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Abstract: Automatic speech recognition (ASR) has been widely used to realize daily human-ma-
chine interactions. Face masks have become everyday wear in our post-pandemic life, and speech
through masks may have impaired the ASR. This study explored the effects of different kinds of
face masks (e.g., surgical mask, KN95 mask, and cloth mask) on the Mandarin word accuracy of two
ASR systems with or without noises. A mouth simulator was used to play speech audio with or
without wearing a mask. Acoustic signals were recorded at distances of 0.2 m and 0.6 m. Recordings
were mixed with two noises at a signal-to-noise ratio of +3 dB: restaurant noise and speech-shaped
noise. Results showed that masks did not affect ASR accuracy without noise. Under noises, masks
did not significantly influence ASR accuracy at 0.2 m but had significant effects at 0.6 m. The acti-
vated-carbon mask had the most significant impact on ASR accuracy at 0.6 m, reducing the accuracy
by 18.5 percentage points compared to that without a mask, whereas the cloth mask had the least
effect on ASR accuracy at 0.6 m, reducing the accuracy by 0.9 percentage points. The acoustic atten-
uation of masks on the high-frequency band at around 3.15 kHz of the speech signal attributed to
the effects of masks on ASR accuracy. When training ASR models, it may be important to consider
mask robustness.
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1. Introduction

Due to the COVID-19 pandemic, masks are widely used to prevent the spread of the
virus. Although the pandemic is fading, masks are still an integral part of our daily lives
because of the constant mutation of virus strains [1]. However, wearing masks can impair
automatic speech recognition (ASR), which is an important means of realizing human-
machine interaction [2-4] in many fields, such as home automation [5], vehicle systems
[6], and reception [7] and healthcare services [8].

Recent acoustic studies showed that masks work like a low-pass filter, attenuating
frequencies above 1-2 kHz [9-11]. The transmission loss of the masks affects relevant fre-
quency components of speech transmission and impairs speech intelligibility [11]. In ad-
dition, the visual cues obscured by masks also negatively affect human speech recognition
[12]. The results of Wittum et al. showed that, compared to those made under unmasked
conditions, listeners have a lower percentage of correct responses when listening to audio-
only recordings made with masks, and authors suggested using a lower signal-to-noise
ratio (SNR) in future studies to avoid the ceiling effect [13]. Palmiero et al. found that the
masks reduced Speech Transmission Index scores by 3%-45% [14]. Bottalico et al. con-
ducted speech recognition tests using audio-only recordings made with or without masks
and found that masks negatively affected speech intelligibility (p <0.001) [9]. Barrett et al.
studied the effects of facial masks on face-to-face speech recognition in real-world noisy
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environments. They found that speech recognition was poorer (p < 0.001) when the talker
wore a non-medical disposable mask [15].

However, other studies have given different results. Atcherson et al. showed no im-
pact of the paper or transparent face masks on the speech recognition performance of nor-
mal-hearing listeners in a four-talker babble background at +10 dB of SNR, with or with-
out visual cues [16]. Mendel et al. found that the surgical mask did not influence speech
understanding in a normal-hearing group [17]. These two studies were conducted before
the COVID-19 pandemic and only tested the traditional medical mask (surgical mask)
[16,17]. The ceiling effect in the test of Mendel et al. with intelligibility higher than 96.9%
in all conditions should also be considered, as Bottalico et al. indicated [9]. It might be
concluded that masks significantly affect English speech recognition at a low SNR, and
until now, there has been no relevant research on ASR.

Most prior research on the factors that affect ASR has focused on noise, speaker ac-
cent, speaker age, and multiple speakers. Noise persists as a significant hurdle to devel-
oping ASR, and many approaches have been proposed to enhance the robustness of ASR
systems [18,19]. Our previous study suggested a method to associate the Articulation In-
dex to estimate the influence of stationary noise on the ASR word accuracy (ACC) [20].
Feng et al. quantified the bias of a SOTA ASR system and found that the speech of native
speakers is recognized much better than that of non-native speakers of Dutch [21]. Shao
et al. proposed a novel decoupling and interacting multi-task network to improve joint
speech and accent recognition [22]. Accurate recognition of child and elderly speech re-
mains challenging because of the inherent differences between such and adult voices
[23,24]. Multi-talker speech recognition, expected to identify “who spoke what”, is also a
complex problem [25]. GB/T 41813.1-2022 [26] provides general test items and a general
testing method for speech recognition in intelligent speech-interaction applications. The
effects of noise, speaker accent, speaker age, multiple speakers, etc., on ASR are consid-
ered in the GB/T 41813.1-2022 [26]. To date, the impact of masks as a factor that impairs
ASR due to acoustic attenuation and alteration of the speech time—frequency characteris-
tics, has not been considered.

This study evaluated the effects of masks on ASR accuracy with or without noise. We
used a mouth simulator to play speech audio with or without a mask and recorded at a
distance of 0.2 m and 0.6 m. Restaurant noise and speech-shaped noise were added to the
recordings at +3 dB of SNR. The speech was recognized by two ASR systems, i.e., Baidu
Cloud (labelled ASRp) and Tencent Cloud (labelled ASRr). Three medical masks, two la-
boratory or industry masks, and one cloth mask were used.

2. Methods
2.1. Apparatus

We used a mouth simulator (AWA6150, Hangzhou Aihong Instrument Co., Ltd.,
Hangzhou, China) to play the audios in a specified mask condition and the data acquisi-
tion system (BBM MKII, Miiller-BBM VibroAkustik Systeme GmbH, Munich, Germany)
to save the sound recorded by the microphone (BSWA MPA201, BSWA Technology Co.,
Ltd., Beijing, China) in the semi-anechoic chamber. The mouth simulator simulated the
sound field near the human mouth. The mouth simulator was placed inside a customized
dummy head and driven by a USB sound adapter (ADI-2 DAC, RME Audio, Haimhausen,
Germany). The microphone was placed on a tripod directly opposite the mouth simulator
at the same height as the lip ring of the mouth simulator. The distance between the micro-
phone and the mouth simulator was set as 0.2 m and 0.6 m. The recordings were con-
ducted in 7 mask conditions: without a mask (M0), with a surgical mask [27] (M1), an
activated-carbon mask [28] (M2), with a hanging-ear medical protective mask [29] (M3),
with a headwear medical protective mask [29] (M4), with an anti-particulate mask (with
a breather valve) [30] (M5), and with a cloth mask (M6). M1, M3, and M4 are medical
masks that can prevent virus. M2 and M5 are often used in laboratories and factories, and
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MS5 is also known as the KN95 mask. M6 is used for warmth. Figure 1 shows the connec-
tion set-up of the apparatus and 7 mask conditions.

semi-anechoic chamber

| BSWA MPA201 |

ADI-2 DAC ‘w0 P
D

4 7;\,‘!4— 0.2m or0.6m»|

T e s—

Figure 1. Connection set-up of apparatus and 7 mask conditions. (a) Connection set-up of apparatus;
(b) No mask (MO0); (c) Surgical mask (M1); (d) Activated-carbon mask (M2); (e) Hanging-ear medical
protective mask (M3); (f) Headwear medical protective mask (M4); (g) Anti-particulate mask (M5);
and (h) Cloth mask (M6).

2.2. Stimuli

The speech stimuli came from the AISHELL-ASR0009-OS1, an open Mandarin
speech database released by Beijing AISHELL Company [31]. AISHELL-ASR0009-OS1 in-
volves 400 speakers from different accent areas in China. Each speech item is a short sen-
tence selected from finance, technology, sports, entertainment, and news. All recordings
are stored in 16 kHz, 16-bit mono WAV file format. We selected 50 male speakers and 50
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female speakers randomly. For each mask condition, one speech item was chosen ran-
domly from the database of each selected speaker.

We employed two kinds of interference background noise, i.e., restaurant noise and
random noise, with power spectra that are equivalent to the average power spectrum of
Mandarin (hereafter called speech-shaped noise). The restaurant noise was from
AISHELL-ASRO0015, a scene-noise database released by Beijing AISHELL Company (Bei-
jing, China). The power spectrum of speech-shaped noise is equivalent to the average
power spectrum of Mandarin proposed by Wei Yang et al. in 2012 [32], which was more
accurate than the earlier national standard GB/T 7347-1987 [33]. The speech-shaped noise
was obtained by filtering the white noise through a 30-band graphic equalizer, which was
set according to the data proposed by Wei Yang et al. [32] Restaurant noise and speech-
shaped noise were added to each recording with an SNR of +3 dB.

2.3. Method of Speech Recognition

We carried out speech recognition using two commercial ASR systems, i.e., ASRp and
ASRr. The version of ASRp is API-Short speech recognition (standard edition), and that of
ASRr is API 3.0-Sentence Recognition. The audios to be recognized were uploaded to the
cloud platforms through the Application Programming Interface, and then recognized
message texts were returned. By introducing the minimum edit distance, also known as
the Levenshtein Distance, the ACC of the ASR is given as

MED((str?, strR)
len(str?)

ACC = max{l - , 0} X 100% (1)
where “str? is the correct message strings of the speech, ‘str®’ is the recognized message
strings of the audio by ASR, the function ‘len(str)’” gives the length of the string ‘str’, and
‘MED (str?, str®)’ is the minimum edit distance between the strings ‘str” and ‘str®’. The
punctuation in ‘str” and “str?” is removed to calculate the ACC.

2.4. Procedure

We conducted the research through a procedure demonstrated in Figure 2. A test
pattern was executed for one mask condition. In each test pattern, 100 speech items were
selected from the database. The speech-shaped noise at the microphone, 0.6 m from the
mouth simulator, was calibrated at 70 dB SPL. Then, we played the speech items in a spec-
ified mask condition in succession and obtained the recordings at the distance of 0.2 m
and 0.6 m. The speech-shaped noise at the microphone 0.2 m from the mouth simulator
was around 80 dB SPL. There was 1 s of dwell time between two consecutive plays. The
recordings were stored in 16 kHz, 16-bit mono WAV file format. Restaurant noise and
speech-shaped noise were added, respectively, to each recording at an SNR of +3 dB in
the digital domain, forming the mixed signals. We carried out the speech recognition and
obtained the ACC of recordings and mixed signals.
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Figure 2. The research procedure.

2.5. Data Analysis

As the ACCs are non-normally distributed (Kolmogorov-Smirnov test, p <0.001), we
used the median of ACC for each group to describe the accuracy of the ASR system. The
Kruskal-Wallis test was used to examine the effect across the 7 mask conditions on ASR
accuracy. A significance level of 0.05 was used. We also separated the data by male and
female speakers for post-hoc analysis.

3. Results
3.1. Recording Distance: 0.2 m

The results of the ACC for all speakers at a recording distance of 0.2 m are shown in
Figure 3; their median values under the noises are reported in Table 1. For the recording
distance of 0.2 m, no significant effects of wearing a mask on ASR for all speakers were
found for any conditions (p > 0.054). The medians of ACC with no noise were 100% for all
mask conditions. Despite the lack of significance, the ACC of ASRp under restaurant noise
in the M2 condition was 8.2 percentage points (pp) less than that in the MO condition. In
addition, the ACC of ASRr under speech-shaped noise in the M4 condition was 15.8 pp
less than that in the M0 condition, and in the M2 condition was 8.1 pp less than that in the
MO condition. In all other cases, the differences between the ACC with and without a mask
were less than 8.0 pp.
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Figure 3. The word accuracy (ACC) values for all speakers at a recording distance of 0.2 m. (a) ASRp,
no noise; (b) ASRr, no noise; (c) ASRp, restaurant noise; (d) ASRr, restaurant noise; () ASRp, speech-

shaped noise; and (f) ASRt, speech-shaped noise.

Table 1. Median ACC (%) for all speakers under noises at a recording distance of 0.2 m.

ASRp ASRr
Speech-Shaped Speech-Shaped

Mask

Condition Restaurant Noise Restaurant Noise

Noise Noise
MO 80.63 66.67 92.58 88.56
M1 76.92 60.00 93.33 81.80
M2 72.47 58.96 91.67 80.48
M3 86.19 59.55 93.54 81.82
M4 75.96 61.32 87.08 72.73
M5 77.35 66.67 96.88 80.63
M6 84.41 70.59 88.89 84.62

3.2. Recording Distance: 0.6 m

The results of the ACC for all speakers at a recording distance of 0.6 m are shown in
Figure 4; their median values under noises are reported in Table 2. For the recording dis-
tance of 0.6 m, no significant effects of wearing a mask with no noise on ASR were found
for any speakers (p > 0.276). The medians of ACC with no noise were 100% for all mask
conditions. Under restaurant noise, mask-wearing significantly affected ASRo (H=18.599,
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p=0.005) and ASRr (H =12.694, p = 0.048). For ASRp, the ACCs under restaurant noise for
mask conditions compared to than that in the MO condition were as follows: for the M1
condition it was 19.3 pp less (H="70.910, p = 0.013), for the M2 condition it was 21.4 pp less
(H=287.910, p = 0.002), for the M3 condition it was 14.3 pp less (H = 59.400, p = 0.037), and
for the M4 condition it was 14.8 pp less (H =73.290, p = 0.010). Despite the lack of signifi-
cance, the ACC of ASRp under restaurant noise in the M5 condition was 11.3 pp less than
that in the MO condition (H =26.135, p = 0.358). For ASRrt, the ACC under restaurant noise
in the M2 condition was 9.3 pp less than that in the MO condition (H = 78.270, p = 0.005),
and for the M4 condition it was 8.0 pp less than that for MO (H =71.790, p = 0.010). Despite
the lack of significance, the ACC of ASRr under restaurant noise in the M5 condition was
8.0 pp less than that in the M0 condition (H = 43.015, p = 0.123). Under speech-shaped
noise, mask-wearing had significant main effects on ASRr (H =32.092, p <0.001), whereas
no significant main effects of wearing a mask on ASRp were found (H = 12.483, p = 0.052).
Despite the lack of significance, the ACC of ASRp under speech-shaped noise in the M1
condition was 8.7 pp less than that in the MO condition, in the M2 condition it was 12.5 pp
less than that for M0, and in the M4 condition it was 13.5 pp less than that for M0. For
ASRr, the ACC under speech-shaped noise in the M2 condition was 30.9 pp less than that
in the MO condition (H = 118.290, p < 0.001), in the M3 condition it was 14.2 pp less than
that for MO (H = 81.760, p = 0.004),in the M4 condition it was 17.3 pp less than that for M0
(H =86.655, p = 0.002), and in the M5 condition it was 19.6 pp less than that for MO (H =
83.565, p = 0.003).

Table 2. Median ACC (%) for all speakers under noises at a recording distance of 0.6 m.

ASRp ASRr
Speech-Shaped Speech-Shaped

Mask Con-

dition  Restaurant Noise Restaurant Noise

Noise Noise
MO 74.34 42.86 92.58 80.91
M1 55.05 34.17 90.45 74.46
M2 52.94 30.38 83.33 50.00
M3 60.00 38.46 90.00 66.67
M4 59.55 29.41 84.62 63.64
M5 63.07 39.23 84.62 61.32

M6 72.08 43.93 90.91 80.00
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Figure 4. The ACC for all speakers at a recording distance of 0.6 m. (a) ASRp, no noise; (b) ASRt, no
noise; (c) ASRp, restaurant noise; (d) ASRr, restaurant noise; (e) ASRp, speech-shaped noise; and (f)
ASRYr, speech-shaped noise. Kruskal-Wallis tests and post-pairwise comparisons: *, p < 0.05; **, p <
0.01; and ***, p < 0.001.

The results of post-hoc tests on the effects of masks on the ACC for the male speakers
at a recording distance of 0.6 m are shown in Figure 5; their median values under noises
are reported in Table 3. For the recording distance of 0.6 m, no significant effects of wear-
ing a mask with no noise and restaurant noise on ASR for male speakers were found (p >
0.058). The medians of ACC with no noise for male speakers were all 100%, except for the
condition of M5 for ASRt, where the median was 94.70%. Despite the lack of significance,
the ACC of ASRp under restaurant noise in the M1 condition for male speakers was 14.4
pp less than that in the M0 condition, in the M2 condition it was 20.3 pp less than that for
MO, and in the M4 condition it was 13.6 pp less than that for M0. In addition, the ACC of
ASRt under restaurant noise in the M2 condition for male speakers was 14.7 pp less than
that in the MO condition, in the M4 condition it was 13.8 pp less than that for M0, and in
the M5 condition it was 9.7 pp less than that for M0. Under speech-shaped noise, there
were significant main effects of mask-wearing for male speakers on ASRp (H=12.987, p =
0.043) and ASRr (H = 27.560, p < 0.001). However, there was no significant difference
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17.5 pp less than that for M0 (H = 35.620, p = 0.078). For ASRrt, the ACC under speech-
shaped noise for male speakers in the M2 condition was 22.9 pp less than that in the M0
condition (H = 67.360, p = 0.001), and in the M5 condition it was 20.6 pp less than that for
MO (H = 57.290, p = 0.005). Strangely, the ACC values under noises for male speakers in
the M6 condition were all higher than that in the M0 condition. Specifically, compared to
that in the MO condition, for male speakers in the M6 condition the ASRo ACC was 10.9
pp higher under restaurant noise and 4.7 pp higher under speech-shaped noise, and the
ASRt ACC was 2.6 pp higher under restaurant noise and 11.2 pp higher under speech-
shaped noise.
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Figure 5. The ACC for male speakers at a recording distance of 0.6 m. (a) ASRp, no noise; (b) ASRr,
no noise; (¢) ASRp, restaurant noise; (d) ASRr, restaurant noise; (e) ASRp, speech-shaped noise; and
(f) ASRT, speech-shaped noise. Kruskal-Wallis tests and post-pairwise comparisons: ¥, p < 0.05; **, p
<0.01; **, and p < 0.001.
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Table 3. Median ACC (%) for male speakers under noises at a recording distance of 0.6 m.

ASRp ASRr

Mask
as Speech-Shaped Speech-Shaped

Condition Restaurant Noise

Restaurant Noise

Noise Noise
MO 58.52 38.18 89.74 65.15
M1 44.16 25.24 84.41 60.15
M2 38.19 30.77 75.00 42.26
M3 53.82 37.09 85.16 48.53
M4 44.95 20.71 75.96 55.28
M5 62.50 33.33 80.00 44.57
M6 69.38 42.86 92.33 76.33

The results of post-hoc tests on the effects of masks on the ACC for the female speak-
ers at a recording distance of 0.6 m are shown in Figure 6; their median values under
noises are reported in Table 4. For the recording distance of 0.6 m, no significant effects of
wearing a mask with no noise or restaurant noise on ASR were found for female speakers
(p > 0.157). The median values of ACC with no noise for female speakers were 100% for
all mask conditions. Despite the lack of significance, the ACC of ASRp under restaurant
noise in the M1 condition for female speakers was 12.3 pp less than that in the M0 condi-
tion, in the M2 condition it was 12.3 pp less than that for MO, in the M3 condition it was
11.4 pp less than that for M0, in the M4 condition it was 12.3 pp less than that for M0, and
in the M5 condition it was 15.0 pp less than that for M0. In addition, the ACC of ASRr
under restaurant noise for female speakers in the M1 condition was 8.3 pp less than that
in the MO condition, in the M4 condition it was 10.8 pp less than that for M0, and in the
M6 condition it was 9.6 pp less than that for M0. Under speech-shaped noise, there were
significant main effects of mask-wearing for female speakers on ASRr (H = 14.671, p =
0.023), whereas no significant effects of wearing a mask on ASRp were found (H = 3.401,
p = 0.757). Despite the lack of significance, the ACC of ASRp under speech-shaped noise
for female speakers in the M2 condition was 20.0 pp less than that in the M0 condition, in
the M3 condition it was 9.9 pp less than that for M0, and in the M4 condition it was 8.6 pp
less than that for M0O. For ASRt, the ACC under speech-shaped noise for female speakers
in the M1 condition was 9.4 pp less than that in the MO condition (H = 45.470, p < 0.023),
in the M2 condition it was 15.5 pp less than that for MO(H = 48.890, p = 0.015), in the M3
condition it was 15.7 pp less than that for MO (H = 60.230, p = 0.003), and in the M4 condi-
tion it was 15.0 pp less than that for MO (H = 58.600, p = 0.003). Despite the lack of signifi-
cance, the ACC of ASRr under speech-shaped noise for female speakers in the M5 condi-
tion was 11.1 pp less than that in the MO condition (H =29.580, p = 0.139).

Table 4. Median ACC (%) for female speakers under noises at a recording distance of 0.6 m.

ASRp ASRT

Mask
as Speech-Shaped Speech-Shaped

Condition Restaurant Noise

Restaurant Noise

Noise Noise
MO 78.95 50.00 100.00 90.00
M1 66.67 42.50 91.67 80.65
M2 66.67 30.00 92.12 74.47
M3 67.54 40.06 97.50 74.34
M4 66.67 41.43 89.18 75.00
M5 63.96 45.56 100.00 78.89

M6 82.35 46.06 90.45 83.61
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Figure 6. The ACC for female speakers at a recording distance of 0.6 m. (a) ASRp, no noise; (b) ASRr,
no noise; (c) ASRp, restaurant noise; (d) ASRr, restaurant noise; (e) ASRp, speech-shaped noise; (f)
ASRr, speech-shaped noise. Kruskal-Wallis tests and post-pairwise comparisons: *, p <0.05; **, p <0.01.

3.3. Summary

In general, masks decreased the ACC by 10.2 pp under noises at the recording dis-
tance of 0.6 m. The order of the effects of masks on the ACC from greatest to smallest is as
follows: M2 (activated-carbon mask, 18.5 pp) > M4 (headwear medical protective mask,
13.4 pp) > M5 (KN95, 10.6 pp) > M1 (surgical mask, 9.1 pp) > M3 (hanging-ear medical
protective mask, 8.9 pp) > M6 (cloth mask, 0.9 pp). Both ASR systems performed worse
under speech-shaped noise than under restaurant noise at the recording distance of 0.6 m.
The ACC of ASRb (i.e., Baidu ASR) under speech-shaped noise was 25.5 pp less than that
under restaurant noise, and the ASRr (i.e., Tencent ASR) was 19.9 pp less than that under
restaurant noise. It is worth noting that the above results only apply to the specific ver-
sions of two ASR systems. In the current version, Tencent ASR is doing better overall.

4. Discussion

Overall, masks decreased the Baidu Cloud ASR accuracy by 10.4 pp and Tencent
Cloud ASR accuracy by 10.1 pp under noises at a recording distance of 0.6 m, which is
roughly the distance between a car driver or machine operator and the ASR system. When
people cannot get closer to the ASR system or raise their volume, masks could hinder ASR.
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Given the wide use of masks in daily life in the post-pandemic era, considering the influ-
ence of masks on speech is strongly recommended when training ASR models.

There is no effect of masks on ASR accuracy in a quiet situation, with the ACC me-
dian values showing the ceiling effect for most situations as being 100%. These results are
consistent with those from human subject studies of Atcherson et al. and Mendel et al.,
who reported that the difference between the speech recognition scores with the surgical
mask present and without the mask was less than 1 pp for normal-hearing listeners
[16,17]. Noting that the speech recognition scores were high in all conditions (i.e., higher
than 99% for Atcherson et al., and 96.9% for Mendel et al.), the ceiling effect [9] might be
a possible reason for the non-significant differences in the speech recognition scores in the
two studies [16,17].

Under the restaurant noise and speech-shaped noise, significant main effects of
masks on ASR accuracy at a recording distance of 0.6 m were found (restaurant noise gave
ASRo, p = 0.005, ASRr, p = 0.048, and speech-shaped noise gave ASRr, p < 0.001). At the
recording distance of 0.6 m and under noises, the activated-carbon mask (M2) impacted
ASR accuracy most, followed by the headwear medical protective mask (M4) and KN95
mask (M5). The activated-carbon mask decreased the ASR accuracy by 18.5 pp, the head-
wear medical protective mask decreased it by 13.4 pp, and the KN95 mask decreased it
by 10.6 pp at the recording distance of 0.6 m. The cloth mask (M6) has the least effect on
ASR, reducing ASR accuracy by 0.9 pp. The surgical mask (M1) and hanging-ear medical
protective mask (M3) performed similarly, decreasing the ASR accuracy by 9.1 pp and 8.9
pp- These results are consistent with those from human subject studies of Bottalico et al.,
[9] and Palmiero et al. [14]. Bottalico et al., reported that the speech was 12 pp less intelli-
gible with the surgical mask and 13 pp less intelligible with the N95 mask than for the
unmasked condition [9]. The results of Palmiero et al. showed that the surgical masks
reduced the STI by 3% and 4%, and the N95 masks reduced the STI by 13% and 17% [14].

In this study, we established two recording distances, 0.2 m for mobile phone users
and 0.6 m for machine operators (such as in vehicles and for robots), to evaluate the im-
pacts of masks on ASR performance in standard human—machine interactions. For the 0.2
m distance, masks decreased the ASR accuracy by 3.6 pp on average under noises but
without statistical significance (p > 0.054), whereas for the 0.6 m distance, masks signifi-
cantly decreased the ASR accuracy by 10.2 pp on average under noises (restaurant noise
gave ASRp, p =0.005, ASRrt, p =0.048, and speech-shaped noise gave ASRt, p <0.001). There
might be debate about whether the signals recorded at 0.6 m with lower voice amplitudes
could be amplified easily by the speech enhancement algorithms of the ASR systems.
However, results indicate that the ASR accuracy was affected by the absolute SPL of the
speech signals given equal SNR (at least in an anechoic environment).

For the medical protective masks, the headwear medical protective mask (M4) de-
creased the ASR accuracy under noises much more than the hanging-ear medical protec-
tive mask (M3), by an average of 5.2 pp. this can be explained by the fact that that the
headwear medical protective masks had better airtightness and higher sound-transmis-
sion loss than hanging-ear medical protective masks [34,35]. In our test, cloth masks had
little effect on the ASR accuracy, only reducing the ACC by 0.9 pp at the recording distance
of 0.6 m under noises, which is inconsistent with the results of Toscano et al. [36] The
results of Toscano et al., showed that the fitted cloth mask impaired human speech recog-
nition most [36]. The tightness of the cloth mask weave may account for the difference in
results. To delve deeper into the mechanisms by which masks affect ASR accuracy, we
measured the sound-transmission losses of these six masks. We used the mouth simulator
to play the sweep signal with or without a mask and recorded it at a distance of 0.6 m. The
sound-transmission loss was calculated using Equation (2), and the results are shown in
Figure 7.
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Figure 7. The sound-transmission loss of masks.

All masks gave a large attenuation in the frequency band centered at about 3.15 kHz
and a smaller attenuation at around 250 Hz, consistent with the results of Corey et al. [10]
In general, the sound-transmission loss of masks was consistent with their influence on
ASR accuracy: the cloth mask (M6), which produced the least acoustic attenuation,
yielded the least effect on ASR accuracy; the activated-carbon mask (M2), which attenu-
ated sounds most at around 3.15 kHz, impaired ASR accuracy the most. Furthermore, we
analyzed the correlation between the sound-transmission loss of masks and their effect on
ASR accuracy at the recording distance of 0.6 m. The results showed that there was a sig-
nificant positive correlation between the declined values in the ACC with wearing masks
and the sound-transmission loss of masks at 3.15 kHz (o = 0.943, p = 0.005), but no corre-
lation between those at 250 Hz (o = 0.200, p = 0.704). The results indicated that the effects
of masks on ASR accuracy can be attributed to the acoustic attenuation of masks on the
high-frequency band of the speech signal. The low-pass-filtering characteristic of masks
seems to greatly attenuate the energy of clear consonants and impair the ASR accuracy.
Although masks attenuate the sound power at 250 Hz, which is around the fundamental
monophthong frequency of Mandarin, the attenuation of low-frequency sound contrib-
uted little to the decline in ASR accuracy.

Post-hoc test results showed that masks similarly affected ASR accuracy for male and
female speakers. On average, masks decreased the ASR accuracy for male speakers by 7.8
pp and for female speakers by 9.4 pp under noises at a recording distance of 0.6 m. How-
ever, it is worth noting that the cloth mask (M6) increased the ASR accuracy of male speak-
ers for all noise conditions and ASR systems at a recording distance of 0.6 m by an average
of 7.3 pp. There is no such anomaly for female speakers. Possibly, the cloth mask could
enhance the feature extraction of ASR systems for male voices. It seems that the effects of
masks on ASR are mediated through a complex mechanism related to the physical prop-
erties of masks (mainly affecting the sound-transmission loss), the voice characteristics,
and the ASR algorithm. Future studies could further explore this issue by analyzing the
effects of masks on the spectrum of speech signals and speech feature extraction of ASR
systems for male speakers.
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The results showed that speech-shaped noise had a larger effect on ASR accuracy
than the restaurant noise at the same SNR. The ASR accuracy under speech-shaped noise
was 22.7 pp less than that under restaurant noise at the recording distance of 0.6 m. The
average spectra of the two noises and the speech material are shown in Figure 8. Com-
pared to restaurant noise, the spectrum of speech-shaped noise is more similar to that of
the speech material, possibly resulting in a more substantial energetic masking effect [37]
and informational masking [38].

Normalized amplitude
o

2 Restaurant noise
—— Speech-shaped noise
Speech material

-3
100 500 1000 5000

Frequency (Hz)

Figure 8. The average spectra of the restaurant noise, the speech-shaped noise, and the speech ma-
terial. The amplitude of the spectra was normalized.

Although the mouth simulator approximates human voice radiation well, it cannot
simulate the actual situation of human speaking. Humans may adjust their voices while
wearing a mask, but the mouth simulator does not. Magee et al., reported that humans’
speech rates were lower when wearing N95 and surgical masks, possibly as speakers com-
pensate when wearing masks to improve intelligibility [39]. Speakers wearing masks
might increase their speech level to compensate for any communication difficulties, or
conversely, they might inadvertently lower their speech levels because they are having
difficulty adjusting their voice level to one that can be heard but will not disturb others in
the environment [15]. However, uncontrollability and inconsistency are generated by hu-
mans when they unconsciously adjust their way of speaking. We use the mouth simulator
to play standard audio, which aligns with Bottalico et al. [9] and Porschmann et al. [11]
and provided an efficient and human-independent way, with high repeatability, to test
the ASR systems.

The metric of ASR performance in our test is word accuracy, which considers literal
correctness instead of semantic correctness [40]. More speech understanding metrics, such
as Semantic Distance [40] and Aligned Semantic Distance [41], can be used. In future stud-
ies, the stimuli should be more abundant, generated by humans in natural conditions, and
appropriate for specific application scenarios.

5. Conclusions

When the speaker is not close to the ASR system, masks impair the ASR accuracy under
restaurant noise and speech-shaped noise. Different types of masks have different effects on
ASR accuracy. The activated-carbon mask reduced the accuracy by 18.5 pp compared to that
without a mask, whereas the cloth mask reduced the accuracy by 0.9 pp. The acoustic atten-
uation of masks on the high-frequency band of the speech signal is attributed to the decline
in ASR accuracy. Under the premise of meeting the requirements for protection and
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warmth, masks with lower acoustic attenuation should be used when conducting ASR. We
recommend considering the impacts of masks when training ASR models.
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Abbreviations
Abbreviation  Full Name
ASR Automatic speech recognition
PP Percentage points
SNR Signal-to-noise ratio
ASRbp Baidu Cloud automatic speech recognition
ASRr Tencent Cloud automatic speech recognition
MO Without a mask
M1 Surgical mask
M2 Activated-carbon mask
M3 Hanging-ear medical protective mask
M4 Headwear medical protective mask
M5 Anti-particulate mask (with a breather valve)
Mé6 Cloth mask
ACC Word accuracy
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