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ABSTRACT
Adverse pilot-vehicle interaction is an important topic, as its impact ranges from handling qualities degradation to po-
tential loss of control. Typical rotorcraft-pilot couplings events are intrinsically time dependent, although characterized
by intrinsic frequency aspects, at least when an oscillatory behavior is involved, as in Pilot Induced and Augmented
Oscillations. As such, methods capable of simultaneously capturing frequency and time domain related aspects are de-
sirable. In this work, the computation of indicators for the identification of the insurgence of pilot-induced oscillations
are revisited in terms of power spectral density, in the frame of ergodic processes. Since the assumption of ergodic-
ity does not apply to intrinsically time-dependent phenomena, Wavelet Transform is used to compute corresponding
time-dependent indicators. The suitability of this approach is checked by considering its application to the analysis of
signals measured during piloted flight simulation tests in which adverse pilot-vehicle interactions were observed. The
results obtained so far are quite promising, suggesting the opportunity to further investigate the approach.

INTRODUCTION

The analysis of aircraft dynamics is traditionally based on
Fourier analysis as a tool for harmonic decomposition mainly
applicable to conditions for which a linear system is a rea-
sonable approximation of vehicle in-flight behavior. Pilot
Induced Oscillations (PIO) and Pilot Assisted Oscillations
(PAO) are examples of relevant handling qualities degrada-
tion associated with time-dependent aircraft dynamics (band-
width degradation, oscillation frequency stretching, satura-
tions, hysteresis, etc.) induced by complex nonlinear inter-
actions among pilot and vehicle, filtered or misrepresented
by conventional Fourier frequency analysis. The prediction
of these phenomena is based on offline and online methods
based on empirical observations or eventually enforcing a re-
duction to equivalent reduced order mathematical models ana-
lyzed with criteria which only partially fit to the specific case.

A first step beyond the Fourier Transform, in order to find
a way to analyze the nonlinear aspects in the signals, was the
Short Time Fourier Transform, also known as Gabor Trans-
form. It uses a windowing technique to analyze only a short
segment of the signal. With this approach, the frequency and
its position in time can be determined. A limitation is related
to the fixed size of the window. Not all frequencies can be de-
termined with high precision (low frequency participation, for
example, requires a window with considerable width in time).

A further step, now widely used in several fields of science
and engineering, is the Wavelet Transform (WT). Like the
Fourier transform, the continuous wavelet transform (CWT)
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uses inner products to measure the similarity between the
signal and an analyzing function, the wavelet, which can be
stretched, compressed and shifted. The Wavelet Transform
is an innovative windowing technique with variable-sized re-
gions. Long time intervals can be used where one wants more
accurate low-frequency information, whereas shorter regions
can be used where high-frequency information is needed.

Pilots may essentially interact with the dynamics of vehi-
cles in a voluntary manner, which is intended to produce the
control inputs required to perform a specific task, but also un-
intentionally, as a consequence of vibrations being transmitted
from the vehicle to the pilot via the cockpit and into the con-
trol inceptors. Such vibratory motion is filtered by the pilots’
biomechanical characteristics and may produce involuntary
control inputs (so-called biodynamic feedthrough, BDFT). As
a consequence, an undesired control loop is closed, causing
adverse rotorcraft pilot couplings (RPC). This aspect of pilot-
vehicle interaction is often overlooked during the design phase
of the vehicle’s life cycle. A recent review of the state of the
art in this area can be found in Ref. 1.

An important aspect of a pilot’s biomechanics that charac-
terizes BDFT is its dependence upon the task that the pilot is
trying to accomplish (Refs. 2–6). During the European project
ARISTOTEL1 (Refs. 7–9), several flight simulator tests were
performed to investigate RPC in relation to both voluntary
and involuntary pilot actions, which can result in so-called
Pilot-Induced Oscillations (PIO) and Pilot-Assisted Oscilla-
tions (PAO) respectively.

During a test campaign that focused on RPC related to the
roll axis (Refs. 10, 11), rigid-body (RB) and aeroelastic (AE)
helicopter models representative of the BO105 were flown by

1http://www.aristotel.progressima.eu/
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professional test pilots in a flight simulator at the University
of Liverpool. The aim was to verify the predicted onset of an
aeromechanical instability caused by the interaction between
the biomechanics of the pilot/control device and the dynamics
of the vehicle related to the main rotor blade dynamics (the
lightly damped regressive lead-lag mode of a soft-in-plane
hingeless rotor). The loss of stability was predicted using:
(a) the same aeroelastic vehicle flight dynamics models that
were used in the flight simulator, and (b) transfer functions
of the pilot/control device “subsystem” BDFT obtained for
the test pilots that performed the flight simulator tests. Sev-
eral vehicle configurations were flown by two test pilots with
somewhat different BDFT transfer functions.

The predictions were substantially confirmed by the tests
(Refs. 10,11). The pilot whose measured BDFT transfer func-
tion was predicted to be the most prone to unstable interac-
tions with the vehicle eventually experienced PAO on several
occasions, at the expected frequency. The other pilot occa-
sionally experienced only PIO, at a sensibly lower frequency
close to the cutoff frequency of human operators.

In a recent work (Ref. 12), the measurements from piloted
flight simulation experiments conducted at the University of
Liverpool (Ref. 11) were analyzed from the point of view of
PIO/PAO detection and pilot model identification using stan-
dard time-domain techniques.

After recognizing that the pilots exhibited different behav-
iors in different portions of the maneuver at hand, the pilot
transfer function identification was performed after splitting
the measurements according to the different Mission Task El-
ements (MTEs) they were requested to perform.

In the experiments, the transfer function between the mo-
tion of the lateral cyclic control inceptor and the actual pitch
angles controls commanded to the swashplate was modified
by adding a gain, G, and a time delay, τ , namely Ge−sτ . As
a consequence, the task became more demanding, causing the
insurgence of PIO in some cases. When rotor structural dy-
namics modes were included in the vehicle model, this also
triggered an aeroelastic instability (a PAO).

The analysis of the results was conducted with the Real-
time Oscillation VERification (ROVER), a PIO detection
technique originally proposed by Mitchell et al. (Ref. 13), and
the Phase-Aggression Criterion (PAC), a technique proposed
by Jones et al. (Ref. 14).

Both methods define aggregate parameters that examined
together may provide an indication of an incipient PIO event.

PIO DETECTION

ROVER

The previously mentioned Real-time Oscillation VERification
(ROVER) makes use of four indicators to determine the likeli-
hood of the occurrence of an adverse pilot-vehicle interaction.
In the case of a MTE dominated by the roll of a helicopter, the
indicators can be interpreted as

1. an oscillatory roll rate p with a frequency in the range 1
rad/s to 8 rad/s;

2. a peak-to-peak roll rate amplitude above a convention-
ally set threshold of 18 deg/s;

3. an oscillatory lateral cyclic control inceptor deflection δy
at the same frequency of the roll rate, with a peak-to-peak
value above the conventionally set threshold of 7 %;

4. a phase delay between the roll rate p and the lateral cyclic
control inceptor deflection δy that is “large enough”
(Ref. 13); in this context, greater than 90 deg.

When all conditions occur “simultaneously”, a PIO may be
incipient.

The detection of such conditions presents some critical as-
pects:

• detecting the frequency of an oscillation requires one to
determine that an oscillatory motion occurring in the first
place, e.g. by noticing two subsequent changes in sign
of the slope, and then to estimate the frequency of such
oscillation (this consideration applies separately and in-
dependently to p and δy);

• determining the amplitude of an oscillatory motion, in
addition, requires one to evaluate the difference in am-
plitude between the times at which the changes in slope
sign occur (this consideration applies separately and in-
dependently to p and δy);

• determining the phase lag between the two signals re-
quires one to compare the time interval between two sig-
nature features in the signals, e.g. two changes in slope
sign (this consideration applies jointly to p and δy).

Another issue is related to the requirement of “simultane-
ous occurrence” of the four indicators. Since the existence of
an oscillation and the capability of measuring its frequency
and magnitude requires the oscillation to develop, such re-
quirement needs to be defined in the form of a temporal re-
lationship between the occurrences of all indicators. Thus, at
the very bottom one needs to define a sort of a moving window
that is large enough to contain at least one cycle of the lowest
frequency oscillation to be considered, and define “simultane-
ity” as all four indicators to return a positive value within such
window.

PAC

The previously mention Phase-Aggression Criterion (PAC)
makes use of two aggregate indicators of pilot activity and
phase delay between the input and the output. The position of
a measurement point on a suitably chosen phase-aggression
map may be interpreted as an indication of incipient PIO phe-
nomenon.
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According to (Ref. 14), the “phase” indicator is defined as

Φ = 360
TqPK2 −TδPK2

TδPK2
−TδPK1

(1)

i.e. the ratio between the time delay between a peak in roll
rate, TqPK2 , and the corresponding peak in control incep-
tor motion that presumably caused it, TδPK2

, and the period
of the oscillation that the control inceptor is experiencing,
TδPK2

−TδPK1
.

The “aggression” indicator is defined as

AG =
Hs

t2− t1

∫ t2

t1

∣∣∣δ̇ (t)∣∣∣ dt (2)

where Hs is a suitable scaling factor, and t1 and t2 define the
time window that is considered to measure the activity of the
pilot.

Also in this case, the definition of the indicators presents
some critical aspects. The definition of the phase Φ is essen-
tially analogous to the one used in the ROVER.

The definition of the aggression basically corresponds to
averaging the 1-norm of the control deflection rate over an
arbitrarily chosen window of time. In Ref. 14, a sample rate
of 1 Hz is indicated.

Interpretation in Terms of Ergodic Processes

An oversimplified interpretation of the ROVER and PAC
methods in terms of non-deterministic signals is sketched here
under the (admittedly unrealistic) assumption of ergodicity.

The autocovariance of an ergodic signal x(t) is

kxx(τ) = lim
T→∞

1
2T

∫ T

−T
∆x(t)∆x(t + τ) dt (3)

where ∆x(t) = x(t)−µx is the signal after removing its mean
value, µx. The mean does not depend on time, since ergodicity
was assumed.

Its Power Spectral Density (PSD) is defined as the Fourier
transform of the autocovariance,

Φxx(ω) =
∫ +∞

−∞

kxx(τ)e−jωτ dτ (4)

The PSD can give useful information on the energy content of
signals at specific frequencies.

The inverse Fourier transform of the PSD gives back the
autocovariance. Since the variance σ2

xx is the autocovariance
evaluated for τ = 0, it is interesting to note that

σ
2
xx = kxx(0) =

1
2π

[∫ +∞

−∞

Φxx(ω)ejωt dω

]
t=0

=
1
π

∫ +∞

0
Φxx(ω) dω (5)

One can infer that by integrating the PSD over a limited range
of frequencies yields the energy content, or the contribution

to the variance of the signal, that comes from that band of
frequencies.

Furthermore, consider the intercovariance and the cross-
PSD between two signals u(t) and y(t), assumed to be in a
linear input-output relationship y(s) = H(s)u(s)+ r(s). Here
r(s) is the so-called remnant, i.e. the portion of signal y that
is not in an input-output relationship with u(s), e.g. because
of disturbances, measurement noise, or nonlinearities. One
obtains

kyu(τ) = lim
T→∞

1
2T

∫ T

−T
∆y(t)∆u(t + τ) dt (6)

and

Φyu(ω) =
∫ +∞

−∞

kyu(τ)e−jωτ dτ (7)

Then the cross-PSD can be interpreted as

Φyu(ω) = H(−jω)Φuu(ω)+R(ω) (8)

i.e., if the remnant can be neglected, the relationship between
the input-output cross-PSD, Φyu(ω), and the PSD of the input,
Ψuu(ω), may provide a valid estimate of the complex conju-
gate of the system’s transfer function, H(−jω), from which
the phase delay at each frequency can be extracted.

To summarize, for an ergodic problem the above analy-
sis would allow one to clearly estimate the data required for
ROVER as follows:

• the presence of oscillations in the roll rate, in the form of
peaks in the PSD Φpp(ω), with the associated frequency;

• the magnitude of those oscillations, which is associated
with the square root of those peaks in the PSD, namely

peak magnitude =

√∫
ωpeak+∆

ωpeak−∆

Φpp(ω) dω (9)

where ∆ is a “smearing” interval;

• the presence of a peak of control inceptor motion in the
same range of frequencies can be similarly detected by
inspecting the PSD of the inceptor motion, Φδyδy ; its
magnitude can be analogously determined;

• the phase delay between the control inceptor motion and
the roll rate can be estimated by considering the anomaly
of the ratio

phase delay = ∠

(
Φpδy(ω)

Φδyδy(ω)

)
(10)

at the desired frequency, or averaged in an appropriate
frequency range.

Data required for PAC analysis would be estimated as fol-
lows:

3



• the phase delay could be estimated as described above,
in Eq. (10);

• the aggression could be estimated by computing the con-
tribution to the variance that is given by the PSD of the
input in the range of interest, [ωl ,ωu], namely

AG =
Hs

π

√∫
ωu

ωl

ω2Φδyδy(ω) dω, (11)

where Φ
δ̇yδ̇y

(ω) = (−jω)Φδyδy(ω)(jω) =ω2Φδyδy(ω) is

used to indicate the PSD of δ̇y. Basically, with respect to
Eq. (2), the main conceptual difference is that Eq. (11)
yields a RMS instead of a 1-norm.

Non-Ergodic Processes: Wavelet Analysis

Unfortunately, the processes of interest are not ergodic; on the
contrary, as pointed out in Ref. 12, what characterizes them is
the variability in the possible behavior of the pilot in terms
of biodynamic feedthrough, in addition to the fact that the
measurements refer to non-stationary maneuvers. As such,
the analysis presented in the previous section is not directly
usable. However, it provides a background in terms of re-
quired operations, and a roadmap to support the determination
of more appropriate means to obtain the required indicators.

A method is needed that:

1. can extract from given signals the information required to
construct possible PIO detection indicators; furthermore,
it is desirable that

2. such extraction can be performed in real-time by operat-
ing on streams of data.

The latter requirement will be put aside for now.

A viable solution for the first requirement has been found
in Wavelet Analysis (WA). For the sake of conciseness, the
fundamentals of wavelet analysis are not presented in this
work. The interested reader is referred to classical books (e.g.
Refs. 15, 16).

What is of interest in the present context is that Wavelet
Transform (WT) can be thought of as a transformation from
the time domain into a two-parameter, time-frequency do-
main. The frequency domain aspect of WT presents some
similarities with the classical Fourier Transform (FT), in the
sense that, depending on the fundamental wavelet function
that is chosen, features associated with an oscillatory behavior
in a signal that occur in a limited period of time are detected
and expressed accordingly.

The interpretation of WT in terms of frequency, amplitude
and other classical features of FT bears no direct one-to-one
resemblance. However, such resemblance is somewhat pre-
served when specific wavelet functions are used. In the case
at hand, it has been found that using the so-called “bump”
wavelet yields results that can be easily interpreted.

4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Bump Wavelet

Fig. 1. Shape of “bump” wavelet.

The Fourier transform of the bump wavelet is

ψ̂(ω) = e
1− 1

1− (aω−µ)2

σ2

×
[

step
(

ω− µ−σ

a

)
− step

(
ω− µ +σ

a

)]
, (12)

where a is the scale (related to the wavelength of the function),
and µ ∈ [3,6] and σ ∈ [0.1,1.2] are tuning parameters that
influence the resolution in time and frequency. It is plotted in
Fig. 1.

Figure 2 shows the results of analyzing a function made of
several harmonic signals with different frequency, amplitude,
and duration:

• sin(2 ·2πt) for t ∈ [0,15];

• sin(7 ·2πt) for t ∈ [5,10];

• sin(10 ·2πt) for t ∈ [5,10];

• 0.75sin(20 ·2πt) for t ∈ [5,15];

• 1.5sin(15 ·2πt) for t ∈ [10,15].

The signal is shown in Fig. 2(a); the corresponding WA is
shown in Fig. 2(b). The selected wavelet appears to provide a
good time resolution and an acceptable frequency resolution,
in addition to a good capability to capture the amplitude of the
signals. The WT correctly detects the interval of time in which
the signals are defined, their frequency and their magnitude,
with minimal “smearing” at transients.

In 1999, Jones et al. (Ref. 17) used WA as a means to study
pilot workload. In 2004, Klyde et al. (Ref. 18) used WA to
detect failures in control systems. Since then, their use in the
study of pilot-vehicle handling has flourished. In more re-
cent times, Qingling et al. (Ref. 19) hinted at the use of WA
within PIO detection. This work develops a bit further in that
direction, discussing how WA could provide a valid and vi-
able means to gather the indicators required for example for
ROVER and PAC.
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Fig. 2. Bump wavelet analysis of test signal.

RESULTS

Description of Piloted Simulation Flight Tests

During the piloted simulation flight tests, two professional test
pilots were required to perform a variant of the “roll step” ma-
neuver (Fig. 3) developed at the University of Liverpool for
handling quality evaluation of rotorcraft with respect to the
lateral axis (Ref. 20). This maneuver consists of an initial
straight flight path segment along the left-hand side of a run-
way, followed by a right- and then left-hand turn to fly across
the runway towards a series of ‘gates’ which line up along the
right-hand side of the runway. The maneuver is completed
by a reciprocal traverse back across the runway whereby the
pilot must fly the vehicle along the left-hand side of the run-
way once again. It can be decomposed into three phases of
straight, level flight, each connected by two turns in opposite
directions.

The pilots experienced either PAO or PIO during the
straight flight phases, but no significant adverse oscillations
were observed during the turning phases of flight.

Since during the straight phases of the task the horizon
provided a clear reference for level flight, these can be con-
sidered to be precision tracking (i.e. regulatory) tasks. On
the contrary, during the turning phases of flight, the pilot is
essentially operating in a feedforward mode for most of the
duration of the maneuver, returning to a tracking mode only
towards the end of each turn.

During the piloted tests, the pilot acted as a component in a
feedback loop between the flight simulator and the helicopter
model. In this experiment, the last two elements are known,
while the transfer function that represents the connection be-
tween the pilot cues and the control inputs is an uncertain el-
ement of the feedback loop.

The analysis focuses on a subset of the piloted simulation
flight tests, performed by two test pilots, that were presented
in (Refs. 10–12). Five configurations are considered; they are
summarized in Table 1. Those labeled AE are very detailed
aeroservoelastic models that comprise several rotor aeroelas-
tic modes, airframe dynamics modes, and even dynamic mod-
els of the swashplate actuators. The RB model, instead, has
been obtained from the corresponding AE one of case 4 by
statically residualizing all but the 6 rigid body modes. As a

(a) Course layout for Roll Step maneuver.

(b) Test course and performance requirements.

Fig. 3. Roll Step MTE description.
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Table 1. Tested configurations.

Case Model Time delay τ , ms Gain G, n.d.
1 AE 0 1.0
2 AE 0 2.5
3 AE 100 2.5
4 AE 100 3.0
5 RB 100 3.0

consequence, the RB model is used as a control case, to assess
whether any specific result depends on the aeroelastic modes.

Wavelet Analysis

Case 1. Figure 4 shows the WA of Case 1, the baseline con-
figuration, when performed by Pilot 1. Figure 4(a) shows the
time history of the control inceptor deflection. It clearly shows
a low-frequency pattern that is related to changing the trajec-
tory of the helicopter, in order to move away from the left
side of the runway and line up with the right one. The first
maneuver takes place in the time interval from 13 s to 20 s;
the second one goes from 31 s to 40 s. A higher frequency
motion is superimposed, which appears in the form of lightly
damped oscillations at about 1 Hz that start by the end of each
roll maneuver. It is related to tracking the zero-bank condition
during the rectilinear portions of the flight. A corresponding,
very similar pattern is shown in Fig. 4(b) for the roll rate.

The WA of Figs. 4(c) and 4(d) clearly shows two main
patterns. Large peaks of both inceptor deflection and roll rate
appear at very low frequency, between 0.1 Hz and 0.25 Hz.
The peaks show a prominence in the vicinity of 0.25 Hz in the
time intervals that correspond to the roll maneuvers. These
peaks are clearer in the zooms of Figs. 4(e) and 4(f). Further
peaks appear at a frequency of about 1 Hz. The amplitude
of those latter peaks is less pronounced than that of the pre-
vious ones. They start a little later, and and last for a longer
time. They clearly correspond to the previously oscillations
that correspond to zero-bank tracking.

Interestingly, a small “spot” appears around 2 Hz at about
32 s. Such frequency is related to the regressive lead-lag mode
of the rotor. Apparently, the pilot is triggering that mode dur-
ing the maneuvers, although it quickly disappears.

In Fig. 5, pilot 2 shows similar patterns, as one would ex-
pect, since the time histories are dominated by the maneuvers.
Indeed, during the first turn pilot 2 seems to be more cautious
than during the subsequent one; this is clearly reflected in the
magnitude of the control deflection, which nearly doubles. In
this case, most of the activity on the control inceptor appears
in the central part of the time histories, in the time interval
between 20 s and 40 s, in the same frequency band of the pre-
vious case, 0.1 Hz to 0.25 Hz. Also Pilot 2 shows a small
“spot” of activity around 2 Hz at the end of the second ma-
neuver, at about 37 s. Apparently, the large control deflection
used to perform the second maneuver did trigger the regres-
sive lead-lag mode of the rotor.

Case 4. Figure 6 shows the WA of Case 4 when performed
by Pilot 1. This case is characterized by the largest amount of
gain G and time delay τ introduced in the swashplate control
system. As discussed in (Refs. 10, 11), this case resulted in a
PAO event. As a consequence, the pilot aborted the test at 33
s, before attempting the second roll step maneuver.

The pattern of the control inceptor deflection in Fig. 6(a)
resembles that of Fig. 4(a), although reduced by a factor that
corresponds to the gain G, since a reduced control deflection
is needed to obtain the same swashplate motion. However,
much larger oscillations are now superimposed. The WA of
Fig. 6(c) shows again some considerable activity at very low
frequency, centered at about 0.2 Hz, which is distributed along
the time interval between 5 s and 20 s. Further activity can
be seen in two large “bubbles” centered around 0.9 Hz and
extending on the time intervals between 10 s and 15 s, and
between 20 s and 25 s.

What really characterizes this case is that at about 20 s,
namely when the first roll step maneuver ends and the pi-
lot needs to track the zero-bank condition, a considerable
amount of stick deflection in a band of frequencies centered
around 2.2 Hz. Such intensity of control deflection contin-
ues, increasing in magnitude, up to the point where the test is
aborted. A correspondingly similar pattern is observed in the
roll rate of Fig. 6(d). As already discussed in (Refs. 10–12), a
pilot is not capable of intentionally contrasting a roll oscilla-
tion at 2.2 Hz. Thus, it was inferred that it is the lateral accel-
eration that causes an involuntary control inceptor deflection
by way of the pilot’s BDFT.

It is worth noticing that pilot 2 does not experience this
problem. In fact, according to Fig. 7(c), only limited control
inceptor motion appears around 2 Hz at about 37 s, i.e. after
completion of the second roll step maneuver, which quickly
vanishes. Figure 7(d) shows some activity of roll rate at about
2 Hz, which indicates that the rotor regressive lead-lag mode
was triggered, but it did not appreciably feed through the pi-
lot’s body into the control inceptor. Most of the control de-
flection activity occurred in the vicinity of 0.8 Hz, indicating
a strong action of the pilot to track the zero-bank condition.

Case 5. This case is illustrated in Figs. 8 and 9. It is used
as a control case, since it features the same amount of gain G
and time delay τ of case 4, but the helicopter model does not
include the aeroelastic states.

Figure 8(a) shows that pilot 1 is required significant control
action to fly the test case. Indeed, right after each maneuver,
when the task becomes mainly a tracking one, very strong ac-
tivity occurs around 0.9 Hz, in addition to non-negligible ac-
tivity around 2.5 Hz. However, as one would expect, no spe-
cific activity takes place any longer in the vicinity of 2 Hz, al-
though residual, widespread control activity occurs up to that
frequency.

Figure 9 shows the corresponding data for pilot 2. Also
in this case there is no appreciable high-frequency activity,
although control inceptor deflection is distributed up to well
above 2 Hz. However, in this case the displacement of the
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(a) δy: time history. (b) p: time history.

(c) δy: wavelet analysis. (d) p: wavelet analysis.

(e) δy: zoom of wavelet analysis. (f) p: zoom of wavelet analysis.

Fig. 4. Case 1, Pilot 1: lateral cyclic control inceptor motion and roll rate.
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(a) δy: time history. (b) p: time history.

(c) δy: wavelet analysis. (d) p: wavelet analysis.

(e) δy: zoom of wavelet analysis. (f) p: zoom of wavelet analysis.

Fig. 5. Case 1, Pilot 2: lateral cyclic control inceptor motion and roll rate.
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(a) δy: time history. (b) p: time history.

(c) δy: wavelet analysis. (d) p: wavelet analysis.

Fig. 6. Case 4, Pilot 1: lateral cyclic control inceptor motion and roll rate.

(a) δy: time history. (b) p: time history.

(c) δy: wavelet analysis. (d) p: wavelet analysis.

Fig. 7. Case 4, Pilot 2: lateral cyclic control inceptor motion and roll rate.
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(a) δy: time history. (b) p: time history.

(c) δy: wavelet analysis. (d) p: wavelet analysis.

Fig. 8. Case 5, Pilot 1: lateral cyclic control inceptor motion and roll rate.

(a) δy: time history. (b) p: time history.

(c) δy: wavelet analysis. (d) p: wavelet analysis.

Fig. 9. Case 5, Pilot 2: lateral cyclic control inceptor motion and roll rate.
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control inceptor is maximal around 0.8 Hz after the second
roll step maneuver (Fig. 9(c)). Correspondingly, large roll
rates are observed (Fig. 9(d)). As indicated in Refs. 10, 11,
the pilot reported this event as PIO. This was confirmed in
Ref. 12 using ROVER.

Discussion of Results

The results presented in the previous section clearly illustrate
that WA can provide very useful time-frequency information.
The missing piece of information is related to determining
whether a relation exists between the deflection of the con-
trol inceptor and the roll motion, and what phase lag occurs
between the two.

This information can be gathered by considering the exten-
sion to WA of the notions of cross-spectral density, Ψyu(ω),
and coherence,

Cyu(ω) =
Φyu(−ω)Φyu(ω)

Φyy(ω)Φuu(ω)
(13)

The coherence signal is real-valued, and defined in the inter-
val [0,1]. Only when its value is close to 1 an input-output
relationship between the two signals may be legitimately in-
ferred. In such case, the phase delay between the input and
the output can be estimated from the cross-spectral density.

These notions extend to WA by defining the cross-spectral
density as

Cyu(a,b) = S(Cy(a,b)∗Cu(a,b)) (14)

where S is a smoothing operator, Cx(a,b) is the wavelet trans-
form of signal x(t) with respect to scale a and position b, and
coherence as

Cyu(a,b) =
|S(Cy(a,b)∗Cu(a,b))|2

|S(Cy(a,b))|2|S(Cu(a,b))|2
(15)

Figure 10 shows the value of the coherence for the case-
pilot combination discussed in the previous section. Each plot
shows the value of the coherence (the brighter the color, the
higher the coherence). It also shows the phase delay of the
cross-spectral density using arrows (a counter-clockwise ro-
tation indicates a delay; for example, when the arrow points
upwards, the delay is 90 deg).

It is worth noticing that all plots show very high coherence
at low frequency, at least up to 2 Hz and many times up to
4 Hz and above. The phase delay is nearly zero at very low
frequency (at least up to 0.5 Hz). At about 2 Hz, the phase
delay is 45 deg in Case 1. In Case 4, it is greater than 90 deg
(up to 145 deg) most of the time for both pilots; however, for
Pilot 1 it turns to more than 180 deg from 23 s on, namely
after the completion of the first roll step maneuver, when the
PAO event starts. Such substantial change in phase delay is
attributed to a change in the pilot’s BDFT that is triggered
by the insurgence of the rotor regressive lead-lag mode. An
erratic reduction in coherence is observed in that time interval.

At about 1 Hz, the phase delay grows from about 20-30
deg in Case 1 to 45 deg and more in Case 4 and Case 5. How-
ever, when Pilot 2 hits a probable PIO from 40 s onward, the
phase delay does not change. As a consequence, a PIO detec-
tion criterion like ROVER or PAC and based on the proposed
WA approach would probably have provided a false negative
indication in that case.

Future Work

The present work mainly addressed the possibility to refor-
mulate some PIO detection methods within a sound time-
frequency approach. The rationale is to exploit their capabil-
ity to link the “energy” in signals to both its frequency content
and its position in time, in an attempt to identify those changes
that may reveal the action of a “trigger”.

More work is needed to meet this goal. The main direc-
tions of future research are related to:

• identify the most appropriate parameters of WA (choice
of wavelet family, smoothing parameters, coherence and
phase delay integration in the formulation)

• explore the possibility of producing the analysis in real
time, from data streams ideally originating from on-
board sensors.

The latter possibility relies on the existence of appropriate al-
gorithms, which will be addressed in future research.

CONCLUSIONS

This work presented the use of wavelet transform to ana-
lyze signals obtained in piloted flight simulation experiments
whose frequency content is significantly time-dependent. It is
posited that such approach can provide a thorough formula-
tion of indicators that can be associated with the insurgence
of adverse rotorcraft-pilot interaction events.
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(a) Case 1, Pilot 1 (b) Case 1, Pilot 2

(c) Case 4, Pilot 1 (d) Case 4, Pilot 2

(e) Case 5, Pilot 1 (f) Case 5, Pilot 2

Fig. 10. Wavelet coherence between lateral cyclic control inceptor deflection and roll rate. Arrows indicate phase lag.
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