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ABSTRACT

Automatic recognition of human emotion has a wide range of appli-
cations. Human emotions can be identified across different modal-
ities, such as biosignal, speech, text, and mimics. This paper is
focusing on time-continuous prediction of level of valence and
psycho-physiological arousal. In that regard, we investigate, (a) the
use of different feature embeddings obtained from neural networks
pre-trained on different speech tasks (e.g., phone classification,
speech emotion recognition) and self-supervised neural networks,
(b) estimation of arousal and valence from physiological signals
in an end-to-end manner and (c) combining different neural em-
beddings. Our investigations on the MUSE-STRESs sub-challenge
shows that (a) the embeddings extracted from physiological signals
using CNNs trained in an end-to-end manner improves over the
baseline approach of modeling physiological signals, (b) neural em-
beddings obtained from phone classification neural network and
speech emotion recognition neural network trained on auxiliary
language data sets yield improvement over baseline systems purely
trained on the target data, and (c) task specific neural embeddings
yield improved performance over self-supervised neural embed-
dings for both arousal and valence. Our best performing system on
test-set surpass the DEEPSPECTRUM baseline (combined score) by a
relative 7.7% margin.
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1 INTRODUCTION

Emotions are quintessential elements of communication among
humans, and are expressed in different ways across several modal-
ities. Speech is one of the prime modes to convey the expression
of emotions, and hence emotion recognition using the acoustic
content of signal is gaining popularity in speech application areas.
Human emotions are paralinguistic phenomena which manifest dis-
tinctively over varying temporal and spectral characteristics. Due
to limitations with representation and processing, extraction of
human emotions using traditional acoustic signal analysis method
is challenging. Recent trends have witnessed a growing interest in
the field of multimodal emotion recognition, which attracts exten-
sive use of deep neural networks (DNNs) to exploit the contrast
between speech, textual, and physiological modalities [1, 2, 3, 4, 5,
6,7).

Physiological signals have been used for emotion recognition
[8]. Within the field of affective computing, recognition approaches
to predict continuous states of emotion, frequently utilize the two-
dimensional Circumplex Emotion Model [9], observing the valence
and arousal of speaker emotional state. However, in order to avoid
subjective emotional labels, multiple raters must continuously an-
notate, which is costly and time-expensive. In [10] authors showed
that bio-signals processed with MuSe-Toolbox could be used as
alternative to Evaluator Weighted Estimator (EWE) [11] emotional
gold standard [12]. Experimental study presented by [13] shows
that respiration patterns reflect the general dimensions of emotional
response.

The ‘Multimodal Sentiment Analysis in Real-life Media’ (MUSE)
2022 challenge provides an opportunity for researchers to evalu-
ate emotion recognition systems using multiple modalities (audio,
biosignals, video, and text) over in—the-wild data. This paper fo-
cuses on the MUSE-STRESs task sub—challenge, where the goal is
to predict emotion in a time continuous manner. In that context,
we investigate,
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(1) Modeling of different embeddings extracted from supervised
neural networks, i.e. trained on specific speech tasks on
auxiliary data such as, phone recognition, speech emotion
recognition, speech breathing pattern estimation and from
neural networks trained in self-supervised manner on auxil-
iary data.

(2) Modeling of physiological signals in an end-to-end manner
using convolutional neural networks.

(3) Fusion of different feature embedding spaces.

We demonstrate the potential of these approaches by contrasting
them against the baseline systems developed by the challenge or-
ganizers.

The rest of the paper is organized as follows. Section 2 describes
the feature representations derived from the acoustic and biosignal
modalities, utilized in the subsequent studies. Section 3 describes
the database, evaluation metrics, methods utilized to create the
proposed systems, and the experimental setup of the proposed
systems. Section 4 presents the results obtained using different
methods and systems. Section 5 concludes the paper.

2 PROPOSED APPROACHES

We pursued two approaches, namely, (a) modeling embeddings
extracted from acoustic signal using pre—trained neural networks
(Figure 1) and (b) an end-to-end CNN-based system modeling phys-
iological signals (Figure 2) to estimate valence and arousal. Further-
more, we investigated fusion of acoustic information and physio-
logical information.

2.1 Pre-trained feature representations

Figure 1 illustrates our method. In this approach, first, frame-level
neural embeddings are extracted from pre—trained networks using
the acoustic signal. Fixed length representation is then obtained for
each 500 ms of signal by applying functionals namely mean and
standard deviation (std). Arousal and valence are then estimated by
feeding the fixed length representation as input to a neural network.

Raw waveform q

Pre-trained (Supervised OR Self-
Supervivised) Network

Neural-Embeddings

Figure 1: Proposed pipeline for using embeddings from pre-trained networks.

Valence &
Arousal
Estimator
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(mean, std)

In the remainder of the section, we first present the different em-
beddings investigated. They can be broadly grouped as supervised
and self-supervised neural network embeddings. The supervised
neural network embeddings are extracted by training neural net-
works in a task specific manner. We then present the arousal and
valence estimator.

2.1.1  Phonetic feature representations (denoted as RAW(PHN)). Pho-
netic information has been shown to capture emotional content in
speech. Previously, [14] showed a strong correlation between the
vowel formants and the level of arousal in human speech, while [15]
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demonstrated that incorporating speech-articulatory information
improves valence-based classification. The benefit of modelling
speech units for speech emotion recognition (SER) task was shown
in [16]. Recently, [17] exhibited through their work that phonetic
units are beneficial and should be incorporated for SER based stud-
ies. All these prior works inspired us to use phone-based embed-
ding for the task-on-hand. For this we make use of an off-the-shelf
CNN based network that models raw-audio signals for phoneme-
classification. The network was trained on the AMI Meeting corpus
[18] containing 100h of meetings. The network takes 250ms of raw
audio with a 10ms shift as an input, and consists of 10 convolutional
layers followed by a fully-connected layer with 1024 neurons and
an output unit. The model provides neural embeddings of dimen-
sion 1024 corresponding to each 250ms frame, these embeddings
are then converted to fixed-length utterance representations by
computing functionals. The resulting representation denoted as,
Raw(PHN) is 2048 (1024 for mean and 1024 for std) dimensional
vector.

2.1.2  Speech-based emotion recognition feature representation (de-
noted as RAW(SER)). Since the task-on-hand deals with predicting
two of the emotion dimensions, emotional-valence and arousal,
it deemed appropriate to generate embeddings from a network
trained for SER task. For this we resort to an off-the-shelf CNN
network similar to the Raw-waveform CNN network presented
in [19] that models raw-audio signals. The network was trained
for SER task using IEMOCAP corpus [20], a benchmark database
for SER. The networks was trained in a end-to-end manner, where
input to the system was 250ms of raw audio signal, the network
consists of four convolutional layers followed by a fully connected
layer with ten nodes and an output layer with softmax activation
for a four class classification corresponding to four emotion cate-
gories namely- sad, happy, angry, and neutral. The network was
trained in a speaker-independent fashion. The frame level neural
embeddings of dimension 10 were extracted using this network.
The fixed-length representation after applying functionals, denoted
as RAw(SER) is a 20 (10 for mean and 10 for std ) dimensional vector.

2.1.3  Breathing pattern embedding (denoted as UCLBS). Speech car-
ries a wide range of information including age [21], gender [22], and
emotional state [23] of a person. Respiration is one of the physio-
logical signals altered by emotion. Relationships between emotions
and respiratory patterns have shown more rapid breathing during
an speaker’s emotional arousal state [24]. Respiration with deep
learning based methods has been used for emotion recognition [25].
There is a close relation between speech and breathing as well since
speech is produced by organs evolved for breathing [26]. Recently,
estimating breathing patterns from speech signals has gained more
attention. [27] used log Mel Spectrogram of speech to train a CNN
and a Long Short-Term Memory Recurrent Neural Network (LSTM-
RNN) to predict the breathing signal [27]. The Interspeech 2020
ComParE challenge, was partly dedicated to estimating breathing
patterns from speech signals and several methods including end-to-
end systems were proposed [28, 29]. Estimating breathing patterns
from raw speech waveform using CNN was studied in [30, 31]. It
has been shown that the embeddings extracted from such CNNs
pre—trained for estimating breathing pattern are informative for
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auxiliary tasks such as detection of COVID-19 [32] and distinguish-
ing between natural and synthetic speech [33]. Based on these
observations we hypothesise that such embeddings can be used for
emotion recognition.

For this purpose we used an off-the-shelf CNN trained for es-
timating breathing patterns in the output by taking 3 seconds of
speech signals in the input. The CNN consists of 4 convolution
layers followed by a fully connected layer with 10 nodes and finally
an output layer. The network was trained using UCL-SBM database
[28] consists of conversational speech and Mean Squared Error
was used as loss function during training. More details about the
pre-trained networks can be found in [30].

The embeddings are extracted before the activation of the fully
connected layer for every 20ms. The fixed-length representation
after applying functionals, denoted as UCLBS is a 20 (10 for mean
and 10 for std ) dimensional vector.

2.1.4 Self-supervised learning (SSL) representations (denoted as
COLA, HUBERT and WavLM). Several recent works propose learn-
ing general purpose acoustic representations in a self-supervised
fashion [34, 35, 36, 37, 38, 39, 40, 41, 42, 43]. While these methods
learn representations that yield excellent few-shot and linear probe
performance on several diverse downstream audio classification
tasks, the viability of these representations for continuous emo-
tional recognition is yet to be evaluated. In our experimental study
we utilize two types of SSL embeddings: general purpose audio and
so-called “full stack” speech processing representations.

The general purpose representations are trained on AudioSet
[44] using the COLA [40] framework for contrastive self-supervised
learning. AudioSet is the largest publicly available audio event
dataset, with over 2M 10-sec clips spanning over 632 audio event
classes. COLA learns a latent space where the similarity between
anchor-positive pair of audio segments from the same audio clip
is greater than the similarity between anchor segment and other
negative distractors by optimizing the following objective function:

exp (s(x, x*))

—log ——————,
&Y exp (5(x,x7))
x"eX (x)U{x*}

L= (1)

where s(x,x") = g(f(x))T W g(f(x")) is the similarity function,
(x, x%) denotes the anchor-positive pair, X~ (x) refers to the set of
negative samples, f(.) represents the lightweight EfficientNet-B0
[45] convolutional feature encoder, ¢g(.) is a shallow neural net-
work that maps input features h onto a space z = g(h) € RS, and
W € RE are bilinear similarity parameters. In line with previous
experimental protocol [40, 43], we use the 1280 dimensional fea-
ture embedding returned by the EfficientNet-BO encoder trained
on Mel-spectrogram features for the provided audio signals for
our experiments, which is available publically [46], and is here on
referred to simply as COLA.

Finally, the HUBERT [47] and WAVLM [48] were served as the
“full-stack” speech processing representations. Systems build on top
of these embedding are among the top three performing networks
for the SUPERB challenge [49], an SSL benchmark challenge for
the speech processing tasks. WAvLM Large, which was pre-trained
on 94k hours of speech, and HUBERT Large, which was pre-trained
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on 60k Libri-light speech, were used in the presented experimental
studies.

2.1.5 Arousal and valence estimator. The sequential nature of the
selected regression tasks makes recurrent neural networks (RNNs)
a natural choice for a comparably simple system. We used the
LSTM-RNN system proposed as part of baseline system without any
modification to the architecture or training process for estimating
valence and arousal. As done in the baseline studies, we train a
separate estimator for valence and arousal. It allows us to fairly
compare our proposed embeddings and feature representations to
those of the baseline studies.

2.2 Modelling raw physiological signals using
CNNs

Several works propose modelling raw waveform signals for various
tasks, ranging from speech recognition [50, 51, 52], speaker recog-
nition [53, 54], gender recognition [55], depression detection [56],
audio classification [57], as well as for modelling raw physiological
signals [30, 31, 33], among others. In the same light, we propose a
CNN based framework for directly modelling raw Respiratory, ECG
and BPM physiological signals for estimating valence and arousal
in an end-to-end manner. Figure 2 illustrates this method. Given the
nature of these input signals as well as the annotation granularity
of the data (every 500 ms), each physiological signal is modelled
after centering of the labelled segment with appropriate context.

R hvsiological Valence
aw pr ysm|> ogica CNN + MLP based network &
signals Arousal

Figure 2: Proposed pipeline for end-to-end system.

Table 1 depicts the general CNN architecture used for modelling
respiratory (REsp-CNN), BPM (BPM-CNN) and ECG (ECG-CNN)
physiological signals. The proposed CNN architecture comprises
of 4 convolutional layers followed by an MLP with one hidden
layer. All the hidden layers are followed by a ReLU activation func-
tion. The number of filters in each layer as well as the kernel and
stride parameters of the first convolution layer, which are depen-
dent on the signal characteristics, were tuned individually for each
physiological signal. A Dropout layer [58] was added before the
MLP for improved regularisation. More information on the ablation
experiments on the development set is presented in Section 3.4.

2.3 Fusion-based estimation

We also investigate a combination of different embeddings extracted
from acoustic signal and physiological signals. We investigate early
fusion, where different features are concatenated and are fed as
input to the RNN-based arousal and valence estimator, presented
earlier in Section 2.1.5.

3 EXPERIMENTAL SETUP

The section describes the experimental setup for the proposed
study, including a brief description of the dataset and the evaluation
protocol used and the evaluation metric used for the study. This is
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Table 1: CNN architectures for physiological signals. Conv
parameters are denoted as (filters, kernel width, stride), and
MP denotes MaxPooling layer

REsp-CNN | BPM-CNN | ECG-CNN
Conv(64, 75, 15) | Conv(16, 175, 10) | Conv(56, 100, 15)
MP(2, 2) MP(2, 2)
Conv(128,10,1) | Conv(32,10,1) | Conv(112, 10, 1)
MP(2, 2) MP(2, 2)

Conv(256,7,1)
Conv(512,7,1)
FC(75)

Conv(64,7,1)
Conv(128,7,1)
FC(175)

Conv(224,7,1)
Conv(448,7,1)
FC(100)

followed by an in-depth description of the training methodology
and ablation experiments for development of the proposed novel
raw physiological signal modelling CNNs.

3.1 Dataset and protocol

The MUSE-STRESs sub—challenge is a regression task on continu-
ous signals for emotional arousal and valence [59]. The Ulm-Trier
Social Stress Test dataset (UIm-TSST) is used to setup training, de-
velopment and test sub-sets, comprising individuals in a stressful
situations following the Trier Social Stress Test (TSST) [60]. The
dataset provides training, development and testing splits with 41,
14 and 14 subjects, respectively. We further split the training set
into train set with 32 subjects and validation set with 9 subjects for
tuning hyper-parameters.

3.2 Evaluation metrics

The regression task MUSE-STRESs is evaluated in terms of Con-
cordance Correlation Coefficients (CCC) for arousal, valence and
combined modalities. The ultimate goal of the challenge is to reach
the highest possible combined CCC score.

3.3 Baseline systems

The challenge organizers provide systems which can be used to
evaluate the classification performance of features and networks
for emotion dimensions. Also, extracted feature representation
for audio (DEEPSPECTRUM [61]) and bio-signal (BPM, ECG and
respiratory signal) were provided by organizers.

3.4 Training raw physiological signal CNNs

In this section we describe the process of training the proposed
physiological signal CNNs. For the challenge, the provided raw
physiological signals have a sampling frequency of 1000 Hz, and
labels are provided for every 500 ms intervals. Each physiologi-
cal signal is centered with a context such that the center 500 ms
segment of the input signal corresponds to the target label, normal-
ized and is then directly fed to the model. We adopt a multi-task
learning paradigm for optimizing physio-arousal and valence simul-
taneously, i.e., the final layer of each CNN returns 2 outputs, and
the CNN is trained by optimizing the average combined CCC. Each
CNN is trained in a multi-task setting with an AdamW optimizer
[62], with early stopping.
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Table 2: Context-wise ablation study for physiological CNNs.
Combined CCC score on the development set is reported.

Combined [CCC]
Model Context (ms) Development
0 0.1259 (0.1144+0.006)
500 0.1389 (0.1256+0.0145)
1000 0.0938 (0.0813£0.0089)
Resp-CNN 1500 0.1432 (0.1167+0.0124)
2000 0.1504 (0.1271+0.0112)
2500 0.1764 (0.1509+0.0160)
3000 0.1527 (0.1266+0.0202)
0 0.2067 (0.1890+0.0120)
250 0.3657 (0.3170+0.0294)
ECG-CNN 500 0.3885 (0.3280+0.0296)
1000 0.3514 (0.2908+0.0357)
1500 0.3447 (0.3064+0.0253)
0 0.114 (0.0913+0.011)
BPM-CNN 500 0.137 (0.106+0.0233)
1000 0.2224 (0.2042+0.0091)

Given the different characteristics of each physiological signal
for each physiological signal CNN, we optimized the following
hyperparameters:

(1) context: We ran individual ablation experiments to yield the
context that gives the best performance.

(2) Number of parameters: We separately optimized complexity
of the physiological CNNs by tuning a multiplier hyperpa-
rameter that scales the number of filters in each layer.

(3) FC layer dimensions: Dimensions of the first fully connected
layer is individually tuned for each physiological signal CNN.

Table 2 shows the results of the context-wise ablation study
for training raw physiological system CNNs. Respiratory signal
works best with the largest context of 2500 ms, which is inline with
observations made in recent literature for breathing pattern estima-
tion where similarly large context sizes yield better performance
[31, 33], whereas apt contexts for other settings are inline with
characteristics of the underlying physiological signal.

4 RESULTS AND ANALYSIS

This section describes the results obtained using various uni- and
multi-modal feature representations. Table 3 shows the results of
the various systems on the MUSE-STRESS development and test
set. The top rows depict the best baseline result (DEEPSPECTRUM)
and the best physiological signal based system as per the challenge
white paper [59], followed by our results using features obtained
from the proposed physiological CNNs and acoustic representations.
Finally, select multi-modal early-fusion results are provided. All
methods described are built on top of extracted features and their
combinations using the provided baseline code.

4.1 Uni-modal systems

4.1.1  Modelling acoustic signals. From Table 3, it could be observed
that the proposed acoustic embeddings, Raw(SER) and Raw(PHN)
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Table 3: CCC scores obtained on the development and the test set by various systems. Best scores over 5 random seeds reported,

with (mean t std) over runs for the development set. “+”

denotes early fusion, i.e. concatenation of the denoted features,

respectively. ndims denotes feature dimensionality.

Arousal Valence Combined

[CcC] [ccc] [CCC]

Features ndims Development Test Development Test Test
Baseline systems
DEEPSPECTRUM 1024 0.4139 (0.3433 + 0.0548) 0.4239 0.5741 (0.5395 + 0.0207) 0.4931 0.4585
EGEMAPS 88 0.4112 (0.3168 + 0.0459)  0.2975  0.5090 (0.4744 + 0.0244)  0.3988 0.3482
BPM + ECG + Resp 3 0.3917 (0.2793 + 0.0782)  0.1095  0.4361 (0.2906 + 0.0787)  0.1861 0.1478
Proposed systems

Physiological
UCLBS 20 0.1606 (0.1356 + 0.0149)  0.0794  0.3994 (0.3286 + 0.0410) 0.3044 0.1920
REsp-CNN+ECG-CNN+BPM-CNN 350 0.4315 (0.3899 + 0.0442)  0.1340  0.5445 (0.5323 £ 0.0130)  0.1814 0.1577
UCLBS+ECG-CNN+BPM-CNN 295 0.4333 (0.3749 + 0.0421) 0.1890 0.5794 (0.5505 + 0.0219)  0.2595 0.2242
Acoustic
Raw(SER) 20 0.3404 (0.2986 + 0.0311)  0.4338  0.5548 (0.5403 + 0.0116) 0.5134 0.4736
Raw(PHN) 2048 0.3515 (0.3371 £ 0.0102)  0.4909  0.4122 (0.3894 + 0.0217)  0.4767 0.4838
COLA 1280 0.3770 (0.3480 £ 0.0266)  0.4764  0.5572 (0.5268 + 0.0310)  0.3028 0.3896
HUBERT 2048 0.2622 (0.2388 + 0.0155)  0.4833  0.5098 (0.4853 + 0.0161)  0.4309 0.4571
WavLM 2048 0.2842 (0.2599 + 0.0183)  0.4462  0.4672 (0.4381 + 0.0240)  0.4874 0.4668
Raw(SER)+Raw(PHN) 2068  0.3742 (0.3540 + 0.0176)  0.4850  0.4081 (0.3804 % 0.0214)  0.4966 0.4908
Raw(SER)+COLA 1300 0.3818 (0.3593 £ 0.0241) 0.5111 0.5528 (0.5429 + 0.0082)  0.4023 0.4567
Raw(PHN)+COLA 3328 0.3860 (0.3558 + 0.0356)  0.4014  0.4335 (0.4081 + 0.0204)  0.4822 0.4418
Raw(SER)+HUBERT 2068 0.3144 (0.3063 £ 0.0063)  0.4724  0.4941 (0.4630 + 0.0185)  0.4907 0.4815
Raw(SER)+WavLM 2068 0.3114 (0.2924 + 0.0134)  0.4354  0.4587 (0.4500 + 0.0065)  0.4648 0.4501
Raw(PHN)+HUBERT 4096 0.3620 (0.3466 + 0.0107)  0.4743  0.4395 (0.4098 + 0.0183)  0.4713 0.4728
Raw(PHN)+WavLM 4096  0.3736 (0.3614 + 0.0114)  0.4590  0.4375 (0.4114 + 0.0174)  0.4525 0.4557
Raw(SER)+Raw(PHN)+HUuBERT 4116  0.3683 (0.3441  0.0187)  0.4749  0.4191 (0.4019 + 0.0179)  0.4316 0.4533
Raw(SER)+Raw(PHN)+WavLM 4116 0.3670 (0.3421 £ 0.0213)  0.4909  0.4237 (0.4083 + 0.0117)  0.4304 0.4607
RAw(SER)+Raw(PHN)+COLA 3348 0.3697 (0.3618  0.0045)  0.4767  0.4356 (0.4208 + 0.0151) 0.5109  0.4938
Multi-modal early fusion
UCLBS+Raw(SER) 40 0.4382 (0.3700 + 0.0506)  0.3218  0.5602 (0.5273 + 0.0222)  0.3597 0.3407
UCLBS+Raw(PHN) 2068  0.3803 (0.3579 + 0.0189)  0.4644  0.4529 (0.4027 + 0.0258) 0.4952  0.4798
Raw(SER)+Raw(PHN)+DEEPSPECTRUM ~ 3092  0.3764 (0.3490 + 0.0257) 0.4734 0.4280 (0.4114 + 0.0195)  0.4386 0.4560

are able to surpass the best performing DEEPSPECTRUM baseline
results on the test set for both valence and arousal, also the overall
result obtained via these embeddings on the test set are outperform-
ing the best performing baseline systems. The hypothesis that the
task-on-hand deals with speech emotion and SER based embeddings
might help seems correct, furthermore it is interesting to observe
that although our SER system was trained on IEMOCAP [20], an
English corpora, the embeddings derived from it (Raw(SER)) gener-
alised well for MUSE-STRESs data which is recorded in German lan-
guage. This highlights the potential of our training methodology of
modelling sub-segmental speech (typically 250ms), which made the
network and therefore its derived embeddings robust towards new
language. It is also worth noting that the RAw(SER) embeddings de-
spite only being 20 dimensional provide the best standalone results
for emotional-valence prediction. Similar to RAW(SER), Raw(PHN)
embeddings also appears to be robust towards unseen language,
given that it generalises well for the MUSE-STRESss data despite
the network for deriving RaAw(PHN) being trained on an English

language corpora. These results also showcase that phonetic level
information is crucial and complement emotion recognition task, in
line with the observations made by previous studies mentioned in
subsection 2.1.1. It is worth mentioning that phonetic embeddings
also showed good results for the case of non-speech vocalizations
[63] outperforming the DEEPSPECTRUM baseline for the ExVo multi-
learning task [64]. The Raw(PHN) embedding gives the best results
for the emotional-arousal prediction for a standalone embedding.
Moreover, it is interesting to see that the Raw(PHN) and Raw(SER)
embeddings complement one another, with early fusion results of
these embeddings providing a superior overall score.

In our experiments, standalone HUBERT and WAVLM features
also perform quite well, with the latter outperforming the baseline
DeepSpectrum result. However, when used in an early fusion setting
with other feature sets, we observe a reduction in combined test
performance, which is more pronounced for the WavLM features.

Finally, the Raw(SER)+Raw(PHN)+COLA system reaches a com-
bined test performance of 0.4938, which is an approx. 8% relative
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improvement over the best DEEPSPECTRUM baseline result, and
is our best performing system. It is worth mentioning that this
performance is achieved using COLA while COLA is the worse
performing standalone acoustic embedding, demonstrating that
they are synergistic with phonetic and emotion embeddings for the
task-at-hand.

4.1.2  Modelling physiological signals. From Table 3, we can see that
all of our proposed physiological modelling methods outperform
the physiological baseline from [59]. The fusion of the features
extracted from the proposed physiological CNNs (REsp-CNN+ECG-
CNN+BPM-CNN) improves test performance over the baseline,
signifying the viability of directly modelling raw physiological
signals.

It’s worth noting that the feature embeddings extracted from
the breathing pattern estimation model (UCLBS), while performing
slightly worse for arousal estimation in comparison to the base-
line (0.0794 v/s 0.1095), significantly outperforms both the baseline
and the proposed physiological CNNs for valence as well as the
combined test CCC performance. A possible explanation for this
phenomena is the fact that these embeddings are extracted from a
pre-trained network trained on raw waveforms from a conversa-
tional speech database, and thus potentially include speech-related
discriminative information which have been demonstrated to be
informative for other tasks [32, 33], further boosting their viability.
We also note that, similar to the systems used for modeling acous-
tic features this network is also pre—trained on English database
and is generalizing well on MUSE-STRESS data which is in German
language.

Given the better performance of UCLBS features, we decided
to replace the REsp-CNN embeddings and training a fusion of
UCLBS features with the other physiological CNNs (UCLBS+ECG-
CNN+BPM-CNN), which, by trading off the excellent valence perfor-
mance of UCLBS features for a significant improvement in arousal
performance results in a 50% relative improvement in combined test
score over the physiological-only baseline (0.2242 v/s 0.1478). How-
ever, it’s worth noting that there is still a very large discrepancy
between development and test performance for physiological only
systems, highlighting that these systems struggle with overfitting
on training distribution.

4.2 Multi-modal systems

Following results of uni-modal systems, we experiment with select
multi-modal early fusion approaches of the top performing sys-
tems across modalities. First, we fused UCLBS breathing estimation
features, which were the best performing standalone physiological
feature set, with Raw(PHN) and Raw(SER) features, which are our
top performing uni-modal features. However, the subsequent fused
features showed performance degradation over the constituent
acoustic features, with a much larger degradation observed for
Raw(PHN). We also fuse RAw(SER) and Raw(PHN) with the best
baseline feature representation (DEEPSPECTRUM), which also does
not improve the performance.

5 CONCLUSIONS

For MuSe 2022 stress sub-challenge, we investigated modeling of dif-
ferent feature embeddings obtained from task-specific pre-trained
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neural networks and self-supervised networks, as well as modeling
of physiological signals for the continuous estimation of arousal
and valence. Multi modal systems were investigated by using early
fusion between different modalities. Additionally we investigated
modeling of physiological signals in an end-to-end manner for
the task-at-hand. While the proposed physiological models outper-
form the physiological baseline [59], embeddings extracted from
pre-trained networks perform much better for valence and arousal
estimation, including the pre-trained breathing pattern embeddings
that model speech signals, demonstrating that acoustic features
tend to be more informative for valence and arousal estimation
when compared to physiological related information. From Table 3
it could be observed that, among acoustic features, embeddings
derived from task-specific pre-trained networks (Raw(SER) and
Raw(PHN)) perform better than the self-supervised network based
embeddings for the task-at-hand.

Finally, our best performing system is an early fusion of COLA
embeddings with pre-trained supervised embeddings (Raw(PHN) +
Raw(SER)), which enhances valence estimation performance while
maintaining a good estimate for arousal estimation. This increases
our best combined score from 0.4736 to 0.4938, surpassing the best
performing DEEPSPECTRUM baseline on the test set by a relative
7.7% margin, suggesting that self-supervised COLA embeddings
are complementary to pre-trained supervised embeddings. It is also
noteworthy that pre-trained supervised networks (viz. RAW(SER)
& UCLBS), despite being trained on an English corpora, generalize
well for the MuSe-Stress corpus which is in German language. This
needs further investigation and would be a part of our future study.
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