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Background and Overview

The term “pilot gain” essentially describes the way the pilot acts on the inceptor during flight. It
is a key aspect of handling qualities research and related flight tests. Pilots are asked to fly inten-
tionally high or low gain and there are specific tasks associated with high gain flying - e.g. air-to-
air refueling - and low gain flying - e.g. a course correction during a ferry flight. Most test organi-
zations have their famous high and low gain pilots and the term “pilot gain” is understood very
well on an intuitive level - especially when sitting in the backseat of an aircraft controlled by a
high gain pilot. But in spite of all this, there is no generally accepted verbal or mathematical defi-
nition of “pilot gain”.

A simulator study was performed in March to July 2012; participants were 12 experimental test
pilots from the Bundeswehr Technical and Airworthiness Center for Aircraft (WTD 61) and
Cassidian. A second study in July-August 2012 covered 12 operational pilots from the Eurofighter
squadron in Laage. The aim of this study was - among others - to validate potential pilot gain
measures. Based on valid pilot gain measures this report covers the question if the pilot gain
range depends on the pilot’s natural gain, e.g. if a high gain pilot can vary his pilot gain more
than a low gain pilot.

This report gives a comprehensive overview of the test results related to the pilot gain range.

Chapter 1 gives an introduction to the topic of “pilot gain”.
Chapter 2 gives an overview of the test strategy, the test setup and the participants.

Chapter 3 presents the different representations of the pilot gain range and gives an introduction
to their interpretation and the statistical background.

Chapter 4 provides an overview of the pilot gain range for 10 different pilot gain measures which
have been identified as valid in a previous report.

Chapter 5 summarizes the results and states limitations which apply for the results.
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Abbreviations and Nomenclature

HOTAS Hands On Throttle and Stick

HTF Highest Task Frequency

PIO Pilot-Induced/Involved/In-the-loop Oscillation

PIW Pilot Inceptor Workload

PSD Power Spectral Density

PT1/2 Point Tracking pilot model 1/2

QIE Normalized Integral of the Quadratic Error

RMS Root Mean Square

WTD 61 Bundeswehr Technical and Airworthiness Center for Aircraft
Nomenclature

c sample standard deviation

u mean value

@ normal distribution function

i index

K pilot model gain

n number of data points

To lead compensation time constant

Te time delay

T lag compensation time constant

Ui residuals normalized to the standard normal distribution

Xi

residuals
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1. Pilot Gain

1.1. Definition of Pilot Gain

The term “pilot gain” essentially describes the way the pilot acts on the inceptor during flight.
Very often the term “pilot gain” is used synonymously with the expression “aggressiveness”, a
term quite familiar to most pilots. Pilot gain is a key aspect of handling qualities research and
related flight tests. Pilots are asked to fly intentionally high or low gain and there are specific
tasks associated with high gain flying, e.g. air-to-air refueling, and low gain flying, e.g. a course
correction during a ferry flight.

The lower the pilot gain, the more the pilot-vehicle system resembles the stable aircraft dynamics;
the higher the pilot gain, the less stable is the pilot-vehicle system. This is why high gain pilots
tend to find unfavorable aircraft dynamics a low gain pilot may only experience in an emergency
situation. Pilot gain is a matter of task, training, aircraft dynamics and the current stress level, but
it is also a matter of individual disposition. In nearly all flight test organizations there is a famous
low gain pilot and a famous high gain pilot. Both dispositions have their advantages and disad-
vantages and none is generally superior to the other.

Even though pilot gain is one of the most important aspects in handling qualities testing and even
though it is very well understood on an intuitive level, there is no generally accepted verbal or
mathematical definition.

1.1. Classes of Pilot Gain Measures

In order to determine potential pilot gain measures, literature was reviewed [8]. Also, pilots and
air crew members were asked about their definition of pilot gain [8]. Three types of pilot gain
measures were defined and extended in [6]:

e time domain-based pilot gain measures, e.g. stick speed

e tracking performance

e PSD/frequency domain-based pilot gain measures, e.g. signal power
e duty cycle and number of control inputs per minute

e model-based pilot gain measures, e.g. pilot model gain

The tracking performance was added since the term “high gain” had a significantly negative
connotation with respect to the pilot’s abilities.

1.2. Individual Variation in Pilot Gain

In spite of standardized training, there is a significant individual variation in the pilots’ natural
pilot gain. Consequently, especially test pilots are often categorized as low, medium and high
gain pilots.

1.3. Analyzing Pilot Gain

In order to analyze the phenomenon of pilot gain, a suitable test setup was defined in [8] and
refined in [7]. The idea was to use a tracking task which is performed first with the pilot’s normal
control behavior (natural pilot gain). In a second step the pilot is asked to apply intentionally low
gain during the same task. The third step is the same task again, but intentionally performed in a
high gain fashion.
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1.4. Validation of Potential Pilot Gain Measures

Based on the test setup, a validation was performed for 30 potential pilot gain measures [6].

The validity of a potential pilot gain measure was based on its ability to reflect the pilot gain the
pilot intended to apply during the test. The validity was quantified by means of a validity index
with a range from -1 (monotonically decreasing value with pilot gain) and 1 (monotonically in-
creasing value with pilot gain).

In addition, three significant outliers were identified during the tests. Their different tracking be-
havior was supported by PSD plots and time histories of their stick inputs. An efficient pilot gain
measure had to be able to identify these three outliers with their specific effects.

Finally, a pilot gain ranking was derived based on the 20 pilot gain measures which achieved a
good validity index. The deviation of individual pilot gain measures from the overall ranking was
used as a third parameter for the validation process.

1.5. Pilot Gain Measures

Out of the 30 different potential pilot gain measures which were investigated in [6], the 10 pilot
gain measures which passed the validation process are introduced in the following subchapters.

1.5.1. Time Domain-Based Pilot Gain Measures

One result of the pilot gain survey in [8] is that pilots prefer time-domain based measures like
stick deflection, stick speed and stick acceleration. These parameters are experienced in real life
and are therefore more tangible. The RMS stick speed is a part of Grays “Pilot Inceptor Workload
(PIW) [3], [4]; the RMS control column deflection was e.g. used in [2].

In summary, the following time domain-based pilot gain measures are recommended in [6]:
e Mean Stick Speed
e RMS Stick Speed
e (Percentage of High Stick Speeds)
e Mean Stick Acceleration
e RMS Stick Acceleration
e (Percentage of High Stick Accelerations)

The percentage of high stick speeds and/ high stick accelerations depends on an engineering
judgment for a limiting value for a “high” stick speed or acceleration. The limit depends -
amongst others - on the task at hand, the inceptor and the aircraft dynamics. In the frame of this
report the limits were set to the following values:

e Limit Large Stick Deflection: 0.25 u
e Limit High Stick Speed: 1 u/s?
e Limit High Stick Acceleration: 30 u/s?
with u being the unit of stick deflection ranging from + 1 u for stop to stop inputs.

In spite of the similarly good results for both, stick speed and acceleration-based measures, meas-
ures based on stick speed should be preferred since they require only one differentiation of the
stick deflection and are thus less susceptible to noise artifacts due to the differentiation process.
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1.5.2. Frequency Domain-Based Pilot Gain Measures

The frequency domain is reflected in Power Spectral Density (PSD) plots. The PSD area (area be-
low the spectral density curve) reflects the signal power of the pilot’s stick inputs within a speci-
fied frequency range. Among others it was used in [2] as a potential measure for pilot control
activity, even though the frequency ranges were defined in a different way than in this report.
Figure 1-1 shows an example of a PSD plot.

Frequencies of the

/ Sum of Sines Task
15 7 i T ! j T ! j

Frequencies the Pilot
-~ Used during Tracking

Spectral Density [uHz]

./\f\ by

a 0.2 0.4 0E 08 1 1.2 1.4 16 18 2
Frequency [Hz]

Task-Induced Self-Induced
Stick Movements Stick Movements

Figure 1-1: Example PSD Plot with PSD Areas

The PSD peaks in the area between 0 Hz and the Highest Task Frequency (HTF, 0.7 Hz) are sharp
and defined. They reflect the frequencies of the sum of sines task which was used for the target
movement (see Chapter 2.5).

The PSD peaks in the area beyond the HTF are more scattered and distributed over a frequency
range. They are often a result either of high pilot gain or flaws in the aircraft dynamic (or both).

When the aircraft dynamic is kept constant, pilot gain is the main contributing factor for differ-
ences in this area.

In [8] it already appeared that low and high gain pilots tend to have different interpretations of
intentionally applied low and high gain. These differences were mainly reflected in PSD plots.

Figure 1-2 and Figure 1-3 show PSD plots of a typical low and high gain pilot.

During the simulator study, the task frequency of 0.4 Hz created a significant reaction in the pi-
lot’s stick movement for all pilots (1). A typical low gain pilot shows a significant increase in the
peak with increasing pilot gain whereas a some high gain pilots show only a small increase, keep
this frequency peak constant or even reduce their frequency content at this frequency.

The signal power in the range of self-induced frequencies (2) is very small for the low gain pilot
for all applied pilot gains whereas a high gain pilot usually creates a significant signal power in
this area which increases significantly with an increase in pilot gain.

When using a normal tracking strategy, the highest task frequency at 0.7 Hz (3) only creates a
small peak for a typical low gain pilot, but creates quite a pronounced peak for a typical high gain
pilot.
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Figure 1-2: PSD Plots of a Typical Low Gain Pilot
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Figure 1-3: PSD Plots of a Typical High Gain Pilot

The PSD power in significant frequency regions - represented by the PSD area — and also ratios
between different PSD areas were evaluated in [6].

The following parameters were recommended as pilot gain measures:
o PSD Area HTF — 2 Hz
e (PSD Ratio Area (HTF - 2 Hz) vs. Area (0 - 2 Hz))
e (PSD Ratio Area (HTF - 2 Hz) vs. Area (0 Hz - HTF))

Note that the use of PSD ratios may mask outliers with extreme values.

1.5.3. Pilot Model-Based Pilot Gain Measures

In literature the terms “pilot gain” and “pilot model gain” (as in a “K" factor in a control system-
related model) are often mixed [8].

Also, especially during the study with operational pilots, many of which had just received their
basic training in Sheppard, the pilots stated that pilot gain' was taught to them as the amount of
control deviation they allow during tracking and the magnitude and quickness of reaction when a
control deviation occurs. This description is well in line with the concept of “K” in pilot models.

Basically two pilot models were evaluated in [6] but only one created data which could be used as
a pilot gain measure. It was the more complex model which was based on the model, but not the
assumptions, of Neal and Smith [5]. In the frame of this report it is called PT1 model (PT = Point
Tracking as opposed to Boundary Avoidance Tracking (BAT) which was another aspect of the
simulator study).

Tps+1

F.(s)=K,e ™
1(8)=K, T,s+1

' Actually for operational pilots the term ,aggressiveness” was used instead of ,pilot gain” as none of
them was familiar with the latter term.
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The only valid pilot model-based pilot gain measure was QIE PT1 which basically reflects the dif-
ference between the pilot's inputs and the pilot model inputs. It is the integral of the quadratic
error between the pilot model and the pilot’s inputs, normalized to a duration of one minute.

Figure 1-4 gives an example which demonstrates the increase in QIEPT1 with increasing pilot
gain. In general, the pilot model does not sufficiently cover extreme amplitudes of the high gain
tracking run. As a consequence, the difference between the pilot’'s and the pilot model inputs is
larger with increasing pilot gain.

In the upper plots, the pilot’s inputs are shown in blue, the pilot model inputs in red. The lower
plots represent the difference between both.

low gain tracking normal tracking high gain tracking

-

'
g

decmd, decmd.mdl [u]
o
decmd, decmd.mdl [u]

decmd, deecmd.mdl [u]

-
-

Delta.decmd [u]
=)
Z
3
ki
5
<
(!.
b
J
Delta.decmd [u]

Delta.decmd [u]

"o 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time [s] Time [s] Time [s]

Figure 1-4: Change of Pilot Model Fit with Increasing Pilot Gain - Pilot’s and Pilot Model PT1 In-
puts (Upper Plots) and Difference between Both (Lower Plots)
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2. Test Strategy and Participants

The simulator study “Pilot Gain and the Workload Buildup Flight Test Technique: Test Pilots” was
conducted from March to July 2012. Participants were 8 experimental test pilots from the
Bundeswehr Technical and Airworthiness Center for Aircraft (WTD 61) and 4 experimental test
pilots from Cassidian.

The simulator study “Pilot Gain and the Workload Buildup Flight Test Technique: Operational
Pilots” was conducted from 30" July to 3 August 2012 at Fighter Wing 73 in Laage which is
mainly a Eurofighter training squad. Participants were 7 Eurofighter student pilots, most of which
had just finished their training at Sheppard AFB and 5 more experienced pilots who originated
either from F-4F or Tornado.

The participating pilots were assigned IDs with four capital letters in order to make the results
anonymous. These IDs are, however, not used in Table 2-1 and Table 2-2 below since the number
of flight hours and age has the potential to compromise the intended anonymity. An arbitrary
index from 1-24 is used instead.

Subchapters 2.3 to 2.6 provide only a brief overview of the test strategy. More comprehensive
information can be found in the dedicated report about the test and evaluation strategy [7].

2.1. Participating Test Pilots

Table 2-1 gives an overview of the participating test pilots and their background.

Agile Aircraft Sluggish Aircraft
C m n
| | 2. s
= 5| e E E ol = |= = =)
Z N S| 5|5 .| € S| 8| E = <
= K g c | o N = = =
v Ej 5 o E o © o = © .S g o
o Sl | N|]Oo ||l o | O] =L w | o
c < | <|loul&]l=|sn]|2|=]|=
- | X o a < U o @) @) <
gt x| X X 5900 | 54
S5 2 [x X X | 4000 39
o O
_*“é S13 |xi X X 4000 | 50
= =la Ix X X X 3400 | 47
2 5 | x1 X | X 5000 | 41
=8 |6 |[xi X X 4970 | 48
o c
% S 17 |x X 1550 | 36
@ 8 | xi X | X 2000 | 37
9 |x2 X 6700 | 54
S 2 [10 [x1 X | X 4000 | 46
g & |11 |x1 X 2950 | 47
'_
12 | x1 X X | 3600 44

Table 2-1: Participating Test Pilots

2 X = Test Pilot Rating. X1: full course at a test pilot school, X2: short course (4 months).
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All participating test pilots were male and between 36 and 54 years old with an experience rang-
ing from 1550 to 6700 flight hours. The main aircraft type, defined by the aircraft type the pilots
flew prior to becoming a test pilot, is indicated by a bold “X".

2.2. Participating Operational Pilots

Table 2-2 gives an overview of the participating operational pilots and their background.

Agile Aircraft o
3
2 5 o| 5|8
g g el 2] els
%) > o O < ®}
G = = = =) T
) < S| s |8 [ b=
5|5 ]% 2
= |5 | 3| &
5o~ | 13| X | X 1700 | 120 32
5o 7
e = | 14 X 280 ol 26
. o 15 | X X | 1500 180 35
827
eoc| 16 | X X | 1250 10| 31
a9
117 | X X | 1000 25| 31
18 | X 340 15| 26
b= | 19 ] X 300 51 28
S O
== | 20| X 450 | 145| 26
mT | 21| X 440 | 140 28
2 o
59 | 22 ] x 260 14 29
©)
v | 23] x 300 15| 26
24 | X 930 5| 25

Table 2-2: Participating Operational Pilots

All participating operational pilots were male and between 25 and 35 years old with an experi-
ence ranging from 260 to 1700 flight hours. The main aircraft type is indicated by a bold “X".
For the “Young Eurofighter Pilots” who had just come back from their basic training in Sheppard
this is Eurofighter. For the more experienced pilots who had flown in another fighter wing before,
the main aircraft type is the aircraft type they were originally trained on.

None of the operational pilots had experience on transport aircraft. “Young Eurofighter Pilots”
was added as a new category in addition to the categories used in Table 2-1.
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2.3. Simulator

The simulator consists of a simple seat equipped with a throttle on the left hand side and a joy-
stick plus armrest on the right hand side. Both throttle and joystick are from Thrustmaster
("HOTAS Warthog”). The joystick is sold as a replica of the A-10C stick, which is, however, used
as a center stick whereas the simulator used the joystick as a modern side stick. The stick’s inputs
are provided with a resolution of 16 bit. The throttle was not used in the frame of this study.

Figure 2-1: Thrustmaster HOTAS Warthog Hardware

Multiple ergonomic parameters of the simulator seat are adjustable within a wide range.

The display uses the in-house software 2indicate. It was provided on a monitor in front of the
pilot with a black background.

A high definition video camera was used to record the pilot's comments and reactions.

The simulator is shown below in Figure 2-2. The final trials with the test pilots were performed in
the pilot’s building (“Direktionsgebdude”) at WTD 61 in Manching. For the study with the opera-
tional pilots, a room was provided by the 73" Fighter Squadron. Both, the rooms in Manching
and in Laage, were chosen so that external distraction was kept at a minimum.

Figure 2-2: Simulator Setup with Test Pilot
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2.4. Aircraft Dynamics

Appropriate aircraft dynamics were determined in the frame of a Master Thesis [9]. It was chosen
based on simulator sessions with military test pilots from WTD 61. A linear model of the short
period motion was used for the tests in order to have a simple setup and to avoid additional in-
fluences to the tests caused by speed or altitude maintenance or induced roll movements.

The resulting aircraft dynamics with respect to the short period motion are

as) 105 2.1633s +1.9379

n(s) ~ s?+3.3789s +3.1801"

Figure 2-3 shows the aircraft response to a boxcar input. More specifics about the aircraft dynam-
ics and the background for this choice can be found in [9].
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Figure 2-3: Aircraft Response to a Boxcar Input (Boxcar Input Indicated by Red Lines)

2.5. Target Movement

In the frame of [9], also suitable target movements were evaluated. A suitable movement was
defined by a target movement which keeps the pilot constantly in the loop, is unpredictable, not
too easy but also not excessively challenging.

Figure 2-4 shows an excerpt from the sum of sines task which was finally chosen by the pilots.

Task [deg]

Time [s]

Figure 2-4: Time History Excerpt from Sum of Sines Task
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Table 2-3 summarizes the frequencies and amplitudes which were used for the sum of sines task.

Sine | Amplitude [deg] | Frequency [rad/s]
1 0.64 2/23 - 2n

2 1.44 2/5 - 2n

3 1.60 2/9- 2n

4 2.08 1/7- 2n

5 1.12 2/19- 2n

6 2.88 2/10- 2w

7 0.16 6/10- 2n

8 0.14 7/10- 2%

Table 2-3: Sines Used for the Target Movement

The task was additionally overlaid with a slow sine of 0.027 Hz. The frequency is too low to have
a direct effect on the pilot’s tracking behavior and was added because some pilots commented
that even though the task itself was unpredictable, they could predict quite well that the task
never exceeded +8 deg and always had a mean value of 0 deg.

The time history of the updated sum of sines task is shown in Figure 2-5 below. The sine had an
amplitude of 5 deg. Higher values were not practicable because the presented motion of the up-
dated task already pushed the limits of credibility for pitch angle changes.

Task [deg)

Tirne [s]

Figure 2-5: Updated Time History Excerpt from Updated Sum of Sines Task
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2.6. Test Points

Table 2-4 shows the test points which were conducted by the participants.

Tef't Description Classification
Point
; Ea5|%[)|atq | Test Computer-

sychological 1es Based Tests
3 Tapping Test
4 Familiarization Phase
5 Pilot Gain Calibration (Normal-Low-High Gain)
6 Workload Buildup Flight Test Technique — Levels Simulator-
7 Workload Buildup Flight Test Technique — Original Based Tests
8 Workload Buildup Flight Test Technique — Original + Exceedable

Boundary

Table 2-4: Test Points

The relevant test point for this report is test point 5.

This test point is used to determine the pilot’s natural pilot gain and his ability to vary his pilot
gain on command. This test point is thus also called “pilot gain calibration”.

It was used to validate different pilot gain measures in [6] and is used to determine the individual
pilot gain range in the frame of this report.

The test point consists of 3 sub-test points, performed with the pilot’s normal gain and intention-
ally performed in a low and high gain fashion. Each sub-test point creates 40 s of data for further
evaluation. The tracking task is the one introduced in Chapter 2.5.

The intentional variation of pilot gain is a common procedure in handling qualities testing. In spite
of this rather unusual approach in comparison with their daily missions, operations pilots were
just as successful in varying their pilot gain as the test pilots. The main difference was the fact
that they were not familiar with the term “pilot gain”. The synonymous expression “aggressive-
ness” was used instead. Based on the test results, no difference could be identified between the
operational pilots’ application of different levels of aggressiveness and the test pilots’ application
of different levels of pilot gain.
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2.7. Outliers

Three pilots created significantly different results than the rest of the pilots. The outliers were
identified and analyzed in detail in [6].

2.7.1. Pilot IGOR

The fighter pilot with the ID IGOR performed his high gain test point in an unusually aggressive
manner which seemed to have exceeded the limits of what can be considered reasonable track-
ing behavior. This test point is probably a simulator artifact since it is unlikely the pilot would have
shown the same tracking behavior in flight. The stick inputs were quite violent and often went
from stop to stop while the resulting tracking performance was quite poor.

2.7.2. Pilot BIER

During the pilot gain calibration runs the bomber pilot with the ID BIER evidently used higher pilot
gain for his low gain run than for the normal gain run. A similar problem occurred during the pre-
study when one participant unintentionally did the same thing. Back then the pilot commented
that since he allowed a larger error during the low gain task, he reached a point when the track-
ing error was so big that he felt obliged to apply a large input which then ended up being more
aggressive than what he had applied during the normal gain task [8]. It is quite likely the same
thing happened to pilot BIER.

2.7.3. Pilot ABCD

The young EF pilot with the ID ABCD did not succeed in varying his pilot gain. As he commented
after the complete test, he would recommend to let the pilots perform the pilot gain calibration
again at the end of the test battery since he would then have performed it differently. All three
test points of the pilot gain calibration created about the same value.

12
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3. Pilot Gain Range
3.1. Background

Each pilot has his personal optimum of pilot gain (“natural pilot gain”). This optimum can be
determined by adding no restrictions to the tracking task and by asking the pilot to perform this
task in a “normal” manner as it was done in the frame of the pilot gain calibration runs.

Based on the pilot’s natural tracking behavior, pilots can be classified as low, medium or high
gain pilots. An example for the tracking behavior of a typical low and high gain pilot was shown
in Figure 1-2 and Figure 1-3.

High gain pilots are also called high bandwidth pilots. Even though this expression is mainly re-
lated to the large bandwidth in the frequency region, it is interesting to investigate whether a
high gain pilot also has a larger pilot gain range than a low gain pilot when both vary their pilot
gain on command.

Four different plots are created in order to evaluate the pilot gain range vs. the pilot’s natural
gain. For the x-axis, always the normal gain data of the pilots is used. The plots are created for
the valid pilot gain measures as they were identified in [6].

3.2. Absolute Pilot Gain Range

For the determination of the absolute pilot gain range, two plots are created. Example plots are
shown in Figure 3-1.

The plot in Figure 3-1 left shows the difference between the high and low pilot gain values vs.
the normal gain test point. As an example: if the pilot’s high gain value is 4 and the low gain
value is 1 u/s, the y-axis shows the data point 4 - 1 = 3. The grey line presents a linear regression
through the data points, the light grey area is plus and minus one sample standard deviation.

The plot in Figure 3-1 right shows all data points from the calibration runs. The normal gain data
point is represented by a square, the high gain test point by a triangle pointing upward, the low
gain data point by a triangle pointing downward. The square data points are always located on a
perfect line with increasing slope since they have the same value on the x- and y-axis. The grey
lines through the upper and lower triangles again represent the linear regression, the grey areas
represent plus and minus one sample standard deviation.

Example

Example (Delta High Gain - Low Gain)

Example (Normal Gain) Example (Normal Gain)

Figure 3-1: Absolute Pilot Gain Range Representation (Example for Increasing Pilot Gain Range)

Figure 3-1 presents example results with clear trends. The data points in the left figure show a
clear trend towards a higher pilot gain range with increasing natural pilot gain. The right figure
supports this result — the triangles form a cone around the normal gain values which opens to the
right, indicating that the pilot gain range increases with increasing natural gain.
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3.2.1. Relative Pilot Gain Range

Another way of presenting the data is the use of the relative pilot gain range. The basic represen-
tation is similar to the one in Figure 3-1 but instead of using the absolute values on the y-axis, the
percentage is shown, using the normal gain test point’s value of each pilot as the 100% value.

An example for the resulting plots is shown in Figure 3-2. A deceasing pilot gain range is shown
for both plots. Note that in the right plot of the relative pilot gain range, the normal gain data
points are always at the 100% line since they are the value which is used for normalization for
each pilot. The grey areas again represent the regression line plus and minus one sample standard
deviation.

R

Example [%]

Example (Delta High Gain - Low Gain) [%]

Example (Normal Gain) Example (Normal Gain)

Figure 3-2: Relative Pilot Gain Range Representation (Example for Increasing Pilot Gain Range)

3.2.2. Outliers in Pilot Gain Range Plots

The pilot gain range plots also provide information about the correct application of low, normal
and high pilot gain.
Figure 3-3 shows typical cases for the pilot gain range layout.

Fy v
| |
v FY
no variation wrong order  correct correct
mon. increasing mon. decreasing

Figure 3-3: Validity of Pilot Gain Range Plots

Overlapping data points are an indication for a lack of pilot gain variation during the pilot gain
calibration. This effect is mainly evident for pilot ABCD who was identified as an outlier due to his
inability to vary pilot gain on command during the test (Subchapter 2.7.3).

A plot showing the square (normal gain) outside of the triangles is an indication for a wrong or-
der of the pilot gain application, as it was identified for pilot BIER (Subchapter 2.7.2).

A plot showing the square in the middle between the two triangles with the triangles pointing
away from the square is an indication for a monotonically increasing pilot gain measure.
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A plot showing the square in the middle between the two triangles with the triangles pointing
towards the square is an indication for a monotonically decreasing pilot gain measure. However,
no monotonically decreasing pilot gain measure passed the validation in [6].

The third outlier, pilot IGOR can easily be identified by his excessive high gain value and resulting
excessive pilot gain range.

In the frame of this report, the three outliers are marked in all plots.

3.3. Notes on Statistics

In the pilot gain range plots linear regression, regression coefficients and Sample Standard Devia-
tions (SSDs) are calculated and displayed as additional information. They are meant to support the
visualization of a general trend for the data points and to structure the complex graphs.

As a prerequisite for both, the mathematically correct application of linear regression and the
calculation of a sample standard deviation for the residuals, the residuals have to be normally
distributed around zero. The validation of normally distributed residuals was performed by means
of a Kolmogorow-Smirnow-Test (also known as K-S test). More information about the test and
the results can be found in the appendix.

All presented pilot gain measures and their associated linear regressions passed the test for nor-

mal distribution with o = 0.05. The three outliers introduced in Chapter 2.7 were excluded for
the statistical analysis.
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4. Pilot Gain Range of Selected Pilot Gain Measures

4.1. Mean Stick Speed

The mean stick speed achieved a validity index of 0.88, was able to identify all 3 outliers and pro-
duced only one ranking failure which was not extreme [6].

Figure 4-1 left shows the pilot gain range plots for the mean stick speed. The delta between the
high and low gain value shows a scattered upward trend. The regression coefficient is poor (R2 =
0.34 excluding outliers).

The same trend is reflected in Figure 4-1 right. In spite of the general trend of the linear regres-
sion, the highest and second highest data point both show a rather small pilot gain range. The
scatter of the low gain values is significantly smaller than the scatter of the high gain values. The
regression coefficients, however, only differ slightly (R2 = 0.66 for the low gain data points, R2 =
0.63 for the high gain data points, both excluding outliers).
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Figure 4-1: Pilot Gain Range Plots for the Mean Stick Speed
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Figure 4-2 left shows the relative pilot gain range in percentage of the normal gain value of each
pilot. The delta between the high and low gain value shows a scattered downward trend. The
regression coefficient is poor (R?2 = 0.18 excluding outliers). The negative slope (instead of a posi-
tive slope like in Figure 4-1) is probably a result of different normal gain values used for normali-
zation. It is easier to double a low normal gain value than to double a high normal gain value
which is naturally already close to the limits of system stability.

The plot on the right shows the same trend. Again, the regression coefficients are poor (R2 < 0.01
for the low gain values, R2 = 0.23 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 47% of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for
the low gain data points.
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Figure 4-2: Relative Pilot Gain Range Plots for the Mean Stick Speed
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4.2. RMS Stick Speed

The RMS stick speed achieved a validity index of 0.92, was able to identify all 3 outliers and pro-
duced no ranking failure [6].

Figure 4-3 left shows the pilot gain range plots for the RMS stick speed. Because of their math-
ematic similarity, mean and RMS values create similar plots. The delta between the high and low
gain value shows a scattered upward trend. The regression coefficient is poor and even slightly
worse than for the mean stick speed (R2 = 0.25 excluding outliers).

The same trend is reflected in Figure 4-3 right. In spite of the general trend of the linear regres-
sion, the highest and second highest data point both show a rather small pilot gain range. The
scatter of the low gain values is significantly smaller than the scatter of the high gain values. The
regression coefficients only differ slightly, but the difference is more pronounced than for the
mean stick speed (R2 = 0.64 for the low gain data points, R2 = 0.55 for the high gain data points,
both excluding outliers).
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Figure 4-3: Pilot Gain Range Plots for the RMS Stick Speed
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Figure 4-4 left shows the relative pilot gain range in percentage of the normal gain value of each
pilot. The delta between the high and low gain value shows a scattered downward trend. The
regression coefficient is poor (R2 = 0.15 excluding outliers).

The plot on the right shows the same trend. As for the mean stick speed, the regression coeffi-
cients are poor (R2 = 0.01 for the low gain values, R2 = 0.20 for the high gain values, both exclud-
ing outliers). The low gain data points (excluding outliers) are located close around 53% of the
normal gain value for all pilots with only small scatter. There appears to be no dependency on the
natural gain; the regression line is approximately a constant which also explains the very poor
regression coefficient for the low gain data points.
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Figure 4-4: Relative Pilot Gain Range Plots for the RMS Stick Speed
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4.3. Percentage of High Stick Speeds

The percentage of high stick speeds achieved a validity index of 0.92, was able to identify all 3
outliers and produced no ranking failure [6].

Figure 4-5 left shows the pilot gain range plots for the percentage of high stick speeds. The delta
between the high and low gain value shows a scattered upward trend. The regression coefficient
is poor (R2 = 0.30 excluding outliers).

The same trend is reflected in Figure 4-5 right. In spite of the general trend of the linear regres-
sion, the highest and second highest data point both show a rather small pilot gain range. The
scatter of the low gain values is significantly smaller than the scatter of the high gain values. The
regression coefficients only differ slightly (R2 = 0.58 for the low gain data points, R2 = 0.62 for
the high gain data points, both excluding outliers).

Note that the linear regression can not reflect the fact that for a certain range of small natural
gains the percentage of high stick speeds is close around 0%.
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Figure 4-5: Pilot Gain Range Plots for the Percentage of High Stick Speeds
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Figure 4-6 left shows the relative pilot gain range in percentage of the normal gain value of each
pilot. The delta between the high and low gain value shows a scattered downward trend. The
regression coefficient is poor, but significantly better than for the relative pilot gain range in
terms of mean or RMS stick speed (R2 = 0.48 excluding outliers).

The plot on the right shows the same trend. As for the RMS and mean stick speed, the regression
coefficients are poor (R2 = 0.02 for the low gain values, R2 = 0.51 for the high gain values, both

excluding outliers). The low gain data points (excluding outliers) are located close around 30% of

the normal gain value for all pilots with only small scatter. There appears to be no dependency on

the natural gain; the regression line is approximately a constant which also explains the very poor

regression coefficient for the low gain data points.
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Figure 4-6: Relative Pilot Gain Range Plots for the Percentage of High Stick Speeds
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4.4. Mean Stick Acceleration

The mean stick acceleration achieved a validity index of 0.92, was able to identify all 3 outliers

and produced no ranking failure [6].

Figure 4-7 left shows the pilot gain range plots for the mean stick acceleration. The delta be-
tween the high and low gain value shows a scattered upward trend. The regression coefficient is

poor (R2 = 0.36 excluding outliers).

The same trend is reflected in Figure 4-7 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The regression coefficients only differ slightly (R2
= 0.58 for the low gain data points, R2 = 0.66 for the high gain data points, both excluding out-

liers).
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Figure 4-7: Pilot Gain Range Plots for the Mean Stick Acceleration
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Figure 4-8 left shows the relative pilot gain range in percentage of the normal gain value of each
pilot. The delta between the high and low gain value shows a scattered downward trend. The
regression coefficient is poor (R2 = 0.24 excluding outliers).

The plot on the right shows the same trend. The regression coefficients are poor (R2 = 0.01 for
the low gain values, R2 = 0.31 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 47 % of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for
the low gain data points.
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Figure 4-8: Relative Pilot Gain Range Plots for the Mean Stick Acceleration
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4.5. RMS Stick Acceleration

The RMS stick acceleration achieved a validity index of 0.92, was able to identify all 3 outliers and

produced no ranking failure [6].

Figure 4-9 left shows the pilot gain range plots for the RMS stick acceleration. The delta between
the high and low gain value shows a scattered upward trend. The regression coefficient is poor

(R2=0.15 excluding outliers).

The same trend is reflected in Figure 4-9 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The regression coefficients are the same (R2 =
0.58 for the low and high gain data points, both excluding outliers).
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Figure 4-9: Pilot Gain Range Plots for the RMS Stick Acceleration
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Figure 4-10 left shows the relative pilot gain range in percentage of the normal gain value of
each pilot. The delta between the high and low gain value shows a scattered downward trend.
The regression coefficient is poor (R2 = 0.29 excluding outliers).

The plot on the right shows the same trend. The regression coefficients are poor (R?2 < 0.01 for
the low gain values, R2 = 0.39 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 55 % of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for
the low gain data points.
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Figure 4-10: Relative Pilot Gain Range Plots for the RMS Stick Acceleration
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4.6. Percentage of High Stick Accelerations

The percentage of high stick accelerations achieved a validity index of 0.92, was able to identify
all 3 outliers and produced one ranking failure which was not extreme [6].

Figure 4-11 left shows the pilot gain range plots for the percentage of high stick accelerations. A
high stick acceleration is defined as a stick acceleration exceeding 30 u/s? of the full stick move-
ment in either direction with u being the unit of stick deflection ranging from + 1 u for stop to
stop inputs. The delta between the high and low gain value shows a scattered upward trend. The
regression coefficient is poor, but better than the coefficient for the percentage of high stick
speeds (R2 = 0.42 excluding outliers).

The same trend is reflected in Figure 4-11 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The regression coefficients are about the same
(R2 = 0.59 for the low again data point, R2 = 0.60 for the high gain data points, both excluding
outliers).
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Figure 4-11: Pilot Gain Range Plots for the Percentage of High Stick Accelerations
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Figure 4-12 left shows the relative pilot gain range in percentage of the normal gain value of
each pilot. The delta between the high and low gain value shows a scattered downward trend.
The regression coefficient is poor (R2 = 0.29 excluding outliers).

The plot on the right shows the same trend. The regression coefficients are poor (R?2 < 0.01 for
the low gain values, R2 = 0.29 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 36 % of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for

the low gain data points.
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Figure 4-12: Relative Pilot Gain Range Plots for the Percentage of High Stick Accelerations
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4.7. PSD Area (HTF -2 Hz)

The PSD Area between the highest task frequency and 2 Hz achieved a validity index of 0.92, was
able to identify all 3 outliers and produced no ranking failure [6].

Figure 4-13 left shows the pilot gain range plots for the PSD Area between the highest task fre-
qguency and 2 Hz. The delta between the high and low gain value shows a scattered upward
trend with one significant outlier. The regression coefficient is poor (R?2 = 0.27 excluding outliers).
All data points but two have normal gain values lower than 0.2 u2. The two highest data points
are around 0.39 u? and 0.56 u? and thus have a strong effect on the linear regression.

The same trend is reflected in Figure 4-13 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The regression coefficient is also better for the
low gain values (R2 = 0.74 for the low again data point, R2 = 0.60 for the high gain data points,
both excluding outliers). Most low gain values are close to 0 though, meaning that most pilots
avoid inputs above the task frequency range when performing the tracking task in a low gain
fashion. The linear regression can not fully cover this effect.
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Figure 4-13: Pilot Gain Range Plots for the PSD Area HTF-2 Hz
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Figure 4-14 left shows the relative pilot gain range in percentage of the normal gain value of
each pilot. The delta between the high and low gain value shows a scattered downward trend.
The regression coefficient is poor (R2 = 0.17 excluding outliers). The trend is quite poor and
mostly based on the two largest data points, while the other data points show no significant

trend at all.

The plot on the right shows the same trend. The regression coefficients are poor (R2 = 0.01 for
the low gain values, R2 = 0.18 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 24 % of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for

the low gain data points.
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4.8. PSD Ratio Area (HTF - 2 Hz) vs. Area (0 - 2 H2)

The ratio of the area between the highest task frequency and 2 Hz vs. the area between 0 and 2

Hz achieved a validity index of 0.92, was able to identify 2 out of 3 outliers and produced no

ranking failure [6].

Figure 4-15 left shows the pilot gain range plots for the ratio of the area between the highest
task frequency and 2 Hz vs. the area between 0 and 2 Hz. The delta between the high and low
gain value shows a scattered upward trend with one significant outlier. The regression coefficient

is poor (R2 = 0.33 excluding outliers).

The same trend is reflected in Figure 4-15 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The regression coefficient is better for the high
gain values (R2 = 0.56 for the low again data point, R2 = 0.39 for the high gain data points, both

excluding outliers).
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Figure 4-15: Pilot Gain Range Plots for the PSD Area Ratio (HTF-2Hz) vs. (0 - 2 Hz)
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Figure 4-16 left shows the relative pilot gain range in percentage of the normal gain value of
each pilot. The delta between the high and low gain value shows a scattered downward trend.
The regression coefficient is poor (R2 = 0.27 excluding outliers).

The plot on the right shows the same trend. The regression coefficients are poor (R2 = 0.05 for
the low gain values, R2 = 0.36 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 46 % of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for

the low gain data points.
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Figure 4-16: Relative Pilot Gain Range Plots for the PSD Area HTF-2 Hz

31



Niewind — Pilot Gain and the WLB FTT:
About the Influence of Natural Pilot Gain on the Achievable Pilot Gain Range

4.9. PSD Ratio Area (HTF - 2 Hz) vs. Area (0 Hz - HTF)

The ratio of the area above vs. the area below the highest task frequency achieved a validity index
of 0.92, was able to identify 2 out of 3 outliers and produced no ranking failure [6].

Figure 4-17 left shows the pilot gain range plots for the ratio of the area between the highest
task frequency and 2 Hz vs. the area between 0 and 2 Hz. The delta between the high and low
gain value shows a scattered upward trend with one significant outlier. The regression coefficient
is poor, but significantly higher than for other measures (R2 = 0.61 excluding outliers). The two
data points with the highest normal gain value have a strong influence on the regression coeffi-
cient which would be much worse without them (R2 = 0.23).

The same trend is reflected in Figure 4-17 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The regression coefficient is better for the high
gain values (R2 = 0.42 for the low again data point, R2 = 0.64 for the high gain data points, both
excluding outliers).

As the low gain PSD area between the highest task frequency and 2 Hz was around O for many
pilots, this PSD ratio is close to O for the low gain data points as well.
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Figure 4-17: Pilot Gain Range Plots for the PSD Area Ratio (HTF-2Hz) vs. (0 Hz-HTF)
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Figure 4-18 left shows the relative pilot gain range in percentage of the normal gain value of
each pilot. The delta between the high and low gain value shows no significant trend even when
the outliers are excluded. The regression line is strongly influenced by two data points with a high
normal gain value.

The plot on the right shows the same trend. The regression coefficients are poor (R2 = 0.10 for
the low gain values, R2 = 0.01 for the high gain values, both excluding outliers). The scatter of

the high gain data points is excessive. The low gain data points (excluding outliers) are located
close around 41 % of the normal gain value for all pilots with only small scatter. There appears to
be no dependency on the natural gain; the regression line is approximately a constant which also

explains the very poor regression coefficient for the low gain data points.
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Figure 4-18: Relative Pilot Gain Range Plots for the PSD Area Ratio (HTF-2Hz) vs. (0 Hz-HTF)
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4.10. Goodness of Fit of PT1 pilot model (QIE)

The model fit in terms of QIE achieved a validity index of 0.88, was able to identify all outliers and
produced one ranking failure which was not extreme [6].

Figure 4-19 left shows the pilot gain range plots for the ratio model fit in terms of QIE. The delta
between the high and low gain value shows a scattered upward trend with one significant outlier
for pilot IGOR. Note that the location of this outlier significantly distorts the graph and creates the
impression of low scatter which is actually not the case. The regression coefficient is very poor (R2
= 0.04 excluding outliers). It is also strongly affected by one singular data point with a very high
normal gain value.

The same trend is reflected in Figure 4-19 right. The scatter of the low gain values is significantly
smaller than the scatter of the high gain values. The trend towards increasing pilot gain range
with increasing normal gain values is hardly visible in this graph. The regression coefficient is bet-
ter for the high gain values (R2 = 0.05 for the low again data point, R2 = 0.29 for the high gain
data points, both excluding outliers).
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Figure 4-19: Pilot Gain Range Plots for the PT1 Model Fit in Terms of QIE
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Figure 4-20 left shows the relative pilot gain range in percentage of the normal gain value of
each pilot. The delta between the high and low gain value shows a scattered downward trend.
The regression coefficient is poor (R2 = 0.22 excluding outliers).

The plot on the right shows the same trend. The regression coefficients are poor (R2 = 0.10 for
the low gain values, R2 = 0.25 for the high gain values, both excluding outliers). The low gain
data points (excluding outliers) are located close around 52 % of the normal gain value for all
pilots with only small scatter. There appears to be no dependency on the natural gain; the regres-
sion line is approximately a constant which also explains the very poor regression coefficient for
the low gain data points.
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Figure 4-20: Pilot Gain Range Plots for the PT1 Model Fit in Terms of QIE
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5. Conclusions and Limitations

5.1. Absolute Pilot Gain Range

The absolute pilot gain range data shows a clear increase in absolute pilot gain range with in-
creasing normal pilot gain. This means that a typical high gain pilot is able to vary his pilot gain
more than a typical low gain pilot.

Both, the data points performed intentionally in a low and high gain manner, increase with in-
creasing normal gain. A typical high gain pilot thus does not only have a higher normal gain
value, but also higher low and high gain values than a low gain pilot. The increase is more pro-
nounced for the high gain data points than for the low gain data points. This means that the
difference between a typical low and high gain pilot is not as prominent for test points which are
performed intentionally in a low gain manner, but for high gain test points the difference is quite
striking. The latter effect is well in line with the experience from flight test that high gain pilots
are able to uncover PIO tendencies which couldn’t be found by low gain pilots.

5.2. Relative Pilot Gain Range

The relative pilot gain range data shows a clear decrease in relative pilot gain range with increas-
ing normal gain. This means that a typical low gain pilot is able to increase his pilot gain by a
higher percentage than a high gain pilot. This trend is probably a result of the already high nor-
mal gain value for high gain pilots. It is easier to double a low normal gain value than to double a
normal gain value which is naturally already close to the limits of system stability.

While the high gain data points show a clear decreasing percentage with increasing normal gain,
the low gain data points are at an approximately constant value for nearly all pilot gain measures.

Pilot Gain Measure Low Gain Value:
Percentage of Normal Gain Value
Mean Stick Speed [u/s] 47 %
RMS Stick Speed [u/s] 53%
Percentage of High Stick Speeds [%] 30%
Mean Stick Acceleration [u/s?] 47%
RMS Stick Acceleration [u/s?] 55%
Percentage of High Stick Accelerations [u/s?] 36%
PSD Area HTF-2 Hz [u?] 24%
PSD Ratio Area (HTF - 2 Hz) vs. Area (0 - 2 HZ2) [-] 46%
PSD Ratio Area (HTF - 2 Hz) vs. Area (0 Hz - HTF) [-] | 41%
QIE of PT1 Pilot Model [-] 52%

Tabelle 5-1: Low Gain Values: Percentage of Normal Gain Value
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5.3. Significance of the Results

The trends described above apply for nearly all presented measures. This is another confirmation
for the right choice of valid pilot gain measures in [6].

Exceptions are the relative pilot gain plot of the PSD Area (HTF — 2 Hz), the PSD Ratio Area (HTF -
2 Hz) vs. Area (0 Hz - HTF) and the PSD Ratio Area (HTF - 2 Hz) vs. Area (0 Hz - HTF), mainly be-
cause the PSD Area (HTF — 2 Hz) which is always involved in these plots is very low for the normal
gain test points of many pilots, thus creating a very low value used for normalization in the rela-
tive pilot gain plots. As a consequence, a small difference in the high gain data points can make
quite a big difference in terms of percentage.

Another exception is presented by the QIE of the PT1 pilot model as a representation of the pilot
model’s goodness of fit. While the relative plot is well in line with the trends of other pilot gain
measures, the absolute pilot gain plots hardly show any trend for the pilot gain range with in-
creasing normal gain values. In general, pilot gain measures which depend on assumptions — like
in this case the applicability of a certain pilot model — should be avoided.

5.4. Limitations

5.4.1. Predictive Ability for Individual Pilots

In all cases significant scatter is visible in the pilot gain range plots and the regression coefficients
are rather poor. The plots therefore have no predictive ability for individual pilots and only show a
trend for a larger population of pilots.

One of the reasons for this is that a pilot’s control behavior is a complex matter and cannot be
limited to a classification of pilots as high, medium and low gain pilots.

A good example is given by one of the participants. As an F-4 pilot he was expected to be more
on the high gain side. His normal and low gain data points were, however, performed with rather
low to medium pilot gain. His high gain data point was quite high though. During the debriefing
this pilot commented that even though he is an F-4 pilot, he was originally trained as a glider
pilot at a very young age. As his instructor always taught him to fly low gain - which is most rea-
sonable for gliders - he still prefers this way of flying today. But being an F-4 pilot, of course he
also has to have the ability to fly in a very aggressive manner when this is required. This back-
ground led to a relatively high pilot gain range even though his normal gain was rather low.

As each and every pilot is different and so is his or her background, no general predictions for the
individual pilot gain range can be made based on simple classifications as low, medium or high
gain pilot.

5.4.2. Limitations of the Database

The presented results are based on a single simulator study with one single type of aircraft dy-
namic and inceptor. In order to generalize the results, they should be repeated in different sce-
narios and preferably also in flight test.

5.4.3. Limitation to Sum of Sines Tasks

The applicability of the results should at first be limited to sum of sines tasks. Other types of tasks
like steps and ramps may create different results and/or make it hard to quantify pilot gain in
general since — for the example of a step and ramp task — the pilot switches from cap-
ture/acquisition to maintenance/fine tracking during the task.
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Summary and Outlook

This report summarizes the investigation and results from an evaluation of the pilot gain range
and how it is related to the pilot’s natural gain. The evaluation is based on data from a simulator
study which was performed with 12 experimental test pilots and 12 operational pilots who inten-
tionally varied their pilot gain / aggressiveness during a closed-loop tracking task.

The results of this report can be summarized as follows:

e The absolute pilot gain range increases with increasing natural pilot gain.
e The relative pilot gain range decreases with increasing natural pilot gain.

e A typical high gain pilot has higher low and higher high gain values than a typical low
gain pilot. The difference is more pronounced for the high gain test points.

e The low gain value is approximately a fixed percentage of the normal gain value.

Even though the trends are quite consistent over various pilot gain measures, all pilot gain range
plots show significant scatter and the trends have poor regression coefficients. The results thus do
not allow the prediction of an individual pilot’s abilities. They rather show a trend for a larger
population of pilots. A pilot’s control behavior is too complex to be narrowed down to a simple
classification as low, medium or high gain pilot. A good example for this was given by a fighter
pilot who started off as a glider pilot at young age and therefore had a low natural gain, but a
high pilot gain range.

The high consistency of the general trends with respect to the pilot gain range for various pilot
gain measures raises the question how these measures correlate. A report covering the math-
ematic relations between different pilot gain measures in terms of regressions and scatter plots is
planned.

Also, a report about pilot-dependent values (e.g. personality traits, but also mathematic meas-
ures) and their relation towards the pilots’ natural pilot gain is planned.
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Appendix: Kolmogorow-Smirnow Test

Normally distributed residuals are a prerequisite for the mathematically correct application of the
linear regression and the calculation of the sample standard deviation around the regression.

The normal distribution was evaluated by means of a Kolmogorow-Smirnow test, also known as
K-S test. This test is not specifically limited to the analysis of a normal distribution but can be used
to compare any two kinds of data sets.

The K-S test is based on a comparison of a test statistic with a critical value. The test statistic must
be smaller than the critical value, which is 0.28724 for the K-S test with o = 0.05.

The largest test statistic is 0.227, the second largest is 0.209. The test would thus also pass for
o = 0.10 (critical value: 0.25858) and for a = 0.20 overall only one test would fail (critical value:
0.22617).

The K-S test was performed in Excel.

Null hypothesis Ho: The residuals are normally distributed around zero.
Alternative Hi: The residuals are not normally distributed around zero.

The data is sorted in ascending order, given an index i starting with 1 for the lowest values and
the residuals x; are normalized to the form of a standard normal distribution:

_ X~ H
o

u.

with u; being the equivalent value of x; in a normal distribution, p is the mean value which is by
definition zero for the residuals of a linear regression and o is the sample standard deviation of
the data, calculated as follows:

o= |

i=1

with n being the number of data points under consideration.

Note that while strictly speaking o is the population standard deviation and calculated with a
factor of 1/n instead of 1/(n-1), many statistics books, including the one consulted for the K-S test
in this report [1], use o also in cases when the sample standard deviation (normally denoted with
the letter s) is applied.

The equivalent distribution value of the normal distribution is calculated for all normalized values
of the residuals ui. These values are denoted with the greek letter ®. They represent the statistical
percentage of data points which should theoretically be smaller or equal to the associated nor-
malized residual x.. For a low x; this value is close to 0, for a high x; it is close to 1.

In a next step, the discrete computation points of the empirical distribution function are calcu-
lated by dividing the index of each normalized residual by the number of data points (i/n).

The delta between the normal distribution and the empirical distribution function is now calcu-
lated. As the empirical distribution function jumps right at the discrete values i/n, the delta is cal-
culated for both, index i and index i-1 of the empirical distribution function. The test statistic is
the supremum of all evaluated deltas.

sup[cb(ui)—%; @(ui)—i%}

A-1



Niewind — Pilot Gain and the WLB FTT:
About the Influence of Natural Pilot Gain on the Achievable Pilot Gain Range

An example with the test data of the RMS stick speed is given in Figure A-1 below. The empirical
distribution grows by a fixed value (i/n) with each element of x.. Depending on the distribution of
the residuals xi, the empirical distribution is more or less similar to the normal distribution. The
limits for a = 0.05 (95% limits) are shown as additional information.
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Figure A-1: Demonstration of the Principle of the K-S test

Note that the K-S test compares a discrete function (empirical distribution) with a continuous
function (normal distribution).

The following pages show the calculations of the K-S test for all evaluated pilot gain measures.
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Mean Stick Speed

Residuals (High - Low Gain)
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Residuals Low Gain
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Residuals High Gain
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@ (ui)
0.043
0.122
0.147
0.178
0.192
0.222
0.255
0.319
0.328
0.436
0.497
0.542
0.589
0.618
0.622
0.643
0.807
0.853
0.876
0.924
0.992

@ (ui)
0.029
0.059
0.134
0.156
0.220
0.342
0.350
0.361
0.396
0.411
0.469
0.490
0.573
0.605
0.661
0.692
0.763
0.842
0.905
0.963
0.971

D1 D2
il |@(ui)-i/n| |®(ui)-(i-1)/n|
0.048 0.005 0.043
0.095 0.027 0.074
0.143 0.004 0.052
0.190 0.012 0.035
0.238 0.046 0.001
0.286 0.063 0.016
0.333 0.078 0.031
0.381 0.062 0.014
0.429 0.101 0.053
0.476 0.040 0.008
0.524 0.027 0.021
0.571 0.029 0.019
0.619 0.030 0.017
0.667 0.049 0.002
0.714 0.093 0.045
0.762 0.119 0.072
0.810 0.003 0.045
0.857 0.004 0.043
0.905 0.029 0.019
0.952 0.029 0.019
1.000 0.008 0.040
sup(D1, D2) 0.119
Critical Value 0.287
Nom Dist OK
D1 D2
il |®(ui)-i/n| |®(ui)-(i-1)/n|
0.048 0.018 0.029
0.095 0.036 0.011
0.143 0.009 0.039
0.190 0.035 0.013
0.238 0.018 0.029
0.286 0.056 0.104
0.333 0.016 0.064
0.381 0.020 0.028
0.429 0.032 0.015
0.476 0.065 0.017
0.524 0.055 0.008
0.571 0.081 0.034
0.619 0.046 0.002
0.667 0.062 0.015
0.714 0.054 0.006
0.762 0.070 0.023
0.810 0.046 0.001
0.857 0.016 0.032
0.905 0.000 0.048
0.952 0.011 0.058
1.000 0.029 0.019
sup(D1, D2) 0.104
Critical Value 0.287
Nom Dist OK
D1 D2
il |®(ui)-i/n| |®(ui)-(i-1)/n|
0.048 0.039 0.086
0.095 0.023 0.071
0.143 0.029 0.077
0.190 0.008 0.055
0.238 0.035 0.013
0.286 0.068 0.020
0.333 0.079 0.031
0.381 0.115 0.067
0.429 0.139 0.091
0.476 0.053 0.005
0.524 0.086 0.038
0.571 0.085 0.038
0.619 0.099 0.052
0.667 0.144 0.096
0.714 0.146 0.098
0.762 0.175 0.128
0.810 0.021 0.069
0.857 0.066 0.113
0.905 0.031 0.079
0.952 0.008 0.039
1.000 0.015 0.033
sup(D1, D2) 0.175
Critical Value 0.287
Nom Dist OK

Residuals (High - Low Gain), Percentage
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@(ui)
0.016
0.095
0.121
0.167
0.266
0.272
0.283
0.425
0.441
0.446
0.500
0.522

D1

iln | (ui)-i/n|
0.048 0.032
0.095 0.000
0.143 0.021
0.190 0.023
0.238 0.028
0.286 0.014
0.333 0.050
0.381 0.044
0.429 0.012
0.476 0.031
0.524 0.024
0.571 0.049
0.619 0.090
0.667 0.090
0.714 0.100
0.762 0.029
0.810 0.014
0.857 0.026
0.905 0.010
0.952 0.015
1.000 0.025
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.097
0.107
0.113
0.118
0.204
0.284
0.297
0.305
0.330
0.392
0.457
0.473

D1

iln | (ui)-i/n|
0.048 0.050
0.095 0.011
0.143 0.030
0.190 0.073
0.238 0.034
0.286 0.002
0.333 0.037
0.381 0.076
0.429 0.099
0.476 0.084
0.524 0.067
0.571 0.098
0.619 0.058
0.667 0.053
0.714 0.091
0.762 0.084
0.810 0.048
0.857 0.003
0.905 0.039
0.952 0.020
1.000 0.012
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage
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@(ui)
0.047
0.094
0.144

D1

iln | (ui)-i/n|
0.048 0.001
0.095 0.001
0.143 0.001
0.190 0.019
0.238 0.008
0.286 0.011
0.333 0.057
0.381 0.013
0.429 0.021
0.476 0.057
0.524 0.104
0.571 0.107
0.619 0.150
0.667 0.138
0.714 0.184
0.762 0.063
0.810 0.009
0.857 0.050
0.905 0.033
0.952 0.004
1.000 0.022
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.016

0.048

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.097

0.059

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.047

0.047

Nom Dist OK



RMS Stick Speed

Residuals (High - Low Gain)
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Residuals High Gain
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@ (ui)
0.037
0.055
0.180

D1
iln | (ui)-i/n|
8 0.011

0.095 0.040
0.143 0.037
0.190 0.005
0.238 0.032
0.286 0.002
0.333 0.005
0.381 0.040
0.429 0.062
0.476 0.069
0.524 0.038
0.571 0.076
0.619 0.094
0.667 0.103
0.714 0.065
0.762 0.103
0.810 0.087
0.857 0.018
0.905 0.007
0.952 0.001
1.000 0.012

sup(D1, D2)

Critical Value

D1
iln | (ui)-i/n|
8 0.009

0.095 0.042
0.143 0.004
0.190 0.027
0.238 0.054
0.286 0.094
0.333 0.107
0.381 0.029
0.429 0.015
0.476 0.046
0.524 0.028
0.571 0.070
0.619 0.027
0.667 0.007
0.714 0.015
0.762 0.036
0.810 0.022
0.857 0.008
0.905 0.023
0.952 0.038
1.000 0.036

sup(D1, D2)

Critical Value

D1
iln | (ui)-i/n|
8 0.027

0.095 0.019
0.143 0.005
0.190 0.000
0.238 0.015
0.286 0.038
0.333 0.048
0.381 0.024
0.429 0.034
0.476 0.078
0.524 0.122
0.571 0.128
0.619 0.137
0.667 0.124
0.714 0.150
0.762 0.116
0.810 0.001
0.857 0.014
0.905 0.052
0.952 0.012
1.000 0.041

sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.037

0.007

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.039

0.006

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.074

0.029

Nom Dist OK

Residuals (High - Low Gain), Percentage
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@(ui)
0.017
0.067
0.138
0.230
0.295
0.303
0.373
0.385
0.438
0.446
0.446
0.474

D1

iln | (ui)-i/n|
0.048 0.031
0.095 0.028
0.143 0.005
0.190 0.039
0.238 0.057
0.286 0.017
0.333 0.040
0.381 0.004
0.429 0.009
0.476 0.030
0.524 0.077
0.571 0.098
0.619 0.101
0.667 0.142
0.714 0.115
0.762 0.104
0.810 0.005
0.857 0.039
0.905 0.024
0.952 0.023
1.000 0.017
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.049
0.081
0.121
0.152
0.182
0.203
0.255
0.390
0.394
0.421
0.484
0.500

D1

iln | (ui)-i/n|
0.048 0.002
0.095 0.014
0.143 0.022
0.190 0.038
0.238 0.056
0.286 0.083
0.333 0.078
0.381 0.009
0.429 0.034
0.476 0.055
0.524 0.040
0.571 0.072
0.619 0.014
0.667 0.048
0.714 0.013
0.762 0.006
0.810 0.025
0.857 0.012
0.905 0.057
0.952 0.056
1.000 0.012
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage
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@(ui)
0.050
0.089
0.136

D1

iln | (ui)-i/n|
0.048 0.002
0.095 0.006
0.143 0.007
0.190 0.002
0.238 0.002
0.286 0.011
0.333 0.012
0.381 0.018
0.429 0.055
0.476 0.084
0.524 0.124
0.571 0.136
0.619 0.132
0.667 0.137
0.714 0.099
0.762 0.004
0.810 0.012
0.857 0.032
0.905 0.010
0.952 0.012
1.000 0.013
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.017

0.019

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.049

0.034

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.050

0.041

Nom Dist OK



Percentage of High Stick Speeds

Residuals (High - Low Gain)
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Residuals High Gain
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@ (ui)
0.061
0.062
0.062

D1

iln | (ui)-i/n|
0.048 0.014
0.095 0.034
0.143 0.081
0.190 0.044
0.238 0.064
0.286 0.050
0.333 0.082
0.381 0.036
0.429 0.021
0.476 0.022
0.524 0.020
0.571 0.018
0.619 0.043
0.667 0.071
0.714 0.004
0.762 0.021
0.810 0.006
0.857 0.033
0.905 0.005
0.952 0.018
1.000 0.032
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.016
0.095 0.005
0.143 0.047
0.190 0.094
0.238 0.034
0.286 0.005
0.333 0.009
0.381 0.009
0.429 0.011
0.476 0.049
0.524 0.096
0.571 0.067
0.619 0.070
0.667 0.095
0.714 0.058
0.762 0.046
0.810 0.001
0.857 0.017
0.905 0.008
0.952 0.011
1.000 0.017
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.027
0.095 0.004
0.143 0.012
0.190 0.054
0.238 0.074
0.286 0.100
0.333 0.057
0.381 0.073
0.429 0.050
0.476 0.067
0.524 0.004
0.571 0.049
0.619 0.091
0.667 0.082
0.714 0.127
0.762 0.078
0.810 0.089
0.857 0.055
0.905 0.018
0.952 0.009
1.000 0.075
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.061

0.014

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.063

0.042

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.075

0.051

Nom Dist OK

Residuals (High - Low Gain), Percentage
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xi
-114.039
-113.873

-68.526
-62.894
-30.851
-18.525
-18.274
-16.634
-16.314
-16.100
-7.656
3.864
11.333
24.093
27.097
41.610
46.089
51.458
54.062
85.232
138.808

-0.002
61.045

@(ui)
0.031
0.031
0.131
0.151
0.307
0.381
0.382
0.393
0.395
0.396
0.450
0.525

D1

iln | (ui)-i/n|
0.048 0.017
0.095 0.064
0.143 0.012
0.190 0.039
0.238 0.069
0.286 0.095
0.333 0.049
0.381 0.012
0.429 0.034
0.476 0.080
0.524 0.074
0.571 0.046
0.619 0.045
0.667 0.013
0.714 0.043
0.762 0.010
0.810 0.035
0.857 0.057
0.905 0.093
0.952 0.034
1.000 0.011
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.084
0.110
0.136
0.176
0.184
0.226
0.287
0.306
0.308
0.365
0.379
0.427

D1

iln | (ui)-i/n|
0.048 0.036
0.095 0.014
0.143 0.007
0.190 0.015
0.238 0.054
0.286 0.060
0.333 0.046
0.381 0.075
0.429 0.120
0.476 0.112
0.524 0.145
0.571 0.145
0.619 0.094
0.667 0.088
0.714 0.045
0.762 0.015
0.810 0.000
0.857 0.008
0.905 0.036
0.952 0.014
1.000 0.032
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage
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133.825

-0.004
55.727

@(ui)
0.056
0.066
0.135

D1

iln | (ui)-i/n|
0.048 0.008
0.095 0.029
0.143 0.008
0.190 0.001
0.238 0.029
0.286 0.040
0.333 0.003
0.381 0.032
0.429 0.077
0.476 0.087
0.524 0.104
0.571 0.103
0.619 0.103
0.667 0.002
0.714 0.013
0.762 0.016
0.810 0.039
0.857 0.024
0.905 0.021
0.952 0.036
1.000 0.008
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.031

0.017

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.084

0.062

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.056

0.018

Nom Dist OK



Mean Stick Acceleration

Residuals (High - Low Gain)
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@ (ui)
0.033
0.068
0.115

D1
iln | (ui)-i/n|
8 0.015

0.095 0.027
0.143 0.028
0.190 0.054
0.238 0.075
0.286 0.115
0.333 0.045
0.381 0.003
0.429 0.001
0.476 0.021
0.524 0.014
0.571 0.110
0.619 0.075
0.667 0.053
0.714 0.024
0.762 0.016
0.810 0.045
0.857 0.050
0.905 0.071
0.952 0.035
1.000 0.029

sup(D1, D2)

Critical Value

D1
iln | (ui)-i/n|
8 0.016

0.095 0.038
0.143 0.013
0.190 0.006
0.238 0.006
0.286 0.046
0.333 0.057
0.381 0.071
0.429 0.084
0.476 0.075
0.524 0.022
0.571 0.060
0.619 0.066
0.667 0.048
0.714 0.084
0.762 0.098
0.810 0.000
0.857 0.040
0.905 0.085
0.952 0.004
1.000 0.008

sup(D1, D2)

Critical Value

D1
iln | (ui)-i/n|
8 0.013

0.095 0.041
0.143 0.003
0.190 0.010
0.238 0.044
0.286 0.071
0.333 0.066
0.381 0.091
0.429 0.123
0.476 0.160
0.524 0.111
0.571 0.017
0.619 0.059
0.667 0.089
0.714 0.134
0.762 0.071
0.810 0.040
0.857 0.003
0.905 0.004
0.952 0.030
1.000 0.035

sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.033

0.021

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.032

0.085

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.060

0.088

Nom Dist OK

Residuals (High - Low Gain), Percentage
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@(ui)
0.031
0.078
0.092
0.124
0.127
0.238
0.401
0.403
0.483
0.492
0.567
0.592

D1

iln | (ui)-i/n|
0.048 0.017
0.095 0.018
0.143 0.051
0.190 0.067
0.238 0.111
0.286 0.047
0.333 0.068
0.381 0.022
0.429 0.054
0.476 0.016
0.524 0.043
0.571 0.020
0.619 0.078
0.667 0.033
0.714 0.002
0.762 0.039
0.810 0.086
0.857 0.061
0.905 0.082
0.952 0.130
1.000 0.010
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.098
0.101
0.122
0.136
0.184
0.214
0.249
0.297
0.344
0.364
0.498
0.512

D1

iln | (ui)-i/n|
0.048 0.051
0.095 0.006
0.143 0.021
0.190 0.054
0.238 0.054
0.286 0.072
0.333 0.084
0.381 0.084
0.429 0.085
0.476 0.112
0.524 0.026
0.571 0.059
0.619 0.043
0.667 0.080
0.714 0.020
0.762 0.007
0.810 0.043
0.857 0.006
0.905 0.021
0.952 0.021
1.000 0.009
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage
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@(ui)
0.036
0.107
0.141

D1

iln | (ui)-i/n|
0.048 0.012
0.095 0.012
0.143 0.002
0.190 0.025
0.238 0.028
0.286 0.008
0.333 0.029
0.381 0.046
0.429 0.084
0.476 0.130
0.524 0.064
0.571 0.099
0.619 0.124
0.667 0.159
0.714 0.178
0.762 0.048
0.810 0.000
0.857 0.048
0.905 0.011
0.952 0.013
1.000 0.024
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.031

0.030

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.098

0.053

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.036

0.059

Nom Dist OK



RMS Stick Acceleration

Residuals (High - Low Gain)
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Residuals High Gain
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@ (ui)
0.009
0.069
0.105

D1

iln | (ui)-i/n|
0.048 0.039
0.095 0.027
0.143 0.038
0.190 0.070
0.238 0.029
0.286 0.010
0.333 0.055
0.381 0.074
0.429 0.020
0.476 0.004
0.524 0.019
0.571 0.026
0.619 0.038
0.667 0.090
0.714 0.057
0.762 0.031
0.810 0.015
0.857 0.044
0.905 0.079
0.952 0.070
1.000 0.039
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.008
0.095 0.064
0.143 0.046
0.190 0.003
0.238 0.028
0.286 0.068
0.333 0.081
0.381 0.121
0.429 0.156
0.476 0.128
0.524 0.077
0.571 0.106
0.619 0.010
0.667 0.015
0.714 0.024
0.762 0.033
0.810 0.066
0.857 0.067
0.905 0.004
0.952 0.006
1.000 0.013
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.030
0.095 0.003
0.143 0.044
0.190 0.071
0.238 0.094
0.286 0.011
0.333 0.022
0.381 0.036
0.429 0.014
0.476 0.007
0.524 0.071
0.571 0.072
0.619 0.040
0.667 0.005
0.714 0.045
0.762 0.000
0.810 0.040
0.857 0.003
0.905 0.043
0.952 0.050
1.000 0.101
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.009

0.021

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.040

0.111

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.017

0.044

Nom Dist OK

Residuals (High - Low Gain), Percentage

=
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@(ui)
0.002
0.091
0.215

D1

iln | (ui)-i/n|
0.048 0.045
0.095 0.004
0.143 0.072
0.190 0.058
0.238 0.048
0.286 0.011
0.333 0.010
0.381 0.017
0.429 0.048
0.476 0.030
0.524 0.058
0.571 0.084
0.619 0.067
0.667 0.027
0.714 0.003
0.762 0.015
0.810 0.018
0.857 0.034
0.905 0.019
0.952 0.055
1.000 0.068
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage

=
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@(ui)
0.062
0.119
0.167

D1

iln | (ui)-i/n|
0.048 0.014
0.095 0.024
0.143 0.024
0.190 0.015
0.238 0.037
0.286 0.043
0.333 0.090
0.381 0.135
0.429 0.166
0.476 0.156
0.524 0.069
0.571 0.105
0.619 0.001
0.667 0.023
0.714 0.020
0.762 0.020
0.810 0.007
0.857 0.026
0.905 0.031
0.952 0.027
1.000 0.011
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage

=
POOONDUANWNER -

NNREPERREEREREER
POowom~NoUuMwWN

a¥®

@(ui)
0.009
0.083
0.089

D1

iln | (ui)-i/n|
0.048 0.039
0.095 0.012
0.143 0.054
0.190 0.054
0.238 0.017
0.286 0.011
0.333 0.003
0.381 0.007
0.429 0.030
0.476 0.011
0.524 0.052
0.571 0.045
0.619 0.030
0.667 0.012
0.714 0.010
0.762 0.057
0.810 0.018
0.857 0.015
0.905 0.058
0.952 0.043
1.000 0.077
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.002

0.044

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.062

0.071

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.009

0.036

Nom Dist OK



Percentage of High Stick Accelerations

Residuals (High - Low Gain)

P
POOONOUAWNER -

NNRPRREREREREER
POowom~NoUMwWN

a¥®

Residuals Low Gain

P
POO®ONOUAWNER -

NNRPRREREREREER
POowo~NoOUM®N

a¥®

Residuals High Gain
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@ (ui)
0.055
0.101
0.147

D1

iln | (ui)-i/n|
0.048 0.007
0.095 0.005
0.143 0.004
0.190 0.011
0.238 0.048
0.286 0.052
0.333 0.093
0.381 0.113
0.429 0.154
0.476 0.153
0.524 0.084
0.571 0.086
0.619 0.045
0.667 0.040
0.714 0.020
0.762 0.078
0.810 0.032
0.857 0.014
0.905 0.006
0.952 0.010
1.000 0.035
sup(D1, D2)

Critical Value

D1
iln | (ui)-i/n|
8 0.003

0.095 0.036
0.143 0.004
0.190 0.013
0.238 0.026
0.286 0.059
0.333 0.060
0.381 0.100
0.429 0.125
0.476 0.094
0.524 0.050
0.571 0.077
0.619 0.057
0.667 0.087
0.714 0.109
0.762 0.045
0.810 0.034
0.857 0.002
0.905 0.011
0.952 0.001
1.000 0.014

sup(D1, D2)

Critical Value

D1
iln | (ui)-i/n|
8 0.050

0.095 0.023
0.143 0.011
0.190 0.049
0.238 0.056
0.286 0.055
0.333 0.095
0.381 0.130
0.429 0.142
0.476 0.120
0.524 0.121
0.571 0.077
0.619 0.070
0.667 0.009
0.714 0.015
0.762 0.024
0.810 0.017
0.857 0.001
0.905 0.021
0.952 0.015
1.000 0.030

sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.055

0.053

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.051

0.084

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.097

0.071

Nom Dist OK

Residuals (High - Low Gain), Percentage

=
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17

xi
-146.096
-77.389
-63.077
-62.741
-60.664
-56.652
-49.792
-48.777
-29.992
-28.279
-4.606
-2.167

144.098

0.000
75.291

@(ui)
0.026
0.152
0.201
0.202
0.210
0.226
0.254
0.259
0.345
0.354
0.476
0.489

D1

iln | (ui)-i/n|
0.048 0.021
0.095 0.057
0.143 0.058
0.190 0.012
0.238 0.028
0.286 0.060
0.333 0.079
0.381 0.122
0.429 0.083
0.476 0.123
0.524 0.048
0.571 0.083
0.619 0.087
0.667 0.094
0.714 0.021
0.762 0.056
0.810 0.013
0.857 0.009
0.905 0.005
0.952 0.016
1.000 0.028
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage

=
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@(ui)
0.029
0.147
0.179
0.218
0.229
0.236
0.288
0.288
0.331
0.339
0.454
0.485

D1

iln | (ui)-i/n|
0.048 0.018
0.095 0.052
0.143 0.036
0.190 0.027
0.238 0.009
0.286 0.049
0.333 0.046
0.381 0.093
0.429 0.098
0.476 0.137
0.524 0.070
0.571 0.087
0.619 0.079
0.667 0.042
0.714 0.086
0.762 0.049
0.810 0.075
0.857 0.008
0.905 0.024
0.952 0.014
1.000 0.012
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage

=
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xi
-111.457
-92.262
-88.834
-63.964
-57.834
-57.229
-51.005
-26.721
-21.342
-20.447
-8.912
-0.392

138.290

0.000
72.384

@(ui)
0.062
0.101
0.110

D1

iln | (ui)-i/n|
0.048 0.014
0.095 0.006
0.143 0.033
0.190 0.002
0.238 0.026
0.286 0.071
0.333 0.093
0.381 0.025
0.429 0.045
0.476 0.087
0.524 0.073
0.571 0.074
0.619 0.091
0.667 0.105
0.714 0.057
0.762 0.103
0.810 0.023
0.857 0.049
0.905 0.023
0.952 0.009
1.000 0.028
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.026

0.104

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.029

0.099

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.062

0.054

Nom Dist OK



PSD Area (HTF - 2 Hz)

Residuals (High - Low Gain)
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Residuals High Gain
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@ (ui)
0.130
0.139
0.203

D1

iln | (ui)-i/n|
0.048 0.083
0.095 0.043
0.143 0.061
0.190 0.049
0.238 0.028
0.286 0.008
0.333 0.025
0.381 0.067
0.429 0.112
0.476 0.104
0.524 0.150
0.571 0.196
0.619 0.209
0.667 0.083
0.714 0.089
0.762 0.132
0.810 0.089
0.857 0.133
0.905 0.082
0.952 0.058
1.000 0.000
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.032
0.095 0.033
0.143 0.029
0.190 0.017
0.238 0.058
0.286 0.030
0.333 0.023
0.381 0.053
0.429 0.053
0.476 0.044
0.524 0.002
0.571 0.032
0.619 0.064
0.667 0.103
0.714 0.140
0.762 0.184
0.810 0.026
0.857 0.041
0.905 0.003
0.952 0.018
1.000 0.017
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.089
0.095 0.052
0.143 0.053
0.190 0.032
0.238 0.028
0.286 0.015
0.333 0.049
0.381 0.071
0.429 0.095
0.476 0.127
0.524 0.152
0.571 0.194
0.619 0.157
0.667 0.080
0.714 0.096
0.762 0.126
0.810 0.092
0.857 0.116
0.905 0.077
0.952 0.055
1.000 0.001
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.130

0.091

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.016

0.014

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.137

0.099

Nom Dist OK

Residuals (High - Low Gain), Percentage

=
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a¥®

xi
-406.309
-363.879
-302.812
-211.468
-201.175
-187.479
-187.241
-163.200

-72.457
-71.823
-36.799
52.050
85.632
107.808
131.344
154.360
194.730
283.537
306.516
378.144
510.577

0.003
251.165

@(ui)
0.053
0.074
0.114

D1

iln | (ui)-i/n|
0.048 0.005
0.095 0.022
0.143 0.029
0.190 0.009
0.238 0.027
0.286 0.058
0.333 0.105
0.381 0.123
0.429 0.042
0.476 0.089
0.524 0.082
0.571 0.011
0.619 0.014
0.667 0.001
0.714 0.015
0.762 0.031
0.810 0.029
0.857 0.013
0.905 0.016
0.952 0.018
1.000 0.021
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.097
0.145
0.156

D1

iln | (ui)-i/n|
0.048 0.050
0.095 0.050
0.143 0.013
0.190 0.005
0.238 0.035
0.286 0.067
0.333 0.076
0.381 0.088
0.429 0.117
0.476 0.013
0.524 0.043
0.571 0.078
0.619 0.118
0.667 0.144
0.714 0.182
0.762 0.227
0.810 0.007
0.857 0.003
0.905 0.043
0.952 0.034
1.000 0.011
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage

=
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xi
-375.505
-362.782
-273.071
-228.962
-199.988
-197.723
-175.303
-172.794

-72.054
-71.685
-43.437
43.262
85.667
96.616
142.831
153.105
208.930
269.893
305.868
363.856
503.208

-0.003
245.921

@(ui)
0.063
0.070
0.133

D1

iln | (ui)-i/n|
0.048 0.016
0.095 0.025
0.143 0.009
0.190 0.015
0.238 0.030
0.286 0.075
0.333 0.095
0.381 0.140
0.429 0.044
0.476 0.091
0.524 0.094
0.571 0.002
0.619 0.017
0.667 0.014
0.714 0.005
0.762 0.029
0.810 0.007
0.857 0.007
0.905 0.012
0.952 0.022
1.000 0.020
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.053

0.026

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.097

0.097

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.063

0.022

Nom Dist OK



PSD Ratio Area (HTF - 2 Hz) vs. Area (0 - 2 Hz)

Residuals (High - Low Gain)
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Residuals High Gain
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@ (ui)
0.026
0.038
0.132

D1

iln | (ui)-i/n|
0.048 0.022
0.095 0.057
0.143 0.011
0.190 0.002
0.238 0.004
0.286 0.025
0.333 0.004
0.381 0.023
0.429 0.040
0.476 0.080
0.524 0.073
0.571 0.039
0.619 0.011
0.667 0.021
0.714 0.026
0.762 0.064
0.810 0.083
0.857 0.093
0.905 0.139
0.952 0.021
1.000 0.012
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.037
0.095 0.002
0.143 0.032
0.190 0.000
0.238 0.045
0.286 0.057
0.333 0.029
0.381 0.056
0.429 0.102
0.476 0.093
0.524 0.071
0.571 0.105
0.619 0.103
0.667 0.128
0.714 0.116
0.762 0.100
0.810 0.079
0.857 0.003
0.905 0.002
0.952 0.004
1.000 0.006
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.019
0.095 0.028
0.143 0.073
0.190 0.064
0.238 0.056
0.286 0.091
0.333 0.090
0.381 0.014
0.429 0.024
0.476 0.012
0.524 0.036
0.571 0.003
0.619 0.099
0.667 0.060
0.714 0.031
0.762 0.006
0.810 0.030
0.857 0.071
0.905 0.054
0.952 0.050
1.000 0.037
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.026

0.010

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.085

0.049

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.067

0.020

Nom Dist OK

Residuals (High - Low Gain), Percentage

=
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xi
-172.791
-139.639

-90.082
-80.528
-59.091
-53.601
-35.930

-7.543

-1.233

175.866

0.004
82.297

@(ui)
0.018
0.045
0.137

D1

iln | (ui)-i/n|
0.048 0.030
0.095 0.050
0.143 0.006
0.190 0.027
0.238 0.002
0.286 0.028
0.333 0.002
0.381 0.083
0.429 0.065
0.476 0.047
0.524 0.020
0.571 0.006
0.619 0.041
0.667 0.075
0.714 0.070
0.762 0.079
0.810 0.064
0.857 0.032
0.905 0.052
0.952 0.034
1.000 0.016
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.100
0.119
0.124

D1

iln | (ui)-i/n|
0.048 0.052
0.095 0.024
0.143 0.019
0.190 0.009
0.238 0.018
0.286 0.016
0.333 0.063
0.381 0.092
0.429 0.121
0.476 0.139
0.524 0.115
0.571 0.081
0.619 0.080
0.667 0.092
0.714 0.110
0.762 0.109
0.810 0.044
0.857 0.023
0.905 0.019
0.952 0.020
1.000 0.006
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage
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xi
-123.414
-110.039

-92.636
-82.280
-67.438
-48.121
-39.273
-30.924
-12.264

179.602

-0.001
74.002

@(ui)
0.048
0.069
0.105

D1

iln | (ui)-i/n|
0.048 0.000
0.095 0.027
0.143 0.038
0.190 0.057
0.238 0.057
0.286 0.028
0.333 0.036
0.381 0.043
0.429 0.006
0.476 0.044
0.524 0.030
0.571 0.009
0.619 0.049
0.667 0.002
0.714 0.045
0.762 0.036
0.810 0.053
0.857 0.053
0.905 0.085
0.952 0.048
1.000 0.008
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.018

0.003

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.100

0.072

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.048

0.021

Nom Dist OK



PSD Ratio Area (HTF - 2 Hz) vs. Area (0 Hz - HTF)

Residuals (High - Low Gain)
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Residuals High Gain
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@ (ui)
0.096
0.117
0.132

D1

iln | (ui)-i/n|
0.048 0.049
0.095 0.022
0.143 0.011
0.190 0.051
0.238 0.073
0.286 0.058
0.333 0.105
0.381 0.063
0.429 0.057
0.476 0.013
0.524 0.042
0.571 0.002
0.619 0.020
0.667 0.052
0.714 0.051
0.762 0.098
0.810 0.106
0.857 0.130
0.905 0.058
0.952 0.047
1.000 0.002
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.044
0.095 0.038
0.143 0.032
0.190 0.029
0.238 0.050
0.286 0.057
0.333 0.087
0.381 0.087
0.429 0.054
0.476 0.055
0.524 0.033
0.571 0.022
0.619 0.032
0.667 0.003
0.714 0.044
0.762 0.007
0.810 0.049
0.857 0.080
0.905 0.086
0.952 0.083
1.000 0.035
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.036
0.095 0.002
0.143 0.020
0.190 0.027
0.238 0.054
0.286 0.065
0.333 0.104
0.381 0.050
0.429 0.026
0.476 0.051
0.524 0.020
0.571 0.003
0.619 0.025
0.667 0.051
0.714 0.057
0.762 0.096
0.810 0.092
0.857 0.111
0.905 0.088
0.952 0.001
1.000 0.004
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.096

0.070

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.004

0.010

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.084

0.050

Nom Dist OK

Residuals (High - Low Gain), Percentage
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xi
-265.951
-236.865
-186.602
-156.545
-142.161
-141.803

-95.519
-92.005
-43.441

326.658

-0.004
163.178

@(ui)
0.052
0.073
0.126
0.169
0.192
0.192
0.279
0.286
0.395
0.510
0.529
0.553

D1

iln | (ui)-i/n|
0.048 0.004
0.095 0.022
0.143 0.016
0.190 0.022
0.238 0.046
0.286 0.093
0.333 0.054
0.381 0.095
0.429 0.034
0.476 0.034
0.524 0.005
0.571 0.018
0.619 0.025
0.667 0.057
0.714 0.030
0.762 0.075
0.810 0.045
0.857 0.043
0.905 0.035
0.952 0.018
1.000 0.023
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage
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@(ui)
0.108
0.126
0.129
0.216
0.232
0.251
0.255
0.275
0.317
0.349
0.381
0.479

D1

iln | (ui)-i/n|
0.048 0.060
0.095 0.031
0.143 0.014
0.190 0.025
0.238 0.006
0.286 0.035
0.333 0.078
0.381 0.106
0.429 0.112
0.476 0.127
0.524 0.143
0.571 0.092
0.619 0.084
0.667 0.116
0.714 0.103
0.762 0.106
0.810 0.054
0.857 0.017
0.905 0.000
0.952 0.020
1.000 0.004
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage

=
POO®ONDUANWNER -

NNREPERREEREREER
POowom~NoUuMwWN

a¥®

xi
-213.196
-207.045
-199.743
-155.571
-151.323
-148.529
-103.943

-81.717
-66.322

312.768

-0.004
156.930

@(ui)
0.087
0.094
0.102

D1

iln | (ui)-i/n|
0.048 0.040
0.095 0.002
0.143 0.041
0.190 0.030
0.238 0.071
0.286 0.114
0.333 0.079
0.381 0.080
0.429 0.092
0.476 0.015
0.524 0.006
0.571 0.035
0.619 0.024
0.667 0.068
0.714 0.017
0.762 0.021
0.810 0.013
0.857 0.037
0.905 0.060
0.952 0.021
1.000 0.023
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.052

0.026

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.108

0.078

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.087

0.046

Nom Dist OK



QIE of PT1 Pilot Model

Residuals (High - Low Gain)

P
POOONOUAWNER -

NNRPRREREREREER
POowom~NoUMwWN

a¥®

Residuals Low Gain

P
POO®ONOUAWNER -

NNRPRREREREREER
POowo~NoOUM®N

a¥®

Residuals High Gain

P
POOONOUANWNER -

NNRPRREREREREER
POowo~NouMWN

a¥®

@ (ui)
0.034
0.059
0.102

D1

iln | (ui)-i/n|
0.048 0.013
0.095 0.036
0.143 0.041
0.190 0.038
0.238 0.002
0.286 0.016
0.333 0.003
0.381 0.044
0.429 0.080
0.476 0.110
0.524 0.158
0.571 0.122
0.619 0.017
0.667 0.008
0.714 0.017
0.762 0.008
0.810 0.004
0.857 0.006
0.905 0.007
0.952 0.001
1.000 0.037
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.005
0.095 0.033
0.143 0.018
0.190 0.015
0.238 0.013
0.286 0.006
0.333 0.006
0.381 0.006
0.429 0.036
0.476 0.029
0.524 0.047
0.571 0.091
0.619 0.124
0.667 0.097
0.714 0.009
0.762 0.034
0.810 0.081
0.857 0.081
0.905 0.010
0.952 0.045
1.000 0.006
sup(D1, D2)

Critical Value

D1

iln | (ui)-i/n|
0.048 0.013
0.095 0.047
0.143 0.058
0.190 0.005
0.238 0.006
0.286 0.002
0.333 0.007
0.381 0.026
0.429 0.037
0.476 0.058
0.524 0.039
0.571 0.068
0.619 0.052
0.667 0.007
0.714 0.010
0.762 0.024
0.810 0.010
0.857 0.015
0.905 0.017
0.952 0.005
1.000 0.054
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.034

0.011

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.043

0.014

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.034

0.001

Nom Dist OK

Residuals (High - Low Gain), Percentage

=
POO®ONOUANWNER -

NNREPRREEREREER
POowo~NoUuMwWN

a¥®

xi
-300.835
-249.836
-204.141
-107.916
-103.239

-94.530
-85.840
-85.207
-65.298
-34.101
-0.315
1.193
38.500
43.767
50.800
109.872
110.144
121571
130.186
179.700
545.440

-0.004
178.549

@(ui)
0.046
0.081
0.126

D1

iln | (ui)-i/n|
0.048 0.002
0.095 0.014
0.143 0.016
0.190 0.082
0.238 0.043
0.286 0.013
0.333 0.018
0.381 0.064
0.429 0.071
0.476 0.052
0.524 0.025
0.571 0.069
0.619 0.034
0.667 0.070
0.714 0.102
0.762 0.031
0.810 0.078
0.857 0.105
0.905 0.138
0.952 0.109
1.000 0.001
sup(D1, D2)

Critical Value

Residuals Low Gain, Percentage

=
POO®ONOUANWNER -

NNEPRERREEREREER
POowom~NoOUuMwWN

a¥®

@(ui)
0.090
0.103
0.125

D1

iln | (ui)-i/n|
0.048 0.043
0.095 0.008
0.143 0.018
0.190 0.058
0.238 0.018
0.286 0.052
0.333 0.031
0.381 0.006
0.429 0.010
0.476 0.049
0.524 0.091
0.571 0.128
0.619 0.155
0.667 0.177
0.714 0.029
0.762 0.011
0.810 0.034
0.857 0.064
0.905 0.105
0.952 0.009
1.000 0.004
sup(D1, D2)

Critical Value

Residuals High Gain, Percentage

=
POO®ONDUANWNER -

NNREPERREEREREER
POowom~NoUuMwWN

a¥®

xi
-286.477
-252.840
-210.246
-111.824
-103.786

-90.172
-81.685
-67.874
-38.101
-27.153
-20.253
-14.200
27.519
48.910
77.431
85.498
86.507
93.158
146.214
197.535
541.829

-0.001
176.392

@(ui)
0.052
0.076
0.117

D1

iln | (ui)-i/n|
0.048 0.005
0.095 0.019
0.143 0.026
0.190 0.073
0.238 0.040
0.286 0.019
0.333 0.012
0.381 0.031
0.429 0.014
0.476 0.037
0.524 0.070
0.571 0.104
0.619 0.057
0.667 0.057
0.714 0.045
0.762 0.076
0.810 0.121
0.857 0.156
0.905 0.108
0.952 0.084
1.000 0.001
sup(D1, D2)

Critical Value

D2
@ (ui)-(i-1)/n]
0.046

0.033

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.090

0.055

Nom Dist OK

D2
@ (ui)-(i-1)/n]
0.052

0.028

Nom Dist OK
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