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Abstract

This paper considers incremental few-shot learning, which requires a model to
continually recognize new categories with only a few examples provided. Our
study shows that existing methods severely suffer from catastrophic forgetting,
a well-known problem in incremental learning, which is aggravated due to data
scarcity and imbalance in the few-shot setting. Our analysis further suggests that
to prevent catastrophic forgetting, actions need to be taken in the primitive stage —
the training of base classes instead of later few-shot learning sessions. Therefore,
we propose to search for flat local minima of the base training objective function
and then fine-tune the model parameters within the flat region on new tasks. In
this way, the model can efficiently learn new classes while preserving the old ones.
Comprehensive experimental results demonstrate that our approach outperforms
all prior state-of-the-art methods and is very close to the approximate upper bound.
The source code is available at https://github.com/moukamisama/F2M.

1 Introduction

Why study incremental few-shot learning? Incremental learning enables a model to continually
learn new concepts from new data without forgetting previously learned knowledge. Rooted from
real-world applications, this topic has attracted a significant amount of interest in recent years [3, 30,
31,140,126]. Incremental learning assumes sufficient training data is provided for new classes, which
is impractical in many application scenarios, especially when the new classes are rare categories
which are costly or difficult to collect. This motivates the study of incremental few-shot learning, a
more difficult paradigm that aims to continually learn new tasks with only a few examples.

Challenges. The major challenge for incremental learning is catastrophic forgetting (14, 28, 135],
which refers to the drastic performance drop on previous tasks after learning new tasks. This phe-
nomenon is caused by the inaccessibility to previous data while learning on new data. Catastrophic
forgetting presents a bigger challenge for incremental few-shot learning. Due to the small amount of
training data in new tasks, the model tends to severely overfit on new classes while quickly forgetting
old classes, resulting in catastrophic performance.

Current research. The study of incremental few-shot learning has just started [47, 41,160, 9, I8,
34,159]. Current works mainly borrow ideas from research in incremental learning to overcome the
forgetting problem, by enforcing strong constraints on model parameters to penalize the changes
of parameters [34, [28, 56], or by saving a small amount of exemplars from old classes and adding
constraints on the exemplars to avoid forgetting [40, 20, 4]. However, in our empirical study, we
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find that an intransigent model that only trains on base classes and does not tune on new tasks
consistently outperforms state-of-the-art methods, including a joint-training method [47] that uses
all encountered data for training and hence suffers from severe data imbalance. This observation
motivates us to address this harsh problem from a different angle.

Our solution. Unlike existing solutions that try to overcome the catastrophic forgetting problem
during the process of learning new tasks, we adopt a different approach by considering this issue
during the training of base classes. Specifically, we propose to search for flat local minima of the
base training objective function. For any parameter vector in the flat region around the minima, the
loss is small, and the base classes are supposed to be well separated. The flat local minima can be
found by adding random noise to the model parameters for multiple times and jointly optimizing
multiple loss functions. During the following incremental few-shot learning stage, we fine-tune the
model parameters within the flat region, which can be achieved by clamping the parameters after
updating them on few-shot tasks. In this way, the model can efficiently learn new classes while
preserving the old ones. Our key contributions are summarized as follows:

* We conduct a comprehensive empirical study on existing incremental few-shot learning
methods and discover that a simple baseline model that only trains on base classes outper-
forms state-of-the-art methods, which demonstrates the severity of catastrophic forgetting.

* We propose a novel approach for incremental few-shot learning by addressing the catas-
trophic forgetting problem in the primitive stage. Through finding the flat minima region
during training on base classes and fine-tuning within the region while learning on new
tasks, our model can overcome catastrophic forgetting and avoid overfitting.

» Comprehensive experimental results on CIFAR-100, minilmageNet, and CUB-200-2011
show that our approach outperforms all state-of-the-art methods and achieves performance
that is very close to the approximate upper bound.

2 Related Work

Few-shot learning aims to learn to generalize to new categories with a few labeled samples in each
class. Current few-shot methods mainly include optimization-based methods [12, 23, 32, 39, 45,
46, 155] and metric-based methods [13, [19, 144, 149, 152, 158, 157, I53]. Optimization-based methods
can achieve fast adaptation to new tasks with limited samples by learning a specific optimization
algorithm. Metric-based approaches exploit different distance metrics such as L2 distance [44],
cosine similarity [49], and DeepEMD [58] in the learned metric/embedding space to measure the
similarity between samples. Recently, Tian et al. [48] find that standard supervised training can
learn a good metric space for unseen classes, which echoes with our observation on the proposed
baseline model in Sec.[3

Incremental learning focuses on the challenging problem of continually learning to recognize new
classes in new coming data without forgetting old classes [6, [7, [10, 51]]. Previous research mainly
includes multi-class incremental learning [4, [38, 22,133,154, 151] and multi-task incremental learning
[21, 131, 42]. To overcome the catastrophic forgetting problem, some attempts propose to impose
strong constraints on model parameters by penalizing the changes of parameters [28, [1]]. Other at-
tempts try to enforce constraints on the exemplars of old classes by restricting the output logits [40]
or penalizing the changes of embedding angles [20]. In this work, our empirical study shows that
imposing strong constraints on the arriving new classes may not be a promising way to tackle incre-
mental few-shot learning, due to the scarcity of training data for new classes.

Incremental few-shot learning [47,141,,160,19,/8] aims to incrementally learn from very few samples.
TOPCI [47)] proposes a neural gas network to learn and preserve the topology of the feature manifold
formed by different classes. FSLL [34] only selects few model parameters for incremental learning
and ensures the parameters are close to the optimal ones. To overcome catastrophic forgetting,
IDLVQC [[8] imposes constraints on the saved exemplars of each class by restricting the embedding
drift, and Zhang et al. [59] propose to fix the embedding network for incremental learning. Similar
to the finding of Zhang et al., we also discover that an intransigent model that simply does not adapt
to new tasks can outperform prior state-of-the-art methods.

Robust optimization. It has been found that flat local minima leads to better generalization capabil-
ities than sharp minima in the sense that a flat minimizer is more robust when the test loss is shifted



due to random perturbations [[18, [17, [24]. A substantial body of methods [2,[37, 11, 15] have been
proposed to optimize neural networks towards flat local minima. In this paper, we show that for
incremental few-shot learning, finding flat minima in the base session and tuning the model within
the flat region on new tasks can significantly mitigate catastrophic forgetting.

3 Severity of Catastrophic Forgetting in Incremental Few-Shot Learning

3.1 Problem Statement

Incremental few-shot learning (IFL) aims to continually learn to recognize new classes with only few
examples. Similar to incremental learning (IL), an IFL model is trained by a sequence of training
sessions {D!,--- D'}, where D! = {z; = (af,y!)}i is the training data of session ¢ and z! is an
example of class y! € C! (the class set of session t). In IFL, the base session D! usually contains
a large number of classes with sufficient training data for each class, while the following sessions
(t > 2) only have a small number of classes with few training samples per class, e.g., D! is often
presented as an N-way K-shot task with small N and K. The key difference between IL and
IFL is, for IL, sufficient training data is provided in each session. Similar to IL, in each training
session t of IFL, the model has only access to the training data D! and possibly a small amount of
saved exemplars from previous sessions. When the training of session ¢ is completed, the model is
evaluated on test samples from all encountered classes C = | J_, C’, where it is assumed that there
is no overlap between the classes of different sessions, i.e., Vi, j and i # j, Ct N Cci = (.

Catastrophic forgetting. IFL is undoubtedly a more challenging problem than IL due to the
data scarcity setting. IL suffers from catastrophic forgetting, a well-known phenomenon and long-
standing issue, which refers to the drastic drop in test performance on previous (old) classes, caused
by the inaccessibility of old data in the current training session. Unfortunately, catastrophic forget-
ting is an even bigger issue for IFL, because data scarcity makes it difficult to adapt well to new
tasks and learn new concepts, while the adaptation process could easily lead to the forgetting of base
classes. In the following, we illustrate this point by evaluating a simple baseline model for IFL.

3.2 A Simple Baseline Model for IFL

We consider an intransigent model that simply does not adapt to new tasks. Particularly, the model
only needs to be trained in the base session D! and is directly used for inference in all sessions.

Training (t = 1). We train a feature extractor f parameterized by ¢ with a fully-connected layer
as classifier by minimizing the standard cross-entropy loss using the training examples of D'. The
feature extractor f is fixed for the following sessions (f > 2) without any fine-tuning on new classes.

Inference (test). In each session, the inference is conducted by a simple nearest class mean (NCM)
classification algorithm [36]. Specifically, all the training and test samples are mapped to the embed-
ding space of the feature extractor f, and Euclidean distance d(-, -) is used to measure the similarity
between them. The classifier is given by

1
cp = argenclind(f(:zr; ®),pe), where p. = N Z Ly = ¢)f(zi; 0), (H

i
where C denotes all the encountered classes, p. refers to the prototype of class ¢ (the mean vector
of all the training samples of class c in the embedding space), and N, denotes the number of the
training images of class c. Note that we save the prototypes of all classes in C* for later evaluation.

The baseline model outperforms state-of-the-art IFL and IL methods. We compare the
above baseline model against state-of-the-art IFL. methods including FSLL [34], IDLVQC [8] and
TOPIC [47], IL methods including Rebalance [20] and iCarl [40], and a joint-training method that
uses all previously seen data including the base and the following few-shot tasks for training, for IFL.
The performance is evaluated on minilmageNet, CIFAR-100, and CUB-200. We tune the methods
re-implemented by us to the best performance. For the other methods, we use the results reported in
the original papers. The experimental details are provided in Sec.[3l As shown in Fig.[I] the base-
line model consistently outperforms all the compared methods including the joint-training method
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Figure 1: Comparison of the proposed baseline model with state-of-the-art IFL and IL methods and
the joint-training method.The baseline model outperforms all the other methods.

(which suffers from severe data imbalance) on every datasel. The fact that an intransigent model
performs best suggests that

* For IFL, preserving the old (base classes) may be more critical than adapting to the new.
Due to data scarcity, the performance gain on new classes is limited and cannot make up
for the significant performance drop on base classes.

* Prior works [47,18,34,120,140] that enforce strong constraints on model parameters or exem-
plars during fine-tuning on new classes cannot effectively prevent catastrophic forgetting
in IFL, indicating that actions may need to be taken in the base training stage.

4 Overcoming Catastrophic Forgetting in IFL by Finding Flat Minima

The goal of IFL is to preserve the old while adapting to the new efficiently. The results and analysis
in Sec.Blsuggest that it might be “a bit late” to try to prevent catastrophic forgetting in the few-shot
learning sessions (¢t > 2), which motivates us to consider this problem in the base training session.

Overview of our approach. To overcome catastrophic forgetting in IFL, we propose to find a b-flat
(b > 0) local minima 6* of the base training objective function and then fine-tune the model within
the flat region in later few-shot learning sessions. Specifically, for any parameter vector ¢ in the flat
region, i.e., 0* —b <X 6 =< 0* +b, the risk (loss) of the base classes is minimized such that the classes
are well separated in the embedding space of fy. In the later incremental few-shot learning sessions
(t > 2), we fine-tune the model parameters within this region to learn new classes, i.e., to find

¢’ = argmin > L(z:0), st 0 —b=0= 0" +b.
zeD?t
As such, the fine-tuned model 6’ can adapt to new classes while preserving the old ones. Also, due
to the nature of few-shot learning, to avoid excessive training and overfitting, it suffices to tune the

model in a relatively small region. A graphical illustration of our approach and prior arts, as well as
the notions of sharp minima and flat minima, are presented in Fig.

4.1 Searching for Flat Local Minima in the Base Training Stage

A formal definition of b-flat local minima is given as follows.

Definition 1 (b-Flat Local Minima). Given a real-valued objective function L(z;8), for any b > 0,
0* is a b-flat local minima of L(z; 0), if the following conditions are satisfied.

* Condition 1: L(z;0*) = L(z;0* + €), where —b < ¢ < bandb; = b.

* Condition 2: there exist ¢ < 0* —band ca = 0* + b, s.t. L(z;0) > L(z;0%), where
c1 <0 <0*—band L(2;0") < L(2;0), where 6* +b < 0 < ca.

3We notice that a similar observation is made in a newly released paper [539].
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Figure 2: Illustration of our approach and existing solutions. — indicates the incremental learning
steps on new classes. R; and Ry respectively denote the loss of base classes before and after mini-
mizing the loss of new classes. (a) SGD finds sharp minima in the base training. Directly tuning the
model on new classes will result in a severe performance drop on base classes. (b) Enforcing strong
constraints on parameters by penalizing parameter changes [, 28, 34] may still lead to a significant
performance drop on base classes. (c) Finding flat local minima of base classes and clamping the pa-
rameters after trained on new classes to make them fall within the flat region can effectively mitigate
catastrophic forgetting.

In practice, it is hard to find the flat local minima that strictly satisfies the above definition, which
may not even exist. Hence, our goal is to find an approximately flat local minima of the base training
objective function. To this end, we propose to add some small random noise to the model parameters.
The noise can be added for multiple times to obtain similar but different loss functions, which will
be optimized together to locate the flat minima region. The intuition is clear — the parameter vectors
around the flat local minima also have small function values.

To formally state the idea, we assume that the model is parameterized by 6 = {¢, v}, where ¢
denotes the parameters of the embedding network and v denotes the parameters of the classifier.
z denotes a labelled training sample. Denote the loss function by £: R% — R. Our target is to
minimize the expected loss function R: RY — R w.r.t. the joint distribution of data z and noise ¢,

1.€.,
/d /d (
Rde JR9=

where P(z) is the data distribution and P(e) is the noise distribution, and z and e are independent.
Since it is impossible to minimize the expected loss, we minimize its estimation, the empirical loss,
which is given by

23¢9+ €,9) dP(2)dP(e) = E[L(z; ¢ + €, 9)], 2

M
1
L(0) = Vi Zﬁbase(z;¢+ €;,%), where 3)
j=1
Ebase( ¢+€J7¢ |,D1| Z ﬁce ¢+€J7¢ |C1| Z ||pc pc”g, (4)
zeD? ceCl

where €, is a noise vector sampled from P(e), M is the sampling times, L..(z; ¢ + €;,1) refers
to the cross-entropy loss of a training sample z, and p. and p} are the class prototypes before and
after injecting noise respectively. The first term of Ly, is designed to find the flat region where
the parameters ¢ of the embedding network can well separate the base classes. The second term
enforces the class prototypes fixed within such region, which is designed to solve the prototype
drift problem [54, 8] (the class prototypes change after updating the network) in later incremental
learning sessions such that the saved base class prototypes can be directly used for evaluation in later
sessions.

4.2 Incremental Few-shot Learning within the Flat Region

In the incremental few-shot learning sessions (¢ > 2), we fine-tune the parameters ¢ of the embed-
ding network within the flat region to learn new classes. It is worth noting that while the flat region



Algorithm 1: F2M

Input: the flat region bound b, randomly initialized 6 = {¢, 1}, the step sizes « and (3.
// Training over base classes t=1
for epoch k = 1,2,... do
forj=1,2,.., M do
Sample a noise vector €; ~ P(¢),s.t. —b <¢; < b;
Add the noise to the parameters of the embedding network, i.e., § = {¢ + €5, ¥}
Compute the base loss Lpqse With Eq.
Reset the parameters, i.e., § = {¢, ¢ };
end
Update § = § — o VL(0) with the loss £ defined in Eq.[3]

end
Normalize and save the prototype of each base class;

// Incremental learning ¢ > 2
Combine the training data D¢ and the exemplars saved in previous few-shot sessions
2<t. <t
for epoch k = 1,2,... do
Compute the metric-based classification loss £,,, by Eq.[5
Update ¢ = ¢ — BV Lo (25 6);
Clamp the parameters ¢ to ensure they fall in the flat minima region;
end
Randomly select and save a few exemplars from the training data D?;
Normalize and save the prototype of each new class;
Output: Model parameters § = {¢, ¥ }.

might be relatively small, it is enough for incremental few-shot learning. Because only few train-
ing samples are provided for each new class, to prevent overfitting in few-shot learning, excessive
training should be avoided and only a small number of update iterations should be applied.

We employ a metric-based classification algorithm with Euclidean distance to fine-tune the parame-
ters. The loss function is defined as

e—d(pe, f(z:9))

Lon(z:¢) == > 1y = c)log T ) 5)
Diepec € PR

2€D ceC

where d(-, -) denotes Euclidean distance, p, is the prototype of class ¢, C = UE:l C? refers to all
encountered classes, and D = Dt (JP denotes the union of the current training data Dt and the
exemplar set P = {Pa, ..., 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 Eq.[Il and those of base classes are saved in
the base session. After updating the embedding network parameters, we clamp them to ensure that
they fall within the flat region, i.e. ¢* — b <X ¢ =< ¢* + b, where ¢* denotes the optimal parameter
vector learned in the base session. After fine-tuning, we evaluate the model using the nearest class
mean classifier as in Eq. I} with previously saved prototypes and newly computed ones. The whole
training process is described in Algorithm[Il Note that to calibrate the estimates of the classifier, we
normalize all prototypes to make those of base classes and those of new classes have the same norm.

4.3 Convergence Analysis

Our aim is to find a flat region within which all parameter vectors work well. We then minimize the
expected loss w.r.t. the joint distribution of noise € and data z. To approximate this expected loss,
we sample from P(e) for multiple times in each iteration and optimize the objective function using
stochastic gradient descent (SGD). Here, we provide theoretical guarantees for our method. Given
the non-convex loss function in Eq.[3, we prove the convergence of our proposed method. The proof
idea is inspired by the convergence analysis of SGD [3, 27].



Formally, in each batch k, let z;, denote the batch data, {Ej}?il be the sampled noises, and oy, be
the step size. In the base training session, we update the model parameters as follows:

M M
Q «
Or+1 =0k — Mk E 1 V Loase (215 O + €5, 1) = O — Mk E 1 9(zk; Or + €5, Uk), (6)
1= 1=

where g(zk; ¢k + €5, Vi) = VLase(2k; Ok + €5, Y is the gradient. To formally analyze the conver-
gence of our algorithm, we define the following assumptions.

Assumption 4.1 (L-smooth risk function). The expected loss function R : R* — R (Eq.[) is
continuously differentiable and L-smooth with constant L > 0 such that

IVR(®) — VR(0")[2 < L||6 - ¢'|. @)

This assumption is significant for the convergence analysis of gradient-based optimization algo-
rithms, since it limits how fast the gradient of the loss function can change w.r.t. the parameter
vector.

Assumption 4.2. The expected loss function satisfies the following conditions:

* Condition 1: R is bounded below by a scalar R*, given the sequence of parameters {0y, }.
* Condition 2: Forallk € Nand j € [1, M],
E.,.c;[9(2k; or + €5, Ur)] = VR(Ok). (8

* Condition 3: There exist scalars m1 > 0 and ma > 0, forall k € Nand j € [1, M),

Ve, 190205 01 + €5, 100)] < ma + ma|[ VR(0,)][3. 9

[E., c;[] denotes the expectation w.r.t. the joint distribution of random variables z; and ¢;, and
V..., [-] denotes the variance. Condition 1 ensures that the expected loss R is bounded by a min-
imum value R* during the updates, which is a natural and practical assumption. Condition 2 as-
sumes that the gradient g(zy; ¢r + €;,1) is an unbiased estimate of VR(6y). This is a strict
assumption made to simplify the proof, but it can be easily relaxed to a general and easily-met con-
dition that there exist yu; > po > 0 satisfying [|E., ,;[9(zx; ér + €5, ¢r)]|l2 < pa||VR(6)|2 and
VR(0k)TE., ¢, [9(zk; ok + €, k)] = p2]|[ VR(0y)||3. Therefore, the convergence can be proved in
a similar way using the techniques presented in the Appendix. Condition 3 assumes the variance of
the gradient g(zx; ¢ + €;, ) cannot be arbitrarily large, which is also reasonable in practice. To
facilitate later analysis, similar to [43], we restrict the step sizes as follows.

Assumption 4.3. The learning rates satisfy:
Zak:oo, Zai<oo. (10)
k=1 k=1

This assumption can be easily met, since in practice the learning rate o is usually far less than 1
and decreases w.r.t. k. Based on the above assumptions, we can derive the following theorem.

Theorem 4.1. Under assumptions and we further assume that the risk function R is
twice differentiable, and that ||V R(0)||3 is La-smooth with constant Ly > 0, then we have

lim E[|VR(6:)|3] = 0. (11)
k—o00
This theorem establishes the convergence of our algorithm. The proof is provided in Appendix A.1.

S Experiments

In this section, we empirically evaluate our proposed method for incremental few-shot learning and
demonstrate its effectiveness by comparison with state-of-the-art methods.



Table 1: Classification accuracy on CIFAR-100 for 5-way 5-shot incremental learning. * indicates
our re-implementation.

Method sessions T.he gap
1 2 3 4 5 6 7 8 9 with cRT
cRT [25]* 65.18 63.89 60.20 57.23 53.71 5039 48.77 47.29 4528 -
Joint-training* 65.18 61.45 57.36 53.68 50.84 4733 4479 42.62 40.08 -5.20
Baseline 65.18 61.67 58.61 5511 51.86 49.43 47.60 4564 43.83 -1.45
iCaRL [40]* 66.52 57.26 5427 50.62 47.33 4499 43.14 41.16 39.49 -5.79
Rebalance [20]* 66.66 61.42 57.29 53.02 4885 45.68 43.06 40.56 3835 -6.93
FSLL [34]* 65.18 56.24 5455 51.61 49.11 4727 4535 4395 4222 -3.08
iCaRL [40] 64.10 53.28 41.69 34.13 2793 25.06 2041 1548 13.73 -31.55
Rebalance [20]  64.10 53.05 4396 36.97 31.61 26.73 2123 16.78 13.54 -31.74
TOPIC [47] 64.10 5588 47.07 45.16 40.11 36.38 3396 31.55 29.37 -15.91
FSLL [34] 64.10 5585 51.71 4859 4534 4325 41.52 39.81 38.16 -7.12
FSLL+SS [34] 66.76 5552 5220 49.17 4623 44.64 43.07 4120 39.57 -5.71
F2M 64.71 62.05 59.01 55.58 52.55 49.96 48.08 46.28 44.67 -0.61

Table 2: Classification accuracy on minilmageNet for 5-way 5-shot incremental learning. * indicates
our re-implementation.

Method sessions T.he gap
1 2 3 4 5 6 7 8 g  WithcRT
¢RT [25]" 6730 6415 6059 5732 5422 5143 4892 4678 4485 -
Joint-training® 6730 62.34 5779 5408 5093 47.65 44.64 42.61 4029  -4.56
Baseline 6730 63.18 59.62 5633 5328 5050 47.96 4585 4388  -0.97
iCaRL [40]" 6735 5991 5564 5260 4943 4673 4413 42.17 4029 456
Rebalance [20]* 6791 63.11 5875 54.83 50.68 47.11 4388 41.19 3872  -6.13
FSLL [34]* 6730 59.81 5726 5457 5205 4942 4695 4494 4287  -1.11
iCaRL [40] 6131 4632 4294 37.63 3049 2400 2089 1880 1721  -27.64
Rebalance [20] 6131 47.80 3931 3191 2568 2135 1867 17.24 1417  -30.68
TOPIC [47] 6131 5000 45.17 41.16 3748 3552 32.19 2946 2442  -20.43
FSLL [34] 6648 6175 58.16 5416 51.10 4853 46.54 4420 4228  -2.57

FSLL+SS [34] 68.85 63.14 59.24 5523 5224 49.65 47.74 4523 4392 -0.93
IDLVQ-C [8] 64.77 59.87 5593 52.62 49.88 4755 44.83 43.14 41.84 -3.01

F2M 67.28 63.80 60.38 57.06 54.08 51.39 48.82 46.58 44.65 -0.20

5.1 Experimental Setup

Datasets. For CIFAR-100 and minilmageNet, we randomly select 60 classes as the base classes
and the remaining 40 classes as the new classes. In each incremental learning session, we construct
5-way 5-shot tasks by randomly picking 5 classes and sampling 5 examples for each class. For
CUB-200-2011 with 200 classes, we select 100 classes as the base classes and 100 classes as the
new ones. We test 10-way 5-shot tasks on this dataset.

Baselines. We compare our method F2M with 8 methods: the Baseline proposed in Sec.[3] a joint-
training method that uses all previously seen data including the base and the following few-shot
tasks for training, the classifier re-training method (cRT) [25] for long-tailed classification trained
with all encountered data, iCaRL [4(], Rebalance [20], TOPIC [47], FSLL [34], and IDLVQ-C [8].
For a fair comparison, we re-implement cRT [25], iCaRL [40], Rebalance [20], FSLL [34], and the
joint-training method and tune them to their best performance. We also provide the results reported
in the original papers for comparison. The results of TOPIC [47] and IDLVQ-C [8] are copied
from the original papers. Note that for IL, joint-training is naturally the upper bound of incremental
learning algorithms, however, for IFL, joint-training is not a good approximation of the upper bound
because data imbalance makes the model perform significantly poorer on new classes (long-tailed
classes). To address the data imbalance issue, we re-implement the cRT method as the approximate
upper bound.

Experimental details. The experiments are conducted with NVIDIA GPU RTX3090 on CUDA
11.0. We randomly split each dataset into multiple tasks (sessions). For each dataset (with a fixed
split), we run each algorithm for 10 times and report the mean accuracy. We adopt ResNet18 [16]
as the backbone network. For data augmentation, we use standard random crop and horizontal flip.



Table 3: Classification accuracy on CUB-200-2011 for 10-way 5-shot incremental learning.* indi-
cates our re-implementation.

Method sessions T'he gap
1 2 3 4 5 6 7 8 9 10 11 WitheRT
RT [25]" 8083 7851 76.12 7393 7146 6896 6773 6675 6422 6253 61.08 -
Joint-training®  80.83 77.57 7411 7075 6852 6597 6458 6222 60.18 5849 5678  -4.30
Baseline 80.87 77.15 7446 7226 6947 67.18 6562 6368 61.30 5972 5812  -2.96
iCaRL [40]* 7958 67.63 64.17 61.80 58.10 5551 53.34 50.89 4862 4734 4560 -1548
Rebalance [20]* 80.94 7032 62.96 57.19 51.06 4670 44.03 40.15 3675 3488 32.09  -28.99
FSLL [34]* 80.83 7738 7237 7184 6751 6530 6375 61.16 5905 5803 5582  -5.6
iCaRL [40] 68.68 52.65 48.61 44.16 3662 2952 27.83 2626 2401 2389 21.16  -39.92
Rebalance [20]  68.68 57.12 4421 2878 2671 2566 2462 2152 20.12 2006 19.87  -4121
TOPIC [47] 68.68 6249 5481 49.99 4525 4140 3835 3536 3222 2831 2628  -34.80
FSLL [34] 7277 6933 6551 62.66 61.10 5865 5778 5726 5559 5539 5421  -6.87

FSLL+SS [34] 75:63 71:81 68:16 6432 62.61 60.10 58.82 58:70 56.45 56.41 55.82 -5.26
IDLVQ-C [8] 7737 7472 70.28 67.13 6534 63.52 62.10 61.54 59.04 58.68 57.81 -3.27

F2M 81.07 78.16 75.57 72.89 70.86 68.17 67.01 65.26 63.36 61.76 60.26 -0.82

Table 4: Comparison of the flatness of the local minima found by the Baseline and our F2M.

Method Indicator I Variance o2
Training Set  Testing Set  Training Set  Testing Set

Baseline 0.2993 0.4582 0.1451 0.2395

F2M 0.0506 0.0800 0.0296 0.0334

In the base training stage, we select the last 4 or 8 convolution layers to inject noise, because these
layers output higher-level feature representations. The flat region bound b is set as 0.01. We set
the number of times for noise sampling as M = 2 ~ 4, since a larger M will increase the training
time. In each incremental few-shot learning session, the total number of training epochs is 6, and
the learning rate is 0.02. To verify the correctness of our implementation, we conduct experiments
on incremental learning and compare our results to those reported on CIFAR-100 in Appendix A.3.
More experiment details are provided in Appendix A.2.

5.2 Comparison with the State-of-the-Art

F2M outperforms the state-of-the-art methods. The main results on CIFAR-100, minilmageNet
and CUB-200-2011 are presented in Table[T] Table 2 and TableBlrespectively. Based on the experi-
ment results, we have the following observations: 1) The Baseline introduced in Sec. [Bloutperforms
the state-of-the-art approaches on all incremental sessions. 2) As expected, cRT consistently out-
performs the Baseline up to 1% to 3% by considering the data imbalance problem and applying
proper techniques to tackle the long-tailed classification problem to improve performance. Hence,
it is reasonable to use cRT as the approximate upper bound of IFL. 3) Our F2M outperforms the
state-of-the-art methods and the Baseline. Moreover, the performance of F2M is very close to the
approximate upper bound, i.e., the gap with cRT is only 0.2% in the last session on minilmageNet.
The results show that even with strong constraints [20, |40, 34] and saved examplars of base classes
[20, 40, 8], current methods cannot effectively address the catastrophic forgetting problem. In con-
trast, finding flat minima seems a promising approach to overcome this harsh problem.

5.3 Ablation Study and Analysis

Analysis on the flatness of local minima. Here, we verify that our method can find a more flat
local minima than the Baseline. For a found local minima 6*, we measure its flatness as fol-
lows. We sample the noise for 1000 times. For each time, we inject the sampled noise to 6*
and calculate the loss £;. Then, we adopt the indicator I = ﬁ Z}iﬂo (L; — L£*)? and variance
0% = 1p55 Z;ﬂ‘}o(zi — £)? to measure the flatness. £* denotes the loss of #*, and £ denotes the

average loss of {£;}199°. The values of the indicator and variance of F2M and the Baseline are
presented in Table 4} which clearly demonstrate that our method can find a more flat local minima.



Table 5: Ablation study of our F2M on CIFAR-100. PD refers to the performance dropping rate.

FM PF PC PN sessions PD

1 2 3 4 5 6 7 8 9
65.18 60.83 53.13 43.57 2375 10.76 0826 07.24 0645 58.73

v 65.18 59.48 56.77 5299 50.09 4780 4592 4420 4255 22.63
v v v 6471 5954 53.03 45.09 41.68 39.04 38.64 37.19 36.01 28.70
v v v 6455 6127 5833 5482 51.60 4922 4748 4578 44.08 2047
v v v 64.71 61.75 5880 55.33 5227 49.75 47.72 46.01 4443 20.28
v v v v 6471 6199 5899 5558 5255 49.96 48.08 46.28 44.67 20.04

Table 6: Study of the flat region bound b for 5-way 5-shot incremental learning on CIFAR-100. The
top 3 results in each row are in boldface.

The hyperparameter b
0.0025 0.005 0.01 002 0.04 0.08

Session 1 (60 bases classes) 64.85 64.67 64.81 64.71 63.30 62.25
Session 9 (All 100 classes) 44,16  44.54 44.58 44.67 4375 43.04
Session 9 (60 base classes) 59.58 59.69 59.73 59.44 58.38 57.21
Session 9 (40 new classes) 21.03 21.81 21.86 22.52 21.80 21.77

Session

Ablation study on the designs of our method. Here, we study the effectiveness of each design of
our method, including adding noise to the model parameters for finding b-flat local minima (FM)
during the base training session, the prototype fixing term (PF) used in the base training objective
(Eq. @), parameter clamping (PC) during incremental learning, and prototype normalization (PN).
We conduct an ablation study by removing each component in turn and report the experimental
results in Table[3

Finding b-flat local minima. Standard supervised training with SGD as the optimizer tends to con-
verge to a sharp local minima. It leads to a significant drop in performance because the loss changes
quickly in the neighborhood of the sharp local minima. As shown in Table 3 even with parameter
clamping during incremental learning, the performance still drops significantly. In contrast, restrict-
ing the parameters in a small flat region can mitigate the forgetting problem.

Prototype fixing. Without fixing the prototypes after injecting noise to selected layers during the
process of finding local minima, i.e. removing the second term of Eq. 4} it is still possible to tune
the model within the flat region to well separate base classes. However, the saved prototypes of base
classes will become less accurate because the embeddings of the base samples suffer from semantic
drift [[54]. As shown in Tablel3| it results in a performance drop of nearly 0.6%.

Parameter clamping. Parameter clamping restricts the model parameters to the b-flat region after
incremental few-shot learning. Outside the b-flat region, the performance drops quickly. It can be
seen from Table 5] that removing parameter clamping leads to a significant drop in performance.

Prototype normalization. As mentioned in Sec. we normalize the class prototypes to calibrate
the estimates of the class mean classifier. The results in Table[5]show the effectiveness of normaliza-
tion, which helps to further improve the performance.

Study of the flat region bound b. We study the effect of the flat region bound b for 5-way 5-shot
incremental learning on CIFAR-100. We report the test accuracy in session 1 (base session) and
session 9 (last session) w.r.t. different b in Table[6l It can be seen that the best results are achieved
for b € [0.005,0.02]. A larger b (e.g., 0.04 or 0.08) leads to a significant performance drop on base
classes, even for those in session 1, indicating that there may not exist a large flat region around a
good local minima. Meanwhile, a smaller b (e.g., 0.0025) results in a performance decline on new
classes, due to the overly small capacity of the flat region. This illustrates the trade-off effect of b.

6 Conclusion

We have proposed a novel approach to overcome catastrophic forgetting in incremental few-shot
learning by finding flat local minima of the objective function in the base training stage and then fine-

10



tuning the model within the flat region on new tasks. Extensive experiments on benchmark datasets
show that our model can effectively mitigate catastrophic forgetting and adapt to new classes. A
limitation of our method is that it may not be suitable for medium- or high-shot tasks, since the flat
region is relatively small, which limits the model capacity. However, it is still possible to adapt our
core idea for incremental learning. For example, one can search for a less flat but wider local minima
region in the base training stage and tune the model within this region during incremental learning
sessions, where previous techniques such as elastic weight consolidation (EWC) [28] can be used to
constraint the model parameters. This could be an interesting direction for future research.
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A Appendix

A.1 Proof of Theorem 4.1

Lemma A.1. By Assumptiond.[land we have

2M — apL(me + M)
2M

aiLml

IV RE)I3+ £

By e; [R(Ok+1)] — R(Ok) < —ai (12)

Proof. By Assumption .1l an important consequence is that for all {66’} C RY, it satisfies that
1
R(0) < R(0')+ VRO (0 —0") + 5L||9—9’|\§. (13)
Taken together, the above inequality and the parameter update equation (Eq.[6), it yields

1 2L
R(Ok1+1)—R(0k) < VR(9k)T(9k+1—9k)+§L|I9k+1—9kH§ < —akVR(9k)T§+%H§H§7 (14)

where g = Z?il 9(zk; ¢r + €5, 1. Taking expectation on both sides of Eq.[I4] it yields

o2l _

; Ezmﬁj[”gH%]' (15)
E.p e [-] denotes the expectation w.r.t. the joint distribution of random variables z; and €; given 0.
Note that 65,1 (not 03) depends on zj, and €;. Under Condition 2 of Assumption[£.2] the expectation
of g satisfies that

Ezk,éj [R(ek-i-l)] - R(ek) < _QKVR(ek)TEZk,Ej [g] +

1 M
Eepe,[0] = 77 D Eees 900 01 + €5, 0)] = VR(0%). (16)
j=1

Assume that we sample the noise vector €; from P(¢) without replacement. Under Condition 3 of
Assumption[d.2] we have (see [1, p. 183])
m

Ve gk ok e n)]  omy 2
[g] < 29 J < — 4= 2.
Ve 9] < i ST IVR(0x)3 (17)

Taken together, Eq.[I6 and Eq.[I7 one obtains

_ _ _ mq mo + M
EZk,ej[HQHS] = VZk,ej [g] + HEZIc,ej [Q]Hg <—+——

<o T IVRGI: (18)

Therefore, by Eq. and[18] it yields

Eey o, [R(Ok1)] — R(BK) < —a, 2 a’“QLj&m? M)\ RE)13 + aéﬁ;ﬂl .19
O

Lemma A.2. By Assumptionld 1) d.2landd.3] we have
lim inf B[|| VR(6))||2] = 0. (20)

Proof. The first condition in Assumption 3] ensures that limy,_,+, ax; = 0. Without loss of gener-
ality, we assume that for any k& € N, o, L(mo + M) < M. Denote by E[] the total expectation
w.r.t. all involved random variables. For example, 6y, is determined by the set of random variables
{20, 21, -+, Zk—1, €0, €1, ---, €k—1 }, and therefore the total expectation of R(0y) is given by

E[R(ek)] = EZ(MEO]EZMEI"']Ezk—lek—l [R(ek)] 2D

Taking total expectation on both sides of Eq[I2] we have

aiLml

2M

E[R(6k + 1)) — E[R(6:)) < — S EIVR(@:) 3]+ 22)
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For k =0,1,2, ..., K, summing both sides of this inequality yields
K
Lm
R* —E[R(01)] < E[R(0x+1)] — E[R(6p)] < —= Z B[ VROW)3] + o+t Z (23)
where R* is the lower bound in Condition 1 of Assumptlon- Rearrangmg the term gives
K Lm

> aE[[VRO)II3] < 2(E[R(01)] - R*) + = Zak (24)

k=0
By the second condition of Assumption[4.3] we have

(25)

K—o0

K
Jim E[Y x| VR(O)II3] < 2(E[R(60)] - R*) + i
> k=0 k=0

Dividing both sides of Eq.23]by Zszl oy and by the first condition of Assumption[4.3] we have

K
R(0x)|13
i Bk I VRO
K—oo Ek:l L
The left-hand term of this equation is the weighed average of ||V R(6y)]|3, and {c, } are the weights.

Hence, a direct consequence of this equation is that ||V R(6})||3 cannot asymptotically stay far from
Zero, i.e.

| =o0. (26)

lim inf E[|VR(6:)||3] = 0. (27)
—00
O

We now prove Theorem .1l which is a stronger consequence than Lemma[A 2]

Theorem 4.1. Under assumptions 4.1 and we further assume that the risk function R is
twice differentiable, and that ||V R(0)||3 is La-smooth with constant Ly > 0, then we have

Jim E[[[VR(6))[3] = 0. (28)

Proof. Define F () = || R(6)||2, then we have
E.p e, [F(0ks1)] — F(6k) < VF(0r) Ezy i, [(Oks1 — 0k)] +

a2L2 _
kT]EZk;Ej[”g”g]
042L2

< _2akVR(6‘k)Tv2R(9k)TEZk,Ej [g] + kTEzlmﬁg[HgHg]

< 20| VR(OW) |3V R(0k) [2]|Ex, ., [3]12 +

1
LBy, (051 — Oc3]

<~ VF(0;)TE., .,[9] +

OékLQ
2

IVR(O:)I3)-

=K (1913

a%Lg my ’ITL2 + M

< 20(]€L||VR(9]€)||§ + 9 (M

(29)
Taking total expectation of both sides of Eq.[29yields
aiLg (m me + M
2 "M M

E[F(0k+1)] — E[F(0x)] < 20k LE[|VR(0x)|I3] + E[[VR(6:)]3]). (30)

Eq. 23] implies that 2ay, LE[||[VR(6y)||3] is the term of a convergent sum. Besides, O‘%LQ (5 +

m2+MIE[HVR(9k)|| ]) is also the term of a convergent sum, because -, a; converges. Hence,
the bound (Eq.[30) is also the term of a convergent sum. Now, let us define
K—1
Afe =Y max(0, E[F(6x11)] — E[F(61)]), GD
k=0
K—1
and Ay = > max(0,E[F(0;)] — E[F(0k11)))- (32)
k=0
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Because the bound of E[F(0)11)] —E[F(6))] is positive and is the term a of convergent sum, and the
sequence A} is upper bounded by the sum of the bound of E[F'(611)] — E[F ()], Af; converges.
Similarly, A% also converges. Since for any K € N, F(0x) = F () + A} — Ay, we can obtain
that F'(6) converges. By LemmalA.2]and the fact that F'()) converges, we have

Jim E[||R(0x)[|3] = 0. (33)
O

A.2 More Experimental Details

In CIFAR-100, each class contains 500 images for training and 100 images for test, with each image
of size 32x32. In minilmageNet, each class contains 500 training images and 100 test images of size
84x84. CUB-200-2011 contains 5994 training images and 5794 test images in total with varying
number of images for each class, and we resize and crop each image to be of size 224 x 224.

Since there lacks a unified standard in storing/saving exemplars for incremental few-shot learning,
we choose the setting that we consider most reasonable and practical. In real-world applications, nor-
mally there exists a large number of base classes with sufficient training data (e.g., the base dataset
is ImageNet-1K [5]), whereas the number of unseen novel classes that lack training data is relatively
small. Therefore, for computational efficiency and efficient use of storage, it is desirable NOT sav-
ing any exemplars for base classes but store some exemplars for new classes. In our experiments,
we do not store any exemplar for base classes, but save 5 exemplars for each new class. This will
hardly cost any storage space or slow down computation considerably due to the small number of
new classes.

To ensure a fair comparison, for ICaRL [4] and Rebalance [2], we store 2 exemplars per class (for
both base classes and new classes). As a result, in each session, they store more examplars than our
method. For our re-implementation of FSLL [3], we store the same number of exemplars for each
new class as in our method. For other approaches, since the code is not available or the method is too
complex to re-implement, we directly use the results reported in their paper, which are substantially
lower than the Baseline.

CIFAR-100 (5 phases)

—@— Rebalance
—- Rebalance”
—@- ICaRL
—¥— ICaRL"

Table 7: The average norm of the class pro-
totypes of new classes is significantly smaller
than that of old classes. The experiment is con-
ducted on CIFAR-100 with 60 base classes and
40 new classes.

40 | Mean Standard Deviation

% o0 Nunzger of jgsses %0 100 Base classes  7.97 0.63
New classes 7.48 0.71

Accuracy(%)
(o))
S

Figure 3: Our re-implementation results of
Rebalance and ICaRL are very close to
those reported in [2]. * indicates our re-
implementation.

A.3 Additional Experiment Results

In this section, we conduct experiments to verify the correctness of our re-implementation of state-
of-the-art methods including ICaRL* [4], Rebalance* [2] and FSLL* [3]. Note that we re-implement
ICaRL and Rebalance because they (and the released codes) are designed for incremental learning,
not for incremental few-shot learning. We re-implement FSLL because the code is not provided.
In addition, we present empirical evidence on the difference in the norm of the class prototypes
between new classes and base classes, which motivates the design of prototype normalization.
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Table 8: Our re-implementation results of FSLL are very close to those reported in [3] on CIFAR-100
for 5-way 5-shot incremental learning. * indicates our re-implementation. The results are obtained
without saving any exemplars.

sessions
1 2 3 4 5 6 7 8 9

FSLL [3]* 65.18 5637 5259 4839 4746 4344 4137 40.17 38.56
FSLL [3] 64.10 5585 51.71 48.59 4534 4325 4152 3981 38.16

Method

Correctness of our implementation. To verify the correctness of our implementation of [CaRL* [4]
and Rebalance™ [2], we conduct experiments on CIFAR-100 for incremental learning. We adopt 32-
layer ResNet as backbone and store 20 exemplars per class as in Rebalance [2]. The comparative
results are presented in Fig[Bl It can be seen that our re-implementation results of ICaRL and
Rebalance are very close to those reported in [2].

To verify the correctness of our implementation of FSLL [3], we compare the results of our im-
plementation and those reported in [3] in Table 8l It can be seen that our implementation achieves
similar and slightly higher results than those reported in the original paper [3]. Here, the experiments
are conducted following the settings in [3] without saving any exemplars for new classes.

Norm of class prototype. In our experiments, we observe that after training on base classes with
balanced data, the norms of the class prototypes of base classes tend to be similar. However, after
fine-tuning with very few data on unseen new classes, the norms of the new class prototypes are
noticeably smaller than those of the base classes. In Table [l we show the average norms of the
prototypes of base classes and new classes after incremental few-shot learning on CIFAR-100, where
we randomly select 60 classes as base classes and the remaining 40 classes as new classes.

Table 9: Classification accuracy for 5-way 5-shot incremental learning with the first class split on
CIFAR-100.

Method sessions T'h; glz;pT
1 (Animals) 2 (Vehicles2) 3 (Flowers) 4 (Food Containers) 5 (Household Furniture) with ¢
Baseline 63.07 56.32 51.40 46.85 43.55 -19.52
ICaRL 63.30 55.10 49.12 44.46 40.95 -22.35
Rebalance 63.03 52.06 45.87 39.35 35.24 -27.29
FSLL 63.07 50.72 44.53 40.73 38.00 -25.07
F2M 62.53 56.63 51.87 47.54 44.10 -18.43

Table 10: Classification accuracy for 5-way 5-shot incremental learning with the second class split
on CIFAR-100.

Method sessions T.he gap
1 (Animals+Furniture) 2 (People) 3 (Vehicles2) 4 (Flowers) 5 (Food Containers) with cRT
Baseline 63.07 54.30 50.16 46.19 43.16 -19.91
ICaRL 62.57 51.67 47.51 42.98 39.63 -22.94
Rebalance 63.50 49.62 44.67 39.68 35.64 -27.86
FSLL 63.07 49.45 46.30 41.94 39.33 -23.74
F2M 62.87 54.82 50.88 46.88 43.83 -19.04

Results on CIFAR-100 with different class splits. To analyze how difference in patterns of the
base and new classes influence our proposed method F2M, we split the classes according to the
superclasses and provide results on two different class splits. All the 100 classes of CIFAR-100
are grouped into 20 superclasses, and each superclass contains 5 classes. For the first class split, the
base classes consist of aquatic mammals, fish, insects, reptiles, small mammals, and large carnivores
(30 classes in total). The few-shot novel classes consist of household furniture, vehicles2, flowers,
and food containers (20 classes in total). For the second class split, the base classes consist of
aquatic mammals, fish, insects, reptiles, household furniture, and small mammals (30 classes in
total). The few-shot novel classes consist of people, vehicles2, flowers, and food containers (20
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classes in total). The experimental results with the two different class splits are presented in Table[9]
and Table[IQrespectively. The results show that even with a large difference between the base classes
and novel classes, our F2M still consistently outperforms other methods, indicating its robustness
and effectiveness.

Error bars of the main results. The experimental results reported in Section [3 are the average of
10 runs. For each run, we randomly selected 5 samples for each class (for 5-shot tasks). Here, in
Table Table 12| and Table we report the means and 95% confidence intervals of our method
F2M, the Baseline, and the methods that we re-implemented. The confidence intervals indicate that
our method F2M achieves steady improvement over state-of-the-art methods.

Table 11: Classification accuracy on CIFAR-100 for 5-way 5-shot incremental learning with 95%
confidence intervals. * indicates our re-implementation.

Method sessions
1 2 3 4 5 6 7 8 9
65.18 61.67 58.61 55.11 51.86  49.43 47.60  45.64 43.83
: +0.18 +025 +£0.19 +£022 +028 +025 +029 +0.22

57.26 54.27 50.62 47.33 44.99 43.14 41.16 39.49
+017 £025 £029 +£027 £026 +£023 £030 +£0.30

61.42 57.29 53.02  48.85 45.68 43.06  40.56 38.35
+025 +017 £020 £021 =£030 =£027 038 £048

56.24 54.55 51.61 49.11 47.27 45.35 43.95 42.22
+035 +£028 +£036 +£040 £029 £032 +£028 +£049

62.05 59.01 5558 5255 49.96 48.08  46.28  44.67
+019 +022 £021 +025 +£021 £024 +024 +£0.19

Baseline
iCaRL [4]* 66.52
Rebalance [2]*  66.66
FSLL [3]* 65.18

2M 64.71

Table 12: Classification accuracy on minilmageNet for 5-way 5-shot incremental learning with 95%
confidence intervals. * indicates our re-implementation.

Method sessions
1 2 3 4 5 6 7 8 9
Baseline 67.30 63.18 59.62 56.33 53.28 50.50 47.96 45.85 43.88

+000 =+£012 £0.18 £027 £028 £030 +£032 £0.27

59.91 55.64 52.60 4943 46.73 44.13 42.17 40.29
+0.15 +£020 £030 £032 +028 £033 +£033 +£031

63.11 58.75 54.83 50.68  47.11 43.88  41.19 38.72
+019 +£029 £037 £038 £036 £033 +£038 £0.39

59.81 57.26 54.57 52.05 49.42 46.95 44.94 42.87
+042 +055 £058 £049 =£037 =£036 +020 =£0.25

63.80 6038 57.06 54.08 51.39 48.82 46.58  44.65
+010 +0.19 £029 028 £032 +032 +033 £0.29

iCaRL [4]* 67.35
Rebalance [2]* 67.91
FSLL [3]* 67.30

22M 67.28

Table 13: Classification accuracy on CUB-200-2011 for 10-way 5-shot incremental learning with
95% confidence intervals. * indicates our re-implementation.

Method sessions
1 2 3 4 5 6 7 8 9 10 11
Baseline 80.87 77.15 74.46 72.26 69.47 67.18 65.62 63.68 61.30 59.72 58.12
* : +0.18 +£022 +026 4035 +£027 +£038 +025 +£022 +027 +0.27

67.63 64.17 61.80 58.10 55.51 53.34 50.80  48.62 4734  45.60
+£025 £030 +£035 £033 £038 £032 +025 £029 £033 031

7032 62.96 57.19 51.06  46.70  44.03 40.15 36.75 34.88 32.09
+028 +£031 +£030 +£037 £029 +£040 +£027 =£032 £035 +£0.39

77.38 72.37 71.84 67.51 65.30 63.75 61.16 59.05 58.03 55.82
+030 £025 £045 +£042 £050 £039 £028 £037 £035 +£0.33

78.16 7557 7289 70.86 68.17 67.01 6526 63.36 61.76  60.26
+0.14 +024 £032 +025 +039 £032 +026 +024 £027 +0.28

iCaRL [4]* 79.58

Rebalance [2]*  80.94

FSLL [3]* 80.83

F2M 81.07

Results with the same class splits as in TOPIC [6]. The experimental results of our F2M and some
other methods (our re-implementations) presented in Table [Tl Table 2] and Table 3] are on random
class splits with random seed 1997. Here, we conduct experiments using the same class split as
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in TOPIC [6]. The experimental results on CIFAR-100, minilmageNet, and CUB-200-2011 are
presented in Table Table and Table [16] respectively. The results show that the Baseline and
our F2M still consistently outperform other methods. Note that on CUB-200-2011, joint-training
outperforms the Baseline and our F2M. The reasons may include: 1) The data imbalance issue is
not very significant since the average number of images per class of this dataset is relatively small
(about 30); and 2) During the base training stage, we use a smaller learning rate (e.g., 0.001) for the
embedding network (pretrained on ImageNet) and a higher learning rate (e.g., 0.01) for the classifier.

Table 14: Classification accuracy on CIFAR-100 for 5-way 5-shot incremental learning with the
same class split as in TOPIC [6]. * indicates our re-implementation.

Method sessions The gap
1 2 3 4 5 6 7 8 g  WithcRT
CRT [8]" 7228 69.58 65.16 6141 5883 5587 5328 5138 4951 -
Joint-training® 7228 6840 6331 59.16 5573 52.81 49.01 4674 4434  -5.17
Baseline 7228 6801 64.18 60.56 57.44 5469 5298 50.80 4870  -0.81

iCaRL [4]* 72.05 65.35 61.55 57.83 54.61 51.74 49.71 47.49 45.03 -4.48
Rebalance [2]* 7445 67.74 62772 57.14 5278 48.62 4556 4243 3922 -10.29

FSLL [3]* 7228 63.84 59.64 5549 5321 51.77 5093 4894 46.96 -2.55
iCaRL [4] 64.10 5328 41.69 34.13 2793 2506 2041 1548 13.73 -35.78
Rebalance [2] 64.10 53.05 4396 3697 31.61 2673 2123 16.78 13.54 -35.97
TOPIC [6] 64.10 55.88 47.07 45.16 40.11 36.38 3396 31.55 29.37 -20.14
FSLL [3] 64.10 55.85 51.71 4859 4534 4325 4152 39.81 38.16 -11.35
FSLL4SS [3] 66.76 55.52 5220 49.17 4623 44.64 43.07 4120 39.57 -9.94
F2M 71.45 68.10 64.43 60.80 57.76 55.26 53.53 51.57 49.35 -0.16

Table 15: Classification accuracy on minilmageNet for 5-way 5-shot incremental learning with the
same class split as in TOPIC [6]. * indicates our re-implementation.

Method sessions The gap
1 2 3 4 5 6 7 8 g  WithcRT
cRT [8]* 72.08 68.15 63.06 61.12 5657 5447 5181 49.86 48.31 -
Joint-training®  72.08 67.31 62.04 5851 5441 5153 48.70 4549 43.88 -4.43
Baseline 72.08 66.29 61.99 58.71 5573 53.04 5040 4859 47.31 -1.0

iCaRL [4]* 71.77 61.85 58.12 5460 5149 4847 4590 44.19 4271 -5.6
Rebalance [2]* 7230 66.37 61.00 56.93 5331 4993 4647 44.13 42.19 -6.12

FSLL [3]* 72.08 59.04 53.75 51.17 49.11 4721 4535 44.06 43.65 -4.66
iCaRL [4] 61.31 4632 4294 37.63 3049 24.00 2089 1880 17.21 -31.10
Rebalance [2]  61.31 47.80 3931 3191 25.68 21.35 18.67 17.24 14.17 -34.14
TOPIC [6] 61.31 50.09 45.17 41.16 37.48 3552 3219 29.46 24.42 -23.89
FSLL [3] 66.48 61.75 58.16 54.16 51.10 4853 46.54 4420 42.28 -6.03
FSLLASS [3] 68.85 63.14 5924 5523 5224 49.65 47774 4523 4392 -4.39
F2M 72.05 67.47 63.16 59.70 56.71 53.77 51.11 49.21 47.84 -0.43

Table 16: Classification accuracy on CUB-200-2011 for 10-way 5-shot incremental learning with
the same class split as in TOPIC [6]. * indicates our re-implementation.

Method sessions The gap
1 2 3 4 5 6 7 8 9 10 11 VithcRT
cRT [8]" 77.16 7441 7131 68.08 6557 63.08 6244 6129 60.12 59.85 59.30 -
Joint-training®  77.16 7439 69.83 67.17 6472 6225 5977 59.05 57.99 5781 5682  -2.48
Baseline 77.16 7400 7021 6607 63.90 6135 60.01 5866 5633 5612 5507  -4.23

iCaRL [4]* 7595 6090 57.65 5451 50.83 4821 46.95 4574 4321 43.01 41.27 -18.03
Rebalance [2]* 77.44 58.10 50.15 44.80 39.12 3444 31.73 29.75 27.56 2693 2530 -34.00

FSLL [3]* 77.16 71.85 66.53 59.95 58.01 57.00 56.06 54.78 5224 5201 51.47 -7.83
iCaRL [4] 68.68 52.65 48.61 44.16 36.62 29.52 27.83 2626 2401 23.89 21.16 -39.92
Rebalance [2]  68.68 57.12 4421 2878 2671 25.66 24.62 2152 20.12 20.06 19.87 -41.21
TOPIC [6] 68.68 6249 5481 49.99 4525 4140 3835 3536 3222 2831 26.28 -34.80
FSLL [3] 72777 69.33 6551 62.66 61.10 58.65 57.78 57.26 55.59 5539 54.21 -6.87
FSLL+SS [3] 75.63 71.81 68.16 6432 62.61 60.10 58.82 5870 5645 5641 55.82 -5.26
2M 77.13 7392 70.27 66.37 6434 61.69 6052 59.38 57.15 56.94 55.89 -3.41
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