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Fourier Analysis of Wing Beat Signals: Assessing the Effects of Genetic
Alterations of Flight Muscle Structure in Diptera

Christopher J. Hyatt and David W. Maughan
Department of Molecular Physiology and Biophysics, University of Vermont, Burlington, Vermont 05405 USA

ABSTRACT A method for determining and analyzing the wing beat frequency in Diptera is presented. This method uses an
optical tachometer to measure Diptera wing movement during flight. The resulting signal from the optical measurement is
analyzed using a Fast Fourier Transform (FFT) technique, and the dominant frequency peak in the Fourier spectrum is selected
as the wing beat frequency. Also described is a method for determining quantitatively the degree of variability of the wing beat
frequency about the dominant frequency. This method is based on determination of a quantity called the Hindex, which is derived
using data from the FFT analysis. Calculation of the H index allows computer-based selection of the most suitable segment of
recorded data for determination of the representative wing beat frequency. Experimental data suggest that the Hindex can also
prove useful in examining wing beat frequency variability in Diptera whose flight muscle structure has been genetically altered.
Examples from Drosophila indirect flight muscle studies as well as examples of artificial data are presented to illustrate the
method. This method fulfills a need for a standardized method for determining wing beat frequencies and examining wing beat

frequency variability in insects whose flight muscles have been altered by protein engineering methods.

INTRODUCTION

The fruitfly Drosophila melanogaster has proven to be a
useful organism for studying the relationship between struc-
ture and function of contractile proteins responsible for flight
(Sparrow et al., 1991; Bernstein et al., 1993). In flies trans-
formed with mutant genes, the functional consequence of
altering protein structure can be assessed at a variety of lev-
els, from in vivo measurements of flight ability to in vitro
measurements of contractile performance of single flight
muscle cells. Analysis of wing movement has been an im-
portant part of the functional assessment of the performance
of the flight muscle, linking changes in flight ability to
changes in flight muscle performance resulting from alter-
ations of flight muscle ultrastructure and contractile protein
structure (see, €.g., Drummond et al., 1990; Yamakawa et al.,
1991; Warmke et al., 1992).

Here we present a standardized method for determining
wing beat frequencies and frequency variability in Drosoph-
ila and other Diptera. The method uses a simple optical
“tachometer” to record changes in ambient light intensity
caused by disruption of a light beam by the movement of the
insect’s wings during flight. (For non-Dipteran insects, one
set of wings can get out of phase with one another, thereby
limiting the usefulness of the optical technique.) The light
intensity fluctuation is translated into a voltage signal that
can be sampled by computer and analyzed off-line using
Fourier analysis. Fourier analysis is a powerful technique
that allows determination of the dominant frequency com-
ponents of a signal even in the presence of a substantial
amount of random noise. From the Fourier spectrum, we
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derive the insect’s mean wing beat frequency, f, from the
dominant peak.

We also derive a measure of the deviation of the insect’s
wing beat about the mean wing beat frequency, which we call
the H index. Often a recorded wing beat signal will contain
moments when the insect will cease beating its wings or will
suddenly increase or decrease its wing beat frequency. To
obtain a reliable value, the wing beat frequency should be
determined from a segment of the recorded data where the
wing beat frequency is least variable. The selection process
can be performed by visual inspection of spectral analysis
plots obtained from different segments of the recorded data,
but visual inspection of a large number of plots is time con-
suming. As will be shown, computation of the H index pro-
vides a convenient, computer-based method for determining
the degree of variability about the dominant wing beat fre-
quency (as determined from the Fourier spectrum of each
data segment) and, thus, can be used for automatic selection
of the most suitable data segment for determination of the
representative wing beat frequency. The experimental data
suggest that the H index can also be useful in examining
possible correlations between increased variability in reso-
nant wing beat frequency and genetic alteration of flight
muscle structure.

MATERIALS AND METHODS
Data acquisition

In the optical tachometer method, Diptera are tethered and wing movements
(during attempted flight) are recorded by an optical device based on the
design of Unwin and Ellington (1979). The optical device converts the
changes in ambient light intensity that result from the movement of the
insect’s wings into an amplified voltage. To prevent aliasing during sam-
pling, the amplified voltage signal is passed through an active 5-pole Bessel
low-pass filter (TTE Inc., Los Angeles, CA) with a —3 dB corner frequency
of 5 kHz. The amplified voltage signal is sampled at 20 kHz by a personal
computer using a high-frequency analog-to-digital (A/D) data acquisition
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board (model DT-2828, Data Translation, Inc., Mariboro, MA). Wing beat
data are captured until 65,536 (2'¢) data points are acquired, for a total
capture duration of 3.28 s. Fig. 1 illustrates a block diagram of the experi-
mental setup used to collect wing beat signals for analysis.

Fourier analysis
The 65,536 data points of captured data are divided into segments that are
each 16,384 (2**) points in length. Each segment overlaps the previous
segment by 75%. The data is thus divided into a total of 12 segments, each
0.8192 s in duration. The data series corresponding to the ith scgment of data
is denoted by x(n). This data segment is multiplied by a Blackman-Harris
window function to reduce sidelobe leakage before the Fourier transform is
computed. A Fast Fourier Transform technique based upon a radix-2
Cooley-Tukey algorithm is then applied to each segment of the Blackman-
Harris windowed data, x(n), to determine its corresponding set of Fourier
cocfficients, F(k) (Proakis and Manolakis, 1988). For each of these data
segments, x{(n), and each corresponding Fourier spectrum, F(k), a value
called the H index is determined. From the values of the H index obtained
from each of the 12 segments, the segment of data determined to be best
representative of the Diptera wing beat is selected (ic., the segment with
the highest valuc of H is sclected).

The equations relating each data segment series, x(n), to its set of Fourier
coefficients, F(k), k = 0, 1, - - -, N/2, are given by Egs. 1-3 (Proakis and
Manolakis, 1988):
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It can be seen from Eq. 1 that the relative strength of each discrete
frequency @, in x(n) is given by the corresponding Fourier coefficient,
F (k). A sampling frequency of 20 kHz and an FFT length of 16,384
result in an FFT frequency resolution of 1.2207 Hz. Therefore, each
Fourier cocfficient, F(k), gives the relative strength for the frequency
component at 1.2207 X k Hz.

Blackman-Harris window

Digital sampling of a continuous analog signal results in a discrete, finite-
end of the series. A data series thus obtained can be viewed as a discrete,
infinite-length representation of the original analog signal multiplied by a
“rectangular” window (Proakis and Manolakis, 1988). The abrupt discon-
tinuities caused by the rectangnlar window, however, result in “sidelobe
leakage” in the Fourier spectrum. To reduce sidelobe leakage, we apply a
Blackman-Harris window to the data series before computing the Fourier
transform. The Blackman-Harris window, unlike the rectangular window,
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FIGURE 1 Block diagram of the basic setup for obtaining wing beat sig-
nals using the optical tachometer method.
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is a window function with a smooth taper. This smooth taper helps diminish
spectral leakage in the Fourier transform caused by discontinuities at the
ends of the data (Proakis and Manolakis, 1988).

Window functions with different tapers such as Hanning or Hamming
windows can be used and give similar results, but the Blackman-Harris
window was chosen because it yields the smallest sidelobes in the Fourier
spectrum (Proakis and Manolakis, 1988). Although use of the Blackman-
Harris window results in smaller sidelobes, it achieves them at the expense
of the sharpness of the primary spectral peak. As we will demonstrate later,
however, computation of the H index requires small sidelobes but not a sharp
primary peak. Therefore, for our method of analysis the Blackman-Harris
window is an excellent choice for reducing sidelobe leakage. The Blackman-
Harris window function has the form given in Eq. 4.

=) s onl5) ()

n=0,1,---,N.
where a, = 035875, a, = 0.48829, a, = 0.14128, a, = 0.01168.

@

The H index

From spectral analysis of periodic data such as sine, square, and sawtooth
waves, we found that, when a Blackman-Harris data window is applied
before computing the FFT, the dominant peak in the spectrum corresponding
to the first harmonic is composed of seven points for our standard FFT of
16,384 points. These seven points comprised the point at the peak maximum
and three points on cither side of the maximum point. The relatively large
breadth of the peak is caused by the effects of the Blackman-Harris window.
For an FFT with a length other than 16,384 points or when a different
window function is applied, the number of points that comprise the peak will
in general be different.

Because the sine, square, and sawtooth waves we tested were periodic
signals with a fixed frequency, we found that a measure of deviation of the
wing beat frequency from a fixed frequency was provided by comparing the
relative strength of the seven points comprising the first harmonic peak with
the relative strength of frequency components just outside the first harmonic
peak. Equation 5 defines the parameter H, which provides a reliable measure
of spread about, or deviation from, the dominant frequency (the frequency
at k = max):

-3 F(K)

H= Sere Fo ®

The values F(k) are the Fourier cocfficients. Because the frequency reso-
lution of the FFT is 1.2207 Hz, the numerator represents a range of ap-
proximately +3.7 Hz and the denominator represents a range of approxi-
mately +17.1 Hz The range in the denominator was chosen arbitrarily, but
it is large enough to include all reasonable deviations about the peak fre-
quency within the limited period of time sampled (0.82 s).

As we have described, the H index provides a measure of wing beat
frequency variability and, thus, can be used to determine a suitable scgment
of data for determination of the wing beat frequency from the Fourier spec-
trum. After determination of the Fourier spectrum for each segment of data,
the H index is determined and the segment with the highest H value is
selected for determination of the wing beat frequency.

RESULTS AND DISCUSSION

The Drosophila flight system

Drosophila wing movement is powered indirectly by two
antagonistic groups of muscle fibers. Both groups of fibers
are attached to the thoracic cuticle, as are the wings, so that
forces developed by the two groups of fibers are transmitted
indirectly to the wings via deformation of the cuticle. Both
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fiber groups are activated by calcium, which is released in-
tracellularly in response to asynchronous neural stimulation.
After calcium activation, each muscle group contracts al-
ternately in response to a stretch produced by the other, an
oscillatory or “click-like” process that powers wing move-
ment and flight (Pringle, 1949; Chaplain and Frommelt,
1968). The wing beat cycle is probably triggered by an aux-
iliary set of muscles or deformation of the cuticle during the
“jump” response before flight. The dominant frequency of
the wing beat is determined by the mechanical characteristics
of the entire flight system, including the size and mass of the
wings, the stiffness of the thoracic cuticle, and the stiffness
and kinetic properties of the flight musculature.

Windowing effects on the H index

Before discussing the results of our method applied to actual
wing beat signals, the results of our method applied to a few
selected artificial signals will be presented. The discussion
of artificial signals will help illustrate the important aspects
of the technique when applied to real data.

As described previously, a window function (Blackman-
Harris) with a smooth taper is applied to the data before
spectral analysis to provide a reduction in sidelobe leakage.
It is important to the calculation of the H index to apply a
tapered window function such as the Blackman-Harris win-
dow before computing the FFT. For this reason, a brief de-
scription will be presented of how the Blackman-Harris window
affects the Fourier spectrums of several artificial signals.

Fig. 2 illustrates sidelobe leakage and the differing effects
of the rectangular and Blackman-Harris windows on sidelobe
leakage. The FFT spectrum of a rectangular-windowed, pure
sine wave whose frequency exactly matches a discrete fre-
quency o, will result in a single, very narmrow peak as shown in
Fig. 2 a. As shown in Fig. 2 ¢, however, the FFT spectrum of
another rectangular-windowed, pure sine wave whose frequency
lies between two discrete FFT frequencies has a considerable
amount of spectral leakage into neighboring frequencies.

This problem is mitigated by use of a tapered window
function such as the Blackman-Harris window. Fig. 2, b and
d show the FFTs of the same two sinusoids as in Fig. 2, a
and c, but this time a Blackman-Harris window has been
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applied to the data to reduce spectral leakage. The spectrum
peak of the sinusoid has been broadened somewhat, but its

H index is actually increased by a small amount (0.99988 vs.
0.99979). This demonstrates that for our method of analysis,
the Blackman-Harris window, with its properties of greatly
reduced sidelobes at the expense of peak broadening, is an
excellent choice for reducing spectral leakage. The spectral
leakage of the other FFT has been reduced considerably
(H = 0.99914 vs. 0.69257). As shown by Fig. 2, b and d, the
spectrum peaks of the two sinusoids are very similar when
windowing is applied. This is important for proper deter-
mination of the H index.

Additional effects on the H index

As can be seen from Figs. 2 and 3, H is essentially unity for
all Blackman-Harris windowed sine waves, square waves,
and sawtooth waves tested. In fact, H should be nearly unity
for a wing beat signal of constant frequency regardless of the
waveform shape. Waveform shape only effects the magni-
tude of the higher order harmonics of the main frequency
and not the breadth of the 1st harmonic peak as shown by
Fig. 3, a and b, for the square (H = 0.99979) and sawtooth
(H = 0.99987) waves, respectively.

Fig. 4 shows the Fourier spectrum of a sinusoidal data
series where three abrupt changes in sinusoidal frequency
were imposed during the time course of the series. This ex-
ample illustrates the utility of computing H when an insect’s
wing beat frequency changes during acquisition of the wing
beat signal. Not only is there peak broadening but there are
(in this case) two separate peaks. If only the breadth of the
tallest peak were used as a measure for frequency variability
(as in the quality factor “Q” described in the next section),
one might conclude that because this peak is narrow, there
is minimal frequency variation. Clearly, this is not the case.
This example shows how H decreases with an increase in
variability of wing beat movement.

The Q factor versus the H index

In engineering applications a quantity resembling the H in-
dex, referred to as the quality factor or “Q”, is used to quan-
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FIGURE 3 The Fourier spectrums of a square wave (a) and a sawtooth
wave (b). (a) In the case of the square wave spectrum, only odd-numbered
harmonics are present. (b) In the sawtooth wave spectrum, all harmonics are
present. Note that in both cases the value of the H index is still near unity.
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FIGURE 4 The Fourier spectrum of a sinusoidal data series where, during
the time course of the series, there were three changes in sinusoidal fre-
quency. Each change in frequency was small (less than +1.2207 Hz from
a base frequency of 150.15 Hz), evenly spaced (a change every 4096 points),
and randomly produced. The peak is broadened and, in this case, separates
into two distinct peaks. The H index is also substantially decreased.

tify the deviation in frequency about the dominant peak in a
frequency spectrum. Q is a dimensionless quantity given by
the equation Q = f/Af, where fis the frequency of the domi-
nant peak and Afis the width of the peak at the —3 dB point.
The Q factor is usually used by engineers and scientists to
analyze resonant systems to determine the degree of sharp-
ness of the resonance (French, 1971). A large value for Q
generally indicates the resonant peak is narrow, i.e., the sys-
tem is highly selective for the resonant frequency. Con-
versely, a small Q indicates a broad peak and less selectivity
for the resonant frequency. Yamakawa and Maughan (1991)
suggested that a parameter g, defined as Q is above, could
serve as an index of flight system efficiency for Diptera,
where low g reflects a highly damped, less efficient system.

Computation of the H index is similar in form to com-
putation of the Q factor, but a single well defined peak at the
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resonant frequency is not assumed in computation of H. For
many wing beat spectra, side peaks are present around the
main peak frequency, indicating marked deviation about the
resonant frequency of the flight system. These side peaks are
not included in the calculation of g, but they are included in the
calculation of H. These side peaks would be present, e.g., when
the wing beat frequency shifts suddenly to another slightly lower
or higher frequency (as demonstrated in Fig. 4).

Drosophila studies

Fig. 5 a illustrates a typical wing beat frequency spectrum for
wild-type (Canton Special) Drosophila melanogaster. Fig. 5
b shows a spectrum for a mutant fly, Mic2/+, a heterozygous
hypomorph in which only half of the wild-type level of the
regulatory light chain of myosin (MLC-2) is expressed (the
null mutant MIc2~ is denoted Ifm(3)99Eb™® in Warmke
et al., 1992). MLC-2 is one of the subunits of the myosin
molecule that is required for normal myofibrillogenesis and
flight muscle function in Drosophila (Warmke et al., 1992).
These data illustrate the type of differences that can result
from flight muscle mutations. For the Mic2/+ mutant, both
wing beat frequency and H are significantly less than those
of wild-type flies. Table 1 summarizes results from a set of
wild-type and Mlc2/+ mutant flies of both sexes.

Analysis of variance of f and H within the population of
100 wild-type flies shows that f depends significantly on
wing length (WL) and ambient temperature (7)) over the lim-
ited range tested (f = 157 — 20WL + 5.3T). The average
wing beat frequency of male Canton S flies was ~7% higher
than that of female Canton S flies of similar age and tem-
perature; this is very likely because the smaller male flies
have wing lengths ~11% shorter than females. The value of
H was independent of sex, wing length and temperature,
suggesting that flies of both sexes have similar variability in
their wing beat frequency.

The lower wingbeat frequency of Mic2/+ is caused by the
reduced level of expression of MLC-2 and the concomitant
disruption of the peripheral region of flight muscle myofi-
brils, which amounts to about half the total number of myo-
filaments (Warmke et al., 1992). A proportional reduction in
active muscle stiffness likely occurs under these circum-
stances. Ultrastructural and mechanical studies of isolated
skinned indirect flight muscle fibers (Warmke et al., 1992)
indicate that the disorganized lattice of the peripheral region
is unstable and, therefore, unlikely to support normal levels
of active tension development. The studies also suggest that
MLC-2-deficient fibers have slower contraction kinetics than
wild-type fibers. Both factors would contribute to a net re-
duction in active stiffness.

If most of the stiffness of the flight system is within the
flight muscles, then the resonance frequency of the flight
system will be determined primarily by both the active
muscle stiffness (K) and the inertia of the wings (/) accord-
ing to the relationship (Pringle, 1957): f = (2m) 'KY[12,
Wing inertia is proportional to wing length, and frequency
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TABLE 1 Wing beat data for tethered wild-type and mutant flies
Strain Sex WL (mm) T (°C) n f(Hz) H
(o Male 209 +0.11 21*1 50 21113 0.87 = 0.05
Female 233 +0.15* 21*1 50 200 + 10* 0.86 + 0.04
Male 12+1 10 156 + 4* 084 * 0.16
Mic2™/+ Male 209 =008 23*1 12 152 + 14* 081 +0.11*
Female 236 * 0.09* 23+1 2 147 * 16* 0.79 = 0.12*

CS = Canton Special (inbred wild-type fly); Mlc2™/+ = regulatory light chain hypomorph (Warmke et al., 1992). WL = wing length, measured from tip

to insertion into thorax (mm). T = ambient temperature (°C).

* Significant difference (p < 0.01: Bartlett chi-square statistic) from CS males; means and SDs given. Flies were tested 2-5 days after eclosion. The wing
beat frequency f and frequency fluctuation index H depended on wing leagth (1.64-2.69 mm) and temperature (19-24°C), but not on ambient light or relative

bumidity (range, 12.5-14 E.V. and 36-75%, respectively).

is inversely related to wing length as predicted (Table 1). But
because the wing length of Mic2/+ is not significantly dif-
ferent than that of the wild-type fly of the same sex, inertial
differences cannot explain the pronounced difference in f
between Mic2/+ and the wild-type fly. However, if K is
proportional to the number of myofilaments constituting the
well organized wild-type myofilament lattice (which in
Mic27/+ represents approximately half of the total myofila-
ments present in each myofibril), then most of the 0.73-0.75
reduction in wing beat frequency of Mic2/+ can be ex-
plained by the putative reduction in active muscle stiffness
(Faez/+lfs = 052 = 0.71).

At 21-23°C, untethered wild-type flies generally flew up-
ward, whereas untethered Mic2/+ flies were flight-im-
paired. Mic2/+ flies either glided or dropped downward de-
spite a demonstrable (albeit slower) wing beat. Because
power output is proportional to wing beat frequency
(Ellington, 1984), it is possible that Mic2/+ had insufficient
power to support its weight in flight. If so, one should be able

to induce a similar flight impairment in Canton S with an
experimentally reduced wing beat frequency, assuming of
course that the uniformity of wing beat movement is un-
changed. Table 1 supports such a prediction. Canton S males
at 12°C had wing beat frequencies (~155 Hz) comparable
with those of the flightless Mlc2/+ males at 23°C (~152
Hz), and they were similarly flight-impaired.

Although the uniformity of wing beat movement (H) was
significantly less in the flight-impaired Mlc2/+ than in wild-
type Canton S, H does not necessarily correlate with flight
ability. For example, flight-impaired Canton S males at 12°C
had an H index that was not significantly different than that
of flighted Canton S males at 21°C. Nevertheless, H was
demonstrably lower in the mutant flies. One might speculate
that a mixture of organized and disorganized myofibrillar
lattice structures gives rise to a mixed population of cross-
bridges with different kinetic properties that, acting nonuni-
formly and perhaps asynchronously, are unable to maintain
a uniform wing beat frequency. In essence, the resonant fre-
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quency of the flight system might be mismatched with the
kinetics of the flight muscles.

CONCLUSION

We have shown that optical tachometry used to gather wing
beat signals, in combination with Fourier spectral analysis of
those signals, provides a simple, fast, and efficient way to
collect and analyze wing beat frequencies. The dominant
frequency peak in the Fourier spectrum (f) corresponds to
the wing beat frequency (i.e., the primary resonant frequency
of the flight system). A measure of the degree of variability
of the wing beat frequency about f (i.e., the parameter H) is
derived using data from the Fourier analysis. The advantage
of using H, unlike g derived previously (Yamakawa and
Maughan, 1991), is that it does not assume a single resonant
peak and integrates information in a broader range about the
primary spectral peak.

Exemplar data from Drosophila studies shows that wing
beat frequency f, determined over the interval that exhibits
the highest value of H, is abnormally low in mutant flies
whose flight muscles have reduced levels of myosin regu-
latory light chain protein. Thus, f (representing a short seg-
ment of recorded data selected on the basis of the H index)
is a useful index of flight system function that can serve to
link flight ability with alterations in flight muscle structure
and function. The H index is also significantly lower in the
mutant flies than in the wild-type, reflecting greater wing beat
frequency variability in mutant flies compared with wild-type.
Thus H, although not a predictor of flight ability, can still prove
useful for assessing the effects of genetic alterations of flight
muscle structure on wing beat frequency variability.
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