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Abstract

Compression-based representations (CBRs) from neural audio
codecs such as EnCodec capture intricate acoustic features like
pitch and timbre, while representation-learning-based represen-
tations (RLRs) from pre-trained models trained for speech repre-
sentation learning such as WavLM encode high-level semantic
and prosodic information. Previous research on Speech Emo-
tion Recognition (SER) has explored both, however, fusion of
CBRs and RLRs haven’t been explored yet. In this study, we
solve this gap and investigate the fusion of RLRs and CBRs and
hypothesize they will be more effective by providing comple-
mentary information. To this end, we propose, HYFuse, a novel
framework that fuses the representations by transforming them
to hyperbolic space. With HYFuse, through fusion of x-vector
(RLR) and Soundstream (CBR), we achieve the top performance
in comparison to individual representations as well as the homo-
geneous fusion of RLRs and CBRs and report SOTA.

Index Terms: Speech Emotion Recognition, Pre-Trained Mod-
els, Neural Audio Codec, Representations

1. Introduction

Speech Emotion Recognition (SER) plays a pivotal role in
human-computer interaction, enabling systems to identify and
understand the emotional nuances expressed in speech [1]. By
analyzing vocal attributes such as pitch, tone, and rhythm, SER
systems uncover the intricate nuances of human affect. SER has
far-reaching implications, from enhancing mental health mon-
itoring in healthcare [2] to transforming educational tools by
gauging student engagement [3]. Initial research in SER mostly
focused on the usage of spectral features such MFCC with classi-
cal ML models such as GMM [4], SVM [5]. This was succeeded
by the use of deep learning models such as LSTM [6], CNN,
CNN-LSTM [7], etc.

Recent strides in SER research have seen the usage of rep-
resentations from state-of-the-art (SOTA) Pre-trained models
(PTMs). These representations have provided substantial per-
formance benefit and has led to sufficient development in SER.
These representations can be primarily categorized into two
types: Representation-learning based representations (RLRs)
derived from speech PTMs such as Wav2vec2[8], WavLM [9],
XLS-R [10], etc. and compression-based representations (CBRs)
extracted from neural audio codecs such as EnCodec [11],
DAC [12], and Soundstream [13]. PTMs for RLRs are gen-
erally trained for speech representation learning and it can be
both for a particular language or multilingual, however, neural
audio codecs (NACs) are trained for compression of input data
following a encoder-decoder modeling architecture. Researchers

* Contributed equally as a first authors.

have explored various RLRs such as Wav2vec2 [14], HuBERT
[15], etc. for SER. Also, usage of compression-based representa-
tions (CBRs) from NACs for SER has gained recent traction in
the community. Wu et al. [16] gave a initial exploration of CBRs
for SER by investigating different NACs such as Encodec, DAC,
Speech Tokenizer and so on. However, they only focused on
English SER. Ren et al. [17] extended to chinese SER and gave
a much more comprehensive analysis of various SOTA CBRs
with the inclusion of more NACs. Furthermore, Mousavi et al.
[18] presented the first comparative study of CBRs and RLRs
for SER. Further. Wu et al. [19] also explored the fusion of
RLRs such as Wav2vec2, WavLM, Unispeech-SAT, and so on
for more due to existence of complementary behavior of such
representations for more improved SER. Such improvement due
to the combination of PTM representations can also be seen
across various related speech processing tasks such as speech
recognition [20], synthetic speech detection [21].

However, no focus on the fusion of heterogeneous represen-
tations i.e. RLRs and CBRs have been given, despite extensive
research into SER with PTM representations. In this work, for
the first time, to the best of our knowledge, we explore such
fusion of heterogenenous representations (RLRs and CBRs). We
hypothesize that fusion of RLRs and CBRs will lead to further
improvement in SER performance by the exploitation of com-
plementary information of RLRs and CBRs. CBRs captures the
low-level features like pitch, timbre and RLRs encodes higher-
level prosodic patterns. To aid in effective fusion, we propose
a novel framework, HYFuse (Fusion in Hyperbolic Space) that
transforms the representations from euclidean space to hyper-
bolic space and performs fusion through mobius addition. As
far as we know, this is the first study to investigate the usage
of hyperbolic space for fusion of representations in the context
of SER. The fusion of CBRs and RLRs in hyperbolic space al-
lows for the preservation of their hierarchical relationships and
complementary features, ensuring that both low-level acoustic
details and high-level prosodic patterns are effectively aligned
and integrated.

The key contributions of this work are:

* We propose, HYFuse (Figure 1), a novel framework for fus-
ing RLRs and CBRs by transforming them into hyperbolic
space and leveraging the strengths of hyperbolic geometry for
effective fusion of RLRs and CBRs.

» Using HYFuse, with the fusion of x-vector (RLR) and Sound-
Stream (CBR) representations, we achieve superior perfor-
mance compared to individual representations and homoge-
neous fusions of RLRs and CBRs. Our framework sets new
SOTA results on the CREMA-D and Emo-DB benchmark
datasets, establishing the efficacy of combining RLRs and
CBRs for SER.
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Figure 1: HYFuse; x @ y represent mobius addition

We have released the code and models from this work at: https:
//github.com/Helix-IIIT-Delhi/HYFuse-SER

2. Pre-Trained Representations

In this section, we give a brief overview of the PTMs and NACs
behind RLRs and CBRs.

2.1. Representation-learning

WavLM!' [9] has shown SOTA performance in multiple speech
processing tasks within SUPERB. We adopt its base version,
which consists of 94.70 million parameters and is pre-trained on
960 hours of Librispeech. Similarly, Wav2Vec2? [8] is included
in our study as a contrastive learning-based representation-
learning based PTM. We use its base variant, which has 95.04
million parameters and is also pre-trained on 960 hours of Lib-
rispeech. We also incorporate HUBERT® [22], a speech PTM
inspired by the BERT architecture, pre-trained on 960 hours of
Librispeech. We utilize its base version, which consists of 94.68
million parameters. Additionally, we consider x-vector* [23],
a time delay neural network designed specifically for speaker
recognition, comprising 4.2 million parameters. It is particularly
relevant to our research, as its representations have been shown
to be effective for SER [24]. All audio recordings are resam-
pled to 16 kHz before passing to the PTMs. The PTMs remain
frozen, and we extract RLRs from their final hidden states us-
ing average pooling. The resulting feature dimensions are 768
for WavLM, Wav2Vec2, and HuBERT, while x-vector produces
512-dimensional representations.

2.2. Compression

Soundstream® [13] is an efficient NAC designed for low-bitrate
compression, utilizing an encoder-decoder architecture with
Residual Vector Quantization (RVQ) and multi-scale STFT dis-
criminators to maintain a balance between compression and
audio quality. It supports bitrates ranging from 3 kbps to 18

'https://huggingface.co/microsoft/wavlim-base
2nttps://huggingface.co/facebook/wav2vec2-base
3https://huggingface.co/facebook/hubert-base-1s960
4https://huggingface.co/speechbrain/
spkrec-xvect-voxceleb
Shttps://github.com/haydenshively/SoundStream

kbps. Descript Audio Codec (DAC)® [12] offers a universal
approach to audio compression, achieving an impressive 90x
compression rate at 8 kbps for 44.1 kHz audio. It is designed
to handle a wide range of audio signals while maintaining high
fidelity. Speech Tokenizer’ [25] is a unified tokenizer for speech
language models (SLMs) that employs RVQ to generate hier-
archical representations capturing both linguistic and acoustic
features. It demonstrates speech reconstruction quality compa-
rable to EnCodec. EnCodec® [11] is a high-fidelity NAC that
features a streaming encoder-decoder architecture combined with
RVQ for efficient audio compression. It is designed to preserve
fine-grained audio details while achieving effective compression.
All input audios are resampled to 16 kHz before being processed
by DAC, Soundstream, and Speech Tokenizer, while EnCodec
processes audio at 24 kHz. We extract CBRs from the frozen
encoders of these codecs using average pooling, resulting in
feature dimensions of 256 for Soundstream, 251 for DAC, 250
for Speech Tokenizer, and 375 for EnCodec.

3. Modeling

In this section, we detail the modeling approaches with individ-
ual RLRs and CBRs as well as the proposed framework, HYFuse
for fusion of heterogenous RLRs and CBRs. For modeling indi-
vidual representations, we use fully connected network (FCN)
and CNN. The CNN has two 1D convolutional layers with 64
and 128 filters and a kernel size of 3. ReLU is the activation
function used in the convolutional layers. The output is then
flattened and passed through a FCN block with a dense layer of
128 neurons, followed by output ayer for classification which
uses softmax as activation function. For the FCN model, we use
same the modeling as the FCN block in the CNN.

3.1. HYFuse

We propose, HYFuse for the effective fusion of RLRs and CBRs.
The architecture is presented in Figure 1. HYFuse leverages hy-
perbolic geometry to fuse CBRs and RLRs while preserving
their hierarchical relationships. The fusion in hyperbolic space
complements both fine-grained acoustic details and high-level

Shttps://huggingface.co/descript/dac_16khz
Thttps://github.com/ZhangXInFD/SpeechTokenizer.git
8https://huggingface.co/facebook/encodec_24khz
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| FCN | CNN | FCN | CNN

| Acc F1 | Acc F1 | Acc F1 | Acc F1
RLRs

W2 | 58.66 55.14 | 65.16 65.08 | 88.21 86.42 | 91.51 90.65
w 64.71 61.63 | 68.81 68.64 | 87.23 8521 | 89.72 89.52
XE | 63.69 61.20 | 68.77 68.67 | 85.65 85.25 | 81.31 80.61
H 67.85 66.25 | 70.63 70.45 | 86.25 85.39 | 88.81 87.85

CBRs

E 47.85 4698 | 48.48 4256 | 47.65 45.08 | 48.04 40.20
D 4252 41.86 | 43.84 3574 | 39.78 38.52 | 40.56 34.10
ST | 41.61 40.14 | 4851 4592 | 45.65 43.71 | 4991 37.20
SS | 5420 5394 | 5519 53.03 | 59.12 57.96 | 61.36 58.96

Table 1: Performance Evaluation of models trained with various
RLRs and CBRs; Scores are in % and average of five folds; Acc
and F1 stands for accuracy and marco-average F1 score; The
abbreviations given are: Wav2vec2 (W2), WavLM (W), x-vector
(XE), HuBERT (H), EnCodec (E), DAC (D), Speech Tokenizer
(ST), Soundstream (SS); The abbreviations used herre are kept
same for Table 2

prosodic structures from the RLRs and CBRs respectively, re-
sulting in more expressive and structured feature representations.
Unlike euclidean fusion methods, which may distort the intrin-
sic organization of representations, hyperbolic fusion maintains
relative distances and ensures that complementary features are
optimally integrated. Detailed walkthrough of HYFuse is given
as follows. The representations are first passed through 1D con-
volutional layers with the same architecture as used for modeling
individual RLRs and CBRs. The features are then flattened and
ready to be transformed to hyberbolic space. The transforma-
tion from euclidean to hyperbolic space is achieved using the
exponential map:

tanh(k||z[[) 1%, if || > 0
— B2 ) 1
P () {0, itz =0,

where x > 0 denotes the curvature of the hyperbolic space, and
||z|| represents the Euclidean norm of input feature. Now, the
transformed features of RLRs and CBRs will be represented as
z1 and y1. They are then fused through the M6bius addition
operation. Mobius addition between the two hyperbolic points
x1 and y; is given by:
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where (x1,y1) denotes the Euclidean dot product, and ||-||?
represents the squared Euclidean norm. Once fused, the resultant
representation y is mapped back to Euclidean space using the
logarithmic map:

log,, (y) = 3)

2 - arctanh([|y|)) g, i flyll <1,

0, if [|y[| = 0.
Ensuring that ||y|| < 1 maintains numerical stability within
the Poincaré ball. FCN block with a dense layer is attached
on top of the final fused representation followed by the output
layer with softmax activation which outputs probabilities of the
emotion classes. HYFuse trainable parameters for different input
representations are from 8 to 13 millions.

4. Experiments
4.1. Dataset

CREMA-D [26]: It contains 7,442 samples from 91 actors,
representing a diverse range of racial and ethnic backgrounds,
including Caucasian, African American, Hispanic, and Asian
participants. The dataset features 48 male and 43 female actors,
aged between 20 and 74 (average age: 36), offering a broad
demographic coverage. Each actor delivers 12 sentences and
spans over six emotions—happy, sad, anger, fear, disgust, and
neutral.

Emo-DB [27]: It comprises approximately 800 utterances
recorded by 10 actors (5 male, 5 female), each performing a
set of 10 carefully selected sentences expressing seven emotions:
neutral, anger, fear, joy, sad, disgust, and boredom. It is a german
SER corpus. Due to differences in audio duration, the NACs will
produce different length representations. So as a initial prepro-
cessing step, we pad the audios to the length of the maximum
duration audio in the respective dataset for all our experiments.
Training Details: The models are trained using cross-entropy as
the loss function and Adam as the optimizer. We set the batch
size as 32, learning rate as le-5, and epochs as 50. We leverage
dropout and early stopping to mitigate overfitting. We follow
5-fold cross-validation for training and validating our models
where 4 folds are used as training set and 1 fold as test set.

4.2. Experimental Results

We present the evaluation of downstream models trained with
individual RLRs and CBRs in Table 1. We see that RLRs outper-
form CBRs across both datasets, indicating that CBRs struggle
to capture the speech characteristics necessary for better SER.
This performance is also observed across previous research eval-
uating RLRs and CBRs for SER [18]. Among CBRs, Sound-
stream shows the strongest performance in both the datasets.
However, even the best-performing CBRs still lags behind the
RLRs. Among RLRs, HuBERT report that top performance with
CNN in CREMA-D and Wav2vec2 with CNN in Emo-DB. This
mixed performance points towards the effect of downstream data
distribution on the performance of the models trained with repre-
sentations. Overall, we see that CNN based models shows better
performance than FCN models. These scores will be consid-
ered as baselines for experiments with combinations of different
representations.

Table 2 presents the results of homogeneous (RLRs + RLRs,
CBRs + CBRs) and heterogeneous (RLRs + CBRs) fusions of
representations. We use concatenation (Concat) based fusion as
the baseline fusion technique. We follow the same architecture
as HYFuse up to feature flattening and subsequently applying a
FCN with the same modeling details as HYFuse. We also keep
the training details same as HYFuse for fair comparison. Our
findings reveal that HYFuse consistently outperforms both indi-
vidual representations and concatenation-based fusion across
CREMA-D and Emo-DB, reinforcing the strength of hyperbolic
transformation in aligning representations. When examining ho-
mogeneous fusion, we observe that while combining two RLRs,
such as Wav2vec2 and HuBERT, yields improvements over its
individual performances. This improvements in performances
after combinations shows some emergence of complementary
behavior in the representations. Also, fusing CBRs with CBRs
yields lower performance than fusion of RLRs with RLRs and
this is due to inherently lower individual performance of CBRs.
However, we observe a surprising criterion as the fusion of some
high performing RLRs and CBRs, shows far better performance



CREMA-D ‘ Emo-DB
Pairs
| Concat | HYFuse | Concat | HYFuse
| Acc F1 Acc F1 | Acc F1 Acc F1
RLRs + RLRs

W2+W | 6098 59.65 64.58 63.38 | 88.63 8736 9336 9227
W2 +XE | 5878 57.73 66.88 65.53 | 87.69 86.64 91.45 90.03
W2+H | 71.18 7036 76.61 7552 | 87.25 86.13 | 94.63 94.48
W+XE | 6933 68.18 74.49 73.38 | 88.24 8734 92.08 91.36
W+H 6597 65.82 | 7725 76.69 | 89.64 88.61 9425 9337
XE+H 68.52 67.79 73.64 7228 | 88.33 87.79 93.62 93.57

CBRs + CBRs

E+D 5897 47.61 64.68 63.26 | 58.96 5245 64.85 63.28
E+ST 58.97 45.08 66.67 6559 | 58.68 56.51 64.14 63.68
E+SS 57.10 40.07 66.48 65.52 | 55.69 5238 68.73 67.78
D+ ST 5523 5144 6343 6252|5596 54.09 61.19 60.05
D+SS 61.78 60.06 66.64 65.53 | 52.85 4198 65.06 58.54
ST+SS | 59.63 5846 67.64 66.68 | 58.61 5328 66.62 65.53

RLRs + CBRs

W2 +E 75.13  75.07 60.24 60.58 | 78.55 78.50 90.77 89.72
W2 +D 7770 7770 78.26 78.19 | 8533 85.05 89.77 89.72
W2 +ST | 7241 71.89 74.62 7439 | 84.15 83.79 91.84 91.52
W2+S8S | 76.15 76.15 7929 79.10 | 82.57 82.24 | 9533 95.18
W+E 66.89 66.79 | 77.68 76.82 | 80.37 79.49 19520 94.11
W+D 6091 60.55 66.13 65.75 | 85.05 84.71 85.98 85.98
W+ ST 76.02 72.61 7535 75.14 | 83.18 83.02 95.05 95.05
W +SS 6533  65.28 66.89 6699 | 6496 63.01 87.31 8598
XE+E 63.64 63.47 67.85 66.28 | 86.03 8598 9439 94.14
XE+D 65.16 65.01 69.63 6832 | 86.02 85.05 91.59 91.59
XE+ST | 6528 65.14 71.52 70.89 | 87.30 86.92 92.52 92.20
XE+SS | 63.65 63.53 69.88 68.13 | 69.31 65.14 93.01 9252
H+E 67.02 66.51 69.18 69.04 | 85.56 85.05 88.35 87.85
H+D 64.14 6399 68.23 6847 | 82.62 8224 90.14 88.79
H+ST 68.03 68.03 67.29 67.22 | 83.18 8292 86.17 8598
H+SS 67.02 66.82 68.83 68.64 | 6596 63.21 89.31 88.79

Table 2: Performance evaluation of model trained on combina-
tion of various RLRs and CBRs: The scores are presented in %
and average of five-folds
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Figure 2: t-SNE visualizations: (a) CNN (HuBERT) (b) HYFuse
(Wav2vec2 + Soundstream)

than the homogeneous fusion of RLRs and CBRs, despite the
performance of individual CBRs and fusion of CBRs with CBRs
is quite low. Such fusion leads to improved performance by lever-
aging the complementary strengths of RLRs and CBRs, where
RLRs provide rich prosodic information while CBRs capture
fine-grained acoustic characteristics.

This behavior is observed across both baseline concatenation-
based fusion technique and fusion with HYFuse. However, the
fusion through HYFuse brings out the complementary behavior
more effectively by aligning the representations in hyperbolic
space, thereby preserving their hierarchical relationships and
minimizing distortion. Notably, the fusion of Wav2vec2 and
Soundstream with HYFuse emerges as the best-performing com-
bination, surpassing all individual representations, homogeneous
representations fusion, and the baseline concatenation-based fu-
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Figure 3: Confusion matrices: (a) CREMA-D, (b) Emo-DB; y-
axis indicates the True Values, whereas the x-axis represents the
Predicted Values.

sion technique. With this performance, we achieve SOTA perfor-
mance as the individual RLRs were SOTA for SER [28]. Further,
this highlights the advantage of integrating heterogeneous rep-
resentations for improved. This validates our hypothesis that
heterogeneous fusion of RLRs and CBRs will be most effective
for SER. Additionally, not all the combinations of RLRs with
CBRs leads to improved performance over homogeneous fusion
of RLRs, however, we believe that fusion of strong individual
CBRs with strong individual RLRs brings out the best in them.
Aside from the best-performing combination of Wav2vec2 and
Soundstream, we observe that the fusion of WavLM and En-
Codec also shows competitive performance, though it does not
surpass the top combination. This suggests that while the integra-
tion of complementary representations enhances performance,
the degree of improvement depends on the specific characteris-
tics of the fused representations. Overall, our findings highlight
the significance of selecting the right combination of RLRs and
CBRs, as well as the effectiveness of HYFuse in leveraging their
strengths to further enhance SER. We present the t-SNE plot
visualization of downstream trained on HuBERT (best perform-
ing representations for CREMA-D) and HYFuse with the fusion
of Wav2vec2 and Soundstream in Figure 2 for CREMA-D. We
extract the representations from the penultimate layer of the
downstream models. We observe far better clustering of the
emotion classes with HYFuse, thus showing its effectiveness for
better SER. Additionally, we also plot the confusion matrices of
HYFuse with Wav2vec2 and Soundstream for both the datasets
in Figure 3.

5. Conclusion

In this study, we explored the fusion of RLRs and CBRs for
SER, addressing a previously unexplored research gap. While
CBRs such as EnCodec capture intricate acoustic features like
pitch and timbre, RLRs from pre-trained models like WavLM en-
code high-level prosodic information. We hypothesized that their
fusion would enhance SER performance by leveraging their com-
plementary strengths. To this end, we proposed HYFuse, a novel
framework that transforms RLRs and CBRs into hyperbolic
space for effective fusion. Through the integration of x-vector
(RLR) and SoundStream (CBR), HYFuse outperforms individual
representations and homogeneous fusion approaches, achieving
SOTA performance. These findings highlight the potential of
heterogeneous representation fusion in advancing SER and also
as a reference for future research exploring such heterogeneous
fusion.
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