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Résumé

Des preuves expérimentales suggérent que les expériences en ligne financées par la foule, lorsqu'elles sont adaptées, peuvent
produire des données de qualité comparable aux études en laboratoire (Buhrmester, Kwang, Gosling, 2011). L'absence d'une
méthode de filtrage fiable pour les casques et le contexte auditif diotique (séparation parfaite des canaux stéréo) est I'une des
principales raisons pour lesquelles le crowdsourcing en ligne est rarement possible pour les études auditives. Nous montrons
ici que le phénomeéne des battements parasites peut étre utilis¢é comme méthode de dépistage du contexte diotique avec des
résultats satisfaisants. Nous avons recueilli des données par le biais d'une expérience en laboratoire auprés de plus de 2000
participants afin de tester les performances de la méthode par rapport a la référence. Le Kappa de Cohen est de 0,79 (IC 95%,
[0,52, 1,06], p<0,001), ce qui donne un "accord substantiel". Les résultats obtenus en laboratoire et en ligne suggérent que la
méthode introduite dans cette étude est adaptée et, par conséquent, qu'elle permet de réaliser des études auditives en ligne
basées sur le crowdsourcing.

Mots clefs : dicotique, écouteurs, dépistage, crowdsource, étude en ligne

Abstract

Experimental evidence suggests that crowdsourced online experiments, where suitable, may produce data with quality com-
parable to in-lab studies (Buhrmester, Kwang, Gosling, 2011). The absence of a reliable screening method for headphones
and diotic auditory context (perfect separation of the stereo channels) is one of the main reasons why online crowdsourcing is
rarely possible for auditory studies. Here we show that the interference beating phenomenon can be used as a screening
method for diotic context with satisfactory results. We collected data through an in-lab experiment from over 2000 partici-
pants to test the method’s performance against the reference, achieving Cohen’s Kappa of 0.79 (95% CI, [0.52, 1.06],
p<0.001), yielding “Substantial agreement”. The in-lab and online results suggest that the method introduced in this study is
suitable, and therefore, an enabler of auditory online crowdsourced studies.
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case because online participants are using hardware devices
and software (and the rest of the auditory context) that are
not under the researcher's control. Therefore, when the ex-
periment design requires strict diotic auditory context (diotic
means perfect auditory separation between the stereo chan-
nels), the absence of control may allow an introduction of
bad data in the sample that cannot be identified as such,
causing unwanted bias in the results, as suggested in [4],
section 2.5. Bias and other possible issues.

To continuation of our study on tonal consonance [6]
required us perform a large number of online listening ex-
periments, differentiating between those conducted in diot-
ic-, from those conducted in non-diotic conditions. Because
in online experiments, the researcher has no control over the
participant’s playing device, we need a listener’s diotic

1 Introduction

The benefits of the interconnected world enable some scien-
tific research to be conducted online with the help of crowd-
sourced participants, increasing the ability to collect data
with large sample sizes. Such studies cost less than if con-
ducted in-lab. Especially in present years (2020, 2021) when
people are isolated due to the COVID 19 pandemic, the
ability to perform online research is imperative. Researchers
are already using Internet-based services to recruit partici-
pants from all around the world, such as Amazon's Mechan-
ical Turk or the advertising Google's AdWords service [1-
4]. The findings in [3] and [5] even suggest that the samples
collected through Amazon’s Mechanical Turk are at least of
the same quality and as diverse as those collected through

traditional means; of course, this is true only for studies
where online experiment are appropriate. Considering that,
one would think that auditory studies could largely benefit
from using online services. Unfortunately, that is not yet the
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context detection method. The requirement for the the par-
ticipant to use headphones shows insufficient for various
reasons, mainly because the playing device (computer
hardware, software, headphones) may be defective, or the
“spatial sound” features are mixing the stereo channels [7].
The oposite holds true as well — even without wearing
headphones, the participant may be able to detect if the
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sound is coming from the left or right speaker, yielding a
false positive diotic response from the participant [8].

The inherent doubt in participants’ responses collected
through online experiments creates a necessity for usage of
additional prediction method(s) when validating those re-
sponses. More details regarding the insufficiency of these
questions can be found in the Supplementary Information
package [9].

2  Method

2.1 The baseline State Interference (SI) method—
basic principles

The method we initially attempted to use is briefly ex-
plained in this section. We denote this method as the Sta-
tionary Interference method (SI) because it uses the inter-
ference phenomenon (to differentiate from the non-
stationary interference, such as the interference beating
phenomenon). The full description of the SI method is
found in the paper where it is introduced initially [1].

The SI method requires the participants to wear head-
phones; by agreeing to take part in the experiment, the par-
ticipants implicitly declare that they are wearing headphones
(as a response to the unasked question: “Are you wearing
headphones?”). The implicit response to this implicit ques-
tion is used as a first predictor of the participant’s diotic
auditory context - SI’s Declarative (S1_D) predictor.

The authors of [1] introduced an additional applied
acoustics predictor - SI Acoustic (SI_A) predictor. In es-
sence, the SI method uses the difference of the perceived
loudness between S, and S,; sounds presented diotically or
not. After obtaining the results from both predictors, the SI
method compares them, and in case of a mismatch, it dis-
qualifies the data record. Otherwise, it accepts the result.

2.2 The new BI method-basic principles

The screening method for a diotic acoustical context intro-
duced in this paper is inspired by the baseline SI method. It
attempts to mitigate the causes of the SI method’s unsatis-
factory performance (that we speculated), by improving the
accuracy of the SI D predictor, introducing the new B/
Declarative (BI_D) predictor, and by improving the accura-
cy of the SI_A predictor, introducing the new BI Acoustic
(BI_A) predictor.

Similarly as with the SI method, the BI method com-

pares the results predicted by its two predictors; if they are
equal, the method considers the predictions accurate. Oth-
erwise, it disqualifies the data record.
As opposed to the SI method, which classifies the data in
two classes: diotic and disqualified, the BI method attempts
to classify the data in three classes: diotic, non-diotic, and
disqualified. Also, the BI method explicitly asks the partici-
pants if they are wearing headphones, as opposed to the SI
method, which instructs the participants to wear head-
phones, but it does not ask them. The responses are collect-
ed in initial and interim variables, and later after certain
disqualifications, only final list of variables is used (see
Table 2).
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Abbreviations
BI: Beating Interference — a screening method for di-
otic auditory context, introduced in this paper

SI: Stationary Interference — a screening method for
diotic auditory context (of other authors — a baseline)

BI_D: Beating Interference Declarative Predictor — a
predictor used by the BI method, based on the partici-
pant's responses to the questions if they are wearing head-
phones, and the channel separation questions

SI_D: Stationary Interference Declarative Predictor -
a predictor used by the SI method, based solely on partic-
ipants' response to the question if they are wearing head-
phones

BI_A: Beating Interference Acoustic Predictor — a
predictor used by the BI method, based on perception
cues produced by beating interference acoustic causes

SI_A: Stationary Interference Acoustic Predictor — a
predictor used by the SI method, based on perception cues
produced by stationary interference acoustic causes.

2.3 The website of the BI method

The BI method is designed for online listening studies.
Therefore it is contained within a website. A demo of the BI
method can be found at this website (also, the interference
beatings “shadow” stationary zones) [10]. By reviewing the
demos, the reader may facilitate her/his understanding of the
method.

All the sounds used in the following steps have the fol-
lowing common properties: mp3 file format, 1000 ms dura-
tion, 48k Hz sampling frequency, linear ramp-up, and ramp-
down, each with a duration of 50 ms. For the in-lab batch,
we presented the sounds within a 40 dB SPL quasi-white
noise in an attempt to simulate everyday home sounds that
the on-line participant would usually face [11]. Their partic-
ular properties are specified in the corresponding steps de-
scribed below.

Step 1: Initial instructions

After accepting the participation through the consent form,
the participant is faced with the initial instructions. Im-
portant instruction is that the participant is not moving the
head during the experiment. One reason for this instruction
is to avoid additional bias [12].

Step 2: Channel separation (ChanLeft and ChanRight)

This step presents two questions, inspecting the volume
balance across the left and the right sound channels, and the
channel separation. The resultant response is stored in the
variables ChanLeft and ChanRight.
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Table 1: The parameters of the used sounds and the names of the related variables that contains the response values

Related re- Presentation level inlab
sponse and Frequen?y Mono or Additional note
variable name (L:left, R:right) Stereo Diotic Non-diotic
A: OmniEven 540 Hz Mono 70 dB SPL 80 dB SPL
B: OmniRinging 500 Hz Mono 70 dB SPL 80 dB SPL Trully amplitude modulated 20 Hz
C: Mut500HzA ) ) S e
D: MutS00H=B L:500 Hz, R:530 Hz Stereo 70 dB SPL 80 dB SPL Diotic: even, non-diotic: ringing
E: Mutlk8Hz L:1800 Hz, R:1835 Hz Stereo 60 dB SPL 70 dB SPL Diotic: even, non-diotic: ringing
F: Mut3kHz L:3000 Hz, R:3035 Hz Stereo 40 dB SPL 50 dB SPL Diotic: even, non-diotic: ringing

Table 2: The list of final variables. They are derived from the interim variables, describing data records that are cleaned up from the values
which are causing the initial disqualifications. Therefore, the values presented in this table are only those that can be found in the non-

disqualified data records. Note that all of the final variables are binary.

Varlal}::rldentl- Variable Description Value Value Description
ChanLeft, Declared perceived stereo channel separation for the left- 1 Perfect Separation
ChanRight channel-only and right-channel-only sounds, respectively. 0 Channels Mixed

Mut500HzA, Declared preceived sensation for the same stereo sound 1 Even

Mut500HzB QUESTION-500L530R.mp3, presented twice. 0 Ringing
Declared preceived sensation for the stereo sound 1 Even

MutlkSHz QUESTION-1800L1835R.mp3 0 Ringing
Declared preceived sensation for the stereo sound 1 Even

Mut3kHz QUESTION-3000L3035R.mp3 0 Ringing

. L 1 Wearing headphones
WearHp Declared wearing headphones situation 0 Not Wearing headphones
SI, SI A4, SI D, Predicted dichotic value by the respective predictors and 1 Diotic
BI, BI A, BI D methods 0 Non-diotic

Step 3: Interference beating

e Participant training phase: In this step, the website
teaches the participant to the meaning of the terms
even and ringing by presenting two sound specially
designed for this purpose, one sounding as even
(OmniEven - the interference beatings are not audi-
ble) and the other ringing (OmniRinging - the inter-
ference beatings are audible). The perception of even
and ringing are independent if the context is diotic or
not (see Table 1).

¢ Response collections phase: The participant is invit-
ed to play a sequence of sounds, and to classify each
sound as even or ringing, as per the training obtained
in the previous step. The following responses are col-
lected: A, B, C, D, E and F (see Table 1).

Step 4: “Are you wearing headphones?” (variable
WearHp)

In this step, the participant is declaring if she/he is wearing
headphones while performing the experiment.

Step 5: Speaker or headphones type (variable SpkType)

Options with types of speakers and headphones are present-
ed as stylized images. Each image contains a caption text
advising if that choice means wearing headphones. In case
the participant accidentally made a mistake in the previous
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step, this could help her/him to realize the mistake. This step
offers the participant a choice to change her/his “wearing
headphones” response from the previous step.

2.4 Initial disqualification

At this moment, the software has all the data it needs to
calculate the predictions. The following quality assurance
criteria are used to identify bad data records that should be
disqualified:

o If at least one of the channel balance (separation)
questions is silent (indicating a defective playing de-
vice, or significant hearing difficulties), disqualify
(variables ChanLeft and ChanRight).

e If the response to the question “A” (see Step 3) is
ringing, disqualify (variable OmniEven).

e If the response to the question “B” is even, disqualify
(variable OmniRinging).

e [f the responses to the questions “Are you wearing
headphones?”. (variable WearHp) and "Speaker or
headphones type" (variable SpkType) are conflicting
(for example, the participant declared that she/he is
not wearing headphones, but to the type of head-
phones question she/he responded with earbuds),
disqualify (variable WearHpVSSpkType).
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2.5 The BI Declarative (BI_D) predictor

BI’s declarative predictor (BI_D) uses the SI_ D predictor in
its core, additionally acknowledging that the participant’s
response to the question “Are you wearing headphones”
may be not 100% accurate. Therefore, the BI D predictor
additionally considers the participant’s responses regarding
the separation of the stereo channels (ChanLeft and Chan-
Right). Equation (1) shows the model the BI D predictor
uses to produce its result as diotic or non-diotic:

BI,
_ {1, WearHp + ChanLeft + ChanRight =3 (1)
— o, WearHp + ChanLeft + ChanRight < 3

where the variables are described in Table 2.

More details can be found in the Supplemental Infor-
mation package [9]. Here we only assert that this predictor
attempts to overcome the previously mentioned false posi-
tive diotic responses, where the non-diotic participant are
able to determine the exact direction of the sound (left or
right) (section 5.1 Determining the Direction of a Sound
Source in [13]).

2.6 The BI Acoustic (BI_A) predictor

The BI A predictor uses a stereo sound with perfectly sepa-
rated left and right channels, each playing pure tones with
frequencies F;, and F,, satisfying the constraint: |F; — F,| <
40 Hz. Similarly, as with the SI method, when listening
diotically, there is no interference, and the participant
should perceive the sound as even (the volume of the sound
is not changing in time). If the participant is listening to the
sound non-diotically, she/he will experience interference
beating [13, 14]. In this study, the beating sound is denoted
as ringing. Hence, the particpant’s task is to declare if
she/he has perceived the sound as even or ringing.

Equation (2) discloses the model used to calculate the
predicted diotic context based on the BI A; if we define
SumOfMut as:

SumOfMut = Mut500HzA + Mut500HzB
+ Mut1k8Hz + Mut3kHz;

then for the BI_A predictor result we have:

1, SumOfMut = 3 )
0, SumOfMut < 3’ 2)

where the variables are described in Table 2.

Similarly to the SI_A predictor [1], the BI A predictor is
using the voting paradigm to derive the resultant prediction.
In BI _A’s case, a diotic context is predicted if more than
half (3 or more out of 4) responses to the mutable-amplitude
sounds are declared as even.

The in-lab preliminary simulations demonstrated the
existence of stationary spatial zones where the interference
beatings are inaudible (“shadow” zones) — they may affect
the accuracy of the Bl A method, yielding a false positive
diotic response from the participant. A software simulation
in MATLAB has been developed to analyze if these “shad-
ow” zones are produced by the room acoustics (the reflec-
tions of the sounds wave from the surrounding objects) — the

BI A ={
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simulation confirmed the said speculation (see second part
of the video [10]). Another phenomenon may additionally
impede the BI A predictor: that is the binaural beating — a
phenomenon that causes the participant to experience beat-
ings-like neural sensations, introducing slight bias in the
method — false negative diotic responses|[13, 15, 16].

2.7 Final disqualification step and result

The predicted value calculated according to the BI A pre-
dictor calculated per Equations (1) and (2) are compared. If
these two values are not equal, the BI method is disqualify-
ing the data record, otherwise the result is declared as final.

2.8 Participant, recruitment, and technology

This study is ethics-approved by the Independent Ethics
Research Board VeritasIRB (www.VeritasIRB.com, Mon-
treal, Canada). The participation was completely anony-
mous, and in the online experiments, no information about
the participant’s age, race, gender, sex, or location were
collected (the age and sex information are collected in the
in-lab experiment). The participants were not asked if they
have hearing problems, or if they are aware of any technical
problems with their playing devices they used in the exper-
iment.

In this study, we collected three batches of data sam-
ples. The details of the batches are outlines in Table 3. The
raw results of the experiments obtained through these batch-
es are located in the Excel files in the Supplementary Infor-
mation package [9].

Table 3: Descriptions of the participant batches

Batch Sample Type/Incentive Wearing
Size [USD] headphones
1 1656 Online/0.15 Choose
2 519 Online/0.15 Asked to wear
3 18 Inlab/0.00 10 weared
8 not weared

The in-lab batch participants provided their de-
mographics (N= 18, 55.6% female, 44.4% male). At the
time of the experiment, their mean age was 33.6 years (SD
= 13.2), and they resided in Montreal, Canada. All the in-lab
participants declared that they have a healthy hearing.

The sounds were generated and edited using the soft-
ware GoldWave version 6.24. The in-lab testing utilized
JVC Over-Ear Headphone HA-RX330 with frequency re-
sponse 12 Hz-22000 Hz for the experiments performed with
headphones, and embedded laptop speakers for the in-lab
non-headphones experiments. The delivery of the specific
dB SPL levels is achieved only in-lab, by using Proster’
digital sound level meter HT80A (40 dBA - 130 dBA; Ac-
curacy +/-1.5 dB; Resolution: 0.1 dBA; frequency range
31.5 Hz-8 kHz; standard applied: IEC 651 type 2, ANSI
S1.4 type 2). In-lab, the dB SPL measurement was taken at
the ear-position when the participant is sitting in front of the
laptop and the sound is delivered by the embedded laptop
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speakers. The headphones dB SPL in-lab delivery was first
subjectively calibrated comparing to the one measured for
the laptop speakers and ensured the same volume level is
selected for every participant. There was no enforcement of
the dB SPL delivery for the online experiments. The "spatial
sound" and the automatic subjective loudness equalization
features were disabled on the laptop used in-lab.

2.9 Procedure

All the experimental batches (online and in-lab) are collect-
ed through the same website and by using the same proce-
dure. After completing the BI method’s steps, the partici-
pants are asked to perform the baseline SI method, which
allows for a cross-method pair-wise comparison of the re-
sults. The data was cleaned up by the initial disqualification
criteria. Over the initially non-disqualified records the
BI A, BI D, SI A, SI D, SI, BI, and in-lab control (CR)
predictions are calculated. As a main statistic the Cohen’s
Kappa inter-rater agreement between two meth-
ods/predictors corrected by chance (see Table 4), and ROC
analyses are used [17-21].

3 Results and discussion

A large volume of the raw data, the interim, and the final
detail results are located in the Supplementary Information
package since they cannot fit in this paper. Here we present
only the results we consider most representative to the new
BI method and its comparison with the baseline SI method.

Table 4: Cohen’s Kappa agreement gradations as per [22]:

Cohen’s Kappa Value Descriptive Gradation
<0.00 Poor
0.00-0.20 Slight
0.21-0.40 Fair
0.41-0.60 Moderate
0.61 -0.80 Substantial
0.81-1.00 Almost Perfect

The results of the in-lab experimental batch (batch 3) are
presented in Table 5, where we observe superior results of
the BI predictors and BI method over the SI predictors and
method, respectively. As a consequence, from the in-lab
superiority of the BI over the SI method in-lab (Table 5), in
the presentation of the online data (Table 6) the BI method
is used as a reference method. Although the SI method does
disqualify the non-diotic data records, to fairly compare the
methods, in Table 6 we considered a SI method version that
does not disqualify the non-diotic data records. The first row
of the table shows the most important result, where the SI
method classifies 104+43=147 data records as diotic, where
the BI method disqualifies them - that means that the SI
method declares 8.89% (95% CI, [7.55%, 10.4%]) false
diotic results (if we consider the BI’s classification absolute-
ly accurate). In addition, the SI method disqualifies 202 data
records that are classified by BI as diotic - that is 12.2%
(95% CI, [10.7%, 13.9%]) wasted data of the whole sample.

Table 5: Comparison of the performances between the analyzed predictors and screening methods. In order to avoid calculation errors for
Cohen’s Kappa for lines 5 and 6, additional treatment of the data has been performed (see Supplementary Information package for more

details).
PREDICTION TEST STATISTICS
Cohen's Kappa Accuracy
] p—
- L = @ &
o = 22 5 5 |5 2 |5 5 = g
= 2 3 g E z & ° 2 s S A €
2| 5 S| & E£E SE|=E| 2 s |3E| 2 E| & | B¢
sl - 7 ) — S| - 3 s @ - 3| =5 < ==
o Z 2 o o CElOg| = s |OZ Q& - BN-
Method £ = £S5 S = ERING 2 = =
A £22 & |& E & | @ : | s
or = < 2 3= = =N < = =
e 7)) - - & 7} >| V4
Predictor E» < - &
1 BIL D (3 0.85 Almost perfect 0.57 1.13 0.002 0.94 0.73 1.00 0.023 0.72
2 SI. D E 0.47 Moderate 0.08 | 0.86 0.018 0.72 0.47 0.90 *0.618 0.72
3 BI_A ,_é; 0.87 Almost perfect 0.62 | 1.12 | <0.001 0.94 0.73 1.00 0.023 0.72
4 § SIA ‘3 0.42 Moderate -0.02 | 0.85 0.047 0.72 0.47 0.90 *0.618 0.72
| 1
515 BI E *0.79 Substantial 0.52 | 1.06 | <0.001 0.89 0.67 0.99 0.034 0.68
| Bt
6 SI % *0.19 Slight -0.04 | 042 0.014 0.30 0.12 0.54 *1.000 0.70
| St
7 BI (diotic BI only) £ 1.00 Almost perfect 1.00 | 1.00 0.001 1.00 0.81 1.00 0.011 0.78
8 SI (diotic SI only) 0.85 Almost perfect 0.57 | 1.13 0.002 0.94 0.73 1.00 *0.067 0.78
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Table 6: Confusion matrix of the Stationary Interference (SI) baseline method, where the new Beating Interference (BI) method is used as
a reference standard. This table shows where the SI method classifications differ (or fails, considering Table 5 results) from those of the BI
method. To produce this table, we considered an SI method version that does not disqualify the non-diotic data records. The results are

obtained from the online Batch 1.

Beating Interference (BI) Method
Diotic Non-diotic Initially disqualified Finally disqualified
& 2 2 Diotic 421 0 104 43
S 9% Non-diotic 61 328 58 113
£ € = | Initially disqualified 0 0 0 0
RED Finally disqualified 202 100 125 101

Finally, the results obtained from the online Batch 2,
where the participants are asked to obligatory wear head-
phones (same as the original SI study), are used to compare
the accuracy of our implementation of the SI method, to its
original implementation and the design purpose as described
in [1]. As such a measure, we use single statistic: the total
disqualification proportion obtained as per the SI method.
We obtained an SI disqualification proportion of 37.0%
(95% CI, [32.83%, 41.31%]), which is close to the disquali-
fication proportion of 35.3% reported by [1]. The proximity
of these two statistics provides confidence that this study
replicated the SI method sufficiently accurately.

Lastly, we decided not to use the psychophysics meth-
ods of binaural masking level difference (BMLD) and in-
teraural time-difference discrimination (ILD) due to their
small magnitude of differences between the diotically and
non-diotically perceived sounds. We have not conducted
experiments to confirm these concerns (it is out of the scope
of this study); another study may be conducted to investi-
gate the viability of the BMLD and ILD paradigms in un-
controlled online experiments.

Regarding the BI method, its magnitude of amplitude
fluctuation (the ringing) is easily noticeable (even in high
noise level conditions), as long as the top-amplitude portion
of the sound is audible — we consider this as the most bene-
ficial feature of the BI method, which makes it suitable for
uncontrolled online auditory studies.

Finally, there are many details regarding the BI method
including speculated reasons for BI method superiority are
not disclosed in this paper due to length constraints. They
can be found in the SI package [9].

4 Conclusion

The results of this study demonstrate that the Beating Inter-
ference (BI) method can be used as a screening method to
determine if the participant’s auditory context in online
crowdsourced hearing studies is diotic. It uses two distinct
predictors to predict the diotic context of the data record,
disqualifying those that yield mismatching prediction re-
sults. The results of this study are obtained in in-lab and
online batches, and the results suggest that the Beating In-
terference (BI) method shows somewhat better performance
than the baseline Stationary Interference (SI) method [1].
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The reader can watch a demo of the Beating Interfer-
ence (BI) diotic screening method by following the enclosed
link (also, a video demonstrating the beatings “shadow”
zones is enclosed): [10], whereas Supplementary Infor-
mation is also available [9].
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