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Rada Ceské akustické spole¢nosti svolava ve smyslu stanov
VALNOU HROMADU,

ktera se bude konat ve ¢tvrtek 21. ledna 2010 na Fakulté elektrotechnické CVUT, Technické 2, Praha 6 — Dejvice.

Ramcovy program:

13.00-13.45 Jednani v odbornych skupinach. Rozpis mistnosti pro jednani v odbornych skupinidch bude vyvésen
ve vstupnim prostoru fakulty a na dverich sekretaridtu, mistnost ¢. T2:B2-47.

13.45-14.15 Prezentace.

14.15-16.00 Plenarni zasedani, mistnost ¢. T2:C2-82.

Dulezité upozornéni: Clen spole¢nosti, ktery se nebude moci Valné hromady osobné zti¢astnit, povéii jiného ¢lena,
aby jej zastupoval. Jeden ¢len spole¢nosti mize zastupovat nejvyse tfi ¢leny. Formulaf povéreni je soucasti tohoto cisla
Akustickych listu.

Ing. Tomas Salava, DrSc. — 75 let

Svoji odbornou kariéru zapocal Ing. Salava v roce 1957 v sektoru elektroakus-
tiky tehdejsitho Vyzkumného tstavu telekomunikaci tc¢asti na vyvoji reproduk-
torovych soustav pro Laternu magiku v ¢eském pavilonu na Expu 1958. Z to-
hoto pracovisté pak vznikl Vyzkumny a vyvojovy ustav elektroakustiky, vedeny
prof. Dr. Ing. J. Merhautem. Zde se Ing. Salava podilel nejprve na vyvoji nové
fady soustav pro kina a pokracoval pak jiz samostatnym vyvojem specialnich
reproduktori a elektroakustickych meéni¢i, mimo jiné i soupravy snimact pro
lékatské ucely.

V roce 1964 ukoncil védeckou kandidaturu na téma , Tranzientni zkresleni re-
produktorti“. Dale, jiz jako vedouci oddéleni ménici, se podilel napf. na vyvoji
vykonnych specialnich reproduktort a dalsich velmi vykonnych zdroju zvuku
a zacal se také zabyvat problematikou presnych méreni v akustice a elektro-
akustice. V té dobé vznikl jeho méri¢ akustickych impedanci pracujici na prin-
cipu kombinovaného elektroakustického ménice. Nékolik vzorkt bylo tehdy pro-
dano i do zahranic¢i a jeden také do akustické laboratofe na Danské technické
univerzité v Lyngby, kde pozdéji Ing. Salava kratkou dobu pracoval. Jeho pfi-
spéni k vyvoji méricich technik pro akustiku a elektroakustiku bylo v té dobé
ocenéno spolecnosti Audio Engineering Society udélenim titulu AES Fellow. Po navratu z Danska byl Ing. Salava za-
fazen, tehdy jiz v ramci Vyzkumného tstavu sdélovaci techniky (VUST), na tikol se zaméfenim na tzv. parametrické
kédovani feéi. Za vysledky tohoto tikolu ziskal vyzkumny kolektiv cenu CSAV. Déle se pak Ing. Salava podilel také na
pracich zaméfenych na strojové generovani a rozpoznavani feci. S tim souvisi i jeho dalsi odborné zaméreni, a to na
&islicové metody zdznamu a zpracovani audiosignalti. V roce 1990 byl do VUST zadan vyzkum akustického monito-
rovani vysokotlakych plynovodt z tehdy jesté statniho podniku TRANSGAZ. Zde mohl Ing. Salava zirocit znalosti
z oboru ¢islicového zpracovani signalii, ale také z konstrukce specidlnich ménic¢ti. Prototyp akustického monitorovaciho
systému (AMOS) byl po rozpadu VUST dokonéen a nainstalovan jiz v ramci firmy ETOS akustika, s.1. 0., kterou se
svymi spolupracovniky zalozil Ing. Salava v roce 1992 a jako jednatel i vedl. Ve stejném roce ziskal védeckou hodnost
doktora technickych véd. Po prodani podniku TRANSGAZ ukonéil novy majitel veskery technicky rozvoj v CR a
¢innost firmy ETOS byla pak zastavena také pro zdravotni problémy jednatele. V roce 2004 podstoupil Ing. Salava
uspésnou transplantaci ledviny. Od roku 2005 se podili na vyzkumnych aktivitdch Centra pro letecky a kosmicky
vyzkum zaméfenych na hluk letadel a jeho snizovani.

Ing. Salava je autorem dvou knih a mnoha odbornych publikaci. Je ¢lenem AES, (AES Fellow, Life Member),
zakladajicim ¢lenem ceské sekce AES a dlouholetym ¢lenem CsAS.

Blahoprejeme a prejeme hodné zdravi a energie do dalsich let!
Josef Zikovsky
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Spectral Decomposition and SPAD Analysis Use in Noise
Abatement of Propeller Airplanes

Tomas Salava

VZLU, a. s., Beranovych 130, 199 05 Praha — Letfiany
e-mail: salava@vzlu.cz

Spektralni dekompozice je jedna z metod, ktera mize byt pouzita pro separaci nebo extrakci vyznamnych spektral-
nich slozek z komplexnich signédli. V tomto ¢lanku je ukdzano uziti spektralni dekompozice a analyzy SPAD pii

analyze a snizovani hluku vrtulovych letadel.

1. INTRODUCTION

Considerable financial resources have already been inves-
ted in aircraft noise abatement. As is well known, the main
source of noise of nearly all airplanes is their propulsion
systems. A substantial reduction of the noise of aircraft
was achieved by the second generation of turbofan propul-
sion. Propeller propulsion, even with advanced propellers,
still remains noisier than comparable turbo fans, but it
is more economical; consequently propellers are still used,
mainly on smaller airplanes but also on extremely heavy
aircraft.

If a noise is composed of different components, as is the
case of airplanes, it is common practice to identify the
main noise sources first and to quantify their contributi-
ons to the overall noise. Identification of dominant noise
sources, or decomposition of complex noise signals into
their particular components, are thus frequently required
in noise reduction practice.

The most-often used methods of noise sources identi-
fication are based on measuring the spatial distribution
of acoustic intensity or coherent acoustic intensity [1-4].
More effective in certain applications can be near-field
acoustic holography, using arrays of microphones or velo-
city sensors [4,5]. Quite useful can be also lasers Doppler
vibrometry [5,6]. Some other methods are described e.g.
in 7] or [8].

In comparison with the above-mentioned methods, the
usability of spectral decomposition may seem rather li-
mited. However, spectral decomposition needs no special
instrumentation, and can run in real time, or much faster,
on any contemporary computer. Spectral decomposition
works especially well in separation of dominant discrete
spectral components from complex noise signals, typical
for propeller noise or reciprocating engine noise. Specific
problems may, however, arise with assignments of particu-
lar discrete spectral components in complex spectra, and
if some spectral components merge in frequency.

2. NOISE OF PROPELLER AIRCRAFT

Noise emitted by propellers has a periodic, tonal charac-
ter, with the basic frequency given by the number of blades

and rotational speed of the propeller. Intensity of the noise
produced by propellers increases rapidly with the helical
speed of the blade tips and with the thrust the propeller
delivers. The low-frequency tonal noise created by pro-
pellers propagates easily in the atmosphere, and can be
annoying over large distances [9,10].

Regrettably, propellers cannot be highly efficient and
quiet at once. Even with contemporary advanced design
methods and production technologies, significant quieting
of propeller propulsion is nearly impossible at present,
if propeller propulsion is to be significantly cheaper and
more economical than turbofans [11,12]. Other means of
decreasing the outer noise of propeller aircraft, such as
synchrophasing in aircraft with two or more engines, are
not particularly efficient [13].

A serious problem of propeller aircraft is not only the
outer noise but also the interior noise. However, in this
case further improvements are still possible. Interior noise
is a difficult problem especially in two-engine propeller air-
planes of traditional design. In this case, propellers are si-
tuated on both sides of the fuselage of airplanes, and pro-
peller blade tips pass the fuselage outer walls at distances
of even a few dozen centimeters.

In recent years, the interior noise problems of propeller
aircraft have been solved quite successfully by active noise
and vibration control (ANVC) systems [14-16]. However,
these systems are still not entirely trouble-free as e.g. in
self-adaptation to different cabin occupancy and good sta-
bility. Solutions are therefore also found in active increas-
ing dynamic rigidity and sound insulation of fuselage walls
and trimming panels [17,18].

Another drawback of ANVC systems are their cost and
also their power consumption. Therefore certain produ-
cers of even larger turboprop airliners still use only pas-
sive noise and vibration reduction means. However, opti-
mum results can clearly be expected through intelligent
combining of both passive and active noise and vibration
control. Spectral analysis and decomposition can be an ef-
ficient tool in “tuning” such advanced noise and vibration
control systems.

To understand why spectral decomposition let us show
first some typical frequency spectra of propeller aircraft
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Figure 1: An example of the frequency power spectrum
of the noise in a turbo-propeller airplane (ATR 74-500)
during its fast climbing after take-off

noise. An example of frequency spectrum of the noise in
a larger turboprop airliner is shown in Fig. 1. The most
prominent spectral component at 120 Hz is the fundamen-
tal harmonics of the propeller noise. The basic spectral
component at 120 Hz corresponds to a six-blade propeller
rotating at 1200 r.p.min.
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Figure 2: Frequency spectrum of the noise of an older “two-
seater” (Zlin Z-226 with an add-on exhaust muffler) flyover
approx. 50 m above the measuring point

In Fig. 2, there is an example of a more complex
frequency spectrum, of the exterior noise of an older pro-
peller airplane, the two-blade propeller of which is driven
by a six-cylinder piston engine. Most prominent again are
the basic harmonics of the propeller noise at about 85 Hz.
Next, at approximately 127 Hz there is the basic frequency
of the engine exhaust noise. The two frequencies are in the
relation of 2:3, which corresponds to a two-blade propeller
and a six-cylinder four-stroke in-line engine. The propeller
was evidently rotating at 2544 r.p.min.

In both the examples in Figs. 1 and 2, the low-frequency
propeller noise components are strongly dominant over the
remaining noise. However, the propeller noise need not in-

variably be manifest as dominant, as it could be e.g. in the
cabin of a “high-end” business turboprop with advanced
low-noise propellers and well-tuned interior noise control
both passive and active.

3. SPECTRAL ANALYSIS AND
SPECTRAL DECOMPOSITION

High-resolution spectral analysis is already a well-known
tool in noise abatement. It is very helpful in the rapid
identification and tracing of prominent spectral compo-
nents, or also in determining their possible sources. Time-
dependent phenomena are usually represented by 3-D
spectrograms. T'wo examples of such 3-D spectrograms are
in Figs. 3 and 4.
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Figure 3: An example of a 3-D spectrogram of the noise in
a turboprop airliner after the engines were launched to full
power for take-off (time runs from the front backwards)
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Figure 4: Spectrogram of the outer noise of an older two-
engine propeller aircraft (L200, two six-cylinder engines
with two-blade propellers), fly-over at the altitude of ap-
prox. 100m

The first spectrogram shows the spectral image of the
interior noise in a turboprop airliner just at the start-up of
the engines to full power at the beginning of the take-off
run. The second shows a more complex spectral structure
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of the noise from the fly-over of an older two-engine pro-
peller aircraft L 200-Morava. In these spectrograms, time
runs “from the front backwards”.

As can be seen from the two examples in Figs. 3 and 4,
high-resolution spectrograms of aircraft noise usually show
many details, many of which need not be perceptible indi-
vidually and therefore not even relevant in the perceived
noise and its level. Small changes in spectrograms often
may not be distinctly visible in high-resolution spectro-
grams. Another quite substantial drawback can be that
an accurate detailed “hand-made” evaluation of spectro-
grams can be quite time-consuming.

Spectral decomposition can often be taken as a tool for
quick evaluation of spectrograms, making it possible to
separate dominant or selected spectral components from
the overall noise, and to evaluate the properties or chan-
ges of the decomposed components independently, accura-
tely and very fast on contemporary computers. However,
spectral decomposition is capable of even more. For testing
the spectral decomposition in practice, an experimental
software pack SPAD (Spectral Analysis and Decomposi-
tion) was developed and tested within the framework of
the CLKV II research program.

3.1. Spectral decomposition and program SPAD

The basic concept of the computing program SPAD was
already explained in [19], while its first operational version
0.7 was described in [20]. The last working version 0.8 of
SPAD software was used for most of the examples in this
paper and is described in detail in [21] (in Czech, with
demo CD). In this paper, the basic functions of the SPAD
software pack are hence described only very briefly.

The basic routine of the program SPAD repeatedly and
continuously computes short-time high-resolution spectra
of the analyzed signal, basically in the same way as for
spectrograms. Next, it detects and traces the most salient
narrow spectral components and finds the discrete spectral
component sets, which can form an equidistant frequency
series, and could eventually be created by one or more
particular periodic processes.

The discrete spectral components belonging to the se-
ries with the highest overall effective sound pressure level
are then decomposed from the primary spectrum. Finally,
the program determines or computes the following basic
values:

o fundamental frequency of the extracted set of harmo-
nic spectral components (Hz)

o effective sound pressure level of the set of extracted
spectral components (dB)

o effective sound pressure level of the rest (dB)
o level difference of the previous two values (dB)

The results of the decomposition can be displayed in a
graphical window, an example of which is shown in Fig. 5.
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Figure 5: The SPAD basic “one second” evaluation win-
dow with the decomposed spectral components and basic
partial numeric results

In this window, the decomposed spectral components (red
or light curve), and the rest of the noise spectrum (blue or
dark curve) are plotted. In the right upper corner, there
are also partial basic numeric results. On the right side is
a table of central frequencies of the extracted components
(Fmx) in Hz, and additional data or setting indicators.

The partial results in the right upper corner of the graph
in Fig. 5 are (from the top down):

1. total effective sound pressure level (tot)

2. effective sound pressure level of the decomposed pe-
riodic components (per)

3. effective sound pressure level of the rest of the signal
(rst)

4. difference of the two former pressure levels (dif)

In Fig. 6 is an example of the SPAD basic evaluation of
a longer noise record. The recording was acquired during
the take-off and ongoing flight phases of a regular flight
in a regional category two-engine turbo-propeller airplane
(again, ATR 74-500). The total length of the processed
noise recording is 6 minutes. In Fig. 6 are plotted (from
the top down):

1. fundamental frequency of the propeller noise — F}
(Hz)

2. effective total sound pressure level of the processed
noise — Lot (dB)

3. effective sound pressure level of the extracted pro-
peller noise — Lpyop (dB)

4. effective sound pressure level of the rest noise — Lt
(dB)

5. level difference Lprop — List (dB)
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Figure 6: An example of SPAD basic evaluation of the
interior noise in a regional two-engine turbo-propeller air-
plane (ATR 74-500) during its take-off and ongoing flight
phases

In this window all the sound pressure levels are plotted
with frequency weighting A, which is displayed in the left
upper corner. Other possible frequency weightings are C
and D.

Well visible in Fig. 6 is the moment of launching the
engines to full power and the beginning of the take-off run.
After same twenty seconds, the airplane loses contact with
the runway. Approximately in the ninetieth second, the
airplane ends the full power climbing phase and transitions
to climbing with reduced power. Finally, at the end of the
record, the slow climbing ends, and the airplane proceeds
to the steady horizontal flight.

In the program SPAD, all relevant partial and final out-
put data are stored for further use or further processing.
An example of the stored output data used for further pre-
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Figure 7: SPAD analysis of the interior noise in the same
airplane during the flight phases on a seat near to the left
propeller; post-processed external graphics presentation

sentation by external graphics is shown in Fig. 7. Output
data are displayed from the SPAD analysis of the noise
recorded in the same airplane under the same conditions
as for Fig. 7.

From the examples of the SPAD analysis in Figs. 6
and 7, it is e.g. highly visible that during the fast climbing
the propeller noise was about 20dB(A) above the noise
of all the other noise sources. In the next phase, propeller
noise decreases to a bit less than 10dB(A) above the re-
maining noise. Let us note that 20% drop in the propellers
speed with about a 30% drop in engine power resulted in
a drop to nearly one-tenth of the acoustic power radiated
by propellers.

Another example of the SPAD analysis result is in
Fig. 8. Plotted in this case are (from the top down) the
fundamental frequency of the propeller noise (F}), the to-
tal sound pressure level of the interior noise (Lyot) and the
sound pressure levels of the first three harmonic compo-
nents of the propeller noise (L1—L3). A slightly increased
level of the second and third harmonics is highly visible
during the take-off run, when the propellers were produ-
cing maximal thrust.

SPAD analysis - propeller harmonics
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Figure 8: SPAD harmonic analysis of the propeller noise;
(from top down): fundamental frequency (F}), total noise
level (Liot), levels of harmonic components (L1, Lo, L3)

For comparison with the shown SPAD analysis results,
two aditional high-resolution spectrograms are shown in
Figs. 9 and 10. The first one is a high-resolution spectral
view of the interior noise in the same airplane during the
first 50 seconds after the engines were launched to full
power and to take-off. The second one shows the same
time interval, but during the transition from full power to
reduced power climbing. Again, the spectrograms show a
wide range of details that cannot be perceived individually.

3.2. SPAD analysis of propeller aircraft interior
noise

For the first examples of SPAD analysis, interior noise in a
well-known regional category turboprop airliner, ATR 74-
500, was chosen. For comparison, in Fig. 11 is an example
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Figure 9: An example of another type of high-resolution
3-D spectrogram, in this case of the interior noise in the
same airplane during the same time interval as in Fig. 8
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Figure 10: High-resolution 3-D spectrogram of the interior
noise in the same airplane during the transition from full
power to reduced-power climbing after the start

of SPAD basic analysis of the noise in the cabin of the
formerly successful Czech two-engine turboprop TURBO-
LET L410; again during its take-off and fast climbing flight
phase.

The analyzed noise sample was recorded in an airplane
with five-blade propellers. Also, in this airplane, the pro-
peller noise dominates very strongly over all the other
noise sources, a factor both distinctly perceptible and well-
known about this airplane. SPAD analysis shows clearly
and accurately how much the propeller noise dominates
above all other noise sources during the first minute of the
take-off in this case.

Another example of using spectral decomposition and
SPAD analysis is in Fig. 12. In this case, analysis has fo-
cused on the noise in the cabin of an ultra-light two-seat
EuroStar during some of its flight maneuvers. The air-
plane was equipped with a three-blade propeller, driven
by a four-cylinder four-stroke Rotax 912 “boxer” engine,
with the standard exhaust muffler.

From the F; values, it can be determined or recognized
that the traced and decomposed spectral components be-
long to the propeller noise. During the descending flight
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Figure 11: An example of the SPAD analysis of the noise
in Czech turboprop TURBOLET L410 (with five-blade
propeller) during its start-up and fast climbing flight phase
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Figure 12: SPAD analysis example of the noise in the ca-
bin of the Czech ultralight two-seater EURO-STAR, as
recorded during its different flight maneuvers

phase, at the end of the recording, propeller noise drops
below the level of the other noise sources, as the result of
considerably decreased rotational speed and nearly zero
aerodynamic load of the propeller.

3.3. SPAD analysis of propeller aircraft exterior
noise

Spectral decomposition and SPAD analysis can as-well be
used for rapid evaluation of the external noise of the pro-
peller airplanes. In this case, however, it should be consi-
dered that measured or perceived noise can be influenced
strongly by its propagation over larger distances. Direct
comparison should, then, only be performed on the mea-
surements or noise records that have been done under the
same conditions, which means at least with the same flight
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height and regime and also with the same location of the
measuring point or recording microphone.

The first example of the SPAD analysis of airplane ex-
ternal noise is in Fig. 13. In this case there was analyzed
the noise from a small propeller airplane flying at a he-
ight of approx. 100m around the measuring point. The
recording begins about 15 seconds before the airplane just
passed the nearest position to the recording point.
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Figure 13: SPAD analysis of the noise from the fly-over
of a small propeller airplane (Cesna 182¢ flying-around in
the height approx. 100 m above the measuring point)

Noticeable in this case are fluctuations of the noise level.
They are caused by sound reflections changing with the
position of the airplane and also by the changing multi-
path sound propagation conditions. This airplane also had
the engine equipped with an efficient exhaust muffler and a
two-blade propeller. The propeller noise is about 12 dB(A)
above the level of the rest noise.
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Figure 14: An example of the SPAD analysis of the noise
of a large turbopropeller aircraft from its flyover above the
recording point about 2km from the airport, from which
it took off

In Fig. 14 is an example of one possible result of SPAD
analysis of the noise from a large turboprop flying over
at a much larger height and distance from the measuring
point. The nearly regular fluctuations of the noise level are
caused again by the sound reflections, which change with
the position of the airplane and the changing multi-path
sound propagation in a non-homogenous atmosphere.

The dominant propeller noise consists of discrete
spectral components; therefore its level fluctuates most
distinctively. Some discrete spectral components may even
drop nearly to zero for a short time, which is why the plot-
ted fundamental frequency suddenly jumped to the second
harmonics of the propeller noise for a few seconds. In the
broad-band remainder noise these effects align and there-
fore nearly no fluctuations are visible.

3.4. Propeller airplanes with piston engines and
frequency merging

Spectral decomposition in its basic form cannot be used
if the discrete spectral components of different cyclic pro-
cesses merge in frequency. This may be the case of small
propeller airplanes with piston engines, without a gearbox,
e.g. the case of an airplane with a six-cylinder, four-stroke,
in-line engine and two-blade propeller, many of which are
still in operation in Czech aviation clubs.

In case of six-cylinder, four-stroke, in-line engine and
two-blade propellers, the fundamental frequencies of the
propeller and engine exhaust noise are in the ratio of 2:3.
The first frequency merging occurs in this case at the third
harmonics of the propeller noise, and the second harmo-
nics of the engine exhaust. An example of such partial
frequency merging is shown in Fig. 15. However, in this
case the engines had no exhaust mufflers, only very short
pooling pipes.

Dominant in this case is clearly the exhaust noise, as
also show the SPAD analysis results in the next Fig. 16.

Meono

E|1 E3P3

SPL (48]

| il ”
50 100 200 500 [ 2k
Frequency [He]

Figure 15: An example of frequency merging in a noise
spectrum; airplane L-200 Morava, two six-cylinder in-line
engines, two-blade propellers) fly-over about 50m above
the measuring point; Pn — propeller spectral components,
En-engine spectral components
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Figure 16: SPAD analysis (first cycle) of the noise from
the fly-over of the airplane L-200; the program traced as
dominant the exhaust noise, which can be recognized from
the Fj values

In this case, the SPAD program has clearly found as domi-
nant the exhaust noise components. This is evident again
from the basic frequencies F; values of the decomposed
spectral components (in the first decomposition cycle).

Total frequency merging would happen if the older two-
blade propeller were replaced by a three-blade one, which,
however, would result in not much audible effect unless an
efficient exhaust muffler is used. SPAD analysis may still
be helpful even in this case, though not in as straight-
forward a way. One solution can be in comparing the
SPAD analysis results with and without an exhaust muf-
fler, under the same conditions otherwise. A relatively sim-
ple arithmetic operation on the particular sound pressure
levels can yield sufficient results to assess the share of the
propeller and engine noise on the overall noise of an air-
plane.

4. SUMMARY

High-resolution spectral analysis is a well-known tool in
noise abatement. The only drawback of high-resolution
spectral analysis is that it mostly shows too many de-
tails, the majority of which are not perceptible indivi-
dually and therefore not relevant to the perceived noise.
Another drawback is that accurate detailed “hand-made”
evaluation of spectrograms can be quite time-consuming.

Spectral decomposition basically makes it possible to
separate and extract significant noise components from
complex noise signals. In comparison with other similarly
aimed methods, spectral decomposition needs no special
instrumentation, and can run in real time or faster on
any contemporary computer. It has proved very useful in
accurate evaluation of different discrete noise components
in complex noise signals.

In application to propeller aircraft, spectral decomposi-
tion makes it possible to separate or extract first of all the
propeller or engine noise from the remaining noise compo-
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nents. The decomposed components can be evaluated in-
dependently and therefore more accurately. With spectral
decomposition, it is also possible continuously to trace and
separately evaluate the propeller noise in the overall noise
during changing flight conditions or flight maneuvers.
The spectral decomposition concept is quite transpa-
rent, and the method of how the noise is analyzed and eva-
luated is easily understandable. Both spectral analysis and
spectral decomposition need no unique instrumentation,
merely a high-quality digital sound capturing or recording
facility and a computer with suitable software. The SPAD
(Spectral Analysis and Decomposition) experimental soft-
ware pack is only one of several relatively new tools for
noise analysis and control of propeller-driven airplanes.
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This paper deals with the analysis of occlusive weakening in the repeated utterances /pa-ta-ka/, which arise
as a result of inaccurate articulation in patients with Parkinson’s disease (PD) and compares them with the
utterances of participants in the healthy control group (HC). From the perspective of the acoustic analysis the
noise is present during occlusive, which can be seen in the signal histogram, in energy waveform and difference
of energy, and in longtime spectrum. This work provides simple robust statistical parameters that are selected
with regard to the diversity of talk PD and HC and can be obtained without labeling. For all eleven parameters
are obtained statistical significance p < 0.001. The study thus complements the previously published acoustic

analysis of patients with Parkinson’s disease.

1. Uvod

Explozivnich spojeni /pa-ta-ka/ je ve foniatrické praxi
¢asto pouzivano pro posouzeni motorickych schopnosti ar-
tikula¢niho tstroji, kdy je pacient pozadan, aby opakoval
nejvy$si moznou rychlosti trojici slabik /pa/, /ta/ a /ka/.
Takovato kombinace souhlasek rovnomérné zatézuje hla-
sovy trakt od artikulace obouretné explozivy /p/ pres pre-
dodéstiové /t/ az po mékkopatrové /k/. Rada publikova-
nych praci se zaméfuje na hodnoceni ¢asové, pripadné ryt-
mické slozky promluvy (tzv. diadochokinezi a jeji rozptyl)
a opomiji skuteCnost, ze podstatné informace o artikulaci
jsou obsazeny také ve zménach intenzity a ve spektru sig-
nalu, napf. [1].

V ¢lanku [2] jsou popsany vyznamné rozdily v intenzité
promluv mezi skupinou s vyskytem Parkinsonovy nemoci
(PN) a kontrolni skupinou (KS). V ¢&lanku [3] jsou pak
uvadény nové miry artikulace zalozené na pribéhu dru-
hého formantu a na rozlozeni spektralnich zmén.

Prace [4] si v8ima omezenych schopnosti artikulace
okluzi pacienttt s PN pfi vyslovovani opakovanych explo-
zivnich spojeni a studie [5] se zabyvé analyzou tzv. osla-
beni pfi produkci exploziv, kdy veskeré hodnotici miry
v praci byly ziskdny na zakladé detailniho studia caso-
vych prubéht, sirokopasmovych spektrogrami a posle-
chem v programovém prostiedi Praat. Uvedend méreni
jsou spojena s nesmirné ¢asové naroénym a pracnym sub-
jektivnim stanovenim hranic jednotlivych mérenych inter-
vali pfi labelovani databazi explozivnich kontexti, coz
také byva zdrojem chyb.

Tato studie si v§iméa akustickych projevi oslabeni okluzi
vlivem nepfesné artikulace a moznostmi jejich popisu
pomoci robustnich statistickjch parametrti bez nutnosti
segmentace a labelovani promluv. Doplinuje tak akus-
tické analyzy promluv pacient s Parkinsonovou nemoci

12

publikované v predchazejicich vydanich Akustickych listu
(2,3,6].

2. Databaze

Této studie se tGcastnilo 19 Geskych pacient (17 muzi a
2 zeny) s dosud farmakologicky nelééenou PN, ve srov-
néni s 20 osobami KS (13 muzt a 7 Zen). Vsichni t¢astnici
studie byli pozadani o rychlé opakovani kombinace slabik
/pa-ta-ka/. Z dtivodu vétsi presnosti vysledkd byli pozé-
déani o opakovani této promluvy, pricemz bylo pofizeno 50
promluv od pacient s PN a 66 promluv KS.

Nahravky pro vSechny pacienty s PN byly potizeny v od-
hlu¢énéné mistnosti (< 45dB) Neurologické kliniky 1. 16-
karské fakulty Univerzity Karlovy v Praze ve vysoké kva-
lité s vzorkovaci frekvenci 48 kHz.

Pro zpracovani prehledové kapitoly 3.1 byla pouzita
pouze cast databaze. V kapitolach 3.2 a 4 bylo pouzito
roz§itené databaze promluv.

3. Explozivy a jejich charakteristiky

Spole¢nym artikula¢nim rysem explozivnich souhlasek, ne-
méljch (/p/, /t/, [/, /K]) i méljch (/b/, /d/, /d, [g]),
je vytvoreni uplné prekazky vydechovému proudu vzdu-
chu, béhem kterého dochazi ke zvétseni tlaku vzduchu
pod mistem uzavieni (okluze) a k néslednému uvolnéni,
které je doprovazeno produkci charakteristického Sumu
(exploze). Déle dochéazi k ovlivnéni nasledujici hlasky, tzv.
prechodu neboli tranzientu. Celd tato struktura, okluze-
-exploze-tranzient, je typickd pro vSechny vysSe uvedené
hlasky a je nezavisla na mluvéim. V disledku nevyrazné a
zjednodusené artikulace dochazi ke znac¢né variabilité ex-
ploziv.

Prijato 30. srpna 2009, akceptovano 4. zari 2009.
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Explozivy se tfidi podle artikula¢niho mista vytvoreni
prekdzky: i) bilabidlni (retné) /p/ a /b/, ii); alveolarni
(dastiové) /t/ a /d/; iii) palatalni (pfedopatrové); iv) ve-
larni (zadopatrové) /k/ a /g/. Rozdéleni exploziv na znélé
a neznélé je z akustického pohledu podle pritomnosti ¢i ne-
pritomnosti zakladniho hlasivkového ténu béhem okluze.

Nasledujici kapitola 3.1 pfindsi souhrn popisu akustic-
kych vlastnosti neznélych exploziv [7-10], v kapitole 3.2
jsou uvedeny puvodni vysledky akustické analyzy promluv
/pa-ta-ka/ se zaméfenim na charakteristiky zvyraziujici
rozdilnost promluv PN a KS.

3.1. Popis exploziv

Na obrazku 1 je zobrazen typicky pribéh explozivniho
spojeni /pa-ta-ka/ s vyznacenim pocéatki jednotlivych seg-
menttl. ,,E“ predstavuje ¢asovy okamzik pocatku exploze,
»V “ pocatek samohlasky a ,,0“ pocatek okluze.

{PAS

A e

Obrazek 1: Casovy pritbéh promluvy /pa-ta-ka/ od tcast-
nika z KS

Délka promluvy /pa-ta-ka/

Primérnd délka jedné promluvy /pa-ta-ka/ korespon-
duje s rychlosti promluvy, které byla vénovana studie v [2].
Na obrazku 2 vidime, ze primérna délka promluvy PN je
asi 0 10 % delsi oproti délce promluvy KS.

DELKY PATAKA 460 ms

420 ms

PATAKA PATAKAL,,

Obréazek 2: Pramérna délka promluvy /pa-ta-ka/. Pro vy-
kresleni grafu byly pouzity hodnoty z [10] od 11 PN a 11
KS

Exploze

Kontextova exploze byva nejcastéji popisovana v ¢asové
oblasti jako vzdalenost od vzorku ,E“ ke vzorku ,V¢, viz
obrazek 1. Na obrazku 3 mtizeme sledovat postupné nartis-
tajici délku exploze [, kdy I/pa/ < l/ta/ < l/ka/, pficemz
délky jsou vzdy kratsi ve skupiné KS. V literatufe byva
také uvadéna délka intervalu VOT (Voice Onset Time),
tedy doba od pocatku exploze az do vzniku zédkladniho hla-
sivkového ténu, kteréd u neznélych exploziv koreluje s dél-
kou exploze.

37 ms
DELKA EXPLOZE
30 ms
24 ms
S S
13 ms
P P T T K K

KS PN KS PN KS PN

Obrazek 3: Primeérna délka neznélych okluzi pro KS a PN.
Pro vypocet grafu bylo pouzito pét opakovani promluvy
/pa-ta-ka/ od 19 pacientti s PN a 21 acastniki KS

V tadeé praci se také uvadi popis exploze pomoci spek-
tra [7-9,11,12], kdy bilabidlni explozivy jsou popisovany
pomoci spektralnitho modelu s vrcholem na nizkych frek-
vencich do 2 kHz, alveolarni s vrcholem nad 4 kHz a velarni
s vrcholem mezi 2 az 4 kHz. Nicméné, automaticka (ale i
ru¢ni) detekce explozi, vhodnych pro spektralni analyzu,
je zvlasté v promluvach PN prakticky nemozna.

Okluze
V obrazku 1 je délka okluze métfena jako casovy tsek od
vzorku ,,O“ ke vzorku ,,E“. Pfesné urceni pocatku okluze

DELKA OKLUZE
84 ms
74 ms 72M8 71 ms 75 ms
67 ms
PKS PPN TKS TPN KKS KPN

Obrazek 4: Pramérna délka neznélych okluzi pro KS a PN
od 11 pacientid PN a 11 osob KS. Pro vykresleni grafu byly
pouzity hodnoty z [10]
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DELKY EXPLOZIV (okluze + exploze)

109 ms
103 ms

99 ms

89 ms 87 ms

85 ms

PKS l:‘PN TKS TPN KKS KPN

Obrézek 5: Primérna délka neznélych exploziv (okluzi a
explozi) pro KS a PN od 11 PN a 11 KS. Pro vykresleni
grafu byly pouzity hodnoty z [10]

miize byt velmi obtizné. Pfi jeho ru¢nim odecitani peclive
porovnavame c¢asovy pribéh se Sirokopasmovym spektro-
gramem, sledujeme prubéh intenzity a okamzité frekvence
hlasivkového ténu. P¥i automatické detekci pocatku okluze
lze pouzit diference energetického pribéhu, kdy se pocatky
okluzi urcuji jako lokalni minimum mezi samohlaskou a
explozi [9,10].

Obrazek 4 ilustruje prumérnou délku okluzi vSech explo-
ziv ve skupindch PN i KS. Vidime, ze délky jsou podobné,
pri¢emz nezalezi na mistu artikulace, ani na skupiné PN
¢ KS. Uvazujeme-li délku celé souhlésky (soucet okluze a
exploze), viz obrazek 5, pak opét vyniké rozdil mezi sku-
pinami PN a KS, rozdil pro jednotlivé souhlasky je vsak
minimalni.

Rozdily mezi délkou exploziv na obr. 5 a souctem ex-
plozi z obr. 3 a okluzi z obr. 4 v fadu jednotek ms vznikly
ve zpusobu odecitani pocatku okluze, jejiz hodnoty byly
kvantovany velikosti pfekryti okna pfi vypoctu energie.

Tranzienty

Pro urcéeni mista artikulace exploziv jsou vyznamné pte-
chody formantovych kmitoctt od exploze do samohlasky,
tzv. tranzienty. Smérnice tranzientu se zpravidla urcuji
z velikosti formantti na pocatku samohlasky a v pevné da-

/ ‘ Stfedni hodnota F2

Obrazek 6: Schéma vzoru tranzientu druhého formantu
u promluvy /pa-ta-ka/ ve skupiné od 21 KS (obrézek je
prevzat z prace [15]
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ném case. Vzhledem k velmi rychlému sledu slabik /pa-ta-
-ka/, a tedy vyskytu velmi kratkych samohlasek, byla jako
kompromisni hodnota pii ruc¢nich i automatickych analy-
zach uvazovana délka tranzienttt 30 ms (od vzorku V).

V literatufe jsou casto publikovany tranzienty izolova-
nych slabik /pa/, /ta/ a /ka/, napf. [14,15], kdy smérnice
tranzientd /pa/ jsou kladné a /ta/ a /ka/ zdporné.

V disledku velmi rychlé artikulace a vzajemného ovliv-
novani okolnich slabik vsak dochéazi k jevu, pfi kterém
tranzient /ta/ zméni smérnici ze zdporné na kladnou. Ob-
razek 6 byl vytvofen na zakladé ru¢niho i automatického
hodnoceni smérnic tranzient ve skupiné KS a vztazen ke
stfedni hodnoté druhého formantu promluvy [15]. V ob-
razku vidime, Ze kladné smérnice tranzientu druhého for-
mantu slabik /pa/ a /ta/ jsou nasledovény tranzientem
/ka/ s vy$si zépornou strmosti. Druhy formant, ktery ko-
reluje se zménami uvnitt dutiny tstni (s pohybem jazyka),
tak v opakovanych promluvach vytvari periodicky stiidavy
prubéh kolem hodnoty F2. Z hodnoceni této periodicity,
kterou skupina PN neni schopna vytvorit, vychazela pi-
vodni metoda hodnotici artikulaci [3].

3.2. Analyza promluv /pa-ta-ka/

Automatické hodnoceni individualnich charakteristik ex-
ploziv pro ucely diagnostiky je relativné obtizné, nebot
do hodnoceni jsou zanaseny chyby vznikajici pii detekci
hranic jednotlivych segmentii (exploze, okluze, vokal).
Pouzijeme-li v8ak opakovanych promluv /pa-ta-ka/, zis-
kame signal, ktery je velmi vhodny k diagnostice dysart-
rickych promluv s pouzitim jednoduchych, a ptitom dosta-
tecné robustnich statistik.

IPA/ ITA/ IKA/

Obrazek 7: Piiklad promluvy /pa-ta-ka/ ve skupiné PN.
V téchto promluvach byva velmi problematickd jedno-
znacna segmentace okluze-exploze-vokal

Oslabeni okluzi

V opakovanych promluvich /pa-ta-ka/ lze v promlu-
véach parkinsonikti sledovat artikulacni zmény projevujici
se existenci tzv. oslabenych okluzi, pii kterjch nedochazi
béhem okluze pii rychlém opakovani k takovému uzavieni
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vokalniho traktu, jaké byva pozorovano u zdravych osob,
viz obrazky 1 a 7.

7 akustického pohledu je béhem oslabené okluze prito-
men Sum, ktery lze sledovat v histogramech prubéhu sig-
nala (obr. 8) v prubéhu energie (obr. 9) a jeji diference
(obr. 10) a v pramérovanych dlouhodobych periodogra-
mech (obr. 11).

Z uvedenych vlastnosti vyplyvaji jednoduché robustni
charakteristiky, které popisuji oslabenou okluzi z rtiznych
pohledi.

Histogram

V cCasovém prubéhu signalu je v signalech KS vétsi
mnozstvi dokonalych zavérid, a tudiz i vice signdlovych
vzorki s hodnotami blizko nuly, coz vytvari uzsi histo-
gram. Naopak, narist Sumu béhem okluze ve skupiné PN
histogram rozsifuje, coz je ilustrovano na obrazku 8.

Parametrem, kterym lze snadno uvedeny jev popsat, je
smérodatnd odchylka (rozptyl) signilu

(o=l

N M

Oy =

0.8+

0.6+

norm.cetnost

Obrézek 8: Histogramy promluv /pa-ta-ka/ pro PN a KS

Energie

Energie promluv je pocitand klouzavymi praméry

v okné o délce L vzorka

En[n] =10log (2°[n] + ...+ 2*[n— L+1]) /L (2)
a jeji prubéh pro skupiny PN a KS je vynesen v obrazku
¢islo 9.

Narist energii behem okluzi, tedy pritomnost oslabené
okluze, zpusobi vyznamny rozdil mezi minimalni a maxi-
malni energii promluvy, pfi¢emz minima jsou urcena ener-
gii béhem okluze a maxima energii béhem trvani vokalu.

Hledany rozkmit energii 1ze popsat pomoci smérodatné
odchylky o, nebo rozdilem $pickovych hodnot ve stano-
veném useku, napi. o délce 0,5 sekundy

R, = max(En) — min(En) . (3)
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m
S
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o
[
‘N 40| ]
0 0.5 1 1.5
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— 0
[ia)
S
9 -20 ]
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A -40 1
0 0.5 1 1.5
—> cas [s]

Obrazek 9: Horni obrazek zobrazuje casovy prubéh energie
opakované promluvy /pa-ta-ka/ od pacienta PN, spodni
obrazek je od ucastnika KS

Diference signalu
Diference signalu piedstavuje prichod signalu horni
propusti

(4)

K pouziti této filtrace nas motivuje skutecnost, ze pod-
statnd informace o oslabeni okluze je obsaZena ve vysSich
slozkach frekven¢niho spektra. Pouzijeme-li takto filtro-
vany signal, ziskavame dalsi jednoduché statistické para-
metry pro popis promluv.

Energie diferencovaného signalu je

xaig[n] = z[n + 1] — x[n] .

Engig[n] = 10log (z3,g[n] ... + 23igln — L +1]) /L, (5)

smérodatnd odchylka diferencovaného signalu og,_qif a
rozkmit energie diferencovaného signalu
REn_diﬂ‘ = maX(Endiff) — min(E?’Ldiff) . (6)
Diference energie
Popis pomoci diference energie v sobé zahrnuje vliv ar-
tikula¢ni rychlosti, viz obr. 10
dEn[n] = En[n+ 1] — En[n] . (7)
Priabeh diference energie vykazuje rovnéz nizsich hodnot
v promluvach PN v diisledku mensi dynamiky.

Rozdilnost prubéhtt mizeme hodnotit pomoci stiedni
hodnoty diference energie signalu

1
HdEn = N Z |dE7’L| ) (8)

a smérodatné odchylky diference energie signalu oqgs,-
S pouzitim diference energie diferencovaného signalu

dEndiﬁ[n] = Endiﬁ[n =+ 1] — Endjff[n] (9)
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Obrazek 10: Horni obrazek zobrazuje ¢asovy pribéh dife-
rence energie opakované promluvy /pa-ta-ka/ od pacienta
PN, spodni obrazek je od ucastnika KS

ziskavame dalsi parametry, jakymi jsou stfedni hodnota
diference energie diferencovaného signalu

1
HaBn-dift = 5 Z |dEngig] (10)

a smérodatnd odchylka diference energie diferencovaného
signalu oqgn—dif-

Dlouhodobé spektrogramy

V dlouhodobém spektru se oslabené okluze projevuji
narastem Sumu na vysSich frekvencich nad 1kHz, viz ob-
razek 11. Pro hodnoceni oslabeni okluze byla odectena
spektralni ¢ara na kmitoctu 10 kHz z primérovaného dlou-
hodobého FFT spektra (parametr X [10kHz|) a v pii-
padé spektra diferencovaného signalu byl odecten para-
metr XD [10kHz].

> X [dB]

L
0 5 10 15 20 25
—> f [kHz]

Obrazek 11: Prumeérovand dlouhodoba FFT spektra ve
skupinach PN a KS
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4. Experimentalni vysledky

P1i zpracovani signalti bylo pouzito riuznych délek oken.
Parametry ogn, Rgn, 0pn—dift, Ren—aif, X [L0kHz] a
XD [10kHz] byly analyzovany v okné o délce 512 vzorku

(10,7 ms) a parametry fdgn, OdEn, HdEn—dif & OdEn—diff
v okné o délce 2048 vzorkl (42,7 ms).
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Obrazek 12: Statistické vyhodnoceni parametrid promluv
/pa-ta-ka/ ve skupinach PN a KS
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Vysledky experimentt shrnuje tabulka 1 a obrazek 12.
Pro vSechna méteni byla stanovena stfedni hodnota a smé-
rodatna odchylka a vysledky byly ovéfeny statistickymi
t-testy. U vSech parametrti byla dosazena statistickd vy-
znamnost p < 0,001. Na obrazku 12 chybi statistické vy-
hodnoceni parametru XD [10kHz|, nebot jeho grafické
znazornéni je identické s parametrem X [10kHz|, coz na-
znacuje i posledni fadek v tabulce 1.

HPN 0PN HKS OKS
Oy 10,56 2,67 15,56 4,41
OEn 8,86 1,57 11,9 1,82
Rgn 26,4 5,61 35,8 7,08
O En—diff 7,57 1,18 10,4 1,77
Ren_qaig 24.4 4,44 32,5 491
pdEn - 103 55 1,1 78 14
OdEn - 102 2.8 1,6 3,7 14
HdEn—dif - 103 6,0 1,0 8,1 14
OdEn—dif - 102 38,0 2,8 41,0 2.8
X [10kHz| —35.9 6,31 —42,6 2,56
XD [10kHz] —34.5 6,31 —41,2 2,56

Tabulka 1: Stfedni hodnoty a smérodatné odchylky hod-
nocenych parametrt pro skupiny PN a KS

Vyssi vzajemnou miru korelace (R > 0,8) vykazuji
mezi sebou pouze charakteristiky ocp,, opn_diff, fdEn @
tdEn—dif- Uvedené ¢tyfi charakteristiky vykazuji rovnéz
nepatrné vyssi miru korelace s klasifikaci zdravy/nemocny.

5. Zavér

Prvni ¢ast ¢lanku uvadi prehled akustickych charakteristik
neznélych exploziv s ilustracemi typickych hodnot v pro-
mluvach PN a KS. Pofizeni téchto charakteristik vSak vy-
zaduje nutnost velmi pfesné segmentace promluv, kterd je
v pfipadé rucni analyzy casto velmi subjektivni a v pri-
padé automatické detekce zatizena chybami.

Predlozena studie, uvedena ve druhé ¢asti clanku, pii-
nasi jedenact jednoduchych robustnich statistickych para-
metri, které vedou k objektivizaci a jsou velmi vhodné
pro hodnoceni opakovanych promluv /pa-ta-ka/. Parame-
try jsou zalozeny na existenci oslabené okluze, ktera je po-
zorovana u pacient s PN. Z akustického pohledu je pro
tyto okluze vyznamny Sum v oblasti nad 1000 Hz, ktery je
pozorovatelny v histogramech, dlouhodobych periodogra-
mech a v energii signald.

Testované promluvy jednoznacné vystihuji vyznamné
rozdily v artikulaci explozivnich spojeni mezi skupinami
PN a KS, kdy vsechny dosahuji statistické vyznamnosti
p < 0,001.

Pouzité parametry jsou implementacné nenaroc¢né, ne-
vyzaduji labelovani ani pfesnou detekci jednotlivych seg-
mentl promluvy a jevi se jako velmi perspektivni pro re-
alizaci moznjch systém® hodnoceni dysartrie v redlném
Case.
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