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Abstract: Behind the rapid development of deep learning methods, massive data annotations are
indispensable yet quite expensive. Many active learning (AL) and semi-supervised learning (SSL)
methods have been proposed to address this problem in image classification tasks. However, these
methods face a new challenge in object detection tasks, since object detection requires classification as
well as localization information in the labeling process. Therefore, in this paper, an object detection
framework combining active learning and semi-supervised learning is presented. Tailored for object
detection tasks, the uncertainty of an unlabeled image is measured from two perspectives, namely
classification stability and localization stability. The unlabeled images with low uncertainty are
manually annotated as the AL part, and those with high uncertainty are pseudo-labeled with the
detector’s prediction results as the SSL part. Furthermore, to better filter out the noisy pseudo-boxes
brought by SSL, a novel pseudo-label mining strategy is proposed that includes a stability aggregation
score (SAS) and dynamic adaptive threshold (DAT). The SAS aggregates the classification and local-
ization stability scores to measure the quality of predicted boxes, while the DAT adaptively adjusts
the thresholds for each category to alleviate the class imbalance problem. Extensive experimental
results demonstrate that our proposed method significantly outperforms state-of-the-art AL and
SSL methods.

Keywords: active learning; semi-supervised learning; object detection; stability-based sample
selection; pseudo-label mining strategy

1. Introduction

With the rapid development of deep learning, many computer vision tasks have
achieved significant improvements, such as image classification, object detection, etc. Be-
hind these advances, plenty of annotated data play an important role. However, labeling
accurate annotations for large-scale data is usually time-consuming and expensive, es-
pecially for object detection, which requires annotating precise bounding boxes for each
instance, besides category labels. As the complexity of the scene and the number of target
categories increase, the annotation cost continues to rise. Under such circumstances, there is
an increasing demand for minimized labeling costs and the full use of large-scale unlabeled
data in an incremental learning manner. Active learning (AL) [1–6] and semi-supervised
learning (SSL) [7–9] are two popular methods to resolve this problem.

Active learning aims to selectively annotate the most informative unlabeled data to
achieve high detection performance with minimum labeling costs. Learning-based AL
methods select a batch of samples to label with guidance from the previously trained
model and then add these samples into the labeled dataset for the model training in the
next cycle. Although active learning has effectively reduced the labeling cost, it fails to
take full advantage of the unlabeled data. Most accessible unlabeled samples are not
utilized in active learning. Meanwhile, semi-supervised learning, which can learn feature
representations with limited supervision by exploring the massive amount of unlabeled
images, has trouble coping with extremely hard samples and suffers from the confirmation
bias problem. In this paper, we combine active learning and semi-supervised learning for

Electronics 2023, 12, 375. https://doi.org/10.3390/electronics12020375 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics12020375
https://doi.org/10.3390/electronics12020375
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-5845-1857
https://doi.org/10.3390/electronics12020375
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics12020375?type=check_update&version=2


Electronics 2023, 12, 375 2 of 14

object detection into one framework, so that active learning and semi-supervised learning
can draw on each other’s strengths to make full use of the semantic information of the
unlabeled data.

In the existing literature, active learning methods [10–12] can roughly be divided
into two categories, namely uncertainty-based methods and distribution-based methods.
Uncertainty-based methods define various metrics to pick out the most uncertain samples
based on the current model. Distribution-based methods [2,3] aim to pick out diverse
samples to represent the distribution of a dataset. Although active learning methods are
very popular for image classification, there are relatively few active learning methods
specified for object detection tasks [13,14]. Classification-based methods only consider the
predicted class distribution, while the bounding box prediction could be equally important
for selecting informative samples in object detection. Therefore, directly applying active
learning methods for image classification to object detection may lead to sub-optimal
results. Tailored for object detection, a unified metric containing localization stability and
classification stability to measure the uncertainty of an unlabeled image is proposed. We
apply data augmentations to each unlabeled image and feed two different views of the
same image to the detector. Then, the uncertainty of the image is calculated according to
the detector’s prediction results.

Semi-supervised learning methods employ easily accessible unlabeled data to facilitate
model training with limited annotated data. Currently, there are two main approaches to
achieve this goal: pseudo-labeling [15,16] and consistency regularization [17,18]. Pseudo-
labeling is a technique that utilizes trained models to generate labels for unlabeled data.
Meanwhile, the consistency-based regularization, from another perspective, forces a model
to have similar output when giving a normal and a perturbed input with different data
augmentations and perturbations such as dropout. In Semi-Supervised Object Detection
(SSOD), some studies borrow the key techniques (e.g., pseudo-labeling, consistency train-
ing) and directly apply them to SSOD. The predicted boxes from a pre-trained “teacher”
detector are used as the annotations of unlabeled images to train the “student” detector,
where the same images are applied with different augmentations for the teacher and stu-
dent model. It is common to apply confidence-based filtering to each predicted box (after
NMS) with a high threshold value to filter out noisy boxes. While this method is effective,
we argue that the pseudo-label mining strategy is sub-optimal for SSOD. The reasons are
twofold. (1) the classification scores cannot reflect the localization quality of pseudo-boxes.
In image classification, prediction scores naturally represent the likelihood of an object
appearing in an image, and thus a confidence score is a reasonable choice. However, as
detection involves localizing and classifying objects using two separate branches through
regression and classification, filtering out boxes based on class predictions is not appropri-
ate. (2) A static threshold could amplify the class imbalance problem. A model’s accuracy
for detecting different classes of objects usually varies. As a result, lower-confidence predic-
tions from underrepresented classes are oftentimes filtered out with a fixed high threshold,
which works well for top-performing classes.

To mitigate these issues, we propose a novel pseudo-label mining strategy tailored
for object detection, including a stability aggregation score (SAS) and dynamic adaptive
threshold (DAT). Specifically, the SAS replaces the confidence score with the stability
aggregation score, which combines classification stability and localization stability to
measure the overall quality of pseudo-boxes. Meanwhile, the DAT adaptively adjusts the
thresholds on a per-category basis to alleviate the class imbalance problem.

In summary, a unit detection framework that combines active learning and semi-
supervised learning is proposed to maximize the utilization of unlabeled data. Customized
for object detection tasks, the uncertainty of unlabeled images is measured from two
aspects: classification stability and localization stability. Furthermore, we design a novel
pseudo-label mining strategy that includes a stability aggregation score (SAS) and dynamic
adaptive threshold (DAT) to better filter out the noisy pseudo-boxes. Extensive experiments
show that our method outperforms state-of-the-art AL and SSL methods.
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2. Related Work

Active Learning. There exist plenty of active learning methods for image classifica-
tion [19–21]. The most popular methods are based on pool-based selective sampling. Most
active learning methods can also be classified under two categories: uncertainty-based
methods and distribution-based methods. The uncertainty-based methods use the posterior
probability of the predicted class [22,23] or the margin between the posterior probabilities
of the first and the second predicted class [24,25] to figure out the informative unlabeled
samples. It can also be defined upon entropy [26,27] to measure the variance of unlabeled
samples. Distribution-based methods select diverse samples by estimating the layout of
unlabeled samples. Core-set [2] defines active learning as core-set selection, i.e., choosing
a set of points such that the model trained on the labeled set can capture the diversity of
the unlabeled set. There are also methods that consider uncertainty and distribution in
conjunction. In addition to image classification tasks, active learning has also been explored
in other vision tasks, such as segmentation [28] and 3D object detection [29]. Compared
to image classification tasks, there are relatively few active learning methods specified
for object detection tasks. By simply sorting the loss predictions of instances to evaluate
the image uncertainty, the learning loss method designed for image classification was
directly applied to object detection. SSM [13] uses a copy–paste strategy to cross-validate
the uncertainty of images. The work [14] introduces two methods: localization tightness
with the classification information (LT/C) and localization stability with the classification
information (LS+C). The former is based on the overlapping ratio between the region pro-
posals and the final prediction, which can only be applied to two-stage detectors. The latter
is based on the variation in predicted object locations when input images are corrupted by
noise, which neglects the classification branch.

Semi-Supervised Learning. SSL methods leverage unlabeled images for improved
performance in various tasks [30–32]. Semi-supervised learning can be categorized into
two groups: pseudo-labeling and consistency training. Pseudo-labeling methods improve
the model’s performance by generating high-quality pseudo-labels of unlabeled data and
retraining the model. Noisy Student Training [33] injects noise into unlabeled data training,
which equips the model with stronger generalization through training on a combination
of labeled and unlabeled data. Mean Teacher [17] uses the Exponential Moving Average
(EMA) of the student as the teacher model to conduct online pseudo-labeling. Based
on the assumption that the model should be invariant to small changes in input images,
consistency training forces the model to make similar predictions on the perturbed versions
of the same image. UDA [18] validates the crucial role that advanced data augmentations
play in consistency training. Some works also consider combining pseudo-labeling and
consistency training to achieve better performance. FixMatch [8] applies weak and strong
augmentations to the same image and uses the weakly augmented version to generate
pseudo-labels. The model is trained on strongly augmented versions to align predictions
with pseudo-labels.

Semi-supervised learning has transferred a great deal of experience to the SS-OD
domain [34–38]. STAC [37] generates pseudo-labels on unlabeled data using a static teacher
model trained on labeled images. These pseudo-labels are then selected and used for
training along with the labeled data. After STAC, Instant Teaching borrows the idea of Ex-
ponential Moving Average (EMA) from Mean Teacher, and updates the teacher model after
each training iteration to generate instant pseudo-labels, realizing an end-to-end frame-
work. Instant Teaching [39] also introduces a model ensemble to aggregate predictions from
multiple teacher models to overcome confirmation bias problems. Though promoting the
quality of pseudo-labels, ensemble methods introduce considerable computation overhead.
Unbiased Teacher [40] replaces the traditional cross-entropy loss with focal loss to alleviate
the class-imbalanced pseudo-labeling issue, showing strong performance when labeled
data are scarce.
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3. Materials and Methods
3.1. Overall Pipeline

Aiming at improving the performance of the detection model where a set of labeled
images with instance-level annotations and a set of unlabeled images are used for training,
two popular learning methods (AL and SSL) are aggregated into a single framework. The
overall pipeline of the proposed framework is depicted in Figure 1. In step 1, the labeled
part of all data is utilized to train a detection model Mt in a supervised manner. In step
2, the stability of the unlabeled data is calculated by the detection model Mt to obtain a
stability set of the unlabeled dataset U. As the AL part, low-stability samples are manually
annotated, which cannot be properly represented by SSL. Meanwhile, as the SSL part,
we perform a pseudo-annotation mining strategy to discover stable predictions in the
prediction result set and pseudo-label them. Manual annotations and pseudo-annotations,
along with the corresponding unlabeled images, are then added into the labeled dataset D
to facilitate the detection model’s performance.

Figure 1. Illustration of the proposed framework at the t-th cycle.

For a better understanding and analysis, we formulate the proposed semi-supervised
active learning process as follows.

Let D = {(xi, yi)}
N

i = 1
denote the labeled dataset D, where N is the number of images

in labeled dataset D and xi, yi represent an image and corresponding label information,
respectively. For the object detection task, the annotation information yi can be represented

as yi = {Yk, Bk}
K

k = 1
, indicating that image xi contains K instances; the k-th annota-

tion includes one-hot type classification label Yk and bounding box label Bk containing
coordinates of the top left corner (x1, y1) and coordinates of the lower right corner (x2, y2).

Let U =
{

xj
} Nu

j = 1
denote unlabeled images, where Nu is the number of unlabeled

images in unlabeled dataset U. In a semi-supervised active learning cycle t, the algorithm
selects Xal

t and Xssl
t from the unlabeled dataset U, respectively, where Xal

t represents a
manually labeled dataset for active learning, and Xssl

t represents a pseudo-labeled dataset
for semi-supervised learning. Meanwhile, the labeled dataset is updated from Dt to Dt+1,
where Dt+1 denotes the sum of datasets Dt, Xal

t , and Xssl
t . Similarly, the unlabeled dataset

Ut is updated to Ut+1, where Ut+1 denotes Ut without selected datasets Xal
t and Xssl

t .
The framework depicted above consists of two key components: the active learning

stability calculation methodology and the semi-supervised learning pseudo-annotation
mining strategy. In the following sections, these two main components will be explained
in detail.
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3.2. AL Sampling Strategy

From the pipeline of the proposed framework in Figure 1, we can see that the most
important part of the active learning process is the definition of “informative samples”.
Tailored for the object detection task, we design an AL sampling strategy based on the
predictive stability of instances. The strategy includes four steps: (1) model inference pre-
diction, (2) predicted box matching, (3) localization and classification stability calculation,
and (4) determination of sampling metrics. The details of each step are described below.

3.2.1. Model Inference Prediction

For an unlabeled image xu in an unlabeled dataset, we denote the augmented view of
xu as x

′
u = A(xu), where A(·) denotes the augmentation conducted on image xu. xu and

x
′
u enter into detection model M with parameters θ to obtain the corresponding results:

{(bi, pi)} = M(xu; θ), (1){(
b
′
j, p

′
j

)}
= M

(
x
′
u; θ
)

, (2)

where {bi} in Equation (1) represents the bounding box information of the i-th predicted in-
stance in image xu, including the coordinate of the top left point (x1, y1) and the coordinate
of the bottom right point (x2, y2). {pi} is the category probability distribution predicted by
the model for the i-th instance, pi =

[
p1

i , p2
i , . . . , pj

i , . . . , pn
i

]
, where pj

i ∈ [0, 1] represents the

probability that the current i-th instance is category j. The result
{(

b
′
j, p

′
j

)}
from Equation

(2) is the prediction for xu
′

and is not repeated.

3.2.2. Predicted Box Matching

After model inference prediction, the prediction results of the original unlabeled image
xu and its augmented view x

′
u are attained. In this section, we will conduct predicted box

matching to obtain paired predictions.
First, we perform transformation for prediction result {(bi, pi)} of the original unla-

beled image xu: {
b̂i = A(bi)
p̂i = pi

, (3)

This is because, when the augmentation operated on the original image xu includes
the horizontal flip or rotation of the image, the two groups of prediction results cannot be
matched directly. It is necessary to perform the corresponding horizontal flip or rotation
operation of the original image first to obtain the transformation result, so we can conduct
the matching operation in the following.

Then, each instance
(

b̂i, p̂i

)
is matched according to the maximum Intersection over

Union (IoU) with b
′
j; the matching process can be formulated as follows:

b
′
i = argmax

b′j∈{b
′
j}

IoU
(

b̂i, b
′
j

)
, (4)

From Equation (4), we can obtain the matching pairs b
′
i↔b̂i.

3.2.3. Localization and Classification Stability Calculation

Specified for object detection tasks, we evaluate the stability of an instance from
two aspects, namely localization stability and classification stability. Figure 2 shows the
process of calculating the localization and classification stability of an instance. We select
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the Intersection over Union (IoU), which can directly reflect the matching degree of two
bounding boxes to measure an instance’s localization stability.

lsi = IoU
(

b̂i, b
′
i

)
, (5)

where lsi ∈ [0, 1] represents the localization stability of predicted instance bi. A high value
indicates a stable and reliable instance localization prediction from the detection model.

Figure 2. Localization and classification stability calculation process.

Jensen–Shannon (JS) divergence [41] is adopted to measure an instance’s classifica-
tion stability:

csi =
1
2

[
max
pn

i ∈pi
pn

i + max
p′ni ∈p′i

p
′n
i

](
1− JS

(
pi

∣∣∣∣∣∣p′i)), (6)

Jensen–Shannon (JS) divergence can describe the distance between two probability
distributions, and has clear upper and lower bounds. The lower the JS divergence is, the
closer two distributions are. 1—JS is used to reflect the stability of an instance. A high score
indicates a stable and reliable instance classification prediction.

3.2.4. Determination of Sampling Metrics

Predicted instances can be categorized into four types based on the localization sta-
bility and classification stability calculated above. (1) The predicted instances with high
localization stability ls and high classification stability cs. As Figure 3a depicts (the green
box indicates the predicted result from image xu, and the red box indicates the predicted
result from image x

′
u; we place the two predicted results into the same image for better

comparison), the detection model has high confidence in the category and precise location
of the predicted instance. (2) The predicted instances with low localization stability ls but
high classification stability cs (e.g., Figure 3b). The detection model is fairly confident that
there is a person in the image, but cannot localize the person precisely. (3) The predicted
instances with high localization stability ls but low classification stability cs (e.g., Figure 3c).
The detection model can discover an object of interest in the middle of the image, but
has trouble determining the category of the object. (4) The predicted instances with low
localization stability ls and low classification stability cs. Depicted in the left of Figure 3d,
we can see that the predicted instances are most likely to be noisy samples when their ls
and cs are low simultaneously.
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Figure 3. Example images for localization stability and classification stability analysis. (a) Example of
high localization stability and high classification stability. (b) Example of low localization stability but
high classification stability. (c) Example of high localization stability but low classification stability.
(d) Example of low localization stability and low classification stability.

From the case analysis above, we obtain two types of informative predictions: (1) pre-
dictions with high classification stability and low localization stability; (2) predictions with
low classification stability and high localization stability. The former indicates that the
model is fairly certain of the class of instances but has difficulty in locating their specific
locations, and therefore requires precise manual annotation; the latter indicates that the
model is certain of the presence of its object at a certain location in the image but has
difficulty in distinguishing its specific class, and therefore requires the assistance of manual
annotation. Based on the observation, we design an instance’s overall stability as

mi = |lsi + csi − 1|, (7)

where lsi and csi are the localization stability score and classification stability score of
instance i calculated in Equations (5) and (6), respectively.

Thus far, we have formulated the definition of the stability of an instance. However,
for images in object detection tasks, an image can consist of multiple instances. We select
the minimum value of all stability values calculated in one image as the final stability score
of the image, since object detection tasks focus on the most informative local region instead
of the overall semantic information. For AL and SSL, the selected unlabeled samples are
images rather than instances, so that a stability score for images is needed. The final stability
score of an unlabeled image is formulated as

C = min
i
|lsi + csi − 1|, (8)
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Thus far, we have completed the process of stability calculation. For unlabeled images
with low stability, we use active learning to manually label them, and for images with high
stability, we use semi-supervised learning methods for pseudo-label mining.

3.3. SSL Pseudo-Annotation Mining Strategy

To generate plausible pseudo-labels for the student model in semi-supervised object
detection, it is common practice to apply a static threshold to filter out boxes with low
confidence scores. Since the score of pseudo-labels can only indicate the confidence of
pseudo-box categories, the localization quality of pseudo-boxes is not guaranteed. The static
threshold also neglects the class imbalance problem existing in object detection, especially
when annotations are scarce. Motivated by this, we introduce the stability aggregation
score (SAS) and dynamic adaptive threshold (DAT), respectively.

3.3.1. Stability Aggregation Score

Considering that the classification score fails to indicate the localization quality, we
introduce a simple yet effective method to measure the overall quality of pseudo-labels,
named the stability aggregation score (SAS). For each unlabeled image xu in the unlabeled
dataset, its augmented view is denoted as x

′
u = A(xu); the original image xu and its

augmented view x
′
u are simultaneously fed into the detection model M to obtain the

corresponding prediction results {(bi, pi)} and
{(

b
′
j, p

′
j

)}
. Then, the matching between

the prediction result pairs is performed according to the max IoU score to obtain the one-to-
one corresponding prediction pairs

(
b̂i, b

′
i

)
. The stability aggregation score of prediction

instance i is formulated as

SAC =

{
1
2

(
maxp̂i + maxp

′
i

)
·IOU

(
b̂i, b

′
i

)
, if argmaxp̂i = argmaxp

′
i

0, otherwise
, (9)

From Equation (9), we can see that when the corresponding prediction results belong
to the same category, the score of the instance prediction is determined by the confidence
score indicating the classification status and the IoU score indicating the localization quality
jointly. When the corresponding prediction results do not belong to the same category,
it means that the category prediction results are very unstable, and for such a prediction
instance, its stability score is directly set to 0. One can evaluate the overall quality of the
predicted instance by combining the confidence score and the IoU score into the stability
aggregation score.

3.3.2. Dynamic Adaptive Threshold

As discussed above, the static threshold bears the risk of amplifying the class imbalance
problem. The accuracy of different categories often varies; those underrepresented classes
usually come with relatively low confidence scores. Therefore, a static high threshold
tends to filter out the lower-confidence predictions, amplifying the class imbalance effect.
Simply lowering the threshold for this case will introduce very noisy pseudo-labels to
other categories. Therefore, unlike the fixed thresholds commonly used in today’s semi-
supervised learning methods, in this paper, the thresholds for each category are dynamically
adjusted according to the degree of stability of each category’s localization and classification.
For each category m, the corresponding threshold value is calculated as

τm =

∑j lsm
j ·csm

j

Em

(
∑j 1

)
γ

τ, (10)

where Em

(
∑j 1

)
in Equation (10) denotes the average number of foreground instances in all

categories, and ∑j lsm
j ·csm

j is the sum of the localization stability and classification stability
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of the j-th instance of category m computed in the active learning sampling method. τ is an
initial threshold set manually, and the factor τ is used to control the degree of attention to
the underrepresented categories. When set to 0, the dynamic weighting factor is disabled
and the formula degenerates to a fixed threshold. The thresholds are adaptively adjusted in
real time based on the prediction results of the model by accumulating the locality stability
and classification stability of all instances in each category online.

4. Experiments
4.1. Experimental Setup

We test the efficacy of our proposed method on PASCAL VOC [42]. The trainval sets of
the VOC2007 and VOC2012 datasets, which contain 5011 and 11,540 images, respectively,
are adopted for training. The detection performance is evaluated on the test set of VOC
2007, and mAP at an IoU of 0.5 is used as the evaluation metric.

We employ Faster-RCNN [43] with FPN [44] as our object detector and use ResNet-
50 [45] as our feature extractor. We randomly select 5.0% labeled images from the training
set to initialize the detector. In each learning cycle, the sampling method selects 2.5%
images for manual annotation and 16% images for pseudo-labeling until the manually
annotated images reach 20% of the training set. In each cycle, the model is trained for
20 epochs with the mini-batch size 4 and the learning rate 0.0025. The momentum and
weight decay are set to 0.9 and 10−4, respectively.

4.2. Main Results

We compare our proposed method with state-of-the-art AL methods and SSL meth-
ods, respectively, to validate the superior performance of our proposed framework. For
active learning, we compare the proposed method with random sampling, LL4AL [6], and
SSM [13]. For semi-supervised learning, we compare the proposed method with CSD [46],
STAC [37], Instant Teaching [39], and Unbiased Teacher [40]. For Instant Teaching, which
uses ensemble techniques, we report its single-model results for a fair comparison.

Figure 4 shows the performance comparison with the state-of-the-art methods. The
performance of all methods improves as the number of annotated images increases, indi-
cating that manual annotation for unlabeled images can improve the performance of the
detection model. With 20.0% annotation budgets, our method achieves 79.2% mAP, which
significantly outperforms SSM by 4.3%.

Figure 4. Performance comparison of active object detection methods.
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For the SSL methods, the VOC07 trainval set is used as the labeled set and the VOC12
trainval set is used as the unlabeled set. The VOC07 test set is used for evaluation. From
Table 1 we can see that the proposed method outperforms the exiting state-of-the-art SSL
methods with even lower annotation budgets.

Table 1. Comparison with state-of-the-art SSL approaches on PASCAL VOC dataset.

Method Annotated Number mAP

Supervised 16,551 79.9
CSD [46] 5011 74.7

STAC [37] 5011 77.4
Instant Teaching [39] 5011 78.3

Unbiased Teacher [40] 5011 77.4
Our Method 3310 79.2

4.3. Ablation Study

We perform an ablation study on the key components of our proposed method. The
study analyzes the impact on the detection performance of (1) our proposed active sampling
strategy and (2) the proposed SSL pseudo-label mining method.

4.3.1. Active Sampling Strategy

To validate the effectiveness of our proposed active sampling metric, we conduct an
ablation study on different sampling strategies. We evaluate the detection performance
on different sampling metrics. As depicted in Figure 5, the results show that localization
stability or classification stability alone cannot represent the information contained in the
images. Meanwhile, the evaluation results on ls+cs and |ls+cs-1| validate the effectiveness
of the determination of the sampling metrics in Section 3.2. When we replace the min
of |ls+cs-1| with the mean of |ls+cs-1|, the performance of the detection model drops
significantly. This experimental result confirms our assumption: the detection tasks mainly
focus on the informative region rather than the overall image.

Figure 5. Ablation study on different active sampling strategies: ls only, cs only, ls + cs, |ls + cs − 1|,
and mean strategy, respectively.

4.3.2. SSL Pseudo-Label Mining Method

We further validate the effectiveness of our proposed SSL pseudo-label mining method,
including the stability aggregation score (SAS) and the dynamic adaptive threshold (DAT).
In Table 2, we show the effectiveness of each component step by step, where VOC0712
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denotes the ensemble of datasets VOC2007 and VOC2012. When using 20% labeled data
as the training samples in the regular SSL learning pattern, the model obtains 76.3% mAP.
Next, we replace the confidence score with our proposed stability aggregation score, and
the detection model obtains 78.6% mAP. Furthermore, by combining the SAS and ADT
method into the framework, the detection model reaches 79.2% mAP. An improvement of
+2.9% mAP is found compared to the original baseline.

Table 2. Comparison of mAP (%) for different methods.

Methods 10% VOC0712 15% VOC0712 20% VOC0712

Confidence Score +
Static Threshold 70.3 74.0 76.3

SAS +
Static Threshold 70.4 75.7 78.6

SAS + DAT 70.3 76.1 79.2

5. Discussion

In this section, some limitations of our proposed approach are discussed. First of all,
in the active sampling process, the lowest stability instance score is used as the stability
score of the entire unlabeled image. However, an unlabeled image from the unlabeled
dataset typically contains multiple instances, and the active sampling process must provide
manual labeling for all instances appearing in the unlabeled image. Among all annotated
instances, only one unstable instance is needed, which may result in a waste of labeling
resources. Secondly, in the semi-supervised learning process, although the incorporation of
SAS and DAT ensures the quality of the pseudo-labels, there are still several hard samples
that cannot be successfully labeled by the pseudo-annotation mining strategy, resulting in
the leakage of labels. Figure 6 shows some failure cases in the SSL pseudo-labeling process.
The green rectangles denote successful pseudo-labels, and the yellow rectangle denotes the
ground truth box, but the SSL pseudo-annotation mining strategy fails to detect them.

Figure 6. An illustration of some failure cases. The green rectangles denote successful pseudo-labels,
and the yellow rectangle denotes the ground truth box, but the SSL pseudo-annotation mining
strategy fails to detect them.

6. Conclusions

In this work, we propose a semi-supervised active learning framework tailored for
object detection. Our proposed method can automatically discover potential instances
from an unlabeled image. Customized for object detection tasks, we evaluate the stability
of an instance from two aspects, namely classification stability and localization stability.
For highly stable instances, we consider them as high-quality instances and pseudo-label
them with predicted classification and regression information. For those relatively unstable
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instances, we manually annotate them to ensure that we do not introduce noisy samples,
which can only degrade the model’s performance. We also extensively analyze the existing
pseudo-label mining strategy for SSOD and observe that these strategies currently neglect
some important properties of object detection. Motivated by this, we propose a new pseudo-
label mining strategy consisting of SAS and DAT. Experimental results confirm that our
framework surpasses the SOTA by a large margin. On the PASCAL VOC benchmarks,
our proposed method can improve the 74.7% mAP at baseline to 79.2% mAP, surpassing
previous methods by approximately 1% mAP, with fewer annotated images.

From the analysis in the Discussion section, we can see that object detection is an
instance-level task, and operations at the image level may cause a waste of labeling re-
sources and the leakage of hard labels. While our proposed method demonstrates an
impressive performance gain, further investigation of instance-level incorporation could be
a promising direction to further enhance the performance of the object detection framework.

Author Contributions: Conceptualization, S.C.; methodology, S.C. and Y.Y.; software, S.C.; vali-
dation, S.C., Y.Y. and Y.H.; formal analysis, S.C.; investigation, S.C.; resources, Y.Y.; data curation,
S.C.; writing—original draft preparation, S.C.; writing—review and editing, S.C., Y.Y. and Y.H.;
visualization, S.C.; supervision, Y.Y.; project administration, Y.Y. and Y.H.; funding acquisition, Y.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant num-
ber 2020YFB1406800.

Data Availability Statement: The Pascal VOC dataset used in this paper can be downloaded from
the link http://host.robots.ox.ac.uk/pascal/VOC/, accessed on 1 January 2020.

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

References
1. Gal, Y.; Islam, R.; Ghahramani, Z. Deep bayesian active learning with image data. In Proceedings of the ICML, Sydney, NSW,

Australia, 6–11 August 2017; pp. 1183–1192.
2. Sener, O.; Savarese, S. Active learning for convolutional neural networks: A core-set approach. In Proceedings of the ICLR,

Vancouver, BC, Canada, 30 April–3 May 2018.
3. Agarwal, S.; Arora, H.; Anand, S.; Arora, C. Contextual Diversity for Active Learning. In Proceedings of the ECCV, Glasgow, UK,

23–28 August 2020; pp. 137–153. [CrossRef]
4. Freytag, A.; Rodner, E.; Denzler, J. Selecting Influential Examples: Active Learning with Expected Model Output Changes. In

Proceedings of the ECCV, Zurich, Switzerland, 6–12 September 2014; pp. 562–577. [CrossRef]
5. Kading, C.; Rodner, E.; Freytag, A.; Denzler, J. Active and continuous exploration with deep neural networks and expected model

output changes. arXiv 2016, arXiv:1612.06129.
6. Yoo, D.; Kweon, I.S. Learning Loss for Active Learning. In Proceedings of the CVPR, Long Beach, CA, USA, 16–20 June 2019;

pp. 93–102. [CrossRef]
7. Berthelot, D.; Carlini, N.; Goodfellow, I.; Papernot, N.; Oliver, A.; Raffel, C.A. Mixmatch: A holistic approach to semi-supervised

learning. Adv. Neural Inf. Process. Syst. 2019, 32. [CrossRef]
8. Sohn, K.; Berthelot, D.; Carlini, N.; Zhang, Z.; Zhang, H.; Raffel, C.A.; Cubuk, E.D.; Kurakin, A.; Li, C.L. Fixmatch: Simplifying

semi-supervised learning with consistency and confidence. Adv. Neural Inf. Process. Syst. 2020, 33, 596–608.
9. Laine, S.; Aila, T. Temporal ensembling for semi-supervised learning. arXiv 2016, arXiv:1610.02242.
10. Sinha, S.; Ebrahimi, S.; Darrell, T. Variational adversarial active learning. In Proceedings of the IEEE/CVF International Conference

on Computer Vision, Seoul, Republic of Korea, 27 October–2 November 2019; pp. 5972–5981.
11. Gao, M.; Zhang, Z.; Yu, G.; Arık, S.Ö.; Davis, L.S.; Pfister, T. Consistency-based semi-supervised active learning: Towards

minimizing labeling cost. In Proceedings of the European Conference on Computer Vision, Glasgow, UK, 23–28 August 2020;
Springer: Cham, Switzerland, 2020; pp. 510–526.

12. Zhang, B.; Li, L.; Yang, S.; Wang, S.; Zha, Z.J.; Huang, Q. State-relabeling adversarial active learning. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, Seattle, WA, USA, 13–19 June 2020; pp. 8756–8765.

13. Wang, K.; Yan, X.; Zhang, D.; Zhang, L.; Lin, L. Towards human-machine cooperation: Self-supervised sample mining for
object detection. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA,
18–23 June 2018; pp. 1605–1613.

14. Kao, C.-C.; Lee, T.-Y.; Sen, P.; Liu, M.-Y. Localization-Aware Active Learning for Object Detection. In Asian Conference on Computer
Vision; Springer: Berlin/Heidelberg, Germany, 2018; pp. 506–522. [CrossRef]

http://host.robots.ox.ac.uk/pascal/VOC/
http://doi.org/10.1007/978-3-030-58517-4_9
http://doi.org/10.1007/978-3-319-10593-2_37
http://doi.org/10.1109/cvpr.2019.00018
https://doi.org/10.48550/arXiv.1905.02249
http://doi.org/10.1007/978-3-030-20876-9_32


Electronics 2023, 12, 375 13 of 14

15. Lee, D.H. Pseudo-label: The simple and efficient semi-supervised learning method for deep neural networks. Workshop on
challenges in representation learning. In Proceedings of the ICML, Atlanta, GA, USA, 16–21 June 2013; Volume 3, p. 896.

16. Scudder, H. Probability of error of some adaptive pattern-recognition machines. IEEE Trans. Inf. Theory 1965, 11, 363–371.
[CrossRef]

17. Tarvainen, A.; Valpola, H. Mean teachers are better role models: Weight-averaged consistency targets improve semi-supervised
deep learning results. Adv. Neural Inf. Process. Syst. 2017, 30. [CrossRef]

18. Xie, Q.; Dai, Z.; Hovy, E.; Luong, T.; Le, Q. Unsupervised data augmentation for consistency training. Adv. Neural Inf. Process.
Syst. 2020, 33, 6256–6268.

19. Nguyen, H.T.; Smeulders, A. Active learning using pre-clustering. In Proceedings of the Twenty-First International Conference
on Machine Learning, Banff, AB, Canada, 4–8 July 2004; p. 79.

20. Krishnamurthy, V. Algorithms for optimal scheduling and management of hidden Markov model sensors. IEEE Trans. Signal
Process. 2002, 50, 1382–1397. [CrossRef]

21. Gal, Y.; Ghahramani, Z. Dropout as a bayesian approximation: Representing model uncertainty in deep learning. In Proceedings
of the International Conference on Machine Learning, PMLR, New York, NY, USA, 20–22 June 2016; pp. 1050–1059.

22. Lewis, D.D.; Catlett, J. Heterogeneous uncertainty sampling for supervised learning. In Machine Learning Proceedings; Morgan
Kaufmann: Burlington, MA, USA, 1994; pp. 148–156.

23. Lewis, D.D.; Gale, W.A. A sequential algorithm for training text classifiers. In Proceedings of the SIGIR, Dublin, Ireland,
3–6 July 1994; Springer: London, UK, 1994; pp. 3–12.

24. Joshi, A.J.; Porikli, F.; Papanikolopoulos, N. Multi-class active learning for image classification. In Proceedings of the 2009 IEEE
Conference on Computer Vision and Pattern Recognition, Miami, FL, USA, 20–25 June 2009; IEEE: Piscataway, NJ, USA, 2009;
pp. 2372–2379.

25. Roth, D.; Small, K. Margin-based active learning for structured output spaces. In Proceedings of the European Conference on
Machine Learning, Berlin, Germany, 18–22 September 2006; Springer: Berlin/Heidelberg, Germany, 2006; pp. 413–424.

26. Settles, B.; Craven, M. An analysis of active learning strategies for sequence labeling tasks. In Proceedings of the 2008 Conference
on Empirical Methods in Natural Language Processing, Honolulu, HI, USA, 25–27 October 2008; pp. 1070–1079.

27. Luo, W.; Schwing, A.; Urtasun, R. Latent structured active learning. Adv. Neural Inf. Process. Syst. 2013, 26, 728–736.
28. Zhou, T.; Li, L.; Bredell, G.; Li, J.; Unkelbach, J.; Konukoglu, E. Volumetric memory network for interactive medical image

segmentation. Med. Image Anal. 2023, 83, 102599. [CrossRef] [PubMed]
29. Meng, Q.; Wang, W.; Zhou, T.; Shen, J.; Gool, L.V.; Dai, D. Weakly supervised 3d object detection from lidar point cloud. In

Proceedings of the European Conference on Computer Vision, Glasgow, UK, 23–28 August 2020; Springer: Cham, Switzerland,
2020; pp. 515–531.

30. Rasmus, A.; Berglund, M.; Honkala, M.; Valpola, H.; Raiko, T. Semi-supervised learning with ladder networks. Adv. Neural Inf.
Process. Syst. 2015, 2, 3546–3554.

31. Sajjadi, M.; Javanmardi, M.; Tasdizen, T. Mutual exclusivity loss for semi-supervised deep learning. In Proceedings of the 2016
IEEE International Conference on Image Processing (ICIP), Phoenix, AZ, USA, 25–28 September 2016; IEEE: Piscataway, NJ, USA,
2016; pp. 1908–1912.

32. Miyato, T.; Maeda, S.; Koyama, M.; Ishii, S. Virtual adversarial training: A regularization method for supervised and semi-
supervised learning. IEEE Trans. Pattern Anal. Mach. Intell. 2018, 41, 1979–1993. [CrossRef] [PubMed]

33. Xie, Q.; Luong, M.T.; Hovy, E.; Le, Q.V. Self-training with noisy student improves imagenet classification. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, Seattle, WA, USA, 13–19 June 2020; pp. 10687–10698.

34. Gao, J.; Wang, J.; Dai, S.; Li, L.J.; Nevatia, R. Note-rcnn: Noise tolerant ensemble rcnn for semi-supervised object detection. In Pro-
ceedings of the IEEE/CVF international conference on computer vision, Seoul, Republic of Korea, 27 October–2 November 2019;
pp. 9508–9517.

35. Tang, P.; Ramaiah, C.; Wang, Y.; Xu, R.; Xiong, C. Proposal learning for semi-supervised object detection. In Proceedings of the
IEEE/CVF Winter Conference on Applications of Computer Vision, Virtual, 5–9 January 2021; pp. 2291–2301.

36. Li, Y.; Huang, D.; Qin, D.; Wang, L.; Gong, B. Improving object detection with selective self-supervised self-training. In
Proceedings of the European Conference on Computer Vision, Glasgow, UK, 23–28 August 2020; Springer: Cham, Switzerland,
2020; pp. 589–607.

37. Sohn, K.; Zhang, Z.; Li, C.L.; Zhang, H.; Lee, C.Y.; Pfister, T. A simple semi-supervised learning framework for object detection.
arXiv 2020, arXiv:2005.04757.

38. Jeong, J.; Verma, V.; Hyun, M.; Kannala, J.; Kwak, N. Interpolation-based semi-supervised learning for object detection. In
Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Nashville, TN, USA, 20–25 June 2021;
pp. 11602–11611.

39. Zhou, Q.; Yu, C.; Wang, Z.; Qian, Q.; Li, H. Instant-teaching: An end-to-end semi-supervised object detection framework. In
Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Nashville, TN, USA, 20–25 June 2021;
pp. 4081–4090.

40. Liu, Y.C.; Ma, C.Y.; He, Z.; Kuo, C.W.; Chen, K.; Zhang, P.; Wu, B.; Kira, Z.; Vajda, P. Unbiased teacher for semi-supervised object
detection. arXiv 2021, arXiv:2102.09480.

http://doi.org/10.1109/TIT.1965.1053799
https://doi.org/10.48550/arXiv.1703.01780
http://doi.org/10.1109/TSP.2002.1003062
http://doi.org/10.1016/j.media.2022.102599
http://www.ncbi.nlm.nih.gov/pubmed/36327652
http://doi.org/10.1109/TPAMI.2018.2858821
http://www.ncbi.nlm.nih.gov/pubmed/30040630


Electronics 2023, 12, 375 14 of 14

41. Jose, S.T.; Simeone, O. Information-theoretic bounds on transfer generalization gap based on Jensen-Shannon divergence. In
Proceedings of the 2021 29th European Signal Processing Conference (EUSIPCO), Dublin, Ireland, 23–27 August 2021; IEEE:
Piscataway, NJ, USA, 2021; pp. 1461–1465.

42. Everingham, M.; Van Gool, L.; Williams, C.K.I.; Winn, J.; Zisserman, A. The pascal visual object classes (voc) challenge. Int. J.
Comput. Vis. 2010, 88, 303–338. [CrossRef]

43. Ren, S.; He, K.; Girshick, R.; Sun, J. Faster r-cnn: Towards real-time object detection with region proposal networks. Adv. Neural
Inf. Process. Syst. 2015, 28. [CrossRef] [PubMed]

44. Lin, T.Y.; Dollár, P.; Girshick, R.; He, K.; Hariharan, B.; Belongie, S. Feature pyramid networks for object detection. In Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017; pp. 2117–2125.

45. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep residual learning for image recognition. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27–30 June 2016; pp. 770–778.

46. Jeong, J.; Lee, S.; Kim, J.; Kwak, N. Consistency-based semi-supervised learning for object detection. Adv. Neural Inf. Process. Syst.
2019, 32.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s11263-009-0275-4
http://doi.org/10.1109/TPAMI.2016.2577031
http://www.ncbi.nlm.nih.gov/pubmed/27295650

	Introduction 
	Related Work 
	Materials and Methods 
	Overall Pipeline 
	AL Sampling Strategy 
	Model Inference Prediction 
	Predicted Box Matching 
	Localization and Classification Stability Calculation 
	Determination of Sampling Metrics 

	SSL Pseudo-Annotation Mining Strategy 
	Stability Aggregation Score 
	Dynamic Adaptive Threshold 


	Experiments 
	Experimental Setup 
	Main Results 
	Ablation Study 
	Active Sampling Strategy 
	SSL Pseudo-Label Mining Method 


	Discussion 
	Conclusions 
	References

