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Introduction
Virtual and augmented reality systems require real-time
dynamic six degrees-of-freedom audio engines capable of
high-fidelity binaural reproduction of a room’s acoustics
[1, 2]. This is especially important in augmented real-
ity, where both virtual and real-world sounds are present
[3]. As each sound source will likely have a different po-
sition, the room acoustics reproduction may not need to
be authentic, but rather be transfer-plausible [4].

Comparing the perceived reverberance of two binaural
signals can be useful in the design stages of virtual and
augmented reality systems. However, perceptual listen-
ing tests are laborious to run, and each iteration of a
design would require a new test. Therefore, having reli-
able methods for predicting the perceived reverberation
similarity in binaural signals is desirable.

Objective metrics for describing the acoustical properties
of a room are usually performed on the room impulse
response (RIR), and include reverberation time RT60,
direct-to-reverberant ratio (DRR), and others such as
early decay time and clarity. Metrics used for com-
paring binaural signals include interaural level and time
difference (ILD and ITD, respectively), interaural cross-
correlation (IACC), and colouration.

While some work exists on predicting perceived reverber-
ance of binaural signals [5], what is not fully known is the
individual relations between simple objective metrics for
RIR measurements and the perception of reverberance.
Some metrics may be more or less useful, and it may be
that using a weighted sum of multiple metrics gives the
best overall prediction of similarity.

Method
To investigate the perceived similarity of reverberation in
binaural signals, the perceptual listening test results of a
previous study on binaural room acoustics similarity [6]
were compared to simple objective metrics for reverbera-
tion calculated from the RIRs (both spatial and binaural)
used to generate the listening test stimuli.

Perceived reverberation similarity
The listening test stimuli were originally created by con-
volving anechoic speech signals with binaural room im-
pulse responses (BRIRs) rendered from 3rd order Am-
bisonic spatial room impulse responses (SRIRs) from
the variable acoustics 6DoF dataset [7]. Three source-
receiver (SR) pairs were used, as illustrated in Figure 1:

SR1: Source 1, receiver 7 → receiver 2.

SR2: Source 2, receiver 5 → receiver 2.

SR3: Source 3, receiver 4 → receiver 1.
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Figure 1: Illustration of the source (S) and receiver (R)
positions used to make up the listening test conditions. Mi-
crophones and loudspeakers were oriented faced north and
south, respectively, according to the illustration orientation.
Note that R2 was used both for both SR1 (green) and SR2
(magenta).

For each SR pair, five conditions (C) were created. The
conditions were made using hybrid RIRs created from
the SR pairs (RIR1 and RIR2) with the same source but
a different receiver position as follows:

C1: Entire duration is RIR1.

C2: First 13ms is RIR1, the rest is RIR2.

C3: First 8ms is RIR1, the rest is RIR2.

C4: First 3ms is RIR1, the rest is RIR2.

C5: Entire duration is RIR2.

For example, for SR1, C1 was entirely S1-R7, C2 was the
first 13ms of S1-R7 and the rest of S1-R2, and C5 was
entirely S1-R2.

The test followed a multiple stimulus paradigm, and par-
ticipants rated the room acoustic similarity of each test
condition (C1 - C5) to those of the reference condition
(C1). This was repeated for each SR pair, totalling 15
test conditions. The anechoic speech signal was included
as an anchor stimulus. For more information on the lis-
tening test methodology and stimuli creation, see [6].

The results showed, as expected, that as more of the
RIR used was from a different position, the perceived
similarity was reduced. The listening test results data
(of the ‘same speaker, same sentence’ stimuli), is used in
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this study. A single result for each condition was taken
as the mean result from all participants.

Calculated reverberation similarity
Binaural reverberation similarity was calculated using
nine metrics: eight of which used the BRIRs from the
listening test; one used the SRIRs. A binaural room im-
pulse response is denoted herein as h, with each sample
n up to a total number of samples N .

The first tested metric, simply the difference in root-
mean-square (RMS) amplitude between the test and ref-
erence BRIRs, ∆RMS was calculated as

∆RMS =
|RMSltest − RMSlref |+ |RMSrtest − RMSrref |

2
.

(1)

The second metric measured colouration. For this, the
composite loudness level (CLL) [8] was first calculated,
which uses half-wave rectification, gammatone filter-
banks and equal loudness frequency weighting. Coloura-
tion (∆CLL) was then calculated as the mean of the dif-
ference between the CLL values for each frequency band
of the test and reference BRIRs:

∆CLL =
1

F

FX

f=1

|CLLtest(f)− CLLref(f)|, (2)

where f denotes the index of approximately 1/3 octave
frequency bands up to the total of F = 42.

The third and fourth metrics measured the change in in-
teraural level difference (ILD) and interaural time differ-
ence (ITD), respectively, as ∆ILD and ∆ITD. ILD and
ITD were also calculated in 42 frequency bands, and the
difference metric was calculated using the same method
as Equation (2).

The fifth metric measured the change in interaural cross-
correlation (∆IACC), which is given as

∆IACC = |max(IACCtest)−max(IACCref)|. (3)

The next metric was the change in reverberation time
(∆RT60), calculated from the T30 (−5dB to −35dB) of
a 1 kHz frequency band using Schroeder integration [9].
RT60 (T30 × 2) was calculated separately for the left
and right of both test and reference BRIRs, and ∆RT60
was calculated as in Equation (1).

Another metric based on reverberation levels of BRIRs
is the direct-to-reverberant ratio (DRR). Here, DRR was
calculated as the fullband ratio of the first 20ms to the
rest of the BRIR,

DRR = 10 log 10

P0.02fs
n=1 h[n]2

PN
n=0.02fs+1 h[n]

2
. (4)

Again, DRR was calculated separately for the left and
right signals, and change in DRR (∆DRR) was calculated
as in Equation (1).

An auditory model for predicting the perceived external-
isation of a static, lateral sound image [10] was included,
using the implementation available in the Auditory Mod-
eling Toolbox [11]. The li2020 model estimates externali-
sation by a combination of monaural spectral cues, ILDs
and temporal changes in ILD. The difference in external-
isation (∆li2020) was calculated from the externalisation
prediction li2020 as ∆li2020 = |li2020test − li2020ref |.
The final metric used in this study assessed the direction-
of-arrival of the SRIRs, prior to the binaural Ambisonic
rendering stage. DoA was estimated above 3 kHz using
a steered response power method, by directing a fourth-
order hyper-cardioid beamformer over the sphere in a 5
degree resolution and calculating the power [12]. The
seven directions with the highest power were used, which
typically reveals the direct sound and loudest early re-
flections. The ∆DoA metric was calculated as

∆DoA =
1

I

IX

i=1

θ(i)test − θ(i)ref (mod 360), (5)

where i denotes the direction of one of the maximum
power values, up to I = 7, and θ denotes spherical coor-
dinate.

Results
For ease of comparison with the perceived similarity rat-
ings, the objective metrics were first converted into a
percentage of similarity by fitting a linear regression to
each metric’s results. The a and b values of the regres-
sion fittings are shown in Table 1. A visual comparison
is presented in Figure 2, whereby a narrow linearly in-
creasing distribution indicates a higher correlation. Data
points are labelled 1-15, based on the source-receiver pair
and condition number (5(SR− 1) + C), and coloured as
in Figure 1. To assess correlation between the predicted
and perceived results, the Pearson’s correlation coeffi-
cient was calculated; the r and p-value results of which
are also presented in Table 1.

The results show that many of the tested metrics are
somewhat capable of predicting the room acoustic simi-
larity of the tested signals. Two metrics were less success-

Table 1: Linear regression coefficients (a and b) and Pear-
son’s correlation coefficients (r) with respective p-values of
the tested metrics against the perceived similarity results.

Metric a b r p

∆RMS −18.88 89.77 −0.880 < 0.001
∆CLL −16.04 90.13 −0.789 < 0.001
∆ILD −13.20 86.79 −0.853 < 0.001
∆ITD −430600 86.22 −0.586 0.022
∆IACC −2.256 88.63 −0.828 < 0.001
∆RT60 −1043 85.05 −0.595 0.019
∆DRR −11.97 90.11 −0.917 < 0.001
∆li2020 −21.61 86.08 −0.857 < 0.001
∆DoA −0.4085 100.2 −0.878 < 0.001
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Figure 2: Metric performance by means of the predicted versus perceived similarity, with r denoting correlation coefficient
for each model. Data points are labelled 1-15 based on the source-receiver pair and condition number (5(SR − 1) + C), and
coloured as in Figure 1.

ful: ∆ITD and ∆RT60, with correlation values r < −0.6.
The ITD calculation was performed in frequency bands,
which could be more complicated than necessary. The
RT60 metric could be poor due to the approximately
uniform absorption of the room, or simply due to the
shared reverberation tail for conditions C2-C5.

Looking at Figure 2, it appears a combination of mul-
tiple metrics may offer an improved overall correlation
with the perceived similarity ratings. For example, SR1
produced lower predicted similarity than SR2 and SR3
for ∆CLL, but higher predicted similarity for ∆ILD and
∆DRR.

To test a combination of multiple metrics, a multiple lin-
ear regression model was fit to data of 6 of the 9 tested
metrics. The three omitted metrics were ∆ITD, ∆RT60
and ∆li2020: the first two due to their lower correlation
values, and the li2020 model due to it using a combi-
nation of multiple cues. The results for the fitting are

presented in Table 2, and the values of predicted simi-
larity made using the model are shown, along with the
Pearson’s correlation coefficient, in Figure 3. Data points
are again labelled 1-15, based on the source-receiver pair
and condition number (5(SR− 1) + C), and coloured as
in Figure 1.

The regression model gives an improved prediction than
any one metric alone (r = 0.984, p < 0.001). This seems
intuitive considering that reverberation is a multi-faceted
percept. The low relative weighting estimate values for
∆CLL and ∆IACC of 0.045 and 0.063, respectively (see
Table 2), suggest that the model could produce strong
results with even fewer metrics.

Discussion and Outlook
This paper has investigated perceptual similarities in the
reverberation of binaural signals. Nine metrics for cal-
culating room acoustic similarity of room impulse re-
sponses, including differences in amplitude, temporal, re-
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Table 2: Multiple linear regression model fitting results using
six of the tested metrics, where β0 denotes intercept.

Metric Estimate SE t p

β0 −20.64 8.630 −2.392 0.044
∆RMS 0.329 0.499 0.660 0.528
∆CLL 0.045 0.436 0.103 0.920
∆ILD 0.291 0.294 0.989 0.352
∆IACC 0.063 0.477 0.132 0.898
∆DRR 0.186 0.339 0.550 0.597
∆DoA 0.356 0.124 2.865 0.021
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Figure 3: Performance of the multiple linear regression
model by means of the predicted versus perceived similar-
ity, with r denoting correlation coefficient.

verberation level and reverberation directionality, have
been compared to perceptual listening test results on
room acoustic similarity. Some metrics appear to offer a
reasonably accurate prediction of the perceived similar-
ity values alone, and a simple multiple linear regression
model shows that a weighted combination of multiple
metrics can give an even better prediction.

Combinations of metrics could be more nuanced, ac-
counting for human spatial hearing features such as how
colouration is more perceptually relevant for ipsilateral
signals while reverberance is more relevant for contralat-
eral signals [13]. A model optimised using a regression
fitting should also be tested using k-fold cross validation
to investigate potential overfitting.

Though the results are promising, the listening test only
considered 15 conditions inside one room. These were
room impulse responses (both binaural and spatial) and
not running signals. To calculate binaural reverberation
similarity in real-time, the metrics would need to either
work on running signals, or first utilise a blind rever-
beration estimation method. The rendering was non-
individualised and static, and all stimuli used the same
source signal. A greater pool of stimuli with more vari-
ation is needed, along with a consideration of how indi-
vidualised binaural hearing affects the perception of re-
verberation.
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