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ABSTRACT

Inspired by Regularized Lottery Ticket Hypothesis, which states that competitive
smooth (non-binary) subnetworks exist within a dense network, we propose a few-
shot class-incremental learning method referred to as Soft-SubNetworks (SoftNet).
Our objective is to learn a sequence of sessions incrementally, where each session
only includes a few training instances per class while preserving the knowledge of
the previously learned ones. SoftNet jointly learns the model weights and adaptive
non-binary soft masks at a base training session in which each mask consists
of the major and minor subnetwork; the former aims to minimize catastrophic
forgetting during training, and the latter aims to avoid overfitting to a few samples
in each new training session. We provide comprehensive empirical validations
demonstrating that our SoftNet effectively tackles the few-shot incremental learning
problem by surpassing the performance of state-of-the-art baselines over benchmark
datasets. The public code is available at https://github.com/ihaeyong/
SoftNet-FSCIL.

1 INTRODUCTION

Lifelong Learning, or Continual Learning, is a learning paradigm to expand knowledge and skills
through sequential training of multiple tasks (Thrun, 1995). According to the accessibility of task
identity during training and inference, the community often categorizes the field into specific problems,
such as task-incremental (Pfiilb and Gepperth, 2019; Delange et al., 2021; Yoon et al., 2020; Kang
et al., 2022), class-incremental (Chaudhry et al., 2018; Kuzborskij et al., 2013; Li and Hoiem, 2017;
Rebuffi et al., 2017; Kemker and Kanan, 2017; Castro et al., 2018; Hou et al., 2019; Wu et al., 2019),
and task-free continual learning (Aljundi et al., 2019; Jin et al., 2021; Pham et al., 2022; Harrison
et al., 2020). While the standard scenarios for continual learning assume a sufficiently large number
of instances per task, a lifelong learner for real-world applications often suffers from insufficient
training instances for each problem to solve. This paper aims to tackle the issue of limited training
instances for practical Class-Incremental Learning (CIL), referred to as Few-Shot CIL (FSCIL) (Ren
et al., 2019; Chen and Lee, 2020; Tao et al., 2020; Zhang et al., 2021; Cheraghian et al., 2021; Shi
etal., 2021).

However, there are two critical challenges in solving FSCIL problems: catastrophic forgetting and
overfitting. Catastrophic forgetting (Goodfellow et al., 2013; Kirkpatrick et al., 2017) or Catastrophic
Interference McCloskey and Cohen (1989) is a phenomenon in which a continual learner loses
the previously learned task knowledge by updating the weights to adapt to new tasks, resulting in
significant performance degeneration on previous tasks. Such undesired knowledge drift is irreversible
since the scenario does not allow the model to revisit past task data. Recent works propose to mitigate
catastrophic forgetting for class-incremental learning, often categorized in multiple directions, such
as constraint-based (Rebuffi et al., 2017; Castro et al., 2018; Hou et al., 2018; 2019; Wu et al., 2019),
memory-based (Rebuffi et al., 2017; Chen and Lee, 2020; Mazumder et al., 2021; Shi et al., 2021),
and architecture-based methods (Mazumder et al., 2021; Serra et al., 2018; Mallya and Lazebnik,
2018; Kang et al., 2022). However, we note that catastrophic forgetting becomes further challenging
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in FSCIL. Due to the small amount of training data for new tasks, the model tends to severely overfit
to new classes and quickly forget old classes, deteriorating the model performance.

Meanwhile, several works address overfitting issues for continual learning from various perspectives.
NCM (Hou et al., 2019) and BiC (Wu et al., 2019) highlight the prediction bias problem during
sequential training that the models are prone to predict the data to classes in recently trained tasks.
OCS (Yoon et al., 2022) tackles the class imbalance problems for rehearsal-based continual learning,
where the number of instances at each class varies per task so that the model would perform biased
training on dominant classes. Nevertheless, these works do not consider the overfitting issues caused
by training a sequence of few-shot tasks. FSLL (Mazumder et al., 2021) tackles overfitting for
few-shot CIL by partially-splitting model parameters for different sessions through multiple substeps
of iterative reidentification and weight selection. However, it led to computationally inefficient.

To deploy a practical few-shot CIL model, we propose a simple yet efficient method named SoftNet,
effectively alleviating catastrophic forgetting and overfitting. Motivated by Lottery Ticket Hypoth-
esis (Frankle and Carbin, 2019), which hypothesizes the existence of competitive subnetworks
(winning tickets) within the randomly initialized dense neural network, we suggest a new paradigm
for Few-shot CIL, named Regularized Lottery Ticket Hypothesis:

Regularized Lottery Ticket Hypothesis (RLTH). A randomly-initialized dense neural network
contains a regularized subnetwork that can retain the prior class knowledge while providing room to
learn the new class knowledge through isolated training of the subnetwork.

Based on RLTH, we propose a method, referred to as Soft-SubNetworks (SoftNet), illustrated in
Figure 1. First, SoftNet jointly learns the randomly initialized dense model (Figure 1 (a)) and soft
mask m € [0, 1]!9! pertaining to Soft-subnetwork (Figure 1 (b)) on the base session training; the soft
mask consists of the major part of the model parameters m = 1 and the minor ones m < 1 where
m = 1 is obtained by the top-c% of model parameters and m < 1 is obtained by the remaining ones
(100— top-c%) sampled from the uniform distribution. Then, we freeze the major part of pre-trained
subnetwork weights for maintaining prior class knowledge and update the only minor part of weights
for the novel class knowledge (Figure 1 (c)).

We summarize our key contributions as follows:

* This paper presents a new masking-based method, Soft-SubNetwork (SoftNet), that tack-
les two critical challenges in the few-shot class incremental learning (FSCIL), known as
catastrophic forgetting and overfitting.

* Our SoftNet trains two different types of non-binary masks (subnetworks) for solving
FSCIL, preventing the continual learner from forgetting previous sessions and overfitting
simultaneously.

* We conduct a comprehensive empirical study on SoftNet with multiple class incremental
learning methods. Our method significantly outperforms strong baselines on benchmark
tasks for FSCIL problems.

2 RELATED WORK

Catastrophic Forgetting. Many recent works have made remarkable progress in tackling the
challenges of catastrophic forgetting in lifelong learning. To be specific, Architecture-based ap-
proaches (Mallya et al., 2018; Serra et al., 2018; Li et al., 2019) utilize an additional capacity to
expand (Xu and Zhu, 2018; Yoon et al., 2018) or isolate (Rusu et al., 2016) model parameters,
thereby avoiding knowledge interference during continual learning; SupSup (Wortsman et al., 2020)
allocates model parameters dedicated to different tasks. Very recently, Chen et al. (2021); Kang et al.
(2022) shows the existence of a sparse subnetwork, called winning tickets, that performs well on
all tasks during continual learning. However, many subnetwork-based approaches are incompati-
ble with the FSCIL setting since performing task inference under data imbalances is challenging.
FSLL (Mazumder et al., 2021) aims to search session-specific subnetworks while preserving weights
for previous sessions for incremental few-shot learning. However, the expansion process comprises
another series of retraining and pruning steps, requiring excessive training time and computational
costs. On the contrary, our proposed method, SoftNet, jointly learns the model and task-adaptive
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Figure 1: Incremental Soft-Subnetwork (SoftNet): (a) Dense Neural Network is randomly initialized for the
base session (S-1) training (b) SoftNet is trained by major subnetwork 1,40 = 1 (thick solid line) and minor
Mminor ~ U(0,1), and (c) SoftNet updates only a few minor weights (thin solid line) for new sessions (S).

smooth (i.e., non-binary) masks of the subnetwork associated with the base session while selecting an
essential subset of the model weights for the upcoming session. Furthermore, smooth masks behave
like regularizers that prevent overfitting when learning new classes.

Soft-subnetwork. Recent works with context-dependent gating of sub-spaces (He and Jaeger, 2018),
parameters (Mallya and Lazebnik, 2018; He et al., 2019; Mazumder et al., 2021), or layers (Serra
et al., 2018) of a single deep neural network demonstrated its effectiveness in addressing catastrophic
forgetting during continual learning. Masse et al. (2018) combines context-dependent gating with
the constraints preventing significant changes in model weights, such as SI (Zenke et al., 2017) and
EWC (Kirkpatrick et al., 2017), achieving further performance increases than using them alone. A
flat minima could also be considered as acquiring sub-spaces. Previous works have shown that a flat
minimizer is more robust to random perturbations (Hinton and Van Camp, 1993; Hochreiter and
Schmidhuber, 1994; Jiang et al., 2019). Recently, Shi et al. (2021) showed that obtaining flat loss
minima in the base session, which stands for the first task session with sufficient training instances,
is necessary to alleviate catastrophic forgetting in FSCIL. To minimize forgetting, they updated the
model weights on the obtained flat loss contour. In our work, by selecting sub-networks (Frankle and
Carbin, 2019; Zhou et al., 2019; Wortsman et al., 2019; Ramanujan et al., 2020; Kang et al., 2022;
Chijiwa et al., 2022) and optimizing the sub-network parameters in a sub-space, we propose a new
method to preserve learned knowledge from a base session on a major subnetwork and learn new
sessions through regularized minor subnetworks.

3 SOFT-SUBNETWORK FOR FEW-SHOT CLASS INCREMENTAL LEARNING

3.1 PROBLEM STATEMENTS

Various works have tried to mitigate catastrophic forgetting problems in class incremental learning
using knowledge distillation, revisiting a subset of prior samples, or isolating essential model param-
eters to retain prior class knowledge even after the model loses accessibility to them. However, as
a few-shot class incremental learning scenario regards following tasks/sessions containing a small
amount of training data, the model tends to severely overfit to new classes, making it difficult to fine-
tune the previously trained model on a few samples. In addition, the fine-tuning process often leads to
the catastrophic forgetting of base class knowledge. As a result, regularization is indispensable in the
models to avoid forgetting and prevent the model from overfitting to new class samples by updating
only the selected parameters for learning in the new session.

Few-shot Class Incremental Learning (FSCIL) aims to learn new sessions with only a few examples
continually. A FSCIL model learns a sequence of T training sessions {D!,--- DT}, where D! =
{2} = (a!,y!)}I" is the training data of session ¢ and ! is an example of class y! € O*. In FSCIL,
the base session D! usually contains a large number of classes with sufficient training data for each
class. In contrast, the subsequent sessions (¢t > 2) will only contain a small number of classes with a
few training samples per class, e.g., the ¢ session D? is often presented as a N-way K-shot task. In
each training session ¢, the model can access only the training data D! and a few examples stored
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in the previous session. When the training of session ¢ is completed, we evaluate the model on test
samples from all classes O = | J'_, O, where 0" (" Oi#¢ = ) for Vi, j < T.

Consider a supervised learning setup where the T sessions arrive in a lifelong learner f(-; @) parame-
terized by the model weights 8 in sequential order. A few-shot class incremental learning scenario
aims to learn the classes in a sequence of sessions without catastrophic forgetting. In the training
session t, the model solves the following optimization procedure:

. BT R t ¢
. j 1
0* = mlngnlze 7nt E Li(f(x3:0),9;), (1)

i=1

where L; is a classification loss like cross-entropy, and n; is the number of instances for session ¢.

3.2 SUBNETWORK-BASED TRAINING FOR FEW-SHOT CLASS INCREMENTAL LEARNING

As lifelong learners often adopt over-parameterized dense neural networks to allow resource freedom
for future classes or tasks, updating entire weights in neural networks for few-shot tasks is often
not preferable and often yields the overfitting problem. To overcome the limitations in FSCIL, we
focus on updating partial weights in neural networks when a new task arrives. The desired set of
partial weights, named subnetwork, can achieve on-par or even better performance with the following
motivations: (1) Lottery Ticket Hypothesis (Frankle and Carbin, 2019) shows the existence of a
subnetwork that performs well as the dense network, and (2) The subnetwork significantly downsized
from the dense network reduces the size of the expansion of the solver while providing extra capacity
to learn new sessions or tasks.

We first suggest the objective referred to as HardNet as follows: given dense neural network parameters
0, the binary attention mask m; describes the optimal subnetwork for session ¢ such that |m}| is less
than the dense model capacity |#|. However, such binarized subnetworks 1, € {0, 1}/®! cannot adjust
the remaining parameters in a dense network for future sessions while solving past task problems
cost- and memory efficiently. In FSCIL, the test accuracy of the base session drops significantly
when it proceeds to learn sequential sessions since the subnetwork of m = 1 plays a crucial role
in maintaining the base class knowledge. To this end, we propose a soft-subnetwork m; € [0, 1] 16|
instead of the binarized subnetwork. It gives more flexibility to fine-tune a small part of the soft-
subnetwork while fixing the rest to retain base class knowledge for FSCIL. As such, we find the
soft-subnetwork through the following objective:

1 &
m; = minimize — L 0 0my),yl) —J
b mie[0,1]101ny ; ¢ (f( +),Y5) o
subject to |m;| < c.

where session loss J = L(f(x!;6),y!), the subnetwork sparsity ¢ < |6] (used as the selected
proportion % of model parameters in the following section), and © represents an element-wise
product. In the following section, we describe how to obtain the soft-subnetwork m; using the
magnitude-based criterion (RLTH) while minimizing session loss jointly.

3.3 OBTAINING SOFT-SUBNETWORKS VIA COMPLEMENTARY WINNING TICKETS

Let each weight be associated with a learnable parameter we call weight score s, which numerically
determines the importance of the associated weight. In other words, we declare a weight with a
higher score as more important. At first, we find a subnetwork 8* = 6 ©® m; of the dense neural
network and then assign it as a solver of the current session ¢. The subnetworks associated with each
session jointly learn the model weight @ and binary mask m,. Given an objective L;, we optimize 6
as follows:

0*,m; = mirgmize L:(0 ©my;Dy). 3)

,S

where m; is obtained by applying an indicator function 1. on weight scores s. Note 1.(s) = 1if s
belongs to top-c% scores and 0 otherwise.

In the optimization process for FSCIL, however, we consider two main problems: (1) Catastrophic
forgetting: updating all & ® m;_; when training for new sessions will cause interference with
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the weights allocated for previous tasks; thus, we need to freeze all previously learned parameters
0 © m;_q; (2) Overfitting: the subnetwork also encounters overfitting issues when training an
incremental task on a few samples, as such, we need to update a few parameters irrelevant to previous
task knowledge., i.e., 0 ® (1 — m;_1).

To acquire the optimal subnetworks that alleviate the two issues, we define a soft-subnetwork by
dividing the dense neural network into two parts-one is the major subnetwork 772y,50r, and another is
the minor subnetwork 72,0, The defined soft-subnetwork follows as:

Misoft = Mimajor © Mminor, (4)

where 1 nor 18 a binary mask and mipinor ~ U (0,1) and @ represents an element-wise summation.
As such, a soft-mask is given as m € [0, 1] in Eq.3. In the all-experimental FSCIL setting, M major
maintains the base task knowledge ¢ = 1 while 1my;n0r acquires the novel task knowledge ¢t > 2. Then,
with base session learning rate o, the 0 is updated as follows: 8 < 6 — « (% ® msoﬂ) effectively
regularize the weights of the subnetworks for incremental learning. The subnetworks are obtained by
the indicator function that always has a gradient value of 0; therefore, updating the weight scores s
with its loss gradient is impossible. To update the weight scores, we use Straight-through Estimator
(Hinton, 2012; Bengio et al., 2013; Ramanujan et al., 2020) in the backward pass. Specifically, we
ignore the derivatives of the indicator function and update the weight score s < s — a g—g ® msoft),
where myos = 1 for exploring the optimal subnetwork for base session training. Our Soft-subnetwork
optimizing procedure is summarized in Algorithm 1. Once a single soft-subnetwork m,y is obtained
in the base session, then we use the soft-subnetwork for the entire new sessions without updating.

Algorithm 1 Soft-Subnetworks (SoftNet)

input {Dt}z;l, model weights 8, and score weights s, layer-wise capacity ¢
: // Training over base classes ¢t = 1
: Randomly initialize 6 and s.
: forepoche=1,2,.-- do
Obtain softmask Mote Of Mmajor and Mminor ~ U(0, 1) at each layer
for batch b; ~ D' do
Compute Lpgse (0 © msosi; be) by Eq. 3
0(—0—&(%@77150&)
sesfa(%Qmmﬁ)
9:  end for
10: end for
11: // Incremental learning ¢t > 2
12: Combine the training data D" and the exemplars saved in previous few-shot sessions
13: forepoche =1,2,--- do
14:  for batch b; ~ D' do

A R AT

15: Compute L, (0 ® mior; be) by Eq. 5
16: 0+ 60— 5 (% © m'm’inm')

17:  end for

18: end for

output model parameters 0, s, and M.

4 INCREMENTAL LEARNING FOR SOFT-SUBNETWORK

We now describe the overall procedure of our soft-pruning-based incremental learning/inference
method, including the training phase with a normalized informative measurement in Section 4.1, as
followed by the prior work (Shi et al., 2021), and the inference phase in Section 4.2.

4.1 INCREMENTAL SOFT-SUBNETWORK TRAINING

Base Training (¢ = 1). In the base learning session, we optimize the soft-subnetwork parameter 6
(including a fully-connected layer as a classifier) and weight score s with cross-entropy loss jointly
using the training examples of D*.

Incremental Training (¢ > 2). In the incremental few-shot learning sessions (¢t > 2), leveraged by
0 © My, we fine-tune few minor parameters @ © Myyinor Of the soft-subnetwork to learn new classes.
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Table 1: Classification accuracy of ResNet18 on CIFAR-100 for 5-way 5-shot incremental learning.
Underbar denotes the comparable results with FSLL (Mazumder et al., 2021). x denotes the results
reported from Shi et al. (2021).

sessions The gap
Method I 2 3 7 3 6 7 8 9 with cRT

cRT (Shi et al., 2021) 65.18 63.89 6020 5723 5371 5039 4877 4729 4528 -

iCaRL (Rebuffi et al., 2017)* 66.52 57.26 5427 50.62 4733 4499 43.14 41.16 39.49 -5.79
Rebalance (Hou et al., 2019)* 66.66 6142 5729 53.02 4885 45.68 43.06 4056 38.35 -6.93
FSLL (Mazumder et al., 2021)*  65.18 56.24 54.55 51.61 49.11 4727 4535 4395 4222 -3.08

iCaRL (Rebuffi et al., 2017) 64.10 53.28 41.69 34.13 2793 25.06 2041 1548 1373 -31.55
Rebalance (Hou et al., 2019) 64.10 53.05 4396 3697 31.61 2673 2123 1678 13.54 -31.74
TOPIC (Cheraghian et al.,, 2021)  64.10 55.88 47.07 45.16 40.11 36.38 3396 31.55 2937 -1591
F2M (Shi et al., 2021) 6471 62.05 59.01 5558 5255 4996 48.08 4628 44.67 -0.61
FSLL (Mazumder et al., 2021) 64.10 55.85 51.71 4859 4534 4325 4152 39.81 38.16 -7.12
HardNet, ¢ = 50% 64.80 60.77 56.95 53.53 50.40 47.82 4593 4395 4191 -3.37
HardNet, ¢ = 80% 69.65 64.60 60.59 5693 53.60 50.80 48.69 46.69 44.63 -0.65
HardNet, ¢ = 99% 7195 66.83 62.75 59.09 5592 53.03 50.78 4852 46.31 +1.03
SoftNet, ¢ =50% 69.20 64.18 60.01 5643 53.11 50.62 48.60 46.51 44.61 -0.67
SoftNet, ¢ = 80% 70.38 65.04 60.94 5726 54.13 51.58 49.52 4736 45.16 -0.12
SoftNet, ¢ = 99% 72.62 67.31 63.05 59.39 56.00 5323 51.06 48.83 46.63 +1.35

Since Mmyiner < 1, the soft-subnetwork alleviates the overfitting of a few samples. Furthermore,
instead of Euclidean distance (Shi et al., 2021), we employ a metric-based classification algorithm
with cosine distance to finetune the few selected parameters. In some cases, Euclidean distance fails
to give the real distances between representations, especially when two points with the same distance
from prototypes do not fall in the same class. In contrast, representations with a low cosine distance
are located in the same direction from the origin, providing a normalized informative measurement.
We define the loss function as:

e~ d(Po, f(x; 0OMsof+))

,Cm(Z,B © msoft) = - Z Z ]l(y = 0) 10g

z€D ocO

&)

—d(poy, . f (25 0OMso1t))
Zokeo e k o

where d (-, ) denotes cosine distance, p, is the prototype of class o, O = U§:1 O refers to all
encountered classes, and D = D' |J P denotes the union of the current training data D' and the
exemplar set P = {ps - -- ,p;_1}, where P;_ (2 < t. < t) is the set of saved exemplars in session .
Note that the prototypes of new classes are computed by p, = N% Yoy =0)f(x:;0 © Myopr)
and those of base classes are saved in the base session, and IV, denotes the number of the training
images of class 0. We also save the prototypes of all classes in O for later evaluation.

4.2 INFERENCE FOR INCREMENTAL SOFT-SUBNETWORK

In each session, the inference is also conducted by a simple nearest class mean (NCM) classification
algorithm (Mensink et al., 2013; Shi et al., 2021) for fair comparisons. Specifically, all the training
and test samples are mapped to the embedding space of the feature extractor f, and Euclidean distance
dy(+,-) is used to measure the similarity between them. The classifier gives the kth prototype index
oy = argmin,eo d, (f(x; 0 © myop1), Po) as output.

5 EXPERIMENTS

We introduce experimental setups in Section 5.1. Then, we empirically evaluate our soft-subnetworks
for incremental few-shot learning and demonstrate its effectiveness through comparison with state-of-
the-art methods and vanilla subnetworks in the following subsections.

5.1 EXPERIMENTAL SETUP

Datasets. To validate the effectiveness of the soft-subnetwork, we follow the standard FSCIL experi-
mental setting. We randomly select 60 classes as the base class and the remaining 40 as new classes
for CIFAR-100 and minilmageNet. In each incremental learning session, we construct 5-way S-shot
tasks by randomly picking five classes and sampling five training examples for each class.
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Table 2: Classification accuracy of ResNet18 on minilmageNet for 5-way 5-shot incremental learning.
Underbar denotes the comparable results with FSLL Mazumder et al. (2021). * denotes the results
reported from Shi et al. (2021).

sessions The gap
Method I 2 3 7 3 6 7 8 9 with cRT
cRT (Shi et al., 2021) 67.30 64.15 6059 5732 5422 5143 4892 46.78 44.85 -
iCaRL (Rebuffi et al., 2017)* 67.35 5991 55.64 52.60 49.43 46.73 44.13 42.17 40.29 -4.56

Rebalance (Hou et al., 2019)* 6791 63.11 58.75 54.83 50.68 47.11 43.88 41.19 3872 -6.13
FSLL (Mazumder et al., 2021)*  67.30 59.81 57.26 54.57 52.05 4942 4695 4494 4287 -1.11
iCaRL (Rebuffi et al., 2017) 61.31 4632 4294 37.63 3049 24.00 20.89 18.80 17.21 -27.64
Rebalance (Hou et al., 2019) 61.31 47.80 3931 3191 2568 2135 18.67 17.24 1417 -30.68
TOPIC (Cheraghian et al., 2021)  61.31 50.09 45.17 41.16 37.48 3552 32.19 2946 2442 -2043
IDLVQ-C (Chen and Lee, 2020)  64.77 59.87 5593 52.62 49.88 47.55 44.83 43.14 4184 -3.01

F2M (Shi et al., 2021) 67.28 63.80 60.38 57.06 54.08 5139 48.82 46.58 44.65 -0.20
FSLL (Mazumder et al., 2021) 66.48 61.75 58.16 54.16 51.10 4853 46.54 4420 4228 -2.57
HardNet, ¢ = 50% 65.13 6037 56.12 53.17 50.17 47.74 45.34 4335 42.13 -2.72
HardNet, ¢ = 80% 69.73 6446 6042 57.09 5409 51.18 4876 46.81 45.66 +0.81
HardNet, ¢ = 90% 64.68 59.80 5570 52.82 50.01 4730 45.17 4334 42.09 -2.76
SoftNet, ¢ = 50% 72.83 6723 62.82 59.41 56.44 5355 5092 4899 47.60 +2.75
SoftNet, ¢ = 80% 76.63 70.13 6592 6252 59.49 56.56 53.71 51.72 50.48 +5.63
SoftNet, ¢ =90% 77.00 7038 6594 6245 5932 5625 53.76 5175 50.39 +5.54
SoftNet, ¢=97% 7717 7032 66.15 62.55 59.48 5646 53.71 51.68 50.24 +5.39

Baselines. We mainly compare our SoftNet with architecture-based methods for FSCIL:
FSLL (Mazumder et al., 2021) that selects important parameters for each session, and HardNet, repre-
senting a binary subnetwork. Furthermore, we compare other FSCIL methods such as iCaRL (Rebuffi
et al., 2017), Rebalance (Hou et al., 2019), TOPIC (Tao et al., 2020), IDLVQ-C (Chen and Lee,
2020), and F2M (Shi et al., 2021). We also include a joint training method (Shi et al., 2021) that
uses all previously seen data, including the base and the following few-shot tasks for training as
a reference. Furthermore, we fix the classifier re-training method (cRT) (Kang et al., 2019) for
long-tailed classification trained with all encountered data as the approximated upper bound.

Experimental details. The experiments are conducted with NVIDIA GPU RTX8000 on CUDA 11.0.
We also randomly split each dataset into multiple sessions. We run each algorithm ten times for each
dataset and report their mean accuracy. We adopt ResNet18 (He et al., 2016) as the backbone network.
For data augmentation, we use standard random crop and horizontal flips. In the base session training
stage, we select top-c% weights at each layer and acquire the optimal soft-subnetworks with the
best validation accuracy. In each incremental few-shot learning session, the total number of training
epochs is 6, and the learning rate is 0.02. We train new class session samples using a few minor
weights of the soft-subnetwork (Conv4x layer of ResNet18 and Conv3x layer of ResNet20) obtained
by the base session learning. We specify further experiment details in Appendix A.

5.2 RESULTS AND COMPARISONS

We compared SoftNet with the architecture-based methods - FSLL and HardNet. We pick FSLL
as an architecture-based baseline since it selects important parameters for acquiring old/new class
knowledge. The architecture-based results on CIFAR-100 and minilmageNet are presented in Table 1
and Table 2 respectively. The performances of HardNet show the effectiveness of the subnetworks
that go with less model capacity compared to dense networks. To emphasize our point, we found that
ResNet18, with approximately 50% parameters, achieves comparable performances with FSLL on
CIFAR-100 and minilmageNet. In addition, the performances of ResNet20 with 30% parameters
(HardNet) are comparable with those of FSLL on CIFAR-100, as denoted in Appendix of Table 9 and
Table 11, including performances (Figure 4 and Figure 5) and smoothness in t-SNE plots (Figure 6).

Experimental results are prepared to analyze the overall performances of SoftNet according to the
sparsity and dataset as shown in Figure 2. As we increase the number of parameters employed by
SoftNet, we achieve performance gain on both benchmark datasets. The performance variance of
SoftNet’s sparsity seems to be depending on datasets from the fact that the performance variance on
CIFAR-100 is less than that on minilmageNet. In addition, SoftNet retains prior session knowledge
successfully in both experiments as described in the dashed line, and the performances of SoftNet
(c = 60.0%) on the new class session (8, 9) of CIFAR-100 than those of SoftNet (¢ = 80.0%)
as depicted in the dashed-dot line. From these results, we could expect that the best performances
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depend on the number of parameters and properties of datasets. We further result on comparisons of
HardNet and SoftNet in Appendix B.
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Figure 2: Classification accuracy of SoftNet on CIFAR-100 and minilmageNet for 5-way 5-shot FSCIL: the
overall performance depends on capacity c and the softness of subnetwork. Note that solid(——), dashed(- - - ),
and dashed-dot(— —) lines denote overall, base, and novel class performances respectively.

Our SoftNet outperforms the state-of-the-art methods and cRT, which is used as the approximate upper
bound of FSCIL (Shi et al., 2021) as shown in Table 1 and Table 2. Moreover, Figure 3 represents
the outstanding performances of SoftNet on CIFAR-100 and minilmageNet. SoftNet provides a new
upper bound on each dataset, outperforming cRT, while HardNet provides new baselines among
pruning-based methods.
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Figure 3: Comparision of subnetworks (HardNet and SoftNet) with state-of-the-art methods.

5.3 LAYER-WISE ACCURACY

In incremental few-shot learning sessions, we train new class session samples using a few minor
weights mpyiner Of the specific layer. At the same, we entirely fix the remaining weights to investigate
the best performances as shown in Table 3. The best performances involve fine-tuning at the Conv5x
layer with ¢ = 97%. It means features computed by the lower layer are general and reusable in
different classes. On the other hand, features from the higher layer are specific and highly dependent
on the dataset.

5.4 ARCHITECTURE-WISE ACCURACY

Depending on architectures, the performances of subnetworks vary, and the sparsity is also one
another: ResNet18 tends to use dense parameters, whereas ResNet20 tends to use sparse parameters
on CIFAR-100 for 5-way 5-shot as shown in Table 4. We observed that the SoftNet with ResNet20
has a more sparse solution as ¢ = 90% than ResNet18 on this CIFAR-100 FSCIL setting. From these
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Table 3: Classification accuracy of ResNet18 on minilmageNet for 5-way 5-shot incremental learning.
The layer-wise inspection with fixed ¢ = 97%. all denotes that all minor weights 1,0, Of the entire
layers were trained while only conv+x trained.

sessions The gap
Method i 73 4 5 6 7 8 9 witheRT
cRT (Shietal, 2021) 6730 64.15 60.59 5732 5422 5143 4892 46.78 44.85 -
SoftNet, Conv2x 7717 7029 66.09 62.54 59.44 5643 53.68 5160 50.19 @ +5.34
SoftNet, Conv3x 77.17 7030 66.05 6251 5942 5644 5370 51.59 50.15 4530
SoftNet, Conv4x 77.17 7030 66.08 62.54 59.45 5646 5370 5159 50.17  +5.32
SoftNet, Conv5x 7717 7032 66.15 62.55 5948 5646 53.71 51.68 50.24  +5.39
SoftNet, All 7717 65.09 5525 4592 3820 3337 29.52 27.66 25.64 -19.21

observations, our SoftNet could significantly impact deep neural network architecture search - it
helps to search sparse and task-specific architecture.

Table 4: Classification accuracy of ResNet18, 20, 32, and 50 on CIFAR-100 for 5-way 5-shot FSCIL.

sessions The gap
Method T W) 3 P! 3 6 7 8 9 with cRT

ResNet18, cRT (Shietal.,2021) 65.18 63.89 60.20 57.23 5371 50.39 48777 4729 4528 -

ResNet138, SoftNet, ¢ = 70% 70.92 65.16 61.00 57.25 54.09 5137 4929 47.03 44.90 -0.38
SoftNet, ¢ = 90% 7225 66.82 62.63 5898 55.64 5277 50.71 4842 46.15 +0.87
SoftNet, ¢ =99% 7262 6731 63.05 5939 56.00 5323 51.06 4883 46.63 +1.35

ResNet20, SoftNet, ¢ = 70% 7038 66.16 62.63 5893 55.81 53.11 5138 4929 47.08  +1.80
SoftNet, ¢=90% 72.63 68.60 6496 6125 5798 5532 5348 5146 4920 +3.92
SoftNet, ¢=99% 7178 6779 63.86 60.07 57.05 5432 5234 5028 48.11 +2.83

ResNet32, SoftNet, ¢ = 90% 7547 70.84 66.84 63.01 59.69 56.86 5475 5270 50.36  +5.08
SoftNet, ¢ = 93% 7535 7122 6725 6325 60.05 5724 55.16 53.01 50.76  +5.48
SoftNet, ¢ = 95% 74.67 70.32 6631 62.61 5929 56.54 5452 5230 50.05 +4.77

ResNet50, SoftNet, ¢ = 70% 7620 71.82 6790 64.17 6091 5789 5572 5320 50.87 +5.59
SoftNet, ¢ = 80% 7820 7332 69.22 6543 62.09 59.08 56.80 5445 5218 +6.90
SoftNet, ¢ = 90% 77.67 7273 68.50 64.57 6108 58.06 5570 53.37 51.20 +5.92

5.5 DISCUSSIONS

Based on our thorough empirical study, we uncover the following facts: (1) Depending on architec-
tures, the performances of subnetworks vary, and the sparsity is also one another: ResNet18 tends to
use dense parameters, while ResNet20 tends to use sparse parameters on CIFAR-100 FSCIL settings.
This result provides the general pruning-based model with a hidden clue. (2) In general, fine-tuning
strategies are essential in retaining prior knowledge and learning new knowledge. We found that
performance varies depending on fine-tuning a Conv layer through the layer-wise inspection. Lastly,
(3) from overall experimental results, the base session learning is significant for lifelong learners to
acquire generalized performances in FSCIL.

6 CONCLUSION

Inspired by Regularized Lottery Ticket Hypothesis (RLTH), which hypothesizes that smooth subnet-
works exist within a dense network, we propose Soft-SubNetworks (SoftNet); an incremental learning
strategy that preserves the learned class knowledge and learns the newer ones. More specifically,
SoftNet jointly learned the model weights and adaptive soft masks to minimize catastrophic forgetting
and to avoid overfitting novel few samples in FSCIL. Finally, we compared a comprehensive empiri-
cal study on SoftNet with multiple class incremental learning methods. Extensive experiments on
benchmark tasks demonstrate how our method achieves superior performance over the state-of-the-art
class incremental learning methodologies. We also discovered how subnetworks perform differently
under specified architectures and datasets through ablation studies. In addition, we emphasized the
importance of fine-tuning and base session learning in achieving optimum performance for FSCIL.
We believe that our findings could bring a monumental on deep neural network architecture search,
both on task-specific architectures and utilization of sparse models.
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A EXPERIMENTAL DETAILS

We validate the effectiveness of the soft-subnetwork in our method on several benchmark datasets
against various architecture-based methods for Few-Shot Class Incremental Learning (FSCIL). To
proceed with the details of our experiments, we first explain the datasets and how we involve them in
our experiments. Later, we detail experiment setups, including architecture details, preprocessing,
and training budget.

A.1 DATASETS

The following datasets are utilized for comparisons:

CIFAR-100 In CIFAR-100, each class contains 500 images for training and 100 images for testing.
Each image has a size of 32 x 32. Here, we follow an identical FSCIL procedure as in (Shi et al.,
2021), where we divide the dataset into a base session with 60 base classes and eight novel sessions
with a 5-way 5-shot problem on each session.

minilmageNet minilmageNet consists of RGB images from 100 different classes, where each class
contains 500 training images and 100 test images of size 84 x 84. Originally proposed for few-
shot learning problems, minilmageNet is part of a much larger ImageNet dataset. Compared with
CIFAR-100, the minilmageNet dataset is more complex and suitable for prototyping. The setup
of minilmageNet is similar to that of CIFAR-100. To proceed with our evaluation, we follow the
procedure described in (Shi et al., 2021), where we incorporate 60 base classes and eight novel
sessions through 5-way 5-shot problems.

CUB-200-2011 CUB-200-2011 contains 200 fine-grained bird species with 11, 788 images with
varying images for each class. To proceed with experiments, we split the dataset into 6, 000 training
images and 6, 000 test images as in (Tao et al., 2020). During training, We randomly crop each image
to be of size 224 x 224. We fix the first 100 classes as base classes, where we utilize all samples in
these respective classes to train the model. On the other hand, we treat the remaining 100 classes as
novel categories split into ten novel sessions with a 10-way 5-shot problem in each session.

A.2 EXPERIMENT SETUPS

We begin this section by describing the setups used for experiments in CIFAR-100 and minilmageNet.
After that, we proceed with a follow-up discussion on the configuration we employ for experiments
involving the CUB-200-2011 dataset.

CIFAR-100 and miniImageNet. For experiments in these two datasets, we are using NVIDIA GPU
RTX8000 on CUDA 11.0. We randomly split these two datasets into multiple sessions, as described
in the previous sub-section. We run each algorithm ten times for experiments on both datasets with
a fixed split and report their mean accuracy. We adopt ResNet18 (He et al., 2016) as the backbone
network. For data augmentation, we use standard random crop and horizontal flips. During the
training stage in the base session, we select top-c% weights at each layer and acquire the optimal
soft-subnetworks with the best validation accuracy. For each incremental few-shot learning session,
we train our model for six epochs with a learning rate is 0.02. We train new class session samples
using a few minor weights of the soft-subnetwork (conv4x layer of ResNet18 and conv3x layer of
ResNet20) obtained by learning at the base session.

CUB-200-2011. Besides experiments in the previous two datasets, we conducted an additional
experiment on this dataset. We prepare this dataset following the split procedure described in the
previous sub-section. We run each algorithm ten times and report their mean accuracy. We also adopt
ResNetl8 (He et al., 2016) as the backbone network and follow the same data augmentation as in
the previous two datasets. We follow the same base-session training procedure as in the other two
datasets. In each incremental few-shot learning session ¢ > 1, the total number of training epochs is
10, and the learning rate is 0.1. We train new class session samples using a few minor weights of the
soft-subnetwork (conv4x layer of ResNet18) obtained at the base session.
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B RESULTS AND CONCLUSIONS

To expand upon the results of our paper, we conduct more experiments on various datasets mentioned
in the previous section. We first display the full performance table with more capacity values c
employed towards our method in Table 9 and Table 11. Next, we identify how choosing a different
architecture would impact the performance of our algorithm in Table 10. Furthermore, we analyze
the performance of our method on the CUB-200-2011 dataset in Table 7.

Through extensive experiments, we deduce the following three conclusions for incorporating our
method in the few-shot class incremental learning:

Structure. We identified a SubNetwork of ResNet18 and ResNet20 with varying capacities on
CIFAR-100 for the 5-way 5-shot FSCIL setting as shown in Table 9 and Table 10. First, according to
both tables, our method performs better as we use more parameters within our network. In addition,
as denoted in our paper, we see how effective subnetwork is by observing how HardNet, with only
50% of its dense capacity, achieves comparable performance to methods utilizing dense networks,
while SoftNet can do the same with only 30% of its dense capacity. Furthermore, we argue that
our method is architecture-dependent. Our observation from Table 10 shows that at ResNet18, our
architecture performs the best at the maximum capacity of ¢ = 99%, while at ResNet20, we achieve
the optimum performance at ¢ = 90%.

Comparisions of Hard and SoftNet. Furthermore, increasing the number of network parameters
leads to better overall performance in both subnetworks types, as shown in Figure 4 and Figure 5.
Subnetworks, in the form of HardNet and SoftNet, tend to retain prior (base) session knowledge
denoted in dashed (- - - -) line, and HardNet seems to be able to classify new session class samples
without continuous updates stated in dashed-dot (—-—) line. From this, we could expect how much
previous knowledge HardNet learned at the base session to help learn new incoming tasks (Forward
Transfer). The overall performances of SoftNet are better than HardNet since SoftNet improves
both base/new session knowledge by updating minor subnetworks. Subnetworks have a broader
spectrum of performances on minilmageNet (Figure 5) than on CIFAR-100 (Figure 4). This could be
an observation caused by the dataset complexity - i.e., if the minilmagenet dataset is more complex
or harder to learn for a subnetwork or a deep model as such subnetworks need more parameters to
learn minilmageNet than the CIFAR-100 dataset.

—e— SoftNet with c=10.0% —e— SoftNet with c=30.0% —e— SoftNet with c=80.0%
—e— HardNet with ¢=10.0% —e— HardNet with c=30.0% —e— HardNet with c=80.0%

5 6 5 6 5
Sessions Sessions Sessions

(a) c =10.0% (b) ¢ = 30.0% (c) c=80.0%
Figure 4: Performances of HardNet v.s. SoftNet on CIFAR-100 for 5-way 5-shot FSCIL: the overall
performance depends on capacity c¢ and the softness of subnetwork. Note that solid(——), dashed(- - - ), and
dashed-dot(— —) lines denote overall, base, and novel class performances respectively.

Smoothness of SoftNet. As emphasized in Table 11, SoftNet has a broader spectrum of performances
than HardNet on minilmageNet. 20% of minor subnet might provide a smoother representation than
HardNet because the performance of SoftNet was the best approximately at ¢ = 80%. From these
results, we could expect that model parameter smoothness guarantees quite competitive results. To
support the claim, we prepared the loss landscapes of a dense neural network, HardNet, and SoftNet
on two Hessian eigenvectors (Yao et al., 2020) as shown in Fig. 7. We observed the following points
through simple experiments:

From these results, we can expect how much knowledge the specified subnetworks can retain and
acquire on each dataset.
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—e— SoftNet with c=10.0% —e— SoftNet with c=30.0% —e— SoftNet with c=80.0%
—e— HardNet with ¢=10.0% —e— HardNet with c=30.0% —e— HardNet with c=80.0%
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Figure 5: Performances of HardNet v.s. SoftNet on minilmageNet for 5-way 5-shot FSCIL: the overall
performance depends on capacity ¢ and the softness of subnetwork. Note that solid(——), dashed(- - - ), and
dashed-dot(— —) lines denote overall, base, and novel class performances respectively.

* The loss landscapes of Subnetworks (HardNet and SoftNet) were flatter than those of dense neural
networks.

* The minor subnet of SoftNet helped find a flat global minimum despite random scaling weights in
the training process.

Moreover, we compared the embeddings using t-SNE plots as shown in Figure 6. In t-SNE’s 2D
embedding spaces, the overall discriminative of SoftNet is better than that of HardNet in terms of
base class set and novel class set. This 70% of minor subnet affects SoftNet positively in base session
training and offers good initialized weights in novel session training.
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(a) HardNet with ¢ = 30.0% @Session2 (b) SoftNet with ¢ = 30.0% @Session2

Figure 6: t-SNE Plots of HardNet v.s. SoftNet on minilmageNet for 5-way 5-shot FSCIL: t-SNE plots
represent the embeddings of the even-numbered test class samples and compare one another. Note Session]
Class Set:{0, - - - , 59} and Session2 Novel Class Set:{60, - - - , 64}.

Preciseness. Regarding fine-grained and small-sized CUB200-2011 FSCIL settings, HardNet also
shows comparable results with the baselines, and SoftNet outperforms others as denoted in Table 7.
In this FSCIL setting, we acquired the best performances of SoftNet through the specific parameter
selections. As of now, our SoftNet achieves state-of-the-art results on the three datasets.

C CONVERGENCE OF SUBNETWORKS

Convergences of HardNet and SoftNet. To interpret the convergence of SoftNet, we follow the
Lipschitz-continuous objective gradients (Bottou et al., 2018): the objective function of dense
networks R : R? — R is continuously differentiable and the gradient function of R, namely,
VR :R? - Re, Lipschitz continuous with Lipschitz constant L > 0, i.e.,

IVR(6) — VR(0)||2 < L||@ — @'|| forall {0,6'} c R% (6)

Following the same formula, we define the Lipschitz-continuous objective gradients of subnetworks
as follows:
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(a) epoch=70, ¢ = 10.0% (b) epoch=100, ¢ = 10.0%

Figure 7: Loss landscapes of DenseNet, HardNet, and SoftNet: Subnetworks provide a more flat global
minimum than dense neural networks. To demonstrate the loss landscapes, we trained a simple three-layered,
fully connected model (fc-4-25-30-3) on the Iris Flower dataset (which is three classification problem) for 100
epochs.

I[VR(O ©m)— VRO ©@m)||s < L||(6 —0")>m]| forall {8,0'} c R (7)
where m is a binary mask. In comparision of Eq. 6 and 7, we use the theoretical analysis (Ye et al.,
2020) where subnetwork achieve a faster rate of R(@ ® m) = O(1/||m||?) at most. The comparison
is as follows:

R(6 — VR(O' VR(0) — VR(O'
IVE(O ©m) : @' ©omlll: _ |IVE(6) /( e 7 ®)
10 — 6") © ml| 6 — ']

The smaller the value is, the flatter the solution (loss landscape) has. The equation is established
from the relationship R(6 ® m) < R*(6), where R* (0 denotes the best possible loss achievable by
convex combinations of all parameters despite ||(6 — 8’) @ my|| < ||@ — 0’||. Furthermore, we have
the following inequality if || R(6 ® Mpara) — R(O © Mgore)|| =~ 0 and |[mpgral| < ||[Msose]]:

IVR(8 © Mhara) = VR(O' © muaralllo  [[VR(O © muosi) = VR(O' © mioyt)l2
1(6 — 6") © mpardl| - 16 = 6") © Moyl

9)

where the equality holds iff ||mpqrq|| = ||Msos:||- We prepare the loss landscapes of Dense Network,
Hard-WSN, and Soft-WSN as shown in Figure 7 as an example to support the inequality.

D ADDITIONAL COMPARISONS WITH CURRENT WORKS

Comparisons with SOTA. We compare SoftNet with the following state-of-art-methods on TOPIC
class split (Tao et al., 2020) of three benchmark datasets - CIFAR100 (Table 5), minilmageNet
(Table 6), and CUB-200-2011 (Table 7). We summarize the current FSCIL methods as follows:

* CEC Zhang et al. (2021): The authors proposed a Continually Evolved Classifier (CEC) that
employs a graph model to propagate context information between classifiers for adaptation.

o LIMIT Zhou et al. (2022): The authors proposed a new paradigm for FSCIL based on meta-learning
by LearnIng Multi-phase Incremental Tasks (LIMIT), which synthesizes fake FSCIL tasks from the
base dataset. Besides, LIMIT also constructs a calibration module based on a transformer, which
calibrates the old class classifiers and new class prototypes into the same scale and fills in the
semantic gap.
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* MetaFSCIL Chi et al. (2022): The authors proposed a bilevel optimization based on meta-learning
to directly optimize the network to learn how to learn incrementally in the setting of FSCIL.
Concretely, They proposed to sample sequences of incremental tasks from base classes for training
to simulate the evaluation protocol. For each task, the model is learned using a meta-objective to
perform fast adaptation without forgetting. Furthermore, they proposed a bi-directional guided
modulation to modulate activations and reduce catastrophic forgetting.

» C-FSCIL Hersche et al. (2022): The authors proposed C-FSCIL, which is architecturally composed
of a frozen meta-learned feature extractor, a trainable fixed-size fully connected layer, and a
rewritable dynamically growing memory that stores as many vectors as the number of encountered
classes.

* Subspace Reg. Akyiirek et al. (2021): The authors presented a straightforward approach that
enables using logistic regression classifiers for few-shot incremental learning. The key to this
approach is a new family of subspace regularization schemes that encourage weight vectors for
new classes to lie close to the subspace spanned by the weights of existing classes.

* Entropy-Reg Liu et al. (2022): The authors alternatively proposed using data-free replay to
synthesize data by a generator without accessing real data.

* ALICE Peng et al. (2022): The authors proposed a method - Augmented Angular Loss Incremental
Classification or ALICE - inspired by the similarity of the goals for FSCIL and modern face
recognition systems. Instead of the commonly used cross-entropy loss, they proposed using the
angular penalty loss to obtain well-clustered features in ALICE.

Table 5: Classification accuracy of ResNet18 on CIFAR-100 for 5-way 5-shot incremental learning
with the same class split as in TOPIC (Cheraghian et al., 2021). * denotes the results reported from
Shi et al. (2021). T represents our reproduced results.

i The gap
Method T 7 3 7 5 6 7 g 9 with cRT

RT Shi et al. (2021)" 7228 6958 65.16 6141 5883 5587 5328 5138 4951

Joint-training Shi et al. 2021y 7228 6840 6331 59.16 5573 5281 49.01 4674 4434  -5.17
Baseline Shi et al. (2021) 7228 6801 6418 6056 5744 5469 5298 50.80 4870  -0.81
iCaRL Rebuffi et al. (2017)" 7205 6535 6155 5783 5461 5174 4971 4749 4503 443
Rebalance Hou et al. (2019)* 7445 6174 6272 5714 5278 4862 4556 4243 3922 -10.29
FSLL Mazumder et al. 2021)* 7228 63.84 59.64 5549 5321 5177 5093 4894 4696  -2.55
iCaRL Rebuffi et al. (2017) 6410 5328 4169 3413 2793 2506 2041 1548 1373  -3578
Rebalance Hou et al. (2019) 6410 5305 4396 3697 3161 2673 2123 1678 1354 -3597
TOPIC Cheraghian ctal. (2021) 6410 5588 47.07 4516 40.11 3638 3396 3155 2937  -20.14
CEC Zhang et al. (2021) 7307 6888 6526 61.19 5809 5557 5322 5134 4914  -0.37
F2M Shi et al. (2021) 7145 68.10 6443 60.80 5776 5526 5353 5157 4935  -0.16
LIMIT Zhou et al. (2022) 7381 7200 6787 6389 6070 5777 5567 5352 5123 +1.72
MetaFSCIL Chi et al. (2022) 7450 7010 66.84 6277 5948 5652 5436 52.56 4997  +046
ALICE Peng ct al. (2022) 7900 70.50 67.10 6340 6120 5920 S58.10 5630 5410  +4.59
Entropy-Reg Liu et al. (2022 7440 7020 6654 6251 3971 5658 5452 5239 S0.14  +0.63
C-FSCIL Hersche etal. (2022)  77.50 7245 67.94 6380 6024 5734 5461 5241 5023  +0.72
FSLL Mazumder et al. (2021) 6410 5585 5171 4859 4534 4325 4152 3981 38.16 -11.35
FSLL+SS Mazumder t al. (2021)  66.76 5552 5220 49.17 4623 4464 4307 4120 3957  -9.94
HardNet, ¢ — 50% 7835 7412 7013 6588 6274 35956 5798 5631 5432 4481
HardNet, ¢ — 80% 7927 7538 7111 6668 6332 60.06 5816 5640 5431  +4.80
HardNet, ¢ = 90% 7922 7477 7089 6641 6290 35948 58.10 56.13 5392 4441
SoftNet, ¢ = 50% 7988 7554 7164 6747 6445 61.09 5907 5729 5533  +5.82
SoftNet, ¢ — 80% 8033 7623 7219 67.83 64.64 6139 5932 5737 5494 4543
SoftNet, ¢ = 90% 7997 7575 7176 6736 6409 6091 5907 5694 5476 4525

Leveraged by regularized backbone ResNet, SoftNet outperformed all existing current works on
CIFAR100 as shown in Table 5. On minilmageNet Table 6 and CUB-200-201 Table 7, the
performances of SoftNet were comparable with those of ALICE and LIMIT, considering that ALICE
used class/data augmentations and LIMIT added an extra multi-head attention layer.

Comparisions of SoftNet and AANet. Our SoftNet and AANet Liu et al. (2021) have proposed
alleviating catastrophic forgetting in FSCIL and CIL, respectively. AANet consists of multi-ResNets:
one residual block learns new knowledge while another fine-tunes to maintain the previously learned
knowledge. Through the learnable scaling parameter for the linear combination of the multi-ResNet
features, AANet showed outstanding performances in the CSIL setting. However, AANet tends to
overfit since the ResNet block’s parameters are fully used to update a few new class data in FSCIL.
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Table 6: Classification accuracy of ResNet18 on minilmageNet for 5-way 5-shot incremental learning
with the same class split as in TOPIC (Cheraghian et al., 2021). * denotes results reported from Shi
et al. (2021). T represents our reproduced results.

The gap
Method 1 2 3 7} 5 6 7 8 9 with cRT

cRT Shi et al. (2021)* 72.08 68.15 63.06 61.12 56.57 5447 5181 49.86 4831 -
Joint-training Shi et al. (2021)* 72.08 6731 62.04 5851 5441 51.53 4870 4549 4388 -4.43
Baseline Shi et al. (2021) 72.08 6629 6199 58.71 5573 53.04 5040 48.59 4731 -1.0
iCaRL Rebuffi et al. (2017)* 7177 61.85 58.12 5460 5149 4847 4590 44.19 4271 -5.6
Rebalance Hou et al. (2019)* 72.30 6637 61.00 5693 5331 4993 4647 44.13 42.19 -6.12
FSLL Mazumder et al. (2021)* 72.08 59.04 5375 51.17 49.11 4721 4535 44.06 43.65 -4.66
iCaRL Rebulffi et al. (2017) 61.31 4632 4294 37.63 3049 24.00 2089 18.80 17.21 -31.10
Rebalance Hou et al. (2019) 61.31 47.80 39.31 3191 2568 21.35 18.67 1724 14.17 -34.14
TOPIC Cheraghian et al. (2021) 61.31 50.09 45.17 41.16 37.48 3552 32.19 2946 2442 -23.89
IDLVQ-C Chen and Lee (2020) 64.77 59.87 5593 52.62 49.88 47.55 4483 43.14 41.84 -6.47
CEC Zhang et al. (2021) 72.00 6683 6297 5943 56.70 53.73 51.19 4924 47.63 -0.68
F2M Shi et al. (2021) 72.05 6747 63.16 59.70 56.71 53.77 S51.11 4921 47.84 -0.43
LIMIT Zhou et al. (2022) 73.81 7209 67.87 63.89 60.70 57.77 55.67 53.52 51.23 +2.92
MetaFSCIL Chi et al. (2022) 72.04 6794 6377 6029 57.58 55.16 5290 50.79 49.19 +0.88
ALICE Peng et al. (2022) 80.60 70.60 6740 6450 6250 60.00 57.80 56.80 55.70 +7.39
C-FSCIL Hersche et al. (2022) 7640 71.14 6646 6329 6042 5746 5478 53.11 5141 +3.10
Entropy-Reg Liu et al. (2022) 71.84 67.12 6321 59.77 57.01 5395 5155 49.52 4821 -0.10
Subspace Reg. Akyiirek et al. (2021)  80.37 71.69 6694 62.53 5890 55.00 5194 49.76 46.79 -1.52
FSLL Mazumder et al. (2021) 66.48 61.75 58.16 54.16 51.10 48.53 46.54 4420 4228 -6.03
FSLL+SS Mazumder et al. (2021) 68.85 63.14 59.24 5523 5224 49.65 47.74 4523 4392 -4.39
HardNet, ¢ = 80% 78.70 7255 6826 6445 61.74 5893 5599 54.09 52.74 +4.43
HardNet, ¢ = 87% 79.17 73.05 69.16 6543 62.61 5931 56.73 54.69 5347 +5.16
HardNet, ¢ = 90% 79.15 7203 68.76 6532 62.00 5821 5652 53.66 53.07 +4.76
SoftNet, ¢ = 80% 79.37 7431 69.89 66.16 63.40 60.75 57.62 55.67 54.34 +6.03
SoftNet, ¢ =87% 79.77 75.08 70.59 6693 64.00 61.00 57.81 55.81 54.68 +6.37
SoftNet, ¢ = 90% 79.72 7425 70.00 6635 63.19 60.04 5736 5538 54.14 +5.83

Table 7: Classification accuracy of ResNet18 on CUB-200-2011 for 10-way 5-shot incremental
learning (TOPIC class split Tao et al. (2020)). * denotes results reported from Shi et al. (2021).
represents our reproduced results.

Th

Method T 7 3 3 5 5 7 8 9 01T with oRT
cRT Shi et al. (2021)" 7716 7441 7131 6808 6557 6308 6244 6129 60.12 5985 5930 -
Joint-training Shi ctal. (2021) 7716 7430 69.83 6717 6472 6225 5977 59.05 5799 5781 5682  -2.48
Baseline Shi et al. (2021) 7716 7400 7021 6607 6390 6135 6001 5866 5633 5612 5507 423
iCaRL Rebuffi et al. (2017)" 7505 6090 5765 5451 5083 4821 4695 4574 4321 4301 4127  -18.03
Rebalance Hou et al. (2019)* 7744 5810 5015 4480 30.12 3444 3173 2975 2756 2693 2530  -34.00
FSLL Mazumder et al, 2021)* 7716 7185 66.53 5995 5801 5700 5606 5478 5224 5201 5147  -7.83
iCaRL Rebuffi et al. (2017) 6868 5265 4861 4416 3662 2952 2783 2626 2401 2389 2116 -39.92
Rebalance Hou et al. (2019) 6868 5712 4421 2878 2671 2566 2462 2152 20.12 2006 1987 -4121
TOPIC Cheraghian ctal. (2021)  68.68 6249 5481 4999 4525 4140 3835 3536 3222 2831 2628 -34.80
SPPR Zhu et al. (2021) 68.68 6185 5743 5268 5010 4688 4465 4307 40.17 3963 3733 -21.97
CEC Zhang et al. (2021) 7585 7194 6850 6350 6243 5827 5773 5581 5483 5352 5228  -7.02
F2M Shi et al. (2021) 7113 7392 7027 6637 6434 6169 6052 5038 57.15 5694 5589  -341
LIMIT Zhou et al. (2022) 7580 7355 7199 68.14 6742 6361 6240 6135 5001 5866 5741  -189
MetaFSCIL Chi et al. (2022) 7500 7241 6878 6478 6296 5999 5830 5685 5478 5382 5264  -6.66
ALICE Peng et al. (2022) 7740 7270 7060 6720 6590 6340 62.90 6190 60.50 60.60 60.10  -0.02
Entropy-Reg Liu et al. (2022) 7500 7214 68.64 6376 6258 5911 5782 5589 5492 5358 5239  -691
FSLL Mazumder etal. 2021) 7277 6933 6551 6266 61.10 5865 5778 5726 5550 5530 5421  -6.87
FSLL+SS Mazumder et al. 2021)  75.63 7181 68.16 6432 6261 60.10 5882 5870 5645 5641 5582  -526
HardNet, ¢ = 88% 7689 7340 6977 6615 6400 6098 59.56 58.05 5605 5584 5520  -4.10
HardNet, ¢ = 90% 7723 7362 7020 6636 6432 6140 5986 5828 5636 5588 5530  -4.00
HardNet, ¢ = 93% 7776 7397 7041 66.60 6447 6135 5980 5818 5617 5573 5518  -4.12
SoftNet, ¢ — 88% 78.14 7461 7128 6746 6514 6230 6084 5917 5741 5712 5664  -2.66
SoftNet, ¢ — 90% 7807 7458 7137 6754 6537 6260 6107 5937 5753 5721 5675  -2.55
SoftNet, ¢ — 93% 7811 7451 7114 6227 6514 6227 6077 5903 57.13 5677 5628  -3.02

This point makes it difficult to train AANet on a few samples even though the performance at session
1 is comparable with SoftNet as shown in Table 8.
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Table 8: Classification accuracy of ResNet18 on CIFAR-100 for 5-way 5-shot incremental learning
with the same class split as in TOPIC (Cheraghian et al., 2021). * denotes the results reported from
Shi et al. (2021). T represents our reproduced results.

sessions The gap
Method I 5 3 7T 3 6 7 8 9 with cRT

cRT Shi et al. (2021)* 7228 69.58 65.16 61.41 5883 55.87 5328 51.38 49.51
AANet Liuetal. 2021)f  79.05 67.52 6233 56.10 51.92 4592 4592 4838 4721 -2.30

HardNet, ¢ = 50% 7835 7412 70.13 65.88 62.74 59.56 5798 5631 54.32 +4.81
HardNet, ¢ = 80% 79.27 7538 71.11 66.68 6332 60.06 58.16 5640 54.31 +4.80
HardNet, ¢ = 90% 7922 7477 70.89 6641 6290 5948 58.10 56.13 53.92 +4.41
SoftNet, ¢ = 50% 79.88 7554 71.64 6747 6445 61.09 59.07 5729 5533 +5.82
SoftNet, ¢ = 80% 80.33 76.23 72.19 67.83 64.64 6139 59.32 57.37 5494 +5.43
SoftNet, ¢ = 90% 7997 7575 7176 6736 64.09 6091 59.07 5694 54.76 +5.25

E LIMITATIONS AND FUTURE WORKS

Our method employs two sets of subnetworks. One is the major subnetworks, whereas the other is
minor subnets. Since the former serve their duty to retain the base session knowledge, once the major
subnetwork is tuned, there could be a potential loss of previously acquired knowledge. Furthermore,
we explicitly divide SoftNet by the magnitude criterion. As a result, when SoftNet parameters are
exposed, the essential parameters will be vulnerable to intentional attacks. It could result in the leak
of knowledge maintained by SoftNet. First, to avoid tunning the major subnetwork issue, the new
session learner should know the model sparsity for maintaining base session knowledge. Second, to
address the leaking information issue, the binary mask should be encoded by a compression method
to reduce model capacity and protect the privacy of task knowledge. Moreover, in FSCIL tasks,
SoftNet alleviates overfitting issues while effectively maintaining base-session performance. In future
work, we consider expanding the model parameters to acquire a long sequence of incoming new class
knowledge depending on the data or task size, i.e., CIL tasks.
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Table 9: Classification accuracy of ResNet18 on CIFAR-100 for 5-way 5-shot incremental learning.
Underbar denotes the comparable results with baseline. * denotes the results reported from Shi et al.
(2021).

The gap
Method I 7 3 3 5 6 7 g 9 with cRT
cRT Shi ct al. (2021 6518 63890 6020 5723 5371 5039 4877 4729 4528 }
Joini-training Shi ctal. 2021)  65.18 6145 5736 53.68 5084 47.33 4479 4262 4008  -5.20
Baseline Shi et al. (2021) 65.18 6167 5861 5511 5186 4943 47.60 45.64 4383  -145

iCaRL Rebuffi et al. (2017)* 66.52 57.26 5427 50.62 4733 4499 43.14 41.16 39.49 -5.79
Rebalance Hou et al. (2019)* 66.66 6142 5729 53.02 4885 4568 43.06 40.56 3835 -6.93
FSLL Mazumder et al. (2021)*  65.18 56.24 5455 51.61 49.11 4727 4535 4395 4222 -3.08

iCaRL Rebuffi et al. (2017) 64.10 53.28 41.69 34.13 2793 2506 2041 1548 13.73 -31.55
Rebalance Hou et al. (2019) 64.10 53.05 4396 3697 31.61 2673 2123 16.78 13.54 -31.74
TOPIC Cheraghian et al. (2021)  64.10 55.88 47.07 45.16 40.11 3638 3396 31.55 29.37 -15.91
F2M Shi et al. (2021) 64.71 62.05 59.01 5558 5255 49.96 48.08 46.28 44.67 -0.61
FSLL Mazumder et al. (2021) 64.10 55.85 51.71 48.59 4534 4325 4152 39.81 38.16 -7.12
HardNet, ¢ = 10% 2897 27.71 26.08 24.68 2334 2202 21.12 2048 19.50 -25.78
HardNet, ¢ = 20% 37.42 3529 3322 3132 2951 2780 2654 2528 24.16 -21.12
HardNet, ¢ = 30% 5547 5237 4938 46.53 43.88 41.50 39.58 37.82 36.06 -9.22
HardNet, ¢ = 40% 57.52 53.85 50.62 47.74 4490 42.64 40.76 38.95 37.07 -8.21
HardNet, ¢ = 50% 64.80 60.77 56.95 53.53 5040 47.82 4593 43.95 4191 -3.37
HardNet, ¢ = 60% 66.72 6221 58.14 5460 5147 48.86 46.67 44.67 42.66 -2.62
HardNet, ¢ = 70% 68.27 63.52 5945 5589 5291 50.30 4827 46.25 4422 -1.06
HardNet, ¢ = 80% 69.65 64.60 60.59 5693 53.60 50.80 48.69 46.69 44.63 -0.65
HardNet, ¢ = 90% 70.85 65.84 61.59 57.92 54.65 5190 49.79 47.66 4547 +0.19
HardNet, ¢ = 93% 7122 6620 62.00 5834 55.04 5234 5022 48.07 46.04 +0.76
HardNet, ¢ = 95% 71.73 6631 62.17 5844 5498 5220 50.17 4797 4587 +0.59
HardNet, ¢ = 97% 71.85 66.48 62.29 58.62 5536 52.55 50.60 4843 46.22 +0.94
HardNet, ¢ = 99% 7195 66.83 62.75 59.09 5592 53.03 50.78 48.52 4631 +1.03
SoftNet, ¢ = 10% 60.77 57.02 53.62 50.51 47.67 45.14 4332 416 39.58 -5.70
SoftNet, ¢ = 20% 64.67 60.69 57.15 53.77 50.76 48.28 46.24 4423 4231 -2.97
SoftNet, ¢ = 30% 67.00 62.18 5822 54.69 51.82 49.12 47.13 4498 4244 -2.84
SoftNet, ¢ = 40% 67.50 63.11 5929 5561 5253 4985 47.85 4584 43.85 -1.43
SoftNet, ¢ = 50% 69.20 64.18 60.01 56.43 53.11 50.62 48.60 46.51 44.61 -0.67
SoftNet, ¢ = 60% 69.15 63.68 59.54 56.05 52.72 50.10 4820 46.18 44.15 -1.13
SoftNet, ¢ = 70% 7092 65.16 61.00 57.25 54.09 51.37 4929 47.03 44.90 -0.38
SoftNet, ¢ = 80% 7038 65.04 60.94 5726 54.13 51.58 49.52 4736 45.16 -0.12
SoftNet, ¢ = 90% 7225 66.82 62.63 5898 55.64 5277 50.71 4842 46.15 +0.87
SoftNet, ¢ =93% 7138 6593 61.89 5820 54.87 51.83 4982 47.57 4547 +0.19
SoftNet, ¢ = 95% 7223 6694 62.56 5884 55.65 52.74 50.61 4847 46.27 +0.99
SoftNet, ¢ =97% 70.88 6572 61.38 57.88 54.63 51.82 49.57 4730 45.19 -0.09
SoftNet, ¢ = 99% 72.62 67.31 63.05 5939 56.00 5323 51.06 48.83 46.63 +1.35
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Table 10: Classification accuracy of ResNet18 v.s. ResNet20 on CIFAR-100 for 5-way 5-shot FSCIL
with varying capacity c. Underbar denotes the comparable results with baseline. * denotes results
reported from Shi et al. (2021).

sessions The gap
Method T 2 3 1 5 6 7 3 9 with cRT

ResNet18, cRT Shi et al. (2021) 65.18 63.89 6020 5723 5371 5039 4877 4729 4528 -
ResNet18, Joint-training Shi et al. (2021)  65.18 6145 5736 53.68 50.84 4733 4479 4262 4008  -5.20
ResNet18, Baseline Shi et al. (2021) 65.18 61.67 58.61 5511 51.86 4943 47.60 4564 4383  -1.45
ResNet18, HardNet, c = 10% 2897 2771 2608 24.68 2334 2202 21.12 2048 1950  -25.78
ResNet18, HardNet, ¢ = 20% 3742 3529 3322 3132 2951 27.80 2654 2528 2416  -21.12
ResNet18, HardNet, ¢ = 30% 5547 5237 4938 46.53 43.88 41.50 39.58 37.82 3606  -9.22
ResNet18, HardNet, ¢ = 40% 5752 53.85 50.62 4774 4490 42.64 4076 3895 37.07  -821
ResNet18, HardNet, ¢ = 50% 64.80 6077 5695 53.53 5040 47.82 4593 4395 4191  -3.37
ResNet18, HardNet, ¢ = 60% 6672 6221 58.14 5460 5147 4886 46.67 44.67 4266  -2.62
ResNet18, HardNet, ¢ = 70% 6827 63.52 5945 5589 5291 5030 4827 4625 4422  -1.06
ResNet18, HardNet, ¢ = 80% 69.65 64.60 60.59 5693 53.60 50.80 48.69 46.69 44.63  -0.65
ResNet18, HardNet, ¢ = 90% 70.85 65.84 61.59 5792 54.65 5190 4979 47.66 4547  +0.19
ResNet18, HardNet, ¢ = 93% 7122 6620 62.00 5834 5504 5234 5022 48.07 4604  +0.76
ResNet18, HardNet, ¢ = 95% 7173 6631 62.17 5844 5498 5220 50.17 4797 4587  +0.59
ResNet18, HardNet, ¢ = 97% 7185 6648 6229 58.62 5536 52.55 50.60 4843 4622  +0.94
ResNet18, HardNet, ¢ = 99% 7195 66.83 6275 59.09 5592 53.03 5078 4852 4631  +1.03
ResNet18, SoftNet, ¢ = 10% 60.77 57.02 53.62 5051 47.67 4514 4332 416 3958 57
ResNet18, SoftNet, ¢ = 20% 64.67 60.69 57.15 5377 5076 4828 4624 4423 4231 297
ResNet18, SoftNet, ¢ = 30% 67.00 62.18 5822 54.69 51.82 49.12 47.13 4498 4244 284
ResNet18, SoftNet, ¢ = 40% 67.50 63.11 5929 55.61 52.53 49.85 47.85 4584 4385  -143
ResNet18, SoftNet, ¢ = 50% 6920 64.18 6001 5643 5311 50.62 48.60 46.51 4461  -0.67
ResNet18, SoftNet, ¢ = 60% 69.15 63.68 59.54 5605 5272 50.10 4820 46.18 44.15  -1.13
ResNet18, SoftNet, ¢ = 70% 7092 6516 61.00 5725 54.09 5137 4929 47.03 4490  -0.38
ResNet18, SoftNet, ¢ = 80% 7038 65.04 6094 5726 5413 5158 49.52 4736 4516  -0.12
ResNet18, SoftNet, ¢ = 90% 7225 66.82 62.63 5898 55.64 5277 5071 4842 46.15  +0.87
ResNet18, SoftNet, ¢ = 93% 7138 6593 61.89 5820 54.87 51.83 49.82 47.57 4547  +0.19
ResNet18, SoftNet, ¢ = 95% 7223 6694 62.56 58.84 5565 5274 50.61 4847 4627  +0.99
ResNet18, SoftNet, ¢ = 97% 70.88 6572 6138 57.88 54.63 51.82 49.57 4730 4519  -0.09
ResNet18, SoftNet, ¢ = 99% 7262 6731 63.05 5939 5600 5323 51.06 48.83 46.63  +1.35
ResNet20, HardNet, ¢ = 10% 5350 5052 4779 4511 4257 4038 3888 3743 3560 950
ResNet20, HardNet, ¢ = 20% 61.83 5824 5517 5192 49.07 46.68 4502 4331 4140  -3.88
ResNet20, HardNet, ¢ = 30% 66.68 62.81 59.54 5612 5321 50.52 48.85 4693 44.84 044
ResNet20, HardNet, ¢ = 40% 6831 64.17 6072 57.19 5426 5179 50.13 48.01 4593  +0.65
ResNet20, HardNet, ¢ = 50% 7073 66.56 63.10 59.59 56.58 53.87 51.86 49.72 4746  +2.18
ResNet20, HardNet, ¢ = 60% 7190 67.64 6384 6022 57.06 5430 52.53 5053 4834  +3.06
ResNet20, HardNet, ¢ = 70% 7141 6744 6376 60.02 5684 54.14 5254 5042 4824  +2.96
ResNet20, HardNet, ¢ = 80% 7197 6765 6393 60.14 57.12 5444 5272 50.67 4843  +3.15
ResNet20, HardNet, ¢ = 90% 7182 6773 6421 6044 5744 5493 53.14 51.03 4886  +3.58
ResNet20, HardNet, ¢ = 93% 7228 6799 6448 60.83 57.64 5516 5327 51.11 4893  +43.65
ResNet20, HardNet, ¢ = 95% 7213 68.14 64.50 6074 57.68 5512 53.17 5123 4897  +3.69
ResNet20, HardNet, ¢ = 97% 7190 6781 64.11 6024 57.14 5441 5274 5071 48.67  +339
ResNet20, SoftNet, ¢ = 10% 53.13 4973 4685 44.01 4154 3945 3784 3630 3462  -10.66
ResNet20, SoftNet, ¢ = 20% 60.15 5625 5326 50.16 4746 4523 4375 41.84 3990  -538
ResNet20, SoftNet, ¢ = 30% 64.65 59.99 5665 5345 5042 48.02 4648 44.61 4243 285
ResNet20, SoftNet, ¢ = 40% 66.77 62.55 5935 5563 5270 5021 48.54 46.60 4450  -0.78
ResNet20, SoftNet, ¢ = 50% 6820 6421 6078 57.15 5420 51.53 49.84 4792 4584  +0.56
ResNet20, SoftNet, ¢ = 60% 68.63 6476 61.00 57.53 5456 5211 5034 4841 4630  +1.02
ResNet20, SoftNet, ¢ = 70% 7038 66.16 62.63 5893 5581 53.11 5138 4929 47.08  +1.80
ResNet20, SoftNet, ¢ = 80% 70.87 6647 62.85 5928 5627 53.84 5201 50.16 48.01  +2.73
ResNet20, SoftNet, ¢ = 90% 7263 68.60 64.96 61.25 57.98 5532 5348 5146 4920  +3.92
ResNet20, SoftNet, ¢ = 93% 7253 6845 64.59 60.80 5748 5491 53.19 51.03 48.83 4355
ResNet20, SoftNet, ¢ = 95% 7258 68.30 64.57 60.83 57.67 5486 53.11 5121 49.06  +3.78
ResNet20, SoftNet, ¢ = 97% 7280 6846 64.61 6090 57.63 5495 5326 51.12 4895  +3.67
ResNet20, SoftNet, ¢ = 99% 7178 6779 63.86 60.07 57.05 5432 5234 5028 48.11  +2.83
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Table 11: Classification accuracy of ResNetl8 on minilmageNet for 5-way 5-shot incremental
learning. Underbar denotes the comparable results with baseline. * denotes results reported from Shi
et al. (2021).

sessions The gap
Method T ) 3 3 5 6 7 g 9 with cRT
oRT Shi et al. (2021) 6730 6415 6059 5732 5422 5143 4892 4678 44.85 ;
Joint-training Shi et al. 2021)  67.30 6234 5779 5408 5093 47.65 44.64 4261 4029  -456
Baseline Shi ct al. (2021) 6730 6318 5962 5633 5328 5050 47.96 4585 4388  -0.97
iCaRL Rebuffi ctal (2017)"  67.35 5991 5564 52.60 4943 4673 4413 4217 4029 456

Rebalance Hou et al. (2019)* 6791 63.11 5875 54.83 50.68 47.11 4388 41.19 38.72 -6.13
FSLL Mazumder et al. (2021)*  67.30 59.81 57.26 54.57 52.05 49.42 4695 4494 4287 -1.11
iCaRL Rebuffi et al. (2017) 61.31 4632 4294 37.63 3049 2400 20.89 1880 17.21 -27.64
Rebalance Hou et al. (2019) 61.31 47.80 3931 3191 2568 2135 18.67 1724 14.17 -30.68
TOPIC Cheraghian et al. (2021)  61.31  50.09 45.17 41.16 37.48 3552 3219 2946 2442 -20.43
IDLVQ-C Chen and Lee (2020)  64.77 59.87 5593 52.62 49.88 4755 44.83 43.14 41.84 -3.01

F2M Shi et al. (2021) 6728 63.80 60.38 57.06 54.08 5139 4882 46.58 44.65 -0.20
FSLL Mazumder et al. (2021) 66.48 61.75 58.16 54.16 51.10 4853 46.54 4420 4228 -2.57
HardNet, ¢ = 10% 970 846 813 7.67 735 678 6.55 6.3 5.8 -39.05
HardNet, ¢ = 20% 2495 2220 20.66 1939 1832 17.41 16.64 1579 15.28 -29.57
HardNet, ¢ = 30% 44.08 40.66 3824 36.06 33.65 31.84 3025 29.01 28.02 -16.83
HardNet, ¢ = 40% 37.05 3494 3225 30.72 29.09 2753 2584 2476 23.71 -21.14
HardNet, ¢ = 50% 65.13 6037 56.12 53.17 50.17 47.74 4534 4335 42.13 -2.72
HardNet, ¢ = 60% 7332 67777 63.46 60.13 57.13 5036 47.88 46.05 44.59 -0.26
HardNet, ¢ = 70% 7175 66.66 62.19 5885 55.74 52.82 50.14 4845 47.01 +2.16
HardNet, ¢ = 80% 69.73 6446 6042 57.09 54.09 51.18 4876 46.81 45.66 +0.81
HardNet, ¢ = 90% 64.68 59.80 5570 52.82 50.01 47.30 45.17 4334 42.09 -2.76
HardNet, ¢ = 93% 67.17 61.74 57.53 5443 5152 4886 4642 44.68 4343 -1.42
HardNet, ¢ = 95% 64.72  60.13 56.05 53.25 5020 47.62 4511 4340 4233 -2.52
HardNet, ¢ = 97% 63.92 5885 5512 52.16 4944 46.78 44.48 42.68 41.52 -3.33
HardNet, ¢ = 99% 6728 62.17 58.06 55.05 5201 49.12 4692 4507 43.90 -0.95
SoftNet, ¢ =10% 62.75 5826 53.80 50.82 47.68 4486 42.05 39.86 38.15 -6.70
SoftNet, ¢ = 20% 68.33 6276 58.60 5525 52.07 4936 4648 4421 4252 -2.33
SoftNet, ¢ = 30% 7220 6692 6256 59.16 56.07 53.10 50.59 48.46 47.03 +2.18
SoftNet, ¢ = 40% 72.58 6734 6291 59.65 56.72 5400 51.46 4939 48.11 +3.26
SoftNet, ¢ =50% 72.83 6723 62.82 5941 5644 5355 5092 4899 47.60 +2.75
SoftNet, ¢ = 60% 7383 6778 63.46 60.21 5727 5442 5174 4994 48.57 +3.72
SoftNet, ¢ = 70% 75.15 69.06 64.79 6140 5838 5549 5287 50.89 49.69 +4.84
SoftNet, ¢ = 80% 76.63 70.13 6592 6252 5949 56.56 53.71 51.72 50.48 +5.63
SoftNet, ¢ =90% 77.00 7038 6594 6245 5932 5625 5376 51.75 50.39 +5.54
SoftNet, ¢ =93% 7397 6739 6335 5990 56.89 54.18 51.61 49.71 4845 +3.60
SoftNet, ¢ = 95% 7622 69.64 6522 6191 58.84 5575 53.07 51.18 49.84 +4.99
SoftNet, ¢=97% 7717 7032 66.15 62.55 5948 5646 5371 51.68 50.24 +5.39
SoftNet, ¢ = 99% 76.80 69.79 6544 62.01 58.87 5594 5321 5125 50.04 +5.19
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