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Enhanced Experts with Uncertainty-Aware Routing for
Multimodal Sentiment Analysis

Anonymous Author(s)

ABSTRACT

Multimodal sentiment analysis, which has garnered widespread
attention in recent years, aims to predict human emotional states
using multimodal data. Previous studies have primarily focused on
enhancing multimodal fusion and integrating information across
different modalities, while overlooking the impact of noisy data
on the internal features of each single modality. In this paper, we
propose the Enhanced experts with Uncertainty-Aware Routing
(EUAR) method to address the influence of noisy data on multi-
modal sentiment analysis by capturing uncertainty and dynami-
cally altering the network. Specifically, we introduce the Mixture
of Experts approach into multimodal sentiment analysis for the
first time, leveraging its properties under conditional computation
to dynamically alter the network in response to different types of
noisy data. Particularly, we refine the experts within the MoE frame-
work to capture uncertainty in the data and extract clearer features.
Additionally, a novel routing mechanism is introduced. Through
our proposed U-loss, which utilizes the quantified uncertainty by
experts, the network learns to route different samples to experts
with lower uncertainty for processing, thus obtaining clearer, noise-
free features. Experimental results demonstrate that our method
achieves state-of-the-art performance on three widely used multi-
modal sentiment analysis datasets. Moreover, experiments on noisy
datasets show that our approach outperforms existing methods in
handling noisy data. Our anonymous implementation code can be
available at https://anonymous.4open.science/r/EUAR-7BF6.

CCS CONCEPTS

« Information systems — Sentiment analysis; - Computing
methodologies — Artificial intelligence.

KEYWORDS

Multimodal Sentiment Analysis, Uncertainty Learning, Mixture of
Experts

1 INTRODUCTION

In today’s digital era, the collective influence of multiple modali-
ties has garnered widespread attention, with multimodal learning
emerging as one of the current research hotspots. Among these,
Multimodal Sentiment Analysis (MSA), as a core task in multimodal
learning, has also received significant interest from researchers.

Unpublished working draft. Not for distribution.
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Figure 1: An illustrative example of the two types of noise
in MSA task: modal-wise noise and sample-wise noise. The
former may occur due to the malfunction of perceptive de-
vices and result in corrupted classification results. Mean-
while, the latter exists in the samples such as blurred images,
ambiguous text, and so on, which produce low quality data
and disrupt model’s prediction tremendously.

Most existing methods [1-4] approach this task from the perspec-
tive of multimodal fusion, addressing the interaction of information
across modalities at different levels such as early [5], intermediate
[6, 7], and late fusion [8], on raw data, feature, and decision levels
respectively. Their efforts primarily focus on resolving information
interaction among modalities, and these works have extensively
demonstrated the effectiveness of fusion in the MSA task.
However, prevalent approaches to multimodal sentiment anal-
ysis exhibit a notable limitation: they tend to overly prioritize in-
termodal information interaction, often neglecting the presence of
noise within individual modalities and the diverse degrees of noise
across different samples. We comprehend these two types of noise
as modal-wise and sample-wise. Put simply, when confronted with
noisy data, existing networks inadequately address this challenge.
The processing of multimodal data inevitably entails encountering
noise scenarios such as modality missing, image blurriness, and text
ambiguity. As depicted in Figure 1, scenarios such as audio inter-
ruptions, image distortions, and text ambiguities lead to a scenario
where samples with ground truth as positive are misclassified by
most networks as neutral or even negative. These noise instances
can result in catastrophic consequences for network performance.
Recently, some efforts [7, 9-11] have begun to address this issue
by contributing solutions to modalities’ noise scenarios like miss-
ing and blurriness. For instance, a recent work [9] quantifies the
uncertainty level of the model regarding different modality data
noise and incorporates uncertainty-weighted fusion. In [7], Wang
et al. work reconstructs data samples using multimodal flows to
address modality missing scenarios. Although these methods have
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somewhat mitigated the impact of noise on networks, their perfor-
mance still fall short when facing samples suffering from varying
degrees of noise.

Therefore, based on these challenges, we pose two questions: (1)
How to quantify noise in samples to obtain clearer features? Inspired
by [12], we map different sample instances to a high-dimensional
Gaussian distribution space and utilize sample variance to quantify
inherent uncertainty. (2) How to dynamically adapt our network
according to different noise scenarios? We introduce a Mixture of
Experts (MoE) and utilize conditional computation to dynamically
alter our network based on the noise scenario of different samples.
Based on these considerations, we propose a novel MSA model in
this paper, termed Enhanced experts with Uncertainty-Aware Routing
(EUAR), addressing the shortcomings of previous works.

Specifically, our work can be comprised of the following com-
ponents: (1) Mapping samples to multimensional Gaussian distri-
butions using different experts in EUAR, to quantify uncertainty
using variance, and generate noise-free features using means. (2)
Introducing the MoE structure to dynamically select different ex-
perts based on different samples, dynamically altering the network
structure according to the scenario of different samples. (3) Training
on basis of uncertainty-based dynamic routing algorithms, which
enable the model to select experts with more confidence for specific
samples to handle data.

Overall, our contributions can be summarized as follows:

e To our best knowledge, we are the first to introduce the
MOoE structure into multimodal sentiment analysis, dynami-
cally altering the network to address noise within modalities
and varying degrees of noise across different samples, thus
complementing the shortcomings of previous works.

e We devise a novel routing algorithm to enhance the experts,
enabling the network to quantify uncertainty regarding noise
and utilize this uncertainty to guide the routing algorithm in
selecting experts with more confidence to process samples.

e We conduct extensive experiments on three widely used mul-
timodal sentiment analysis datasets, achieving state-of-the-
art performance and demonstrating superior performance
under noise conditions compared to existing methods.

2 RELATED WORKS
2.1 Multimodal Sentiment Analysis

Previous research aimed to find superior multimodal fusion meth-
ods to comprehensively integrate multimodal information for MSA
task. These methods mainly focus on early fusion, feature fusion,
late fusion, etc. For instance, graph fusion [13] based on feature
fusion applies graph learning to integrate features, promoting fu-
sion through constructing different nodes and integrating multi-
modal information. [9] employed a late fusion approach, merging
decision levels by acquiring different weight proportions. These
methods have achieved notable success in multimodal sentiment
analysis. However, there are still some unsolved problems: both
in video datasets and text-image datasets, the varying quality of
video frames, images, and text poses challenges for these traditional
methods. When encountering situations with low video quality,
blurry images, and ambiguous text, the performance of these meth-
ods significantly diminishes, making it challenging to accurately

Anon.

identify the sentiment represented in the data. Recently, some work
[14, 15] theoretically confirmed that noise in the data can bottle-
neck the model’s performance. To address this issue, we propose
the EUAR method, dynamically altering the network to effectively
alleviate the bottleneck caused by data noise,i.e., modal-wise and
sample-wise noise in sentiment analysis.

2.2 Uncertainty in Deep Learning

In general, uncertainty in deep learning can be categorized into epis-
temic uncertainty and aleatoric uncertainty. The former represents
the uncertainty inherent in the neural network itself, indicating the
confidence level in its predictions. The latter refers to the inherent
noise present in the data, such as image blurriness, text ambigu-
ity, or missing modalities, which pose significant challenges to the
model’s predictions. In recent years,some efforts have been made
to address uncertainty in conventional tasks like face recognition
[12],image classification [16] and semantic segmentation [17]. It
is worth noting that such uncertainty is also prevalent in multi-
modal sentiment analysis which impose negative impacts on final
decisions. Due to the need for integrating multimodal data, if one
modality is corrupted by noise, the overall multimodal features
are correspondingly viciously affected. Recently, some research
[7, 9, 10] has focused on addressing uncertainty in multimodal
learning. However, these efforts primarily concentrate on integrat-
ing deterministic information across different modalities without
considering the uncertainty within individual modalities. There-
fore, we develop this work to fill this gap, aiming to overcome the
information bottleneck caused by data noise in the MSA task.

2.3 Mixture of Experts

Mixture of Experts, a technique for expanding model parameters,
has attached widespread attention in recent years alongside the
rise of large models. It has been extensively explored in the fields of
computer vision [18-20] and natural language processing [21-23].
MOoE employs a learned gating mechanism to selectively activate
different experts, adapting the network dynamically by activating
k experts tailored to handle specific inputs. This dynamically alters
the network without increasing additional computational overhead,
thereby expanding the model’s capacity. However, current research
[24-26] has primarily focused on utilizing MoE to augment model
parameters, neglecting the superiority of dynamic networks them-
selves in the context of conditional computation. Conditional com-
putation [19, 22] selectively activates relevant parts of the model
based on input-dependent factors, dividing the model into smaller,
specialized sub-models. Different experts exhibit targeted effects
for specific inputs. Therefore, we introduce MoE for the first time
into the task of multimodal sentiment analysis, enhancing MoE’s
experts and designing an uncertainty-guided gating mechanism.
This enables experts to capture uncertainty and dynamically selects
corresponding experts based on the varying levels of noise in dif-
ferent inputs, addressing challenges posed by noise in multimodal
sentiment analysis.

3 PROPOSED METHODS

Our proposed EUAR method is a multimodal sentiment analysis
framework that dynamically adapts its network structure based on
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Figure 2: An illustration of our proposed EUAR method. It encompasses the MoE framework we introduced, along with a

comprehensive delineation of the expert components.

different inputs. Our task is to predict the corresponding sentiment
intensity values using given video clips or image-text pairs. Taking
image-text pairs as an example, in one input sample, there are two
different modal data:textual, and visual.

As shown in Figure 2, we first perform feature extraction in a
specific manner and then use the extracted features in our proposed
EUAR to predict the corresponding sentiment intensity labels.

3.1 Feature Extraction

To align with prior research [1, 9] for fair comparison, we employed

FACET, COVAREP, and BERT as feature extractors for the visual,
audio, and text modalities, respectively, on the tri-modal dataset.
For the bi-modal dataset, ResNet-152 and BERT are utilized as fea-
ture extractors for the visual and text modalities, respectively. The
following narrative in this paper will be based on the tri-modal
dataset. Given video clips, we feed the visual(v), audio(a), and
text(l) modalities into their respective feature extractors to ob-
tain samples X,%XD ,m € {v,a,1} required for this task, where B
represents batch size and D represents feature dimensions. The ob-

jective is to integrate the features v, a, and [, and predict continuous

sentiment intensity values y € R.

3.2 Enhanced Experts

In MoE technique, experts refer to a group of sub-models or neural
networks, each responsible for processing different aspects or sub-
spaces of the input data. These experts can be seen as "specialists"
focusing on different tasks or data distributions. In previous works,
experts were often defined as multi-layer perceptrons. Inspired by
[12], we enhanced the experts to capture uncertainty when dealing

with samples influenced by noise to varying degrees. After feature

extraction, we obtain multimodal features X i’", m € {v, a,1},where i
represents the instance. We map the features of each modality to
a diagonal multivariate normal. Specifically, we define the repre-
sentation 2" of each sample x]" in the latent space as a Gaussian
distribution,which can be represented as:

P ~ N, o), 8

1" = fom.0i" = fopr. @)
where m represents different modalities, and 6 represents the param-
eters in the neural network. For the parameters y and o of the Gauss-
ian distribution, we employ a neural network to predict, where f
and f, respectively denote one fully connected layer, with non-
shared weights. The feature representation of each modal sample is
no longer a fixed value, but sampled from the distribution. Here, pi"*
represents the features closer to the true representation under noise-
free conditions, while 67" represents the aleatoric uncertainty of the
modality data. However, the gradients cannot be back-propagated
after sampling, thus we employ the re-parameterization trick:

Zt =" +eo", e ~ N(0,I). (3)

Here, Eq. (3) can be interpreted as stable sample representation
u* being perturbed by noise 07" to obtainz]”. During training, the
loss function of the ultimate task will mitigate the impact of this
perturbation, leading to o]" being learned to be very small. This
results in 2] being almost identical to x", thus losing its ability to
quantify uncertainty. Therefore, we adopt a prior method [12] and
introduce a KL divergence regularization term:

Ll = KLIN " ", o) IN (e[, )]
4)

1 2 2 2
:—E(l+logaim —,u,m —O',~m ).
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We constrain N (p", almz) to be close to N(0,I) so that O'im2 can
accurately quantify the magnitude of uncertainty.

3.3 Adaptive MoE Architecture

In the preceding section, we defined the concept of an "expert" and
endowed it with the capability to capture uncertainty, allowing us
to quantify the magnitude of uncertainty in noisy data based on
the value of 2. Next, we will integrate it into the MoE framework.
The MoE consists of two main components: the Expert and the Gate.
The expert is responsible for processing each sample effectively,
while the Gate determines which expert is best suited to handle a
particular sample. We denote these two components as E and G,
respectively. Given the feature x]" as input, and the gate selects the
top k best experts, preserving the corresponding processing results
E for further steps. The algorithm for routing by the gate can be
expressed as:

G(x™) = TOPy (softmax(Linear(x["))), (5)

where the output dimension of the Linear layer is equal to the
number of experts. The TOP. operation involves setting all values
except the top k values to zero. We select the top k experts corre-
sponding to the highest so ftmax output scores, and use their scores
as weights for the expert output results. When the total number of
experts is N, this process can be formalized as:

N
R =) G ED (). (6)

J

However, during training, routing algorithms often tend to favor
a few specific experts, rendering the remaining experts ineffective.
This leads to the degradation of the entire framework into a static
network, unable to dynamically adapt to different noise. To tackle
this issue, we adopt a similar approach as in the Switch Transformer
[23], incorporating the following auxiliary loss:

1 N
m —_ mpm
Laux——N E jRj Pj, 7)

where R}" represents the proportion of samples allocated to the
expert j,
1 ;
RT =3 Z 1{argmaxG™(x™) = j}. (8)
x€B
Moreover, G}" represents the proportion of weights allocated by
the router to expert j,and it is defined as:
1
m _ mg,m
P! —BZGJ. (x™). )

xeB

Through this regularization constraint, we enforce a similar number
of samples allocated to each expert during training, and ensure that
G™ yields weights of similar magnitudes for each expert.

3.4 Uncertainty-Aware Routing

So far, we have obtained a dynamic network capable of captur-
ing uncertainty. Next, we will empower the Gate the ability to
choose experts based on uncertainty. Specifically, we use the mag-
nitude of the O'imz value to quantify the uncertainty in noisy data. A
larger oi’"z value indicates greater uncertainty, while a smaller ai’"z

indicates lesser uncertainty. During a forward pass, each expert

Anon.

generates a ¢ to express its uncertainty in processing the data.
We aim for the Gate to select experts with lower uncertainty to
handle the corresponding data. Therefore, we apply the following
constraint called U-Loss:

N
1
L=~ Z MG (x™). (10)
J

With this constraint, during training, as the value of aj’."z increases,
the Gate assigns a smaller weight G; to the corresponding expert.
Thus, when an expert’s uncertainty is higher, its probability of
being selected decreases.

Through the aforementioned process, we obtain clear features
hi" for each single modality. Combine features from different modal-

ities by concatenating or adding them to create a joint feature h,
which can be utilized for downstream tasks. We employ a fully
connected layer to predict the final result jand use Mean Squared
Error loss as the loss function for this regression task,

1< .
Liask = n Z(y - y)2> (11)
1

where n represents the number of samples. Finally, we utilize L; ;4
as the overall loss function,

meM meM meM
Liotal = Ltask + @ Z Llrﬁ + ﬁ Z Ltrlr:,lx +4 Z Lchna (12)
m m m

where @, f and A are trade-off hyper-parameter, as introduced in
Section 4.2.

4 EXPERIMENTS
4.1 Datasets

Dataset. To verify the effectiveness of our proposed model in face of
different kinds of noise scenarios i.e., modality missing and modal-
ities’ noise, we conduct MSA experiments on three multimodal
datasets, namely CMU-MOSI [31] and CMU-MOSEI [32] for modal-
ity missing, and MVSA-single [33] for modalities’ noise. In addition
to that, we also conduct an extensive experiment on NYU Depth
V2 [34] in order to prove EUAR’s generalizability of real world’s
modalities. CMU-MOSI consists of 2,199 short monologue video
clips, among those 1,284,229, and 686 samples are used as training,
validation, and testing set. CMU-MOSEI contains 22,856 samples
of movie review video clips from YouTube. Followed previous stud-
ies, 16,326 samples are used for training, 1,871 and 4,659 samples are
used for validation and testing. Both datasets above are manually
annotated in continuous sentiment scores between [-3,3], represent-
ing sentiment including highly negative, negative, weakly negative,
neutral, weakly positive, and highly positive. MVSA-Single senti-
ment analysis dataset includes a set of image-text pair with manual
annotations collected from social meida. The dataset can be utilized
as a valuable benchmark for both single-view and multi-view senti-
ment analysis. NYU Depth V2 is a public indoor scenes datasets,
which are composed of two modalities, i.e., RGB and depth images.
In this dataset, each object is labeled with a class and an instance
number (cupl, cup2, cup3, etc). Following previous work [9], we
also adopt the commonly used 9 out of the 27 scene categories and
the remaining categories as "Others".
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Table 1: Comparisons with recent state-of-the-art MSA methods on the CMU-MOSI, CMU-MOSEIL NYU Depth V2 and MVSA-

Single datasets.

ACM MM, 2024, Melbourne, Australia

CMU-MOSI CMU-MOSEI NYU-Depth V2 | MVSA-Single

Method Acc7 Acc2 F1 Acc7 Acc2 F1 Method Acc i F1 Acc Fgl
CubeMLP [2](2022) 45.5 85.6 855 | 54.9 85.1 84.5 Concat 70.30 69.82 65.59 65.43
MHME-BERT [27](2022) - 85.3 85.3 - 85.6 85.6 Late Fusion 69.14 68.32 76.88  75.72
GCNet [11](2022) 449 851 851 | 515 852 85.2 MMTM [28] (2020) | 71.04 - 75.19  74.97
MSG-MBA [4](2023) | 453 857 856 | 52.8 854 854 TMC [29] (2021) | 71.06  69.83 | 76.06 74.55
ConFEDE [6](2023) 423 855 855 | 549 858 85.8 QMF [9] (2023) 70.09  68.65 78.07 77.18
DiCMoR [7](2023) 453 856 856 | 534 851 85.1 MVCN [30] (2023) - - 76.06  74.55
EUAR(Ours) 46.1 86.3 86.3 | 549 86.6 864 EUAR (Ours) 71.71 70.67 79.58 78.04

4.2 Implementation Details

Evaluation Tasks. We evaluate our model on multimodal senti-
ment analysis task, which aims to classify different sentiments into
categories such as positive, negative, or neutral using bimodal or
tri-modal data, including audio and visual data. Corresponding to
our initiation, we perform the MSA task under the following noisy
scenarios: (1) Modality Missing: Followed previous research on mul-
timodal incompleteness, we employ fixed missing strategy. For this
strategy, missing modalities are consistent for all samples, which
means all samples have the same available modalities. Since there
are three modalities: text, vision and acoustics, in CMU-MOSI and
CMU-MOSEI dataset, seven distinct combinations of missing pat-
terns are utilized in the experiments. We evaluate the performance
using the metrics below for modality missing scenario: 7-class ac-
curacy (ACCy), binary accuracy (ACCz) and F1 score. (2) Modality
Noise. For this scenario, we add Salt and Pepper noise and Gauss-
ian noise of different intensity to the visual modality; as for text
modality, blank which replace the content is employed in the text
in different ratio to simulate sample-wise noise. Finally, report the
performance using following metrics: binary accuracy (ACCz) and
F1 score.

Experiment Setup. In alignment with alternative methodologies,

we employ FACET, COVAREP and BERT [35] as feature extractors

for visual, audio and text modalities in both CMU-MOSI and CMU-
MOSEL For bimodal dataset, we utilize ResNet-152 as the feature
extractors for RGB and Depth images, accompanied with BERT as
the texual feature extractors. The hyperparameters we employed,
denoted as a, 5, A, were set to le-3, le-5, and le-3, respectively.

Additionally, for the selection of the number of experts using the
Top-k mechanism, we set the value of k to 3. Due to space con-

straints, further relevant details are provided in the supplementary
materials. In short, We implemented all the experiments using Py-

Torch on a RTX 3090 GPU with 24GB memory. We set the training

batch size as 16 and train our model for 100 epochs. We run each
experiments on the testing set and report the model’s performance.

5 RESULTS AND ANALYSIS

To demonstrate the superiority of our approach, we conducted com-

parisons with state-of-the-art methods on three widely-used multi-
modal emotion analysis datasets. This includes two tri-modal video
datasets, CMU-MOSI and CMU-MOSEI The methods compared
include CubeMLP [2], MHMF-BERT [27], GCNet [11], MSG-MBA

[4], ConFEDE [6] and DiCMoR [7]. In addition, it also includes
a bi-modal text-image dataset, MVSA-Single. The methods com-
pared include MMTM [28], TMC [29] and QMF [9]. Furthermore,
we tested the performance of our model in situations of modality
missing and noisy data.

5.1 Overall Comparisons

We report the comparison results of our method with the current
state-of-the-art methods on datasets CMU-MOSI, CMU-MOSEI and
MVSA-Single in Table 1. From the table, it is evident that our method
outperforms the current state-of-the-art methods in the majority
of metrics, with a significant improvement. It is worth noting that
our method achieves Acc2 and F1 metrics exceeding 86% on the
CMU-MOSI dataset, pushing the model’s performance to a new
peak on this dataset. Additionally, our method also demonstrates
outstanding performance on the CMU-MOSEI dataset, with Acc2
and F1 metrics surpassing the second closest by more than 1%.
Our method also performs exceptionally well on the bimodal text-
image classification dataset. It surpasses the current state-of-the-art
methods by more than 1% in both Accuracy and F1 score metrics. At
the same time, it is noticeable that our method does not outperform
other methods on the Acc7 metric on the CMU-MOSEI dataset.
We speculate that the high quality of the CMU-MOSEI dataset
itself might have limited the advantage of our uncertainty routing
method, resulting in slightly lagging performance compared to
other methods.

5.2 Additional Experiments

In addition to analyzing the aforementioned three widely used
sentiment analysis datasets, we conducted further experiments.
Specifically, we conducted additional validation on the scene recog-
nition dataset NYU Depth V2. The sentiment analysis datasets we
used encompass features from three modalities: text, audio, and vi-
sion. However, the real world consists of more than just these three
modalities of data, hence we decided to conduct more experiments.
The NYU Depth V2 dataset for scene recognition includes features
from two modalities: RGB images and depth images. By utilizing
inputs from both modalities, we aim to recognize the scenes de-
picted in the images. We report the experimental results in the right
subtale of Table 1. As can be observed from the graph, our approach
still outperforms existing state-of-the-art methods even when in-
cluding RGB images and depth images data. It is noteworthy that
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Table 2: Comparison on fixed missing strategy. The term "Available" denotes the presented modality. We rendered inactive all
modalities except for the one indicated as "Available," evaluated the model’s performance, and compared it with the current
state-of-the-art methods. The values reported in each cell denote Acc2/F1/ACC?7.

| Available | DCCA[36] [ MCIN[37] | MMIN [38] | GCNet[11] [ DiCMoR [7] | EUAR(Ours)

83.8/83.8/41.6
57.0/54.0/15.5
55.3/51.5/15.5
83.8/83.9/42.0

83.7/83.6/42.3
56.1/55.7/16.9
56.1/54.5/16.6
84.3/84.2/43.4

84.5/84.4/44.3
62.2/60.2/20.9
60.5/60.8/20.9
85.5/85.4/45.2

86.0/86.0/46.1
64.9/64.9/23.6
63.0/62.3/23.2
86.2/86.2/45.5

84.0/84.0/42.3 | 84.3/84.2/43.4 | 85.5/85.5/44.6 | 86.1/86.1/44.7
60.4/58.5/19.5 | 62.0/61.9/17.2 | 64.0/63.5/21.9 | 66.1/65.8/24.2
84.6/84.4/44.8 | 85.2/85.1/44.9 | 85.6/85.6/45.3 | 86.3/86.3/46.1

Datasets
(L} 76.4/76.5/28.3 | 79.1/70.2/41.0
{v} 52.6/51.1/17.1 | 55.0/54.4/16.3
{A} 48.8/42.1/16.9 | 56.1/54.5/16.5
CMU-MOSI | {L,V} | 76.7/76.8/30.0 | 81.1/81.2/42.1
{L A} | 77.0/77.2/30.2 | 81.0/81.0/43.2
{V,A} | 54.0/52.5/17.4 | 57.5/57.4/16.8
{L,V,A} | 77.3/77.4/31.2 | 81.4/81.5/43.4
(L} 79.7/79.5/47.0 | 82.6/82.8/50.2
{v} 61.1/57.2/40.1 | 62.6/57.1/41.6
{A} 61.4/53.8/40.9 | 62.7/54.5/41.4
CMU-MOSEL | {1,V} | 80.4/80.4/47.1 | 83.2/83.2/50.4
{L,A} | 80.0/80.0/47.4 | 83.5/83.3/50.7
{V,A} | 62.7/59.2/41.6 | 63.7/62.7/42.1
{L,V,A} | 81.2/81.2/48.2 | 84.2/84.2/51.2

82.3/82.4/51.4
59.3/60.0/40.7

83.0/83.2/51.2
61.9/61.6/41.7

84.2/84.3/52.4
63.6/63.6/42.0

85.3/85.2/52.9
66.3/65.3/42.4

58.9/59.5/40.4 | 60.2/60.3/41.1 | 62.9/60.4/41.4 | 64.5/60.7/41.6
83.8/83.4/51.2 | 84.3/84.4/51.1 | 84.9/84.9/53.0 | 86.0/86.0/53.2
83.7/83.3/52.0 | 84.3/84.4/51.3 | 85.0/84.9/52.7 | 85.1/85.1/53.7
63.5/61.9/41.8 | 64.1/57.2/42.0 | 65.2/64.4/42.4 | 66.3/65.3/42.7
84.3/84.2/52.4 | 85.2/85.1/51.5 | 85.1/85.1/51.4 | 86.6/86.4/54.9

our method exceeds the state-of-the-art methods by 1% in accuracy,
demonstrating a significant performance improvement. Addition-
ally, our method performs remarkably well in terms of F1 Score.
This proves the generalizability of our approach to applications
beyond just text, audio, and visual modalities.

Table 3: Comparisons with state-of-the-arts concerning
model performance on noisy NYU Depth V2 datasets.

Clean | Salt-Pepper Noise | Gaussian Noise

Method €e=0| e=5 e=10 e=51| €=10
Concat 70.44 | 57.98 44.51 59.97 53.20
Late Fusion 69.16 | 56.27 41.22 59.63 | 51.99
Align 70.31 | 57.54 43.01 59.47 51.74
MMTM 71.04 | 59.45 44.59 60.37 52.28
TMC [29] 71.06 | 59.34 44.65 61.04 53.36
QMF [9] 70.09 | 58.50 45.69 61.62 55.60
EUAR (Ours) | 71.71 | 61.35 46.63 63.15 | 57.79

5.3 Experiments on Noisy Datasets

In order to demonstrate the supremacy of our method in handling
noisy data, we conducted experiments under scenarios of modality
missing, Gaussian noise, Salt and Pepper noise, etc. The experimen-
tal results are reported in Tables 2 and 3. From Table 2, it can be
observed that our method exhibits significant performance improve-
ment compared to other methods under the modality missing condi-
tion. It is noteworthy that our method consistently outperforms the
state-of-the-art methods by nearly 1% in all scenarios. Particularly,
when considering only the visual modality, our method surpasses
the second-best by nearly 3% across three metrics, demonstrating
the advantage of our approach. Similarly, as only the acoustic modal-
ity is available, our EUAR outperforms the second-best by around
2%. In Table 3, we report the performance of our method under the

Table 4: Ablation studies on training objectives on the CMU-
MOSI and CMU-MOSEI datasets.

CMU-MOSI CMU-MOSEI
KL-Loss  U-Loss Acc2 F1  Acc7 | Acc2 F1  Acc7
v v 86.3 86.3 46.1 86.6 86.4 54.9
- N4 85.1 85.1 46.1 85.5 85.6 525
v - 83.8 837 44.1 85.3 852 515

- - 81.7 81.6 31.1 85.2 848 50.7

presence of Gaussian noise and Salt and Pepper noise. It is evident
that our method achieves state-of-the-art performance under both
noise conditions. Specifically, our method shows a noticeable lead,
surpassing the second-best by 2% when the Salt and Pepper noise
intensity is 5 and the Gaussian noise intensity is 10. Whether in the
case of modality missing or Gaussian and Salt and Pepper noise, our
method consistently demonstrates superior performance in noisy
data scenarios.

5.4 Further Analysis

Ablation Study on Loss. In order to investigate the effectiveness
of the loss function proposed in our routing strategy, we conducted
thorough ablation experiments on the loss function on both CMU-
MOSI and CMU-MOSEI We performed ablation experiments on the
uncertainty loss Ly and the uncertainty routing loss L, separately,
and the experimental results are shown in Table 4. From the table,
it can be observed that the performance of the model significantly
decreases on all metrics when any of the loss is ablated. It is worth
noting that when both losses are ablated, compared to the complete
model, every metric of the model’s result decreases dramatically,
especially on CMU-MOSI by more than 4%. The L loss enables
better quantification of uncertainty by experts, while the L, loss
helps the gate to route samples to the expert with lower uncertainty
for processing. Especially, when we solely dissolve the KL-loss, our
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performance only declines marginally, by merely around 1% on both
datasets. This further corroborates the validity of our introduction
of MoE. The intrinsic dynamism of MoE confers an advantage in
this task, beyond solely relying on more precise routing methods.
However,the improvements we propose complement the inherent
nature of MoE. Only when these two losses interact can the overall
effectiveness of the model be optimized.
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Figure 3: Analysis under different noise conditions. We sub-
stituted the "expert" with a regular MLP and tested the per-
formance under varying noise conditions.

Analysis on Model Robustness. Since our motivation is to ad-
dress noise within modalities, we conduct more ablation studies on
the CMU-MOSI and MVSA-Single under different noise scenarios
to verify the robustness and stability of our proposed model. In
particular, on CMU-MOSI, we implemented different kinds of miss-
ing modality combinations, the experimental results are shown in
the Figure 3. The MLP model which uses simple linear layers to
process data (we use MLP model to represent this ablated model in
the following paragraph as well) is adapted as the ablated model in
the experiment under six distinct missing combinations. By observ-
ing the final results, it is obvious to find: the simple MLP model
is outperformed by complete model on all missing combinations.
Especially, when the text modality present in the combination, com-
plete model possesses more evident performance. Contrastively,
the complete model has more concentrated outcomes and reduced
fluctuations, revealing its remarkable robustness and stability.
Moreover, on NYU Depth v2, we also replaced the expert with
a standard MLP and tested under four different noise conditions,
as shown in right picture of Figure 3. From the graph, it can be
observed that our comprehensive approach significantly outper-
forms. It is worth noting that as the noise intensity increases, the
advantage of our method becomes more apparent, demonstrating
the excellence of our approach. Especially in the case of Gaussian
noise with an intensity of 5, our method consistently outperforms
the standard MLP in both average performance and stability.
Ablation Study on Experts Number. To further explore the im-
pact of different experts number on our proposed MoE module, we
conduct ablation experiment on experts number, as shown in Fig.
4. The numbers of experts range from 2 to 32, and it is clear to tell
that as the number of expert increase, the model’s performance
present upward trend. The results indicate that with more experts,
our model is able to exclude the noise in the samples more precisely,
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Figure 4: Ablation Study on Expert Number.We conducted
experiments on the CMU-MOSI and CMU-MOSEI datasets,
testing expert quantities ranging from 2 to 32, and reported
the accuracy Acc2 metric.

and more discriminatively extract the useful features that are ben-
efit the final classification results. It is noteworthy that when we
increase the number of experts from 2 to 32, the performance of
our model on Acc2 improves by nearly 2%. This demonstrates the
success of our proposed dynamic network strategy. However, it
can be observed that the improvements in Acc2 metrics on CMU-
MOSEI during the early part are not as significant when changing
the number of experts. We analyzed that the CMU-MOSEI dataset
has a larger volume of data, requiring a greater number of param-
eters for fitting. This is also why there is a significant increase in
Acc2 during the latter part of the experiment. With an increase in
the number of experts in our approach, there is an enhancement in
our network’s ability to perform finer-grained sentiment analysis.

3; 0.9
0.85
A
0.8 \ A L *
2 N .
2o N G
E 0.75 ﬁ 1
3 0.7
<
0.65"
0.6 '
M
wlo U-loss 0.55 | w/o U-loss

0
1 11 21 31 41 51 61 71 81 91 1 11 21 31 41 51 61 71 81 91
Training Epoch Training Epoch

Figure 5: Analysis concerning the training convergence. We
ablate different modules and observe performance fluctua-
tions in training.

Analysis on Training Process. As illustrated in Fig 5, we also
studied the our proposed model’s training convergence and per-
formance fluctuations in the training process on the CMU-MOSI.
According to the results, it can tell that, different from the other two
structural ablated model, the complete model exhibits a smoother
training process and eventually obtained a remarkably better per-
formance. Specifically, the training processes of two ablated models
show that, compared to the MLP model, the other model that adapts
our MoE structure without the proposed Ly, loss (U-loss in the leg-
end) exhibits relatively better training convergence. The reason lies
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in the MoE’s capacity of quantitatively acquiring uncertainty of
the projected features, forcing the ablated model to neglect the fea-
tures with high uncertainty. On the other hand, due to the absence
of proposed L, loss, the ablated model failed to route features to
the experts more precisely, resulting in more fluctuating training
process and worse final performance. In another word, proposed
U-loss can help assist the MoE structure to adaptively select experts
based on uncertainty, acquiring more steady training processes
and more salient results. In a conclusion, the structural ablation
experiments above proves again the rationality and effectiveness
of our proposed model.
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Figure 6: Visualizations of joint representations generated
by different abalted models with t-SNE [39] on the CMU-
MOSI dataset. The upper row represents the results under
the full modality condition, while the lower row depicts the
results when the audio modality is absent.

Visualizations of Joint Representations Furthermore, using the
features that are projected into a 2D space by t-SNE is a straight-
forward way to exhibit learning joint representations of EUAR.
Hence, we employ the t-SNE to visualize the learned joint repre-
sentations of simple concatenation, MLP, and complete EUAR for
a quantitative comparison. In detail, we randomly select joint fea-
tures processed by our proposed EUAR model from the testing set
of the CMU-MOSI dataset, and use three colors to represent their
true sentimental labels.

As illustrated in Fig 6, the picture above is the visualization of
complete modalities combination, while the figure below is the
combination whose acoustic modality is unavailable. It is evident
to observe that the features generated by the complete model are
in compact and discriminative distribution. On the contrary, when
MLP are utilized, the ablated model can separate the features in
different classes to some degree, the final distribution is less compact
and distinguishing, resulting in corrupted classification results at
last. And the clusters are still closer than those generated by the
complete EUAR, indicating less discriminability. Consequently, the
t-SNE visualization results indicate that with the help of both MoE
structure and proposed U-loss, effectively enables our EUAR model
to resist noise in the modalities, making it more capable of learning a
representative joint representations. Because of the limitation of the

Anon.

space, more missing modality combinations’ t-SNE visualizations
will be attached in the supplementary materials.
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Figure 7: Visualizations of test cases selected from the CMU-
MOSI datasets. It can be observed that our EUAR method re-
veals better robustness against the noise.
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Qualitative Analysis Additionally, for a qualitative study, we also
illustrate several representative test cases from CMU-MOSI with
different missing modalities situations. Specially, when the modal-
ity is unavailable in the combination, we use rectangles with red
dash lines to denote. As shown in Fig 7, we compare our proposed
model with the recent counterpart DiCMoR [7]. Under different
missing modalities circumstances, our EUAR method consistently
produce correct classifications, while DiCMoR fails to fulfill the
task accurately. It explicates that with the assistance of the MoE ar-
chitecture and the novel routing algorithm we proposed, our model
is capable of learning more stable and robust joint representations
from deteriorated multimodal data and excluding the interference
of noise that exists across the modalities, gaining noise-resistant
performance with higher accuracy.

6 CONCLUSION

In this paper, we proposed a novel multimodal sentiment analy-
sis framework called Enhanced Experts with Uncertainty-Aware
Routing (EUAR), which excelled at handling noise in multimodal
data and dynamically adjusted the network based on different sam-
ples. Specifically, we introduced the MoE in multimodal sentiment
analysis tasks to address varying noise levels in multimodal data.
Particularly, we enhanced the functionality of experts to quantify
uncertainty and extract clear unimodal features. Moreover, we de-
vised novel routing strategies to train the model to route samples
with different noise levels to corresponding experts with lower
uncertainty for processing. Our approach outperformed existing
state-of-the-art methods in multimodal sentiment analysis tasks
and excelled in extended experiments with additional modalities.
Furthermore, we conducted experiments under conditions of miss-
ing modalities and noisy data, demonstrating the superiority of our
method in handling noisy data. For future work, we aim to delve
deeper into methods for handling noise in multimodal data.

871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928



Enhanced Experts with Uncertainty-Aware Routing for Multimodal Sentiment Analysis ACM MM, 2024, Melbourne, Australia

929 REFERENCES [24] Sheng Shen, Zhewei Yao, Chunyuan Li, Trevor Darrell, Kurt Keutzer, and Yuxiong 987
He. Scaling vision-language models with sparse mixture of experts. arXiv preprint 988

930 [1] Sijie Mai, Ying Zeng, and Haifeng Hu. Multimodal information bottleneck:
arXiv:2303.07226, 2023.

031 Learning minimal sufficient unimodal and multimodal representations. IEEE [25] Aran Komatsuzaki, Joan Puigcerver, James Lee-Thorp, Carlos Riquelme Ruiz 989
Transactions on Multimedia, 2022. > ‘ ) > §
932 [2] Hao Sun, Hongyi Wang, Jiaging Liu, Yen-Wei Chen, and Lanfen Lin. Cubemlp: An Basil Mustafa, Joshua Ainslie, Yi Tay, Mostafa Dehghani, and Neil Houlsby. Sparse 990
933 mlp-based model for multimodal sentiment analysis and depression estimation. up;YCI;;]gg ;}[‘;g;r;n;%2n211xture—0f-experts from dense checkpoints. arXiv preprint 991
; In Proceedings of the 30th ACM International Conference on Multimedia, pages aratv: N > . ;
934 3799-3729 zgozzf f pag [26] Maciej Pi6ro, Kamil Ciebiera, Krystian Krél, Jan Ludziejewski, and Sebastian 992
935 [3] Yong Li, Yuanzhi Wang, and Zhen Cui. Decoupled multimodal distilling for Jaszczur. M(?efmamba: Efﬁcmnt selective state space models with mixture of 993
936 emotion recognition. In Conference on Computer Vision and Pattern Recognition, 27] ;);frfx:ﬁazrﬁvji ;egin[r)litnagr)igféfa'?gg;léOi?t‘ﬂizmg bert intermediate layers for 994
i pages 6631-6640, 2023. . o § . . . . .
937 [4] Ronghao Lin and Haifeng Hu. Dynamically shifting multimodal representations multimodal sentiment analysis. In IEEE International Conference on Multimedia 995
938 via hybrid-modal attention for multimodal sentiment analysis. IEEE Transactions (28] I‘ilnd Eﬁpg' pag\;fs 1‘_? 2022 . Shabar. Michael L. T " 4 Kazuhit 996
- amid Reza Vaezi Joze, Amirreza Shaban, Michael L. Tuzzolino, and Kazuhito
939 on Multimedia, 2023. L ) > ? L 997
[5] Soujanya Poria, Iti Chaturvedi, Erik Cambria, and Amir Hussain. Convolutional Koishida. MMTM: multlrp?dal transfer module f",r CNN fusion. In IEEE/CVF
940 mkl based multimodal emotion recognition and sentiment analysis. In IEEE (29] ganf el:m;; on gilmp ute'r Vl;;" andgattel’rln R;ecogniitwn, p zii‘ggs 132227132?[,6’ 2(;20d. 998
941 International Conference on Data Mining, pages 439-448, 2016. Oliltg 9 ari, ,;“%flmgl Iang, ['uazllé u, an Joe}z 1an'y1 R ou. truts € 999
012 [6] Jiuding Yang, Yakun Yu, Di Niu, Weidong Guo, and Yu Xu. Confede: Contrastive multi-view classification. In International Conference on Learning Representations, 1000
feature decomposition for multimodal sentiment analysis. In Proceedings of 2‘?203 i R o .
943 Meeting of the Association for Computational Linguistics, pages 76177630, 2023. (30] Yiwei Wei, Shaozu Yuan, Ru0§0ng Yang’ Lei Shen, Zhgngmelzhl Llj LgngblaQ 1001
944 [7] Yuanzhi Wang, Zhen Cui, and Yong Li. Distribution-consistent modal recovering Wan'g, and Meng Chen. ’Ijackhng mOfiahty hetero'genelty with multl—wew cali- 1002
for incomplete multimodal learning. In IEEE/CVF Conference on Computer Vision bration network for multimodal sentiment detection. In Proceedings of the 61st
945 and Pattern Recognition, pages 22025-22034, 2023, Annual Meeting of the Association for Computational Linguistics (Volume 1: Long 1003
946 [8] Onno Kampman, Elham J Barezi, Dario Bertero, and Pascale Fung. Investigating Pap?rs), pages 5240-5252, 2023“ i . . . 1004
017 audio, video, and text fusion methods for end-to-end automatic personality pre- [31] Amir Zadeh, Rowan Zellers, Eli Pincus, and Louis-Philippe Morency. Multimodal 1005

diction. In Proceedings of Meeting of the Association for Computational Linguistics, sentir_nent intensity analysis in videos: Facial gestures and verbal messages. IEEE
948 pages 606-611, 2018. Intelligent Systems, pages 82-88, 2016. 1006

949 [9] Qingyang Zhang, Haitao Wu, Changqing Zhang, Qinghua Hu, Huazhu Fu, [32] An}ifAli Bagher Zadeh, Pgul Pu Liang, Soujanya Pcrria}, Erik Cgmbria, and Louis- 1007
950 Joey Tianyi Zhou, and Xi Peng. Provable dynamic fusion for low-quality multi- ghlhppe Mgrency. Multlmodal. lang}mge analysis in the( wild: CMU'MOSEI 1008
’ modal data. In International conference on machine learning, pages 41753-41769, atas‘?t énd interpretable fiynam}c fu§19n graph. In Proceedings of Meeting of the
951 2023. Association for Computational Linguistics, pages 22362246, 2018. 1009
052 [10] Sijie Mai, Ya Sun, Aolin Xiong, Ying Zeng, and Haifeng Hu. Multimodal boost- [33] Teng ng, Shlal th, Lei Pang, and Ab'dulmotaleb El Saddik. Sefltlm.ent analy'sm 1010
ing: Addressing noisy modalities and identifying modality contribution. IEEE on multi-view social data. In International Conference on MultiMedia Modeling,
953 Transactions on Multimedia, 2023. pages 15727, 2016. ) ) 1011
954 [11] Zheng Lian, Lan Chen, Licai Sun, Bin Liu, and Jianhua Tao. Genet: graph com- [34] Nathan Sl!berman, Derek 'H01em, Pushmeet KOhh’ and Rob Fergus. Indoor 1012
955 pletion network for incomplete multimodal learning in conversation. IEEE segmentation a}'{d support inference from rgbd images. In European Conference 1013
Transactions on Pattern Analysis and Machine Intelligence, 2023. on Comput?r mem’ pages 746-760, 2012. L
956 [12] Jie Chang, Zhonghao Lan, Changmao Cheng, and Yichen Wei. Data uncertainty [35] Jacob I?eylln, Mmg-WeAl Chgng, Kenton Lee, and Kristina Toutanova. 'BERT: 1014
957 learning in face recognition. In IEEE/CVF Conference on Computer Vision and pre-tralpmg of deep bidirectional transformers forA language understandm‘gA AIn 1015
Pattern Recognition, pages 5710-5719, 2020. Proceedings ofthe 201_9 Cu.nfeirence of the North American Cha;_)ter of the Association
998 [13] Sijie Mai, Haifeng Hu, and Songlong Xing. Modality to modality translation: An for Computational Linguistics: Human Language Technologies, pages 4171-4186, 1016
959 adversarial representation learning and graph fusion network for multimodal 2019. . . - 1017
960 fusion. In Association for the Advancement of Artificial Intelligence, pages 164-172, [36] Weiran War}g, Ramar? Arora, Karen Ijlvescu, and Jeff Bilmes. Qn deep multi-view 1018
2020. representation learning. In Proceedings of the 32nd International Conference on
961 [14] Weiyao Wang, Du Tran, and Matt Feiszli, What makes training multi-modal Machine Learning, volume 37 of Proceedings of Machine Learning Research, pages 1019
962 classification networks hard? In IEEE/CVF Conference on Computer Vision and 108?_1092’ 2015. X - . . 1020
) Pattern Recognition, pages 12695-12705, 2020. [37] Hai Pham, Paul Pu Llang, Th(?mas Man;lm, L0u1sjP}1111ppe Morenf:y, and Barfr )
963 [15] Zhenyu Huang, Guocheng Niu, Xiao Liu, Wenbiao Ding, Xinyan Xiao, Hua Wu abas Poczos. Found in translation: Learning robust joint representations by cyclic 1021
964 and Xi Peng, I:eaming with n,oisy corréspondence for cross-modal ’matching’. translations between modalities. In Proceedings of the Association for the Ad- 1022
965 Advances in Neural Information Processing Systems, pages 29406-29419, 2021. vancement of Artificial Intelligence conference on artificial intelligence, volume 33, 1023
966 [16] Lie Ju, Xin Wang, Lin Wang, Dwarikanath Mahapatra, Xin Zhao, Quan Zhou, pages 6892-6899, 2019' X Lo L o o 1024
Tongliang Liu, and Zongyuan Ge. Improving medical images classification with [38] Jinming Zhao, Rulch?n Li, e}nd Qin ]m: M‘?S“?g m"dahtY }magmatlon ngtwork
967 label noise using dual-uncertainty estimation. IEEE Transactions on Medical for emotion recognition with uncertain missing n}odalltles. In Proceedings of 1025
063 Imaging, pages 1533-1546, 2022. Meeting of the Association for Computatwnql nguls'tzcs, pages 260872'618, 2021. 1026
[17] Ke Zou, Xuedong Yuan, Xiaojing Shen, Yidi Chen, Meng Wang, Rick Siow Mong [39] Laurens Van de'r Maaten' and Geoffrey Hinton. Visualizing data using t-sne. ,
969 Goh, Yong Liu, and Huazhu Fu. Evidencecap: towards trustworthy medical image Journal of Machine Learning Research, 2008. 1027
970 segmentation via evidential identity cap. arXiv preprint arXiv:2301.00349, 2023. 1028
071 [18] Carlos Riquelme, Joan Puigcerver, Basil Mustafa, Maxim Neumann, Rodolphe 1029
Jenatton, André Susano Pinto, Daniel Keysers, and Neil Houlsby. Scaling vision
72 with sparse mixture of experts. Advances in Neural Information Processing Systems, 1030
973 pages 8583-8595, 2021. 1031
074 [19] Yuxuan Lou, Fuzhao Xue, Zangwei Zheng, and Yang You. Cross-token modeling 1032
with conditional computation. arXiv preprint arXiv:2109.02008, 2021. ’
975 [20] Basil Mustafa, Carlos Riquelme, Joan Puigcerver, Rodolphe Jenatton, and Neil 1033
976 Houlsby. Multimodal contrastive learning with limoe: the language-image mix- 1034
ture of experts. Advances in Neural Information Processing Systems, pages 9564—
o 9576, 2022. 1035
978 [21] Noam Shazeer, Azalia Mirhoseini, Krzysztof Maziarz, Andy Davis, Quoc Le, Ge- 1036
979 offrey Hinton, and Jeff Dean. Outrageously large neural networks: The sparsely- 1037
gated mixture-of-experts layer. arXiv preprint arXiv:1701.06538, 2017.
980 [22] Dmitry Lepikhin, HyoukJoong Lee, Yuanzhong Xu, Dehao Chen, Orhan Firat, 1038
981 Yanping Huang, Maxim Krikun, Noam Shazeer, and Zhifeng Chen. Gshard: 1039
082 Scaling giant models with conditional computation and automatic sharding. 1040
arXiv preprint arXiv:2006.16668, 2020.
983 [23] William Fedus, Barret Zoph, and Noam Shazeer. Switch transformers: Scaling to 1041
984 trillion parameter models with simple and efficient sparsity. Journal of Machine 1042
085 Learning Research, pages 1-39, 2022. 1043

986 1044



	Abstract
	1 Introduction
	2 RELATED WORKS
	2.1 Multimodal Sentiment Analysis
	2.2 Uncertainty in Deep Learning
	2.3 Mixture of Experts

	3 PROPOSED METHODS
	3.1 Feature Extraction
	3.2 Enhanced Experts
	3.3 Adaptive MoE Architecture
	3.4 Uncertainty-Aware Routing

	4 EXPERIMENTS
	4.1 Datasets
	4.2 Implementation Details

	5 RESULTS and ANALYSIS
	5.1 Overall Comparisons
	5.2 Additional Experiments
	5.3 Experiments on Noisy Datasets
	5.4 Further Analysis

	6 CONCLUSION
	References

