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Abstract
The advent of robotic-aided acoustic measurements
has enabled the precise acquisition of Room Impulse
Responses (RIRs) across dense sampling grids, which
is essential, e.g., for documenting the unique acoustics
of cultural heritage sites and music venues. Despite
these technological advances, capturing a high volume
of RIRs in expansive spaces remains a time-intensive
process, and determining the most salient measurement
points would be ideal to optimize this process. This
study investigates the use of basic room simulations
to predict the necessary spatial density of RIR
measurements. Our approach is perceptually driven,
incorporating the Just Noticeable Differences (JNDs)
of objective acoustic parameters, such as Early Decay
Time (EDT) or Clarity (C 80). Our predictions are
grounded in physical measurements from a high-
density RIR dataset and benchmarked against a basic
geometric-acoustic simulation of the same environment.
Results of a case study show that such simulations
can effectively approximate the required measurement
locations. Moreover, the optimal resolution depends on
the chosen objective metrics and their associated JNDs.
Simulation-based prediction thus provides a practical
framework for optimizing measurement strategies and
reducing the time required for dense RIR acquisition.

Keywords: Acoustic digital twin, Perception, Simulation

1. Introduction
Robotic-aided room acoustic measurements are
becoming more widespread [1–3] and facilitate RIR
measurement campaigns in large spaces. However,
measurement time and storage space are finite re-
sources. Strategies for selecting measurement locations
within a given space are still under development. For
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precise room acoustic measurements, ISO 3382 [4]
includes recommendations on where to measure. It
is recommended that the microphone(s) should be:

• at least 1.5 m away from the sound source.
• positioned at least half a wavelength away from

any major reflecting surfaces, i.e., 1 m.
• spaced at least half a wavelength apart for the

lowest frequency of interest, i.e., 2 m, to achieve
reasonably independent measurements.

• placed at more than three positions and result
in at least 12 independent source-microphone
combinations.

• not placed in highly symmetrical positions due
to room modes.

Stolz et al. [5] investigated various acoustic and percep-
tual optimization methods to enhance the efficiency of
spatial room impulse response (SRIR) measurements
using a mobile robotic platform. They demonstrated
that both exploratory algorithms and pre-planned
grids based on human auditory perception of the direct
sound component can theoretically reduce the number
of required measurement positions. The Maximum
Allowed Error Method (MAEM) determines a set of
measurement locations based on similarity thresholds:
a new measurement location is only required if there are
sufficiently large differences to existing measurement lo-
cations. In [5] these thresholds are a) a minimum source
distance of 1 m; b) a maximum allowed distance change
of 25 %; and c) a maximum allowed angular change of 5◦.
Although these thresholds are perceptually motivated
and based on Just Noticeable Differences (JNDs) of the
Minimum Audible Angle (MAA) and source distance,
they have been derived from geometric source-receiver
relationships, therefore only considering the perception
of the Direct Sound without the influence of early
reflection and reverberation of the space.

2. Methodology
Since existing approaches are primarily based on
geometric relationships between sources, receivers,
and large surfaces, we aim to extend these approaches
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by also considering the acoustic properties of the room.
These acoustic properties are usually unknown prior
to the measurement. Therefore, we propose using a
simplified computational model of the measurement
room to simulate the sound propagation and estimate
acoustic properties at a large number of virtual
measurement points. Based on these simulations, per-
ceptual metrics are approximated, which then inform
the selection process of the measurement locations.
The following section introduces two different methods
which are then evaluated in Section 3.

2.1. Method A - Perceived Source Direction
The perceived Direction-of-Arrival (DOA) of a sound is
determined within approx. 1 ms after the first arriving
wavefront (i.e., the Direct Sound). This auditory
principle is also known as summing localization [6].
Approximately 1 ms after the Direct Sound, the Prece-
dence Effect [7] starts dominating and suppresses the
arriving early reflections from impacting the perceived
sound direction, albeit sometimes not completely [8].
Based on the principle of summing localization, a
reflection arriving within 1 ms after the Direct Sound
would likely contribute to the perceived DOA.
The time between the arrival of direct sound and first
reflection is also termed Initial Time Delay Gap (ITDG)
[9] and is known to contribute to acoustical intimacy.
If the ITDG is below 5 ms and the first reflection
arrives from the ceiling or from the floor, then the
perceived azimuth direction would likely be preserved
and loudness may even be enhanced [8]. If the first
reflection arrives from a side wall, then the perceived
direction may be lateralized and will differ from the
geometrical sound direction.
Using an auditory localization model, we can estimate
the perceived direction of the sound event and use it
instead of the geometrical direction within MAEM.

2.2. Method B - JND-informed Regions
In contrast to Method A, which focuses on localization
related cues within the direct sound and first 5 ms,
Method B considers room acoustic parameters describ-
ing broader temporal and spatial characteristics of
the room response. We use the reported JNDs of each
parameter to identify perceptually relevant spatial vari-
ations. Given the exploratory nature of the experiment,
we adopt a threshold of 2 JNDs, corresponding to 2 dB
for Clarity (C 80) and 0.10 for Lateral Fraction (J LF).
Based on these thresholds, we divided the receiver grid
into regions where the total range of variation of param-
eter values did not exceed 2 JNDs. We performed this
division using an adapted seeded region-growing proce-
dure [10], where the available receiver position closest
to the source was selected as the seed of each new region.
Starting from a seed, we evaluated its eight neighbour-
ing receiver positions, and accepted a candidate only
when its inclusion kept the complete range of values
within the adopted threshold:

xmax,R−xmin,R ≤τ, (1)

where xmax,R and xmin,R are the maximum and
minimum values within region R, and τ is the
parameter-specific threshold of the 2 JNDs. When
multiple candidates satisfied this condition, we first
added the point producing the smallest increase in
the regional range. We updated the candidate list
by including the neighbours of the newly accepted
point, and evaluated the complete list. We continued
expanding the region until no adjacent position could
be added without exceeding τ . We then selected again
from the remaining unassigned positions the closest
seed to the source, and repeated the process until the
complete grid had been divided.
Following the initial division, we merged the spatially
adjacent regions when the range of their combined
values also remained within τ . Each resulting region
therefore represents a spatially connected collection of
receiver positions whose internal parameter variation
does not exceed the adopted perceptual threshold.

Table 1: Parameters specified in ISO 3382 [4] and their
just noticeable differences (JNDs).

Percept Parameter Symbol JND
Perceived Reverb Reverberation Time RT60 [s] 5%

Early Decay Time EDT [s] 5%
Perceived Clarity Clarity C80 [dB] 1 dB

Definition D50 0.05
Center Time Ts [ms] 10 ms

ASW Lateral Fraction JLF 0.05

3. Experiments
To evaluate the concepts outlined in Section 2 we utilize
measured RIRs from QMUL’s Octagon Room pub-
lished in a dataset by Stewart and Sandler [11]. As can
be seen in Fig. 1a, the room has the shape of an octagon.
The reported volume is ≈9500 m3. The dataset includes
B-format SRIRs and Omnidirectional RIRs which
were measured on a 13 m x 13 m grid with 1 m spacing,
resulting in 169 measured positions (see Fig. 1c).

3.1. Room Acoustic Simulation
We designed a simplified 3D model based on the
documentation of the dataset and publicly available
images of the Octagon Room. We approximated the
curves of the vaulted ceiling and the top lantern by
using planar surfaces with shallow angles. The model
contains 133 flat surfaces, a volume of 7300 m3, a total
surface area of 2552 m2 and a floor area of 435 m2.
The room volume reported in the dataset is consistent
with an approximate geometric estimate of a solid
constructed as a 23 m extrusion of a regular octagon.
The lower volume of the simulated model arises from
the more detailed representation and simplification of
the vaulted ceiling and upper lantern. Figure 1b shows
the designed 3D model from the inside.
We selected four materials for the simplified 3D model.
Gray represents concrete, brown the wooden surfaces,
light blue the windows and dark blue the bookshelves.
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(a) The room as documented in [11] (b) Interior view of the 3D model

S

7.
5 

m

5.5 m

1 
m

2 
m1 m

1.87 m

23 m

(c) Floor plan with source (blue) and
receiver positions (red).

Figure 1: The Octagon Room used for our experiments

We first assigned the materials properties to plausible
values collected from [12] and [13]. We then calibrated
the simulation for one receiver position by adjusting
the absorption coefficients of the surfaces to match
the simulated reverberation time to the measured
data. Early Decay Time (EDT) was chosen for the
calibration procedure as it is more sensitive to room
geometry [14] and is accepted as a better predictor for
reverberance [15]. Table 2 provides the absorption and
scattering coefficients for the calibrated simulation.
We set the scattering coefficients for each octave
band according to the frequency-dependent scattering
functions presented in [16]. The calibrated EDT and
the measurement are displayed in Fig. 2.

Table 2: Material data used in the acoustic simulations.
Material 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz

Absorption Coefficients
Concrete 0.14 0.05 0.01 0.01 0.04 0.02

Wood 0.18 0.17 0.10 0.04 0.08 0.02
Glass 0.38 0.24 0.03 0.23 0.02 0.02

Bookshelves 0.86 0.90 0.95 0.75 0.70 0.75
Scattering Coefficients

Concrete 0.01 0.01 0.02 0.04 0.08 0.10
Wood 0.01 0.03 0.07 0.15 0.27 0.32
Glass 0.01 0.02 0.02 0.06 0.12 0.15

Bookshelves 0.02 0.06 0.22 0.40 0.51 0.56

We conducted room acoustical simulations in RAVEN,
a geometric acoustic (GA) software that combines ray
tracing and image source method [17]. We positioned
the source and receivers in the same locations as in the
measurement dataset. The simulation settings were:
200000 particles, image source order up to 3, detection
sphere of 1 m and filter length of 10 s.
To approximate the directivity of the acoustic source
used in the measured data set, we converted the
measured directivity of a Genelec 8331A reported in
[18] to the OpenDAFF format and imported it into
RAVEN. For each receiver position, we exported the
resulting impulse responses as B-format SRIRs and
omnidirectional RIRs. We also exported the room
acoustic parameters calculated by RAVEN to be used
in the subsequent analysis.

Frequency	band	[Hz]
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Figure 2: Measured (orange) and simulated (blue) EDT in
six octave bands from 125 Hz to 4000 Hz after calibration.

3.2. Experiment A - Perceived Source Direction
To compare the perceived source direction with the
geometric source direction, we utilize the binaural lo-
calization model by Dietz, Ewert, and Hohmann [19]
implemented in the auditory modeling toolbox (AMT)
[20]. The B-format SRIRs are converted into BRIRs us-
ing the KU-100 dummy head HRIRs from the SADIE II
database [21]. Prior to BRIR conversion, we estimated
the DOA of the Direct Sound from the B-format SRIRs
using the SDM toolbox [22] and rotated the SRIRs to
correct for DOA deviations (e.g., due to slight orienta-
tion offsets of the Soundfield microphone during mea-
surements) using the known geometric source direction.
The perceived source directions as estimated by the
auditory model are illustrated in Fig. 3. The perceived
directions start to deviate from the geometric source
direction (grey arrows) for lateral directions, especially
for front-lateral positions. Figure 3 further indicates
small deviations between the simulated and measured
BRIRs primarily for some front-lateral positions.
Using the perceived DOAs and the sound intensity
(measured from the W-channel of the B-format SRIRs)
we can evaluate the feasibility of using these data
for the MAEM algorithm. We defined three MAEM
conditions as summarized in Tab. 3 with the same
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Figure 3: Difference between the geometric DOA and
the perceived DOA as estimated with an auditory model
from the simulated and measured BRIRs. Color of arrows
illustrate the difference to the geometric source direction.

MAEM thresholds as defined in [5] and added a max-
imum allowed threshold for Sound Intensity changes of
1.5 dB. We compare the total number of the resulting
directional regions for simulated and measured data
and also compute the Pearson correlation coefficients
ρ of the assigned region indices between simulated and
measured locations as a proxy for similarity.

Table 3: MAEM conditions evaluated in Experiment A.
Objective and Threshold Cond. 1 Cond. 2 Cond. 3

Geometric DOA, 5◦ x
Perceived DOA, 5◦ x x

Source Distance, 25 % x x
Sound Intensity, 1.5 dB x

Table 4 summarizes the results, for the cases when
considering only the Direct Sound (RIR <1 ms) and
the first 5 ms (RIR <5 ms). Condition 1, our baseline,
as it depends only on geometrical source-receiver
relations, led to 73 regions. Figure 4 shows the
resulting region maps for the simulated and measured
data for Condition 3 with RIRs up to 5 ms. Although
the number of regions increases from simulation (44)
to measured data (55), a good alignment between the
simulated and measured data can be observed.

Table 4: Number of predicted regions and the correlation
between simulated and measured results.

Cond. RIR Number of Regions
ρPortion Simulated Measured

1 - 73 -

2 <1ms 38 48 .97
<5ms 40 49 .97

3 <1ms 48 58 .88
<5ms 44 55 .92
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Figure 4: Regions for MAEM Condition 3 with RIR <5 ms.

3.3. Experiment B - JND-informed Regions
Figure 5 presents the measured and simulated ISO
single number values of C 80, calculated as the average
of the 500 Hz and 1000 Hz octave bands. The color
of each cell represents the C 80 value, while the number
identifies the different JND-informed regions.
Both datasets have the highest C 80 values in the central
area close to the position of the acoustic source with low-
est values on the sides of the receiver grid. The main spa-
tial gradient is therefore present in both data, however,
the measured dataset has more local variations that are
not reproduced by the simulation. In comparison, the
simulation has a smoother and regular distribution.
The measured data was divided into 11 regions, whereas
the simulated data was divided into only 9 regions.
The simulation, therefore, produced fewer and larger
regions, however, the main subdivision around the high
C 80 area near the source is visible in both datasets.
Figure 6 shows measured and simulated ISO single
number values of lateral fraction (J LF), calculated as
the average across the 125 Hz to 1000 Hz octave bands.
Both figures show an increase in J LF toward the far
end of the receiver grid. However, the variation of the
spatial distribution is stronger for J LF than for C 80.
Both figures present a similarly large region close to
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Figure 5: Heatmap of C 80 ISO single number values, averaged over 500 Hz and 1000 Hz octave bands for simulated and mea-
sured positions. Color represents parameter values and numbers identify the JND-informed regions using a 2 JND threshold.

the source. The simulated data is divided into bands
extending across the width of the room. The measured
data present more local variation with less regular re-
gion limits. The measured grid was divided into 18 JND-
informed regions, compared to 7 regions in the simula-
tion. Therefore, the distribution of the simulated J LF
has substantially fewer and larger perceptual regions.

4. Discussion
The results of both methods indicate that the simplified
room acoustic simulation captures the overall spatial
organization of the measured data, while local varia-
tions were generally underrepresented. In Method A,
the simulated and measured data showed comparable
spatial changes in the estimated perceived source
direction, especially in the lateral and front-lateral
receiver positions. The simulation produced fewer
directional regions than the measurement, especially
when estimated sound intensity was included. A similar
trend was observed in Method B: the main spatial
organization of C 80 and J LF was reproduced, but the
simulation presented a smoother spatial variability,
with fewer and larger JND-informed regions. The paral-
lel between the two methods suggests that a simplified
simulation can provide relevant estimates of broad
spatial characteristics, although it may not reproduce
the detailed variability of the measured dataset.
For Method A, extending the analyzed RIR portion
from the direct sound to the first 5 ms resulted in only
small changes in the number of predicted regions. For
this experimental setup, this interval includes primarily
the floor reflection, and as expected, it had little ef-
fect on the estimated perceived direction. This method
therefore provides a relatively stable and intuitive subdi-
vision of the receiver grid and if considered in isolation it
would suggest that the measurement positions could be
determined primarily from source-receiver localization
related cues. However, the accuracy of Method A de-
pends primarily on the auditory model used to estimate
perceived DOAs, which is still an ongoing research area.
Method B shows that this interpretation is incomplete

when the complete room response is considered. The
resulting regions depend strongly on the selected
room acoustic parameter. While the measured and
simulated C 80 receivers were divided into 11 and 9
regions, J LF needed 18 and 7 regions. The spatial
arrangement of the regions also differed considerably,
with C 80 suggesting more regions closer to the source
and J LF dividing the grid into a large and smooth
frontal area. Therefore, a grid that may appear
solved when perceived-direction is considered may not
properly represent other perceptual attributes.
The smoother simulated distribution may result
from the simplified geometry, material choice, source
directivity, and the statistical treatment of scattering in
the GA modeling. Diffraction and other wave-related
effects are also approximated or omitted, which may
contribute to the reduced local variability. The simu-
lations should perhaps not be used blindly for defining
the spatial sampling of a room, which may also depend
on the intended application (e.g., immersive experi-
ences [23]). Nevertheless, the agreement in the broader
spatial tendencies supports the use of simulations to
inform decisions during a measurement campaign. A
practical measurement strategy may therefore combine
the different approaches and choose the finest spatial
sampling of different room acoustic parameters.

5. Summary and Conclusion
Both methods indicate that a simplified GA simulation
can reproduce the broad spatial variation of the mea-
sured sound field, although it tends to underestimate
local spatial variability. The perceived-direction
method offers a promising basis for identifying appro-
priate measurement regions, while the JND-informed
analysis shows that the required spatial resolution de-
pends strongly on the room acoustic parameter under
consideration. Overall, our findings suggest that sim-
plified room simulations have the potential to reduce
measurement effort by providing an informed, pre-
measurement estimate of the spatial sampling required.
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Figure 6: Heatmap of J LF ISO single number values, averaged over the 125-1000 Hz octave bands, for simulated and measured
receiver positions. Color represent parameter values and numbers identify JND-informed regions using a 2 JND threshold.
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