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Abstract

Many commercial prediction tools tend to underestimate the absorption at mid- and higher frequencies of slatted- and
perforated panels. One “fix” has been to add suitable measured data for absorption from 500 or 1000 Hz and upwards.
Multivariate statistics has been used on three cumulative datasets of laboratory measured slatted panel absorption. Good
models can be made for the lower frequencies based on thickness, the Helmholz frequency, and the higher frequencies
based on degree of openness. The transition region between them at the 250 Hz octave band, is more difficult. Outside
250 Hz the models explain from 70 % to 97 % of the variation in the set for the nonlinear model, somewhat less for the
simpler linear models. There seem to be a trade-off between the coefficient of determination, 1, and the confidence
intervals (CI). For the second model set calculations of 16 low frequency panels with about 2% degree of openness was
added to the set to improve the bass prediction performance.

The maximum absorption of slatted panels is rather high, and the top is easy to predict, due to the simple Helmholtz
theory. Most models also work well for this. Not much absorption data is available on bass absorbing slatted panels.
The degree of openness is paramount in describing the efficiency of the slatted panel absorber. Less than 30% of the
panels are class A or B, the best classes. Most are class C and D, both with a clearer "resonant behaviour".

1 Introduction

Slatted wood panels have gained popularity in use both as absorbers and as decorative elements. They are easy to make,
protect the porous material behind, and some may see them as contemporary decorative elements. Acoustically they are
simple to calculate using available tools like WinFlag, Odeon, Absorb and others. The absorption top and the nearest
octave bands are ok modelled, while the mid and high frequency absorption in general are underestimated. Slatted panels
belong to the Helmholz absorbers as given in [1].

1.1 The Helmholz resonator and principle

The Helmholz resonator and -principle is a many thousand years old empirical idea used in musical instruments around
the world and in possible absorbents or sound diffusers in e.g. Hellenic and Roman theatres. The theory for the stiff, thin
wall Helmholz resonator was described by Lord Rayleigh in 1916 [1]. In musical instruments the walls are flexible and
may be the driver of the Helmholz resonance and may couple to container wall structural modes. Lothar Cremer describes
a flexible wall Helmholz resonator in his book “The Physics of the Violin” originally from 1981 [3]. Cremers model with
a moveable back plate (Figure 10.5, [3]) look somewhat like a loudspeaker model with one flexible element. The flexible
wall Helmholz was also discussed theoretically in a JASA abstract and article in 1990-91 [4]. The first complete
loudspeaker bass reflex theory was published by Thiele in 1961 [5]. In loudspeakers a porous material is often used to
flatten resonances and reduce the interior impedance, effectively making the cabinet virtually larger, and thus, “softer”.

Most Helmholz resonators have narrow and somewhat “ringy” resonances, like an empty bottle. These are impractical
for room acoustic treatment, unless some kind of resistive losses are introduced [1]. Slatted panels without porous
materials in the openings or behind are very inefficient absorbers.



1.1.1 The slatted panel absorber and some empirical observations

The basic action of the Helmholz absorber with porous material in the cavity or the openings, are described in [7] or most
room acoustic textbooks e.g. [1] and [6]. It’s wise to have some relevant parameters from the theory in mind while doing
statistics on a dataset. The higher frequency absorption of slatted panels appears to go as square root of the degree of
openness. Another observation is that increasing absorption is obtained in the low frequencies with increased depth and
porous material thickness behind the panel. Statistical methods can be used to investigate such empirical relations in a
more rigorous way, and if successful, may be used to make tools for calculation of absorption for slatted panels, or other
absorber types.

1.2 Database of slatted panel construction and absorption

A database of slatted panels consisting of three cumulative sets from n = 144 to n =380 is used. The first is mainly based
on NBI Handbook 20 from 1979 measured at the “Akustisk Laboratorium”, NTNU, Trondheim [7]. Furthermore, the data
from the master thesis of Matti Saarne [8] and data from Aalto University and Akukons OY’s 2018 IOA article on deeper
slatted panels [8] are included. Dataset 1 mainly consists of measurements from three serious university acoustic
laboratories.
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Figure 1. Percentage slatted panels sorted on I1SO 11654 Absorption Classes for the three cumulative datasets. The data are in general
given in 0,01 precision, while some commercial data in set 2 and 3 are on 0,05 precision according to ISO 11654.

Models based on dataset 1 works well but fail to calculate geometries with small degree of openness and deep voids
behind, basically bass absorbers. There were very few input data in that frequency region, and one of the models used is
nonlinear with coupling elements, or squared terms, making unphysical large errors.

Calculations of a series of 16 bass elements with around 2 % degree of openness and 150-250 mm void with porous
materials was made. Some commercial data also entered that dataset, and new models were extracted that worked better
for the deep and low degree of openness of the bass elements.

A newer, more updated dataset file with about 150 extra commercial data was subsequently added to the dataset increasing
the number of entries to n = 380. Most of the added data are commercial, some of which with only 0,05 precision as of
ISO 11654, while the rest are at 0,01 precision.

A detailed overview of the source data and their descriptive statistics is given in Table 3 in Appendix A. A coarser
overview is given in Table 1. Figure 1 show the number of absorbers in each absorption class in the three cumulative
datasets. The commercial absorbers seem to be more numerous in the Class B category and somewhat less in the less
commercially interesting Class D.



Table 1: Rough evaluation of data origin for the three datasets.

Dataset 1 Dataset 2 Dataset 3
"From meas. in univ. laboratories" 145 100% | 162 70% | 162 43 %
"Commercial" 0 0 52 23% | 202 53 %
Calculations 0 0 16 7% 16 4%
SUM 145 100% | 230 100% | 380 100 %

1.3 Approach to the data — building the dataset

In order to predict the absorption any relevant input parameter, in addition to the absorption data, is added to the dataset
like: geometry, slot and bar width and height, airspace and porous material behind, the degree of openness, type absorber,
density of absorber, calculated airflow resistivity of the porous material, r, the total airflow resistivity Rs, combined
parameter Rs/degree of openness, Helmholz resonance frequency, fu [Hz], mass of air-plug in the slat opening M [kg],
quality factor (Q), bar with/slat width, bar with/bar height.

In multivariate statistics it is customary to use transformations of the data to improve and linearise the relations between
the predictors and the response. Transformation used in the input file was: “degree of openness)'?, /M2, 1/r, log(fu).
Only a few have been sorted out as significant in the multivariate statistical analysis, often with similar influences
(predictors) in nearby octave bands. Some have been added in the statistics tool.

1.4 Statistics pre-work

A correlation analysis between a., fmax, and absorption in 1/1 octave bands from 63 Hz — 8000 Hz parameters given in
chapter 1.3 was done. The correlations were checked for significance based on a Boneferroni-correction (1% significance
at p-value < 0,00002, p= 0,01 for one test, p < 0,01/(34*34/2) < 0,0002), because more than one pair of correlations are
tested. The number of tests is = 342, due to symmetry this number can be divided by 2.

The significant correlations are then plotted to check their linearity. Some parameters are transformed via y = x'2, y =
log(x) or -1/x, statistical methods to find more linear trends for use in the linear or nonlinear multiple regressions. Figure
2 and Figure 3 show examples of chosen transforms and resulting prediction- and confidence intervals (PI, CI).
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Figure 2: aw for the slatted panels in dataset 1 plotted (left) and dataset 3 (right) against the root of the degree of openness% a
transformation. The main difference between these datasets are the commercial data and the partial use of ISO 11564 in set 3.
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Fitted line plots for absorption in the 125 Hz octave band versus transformed total thickness for dataset 1 (left) and 3 (right).



The regression for a. is very close to the same for both given regression formulas in Figure 2. However, there appear to
be some artificial data traits in dataset 3 maybe supported by the 0,05 precision of some of them. For the 125 Hz octave
band examples in Figure 3 the prediction intervals are larger, and the standard statistics setup predicts nonphysical values
below 0. There is a clear trend, but with a lower coefficient (PCC) r? than for the o, results. The PCC also tends to become
lower in larger datasets. It is more difficult to predict the low frequency absorption than the mid and high range.

Thickness is one of the main predictors for low frequency absorption than the mid- and high range.

1.5 Linear or nonlinear multivariate regression

The next step has been to run linear- or nonlinear multivariate regression analysis using Minitab v 22 [10].

1. Five predictors can be used in the linear multivariate regression. The program makes a model and indicates
which input does not add “prediction power” to the model via the p-value for each term. Then alternative models
are tried replacing nonproductive terms with other candidates until the 12 for the models does not increase.

2. The nonlinear regression modeling is run via a wizard with a higher automation removing the nonproductive
parameters automatically. One also gets a set of xy-plots giving input as to improving the modeling, e.g. using
transforms.

3. Finally, a wizard called “Automated machine learning” can be used where five different regression methods are
used to find the best. Menu option “Discover Best Model” (Continuous response): Linear regression, Tree Net,
Random Forests, MARS and CART.

Unfortunately, only multiple regression and the MARS models give formulas that can be implemented in other tools like
Excel. The other must be used within the Minitab environment, a tool costing 5000 € a year.
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Figure 4: Comparison of regression results for weighted sound absorption o from dataset 1 and 3 in Figure 2. One standard deviation
is plotted as error bars. These models based on a n ® 140 and n % 380 do not give significantly different results for the ow, except that
the Set 1 predicts nonphysical values above 1 for high degree of openness.

This automated machine learning is convenient and fast. However, it tends to make models with a high 12 which may fail
at some input values. You still need to do the transforms and inspect the xy-plots for best possible distribution and
linearity, before using the parameters as input to get better performing models.

Simple linear, or non-linear models with somewhat lower 12, seem to give lower confidence intervals (CI) for the
prediction than the opposite. Many input terms tend to increase the CI. Aiming for a high r?> may therefore not be the
optimum aim for producing good models. In practice a balance between the two are aimed for.
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Figure 5: Average absorption factors and maximum recorded absorption factors, amax, versus the frequency at the maximum, sorted
on absorption class. One standard deviation error bar is shown on every other curve. The variation is largest in the low frequencies
from 63 Hz-250 Hz.

Descriptive absorption data have already been shown indicating that to meet given absorption classes, a given degree of
openness is needed. The degree of openness is the ratio of slots to slot + slat dimensions. To achieve ISO 11564, absorption
Class B the degree of openness should be above 60% on the average. It remains to see of the statistical models can narrow
in this range. One may look up in a sorted version of the measured data in the sources.

2 Linear multivariate models

2.1 Theory

The Helmholz resonance frequency fi [Hz] is calculated as:
M
fu =52 /”“7 (1
where:

co is the speed of sound in air (343 m/s)
pa is the density of air (1225 kg/m?)
d is the depth of the void behind the slats [m].

M is the mass of the air-plug in the slots with end corrections: =1,225/DO*(Slot height [mm]/1000) + 2*Slot width
[mm]/1000*(-1/n*Ln(Sin(1/2*n*D0O)) [kg/m?]

DO = Degree of openness [%] = width of slot/(slot+slat widths)

The airflow resistivity, 1, is dependent on the density of the porous material, usually with a power relation. In the given
regression models the density has been used directly.

The Q value of the (flexible wall) Helmholz resonance has also been used as input but did not survive as a significant
predictor.

The basic principle of the flexible wall Helmholz resonance is that the air plug in the slats plus end corrections act as
moving mass reacting against the stiffness of the enclosed air and, to some extent, the flexibility of the slat material or
any thinner plate behind. The airflow resistivity and lowered airspeed of the porous material lower the resonance
frequency, fy, a little from the bare air space version. It also becomes wider and not as pronounced due to the losses of
the porous material.



Table 2: Models for responses predicting slatted panel absorption in the 1/1 octave bands from 63 Hz to 8000 Hz, the weighted
absorption factor aw and the top frequency fmax [Hz]. The Pearson correlation coefficients for the models R2 and the Confidence
intervals CI are shown. A version of the table with the coefficients lined under each predictor is shown in the appendix.

Response | Models with predictors R? [%] CI [%]

ow [1] =0,9565 + 0,4687*Log(Degree of openness [%]) - 0,0000762* fy [Hz] 71 2

fnax [Hz] | =-1430 - 4,11**Slat width [mm] + 6,684* Density [kg/m?®] + 651*Log(fy [Hz]) 51 -

63 Hz =-0,2078 + 0,001061*Density [kg/m?] + 0,000638*Total thickness [mm] + 35 6
0,002755*Thickness porous [mm] -0,1538*Log(Degree of openness [%])

125 Hz =0,7104 - 0,001332*Density [kg/m?] + 0,001893*Total thickness [mm] + 53 5
0,1328*Log(Degree of openness [%]) -0,0003471*fy [Hz]
=1,2298 - 0,001927*Density [kg/m?] -0,000352* Total thickness [mm] +

250 Hz 0,001045*Thickness porous [mm] + 0,2542*Log(Degree of openness [%]) - 55 5
0,0004123*fy [Hz]

500 Hz = 1,0456 - 0,000987*Slot width [mm] + 0,3698*Log(Degree of openness [%]) 49 3
= 1,0216-0,001397*Slot width [mm] +0,5098*Log(Degree of openness [%]) +

1000 Hz | 6001061 *f; [Hz] 74 3
=0,8715 - 0,000847*Slot width [mm] +0,4909* Log(Degree of openness [%]) +

2000Hz 1 500165744, [Hz] 3 3
=0,7648 + 0,000763* Slot width [mm] + 0,442* Log(Degree of openness [%])

4000 Hz |40 00006286, [Hz] 76 3
=0,3748 + 0,00535*Slot width [mm] + 0,20041*Log(Degree of openness [%])

8000 Hz |\ 0002008*f;, [Hz] 20 8

2.2 Uncertainties

The CI for each model extracted from the statistics program is given in Table 2. The standard EN ISO 12999-2 2020
Acoustics — Determination and application of measurement uncertainties in building acousticsPart 2: Sound absorption,
give estimates for uncertainties in absorption laboratory measurements based on round robin tests of porous materials.

The CI is determined based on the measured absorption factor, the frequency and a fixed small term. Typical regression
results for a 57 % open slatted panel with 50 mm porous, 38 mm slat height 50 mm wide slots, the standard method gives:
250 Hz: 13 %, 500 Hz-2 kHz: 8 % and 4 kHz: 8%. This is comparable to the CI for the first nonlinear model, not shown
here, and about the double of the CI for the latest model shown here in Table 2. We are using 20 for the uncertainty which
should be 95% CI.

EN ISO 12999-2 is based on some measurements in each laboratory with an emphasis on the differences between them.
The subsets in this study, e.g. those from SINTEFS Handbook 20, comes from the same labs where we may expect a
lower variation.

3 Discussion and conclusions

It is possible to make useable and reliable absorption models for slatted panel absorbers (and other types) using statistical
methods. The given data values between the data points from the lab and a condensed dataset from a matrix of 4180 cells
to 21 with Ci’s are used. This can, of course, be done in different ways e.g. a lookup of the nearest 2-4 data to predict a
given response. Al may also be a route, although it has, by part, been followed here with more complex models.

Most theoretical slatted panel or perforated panel models underpredicts the sound absorption in the high frequency range.
For a long time, such models were more trusted than measurements, by many. For many years measured high frequency
response from measurements and used the commercial model prediction were used for the lower frequencies. Now an
alternative to that route is present. The latter models based on the Data set 2 and 3 can also predict deep tuned bass
absorbers, if not precisely, but better and more importantly, for the resonance frequency of the expected maximum effect.
One must consider the position of the absorber in conjunction with the shape of the (problematic) room modes.



Two of the linear models predict Class A for 57% DO, for 38 x 38 mm slats, 50 mm slots and 50 mm porous backing.
The non-linear model predicts a Class B performance, see Figure 6 while the two linear predicts Class A. This is for a
slightly lower degree of openness than the prediction from averages in Figure 5. The models have been implemented in
an Excel sheet.
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Figure 6: Model predictions for a slatted panel with 57% degree of openness, 38x38mm slats 50mm slots, 50 mm porous and total
depth behind panels.
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5 Appendix A Descriptive statistics for the datasets
A summary of data sources, providers and simple descriptive statistics on number of entries, % of all, minimum and

maximum height of the construction, minimum and maximum degrees of openness as well as the origin for the data.

Table 3: Statistics over data sources and providers for absorption data for the three datasets.
Lines in fat text are from identifiable laboratories.

¢8| = | E|E §

£l = | E|E|BEPEl 3

s 2 | | 5|8ac|e:l o

51 2 | §|E|=8/3g ¥

S 3F < c | EOC|20|
Decustic 75 | 20% | 19 | 200 | 87% | 10% 3
Laudescher 60 | 16% | 27 | 441 | 10% | 87 % 2,3
NBI (now Sintef) Handbook 20, 1979 52 | 14% 0 (320 | 1% |58% | 1,2,3
Ligno Akustik 44 | 12% | 33 | 400 | 16% | 33% 3
Akukon I0A 2018 34 9% 50 | 600 | 19% | 50% | 1,2,3
Matti Saarne, MSc thesis 2001 32 8% 70 70 1% | 79% | 1,2,3
BSA/Sintef 2009 17 4% 50 | 200 |20% | 79% | 1,2,3
WinFlag 4.3 calculations, bass absorbers 16 4% 150 | 250 | 0% | 6% 2,3
Bengt Fessé, KTH, 1972 10 3% 30 75 1% | 79% | 1,2,3
Fuchs, book [6] 7 2% 50 | 100 | 2% |14 % 2,3
Sintef Otretek Akusmart 6 2% 54 | 207 |21% | 40% 2,3
DANAK rapp 100/1452 4 1% | 160 | 560 | 40% | 70 % 2,3
Gustafs 4 1% 47 | 245 | 24% | 62% 2,3
Dallhem ribban SP 4 1% 40 40 | 16% | 37 % 3
Megasorber 3 1% 95 | 405 [34% |34% 3
AcousticalSolutions 3 1% 9 59 |36% |36% 3
Ridgeway Acupanel 2 1% 9 54 |33% |33% 3
Intertek Wood veneer hub 2 1% 9 59 |36% |36% 2,3
Trysilpanel 2 1% 50 | 250 [ 44% | 69 % 2,3
Fibrotech, Woodpanel.nl 2 1% 59 | 109 [ 33% | 38% 3
SoundSeal 1 0% 60 | 60 | 62% | 62% 3




6  Appendix B — Multivariate linear statistical model coefficients

Table 4: Models for responses predicting slatted panel absorption in the 63Hz to 8 kHz octave bands, the weighted absorption factor
aw and the top frequency fmax [Hz]. The Pearson correlation coefficients for the models R’ and the Confidence intervals CI are shown.

A version of the table with the coefficients lined under each predictor are shown in the appendix

Log(DO Slot width Tot th Density P(;l;'ltly.lls R*/CI
Response Const. [%]) fu [Hz] [mm] [mm] [kg/m?] [mm] [%]
ow [1] 0,9565 0,4687 - 0,0000762 71/2
fax [HZ] -1430 651 -411 6,684 51/-
63 Hz -0,2078 0,1538 0,000638 0,001061 0,002755 85/6
125 Hz 0,7104 0,1328 -0,0003471 0,001893 -0,001332 58/5
250 Hz 1,2298 0,2542 -0,0004123 -0,000352 | -0,001927 | 0,001045 55/5
500 Hz 1,0456 0,3698 - 0,000987 40/3
1kHz 1,0216 0,5098 0,0001061 -0,001397 74/3
2kHz 0,8715 0,4909 0,0001657 | -0,000847 73/3
4kHz 0,7648 0,442 0,0000628 0,000763 76/3
8 kHz 0,3748 0,20041 0,0002008 0,00535 90/8




