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Abstract: Semi-supervised learning (SSL) is a popular research area in machine learning which
utilizes both labeled and unlabeled data. As an important method for the generation of artificial
hard labels for unlabeled data, the pseudo-labeling method is introduced by applying a high and
fixed threshold in most state-of-the-art SSL models. However, early models prefer certain classes that
are easy to learn, which results in a high-skewed class imbalance in the generated hard labels. The
class imbalance will lead to less effective learning of other minority classes and slower convergence
for the training model. The aim of this paper is to mitigate the performance degradation caused
by class imbalance and gradually reduce the class imbalance in the unsupervised part. To achieve
this objective, we propose FocalMatch, a novel SSL method that combines FixMatch and focal loss.
Our contribution of FocalMatch adjusts the loss weight of various data depending on how well
their predictions match up with their pseudo labels, which can accelerate system learning and
model convergence and achieve state-of-the-art performance on several semi-supervised learning
benchmarks. Particularly, its effectiveness is demonstrated with the dataset that has extremely limited
labeled data.

Keywords: semi-supervised learning; class imbalance; data privacy

1. Introduction

Machine learning (ML) is one of the most important and popular fields in artificial
intelligence. The core concept of ML is about the data-driven model [1]. It has evolved
rapidly in recent decades due to the explosive growth in the amount of available data and
the increase in computational power. The main feature of machine learning is to automati-
cally improve performance through experience [1,2]. Due to this feature, machine learning
has rapidly become the fundamental technique of many modern applications, including
computer vision, natural language processing (NLP), fraud detection, medical analysis
(both physically and mentally), the agriculture industry, the energy sector, mechanical
engineering, network security, etc. [3-12]. Machine learning has spawned many branches,
such as supervised learning and unsupervised learning. The main difference between
supervised and unsupervised learning is whether or not labeled data is used. Supervised
learning usually achieves better performance than unsupervised learning on the same task
by leveraging valuable information from labeled data.

Although the amount of available data has dramatically increased over the last few
decades, labeled data still represents a small fraction. Labeling data is either complicated,
costly (time-consuming and/or expensive), or both. For example, some samples can only
be labeled by the expert, such as the medical analysis. Furthermore, as the number of
available data increases, people are more and more concerned about data privacy. Even if a
significant number of labels have previously been collected, it still remains unknown if the
labels will be available for model learning, or if more attention will be needed to handle
the data [13]. Therefore, it is critical for the model to generate artificial labels for unlabeled
data instead of manually labeling the data due to privacy concerns. The lack of labeled
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data has given rise to a different research area called semi-supervised learning (SSL). SSL
uses datasets that contain only a small amount of labeled data and a considerable amount
of unlabeled data. By leveraging massive volumes of unlabeled data, SSL can significantly
improve the model performance with much less labeled data.

In recently proposed semi-supervised learning frameworks, pseudo-labeling [14] has
been widely used. Pseudo-labeling is based on the assumption that the learning model
should generate hard labels for unlabeled data on its own (i.e., through the predicted
class distributions) and then use these generated labels as targets for unlabeled data.
FixMatch [15] is a state-of-the-art semi-supervised learning method that produces pseudo
(one-hot) labels from weakly augmented samples and utilizes the cross-entropy loss to
ensure the consistencies between pseudo labels and the predictions of the same samples
(strongly augmented). The generated pseudo labels of unlabeled data help FixMatch to
achieve entropy minimization [16] in the unsupervised learning part. However, FixMatch
and other semi-supervised learning methods that utilize pseudo-labeling have a tendency
to assign pseudo labels to certain classes, particularly in the initial stages of the training
process. This introduces the problem of class imbalance. The overall loss can be dominated
by classes with a large number of pseudo labels. Hence, the model can only learn useful
information from the majority classes of pseudo labels and ignores other classes. As a
result, most classes of pseudo labels usually become the easy samples (with high prediction
accuracy), and other classes become the hard samples. This further exacerbates the class
imbalance issue since the model rarely gives high prediction confidence for hard samples.
Hence, the pseudo labels of hard samples are less likely to be considered valid pseudo labels.
Therefore, the corresponding loss item will not be added to the overall unsupervised loss.

In this paper, we propose a new method FocalMatch that combines FixMatch with
focal loss [17] to address the problem of class imbalance that occurs in the unsupervised
learning part. In light of the systematic analysis of the unsupervised learning part in
FixMatch, the focal loss is proposed to enhance the learning process of FocalMatch by
providing the capability of loss contribution adjustment for different samples. This is
particularly achieved by the automatic evaluation of how close their predictions are to their
pseudo labels. As a result, the overall unsupervised loss will not be overwhelmed by a large
number of easy samples. The workflow of FocalMatch is shown in Figure 1. Experiments
show that FocalMatch significantly reduces the difference in the total number of pseudo
labels generated for each class and provides a smoother learning curve in comparison with
other state-of-the-art models.

In brief, the main contributions of this work can be summarized in the following sections:

¢  We propose FocalMatch, a novel but simple semi-supervised learning method that
combines FixMatch and focal loss, which effectively mitigates the performance degra-
dation caused by class imbalance and gradually reduces class imbalance that occurs
in the unsupervised learning part when generating pseudo labels.

*  FocalMatch adjusts the loss weights of different unlabeled data based on the proximity
of their predictions to their pseudo labels. Hence, the loss will not be overwhelmed
by easy samples. Thus, the model can effectively learn valuable information from
all classes.

e FocalMatch outperforms most state-of-the-art semi-supervised learning methods on
several benchmarks, especially when the quantity of labeled data is severely limited.
Experiments show that FocalMatch significantly reduces the difference between the
number of pseudo labels generated for each class. FocalMatch also has a smoother
training curve and converges faster compared to FixMatch.

For the following sections, we first discuss the related work in Section 2, which includes
semi-supervised learning and class imbalance. Next, We discuss the materials and methods
of our proposed FocalMatch in Section 3. We then introduce the experiments we have
performed, including the experiment setting and baseline methods used in Section 4. We
compare the experiment outcomes in Section 5 and conduct an ablation study to investigate
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the effectiveness of our method in Section 6. Finally, we give a summary of this paper in
Section 7, followed by Appendix A, which gives a detailed experiment setting.
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Figure 1. Framework of FocalMatch. Unlabeled data is fed into the model, and the model generates
pseudo labels based on the weakly-augmented unlabeled data. At early iterations, the model prefers
certain classes for pseudo labels, which causes severe class imbalance. Then, the model makes
predictions on the same unlabeled data but with strong augmentation. The model calculates the loss
between predictions and pseudo labels via focal loss [17] to ensure consistency. Focal loss adjusts
the weight of different data based on how close their predictions are to their pseudo labels. For well-
classified data (i.e., the majority of pseudo labels), their loss contribution is reduced. Therefore,
the model can rapidly eliminate class imbalance at early iterations.

2. Related Work
2.1. Semi-Supervised Learning

Semi-supervised learning (SSL) is a popular machine learning technique that combines
supervised and unsupervised learning, i.e., both labeled and unlabeled data are used for
training. Typically, semi-supervised learning uses smaller labeled datasets because one of
the main ideas behind SSL is to address the problem of insufficient labeled data [18,19].
Semi-supervised learning has become increasingly important in many areas, for example,
medical image analysis [20] and natural language processing [21] since labeled data in
these scenarios is usually either expensive or hard to obtain. A detailed introduction to
semi-supervised learning can be found in [22].

In the study of semi-supervised learning, consistency regularization [23] is a commonly
used technique. It assumes that distorted versions of the same input sample should yield
similar predictions from the model. Consistency regularization has been applied in many
state-of-the-art SSL methods. In order to generate distorted samples, data augmentation is
usually beneficial. ReMixMatch [24] and UDA [25] both use strong data augmentations
to improve the consistency regularization between different versions of images. Pseudo-
labeling [14] is another widely used technique in SSL that generates hard (one-hot) artificial
labels for unlabeled data from the model predictions. In several recently proposed SSL
methods, pseudo-labeling is combined with consistency regularization. FixMatch [15]
generates one-hot pseudo labels from predictions on weakly-augmented data with a pre-
defined high threshold and ensures consistency against strongly-augmented data.
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2.2. Class Imbalance

In the majority of machine learning, the training dataset is considered well-balanced
(i.e., each class contains a similar number of samples) [26]. However, class distribution
is usually imbalanced (i.e., some classes contain considerably more samples than other
classes) in real-world scenarios, including fraud detection [27], medical diagnosis [28],
software failure prediction [29], etc. The class imbalance problem has a detrimental impact
on machine learning, such as the convergence and generalization ability of the model [30].
A more extensive introduction of class imbalance is provided in [31].

As [32] suggests, the mainstream solution to class imbalance can be summarized into
two approaches: data-level methods and algorithmic-level methods. Data-level meth-
ods aim to eliminate class imbalance by modifying the training dataset, such as over-
sampling [33] (randomly selects samples from minority class and duplicates them) and
undersampling [34] (randomly selects samples from majority class and discards them).
However, these sampling methods may degrade the final performance, such as causing
overfitting [35]. Algorithmic-level methods, instead, aim to address the class imbalance
problem by modifying the learning algorithms. Threshold moving is one of the most
famous algorithmic-level methods. The main idea behind threshold moving is to adjust
the output (e.g., weights) of the model continuously to accommodate the imbalanced
distributions of samples [36]. In the machine learning area, both algorithmic-level and
data-level methods are commonly used. For example, ref. [37] proposes a novel hybrid
sampling method to address class imbalance based on generative adversarial network.

Our proposed FocalMatch combines FixMatch (the state-of-the-art semi-supervised
learning framework) and focal loss (an algorithmic-level method) to address the class
imbalance problem that occurs when generating pseudo labels in the unsupervised learning
part. It surpasses the traditional cross-entropy loss function used by the model instead
of modifying the original dataset, which is more in line with the application of semi-
supervised learning and ensures data privacy. FocalMatch adjusts the loss weights of
different samples based on how close their predictions are to their pseudo labels. It
decreases the loss weights of easy samples so that the overall unsupervised loss will not be
overwhelmed by easy samples. A detailed ablation study to investigate the effectiveness
of FocalMatch is discussed in Section 6. Comparing FocalMatch to other state-of-the-
art models (including IT model [38], Mean Teacher [39], MixMatch [40], ReMixMatch [24],
UDA [25], and FixMatch [15]), our experiments reveal that FocalMatch significantly reduces
the difference in the total number of pseudo labels generated for each class and has a
more gradual learning curve. FocalMatch surpasses most state-of-the-art semi-supervised
learning algorithms on several benchmarks, particularly when the amount of labeled data
is severely constrained.

3. Materials and Methods
3.1. Consistency Regularization and Pseudo-Labeling

Consistency regularization [23] is one of the most popular ideas in semi-supervised
learning. It assumes that the distortion of a sample should not have an impact on the
predictions of the model. [15] formulates the consistency loss as Equation (1):

uB

hil\lpm(y\lx(ub)) = pun(yle(up)) 113, @

where y is the relative size of unlabeled data to labeled data, B is the batch size of labeled
data, uy is an unlabeled data, « is a data augmentation function, p, (y|a(up)) is the pre-
dictions (soft label) from the model on augmented ;. Since both « and p,, are stochastic,
the two items in Equation (1) are different. ||py — pwm||3 is used to measure the distance
between the aforementioned two predictions.

In modern semi-supervised learning techniques, pseudo-labeling [14] is highly related
to consistency regularization. It suggests that the model should generate artificial labels for
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the unlabeled data.The authors in [15] give the definition of the loss function of pseudo-
labeling as Equation (2):

uB

LB Y 1max(pm(ylup)) > T)VH(pm(ylup), pm(y|us)), 2
=

where py, (y| (1)) is the predictions (soft label) from the model on uj,, whereas p,, is the
one-hot pseudo label obtained from py,. T is the hyperparameter that defines the threshold,
and H is the cross-entropy loss.

3.2. FixMatch

FixMatch [15] is a recently proposed state-of-the-art semi-supervised learning algo-
rithm. In FixMatch, the learning model first makes predictions on a weakly-augmented
sample with probability distributions of each class (soft label). If the probability of a spe-
cific class exceeds the pre-defined threshold, that class will be adapted as a pseudo label
(one-hot label) of the sample. Secondly, the learning model makes predictions on the same
strongly-augmented sample and uses a cross-entropy loss to ensure the consistency regu-
larization between the predictions of the strongly-augmented sample and the pseudo label.
FixMatch combines consistency regularization and pseudo-labeling. Hence, Equation (2)
can be re-formulated as:

uB
le b; L(max(pm(yla(up))) = TV H(pm (yla(up)), pm(y|Alup)))- ®)

Equation (3) is simply the combination of Equations (1) and (2) provided in [15], where
« refers to the weak data augmentation and A refers to the strong data augmentation. 7 is
the threshold, and H is the cross-entropy loss. In FixMatch, the one-hot pseudo label ()
is obtained by applying arg max to the soft label (p;;) of the weakly-augmented image.

3.3. FocalMatch

The standard cross-entropy loss measures the distance between two probability dis-
tributions (i.e., the ground truth and the prediction). The lower the cross-entropy loss,
the closer the two probability distributions (i.e., the prediction is closer to the ground truth).
Due to this property, the cross-entropy loss is widely used in classification tasks. However,
the standard cross-entropy loss treats the loss contribution of each class equally. This is
generally acceptable in class balance situations. However, in class imbalance situations (i.e.,
the sample sizes of some classes are significantly larger than others), the loss from majority
classes can dominate the overall cross-entropy loss. As a result, the model can hardly
learn useful information from the minority class, which will further decrease the prediction
accuracy of the minority class. Moreover, because of the difference in sample size, even if
the loss of a single sample from the minority class is higher than that of a sample from the
majority class (due to the lower accuracy), the total loss from the majority class may still
dominate the overall cross-entropy loss. Equation (4) shows the standard cross-entropy
loss. For simplicity, we use the binary classification case in the following sections:

CE(pt) = —log(pt), pt ={ P ify=1 @)

1 — p otherwise,

where y is the ground truth label, and p is the predicted probability distribution of the
sample. In order to solve the class imbalance problem, ref. [17] proposed an improved
version of the cross-entropy loss called focal loss. The main idea behind focal loss is to
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adjust the contributions of different samples. The focal loss adds a modulating factor to the
standard cross-entropy loss:

PR _Jr ify=1
FL(pt) = —(1 = pt)"log(pt), pt { 1—p otherwise, ©

where (1 — p;)7 is the modulating factor, and v is a hyperparameter that is greater than or
equal to 0. The existence of the modulating factor can help the model to adjust the weights
of different samples. In the correct classification scenarios, p; is closer to 1, which means
that the modulating factor is closer to 0. As a result, the loss weights of these samples (easy
samples) are reduced. In the misclassified scenarios, p; is closer to 0, which means that the
modulating factor is closer to 1. Therefore, the loss weights of these samples (hard samples)
keep unchanged. Even if the number of easy samples is much higher than that of hard
samples, the loss from hard samples will still account for a significant portion of the total
loss due to the weight adjustment, and the model can learn valuable information from hard
samples so that the model performance can be further improved.

Following the method described in [17], Figure 2 shows the loss curves with different
7 values. Focal loss adjusts the contributions of easy samples. As «y rises, the model adjusts
the loss contributions more strongly.

0.0 0.2 0.4 0.6 0.8 1.0
probability of ground truth class

Figure 2. The loss curves of cross-entropy loss and focal loss with different « values. Note that when
v = 0, the focal loss is identical to cross-entropy loss.

In FixMatch [15], the cross-entropy loss is used between the pseudo labels and the
predictions of strongly-augmented images. However, during the training phase, we found
that the learning model tends to generate class-specific pseudo labels (e.g., the number of
pseudo labels for cats may be much higher than the number of pseudo labels for airplanes).
As a result, a class imbalance of pseudo labels occurs in the unsupervised learning phase.
Detailed information on the number of pseudo labels generated is provided in Section 6.
In this scenario, the cross-entropy loss is no longer optimal. To address this problem, we
propose our new method, FocalMatch, that combines FixMatch and focal loss [17]. We
replace the cross-entropy loss with the focal loss for the unsupervised learning part so that
the model can focus more on the minority pseudo labels. Therefore, the unsupervised loss
L, of our method can be formulated as:

uB

w= ptlB L tmax(pn(vla(u))) 2 DFLp), ©)
B _ Pyl AGuy)) —if pun(yla(up)) =1
FL(pt) = —(1 = p1)"log(pt), pr = { 1- pm(y|A(Mbb)) otherwise, )

where u;, is unlabeled data, « and A refer to weak data augmentation and strong data aug-
mentation, respectively. p, (y|a(up)) and py (y|A(up)) are the predicted probability distri-
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butions on weakly-augmented and strongly-augmented samples, respectively. The former
one is also the soft label of the unlabeled sample. In addition, p,, (y|a(u,) are the pseudo
labels generated from soft labels where the confidence of a specific class is higher than
(i.e., the hyperparameter that defines the threshold). The supervised loss Ls is the same as
FixMatch [15]:

B

L= ) H pulylat))), ®
b=1

where x;, is the labeled data, y; is the corresponding label, and H is the standard cross-
entropy loss. The overall loss of FocalMatch is:

Loss = Ls + AL, 9)

where A is another hyperparameter that defines the weight of unsupervised loss Lu. The de-
tailed algorithm of our method is shown in Algorithm 1.

Algorithm 1 FocalMatch Algorithm

1 Input: X = {(xp,y): b€ (1,...,B)},U={up:be (1,...,uB)}

> X is labeled set, U/ is unlabeled set

2: fori=1 to max iteration do

3: Ls, L, < 0
4: forb=1toBdo
5; labeled_prediction < py, (y|a(xp)) > Class distribution on weakly augmented x;
6: Ls += cross_entropy_loss(yy, labeled_prediction) > Equation (8)
7: end for
8: forb=1to uB do
9: if max(pyu (y|a(up))) > T then > Confidence of a class is higher than T
10: pseudo_label « argmax(p (y|a(up)))
11 unlabeled_prediction < p.,, (y|.A(uy)) > Class distribution on strongly augmented u,
12: L, +=focal_loss(pseudo_label, unlabeled_prediction) > Equation (6)
13: end if
14: end for
15 Ly & L, « ﬁ—g
16: Loss <+ Ls+ AL,
17: Model Update
18: end for

4. Experimental Section
4.1. Experimental Setup
4.1.1. Datasets

We conduct our experiments on three datasets: CIFAR-10 [41], CIFAR-100 [41], and
SVHN [42]. CIFAR-10 and CIFAR-100 both contain 60,000 32 x 32 color (3 channels) images
with 50,000 training images and 10,000 testing images. CIFAR-10 contains 10 classes with
6000 images per class, whereas CIFAR-100 contains 100 classes with 600 images per class.
SVHN contains over 600,000 32 x 32 color (3 channels) images with 10 classes (digits).
Considering semi-supervised learning’s actual application circumstances, all experiments
are undertaken with a very limited quantity of labeled data. We apply two settings
to all datasets, 4 labels per class and 10 labels per class (i.e., for CIFAR-10 and SVHN:
40 labels and 100 labels in total, respectively; for CIFAR-100: 400 labels and 1000 labels
in total).
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4.1.2. Baselines

During the experiment, we compare FocalMatch with several sate-of-the-art semi-
supervised learning models on the aforementioned three datasets: IT model [38], Mean
Teacher [39], MixMatch [40], ReMixMatch [24], UDA [25], and FixMatch [15].

4.1.3. Setup

To fairly compare our approach with other SSL methods, all the experiments are
implemented with PyTorch [43] using the same codebase of TorchSSL [44]. We use similar
hyperparameter settings as [15,44]: all baseline methods use Wide ResNet-28-2 [45] as the
backbone network, batch size 64 for labeled data, standard stochastic gradient descent
with a momentum of 0.9 as the optimizer [46,47], initial learning rate of 0.03 with cosine
learning rate decay [48]. There are other hyperparameters that are method-dependent: u
(unlabeled data to labeled data ratio), T (threshold of generating pseudo labels), A (weight
of unsupervised loss), temperature (for sharpening soft labels). As suggested by [44], all
method-dependent hyperparameters follow the original papers. Some hyperparameters
only belong to specific methods (e.g., the weight for distribution matching loss in ReMix-
Match); these parameters also follow the original papers. In addition, [15] emphasizes the
importance of combining weak and strong data augmentation. We use random horizontal
flip (with 50% probability) and random crop (crop size 32) for weak data augmentation on
the datasets mentioned above. For strong data augmentation, we use Rand Augment [49].
In Appendix A, a comprehensive set of hyperparameters is presented.

5. Results

Our experiments use top-1 classification accuracy as the evaluation metric for all
baseline methods and FocalMatch. The result is shown in Table 1. It shows that FocalMatch
outperforms all baseline methods on most of the benchmarks. FocalMatch performs
particularly well when the number of labeled data is extremely small (i.e., four labels
per class). However, FocalMatch does not perform as well as expected on SVHN with
10 labels per class. FixMatch and UDA outperform their accuracy by around 0.2% and 0.5%,
respectively. We believe this is due to the simplicity of the SVHN dataset. When the amount
of labeled data is extremely small (i.e., four labels per class), the model is not able to produce
valid pseudo labels evenly for all classes since the overall prediction confidence is not high
enough. This causes a severe class imbalance problem which can be effectively alleviated
by FocalMatch. When we increase the number of labeled data in the SVHN experiment (i.e.,
10 labels per class), the model is confident enough to generate pseudo labels evenly, and the
accuracy of each class is relatively high. Therefore, the loss contribution adjustment of
FocalMatch can slow down the learning of the model. This may also explain the reason why
FocalMatch achieves significant performance improvement when the number of labeled
data is extremely small, whereas the performance improvement of FocalMatch reduces as
the number of labeled data increases (i.e., less challenging to classify).

Table 1. Accuracy Comparison in Different Methods.

CIFAR-10 CIFAR-100 SVHN
40 Labels 100 Labels 400 Labels 1000 Labels 40 Labels 100 Labels
TI-Model 2292 +126 3498 +153 1234+137 26.17+231 31.33+0.75 78.88+ 0.32
%zzﬁer 2713+ 131 4441 +242 1431+153 2950+3.67 64.04+3.18 79.83 +441

MixMatch 61.64+347 7924+263 2296+216 44.62+247 7142+637  96.09 £ 0.29
ReMixMatch  90.26 141 9196 £0.75 44.03+133 5749+095 7627 £9.54 94.18 +048
UDA 8531 +437 9233+£023 4317+£141 5785+0.71 95364347 9792+ 0.04
FixMatch 89.944+034 9287+0.17 4338+£1.09 5799+0.69 9679 +142 97.71+0.15

FocalMatch 9229 £0.27 93.09+0.15 46.02+086 58704031 9737 +125 97.53 £0.09

FocalMatch has substantially extended the learning ability of FixMatch by resolving
the latent class imbalance issue. Our method not only outperforms FixMatch in terms of
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classification accuracy on CIFAR-10, CIFAR100, and SVHN (except when the number of
labels per class is 10 on the SVHN dataset) but also speeds up the convergence of the model.
We compare the convergence speed of our method and FixMatch in terms of the overall top-
1 accuracy and loss in Figure 3a,b. It is obvious that the loss curve of FocalMatch is smoother
and converges faster compared to FixMatch. Following the approach described in [44], we
also compare the accuracy of FixMatch and FocalMatch for each class in Figure 3c,d. It is
observed that there is a large gap between the accuracy of each class in FixMatch, which is
due to the class imbalance on the pseudo labels generated in the unsupervised learning
part. The total unsupervised loss of FixMatch tends to be dominated by classes with a large
number of pseudo labels instead of learning from the overall unlabeled data. This could
explain why the accuracy of some classes is appreciably lower than that of other classes or
even not improving at all (e.g., class 5).

On the other hand, the accuracy for each class of FocalMatch evenly increases with
no significant differences between the classes. It demonstrates that FocalMatch is able to
extract useful features from all classes uniformly instead of a specific class. We conduct
an ablation study in Section 6 to investigate the effect of focal loss on addressing the class
imbalance problem of pseudo labels.

6
—— FocalMatch
0.8 1 FixMatch
9 47
S 061 .,
o / a
S 0.41 Py
: FocalMatch
0.2 / FixMatch
0_
5K 50K 100K 150K 200K 250K 300K 350K 400K 5K 50K 100K 150K 200K 250K 300K 350K 400K
iteration iteration
(a) (b)
1.0 1.0 1
081 0.81
0.6 0.6
Iv] o
© 0.4 © 0.4 Z
;
0.2 0.2 1 .
_ _— —_ 9
0.0 0.01
0K 50K 100K 150K 200K 250K 300K 350K 400K 0K 50K 100K 150K 200K 250K 300K 350K 400K
iteration iteration
(c) (d)

Figure 3. The comparison of accuarcy and loss between FixMatch and FocalMatch on CIFAR-10
dataset. The numbers in legends of (c,d) represent the 10 classes in CIFAR-10 dataset. (a) top1
accuracy. (b) loss. (c) Accuracy for each class of FixMatch. (d) Accuracy for each class of FocalMatch.

6. Discussion and Ablation Study

Our method simply combines FixMatch [15] and focal loss [17]. The main idea behind
focal loss is to address the problem of class imbalance. The class imbalance can make it
difficult for the model to learn useful information from the minority class. Focal loss is
commonly used in the object detection area since the number of images of target classes
is much smaller than that of background classes. We find that focal loss is also useful
for image classification when the amount of labels is imbalanced. Our experiments set
an equivalent number of labels for each class. Therefore, the class imbalance problem
can hardly occur in the supervised learning part. However, in FixMatch, pseudo labels
are self-generated from unlabeled data. Therefore, the class imbalance can happen on
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the generated pseudo labels, which will affect the unsupervised learning of the model.
To investigate the effectiveness of focal loss, we conduct an ablation study using different -y
values in the focal loss.

Figure 4 demonstrates the number of pseudo labels generated (i.e., the predicted
confidence of a specific class in the soft label is greater than 7) by the model for each
iteration on the CIFAR-10 dataset. Figure 4a shows the result of not using focal loss (i.e.,
v = 0), whereas Figure 4b shows the result of using focal loss with ¢ = 1. It is evident
that when not using focal loss, there is a significant quantitative imbalance in the pseudo
labels of each class. The class imbalance problem can seriously affect the ability of the
model to learn from classes with a small number of pseudo labels. In the early stages,
the number of pseudo labels generated from a single class (i.e., class 2) is even higher than
the aggregated number of pseudo labels generated from all other classes. This indicates
that the unsupervised loss is dominated by a single class instead of all classes.

In contrast, the difference between the number of pseudo labels generated for each
class is notably reduced when using focal loss. Therefore, the model can extract useful
information from all classes. Focal loss does not present a stricter condition to reduce the
number of pseudo labels. Instead, the total number of pseudo labels generated with focal
loss is much higher than without focal loss (7 billion to 10 billion). Focal loss provides a
smoother learning curve for the model to learn from all unlabeled data, which also shortens
the iterations required to reach a stable phase of generating pseudo labels.

gamma=0 gamma=1
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1 1
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— 3 — 3
30000 - — 4 30000 - — 4
— 5 — 5
8 25000 6 8 25000 °
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Figure 4. Ablation study on the use of focal loss. The number of pseudo labels generated of each class
for the first 150,000 iterations (a) When gamma = 0 (i.e., not using focal loss). (b) When gamma = 1.
The numbers in the figure legend represent the 10 classes in the CIFAR-10 dataset.

7. Conclusions and Future Work

This paper proposes FocalMatch, a new semi-supervised learning approach that com-
bines FixMatch and focal loss. Instead of using the original cross-entropy loss for the
unsupervised learning part, the focal loss is introduced in FocalMatch to effectively alle-
viate the problem of class imbalance that occurs on the generated pseudo labels during
unsupervised learning. FocalMatch compels the model to focus more on the hard samples
by adjusting the loss weights of different samples. Experiments show that FocalMatch
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dramatically reduces the variation in the number of pseudo labels generated for each class.
In addition, FocalMatch outperforms all baseline methods and achieves state-of-the-art
performance on several commonly used benchmarks, especially when the number of la-
beled data is extremely small. FocalMatch also provides a smoother learning curve and a
higher convergence speed compared to FixMatch. The original focal loss contains an addi-
tional hyperparameter & that further adjusts loss contributions by the class frequency [17].
For semi-supervised learning methods that utilize pseudo-labeling, the number of pseudo
labels generated for each class is usually unstable; therefore, it is hard to define the value of
« beforehand. In future work, we plan to add « to FocalMatch and adjust the value of « and
the modulating factor (i.e., ) dynamically so that the model can converge more smoothly
in different stages of training and is able to handle different tasks more efficiently.
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Appendix A. Experimental Details
Appendix A.1. Baseline Methods

In our experiments, we compare our method with IT model [38], Mean Teacher [39],
MixMatch [40], ReMixMatch [24], UDA [25], FixMatch [15] since they are similar to our
method. Among these models, ReMixMatch, UDA, and FixMatch all leverage data augmen-
tations to ensure the consistency regularization [23] between different versions of the same
image. Furthermore, pseudo-labeling [14] is also commonly used in these baseline methods.
MixMatch, ReMixMatch, and UDA utilize sharpening on soft labels (i.e., the predicted class
distribution of the model) to generate pseudo labels. FixMatch further applies arg max to
soft labels to produce one-hot pseudo labels.

Appendix A.2. Hyperparameter Settings

We use similar hyperparameter settings as [15,44]: all baseline models and our model
use Wide ResNet-28-2 [45] as the backbone network, batch size of 64 for labeled data,
standard stochastic gradient descent with the momentum of 0.9 as the optimizer [46,47],
initial learning rate of 0.03 with cosine learning rate decay [48], weight decay of 5 x 1074,
EMA with the moment of 0.999. For method-dependent hyperparameters:

e u:unlabeled data to labeled data ratio. 1 for IT model, Mean Teacher, MixMatch and
ReMixMatch; 7 for UDA, FixMatch and FocalMatch.

*  A: weight of unsupervised loss. 10 for IT model, 50 for Mean Teacher, 100 for Mix-
Match, 1 for ReMixMatch, UDA, FixMatch and FocalMatch.

¢ T: temperature for sharpening soft labels. 0.5 for MixMatch and ReMixMatch, 0.4
for UDA.

*  7: threshold of generating pseudo label. 0.8 for UDA, 0.95 for FixMatch and FocalMatch.

As suggested by [44], all method-dependent hyperparameters follow the original
papers. Table Al provides a summary of method-dependent hyperparameters.
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Table A1. Hyperparameters for Different Methods in Table 1 1.

II Model Mean Teacher MixMatch ReMixMatch UDA FixMatch FocalMatch

u 1 1 1 1 7 7 7

A 10 50 100 1 1 1 1

T - - 05 05 04 - -

T - - - - 0.8 0.95 0.95
! These hyperparameter settings follow [44].
Appendix A.3. Training Details

The maximum training iteration of all experiments is set to 400,000. For the first

80 percent of the total iterations, we evaluate the overall accuracy of baseline models every
5000 iterations. For the rest 20 percent iterations, we increase the evaluation frequency
to every 1000 iterations. In the meantime, we also record the accuracy of each class
for FixMatch and our method on CIFAR-10 every 5000 iterations. All experiments are
conducted based on codebase TorchSSL [44].
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