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A change in the amplitude-frequency structure of sound in a room is a complex
physical phenomenon depending on a number of acoustic properties of the interior. The
essence of this change consists in the influence of the acoustic parameters of the room on the
spectral-temporal course of the sound propagating in it.

The starting point of the undertaken studies was to represent the changes in the sound
structure in the room based on the relations occurring between the elements of two sets,
P and S. All the possible acoustic states of the room were subordinated to the elements of
the set P, thus gaining the so-called space of states. On the other hand, all the possible
changes in the sound structure were subordinated to the elements of the set §, thus
achieving the so-called space of the signal structure. Analysis of the relation occurring
between these two spaces showed that physical changes in the sound structure in a room
could be mapped in a space of subjective sensations with coordinates being the correspon-
ding psychoacoustic quantities. Such a mapping can be an important step towards the
determination of the common plane of objective and subjective evaluations of the acoustic
quality of a room, which is still looked for in the problems of room acoustics.

1. Introduction

The analysis of changes in the structure of a sound propagating in a room M),
which was the object of a detailed study in paper [1] made it possible to gain better
knowledge of the “interaction mechanism™ of exerted by its acoustic parameters on
the spectral structure of the registered sounds. In a general case, this effect can be
considered theoretically on the basis of relations occurring between the elements of
two sets, P and S. The essence of these considerations is based on the following
conception:

All the possible ,acoustic states” of the room are assigned to the elements

(1) The notion of changes in the sound structure in a room is understood to be a change of the value
of the physical parameters of this sound caused by the acoustic properties of the interior.
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Pis Pas ... p, of the set P (?). The notion of the acoustic state of a given room is
understood to mean a set of real numbers x,, x,, ..., x, (namely, the values of the
parameters of the state) describing its acoustic properties.

All the possible changes in the sound structure related to particular acoustic
states of the room can be assigned to the elements s,, s,, ..., s, of the set S. Let the
character and the form of these changes be determined by the set of real numbers
Vis Y25 -++ » V. On the other hand, the function F connecting each element of the set
S with an element of the set P describes in quantitative terms changes in the signal
structure which occur for a given acoustic state of the room. If it were possible to
assume that these sets are equivalent, it would then be possible to predict, on the one
hand, the character of changes in the sound structure for known values of the
parameters of an acoustic state, or, also, on the other hand. to evaluate its acoustic
properties on the basis of measurements of the quantity of changes in the sound
structure registered in this room. However, in practice this problem is a very complex
one, above all because of the difficulties in determining the set of all possible acoustic
states of the room and the set of the occurring changes in the signal, and in
determining the one-to-one and only one-to-one relation between these sets. So far it
has not been considered in this approach in the literature.

Considering this problem, the present study consists of two principal parts. The
first contains theoretical considerations, involving a certain conception of the
representation of changes in the sound structure in a room in the aspect of
a multidimensional space. An attempt was made to use this conception in the other
part of this study, representing the results of initial experimental studies in
a simplified three-dimensional space of changes in the spectral structure of the
transient courses of chosen speech sounds propagating in the room.

2. The space of the acoustic states of the room

As was mentioned above, the acoustic state of a room can be defined by giving
a set of the values of certain parameters x,(i = 1, 2, ..., n), describing its acoustic
properties.

This set of parameters should meet the following assumptions.

An arbitrary parameter x; can vary irrespective of the changes of parameter x,
(i # k). This means that these parameters should be independent variables. The set of
such parameters is a minimal system, since it does not contain redundant elements,
which are insignificant in a general evaluation of the acoustic state of the room.
Moreover, the set of the parameters of the acoustic state of the room should be
complete.

(%) In this study it is assumed that a given room can take different so-called “acoustic states”, as
a result, e.g., of applying appropriate acoustic adaptations, various ways of its being filled by the audience
etc.



CHANGES IN THE STRUCTURE OF A SOUND 253

As the set of the three numbers x,, x,, x, can be considered as a vector given in
a three-dimensional space, so, analogously, the set of n numbers ey, «Of sixpican
be considered a vector in a n-dimensional space (°). This means that the acoustic
state of the room can be regarded as a vector quantity pre-determined in
a n-dimensional space of states, namely that a certain point in this space corresponds
to each acoustic state of the room. Let us now consider what relations occur between
the elements of this space. Let us consider the two acoustic states of the room, p, and
P and determine the difference between them. Since two points in a n-dimensional
space correspond to these states, the determination of the difference between these
states is reduced to the estimation of the distance d(p,, p,,) between these points,
which, in a n-dimensional space, is expressed by the following formula

d(py ) = | 3 (0. 0

Thus, this gives a distance which is a function which subordinates to each pair of
elements (states) p; and p,, of the set P a certain positive number d(p,/p,,). This set is
called the metric space, while the function d(p,, p,,) defines the metric of this space.

Formula (1) can also be written in a more general form, in the following form:

d(py, p) = 5[ X I — x|, )
i=1
whert-k.—=-1, 2.:3. ..

If k=2, formula (2) is obtained for, on the other hand, , k = 1
d(p, p) = 3, Ixi" —x{™).
i=1

Assuming that the value of the coefficient k — oo, it can be seen that the
estimation of the distance between the points (acoustic states of the room) is basically
reduced to the determination of the difference between the coordinates of just one,
with axis of the n-dimensional space, along which these points are farthest each
other, namely

d o, (P1> Pp) — max|x{’ —x{™|, 3)

whete Fe=112 e i,

The difference between two acoustic states of a room can also be evaluated on the
basis of the value of the angle between the state vectors p, and p,,.

Since the scalar product of two state vectors is equal to

PrPm = XXM +xPxP+ ... +xP-x™ = |p/|p,|cose,

(%) The notion of space is understood to be a set of arbitrary elements between which certain
geometrical relations were established.

7 — Arch. of Acoust. 3-4/87
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hence

XD 4 XX+ 4 xm
n n
2 (xgi))l Z (X?H))z
i=1 i=1

According to formula (4), the greater the value of cosg, the smaller the difference
between two acoustic states of the room. The extension of the set of points (the
acoustic state of the room) in the considered the n-dimensional space can be
expressed by means of the variance o2 in the following form

1.2 e n
Ly wppy =g o
i=1Zi=1 =1

L

)

cosQp =

™=

oF =

where 8, — is the standard deviation.

It can be seen that for a pre-determined i, this variance is the sum of the squares
of the distances of all points from their common “centre of gravity”, determined by
an average divided by the number of points, from the n-dimensional space.

The set of acoustic states of a room, expressed by points in a n-dimensional space,
can be arranged in a certain way by introducing the notion of the state vector length
and the angle between these vectors. As was mentioned previously, each vector of the
state p, with the coordinates (x,, X,, ..- , X,), defines the position of the point P in
a n-dimensional space with respect to the initial point P, with the coordinates
(0,0, ...), to which, e.g., the standard acoustic state of the room can be assigned.
Therefore, the length of the vector p is, e.g., the number p > 0 determining the
distance between the points P, and P,,. According to formula (1), this distance can be

expressed in the form:
d(pos Pw) = IPul = [ 2 (™). ()
i=1

Applying in turn formulae (2) and (3), one can obtain formula (6), from which it
follows that the measure of the length of this vector is its projection with the highest

value
d,(Po» P) = IPul =% ¥ (™) = max|x{™], (6)
{==il

3. The space of the acoustic signal structure

for k— o0

In a general case, it can be assumed that the set of resultant changes in the
acoustic signal structure is a mapping of the set of acoustic states of the room. It
was already mentioned previously that a point in a n-dimensional space of the
structure can be subordinated to each change in the signal structure, and it is
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possible to subordinate each point in a n-dimensional space of states to each acoustic
state of the room. To determine exactly the ,interaction mechanism” of acoustic
parameters of the room and the form of the signal, the mapping of the space of the
acoustic states of the room and the space of the structure of the signal must be on
a one-to-one basis, i.c., only one point in the space of the signal structure should
correspond to each point in the space of states. Assuming the similarity between the
features of the space of states and that of the signal structure, in analyzing the
features of the space of the signal structure, it is possible to apply the formulae given
in chapter 1, changing only the physical sense of some of the notation. On the other
hand, it should be borne in mind that then these formulae would describe changes in
the sound structure only for the steady state, where it can be assumed that these
changes are only static in nature. For this state

ds/dt =0 where s, = [yP(P), 0D, .., yO(x)] )

0s, ds S
= P+ Y L0, 4%
ds, = ay(lndh +6yg)dy2 g +5yf,”dy" sl Boboteurea B
where
W O oy’ .
dﬂ“:Elendx(f)-l-a@ x‘2"+___+a_i’”_)dxg); 2 Rrgvily
n

On the other hand, in transient states of sound, namely in their growths or
decays, the representation of changes in the signal structure in a n-dimensional space
becomes much more complex in view of the nonstationary character of this process.
It is then that it is necessary to assume the dynamic character of these variations,
related to the time-continuous change in the position of the vector s, in
a n-dimensional space. In a mathematical approach, this could be expressed in the
following way,

ds, 05 05 O s Y ds oy !
dt ot ayD ot oy ot “‘+ay',"_aT’ ®)

Therefore to determine the rate of change in signal structure in its transient state,
it is necessary to known the already present change at the moment ¢ and the change
at the moment ¢+ dt expressed by the vector s+ ds, with the coordinates (v, +dy,,
y2+dy,, ... , y,+dy,). For a finite time increment At, the change in the value of the
parameters in the signal structure y; = y,(t) can, from formula (2), be also expressed
in the following way:

44,00 = |3 Dyfe+ 40—y 01, )
i=1

where

Ay; = y(t+ At)—y,(1).
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Similarly, the rate of changes in the signal structure in its transient state can be
expressed by changes in the cosine of the angle between the respective vectors,
becoming, from formula (4),

y w9080 Y10y (E+A40)+y,(0) ya(E+48) + ... +y,O)ya(t+41)
® ok sty st At|s(t)|s(t + At)| "

It is interesting to note in addition, that it follows from the research presented in
study [1] that a change in the signal structure in a room depends essentially not only
on the considered fragment of a time signal, but also on the position of the
measurement point (see Figs. 4-6), which was not included in the theoretical part of
the present study, making the considered problem even more complex.

To find certain qualitative relations between the space of acoustic states of the
room and the space of the signal structure, it is essential to determine the dimensions
of this space, corresponding to the establishing of the multi-dimensionality of the
signal. On the assumption that it is periodic, the multi-dimensionality of the signal
can be determined considering either its amplitude spectrum expressed by a set of
Fourier series coefficients or a set of instantaneous values of time function. Having
Fourier n-coefficients, each of which is a complex number containing two real
numbers, it is possible to obtain altogether n = 2k real numbers. From the theorem
of the independence of the Fourier coefficients, and also the independence of their
imaginary and real parts, it can be seen that from the amplitude spectrum of the
periodic signal, one can obtain 2k independent parameters. These parameters can be
considered as the coordinates of the multi-dimensional space of the signal structure.
Just as from the signal with a duration 7, with a spectrum limited by the highest
frequency f,,,, it is possible, as a result of sampling this signal at At intervals equal at
least to At > 1/(2f,,,), to obtain N = T/dt < 2 f,,,, independent time samples, which
can also be treated as the coordinates of a multi-dimensional space of the signal
structure. A different position of the vector in the space of the signal structure
corresponds to each change in the signal structure caused by a change in the acoustic
state of the room. The magnitude of this change can be determined from the distance -
between two points in the space of the signal structure, from formula (5), or on the
basis of the value of the cosine of the angle between the two vectors s and s,,
determining a change in the signal structure with respect to a signal compared
according to formula (4).

At this point, it is interesting to mention that both the space of acoustic states of
a room and the space of the signal structure in the present study do not concern the
whole room, but a specific measurement point.

4. The relation between the space of acoustic states of a room and the space of the signal structure

On the basis of the considerations presented above, it can be stated in general
that the space of acoustic states of the room shapes the space of the signal structure,
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or, in other words, the space of acoustic states of the room influences the space of the
signal structure, causing as a result a change of its acoustic parameters. Hence, the
room can be regarded as a “functional operator” of the vector of the state p with the
coordinates (x,, X,, ..., x,) into a vector defining a change in the sound structure
s with the coordinates (y,, ..., Y2, ..., V)

s=F(p) (10)

From the above relation, each change in the parameters of the received signal is
related to a change in the parameters of the acoustic state of the room. By writing
formula (10) in the form of a set of equations in which n variables of the parameters
of the vector of the acoustic state of the room p corresponds to each parameter of the
vector of the signal structure s, it is obtained that

5 Gy Fl(x(ll)s TR aris xgn)
Y2 = F,(x?, x8, ..., x@)

(11)

It is possible to determine these dependences more exactly by another change in
the parameters of the acoustic state of the room and measuring the parameters
describing a change in the signal structure, namely

) BT, By, il

- g{:ﬂ x‘l"+a%dxg’+ +a;;';)dxﬁ,"; T I e (12)

The value of the partial derivatives dy,/dx{? determines the “sensitivity” of

changes in the signal structure to a change in the parameter of the acoustic state of
the room.

For the set of equations (11) to be solvable, the functions F;, — should be

continuous differentiable in terms of x{’. A necessary condition for the solution of

the set of equations is the value of determinant (13) which is different from zero,

oF, OF, oF,

gx—(lﬁ W axg'n

oF, @F, oF,

xP axP T XD |#0. (13)
oF, OF, oF,

5);('["—) w et axﬂ')

The basic task in looking for the relation between the space of acoustic states of
the room and the space of the signal structure is to determine the form of the
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function F in formula (11) describing the relation in general. Assuming in the first
approximation the function F to be linear, the set of equations (11) can be written in
the form

yy = aP'xP+aP'xP+ ... +alxV

¥, = aPxP+aPxP + ... +aPxP

....................... (14)

Vo= aPxP+aPxP+ .. +alxP

It is necessary to note that the set of equations (14), when written in form (15), can
serve to determine the parameters of the acoustic state of the room on the basis of
the measured parameters of changes in the signal structure

Xy = DO+ DY+ .. +BOHY
x, = BPYR+BPYP+ .. +bPyD

....................... (15)
Xy = PV +BPYP+ ..+ B

Analyzing the set of equations (14), it can be seen that a change in successive
parameters of the acoustic state of the room should involve a specific change in the
parameters of the signal. The coefficients af which occur in these equations can be
determined by a change in the parameters x; — by the value Ax; for the other
parameters of the acoustic state of the rom being stationary.

The set of equations (14) can be solved if determinant (16) is different from zero

a’ad, . . all

2) 2 2
aa. . . a? | 0. (16)
a®af. . . o |

In the case the i-th row of the matrix of coefficients consists of zero terms, this
means that the parameter of the signal y; does not depend on any of the para-
meters of the acoustic state of the room. With the zero value of the i-th column
the parameter of the state of the room x; does not influence any of the parameters of
the signal. On the other hand, if the terms of two rows or two columns differ with
a constant coefficient, this means that there is a linear dependence between two
parameters of the signal or two parameters of the acoustic state of the room.

9
}
J
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5. The determination of the acoustic states of the room on the basis of a classification of changes
in the signal structure

In a general case, all the possible acoustic states of the room can be divided into
a number of classes. This classification can be carried out in various ways,
nevertheless, considering its practical aspect, it would be convenient to perform it,
e.g,, from the point of view of chosen criteria of subjective evaluation of the acoustic
quality of the room. The set of the possible acoustic states of the room could then be
divided into two basic classes: the class of the states of the room which is satisfactory
and their class which is unsatisfactory from the point of view of these criteria. Such
a division could be made by marking a threshold value x,, (or a few threshold values)
on each coordinate axis of a multi-dimensional space of acoustic states of the room.
A plane perpendicular to each axis, crossing the point x,,, would then separate the
space into two regions or a correspondingly greater number of them, determining the
satisfactory or unsatisfactory acoustic states of the room. It is possible to subor-
dinate an appropriate classification of changes in the signal structure to a clas-
sification of acoustic states of the room performed in this way, which is essential from
the practical point of view. The threshold values of these changes plotted on the
coordinate axes of the multi-dimensional space of the signal structure could be
determined from psychoacoustic investigations.

In real conditions the precise description of the acoustic state of the room
requires considering a very large number of the parameters of the state, which would
be very troublesome and tedious in practice. On the other hand, this problem can be
approached in a slightly different way. Namely, instead of describing the acoustic
state of the room by the set of parameters x,, x,, ..., x,, all the acoustic states of the
room could be divided into ¢ class ¢,(l = 1,2, ..., t) and a certain representative
state p, = (x{"x¥, ..., x{) could be chosen for them. Thus, the determination of the
measured acoustic state of the room would consist in finding to which class ¢, the
studied state p belongs, requiring comparison of this state and the representative P
of each class. On the basis of the relation between the space of acoustic states of the
room and the space of the signal structure, one can note that the classification of
acoustic states of the room is equivalent to the classification of changes in the signal
structure. This means that, instead of the states p, = (x}, x5, ..., x!) representative
of each class, it is possible to assume the vectors of changes in the signal structure
s, = (0, ¥9, ..., ») corresponding to these states, involving the transformation of
the problems of the classification of acoustic states of the room into the field of
psychoacoustic investigations.

Let us assume that, on the basis of certain psychoacoustic criteria, certain classes
of changes in the signal structure were established to which the corresponding
vectors s, = (y, y9, ..., y?), where I =1, 2, ..., t, are subordinated. A certain
change in the signal structure s, = (y{, y9, ..., y?) measured for a given acoustic
state of the room, can be classified into one of the established classes represented by
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the vectors s, from the determined distance between points in the space of the signal
structure, or the value of the cosine of the angle contained between the vectors of
changes in the signal structure.

According to the formulae given in chapter 1, the distance between points in
a n-dimensional space can be calculated by applying the formulae

ds,,8) = | 3 O—y0P2, (17
i=1

d(s,, s) = max [y —y{], (18)

or

for
W 1 T ol e

It can be seen from (17) that the difference between the signals: the reference
signal, representative of a given class, and the signal in question, is equal to the
standard deviation of all the parameters of the two signals. In turn, according to (18),
the difference between the reference signal and one in question is determined by the
maximum value of the absolute difference between the parameters of these signals.

The vector of changes in the signal structure s, = (y{", ¥, ..., yi") can be
classified into one of the classes represented by the vectors s, as was already
mentioned, also by calculating the value of the cosine of the angle contained between
the respective vectors (see(4)). The greatest value of the cosine of this angle makes
it possible to include the vector s, representing a given class of changes in the signal
structure.

In determining the acoustic state of the room on the basis of the classification of
changes in the signal structure, it is necessary to note the presence of external
interferences generating into the room. These interferences could be the cause of
error in classification, as the vector of changes in the signal structure s, correspon-
ding to a given acoustic state of the room p, would contain the additional
component s, related to the occurrence of the interferences e, which could be written
in the following way:

s+s,=F(p,e. (19)

Moreover, in the above considerations it was assumed that the acoustic state of
the room is fully described by n parameters x;, X,, ..., X,, apart from which there
are no other parameters characterizing the acoustic properties of the room. This
assumption is not entirely valid, since theoretically many parameters can be
attributed to each room. However, in practice only a few parameters, are ‘assumed,
being regarded as the most characteristic parameters describing the acoustic state of
the room. Therefore, hence, two acoustic states of the room which are considered
equal in terms of the set of the assumed parameters x,, X, ... , X, need not to be the
same, since they can differ in the values of the parameters X, .y, Xp+2, -+ Xnta

:

i
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which are not included in this set. As a result of this changes the in the signal
structure, measured parameters for these two “identical” acoustic states of the room,
are not exactly the same, namely

yi+Ayi =2 Fi(x(l!)’ x(lt]a bt Tt xf:)a xl(':!w*-ls x&h—z: A x::l!l-u

moreover y, is the parameter of a signal corresponding to the state of the room p, if
xO 0, x0o, ..0, xP = 0, or more generally

s+s.=F(p, 7, e).

where e is the vector accounting for the value of the external interferences.

6. The results of preliminary experimental research

Apart from the theoretical considerations presented above, which constitute the
essential part of the research, within the framework of the present study, preliminary
experimental investigations were also undertaken. It is necessary to note that the
results of these investigations are rather reconaissance in character, being an attempt
to represent a change in the spectral envelope of a sound in the room in the so-called
physical and subjective space of changes in the signal structure. The experimental
research on changes in the amplitude-frequency structure of the acoustic signal
propagating in rooms with different acoustic properties was discussed in detail in
study [1]. :

The range of these studies included the following elements:

— the determination of changes in the spectral structure of a sound, successively in its
growth process, the steady state and the decay process, for different acoustic
parameters of the room; and

— the determination of changes in this structure depending on the spatial
configuration of rooms shaped as acoustically coupled ones.

The studies were carried out in a special room permitting the shaping of four
types of rooms with different acoustic properties. The applied measurement .
equipment made it possible to register and process in the analogue-digital way any
time fragment, chosen from the analyzed course, having an essential significance for
the study of its transient states (the growth, the decay).

The object of the study were the sounds of two natural vowels ,a” and ,e”,
a combination of these vowels in the word ,rzeka” and a white noise signal,
reproduced in a room with diversified acoustic properties. For each of these sounds,
three characteristic time fragments were distinguished, representing successively the
process of their growth the steady state and the decay process which were then
subject to detailed spectral analysis by means of the Fast Fourier Transform (the
FFT method), implemented on an Eliot 4130 computer. The ample experimental
material presented in study [1] was carefully analyzed quantitatively and qualitati-
vely over the range of which a number of quantitatives were determined, charac-
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terizing the amtplitude-frequency changes in the harmonic and formant structures of
the studied sounds in the range of their particular time fragments.

Figs. 1-3 present, as an example, for one of the analyzed sounds (the vowel ,,a”),
computer records of chosen time fragments: of the growth process, the steady state
and the decay process of this sound, and the corresponding spectra gained by the
FFT method. These courses were obtained in three rooms different acoustically,
namely in a room with properties close to those of anechoic chamber, denoted
further as A, with the reverberation time T, = 50 ms; in the so-called damped room,
denoted as B, with the reverberation time T, = 250 ms; and in an undamped room,
denoted as C, with the reverberation time T, = 1s. A preliminary qualitative analysis
of these spectra indicates that as a result of the influence of the acoustic parameters
of the room different in terms of their value, on the form of the signal it is possible to
note different changes in its spectral structure, expressed in a change in the amplitude
relations between successive harmonics, a change in the half-width of the formants
etc.

As can be seen, the quantity of these changes depends on the time section of the
analyzed signal namely, the growth, steady state and the decay and on the acoustic
properties of the room. A detailed quantitative analysis of changes in the spectral
structure of this sound, and other signals too, which were mentioned above,
depending on the acoustic properties of the considered rooms, the choice of the
measurement point, were presented in study [1].

On the basis of the conception, given in the chapter 2, of representing changes in
the sound structure in the aspect of the multi-dimensional space, in keeping with
expression (5), the so-called vectors of changes in the signal structure were
determined for the considered speech sounds, respectively in their growth process,
the steady state and the decay process. The lengths of these vectors map the resultant
difference between the sound spectra recorded in a room with properties close to
those of an anechoic chamber, treated as reference spectra and the spectra of this
sound recorded at a given measurement point P of a given room respectively for the
growth process the steady state and the sound decay process

d(Py, P,)|p.| = \/ POl P sl P (20)
i=1

where I and I{f~) are the acoustic pressure levels determined in the i-th frequency
band, respectively for the reference spectrum and the spectrum measured at a chosen
measurement point in a given room and n is the total number of frequency bands.

A similar conception of the quantitative evaluation of the spectral differences in
the aspect of a multi-dimensional space was presented in study [3], concerned with
the problems of changes in the sound timbre in depending on the position of the
measurement point.

Assuming further that the essential information on the analyzed sound is
contained in the bands of the first three formants, the n-dimensional space of the
signal structure was limited to a three-dimensional space, subordinating, in keeping
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with formula (20), the vectors p, to the energy maxima of the formants F, F, and
F,. This way gave plots of the resultants of the vectors p, whose length and
orientation in space determine a change in the formant structure of the investigated
sound, registered at a few chosen measurement points: P, — localized in a direct
field and P,, P, and P, localized in a reverberant field. For a few chosen sounds (“a”,
“e” and the word “rzeka”), respectively for their growth process, the steady state and
the decay process, these plots are given in Figs. 4-6. On the other hand, the collective
juxtaposition of the values of the vectors p, determining changes in the formant
structure of the sounds expressed in dB, are represented in Table 1.

Table 1. The length of the vector p, defining changes in the formant structure of the sounds “a”, “¢” and
“rzeka” registered at the points P,, P,, P; and P, with the values given in dB

Sound kind
Vectors of
changes Growth | Steady [Decay| Growth | Steady [Decay|Growth| Steady [Decay
state state state
B 5 5 12 6 6 11 i 7 8
" C 6 6 12 6 6 10 7 7 8
B 14 12 17 10 13 18 16 19 11
% - 11 12 16 8 10 12 12 11 g
B 17 12 18 16 14 16 19 19 13
< L 12 11 10 12 12 12 13 10 11
B 15 12 12 15 14 15 16 14 9
F ¢ 13 9 9 10 13 9 15 11 8

From Figs. 4-6 and the results given in Table 1, one can note that at the
measurement point P,, both in the room B and C, the length on the vectors p,,
— determining a change in the formant structure of the analyzed sounds is smaller
than that at the points P,, P, and P, being contained over the limits 2—6 dB, for the
growth and steady processes. It is a result of fact, that the direct wave dominates in
this point. Influence of acoustical parameters of the rooms B and C is clearly
noticeable in the measuring points P,, P;, P, inside the scattered field. Comparing
the lengths of the vectors p, for the successive measurement points P,, P and P, of
the rooms B and C, one can find that in room B (a damped one) they are longer over
the limits 2-8 dB than those in the (undamped) room C. This fact is related to
the greater irregularity of the frequency response of the room B with respect to the
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Sound growth (detail 0-100ms )
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Fig. 4. The vectors of changes in the formant structure of the sounds “a”, “¢” and “rzeka” for a chosen time

fragment of the growth process (0-100 ms), registered in rooms B and C at the measurement points
PPy, Py nd Py
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Steady state of sound (detail 160-260ms )
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Fig. 5. The vectors of changes in the formant structure of the sounds “a”, “e” and “rzeka” for a chosen time
fragment of the steady state (160-260 ms), registered in rooms B and C at the measurement points
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Fig. 7. The vectors of changes in the spectrum of the sound “a” plotted in the so-called physical (1) and
subjective (2) spaces of the signal structure

room C[2], causing a greater change in the course of the spectral envelope in the
room B, at the same time, an increase in the length of the vectors p, in this room.

For a change in the acoustic parameters of the room (the transition from B to C)
it is also interesting to note the change in the orientation of the resultant vectors
P, P» and p, in the space of the signal structure. The angles determining the
position of these vectors are subject to change. Moreover, their mean orientation for
the room C is closer to the coordinate F, [dB] compared with the room B,
indicating a distinct change in the envelope of the formant F in this room. The
vector which is most sensitive to a change in the length and direction in space for
a change in the acoustic parameters of the room, is the vector p, characterizing the
magnitude of changes in the formant structure of a sound registered at the
measurement point P.
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In the light of the above results, at the next stage of research, it would be
particularly interesting to connect changes in the length and orientation of the vector
p with a subjective sensation of these changes. Such a connection would be an
important step towards the mapping of the physical space of the sound structure into
the space of subjective sensations meaning the determination of a common plane of
objective and subjective evaluations of the acoustic quality of the room.

A certain conception of such a mapping is shown in Fig. 7, which represents the
vectors p of the analyzed sound “a” plotted in the so-called physical space of the
signal structure and in the corresponding space of loudness changes. This space was
gained by estimating, from ZWICKER’S nomograms [4], for the spectra of the studied
sound “a” achieved in rooms B and C, in the process of its growth, steady state and
decay, the mean loudness value of these processes, to be then compared with the
loudness of this sound characteristic of these processes, obtained in a room with
acoustic properties resembling those of an anechoic chamber. The differences
obtained in this way are represented in the form of vectors in the so-called space of
loudness changes. ;

Since the total levels of the spectra of the analyzed sound for the considered
rooms were normalized to one value before determining the loudness, hence too the
differences in sones, to be seen in this figure, result only from changes in the spectral
structure of this sound, introduced by specific acoustic parameters of the room.

From the practical point of view, it would be essential to determine in further
studies in this range the appropriate value of the exponent “k” in formula (2) in
keeping with the subjective sensation, which would involve the determination of the
threshold of perceptibility of loudness changes in the studied sounds to which one
could refer loudness changes caused by a change in the acoustic parameters of the
room.

It would also be interesting to evaluate, e.g., changes in sound timbre, represented
in a psychoacoustic space resembling that given above, the coordinates of which
could be subjective parameters describing a change in the timbre, which could be
represented quantitatively.

7. Conclusions

1. A change in the sound structure in a room which arises as a result of a change
in its acoustic state, can be mapped in the form of the “interaction” of the space of
states of the room on that of the signal structure.

2. The vectors of changes in the formant structure of the analyzed sounds are
longer in a damped room than those in an undamped one for all the considered
processes, moreover, a change in the orientation of these vectors in the space of the
signal structure in the direction of the coordinate P, indicates a considerable
deformation of the envelope of the third formant.

3. The physical space of the signal structure can be mapped into the space of
subjective sensations with coordinates which are the respective psychoacoustic
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quantities. Such a mapping can be an important step towards the determination of
a common plane of objective and subjective evaluations of the acoustic quality of
a room whlch is still sought for in the problems of room acoustics.
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