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Abstract: Continual learning (CL) is becoming increasingly important, not only for storage space
because of the ever-increasing amount of data being generated, but also for associated copyright
problems. In this study, we propose ground truth’ (GT’), which is a combination of ground truth (GT)
and a prediction of the teacher model that distills the prediction results of the previously trained
model, called the teacher model, by applying the knowledge distillation (KD) technique to an anchor-
free object detection model. Among all the objects predicted by the teacher model, an object for which
the prediction score is higher than the threshold value is distilled into the current trained model,
called the student model. To avoid interference with new class learning, the IoU is obtained between
every object of the GT and the predicted objects. Through the continual learning scenario, even if the
reuse of past data is limited, if new data are sufficient, the proposed model minimizes catastrophic
forgetting problems and enables learning for newly added classes. The proposed model was learned
in PascalVOC 2007 + 2012 and tested in PascalVOC2007, with better results of 9.6% p mAP and
13.7% p F1! shown in the scenario 19 + 1. The result in scenario 15 + 5 showed better results than the
compared algorithm, with 1.6% p mAP and 0.9% p F1'. The scenario 10 + 10 also outperformed the
other alternatives, with 0.9% p mAP and 0.6% p F1.

Keywords: anchor-free model; class incremental learning; continual learning; knowledge distillation;
neural networks; object detection

1. Introduction

Compared to traditional computer vision algorithms, deep learning shows innovative
performance, and it is accordingly being applied in a variety of fields. In areas where
deep learning is successfully applied, the label of the data is completely defined before the
deep learning model is learned, and the input, output, and internal layer structure of the
model is fixed. In Chen and Liu’s ‘Life Machine Learning’ [1], this environment is called
isolated learning, and the application of continual learning is stated to be essential for deep
learning to develop in a manner similar to human intelligence. Human learning is a type
of cumulative learning wherein what was previously learned in the learning process is
not forgotten.

Assuming that the classification target is changed several times to re-learn the pre-
learned deep learning model, most of the learned knowledge is forgotten and changed to
suit the new target in the general learning paradigm process. Because the existing learning
paradigm cannot accumulate what has been learned before, if re-learning is performed
several times by changing the target, then the model will no longer be able to classify
objects that have previously been well-classified. Continual learning (CL) is proposed
to solve this problem and can be distinguished from other learning paradigms in that it
accumulates previously learned knowledge so that it can be applied to constantly increasing
classification targets [1-4].

The CL paradigm must simultaneously classify previous and current objects well while
preventing the problem of forgetting previously learned knowledge. In the re-learning
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process, the problem of not being able to classify objects that were previously well-classified
is called catastrophic forgetting. The main purpose of CL is to derive the minimum oblivion
for all previously learned tasks and the maximum inference accuracy for new tasks [1,2].

In this study, we propose an object detection CL model that applies the knowledge
distillation (KD) [5,6] method to minimize catastrophic forgetting. The object detection
algorithm performs a task in which the name, location, and size of an object in an image are
predicted simultaneously. Most object detection models in deep learning use anchor boxes
to detect the size and location of objects. However, the problem with the anchor box is that
it leads to more parameters, and therefore, a higher computational cost. Moreover, in a
real-world environment, the object, size, and characteristics of continuously increasing data
are not known in advance, so the anchor box is not suitable for CL. Therefore, the object
detection model used in the proposed model is CenterNet [7], which is an anchor-free
model that ensures a certain level of accuracy, even with a small number of parameters [8].

In KD, one of the types of algorithms for CL, the previously learned model is referred
to as the teacher model (t-model), whereas the model that classifies the newly learned object
is referred to as the student model (s-model). In general, object detection CL models using
KD mainly employ the method of distilling a specific layer of the t-model in the s-model to
minimize the differences between the two models [5,6].

Since CL research involves a very large range of scenarios and algorithms, the model
proposed in this study has the following limitations and conditions.

o It targets class incremental learning (class IL) without a separate task ID.

e A scenario is set up assuming that data and labels cannot be reused.

e It targets CL models that do not store samples or feature maps of training data so that
learning data cannot be estimated.

e  The model structure is fixed to avoid increasing the parameters such that the inference
time of the model does not increase.

e In the next training step, information on the previous class object can only be delivered
using the weights of the previous learning model.
Scenarios are pre-defined according to the order of CL learning,.
The object detection CL model proposed in this study is an algorithm for distilling the
teacher model prediction (t-pred) and delivering it to the next learning model. This
can be distinguished from the models described in prior studies in the following ways:

e Instead of the simple layer distillation KD technique, we propose a method for gen-
erating the GT’ that combines t-pred with the ground truth (GT), which transforms
t-pred into the same form as the GT.

e  Two problems of t-pred, the prediction result of the t-model, are solved as follows:

1. Not all results of t-pred are correct; to delete the error results, prediction informa-
tion is only used when the prediction score of t-pred is greater than or equal to
the threshold value.

2. Objects included in the GT only have information about new classes, but the
t-model only interprets new images as past class lists; as a result, t-pred can
misclassify new class objects into past classes. To solve this problem, the IoU
scores of the object of the GT and the object of t-pred are compared to prevent
misclassification by using only objects below the threshold.

e  Among the objects included in the new learning image target, the number of objects re-
lated to the previous class was small. Considering this problem, KD can be performed
for entire output layers to distill all the information related to the class, size, and size
correction values of the object.

e Inour study, old data and old class labels are not reused in the learning process of the s-
model. The dataset is used separately in learning as shown in Figure 1. In this process,
when the existing loss function of the CenterNet model is used as it is, information on
the existing class cannot be learned in the new class learning process. It means there is
a problem in that the weight associated with the existing class is changed. We suggest
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that the loss function associated with the existing class is modified among the loss

functions.
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Figure 1. Conceptual diagram of continual learning.

e  The s-model first learns new classes at the GT and then learns information from the
previous class and new class information together at the GT” to reduce the occurrence
of catastrophic forgetting about existing classes when learning new classes.

The rest of this paper is organized as follows. Section 2 examines existing studies
on CL and object detection. Section 3 deals with the database scenario and proposes a
CL model by applying KD to the anchor-free model and distilling the predictions of the t-
model. Section 4 describes how the experimental environment and comparison verification
targets are organized to perform the experiment and compare the results. Finally, Section 5
presents the conclusions of the present study and directions for future research.

2. Related Work
2.1. Continual Learning and Knowledge Distillation

In the process of accepting new knowledge, the re-learning of a pre-trained model
forgets a large portion of the existing knowledge, and it is difficult to accept new knowl-
edge if the existing knowledge is excessively fixed. This problem is called the stability—
plasticity dilemma. Furthermore, the above-described problem of forgetting substan-
tial amounts of existing knowledge is called catastrophic forgetting. The objective of
CL is to minimize catastrophic forgetting and determine ideal decision boundaries in
continual learning [1,2,4,9-12].

The part covered in this study is learning without forgetting (LwF) in the green part,
and this algorithm is a type that uses the KD method among the various CL fields. The
KD-based CL method, a data normalization method, began with the model compression
technique proposed by Hinton et al. [5], and its application was extended to CL. The first
study to use this method for CL was LwF [2,6].

The application of CL using LwF as an example is a proposed case for classification
problems, and most CL studies are still focused on them. However, research subjects are
gradually expanding into object detection and semantic segmentation.

As one of the object detection cases to which KD was applied, Shmelkov et al. [13]
proposed a KD-based CL model using Fast R-CNN, an object detection model. This
study involved class IL, and the LWF technique described above was applied so that the
model learning the next time received the information learned previously. In addition,
Zhou et al. [14] also proposed a continual learning model with Fast R-CNN with KD, which
applied Rol and RPN between the t-model and s-model. The data scenario in both studies
were used as a sequence style, and the use of the data in continual learning is described in
detail in Section 2.2 [15].

Peng et al. [8] proposed an object detection model that applies distillation techniques
to CenterNet and full convolutional one-stage object detection (FCOS) [16], which are object
detection models without anchor boxes. This paper has proposed, for the first time, a CL
model in an anchor-free model, and the data scenario is disjoint. KD was performed for
the output layer rather than the regression type in the two anchor-free models, and inter-
relation, a method of distilling the relationship between images, has also been proposed.
For the inter-relation, the feature map from the uppermost layer of the decoder was used as
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the distillation layer. After one batch training, the weight of the heatmap output physically
returns to its original state (i.e., the t-model state) by restoring to the next model, among the
final output loads of the existing learned model, the output layer related to the previous
class. In other words, the purpose is to restore information that has been forgotten in the
previous learning process.

Feng et al. [17] used the KD method in GFLV2 [18], a one-stage model, to generate
a CL object detection model. Scenarios for the study have been mentioned, but it is not
known specifically what style of data utilization methods were used.

Michieli and Zanutti [15] proposed several methods of CL models in the semantic
segmentation model DeepLabv3+ [19], utilized distillation techniques, and verified various
data scenarios [15,20,21]. Ref. [15] presented good results compared to previous studies by
adding three loss functions in addition to the distillation method. That is, to minimize the
occurrence of catastrophic aggregation in the CL process, both of the predictions between
the t-model and the s-model were distilled using the KD technique. This study also con-
firmed that KD alone was not sufficiently effective and therefore suggested the following:
(1) prototype matching that reduces the movement of feature values, (2) contrastive losses
that cause features within the same class to pull each other and cause different features to
push each other, and (3) feature sparsity, which reduces the density of existing features in
the learning process so that new feature distributions can be constructed.

2.2. Data Scenario

In CL, various scenarios are defined in advance, and the difference in the presence or
absence of tasks lies in the scenarios involved. As this study targets a gradual increase in
classes without task IDs, this section examines the scenarios of data that can be considered
when classes gradually increase.

Data and labels are one-to-one in classification tasks but not in object detection tasks.
In the latter, it can be said to be a one-to-many relationship because several labels may
exist in one datapoint. In CL research for object detection, if data according to classes
are used without considering these matters, then there will be a reused image, which
affects accuracy. Therefore, it is necessary to consider whether to exclude data reuse or
use data as they are. The problem of labeling should also be considered. Depending on
the scenario, it is necessary to define whether to accumulate classes sequentially or label
classes corresponding to each turn [15].

In the work by Michieli and Zanutti [15], the following three-case classification was
proposed based on several prior studies: sequential, disjoint, and overlapped; the details
are as follows.

e  Sequential: The image used in the previous learning is not used in the subsequent learn-
ing. When there is label information about the previous (old) class in the image used in
the subsequent learning, then the information is included in the learning process [15].

o Disjoint: The images used in the previous learning are not used in the subsequent
learning. However, in disjoint, if there is label information for the previous (old) class
in the new images, then the information is not included in the subsequent learning [15].

e  Opverlapped: Unlike sequential and disjoint, the images used in the previous learn-
ing are also used in the subsequent learning. However, the class label only uses
information that has been newly added to the corresponding order of learning [15].

3. Methodology
3.1. CenterNet

In this study, CL is made possible for CenterNet using ResNet-50 as a backbone. This
section details the structure, related formulas, and definitions of CenterNet described by
Zhou et al. [7].

Figure 2 shows the structure of CenterNet, which includes an encoder structure that is
reduced to 16 x 16 x 2048 through a ResNet-50 backbone by inputting 512 x 512 x 3 images,
and a decoder structure that uses de-convolution to upscale it to 128 x 128 x 32. After the
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Figure 2. The proposed t-model predictive distillation method.

The heatmap predicts the location and class classification of an object, and the size map
predicts the width and height of the object. When an image is entered into CenterNet, the
size is 512 x 512 x 3, but it is 1/4 times (i.e., 128 x 128) that in the output layer; therefore,
the offset map predicts a decimal error value to regain its original value when restoring
the size.

Furthermore, the entire model structure is a fully convolutional network, excluding
the max pooling used in the ResNet backbone. In the study of CenterNet [7], the backbone
was changed to various models to detect objects as well as three-dimensional objects or
human poses [7]. The final loss function of CenterNet is expressed by Equation (1). Because
CenterNet has three final outputs, it has a total of three terms by separately calculating the
loss function for each output [7].

Laet = Lk + AsizeLsize + AofrLofs 1

For the heatmap Y, a focal loss is used, which solves the class imbalance problem
between the background and key point in the L value of Equation (2).

(1 — l?xyc)alog(ffxyc) if Yoye = 1

_ 1 V
Ly = —x %C (1 - nyc)ﬁA(nyc)“ otherwise
log(l o nyc) ()
Ly = hE[05 - (k - P
1 N e
Lgjze = N )y SPk - Sk‘
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In the experiment, « = 2, f =4, N is the number of key points in the image, and I is
the value for normalization [7]. The offset O is calculated using the second line L,¢s of
Equation (2), and the predicted object size $ is equal to the last line L;,, of Equation (2).
The offset and object size are calculated using the L loss function [7].

3.2. Prediction Distillation of Teacher Model

This section describes the method used to distill the prediction of the t-model proposed
in this study in detail. The anchor-free model targeting the object detection model consists
of a final output layer as a matrix. In other words, if the KD technique commonly used in
object detection is applied to the anchor-free model as it is, then it is learned by minimizing
the differences between the specific layers of the t-model and the s-model. Similar studies
have previously noted that it is difficult to expect a significant effect using this method.
Unlike the anchor model, which only operates with the results calculated in the KD process
(for example, heatmap channels contain not only object-centered information but also noise
information around them), unnecessary information in the KD process must be calculated
in an anchor-free model.

The method proposed in this study allows the s-model to use the results predicted
by the t-model as ground truth (GT). In other words, the top three layers of t-model
prediction—which are a heat map, a size map for the width and height of an object, and
an offset map for object-centered position correction—are used to make it the same form
as GT. The result of the t-model is referred to as ‘t-pred’, and when it is combined with
GT, it generates another GT called GT’. In other words, the t-model newly labels images to
learn, and the t-model teaches the s-model to view the image from the perspective of the
t-model. This method enriches the label information, thereby increasing the knowledge
that the s-model needs to learn.

Because the heatmap information predicted by the t-model is output through an
activation map and has a narrower range of key points than the heatmap information used
by GT, the previously extracted object location and information are used to generate the
new heatmap with a Gaussian filter.

When the width of the input image is W and the height is H, stride R is applied to the
output image, such that the width and height are W/R and H/R, respectively. We define C
as the number of classes. As shown in Figure 2, the component of GT, which is a measured
value, is called GT and consists of five values in total.

The heatmap is defined as HMCT e [0,1]"V/R*H/RXC 3nd WHET € R50*2 refers to
the width and height of the objects. Obj®T € [0, 1] determines the presence or absence
of an object and determines whether to use a value of other matrices. Center®T € R
is obtained by changing the value of the 2D key point to 1D. Since the output image
is 1/R times, it consists of an Of fset®T € R*2 value for correcting the center value.
The constant value of 50 is an arbitrary definition of the number of objects, and it can be
changed.

In CL, class Cis C = C U C" According to the scenario, C” is the existing
learned old class, and C° = {Ci, e, c; } ; C" is a new class to be newly learned, and
cr = {c’f, el C%} That is, the number of detectable classes after the entire scenario

is completed is expressed as n + m. The number of heatmaps C’ " for GT in Figure 2
represents both C” and C".

To use t-pred for new learning, when the result of the prediction score Y/fqyic of the
t-model’s predicted object is Y,ﬁiyi ¢ > th,itis made to be in the same form as GT. Combining
this with GT, C” and C" are learned simultaneously in the learning process. The newly
created t-model prediction and GT are referred to as the GT’. This is created through
the combination of t-pred and GT. HM®T, which is a newly generated heatmap, changes
HMET of channel ¢ corresponding to HM! > 0to HML. Furthermore, as shown in Figure 2,

the other four components are combined in the two matrices.
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There are a couple of problems associated with the proposed method. The first problem
is that the predictions proposed by the t-model are not all correct. The second problem is
that objects subject to new labels are predicted to be different objects in the t-model.

The first problem, the proposal of the t-model, can be solved using it as predictive
information for the t-model only when the score of what is recognized as an object is greater
than or equal to a certain score, that is, ?)i,-y,-c > th. The second problem, when an object to
a new label is predicted to be another object in the t-model, can be solved through an IoU
comparison of both t-pred and individual objects in GT and not using the prediction of the
t-model if the IoU exceeds a certain value, such as a threshold.

3.3. Knowledge Distillation of Output Layers

The proposed method in Section 3.2 cannot be a perfect method with which to distill
the previous model knowledge if there seems to be no object in the images that is a previous
object. To solve this problem, three final output layers containing all the information in the
t-model are directly distilled with the L, loss function. However, in the case of a heatmap,
it is necessary to distill the feature map before applying the sigmoid function because some
information disappears during the sigmoid process.

Existing research dealing with the object detection CL model has confirmed that KD
was not used well for the size map or for calculating the boundary box of the object [8].
However, if the size of the new object differs from the size of the existing learned object,
then the weight information of the size map may vary substantially during the learning
process; therefore, KD is applied to all three final output layers in this study.

Since the number of classes in the heatmap of the s-model is greater than that in the
t-model’s heatmap, only the channels in the heatmap related to previously learned classes
of the s-model are selected to calculate with the t-model’s heatmap. Accordingly, the L;

loss is calculated with Y ¢ , which contains only the heatmap for class C° of s-model. The

loss function Lyyp) between Y; and }A(SCO can be confirmed by Equation (3). The loss is
calculated using the elements of the matrix to obtain the average. In this equation, the
height H/R of the downsampled output layer is defined as H’, and W /R is defined as w’.
C denotes the number of channels (i.e., the number of classes), wherein the number is the
number of classes used in subsequent learning.

Ligwh is the same as the second line of Equation (3), and Lyio¢f is the same as the
third line of Equation (3). The two loss functions perform element-specific calculations on
the two channels because the t-model and s-model have the same hierarchical structure.
This loss function also uses the L loss function.

Lagm = L |V — Y€
wHe 3
Ligwa = XL|5t — Ss

A

Lgogs = L|0r — O]

3.4. Total Loss Function of the Proposed Model

In this study, because the GT and predicted values of the t-model are combined through
the proposed GT’, the loss function of the s-model is calculated with the GT included in the
GT’. In CL, the original loss function of the learning model is typically calculated before
calculating the loss function for CL. However, in this study, the original loss function is
changed without being used as it is. This can be attributed to the relationship between the
disjoint data scenario and the GT.

When using a disjoint data scenario, the GT has no label information related to the old
class C’. For example, in the 19 + 1 scenario, during the process of s-model learning, the
heatmap does not contain any information on channels 0 to 18 (old class), because it only
has information on channel 19 (new class). When the loss is calculated using this heatmap,
the deep learning model learns by recognizing that there are no objects from 0 to 18 in this
process. Therefore, if the existing loss function is used as it is, there is a possibility wherein
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the recognition accuracy for old classes label may decrease during the learning process due
to confusion in the contents of channels 0 to 18.

Unlike other previous studies that leave the original loss function intact, our study
proposes a modification to the heatmap used for the existing loss function. The losses
between the GT and predicted heatmaps are subjected to the process of minimizing focal
losses for all channels corresponding to the entire class; however, channels corresponding
to the previous label are cut off. As a result, the catastrophic forgetting that occurs during
the learning process can be removed. The changed equation is the same as that in Equation
(4), and c" represents a new class.

(1 = Yayen)“ log( Yeyen) if Yeyer = 1

" 1 y
Ly = - N Z; (1 - nyc”)ﬂA(nyC”)a otherwise @
xyc log(l — nyc")

When the loss function in CenterNet considers the local loss for the heatmap as Ly as
defined above, the size map L loss is Lg;,, and the offset map is L,¢s. The loss function
L. of the existing CenterNet is the same as Equation (1) defined above. The modified
heatmap operation is referred to as Lin in Equation (4), and the applied formula is defined
in Equation (5) by Ly;iget-

Loviget = L§ + AsizeLsize + AofrLofs ®)

In this case, the loss function of GT” is defined by Equation (6) L,,.y4et, and it follows
the existing loss function for the entire class channel; the weight is also the same. L;C, L;iz o
and L/ ff are the same as previously defined Ly, Lz, and Ly, but the loss calculation
target is changed from the existing GT to GT". The final loss function is given in Equation

(7). Apewdet 1s used as a factor to suppress excessive distillation and increase new learning.
Lyewder = L;c + /\;izel‘;ize + )‘;ffL;ff (6)

Lot = Loridet + )‘newdethewdet (7)
+ AraamLkaam + AkawsaLrawse + AkdoffLidoff

4. Experiment
4.1. Experiment Environment

The learning environment used for training and testing in this study was a workstation
with an Intel (R) Core (TM) i9-10900F CPU @ 2.80 GHz, 64 GB RAM, a GeForce RTX
3090 GPU, and the deep learning framework consisting of Python 3.6, Anaconda 3, and
Pytorch 1.7.1. The code of CenterNet used was the official code [22] posted by the author of
this paper. In the experiment in the present work, like the existing CenterNet experiments,
70 epochs of learning were performed in total, and the learning rate changed over a total of
two times. The existing learning rate was 1.25 x 1074, and the change point was reduced
by one-tenth in each of the 45th and 60th epochs. To control some of the randomness,
functions related to reproducibility [23] covering the Pytorch official site were referred to
and used.

After learning the t-model in advance, the class of the s-model increased the number
of heatmaps by the new class through the scenario. The weight of the pre-trained t-model
was brought to the s-model when initialized before learning. In this process, the weight-
loading function provided by the deep learning framework, such as Pytorch, was used.
However, a weight was not called when the name of the layer or the number of channels
was different. If this problem is not solved, then the previously learned information will
be lost even before learning; therefore, the heatmap of the s-model will be sliced by the
number of previous learning classes to force weight loading. For bias, only initialization
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was performed. The same dataset and scenario were used for each comparative experiment,
and the database used a disjoint data structure.

4.2. Comparison Verification Configuration

Most CL studies simultaneously use several approaches in combination with algo-
rithms. It is difficult to find a clear comparative verification target in the CL model for
object detection. Therefore, a comparative verification method of applying the algorithm
proposed in the previous study to certain models, such as object detection, is generally
used; the model in our study is CenterNet. Regardless of the performance of the model
itself, we confirmed that our approach minimizes catastrophic forgetting and increases the
accuracy of the new learning.

In this study, sparse and differentiated latent representations (SDR) proposed by
Michieli and Zanuttigh [15], LWF [6], and SID [8] were selected for comparison. Because
there are the wide variety of CL approaches and there are not many comparison targets
that can meet the limitations of this study, existing studies that use the KD technique and
do not store samples were selected as comparison targets. When the backbone or detection
model was different, it was changed and compared appropriately with CenterNet.

In the CenterNet official code of [22], the structure of the up-convolution process and
the process of generating the final output layer, such as convolution, batch normalization,
and application of activation functions, were constructed in a sequential class provided by
Pytorch. In this case, the feature map output from the internal layer grouped by sequential
class could not be used directly from the loss function.

In our study, the selective and inter-related distillation (SID) method proposed by
Peng et al. [8] was used as a comparison target. In the CenterNet official code, several of the
distillation layers had been utilized inside the structure using the sequential class function
of Pytorch. Accordingly, the sequential class function created for the final output layer was
maintained as it was, but the weight value by input could be separately generated for each
layer in our study to compare with our approach. The feature map output obtained using
this process could be used as the loss function. Some values may have changed in response
to structural changes.

As a comparison index of accuracy, the present work used the most used mean average
detection (mAP) in the object detection model, and as an additional comparison index,
it also used the F1' score of the harmonization mean recognition (8) for CL proposed by
Peng et al. [8], where i means incremental, P,;; is the mAP of the label related to previous
learning, and Py is the mAP of the newly added label [8].

Porg X Puew

F1i = 2 x
Pold + Pnew

®)

4.3. Experimental Results

In the case of the Pascal VOC 2007 and 2012 data used for learning, ‘trainval’, a material
provided from the official site, was downloaded, and the ‘trainval.txt’ data contained in the
downloaded folder was used for training, whereas the PascalvVOC 2007 test data was used
for testing. To create a CL scenario, a set of usage data for each scenario was defined based
on the text data for each class located in the Main folder inside the ImageSets folder. First,
the text data corresponding to the first learning class was read in alphabetical order and
combined into one, except for overlapping image names, to be used as the first learning
data. If there was an object corresponding to the second learning class inside the image,
then its label was not used. The data for the second learning scenario read and used the
remaining text data file, excluding the overlapping image names. In this process, two
conditions needed to be satisfied: first, the image could not be used for primary learning;
second, even if it was a new image, the label could not be used if the class corresponding to
primary learning existed in the image.

We proposed anchor-free CL as part of a knowledge distillation modification scheme
in a limited environment that does not reuse data and avoids increasing parameters or
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layers. We used the t-model as a tool for labeling; its result, t-pred, was combined with
the GT of the new learning process. Since GT only has new labels, it causes catastrophic
forgetting of existing labels. However, when combined with t-pred, information from
existing labels is added, thus allowing it to play a role in learning, such as general learning.

The backbone used in CenterNet for our proposed model was ResNet-50. During
the experiment, among the options provided by the official code of CenterNet, ‘nms’” and
‘flip_test’” were used. All the experiments in this section used the same option as the
verification data: Agiz, = 0.1, Aypp =1, A, = 0.1, )‘:aff =1, Apewdet = 1, and Aggam, Maws,
and Ay, rr are 0.3. The result was the mean average decision (mAP), which was rounded
to the third decimal place. In the proposed method, the t-model prediction value of the
t-model predictive distillation was fixed at 0.2, and the IoU was fixed at 0.8; these were
fixed at the same values in all experiments below.

For CenterNet used in this study, ResNet-50, which has relatively low complexity
and low accuracy, was used as a backbone to compare the algorithm results for the CL
approach; therefore, we could expect to achieve an increase in basic accuracy by changing
the backbone model or applying another type of anchor-free model.

Table 1 lists the experimental results of the 19 + 1 scenario. k of SID [10] was the
number of samples for the inter-relation proposed by SID [8], and SDR [15] was divided
into KD1 for distilling only heatmaps according to the model of CenterNet [7] and KD2
for distilling both heatmaps and the WH output layer. The worst result of mAP was
obtained using the fine-tuning method, but the result of secondary learning (related to the
‘tv/monitor’ class) was the best. This is because catastrophic forgetting was not considered
at all in the fine-tuning method.

Table 1. Comparison of 19 + 1 Scenario (%).

20 19 Fine LwF SID [8] SID [8] SID [8] SDR SDR
Class Classes Classes Tuning [6] k=2 k=3 k=4 [15] [15] Proposed
KD1 KD2
aeroplane 737 76.6 10.7 419 62.5 59.5 52.4 67.7 54.1 69.1
bicycle 79.1 81.2 11.7 33.5 66.7 68.3 62 73.7 63.5 78.2
bird 70.6 72.1 26.1 34 52.1 41.1 259 64.5 58.1 64.6
boat 62.6 60.1 11.7 26.1 36.7 279 14.9 49.7 354 49

bottle 56.9 54.5 8.5 21.5 38.4 247 30.4 47.9 28.3 50.1
bus 79.1 77.7 12.9 38.9 64.1 61.8 52.3 66.1 347 721
car 83.7 84.3 14.4 45.5 64.3 76.2 70.8 48.7 34.1 73.6
cat 81.2 80.5 49 58.4 68.7 44.8 18.2 78 74.8 76.2
chair 58.4 58.6 9.1 214 354 39.6 37.1 40.5 244 49.8
cow 78.8 79.5 30.4 60.6 69 67.1 54.9 73.3 66.9 74.6
diningtable 70.5 67.5 11.6 223 58.1 56.7 57.6 59.1 54 65.7
dog 79.3 78.5 27.3 39.5 66.8 57.8 41.7 72.1 65.8 71.9
horse 81.6 84 14.4 409 67.2 61.7 42.8 78.1 62.9 784
motorbike 79.3 81.9 0.5 10.9 59.1 73 61.1 65.3 494 70.2
person 78.7 79.4 27.5 57.1 65.6 53 38.9 73.7 68.1 77.5
pottedplant 47.7 45.5 9.1 17.8 30.8 23.6 28.5 34.1 29.3 40.6
sheep 779 77.6 40.5 45 68.9 60.5 48.9 70.7 69.9 771
sofa 70.1 69.7 19.5 33.1 58.5 40.5 24.3 58.4 51.5 63.4
train 79.1 79.5 27.2 54.3 63.5 63.9 57.6 71.7 54.4 73.7
tv/monitor 73.4 - 42.4 22.6 16.4 15.9 12.5 13.9 17.2 27.7
mAP 73.1 73.1 20.2 36.3 55.6 50.9 41.6 60.4 49.8 65.2
1-19 mAP - 73.1 19 37 57.7 52.7 43.2 62.8 51.5 67.1
20 mAP - - 42.4 22.6 16.4 15.9 12.5 13.9 17.2 27.7
F1f - - 26.3 28.1 255 244 19.3 22.8 25.8 39.2

In the case of LWF, F 1% showed the best results among the comparison targets; however,
when looking at mAPs of 1-19, it appears that there was substantial forgetting of the existing
classes. This finding shows that, even with a CL approach that yields good results in the
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classification model, it is difficult to apply it to the object detection model for the original
shape, thus proving the need for a unique method for object detection.

In SID, it depended on the number of samples; however, when looking at the F1’
scores, the best result was obtained when using k = 2. Forgetfulness of existing object
knowledge was resolved to some extent, but new learning remained in the 16.4% mAP
range; therefore, this was judged not to be the best method. SDR was not very effective
in CenterNet, although it has shown good performance in semantic segmentation models.
The mAP of it showed good results, and the catastrophic forgetting seemed to have been
resolved to some extent; however, the F1' and the learning results of the new class were
not good, thus making it difficult to use the model in real fields. The proposed model
compared to the SID (k = 2), which is the target of comparison, showed good results of
9.6% p based on mAP and 13.7% p based on F1'.

Table 2 presents comparative experiments with existing studies according to the
15 + 5 scenario. In this result, the worst method of mAP was the method of LwEF. The
simple LwF method was not suitable for an anchor-free model such as CenterNet. Rather,
the mAP was slightly higher in fine tuning, which appears to be due to the addition of five
classes, thus resulting in increased detection accuracy for five classes while learning about
new classes in the data. In SID, when considering both mAP and F 1 scores, the best results
were shown when k was 2. Among the newly added classes, the results of ‘train” were
slightly poor. SDR showed lower mAP and F1' scores than SID, and the model proposed
in this study also showed the best results in this experiment. Relative to the comparison
target SID (k = 2), the proposed model exhibited good results of 1.6% p for mAP and 0.9% p
for F1'.

Table 2. Comparison of 15 + 5 Scenario (%).

20 15 Fine LwF SID [8] SID [8] SID [8] SDR SDR
20 Classes Classes Classes Tuning [6] k=2 k=3 k=4 [15] [15] Proposed
KD1 KD2

aeroplane 737 749 26.4 9.1 59 443 33.7 51.9 23 68
bicycle 79.1 81.3 0 9.1 77.3 77.5 76.4 75.7 38.4 78.9
bird 70.6 70.1 9.1 9.1 53.8 54.4 54.9 52 14.3 61.7
boat 62.6 60.3 49 25.6 51.4 55.6 53 8.5 0 56.2
bottle 56.9 54.7 9.1 0 419 48.3 44.3 15.9 0.3 49.7
bus 79.1 76.6 0 6.1 63.9 55.2 70.2 41.4 7.3 549
car 83.7 84.1 34.8 16.2 77.6 79.1 79.4 38.8 34.8 79.8
cat 81.2 79.6 9.1 0 62.1 53.7 53.7 734 50.4 78.6

chair 58.4 56.9 9.1 0 43.7 489 50.9 28.7 134 50

COW 78.8 70.5 18.4 0 54.5 36.8 54.4 46.8 14 51
diningtable 70.5 63.1 0 0 60.3 59.3 56.2 54.1 0.3 61.2
dog 79.3 76.1 7.7 0 67.8 61.7 57 56.8 333 52.7
horse 81.6 82.9 27.2 0 79 78.6 779 73.7 41.5 754

motorbike 79.3 81 0 9.1 68.3 75.9 75.7 59.5 234 71

person 78.7 79.2 352 27 74.8 76.7 77.3 72.8 48.6 77
pottedplant 47.7 - 214 18.7 19.2 9.5 0.8 9.8 18.3 15.9
sheep 779 - 19.2 19.1 15.5 14.9 14.3 12.6 15.3 15.8
sofa 70.1 - 38 35.5 27.3 194 16.1 14.9 29.1 26.7
train 79.1 - 14.5 22.8 12.9 11.2 9 14.7 13.7 21.7
tv/monitor 734 - 41.3 32.5 37.1 17.1 12.4 26.4 39.9 34.5

mAP 73.1 72.8 16.3 12 52.4 489 48.4 41.4 219 54
1-15 mAP - 72.8 12.7 7.4 62.4 60.4 61 50 215 64.4
16-20 mAP - - 26.9 25.7 224 14.4 10.5 15.7 233 229
F1 - - 17.3 11.5 329 23.3 17.9 239 22.3 33.8
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Table 3 lists the experimental results for the 10 + 10 scenario. Overall, when looking at
the comparison targets, the proposed model preserved much of the existing knowledge.
Given that the results of past learning subjects suffered fatal losses in fine tuning and LwF,
if there are newer learning data and new classes, then it is easier for existing information to
be forgotten.

Table 3. Comparison of 10 + 10 Scenario (%).

20 10 Fine LwF SID[s] SID[s] siD[s]  Sox  SDR
20 Classes Classes Classes Tuning [6] k=2 k=3 k=4 [15] [15] Proposed
KD1 KD2

aeroplane 73.7 73.5 0 0 33 60 59 33.2 0.1 56.2
bicycle 79.1 78.4 0 0 58.1 70.2 68 8.3 0.2 67.8
bird 70.6 68.5 0 0 20.6 56.2 58.5 122 2.3 37.2
boat 62.6 62.5 0 0 15.3 44.3 39.1 30.5 4.6 38.8

bottle 56.9 54.5 0 0 6.1 35 33.2 5.7 0 2
bus 79.1 74.7 0 0 56.9 63 63.1 24.4 0.1 30.9

car 83.7 84.9 0 0 69 77.9 76.5 56.3 0.2 75.1

cat 81.2 70.7 0 0 46.5 38.7 61.4 459 18.1 34.8
chair 58.4 56.7 0 0 29.2 33 42.5 11.6 0.1 48.6
cow 78.8 57.3 0 0 55.2 31.6 29.8 19.3 27.3 40.8
diningtable 70.5 - 50.1 35.7 38.3 38.6 26.4 329 49.6 431

dog 79.3 - 47.9 35.8 39.5 423 27.4 40.6 46.1 47
horse 81.6 - 68.7 60.5 62.8 61.1 51 63.4 68.8 67.5
motorbike 79.3 - 55 44.7 55.1 44.3 36.9 46.2 53.6 60.9
person 78.7 - 75.1 67.1 72.6 70.3 64.1 66.3 74.4 71.8
pottedplant 47.7 - 41.4 29.3 36.3 33 20.5 26.6 41.9 37.5
sheep 77.9 - 66.5 44.9 58.5 58.5 38.2 59.4 65.9 63.5
sofa 70.1 - 55.4 49.1 46.1 48.2 37.8 48.7 55.6 55.4
train 79.1 - 38 31.2 29.7 40.8 30 28.2 36.5 44.1
tv/monitor 73.4 - 62.2 51.8 61.3 58.5 46.9 49.5 57.8 61.6
mAP 73.1 68.2 28 22.5 44.5 50.3 45.5 35.5 30.1 51.2
1-15 mAP - 68.2 0 0 39 51 53.1 24.7 53 472
16-20 mAP - - 56 45 50 49.6 37.9 46.2 55 55.2
F1! - - 0 0 43.8 50.3 44.2 32.2 9.6 50.9

However, in our proposed model, the results of the new learning and existing learning
subjects appeared to be almost equal. It can also be seen that the inter-relation method
showed good results in the experiment of SID (k = 3), which showed the best results among
the comparison targets. However, the proposed model showed better results of 0.9% p in
mAP and 0.6% p in F1'.

The results for each scenario of the proposed model are shown in Figure 3. In scenario
19 + 1, the old labels (person) and new labels (TV/monitor) were detected well as shown in
Figure 3a. In scenarios 15 + 5 and 10 + 10, some catastrophic forgetting occurred so that
one of the two dogs could not be found properly, and the detection accuracy of the dog
was also low as shown in Figure 3b. The motorbike was detected by mistaking it as a car in
scenario 10 + 10 as shown in Figure 3c.
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Figure 3. The results of each experiment: (a) results of scenario 19 + 1, (b) results of scenario 15 + 5,
(c) results of scenario 10 + 10.

4.4. Consideration

In general, whereas the deep learning model only utilizes those with a t-model predic-
tion value exceeding a certain value, this study distilled the prediction of a low t-model
prediction value of 0.2, thus allowing the s-model to learn how the t-model looked at the
image, even if the actual answer was not obtained. This could be judged as a certain object
because the distillation object had a specific characteristic in the detection part even if it
was an incorrect answer.

Figure 4 shows the results of the subsequent learning in the 19 + 1 scenario. That is,
in the learning, “TV/monitor’ was added as a new learning label, and the learning data
consisted of a new image with a “TV/monitor’ learning label. Figure 4a shows a heatmap
created by the image and the object position of the GT, and Figure 4b shows a visualization
of the boundary box according to the object position of the GT.

Figure 4c shows the heatmap predicted by the t-model during the s-model learning
process, and Figure 4d is a visualization of the boundary box using the heatmap and object
position. In this process, “TV/monitor” was not predicted because it was predicted by the
model learned in previous learning. However, information that the s-model needed to
predict, such as dog and chair, can be seen. Incorrect answers were also proposed.

Figure 4e shows the result of combining the t-model predicted value of higher than
0.2 in Figure 4c and each heatmap in Figure 4a, i.e., this combination is called GT". Figure 4f
shows the results of the boundary box of Figure 4e. Using this result as the GT would
be much more effective than distilling the layer, a commonly used KD technique, for
the s-model.

However, if there are too little data for subsequent learning, it can be expected that the
effect will decrease. Therefore, our suggestion was expected to be more effective if a large
amount of label data in the existing previous learning process was used in learning, which
is a sequential data scenario learning style.
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Figure 4. Example of results according to the input image in the 19 + 1 scenario: (a) Example of
synthesis of heatmap and input image of GT; (b) bounding box of object in input image of GT; (c)
example of synthesis of t-model prediction heatmap and input image of t-model; (d) prediction of
t-model bounding box of object in input image; (e) example of heatmap image synthesis of GT’; (f)
visualization of GT” bounding box.

Another limitation of the proposed method is when the object with the new label was
predicted as another object in the t-model; this problem is shown in Figure 5. For example,
in the Pascal VOC 15 + 5 scenario, a problem arose wherein a ‘sheep” as shown in Figure 5a,
which was a new label target, was classified as a ‘dog’ in the t-model as shown in Figure 5b.
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Figure 5. The GT’ problems and solutions: (a) Labeling of GT’; (b) the result of IoU > 0.8 labeling.

As mentioned earlier, information comprising ‘even if the object is not the correct
answet, it is predicted like a previous object’ is transmitted from the t-model. Therefore, this
problem requires information on the measured values and should first use the measured
information. In other words, by comparing the individual predictions of the t-model and
individual objects in the actual measurement information, it can visually confirm that the
problem can be solved by not using the prediction of the t-model when the IoU exceeds a
certain value.

5. Conclusions

In this paper, a study was conducted on CL, which has recently attracted increased
interest owing to various problems, including the continuously increasing amounts of
data, data storage, and copyright issues. CL is gradually increasing its application area in
domains such as object detection and semantic segmentation in classification problems.

In this study, KD was applied to the object detection field, and CenterNet, which
does not use an anchor box, was changed to a CL model. In addition, by distilling the
predictions of the t-model, we proposed a model that can minimize catastrophic forgetting
and guarantee some new learning accuracy if there are sufficient learning data each time
the next order gradually increases according to the CL scenario.

Because the general object detection deep learning model uses an anchor box, manual
work is required for predefined data, but as the increase in the size of the objects cannot be
defined in advance, the anchor-free model was used to solve the problem of the anchor box
among various hyperparameters.

We proposed GT’ to apply the idea of knowledge distillation to the anchor-free model
for class IL. In our work, we used a disjoint data structure method that prohibits the reuse
of data. The proposed model in our work avoids increasing parameters, and it does not
store feature maps in previous learning. The t-model in the proposed model can label new
training data. We call it t-pred, and it uses the labeling data of the t-model in our next
learning. T-pred combines with GT to become GT’, which minimizes confusion in model
learning, although only new data are included in the new learning material.

For the method proposed in this study, the loss value of the distillation layer should be
specified, and the t-model prediction value and IoU threshold used by the t-model are also
important hyperparameters; therefore, they should be adjusted according to the amount of
new data added and the validity of the t-model’s prediction in the image. These problems
can also be efficiently applied to the real environment through the proposal of models that
enable hyperparameter automation.
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In fact, although many researchers are interested in CL, there have been limited studies
applying CL to this point. One potential reason for this is that there are many areas where
CL should be applied, but it is difficult to collect data for application. We have previously
studied how deep learning is applied to the PCB field, and we have already collected a
great deal of data on this topic. We believe that detecting PCB parts based on the proposed
CL model will help cope with the increasing number of PCB parts in the future.
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