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ARTICLE INFO ABSTRACT
Keywords: Depression is a complex mental health disorder that presents significant challenges in diagnosis
Depression diagnosis and treatment. This study proposes an innovative approach, leveraging artificial intelligence

Multimodal data
Representation learning
Knowledge transfer techniques

advancements, to enhance multimodal depression diagnosis. The diagnosis of depression often
relies on subjective assessments and clinical interviews, leading to potential biases and inaccur-
acies. Additionally, integrating diverse data modalities, such as textual, imaging, and audio in-
formation, poses technical challenges due to data heterogeneity and high dimensionality. To
address these challenges, this paper proposes the RLKT-MDD (Representation Learning and
Knowledge Transfer for Multimodal Depression Diagnosis) model framework. Representation
learning enables the model to autonomously discover meaningful patterns and features from
diverse data sources, surpassing traditional feature engineering methods. Knowledge transfer
facilitates the effective transfer of knowledge from related domains, improving the model’s
performance in depression diagnosis. Furthermore, we analyzed the interpretability of the rep-
resentation learning process, enhancing the transparency and trustworthiness of the diagnostic
process. We extensively experimented with the DAIC-WOZ dataset, a diverse collection of
multimodal data from clinical settings, to evaluate our proposed approach. The results demon-
strate promising outcomes, indicating significant improvements over conventional diagnostic
methods. Our study provides valuable insights into cutting-edge techniques for depression
diagnosis, enabling more effective and personalized mental health interventions.

1. Introduction

Depression is a complex mental health disorder that significantly impacts a large portion of the global population. According to the
World Health Organization (WHO), approximately 280 million people worldwide are diagnosed with depression [1]. However,
diagnosing and treating depression remains a crucial challenge in the field of mental health. The current subjective assessment ap-
proaches, such as the Personal Health Questionnaire (PHQ) [2], the Hamilton Depression Inventory (HAMD) [3], often lead to
over-diagnosis or misdiagnosis, highlighting the critical need for accurate diagnosis to facilitate effective interventions and treatments
for patients. Given the high prevalence and complexity of depression, researchers have turned to explore artificial intelligence-based
depression detection methods [4-6]. In recent years, there has been a surge in Al-based depression detection research, which aims to
develop diagnostic methods that are more objective, accurate, and reliable. This advancement ultimately seeks to improve treatment
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options for individuals with depression. In this context, our study proposes an innovative approach that leverages representation
learning and knowledge transfer techniques to enhance multimodal depression diagnosis.

Symptoms of depression in individuals often manifest as prolonged feelings of sadness or loss of pleasure, which can be recognized
through facial expressions, vocal tone, and language expression [15]. Consequently, current research is focused on designing artificial
intelligence models to identify emotional information from monitoring data sources, aiming to determine whether a patient is suffering
from depression. Yang et al. [7] explored audio feature representations for depression diagnosis by employing learnable time-domain
filters to acquire biologically meaningful acoustic features. Additionally, they utilized multi-scale spectral attention learning to retain
the useful frequency sub-bands. W. C. de Melo et al. [8] effectively captured facial information associated with depressive behaviors
from videos by utilizing parallel convolutional layers with varying temporal depths and receptive field sizes. In addition to utilizing
audio and visual information, scholars have also commenced leveraging the complementarity of multimodal data to enhance
depression diagnosis. Fang et al. [6] conduct a comprehensive analysis of depression-related audio-visual and textual data, introducing
a multimodal fusion model augmented with a multi-level attention mechanism (MFM-Att) aimed at enhancing depression detection.
Despite certain advancements in Al-based depression diagnosis technology, it continues to face challenges, particularly in extracting
discriminative features specific to depression. The principle of multimodal depression diagnosis is illustrated in Fig. 1, where a fusion
of visual, audio, and text features is employed to determine the presence of depression. The most crucial aspects highlighted within the
schematic are the challenges of multimodal feature representation and the role of background knowledge in supporting depression
diagnosis. The diagnostic process for depression necessitates prior knowledge, and the limitation of domain expertise hinders diag-
nostic performance.

Representation learning enables the automatic acquisition of meaningful representations from data, alleviating the burden of
feature engineering and uncovering latent patterns within the data, thereby facilitating improved task processing. For instance, Q.
Zheng et al. [10] employ multi-view representation learning to explore valuable information acquired from feature representations
and multi-view subspaces. Similarly, M. Dorkenwald et al. [9] utilize representation learning techniques to extract semantic infor-
mation and motion patterns from videos. Knowledge transfer, on the other hand, permits the acquisition of background knowledge
from external knowledge repositories or pre-trained models, assisting the model in comprehending and effectively utilizing contextual
information to enhance task performance. For example, J. Yu and G. Liu [11] first extract rule-based knowledge through symbolic
models and then integrate it into deep neural network models to obtain a sparse network enriched with knowledge. In light of this, this
paper attempts to leverage representation learning and knowledge transfer techniques to enhance the effectiveness of the multimodal
depression diagnosis model.

To address the aforementioned technical challenges associated with depression diagnosis, this paper proposes the RLKT-MDD
model framework. This framework integrates representation learning with knowledge transfer to enhance the accuracy of depres-
sion diagnosis. By employing representation learning, it extracts critical feature representations from multimodal data, ensuring the
integrity of information and preserving essential details through data reconstruction. Concurrently, the framework leverages
knowledge transfer, utilizing the insights and patterns from pre-trained models. This approach facilitates the application of pre-
existing knowledge to the task of diagnosing depression, thereby enabling the framework to make more precise and informed as-
sessments, significantly improving the reliability and effectiveness of depression diagnosis. Specifically, the data preprocessing starts
by extracting basic features from the multimodal data, including visual, audio, and textual data, utilizing the Facial Action Coding
System [12], COAVREP [13], and BERT-style language model [14]. These extracted features are then fed into a self-encoding rep-
resentation learning model to acquire unimodal latent representations through feature vector reconstruction. Subsequently, a modality
fusion unit is employed to learn the complementary relationships between different modalities, resulting in a multimodal fused feature
representation. Finally, knowledge transfer techniques are employed to integrate knowledge from pre-trained models and
depression-related datasets into the model, thereby further enhancing the diagnostic performance of the model.

The main contributions of this paper are summarized as follows:

(1) This paper proposes a multimodal depression diagnosis model framework, RLKT-MDD, which integrates representation
learning and knowledge transfer. The model addresses the problem of learning representative features for depression-related
characteristics through representation learning, resulting in more discriminative multimodal depression features.
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Fig. 1. The schematic of multimodal depression diagnosis incorporates multimodal representations and background knowledge.
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(2) To tackle the lack of prior knowledge in depression diagnosis models, the approach of model knowledge transfer and
depression-related data knowledge transfer is employed to augment depression prior knowledge and enhance the diagnostic
performance of the model.

(3) Extensive experiments are conducted on the DAIC-WOZ dataset, yielding favorable experimental results, thus validating the
effectiveness of the designed representation learning and knowledge transfer modules in this study.

2. Related work
2.1. Depression diagnosis

Depression diagnosis is the process of identifying and assessing the presence and severity of depressive symptoms in an individual’s
mental health. In traditional practice, health practitioners rely on clinical interviews and self-report scales and inventories (Self-RIs) to
assess individuals for clinical depression. The most commonly employed scales in clinical interview settings are the Diagnostic and
Statistical Manual of Mental Disorders (DSM) [16] and the Hamilton Depression Rating Scale (HDRS) [17]. The most commonly
utilized Self-Reported Instruments (Self-RIs) include the Patient Health Questionnaire (PHQ) [2] and the Hospital Anxiety and
Depression Scale (HADS) [18]. However, clinical interviews rely on the diagnostic experience of clinicians, making them susceptible to
subjective biases; self-assessment scales, on the other hand, overlook the individualized characteristics of patients and the clinical
significance of symptoms. With the rapid advancement of artificial intelligence technology, experts and scholars have begun
researching methods for the automated identification of depression, seeking objective diagnostic approaches that are not susceptible to
subjective biases.

Depression symptoms can be manifested through various types of data, including textual expressions, facial expressions, voice
characteristics, physiological signals, social media activity, and altered cognitive and behavioral patterns. Many researchers have
obtained effective results in depression diagnosis from various data sources. S. K. Priya et al. [19] employ natural language processing
techniques and machine learning models to extract features from textual data for the identification of depression. Y. Guo et al. [20]
conducted research on diagnosing depression from video data. They designed a temporal dilated convolutional network to extract
depression-related features from the videos. W. Yang [7] investigated speech-based depression detection and employed an inter-
pretable perspective to learn effective features for depression detection. E. Rejaibi et al. [21] extracted high-level MFCC features from
low-level speech features and utilized the LSTM network for clinical depression detection. J. Zhu et al. [22] extracted
depression-related features from EEG data and eye-tracking data for mild depression recognition. S. A. Qureshi et al. [23] proposed
that emotion intensity recognition and depression detection share similar cognitive patterns. They employed multi-task learning to
enhance the effectiveness of depression detection. S. Alghowinem et al. [24] detected depression using data from eye gaze, head
posture, and language.

While uni-modal depression diagnosis has achieved certain efficacy, multimodal data possesses evident complementarity and
relative advantages. Research on multimodal depression diagnosis has become a hot topic in the field, attracting a considerable
number of researchers. Y. Wang et al. [29] extracted users’ textual, image, and behavioral data from social media for predicting
depression detection. N. Seneviratne and C. Espy-Wilson [28] improved the accuracy of multimodal depression diagnosis by fusing
speech features and transcribed text features. M. Muzammel et al. [25] investigated the impact of neural network architectures and
multimodal fusion methods on multimodal depression diagnosis tasks. They conducted comparative experiments using the DAIC-WOZ
benchmark dataset. W. Xie et al. [26] designed a CNN-LSTM neural network model to extract facial expression features and integrated
self-assessment scores to obtain depression diagnosis results. T. Chen et al. [27] leveraged a graph neural network model to capture
both the heterogeneity and homogeneity among multimodal data, extracting inter-class and intra-class features. Although the accuracy
of depression diagnosis has been enhanced through multimodal fusion, challenges such as the difficulty in extracting and expressing
depression-related features, as well as the lack of prior knowledge in depression diagnostic models, remain significant hurdles in
multimodal depression diagnosis. This paper primarily focuses on concrete research in the areas of representation learning and
knowledge transfer to address these issues.

2.2. Representation learning

Representation learning aims to automatically learn feature representations of data in order to better capture information and
patterns within the data. Reference [30] and reference [31] approach deep representation learning from a multi-view perspective,
aiming to reduce redundancy while enhancing the discriminative power of features. Currently, many researchers are also leveraging
representation learning in the task of depression diagnosis to enhance the capability of representing depression-related features. S.
Song et al. [31] introduced two innovative spectral representations to effectively capture and represent the multi-scale temporal
dynamics of expressive behavior at the video level, followed by utilizing these spectral representations for depression analysis. X. Zhou
et al. [32] employed label distribution learning and deep metric learning to enhance the model’s representational capacity, enabling
the acquisition of more discriminative spatiotemporal features. Z. Han et al. [33] designed a self-supervised learning approach to learn
depression feature representation from speech features and phonemes. M. Niu et al. [34] investigated spatiotemporal representation
learning by segmenting the speech amplitude spectrum/video into fixed-length segments and employing a neural network model that
integrates spatial and temporal information through an attention mechanism. Autoencoder is an unsupervised learning neural network
model and a significant representation learning method. S. Sardari et al. [5] introduced an end-to-end Convolutional Neural
Network-based Autoencoder to learn highly relevant and discriminative features from speech data.
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2.3. Knowledge transfer

Knowledge transfer refers to the process of acquiring knowledge from one task, domain, or model and applying it to another task,
domain, or model. Transferred knowledge can be explicit external knowledge or internal knowledge stored within the parameter space
of the pretrained model. Z. Guo et al. [35] constructed a depression lexicon based on domain knowledge of depression and an emotion
dictionary, aiming to better extract lexicon features relevant to depression. Y. Lin et al. [36] emphasized the significance of background
knowledge by integrating the knowledge of psychological screening tools and diagnostic criteria into the depression diagnostic model.
K. Yang et al. [37] initially extracted mental state knowledge from commonsense knowledge and then introduced a knowledge-aware
mentalization module designed to attend to the most relevant knowledge aspects. As deep learning technology continues to mature,
pretrained models have been increasingly utilized as knowledge-rich agents for various downstream tasks, including depression
diagnosis. Here, we present several illustrative examples where pretrained models are employed for knowledge transfer to enhance the
effectiveness of depression diagnosis. W. Wu et al. [38,40] transferred speech knowledge and emotion knowledge to depression
diagnosis by fine-tuning the foundation models of automatic speech recognition and emotion recognition. Similarly, Y. Dong and X.
Yang [39] utilized pretrained models to extract speaker identification features and speech emotion features, employing differences in
speech and emotion for depression diagnosis. These researches has shown that employing pretrained models can transfer latent
knowledge to new tasks, enhancing the recognition performance of these new tasks.

3. Methodology

In this section, we delve into the comprehensive methodology and model employed in our study to enhance multimodal depression
diagnosis. We provide a detailed exploration of the key elements comprising our framework, encompassing architectural design, data
preprocessing, multimodal feature fusion, representation learning strategy, knowledge transfer approach, and the depression diagnosis
network. Each of these components has been strategically designed to contribute to the overall effectiveness of depression diagnosis.
Our aim is to provide a thorough understanding of how our methodology addresses the complexities of depression diagnosis through
the seamless integration of representation learning and knowledge transfer. Subsequent sections will elaborate on these aspects, of-
fering insights into the intricate workings of our proposed framework.

3.1. The overall architecture of RLKT-MDD

We present the architectural design of our proposed framework, RLKT-MDD (Representation Learning and Knowledge Transfer for
Multimodal Depression Diagnosis). We provide an overview of the high-level structure, outlining the components and their in-
teractions within the framework. We detail how different modules are interconnected to facilitate the seamless integration of rep-
resentation learning and knowledge transfer for accurate depression diagnosis.

The overall architecture of the framework is illustrated in Fig. 2, comprising five levels: data feature preprocessing, modality
representation learning, inter-modal fusion unit, depression-related knowledge transfer, and depression diagnosis. The multimodal
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data here encompasses visual, textual, and speech modalities. In the data feature preprocessing stage, facial action units system is
employed to extract facial features from patients, using facial movement variations as one of the indicators for depression symptom
assessment. Pretrained language models are utilized to transform textual string data into computable feature vectors, while COAVREP
is employed to extract audio features from speech data. Within the modality feature representation learning component, an Encoder-
Decoder structured autoencoder is employed to preserve information integrity while extracting depression-related features. The inter-
modal fusion unit utilizes a multi-head attention mechanism to establish interactions among modalities, align modality semantics,
harness the complementarity between modalities, and enhance the discriminative ability of depression-related features. For
depression-related knowledge transfer, a multi-modal emotion recognition pretrained model and knowledge from multi-modal
emotion corpora are leveraged to enrich the model’s knowledge background. In the depression diagnosis, the multi-modal features
are input into a classifier to determine whether the current patient is suffering from depression. Subsequent sections will provide
detailed explanations of the key techniques and components of the proposed framework.

3.2. Data preprocessing

3.2.1. Visual modality

In the visual modality, our approach involves utilizing the Facial Action Coding System [12] for extracting facial features from
patients’ images. This systematic framework allows us to effectively capture even the most nuanced facial movement variations, which
are known to reflect emotional states, including those associated with depression. The Facial Action Coding System employs a stan-
dardized set of Facial Action Units (FAUs), which correspond to specific facial muscle movements. These distinct movements, often
referred to as FAUs are closely tied to various facial expressions and emotions. Notably, in the realm of depression diagnosis, FAUs
assume a pivotal role in assessing emotional states and identifying potential depressive symptoms. By meticulously analyzing these
FAUs, we gain insights into the intricacies of emotional expression, thereby enhancing our capacity to discern and evaluate signs of
depression in individuals.

3.2.2. Text modality

Converting textual string data into quantifiable features stands as a pivotal endeavor for seamless integration within our frame-
work’s architecture. To realize this goal, we harness the capabilities of pretrained language models. BERT (Bidirectional Encoder
Representations from Transformers) [14], a notable exemplar, is tailored to serve as a pre-trained language model, with a dedicated
focus on acquiring intricate text representations. The utilization of pre-trained language models is of paramount importance, as it
effectively captures the nuanced intricacies and emotional nuances inherent in textual content. The model adeptly transforms textual
data into feature vectors, which seamlessly align with the requirements of subsequent stages in our framework. By imbuing text with its
semantic essence, we amplify the framework’s acumen in apprehending linguistic cues intricately tied to depression symptoms.

3.2.3. Audio modality

In the context of the audio modality, our framework utilizes the COAVREP [13] technique for preprocessing audio data. COAVREP,
well-regarded for its efficiency in providing swift access to new speech processing algorithms, distills meaningful audio features. This
process transforms raw audio signals into concise yet informative representations. This method ensures that crucial acoustic cues are
encapsulated within feature vectors, seamlessly aligning with subsequent stages of our framework. This approach reaffirms our
dedication to proficiently handling audio data, enhancing our framework’s ability to capture vital auditory cues. It also contributes to
our comprehensive multimodal strategy, aimed at advancing depression diagnosis through a holistic approach.

3.3. Multimodal feature fusion unit

In order to effectively harness the synergistic potential of diverse modalities and capture their complementary information, we
introduce a multimodal feature fusion unit. This unit is specifically designed to seamlessly integrate visual, audio, and textual features
using a multi-head attention mechanism, resulting in a cohesive and enriched multimodal fusion representation. The core concept of
our multimodal feature fusion unit revolves around the utilization of a multi-head attention mechanism. This mechanism enables the
model to dynamically allocate attention weights to different modalities, emphasizing relevant features while diminishing the impact of
less informative ones.

Given the visual feature X”, audio feature X, and textual feature X*, we project each modality’s feature into query Q, key K, and
value V spaces using learnable projection matrices W}, Wg', Wi} for modality m € {v,a,t}. As shown in the following equations (1)-(3).

an — X!‘n WIQII (1 )
K" =X"Wy @)
VI =X"Wy ®)

For each pair of modalities, m and n, we calculate the modality interaction attention scores A™ in equation (4) by performing dot-
product attention between the projected queries and keys. Where dy is the dimensionality scaling factor.
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0" (k") )
A™ = softmax (— ,m,n € {v,a,t} 4
Vi
We compute the weighted sum of values V" using the attention scores A™ to generate modality-specific context fusion vectors C™.
The formula is denoted as equation (5).

cmn — Amnyn (5)

The contextual fusion vectors are concatenated and then linearly transformed using a weight matrix to generate the multimodal
fusion representation X, where W, is the weight matrix. The formula is denoted as equation (6).

Xfu:ed — [Cva7 Cvr7 Cvav7 Cal7 CW7 Cla} . Wo (6)

Through this unit, we effectively harness the cross-modal interactions and capture the distinctive cues from each modality. This
enriched multimodal fusion representation serves as a comprehensive input for downstream depression diagnosis tasks, leveraging the
synergies between different modalities for improved accuracy and robustness.

3.4. Representation learning strategy

In the realm of depression diagnosis, leveraging a combination of pre-processing techniques and feature fusion strategies can
provide valuable insights. However, to further enhance the diagnostic accuracy, we introduce a pivotal step before feature fusion,
which involves the application of representation learning. Representation learning refers to the process of automatically learning a
more informative and compact representation of raw data. In our context, representation learning is employed to enhance the quality
and expressiveness of the extracted features before their fusion. Representation learning offers multifaceted benefits by extracting
higher-level features that capture underlying data characteristics, potentially revealing subtle depression-related markers, and
simultaneously reducing data dimensionality for improved computational efficiency and mitigated overfitting risk.

We employ autoencoders for modality feature representation learning, and the model architecture of the autoencoder is illustrated
in Fig. 3. The model incorporates BiLSTM layers within both the encoder and decoder components. The objective is to effectively
encode temporal sequences of data, while utilizing pooling and up-sampling layers for dimensionality reduction and enhancement.
This approach ensures that the essential information is retained during encoding and decoding processes. The number of layers in the
encoder and decoder is comprehensively analyzed in the experimental section. Here, for the purpose of illustration, we present the
usage of one layer of BiLSTM and one layer of pooling in the encoder, along with one layer of up-sampling and one layer of BiLSTM in
the decoder.

The encoder is designed to capture relevant features from the input data. In our case, the input consists of temporal sequences,
making BiLSTM layers a suitable choice due to their ability to capture bidirectional dependencies within the sequences. The encoded
representation is obtained from the final hidden states of the BiLSTM layers. The pooling layers are introduced to down-sample the
encoded representation, reducing its dimensionality while preserving the most salient information. The input sequence is represented

as a sequence of vectors, denoted as X = [x1,x2,---,XT, ], where T is the sequence length. The encoder consists of BiLSTM layers followed

by pooling layers, which are denoted in equations (7)—(9). The intermediate encoded result, denoted as h/™

features for subsequent depression diagnosis.
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Fig. 3. Representation Learning Model Structure, comprising encoder and decoder components. The encoder incorporates BiLSTM and pooling
layers, while the decoder includes BiLSTM and up-sampling layers.
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The decoder takes the down-sampled encoded representation and aims to reconstruct the original input data. To achieve this, we
utilize up-sampling layers to increase the dimensionality of the representation, which is implemented using bilinear interpolation. The
up-sampled representation is then processed through another set of BiLSTM layers. These layers are responsible for capturing the
temporal dependencies necessary for accurate reconstruction. Finally, the decoder’s output is compared to the input data to quantify
the quality of the reconstruction. The up-sampled representation from the encoder is denoted as U = [u;,uy, ---,ur|, where T is the up-
sampled sequence length. The decoder consists of up-sampling layers followed by BiLSTM layers, which are denoted in equation (10)-
(12).

u""? = Upsampling (h}™") (10)
143 143

d, :LSTM<dH,uﬁ+2> amn
4> =LSTM (ij, uf“) 12)

The decoder’s output is denoted as ry, and in order to achieve the goals of information encoding and reconstruction, we employ the
mean squared error (MSE) to compute the loss. This loss function quantifies the difference between the reconstructed output r; and the
original input x;, encouraging the model to minimize this difference during training. The calculation formula is denoted in equations
(13) and (14) as shown below.

- 1+3

= |:dz[+3,71+ :| (13)
11

Ln:c :er:I (xl - rz)z (14)

3.5. Knowledge transfer approach

The integration of knowledge transfer significantly enhances the effectiveness of depression diagnosis. Leveraging external
knowledge from existing sources empowers us to enhance diagnostic accuracy by incorporating complementary information. Spe-
cifically, we employ two methods of knowledge transfer: fine-tuning pre-trained language models and transfer learning from a multi-
modal emotion recognition dataset, both of which bolster the diagnostic capabilities of our framework.

Fine-tuning pre-trained language models is one approach to knowledge transfer. By adapting a pre-trained language model to our
depression diagnosis task, we enable it to capture domain-specific linguistic nuances and emotional cues linked to depression. This
process involves initializing a pre-trained language model, such as SentiLARE [43], with learned linguistic representations, and then
training it on our depression-specific text data. This leverages the model’s ability to comprehend intricate textual patterns, thereby
enhancing the framework’s text-based features and contributing to a more comprehensive diagnostic process.

Another dimension of knowledge transfer involves transfer learning from a multi-modal emotion recognition dataset. In practice,
we commence the transfer learning process by training our framework on datasets like CMU-MOSI [41] and CMU-MOSEI [42], which
contain diverse multi-modal emotion recognition data. This initial training enriches our framework’s grasp of cross-modal relation-
ships and emotional expressions. Following this, we fine-tune our framework with depression-specific data, integrating the insights
gained from the multi-modal emotion recognition datasets into our depression diagnosis model.

Both knowledge transfer methods can be used either independently or in combination. Employing a pre-trained language model
independently enhances the capability for textual feature representation, while the exclusive use of a multimodal emotion recognition
dataset allows for the full utilization of external emotional knowledge related to depression symptoms. When combined, the approach
starts with fine-tuning the pre-trained language model, followed by training on the multimodal emotion recognition dataset, and
finally, the model is trained on the depression auxiliary diagnostic dataset. This sequence maximizes the benefits of both knowledge
transfer methods.

3.6. Depression diagnosis network

The integration of representation learning and knowledge transfer within our framework results in a fortified depression diagnosis
network. Through the utilization of representation learning, we are able to extract more nuanced and informative features from the
modalities, effectively delineating the underlying patterns associated with depression. Moreover, employing knowledge transfer en-
hances the network’s comprehension of the data by leveraging existing knowledge, thereby improving its capacity for generalization
and diagnostic precision.

We employ the multi-modal fusion outputs for depression diagnosis, which are processed through a fully connected neural
network. Following this, a softmax classifier is employed to discern whether a patient exhibits depression. For the loss function, we
adopt the cross-entropy loss to quantify the difference between the predicted depression probabilities and the actual labels. The
formula for the cross-entropy loss with batch size N, labels y;, and predicted probabilities p; is denoted in equation (15) as follows.
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1w
Lys= — ﬁzi:]% log(p:) + (1 —yi)log(1 — p;) s)

During the model training process, the employed objective function includes the reconstruction loss from the representation
learning strategy and the accuracy loss of the diagnosis recognition results. The calculation formula is denoted in equation (16) as
follows, where 1 is the weight coefficient of representation learning in the loss function.

Lioar = Lets + ALpec (16)
4. Experiments

In this section, we present an extensive analysis of our proposed framework’s performance through a series of experiments con-
ducted on depression diagnosis. We begin by providing a description of the dataset used for both training and evaluation purposes in
section 4.1. Subsequently, in section 4.2, we outline the implementation details, covering model architectures, hyperparameters, and
training protocols. To assess the effectiveness of our approach, we introduce the evaluation indicators employed in section 4.3.
Additionally, we evaluate our method’s performance against established techniques in the field in section 4.4. For a deeper under-
standing of the components of our model, we conduct an ablation study in section 4.5, aiming to dissect the influence of distinct
factors. We also visually explore the hidden representations acquired by our model in section 4.6, enhancing our insights. Finally, we
assess the robustness of our approach to noise in section 4.7, thereby validating its applicability in real-world scenarios.

4.1. Dataset

The central dataset used in this study to evaluate depression is the DAIC-WOZ depression dataset [44], which played a prominent
role in the AVEC2017 challenge. This dataset involves engagements between participants and a virtual animated interviewer named
Ellie. It encompasses a total of 189 subjects, designated by identification numbers ranging from 300 to 492. However, certain par-
ticipants—numbered 342, 394, 398, and 460—were excluded from the dataset due to incomplete information caused by technical
constraints.

At the core of the dataset are approximately 50 h of audio-video recordings paired with corresponding audio transcriptions,
capturing the interactive interviews held between the virtual interviewer Ellie and the participating subjects. Each recording is
associated with both a PHQ-8 score and a PHQ-8 binary label. The PHQ-8 score delineates the severity level of depression for each
participant, while the PHQ-8 binary indicates whether the participant is experiencing depression or not. The DAIC-WOZ dataset is split
into 80% training, 10% validation, and 10% test sets.

4.2. Implementation details

In this section, we delve into the precise implementation intricacies of our proposed framework for depression diagnosis. We offer
an in-depth understanding of the architectures, hyperparameters, and training protocols of the depression diagnosis framework that
were utilized in our experimental setup.

The representation learning strategy within our framework is implemented through an encoder-decoder network, which is
designed to acquire latent representations that encapsulate crucial features of the data, thereby enhancing feature extraction. The
network’s architecture consists of a series of layers, each contributing to the transformation of the input data. The specific parameters
of the network structure are detailed in Table 1. Notably, the inclusion of a Dense layer with a tanh activation function serves to

Table 1

Detailed parameters of the representation learning network architecture.
Layers Hyperparameter settings Output Shape
Input Layer - (500, 74)
BiLSTM Hidden Units: 128, Activation: tanh (500, 128)
Pooling Pool size: 2 (250, 128)
Dropout Rate:0.25 (250, 128)
BiLSTM Hidden Units: 256, Activation: tanh (250, 256)
Pooling Pool size: 2 (125, 256)
Dropout Rate:0.25 (125, 256)
Flatten - 32000
Dense Activation: tanh 100
Dense Activation: tanh 32000
Reshape - (125, 256)
Upsampling Size: 2 (250, 256)
Dropout Rate:0.25 (250, 256)
BiLSTM Hidden Units: 128, Activation: tanh (250, 128)
Upsampling Size: 2 (500, 128)
Dropout Rate:0.25 (500, 128)
BiLSTM Hidden Units: 74, Activation: tanh (500, 74)
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transform the representation into a higher-level abstraction of 100 dimensions, which subsequently contributes to the depression
diagnosis process.

Hyperparameters are crucial for the optimal performance of our framework. The learning rate is set to 0.001, and we utilize the
Adam optimizer to update the model’s weights during training. The batch size is chosen as 32 to balance computation efficiency and
gradient stability. To mitigate overfitting, we apply dropout with a rate of 0.25 after each layer in the neural network. All experiments
are performed on a machine equipped with an NVIDIA GPU. We use PyTorch as the deep learning framework for implementing the
model. The dataset is preprocessed using standard libraries in Python. In the experiment, 10-fold cross-validation is employed to assess
the model’s effectiveness, which helps in evaluating the model’s generalization ability on new data.

4.3. Evaluation indicators

We provide a comprehensive overview of the evaluation indicators employed to thoroughly evaluate the performance of our
depression diagnosis framework. The selection of evaluation metrics is pivotal to conducting a rigorous assessment of the model’s
capabilities in accurately identifying depression cases. We employ established metrics, including precision, recall, the F1 score, and
accuracy, which collectively offer insights into the accuracy, sensitivity, and overall effectiveness of the model in diagnosing
depression.

Precision is a measure of the accuracy of the positive predictions made by the model. It calculates the proportion of correctly
predicted positive instances among all instances predicted as positive. The formula for precision is denoted in equation (17) as follows.
Where TP represents true positives and FP represents false positives.

TP

TP + FP a7)

Precision =

Recall measures the model’s ability to correctly identify all positive instances from the actual positive instances. It calculates the

proportion of true positives among all actual positive instances. The formula for recall is denoted in equation (18) as follows. Where TP
represents true positives and FN represents false negatives.

TP

Recall=——
TP + FN

(18)
The F1 score is the harmonic mean of precision and recall. It provides a balanced measure that takes into account both false
positives and false negatives. The formula for the F1 score is denoted in equation (19) as follows.

2 x precision X recall

F1 — Score = (19)

precision + recall
The accuracy metric measures the proportion of correctly predicted instances among the total instances evaluated. It provides an
overall assessment of the model’s performance. The formula for accuracy is denoted in equation (20) as follows.
TP + TN

A __ IPHIN 20
COUraY =Tp Y TN + FP + FN (20)

4.4. Comparison with other methods

To validate the effectiveness of the proposed framework, we conducted comparative experiments on the DAIC-WOZ dataset, and
the experimental results are presented in Table 2. We conducted experiments under equivalent conditions using the same preprocessed
data to ensure a fair comparison of experimental outcomes. The proposed RLKT-MDD model achieves the following metrics: Precision
of 80.20%, Recall of 81.00%, F1-Score of 80.60%, and Accuracy of 81.10%. To begin with the conclusion, it can be inferred that the
model proposed in this paper outperforms all other models. The comparison involves two categories of models: traditional machine
learning and deep learning methods. Within the realm of traditional machine learning, including Logistic Regression, Naive Bayes,
Random Forest, and Support Vector Machine, these models exhibit poor performance. This indicates the challenge posed by the
intricate nature of acoustic and visual features in depression-related data, particularly considering the approach of flattening and

Tabel 2

Comparison of proposed framework and Baseline methods.
Methods Model Type Precision Recall F1-Score Accuracy
Logistic Regression Logistic Regression 53.20 55.80 54.47 54.12
Naive Bayes Naive Bayes 56.70 58.40 57.54 57.02
Random Forest Random Forest 54.80 55.20 55.00 56.33
M. Valstar et al. [45] SVM 57.90 59.60 58.74 58.41
S. A. Qureshi et al. [46] Multitask learning 58.00 61.00 59.46 61.11
Z. Huang et al. [47] FVTC-CNN 72.30 75.70 73.96 74.06
G. Lam et al. [48] Transformer-CNN 75.10 76.50 75.79 76.25
Z. Han et al. [49] Spatial-Temporal 79.00 80.50 79.74 80.08
RLKT-MDD (proposed) Encoder-Decoder 80.20 81.00 80.60 81.10
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concatenating such features.

In the sphere of deep learning, S. A. Qureshi et al. [46] employed LSTM neural networks for feature extraction, coupled with
multitask training of model parameters. Z. Huang et al. [47] employed convolutional neural networks for vocal channel feature
extraction. G. Lam et al. [48]utilized a combination of convolutional neural networks and Transformer structures for data feature
extraction. Z. Han et al. [49] introduced a temporal-spatial feature extraction network to learn contextually distant dependencies,
effectively enhancing the model’s feature extraction capacity and detection efficacy. From the comparative methods, it is evident that
effective feature representation is pivotal in enhancing the detection efficacy of the model. The framework proposed in this paper
leverages the Encoder-Decoder outcome comprehensively. This allows for the preservation of modality information while representing
depression-related features. Simultaneously, the model benefits from knowledge transfer, endowing it with a robust knowledge
background. The representation learning and knowledge transfer stand as a critical factor in the model’s further efficacy enhancement.

4.5. Ablation experiment

We embark on ablation experiments in this section, aiming to systematically dissect the components and strategies that contribute
to the performance of our proposed framework. Through a sequence of controlled experiments, our objective is to discern the impact of
varying modality combinations, assess the effectiveness of our representation learning strategy, evaluate the efficacy of the knowledge
transfer approach, and analyze the influence of the parameter 4 within the loss function. The insights garnered from these experiments
offer a comprehensive grasp of the mechanisms that underlie the success of our framework and illuminate the intricate interplay
among its diverse components.

4.5.1. Result of different modality combination

We analyze the impact of different modality combinations on the effectiveness of depression diagnosis. The experimental results are
presented in Table 3. The results of the single modality experiments demonstrate varying levels of performance among visual, audio,
and text modalities. The visual modality achieves a Precision of 62.35%, Recall of 62.80%, F1-Score of 62.57%, and an Accuracy of
62.50%. The audio modality shows slightly better results with a Precision of 68.41%, Recall of 69.20%, F1-Score of 68.80%, and an
Accuracy of 68.75%. Notably, the text modality outperforms both visual and audio modalities, exhibiting a Precision of 74.39%, Recall
of 75.60%, F1-Score of 74.99%, and an Accuracy of 74.75%. These results suggest that the textual information carries more
discriminative features for depression diagnosis compared to the visual and audio modalities.

In the bimodal combinations, the performance shows interesting trends. When combining the visual and audio modalities, the
Precision is 70.25%, Recall is 70.80%, F1-Score is 70.52%, and Accuracy is 70.50%. This combination exhibits an improvement
compared to the individual modalities, indicating that the fusion of visual and audio features enhances depression diagnosis. Similarly,
the combination of visual and text modalities yields higher results than any of the individual modalities. This suggests that the visual
and textual features complement each other, resulting in improved depression diagnosis. On the other hand, the combination of audio
and text modalities also produces better results, with a Precision of 76.34%, Recall of 76.90%, F1-Score of 76.62%, and Accuracy of
76.60%. These findings underscore the advantages of fusing different modalities to enhance depression diagnosis, utilizing the unique
features from each modality.

The most comprehensive analysis arises from the trimodal fusion, combining visual, audio, and text modalities. This trimodal
approach achieves Precision of 80.20%, Recall of 81.00%, F1-Score of 80.60%, and Accuracy of 81.10%. The significant improvement
in all metrics compared to the individual modalities and bimodal combinations underscores the effectiveness of cross-modal fusion.
The integration of information from visual, audio, and text sources evidently boosts depression diagnosis performance. In summary,
the experimental results underline the advantages of multi-modal depression diagnosis.

4.5.2. Effectiveness of the representation learning strategy

We delve into the outcomes of our experiments aimed at dissecting the influence of various encoder and decoder structures within
the context of our representation learning strategy. Our objective was to assess how different architectural configurations impact the
overall performance of our framework. The experimental results are summarized in Table 4. To ensure consistency and facilitate fair
comparison, we employed neural networks with an equal number of layers in both the encoder and decoder. It is important to note that
the results table provided specifically highlights the number of layers in the encoder component.

Our findings underline the transformative role of representation learning in the effectiveness of our framework. The encoder,
equipped with the ability to autonomously extract meaningful features, acts as the bedrock for constructing a comprehensive

Tabel 3

Performance analysis of different modality combinations for depression diagnosis.
Modality Precision Recall F1-Score Accuracy
Visual 62.35 62.80 62.57 62.50
Audio 68.41 69.20 68.80 68.75
Text 74.39 75.60 74.99 74.75
Visual + Audio 70.25 70.80 70.52 70.50
Visual + Text 78.21 78.80 78.50 78.50
Audio + Text 76.34 76.90 76.62 76.60
Visual + Audio + Text 80.20 81.00 80.60 81.10
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Tabel 4

Impact of representation learning strategy on multilayer BILSTM and pooling for depression diagnosis.
Encoder Layers Precision Recall F1-Score Accuracy
BiLSTM*1+Pooling*1 79.50 78.20 78.85 79.70
BiLSTM*2+Pooling*2 80.20 81.00 80.60 81.10
BiLSTM*3+Pooling*3 80.40 79.90 80.15 80.50
BiLSTM*4+-Pooling*4 79.80 78.50 79.15 79.30
BiLSTM*5+Pooling*5 79.90 80.10 80.00 79.60

understanding of the underlying data. The configuration featuring two BiLSTM layers coupled with two pooling layers exhibits su-
perior performance. With Precision standing at 80.20%, Recall at 81.00%, F1-Score at 80.60%, and Accuracy peaking at 81.10%, this
arrangement signifies the optimized harmony between depth and feature extraction capabilities. However, we observed that an
insufficient number of layers impairs the model’s capacity to discern intricate patterns, subsequently resulting in decreased perfor-
mance. Conversely, an excessive number of layers contributes to overfitting, thereby diminishing the model’s ability to generalize and
consequently yielding suboptimal outcomes.

4.5.3. Effectiveness of the knowledge transfer approach

To validate the significance of the knowledge transfer approach in enhancing the efficiency of our depression diagnosis framework,
we conducted experiments, the results of which are presented in Table 5. BERT and SentiLARE, as pre-trained language models,
underwent fine-tuning during the training process in the text modality to enrich their textual knowledge background. CMU-MOSI and
CMU-MOSEI, two multi-modal emotion recognition datasets, were leveraged to enhance the model’s capacity for emotional awareness
and understanding through pre-training on these datasets. From the experimental outcomes, it is evident that using SentiLARE and
CMU-MOSEI simultaneously achieved the most favorable results, attaining a Precision of 80.20%, Recall of 81.00%, F1-Score of
80.60%, and an impressive Accuracy of 81.10%. These results underscore the effectiveness of the knowledge transfer approach.
Particularly notable is the exemplary performance of the CMU-MOSEI dataset, emphasizing the alignment between cross-modal
sentiment recognition and depression diagnosis within our framework.

In summary, the knowledge transfer approach emerges as a pivotal component of our framework’s success. While the fine-tuning of
pre-trained language models enhances the understanding of depression-related textual cues, transferring learning from multi-modal
emotion recognition datasets enriches our model with a nuanced understanding of emotional expressions. The combined effect of
these strategies facilitates a more comprehensive and accurate depression diagnosis, as evidenced by the results. This multifaceted
approach not only strengthens the framework’s performance but also opens avenues for future research in multi-modal diagnostic
applications.

4.5.4. Effect of parameter A in the loss function

In order to investigate the impact of the parameter 1 within the loss function, which serves as a critical determinant in maintaining
equilibrium between representation learning and depression diagnosis outcomes, we conducted experiments, the results of which are
presented in Table 6. The parameter 1 embedded within the loss function plays a pivotal role in shaping the relationship between the
acquired representations and the diagnostic accuracy. Our exploration revealed that the most favorable results were attained when 1
equaled 0.10. This specific value strikes an optimal balance, orchestrating a synergy between the acquired representations and the
diagnostic accuracy, thereby leading to the framework’s peak performance.

Upon closer examination of the results, it becomes apparent that exceedingly small values of 4 (such as 0.01 and 0.05) result in
performance that is marginally enhanced by the representation learning process. This phenomenon can be attributed to the overly
dominant role of the diagnostic task in the loss function, thus downplaying the contribution of representation learning. Conversely,
when 4 assumes higher values (such as 0.20, 0.30, 0.40, and 0.50), the representation learning component becomes overly prominent
within the loss function. This imbalance may hinder the framework’s capacity to optimize for accurate depression diagnosis, poten-
tially leading to reduced performance due to skewed priorities. This analysis showcases the necessity of a balanced integration of
representation learning and diagnostic accuracy for achieving optimal outcomes in depression diagnosis.

Tabel 5

Effectiveness of knowledge transfer approach in enhancing depression diagnosis performance.
Knowledge Type Precision Recall F1-Score Accuracy
BERT 78.83 78.50 78.66 79.00
SentiLARE 79.64 80.00 79.82 79.50
CMU-MOSI 79.86 79.88 79.87 79.65
CMU-MOSEI 79.92 79.95 79.93 79.77
BERT + CMU-MOSI 80.01 80.05 80.03 80.03
BERT + CMU-MOSEIL 80.08 80.05 80.06 80.13
SentiLARE + CMU-MOSI 80.10 80.11 80.10 80.11
SentiLARE + CMU-MOSEIL 80.20 81.00 80.60 81.10
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Tabel 6

The results of different parameter 1 in the loss function for depression diagnosis.
Parameter value Precision Recall F1-Score Accuracy
parameter A = 0.01 79.95 80.10 80.02 79.91
parameter A = 0.05 79.64 79.80 79.72 79.63
parameter 4 = 0.10 80.20 81.00 80.60 81.10
parameter 4 = 0.20 80.63 80.80 80.71 80.51
parameter 2 = 0.30 79.96 79.70 79.83 79.20
parameter 4 = 0.40 80.05 80.20 80.12 80.11
parameter 4 = 0.50 79.72 79.50 79.61 79.43

4.6. Visualization of the hidden representation

In this section, we present visualizations of the distributions of multimodal representations within the embedding space, aiming to
assess the efficacy of the proposed RLKT-MDD method. We conduct a visualization experiment by employing the t-SNE algorithm to
project each high-dimensional representation into a two-dimensional feature space. This approach effectively captures the local
structure inherent in the high-dimensional features. The outcomes are depicted in Fig. 4, illustrating the visualizations of visual, audio,
text, and fusion feature distribution both before and after the representation learning phase. We can observe that, for these modal
representations, after representation learning, a more discriminative representation space is achieved, especially in the case of
multimodal representations. Visual representations became more informative with discernible features, voice representations revealed
consistent and interpretable patterns, and text representations organized into semantically meaningful structures. Moreover, the fusion
of these modalities enhanced the overall representation quality, enabling improved cross-modal understanding. By effectively map-
ping high-dimensional data into a shared feature space, representation learning facilitates meaningful cross-modal associations,
promoting a deeper understanding of multimodal data. However, it is worth noting that even after representation learning, certain
samples remain challenging to distinguish in the feature space. This poses a substantial challenge in the context of multimodal
depression diagnosis. Future efforts should focus on finding more discriminative representations to enhance the diagnostic accuracy
and address these remaining challenges in the field.

5. Conclusion

In conclusion, our study introduces an innovative framework that utilizes representation learning and knowledge transfer to
enhance multimodal depression diagnosis. We demonstrated the transformative impact of representation learning, wherein the
acquisition of more discerning depression-related features through autoencoders facilitates precise diagnosis. The effectiveness of
knowledge transfer from pre-trained language models and multi-modal sentiment recognition datasets was evident, leading to
improved diagnostic performance. Our findings underscore the intricate interplay between representation learning and diagnostic
accuracy, with optimal parameter configurations and strategic modality combinations yielding superior results. This research ad-
vances the comprehension of Al-driven depression diagnosis, opening avenues for more effective and personalized interventions in
mental health.

While the framework proposed in this paper has achieved performance improvements, it also has its inherent limitations. When
employing a pre-trained language model and a multimodal emotion recognition dataset for external knowledge transfer, the model’s
generalizability may be affected due to the scale and domain constraints of the pre-trained data. To enhance the model’s ability to
generalize, it is advisable to integrate domain-specific data into the pre-training process, thereby better adapting the model to specific
application scenarios. Additionally, instead of relying solely on a single data source, it is beneficial to combine multiple pre-trained
data sources from various domains. This approach will enhance the model’s capacity to understand and process different types of
data more effectively. These will be the directions of effort in future research.

Ethical and informed consent for data used

This study adheres to ethical guidelines and obtained informed consent for the data used. All data sources and participants involved
in the research provided their consent for the collection, analysis, and publication of the data. This declaration affirms our commitment
to conducting research in an ethical manner and upholding the principles of informed consent.

Data availability and access

The data used in this study are sourced from a publicly available dataset. The dataset can be accessed at the following URL: https://
dcapswoz.ict.usc.edu/wwwdaicwoz/. We acknowledge and appreciate the efforts of the dataset creators in making their data available
to the research community. This study utilized the dataset in accordance with its stated permissions and guidelines. Researchers
interested in accessing and utilizing the data for their own analyses can refer to the provided URL to obtain the necessary files and
information.
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Fig. 4. Visualization contrast of unimodal latent representations and multimodal fusion representations before and after representation learning.
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