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As a basic component in multimedia applications, object detectors are generally trained on a fixed set of
classes that are pre-defined. However, new object classes often emerge after the models are trained in practice.
Modern object detectors based on Convolutional Neural Networks (CNN) suffer from catastrophic forgetting
when fine-tuning on new classes without the original training data. Therefore, it is critical to improve the
incremental learning capability on object detection. In this article, we propose a novel Residual-Distillation-
based Incremental learning method on Object Detection (RD-IOD). Our approach rests on the creation of a
triple-network based on Faster R-CNN. To enable continuous learning from new classes, we use the origi-
nal model as well as a residual model to guide the learning of the incremental model on new classes while
maintaining the previous learned knowledge. To better maintain the discrimination between the features of
old and new classes, the residual model is jointly trained with the incremental model on new classes in the
incremental learning procedure. In addition, a two-level distillation scheme is designed to guide the training
process, which consists of (1) a general distillation for imitating the original model in feature space along
with a residual distillation on the features in both image level and instance level, and (2) a joint classification
distillation on the output layers. To well preserve the learned knowledge, we design a 2-threshold training
strategy to guide the learning of a Region Proposal Network and a detection head. Extensive experiments con-
ducted on VOC2007 and COCO demonstrate that the proposed method can effectively learn to incrementally
detect objects of new classes, and the problem of catastrophic forgetting is mitigated. Our code is available
at https://github.com/yangdb/RD-IOD.
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1 INTRODUCTION

Object detection is a basic computer vision task that is the foundation of many multimedia appli-
cations, such as autonomous driving, text spotting, image captioning, object tracking, and video
classification (7, 27, 29, 34-36, 43, 44, 48, 49]. In real applications, new object classes often emerge
after the object detection model has been trained on a prepared dataset with fixed classes. Due to
the storage burden, the privacy concern and the limited availability of the old data, as well as the
time consumption, sometimes it is impractical to train the model from scratch with both old and
new data. Despite the state-of-the-art results achieved, modern object detectors based on Con-
volutional Neural Networks (CNNs) suffer from catastrophic forgetting [9, 11, 30] in learning
new object classes without the original data. It is therefore necessary to improve the ability of
incremental learning for object detectors.

Fine-tuning is a common way to adapt the original model to new classes. As shown in Figure 1(a),
it is achieved by replacing the output layer with new classes or by adding units in the output layer
specifically for new classes. Unfortunately, if the model is fine-tuned only on the samples of new
classes, the model will quickly forget the old classes. In Figure 1(b), we present detection results of
the original model trained on old classes (cat, person, table, etc.) versus the results of fine-tuning
on one new class (tvmonitor). It is clear that the performance of the model after fine-tuning is
severely degraded due to the absence of old data. Intuitively, training the model with both old and
new data should solve this problem. However, it will likely increase the execution time as well as
the storage burden for storing old data. In particular, the training dataset for a pre-trained model
is not always available for a new task due to data privacy concerns. Therefore, it is necessary to
develop incremental learning methods for object detection that enables continuous learning from
new data while preserving the previously learned knowledge.

Many studies on incremental learning mainly focus on image classification. Based on differ-
ent optimization techniques used to overcome catastrophic forgetting, incremental learning meth-
ods can be divided into two categories [16]: (1) preserving significant parameters of the original
model [1, 20, 45] and (2) preserving the knowledge of the original model through knowledge dis-
tillation [2, 18, 24, 37, 38]. Due to the complexity of designing a metric to evaluate the importance
of all parameters in an original model, we continue the exploration on the second direction for ob-
ject detection tasks. More precisely, this approach utilizes the knowledge learned from the original
model to guide the training of the new model by calculating distillation losses.

Contrary to image classification, object detection involves distinguishing foreground from com-
plex background, and performing the precise localization of objects. These tasks increase the diffi-
culty of incremental learning. Previous incremental object detection methods [6, 12, 13, 23, 40, 46]
mainly optimize directly the incremental model to imitate the original model in some important
parts such as the backbone and the output layers to preserve the knowledge learned from the
old data. This is achieved by constraining the features and outputs between these two models
to be similar. However, the image-level features of object detectors contain the information of
both foreground and background. The activations with high responses in the image-level features
of the original model are related to the old classes. Therefore, the distillation on image-level
features should aim to preserve the high responses of old classes and add responses for new
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(a) Ilustration of fine-tuning (b) Detection results

Fig. 1. Fine-tuning on new classes. (a) The original model is trained on an old class (person), and the new
model is fine-tuned from the original model on a new class (horse) by adding one unit on the output layer.
The person in the test image cannot be detected after fine-tuning. (b) Detection results: The left column
shows the detection results of the model trained on old classes (cat, person, table, etc.), and the right column
shows the detection results of the model fine-tuned only on a new class (tvmonitor).

classes simultaneously. Simply imitating the original model will suppress the capability of the
incremental model on learning the discriminative features from both old and new classes. In fact,
due to the difference between the original model and the incremental model on the categories to
be detected, the responses on the feature maps are different. More precisely, the obvious residual
errors should be maintained on the features of the original model as well as the incremental
model rather than preserving only the similarities between them. To maintain the residual errors
in the incremental learning procedure, a feasible way is to use an assistant model (also a kind of
residual model) to explicitly model the difference between the original model and the incremental
model. Because the essential differences between these two models are on the new information
emerged from the new classes, we believe that minimizing the loss for detecting objects of new
classes in the residual model should further improve the optimization result.

In this article, we propose a novel triple-network-based incremental object detector that is
based on Faster R-CNN [39]. Contrary to designing complex model structure with object-detector-
specific components to handle new classes, the proposed method mainly focuses on designing the
distillation method for better incremental learning of new classes while maintaining the previously
learned knowledge when the old dataset is not available. It is a simple yet effective method that
is designed considering the common characteristics of object detection, which can be generalized
to a wide range of object detection frameworks. Three detection models work jointly to adapt
the original network trained on old classes to new classes, and to ensure that the performance
on the old classes does not degrade without using the old training data. To train an incremental
model that is responsible for detecting both old and new classes, a frozen copy of the original
Faster R-CNN trained on old classes is utilized to provide the knowledge of old classes including
feature distributions, output logits, and pseudo ground-truth. In addition, a novel residual model is
proposed to assist in the incremental learning procedure. To preserve the previous learned knowl-
edge, we design a novel distillation scheme, which includes a new general feature distillation loss,
a residual distillation mechanism, and a joint classification distillation loss applied in the feature
space and on the output layers separately. The contributions of this article are summarized as
follows:
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e We propose a novel triple-network-based incremental learning method for object detection,
which explicitly models the inherent residual information between the features of the incre-
mental model and the original model by jointly training a residual model. The original model
provides the knowledge learned on the data of old classes, and a residual model is jointly
trained to obtain the knowledge from the data of new classes and maintain the residual
information in the incremental learning procedure.

e To maintain the performance on old classes and improve the scaling ability of the detection
model on new classes, a novel distillation scheme is elaborately designed in both image
level and instance level. A two-level residual distillation is proposed to guide the learning of
the triple-network in feature space with a new method to calculate the difference between
image-level features. Furthermore, a joint classification distillation loss is utilized to preserve
the learned knowledge from both old and new classes in the output layers. In addition, a 2-
threshold training strategy is proposed to better utilize the knowledge obtained from the
original model.

e Extensive experiments are conducted on VOC2007 [8] and COCO [26], and the results
demonstrate that the proposed approach is effective for incremental object detection and
achieves promising results compared with previous methods.

2 RELATED WORK

Incremental learning is a significant problem in machine learning [5, 22, 31, 33]. Meanwhile, the
capability to continuously learn from newly emerging objects is also essential for many practical
multimedia applications. Recently, with the success of deep learning, many researchers have paid
more attention to improve incremental learning techniques in deep neural networks.

Incremental classification. Most existing incremental learning methods for vision tasks mainly
focus on image classification, which means to continuously update the image classifier to recognize
new classes without decreasing the accuracy on old classes. Existing works can be divided into two
categories based on the optimization directions in preserving learned knowledge [16]: parameter
based and distillation based.

Some works are based on preserving important parameters of the network to maintain the per-
formance on old tasks or classes. Jung et al. [17] present a method to maintain the performance
on old task by freezing the weights of the softmax layer and minimizing the distance between the
features extracted from target and source networks, respectively. The limitation of this approach
is that the weights for new and old tasks may be in conflict, and the parameters cannot be updated,
which results in degraded performance in learning new tasks. EWC [20] is a prominent work in
this category, which sets the weights of the new model by those of the original model according
to the importance of weights, and the approach remembers the old tasks by selectively slowing
down learning on the weights that are important for those tasks. MAS [1] accumulates an impor-
tance measure for each parameters of the network based on the sensitivity of the predicted output
function to the changes in parameters. The changes of important parameters are penalized when
learning a new task. Zenke et al. [45] introduce intelligent synapses to accumulate task relevant
information over time and exploit this information to rapidly store new memories without forget-
ting the old ones. The limitation of these works is that it is hard to design a metric to evaluate the
importance of all parameters.

The distillation-based method is the other representative category of incremental learning,
where knowledge distillation is used to transfer knowledge from the original network to the new
network. Knowledge distillation is defined to utilize the supervised information provided by a
teacher model to guide the training of a student model to mimic the teacher model by controlling
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the distillation loss. LwF [24] is the first method to use knowledge distillation for incremental
learning, which utilizes a modified cross-entropy loss to preserve original knowledge with only
examples from the new task. iCaRL [38] proposes to jointly learn feature representation and
classifier by combining representation learning and knowledge distillation, and a small set of
exemplars is selected to perform nearest-mean-of-exemplars classification. Rannen et al. [37]
propose an auto-encoder-based method to retain the knowledge from old tasks, which prevents
the reconstructions of the features from changing and leaves space for the features to adjust. Sun
et al. [41, 42] propose to maintain a lifelong dictionary, which is used to transfer knowledge to
learn each new metric learning task.

Transfer learning. Transfer learning, which is also related to incremental object detection, uses
the knowledge acquired from one task to help the training of other tasks. Fine-tuning is a represen-
tative paradigm of transfer learning, which is frequently used in the initialization of the backbone
in object detection models with a CNN trained on ImageNet [21]. An alternative to transfer knowl-
edge from one network to another is distillation. Hinton et al. [15] transfer the knowledge from a
large network to a small network using distillation, which encourages the responses of these two
networks to be similar. However, transfer learning needs data for both old and new tasks to main-
tain the performance on the old tasks; otherwise, the performance will degrade severely when old
data is not available.

Knowledge distillation is a simple and widely used technique that is initially proposed to per-
form model compression, where the student model is lighter than the teacher model. Knowledge
distillation utilizes the knowledge acquired in the teacher model as supervisory signals to train
the student model using the same labeled data. Thus, it can effectively improve the performance
of the student model. Differently, incremental learning methods use knowledge distillation to al-
leviate performance degradation on the old classes (catastrophic forgetting) where the old data is
no longer available when new object classes emerge.

Incremental object detection. Shmelkov et al. [40] propose the first incremental object detector
based on Fast R-CNN [10] by applying knowledge distillation without using previous training data.
First, it uses EdgeBoxes [51] and MCG [3] to pre-compute proposals. Then, these proposals are fed
into the detection head to predict their categories. The model is trained with distillation losses
applied onto the outputs of the final classification and regression layers to preserve the model’s
ability to detect old classes. The reason they use Fast R-CNN rather than Faster R-CNN is that
they need class-agnostic proposals, but the Region Proposal Network (RPN) is class sensitive.
However, this method is not end-to-end and the proposal generation procedure is not learnable
and not real time, which prevents it from being adapted for use with most modern object detectors.

Recently, several end-to-end incremental object detection methods [6, 12, 13, 23] have been
proposed based on Faster R-CNN [39]. Chen et al. [6] propose a hint loss to minimize the difference
between the feature maps of the old and the incremental models. Furthermore, a confidence loss
is used to suppress the generation of low confidence bounding boxes. Hao et al. [12] introduce a
hierarchical large-scale retail object detection dataset called TGFS and present a class-incremental
object detector that utilizes an exemplar set with a fixed amount of old data for training. Hao
et al. [13] use a frozen duplication of the RPN to preserve the knowledge gained from the old
classes, and a feature-changing loss is proposed to reduce the difference between the feature maps
of the old and new classes. Li et al. [23] extract three types of knowledge from the original model
to mimic its behaviors on object classification, bounding box regression, and feature extraction.
Zhang et al. [46] propose a dual distillation training function that pre-trains a separate model only
for the new classes such that a student model can learn from two teacher models simultaneously.
In addition, a novel work on an incremental few-shot object detector based on CentreNet [50] is
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proposed by Perez-Rua et al. [32]. The few-shot setting is more challenging than the many-shot
setting in incremental object detection, and the problem of incremental object detection on the
many-shot setting has not been well resolved. In addition, the original structure of CentreNet is
redesigned for few-shot learning. In our work, we mainly focus on general incremental learning
for object detection, when only an original model trained on the old classes and data of new classes
are available.

Incremental object detection and few-shot object detection aim to solve different problems. In-
cremental learning mainly focuses on the stability-plasticity dilemma, which means the network
is required to have the stability to retain its performance on old classes and plasticity to learn
new knowledge from new classes. In contrast to this, few-shot object detection aims to solve the
problem where only a few annotated examples are available for each object category to train a de-
tection model. Recent few-shot object detection methods [52] are mainly based on meta-learning
or fine-tuning to adapt a model trained on abundant base classes to learn to detect new classes
with few annotated examples. However, these methods cannot detect old classes if the data of old
classes is not available.

The common approach of the preceding incremental object detection methods for preserving the
learned knowledge is to imitate the important activations of the original model. In our proposed
method, we not only let the incremental model imitate the important activations of the original
model but also introduce a residual model trained simultaneously on the new classes. The latter
is designed to (1) model explicitly the inherent differences between the original model and the
incremental model, and (2) maintain the discrimination of the features of both old and new classes.

3 TRIPLE-NETWORK-BASED INCREMENTAL DETECTOR
3.1 Overview

In this article, we propose an end-to-end incremental object detector to continuously learn from
new data without having access to the old data. Figure 2 illustrates the entire training framework
of the proposed method. The proposed triple-network includes three detection networks. Orig-
inal Model (OriM) is a frozen copy of the original model trained on the old data. This model
provides the knowledge of the old classes, including the activations on feature maps, detection
results, and distributions of the output layers. Incremental Model (IncM) is adapted to detect
both old and new classes with the annotations of new data as well as the learned knowledge from
OriM. The detection results from OriM, which are regarded as the pseudo ground-truth, are com-
bined with the annotations of new data to update IncM. Residual Model (ResM) is an assistant
model jointly trained with IncM to detect new classes. To better preserve the knowledge of old
classes and maintain the discrimination between the features of old and new classes, a new distil-
lation scheme is designed to add constraints onto the incremental learning procedure of IncM in
both the image level and instance level. In the image level, a general feature distillation loss and a
residual distillation loss on the features of the backbones are computed and used. In the instance
level, we propose a residual distillation loss for the pooled features in the detection heads and a
joint classification distillation loss for the output layers. The proposed incremental object detector
is described in detail in the following section.

The triple-network that we propose is based on Faster R-CNN, which is an end-to-end
proposal-based object detector. In the incremental learning stage, the parameters of IncM are
initialized from OriM excluding the weights and bias of newly added output layers for the new
classes, which are initialized randomly. We feed the new data into the triple-network, then
OriM generates bounding boxes that are filtered using a confidence threshold and per-category
Non-Maxima Suppression (NMS). The remaining bounding boxes after the first filter that have
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Fig. 2. The framework of the proposed end-to-end incremental object detection method. There are three
detection models: (1) Original Model is a frozen copy of the originally trained model, which is used to generate
the pseudo ground-truth of the old classes and supervised information for the training data of the new
classes; (2) Incremental Model is a model that is fine-tuned after incremental learning from new classes while
preserving the previous learned knowledge by controlling the distillation losses; and (3) Residual Model is
used to learn the residual between the original model and the incremental model, as well as to learn to detect
new classes.
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Fig. 3. lllustration of general distillation (a) and residual distillation (b).

high Intersection-over-Unions (IoUs) with any ground-truth from the new data are further
filtered. Finally, the remaining bounding boxes are used as the pseudo ground truth to train IncM
together with the original annotations of the new data.

To preserve the learned knowledge, many methods generally train IncM to mimic the feature
and outputs of OriM. As shown in Figure 3(a), the general distillation calculates the difference be-
tween OriM and IncM, and minimizes the difference simultaneously. This constraint will restrict
the capability of IncM to learn the unique characteristics for old and new classes, respectively. The
activation-based spatial attention maps are visualized by Fg;r = Ziczl |F;| as shown in Figure 4,
where F is the feature from the backbone and C is the number of channels. As can be seen, the
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(a) Original image (b) Features on the old classes

(c) Features on the new classes (d) Merged features

Fig. 4. Visualization of the features from the backbones of Faster R-CNN trained on an old class (person) (a)
and a new class (tvmonitor) (c), respectively. (d) The features after merging (b) and (c).

high responses on the feature maps of the detection models are related to the classes the models
have been trained on. As shown in Figure 4(b) and Figure 4(c), the models are trained on old and
new classes with the high responses received on an old class (person) and a new class (tvmoni-
tor), respectively. In our incremental learning procedure, we hope the features of IncM have high
responses on both old and new classes in images with the merged features shown in Figure 4(d).
In other words, a residual information should be maintained between the features of IncM and
OriM, which can be seen as a kind of information about new classes. Therefore, to train IncM
in an end-to-end way during the incremental learning stage, we train ResM jointly with IncM
on new classes, aiming to maintain the differences between the old and new classes. Meanwhile,
ResM should mimic the residual features between OriM and IncM, which can be seen as the rep-
resentation of the new classes. The illustration of our proposed residual distillation is shown in
Figure 3(b). The backbone of ResM is initialized by a pre-trained ResNet on ImageNet, and the
remaining parameters are initialized randomly.

In our proposed method, OriM and ResM are used together to assist in the training of IncM,
which constitutes an end-to-end incremental learning method. In the inference procedure, only
IncM is used to get the detection results. Therefore, our method will not change the original struc-
ture of the detection model, and it will not increase the execution time nor the space complexity
during inference.

3.2 Image-Level Distillation

The distillation on image-level features aims to preserve the high responses of old classes and add
the responses of new classes simultaneously. To achieve this goal, we propose to use general distil-
lation and residual distillation on the image-level feature space of the backbones simultaneously,
as shown in Figure 5.
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Fig. 5. Detailed illustration of image-level distillation. NDL denotes the proposed L2-NDL. Dark gray and
white indicate the frozen and updated parameters, respectively.

The general distillation is used to imitate the behavior of OriM, and the residual distillation is
used to maintain the discrimination between the features of IncM and OriM. The general distilla-
tion on the image-level features aims to preserve more knowledge of old classes and backgrounds
learned from the old data. It is used to minimize the difference between the original and incremen-
tal models. However, in the incremental learning process, a certain amount of difference should be
maintained by using the proposed residual distillation. This is because there is a trade-off between
preserving the learned knowledge and learning new knowledge from the new classes, which must
be balanced.

Intuitively, freezing the parameters of the backbone of IncM, and only updating the parameters
of classifier and regressor for the new classes, is the best way to preserve the knowledge of the old
classes. However, the performance of IncM will be degraded because the ability of the detector to
learn new classes is restricted. On the contrary, if we directly fine-tune the backbone on new data,
the parameters will update toward the new classes and deviate from the old classes.

To preserve the learned knowledge of old classes, distillation is often used to maintain feature
similarity between OriM and IncM. It is achieved by forcing the activations of the backbones be-
tween IncM and OriM to be similar. Due to the fact that the features of backbones are correlated
to both foreground and background, which are different for the old and the new classes, some
discriminative responses of the new classes also should be maintained in the incremental learning
procedure. Therefore, we design a new way to calculate the differences between the features of
backbones, which is an L2-Norm-based Distillation Loss (NDL) as defined in Equation (2):

M(F)G.j) = = 3 F(k.iij). FeR*™, aeR™, )
C
k=1
NDL(Fa, Fy) = [IM(Fy) s = IM(Fo)l]- )

F € RM represents the feature map. c¢ represents the number of channels, h and w represent
the spatial dimensions, and M is the mean of F along channels, where (i, j) represents a coordinate
on the feature map. L1-loss (|-]) is used to penalize the differences between the L2-norm (||-||2) of
M(F,) and M(Fp). Compared with the L1 distance directly computed between the two feature
maps, this method considers the original 2D information on each feature map as a whole, not
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just pointwise. The distillation loss between the backbones of OriM and IncM is calculated as
Equation (3):
Dtea(Frnems Forim) = NDL(Frnem, Forim)- (3)

To maintain IncM’s capability to preserve the knowledge learned from the old classes while
learning the new classes simultaneously, we propose a residual distillation method (D,.;). It can

be divided into two parts D?9%¢ and D¢y ! which represents the residual losses applied on the
feature maps of the backbone and detection head, respectively.
For the feature maps of the backbones, the residual between OriM and IncM is expressed as
Equation (4):
Fres = Frnem — Forim. (4)

The difference is then calculated between the residual F,.s and the feature map of ResM Fge;ay,
as shown in Equation (5):

ngsse (Fres» FResM) = NDL(Fres’ FResM)- (5)

Dfeq and D, are designed for two purposes: (1) preserve the learned knowledge from the data
of old classes, and (2) maintain some difference between the features of IncM and OriM. IncM is
expected to strike a balance between these two purposes.

3.3 Instance-Level Distillation

The distillation on the instance-level features aims to maintain the discrimination of the instances
of different classes and add responses for the patterns of new classes. Therefore, at the instance
level, the distillation losses are applied in two places in the network: (1) the pooled feature space
and (2) the output layers of the detection head. Figure 6 gives a detailed illustration of the applica-
tion of instance-level distillation losses. To apply the residual mechanism on the pooled features
in the detection head, we design a new residual distillation loss for the instance-level features.
Regions-of-Interests (Rols), generated from IncM, are provided to the detection heads of OriM,
IncM, and ResM simultaneously. After Rol-pooling and several convolution layers, we obtain the
final pooled features for the proposals of OriM, IncM, and ResM separately.

Differently from the feature distillation loss in the backbone, L1-loss is directly applied for com-
puting the distance between feature maps at the instance level. Due to the fact that the background
and all instances in an image are regarded as a whole in the backbone, our proposed NDL distil-
lation method (Equation (2)) is more appropriate for the image-level features. On the contrary,
L1-loss is more suited to measuring the distance between the features of the same instance.

Pres = Pruem — Porim

! (6)
Dlr)g;) (PreSs PResM) = |Pres — Presml,

where P represents the pooled features.

For the output layers of the detection head, the weights and biases of the classification lay-
ers can be considered as the high-level semantic representation of the classes. The parameters of
classification layers corresponding to the old classes are initialized in OriM and used to maintain
the representation. In the training of IncM, the classifier is fine-tuned for learning new classes,
and the classification outputs from IncM are constrained to generate similar distributions to OriM
and ResM for old and new classes, respectively. This is done to ensure the preservation of the
learned knowledge. We then calculate according to the following equations: (1) the L2-loss be-
tween the softmax outputs of the old classes and the background from the classification layers of
OriM and IncM, and (2) the softmax outputs of the new classes from the classification layers of
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Fig. 6. Detailed illustration of instance-level distillation. Dark gray and white indicate the frozen and updated
parameters, respectively.

ResM and IncM.
cith = =2l = o)
25 exp(y/) 2 exp(Ppin) )
Clrext = Nld+le\[xp(z£) —, CResnt = Nexp(plieesj\i[) ,
2Nt exp(y) 2 exp(Pospr)
s = g 0 (ChanChn) v g 31 (e —Chond' . ©
cls = Nyjg + 1 £ IncM OoriM Noew £ IncM ResM ) »

where Coping € RNotd ™! Cpoopr € RNrew™ and Cppepg € RNota™Nnew1 gre the classification outputs
of OriM, ResM, and IncM, respectively. Ny;4 and Ny, are the numbers of old and new classes,
respectively.

3.4 2-Threshold Training

For the end-to-end two-stage object detectors, it is difficult to preserve the performance on the
old classes when directly adapting OriM to the new classes without using the old data due to the
usage of the class-sensitive RPN and detection head. Intuitively, the detection results of OriM on
the new training data may provide useful knowledge acquired from training on the old classes to
the incremental learning. Therefore, we utilize the detection results from the OriM as the pseudo
ground-truth to keep the ability to detect old classes when performing training on new data with
new classes. Most importantly, the confidence threshold is an important hyper-parameter to set
up to obtain the pseudo ground-truth, which has a great influence on the performance of IncM. A
high threshold may discard some potential object-like proposals identified from learning on the
old data, and a low threshold may contain many false positives, which confuse the classifier of
IncM and eventually lead to a detector with degraded performance.

It is well known that in two-stage object detection methods, the RPN generates region proposals
from complex backgrounds with high recall, and the detection head is supposed to accurately
classify and regress these proposals. To better preserve the knowledge learned from the old data,
in the proposed incremental learning, we train these parts of IncM for different purposes: (1) the
RPN is trained to preserve its performance on OriM for generating more object-like proposals on
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ALGORITHM 1: 2-Threshold Training Strategy

Require: The incremental model IncM, original model OriM, image i, ground-truth gt, two con-
fidence thresholds Sp;44 and Sy, IoU threshold 070y

Ensure: loss LM
frenn

1: Results of original model boxes = NMS(OriM(i), Orou)
2: Let pseudo ground-truth boxes, = @

3: for box in boxes do

4 if IoU (box, gt) < 01y then

5: boxes, = boxes, U box

6 end if

7: end for

8: Compute Lg}f;\‘,"f with Sj,,, (Equation (9))

9: Compute Li’;;jg with Sp;4, (Equation (10))

10: Compute LI"*M (Equation (11))

rcnn

11: return LM
‘frenn

both old and new classes, and (2) the detection head is trained to accurately discriminate between
different classes. Therefore, we design a 2-threshold training strategy where a low threshold is
used to select potential proposals for training the RPN and a high threshold is used to get the
detection results with a high confidence for training a precise detection head.

Algorithm 1 describes the whole procedure of generating pseudo ground-truths and the 2-
threshold training strategy for calculating the original Faster R-CNN losses. The losses of the orig-
inal Faster R-CNN consist of the losses of the RPN and the detection head, which are calculated as
follows:

Ll = loss(IncM.RPN ((boxes, > Siow) U gt)), 9)

Lﬂffg = loss(IncM.head((boxes, > Shign) U gt)), (10)
IneM IneM | pIncM

Lfr;inn = LRrEJCN + Lh'rlecad ’ (11)

where boxes, is the pseudo ground-truth. The losses of the RPN and the detection head include
classification and regression losses. Sjo,, and Spigp, are two confidence thresholds, which are used
to select the pseudo ground-truth for training the RPN and the detection head, respectively.

The overall loss L,j; applied to incrementally learn the new classes is presented as Equation (12),
which is the sum of the standard Faster R-CNN losses and the proposed distillation losses. The
Faster R-CNN losses of IncM are applied to all classes, where the pseudo ground-truth of the old
classes and the ground-truth of the new classes are used for training. The Faster R-CNN losses
of ResM are applied to new classes, where only the ground-truth of the new classes are used for
training. The distillation losses are used to constrain the learning of IncM.

Lo = L}Zi?fn + L}ijﬁi +AX (Dfeu + Dyes + Dcls), (12)
where A is a trade-off between the original Faster R-CNN losses and the proposed distillation losses.
We set A = 1 in all experiments.
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4 EXPERIMENTS AND EVALUATION
4.1 Experiment Setup

4.1.1 Datasets. The proposed method is evaluated on two object detection benchmarks PAS-
CAL VOC 2007 and Microsoft COCO. VOC2007 has 20 object classes and consists of 5K images in
its trainval subset and 5K images in its test subset. We use the test subset for evaluation. COCO
has 80K images in the training subset and 40K images in the validation set for 80 object classes,
and the minival (the first 5K images from the validation set) split is used for evaluation. The ex-
periments are conducted on different numbers of classes. There are several settings for evaluating
our method:

(1) Following the procedure described in the work of Shmelkov et al. [40], we take 19, 15, or 10
classes from VOC2007 sorted in alphabetical order as the old classes, and the remaining 1,
5, or 10 classes as the corresponding new classes. For COCO, we take the first 40 classes as
the old classes and the remaining 40 classes as the new classes.

(2) We split the trainval set of VOC2007 and the training set of COCO into four groups: A, B, C,
and D, and use the same setting as described in the work of Hao et al. [13]. For each group,
images that only contain the objects of classes in this group are selected.

4.1.2  Evaluation Metrics. The metrics we use for the evaluation are mean average precision
(mAP) at 0.5 IoU threshold for VOC2007, and mAP across different IoU thresholds from 0.5 to
0.95 for COCO. Our method is compared against object detector fine-tuning as well as other recent
related works based on two-stage object detectors [6, 13, 23, 40]. We list the results of these methods
reported in their original papers, which are evaluated under the same settings as our proposed
method. The best results are in bold, and the second-best results are underlined.

4.1.3 Implementation Details. OriM is trained for 20 epochs, and the initial learning rate is set
to 0.001 (Ir = 0.001), and decays every 5 epochs with gamma = 0.1. The momentum is set to 0.9.
IncM is trained for 10 epochs with Ir = 0.0001 and decays to 0.00001 after 5 epochs. The confidence
and IoU thresholds for NMS are set to 0.5 and 0.3, respectively. For pseudo ground-truth filtering,
Orou is set to 0.3, and Sjo,, and S;g4 are set to 0.1 and 0.9, respectively. For fair comparison, we
use the same backbone for all compared methods as reported in their original papers, including
ResNet-50 and ResNet-101 [14]. We conduct all experiments on a single NVIDIA GTX 2080Ti.

In our experiment descriptions, the following notations are used: A() refers to the results of
OriM, and RD-IOD refers to the results of our incremental learning method, which is trained on
the base of A(). We use Dy, to denote the general feature distillation between OriM and IncM, and

D, to denote residual distillation on the feature space including D2%5¢ and ngfl D, s represents
the joint distillation on the classification layers. The 2-th represents the proposed incremental
learning with 2-threshold training strategy.

4.2 Addition of Multiple Classes at Once

In the first experiment, we evaluate the performance of our proposed method on VOC2007 when 1,
5, and 10 new classes are added at once each time. The per-category average precision on VOC2007
test subset results on these three settings are listed in Table 1. We also report the mAP of these
methods trained on all classes as listed in the fourth subtable (up-bound models (1-20)).

For the first setting in this table, we show the test results on the performance of 19 old classes
and 1 new class (tvmonitor) from VOC2007. We train OriM on the VOC2007 trainval subset with all
data containing any of these 19 classes (A(1-19)). IncM is trained on the data of VOC2007 trainval
subset containing “tvmonitor.” In our experiments, the first baseline method is fine-tuning, and we
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Table 1. Per-Class Average Precision (%) on the VOC2007 Test Dataset

1

Method aero bike bird boat bottle bus car cat chair cow table dog horse mbike person plant sheep sofa train | tv | mAP
A(1-19) 76.8 814 759 592 568 816 848 842 518 825 672 833 837 79.7 78.2 47.1 734  68.0 78.0 - 73.3
Fine-tuning 31.8 247 283 255 246 436 614 353 106 356 175 223 275 20.0 20.0 16.8 28.1 111 287 | 56.5 28.5
Shmelkov et al. [40] | 69.4 793 69.5 574 454 784 79.1 805 457 763 648 77.2 808 77.5 70.1 42.3 67.5 644 767 | 62.7 | 68.3
Chen et al. [6] 68.3 <60.0 | <68.3
Li et al. [23] 69.7 783 702 464 595 693 79.7 799 527 698 574 758 69.1 69.8 76.4 43.2 68.5 709 537 | 404 | 65.0
Hao et al. [12] 72.6 795 741 544 520 731 80.8 851 467 789 585 811 850 81.5 77.0 43.7 72.8 650 705 | 60.0 | 69.6
Hao et al. [13] 729 812 733 529 524 738 813 843 470 798 578 809 854 80.4 77.0 43.2 726 642 705 | 60.0 | 69.5
RD-IOD 73.7 803 737 616 566 80.6 858 850 522 80.6 635 820 839 80.5 77.9 47.0 735 665 77.1 | 545 | 718
5
Method aero bike bird boat bottle bus car cat chair cow table dog horse mbike person | plant sheep sofa train tv | mAP
A(1-15) 77.5 790 744 604 581 760 849 848 512 760 657 832 84.1 79.1 78.2 - - - - - 74.2
Fine-tuning 54.1 503 47.8 327 21.1 51.6 711 646 192 48.0 47.6 528 612 46.1 42.5 37.2 55.6  57.0 63.0 633 49.3
Shmelkov et al. [40] | 70.5 79.2 688 59.1 532 754 794 788 46.6 594 590 758 718 78.6 69.6 33.7 61.5 631 717 622 65.9
Hao et al. [12] 69.1 779 678 507 534 542 828 822 469 663 632 751 813 713 74.7 349 652 593 709 637 65.9
Hao et al. [13] 68.1 780 682 522 537 546 832 805 463 674 586 757 812 76.5 74.6 34.4 638 59.0 70.7 626 | 65.5
RD-IOD 744 791 746 572 581 742 836 853 535 747 652 811 835 80.8 76.7 32.4 66.9 627 730 598 | 69.8
10
Method aero bike bird boat bottle bus car cat chair cow | table dog horse mbike person plant sheep sofa train  tv | mAP
A(1-10) 904 908 90.6 90.6 86.7 874 904 892 876 778 - - - - - - - - - - 88.1
Fine-tuning 527 271 419 301 154 408 469 604 13.0 405 | 57.6 709 788 70.4 75.8 38.7 65.0 634 700 64.0 51.2
Shmelkov et al. [40] | 69.9 704 69.4 543 480 687 789 684 455 581|597 727 735 73.2 66.3 29.5 634  61.6 693 622 63.1
Li et al. [23] 71.7 817 669 49.6 580 659 847 768 50.1 694 | 67.0 728 773 73.8 74.9 39.9 68.5 615 755 724 | 67.9
Hao et al. [12] 69.2 546 682 561 528 704 813 70.6 378 631|573 752 805 72.7 74.9 37.9 68.2 634 699 634 | 644
Hao et al. [13] 70.6 515 689 543 524 69.0 805 70.0 341 625|596 745 787 72.1 75.1 37.0 66.2  62.6 724 635 63.8
RD-IOD 76.6 714 710 622 582 798 835 79.1 432 747 | 564 747 773 72.9 72.5 33.6 68.2 602 713 622 | 67.5
Up-Bound Models (1-20)
Shmelkov et al. [40] | 70.2 77.9 704 54.1 474 789 786 79.8 508 759 656 78.0 805 79.1 76.3 47.7 69.3 656 768 739 | 69.8
Chen et al. [6] - - - - - - - - - - - - - - - - - - - - 70.7
Li et al. [23] 77.8 850 829 621 644 747 869 87.0 560 765 712 792 79.1 76.2 83.8 53.9 732 674 777 787 74.7
RD-IOD 78.9 789 749 646 56.1 818 84.6 847 525 836 667 846 84.2 78.5 78.3 47.9 748 694 78.6 73.4 73.9

Comparisons are conducted under different settings when 1, 5, or 10 classes are added at once.

initialize IncM using the parameters of OriM. Unlike the original fine-tuning, which trains a new
classification layer from scratch for a new task, we initialize the parameters in the classification
layer of IncM with those of OriM obtained from the old classes, to preserve the knowledge learned.
However, as can be seen from the first part in Table 1, fine-tuning achieves only 28.5% mAP on all
classes when old classes are the majority, which should have caused catastrophic forgetting. As
reported by Chen et al. in their original paper [6], “68.3” is the average precision of the old classes
and “<60.0” means the precision of the new class (“tvmonitor”) is lower than 60.0%. Therefore,
the roughly estimated mAP on all classes is lower than 68.3%. We also reproduce the distillation
methods used in the work of Hao et al. [12, 13]. They both use Kullback-Leibler divergence loss
for the distillation on the output layers, and Hao et al. [13] also use mean squared error for feature
distillation. It is important to note that our proposed method (RD-IOD) with various distillation
losses and 2-threshold training strategy designed achieves the highest accuracy (71.8%) with a 3.5%
increase compared to that of Shmelkov et al. [40] and Chen et al. [6] and a 2.2% increase compared
to Hao et al. [12]. The effectiveness of our proposed method for mitigating catastrophic forgetting
is therefore demonstrated.

For the second setting, we choose the first 15 classes as the old classes for training OriM (A(1-
15)), and the remaining 5 classes are used for incremental learning. As shown in the second part in
Table 1, although the performance of fine-tuning is improved with the increased number of new
classes, the accuracy on old classes is still lower than our method by a large margin. The mAP of
RD-IOD reaches 69.8%, and increases by about 3.9% compared to Shmelkov et al. [40]. Our method
also outperforms the reproduced work of Hao et al. [12, 13] under the same setting as ours.

Our method is also evaluated on the case with adding more classes (e.g., 10 classes) as shown in
the third part of Table 1. More precisely, OriM is trained on 10 classes first (A(1-10)), and IncM is
trained on the remaining 10 new classes. The proposed method with all components (Df.q Dyes
D, 2-th) achieves 67.5% mAP with a 4.4% increase compared to Shmelkov et al. [40]. We also list
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Table 2. Average Precision (%) on COCO Minival
(First 5,000 Validation Images)

Method MAP@0.5 | mAP@[0.5, 0.95]
A(1-40) 54.4 325
Shmelkov 37.4 21.3

et al. [40]

RD-IOD 42.8 23.7
A(1-80) 496 29.0

Comparisons are conducted when 40 classes are added at
once.

the results of Li et al. [23], which are reported in their original paper under the same split setting
on the VOC2007 dataset. Although the mAP of Li et al. [23] is slightly better than our method on
the 10+10 setting, our method exceeds it by a large margin (6.8%) on the 19 + 1 setting, which
demonstrates the effectiveness of our method at preserving the learned knowledge without using
the old classes from the old dataset. Compared with other methods, the mAP (67.5%) of our method
is closer to the mAP (73.9%) of our up-bound model trained on all classes assuming the old dataset
is also available. The gap between Shmelkov et al. [40] and their up-bound model is 6.7%, and
the gap between Li et al. [23] and their up-bound model is 6.8%, which are both worse than our
method.

The results show that our method outperforms the reproduced distillation methods of Hao et al.
[12, 13] under all settings, which demonstrates that our proposed two-level residual distillation is
more effective than the originally used distillation for incremental object detection.

Some visualized detection results on VOC2007 are presented in Figure 7. The top two rows and
bottom two rows show the results when 5 and 10 classes are added at once, respectively. The results
show that our method achieves satisfactory detection performance on both old and new classes.
The old classes (dog, chair, person) on the 15+5 setting and the old classes (airplane, bicycle, bottle,
boat, bus, table) on the 10 + 10 setting can be detected precisely.

We also present the t-SNE visualization of the features of both old and new classes before the
final output layers, as shown in Figure 8. Compared with the t-SNE visualization of the features
generated from the fine-tuned model, the features of different object classes are still discriminative
after the execution of our proposed incremental learning method. This further demonstrates that
our method can mitigate catastrophic forgetting while maintaining the ability to learn new classes.

Finally, we also test the proposed method with all distillation losses on COCO, where 40 classes
are old classes and the remaining 40 classes are new classes. The results are listed in Table 2. The
performance of RD-IOD outperforms Shmelkov et al. [40] by a large margin with 5.4% improve-
ment on mAP@0.5 and 2.4% on mAP@[0.5, 0.95], and the gap to the result obtained from training
on the whole dataset (A(1-80)) is reduced. This demonstrates the effectiveness of the proposed
method on a larger dataset with more classes.

4.3 Sequential Addition of Multiple Classes

In this experiment, we evaluate the performance of our method by adding classes sequentially for
incremental learning. IncM is updated on the basis of the latest trained network with a set of new
classes, and the process is repeated with another set of new classes. We split the trainval set of
VOC2007 and the training set of COCO into four groups, A, B, C, and D as described in the work
of Hao et al. [13], and each group contains 5 (VOC2007) or 20 (COCO) classes. In this scenario, the
images in each group only contain the objects of classes in this group, which ensures that only

ACM Trans. Multimedia Comput. Commun. Appl., Vol. 18, No. 1, Article 18. Publication date: January 2022.



18:16 D. Yang et al.

Fig. 7. Some visualized results on VOC2007 when 5 and 10 classes are added at once (blue: old classes, green:
new classes). The top two rows and bottom two rows represent the detection results when 5 and 10 classes
are added at once, respectively.

Table 3. Average Precision (%) on the VOC2007 Test Dataset and the COCO Validation Dataset, When
Four Groups Are Added Sequentially

Method VOC2007 COCO
A B C D mAP A B C D mAP
63.8 B B - 68.8 65.0 B - B 65.0
46.5 70.4 - - 58.5 32.6 20.4 - - 26.5
Shmelkov et al. [40] 145 9.9 51.6 - 253 125 5.6 24.1 - 14.1
46(-643)  13(-69.1) 22.4(-29.2) 388 | 16.8(-52.1) | 6.5(-58.5) 1.7(-18.7) 3.1(-21) 233 | 8.6(-56.4)
63.8 B B B 688 65.0 B B - 65.0
60.5 69.5 - - 65.0 41.7 21.6 - - 31.7
Hao etal. [13] 25.2 28.1 543 - 35.9 29.1 95 24.2 - 21.0
10.2(-58.7) 4.9(-64.6) 31.9(-22.4) 39.6 | 21.6 (-47.3) | 11.4(-53.6) 4.6(-17) 238 (-214) 285 | 11.8(-53.2)
68.8 B - B 688 65.0 - B - 65.0
60.7 68.3 - - 64.5 56.5 21.8 - - 39.1
RD-IOD 494 475 57.8 - 51.6 52.0 153 18.9 - 28.7
401 (-28.7) 36.1(-32.2) 44.5(-13.3) 37.9 | 39.6(-29.2) | 43.2(-21.8) 12.5(=9.3) 123(-6.6) 25.7 | 23.4 (-41.6)

images of the new classes are utilized to perform class-incremental learning. ResNet101 is used in
this experiment for fair comparison.

For a fair comparison, we reproduce the distillation methods [13, 40] as shown in Table 3. All
experiments are done under exactly the same setting as our proposed method. The sequential
additions are conducted on the same baseline with our method. As can be seen, our method also
achieves promising results compared with other methods. The mAP of RD-IOD exceeds other
methods in almost all incremental learning steps. Due to the pesudo ground-truth mechanism,
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OriM

Fine-tune

IncM

(a) 19+1 (b) 15+5 (c) 10+10

Fig. 8. t-SNE visualization of the features of both old and new classes before the final output layers under
three incremental settings on the VOC2007 test dataset. The three rows show the features from (1) the
original model, (2) the fine-tuned model, and (3) the incremental model, respectively.

we conclude that our method is more appropriate for the scenarios, in which some objects of the
old classes exist in the new data without annotations. In these experiments, it can be seen that
our method also performs well on overcoming catastrophic forgetting. We list the decreased mAP
(“=”) of each group in the last learning stage compared with the mAP in the first learning stage.
After the fourth learning step, our method outperforms other methods, which demonstrates the
effectiveness of preserving the learned knowledge and incrementally learning new object classes.

4.4 Ablation Study

To demonstrate the effectiveness of the key components, we conduct experiments to evaluate them
separately when 1, 5, and 10 classes are added on VOC2007 at once each time. Results are shown in
Table 4 where the first row represents the model trained on the new classes with the original losses
of Faster R-CNN and the pseudo ground-truth generated from OriM using a confidence threshold
of 0.5. The following four rows show the results of adding the designed losses and 2-threshold
training strategy separately. The “+” sign indicates an increased mAP when compared with the
first row. As listed in the table, the base feature distillation Dy., improves by 0.67% when only
one class is added. This verifies the effectiveness in preserving the performance on old classes.
The performance of Df.,, when used alone, is slightly decreased with the increasing number of
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Table 4. Ablation Study

D. Yang et al.

Components mAP(%)
Dfea Dres Deis 2-th 1 5 10
69.10 66.05 64.08
V 69.77 (+0.67)  66.01 (=0.03)  63.94 (—0.14)
N 71.42 (+232)  68.99 (+2.94)  65.03 (+0.95)
N 69.34 (+0.24)  66.08 (+0.03)  64.55 (+0.47)
V | 69.63(+0.52)  66.40 (+0.35)  66.05 (+1.97)
Vv Vv vV |71.82(+2.72) 69.84 (+3.79) 67.45 (+3.37)
VvV V | 7148(=0.34) 69.48 (-0.36) 67.17 (—0.28)
V Vv | 69.79(=2.03) 67.92(~1.92) 66.58 (—0.87)
N V | 71.42(-0.40) 69.46 (—0.38)  67.07 (=0.38)
v v 71.43 (~0.39)  68.97 (=0.87)  65.07 (—2.38)
Table 5. Two-Level Residual Distillation Losses
Method 1 5 10
RD-IOD 71.82 69.84 67.45
b | who Dbase [7172(=0.10) 69.71 (=0.13) 67.26 (=0.19)
" wio DPSO' | 70.43 (-1.39)  67.36 (—2.48) 66.79 (—0.66)
Table 6. Comparisons on Alternative Distillation Losses
Method 1 5 10
D L1 Loss 71.14 68.17 62.88
fea | NDL 71.43 (+0.29) 68.97 (+0.80) 65.07 (+2.19)
pree! NDL 68.65 65.94 63.85
res | L1 Loss 71.82 (+3.17) 69.84 (+3.90) 67.45 (+3.60)
D Old 69.31 65.75 64.08
cls | Old&new | 69.34 (+0.03) 66.08 (+0.33) 64.55 (+0.47)

new classes Dy.q, because it is designed for preserving the performance on the old classes, and it
requires other components for improving the mAP of all classes. D, increases by about 2.07% on
average, and the joint distillation of the final classification layer D,;s increases by about 0.25% on
average when used alone. The 2-threshold training strategy (2-th) is also effective for boosting the
performance, which increases by about 0.95% on average.

We also evaluate these components by removing them individually as shown in the last four
rows of Table 4, where “~” represents the decreased mAP compared with the combination of all
components. As can be seen, all components play important roles in our method. The mAP de-
creases by about 0.33% on average without D4, and the mAP decreases by about 1.61% on av-
erage without D,.s, which demonstrates the importance of the residual distillation. In addition,
the combinations without D.;s or 2-th also lead to performance degradation. Table 5 verifies the
importance of residual distillation at the image level and the instance level, respectively. As demon-
strated in the results, both of the two levels of residual distillation have an impact on the accuracy,
especially ngfl

The comparison of alternative distillation losses is shown in Table 6. The experiments are
conducted on three settings: adding 1, 5, and 10 new classes, respectively. To evaluate the designed
NDL feature distillation Dy.q, we replace the loss function between two 2D feature maps of
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Table 7. The mAP with Different Choices of Confidence Thresholds
for Training RD-1I0OD

1 5 10
Confidence Threshold old Nl old A old Al
0.1 70.13 6943 | 69.49 66.64 | 59.94 61.85
1-threshold 0.5 72.22 7143 | 7231 6897 | 64.78 65.07
0.9 72.43 71.64 | 73.14 69.51 | 68.78 67.06
9-threshold 0.1&0.9 | 72.73 71.82 | 73.47 69.84 | 69.96 67.45
0.5&0.9 72.22 7146 | 7296 69.62 | 69.03 66.88

Table 8. Comparisons Between the Jointly Trained and Pre-Trained
Residual Models Applied to New Classes

Method 1 5 10
Pre-trained ResM 66.94 68.87 67.58
RD-IOD 71.82 (+4.88) 69.84 (+0.97) 67.45 (—0.13)

backbones in Dy, and D,.s with L1-loss, which is directly applied onto the original 2D feature
maps. The mAP of the designed NDL feature distillation exceeds L1-loss by around 1.09% on

average in all three settings. To be consistent with D?%5¢, we also replace L1-loss with NDL in

Dby !, The results show that when L1-loss is directly applied onto the instance-level feature map,
it yields a more effective result. For D, the classification distillation from both OriM and ResM
is compared with the distillation from only OriM. The joint classification distillation from both
OriM and ResM outperforms the distillation from only OriM with the mAP increasing by about
0.28%. The results verify that our designs are more appropriate in this scenario.

To verity the effectiveness of the 2-threshold training strategy for maintaining the performance
on old classes, we conduct comparisons between the 1-threshold strategy and 2-threshold strategy
for training RD-IOD on three settings that have more old classes than the new ones. The results
are illustrated in Table 7, where we present the mAP on both all classes and old classes. As can
be seen, the 2-threshold choice with 0.1 and 0.9 can maintain the performance of old classes to
a large extent and the mAP of all classes is also the highest compared with other choices for the
confidence threshold.

In our residual distillation mechanism, ResM is jointly trained to detect new classes in the incre-
mental learning stage. We compare its effectiveness with a strategy that uses a pre-trained ResM
on new classes to assist the learning of IncM. We evaluate these ideas on 19+ 1, 15+ 5, and 10 + 10
class settings as shown in Table 8. Because in the pre-trained ResM, the parameters are frozen in
the incremental learning stage, the capability of ResM to fit the difference between OriM and IncM
is suppressed. We believe that ResM should learn to guide the residual features between OriM and
ResM toward the features of the new classes and strike a balance between detecting the new classes
and fitting the residual features. Our intuition is confirmed by the experiment results: in the 19+ 1
setting, the joint training strategy outperforms the pre-trained ResM in terms of mAP by 4.88%.
Even though the performance of the pre-trained ResM is slightly improved when the number of
the new classes is increased, as shown in the 10 + 10 setting, the training time is also increased
because of the extra learning step added to pre-training ResM. Therefore, it is evident that joint
training of ResM is a better choice for the task at hand.

We also list the training time under various situations and the GPU memory usage of our pro-
posed method and training from scratch as shown in Table 9. This table includes the training
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Table 9. Training Time (in Seconds) and GPU Memory (in Megabytes)

Method 1 5 10 GPU Memory
RD-IOD 3,048.35 12,586.75 35,911.68 6,498
From scratch 36,006.98 5,090

Table 10. RD-1OD on RetinaNet, Cascade R-CNN, and SSD

Method aero bike bird boat bottle bus car cat chair cow table dog horse mbike person | plant sheep sofa train tv | mAP
A(1-15) 724 815 77.6 572 581 731 838 839 542 653 61.0 814 80.1 71.6 80.4 - - - - - 72.1
RetinaNet Fine-tune 27.1 109 391 115 165 558 64.8 350 113 248 75 430 40.1 51.1 23.0 337 408 681 409 676 356
RD-IOD w/0 Dyes | 68.7 750 70.0 48.6 50.6 67.8 81.7 789 440 548 49.1 724 748 68.1 73.6 14.8 21.0 411 164 325 | 55.2
RD-IOD 67.4 77.6 74.6 47.1 509 674 80.7 762 445 577 489 759 78.1 70.5 71.5 16.9 227 46.6 187 39.5| 57.0
A(1-15) 79.1 80.1 76.1 60.7 59.0 76.8 80.7 78.6 519 703 628 86.5 80.4 78.3 78.8 - - - - - 733
Cascade Fine-tune 17.6 0.0 9.1 9.1 0.0 45 91 00 0.0 0.0 0.0 0.0 17.9 9.1 0.0 39.3 464 646 499 693 | 17.3
R-CNN RD-IOD w/o Dys | 542 79.7 693 468 580 617 803 77.6 49.0 721 586 785 795 70.5 77.8 207 449 594 502 474 61.8
RD-IOD 627 71.6 692 480 51.0 747 802 77.0 474 749 607 788 794 70.5 77.9 19.1 494 574 58.0 453 | 62.7
A(1-15) 749 79.0 658 569 41.7 741 838 788 514 60.6 70.7 726 83.2 78.7 74.3 - - - - - 69.8
) Fine-tune 9.1 3.6 9.1 9.1 9.1 45 9.1 9.1 4.5 9.1 0.0 9.1 0.0 9.1 9.1 283 294 559 390 573 | 157
RD-IOD w/0 Dyes | 59.6 77.0 57.2 51.3 287 647 789 748 499 497 644 711 789 70.6 67.4 23.1 33.2 582 579 578| 587
RD-IOD 66.3 758 56.5 524 338 633 787 757 536 487 651 698 78.6 69.0 71.0 224 36.2 623 621 62.1| 60.2

Per-class average precision (%) on the VOC2007 test dataset.

time of (1) executing our proposed method when using only new data, and (2) training the model
from scratch using both old and new data. The training time of our method with only new classes
is much less than training from scratch when the number of new classes is much less than old
classes, such as 19 + 1and 15 + 5 settings. The inference time remains similar because the model
structure in the inference procedure is the same as the original Faster R-CNN except in the final
output layers. OriM and ResM are just used to assist the learning of IncM. We only use one NVIDIA
2080Ti for all experiments. The GPU memory usage of RD-IOD (6,498M) is acceptable compared
to training from scratch (5,090M).

4.5 Generalization

The proposed RD-IOD can be considered as a general distillation method to preserve the learned
knowledge in the original model and incrementally learn to detect new classes simultaneously for
incremental object detection. This suggested method applied to the feature space can be easily
adapted to other object detectors. To verify this generalization, we applied the proposed method
to RetinaNet [25], Cascade R-CNN [4], and SSD [28], the representative one-stage and two-stage
object detection frameworks. As shown in Table 10, our proposed method outperforms the original
RetinaNet and SSD on fine-tuning by a large margin. This demonstrates that our method can
effectively mitigate catastrophic forgetting on one-stage object detection as well as on two-stage
object detection. Compared to without the residual distillation, the three performance indicators of
RD-IOD with residual distillation is consistently improved, which demonstrates the generalization
of RD-IOD and its effectiveness for better incrementally learning new classes.

5 CONCLUSION

In this article, we propose a triple-network-based incremental object detector with a novel resid-
ual distillation scheme for learning new classes without using original training data. A frozen
copy of the original model trained on data of old classes is used to generate pseudo ground-truth
with a 2-threshold strategy and to provide knowledge corresponding to old classes for training the
incremental model. A residual model is jointly trained on new classes to preserve the discrimina-
tion between old and new classes by learning the residual features obtained from the incremental
model and the original model. A two-level residual distillation loss is designed in both image level
and instance level, and a joint classification distillation is designed for the output layers. Exper-
imental results on VOC2007 and COCO demonstrate the effectiveness of the proposed method
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on incrementally learning to detect objects of new classes without forgetting the original learned
knowledge. In future work, to better maintain feature discrimination in the incremental learning
procedure, we plan to combine self-supervised/contrastive learning [19, 47] with incremental ob-
ject detection.
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