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Abstract

The two-microphone method, as defined in the stan-
dard ANSI/ASA S1.18-2018, is used to determine the
acoustic impedance of ground surfaces. To derive the
impedance from the sound pressure ratio of the two
microphones, the method relies on a specific geometric
relationship between the sound source and the two re-
ceiving microphones. Therefore, we explore the effect
of positioning errors within the measurement setup,
i.e. in the alignment between source and receivers.
First, an experiment is conducted to characterize the
uncertainties in triaxial geometric positioning that oc-
cur during manual setup under practical measurement
conditions. The resulting probability distribution is
used as input for a Monte Carlo (MC) uncertainty
propagation across the template method applying the
variable porosity model for a sample material. Con-
sequently, the uncertainty is analyzed for the level
difference of the two microphone signals, which is a
critical intermediate processing step. The microphone
signals are computed by adding the geometrical paths
of direct and reflected sound emitted by a point source
using the Weyl-Van der Pol approximation for spher-
ical waves. The MC simulation yields the resulting
uncertainty estimates for the impedance.

First results show that uncertainty arising solely from
geometric setup variations is relatively small but
strongly frequency-dependent. The uncertainty of
the impedance is larger at low frequencies than at
high frequencies. Positioning errors in height show to
have the strongest influence on the output quantities.
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1. Introduction

Acoustic surface impedance is essential for predict-
ing outdoor sound propagation. The two-microphone
method (transfer function method) as described in the
standard ANSI/ASA S1.18-2018 is one of the few stan-
dardized approaches for outdoor ground impedance
measurements [1]. In this method, a sound source and
two microphones are placed above the ground surface
in a prescribed geometry as shown in Fig. 1. The
transfer function is obtained from the pressure ratio
between the two microphone positions, from which the
corresponding level difference (LD) is calculated. The
impedance is derived by comparison to a so-called LD
template curve (Template method) which is calculated
based on impedance models and a specific geometrical
setup. Here, we use Geometry A.
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Figure 1: Two-microphone method as in defined
ANSI/ASA S1.18-2018. Measurement geometry defined by
distance d; /b and height of source and receivers, hs, h: and
hy. Rg: direct path between loudspeaker and microphone,
R,: ground-reflected path.

Practical measurements over various grounds have
shown considerable variation. This raised the ques-
tion of how much uncertainty is introduced by the
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measurement setup itself and if the result could be ac-
companied by a quantitative statement of uncertainty.
A number of studies deliver important insights re-
garding the uncertainty factors and stability of the
measurement method [2], [3], [4], [5], [6], [7]. Never-
theless, they mainly address selected errors or study
cases and do not provide a comprehensive uncertainty
analysis of the two-microphone method. In particular,
they often use limited spatial resolution and have not
experimentally characterized the geometric deviations
introduced during manual setup.

This study addresses this gap by investigating devia-
tions from the template geometry experimentally. The
aim is to obtain possible source-receiver geometries
that represent the measured positioning uncertainty.
They are consequently used in a numerical uncertainty
propagation to evaluate their influence on the level
difference and the complex surface impedance.

2. Methods

2.1. Workflow

The main building blocks of the study are shown in
Fig. 2. In order to determine a probability distribu-
tion for the perturbed geometries, i.e. the offsets
introduced by manual setup, an experiment has been
conducted which is presented in Section 3. Each uncer-
tainty propagation has to be conducted for a specific
surface characteristic. The selected case for this study
is depicted in Section 2.2.

This section further describes how the experimentally
determined geometric offset distributions are propa-
gated to the pressure ratio using discrete Monte Carlo
(MC) sampling. The idea behind the MC method
is to repeatedly sample possible values of the input
quantities according to their assigned probability dis-
tributions and to evaluate the measurement model for
each sampled input vector [8]. The propagation is ob-
tained by simulating virtual microphone signals based
on the perturbed geometries. Eventually, the simu-
lated level differences are used to derive the estimated
impedance when applying the template method.

Perturbed geometries
Reference geometry + offsets
(positioning errors)

Surface characteristics
Impedance (model) data

4

Simulation of pressure ratio & level difference
Image source model + Weyl -Van der Pol approximation

J

Derivation of the resulting impedance
applying the template method

-

Figure 2: Workflow of the study.

The procedure contains the following steps:

1. Input distributions: Each geometric input
quantity x; is described by its experimentally

fitted normal distribution, namely the mean and
the standard deviation:
Ti ~ N (fexpin Oanps)  1=1,...,9. (1)
2. Sampling range: For each input quantity, a
finite sampling range is defined to cover approx-
imately 99.7% (£30exp,;) of the fitted normal
distribution. The lower and upper bounds are
rounded to integer millimeter values:
xmin/max,i - Lﬂexpﬁi + Saexp,iJ (2)
3. Discrete grid: A discrete grid with a geomet-
ric resolution of 1 mm is constructed between
the lower and upper bounds, Zmin,; and Tmax ;-
Each value in this grid represents one possible

geometric value in the Cartesian coordinate sys-
tem.

4. Probability evaluation: The probability
density function (PDF) returns a value of
the experimentally fitted normal distribution
N (ftexp,ir O ;) @t each grid value z;:

pl('rl) — pdf (N(//('exp,i; ngp,i)in) * (3)

5. Probability normalization: Since the contin-
uous distribution is represented on a discrete
grid, the evaluated probability densities are nor-
malized so that the discrete probabilities sum
to unity:

pi®s)
Bie) = S (4)

6. MC sampling: A total of M random offset
combinations is drawn from the discrete distri-
butions. Each grid value is selected according
to its sampling probability P;(z;). Each com-
bination contains one sampled offset value for
each of the nine geometric input quantities.

7. Coordinate transformation: The sampled
offset combinations are converted into the cor-
responding height-distance coordinate variables
as described in Figure 1.

8. Simulation: For each sampled (perturbed) ge-
ometry, the pressure ratio between the top and
the bottom microphone is calculated using the
image source model and applying the spherical
wave approximation by Weyl-Van der Pol [1].

The level difference is calculated with the pressure of
the top and bottom microphone p;(f) and py(f) as:

o)

The template method uses the level difference as in-
put. The average level difference per virtual/simulated

LMﬁ=mmm( (5)
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measurement trial LDy, q,(f) is compared with the
calculated level difference of the reference geometry

LD.(f):

- LD.(f) = LDy .o (f)\ 2
E= Zf: ( o )  ®

f)

where ¢(f) is the standard deviation of the simulated
level differences at frequency f.

For the calculation of LD.(f), a set of model parame-
ters is estimated. Then, the method iterates the model
parameters in order to minimize E. The spectrum
with the smallest value of E is selected as the best
fit for the parameters. Thus, the impedance is taken
from the chosen material model.

2.2. Case study: (Virtual/Simulated) Grass
In this present study, we limit our analysis to a case
study with the following characteristics:

e Surface material under test: Grass based on
the two-parameter (variable porosity) model [9]
with flow resistivity o, = 152 kPa -s-m~2 and
porosity a, = —52 m~!.

e Measurement Geometry A with d = 1.75m,
hs =0.325m, h; = 0.23m and hy, = 0.23m.

e Impedance deduction strategy: Template

Method.

e Frequency range: 100 — 4000 Hz, with a linear
step size of 10 Hz.

e Possible parameter range for the calculation of
LD., see Eq. (6):

— 0. € (5,30 x 10%) kPa -s-m~ 2,

— e € (—100,100) x 103 m~1.
¢ Only one meteorological condition.

3. Positioning errors as geometric input
uncertainty

To quantify the uncertainty introduced during the
manual setup process, an experiment is conducted
involving 22 participants. The resulting data are ana-
lyzed to assess setup accuracy and to derive represen-
tative geometric offset distributions from the reference
geometry.

The experiment uses an infrared-based OptiTrack sys-
tem with six cameras for position tracking. Infrared
light emitted by the camera LEDs is reflected by the
reflective markers placed within the measurement area
and detected by the cameras to determine marker po-
sitions. The markers are connected to mock-ups of
the loudspeaker and the two microphones. Attention
is given to a high calibration quality near the ground
plane, resulting in an triangulation error below 0.5 mm
for all possible positions.

The participants are instructed to position three
marker mock-ups according to the specified values for
the reference Geometry A specified in the ANSI/ASA
standard [1]. The instructions provided target values
for the loudspeaker height (hs), the top and bottom
microphone heights (hs and hy), the horizontal source-
receiver separations (d), as specified in Section 2.2.
The measurement tools provided consist of a rigid
rod used to assist the measurement of the source-to-
receiver distance and two folding rulers.

To enable a consistent comparison with the reference
geometry, the measured data is transformed into the
reference coordinate system, as shown in Fig. 3. The
transformation method considers all three positions
Prs, Pr and Pg of the loudspeaker and the two mi-
crophone mock-ups jointly as a triangle to preserve
their geometric relationships. First, the centroid of
each measurement setup trial C is translated into the
ideal reference centroid Cy.y. Then, the triangle is
rotated around the z-axis such that the vector from
the centroid to the loudspeaker is aligned with the
corresponding direction in the reference geometry.

Figure 3: Schematic of the experiment results.

For each of the three axes and for each point, Prg, Pr
and Ppg, a normal distribution is fitted to the offset
between the measured geometry and the reference
geometry. The fitting uses a maximum likelihood esti-
mation and provides the mean and standard deviation
of the resulting PDF. The distributions are shown in
Figure 4. Furthermore, an overall normal distribution
is fitted to all offset data across all points and axes.
The mean of the fitted distribution, shown in red, is
exactly zero.
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Figure 4: Distribution of the experimental positioning
errors for geometry A.
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4. Results

4.1. Uncertainty in level difference

The uncertainty propagated from geometric setup to
the level difference with 1 x 10° MC trials is shown in
Fig. 5 and Table 1. The mean curve in Fig. 5, obtained
from the randomly selected trials, and the reference
curve, without geometric offset, are very close to each
other. This indicates that the resulting uncertainties
follow approximately symmetric distributions. This
also suggests that, with a sufficiently large number
of repetitions, the level difference is statistically in-
sensitive to geometric offsets. The dark gray region
corresponds to the 1o interval containing 68% of the
trial results, the gray region represents the 20 interval
containing 95%, and the light gray region represents
the 3o interval containing 99.7% of all trials.

10

——~100% boundary
| ——Reference

100 1000
Frequency [Hz]
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Figure 5: Uncertainty distribution of level difference LD.

The resulting standard uncertainty is presented by
the frequency-averaged standard deviation and the
maximum value that occurs at a single frequency.
The 95% coverage interval is given as an additional
measure to describe the spread of the propagated
output distribution.

Table 1: Uncertainty statistics of level difference LD.

Quantity Std. o(f) 95 % coverage Wos(f)
Freq.-avg. Max  Freq.-avg. Max
LD (dB) 0.33 0.65 1.30 2.53

4.2. Local input sensitivity: Impact of individ-
ual positioning errors

To support the interpretation of the MC results, a local
input sensitivity analysis is additionally carried out
to identify which geometric offsets have the strongest
influence on the level difference. Sensitivity coefficients
can be obtained numerically by varying one input
quantity while keeping the others constant as one-at-
a-time finite-difference perturbations [10], [11].

The sensitivity analysis is applied to the nine ge-
ometric input quantities x; defined in Section 2.1.

For each input quantity, a positive and a negative
perturbation are applied around its reference value
;E;r/_ = iy £ Az;. In this study, the same per-
turbation magnitude is used for all geometric input
quantities. It is selected as the arithmetic mean of the
standard uncertainties of all geometric input quanti-
ties.

The empirical sensitivity coefficient is calculated as
[12]:

Y(z; + Axy, f) = Y(z; — Axy, f)

iy ()~ A .

where Y (z; = Ax;, f) are the output values obtained
after positive and negative perturbation of the input
quantity x;. All other input quantities are kept at
their reference values during this perturbation.

The sensitivity coefficients resulting from the position-
ing errors of the loudspeaker and the two microphones
are shown in Fig. 6. The z-axis shows the highest local
sensitivity, while the z-axis is omitted for clarity due
to very small values. Thus, the output quantities are
most strongly affected by vertical positioning errors.
Among all geometric input quantities, the loudspeaker
height has the largest sensitivity.

=Yg~ ¥R

W"ZLS o ZT _ZB

Frequency [Hz]

Figure 6: Sensitivity coeflicients for level difference LD
from loudspeaker, top and bottom microphone positioning
errors in y- and z-direction. Offsets in z-direction are
omitted; they show very little sensitivity.

4.3. Uncertainty in impedance

The uncertainty of impedance as it results from the
MC method with 3 x 10° trials is shown in Figure 7,
Figure 8 and Table 2. The mean curves in Figure 7 and
Figure 8 refer to the values averaged over all results,
which are not necessarily the result of a physically
existing geometry.

For both the real and the imaginary part of the
impedance, the uncertainties are larger at low fre-
quencies and decrease toward higher frequencies. The
mean of $(Z) closely follows the reference curve over
most of the frequency range, whereas the mean of $(Z)
shows a larger deviation at low frequencies before ap-
proaching the reference at higher frequencies. This
suggests that individual trials can deviate noticeably
from the reference, particularly in the low frequency
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range, while the averaged result remains more stable
and representative of the reference behavior.
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Figure 7: Uncertainty distribution of the real part of
impedance R(Z).
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Figure 8: Uncertainty distribution of the imaginary part
of impedance $(Z).

Table 2 shows that the frequency-averaged uncertain-
ties are relatively small, whereas the maximum reveals
pronounced outliers. This again confirms that uncer-
tainty shows a strong frequency dependence.

Table 2: Uncertainty statistics for impedance Z.

Quantity Std. o(f) 95 % coverage Wos(f)
Freq.-avg. Max  Freq.-avg. Max

R{Z} 0.16 0.57 0.69 2.53

{Z} 0.12 1.57 0.37 4.53

5. Conclusion and outlook

The experimental characterization of source and re-
ceiver positioning errors provides realistic probabil-
ity distributions for the geometric input parameters.
These distributions form the basis of the uncertainty

propagation and represent a practical alternative to
the assumed input distributions commonly adopted in
previous studies [4], [13]. The fitted normal distribu-
tions show standard deviations ranging from approxi-
mately 3.4 to 8.3 mm for Geometry A. A linearized
sensitivity analysis further indicates that microphone
height is the dominant geometric input parameter
affecting level difference.

The propagation from geometric uncertainty to level
difference and impedance was evaluated. The results
indicate that geometric offsets mainly introduce fre-
quency shifts in the level difference curve, whereas
the overall curve shape remains comparatively sta-
ble. This suggests that the overall shape of the level
difference curve is more important for surface charac-
terization using the template method than the exact
frequency locations of individual peaks and dips. The
averaged impedance remains close to the reference
impedance, indicating that geometric offsets do not
introduce a noticeable systematic bias under the in-
vestigated conditions. However, the uncertainty is
strongly frequency-dependent and differs between the
real and imaginary parts of the impedance. For the
template method, the largest impedance uncertainties
occur in the low-frequency region for both the real and
imaginary parts. Despite these variations, the overall
shape of the impedance curve remains preserved.
The statistical uncertainty analysis and the boundary
analysis describe geometric uncertainty from different
perspectives. While the statistical analysis describes
the expected variability under realistic measurement
conditions, the boundary analysis identifies the maxi-
mum deviations within the prescribed geometric limits.
It should be noted that the range of uncertainty can
become significantly larger for individual “worst case”
geometries than for a MC trial with repeated mea-
surements.

Overall, the results show that geometric uncertainty
can be a relevant contributor to the uncertainty of
acoustic impedance measurements and should be con-
sidered when interpreting surface impedance results.
The presented framework provides a quantitative basis
for assessing this influence and for evaluating measure-
ment strategies aimed at reducing uncertainty. For
the investigated example, however, the resulting un-
certainties remain moderate. This suggests that the
impedance deduction procedures are reasonably robust
against typical geometric positioning errors. Although
the geometric uncertainty causes noticeable deviations
in the intermediate level difference results, its effect
on the final impedance is less pronounced.

6. Outlook

Future work will extend the uncertainty analysis
to other surface types, impedance models, and
source-receiver geometries. This would help assess
whether the trends observed for the selected grass
surface and measurement configuration also apply un-
der different conditions. The ANSI/ASA standard
describes the direct method as an alternative to derive
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the impedance without using parameterized material
models. This approach might lead to a different un-
certainty propagation behavior.

Additional uncertainty sources can also be incorpo-
rated into the propagation framework, e.g. sensor
calibration, source directivity, atmospheric variabil-
ity, background noise, and spatial inhomogeneity of
the ground surface. Furthermore, the error function
function used in the template method could be in-
vestigated in more detail. Possible improvements,
e.g. shift correction, derivative-based similarity mea-
sures or alternative weighting strategies, may help
to distinguish curve shape differences for critical fre-
quencies more effectively than broad frequency-band
averaging.
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