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Abstract: Recently, multimodal sentiment analysis has increasingly attracted
attention with the popularity of complementary data streams, which has
great potential to surpass unimodal sentiment analysis. One challenge of
multimodal sentiment analysis is how to design an efficient multimodal
feature fusion strategy. Unfortunately, existing work always considers feature-
level fusion or decision-level fusion, and few research works focus on hybrid
fusion strategies that contain feature-level fusion and decision-level fusion.
To improve the performance of multimodal sentiment analysis, we present
a novel multimodal sentiment analysis model using BIGRU and attention-
based hybrid fusion strategy (BAHFS). Firstly, we apply BiGRU to learn
the unimodal features of text, audio and video. Then we fuse the unimodal
features into bimodal features using the bimodal attention fusion module.
Next, BAHFS feeds the unimodal features and bimodal features into the
trimodal attention fusion module and the trimodal concatenation fusion
module simultaneously to get two sets of trimodal features. Finally, BAHFS
makes a classification with the two sets of trimodal features respectively and
gets the final analysis results with decision-level fusion. Based on the CMU-
MOSI and CMU-MOSEI datasets, extensive experiments have been carried
out to verify BAHFS’s superiority.

Keywords: Multimdoal sentiment analysis; BiIGRU; attention mechanism;
features-level fusion; hybrid fusion strategy

1 Introduction

With the development and maturity of social media, people like to express their opinions by
posting videos, images and audio on social media platforms. The form of social media data is no
longer limited to text modality but presents multiple data modalities. In recent years, sentiment analysis
methods based on unimodal data have achieved good achievements in user satisfaction analysis,
public opinion monitoring and other aspects. However, these methods cannot effectively deal with
multimodal data and cannot make full use of diversity information hidden in multimodal data. To
address this issue, multimodal sentiment analysis has been proposed and becomes a new research
hotspot [1], which aims to mine users’ opinions and sentiment states from multimodal data such as
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text, audio or visual based on unimodal sentiment analysis [2]. Actually, multimodal data [3] implies
massive sentiment information, and it is useful for improving the accuracy of sentiment analysis by
effectively integrating and learning the multimodal data.

In addition to capturing the internal features of unimodal data, multimodal sentiment analysis
pays more attention to how to integrate the features of unimodal data (e.g., text, audio and video)
to obtain a more precise representation of multimodal data, thus elevating the effectiveness of
the multimodal sentiment analysis model. Now, there are two common fusion mechanisms for
multimodal data fusion, which are the feature-level fusion mechanism [4,5] and the decision-level
fusion mechanism [0,7]. The feature-level fusion mechanism usually concatenates the feature vectors
of multiple modalities [8] to form a multimodal feature vector, thus implementing the interaction
of multimodal data. Peng et al. [4] proposed a cross-modal complementary network applying the
hierarchical method to fuse representations within and between modalities. Deng et al. [9] applied
the long short term memory (LSTM) model to draw visual information over time, which is then fused
with audio and textual cues to identify sentiment. Zadeh et al. [10], design a memory fusion network
and used it to realize multi-view modeling with the concatenate method, however, this method leads
to overfitting in a small-scale training dataset and ignores the specific dynamics of the modeling view.
Ghosal et al. [1 1] proposed a bimodal attention fusion method, which fuses any two modality features
with attention to capture the interaction information between the dual modalities. However, this model
cannot capture the interaction information between the three modalities at the same time. When
concatenating the feature vectors belonging to different modality data to form a high-dimensional
feature vector, the feature-level fusion may ignore the implicit correlation between different modalities
[12]. In addition, existing feature-level fusions may not capture the correlations between all modal
features simultaneously.

In contrast to feature-level fusion which focuses on using a single classifier to handle high-
dimensional feature vectors, decision-level fusion prefers to use multiple classifiers for decision-making
and combine multiple decisions into one ensemble decision. For decision-level fusion, each modality is
first analyzed separately, and then their decisions are combined through averaging, majority voting[13]
and weighted summation [14]. Wang et al. [15] proposed a selective additive learning (SAL) method to
improve the generalization ability of the multimodal sentiment analysis model. For the selection phase,
SAL identifies confounding factors from the latent representations. In the addition stage, SAL adds
gaussian noise to these representations so that the original model can discard confounding elements.
Yu et al. [16] proposed a sentiment analysis method for microblog vision and text based on a deep
convolution neural network (CNN). In this method, CNN and deep neural network (DNN) are
used to analyze the sentiment of text information and visual information, respectively. Finally, the
average strategy and weighting strategy are used to fuse the analysis results of the two modalities
at the decision-level. The decision-level fusion mechanism has the advantages of a high degree of
modularity, it can construct a multimodal model from a pre-trained unimodal model by fine-tuning the
output layer, and always has better performance than unimodal models. However, the decision-level
fusion mechanism has comings in cross-modal modeling and cannot capture the relationship between
multiple modalities well.

The hybrid fusion strategy is composed of feature-level fusion and decision-level fusion, which
extends the advantages of feature-level fusion and decision-level fusion. Gunes et al. [17] proposed
a visual-based multimodal emotion recognition framework, which first implements the feature-level
fusion after recognizing the facial expressions and gesture features from visual sequences, and then
conducts the decision-level fusion with the product and weighting methods. Nemati et al. [ 18] proposed
a multimodal hybrid fusion method, which fuses the audio and visual modalities with the latent spatial
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linear mapping and then adopts the fusion method based on evidence theory to project it to the cross-
modality fusion of spatial features and text modalities. However, existing hybrid fusion methods first
perform a feature-level fusion of two modalities and then perform decision-level fusion with a single
modality that is not included, which cannot capture all modality features during feature-level and
decision-level fusion.

To tackle the above issues, we present a multimodal sentiment analysis model using BiIGRU and
attention-based hybrid fusion strategy (BAHFS). Firstly, BAHFS first applies bidirectional gated
recurrent units (BiGRU) to learn the deep context features inside the unimodal and then feeds the
unimodal features into the bimodal attention fusion module to obtain the fused bimodal features. After
that, the fused bimodal features and all the unimodal features are sent into the trimodal concatenation
fusion module and the trimodal attention fusion module to obtain two sets of fused trimodal features,
respectively. Subsequently, the two sets of trimodal features are classified separately and the analysis
results are fused at the decision-level. Finally, the result of sentiment analysis is obtained after decision-
level fusion. The contributions of this work are summarized as follows:

e To tackle the issue that existing feature-level fusion methods cannot capture the interaction
information between the three modes simultaneously, we propose a trimodal attention fusion
method that fuses bimodal features and unincluded unimodal features to capture the latent
information between the three modalities. It is worth noting that the method is progressive, i.c.,
the output of the bimodal attention fusion and the unincluded unimodal features are used as
the input of the trimodal attention fusion method.

e To tackle the issue that existing hybrid fusion methods do not capture the connections between
all modal features during feature-level and decision-level fusion, we propose a new hybrid fusion
strategy including feature-level fusion and decision-level fusion. For feature-level fusion, we
adopt trimodal concatenation fusion and trimodal attention fusion methods to capture the
connections between the trimodal features; For decision-level fusion, the maximum rule is used
to fuse the two sets of trimodal features after feature-level fusion. This hybrid fusion strategy
simultaneously captures the interaction information between all modalities during feature-level
and decision-level fusion.

e We conduct an extensive experiment based on two public datasets CMU-MOSI and CMU-
MOSEI, and the performance superiority of our proposed model is verified by comparing it
with other 11 new and typical multimodal sentiment analysis models.

2 Related Work

Recently, with the rapid development of social media, users are now more inclined to express their
opinions through multimodal data like text, audio, and video. In fact, multimodal data contain richer
information, and the accuracy of sentiment analysis can be improved by learning from multimodal
data. Currently, multimodal sentiment analysis has become a hot topic in the field of artificial
intelligence. Traditional research about sentiment analysis mostly applies feature-based classification
methods. Cao et al. [19] used an emotional dictionary to extract text features, uses adjective-noun
pairs (ANP) to extract visual features in images, and then the text and image features are fused for
sentiment classification. Poria et al. [20] extract the emotional features of text, speech and video and
then concatenate them together and use the support vector machine (SVM) for emotion classification.

With the development of deep neural networks, multimodal sentiment analysis has yielded a
series of results. Akhtar et al. [21] proposed a deep multitask learning framework to simultaneously
learn emotional recognition and sentiment analysis in the multimodal context. Zhang et al. [22
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proposed integrating consistency and difference networks (ICDN) to map other modalities to the
target modality through a cross-modal transformer. Then, unimodal labels are obtained by self-
supervision for sentiment analysis tasks. Liu et al. [23] applied a low-rank multimodal fusion method to
improve efficiency with a low-rank tensor. Experimental show that the method can reduce the number
of parameters and improves the effectiveness of sentiment analysis. Yu et al. [24] designed a multilabel
training program that can generate additional unimodal labels for each modality and perform training
simultaneously with the main task.

Inspired by machine translation methods, some scholars have introduced the encoder-decoder
structure into the field of multimodal sentiment analysis. The structure simulates human language
by transforming the source modality into the target modality. Pham et al. [25] adopted a recurrent
translation network to convert the original modality to the target modality and then convert the target
modality back to the original modality to learn the joint embedding. Qi et al. [26] adopted bidirectional
encoder representation from transformer (BERT) to encode multimodal data to resolve long-term
dependencies within modalities. Mai et al. [27] used adversarial training to convert the distribution of
source modalities to the distribution of target modalities. After the attention mechanism was proposed,
the representation fusion method based on attention weighting developed rapidly. Li et al. [28] used
interactive multi-head guided attention to capture the mapping relationship between multimodalities
and map the results to higher dimensions through a soft-mapping layer. Yu et al. [29] proposed a one-
way feature fusion method based on a multi-head attention mechanism to find correlations between
modalities in different subspaces and locations.

Chen et al. [30] proposed a model based on SVM and CNN for emotion recognition.
Miyazawa et al. [31] encode each modality using a unimodal pre-trained transformer model and
fuses the unimodal encoded representations using a set of transformer layers. Huddar et al. [32]
calculated the trimodal attention matrix based on the bimodal attention matrix to fuse the interaction
information of different modalities. Xu et al. [33] proposed a coexistence network to capture
the interaction information between modalities and then used the fused features for sentiment
classification. Xi et al. [34] proposed a method based on multi-head attention mechanism, which
adopted self-attention to capture modality features and used multi-head interactive attention to
analyze the interactive information between different modalities.

Multimodal fusion is one of the challenge issues in multimodal sentiment analysis, which aims
to integrate the information of multiple modalities and capture the interaction relationship between
different modalities. Commonly used fusion methods can be divided into three types: feature-level
fusion [5,22,28], decision-level fusion [14,35] and hybrid fusion [17,18]. For feature-level fusion, the
commonly used method is to directly concatenate the features of each modality and construct a unified
joint representation for prediction [36]. Although this method is simple and effective, it can only obtain
shallow information and cannot deeply capture modality interactions, extract more abstract features,
and generate input vectors that contain greater redundancy. For decision-level fusion, it usually makes
independent predictions after obtaining the feature representation of each modality and obtaining
the final decision result through weighting, majority voting, or deep neural network processing [37].
Decision-level fusion can make full use of the unique characteristics of each modality and has good
generalization but ignores the correlation between the modalities.

The hybrid fusion strategy has the advantages of feature-level fusion and decision-level fusion.
Nemati et al. [18] proposed a multimodal hybrid fusion method, which fuses audio and video using
latent space, and then fuses projected features with text modalities using a dempster-shafer-based
evidence fusion method. Cimtay et al. [38] proposed a multimodality-based emotion recognition
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model, which uses electroencephalogram (EEG) and galvanic skin response (GSR) modality feature
fusion to estimate arousal levels, and then fuses EEG, GSR and facial modality features. However,
existing hybrid fusion methods do not fuse the three modality features on the feature-level and
decision-level and cannot learn the interactive information between multimodal data well. To improve
the effect of multimodal sentiment analysis, we proposed an attention-based hybrid fusion strategy,
which fuses three modalities on the feature-level and decision-level, the attention mechanism in the
fusion strategy is useful for reducing redundant information and improving the prediction accuracy.

3 Methodology

To improve the accuracy of multimodal sentiment analysis, we propose a multimodal sentiment
analysis model using BIGRU and attention-based hybrid fusion strategy (BAHFS). For the BAHFS
model, the text (T), audio (A) and visual (V) are taken as the input. BAHFS consists of three parts,
which are the unimodal representation learning part, feature-level fusion part and decision-level fusion
part. The architecture of the model is shown in Fig. 1. For the unimodal representation learning
part, we apply three independent BiIGRU networks to learn the deep context features of the three
unimodal data (T, V, A). For the feature-level fusion part, three fusion modules (including the bimodal
attention fusion module, trimodal attention fusion module and trimodal concatenation fusion module)
are proposed to conduct feature-level fusion. In the decision-level fusion part, the maximum rule is
adopted to fuse the results obtained through classifying the two sets of the trimodal features and obtain
the final sentiment analysis results. The calculation process of the BAHFS model will be introduced

in detail as follows.
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Figure 1: Architecture of the BAHFS model
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3.1 Unimodal Representation Learning Part

Multimodal sentiment data are interdependent in terms of time series and semantics. Therefore, it
needs to consider the context of the data in sentiment analysis. LSTM and gated recurrent units (GRU)
are both recurrent neural network (RNN) and have equally excellent performance in some cases.
Moreover, GRU requires fewer parameters than LSTM and can effectively overcome the overfitting
problem. However, the GRU neural network only can access past information [39], to solve this
problem, the BiGRU network is proposed, which can learn more information from both the past and
the future using two hidden layers [40,41]. In this work, we adopt BiGRU to learn the deep contextual
features of the unimodal data, the calculation process of BiGRU is described as Eqs. (1)—(3):

I' = GRU (x;",h?l) (1)
h" = GRU (x;", hle) )
. ®

where x”" indicates the t — th feature of input data, /" means the forward hidden layer state of the t — th

feature, /" is the reverse hidden layer state of the t — th feature, #”" indicates the hidden layer state of
BiGRU, and @ denotes the concatenation operation.

Assuming that a video has u utterances, and the raw multimodal features of the three unimodal
data are represented as follows: x* € R“*“7 denotes the raw textual features, x** € R**“4 means the
raw audio features and x"“ € R**/v represents the raw visual features. Firstly, the raw features of text,
audio and visual are input into three BIGRU networks separately. Then, the deep context features of
the multimodal data in the complete video sequence (denoted as X*, X% and X"*“') are obtained.
Next, the deep context features ( X, X% and X"*“') are mapped to the same dimension with a fully
connected layer and get the text features (7 € R**), visual features (V' € R**‘) and audio features
(A € R*). Taking text modality as an example, the process of extracting the deep context features T
is illustrated as Eqs. (4), (5):

X' = BiGRU (x') (4)
T = tanh (W, X" + b;) (5)

where BiGRU(-) denotes a bidirectional gated recurrent unit, W, and b, indicates the parameter
matrix and bias of the fully connected layer, which is adopted to adjust the representations of the
three modalities to the same dimension d. The audio context feature A € R**? and the visual context
feature ' € R** can be obtained by the same method.

3.2 Features-Level Fusion Part

In this work, the features-level fusion includes bimodal features fusion and trimodal features
fusion. Here we use the bimodal attention fusion module to realize the bimodal features fusion [1 1]and
propose the trimodal attention fusion module and trimodal concatenation fusion module to realize the
trimodal features fusion. In the following sections, we will introduce these modules in detail.
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3.2.1 Bimodal Attention Fusion Module

To capture the interactive information between cross-modality and emphasize the important
contributing features with the attention mechanism, based on the deep contextual features of the
unimodal data, we carry out bimodal attention fusion on the unimodal features to obtain cross-
modality (i.e., visual-text, text-audio and audio-visual) feature representations. Taking the text-visual
for example, the bimodal attention fusion process is illustrated in Eq. (6):

M=V®T & M,=T® V"M, M, € R (6)

where V" and T are obtained from the BIGRU network in the unimodal representation learning part,
V' and T contain the contextual information of the text and visual modalities. 7" and V" denote the
transpose of the text and visual context feature matrices, respectively. ® denotes a matrix product
operation. M;, M, € R** are the bimodal attention matrices.

Then, we compute the probability distribution scores over each utterance of bimodal attention
matrices M, and M, with a softmax function and get the attention distribution matrices (N, €
R N, € R**), which can be illustrated in Egs. (7) and (8). Finally, the matrix product is applied
over the attention distribution matrices (N, € R**, N, € R”") to compute the modality-wise attentive
representations O, € R and O, € R*, which can be described as Eq. (9).

M9

NI@,Q)ZW forp,g=1,...,u (7
M0

Nz(p,Q)=W forp,qzl,,u (8)

0, =NQT,0,=N,QV ©)

where N, (p, ¢) denotes the correlation score of the p — th feature of the text modality and the ¢ — th
feature of the visual modality, which essentially represents the attention weights for the bimodal
features. ® denotes a matrix product operation. Next, an elementwise multiplication operation is
carried out between the modality-wise attentive representations and the individual modality to obtain
the interactive attention matrices, which are denoted as 4, € R“ and 4, € R“*“. Finally, the
interactive attention matrices 4, and A, are concatenated to obtain the fused text-visual bimodal
feature BF,; € R“*. The above calculation process is shown as Eqs. (10), (11):

A1201®V,A2:02®T (10)
BFVT = Al @Az (11)

where @ denotes the concatenation operation, ©® means the elementwise multiplication operation,
which is useful for capturing the important information of multiple modalities. Through the same
method, the fused text-audio BF,; and visual-audio BF,, bimodal features can be obtained.

3.2.2 Trimodal Attention Fusion Module

Since bimodal attention fusion can only capture the interaction information between two modal-
ities and cannot capture the interaction information among the three modalities. To tackle this issue,
we propose a trimodal attention fusion method to draw the deep interaction information among the
three modalities. Here, we take the fusion between the bimodal feature BF, and unimodal audio A4 as
an example to show the trimodal attention fusion process, which can be illustrated in Fig. 2.
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Figure 2: The framework of trimodal attention fusion

Firstly, we input the bimodal feature BF,; into the fully connected layer to obtain the dimension-
ally reduced bimodal feature F,; € R“** with the same dimension as the unimodal feature, this can be
illustrated as Eq. (12). Then, the trimodal interaction matrix F,;, € R“* is obtained through matrix
product operation between the bimodal feature F,; € R** and the transposition of audio context
feature matrix, which is illustrated as FEq. (13). After that, we compute the probability distribution
scores over each utterance of trimodal interaction matrices F,;, with a softmax function to obtain the
trimodal probability distribution matrix F,,,, € R™, which isillustrated as Eq. (14). Finally, the matrix
product is applied over the trimodal probability distribution matrix F,,, to compute the trimodal
attention representations Py, € R, the calculation process is shown as Eq. (15):

Fyr = tanh (W, x BF,; + b,) (12)
Fyy=Fr0A (13)
F,,, = Softmax (W, x Fyz, + b,) (14)
Puy=F,,®A4 (15)

where tanh (-) and softmax () are the activation functions in the fully connected layer, W and b
indicates the parameter matrices and bias of the fully connected layer, A" is the transpose of the audio
context feature matrices.

Next, an elementwise multiplication is computed between the trimodal attention matrix P, €
R“? and the bimodal feature matrix F; to obtain the trimodal interactive attention matrix P, € R,
With the same method, the trimodal interactive attention matrices P, and P,,, can be obtained.
Finally, we concatenate the trimodal interactive attention matrices P,,,, P,,, and P, to produce the
final trimodal features TF,,; € R*3¢. The calculation formulas for P/ATV and TF,,; are defined as
Egs. (16), (17):

P, =Py © Fyr (16)

VTA

TFyr = P/VTA ©® P;ITV ©® P/VAT (17)
where ® denotes the matrix product operation, © is the elementwise multiplication and & indicates a
concatenation operation.

3.2.3 Trimodal Concatenation Fusion Module

To fully capture the connection between the trimodal features, we propose a trimodal concatena-
tion fusion module for feature-level fusion. Firstly, we apply the concatenation operation on the three
sets of bimodal features (visual-text, audio-text and audio-visual) and obtain a set of trimodal features,
which is denoted as B,,; € R, The trimodal features contain all the bimodal feature information.
Next, we reduce the dimensionality of the trimodal feature B, through a fully connected layer and



IASC, 2023, vol.37, no.2 1971

obtain C,,;. Then, we apply the self-attention mechanism [1 1] to calculate the attention distribution of
the trimodal feature C,,; to get the trimodal feature S, ;. Finally, we concatenate all unimodal features
(visual features V, audio features A, text features 7') and the trimodal features S,,, to obtain another
set of trimodal features CF,,; € R**. The calculation formulas for B,,;, Ciur, Syur and CFy,, are
defined as Eqs. (18)—(21):

By = BFy; © BF,+ ® BF,, (18)
Cyyr = tanh (W, x By + b,) (19)
Syur = SelfAttention (Cyur) (20)
CFur=Sur®ToVod (21)

where W,, b. and tanh (-) indicates the parameter matrix, bias and activation function of the fully
connected layer, respectively.

3.3 Decision-Level Fusion Part

Decision-level fusion is high-level fusion, which can produce the final classification result by
fusing the classification results of different modalities. The advantage of decision-level fusion is good
anti-interference and fault tolerance. Currently, a variety of decision-level fusion methods have been
proposed, including the sum rule, product rule, weighted average [14], maximum/minimum/median
rule, majority voting [13], etc. In our work, the two sets of trimodal features TF,,, and CF,,; are
obtained by using different feature-level fusion methods, and the sentiment probability scores of the
two sets of trimodal fusion features can be obtained through the softmax function. Because the higher
the probability score, the closer to the real sentiment. Therefore, we employ the maximum rule to select
the highest score among two sets of trimodal features for decision-level fusion. Firstly, the softmax
classifier is used to classify the two sets of trimodal features TF,,; and CF,,; respectively, the output
of each classifier is regarded as a classification score, which can be illustrated as FEqs. (22) and (23).
Then, the decision-level fusion is conducted on the classification results of the two sets of trimodal
features, the calculation formula is defined as Eq. (24).

ll = SOftmaX (Wl X CFVAT + bl) (22)
12 == SOftmaX (Wz X TFVAT + bz) (23)
L = maximum (., L) (24)

where /, and /, are the classification probability scores calculated by the softmax function on the two
sets of trimodal features. W, and b,, are the weights and biases of the softmax classification layer,
and L is the final sentiment category. The calculation process of our proposed multimodal sentiment
analysis model is illustrated as Algorithm 1.

Algorithm 1: Multimodal sentiment analysis model based on BiGRU and hybrid fusion strategy
Input:
x" € R m € {text, audio, visual}: The raw multimodal features.
Output:
L: The final sentiment category.
Phase 1. Deep Context Feature Extraction
X™ < BiGRU (x™), m € {text, audio, visual}

(Continued)
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Algorithm 1: Continued
T < tanh (W; x X" + by)
return (1)

Phase 11. Bimodal attention fusion
Calculate a pair of bimodal attention matrices M,, M, according to Eq. (6).

Compute the probability distribution scores (V,, V,) over each utterance of M,,M, according to

Egs. (7)—9).

Compute the interactive attention matrices A4,, 4, according to Eq. (10) and concatenate them.
BF,; < Bimodalattention fusion (V, T

BF,, < Bimodalattention fusion (V, A)

BF ,; < Bimodalattention fusion (4, T)

return (BF,;, BFy,, BF ;)

Phase I11. Trimodal attention fusion
Generate the trimodal features P,
TFy.; < Concatenate (P, P, P,
return (T'Fy,;)

Phase IV. Trimodal concatenation fusion
Generate the bimodal features BF,;, BF,,, BF,; according to Phase II.
B, < Concatenate (BF,;, BF,,, BF ;1)

Produce S,,r from B,,; according to Egs. (19), (20)
CF,,; < Concatenate (Sy,r,V,A, T)
return (CF,r)

Phase V. Decision-level fusion
Get TF,,r and CF,,; from Phase III and IV.

l, < softmax (TF )
L, < softmax (CFy,r)
L < maxmium (4,15
return L

End

/
PATV’

P, according to Eqs. (12)—(15).

/
VAT

3.4 Training

The goal of model BAHFS is to perform multimodal sentiment analysis whose predictions are
given by L, here we use cross-entropy to measure the loss between the predictions and true labels.
Given the true labels as L, the sentiment analysis loss is computed as Eq. (25).

1 < ~
o= —NZL,--logL,-JF(I —L)-log(1—1L) (25)

i=1

where ¢ is the loss for the sentiment analysis task. L and L are the true label and the predicted label,
respectively. In the BAHFS model, the Adam optimizer is used to optimize the model parameters.

4 Experiments

To verify the performance of our proposed model BAHFS, we take the public datasets CMU-
MOSI [42] and CMU-MOSEI [43] as the testing data, which includes the audio, text, and video
modalities. The experimental environment is configured as follows. OS: Windows 10, CPU: Intel
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Core 19-10900 K, GPU: GeForce RTX 3090. The BAHFS model is implemented with the Keras
deep learning architecture supported by the backend of TensorFlow 2.6. Representative multimodal
sentiment analysis models are selected as the comparison models, and the accuracy score and F1 score
are used as the evaluation metrics. We will introduce our experiment in detail as follows.

4.1 Datasets

CMU-MOSI contains 93 videos with a total of 2199 utterances. We take 52 videos (1151
utterances) as the training set, take 10 videos (297 utterances) as the validation set, and use 31 videos
(752 utterances) as the test set. CMU-MOSEI is a large dataset that contains 3229 videos with a total
of 22676 utterances. We take 2250 videos (16216 utterances) as the training set, take 300 videos (1835
utterances) as the validation set, and take 679 videos (4625 utterances) as the test set. The specific
information on the CMU-MOSI dataset and the CMU-MOSEI dataset is shown in Table 1.

Table 1: Datasets statistics in CMU-MOSI and CMU-MOSEI
Datasets Train  Valid  Test Total

CMU-MOSI 1151 296 752 2199
CMU-MOSEI 16216 1835 4625 22676

Each utterance in the CMU-MOSI dataset is labeled as positive or negative, while in the CMU-
MOSEI dataset, the labels are set in the range of —3 to +3. To compare with the existing approaches, we
project the CMU-MOSEI instance into a two-class classification setting, where “values > 0” indicates
the positive sentiments and “values < 0 indicates the negative sentiments.

4.2 Feature Extraction

To obtain reliable feature input and load data efficiently, for the CMU-MOSI dataset, we use
utterance-level features provided in [44]. These features are extracted with a CNN [45], 3D CNN [46]
and openSMILE [47] for text, visual and audio modalities, respectively. The embedding dimensions
for text, audio and visual features are 100, 100, and 73, respectively. For the CMU-MOSEI dataset,
we use the CMU-MOSEI dataset provided by Poria et al. [44]. The text features of this dataset are
extracted by GloVe embedding, visual features are extracted by Facets, and audio features are extracted
by CovaRep [48]. The dimensions of the feature vector are set to 300 (text), 35 (visual) and 74 (audio).

4.3 Parameters Setting and Evaluation Standard

For the CMU-MOSI dataset, the number of neurons of BiGRU is set as 300 and set dropout =0.7.
For the CMU-MOSEI dataset, the number of neurons of BIGRU is set as 200 and set dropout =0.5.
Each BiGRU is followed by a fully connected layer consisting of 100 neurons. We project the features
of the three modalities to the same dimension through a fully connected layer. For the fully connected
layer, the tanh activation function is adopted, and we set dropout = 0.5 for the CMU-MOSI dataset
and set dropout = 0.3 for the CMU-MOSEI dataset. For the classification layer, the softmax activation
function is adopted. When training the BAHFS model, the batch size is set to 32 and the number of
iterations is set to 50.

4.4 Baselines
To verify the performance of our model, 11 representative multimodal sentiment analysis models
are selected as the baseline models. The details of the 11 baseline models are introduced as follows:
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e DFF-ATMF [36]: proposed a fusion strategy combining multi-feature fusion and multimodal
fusion to improve the accuracy of sentiment analysis.

e ICDN [22]: proposed the integrating consistency and difference networks (ICDN) to map other
modalities to the target modality through a cross-modal transformer. Then, unimodal sentiment
labels are obtained by self-supervision for sentiment analysis tasks.

e MCTN [25]: Use a Seq2Seq model to learn multimodal representations by translating between
modalities.

e MFN [10]: Use gated memory cells to store the internal information of modalities and
the interaction information between modalities and add dynamic fusion graphs to represent
emotional information.

e RAVEN [13]: Model the nonverbal sub-word sequences and dynamically adjust word represen-
tations based on nonverbal cues.

e Graph-MFN [43]: proposed a dynamic fusion graph to analyze the interactions between
different modalities and use LSTM to capture the overall information sequence.

o AWMA [49]: proposed a multi-attention neural network called an asymmetric window, using
sliding asymmetric windows to represent different weights of historical and future contexts at
specific timestamps of input data in different modes.

e MMMU-BA [!1]: proposed a BIGRU-based multimodal attention framework, which extracts
contextual information for utterance-level sentiment analysis.

e Multiogue-Net [50]: proposed an RNN architecture for multimodal sentiment analysis in
conversation. The model can effectively capture the contextual information of the dialogue
while considering the information saved by a specific modality.

e MulT[51]: proposed a multimodal transformer (MulT) to analyze human multimodal language.
The model utilizes a cross-modal attention mechanism to map latent information from one
modality to another modality.

e TCM-LSTM [52]: proposed a temporal convolutional multimodal LSTM model, which is
dominated by linguistic features and assisted by audio features and visual features and uses
LSTM with a gating mechanism to learn cross-modal information from different perspectives.

We test the proposed BAHFS model against 11 baseline models on the CMU-MOSI and CMU-
MOSEI datasets. For the two datasets, the results of the 11 baseline models are obtained from the
original paper, and the results of the BAHFS model are obtained by testing it on our experimental
platform. For the small dataset CMU-MOSI, experimental results are presented in Table 2. From
Table 2, we can find that the BAHFS model ranks second in terms of accuracy, and the accuracy of
model BAHFS is 0.13% lower than that of the MMMU-BA model, the accuracy of the BAHFS model
is better than that of the other 10 baseline models. Moreover, BAHFS gets the best result on the F1
metric among the 12 comparison models.

For the large dataset CMU-MOSEI, the BAHFS model gets the best results in terms of accuracy
and F1 score among the 12 models. Specifically, compared with the Multiogue-Net model [50] which
has the second highest accuracy, the accuracy of the BAHFS model is 2.53% larger than that of the
Multiogue-Net model, and the F1 score of the BAHFS model is 3.77% larger than that of Multiogue-
Net model. Compared with the MulT [51] model which has the second highest F1 score, the BAHFS
model improves the accuracy by 3.03% and improves the F1 score by 2.18%. Compared with the
MMMU-BA model [11], which is most like BAHFS, the accuracy of BAHFS is 4.83% larger than
that of MMMU-BA. The above experimental results prove that the overall performance of the BAHFS
model is better than that of the other 11 baseline models on the large dataset CMU-MOSEI.
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Table 2: Performance on CMU-MOSI and CMU-MOSEI datasets

Modality CMU-MOSEI CMU-MOSI
Acc F1 score Acc F1 score
DFF-ATMF 77.10  78.30 80.98 81.26
ICDN 82.70  82.50 81.50 81.60
MCTN - - 79.30  79.10
MFN - - 77.40  77.30
RAVEN 79.10  79.50 78.00  76.60
Graph-MFN 76.90 77.00 - —
AWMA - - 80.00 79.90
MMMU-BA 79.80 — 82.31 -
Multiogue-Net 82.10  80.01 81.19 80.01
MulT 81.60 81.60 81.10 81.00
TCM-LSTM 81.40 81.60 81.70 81.80
BAHFS 84.63 83.78 82.18 81.96

Compared with the MMMU-BA model [1 1], the BAHFS model adds many modules, which also
leads to a slight increase in the complexity of the model. BAHFS runs an epoch on the CMU-MOSI
dataset for 4s, which is no different from the running time of the MMMU-BA model. The running
time of an epoch on the CMU-MOSEI dataset is 55 s, which is 7s more than the 48 s of the MMM U-
BA model, the parameter size of our model is 30 M.

4.5 Ablation Experiments

The ablation experiments include modality ablation experiments and model ablation experiments.
The modality ablation experiments aim to show the performance of the BAHFS model with unimodal,
bimodal and trimodal data. The model ablation experiments aim to verify the effect of different fusion
strategies in the BAHFS model. Moreover, through the ablation experiments, the effectiveness of the
BAHFS model is verified.

4.5.1 Modality Ablation Experiments

Existing research work [53,54] proves that multimodal data contain richer information than
unimodal data and are useful for revealing people’s sentiments. To verify the influence of different
multimodal data on sentiment analysis, we take the unimodal data features (visual feature V, audio
feature A and text feature T), the bimodal feature combination (V+A, V+T and A+T) and trimodal
feature combination (V4+A+T) as the input of the BAHFS model, and then carry out the sentiment
analysis experiment as follows.

(1) We first input the unimodal features into the BiGRU network to learn the context features.
Then input the output of BiGRU into the fully connected layer for dimensionality reduction. Finally,
the softmax function is used to output the sentiment analysis result. (il) We combine the unimodal
feature (V, A, T) to obtain different bimodal features (V+A, V+T and A+T). Then we use the bimodal
attention fusion mechanism [1 1] to perform the bimodal feature fusion, and then input the bimodal
fusion features into the fully connected layer with tanh activation function. Finally, the softmax
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classifier is adopted for sentiment analysis. (iii) We input the trimodal features into BAHFS model
and get the sentiment analysis result. The experimental results of the modality ablation experiment
are presented in Table 3.

Table 3: Experimental results of modality ablation on CMU-MOSI and CMU-MOSEI datasets

Modality CMU-MOSEI CMU-MOSI
Acc F1 score Acc F1 score

\" 81.59  74.66 60.11 54.53

A 81.96  76.29 62.23  62.19

T 83.18  82.20 79.65  77.17

V+A 82.94  82.27 64.76  58.82

V+T 83.35 83.34 80.32  78.75

A+T 83.44 82.77 80.45  79.02

V+A+T 84.63 83.78 82.18 81.96

From Table 3 we can find that, for the unimodal sentiment analysis, on the CMU-MOSEI and
CMU-MOSI datasets, the accuracy and F1 score of sentiment analysis based on text modality are
the highest, which are (79.65%, 77.17%) and (83.18%, 82.20%), respectively. Moreover, the accuracy
and F1 score of the text modality are 17.42% and 14.98% larger than those of the audio modality on
the CMU-MOSI dataset, and 1.22% and 5.91% larger than those of the audio modality on the CMU-
MOSEI dataset. Compared with the visual modality, the accuracy and F1 score of the text modality are
19.54% and 22.64% larger than those of the visual modality on the CMU-MOSI dataset and 1.59% and
7.57% larger than those of the visual modality on the CMU-MOSEI dataset. The experimental results
demonstrates that the text modality dominates the unimodal sentiment analysis task. This is because
the textual modality contains more sentiment features than the other two modalities. Experimental
results also can prove that the text modality contains less redundant information than that of the
audio and visual modalities, which is more conducive to identifying real sentiment.

From Table 3 we can see that the results of the bimodal (A+V) are much lower than those of the
bimodal with text modality, and the bimodal (A+T) has the best results. The accuracy and F1 score
of the bimodal (A+T) are 80.45% and 79.02% on the CMU-MOSI dataset, and 83.44% and 82.77%
on the CMU-MOSEI dataset. The accuracy of the bimodal feature combination (A+T) is 15.69% (on
the CMU-MOSI dataset) and 0.5% (on the CMU-MOSEI dataset) larger than that of the bimodal
feature combination (A+4V). The above results proves that the combination of the bimodal features
including the text modality has more valuable information for sentiment analysis.

From Table 3 we can find that the sentiment analysis model BAHFS can achieve the best
performance with the trimodal features on the CMU-MOSI and CMU-MOSEI datasets. Specifically,
the accuracy and F1 score of the BAHFS model on the CMU-MOSI dataset are 82.18% and 81.96%,
and the accuracy and F1 score of the BAHFS model on the CMU-MOESI dataset are 84.63% and
83.78%. These experimental results proves that the sentiment analysis model with trimodal features
can effectively reflect the real sentiment of users.
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4.5.2 Model Ablation Experiment

To verify the effectiveness of the multimodal feature fusion method and hybrid fusion strategy
in our model, an ablation experiment has been carried out. In this experiment, some new models are
generated by changing or removing some operations or modules from BAHFS. The newly generated
models are described as follows:

e BAHFS(BAF): “BAF” indicates the bimodal attention fusion module used in this work.
BAHFS(BAF) is generated by removing the trimodal concatenation fusion module and the
trimodal attention fusion module from BAHFS and keeping the bimodal attention fusion
module. In this model, all the bimodal features obtained by the bimodal attention fusion module
are concatenated.

e BAHFS(TCF): “TCF” presents the trimodal concatenation fusion module proposed in this
work. BAHFS(TCF) is generated by removing the trimodal attention fusion module from
BAHFS. In model BAHFS(TCF), the bimodal features obtained from the bimodal attention
fusion module are concatenated. After the important features are captured by the self-attention
mechanism, they are concatenated together with unimodal features into trimodal features for
sentiment analysis.

e BAHFS(TAF): “TAF” means the trimodal attention fusion module proposed in this paper.
BAHFS(TAF) is produced by removing the trimodal concatenation fusion module from
BAHFS. In model BAHFS(TAF), the bimodal features and unimodal features fused by the
bimodal attention fusion module are input into the trimodal attention fusion module, and all
the obtained trimodal features are concatenated for sentiment analysis.

¢ BAHFS(DLF): “DLF” denotes the decision-level fusion adopted in this work. Model
BAHFS(DLF) is obtained by removing feature-level fusion (including bimodal attention fusion
module, trimodal attention fusion module and trimodal concatenation fusion module) from
BAHFS. In BAHFS(DLF), the three unimodal depth context features are analyzed separately,
and then decision-level fusion is performed.

To verify the effectiveness of our proposed trimodal attention fusion module, we compare
the performance of model BAHFS(BAF) and BAHFS(TAF), where the bimodal attention fusion
module is used in BAHFS(BAF) and trimodal attention fusion module is used in BAHFS(TAF).
Experimental results are presented in Table 4. From Table 4 we can find that the accuracy and F1
score of BAHFS(TAF) in the CMU-MOSEI dataset are 0.68% and 0.76% higher than BAHFS(BAF),
respectively. In the CMU-MOSI dataset, the accuracy and F1 score of BAHFS(TAF) are 0.33% and
0.61% higher than BAHFS(BAF), respectively. That is, BAHFS(TAF) achieves the best results in
accuracy and F1 score, which can prove that our proposed trimodal attention fusion module is better
than the bimodal attention fusion module.

To prove the effectiveness of our proposed hybrid fusion strategy, we compare the performance
of model BAHFS(TCF), BAHFS(TAF), BAHFS(DLF) and BAHFS, where trimodal concatena-
tion fusion module is adopted in BAHFS(TCF), trimodal attention fusion module is applied in
BAHFS(TAF), decision-level fusion is used in BAHFS(DLF) and BAHFS. Experimental results are
presented in Table 4.

From Table 4 we can find that when the trimodal attention fusion module and the trimodal
concatenation fusion module are removed, that is BAHFS (BAF) model. Compared with the proposed
BAHFS model, the accuracy and F1 score in the CMU-MOSEI dataset decreased by 1.61% and 1.48%
and the accuracy and F1 score in the CMU-MOSI dataset decreased by 2.32% and 3.96%, respectively.
When the trimodal attention fusion module is removed separately, that is BAHFS (TCF) model.
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Compared with the proposed BAHFS model, the accuracy and F1 score in the CMU-MOSEI dataset
decreased by 1.21% and 0.32%, and the accuracy and F1 score in the CMU-MOSI dataset decreased by
1.46% and 2.83%, respectively. When the trimodal concatenation fusion module is removed separately,
that is BAHFS (TAF) model. Compared with the proposed BAHFS model, the accuracy and F1 score
in the CMU-MOSEI dataset decreased by 0.93% and 0.72%, and the accuracy and F1 score in the
CMU-MOSI dataset decreased by 1.99% and 3.35%, respectively. When the feature-level fusion part
is removed, only decision-level fusion is applied, that is BAHFS (DLF) model. Compared with the
proposed BAHFS model, the accuracy and F1 score in the CMU-MOSETI dataset decreased by 1.75%
and 5.63%, and the accuracy and F1 score in the CMU-MOSI dataset decreased by 17.55% and 25.5%,
respectively. Therefore, the BAHFS model has the best performance among the three models. These
experimental results prove that our proposed hybrid fusion strategy is effective.

Table 4: Experimental results of modality ablation on CMU-MOSI and CMU-MOSEI datasets

Tasks CMU-MOSI CMU-MOSEI
Acc F1 score Acc F1 score
BAHFS(BAF) 83.02  82.30 79.86  78.00
BAHFS(TCF) 8342 83.46 80.72  79.13
BAHFS(TAF) 83.70  83.06 80.19  78.61
BAHFS(DLF) 82.88  78.15 64.63  56.46
BAHFS 84.63  83.78 82.18  81.96

5 Conclusion

To improve the performance of multimodal sentiment analysis, we propose a new multimodal
sentiment analysis model using BIGRU and attention-based hybrid fusion Strategy (named BAHFS).
In BAHFS, BiGRU is first used to capture the unimodal features from the unimodal data. Next,
the unimodal features are fused into bimodal features through the bimodal attention fusion module.
Then, the bimodal and unimodal features are sent into the trimodal concatenation fusion module
and the trimodal attention fusion module to get two sets of trimodal features. Finally, the two sets
of trimodal features are fused through the decision-level fusion strategy to obtain the final sentiment
category. Experimental results shows that our proposed trimodal concatenation fusion module and
hybrid fusion strategy are useful for enhancing the performance of multimodal sentiment analysis,
and our proposed model has better performance than the other eleven baseline models. For the future
work, we will investigate the multimodal sentiment analysis problem with uncertain missing modalities.
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