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JOINT ANALYSES OF NO-REFERENCE SPEECH QUALITY ESTIMATION TOOLS
AND CONFERENCE SPEECH RECORDED IN DIVERSE REAL-WORLD
CONDITIONS

Jaden Pieper, Stephen D. Voran'

Recently, prerecorded audio and video presentations, as well as virtual meetings,
have become a common component of professional life, due to health and environ-
mental considerations. This places new responsibility on participants to generate
audio that is of sufficiently high quality to effectively communicate. This memo-
randum provides analyses of real-world audio from a virtual component of a 2023
conference which encompasses a wide range of recording environments and condi-
tions. We use both signal analyses and novel machine learning-based no-reference
speech quality estimators and we evaluate their performance relative to each other.
We utilized NISQA, WAWEnets, and TorchAudio-Squim, and found that while
their scores show only modest agreement, we can use each to successfully identify
low-quality speech. Finally we offer remediation steps for speech conferencing, to
avoid many of the impairments observed in this work.

Keywords:  conference speech, intelligibility, no-reference speech quality assessment, speech
impairments, speech quality

1 INTRODUCTION

Remote participation in meetings, conferences, and workshops has become much more common in
recent years. This has been driven by concerns for public health and environmental protection and
will likely continue into the future at some level. Remote participation frequently includes audio
and video streams contributed by individual participants located in a wide variety of environments
and using conveniently available equipment. We have observed that the resulting audio signals
routinely range from very nearly studio-quality to highly impaired and practically unusable. We
have also observed that many of the common serious impairments could be significantly mitigated
by fairly simple steps.

Recent years have also brought a dramatic increase in the development and availability of no-
reference (NR) tools for evaluating speech signals. NR indicates the ability to assess a delivered
speech signal without any access to a clean original version of that speech signal, whereas full-
reference (FR) tools require an original version. Early NR tools relied on signal processing (SP)
alone (e.g. [1]-[3]). Machine learning (ML) has fueled the recent resurgence of innovation re-
sulting in tools that produce an estimate of a subjective speech quality score (e.g. [4]-[17]) and
those that also estimate objective speech quality values (e.g. [18]-[24]). A conferencing speech
challenge at Interspeech 2022 [25] specifically addressed NR “speech quality assessment in online
conferencing applications.”

I'The authors are with the Institute for Telecommunication Sciences, National Telecommunications and Informa-
tion Administration, U.S. Department of Commerce, Boulder, Colorado 80305.



This paper exploits the recent progress and availability of NR tools in order to evaluate the speech
in real-world recorded presentations produced by over 2500 different contributors in 2023. In
Section 2 we describe in detail how we accessed the recordings. We then apply an ensemble of
SP (Section 3) and ML (Section 4) tools and discuss the results they produce. In Section 5 we
report that it is not difficult to reliably identify recordings that are seriously lacking in one or
more respects. Fortunately, it appears that simple changes that cost little or nothing could lead to
substantial improvements in many cases.

The development and evaluation of speech quality assessment tools is typically accomplished
through the use of specifically constructed datasets. This allows for the careful control of im-
pairment levels and types, but can limit the scope and realism. We are not aware of any previous
study of NR speech assessment tools that uses completely uncontrolled, highly relevant, real-world
recordings as we have done here. Thus this memorandum contributes a novel study on NR tools, a
novel study on quality and impairment in speech recorded for a major conference, and suggestions
for reducing common impairments to facilitate better conference communications.



2 ACQUISITION OF CONFERENCE SPEECH EXCERPTS

A major 2023 electrical engineering research and development conference included online access
to presenter-created video presentations as part of the conference materials. These recorded video
presentations were produced in advance by individual participants in their local environs using
available equipment, giving the potential for a unique study of real-world locally-produced speech
recordings. Datasets typically used in NR tool development and evaluation use clean speech from
a single, controlled recording environment while noise, reverberation, and other impairments are
simulated with software. Work in [25] moved somewhat beyond this paradigm. For example,
subjects recorded scripted voicemail messages through real phone connections in [10] and spon-
taneous speech while walking through outdoor and indoor public spaces in [26]. In contrast, we
analyze samples from the population of real-world conference-related recordings. These record-
ings present unscripted speech recorded in uncontrolled environments, as selected and used by
conference participants, without any assumptions or artificial motivations.

We played example portions of the two-channel audio component of each recording. These exam-
ple portions ranged from 14 to 50 seconds in length. The mean length was 36 seconds and is about
8% of length of a typical full presentation. To avoid inappropriate server or network stresses, we
spaced the play requests consistent with that of a single user. It was not possible to implement
the desired rich ensemble of audio analysis tools in real time, so we developed a solution using
re-recording and temporary audio files. Specifically, the playing of each excerpt was captured in
a temporary audio file. We then applied our ensemble of analysis tools to each file before it was
deleted. The temporary audio files were created as shown in Figure 1. Note that the digital-to-
analog (D/A) converter in the USB audio interface captures the playback signals a user would
normally consume with speakers, headphones, or earbuds. The D/A conversion uses two channels,
a sample rate of 48 kHz and a bit-depth of 24 bits/sample.

Laptop USB Audio
Interface

Server

MP4 player ’ D/A

in browser ’
*, mp4 Internet USB

temp.wav A/D }

\ metadata.txt

Figure 1. Audio and metadata capture path.

Different impairment sources produce different sounds. Even casual listening makes it very clear
that the impairments identified in the analyses which follow are due to the original recording



process and cannot be attributed to encoding, the network transmission, or the play and re-record
processes.

Even so, we did take some steps to formalize this observation. We tested the transparency of the
play-record process shown in Figure 1 by playing some locally generated uncompressed audio
files and then comparing each original (played) file with the new (recorded) file. We found results
consistent with the specifications of the high quality USB audio interface (Focusrite Scarlett 2i2)
that we used; differences between the two files were very small compared to the impairments
discussed in this paper.

We also inspected the metadata in the multimedia (.mp4) containers and found that the final audio
encoder (i.e., the presentation encoder) was some form of AAC in 99% of the presentations. The
distribution of presentation audio encoding bit rates is shown in Figure 2. This figure indicates that
the most common rates are those between 64 and 128 kbps, followed by those between 128 and 256
kbps. The distribution of sample rates is also shown in Figure 2. Sample rates of 48 or 44.1 kHz
(supporting fullband audio) were used in 31.6 or 32.1% of the cases, respectively. The rate 32 kHz
(supporting super-wideband audio) was used in 34.8% of the cases. The rates 24, 22.05, or 16 kHz
(supporting wideband audio) were used in 0.6, 0.2, and 0.8% of the cases respectively. These
encoding conditions can provide very good quality speech. Impairments discussed in this paper
are not due to the presentation encoding.
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Figure 2. Bit rate distribution (left) and sample rate distribution (right).

We also considered the unlikely possibility that packet loss and jitter between the server and the
laptop might impair the audio playout. This is unlikely because the rate required to stream the
.mp4 files (most often 0.5 to 1.5 Mbps) is far below the measured connection bandwidth (typically
800 Mbps). In addition, the playout is non-real time and this allows for generous buffering that
can mitigate the effects of any packet loss or jitter.

As an additional precaution we collected each excerpt two times. We applied seven different NR
tools (see Sec. 4) to each pair of excerpts and compared the results. If any of the seven differences



exceeded more than 1% of the full range of that NR tool, we excluded that excerpt from further
analysis.

Between these tests and our listening experiences, we are confident that impairments identified in
the following can be attributed to the original recording process — they are not associated with
presentation encoding, network transmission, or play and re-record processes.

While presentation encodings are not creating significant impairments, other encodings are some-
times clearly audible in the excerpts. One explanation for these encoding artifacts is as follows.
The conference organizers suggested that creating and recording an online meeting would be one
pathway to a presentation recording. An online meeting can easily introduce lower rate and lower
quality encodings, and, depending on the exact configuration, it can also introduce packet losses
that cannot be fully concealed due to the near real-time goal of online meetings.

Our analyses cover one excerpt from each of 2592 different presentations. Random sampling and
listening to the excerpts suggests that both very high quality and badly impaired presentations are
common. In some cases these impairments reduce speech intelligibility and thus defeat the tutorial
nature of a presentation, sometimes they increase the listening effort required, and they often
make listening an unpleasant experience. Identifying impaired recordings and asking producers
to submit improved versions would benefit everyone involved in a conference like this, and the
associated costs would be negligible.



3 SIGNAL ANALYSES

We can analyze the signals in the temporary audio files and use generalized prior knowledge to
detect impaired signals without access to any clean versions of the signals. In this section we sum-
marize intuitive, simple signal processing measurements that identify issues with volume, dynamic
range, spectral balance, clipping, and stereo images.

3.1 Channel Power

We measured the relative power of the N samples y; in each channel of each temporary audio file
as 10log;, (1%, i\’: 1 ylz) The distribution of powers (per-channel) is shown on the left in Figure 3.
A listener can typically adjust a volume control to bring presentations that are significantly above
or below the norm to the desired listening level. But 45 dB of gain is required to bring the low-
est signal (-67.5 dB) up to the most common level (-22.5 dB); this gain boosts the noise floor
significantly, and can be dangerous when moving on to a different presentation. For 96% of the
recordings the measured power level is within 15 dB of the most common value (-37.5 to -7.5 dB).
The remaining 4% have lower power, which places them at some disadvantage.

1000
1000
2
% 500
(@]
O 500
0 - 0
—-60 —-40 -20 20 40 60 80
Channel Power [dB] Dynamic Range [dB]

Figure 3. Distributions of relative power and dynamic range.

Eight of the original presentations had no signal in one channel or the other. For consistency, we
exclude these from further analysis. Among the remaining presentations, the channel power differ-
ence never exceeds 12 dB, and it exceeds 3 dB in only 12 cases, placing the presenter comfortably
within a typical stereo image.

3.2 Dynamic Range

We similarly calculated the power for each 15 ms frame in every temporary audio file. These 15
ms frames were spaced with a frame-stride of 7.5 ms and these values are consistent with the range
of values often used for frame-based analysis of speech signals [27]. The dynamic range (DR) of
the temporary audio file is the difference between the maximum and minimum frame power, and
is shown on the right in Figure 3. DR tells how far the speech signal may be above the noise,
reverberation, or other artifacts that are present between speech segments, so presentation excerpts



Table 1. Spectral balance bands and reference values.

Band | Band Limits (Hz) | Relative Power (dB)
1 [20, 50) -20.9
2 [50, 200) -4.9
3 [200, 350) -39
4 [350, 750) 0.0

5 [750, 2000) -6.3
6 [2000, 4000) -12.1
7 [4000, 8000) -12.5
8 [8000, 12,000) -154
9 [12,000, 16,000) -27.4
10 [16,000, 20,000] -38.4

with larger DR sound better. About 75% of the excerpts have very good DR values that are in
the mode centered on 80 dB. Excerpts with DRs between 40 and 65 dB could sound impaired,
depending on the exact cause of the DR reduction. About 2.5% of the excerpts have DR below 40
dB (the worst DR is 12.6 dB) and these contain clearly audible and objectionable impairments.

3.3 Spectral Balance

For each excerpt we calculated the relative power in the 10 frequency bands shown in Table 1.
These bands were selected to efficiently capture the spectral signature of speech and the different
spectral regions that drive human perception of speech, as well as the spectral regions associated
with different speech coding bandwidths. We compared the values for the excerpts with reference
results that we calculated identically using studio-recorded speech and averaged over 13 minutes
from 13 talkers, sampled at 48 kHz. These comparisons allowed us to find excerpts with severe
spectral imbalance or coloration. For example, the reference has peak power in the band that
covers 350 to 750 Hz. When we examine excerpts that are at least 10 dB below the reference
in this band, we find 10 very muffled, boomy sounding excerpts (with peak power between 50
and 350 Hz) and 11 extremely tinny or thin sounding excerpts (with peak power between 750
Hz and 4 kHz). So this simple example with very generous thresholds identifies 21 of the 2592
excerpts (nearly 1%) as ones that could be dramatically improved with respect to spectral balance.
Other bands and thresholds are also useful for detecting objectionable levels of additional specific
spectral imbalances. Figure 4 allows one to compare relative powers for three example excerpts
with the reference values of relative power. Each of these excerpts has very poor spectral balance
and is extremely unpleasant to listen to.

3.4 Clipping

When speech signal levels are outside the limits that hardware or software accepts, clipping or
hard limiting and associated artifacts may result. These can reduce speech quality dramatically
and can be easily detected by considering the extreme values of the time-domain samples. We
observed that in clean speech, around 0.1% of the samples have a value that is beyond 90% of the
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Figure 4. Three examples of excerpts with very poor spectral balance (along with reference).
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full amplitude range, as determined by peak signal excursions. For example, if the nominal peak
signal excursion range is £1.0 then only 0.1% of the samples are outside the range +0.9. If more
samples are outside of this range, that is an indication that some hard limiting may be occurring,
and when many samples are outside this range, clipping is likely.

We calculated the percentage of samples exceeding 90% of “full scale” in all excerpts. We com-
pared with a threshold set at 1.0% which is 10 times the observed rate of excursion in clean speech
(10 X 0.1%). Even with this very forgiving threshold, we found nine excerpts with hard limiting
and associated annoying distortions.

3.5 Channel Correlation

We also calculated the correlation between the left and right channel waveforms. For 99% of the
excerpts the correlation is greater than 0.8, consistent with natural-sounding stereo or mono con-
tent. We listened to the remaining 1% and found unpleasant and highly unstable sound fields, with
the source (or some spectral components of the source) often dancing between the channels. The
impairment appears to be software produced, and it most commonly appears when the narration
is provided by a text-to-speech (TTS) system. We also heard intermittent microphone connections
and the case where the narrator appears mostly in one channel and noise dominates the other chan-
nel. And in one case a phase inversion in the recording path produced an exact -0.98 correlation
and the accompanying soundfield with a very dramatic “hole-in-the-middle.”



4 SPEECH QUALITY ESTIMATION
4.1 No-Reference Tools

Recently many NR speech quality tools have been developed that demonstrate high correlations
with training targets. Many of these employ multi-task learning to hit multiple targets at once,
which tends to improve the overall performance of all estimates. These targets can either be sub-
jective scores from listening experiments, or objective scores from FR quality estimators. While
these tools are very effective on the data they have been trained on, we can now investigate how
they perform on real-world audio where no reference signal and no truth data are present.

We identified three sets of tools to use in our analyses, all of which offer estimations of overall
quality via mean opinion score (MOS). We ran two flavors of NISQA: v2.0 of the model with five
prediction outputs (MOS, noisiness (NOI), coloration (COL), discontinuity (DIS), and loudness
(LOUD)) mittag2021nisqa and Baseline 2 from the ConferencingSpeech 2022 challenge [25],
which outputs only MOS. We also used WAWEnets [18] in a mode that outputs four predic-
tions of subjective scores (MOS, NOI, COL, and DIS) and seven predictions of objective scores
(WB-PESQ [28], POLQA [29], STOI [30], PEMO [31], ViSQOLS3 [32], ESTOI [33], and SIIB-
Gauss [34]). And we used TorchAudio-Squim [24], which currently provides a tool for subjective
MOS estimations using a non-matching reference and a tool for estimates of three objective targets
(STOI, WB-PESQ, SI-SDR [35]). The TorchAudio-Squim subjective tool requires a non-matching
reference, but specifies that any clean speech may be used as a non-matching reference. We opted
to use four different non-matching references in order to characterize sensitivity to the choice of
reference and ideally obtain a better MOS estimate. The non-matching references came from ref-
erence audio from a NISQA dataset mittag2021nisqa and an internal dataset. We selected one
male and one female talker from each.

4.2 Selecting Metrics

We needed to select a smaller subset of metrics for cross-tool analysis. We opted to focus on speech
quality estimates, as they are common to all three tools and should respond to all the impairments
that may be present. One could make the case that intelligibility would be a better indicator
of successful communication. But in this case attendees have a vast number of presentations to
sift through so high listening effort or an unpleasant listening experience could easily remove a
recording from consideration. Quality captures both of those elements and we selected two quality
estimates from each tool.

For NISQA we choose the MOS estimates from v2.0 as well as the MOS estimate from Baseline 2
of the ConferencingSpeech 2022 challenge. We label these as NISQA MOS and NISQA22 MOS
respectively. For WAWEnets we chose its MOS and PESQ estimates and label them as WAWEnets
MOS and WAWEnets PESQ.

TorchAudio-Squim produced an estimate of MOS for each non-matching reference. For three
references those values were very similar with correlations above 0.9. The Source 1 Female results
had 0.89 correlation with the Source 1 Male results, but only 0.68 and 0.81 correlation with results
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Figure 5. Per-channel distributions of Squim MOS estimations of conference speech quality with
different non-matching references.

Table 2. Correlations between TorchAudio-Squim estimates across different non-matching refer-
ences.

File Source 1 Male | Source 1 Female | Source 2 Male | Source 2 Female
Source 1 Male 1.00 0.89 0.93 0.99
Source 1 Female | 0.89 1.00 0.68 0.81
Source 2 Male 0.93 0.68 1.00 0.98
Source 2 Female | 0.99 0.81 0.98 1.00

from Source 2, as seen in Table 2. The distributions of scores for each reference can be seen in
Figure 5, and Source 1 Female again stands out in terms of distribution. To validate that all four of
the non-matching references are high quality and that Source 1 Female is not unique, we evaluated
the four references with all the NR MOS estimators we considered, including TorchAudio-Squim
with each non-matching reference. These results are shown in Table 3, and demonstrate that all
four non-matching references are high quality. In particular, Source 1 Female has the second
highest average quality, so it should be a suitable non-matching reference despite its apparent
disagreement with the other non-matching references.

Table 3. NR quality estimates for the selected non-matching references.

File NISQA NISQA22 WAWEnets Source 1 Source 1 Source 2 Source 2 Average
! MOS MOS MOS Male Female Male Female verag
Source I 5 ) 4.80 447 445 4.46 430 438 455
Male
Source 1| o7 4.68 4.45 4.46 4.47 4.36 4.42 4.53
Female
souree 21 29 435 3.78 439 3.59 4.46 4.4 4.19
Male
Source 2| 33 447 4.04 441 3.71 444 445 4.26
Female
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Figure 6. Per-channel distributions of conference speech quality estimates across selected metrics.
Dotted lines from left to right denote the 1st, Sth, 10th, and 50th percentiles respectively.

Table 4. Correlations between NR speech quality estimates.

NISQA | NISQA22 | WAWEnets | WAWEnets | Squim | Squim

MOS |MOS | MOS PESQ MOS | PESQ
Vot 1o |0 0.67 0.65 0.50 | 0.60
?/{ISSAZZ 0.73 | 1.00 0.71 0.63 0.56 | 0.60
K/Iv‘g‘;VEnetS 067 | 071 1.00 0.94 0.61 | 0.79
;’EASV(ZEHMS 0.65 | 0.63 0.94 1.00 0.58 | 0.83
S 0.50 | 0.56 0.61 0.58 100 | 0.54
ng‘éig 0.60 | 0.60 0.79 0.83 054 | 1.00

To minimize the number of metrics and still treat all data fairly, we opted to average the results
from all four non-matching references into a single score we label as Squim MOS. Averaging over
a sample from the population of high quality non-matching references yields a more confident
MOS estimate than that of a single non-matching reference. This is a natural extension to esti-
mating audio quality by averaging scores from multiple listeners. In fact, compared with the four
individual TorchAudio-Squim MOS estimates, this average MOS is equally or better correlated to
the other quality metrics under consideration. We also used the PESQ estimate from the objec-
tive TorchAudio-Squim tool, and label it as Squim PESQ. Distributions of the selected metrics are
shown in Figure 6, and correlations are given in Table 4.

4.3 Reconciling Different Metrics

In general, the different metrics do not seem to yield compatible results. They have a wide range
of correlations and do not consistently rank the excerpts. There are no excerpts that are in the

11



bottom 1% for all six metrics and only 7 excerpts are represented in the bottom 5% of all metrics.
But here, the task is to simply identify low quality in real world recordings, which is significantly
different from the MOS correlation paradigm that often drives tool development in the lab. While
correlations are focused on the global ranking across all files, if the metrics are ranking files differ-
ently but in general are all successfully identifying lower-quality speech, then they are succeeding
at our task. Listening to the excerpts in the low-quality tail of any metric confirms that all six
reliably identify low quality speech.

Bottom 26 fi]e_s, score=0.99 Bottom 259 fi]_es, score=0.88
100 i i NISQA22 MOS
WAWEnets MOS
WAWEnets PESQ
Squim MOS

Squim PESQ

Counts

401

0 20 40 60 80 100 0 20 40 60 80 100

Percent Rank Percent Rank
Figure 7. Stacked histogram demonstrating the consistency of NISQA MOS with every other
metric. The relative ranks for each comparison metric are shown for the bottom k excerpts of the
NISQA MOS distribution. An excerpt is considered consistently labelled between NISQA MOS
and a comparison metric when its percent rank is below 50%.

This motivates a different measure of agreement between metrics. We focus on the low tails of a
given metric’s distribution and then ask every other metric a binary question: Do the excerpts in
those tails have higher or lower quality than the median score in your own distribution?

To make this explicit, we define sets of scores for all 2592 excerpts, across the metrics we consider
in this paper as X; ;, withi=1,2,...,mand j = 1,2,...,n, such that X; ; represents the score from
metric i on excerpt j with m = 6 and n = 2592. Note that for this analysis we average scores over
both channels in each excerpt. We then use each metric individually to rank all excerpts. This
allows us to identify the excerpts with the lowest k scores for metric i as {ry,r2,...,r¢} such that
Xir, = Xi (1), where X; (1) s the first order statistic, and so on. Let p; 5o denote the 50th percentile
value for metric i. Then we can define a consistency measure C(i, k) as the fraction of excerpts with
the lowest k scores from metric i that are in the bottom half of a comparison metric’s distribution
averaged over all comparison metrics. In particular

1

Clik) = ——

1 k
A Y 1X., < pjisol, (1)
|

where 1 is the indicator function. Figure 7 shows an example of this focusing on NISQA MOS
with &k = 26 (lowest 1% of the data) and k = 259 (lowest 10%). Table 5 shows the consistency

12



Table 5. Consistency scores for all metrics across a range of selected excerpts; ¢ is the percentile
which determines the number of excerpts k.

; NISQA | NISQA22 | Squim | Squim | WAWEnets | WAWEnets
MOS MOS MOS | PESQ | MOS PESQ

1% 0.99 1.00 0.98 0.98 1.00 0.98

5% 0.90 0.97 0.94 0.95 0.98 0.97

10% 0.88 0.95 0.90 0.93 0.96 0.95

Table 6. Correlations between NISQA subjective estimates.
MOS | NOI | DIS | COL | LOUD
MOS | 1.00 | 0.64 | 0.84 | 0.88 | 0.78
NOI 0.64 | 1.00 | 0.41 | 0.46 | 0.56
DIS 0.84 | 0.41 | 1.00 | 0.80 | 0.53
COL |0.88 |0.46|0.80]| 1.00 |0.73
LOUD | 0.78 | 0.56 | 0.53 | 0.73 | 1.00

results over a variety of values of k, presented as percentages of the total number of excerpts.
From this it is clear that each metric identifies excerpts that every other metric categorizes as lower
quality.

4.4 Individual Tool Analyses

Both NISQA and WAWEnets offer insight into multiple dimensions of speech quality (NOI, DIS,
and COL), as well as overall quality estimations (MOS). These additional dimensions provide
insight into what sort of impairments are driving the overall quality in the conference presentation
excerpts. The NISQA correlations between MOS and its other components are 0.64 (NOI), 0.84
(DIS), and 0.88 (COL), as can be seen in Table 6. WAWEDnets reports very similar correlations
between MOS and those dimensions with 0.70 (NOI), 0.82 (DIS), and 0.92 (COL), which can be
seen in Table 7. Note that the ranking among all three additional components is identical among
the tools. Listening to the low tails of each of these dimensions confirmed that each dimension
identified low quality speech with different types of impairments. For example, low NOI scores
identified overwhelming background noise, low DIS scores were associated with noise suppression
and codec effects, and low COL scores found extremely muffled or tinny audio.

Table 7. Correlations between WAWEnets subjective estimates.
MOS | NOI | DIS | COL
MOS | 1.00 | 0.70 | 0.82 | 0.92
NOI | 0.70 | 1.00 | 0.37 | 0.40
DIS | 0.82 | 037 | 1.00 | 0.78
COL | 092 | 0.40 | 0.78 | 1.00

The most obvious potential weakness of TorchAudio-Squim is in its MOS prediction and the re-
liance on a non-matching reference. Figure 5 shows the distribution of values can be very depen-
dent on the selection of a non-matching reference, although the values for the other three references

13



were very well correlated (values of 0.98, 0.94, and 0.99). Figure 5 also shows some apparent
boundaries on output values. No values less than 2 were observed and three of the non-matching
references produced hard upper limits near 4.5, while the limit for the other reference was 5.0.
These apparent constraints could limit TorchAudio-Squim’s ability to produce reliable MOS esti-
mates for very high and low quality speech.
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S  RECOMMENDATIONS AND CONCLUSION

We have analyzed 2592 audio excerpts from real-world recorded presentations from a recent con-
ference. Those presentations cover a vast range of recording environments and they provide a
unique opportunity for the application of recent NR speech quality tools and other signal analyses.
Now we present some simple considerations for improved live and recorded speech for meetings
and conferences.

In Section 3 we offered some simple example signal measurements, tested them against very le-
nient thresholds, and easily identified a total of 116 excerpts that are badly impaired with respect
to dynamic range, spectral balance, clipping, or stereo image. In Section 4 we discussed speech
quality metrics that successfully identify impaired speech in the tails of their distributions, with
the 1%, 5%, 10%, and 50% thresholds for the six metrics shown in Figure 6. We focus again on
the six quality metrics from Section 4.2 and consider the 26 excerpts that comprise the lowest 1%
for each metric. Together, the six metrics identify 88 excerpts. This is more than the 26 excerpts
that would result from perfect agreement and less than the 156 (6 x 26) excerpts that would result
from perfect disagreement.

Of these 88 impaired excerpts, 25 were also identified through signal analysis, as discussed in
Section 3, and the other 63 are unique. This emphasizes that speech quality is not fully character-
ized by those basic signal analyses, especially when digital speech coding and noise suppression
artifacts are present. Together, the two sets of tools identify 179 highly impaired excerpts, which
is 7% of the total. We have listened to all of the identified excerpts and all have much room for im-
provement. Unsuppressed noise, high levels of noise suppression artifacts (tonal artifacts, spectral
modulation of speech, gating of speech), poor spectral balance and excessive resonances (muffled,
thin, distant, tinny, boomy, ringing), excessive reverberation, low-rate speech coding artifacts, hard
limiting, clipping, and other impairments appear alone and in combinations.

Meeting and conference experiences could be improved if organizers would identify impaired
audio and work with contributors to resolve issues. Impairments commonly heard in the dataset
can often be reduced or eliminated with minimal effort and expense as follows.

*  Select the quietest available recording location and avoid locations with excessive reverber-
ation.

*  Adjust hardware and software level controls to the highest level that does not cause excessive
clipping or hard limiting.

*  External microphones (even some inexpensive ones) can have significant advantages over
built-in microphones. They can be optimally positioned for less noise and reverberation and
to capture better spectral balance.

*  Use the minimal amount of noise suppression required. Overly aggressive noise suppression

can create prominent artifacts, cause unstable speech levels and spectral balance, and can
cause gating of the speech.
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*  Some current TTS systems can produce high-quality natural-sounding speech but other TTS
systems produce very unnatural sounding speech that is difficult to listen to. As a sepa-
rate issue, when TTS is used, the TTS output should connected directly to the input of the
recording system. Expecting the microphone on a recording system to properly capture the
sound from the speaker of the TTS device is unreasonable and can result in high noise and
extremely poor spectral balance, and this was observed in multiple presentations.

*  Record locally with recording software if at all possible. Setting up a “meeting” and record-
ing it is likely to introduce significant additional impairments including lower rate speech
coding and packet loss.

Our work shows that real-world conference speech is often impaired, several available tools auto-
matically and consistently detect impairments, and audio impairments are often easily mitigated.
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