qiatd
4Ta37
3172
Llel1
528l
l’\\l.!)i

T4atl




MK

ROLL
STEP

test 10

FUNCT10W

2e¢117
le63
leb6S
177
1.56
le4n
le47
1.58
l.36
lo41
1438
1,40
ledd
leds
le01

OF KMS=

Dol

5613
10.61
1551
21.60
27.6£
31.90
37492
44,01
'08.78
S44842
99,431
64440
70.448
75481

2¢49
lac4
l.68
l1+65
152
1,43
le47
le40
ledb
1«45
157
le 39
147
le44
led2

l.46

0639
bel
11.40
l156eD4
22eul
2Be 69
32048
3892
44,29
49642
55.88
6033
6243
7T1.27
1670

RMS VvALUE OF ERR IR

2e14
1.59
1652
1le58
1.50
l.45
1le44
138
lea7
1.40
1e32
1440
1e47
le4d
lodb

TIME uN TARGIT (5205

1.40

Tec0
12446
17.24
d:}.c;L’
2be3Y
35e0C
39493
44476
50 e84
S5bed4
6led2
6bed?
116717
7177.01

1.75
le4d
lo62
le76
le4d
le0l
le43
letd
l.40
1.37
le 3D
ie39
le4n
1s 44
l.l'b

2o
Yely
Jedd
ib e
24 el
246 21
4069
43477
.LJln'dd
2Te 883
L2edo
67e43
/2.7n
78.01

l1.50
1.75
l.’sd
loa7
letdw
1."2
le4n
le41l
136
1990
led
lat s
leds

Zell

1elb
los1
1Ye50
Sl el d
2veb]
S50e9&
41.99
Guol
22483
bd.bO
H2e40
DU."'E
75681
Thedd

1e70
ieu4
1473
l.u\]
1.453
lea?
1e41
l.s‘lh’J
ledd
leit
le41l
ledY
ledo
lett2
1,92

4.13
{let'n
lvenl

o .
20eh

SUes
Steu?
.‘:l
alalo
sde '8
256503
hxol’ﬁ
S ed0
T4.177
¢lUelD




MK test 11

!
1
g
|
|
!
}
- |
|
|
|
i
|
[
z

STCP FUNCTLON

RMS VALUE OF ERn I

0.00 1.37 l.11 l.11 1.11 Je - b
0954 JeY6 l.u0 lei? 134 lals
1027 1.26 1.28 leusd le le o 9
Lev? le4l 1.51 le4s le59 Lol y
1.‘0‘0. ledd le40 ledo 1el17 leud
leb1 le4? l1.47 led4o le4 1e4l
le&y l1e40 1.38 le 35 1e37 leb¥ P
1633 le24 1.338 led5 1e5¢ lelu
ledo 1e39 127 le 30 1ed4 1a0
1058 1.55 1055 l-éu 1..5‘.; l.."f.
14353 le 34 1leA4 leod 1e31 la51
ledl led1 led0 led1 ledl 1ls24
i le42 le4d le4l led4l le4d 1leoH
§ 1e41 1e38 1e37 lelo lel7 1,27
f 137 1e35 1e54 1e 32 la54 1.°9
ALAN OF /MS= le38
TIME UN TARGET (SLCS) ,
098 1.98 2e99 Jed Sell e lUh
104 de06 Jall Fe 9 1e99 104 00
1lev3 12499 l4.01 124035 lwe0n lues s .
16454 17.60 158.64 19.673 20462 KB UATY
2268 2569 2404 e 2tieb Y cTado o
2Te8Y 28480 2 el 3005 3137 Yratl
33.90 S4e94 3593 56e 22 7694 Soe
40.0¢ 4097 41499 42477 435e0¢ 4vedl f
49504 4ne03 474065 43407 43e54 4.l 1?
50621 21622 32622 Nle iy d4e27 RN '
55671 5672 5777 LSoell Svel7 buell ;
6HleTo 62117 63617 bdedl b4 eB?Z e ?
65e9S 669U 67.52 68 3¢ 53938 134417 :
12.00 12098 74401 7490 Toeda 1.0l %

108 71903 dJUeUD le03 d2e00C “hald




MK test 12

R OLL i ]
STCP FUNCTION

nMs VALUE OF IR 3x 4

1,92 2e29 le2?> Qe 0 ledc 1.1 )
1.26 1e25 1411 led? 1e20 1001 x
le5¢ le57 leb2 lea? leg s le47 t
1.40 le39 let2 le 32 lelo ieal :
10‘06. ledd le48 leud led o 1a4 4 f
1.5’ 1.40 1645 laS ledt 1e0l E
1e50 le.48 le4y le4o lett, leul? ]
le43 le4l 140 letl letd letd i
l1e33 150 leby le U levy ledsd
le4b la46 lebb laa? 1e4s lead
le49 led7 1448 leuv led e
ledd 1."9 las4ct le44 1a47 Lol
1e47 le4d 143 le4l ie47 leuhn
loqq 1.‘1“ 104:4 leddl 1.‘*2 led2
1.40 1.39 le4u 1e0d led® 1e4d
AZAN JF RMLZ le4n
TIME ON TARGELT (SECS)
0420 l.26 cedf 3eucth 40l JedY ,
5e20 7129 B e26 Fe 3l l1ue31 1ie31
1le40 11,70 12.70 13417135 laeld 1Ze/U
16473 1774 laesd .2 e 15 20e7H Sletsl
21e32 2262515 2lect L9 e S0 23658 2he bt |
2732 28440 Jenll N TR 2% e7 3 2Ty :
51a74 326735 3375 4477 32677 Scely
3778 Sde.18 5902 4Je 3l 41eB3 G4 a4 3
42e81 424481 4404l 454032 40el4 4Tad4 '
4He8¢ 49082 D0 e84 3lets? 5Zeb8 SSetsy
Y489 25443 Dokl vhe4vd 37642 STeld
2BeS¢ 29649 60 e4f, Slend H52e5HD “he035
6423 6Ye58 0bed7 oleny 5765 Cseond
£3e5H7 70e066 71.6% 7240l 1366 Tieb®
7135617 16668 1770 T8e 08 TSelt RIVIPNY |
]
!
|
|
|
136
e et R L T N PR 3 0 AR LD O i B N5 b 17 A s AN A i ARG < .




e test 13

< JLL
3TZIP FUNCTION

RMS vALYLU OF ER<DR

0«00 let8 0.1 1657 1632 l1.3¢
0e3d4 104 Uedl le1i 1.07 | R
0.87 107 0o leud “leld 1e2L
lel17 1.11 1.21 lel5% le2: 1,14
122 le.21 1417 leln lels le19
1-1? 1120 113 1eld lelé4 leln
lels l1e16 l1el7 lelt ielt lely
110 leld le18 lei lel: l1eln
112 113 1.19 letd lal* l1el-
lely 1.18 124 1424 1e2% 1.22
1-22 1.19 1-21 1-r_)€: logo_’ ‘L.‘A"‘
1.20 l1e20 lalv leiv 1.29 1ol
1.21 le21 1s20 « 20 lelo lelo
le17 1e17 1eld 1e17 1el? leildt
l.10 1.19 1.15 1e17 1e214 leU

4CAN OF iMS= 117

TIME ON TARGLT (3ECS)

Nelo l1s36 Ce3y 3440 4 ot Y6t
Dek4D Tetd Betl Je 0 l1Jdedu 1len™
12.46 13.23 l14.44 15694 15«24 l1oela
17.58 18628 18.53 12 51 2Ne31 cle 47
2233 2557 24459 25658 cLed cTelz
23642 29459 SUe40 31e4¢ 5230 VIS A
J3472 34,70 35477 3be 1! 37474 Toeln
3574 "0.77 41.8¢c 42417 45639 C I
45480 46482 4784 48 e 00 45a3¢ 4 Jeilt
50487 51.24 2¢e01 23602 24405 Loecd
“oe06 97606 dneuUY S7e11 5Lell tlell
b2el2 6310 64419 63612 59e1% US|
6703 a8eU6 62407 70s Ub 71la11 T2ed?
1312 74.08 75,04 75617 17417 73«11
T2el0 30.17 dlel6 sleol 32418 Fhel0




MK test 14

e e e e

RU0LL
STEP FUNCTION
R4S VALUL OF LRRIR ¥
i l1e5v le78 Uel 1a724 legty lecd .
{ 1e53 1.57 1.44 NS le3c .24 >
1.23 1.26 1.22 iecl 1.21 LG 3
1.20 1e14 1e14 iely lels lets '
1els lel> leUQ leid lell 1eln E
1e09 - lell lel) lel)d 1610 1.05 i ]
107 1.05 1.07 le1i6 1407 l1elsn .
107 l.16 lae2d lelb leld 1.17 i
lell lel6 la17 lelo lelg l.1c
1.13 1013 1.1‘* 1.13 lol:: lelc
1.17 le18 l1.17 lelyU le22 1.2
1620 1.20 121 1.19 1.19 leln
i : 113 lelo lely lele lelt el
: lel7 1619 122 la i 1e21 Aol U
1eld l1.19 lely lelY lelr 1e1
ACTAN OF rRMST 1617
TIME ON TAR3. T (SECH)
Jdel0 la2b Cely Sech 4420 Selo u
Ee08 be 38 7436 Boetd Yes L0ead ‘
11.43 12.43 15«46 14445 15e4¢ lhaa
17449 184438 1904 20e%3 21450 J e d
235453 24457 236489 2he D3 27e5¢ 2hed '
235D 30eu0 3109 32605 53567 410 ‘
32662 dbeb2 57 ean 33 enl 3762 YJeul
41e58 42.12 4 et 4843 Y4qeb 4672
4671 47.69 48471 49,72 SUeT4 SR A i
52681 33479 D4 ey 57 1Y LtelY vlet |
273403 39.03 Huel04 60603 Glelie Llect
62643 £3.86 64483 LY e nn L6490 sTe 20 i
58e91 6991 70695 11425 T.497 Tieua il
T4497 71928 1625 T7e: 5 Med3 ! 1621 ‘|
80e20 3125 3226 38e ¢t 3427 se Sl \
5 :
]




tl test

TILL

STER FUNCT]ON

S VALULD O CoLn

les 1o 13 le7u le4? 1421 1e74
lel® lell 1.“:1} 1.11 lelt 1eto
lell 1.03 l.07 1e 37 lelw 1e17
le2% le?20 l.13 leo ol le2J LelD
lel19 el ls12 lea1l0 iell 1e19
lelo’ 1.41 Lol led3 les - Taus
ledn ledd ledl lesi el Le w4
ledby 137 leds levo lelu len
le34 1o 85 l1.%0 lelus 1e28 le2%
ledb led2 Letn le 40 led 7 lebu
let4D levd 1eu? lewsd le4? lott
leS) lewl le8 lewu Lese Penl
l-\‘;-’ led3 le4% leu? ledu Let,
led® ledb lets ledc lebl 1 e
le4d leus leub lede lebe 1et

4480 UF KAS= leldw

TI40 Jdihv TARL LT (SECT)

U.]l Qe l4 leds PR Ledu ey
P ) Le48 Telo de 4y el loe D
llen4d 12¢04 1den3 14 e 0,0 1ve71 HE A
loed0 1()071 17467 1372 13.7n « 1
2le?4 2210 cdelo S, L2 d ez ttoe )
27465 2783 et Tvecl Sael o Diedd
23e13 30e 75 Slelo 32 e 0D 5471 Lo et
55ed¢ Stbend ST et82 SHets 3 ey e 11U
4 eb3 42 b9 Yoe2 434 co 440l e ib
40.17 ‘0{).37 45ed0 “4ue 2 4 e . 5
w3497 30699 21e0 25602 D401 e dty
nveld 27.07 D3 eU4 DHe dd D6 td 1e
60642 bleod olelb bleto EZevu noe JU
244490 5He93 H5 690 S5Te9l 5969 ]
ToeTo 71072 Tuevd 1ie 37 Toel T:e¥n




MM test 2
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ROLL
STEP FUNCTION
. #®MS VALUL OF ERRur
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