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Embarrassment is a social emotion that shares many characteristics with social anxiety (SA). Most
people experience embarrassment in their daily lives, but it is quite overlooked in research. We
characterized embarrassment through an interdisciplinary approach, introducing a behavioral
paradigm and applying machine learning approaches, including acoustic analyses. 33 participants
wrote about an embarrassing experience and then, without knowing it prior, had to read it out loud

to the conductor. Embarrassment was then examined using two different approaches: Firstly, from

a subjective view, with self-report measures from the participants. Secondly, from an objective,
machine-learning approach, in which trained models tested the robustness of our embarrassment data
set (i.e., prediction accuracy), and then described embarrassment in a dimensional (i.e., dimension:
valence, arousal, dominance; VAD) and categorical (i.e., comparing embarrassment to other emotional
states) way. The subjective rating of embarrassment was increased after participants read their

stories out loud, and participants with higher SA scores experienced higher embarrassment than
participants with lower SA scores. The state of embarrassment was predicted with 86.4% as the best of
the unweighted average recall rates. While the simple VAD dimensional analyses did not differentiate
between the state of embarrassment and the references, the complex emotional category analyses
characterized embarrassment as closer to boredom, a neutral state, and less of sadness. Combining an
effective behavioral paradigm and advanced acoustic modeling, we characterized the emotional state
of embarrassment, and the identified characteristics could be used as a biomarker to assess SA.

Embarrassment is a social emotion that most of us experience in daily life, and it occurs when a desired social
image of oneself is threatened!2. It can be seen as a self-conscious and, simultaneously, other-conscious emotion:
While one is more self-aware in an embarrassing situation, one is also concerned about other people’s judgment?.
Embarrassment is experienced mostly in public with other people. However, it can still occur privately when the
audience is imagined and is more likely to occur around strangers than loved ones. Embarrassment is usually
accompanied by typical physiological changes, such as blushing®~5, or changes in the voice and non-verbal
behavior, such as avoiding eye contact or lowering one’s head. Tangney et al.? categorized embarrassment as a
“negatively valenced emotion” (pp. 1264), but there are also positive consequences that can arise for the person
affected as well as the audience: According to Miller®, people often react helpfully in embarrassing situations,
and showing embarrassment in the form of blushing, for example, elicits a favorable impression of the affected
person. Stocks et al.® additionally distinguished between personal and empathic embarrassment. Whereas the
first is experienced for oneself, the latter is experienced for another person while, for example, observing an
embarrassing task. This study, however, focused solely on personal embarrassment.

There are several emotions that are similar to embarrassment, particularly shame, since for a long time,
embarrassment was considered to be part of shame. However, embarrassment is viewed as an emotion on its own
today and there are distinct differences between two emotions: Shame is related to more moral transgressions,
can occur when one is alone, is a more intense emotion and lasts longer than embarrassment. Additionally,
embarrassment tends to occur around less familiar people in comparison to shame (see e.g., Refs"*7). Core
aspects of embarrassment, such as the fear of negative evaluation, fear of being rejected by others, and heightened
self-consciousness, are also important aspects of social anxiety (SA) as well as social anxiety disorder (SAD).
According to Rozen and Aderka’ embarrassment, SA, and SAD were consistently associated with each other
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in physiological measures, neural activities, and self-reports of emotions for clinical and non-clinical samples.
Socially anxious people are generally more easily embarrassed and respond with more intense embarrassment
than less socially anxious people®. Furthermore, Rozen & Aderka’ reported in their review that embarrassment
has been found to be associated with SA in clinical as well as non-clinical samples over different studies. In both
cohorts, people with either higher SA scores or SAD rated social blunders as more embarrassing in comparison
to people with lower SA scores respectively without SAD. As with embarrassment, SA occurs mostly in public;
if in private, an imagined audience or an imagined reaction from others is necessary. While embarrassment
appears sudden, brief, and due to an actual misstep, SA appears gradually and over a longer period of time and
can occur without having done anything wrong’.

Embarrassment is generally neglected in research on basic emotions!®. Especially when papers report on
vocal cues in different emotions, they often examine either the classical basic emotions according to Ekman
& Friesen!! or other emotions than embarrassment (e.g., Refs.!>"'%). Due to the consistent association of
embarrassment and SA and the fact that embarrassment is still a neglected emotion, it is important to look more
into the emotion itself, its relationship to other emotions, and how it is associated with SA from a basic research
and clinical point of view.

Therefore, this paper’s main goal was to exploratorily examine embarrassment and capture the emotion from
different points of view. On the one hand, embarrassment can be compared categorically to other emotions; it
can be described as how it relates to and shares information with them. There are different data sets in different
languages, consisting of emotional speech, for which the data have already been labelled and tested accordingly
(see e.g.,'). On the other hand, embarrassment itself can be described dimensionally in more depth. Grimm et
al.l” proposed a three-dimensional emotion space consisting of the axis valence, arousal, and dominance (VAD),
which was also used in this study to describe embarrassment dimensionally.

Previous studies investigating fundamental emotional research used either classical subjective clinical
psychology approaches, relying mainly on the participants’ self-reports and ratings of a few individual experts, or
more objective measures such as neuroimaging methods and psychophysiological measures!®. If subjective and
objective measures are combined in embarrassment studies, they often focus on somatic or neuronal features*!°
but seldom on voice parameters. The same goes for physiological indicators of SA or embarrassment: Research
most often investigated body, hand, and head movements or gaze activity?®. According to Weeks et al.2!, there
are several advantageous characteristics of voice parameters as physiological indicators of, for example, SAD,
such as being less biased to subjects’ responses and more objective than through self-questionnaires. So, even
though participants do not say the same, one can still objectively compare the paralinguistic information of their
answers!®,

Human speech can be divided into verbal (linguistic) and non-verbal (paralinguistic) sounds. While it is
obvious that verbal sounds play an important role in communication, non-verbal aspects, such as paralinguistics,
carry a lot of additional information in conversations, such as the emotional and mental state of the person
speaking??. Conversely, changes in the voice may indicate changes in a person’s mental and emotional state. This
study, therefore, combined subjective measures and objective engineering and machine learning approaches to
examine embarrassment.

To describe and examine embarrassment from different points of view, this paper had the following four
goals: The first goal was to induce embarrassment in participants and test whether the induction was successful
and, if so, how embarrassment was related to SA. We hypothesized that embarrassment would indeed be
induced, with the participants being significantly more embarrassed during the embarrassment induction task
compared to the pre- and post-induction periods. Furthermore, according to previous studies, we also assumed
that participants with higher SA scores would get more embarrassed than participants with lower SA scores.
Verifying that embarrassment was induced was the only goal with a hypothesis. This was the fundament for the
other three following exploratory goals, where we used our acoustic data to gain further insights using automatic
speech processing techniques. The second goal was to test how well our trained model could predict our sample
data in pre-induction, embarrassment, and post-induction and show the robustness of our embarrassment data.
The third goal was to adopt a dimensional approach and map embarrassment onto the VAD dimension. The
fourth and last goal was comparing embarrassment to other emotions, thus following a categorical approach.
For the third and fourth goals, publicly available emotional speech corpora (i.e., acoustic samples with emotional
labels) were used to train our models.

Materials and methods

Participants

Undergraduate psychology students from the University of Berne, Switzerland, were recruited for this study.
The average age of the sample (N=33) was 23.73 years (SD=4.68), with 78.8% female participants (n=26). The
exclusion criteria were (a) any current or past neurological or psychological disorders, (b) regular medication
intake, and (c) regular substance abuse. As the intervention was unexpected for the participants and might have
been too intense for people with SAD, we excluded SAD as well as any other possible comorbid disorders. For
their participation, they received 1.5 out of 12 mandatory experimental credits. All participants gave written
informed consent to participate in the study. The ethics committee of the faculty of human sciences at the
University of Bern approved the study protocol (2020-06-00004). The experiment was performed in accordance
with the relevant guidelines and regulations according to the Declaration of Helsinki.

Procedure
See Fig. 1 for an overview of the study procedure. If the participants did not fulfil any exclusion criteria, they
advanced to fill out the questionnaires Short Form Social Phobia Scale (SPS-6), Short Form Social Interaction
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Fig. 1. Overview study procedure. Before starting the main assessment, participants answered online
questionnaires. On the day of the assessment, participants were told to tell a story based on a neutral picture
before (t0) and after (t3) embarrassment induction (t2). The first ten seconds of speech in t0, t2, t3 were used
as pre-embarrassment induction (pre), embarrassment induction, (emb), and post-embarrassment induction
(post) for the acoustic analysis. VAS =visual analog scale.

Anxiety Scale (SIAS-6), Community Assessment of Psychic Experiences (CAPE), and demographic data online
via Qualtrics not later than 12 h before the assessment appointment.

The whole assessment (t0 - t3) was audio recorded, and the participants were informed prior to the start of
the assessment. The experimenter conductor was instructed to respond neutrally respectively to not give either a
positive reaction (e.g., laugh along with the participant) or a negative reaction (e.g., look dismissive) during the
procedure and had all instructions written on a script to maximize standardization. This study was embedded
in a larger study based on Mota et al.?* and represents part 2 of the procedure. Since part 1 is irrelevant to this
study, it was not further explained here (see?’, for the study procedure of part 1). At t0, participants were shown a
neutral picture from the picture set of Mota et al.>* and were instructed to tell a story about the picture for at least
30 s. If they did not meet the 30-second mark, they were asked to talk more about the picture. At t1, they received
a short explanation of the characteristics of embarrassment and how it differed from shame (see introduction for
differences). The assignment then was to write about a situation where they felt embarrassed, which happened
no longer than one year ago. The participants were instructed to write only a few sentences about the setting of
the embarrassing situation and then to mainly focus on the following aspects of their experience in the situation:
emotions (i.e., “What did you feel in this situation?”), cognitions, physiological reactions, their own behavior,
and the behavior of the bystanders. Therewith, participants were more likely to be immersed in the whole
experience and not only recollect mere cold facts of the situation®. After being informed orally, they also received
all instructions in written form. Participants had a maximum of 4 min to come up with a situation and then a
maximum of 14 min to write about the situation. At t2, they were asked to read the story aloud to the instructor
and were instructed to talk for at least 30 s. If they did not meet the 30-second mark, they were asked to talk more
about the situation. At t3, they had the same task as at t0 with the same instructions. Between each time point
(t0 - t3), they had to indicate their level of embarrassment on a visual analog scale (VAS).

At the end of the study (after t3), participants were asked to guess the study’s purpose. They were then
informed about the actual purpose of the study. For ethical reasons, they were asked to state their current well-
being, and the instructor intervened if a participant stated particularly low well-being. Additionally, participants
were provided with a list of addresses and telephone numbers for psychotherapeutic support if needed later.

Measures

Short form social phobia scale (SPS-6) and short form social interaction anxiety scale (SIAS-6)

The Social Phobia Scale (SPS*!) and the Social Interaction Anxiety Scale (SIAS*!) are two self-report
questionnaires to measure different aspects of SA. The SPS measures SA in performance-related situations (e.g.,
fear of attracting attention while queueing), whereas the SIAS measures SA in interactional situations (e.g.,
difficulty in talking to other people). For this study, the short form of the SPS?® and the SIAS? were used, which
were directly translated into German for this study. The two questionnaires are presented together with 6 SPS-6
items and 6 SIAS-6 items rated on a Likert-Scale from 0, “not at all’, to 4, “extremely”, with a total sum score
ranging from 0 to 48. Peters et al.”> showed that the SPS-6 and SIAS-6 have satisfactory convergent, construct,
and criterion validity. Concerning the reliability, the paper from Ouyang et al.2® showed a satisfactory Cronbach’s
alpha. According to Peters et al.?> the cut-off scores for clinically relevant SA symptoms are SPS-6>2 and SIAS-
6=>7.

Visual analog scale (VAS)

For the measurement of the strength of embarrassment participants felt before, during, and after the intervention,
a paper-pencil visual analog scale (VAS) was used at each time point (i.e., after t0, t1, and t2). Participants marked
on a 10 cm long line how embarrassed they felt at the moment from 0, “not embarrassed at all’, on the left end to
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10, “extremely embarrassed’, on the right end. The measured length from the zero point to the participants’ mark
on each line indicated the strength of embarrassment for each time point (cf. Delgado, 2018%). The interrater
variability of two independent raters who measured the distance between all lines was r(97) =0.998.

Recording procedure and device

Each participant’s assessment was audio-recorded from t0 to t3. The recording device was always placed on the
table in front of the participant with approximately 1 m from the edge of the table opposite the participant. The
recording device SONY ICD-UX570 was used. The sample rate was at 44.1 kHz with a bit depth of 16-bit. The
audio data were stored in “Waveform Audio File Format” (.wav).

Statistical analysis — behavioral data

The statistical analysis of the behavioral data was performed with R Studio (Version: 2024.04.2 +764;%%).
Descriptive statistics were reported, and to examine differences and relationships, non-parametric tests were
used due to a lack of normal distribution in the behavioral data. Linear mixed models (LMMs) were conducted
to test the influence of gender.

Acoustic data analysis

The acoustic data from each participant’s first 10 s at the beginning of speech in t0, t2, and t3 phases were used for
pre-embarrassment induction (pre), embarrassment induction (emb), and post-embarrassment induction (post),
respectively. A fixed length of initial 10 s was chosen for the following two reasons: Firstly, from a behavioral
perspective, participants were likely to experience the strongest embarrassed at the beginning of their speech.
Over time, embarrassment may decrease due to habituation, resulting to greater variability across participants.
By using a fixed length, the influence of habituation could be minimized. Secondly, from a machine learning
perspective, fixed-length acoustic segments are more suitable for training predictive models in paralinguistic
classification tasks. The pipelines for acoustic analysis used in this study are publicly available in the following
GitHub repository (https://github.com/idiap/embarrassment_acoustic/).

Auxiliary emotional corpora

To train regression and classification models for the conceptual and dimensional description of embarrassment,
two well-known emotional datasets in German were selected: the Berlin Emotional Speech Database (EMO-
DB)'¢ and the “Vera am Mittag” (VAM) dataset’.

The VAM corpora consist of 947 emotional German speech samples collected from 47 speakers (36
female). Speech segments were selected from 12 broadcasts of the TV talk show “Vera am Mittag” (in Engl.:
“Vera at noon”). The weighted average values with evaluator weighted estimator (EWE) techniques of VAD
emotional dimensions were used to train our regression models for the dimensional VAD representation of
embarrassment!”. Each speech sample in the database has EWE smoothed VAD dimensional labels in the range
of [-1,+1]: valence (negative: -1 & positive: 1), arousal (calm: -1 & excited: 1), and dominance (weak: -1 & strong:
1)%,

EMO-DB covers 7 emotions (i.e., anger, joy, neutral, sadness, disgust, fear, and boredom). The corpus consists
of 10 professional actors (5 female) speaking out 10 predefined phonetically balanced and emotionally neutral
sentences. We utilized a subset of 493 utterances, which achieved naturalness and recognizability rates of 60%
and 80%, respectively, as obtained during a perception test involving 20 subjects. This subset was used to train
our emotion categories-based classification models.

Acoustic feature representations

Considering a comparably sparse amount of training samples for acoustic modeling, we decided to use
knowledge-based handcrafted features and pre-trained data-driven feature representations. In the employed
acoustic feature representations, we do not use phonetic-level information. Handcrafted features are also
interpretable. Thus, it can help in gaining insight into the acoustic variations related to speech production in the
present study’s context.

For the knowledge-based handcrafted feature representations (FRs), we used the (a) ComPaRE 2016 feature
set provided by the openSMILE extraction tool (see®! for more information), which has been studied for several
paralinguistic speech processing tasks*?. The ComPaRE set contains 6373 static turn-level features resulting
from the computation of functionals (statistics) over low-level descriptor contours.

Considering top performance positions on challenge leaderboards and state-of-the-art neural embeddings
for the Speech Emotion Recognition (SER) task from the Speech processing Universal PERformance Benchmark
(SUPERB) challenge??, we employed (b) Wav2Vec2 (WV2 EM)?%, fine-tuned for dimensional SER on the MSP-
Podcast®® as emotion data-driven feature representation, and (c) WAVLM (large)*® as general data-driven
feature representation.

Machine learning experimental setup

To address our second goal (i.e., test how well our classification model could predict speaker state and distinguish
between non-embarrassment and endorsement data samples), we used a speaker-independent experimental
protocol, more precisely leave-one-speaker-out (LOSO) protocol. This protocol simulates realistic conditions
and maintains a good balance between training and testing subsets. In the LOSO protocol, we used speech
samples from 32 speakers to train predictive models, and speech samples from the one remaining speaker
were used for testing. This procedure was repeated 33 times, and predictions were aggregated into one file to
estimate recognition rates. To measure recognition performance, we used unweighted average recall (UAR).
During the experimental study, we used both three-class and two-class experimental settings. The three-class
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setting included pre-embarrassment, embarrassment, and post-embarrassment labels. In the two-class setting,
we provided a selection of different combinations or grouped pre- and post-embarrassment classes into one
class (i.e., non-embarrassment). Random Forest (RF) and Support Vector Machines (SVM) classifiers were used
to train predictive models that take ComPaRE FR as input. The results obtained from the speaker-independent
evaluation study for the second goal is presented.

For the third goal (i.e., adopting a dimensional approach and mapping embarrassment onto the VAD
dimension), we employed a cross-corpora approach, where first three independent Random Forest-based
regressors that take as input ComPaRE FR and predict valence, arousal, and dominance values, respectively,
were trained on the emotional speech samples of the VAM dataset. As mentioned earlier in Sect. Auxiliary
emotional corpora, the prediction values for each of the VAD emotional dimensions are lie in the range [-1,1].
After training the regressors on the VAM database, we used the models to predict VAD labels and estimate a
possible location of the embarrassment state in the circumplex model of affect introduced by Russell (1980).
For this purpose, we used pre- and post-embarrassment samples as a reference and modeled possible shifts
of numerical VAD labels in the context of these reference samples. The results of this experimental study are
presented.

For the fourth goal (i.e., comparing embarrassment to other emotions, following a categorical approach),
as there are no categorical emotion labels associated with the data collected in our study, we again employed a
cross-corpora approach. In this approach, a categorical emotion classifier was first built on EMO-DB corpus (see
Sect. Auxiliary emotional corpora) and then the classifier outputs for our speech data were analyzed. Considering
the different recording conditions and the phonetic differences between High German (in EMO-DB corpus)
and Swiss German (in our data), for robust analysis, we took a multiple classifier/expert approach. As illustrated
in Fig. 2, we trained three different categorical emotion classifier systems based on (a) handcrafted FR, (b)
data-driven feature representation tuned for emotional analysis task (emotion data-driven FR), and (c) general
data-driven FR on EMO-DB corpus. Each of the emotion classification systems were trained to predict class
conditional probabilities of seven emotion classes (including neutral class). For our analysis, we passed each

embarrassment R N N N N
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Fig. 2. Flow chart of the emotional categorical analysis with EMO-DB samples. The presented pipeline

has been used to represent pre-embarrassment, post-embarrassment, and embarrassment samples with
aggregated class-conditional probabilities (referred to as posterior-based emotional representations) from
categorical emotional models trained on EMO-DB. The proposed multiple classifier/expert approach is based
on three expert systems trained with handcrafted FR, emotional data-driven FR, and general data-driven

FR. FR =Feature Representation. RF=Random Forest. EMO-DB =a database (see'® for more information).
AVG =average. For (a—c), see Sect. Acoustic feature representations.
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of our speech data samples through those three trained classifiers and took the average of the emotion class
conditional probabilities estimated by the three classifiers. The resulting average emotion class conditional
probabilities were then analyzed. As in the previous cases, we used pre- and post-embarrassment samples as
reference samples and treated them as separate classes. The results of this experimental study are presented in
Sect. Categorical model of embarrassment using the 7emotions from EMO-DB.

Rate of speech analysis

To compute rate of speech, we adopted graphemes-per-second as a metric, because the grapheme-to-phoneme
relation in German is shallower than the relation in English. In other words, the rate of speech in German is well
represented by graphemes. We used OpenAT’s Whisper model (https://huggingface.co/openai/whisper-large-v3)
available from Huggingface hub to transcribe the speech data. Then, we removed all punctuation marks and
blank spaces in the transcription and counted the number of graphemes/characters. The grapheme count was
finally divided that by 10 s to obtain the grapheme-per-second measure.

Results

SPS-6 & SIAS-6 results and embarrassment induction

Table 1 shows the results from the questionnaires SPS-6 and SIAS-6. 16 Participants were above the SIAS cut-off
(i.e., sum SIAS >7), 17 participants were above the SPS cut-off (i.e., sum SPS >2), and 9 participants were above
both cut-offs (i.e., sum SIAS>7 and sum SPS=>2). Therefore, according to the cut-offs, 27.3% (9 / 33) showed
clinically relevant SA symptoms in both questionnaires. This rate is consistent with a previous epidemiological
and cross-cultural study on screening of SA (pp. 10: “23-58% across the different countries”)*”.

The first goal of the study was to verify the embarrassment induction. The Shapiro-tests for the differences
of the 3 VAS scores (VAS 1 — VAS 2, VAS 1 - VAS 3, VAS 2 - VAS 3) (see Fig. 1) between t0 and t3 showed
a significant result for the difference VAS 2 - VAS 3 (p=.023). Therefore, all further calculations were made
with non-parametric tests. Multiple pairwise Wilcoxon tests showed a significant difference between the VAS 2
(M=2.52, SD=2.09) and VAS 3 (M =4.40, SD=2.38) score (V=>551, p<.001). This means that the participants
got significantly more embarrassed after reading the story aloud to the conductor than after only writing the
story. This can also be observed visually in Fig. 3 for 31 out of 33 participants. The other differences were
not significant (VAS1 - VAS2, p=.13, VAS 1 - VAS 3, p=.20). To account for the gender disbalance (n=26
females) in the significant differences between VAS 2 and VAS 3, we used LMMs. First, the time only model was
calculated with time (VAS 2, VAS 3) as a predictor and ID as a random effect (i.e., accounting for the fact that all
participants have different baseline values). As expected, the time only model was significant (b=1.88, SE=0.26,
(32) =7.22, p<.001). Then the covariate gender was added to the model (time*gender). The interaction between
time and gender was not significant (b=0.57, SE =0.64, #(31)=7.22, p=.89), implying that the effect of time on
the VAS values did not differ by gender.

Spearman correlations were calculated between the SIAS-6 and SPS-6 total scores, the total sum of both
questionnaires and the VAS 2 - VAS 3 difference score. There was a significant negative correlation between
the difference score and the total sum score of the SPS-6 and SIAS-6 (r, = - 0.36, p=.037). This means that the
higher SA is (here defined by the overall sum of both questionnaires), the more embarrassed a person felt after
reading the story out loud.

Prediction of embarrassment based on acoustic features

The second goal of the study was to test the possible prediction performance of machine learning models applied
to predict embarrassment. During our preliminary analysis of embarrassment prediction, we used three-class
and two-class configurations for classification experimental setups. In the two-class settings, in addition to
the non-embarrassment class concept (see Sect. Machine learning experimental setup), we used a pre- vs. post-
embarrassment configuration. Additionally, considering the scarcity of collected embarrassment data and the
need for better interpretability, we used only knowledge-based acoustic features, namely the ComPaRE (see
Sect. Acoustic feature representations) feature set.

Table 2 shows the prediction performance (i.e., the probability of predicting the correct set) of RF and SVM.
The best performance was found for predicting the pre-set vs. the embarrassment-set (pre vs. emb), where the
right prediction for the respective set was made in 84.8% of the cases for RF and 86.4% for the SVM (since it
was a two-class configuration, a performance by chance would be 0.5. The results here indicated a very good
prediction performance). The second- and third-best performance was found for the prediction of the post vs.
embarrassment (post vs. emb) and for the pre- and post-set combined vs. the embarrassment-set ((pre + post)
vs. emb). The pre- vs. post-comparison was slightly above chance and could not be discriminated satisfactorily.
In the case of the three-class configuration (pre vs. emb. vs. post), the main misclassification confusion was
observed between the pre- and post-embarrassment classes: The pre- and post-state showed a tendency to have

Questionnaires N | M SD | Mdn
SPS-6 33 | 2.52 | 3.01 | 2.00
SIAS-6 33 |7.00 | 4.02 | 6.00
S (SPS-6 & SIAS-6) | 33 | 4.76 | 4.18 | 4.00

Table 1. SPS-6 & SIAS-6 descriptive statistics. SPS-6: Short form Social Phobia Scale; SIAS: Short form Social
Interaction Anxiety Scale.
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Fig. 3. VAS values connected over all time-points for each participant. VAS-1 measured embarrassment
between telling a story based on a neutral picture and writing about an embarrassing experience. VAS-2
measured embarrassment between writing about an embarrassing experience and reading the embarrassing
story. VAS-3 measured embarrassment between reading the embarrassing story and telling a story based on
another neutral picture. There was a significant difference between VAS-2 and VAS-3 (V=551, p<.001), where
31 out of 33 got significantly more embarrassed after reading the embarrassing story.

Pre vs. emb | Post vs.emb | Pre vs. post | (Pre+post) vs. emb | Pre vs. emb vs. post
RF 0.848 0.833 0.621 0.803 0.636
SVM | 0.864 0.818 0.591 0.818 0.596

Table 2. Prediction performance UAR of RF and SVM for various combinations of pre-, embarrassment-
and post-sets. UAR = Unweighted Average Recall. RF=Random Forest. SVM = Support Vector Machine.
emb =embarrassment. The bold print indicates trends for a higher prediction accuracy for RF and SVM.

similar characteristics since their predictive performance was slightly above chance (see Sect. Categorical model
of embarrassment using the 7 emotions from EMO-DB for quantitative proof of similarity).

Supplementary Table 2 shows the top-ranked features for each combination of prediction from Table 2.
Feature ranking was conducted based on RF feature importance rates. The glossary in Supplementary Table
1 can be consulted for more information on the features. A more detailed description of acoustic features and
their corresponding mathematical models can also be found in the paper of Eyben3®. Since the best prediction
performances were found for pre vs. embarrassment and (pre + post) vs. embarrassment, only their top-ranking
features were examined in more detail. For selected set configurations (pre vs. embarrassment and (pre + post)
vs. embarrassment), mainly vocal tract-related dynamic features were presented in the top-ranking list (i.e., the
most discriminative features). Most of the top-ranked acoustic features for the (pre + post) vs. embarrassment
task represent temporal dynamics of envelope of short-term spectrum which relates to modulation frequency
information, indicating changes in energy in frequency bands across time due to speech articulation (movement
of jaw, tongue and lips)®.

One way to ascertain whether modulation frequency information is indeed playing a central role here
is to compare speaking rate, as changes in rate of speech leads to changes in modulation spectrum®’. More
precisely, peak modulation frequency tends to correlate with speech rate. We used the speech recognition system
to transcribe the pre, post, and embarrassment speech and calculated speaking rate in terms of graphemes-
per-second for each condition, respectively, each time point. As mentioned earlier, graphemes-per-second
is a good indicator of speaking rate in our case, as in German the grapheme-to-phoneme relation is shallow
when compared to English. Figure 4 shows the distribution of grapheme-per-second for 33 speech samples
(33 speakers) for each condition. We found that the speaking rate was higher for embarrassment (mean: 11.92)
than for pre-embarrassment (mean: 7.67) and post-embarrassment (mean: 8.16), suggesting that modulation
frequency information indeed helps to distinguish state of embarrassment.
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Fig. 4. Histogram and Gaussian kernel density estimation for grapheme-per-second rates for pre-
embarrassment (left), embarrassment (middle), and post-embarrassment (right).

Dimensional modeling of embarrassment using the dimensions Valence, arousal, and
dominance (VAD) from VAM

In order to find the possible location of the embarrassment state in the circumplex model of affect introduced
by Russell*}, we decided to process the embarrassment data using pre-trained VAD regressors. Figure 5a and c
shows a density map for the predicted valence, arousal, and dominance levels for pre vs. embarrassment and post
vs. embarrassment states for all 33 participants (represented as dots). Considering the sparsity of the collected
data, we used knowledge-based feature representations (i.e., ComParE) for acoustic modeling in our regression
models.

Predictive models were trained on the VAM database speech samples. The regressors trained on VAD
emotional dimensionalities were used to predict VAD levels for pre-, post-, and embarrassment samples. To
evaluate changes in VAD levels for embarrassment phenomena, we mapped the obtained predictions in 2D plots
presented in Fig. 5a and c.

Arousal (Fig. 5b) & dominance (Fig. 5¢) seem to indicate embarrassment phenomena (more points are on
the embarrassment side from the diagonal), while valence (Fig. 5a) does not show any predictive value (dots are
quite evenly distributed around the diagonal) and should not be used without further linguistic post-hoc tests.

Nevertheless, none of the VAD dimensions could differentiate enough between pre- vs. embarrassment and
between post- vs. embarrassment states. The obtained results showed that embarrassment phenomena could be
characterized by comparatively complex changes in VAD levels compared to pre vs. embarrassment and post vs.
embarrassment states.

Supplementary Table 3, the mutual information (MI) between the regression task for the VAD emotional
dimensions on VAM samples and the embarrassment detection task can be found. Selected acoustic features
have high MI rates for both tasks (embarrassment detection and VAM-based emotion modeling). As in our
previous feature ranking analysis based on RF feature importance, vocal tract-related modulation features are
influential in the selected features with high shared MI. Additionally, Supplementary Table 4 shows MI between
EMO-DB and embarrassment.

Categorical modeling of embarrassment using the 7 emotions from EMO-DB

For the classification task, the database EMO-DB was used to train the classifiers for acoustic emotion categories.
The database contains emotional speech data from 5 female and 5 male actors speaking in German. They
portrayed the following 7 emotions: happiness, sadness, disgust, fear, boredom, anger, and neutral state, to which
our embarrassment data set was compared.

Figure 6a shows the probability density functions (PDF) for posterior probability of all EMO-BD emotions
over the 3 audio time points (pre, embarrassment, post). In other words, it shows the probability of how much
each emotion was represented in our embarrassment sample for each time point. There is a skewed distribution
for each time point and a clear distribution change in posterior probabilities of the emotions boredom, sadness,
and neutral state over the time points. The most indicative changes in these 3 emotions are plotted in Fig. 6b. The
histogram plots show average posteriors for sadness, boredom, and neutral state.

For quantitative proof of the significance of emotional posterior modeling, we used a t-test to evaluate
the average posteriors of each emotional state. The above-mentioned indicative changes were also observed
in Table 3 with the mean posterior values of each emotion: The obtained p-values for sadness, boredom, and
neutral state posteriors are highly significant for both pre vs. embarrassment comparisons and the post vs.
embarrassment comparisons. At the same time, the p-values for pre vs. post comparisons for all emotional states
are not significant. With that, it could be shown that pre- and post-states show indeed similar characteristics,
which was already assumed in Table 2.

In conclusion, being embarrassed seems to shift the voice toward less sadness but more boredom and neutral
state-related characteristics. But this shift is only temporary and disappears after a while (at post).

Supplementary Tables 3 and 4 shows the MI for categorical emotion classification on EMO-DB and the
dimensional modeling. We used the complete emotion set presented in the EMO-DB database and binary
classification mapping configurations: high/low and arousal/valence. Results in Supplementary Tables 3 and
4 show that the embarrassment phenomenon could cause changes in both emotional dimensions, such as
arousal and valence. Hence, the highest shared MI in the emotion classification task with the 7 emotional classes
experimental setup can be observed.
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embarrassment and post vs. embarrassment states. The 0-point indicates a neutral state.

Discussion

This study aimed to systematically examine embarrassment categorically and dimensionally with an
interdisciplinary self-report and machine-learning approach.

In the first step, the induction was tested with subjective self-reported measures (i.e., SPS-6, SIAS-6, VAS),
and it was shown that participants became significantly more embarrassed after reading the story aloud than
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Fig. 6. The density x-axis shows the average probability for the observed emotional class over all participants
(sum of all probabilities is 1). Count=number of participants. (a) The line plots show the distribution
approximations of posterior-based seven emotional states for pre-embarrassment (left), embarrassment
samples (middle), and post-embarrassment (right). (b) Histogram and line plots of selected three emotional
states, showing significant changes between pre-embarrassment and embarrassment, for pre-embarrassment
(left), embarrassment samples (middle), and post-embarrassment (right).

Emotion | Mean p-value
Pre | Emb. | Post | Pre vs. emb. | post vs. emb. | Pre vs. post

Happiness | 0.06 | 0.06 | 0.06 | 0.503 0.652 0.818
Sadness 0.34 | 0.25 [0.33 | <0.001 0.001 0.506
Disgust 0.15 | 0.15 |0.15 | 0.699 0.397 0.697
Fear 0.08 | 0.09 |0.09 |0.079 0.146 0.685
Boredom | 0.24 | 0.28 |0.25 | <0.001 <0.001 0.402
Anger 0.05 | 0.05 |0.05 |0.574 0.582 0.317
Neutral 0.08 | 0.12 |0.08 | <0.001 <0.001 0.200

Table 3. EMODB’s emotional representations in mean posterior values over all subjects (N=33) and the
p-value for the t-test for different pairs of mean. p-values were retrieved from ¢-tests.

only writing it and that the embarrassment induction was successful. This was particularly the case for people
who reported higher SA symptoms before the experiment.

In the second step, the robustness of the embarrassment data was tested based on acoustic features. The
robustness of the data set was shown through high prediction performance trends for the comparisons pre vs.
embarrassment and pre- and post-set combined vs. the embarrassment-set, with SVM showing slightly better
predictions than RE The pre- vs. post-prediction performance was slightly above chance; one hypothesis is that
people return to the initial state so that pre and post cannot be distinguished from each other.

In the third step, embarrassment was examined dimensionally in the VAD dimensions. It was shown that
there was a shift in the dimensions of arousal and dominance, while there was none for valence. In order to obtain
an applicable prediction with valence, one would have to adapt linguistic-based techniques since embarrassment
is a complex emotion, and valence is dependent on different factors (as is natural language processing in general
domain-dependent). A participant could, for example, try to mask their embarrassment by altering the voice so
that valence would be perceived as positive, even though the content of the audio data is negative. These results
suggest either that embarrassment might not be described with simply VAD dimensions since there were no
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differences detected (i.e., distribution graphs were comparable and comparable number of points at each side of
the diagonal), or that the model itself is too simple to capture a complex emotion like embarrassment.

In the fourth step, embarrassment was examined categorically by comparing it to seven other emotional
states. It was shown that the state of embarrassment had characteristics of less sadness and more boredom and a
neutral state in comparison to the pre- and post-state. On the other hand, the pre- and post-states did not show
any significant differences, implying that the participants returned, after feeling embarrassed, to a pre-similar
state. It additionally shows that our chosen method of embarrassment induction only leads to a temporary
heightened embarrassment state and might, therefore, be safe to use with subclinical or clinical samples. This
generally suggests that embarrassment is indeed a complex emotion since we observed a shift in multiple
emotions (see Fig. 6a). There might also be cultural differences that might explain why there is a higher posterior
probability of sadness at pre (one would rather expect a neutral state) or due to the emotions being acted and
therefore over-exaggerated.

The behavioral data demonstrated that reading the story out loud induced embarrassment (in comparison to
writing the embarrassing story down). An advantage of this individualized embarrassment induction compared
to other induction methods, like singing or holding a presentation, is that writing a personal story and reading it
out loud makes sure that it is embarrassing for each person individually, while singing or holding a presentation
might even be pleasant for certain people. Indeed, 31 out of 33 participants reported increased embarrassment
after speaking about their embarrassing experience. In addition, the machine learning models found shifts
for embarrassment in acoustic features, arousal and dominance on the VAD dimensionality, and emotional
characteristics of sadness, boredom and neutral state. One explanation is that the articulation changes when
people get embarrassed. They might try to become more in control of their voice and to articulate more precisely,
hence the change in dominance and the heightened boredom and neutral state (which could also explain the
decrease in sadness). Another explanation could be that participants emotionally distanced themselves from
the situation due to embarrassment and, therefore, the characteristics of the voice changes. It would have been
interesting to have an additional VAS at the end of t3 to test whether the subjective feeling of embarrassment
would coincide with the return of the voice to the pre-similar state.

In general, embarrassment can be predicted with high accuracy from the voice only, even though we had a
small sample and fixed durations of voice samples (i.e., 10 s, respectively, the same amount of information for each
participant), which shows that our fundamental study set-up is valid. It also shows the overall good robustness
of the data set, that the classification models trained on EMO-DB can be used to understand the embarrassment
phenomenon, and that the t-tests provide an additional source of information for the classification models.

The top-ranking FRs in acoustic analysis has identified two aspects in the LLDs that stand out. First, the
FRs are either based on auditory spectrum or based on MFCCs. Both these FRs tend to parameterize the
spectral envelop of the short-term spectrum, which carries information more related to the acoustic changes
due to the change in the shape of the vocal tract system when producing speech**~**. Second, in all the cases the
LLDs were capturing the temporal dynamics of the envelope of short-term spectrum using either delta feature
computation (denoted as “de” in the FR definition) or RASTA processing (denoted as “Rasta” in FR definition).
Taken together, these two aspects indicate that the classification systems are focusing on modulation frequency
information®. Consistent with the changes of modulation frequency information, we further found that rate of
speech was increased during embarrassment. Another advantage of our setting is the high degree of naturalness,
respectively, the ecological validity since emotion-related studies often work with acted respectively simulated
emotions*>°,

Our study shows the following limitations: Firstly, no control or comparable group existed. Due to the
within-study design, every participant is a control for themselves for intra-individual differences, but there is
no comparison for inter-individual differences for time-effects. One could, for example, add another group that
writes about a neutral, instead of an embarrassing, story. Secondly, even though we were able to find robust
effects, the number of participants (N'=33) in the study was rather small. Thirdly, the majority of the participants
were female (1 =26). Therefore, we were not able to control for gender differences. However, the LMMs implied
that there was still a significant difference for the behavioral data when controlling for gender. Fourthly, we did
not control for a linguistic bias. This was already acknowledged in the results part, where valence was not further
considered. Fifthly, as no data set exists which could be used to train our models in Swiss German, they were
trained in High German. Sixthly, carry-over effects due to part 1 of the study cannot be ruled out. It could be,
for example, that participants were more sad or bored due to part 1.Lastly, the participants knew that they were
recorded, which could have influenced the expression of embarrassment. However, it remains an open question,
if there was any influence, whether it led to a more controlled or exaggerated expression of embarrassment.

By examining paralinguistic voice parameters associated with embarrassment, this paper contributes to
multiple research gaps at once. Due to the especially big gap in voice analyses for embarrassment, this paper
focused mostly on the fundamental description and classification of embarrassment with voice parameters
rather than the association between SA and embarrassment. There was a study conducted by Simon-Thomas et
al.!% which examined vocal bursts, however, to our knowledge, this is the first study using acoustic analyses to
study embarrassment in a multidisciplinary approach.

A future paper will address this association between a healthy sample (control group) and a SAD sample.
The SAD sample would be particularly interesting to investigate since we found a correlation between SA and
the height of embarrassment, assuming at least more robust and larger effects. From a clinical point of view, it
would additionally be interesting to ask the participants with SAD in anxiety inducing social situations whether
they notice changes in their voice and if they think that others might notice it, since one of the key processes
in people with SAD in anxiety-inducing social situations is the heightened inward attention on themselves and
their interoceptive information and with that the fear that others might notice their anxiety?’. Additionally, due
to the potential negative consequences of experiencing repeated embarrassment (cf*®). as well as embarrassment
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being part of psychiatric diagnoses (e.g., in SAD, Taijin kyofusho, agoraphobia) or consequences of psychiatric
disorder (e.g., in Trichotillomania, excoriation disorder) (Diagnostic and Statistical Manual of Mental Disorders
5th edition (text rev.);*®). Future intervention studies could focus on how to cope with embarrassment. For
example, by providing psychoeducation on embarrassment (cf*°). or practicing cognitive restructuring (both
typical components of a cognitive behavioral therapy) for embarrassing and SA inducing situations. Furthermore,
distinguishing embarrassment from other emotions remains an open question. From a behavioral perspective,
we tried to ensure that participants reported embarrassment rather than shame by explaining the differences
between the two emotions and asking specifically on the VAS scales about how embarrassed they felt at the time.
From an acoustic perspective, we used EMO-DB to differentiate between embarrassment and other emotions,
but some confounding factors remain, such as dialect differences (EMO-DB used high German vs. our sample
was in Swiss German). We assumed that acoustic patterns for embarrassment and reference speech are highly
speaker-specific (as is typical for most paralinguistic concepts); hence, the reported UAR rates for the speaker-
independent evaluation protocol appeared promising. Given similarities between embarrassment and SA (cf.
Hofmann et al.%), the current framework is also promising to detect SA in clinical settings. Future studies could
apply more advanced speaker-adaptive techniques, incorporating precise acoustic analysis, to further improve
classification performance. Lastly, in the light of multidisciplinary approaches, it would also be interesting to
compare acoustic indicators with additional (neuro)physiological indicators.

In conclusion, we were able to describe the characteristic way of speaking for people in a state of
embarrassment. With a multidisciplinary approach, we have established an effective behavioral paradigm to
induce embarrassment and characterize participants’ response to the embarrassment induction in acoustic
characteristics. Those identified characteristics could be used for the assessment of SA and SAD.

Data availability

The behavioral and machine learning data used to support the findings of this study are available upon request.
Contact D.S. for the behavioral data and B.V. for the machine learning data. However, voice data is available
only after the approval of the local ethics committee due to the privacy protection of the Human Research Act
in Switzerland.
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