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Abstract: Detecting student behavior in smart classrooms is a critical area of research in educa-
tional technology that significantly enhances teaching quality and student engagement. This paper
introduces an innovative approach using advanced computer vision and artificial intelligence tech-
nologies to monitor and analyze student behavior in real time. Such monitoring assists educators in
adjusting their teaching strategies effectively, thereby optimizing classroom instruction. However,
the application of this technology faces substantial challenges, including the variability in student
sizes, the diversity of behaviors, and occlusions among students in complex classroom settings.
Additionally, the uneven distribution of student behaviors presents a significant hurdle. To overcome
these challenges, we propose Student Behavior Detection Network (SBD-Net), a lightweight target
detection model enhanced by the Focal Modulation module for robust multi-level feature fusion,
which augments feature extraction capabilities. Furthermore, the model incorporates the ESLoss
function to address the imbalance in behavior sample detection effectively. The innovation continues
with the Dyhead detection head, which integrates three-dimensional attention mechanisms, enhanc-
ing behavioral representation without escalating computational demands. This balance achieves
both a high detection accuracy and manageable computational complexity. Empirical results from
our bespoke student behavior dataset, Student Classroom Behavior (SCBehavior), demonstrate that
SBD-Net achieves a mean Average Precision (mAP) of 0.824 with a low computational complexity
of just 9.8 G. These figures represent a 4.3% improvement in accuracy and a 3.8% increase in recall
compared to the baseline model. These advancements underscore the capability of SBD-Net to handle
the skewed distribution of student behaviors and to perform high-precision detection in dynamically
challenging classroom environments.

Keywords: student behavior; multi-level features; focal modulation; detection network

1. Introduction

The rapid development of Artificial Intelligence (AI) has greatly promoted its ap-
plication in various fields [1,2]. In the field of education, the indicators and methods of
learning evaluation are a noteworthy research direction [3-5], which plays a crucial role in
improving the quality of education and the learning effect of students [6]. A comprehensive
and effective learning evaluation method can help educators understand and analyze the
various aspects of the teaching process more accurately, so as to make timely improvements
and optimizations [7-9]. Various methods in artificial intelligence can make the learning
evaluation system more intelligent and refined. For example, we can collect educational
data and use machine learning models such as clustering to predict students’ scores [10].
We can also use natural language processing (NLP) technology to analyze students’ essays
and open-ended questions, assess their language skills, logical thinking, and knowledge
mastery, and deeply understand their thinking process and emotional state [11]. In addi-
tion, a deep learning-based student behavior recognition model is a refined assessment
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model [6,12]. In this way, educators can obtain a more detailed and accurate picture of stu-
dent behavior and carry out more profound observations and assessments. For example, SK
Mabhapatra et al. used the Internet of Things (IoT) to gather information to improve student
learning using a novel gamified educational approach after establishing a communication
network and an educational network [13], while Daumiller et al. constructed a model of
overall teaching quality for student evaluation from a psychological perspective [14].

In traditional classroom settings, educators and teaching staff rely heavily on a direct
observation of students’ learning behaviors to understand their learning trajectories. In
addition, indirect assessment methods, such as grade records, homework completion,
and class attendance, are utilized to measure students’ learning processes. Of course,
it also involves assessing students’ status from a psychological perspective [15]. With
the development of technology, real-time smart classroom student behavior detection
systems [16,17] as well as psychological assessment systems are gradually emerging [18,19].
However, due to the complexity and high cost of these techniques, they are not widely
used. Therefore, what we need should be a lightweight and low-cost target detection
system. With the continuous development of deep learning technology, lightweight target
detection models are emerging, and the single-stage target detector represented by YOLO
is driving the real-time detection system by virtue of its extremely high inference speed as
well as low deployment costs. Therefore, we constructed a lightweight SBD-Net framework
and SCBehavior dataset for students’ classroom behavior detection on this basis. The
main goal of current behavioral recognition tasks in education is to use statistical and
generalized information about students’ behavior to understand their learning, personality,
and psychological characteristics in order to assess and improve teaching methods.

This study introduces several significant advancements in the field of classroom
behavior detection using computer vision, which are outlined as follows:

(1) Development of SCBehavior Dataset: We constructed the SCBehavior dataset, which
encompasses six prevalent student behaviors such as reading, writing, and raising a
hand. This dataset is crucial not only for training and validating our model but also
as a valuable asset for the broader research community. It supports the development
of more nuanced behavior detection systems and aids in further empirical studies.
The SCBehavior dataset is publicly available at https://github.com/CCNUZFW /SCB-
ehavior (accessed on 10 July 2024).

(2) Enhanced Feature Fusion: We replaced the traditional SPPF with the Focal-Modulation
module to implement a multilevel feature fusion mechanism. This enhancement
significantly improves the model’s ability to detect and accurately classify students’
behavior across different scales, particularly in complex scenarios involving hard-to-
detect samples.

(38) ESLoss Function: To address the challenge of sample imbalance that typically skews
the model’s performance, we designed the ESLoss function. This function is par-
ticularly effective in increasing the detection accuracy for infrequent behaviors by
assigning higher weights to difficult samples, thus refining the model’s sensitivity
and precision.

(4) Dyhead Detection Head: Our introduction of the Dyhead detection head, which
incorporates multiple attention mechanisms, represents a pivotal improvement. This
design enhances the model’s capability to discern complex student behaviors with
minimal increase in computational load, ensuring efficiency without compromising
on performance.

The rest of this paper is structured as follows: Section 2 briefly reviews the current
related works. In Section 3, we introduce the concepts that appear in this paper and define
the related problems of this research. Section 4 introduces the proposed method. Section 5
introduces the dataset and evaluation metrics, and it provides the details of the experiments
and analysis of the results. Finally, Section 6 summarizes the entire paper.
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2. Related Work

The recognition of student behavior in educational environments is a growing area
of research, leveraging advancements in computer vision and deep learning. This section
reviews the key developments and methodologies in the related fields.

2.1. Student Behavior Recognition

Tasks related to classroom behavioral recognition are having a profound impact
on the field of education, and work in this area aims to enhance teaching and learning.
For example, Sharma et al. determined the level of student engagement in e-learning and
distance learning tasks by combining information about students’ eye and head movements
as well as facial emotions [20]. Jisi A et al. combined spatial affine transform networks
with convolutional neural networks for the behavioral recognition of students in education
to extract more detailed features for better detection [21]. Wang et al. designed and
modified an efficient student behavior detection model based on yolov7, which improves
the recognition of student behavior by embedding an attention mechanism and combining
it with an augmented dataset [22]. In addition, Lu Shi et al. proposed a learning behavior
recognition method for an online English classroom based on feature data mining, which
achieved learning behavior recognition in the online English classroom by mining feature
data [23]. From these recent studies, we find that many models have been applied to
classroom student behavior detection, and all of them have achieved good results.

For example, Cao et al. proposed a student behavior detection model based on an
improved SSD algorithm that integrates the Mobilenet architecture, designed for real-
time behavior detection in dynamic classroom environments [24]. Their model combines
two different approaches to enhance detection capabilities, particularly for classroom
behavior. Additionally, Li et al. introduced an innovative method using an attention
mechanism and relational reasoning module specifically suited for complex classroom
environments, improving the detection of human-—object interaction behaviors [25]. Fur-
thermore, Chen et al. presented a model based on an improved YOLOVS, incorporating a
multi-head self-attention mechanism, which showed greater robustness and accuracy in
classroom scenarios [26].

Summary: While these models have improved performance through structural inno-
vations, they lack targeted optimizations for the specific challenges in student behavior
detection, such as occlusion, small-object recognition, and behavior class imbalance. These
issues are critical in the classroom environment, where traditional models may struggle
with detecting small, occluded objects and underrepresented behaviors. In addition, these
studies underscore the significant advancements in student behavior recognition, yet they
highlight the need for lightweight and deployable models, prompting our development of
an efficient solution tailored to educational environments. So, it is important to build such
a particular lightweight model for student behavior detection .

2.2. Object Detection

Object detection has been a cornerstone in the field of computer vision, driving
advancements in various applications such as autonomous driving, surveillance, and,
importantly, educational environments. The primary goal of object detection is to identify
and localize objects within an image, which is crucial for tasks like student behavior recog-
nition where precise detection of students” actions and interactions is needed. Traditional
object detection methods, such as Viola-Jones [27] and Histogram of Oriented Gradients
(HOG) [28], laid the groundwork by introducing robust feature extraction and classification
techniques. However, these methods often struggled with real-time performance and
handling diverse, complex scenes.

The advent of deep learning significantly transformed object detection with the de-
velopment of Convolutional Neural Networks (CNNs). The introduction of Region-based
CNN (R-CNN) by Girshick et al. [29] marked a pivotal shift by leveraging CNNs for re-
gion proposal and feature extraction. R-CNN generated region proposals using selective
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search and then applied a CNN to extract features from each proposed region, followed
by a classifier to determine the presence of objects. Although this approach significantly
improved detection accuracy, it was computationally expensive due to the repeated CNN
computations for each region proposal. To address these limitations, Fast R-CNN [30] was
introduced, which significantly improved the efficiency of the R-CNN framework. Fast
R-CNN incorporated a single-stage training algorithm that performed region proposal and
classification simultaneously. It used a Region of Interest (Rol) pooling layer to extract a
fixed-length feature vector from the feature map for each region proposal, thereby reducing
redundant computations and speeding up the detection process. Building on the advance-
ments of Fast R-CNN, Faster R-CNN [31] integrated a Region Proposal Network (RPN)
directly into the CNN architecture. This end-to-end trainable network generated region
proposals more efficiently and accurately than the selective search method used in earlier
models. The RPN shared convolutional features with the detection network, which further
reduced computational overhead and improved detection speed and accuracy.

The next significant advancement in CNN-based object detection came with the
development of single-stage detectors such as the Single Shot MultiBox Detector (SSD) [32]
and You Only Look Once (YOLO). Unlike the two-stage R-CNN variants, single-stage
detectors eliminated the region proposal step, allowing for real-time object detection. The
SSD predicted bounding boxes and class scores for multiple objects directly from feature
maps at different scales, improving the detection of objects with varying sizes. YOLO, on
the other hand, framed object detection as a single regression problem, predicting bounding
boxes and class probabilities simultaneously from the entire image in one evaluation. This
approach significantly increased detection speed, making YOLO suitable for real-time
applications. In practice, target detection tasks in different fields may require specific
models to adapt, which requires us to optimize the original target detection algorithms,
such as formulating a specific backbone network to adapt to the specific task, so as to better
extract the upstream features, but also through the addition of the attention mechanism or
the optimization of the loss function to improve the detection results. The optimization of
loss functions directly impacts model performance, convergence speed, and robustness.
For instance, Focal Loss [33] was introduced to address the class imbalance problem by
down-weighting the loss assigned to well-classified examples, thereby focusing the training
on hard negatives. To better capture the quality of bounding box predictions, GloU loss [34]
extended the Intersection over Union (IoU) metric to provide a more comprehensive
evaluation of overlap between predicted and ground-truth boxes, addressing shortcomings
like the inability to capture the distance between non-overlapping boxes. CloU loss [35]
further improves on GloU by considering the aspect ratio and distance between the center
points of the bounding boxes, ensuring better convergence and accuracy in bounding
box predictions.

Summary: Overall, target detection technology is in a phase of continuous inno-
vation and rapid development, and it often requires specific improvements in practical
applications, which is a research problem we need to be aware of.

2.3. Attention Mechanism

Traditional deep learning models, such as Recurrent Neural Networks (RNNs) [36]
and convolutional neural networks, often struggled with long-range dependencies and
efficiently processing relevant features in the input data. This led to the development of
attention mechanisms, which were initially introduced in the context of machine translation.
Bahdanau et al.’s Additive Attention [37] addressed the limitations of fixed-length context
vectors in sequence-to-sequence models by dynamically computing alignment scores
between the encoder and decoder hidden states. This allowed the model to focus on relevant
parts of the input sequence during translation, significantly improving translation quality.

As the concept and technology of attention mechanisms continued to evolve, a variety
of attention mechanisms emerged. Attention mechanisms have not only achieved signifi-
cant progress in natural language processing but have also been successfully applied to
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computer vision tasks, enhancing models’ ability to focus on spatial and channel features.
For example, the Convolutional Block Attention Module (CBAM) [38] sequentially applies
channel and spatial attention to input feature maps, enabling the model to focus on the
most informative parts of the feature maps, which has shown significant performance
improvements in image classification and object detection tasks. The innovation of CBAM
lies in its dual attention mechanism: the channel attention module focuses on “what” is
important, while the spatial attention module focuses on “where” it is important, ensuring
the network can effectively emphasize critical features. Similarly, Squeeze-and-Excitation
Networks (SENets) [39] introduced a channel attention mechanism that adaptively recali-
brates channel-wise feature responses by modeling interdependencies between channels.
This approach significantly improves the performance of various convolutional neural
network architectures on image recognition tasks. SENet’s innovation lies in its squeeze op-
eration, which compresses the spatial dimensions of the input, and the excitation operation,
which learns the importance of each channel through fully connected layers, significantly
boosting performance.

Summary: These advancements underscore the versatility and efficacy of attention
mechanisms in deep learning, highlighting their critical role in the ongoing development
of more sophisticated and capable models. By allowing models to dynamically focus on
the most relevant parts of input data, attention mechanisms have become indispensable
tools for achieving high performance in various applications.

3. Preliminary

In this section, we introduce some key shorthand technical terms in Table 1, as
well as a detailed description of the terms Focal Modulation and Exponential Moving
Average SlideLoss.

Table 1. Symbols and notations.

Number Notation Description
1 RLxSxC 3D tensor with dimensions of height, width, and channel
2 M Aggregation operation on attention score matrix
3 T Interaction between query and targets
4 F Feature map
5 T Scale-aware attention
6 g Spatial-aware attention
7 ife Task-aware attention
8 f(x) Sliding function operation
9 EMA Exponential Moving Average

Definition 1 (Student Behavior Detection Task). The task of detecting students’ classroom
behavior focuses on identifying the input classroom sensor data Dy, and finding the most closely
matching behavior from a set of predefined behavior categories {C; | i = 1,2,3,..., M}. Here, i
denotes the index of the specific classroom behaviors recognized in this study. This problem can be
mathematically described as follows:

C' = arg Irlc,ax{g(Dinpttt/ Cy; G)rg(Dinputr Co; 9)/ cee /g(Dinputr Cm; 9) } 1)

In this context, g(+) is a function that measures the similarity between behaviors, and 6
represents the parameters of this function. By assessing the input classroom sensor data Diyyy4,
we determine the similarity degree with various behavior categories, and the behavior C* with the
highest similarity score is identified as the recognized behavior.

Definition 2 (Focal Modulation). Focal Modulation is an advanced mechanism designed to
enhance neural network efficiency by replacing traditional self-attention modules. Unlike self-
attention, which computes the similarity between query tokens and their surrounding tokens
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with high computational complexity, focal modulation agqregates contextual information at each
query position and modulates based on the aggregated context. This process involves encoding
visual contexts at different granularities through deep convolutional implementations, selectively
aggregating these features, and fusing them into the query. In summary, Focal Modulation is a
more lightweight feature agqregation mechanism that we use in the backbone module to enhance
model performance.

Definition 3 (Exponential Moving Average Slide Loss). Exponential Moving Average (EMA)
is a statistical measure that applies weighting factors to a time series, giving more significance to
recent data points while smoothing out fluctuations and reducing the impact of outliers. The formula
for EMA is

e =B x p—1+(1—=p) x 6 (2)

where y; is the current EMA value, yy_q is the previous EMA value, 6; is the current data point,
and (B is the smoothing factor between 0 and 1.

In this study, we apply the concept of EMA to the Slide Loss function to address sample
imbalance in student classroom behavior datasets. The threshold parameter y, which differentiates
between simple and difficult samples based on the Intersection over Union (IoU) between predicted
and ground truth boxes, is optimized using EMA. This moving average approach helps smooth out u
over time, reducing jitter and avoiding significant fluctuations caused by outliers.The improved Slide
Loss function, termed ESLoss, categorizes samples with IoU values below the EMA threshold as
negative and those above as positive. This weighted approach emphasizes difficult-to-detect samples,
enhancing the model’s performance and robustness in behavior detection tasks.

4. Proposed Method

In this section, we present the improvements we made for one specific task of class-
room student behavior recognition. We cover the theoretical foundations and the specific
process of improving the algorithm. Our model involves five main components: input,
backbone, neck, head, and output. We first input a single frame image in the classroom
context into the model, resize it to 640 x 640, and then perform initial feature extraction
via the Backbone, followed by further extraction and fusion of features at the Neck layer
to provide richer information for subsequent prediction, and finally, the output of seven
different behaviors via the Dyhead target detection head. The overall structure of the model
is shown in Figure 1.

Current models [20-26] mostly rely on general attention mechanisms and conven-
tional modules, lacking deep optimization for the specific challenges posed by student
behavior detection, such as occlusion, small-object recognition, and class imbalance in
classroom environments. While these models have improved performance through struc-
tural innovations, they are not specifically designed to address the unique challenges of
student behavior recognition, including occlusion, small-target detection, and behavior
class imbalance. As a result, they perform well in general object detection tasks but may
struggle to handle the complexities of student behavior detection in a classroom setting.
In contrast, our model is designed to specifically tackle these challenges, particularly in
handling occlusion and small-object detection. We developed a Focal Modulation module
combined with a Dyhead architecture to address the occlusion and small-target detection
issues in classroom environments. Additionally, we introduced the ESLoss function, specif-
ically tailored to address the imbalance in student behavior datasets, further enhancing
the model’s performance. These improvements, designed specifically for student behavior
detection, allow our model to outperform existing models that rely on general-purpose
modules, especially in the complex classroom environment.
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Figure 1. The overall structure of our model.

4.1. Focal Modulation Network

The original backbone of YOLOVS8 builds upon its predecessors by incorporating ad-
vanced architectural designs such as convolutional layers for hierarchical feature extraction,
residual blocks to enhance gradient flow, bottleneck layers for computational efficiency;,
and CSPNet to balance computational load and improve performance. One of the critical
components in this backbone is the Spatial Pyramid Pooling Fast (SPPF) module, which
captures multi-scale information by pooling features at multiple scales.

We found that in tasks such as student classroom behavior detection, there are a
variety of scenarios with varying sample sizes of different student behaviors as well as
more complex classroom environments, which often lead to less effective detection models.
Many researchers consider introducing self-attention mechanisms [40] to alleviate this
problem in such situations. Self-attention mechanisms are widely used in visual tasks,
but their computational complexity is high, especially when dealing with high-resolution
inputs. Therefore, we decided to introduce the Focal Modulation technique [41], a relatively
lightweight network structure, as a direct replacement for the traditional SPFF module to
further limit the complexity of the model, thus guaranteeing the real-time performance
of our detector and ensuring that it can be applied to real classroom environments.The
Focal Modulation is mainly a multilevel feature fusion mechanism that is incorporated
into the module to learn both coarse-grained spatial information and fine-grained feature
information in the classroom environment, and acquiring student behavior information
from far and near, thus improving the model performance, as shown in Figure 2. Focal
Modulation can also increase the focus on hard-to-detect targets (behaviors with small
sample sizes in the dataset) and achieve focus on difficult samples, i.e., special behaviors,
thus improving the detection accuracy of the model.

Traditional self-attention mechanisms aggregate contextual information by comput-
ing the similarity between query tokens and their surrounding tokens, with a computa-
tional complexity of quadratic order. Focal modulation, however, redefines this process
by first aggregating contextual information at each query position and then modulating
based on the aggregated context. Specifically, the process of self-attention can usually be
expressed as follows:

yi = Mi(Ti(x;, X), X) ®3)
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where M; represents the aggregation operation performed on the attention score matrix
between the query and its targets, and Tj is the interaction between the query and targets.
In contrast, the process of focal modulation is expressed as follows:

yi = To(Ma(i, X), x;) 4)

In this case, M, is the operation of aggregating the context at each position, and T is
the interaction between the query and the aggregated features.

Output Output
Output
Conv / / Hierarchical Vd P
L v ! v Contextualization Gated Aggregation Q
. S )+
Interact A
q 4 +

—_—

/ odulat()/ ' AS}V M f%)+ Attentlon'
Ay

ate <>L
— Linear Aggreg’ A ’ k
[ Light-Weight Lmear
A Linear Linear
/ g \\ Linear Linear|
k)

Input Input Input Input
(a) SPPF (b) Focal-Modulation (c) Context Aggregation (d) Self-Attention

Figure 2. This is a description of the framework for focal modulation, and we compare it with both
Self Attention and the SPPF module to show the differences between the three in a more graphic way.

Specifically, as shown in Figure 3 and Algorithm 1, focal modulation uses a set of deep
convolutional implementations to encode short- to long-range visual contexts at different
granularities, selectively aggregates the contextual features of each marker according to its
content, and fuses the aggregated features into the query, greatly simplifying the computa-
tional process compared to traditional self-attention modules. The specific computation of
focus modulation is shown below:

L+1 Z
yi = q(x;) ®h<2g ) (5)
(=

10

where g ‘and z; are the gating values and visual features, and g(x;) is a query projection function.

Self-Attention Focal-Modulation

Figure 3. The main difference between Self Attention (SA) and Focal Modulation lies in the way con-
textual information is processed. SA captures local contextual information around the query tokens
through a fixed-size window, whereas Focal Modulation encodes spatial contextual information at
different levels of granularity and adaptively fuses this information according to the query content,
making the interaction and aggregation process more lightweight and efficient.
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Algorithm 1 Pseudo code for Focal Modulation

1: Input/Output Shape: (B, H,W,C) > Batchsize B; height H, width W, dim C

2. Focal Levels: L; Conv Kernel Size at Level ¢: k‘

3: function INIT

4: pj_in, pj_cxt < Linear(C,2 x C + (L + 1)), Conv2d(C, C, 1)
he_layers < [Sequential(Conv2d(C, C, k!, groups = C), GeLU()) for / in range(L)]
pj_out <— Sequential(Linear(C, C), Dropout())

end function

: function FORWARD(x, m = 0)

x < pj_in(x).permute(0,3,1,2)

10: q,z,gate < split(x, (C,C,L+1),1)

11: for / in range(L) do

R N AN

12: z < he_layers[l](z) > Equation (4), hierarchical contextualization
13: m=m-+zx gate[:,:;, £ : {+1] > Equation (5), gated aggregation
14: end for

15: m = m + GeLU(z.mean(dim = 2,3)) x gate[:,:,: L] > Equation (6), focal modulation

16: x4 q+ pj_cxt(m)
17:  return pj_out(x.permute(0,2,3,1))
18: end function

4.2. Dyhead Module

After the backbone and neck structure further refine these features by aggregating
information from different scales, the head of YOLOvVS8 is where the final detection occurs.
It processes the aggregated features from the neck to predict bounding boxes and class
probabilities. To enhance this process, we use a dynamic head module to unify the attention
mechanisms, as shown in Figure 4. The dynamic head [42] combines multiple attention
mechanisms at the feature level, spatial location, and output channel. This enables scale-
awareness, spatial-awareness, and task-awareness, making the model particularly effective
in dealing with complex student behaviors in a classroom setting. The dynamic head
module enhances the robustness of student behavior detection, and its design allows for
high-performance target detection with relatively low computational resources. Even with
limited computational resources, it still provides satisfactory results, aligning with our goal
of a lightweight model.

¢

Normalize |—’(“>‘—| 1,0,0,0
Ty, Tig [ ]
Hard Sigmoid @7 Fully Connected

Conv 1X1

Average Pooling

Fully Connected
Average Pooling

Conv 3X3

(De
U

&

Y
_3-Dimensional Tensor | ®=Multiply @ = Addition O =ReLU

Input Output

Figure 4. This image shows the execution flow of the three attention modules of Dyhead; it is worth
noting that we can stack more than one Dyhead module to achieve better results, but this often leads
to performance loss.



Appl. Sci. 2024, 14, 8357

10 of 24

To be more specific, given a feature map F € RE*SXC, the broad definition of attention
can be described as follows:
W(F) =n(F)-F ©6)

One optimal solution is to adopt global attention, but the attention function at all scales
will lead to excessive computational overhead and is not practical due to high-dimensional
problems. Instead, we convert the attention function into a series of cascaded attentions,
each focusing only on one scale:

W(F) = nc(ms(mp (F)-F) - F)-F )

Scale-aware Attention 71;: We first introduce scale-aware attention based on the
importance of different scales:

m(f)=0<f<51csch>> F ®

where f(-) is a linear function, using a 1 x 1 convolution, and ¢(x) is a hard-sigmoid
activation function.

Spatial-aware Attention 7rs: Next, we introduce spatial-aware attention to focus on
different spatial positions of the feature map. Considering the high dimensionality S, we
decompose it as follows: first, use convolution to learn the feature transformation, and then
aggregate across scales:

1L
ng(F)-F = I Zwi,jrk-]:(l;pk—!—Ak;c)-Amk 9)
k=1

where K is the sampling depth, and by using position shifts (py + Ak) and importance
factors Amy, the attention mechanism can adaptively focus on regions with high discrimi-
native power.

Task-aware Attention 7r¢: Finally, we introduce task-aware attention to enhance
the learning of task-specific characteristics. It can dynamically open channels to help
distinguish different tasks:

ic(F) - F = max(af (F) - Fi + B1(F), a3(F) - Fe + B3(F)) (10)

where {al,al, B, B1}T = 6(F) are hyperparameters for parameterizing F. max(-) is
similar to DyReLU.

4.3. ESLoss Function

Datasets of student classroom behavior often suffer from sample imbalance issues.
In most cases, students” behaviors are concentrated on simple samples such as read and
lookup, resulting in a large number of samples for these two behaviors. In contrast, other
difficult samples such as stand, raise hand, and turn head are relatively sparse and easily
occluded by other behaviors, leading to poor model training performance. This issue
caught our attention. In this work, we designed an improved version of the Slide Loss [43]
function to address this problem, which we call ESLoss (EMASlideLoss). The distinction
between simple and difficult samples is based on the IoU between the predicted box and
the ground truth box. To reduce hyperparameters, the average value of the IoU values
of all bounding boxes is used as the threshold u. Samples with an IoU of less than y are
considered negative samples, while those with an IoU that is greater than u are considered
positive samples.

However, due to unclear classification, samples near the boundary often suffer sig-
nificant loss. We hope the model can learn to optimize these samples and make full use
of them to train the network. However, the number of such samples is relatively small.
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Therefore, we attempt to assign higher weights to difficult samples. First, the samples are
divided into positive and negative samples using the parameter 1, as shown in Figure 5.
Then, the boundary samples are emphasized through the weighting function Slide. The
specific process of the Slide weighting function is as follows:

1, x<u-01
flx)=<qel#, u—-0l<x<uy (11)
el—x, x> I

The function f(x) represents the sliding function operation, where x denotes the
Intersection over Union (IoU) between the predicted box and the ground truth box, and u
denotes the weighting threshold. Specifically, the SlideLoss method uses the average IoU
of all bounding boxes as the threshold, considering values below yu as negative samples
and values above y as positive samples. In this study, we adopt the concept of Exponential
Moving Average (EMA) to optimize the parameter y of the model. The specific optimization
method is as follows:

pe=Bxp—1+ (1 =) x 6 (12)

Here, 6; represents the parameter weight obtained in the t-th update, and y; represents
the moving average of all parameters in the f-th update. B is the weighting parameter.
The moving average can be regarded as the average value over a certain period of time.
Compared with exponential functions, the moving average smooths the path of values,
reduces jitters, and avoids significant fluctuations caused by occasional outliers. The
moving average can enhance the robustness of the current model’s performance in detecting
student behaviors.

Negative Samples Positive Samples

e(l-ﬂ)

0 1
u-0.1 p

Figure 5. The description of Slide Loss.

5. Experimental Results and Analysis
5.1. Experimental Dataset

In the field of computer vision, the quality and relevance of datasets are crucial for
the effective training of models. Researchers across various domains have meticulously
constructed numerous datasets to meet specific needs. Our research on classroom behavior
recognition similarly requires a corresponding dataset for training and evaluation purposes.
Therefore, we decided to utilize our self-constructed SCBehavior dataset and a public
dataset SCB-U [44].



Appl. Sci. 2024, 14, 8357

12 of 24

5.1.1. SCBehavior Dataset

This dataset comprises 1346 high-resolution images of classroom scenes, each with
varying distributions of student behaviors. The SCBehavior dataset encompasses seven
different types of student behaviors: read, write, lookup, raise_hand, turn_head, stand,
and discuss. These categories essentially cover the typical behaviors observed in daily
classroom activities. The diverse distribution of these behaviors across different scenes
enhances the dataset’s robustness and applicability in real-world scenarios.

In order to maintain the integrity and applicability of the SCBehavior dataset, we
conducted a series of rigorous experimental studies on it. Our goal was to unambiguously
affirm its value as a powerful educational resource that can significantly contribute to
the development of automated systems for student behavior analysis, thereby improving
teaching strategies and educational outcomes. Below are some example images from
the SCBehavior dataset, illustrating the various student behaviors it captures, as shown
in Figure 6.

Turn head

Write Read Discuss

Figure 6. The seven types of student behaviors are well-documented and displayed, demonstrating
that our dataset encompasses a diverse range of classroom environments and student actions. This
dataset can be effectively utilized for tasks related to classroom behavior recognition.

More specifically, the number of labels in our dataset and the division of the dataset
into training, testing, and validation sets are shown in Table 2 below.

Table 2. SCBehavior Dataset. The dataset includes the number of labels and the division into training,
validation, and testing sets.

Number Behaviors Labels Train Val Test
1 write 1025 452 491 82
2 read 1075 810 139 126
3 lookup 5725 3620 1656 449
4 turn_head 1025 748 117 160
5 raise_hand 725 561 82 82
6 stand 94 50 30 14
7 discuss 242 172 50 20

The table summarizes the SCBehavior dataset, including the number of labels and the distribution across training,

validation, and test sets.

5.1.2. SCB-U Dataset

The SCB-U dataset [44] encompasses six common classroom behaviors: ‘raising hand’,
‘reading’, ‘writing’, “using phone’, ‘bowing head’, and ‘learning’. The SCB-U dataset was
compiled from actual classroom surveillance footage and expanded using “frame interpola-
tion” techniques to ensure diversity and precise annotation. Despite the relatively singular
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perspective of the dataset images, its high annotation density and accurate simulation of
real classroom environments make it invaluable for model training and evaluation.

5.2. Experimental Details

The experiments were conducted in an environment configured with both advanced
software and hardware components to ensure optimal performance. The software envi-
ronment included Ubuntu 20.04 as the operating system, Python 3.8 for programming,
PyTorch 1.10.0 as the deep learning framework, and CUDA 11.3 for GPU acceleration. On
the hardware side, the setup featured an RTX 4090 GPU (NVIDIA, Santa Clara, CA, USA)
with 24 GB of memory, coupled with an AMD EPYC 9654 96-Core Processor (AMD, Santa
Clara, CA, USA), providing substantial computational power for efficient data processing
and model training.

Setting of HyperParamerters: For the training phase, we initialized the model with
a learning rate of 0.01, which was progressively reduced during training, with the final
learning rate set to 1% of the initial rate (0.0001). The stochastic gradient descent (SGD)
optimizer was employed with a momentum of 0.937 and a weight decay of 5 x 10~* to
help prevent overfitting. A warm-up strategy was applied over the first 3 epochs, during
which the momentum started at 0.8, and the bias learning rate was set to 0.1. This warm-up
period helped the model stabilize before reaching the main training phase. The batch size
was set to 64 to ensure both training efficiency and stability. Additionally, several loss
functions were used to enhance detection accuracy: a box loss gain of 7.5, classification
loss gain of 0.5, DFL (distribution focal loss) gain of 1.5, and a keypoint object loss gain
of 1.0. These carefully tuned hyperparameters ensured robust performance in detecting
student behaviors across various classroom settings.

Data Augmentation: We employed several data augmentation techniques during
training, including HSV space transformation (Hue + 1.5%, Saturation + 70%, Value + 40%),
horizontal and vertical translation (£10%), scaling (+50%), 50% probability of horizontal
flip, and Mosaic augmentation applied at 100%. These techniques enhanced the model’s
robustness to varying target scales, orientations, and class imbalance.

5.3. Evaluation Metrics

To comprehensively evaluate the performance of our model, we employed several key
metrics, including mean average precision, precision, recall, and floating point operations
(FLOPs). These metrics provide a detailed insight into the effectiveness and efficiency of
our model. First, precision measures the accuracy of the positive predictions made by the
model. It is defined as in the following equation:

. TP
Precision = TP L EP (13)
TP (true positive) means the number of correctly detected instances of the target
behavior, and FP (false positive) means the number of incorrectly detected instances, i.e.,
detections that were predicted as the target behavior but are actually not.
Recall measures the model’s ability to detect all relevant instances in the dataset. It is
defined as the ratio of true positive detections to the total number of actual positive instances.

TP

Recall = TP+ EN (14)
FN (false negative) means the number of instances that were not detected by the
model, i.e., actual instances of the target behavior that the model missed. A high recall
indicates that the model is effective at finding all relevant instances, which is important in

applications where missing a positive instance can have significant consequences.
We also used mAP to evaluate our model. Mean average precision (mAP) is a standard
metric used in object detection tasks to evaluate the accuracy of a model. It considers both
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the precision and recall across different thresholds to give a single performance score.
Mathematically, the mAP is defined as follows:

n
AP = / Precision d(Recall) (15)
0
1J
mAP = i ) AP; (16)
i=0

Floating point operations (FLOPs) is a metric used to measure the computational
complexity of a model. It indicates the number of floating-point operations required
to process a single forward pass through the model. FLOPs is a critical measure of the
efficiency of a model, particularly when deploying it in resource-constrained environments
such as real-time systems or edge devices.

L
FLOPs = Y FLOPs (17)
=1

For a deep learning model, FLOPs can be computed by summing the number of
multiplications and additions performed in each layer. Lower FLOPs generally imply a
faster and more efficient model, which is essential for real-time applications like classroom
behavior recognition.

5.4. Baselines

To validate the effectiveness of our model, we compare it with several baseline models.
These baseline models include a number of detection algorithms that are widely recognized
in academia and industry, and this comparative analysis allows us to comprehensively
assess the performance of our model in different environments and tasks to ensure its
usefulness and reliability in student behavior recognition applications.

YOLOVS [17]: YOLOVS5 is the fifth iteration of the YOLO (You Only Look Once)
family, known for its real-time object detection capabilities. It is designed to perform both
detection and classification in a single pass through the network, making it highly efficient.
YOLOVS5 improves upon its predecessors with better accuracy, speed, and a more modular
architecture. YOLOVS5 uses CSP-Darknet53 as its backbone, which integrates Cross Stage
Partial (CSP) connections to improve gradient flow and reduce computational cost. And it
also employs a Path Aggregation Network (PANet) in the neck, which enhances information
flow between layers and helps in detecting objects at various scales. It offers several variants
like YOLOV5s (small), YOLOv5m (medium), YOLOVSI (large), and YOLOv5x (extra-large),
allowing users to choose based on their specific needs and computational resources. In our
study, we chose YOLOV5s as one of the baseline models because YOLOv5-s is a smaller and
more efficient variant of the YOLOv5 model family, designed for real-time target detection,
with a similar number of parameters and computational effort to our proposed model,
which allows for a better comparison.

YOLOV7 [45]: YOLOV7 introduces several architectural innovations and enhancements
that improve its performance compared to its predecessors. Developed by the original
creators of YOLO, it focuses on maintaining a balance between speed and detection accuracy,
making it suitable for a wide range of applications. First, it introduces ELAN to improve the
network’s ability to learn complex features by integrating more efficient feature aggregation
strategies. And YOLOV?7 also integrates RepVGG blocks, which streamline the network
architecture, reduce memory usage, and improve inference speed without sacrificing
accuracy. We also chose the yolov7-tiny version, which has a similar amount of parameters
to our model, as one of the baseline models.

SSD [32]: SSD is a powerful and efficient object detection model that strikes a good
balance between speed and accuracy. Its one-shot detection method, use of multi-scale
feature maps, and real-time performance make it a popular choice for many real-world
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applications, so we chose it as the baseline model to compare with ours, and despite some
challenges in achieving the highest accuracy for small or dense objects, it is still a fairly
important representative model.

Faster R-CNN [31]: Faster R-CNN consists of a two-stage approach where the first
stage generates region proposals using a Region Proposal Network, and the second stage
classifies these proposals and refines their bounding boxes. This architecture enables
Faster R-CNN to achieve a high detection accuracy, particularly in complex scenes. In the
context of classroom student behavior recognition, Faster R-CNN was selected as one of the
baseline models for comparison due to its proven effectiveness in detecting and localizing
objects accurately.

Deformable-DETR [46]: Deformable-DETR is an advanced object detection model that
builds upon the original DETR framework by incorporating deformable attention mecha-
nisms. It addresses some of the limitations of standard DETR, such as slow convergence
and difficulties in handling small objects, by enabling more efficient and flexible feature
extraction. In the context of classroom student behavior recognition, Deformable-DETR is
chosen as one of the baseline models due to its superior capability to capture detailed and
varied student actions and postures. By comparing our model with Deformable-DETR, we
can assess our model’s effectiveness in handling complex and dynamic student behaviors,
while also evaluating its performance in terms of computational efficiency and real-time
application potential in classroom settings.

DETR with Improved deNoising anchor boxes (DINO) [47]: DINO is a significant
enhancement of the original DETR (Detection Transformer) framework, focusing on im-
proving the convergence speed and accuracy of object detection tasks. DINO introduces
denoising techniques and enhanced anchor box mechanisms to address the slow conver-
gence and small-object detection challenges commonly associated with DETR models. By
refining the object query process and improving the training efficiency, DINO achieves
faster and more accurate detection, particularly in scenarios involving complex and dy-
namic environments. In the context of student behavior recognition, DINO is included as
a baseline model due to its robustness in handling diverse and nuanced student actions,
offering a strong comparison point for our model’s performance in both accuracy and
detection efficiency.

EfficientNet [48]: EfficientNet utilizes a compound scaling method that balances
network depth, width, and resolution. It achieves state-of-the-art performance while
keeping the number of parameters and computational cost relatively low. Its highly
optimized architecture allows for real-time inference, making it a strong baseline for tasks
requiring speed and accuracy. In our study, we included EfficientNet as a baseline model
because its balance of performance and computational efficiency is comparable to the goals
of our proposed student behavior detection system, allowing for a meaningful evaluation
of detection capabilities in resource-constrained environments like classrooms.

RTMDet [49]: RTMDet is a lightweight object detection model designed for high
efficiency and speed, and it is optimized for real-time detection tasks. Its architecture incor-
porates several innovations, including efficient feature extraction modules and optimized
anchor-free detection strategies, which reduce computational complexity while maintaining
a strong detection accuracy. In our comparison, RTMDet serves as a baseline model because
its real-time detection focus aligns closely with our model’s objectives, allowing us to assess
both the speed and detection accuracy of our approach in dynamic educational settings.

5.5. Performance
5.5.1. Comparison Study on SCBehavior Dataset

Based on the data presented in Table 3 and Figure 7, it is evident that SBD-Net outper-
forms the compared models in terms of precision and recall, achieving the highest values of
0.804 and 0.763, respectively. SBD-Net also achieves notable mAP@0.5 and mAP@0.5-0.95
of 0.824 and 0.619, demonstrating its effectiveness in accurately detecting and classifying
student behaviors in classroom settings. The integration of focal modulation mechanisms
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and the incorporation of the DyHead module enhance SBD-Net’s ability to detect small
objects and handle complex patterns of student behavior. To be specific, the implementation
of the DyHead module contributes to the model’s superior feature extraction capabilities,
enabling it to process high-resolution feature maps while maintaining a manageable num-
ber of parameters. SBD-Net’s parameter count of 36.5 M strikes a balance between model
complexity and computational efficiency, making it suitable for deployment in resource-
constrained environments such as classroom cameras. Furthermore, the modification of
the loss function to ES Loss improves the model’s robustness and accuracy, particularly in
handling imbalanced datasets often encountered in real-world classroom scenarios. And in
terms of detection speed, SBD-Net demonstrates competitive performance with a FLOPs
value of 9.8 G, making it an efficient choice for real-time applications. This efficiency is
crucial for practical deployments where both high accuracy and low latency are required.
The model’s ability to achieve high precision and recall while maintaining computational
efficiency underscores its potential for widespread adoption in educational settings for
monitoring and analyzing student behavior.

Input images YOLOv8n Our Method

Figure 7. From left to right are the original image, the YOLOvVS detection image, and the SBD-Net
detection image. We can intuitively observe that SBD-Net achieves better results while assigning
more weights to the difficult samples, and it obtains better results.

Overall, SBD-Net’s enhancements, including focal modulation, the DyHead module,
and the ES Loss function, contribute to its superior performance in classroom student behav-
ior recognition tasks. Its ability to accurately detect and classify various student behaviors
with high precision and recall, combined with its efficient computational requirements,
makes SBD-Net a robust and practical solution for educational applications.
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Table 3. Comparison of different models for classroom student behavior recognition.

Model Precision Recall mAP@0.5 (%) mAP@0.5-0.95 (%) Params (M) Flop (G)
YOLOVS [17] 0.741 0.642 0.651 0.486 139M 15.9
YOLOV7 [45] 0.589 0.576 0.543 0.348 11.7M 13.2
YOLOVS [50] 0.799 0.725 0.781 0.595 30.0M 8.9

SSD [32] 0.767 0.733 0.736 0.501 245M -
Faster-RCNN [31] 0.787 0.687 0.804 0.576 41.7M 243
Deformable-DETR [46] 0.698 0.722 0.654 0.544 411 M 284
DINO [47] 0.773 0.716 0.766 0.564 47.0M 279
RTMDet [49] 0.793 0.696 0.755 0.511 8.99 M 14.8
EfficientNet [48] 0.797 0.716 0.750 0.535 - -
SBD-Net 0.804 0.763 0.824 0.619 36.5 M 9.8
Bold indicates the best performance, while underline represents the second-best performance.
5.5.2. Comparison Study on SCB-U Dataset

To validate the scalability of our method and reduce experimental bias, we introduced
the other dataset specifically designed for senior student behavior in classrooms, named
SCB-U [44]. This dataset is tailored to high school environments under the K12 educational
framework and includes six common and representative student behaviors: ‘raising_hand’,
‘reading’, ‘writing’, “using_phone’, ‘bowing_head’, and ‘learning’ (studying at a desk).
These behaviors are frequently observed in typical classroom settings, making the dataset
highly relevant for research in this field.

The SCB-U dataset is constructed using footage captured from real classroom surveil-
lance, ensuring the authenticity and relevance of the data. To expand the dataset, we
employed advanced frame interpolation techniques. This not only increases the diversity
of the data but also mitigates potential overfitting issues caused by sparse data, enhancing
the generalization ability of our model. Each behavior sample is meticulously annotated,
ensuring high annotation density and accuracy, which provides a solid foundation for
training and evaluating deep learning models.

Although the dataset is captured from a fixed camera angle, its precise simulation of
real classroom scenarios and high-quality annotations make it particularly valuable for
model training. The SCB-U dataset not only enriches our research but also effectively tests
the robustness and accuracy of the model in handling diverse student behaviors within
dynamic classroom settings. This allows for our approach to be applicable in a wide range
of real-world educational environments and serves as a strong benchmark for future studies
in the field.

As shown in Table 4, the experimental results on the SCB-U dataset demonstrate
the robustness and effectiveness of our proposed SBD-Net model. SBD-Net consistently
outperformed several state-of-the-art models, including YOLOv5, YOLOv7, YOLOVS,
and DINO, across key metrics such as precision, recall, and mAP scores. Notably, SBD-
Net achieved the highest mAP@0.5 and mAP@0.5-0.95, reflecting its superior ability to
accurately detect and classify students’” behaviors in diverse classroom scenarios.

Table 4. Performance on the SCB-U dataset for SBD-Net and other models.

Model Precision Recall mAP@0.5 (%) mAP@0.5-0.95 (%) Params (M) Flop (G)
YOLOV5 0.782 0.524 0.566 0.401 139M 15.9
YOLOv7 0.911 0.57 0.714 0.551 1.7M 13.2
YOLOvS8 0.855 0.705 0.74 0.57 30M 8.9
RTMDet 0.746 0.557 0.679 0.427 8.99 M 14.8

DINO 0.821 0.746 0.716 0.560 47 M 279

EfficientNet 0.838 0.614 0.744 0.527 - -
SBD-Net 0.868 0.701 0.745 0.577 36.5M 9.8

Bold indicates the best performance, while underline represents the second-best performance.
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The model’s high precision (0.868) and balanced recall (0.701) indicate that SBD-Net not
only minimizes false positives but also reliably detects a wide range of student behaviors,
even in challenging conditions such as occlusion or subtle gestures, as shown in Figure 8.
The combination of advanced data augmentation techniques, meticulous annotations,
and the integration of task-specific modules in SBD-Net significantly contributed to its
enhanced performance. Moreover, the model’s ability to generalize well across different
classroom settings, despite being trained on a dataset with a fixed camera angle, highlights
its robustness and adaptability. This further confirms SBD-Net’s potential to be deployed
in real-world educational environments, where diverse behaviors and interactions need to
be accurately monitored and analyzed. Overall, the consistent performance across metrics
reaffirms the effectiveness of SBD-Net as a highly capable model for student behavior
detection and classification.

reading
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Figure 8. Performance on SCB-U dataset. (The Chinese text in the top left corner represents the
recording time, while the text in the bottom right corner represents the recording location).

5.5.3. Ablation Study

After conducting several tests, we obtained the ablation experiment results shown
in Table 5 above. Compared with the benchmark model YOLOv8n, our method shows
significant improvements in various metrics.

First, the base YOLOv8n model, without any modifications, achieved a precision of
0.799, recall of 0.725, mAP@0.5 of 0.781, and mAP@0.5-0.95 of 0.595, with 30 M parameters
and a computational complexity of 8.9 G FLOPs.

Table 5. Ablation experiment.

Model Precision Recall mAP@0.5 (%) mAP@0.5-0.95 (%) Params (MB) Flop (G)
YOLOvVS8n 0.799 0.725 0.781 0.595 30M 8.9
v8n + FM 0.792 0.731 0.799 0.603 31.8M 8.2
v8n + FM + Dyhead 0.783 0.737 0.808 0.599 36.5M 9.6
Our Method 0.804 0.763 0.824 0.619 36.5M 9.8

Bold indicates the best performance.

When we introduced the Focal Modulation (FM) module, replacing the SPPF module
in YOLOVS, the mAP@0.5 increased by 1.8% to 0.799, and the mAP@0.5-0.95 improved by
0.8% to 0.603. The parameter count increased to 31.8 M, and the computational complexity
reduced to 8.2 G FLOPs. This indicates that the Focal Modulation module enhances
recall and detection performance while maintaining a lower computational complexity.
Further, we incorporated the Dyhead detection head, which combines multiple attention
mechanisms to enhance the detection capability of complex behaviors. With Dyhead, the
precision reached 0.783, a decrease of 1.6% compared to YOLOv8n, but the recall increased
by 1.2% to 0.737. The mAP@0.5 was 0.808, an increase of 2.7%, and mAP@0.5-0.95 slightly
increased by 0.4% to 0.599. The parameter count rose to 36.5 M, and the computational
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complexity was 9.6 G FLOPs. The inclusion of the Dyhead detection head significantly
improved the model’s behavior detection performance in complex environments. Finally,
in our complete method, in addition to the aforementioned improvements, we optimized
the classification loss function by adopting the improved ESLoss function, as shown in
Figure 9. The optimized model achieved the best results: precision increased by 0.5%
to 0.804, recall increased by 3.8% to 0.763, mAP@0.5 improved by 4.3% to 0.824, and
mAP@0.5-0.95 improved by 2.4% to 0.619. Although the parameter count increased to
36.5 M and the computational complexity was 9.8 G FLOPs, the overall performance of the
model improved significantly.

Comparison of mAP50-95 over Epochs

—— YOLOv8
YOLOV8+FM
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Figure 9. The graph illustrates the comparison of mAP50-95 over epochs for different methods,
including YOLOvS8, YOLOvS8 with Focal Modulation (FM), YOLOvS8 with FM and Dyhead, and our
proposed method. The mAP50-95 metric, which indicates the mean Average Precision across various
IoU thresholds, is used to evaluate the performance of the models, and it shows that incorporating
Focal Modulation and dyhead while optimizing the loss function significantly improve the detection
performance of the model over time.

These improvements validate the importance of each module in enhancing the model’s
performance. In particular, the optimization of the classification loss function greatly
enhanced the model’s precision and recall, proving the effectiveness of our method.

We used a confusion matrix to demonstrate that SBD-Net effectively detects various
student behaviors with high accuracy in key categories, as shown in Figure 10. The model
excels in recognizing ‘write’, lookup’, and "discuss’ behaviors, which are critical for under-
standing student engagement and classroom dynamics. These high accuracies highlight the
model’s robustness in identifying distinct and prominent classroom activities. However,
there are areas for improvement, particularly in distinguishing ‘read’, "turn_head’, and
‘stand’ behaviors from similar actions. The moderate performance in these categories
suggests that the model faces challenges in differentiating these behaviors due to their
visual similarities with other actions, such as lookup” and 'raise_hand’. Enhancing feature
extraction and incorporating more training samples for these specific behaviors could help
in reducing the confusion and improving the overall detection accuracy. Overall, SBD-Net
shows promising results, but further refinements are needed to achieve consistently high
accuracy across all behavior categories.

In the training process of machine learning and deep learning models, the performance
of the loss function is an important indicator of the training effect of the model, as shown
in Figure 11. In this paper, we analyze the effect of the optimized ES Loss and the classifi-
cation loss (cls loss) that comes with YOLOvVS8 by comparing the changes in the two over
100 training cycles (epochs). The graphs show the trend of the two loss functions, where
the red dashed line represents the optimized ES Loss and the blue realization represents
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the original classification loss of YOLOVS. We can clearly see that the optimized ES Loss
shows obvious advantages in both the stability of model training and the final results, and
through further optimization and tuning, the ES Loss has the potential to show stronger
competitiveness and better classification performance in more practical applications.
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Figure 10. The confusion matrix of SBD-Net in the analysis of different behavioral detection effects.
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Figure 11. Comparison of loss functions.

5.5.4. Discussion

In our research, to enhance the model’s performance in detecting small targets, such as
the heads of students seated at the back, we incorporated a combination of the Focal Modu-
lation module and the Scale-aware Attention from the Dyhead module. This integration
significantly boosts the model’s capability in feature extraction and fusion under complex
classroom environments, thereby enhancing the detection accuracy for occlusion and small



Appl. Sci. 2024, 14, 8357

21 of 24

objects. Specifically, Focal Modulation employs a multi-level feature fusion mechanism
that aggregates context information from short to long distances across different positions
in the feature map. Through deep convolutional encoding, the FM module focuses and
merges features from various scales at each query location, capturing fine local details.
Subsequently, when the model makes inputs into the Dyhead module, its Scale-aware
Attention dynamically adjusts the importance of different scale features. Using 1 x 1
convolution operations, Dyhead’s Scale-aware Attention allocates attention weights based
on the prominence of different scales in the feature maps, enabling the model to focus more
on extracting features of occlusion and small objects.

To validate the scalability of our proposed method in student behavior detection,
we conducted experiments using two public datasets. The SCBehavior dataset includes
younger students in K-12 education, while SCB-U involves older students. The results
demonstrate that our proposed method exhibits strong scalability in recognizing student
behaviors across different grade levels.

6. Conclusions

In this paper, we propose SBD-Net, a lightweight and efficient model for detecting
students” behaviors in classroom environments. By leveraging advanced computer vi-
sion techniques, including the FocalModulation module for multi-level feature fusion,
the ESLoss loss function for addressing sample imbalance, and the Dyhead structure to
incorporate multiple attention mechanisms without increasing computational complexity,
SBD-Net excels in the real-time monitoring and analysis of students’ behaviors. These inno-
vations enable teachers to adapt their instructional strategies more effectively, improving
the overall quality of education.

Our experimental results on the SCBehavior and SCB-U datasets demonstrate the
superiority of SBD-Net. The model achieved a mAP of 0.824 on SCBehavior, outperforming
the baseline model YOLOvVS by 4.3%, while maintaining a low computational complexity
of 9.8 GFLOPs. In addition, it demonstrated a 3.8% improvement in recall, highlighting its
ability to handle unevenly distributed behaviors and perform high-precision detection in
complex classroom scenarios. SBD-Net also showed strong performance on the newly intro-
duced SCB-U dataset, validating its generalizability to different classroom environments.

However, SBD-Net has some limitations. It is primarily designed for specific classroom
settings, which may limit its adaptability to varied educational contexts. Additionally,
while its computational demands have been reduced, further optimization is needed for
its deployment on low-power devices. Moreover, the current focus on overt behaviors
overlooks subtler psychological and emotional states, which require further exploration.

Future research will focus on optimizing the model’s architecture for enhanced accu-
racy and efficiency. Expanding the dataset to cover a wider range of classroom scenarios,
age groups, and cultural backgrounds will further enhance SBD-Net’s generalizability.
Additionally, exploring multimodal data fusion by integrating visual, audio, and textual
inputs will provide a more holistic analysis of student behaviors and emotional states.
Techniques such as model compression, quantization, and edge computing will be explored
to enable efficient deployment on resource-constrained devices. Collaborating with ed-
ucators to refine behavior classification and ensure practical applicability will be a key
focus, ultimately contributing to the development of intelligent educational systems and
the widespread adoption of smart classrooms.

Author Contributions: Conceptualization, Z.W. and C.Z.; methodology, Z.W.; software, Z.W. and
C.Z; validation, Z.W., M.W,, L.L., and C.Z,; formal analysis, Z.W.; investigation, ZW., M.W,, L.L.,
and C.Z.; resources, Z.W.; data curation, Z.W.; writing—original draft preparation, ZW. and L.L.;
writing—review and editing, Z.W. and M.W.; visualization, Z.W. and M.W.; supervision, Z.W.; project
administration, Z.W.; funding acquisition, Z.W. All authors have read and agreed to the published
version of the manuscript.



Appl. Sci. 2024, 14, 8357 22 of 24

Funding: The research work in this paper was supported by the National Natural Science Foundation
of China (No. 62177022, 61901165, 61501199), Self-determined Research Funds of CCNU from the
Colleges’ Basic Research and Operation of MOE (No. CCNU24JC033), Al and Faculty Empowerment
Pilot Project (No. CCNUAI&FE2022-03-01), Collaborative Innovation Center for Informatization and
Balanced Development of K-12 Education by MOE and Hubei Province (No. xtzd2021-005), and
Natural Science Foundation of Hubei Province (No. 2022CFA007).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this paper:

SBD-Net Student Behavior Detection Network

mAP mean Average Precision
SCBehavior Student Classroom Behavior
Al Artificial Intelligence
NLP Natural Language Processing
TIoT Internet of Things
HOG Histogram of Oriented Gradients
CNNs Convolutional Neural Networks
R-CNN Region-based CNN
Rol Region of Interest
RPN Region Proposal Network
SSD Single Shot MultiBox Detector
YOLO You Only Look Once
ToU Intersection over Union
RNNs Recurrent Neural Networks
CBAM Convolutional Block Attention Module
SENet Squeeze-and-Excitation Networks
EMA Exponential Moving Average
SPPF Spatial Pyramid Pooling Fast
FLOPs Floating Point Operations
CSP Cross Stage Partial
PANet Path Aggregation Network
M Focal Modulation
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