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Introduction
Real-time auralization of rooms generally puts a sound
source into a virtual room by convolving the dry source
signal with a spatial room impulse response to create
the appropriate binaural headphone signals. Nowadays,
auralization at least allows the listener to rotate the head
(3 degrees of freedom, 3DoF) or even to walking around
in the virtual room (6 degrees of freedom, 6DoF). Spatial
room impulse responses are either created data-based,
i.e. by measurement of existing rooms or by calculating
detailed room simulations, or model-based, i.e. by sim-
plified room models. A disadvantage of the first type
is the extensive measurement or simulation effort and
the amount of data, especially for 6DoF applications. In
addition, the artifact-free interpolation between different
listening positions is not an easy task [1]. This is much
easier using simplified models that can efficiently recalcu-
late in real time, such as image-source models of shoe-box
rooms for early reflections and feedback-delay networks
for late, diffuse reverberation. However, the modeling
of real-world rooms, i.e. finding suitable parameters, is
challenging using the before-mentioned simplifications.

Rotation for the incorporation of head orientations is
mostly done by using a spherical harmonic representa-
tion [2] of the sound field around the listener’s head. This
makes interpolation much easier in comparison to other
methods [3, 4]. This is why Ambisonics is typically used
in 3DoF applications, such as 360◦ videos. Another ad-
vantage of Ambisonics is the scalability of the spatial
resolution in terms of the maximum order to adjust the
playback to available computational resources. This is
especially important for interactive auralization with low
latencies on mobile devices.

There has been quite some research about the required
spatial resolution for authentic, i.e. not distinguishable
from the real reference in a direct comparison, or plausible
auralization, i.e. consistent with an inner reference [5].
Engel [6] compared order-reduced versions to a 4th-order
microphone measurement and found orders of 2 or 3 suffi-
cient. Zaunschirm found orders below 5 or 7 distinguish-
able from a direct measurement with a dummy head [7].
In a comparison of a real loudspeaker in a real room, a
7th-order simplified room simulation was perceived differ-
ently in experiments by Enge [8], however orders 3 and 7
were only different in a 3DoF scenario, but not in 6DoF,
indicating a reduced sensitivity for spatial resolution when
the listener can walk around in the virtual room.

Taking a closer look at the different parts of an impulse
response provides the possibility of rendering the parts in
different spatial resolutions to save computational effort:
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Figure 1: Listener/source position and source orientation in
the horizontal cross section of the simulated rooms.

direct sound, early reflections, and late reverberation after
the mixing time [9]. Direct sound is most sensitive and
requires the highest resolutions. Orders up to 11, 18 [10],
or even 30 [11] can be found in literature. However,
the required orders could be reduced to 7 or even 3 for
speech when using state-of-the-art approaches, such as
magnitude least squares (magLS) by Zaunschirm and
Schörkhuber [12, 13]. The study by Lübeck [10] reported
orders between 3 and 12 for early reflections, and 3 to 6 for
late reverberation, both using measured impulse responses
without magLS. Even lower, a recent study showed that
magLS is capable of perceptually recreating simulated
diffuse reverberation already with 1st-order resolution due
to the covariance filters [14].

This contribution tries to complete the row of studies
using a model-based auralization with the state-of-the-
art magLS approach by evaluating the minimum required
spatial resolution of early reflections using an image-source
model of a simple shoe-box room. While the resolution of
the direct sound is kept at 7th order for all conditions, the
early reflections were played back in orders 0 to 6 and are
compared to a 7th-order reference. The comparisons are
done for speech and noise, different number of reflections,
different source orientations, and different sizes of the
virtual room.

The paper first describes the details of the experimental
setup and the evaluated conditions. Then, the results
are presented and discussed with regard to possible ex-
planations. Finally, the paper is summarized and new
questions for subsequent research are posed.
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Setup and Conditions
The room simulation employed an image-source model of a
shoe-box room, as implemented in the IEM RoomEncoder

VST plug-in1. Headphone playback employed head-
tracked [15] binaural Ambisonics with the magLS ap-
proach [12, 13] in the BinauralDecoder plug-in. The
differently large rooms were simulated to evaluate the
influence of room size and reverberation time. The small
room had a size of 10 m × 8 m × 3 m and a reverberation
time of 0.6 s between 200 Hz and 2 kHz. The virtual lis-
tener was positioned at (-1, -1.5, -0.2) m and the source at
(2, -1, 0.2) m relative to the center of the room, resulting
in a source/receiver distance of 3.1 m, see Figure 1. The
large room had a size of 30 m × 20 m × 10 m and a rever-
beration time of 1.9 s between 200 Hz and 2 kHz, similar
as in [16, 17]. In this room, the listener was positioned at
(-5, -2, -3) m and the source at (10, -1, -1) m, resulting in
a source/receiver distance of 15.2 m.
The number of simulated image sources was varied be-
tween 6 (1st-order image sources) and 236 (7th order).
Moreover, the source was oriented in two different ways
to face completely towards the listeners or away, see Fig-
ure 1 for exact angles. In order to provoke a strong
acoustic effect of the changing source orientation, the
source was modeled with a first-order cardioid directivity,
so that there was no direct sound at all when the source
was facing away from the listener.
The experiment employed two different sounds: (a) con-
tinuous pink noise for maximum sensitivity to coloration
and (b) male English speech [18] that facilitates better
spatial perception and familiarity. The direct sound was
always simulated with 7th-order spatial resolution, while
the early reflections were simulated with varying resolu-
tion between 0 and 6. In the reference case, the entire
simulation was done in 7th order.
Overall, there were 16 = 2 (sounds) × 2 (rooms) × 2
(number of reflections) × 2 (source orientations) trials
with multi-stimulus comparisons. The listeners’ task was
to compare the similarity of the 7 (0th to 6th-order resolu-
tion for the early reflections) stimuli to the corresponding
7th-order reference on a continuous scale from very differ-
ent to identical. The overall playback level of each trial
was manually balanced by the authors, as the different
acoustical conditions yielded different loudness.

Results
On average, each of the 13 experienced listeners (1 female,
12 male) needed 27 minutes to perform the entire experi-
ment. No data was excluded from the analysis.
Figure 2 shows the resulting median values and corre-
sponding 95% confidence intervals for all speech condi-
tions in dependence of room size and number of reflections.
Within each sub-figure, the different markers indicate the
results for the source facing towards the listener and away,
respectively. It can be clearly seen that the similarity to
the reference increases with the order, however, monotony
is not strictly preserved for the small room. For orders
around 4, the similarity is greater when the source is
facing away from the listener.

1freely available at plugins.iem.at
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(c) large room, 6 reflections
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Figure 2: Medians and 95% confidence intervals of perceived

similarity to 7th-order reference for noise.

Table 1: Minimum required orders for noise to be indistin-

guishable from 7th-order reference at 5% level with Bonferroni-
Holm correction.

small room large room

6 236 6 236

towards listener 6 6 5 5
away from listener 6 6 5 6

In order to statistically determine the perceptually re-
quired order, a Bonferroni-Holm-corrected Wilcoxon
signed-rank test was carried out between the results for
each order and the reference. The minimum required
order was then defined as the lowest order that yielded a
p-value ≥ 0.05, i.e. the first order that is not significantly
different from the reference. The resulting minimum re-
quired orders for noise are summarized in Table 1. While
the small room required orders of 6, the larger room was
less sensitive, except in the case of the source facing away
using 236 reflections. There was no general influence of
the number of reflections on the minimum required order.

As the values from Table 1 did not reflect the visible
trend of greater similarity for sources facing away from the
listener, an alternative definition of the minimum required
order was designed. This time, it was defined as the
minimum order that achieved a median similarity to the
reference of at least 90%. The values in Table 2 indicate
that the required orders did not really change for the
source facing towards the listener, however, when facing
away, the values are reduced by 2 orders, except for the
large room with 236 reflections. While with the alternative
definition of the minimum required order, there was no
general influence of the number of reflections, the larger
room required less resolution.
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Table 2: Alternative minimum required orders for noise to
achieve a median similarity of at least 90%.

small room large room

6 236 6 236

towards listener 6 5 5 5
away from listener 4 4 3 3

The increased sensitivity when the source is facing the
listener could be explained by the shorter distance be-
tween the two first active sound paths and hence stronger
combfilters: Between direct sound and floor reflection,
the delay was only 1 ms and 3 ms for the small and the
large room, respectively. In contrast, when the source
was facing away, the delay between the floor reflection
and the front wall was 6 ms and 7 ms. Moreover, the inter-
action between the different-order direct sound and first
reflection could cause additional coloration. In the used
magLS decoder, the crossover frequency, above which
the phase of the head-related impulse is neglected, is
order-dependent. Mixing two sound paths with different
crossover frequencies and small delay might lead to au-
dible coloration. It would be interesting to compare the
results to a processing that uses the same reduced order
for both direct sound and reflections.
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(c) large room, 6 reflections
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Figure 3: Medians and 95% confidence intervals of perceived

similarity to 7th-order reference for speech.

For speech, the results were generally closer to the ref-
erence, cf. Figure 3. Here, the similarity monotonically
increased with the order. The minimum required orders
as shown in Table 3 reveal an order of 3 for the small
room and an order of 2 for the large room, both with only
6 reflections. When rendering 236 reflections, sensitivity
decreased towards first order, except for the small room
when the source is facing away from the listener.

There was no general influence of the source orientation,
however, sensitivity decreased with both the room size
and the number of reflections. As in practice, more than
6 reflections are typically rendered, orders of 1 or 2 seem
to be sufficient for plausible playback of early reflections
generated by an image-source model.

Table 3: Minimum required orders for speech to be indistin-

guishable from 7th-order reference at 5% level with Bonferroni-
Holm correction.

small room large room

6 236 6 236

towards listener 3 1 2 1
away from listener 3 2 2 1

Conclusion
This contribution evaluated the minimum required spatial
resolution of early reflections using an image-source model
of a shoe-box room and head-tracked binaural Ambisonic
playback with the magLS approach. While the resolution
of the direct sound was kept at 7th order, the early re-
flections were played back in orders 0 to 6 and compared
to a 7th-order reference. The comparisons were done for
speech and noise, 6 or 236 reflections, a source facing
towards or away from the listener, as well as in a small
and a large room. The minimum required orders were
determined as the minimum orders not to yield medians
that were significantly different from the reference.
For noise, orders of 6 were required for the small room,
while the large room required only 5th order in most cases.
There was no effect of the number of reflections. Interest-
ingly, sources facing away from the listener required about
2 orders less than sources facing towards the listener to
achieve a median similarity to the reference above 90%.
The reduction in sensitivity could be attributed to the
increase of the delay between the first two active sound
paths when facing away.
For speech, the required orders were generally lower. The
most sensitive case was the small room with only 6 re-
flections with an order of 3. There was no effect of the
source orientation, however, the small room required more
spatial resolution and the sensitivity decreased with the
number of reflections.
In practice, where tens of reflections are typically ren-
dered [19, 20], 2nd-order or even 1st-order resolution might
be enough to achieve plausible playback of early reflec-
tions in 3DoF applications on headphones.
Further research could investigate similar effects in
6DoF applications, for loudspeaker playback, or using
data-based auralization with measured room impulse re-
sponses using spatial enhancement algorithms, such as
(A)SDM [21, 22, 7, 23] or (HO)SIRR [24, 25]. Moreover,
the interaction between different spatial resolutions for di-
rect sound, early reflections, and late reverberation could
be worth a look.
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