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ABSTRACT
Sound power and sound energy measurements characterize the noise emitted by noise sources.
The advancement of these measurements could include the ellipsoidal measurement surface.
Sound power measurements using 1SO 3744 and 3745 are simulated in a free field using an
acoustic far-field approximation of the intensity integrated over an enveloping measurement
surface. Sound power and sound energy measurements generally use a hemispherical, paral-
lelepiped, or cylindrical measurement surface. Those measurement surfaces have limitations
and assume that the microphone positions lie on the measurement surface often in preferred
positions. An alternative approach is to choose microphone positions that optimally satisfy the
assumptions of the measurement. The measurement surface would then be fit to the chosen
microphone positions. Regression methodologies are available for fitting ellipsoids. The num-
ber of microphone positions can be as few as three to fit an ellipsoid. An ellipsoidal measure-
ment surface can abut zero, one, two, or three orthogonal reflecting planes. Correction equa-
tions for the microphone locations and the angle errors for the microphone orientation and
wave propagation direction are described. This paper will present simulations of sound power
and Kz corrections for environmental reflections for measurement surfaces used in 1SO 3745

and other measurement surfaces.
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1. “BUY QUIET” REQUIRES SOUND ENERGY MEASUREMENTS

Experts performing noise assessments need the ability to make reasonably quick and accurate
sound energy (joules) measurements to support “Buy Quiet” as a global solution to excessive noise.
Sound energy takes productivity into consideration which is important for practical comparison of
power tools. The safety procurement standard SAE AS6228 considers all safety health and cost fac-
tors influencing a purchasing decision [1]. The standard could benefit from a quicker and easier way
to make sound energy measurements. Currently sound power measurements are made using hemi-
spherical, parallelepiped, or cylindrical measurement surfaces which have certain limitations and of-
ten use preferred microphone positions [2-4]. An alternative is to choose microphone positions that
satisfy the assumptions of the measurement, then regress the measurement surface to the microphone
positions. Ellipsoidal sound power measurement surfaces offer good flexibility to choose micro-
phone positions that satisfy the assumptions of the measurement and have available regression meth-
odologies.

The ellipsoidal measurement surface provides a simpler test setup and several other advantages.
A simple arrangement with as few as three microphones can be set up to support survey grade meas-
urements; if better accuracy is desired more microphone positions can be added.

These characteristics in a hypothetical measurement surface would be beneficial:
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1. Smooth, with no discontinuities.

2. Adjustable with three independent axes of contraction and dilation.

a. Optimally satisfy the conditions of the far field, background noise, and environmen-
tal reflections.
b. Adapt to the shape of the noise source as needed.

3. Available regression methods to fit the measurement surface to the microphone positions.

4. A systematic estimation of the cosine angle error due to a lack of a common normal vector
between the measurement surface and reference surface.

5. A systematic estimation of the microphone directivity error due to pointing the free-field
microphones in the direction of the center of the measurement surface.

6. A systematic estimation of the microphone position error—the relative difference between
measured microphone position and the theoretical microphone position on the measurement
surface.

7. A 3-microphone position sound power measurement with zero, one, two, or three orthogonal
reflecting planes.

8. Be well-known, understood, and standardizable.

This paper covers the theory and tests the adequacy of ellipsoidal measurement surfaces. Section
2 of this paper describes the theory and three new corrections. Section 3 introduces theoretical meas-
urement procedures. Sections 4 and 5 explain the methods and results for plotting, comparing, and
analyzing measurement surfaces in 1SO 3744 and 3745. Measurement surfaces are compared using
simulated K> corrections for environmental reflections. Additional comparative analysis tools are
graphically illustrated using a radiation behavior map and a microphone directivity correction plot.

2. BACKGROUND ON ELLIPSOIDS, THREE CORRECTIONS, AND SOUND FIELDS

Ellipsoids have several properties that are useful for implementing a simpler setup, however there
is a tradeoff with the complexity of the calculations. The simpler setup is optimized to place the
microphones approximately on the surface of an ellipsoid in the free-field and avoid the nearfield of
the Device Under Test (DUT) and reflecting planes. The microphones are pointed at the center of
the ellipsoid. This simpler setup requires the surface area associated with each microphone and three
corrections at each microphone position to be calculated.

2.1 Geometric Assumptions

Consider an ellipsoid centered at the origin x=0, y=0, z=0. An aligned ellipsoid means that the
cardinal radii are aligned with the axes of the coordinate system so that the radii (a, b, c) are aligned
with rectangular axes (X, Y, Z). All ellipsoids in this article are assumed to be centered and aligned
with the coordinate axes.

The reference surface must completely enclose the DUT. The measurement surface should be in
the acoustical and geometrical farfield of the DUT. The measurement surface should be in the acous-
tical farfield of all reflecting planes. Optimally the reference and measurement surfaces should be
parallel [5]. A spherical reference and measurement surfaces with a common center are true parallel
surfaces. Ellipsoidal reference and measurement surfaces can only approximate parallel surfaces.
Ellipsoids are promising as a better approximation of parallel surfaces than cylinders and parallele-
pipeds. Ellipsoids have three radii for adjusting the surface, are smooth, can be determined by as few
as three microphone positions, and are well-known, understood, and standardizable.

2.2 Three Corrections

In this paper, regression methods specifying only centered aligned ellipsoids are used [6,7]. An
ellipsoidal measurement surface is fit to the microphone positions. The surface area associated with
each microphone position can be calculated using a nearest neighbor approach based on geodesics
and numerical integration [6,8,9]. The deviation of the microphone positions from the measurement
surface relative to the reference surface gives rise to a Microphone Placement Correction, Lmpc [6].
The deviation from the measurement surface is based on the shortest distance from a point to the



surface of an ellipsoid [10]. The angular misalignment of the normal vectors of the reference surface
and measurement surface results in a cosine theta error correction (Normal Vector Misalignment
Correction) Lnvme [6,11,12]. Pointing the microphones at the center of the ellipsoid causes a micro-
phone directivity error which is corrected using a Microphone Directivity Correction, Lmdc [13]. The
surface areas associated with each microphone position and the three corrections Lmdc, Lavme, Lmpc are
applied to all of the simulations in this paper.

2.3 Sound Fields

Figure 1 illustrates several acoustical field terms associated with sound power and sound energy
measurements for a DUT with small compactness, kdo. Compactness is the wavenumber multiplied
by the characteristic distance and in part determines the radiation behavior of a source. Sound pres-
sure levels can fluctuate dramatically in the near field of a source and the nearfield of large reflecting
surfaces (walls and the ceiling). Consequently, sound pressure level measurements should be avoided
in the nearfield of the DUT and large reflecting surfaces. For small compactness DUTSs, free field
measurements are made at least one-quarter wavelength away from the surface of the DUT.
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Figure 1. The sound fields for a sound energy measurement from nearfield at the source to the
nearfield at a large reflecting surface such as awall. The diffuse field is use for reverberation chamber
sound energy measurements. The free field is used for hemi-anechoic chamber measurements.

3. THEORETICAL MEASUREMENT PROCESS AND SURVEY PROCEDURE

This section describes a theoretical process for making a sound power or sound energy measure-
ment. The measurement process is supplemented with a survey procedure to estimate a single number
metric.

3.1 Theoretical process for a sound power or sound energy measurement
The steps below are for a sound power or sound energy measurement made in a free field over a
reflecting surface under hemi-anechoic conditions with the possibility of large reflecting surfaces
(walls and ceiling). Note: steps 5-13 can be automated using computer programs.
1. Determine the X, y, z coordinates relative to a point directly below the center of the DUT.
2. Position the DUT over a reflecting plane.
3. Determine an enclosing reference ellipsoid for the DUT.
a. Assume a centered aligned ellipsoid
b. The maximum height of the reference ellipsoid at the top dead center point and a
corner of a work bench-assuming symmetry can determine an ellipsoid.
c. The program reference_ellipsoid.m [6] has more details.



d. The radii of the refence surface are denoted by (ar, br, cr).
4. Estimate do, the characteristic dimension of the DUT. This is the maximum length di-
mension across the DUT.
5. Estimate the frequencies of interest (one-third-octave bands from 125 Hz to 20 kHz)
a. Estimate the lowest frequency of interest, Fmin
6. Estimate the compactness of the source at Fmin, kdo=do27 Fmin/C
a. cisthe speed of sound =343 m/s
b. For small equipment such as power tools
compactness at Fmin is often small, kdo << 2
c. For large equipment such as bull dozer or jumbo drill
compactness at Fmin is often large, kdo >> 2
7. Estimate the distance to the acoustic farfield of the DUT.
a. dpur acoustic=NDUT WIXC/Fmin
Npurt,wi is the Number of Wavelengths.
Selecting the value of Nputwi is a complicated task that may require an experi-
mental investigation of the sound field [3,14]. Table 1 shows rough estimates of
the needed values.

Table 1: Compactness regimes for determining the acoustic farfield

DUT Compactness Number of Wavelength
at Fmin typically 125 Hz ~ Wavelengths at 125 Hz
Regimes Nputwi (meters)
Small kdo « 2 1/4 0.7
Transition kdo ~2 1 2.7
Large kdo > 2 2 55
A piecewise function smooths the scaling Nput,wi in terms of DUT compactness kdo,
1/4 kdg < 1
N _ J3/4kdo —1/2, 1 < kdo <2 O
DUTwl kdp/2, 2<kdg <4’
2, 4 < kdg
b. Wavelength at 125 Hz: A = < = 253™5 < 97 m
f 125 Hz

c. Fora DUT with large compactness kdo > 2, select Nputwi ~2
d. I1SO 3745requires Nputw > 1/4
8. Estimate the distance to the geometric farfield boundary.
a. Nbpur,do is the multiplier for do to be in the geometric farfield of the noise source.
Typically, Nput,do ~ 2
b. dpur geometric= Ndo*xdo
9. Estimate the maximum distance of the acoustic and geometric distance requirements.
a. dputmax=Maximum(dpur acoustic, dDUT,geometric)

10. Calculate the acoustic and geometric requirements due to the limitations of the room size.
Assume that the boundaries of a hemi-anechoic chamber are somewhat reflective at Fmin
and that staying a certain distance from the reflecting surfaces is a best practice.

a. Acoustic Requirement: Stay at least one-quarter of a wavelength from reflecting
surfaces. Nirsw ~1/4

b. dirsacoustic = NLRS,wIXC/Fmin

c. Geometric Requirement: Stay at least 0.5 m from large reflecting surfaces

d. dLRS,geometric =0.5 meters
The subscript LRS is an abbreviation for Large Reflecting Surface (LRS).

11. Estimate the maximum distance of the acoustic and geometric distance requirements.
d. dLRS,max=MaXimum(dLRS,acoustic, dLRS,geometric)



12. Choose a “Pattern of Microphone Positions” based on appropriate standards such as I1ISO
3744, 1S0 3745, and ANSI S12.15 [2-4]. These standards specify microphone positions
whose spherical angular patterns can be projected onto a surface. Projecting an angular
pattern leads to the figure of speech, “Pattern of Microphone Positions.”

13. Select microphone positions at a distance dput,max Normal to the reference surface with
due consideration of the pattern of microphone positions and that are sufficiently far from
large reflecting surfaces.

a. For asurvey grade measurement use a piece of string and good judgement such
that the microphone positions have different heights and the microphone positions
“look” like they will fit an ellipsoid and represent equal surface areas. Micro-
phone positions with lower values of x and y should have greater values of z. Ad-
just the microphone positions away from reflecting surfaces and other obstacles.
Satisfying the measurement assumptions is the goal.

b. For a computer simulation, mathematically construct microphone positions on an
ellipsoid with radii (am, bm, cm) =(ar, br, ¢r) + dout,max. In this paper, the rectangu-
lar coordinate triple is transformed from the original spherical surface to an ellip-
soidal surface while preserving the spherical angles (6, ¢). Those angles are then
input directly into the Gauss parametric form (a, b, ¢, 8, ¢) [15]. This causes a
reasonable spread of the microphone positions along the surface. After the sur-
face is constructed, the ellipsoid is scaled to satisfy the room size requirements.

14. 1f the microphone positions cannot satisfy the requirements due to room size increase the
minimum frequency or find a larger space to conduct the measures. If the microphone
positions are too close to the source, then move them further away from the source. If
the microphone positions do not represent equal areas nudge them in a direction that
looks like they will better represent equal areas.

15. Iterate steps 12-14 until an acceptable set of microphone positions has been identified.

16. Measure and record the X, y, z coordinates of the microphones preferably within 1 cm.

17. Verify that the Recorded Microphone Positions are likely to produce successful results.
Run simulations of the K> values for the selected microphone positions by entering the
coordinates and other information into ms_interference_monopole.m or ms_interfer-
ence_oscillating_sphere.m [6].

3.2 Theoretical survey procedure for estimating a single number metric
This procedure starts after the successful completion of the procedure from Section 3.1. This
article only simulates this procedure. The calculations were verified with sample data [6,16].
1) Use the procedure from Section 3.1 to setup the DUT and microphones.
2) Make sound pressure level measurements of the Background Noise, Reference Sound Source
(RSS), and DUT at the microphone positions
a. Use fractional octave bands if possible
b. For sound energy measurements, carefully keep track of the elapsed time
3) Enter data into a program such as LW _LJ_estimate_dut_bg_rss4.m [6].
4) Check if the K1 and Ko values are acceptable. Find a different measurement location if needed.
Ky is the correction for background noise.
5) Check the directivity index of the results and add more microphone positions as needed.

4. METHODS

The measurement surfaces from 1SO 3745 and ISO 3744 are commonly used for sound power
measurements (see Table 2). These surfaces were tested using a 2-meter radius and with an optimized
ellipsoid. Duplicate microphone positions were removed. The optimized ellipsoid had the smallest
ellipsoidal radii satisfying the acoustic and geometric farfield conditions at 125 Hz. The microphone
positions in the optimized measurement surfaces were determined by transforming the original spher-
ical angles to the ellipsoidal angles in the Gauss parametric form as described in step 13b in Section



3.1. Table 2 describes the measurement surface properties that were used in the simulations. For the
measurement surfaces using traverses, the number of microphone positions ranged from 48 to 120.

Table 2: Properties of 1ISO 3745 and ISO 3744 measurement surfaces

Number of Number of
Standard Table Figure Description Reflecting Microphone
Planes Positions

ISO 3745 D1 - Sphere 0 40
ISO 3745 El - Hemisphere 1 40
ISO 3745 E2 - Hemisphere 1 40
ISO 3745 - F1 Hemisphere 1 120
ISO 3745 - Gl Hemisphere 1 48
ISO 3745 - H1 Hemisphere 1 100
ISO 3744 Bl - Hemisphere 1 20
ISO 3744 B2 - Hemisphere 1 19
ISO 3744 B2 - Hemisphere 1 10
ISO 3744 B2 - One-Fourth Sphere 2 9
ISO 3744 B2 - Hemisphere 1 6
ISO 3744 B3 - One-Eight Sphere 3 5
ISO 3744 F1 - Hemisphere 1 12
ISO 3744 F1 - Hemisphere 1 6
I1ISO 3744 - B5 Hemisphere 1 60
ISO 3744 B2 - One-Half Ellipsoid 1 19
ISO 3744 B2 - One-Half Ellipsoid 1 10
ISO 3744 Fl - One-Half Ellipsoid 1 12

In two separate sets of simulations, the DUT was simulated using monopoles (pulsating spheres)
and dipoles (oscillating spheres). The compactness of the simulated DUT had three levels: small,
transition, and large. Table 3 shows the compactness values and diameters of the monopole and
dipole sources used to model the DUTs. The sources were in a hypothetical cube shaped box with
edges of length 0.3 meters. The simulations were run with three distinct heights of the hypothetical
box 0.01, 0.3 and 1 (m) above the plane z=0. The centers of the sources were located in a cube shaped
box and always on the positive side of any abutting reflecting planes. The source height and hypo-
thetical box dimension were used to determine the reference surface and geometric farfield. The
source positions, frequencies within each one-third-octave band, phases, diameters, and acoustic ve-
locities, were selected at random from a uniform distribution. One-third-octave bands from 125 Hz
to 20 kHz were used. Each sound power simulation was averaged over 1,000 runs with 2,000 sources.

Table 3: DUT Compactness at 1 kHz, mean and standard deviation (Std) of the source diameter.

Compactness Mean(do)  Std(do) Local Wave Radiation
at 1 kHz (m) (m) propagation efficiency
Small (kdo = 0.19) 0.0136 0.00200 Spherical Low
Transition (kdo = 1.9) 0.136 0.0200  Spherical to Planar  Low to High
Large (kdo = 19) 1.36 0.200 Planar High

In a similar way, a toss of a piezo football—battery powered piezoelectric buzzer inside a foam
ball—in a parabolic arc was simulated [17]. The simulated piezo football toss had a symmetric par-
abolic trajectory going from (0.5, 10, 2.5) through top center (0, 0, 3) m to (-0.5, -10, 2.5).

K> values were estimated for each simulation by calculating the difference between the theoretical
sound power and the sound power estimated from the sound pressure at the microphone positions
[18-20]. The theoretical sound power was corrected for the influence of reflecting surfaces [21,22].
Maps of the radiation behavior were made using the characteristic dimension of the sources to better
understand if the sources were in the farfield, hydrodynamic nearfield, geometric nearfield, or a tran-
sition among those fields [14].



5. RESULTS

This shows examples of the surface mappings of microphone positions, DUT radiation behavior
maps, the sound power frequency profiles for the three levels of DUT compactness, simulated K
corrections for environmental reflections, and microphone directivity corrections.

5.1 Surface mapping of microphone positions

Figures 2 and 3 show the surface mapping for a selection of ISO 3745 and 3744 surfaces
resepctively. Selected microphone positions are marked with a grey disk and numbered. Figure 4
shows a comparison of the 2-meter radius hemisphere and an optimized smallest radii ellipsoid.
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Figure 2: Mapping of ISO 3745 microphone positions on a 2-meter radius to the nearest surface areas.
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Figure 3: Mapping of ISO 3744 microphone positions to the nearest surface area.
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Figure 4: Comparison a 2-meter radius hemisphere to an optimized ellipsoid with radii (1.6, 1.6, 2.6)
m. The optimized ellipsoid more closely conforms to the shape of the DUT.

Figure 5 shows the surface area to microphone position mapping for the piezo football toss
simulation with 19 microphone positions. In Figure 5, the left plot uses the prechosen radii of (20, 6,



5) m and the right plot uses radii optimized to satisfy the conditions of the acoustic farfield at 125 Hz
and geometric farfield with a characteristic dimension of 0.25 m.

150 3744 Table B2 19-One-Half Ellipsoid

IS0 3744 Table B2 19-One-Half Ellipsoid

Z-axis (m)
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5 20
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Figure 5: Mapping of piezo football toss simulation with 19 microphone positions based on Table B2
with removal of the duplicate microphone position. The left plot uses the prechosen radii of (20, 6,
5) m. The plot on the right uses the optimized smallest radii to satisfy the conditions of the acoustic
farfield at 125 Hz and geometric farfield with a characteristic dimension of 0.25 m.

5.2 DUT radiation behavior map

Figure 6 shows a DUT radiation behavior map for the piezo football toss setup with radii (20, 6,
5) m using the do from Table 3. Ideally all of the markers (x, o, +) would be in the farfield and not
in the hydrodynamic nearfield. As the measurement surface radii increase the markers shift towards
increasing geometric ratio, G-values and towards the farfield. As the frequency increases the markers
shift toward increasing compactness, C-values and the geometric nearfield.
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Figure 6: DUT radiation behavior geometric ratio and compactness map of the piezo football toss
setup using the ISO 3744 Table B2 19-microphone positions. Each marker represents a microphone
position and frequency with x-small, o-transition, and +-large compactness, kdo.

5.3 Sound power frequency profiles for small, transition, and large compactness

Figure 7 shows the shape of the sound power frequency profile for the three levels of compactness:
small, transition, and large. For small compactness the sound power increases as the frequency
increases. For large compactness the sound power is nearly constant as the frequency increases. All
the simulations had similar shaped sound power frequency profiles.
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Figure 7: Sound power of uncorrelated monopole sources using a simulated 1SO 3745 D1 40-
microphone setup with small, transition and large compactness.
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5.4 Simulated K> corrections for environmental reflections 1SO 3744 and 3745 surfaces

Figure 8 shows the simulated K> values for oscillating sphere models with the optimized ellipsoidal
radii. The K> values for the monopoles are closer to zero than for the oscillating sphere sources. In
some cases the oscillating sphere model has much worse outcomes than the monopole model. K:
values for the original spherical shapes are generally closer to zero than for the optimized ellipsoidal
radii. The plots depict a worst case for the K> values given the models. For the simulations with zero
and one reflecting planes, the K> values generally remain with £2 dB with a few minor exceptions.
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Figure 8: K> values for three source heights 0.01, 0.3, and 1.0 m and three levels of compactness:

small, transition and large. The height and compactness increase along the rows and columns

respectively. The plot legends indicate the number of microphones, table the measurement surface

came from and the number of reflecting planes. As the number of reflecting planes increase, the K>

values increasingly deviate from 0 dB.



5.5 Microphone directivity

Figure 9 plots the microphone directivity correction level, Lmgc for all microphone positions and
frequencies for 11 measurement surfaces. The measurement surfaces and radii are identified in the
plot legends. For the measurement surfaces that have equal radii, Lmdc is nearly zero from 315 Hz
to 40 kHz. For the optimized measurment surfaces (OMS) that have increasingly unequal radii the
Lmdc IS increasingly large. Measurement surfaces should be chosen with the aim of keeping the
radii sufficiently equal to keep Lmqc sufficiently small.
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Figure 9: Microphone directivity correction level for all microphone positions for the selected
measurement surfaces. As the ellipsoidal radii increasingly deviate from equality Lmdc increases
especially above 5 kHz. Measurement surfaces should be chosen with keeping Lmdc relatively small.

5.6 Simulated K2 corrections for piezo football toss

Figure 10 shows that the simulated Ky value of the piezo football toss is much higher than for the
simulations that had nearly equal radii. The deviation of the radii from being nearly equal increased
the microphone directivity correction at frequencies above 5 kHz as shown in Fig. 9. The increase in
Lmac resulted in an increased simulated K correction for environmental reflections.
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Figure 10: K> values for the piezo football toss with three levels of compactness: small, transition and
large. Ko values increasingly deviate from 0 dB as the frequency increases because the microphone
directivity correction level dominates as the radii increasingly deviate from equality.

6. CONCLUSIONS

Measurement positions in 1ISO 3745 and 1SO 3744 with zero or one reflecting planes generally had
simulated K> values satisfying -2 < K> < +2 dB. That was generally observed for all of the simulations



with the small, transition, and large compactness sources with monopole and oscillating sphere mod-
els. The optimized ellipsoidal measurement surfaces also satisfied these conditions for the measure-
ment surfaces that had less than three reflecting planes and close to equal radii. For the simulations
of the measurement surface with two or three reflecting planes, the K values at different heights and
compactness regimes were outside of the range of -2 < K, < +2 dB. In general, as the number of
reflecting planes increased the K> values increasingly deviated from 0 dB. Measurements near two
or three reflecting planes may be inaccurate and should be avoided. For the piezo football toss, opti-
mizing the radii of the measurement surfaces to be small, does not yield the best simulated K values.
Keeping the radii of the measurement surfaces reasonably close to equal seems to yield simulated K>
values closer to 0 dB. Plots of the simulated K values, radiation behavior maps, and microphone
directivity correction levels will likely help to assess whether the measurement surface satisfies the
assumptions of the sound power measurement.

7. FUTURE WORK

This paper briefly outlined the theory and possible practical applications of sound power measure-
ments using the ellipsoidal measurement surface. A more complete description of theory and exper-
imental results are needed to better understand the methodology. The simulated K> corrections pre-
sented in this paper need to be compared to experimental estimates of K, corrections to better under-
stand the accuracy of this method.

Further development of this methodology may help to answer some research questions. For a
DUT with a high directivity factor, what is the best strategy for adding additional microphone posi-
tions to improve accuracy and reduce uncertainty of the sound power estimate? How can the meth-
odology be practically implemented in field measurements using the microphone positions described
in ISO 3746:2010 Section 8.2 [23]. How can K> corrections be estimated in a more accurate, reliable,
and cost-effective way [24-28]. Does the free-field ellipsoidal sound power measurement have an
analogous measurement in the diffuse field [29-30]. How can sound energy measurements be incor-
porated into a “Buy Quiet” strategy with a more holistic approach considering all health, safety, and
cost factors influencing purchasing decisions? How would the safety procurement standard SAE
AS6228 benefit from sound energy measurements using the ellipsoidal measurement surface [1]?
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