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Abstract

One of the challenges in realizing auditory augmented
reality is the audiovisual alignment of virtual sound
sources created with dynamic binaural synthesis over
headphones with a real visual object. In this study
the influence of the direct-to-reverberant-energy-ratio
(DRR) on the audiovisual coherence is investigated. An
AR scenario was realized in which two real loudspeakers
are visible and one of them reproduced sound only
virtually. A listening test was conducted to evaluate the
audible effects caused by a step-wise DRR manipulation
of the Binaural room impulse responses (BRIRs). The
results indicate that audiovisual plausibility tolerates
DRR deviations above JND level. In addition, slightly
increased reverberant energy seems to be preferred over
the real DRR values.

Auditory Illusions for Augmented Reality
For the realization of Augmented Reality (AR) virtual
sound objects are added to the user’s real environment.
As a consequence the room acoustic properties of the
created virtual content has to match the acoustics of the
real room at least perceptually. Often, the virtual sound
is intended to seemingly originate from a specific real or
virtual visible object. Thus, the virtual sound source and
the visible object are required to be perceived as audiovi-
sually coherent to create a convincing illusion. Noticeable
deviations in the reproduced reverberation can lead to a
degradation in perceived plausibility, localization, exter-
nalization and/or audiovisual coherence. This may result
in a breakdown of the illusion in the worst case.

For AAR systems that are operable in previously un-
known environments, an automatic characterization of
this environment’s acoustical properties is necessary in
order to adjust the reproduction accordingly. For an ef-
ficient realization it is of interest, how accurately these
properties have to be matched to the real environment.
This requires psychoacoustic investigations. One essen-
tial question is, how selected room acoustical parameters
relate to the auditory perception. For example, Klein et
al.[1] proposed a method for the perceptual effects and
thresholds of deviations in the reverberation time.

The present study focuses on the direct-to-reverberant-
energy-ratio (DRR) which is know to be an essential cue
for auditory distance perception in rooms. This prelim-
inary study explores the sensitivity of audiovisual plau-
sibility to deviations of the DRR from the perceptually
ideal value. For this purpose the original DRR of the
measured BRIRs is varied from +6dB to -9dB in inter-
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vals of 1.5dB. The manipulations were realized by ap-
plying a simple gain factor to the full reverberant tail of
the BRIRs. A psychoacoustic experiment is conducted to
evaluate the perceptual consequences of the deviations.

BRIR dataset used for binaural synthesis
A seminar room with a size of 9.9mx4.7mx3.1m was
chosen for the study. The room has a volume V=144 m?3
and a reverberation time of RT=1.0s (broad band).
BRIRs were measured with a G.R.A.S. Kemar 45ba at
nine positions in 25 cm steps along a 2 m-translation line
towards a loudspeaker Genelec 1030A. The distance of
the various listening positions to the loudspeaker ranged
from 1.25-3.25m. For each of the nine positions the Ke-
mar was rotated with an electronic turn table to mea-
sure BRIRs in 4° steps for the full 360°. Both, the ears
for the head-an-torso-simulator and the acoustic center
of the loudspeaker were located 1.60 m above the floor.
Fig.1 shows the arrangement of the listening positions.
The same procedure was repeated with AKG K1000
headphones opened by 45° placed on the dummy’s ears.
BRIRs considering the presence of the headphones caus-
ing shadowing effects at the listener’s ears are of interest
in a perceptual comparison with a real loudspeaker, e.g.
to evaluate Authenticity [2] or Plausibility [3, 4] of audi-
tory illusions for AR.

In addition, BRIRs were measured for the same constel-
lation of the two loudspeakers and the nine listening po-
sitions along the 2m-line in the listening laboratory of the
university in Ilmenau (8.7mx7.6mx2.8m, RT =0.28s).
All of the measured BRIRs are part of a larger data set
that was published online for scientific purposes [5].
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Figure 1: Measurement positions in the seminar room, where
the experiment was conducted. The listener can walk along
a 2m-line towards the loudspeaker in the front and turn in
arbitrary directions. This speaker reproduced sound only
virtually. A second loudspeaker actually reproduced music
throughout the experiment.
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Figure 2: Manipulating the DRR of the measured BRIRs by scaling the reverberation energy - Visualized for BRIRs measured
at the left ear for a 0° head orientation (facing the frontal loudspeaker).

Manipulating reverberant energy (DRR)
The DRR is defined by the ratio of direct and reverber-
ant sound energy. Within a room, the DRR varies due
to strong distance- and direction-dependent variations
of the direct sound energy arriving at the listener. In
addition, the reverberant sound energy is likely to vary
with position and direction as well. On the one hand,
this is caused by the position- and direction-dependent
variation of the strong early reflections. On the other
hand, the late reverberation is usually not ideally diffuse
and may fluctuate [6, 7].

If the same sound source is placed in various rooms and
the listener moves in the same relation to the source
position, the direct sound arriving at the listener will
be the same. Only the room response will change with
the room and is likely to vary in its overall energy.
Consequently, the DRR will also change with the room
due to the different reverberant sound energy.

In this study, the DRR manipulation was realized by
an adjustment of the reverberant energy. The first
approach consisted of a constant scaling over the entire
reverberant part of the BRIRs. For this purpose, the
scaling factors were calculated according to the desired
deviation in the DRR (in [dB]). The second approach
was used only for the test case where the BRIRs of
the listening lab were scaled to match the DRR of the
seminar room BRIRs. Therefore, the temporal progress
of energy decay curve (EDC) was adapted using a simple
linear scaling curve. The linear curves approximating
the EDC of the BRIRs were calculated for both rooms.
The ratio of both curves was used as a scaling vector
to reshape the reverberant part of the BRIRs of the
listening lab.

Psychoacoutic experiment

We conducted an exploratory psychoacoustic experiment
to investigate the audible effects caused by the deviations
of the reverberant energy and thus of the DRR.

Test setup

The experiment was conducted in the same room and at
the same positions, where the BRIRs had been measured,
as shown in Fig.1. The participant had to wear AKG
K1000 headphones opened by 45°. An HTC Vive tracker
was attached to the headphones to track the motion of
the listener’s head. The participant was encouraged to

walk back and forth on the 2 m-translation line and turn
to arbitrary directions. The line was marked on the floor.
The frontal loudspeaker used in the measurement was
kept at the same position. A second loudspeaker of the
same type was placed to its right, with about a 45° angle
between both loudspeakers with respect to the frontal
position of the translation line. The second loudspeaker
reproduced orchestral music without vocals.
Participants

16 people (4 female, 12 male) participated in this study.
Their mean age was 33.8 3.7 years. According to their
statements in the questionnaires, all had normal hearing
abilities without any impairments. Half of the test panel
may be considered experienced listeners due to their pro-
fession as researchers in this field and repeated partici-
pation in psychoacoustic evaluations of auditory AR.
Test items and test procedure

20 test cases were considered in this experiment:

e Seminar room: -6dB, -4.5dB, -3dB, -1.5dB,
Original, +1.5dB, +3dB, +4.5dB, +6dB, +9dB

e Seminar room with headphones: -3dB, -1.5dB,
Original, +1.5dB, +3dB, +4.5dB, +6dB

e Listening lab: Original, -9dB (= DRR of SR), Lab
scaled to DRR of SR with time dependent gain

After an active exploration of the scene the subject had
to answer the question ”Do you have the impression that
the loudspeaker you see in the front is playing?” on the
rating scale shown in Fig. 3. Each participant had to rate
each of the 20 test cases twice in a randomized order. If
the participant did not answer with 76 - Clearly Yes”
he/she was asked to freely describe which cues limited
the impression that the loudspeaker is playing.

Do you have the impression that the
loudspeaker you see in the front is playing?

1 2 314 5 6
s >

clearly

rather
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clearly

Figure 3: Question and rating scale for the perceptual eval-
uation in the experiment.
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Results

Fig. 4 visualizes the ratings for each test case by the eight
experienced listeners (top) and eight inexperienced lis-
teners (bottom). In both plots, the first group of boxes
shows the results for the scaled versions of the original
measurement in the seminar room (without headphones).
A Mann-Whitney-U test was conducted to test for signif-
icant differences from the original BRIR set (fifth box).
For the experts, in the case of decreased DRR, only at
-6 dB the difference was significant. For increased DRR,
significant differences can be found starting from a devi-
ation of 4.5 dB. This indicates a quite high tolerance of
DRR deviations from the original BRIRs and a slightly
higher sensitivity to a decrease of reverberant energy.
Comparing all conditions to the -1.5 dB DRR case, which
achieved the highest ratings, all other scaled versions
were rated significantly lower. Only the ratings of the
original BRIRs did not achieve a significance level of 5%
(p=0.057) in that comparison. This indicates a trend
that listeners prefer a slight increase of the reverberant
energy. However, the data cannot proof this hypothe-
sis. Furthermore, the results indicate that decreasing the
DRR from -1.5dB to -3 dB leads to significant differences
in the audiovisual plausibility. This is interesting because
a difference of 1.5dB is below the JNDs estimated in any
previous study. The presence of the second, real sound
source could play a role in this context.

The second group of boxes shows the results for the
BRIRs measured with the AKG K1000 headphones
placed on the dummy’s head. Comparing the scaled ver-
sions to the original (3rd box in the group), only for the
6dB DRR case the audiovisual plausibility was signifi-
cantly degraded. Regarding the original BRIRs without
headphones, no obvious advantage can be observed. Sig-
nificant differences can only be found for the 4.5dB and
6 dB condition. A pairwise comparison between the var-
ious scaled versions with and without headphones shows
only a significant difference for the -1.5dB case. For all of
HP-BRIR-scenes the plausibility was rated significantly
lower than for the -1.5dB case without headphones, that
achieved the highest ratings.

All test items created from the BRIRs measured in the
listening lab did not achieved a comparable plausibility
as the original SR scene, although the DRR was scaled
to SR values in the second and third lab condition.

For the inexperienced listeners the results are rather
undifferentiated and exhibit large confidence intervals.
Only extreme conditions produced significant differences.
It is questionable whether this test method is suitable for
inexperienced /untrained listeners.

Verbal descriptions of perceived differences given by the
experienced listeners included too dry, too close, too
small for conditions with a higher DRR. For 6 and 9dB
DRR change, several participants mentioned in-head-
localization and the impression that the sound source
moves along when they walk. Lower DRR conditions
were often described as too reverberant, too distant, too
blurry, too wide, too large in comparison to the visual
reference or simply as behind the loudspeaker. Although
plausibility is significantly degraded for items with a
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Figure 4: Results for the impression that the loudspeaker is
playing as an indirect measure for plausibility rated by expe-
rienced (top) and inexperienced (bottom) listeners.

DRR decreased by >3dB, none of the participants
reported affected externalization for these cases.

Discussion

The DRR was manipulated by applying a simple, time-
invariant gain factor to the reverberant part. This also
increases the noise level and decreases the Peak-to-Noise-
Ratio (PNR). The BRIRs measured in the seminar room
without headphones exhibit a PNR ranging from 60 to
95 dB, depending on position, angle and the side of the
ear. For a 0° orientation it ranges between 75 and 85 dB.
The DRR manipulation can reduce this PNR by up to
9dB. According to Hahne et al. [8], in BRIRs for a sound
source in the front the noise floor becomes noticeable at
around 59 dB. For the other ear the PNR may get as low
as about 50 dB for selected angles, but only for one ear at
a time. Still, it remains open, whether a listener may no-
tice that at all, since it never occurs at both ears simulta-
neously. We are confident that this issue did not seriously
interfere with the evaluation of audiovisual plausibility.
In this experiment the DRR was varied in discrete in-
tervals. Instead, a test method considering a continuous
adjustment by the participant could be of interest to esti-
mate the acceptable range of the DRR in more detail. In
an experiment by Werner et al. [9], the participants had
the task to adjust the DRR of some BRIRs in a static
binaural synthesis to perceptually match it to that of the
listening room. For the cases, where the manipulated
BRIR was measured in the listening room, listeners are
able to adjust the DRR quite accurately. If the BRIR to
be manipulated originates from another room with dif-
ferent decay behavior and different early reflection prop-
erties, the estimated DRR differed distinctly from that
of the listening room.

A similar effect was observed in our experiment for the
scenes based on the BRIRs measured in the Lab. Al-
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though the DRR of the Lab-BRIRs was adjusted to
that of the seminar room (=listening room), the audiovi-
sual plausibility or the impression the visible loudspeaker
would reproduce the sound was considerably degraded.
Thus, only adjusting the DRR by applying a constant
gain-factor in a parametric room auralization will not be
sufficient to achieve a perceptual similarity of auralized
and actual room. Other properties like the decay behav-
ior and selected properties of the early reflections may
not be ignored. This is not new, but essential. Methods
like adjusting the (frequency dependent) decay behavior
[10, 11] or targeted filtering of a binaural noise sequence
[12] have been shown to achieve better room matching
results, at least for the late reverberation.

There seems to be a trend that the seminar room scene
with -1.5dB in DRR was perceived more plausible than
with the original BRIRs. This hypothesis could not fully
be confirmed by the results of the experiment, but it may
be interesting to pay more attention to this question in a
future study. Furthermore, in our experiment, quite re-
verberant orchestra music was reproduced by the other
loudspeaker to create a kind of real reference. It is also
of interest, whether this reverberant signal contributes to
such a preference.

Larsen et al. [13] studied the JNDs of DRR in a 2AFC-
paradigm, where the participant had to pick the more
reverberant sample. The energy of the direct sound was
varied to adjust the DRR. In this setup, the estimated
JNDs of 2-3dB for an original DRR of 0dB and 10dB
and 6-8 dB for 20 and -20 dB. The original DRR values at
the investigated listening positions in the seminar room
ranged from -4 to +6dB. Thus, we could expect JNDs
between 2-3dB. In our experiment, audiovisual plausi-
bility was affected starting from -6dB or +4.5dB DRR
deviation from the original values, which is above the
JNDs, as we expected.

Considering the most plausible scene, rather than the
original BRIRs, this conclusion does not hold. Decreas-
ing the DRR from -1.5dB to -3dB or increasing it from
-1.5 to +1.5dB elicited significant differences of the au-
diovisual plausibility. This was unexpected as the 1.5dB
difference in DRR is below the JNDs reported so far [13].
A reason could be the visual impression of the scene as
well as the real sound source, which both act as a refer-
ence in this test paradigm.

Conclusions

Although the presented investigation is only a small pre-
liminary study, quite interesting observations have been
made for the influence of DRR deviations on audiovi-
sual plausibility. The test design offers a higher degree
of ecological validity for AR scenarios compared to the
paradigms used for JND estimation. Manipulating the
overall reverberant energy to change the DRR by +4.5 dB
or -6 dB affected the audiovisual coherence. Furthermore,
slightly increased reverberant energy seems to improve
audiovisual plausibility. If BRIRs measured in a differ-
ent room, a simple adjustment of DRR is not sufficient to
achieve audiovisual coherence. Regarding the influence of
headphones on the real sound field it was surprising that
the participants preferred the BRIRs measured without
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headphones, despite perceiving the real loudspeaker re-
production through headphones. Inexperienced listeners
showed high inconsistencies and partly poor differentia-
tion with this test design. Future work should look into
appropriate training approaches or test methods.
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