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Abstract A room impulse response obtained for complex-valued boundary conditions on wall surfaces was 
used to determine the frequency response of arbitrary shaped room. Based on theoretical findings,  
a numerical procedure was developed to test the effectiveness of a high-density sound absorbing material 
in improving low-frequency spectral flatness. The impedance of absorbing material was determined using 
the two-parameter Komatsu model. The simulation results have shown that the smoothing effect of the 
frequency response becomes apparent when the thickness of absorbing material is large enough. This is 
because as the material thickness increases, the sound absorption tends to increase at lower frequencies.  
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1. Introduction  

At low frequencies, the acoustical behavior of enclosures is greatly influenced by excited acoustic modes, 
resulting in resonant sound fields observed in both frequency, temporal and spatial domains [1–5]. In low-
frequency range, the modal density is relatively low, thus, the presence or absence of resonant modes in  
a specific frequency band leads to uneven frequency responses that are clearly perceived by listeners. This 
problem is solved applying acoustical treatments which are based a change in a room geometry and  
a modification of sound absorption distribution on walls. Many studies have investigated the effectiveness 
of such acoustic treatments through measurements and modeling. The effects of geometric modification of 
room walls on the frequency response have been investigated by utilizing the finite element analysis [6] 
and the finite element-based optimization method [7]. To smooth a frequency response in rectangular 
rooms, attempts have been made to classify room’s low frequency sound distribution with regards to its 
dimension ratios [8, 9]. Special metrics have been proposed for the optimal modal response and from these 
good dimension ratios have been found [10, 11]. Another technique commonly used for improving room 
acoustics at low frequencies consists in increasing a sound absorption on room walls. This objective can be 
achieved by using broadband absorbers [12] or different configurations of sound absorbing materials for 
acoustic treatment of room [13]. 

In this paper, the wave-based model is developed to predict the frequency response (FR) of a room. 
Using the room impulse response determined for complex-valued boundary conditions on room walls, the 
FR is calculated and this response is used to determine two measures for assessing a spectral flatness of the 
FR over the low-frequency range. The first measure bases on the level of amplitude spectrum and is defined 
as the deviation of the FR from a smooth fitted response calculated by the quadratic polynomial regression. 
The second measure bases on the amplitude spectrum and represents the classical flatness indicator 
defined as the ratio of the geometric mean of the discrete data to the arithmetic mean. Acoustic properties 
of high-density sound absorbing materials are determined using the Komatsu model. Changes in the 
spectral flatness are examined for room walls that are nearly hard acoustically and for the ceiling and lateral 
walls covered by a rigidly‐backed layer of this material of varying thickness. Finally, the simulation data is 
compared to evaluate the effectiveness of the absorbing material in creating a flatter FR. 
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2. Theoretical model 

In the low-frequency range, the sound pressure p generated inside a room by the volume sound source is a 
solution of the inhomogeneous wave equation of the form 
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where  is the Laplace operator, c is the sound speed, q is the volume source term and r = (x, y, z) is a position 
coordinate of a field point. A sound damping in a room system is provided by absorbing material located on 
room walls. These walls are assumed to be locally reacting to the sound pressure, therefore p must satisfies 
the following boundary condition on wall surfaces  
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where  is the gradient vector operator, the dot is a scalar product, n is the outward normal vector and ζ is 
the normalized wall impedance. The impedance’s real part ζr represents the normalized resistance, whereas 
its imaginary part ζi is referred to as the normalized reactance. Absorbing properties of room walls are 
described by the random-incident absorption coefficient α which is related to real and imaginary parts of 
the wall impedance by the following expression [14] 
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where |ζ | is the impedance magnitude. When room dimensions are comparable to the wavelength, the 
method that is most suitable for solving the wave equation is the modal expansion method. In the modal 
approach, the room response to a sound excitation is found as a superposition of individual responses of 
acoustic modes generated inside the room i.e. 
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where pm are time-dependent modal amplitudes which are complex due to the boundary condition (2), Φm 
are the eigenfunctions and r = (x, y, z) determines the position of a receiving point. For the value of |ζ | much 
smaller than unity, the room walls are characterized by a small absorption and in this case it is possible to 
approximate the functions Φm by the eigenfunctions determined for hard room walls.  

According to the convolution theorem, a general solution of Eq. (1) can be written as [15] 

−

  = − ( , ) ( , ) ( , ) ,. .,
t

V
p t q τ h t τ dτdvr r r r  (5) 

where V is the room volume, h is the room impulse response function, r' = (x', y', z') determines the position 
of a source point and dv' = dx'dy'dz'. The function h is zero for t < τ because if an impulse occurs at τ , no 
effects of the impulse should be present at an earlier time (causality condition). A method for finding the 
room impulse response was described in Ref. [13] and the obtained result has the following form 
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where j is the imaginary unit, the parameters rm and φm in the exponential function are given by  
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S is the surface area of room walls, the quantities Ωm and ηm are determined by 
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the parameters am and bm are as follows 
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and ωm are the natural eigenfrequencies, i.e. the eigenfrequencies for undamped modal vibrations. 
The frequency response (FR) of the room is defined as the frequency spectrum of the sound pressure 

signal p(r, t) received at the observation point r, when the room is excited by a point source with a flat power 
spectrum. As is well known, the power spectral density is perfectly flat for the impulse excitation, thus the 
volume source in Eq. (5) is assumed to have the form q(r',τ) = Qδ(r'–r0)δ(τ), where r0 = (x0, y0, z0) 
determines a source position and Q = (8πρcW )1/2 [16], where W is the source power and ρ is the air density. 
From a mathematical point of view, the FR is equivalent to a Fourier transform of p(r, t). Thus, inserting the 
formula for q(r',τ) into Eq. (5) one can obtain 
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where ω is the angular source frequency, ξm = rm + jφm and ψm = Ωm + jηm. Since the pressure PF is complex, 
a quantity suitable for predicting the FR is the amplitude spectrum P defined as the magnitude of PF, i.e. 
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where an asterisk as a superscript denotes the complex conjugate. Thus, after inserting the formula for PF 
into Eq. (11) one finds the following expression for the amplitude P 
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where the quantities Am and Bm are given by 
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As is clear from Eqs. (12)–(14), the amplitude spectrum is dependent on the source and receiver positions 
r0 and r, and, through the quantities rm, φm, Ωm, and ηm on the natural eigenfrequency ωm and the real and 
imaginary parts of the wall impedance ζ. 

3. Numerical study 

The presented method for determining the FR applies to enclosures of any shape. However, to perform 
numerical simulations over a wider frequency band, a rectangular room was chosen because the modal 
behavior of such a room is well known and described. The assumed dimensions of the room are as follows: 
Lx = 10 m, Ly = 7 m, Lz = 4 m (Fig. 1). Since they correspond to dimensions of lecture rooms or small music 
studios, a sound source representing, for example, a speaker or a singer was located at the point: x0 = 1.5 m, 
y0 = 3 m, z0 = 1.6 m. Since room walls were assumed to provide small sound damping, the eigenfunctions Φm 
were computed from the equation 
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where the modal indices nx, ny, nz are non-negative integers which are not simultaneously equal to zero, 
εs = 1 if ns = 0, and εs = 2 if ns > 0. The eigenfrequencies ωm corresponding to these functions are as follows 
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In numerical simulations, two distributions of sound absorbing materials on room walls were 
considered. In the first case it was assumed that all room walls are nearly hard acoustically, which means 
that a magnitude of the wall impedance ζ is large but finite. In numerical model, this requirement was 
achieved by assuming that ζ = 388.75, which corresponds to the absorption coefficient α of 0.02. In the 
second case, the floor was still modeled as nearly hard acoustically, while a sound absorbing material was 
placed on the ceiling and lateral walls to improve a low-frequency spectral flatness.  

z

x

y

Ly

Lz

Lx  

Fig. 1. Rectangular room under study together with the associated coordinate system.  
A source position is indicated by a blue point. 

The acoustic treatment of a room was carried out using high-density porous sound absorbing material 
because it exhibit better sound absorption performance at low frequencies as compared to conventional 
absorbing materials. A rigidly-backed layer of this material was placed on the ceiling and lateral walls and 
if H is the thickness of this layer, the formula for the wall impedance is expressed as [17] 

( )j cot ,cζ ζ γH= −  (17) 

where ζc the normalized characteristic impedance of the material and γ is the propagation constant. To 
predict the acoustic properties of ζc and γ, the Komatsu model [18] was used because it is particularly 
effective for high-density absorbing materials. The Komatsu model is an empirically based two parameter 
model which specifies ζc and γ as a function of the airflow resistivity σ and the sound frequency f 
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Numerical simulations were performed for the absorbing material with the airflow resistivity σ of 
200 kPa·s/m2 and the layer thickness H of 3 cm, 5 cm and 8 cm. The calculation procedure took into account 
the change in room dimensions after placing the material on room walls. The FR was predicted in the 
frequency range 20–1000 Hz at receiving points located at a distance of 1.2 m from the room floor. As the 
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amplitude spectrum P strongly changes with the frequency, it was decided to present the frequency 
response using the level L of the amplitude spectrum which is determined by 
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P ω
L ω
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where Pref = 2·10–5 Pa is the reference sound pressure. Exemplary FRs simulated for nearly hard room walls 
and the absorbing material with the thickness H of 3 cm 8 cm are depicted in Fig. 2. Comparison of these 
results indicates that the considered frequency range can be divided into two subranges: 20–200 Hz and 
200–1000 Hz. In the lower frequency subrange, the FRs for the absorbing material placed on the room 
ceiling and lateral walls are very different each other because a spectral flatness for the material thickness 
of 8 cm is much greater than for H of 3 cm. On the other hand, in the frequency subrange 200–1000 Hz the 
FRs are very similar in both cases and in comparison with the FR for nearly hard room walls, a substantial 
reduction of the level L is observed. To explain the observed differences in the obtained FRs, the absorption 
coefficient α was computed for the considered thickness of absorbing material using Eq. (3) and Eqs. (17)–
(19). The results are shown in Fig. 3. They prove that for the considered high-density sound absorbing 
material a frequency dependence of α is very sensitive to the thickness H of the material. An increase in H 
causes the growth of a sound absorption in the frequency subrange 20–200 Hz, which makes the FR for the 
highest H much flatter. 
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Fig. 2. Comparison of FRs obtained for nearly hard room walls (green lines) and for absorbing material 
with the thickness of 3 cm (red line) and 8 cm (blue line). The receiver is located at the point:  

x = 7.5 m, y = 3.5 m, z = 1.2 m. 
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Fig. 3. Frequency-dependence of the absorption coefficient α for assumed thickness of high-density  
sound absorbing material: 3 cm (red line), 5 cm (green line) and 8 cm (blue line). 

To quantify the flatness of the FR, two measures were introduced. The first measure is based on the level 
L of the amplitude spectrum P and is defined as 
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where Lc = Aω2 + Bω + C is the best-fit curve calculated on the basis of the level L of the amplitude spectrum 
using the quadratic polynomial regression. The levels L and Lc are determined in the discretized frequency 
range, i.e. N = (ωu − ωl)/Δω, ωn = ωl + nΔω, where ωl and ωu are lower and upper limits of the frequency 
range. The parameter D is expressed in decibels and shows how much the level L deviates from the 
reference curve Lc which models the flat FR. The second measure represents the classical flatness indicator 
defined as the ratio of the geometric mean (GM) of the discrete data to the arithmetic mean (AM) [19]. This 
measure is determined on the basis of discrete set of the amplitude spectrum P, i.e. 
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Since GM  AM, the parameter E ranges from zero to one, with the maximum value being reached when the 
amplitudes P(r, ωn) for n = 0,1,2…N are the same. The parameters D and E were computed at receiving 
points r which were the nodes of the horizontal mesh with uniform mesh sizes, i.e. Δx = Δy = 0.1 m. The 
mesh was located at a distance of 1.2 m from the room floor. Calculations were performed in a frequency 
range with the limits fl = 20 Hz and fu = 200 Hz using the frequency step Δf of 0.1 Hz. The computer program 
calculates the FR up to the frequency 500 Hz. This additional 300 Hz allows the residues from modes in the 
region 200–500 Hz to influence the FR below 200 Hz.  

Tab. 1. Values of parameters D and E for the FRs shown in Fig. 2. 

H (cm) D (dB) E 

0 11.85 0.433 

3 7.76 0.604 

8 4.07 0.894 
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Tab. 2. Minimum, maximum and mean values of the parameters D and E for nearly hard room walls 
(H equal to zero) and the considered thickness H of high-density absorbing material. 

H (cm) 
D (dB) E 

mean extremes mean extremes 

0 9.26 6.04−13.78 0.589 0.403−0.781 

3 7.23 3.44−10.90 0.654 0.383−0.913 

5 5.72 1.91−9.12   0.688 0.326−0.972 

8 5.19 1.27−9.85   0.809 0.498−0.986 

To find out what values the parameters D and E take for different FRs, in Tab. 1 calculation results of D 
and E for the FRs depicted in Fig. 2 are collected. The case where H is equal to zero corresponds to a room 
where all walls are nearly hard acoustically. Comparing the data in Tab. 1 with graphs in Fig. 2 shows that 
both parameters respond correctly to changes in the FRs, and therefore they are proper indicators of the 
spectral flatness. This conclusion is confirmed by the data in Tab. 2 which summarize calculation results 
obtained at all mesh nodes. Indeed, these data show that the effectiveness of the high-density absorbing 
material in smoothing the FR increases with increasing the material thickness and that for the greatest H, 
the reduction in D of about 4 dB is observed when it comes to mean and maximum value. In the case of the 
parameter E, an increase in the material thickness causes an increase in E of about 0.2. The minimum value 
of D and the maximum value of E were obtained at the receiving point located just below the source point. 
As shown in Fig. 4, this is due to the fact that in close proximity to the sound source, the direct sound is dominant 

due to the small influence of the reflected sound which is the result of highly absorbing room walls. 
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Fig. 4. Comparison of FRs obtained for nearly hard room walls (green line) and for absorbing material 
with the thickness of 8 cm (blue line). The receiver is located at the point: x = 1.5 m, y = 3 m, z = 1.2 m. 

4. Summary and conclusions  

In this paper, an application of a high-density sound absorbing material for smoothing the frequency 
response (FR) of a room was examined. A theoretical model was based on a modal description of the room 
impulse response which allowed an easy prediction of the FR by applying the inverse Fourier transform. A 
frequency dependent impedance of the absorbing material was determined using the two-parameter 
Komatsu model. Theoretical considerations have been accompanied with the numerical study carried out 
for nearly hard room walls and for acoustic treatment consisting in covering the ceiling and lateral walls 
with a rigidly-backed layer of absorbing material. The effectiveness of absorbing material in creating a 
flatter FR was investigated in the frequency range 20–200 Hz using two spectral flatness indicators. 
Calculation results have shown that an improvement in spectral flatness is significant when a layer 
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thickness is sufficiently large. This is because as the layer thickness increases, the sound absorption tends 
to increase at lower frequencies.  

Due to the fact that the presented method is based on the room impulse response, it can also be applied 
to determine the steady-state and transient room responses. Therefore, it allows one to predict 
reverberation properties of rooms and their change after acoustic treatment. As the method is intended for 
the frequency range where the sound field exhibits modal behavior, it can be primarily used in the design 
and acoustic treatment of small rooms such as classrooms, performance studios, studio control rooms and 
lecture rooms, where the excitation of room modes may limit a correct perception of speech and music. 
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