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Catastrophic forgetting |McCloskey & Cohen| (1989) refers to deep neural networks forgetting the acquired
knowledge from the previous tasks disastrously while learning the current task. This stands in stark contrast

Abstract

Incremental learning (IL) usually addresses catastrophic forgetting of old tasks when learning
new tasks by replaying old tasks’ raw data stored in memory, which can be limited by
its size and the risk of privacy leakage. Recent non-exemplar IL methods store class
centroids as prototypes and perturb them with high-dimensional Gaussian noise to generate
synthetic data for replaying. Unfortunately, this approach has two major limitations. First,
the boundary between embedding clusters around prototypes of different classes might
be unclear, leading to serious catastrophic forgetting. Second, directly applying high-
dimensional Gaussian noise produces nearly identical synthetic samples that fail to preserve
the true data distribution, ultimately degrading performance. In this paper, we propose
YoooP, a novel exemplar-free IL approach that can greatly outperform previous methods
by only storing and replaying one prototype per class even without synthetic data replay.
Instead of merely storing class centroids, YoooP optimizes each prototype by (1) shifting
it to high-density regions within each class using an attentional mean-shift algorithm, and
(2) optimizing its cosine similarity with class-specific embeddings to form compact, well-
separated clusters. As a result, replaying only the optimized prototypes effectively reduces
inter-class interference and maintains clear decision boundaries. Furthermore, we extend
YoooP to YoooP+ by synthesizing replay data preserving the angular distribution between
each class prototype and the class’s real data in history, which cannot be obtained by
high-dimensional Gaussian perturbation. YoooP+ effectively stabilizes and further improves
YoooP without storing real data. Extensive experiments demonstrate the superiority of
YoooP /YoooP+ over non-exemplar baselines in terms of different metrics. The code is
released at https://github.com/Snowball0823/YoooP.git.
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to human learning, where new knowledge is integrated without erasing prior understanding. To bridge this
gap, incremental learning (IL) |Gepperth & Hammer| (2016)); [Wu et al| (2019); Douillard et al.| (2022)); [Wang]
let al. (2022a)); |Goswami et al.| (2024]) has emerged as a paradigm that enables AT systems to continuously
learn from evolving data.

In the past few years, a variety of methods Roady et al. (2020); Cong et al| (2020); Wang et al. (2021); Xue|
have been proposed to mitigate catastrophic forgetting in IL. In this work, we are interested in a
very challenging scenario, called class-incremental learning (CIL). CIL is particularly challenging because
it requires the model to recognize all learned classes without any task identifier during inference. CIL
is especially susceptible to catastrophic forgetting due to overlapping feature representations between old
and new tasks [Zhu et al.| (2021b)). To address this issue, many prior studies have adopted exemplar-based
approaches Rebufli et al| (2017); [Wu et al. (2019); Zhao et al. (2020); Wang et al| (2022b) that store a
subset of old class samples in a memory buffer for replay. However, these methods face inherent limitations
related to memory capacity and privacy. Thus, non-ezemplar-based methods|Li & Hoiem| (2017)); [Lopez-Paz &/
[Ranzatol| (2017)); [Mallya & Lazebnik (2018)); |Cong et al (2020); Xue et al| (2022) have been proposed, which
avoid storing raw data by relying on regularization, parameter isolation, or generative models to mitigate
catastrophic forgetting. Unfortunately, solely applying regularization is often insufficient, parameter isolation
increases network size, and generative models can be unstable.
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Motivated by these limitations, we propose to opti-
mize prototype learning and develop a novel proto-
type augmentation strategy for CIL. In this work, we introduce YoooP, a new non-exemplar CIL method
that stores and replays only one representative prototype per class without relying on synthetic data. The
main challenge is obtaining well-separated prototypes that capture the essence of their respective classes. To
achieve this, we introduce prototype optimization (Fig. [1| (II)). First, we employ a mini-batch attentional
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mean shift-based method to shift each class prototype toward high-density regions of its corresponding
embeddings (the moving path in Fig. [I| (IT)). Next, we optimize the angular distance between the prototype
and the class-specific embeddings to form tight, compact clusters (comparing the (I) and (II) in Fig. [I).
As a result, each prototype becomes highly representative of its class. Consequently, only replaying the
prototype can effectively reduce inter-class interference and maintain clear decision boundaries. Building
on YoooP, we further develop YoooP+, which extends our approach with a novel prototype augmentation
technique. Instead of directly adding high-dimensional Gaussian noise, which implicitly assumes that class
feature distributions follow Gaussian patterns, YoooP+ synthesizes data by combining a rotation matrix in
high-dimensional space with the stored angular (cosine similarity) distribution between each class prototype
and its corresponding real features. As shown in Fig. [1] (IV), this strategy produces synthetic data that more
faithfully reflects the true embedding distribution of old classes and yields higher-quality samples.

Our contributions are four-fold: 1) We propose YoooP, a novel non-exemplar CIL algorithm that stores
and replays a single prototype per class without synthetic data. 2) To the best of our knowledge, we are the
first to explore prototype optimization in CIL, which effectively reduces inter-class interference and maintains
clear decision boundaries. 3) We extend YoooP to YoooP+, which develops a new prototype augmentation
technique that synthesizes high-quality data reflective of the original distribution. 4) Extensive evaluations
on multiple benchmarks demonstrate that both YoooP and YoooP+ significantly outperform non-exemplar
baselines in terms of average incremental accuracy, average accuracy, and average forgetting.

2 Related Work

Regularization-based method. This method aims to alleviate catastrophic forgetting by introducing
additional regularization terms to correct the gradients and protect the old knowledge learned by the model |Li
& Hoiem| (2017)); Rannen et al.| (2017)); Kirkpatrick et al.| (2017); [Lee et al.| (2017)); |[Liu et al. (2018]); Masana
et al| (2022)). Existing works mainly adopt weight regularization to reduce the impact of learning new
knowledge on the weights that are important for old tasks. However, it is very hard to design reasonable and
reliable metrics to measure the importance of model parameters. Thus, solely using regularization-based
methods is always insufficient.

Parameters isolation-based method. This line of work can be divided into dynamic network expansion
and static network expansion. Dynamic network expansion methods adopt individual parameters for each task,
so they need a large memory to store the extended network for each previous task during training Yoon et al.
(2017); |Ostapenko et al.| (2019)); [Yan et al.| (2021)); Xue et al.| (2022). Conversely, static network expansion
approaches [Serra et al.| (2018); Mallya & Lazebnik! (2018); Mallya et al.| (2018); |Zhu et al.| (2022)) dynamically
expand the network if its capacity is not large enough for new tasks, and then adapt the expanded parameters
into the original network. Those methods can achieve remarkable performance, but they are not applicable
to a large number of tasks.

Data replay-based method. This solution [Wu et al.| (2018); Rostami et al.| (2019)); |Cong et al.| (2020)
mainly employs deep generative models to generate synthetic samples of old classes in order to mitigate
privacy leakage. Most existing works [Shin et al.| (2017)); Rios & Itti| (2018]); (Ostapenko et al.| (2019)); [Lesort
et al| (2019) focus on Variational Autoencoder (VAE) and Generative Adversarial Network (GAN). However,
these methods suffer from the instability of generative models and inefficient training for complex datasets.

Prototype-based method. Recent works |Zhu et al,| (2021bsa); Petit et al.| (2023); |Goswami et al.| (2023);
Rypesé et al| (2024)); [Magistri et al.| (2024) avoid generating pseudo samples by storing class-representative
prototypes and adapting prototype-based strategies to mitigate catastrophic forgetting. A key line of work,
including PASS Zhu et al.| (2021b), IL2A |Zhu et al.| (2021al), FeTrIL Petit et al.| (2023)), AdaGauss Rypesé et al.
(2024), and EFC |Magistri et al.| (2024]), uses these prototypes to generate synthetic samples for replay-based
training. PASS directly adds high-dimensional Gaussian noise to stored prototypes, while AdaGauss and EFC
incorporate adaptive covariance modeling or elastic attraction to improve sample realism. However, all these
methods rely on unoptimized class-mean centroids and Gaussian assumptions, which may lead to unrealistic
or overlapping synthetic samples that poorly capture class semantics, especially in high-dimensional feature
spaces. In contrast, FeCAM |Goswami et al. (2023)) does not generate synthetic data, but instead uses a
Mahalanobis-distance-based classifier built upon saved means and covariances. Yet, this method freezes the
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Figure 2: Framework of the proposed YoooP and YoooP+. YoooP only needs to replay one stored prototype
for each class while YoooP+ is trained on synthetic data generated from stored prototypes. (a) Prototype
optimization aims to learn a compact feature space and obtain a representative prototype for each class. (b)
Prototype augmentation aims to generate synthetic data of old classes from stored prototypes and angular
distribution using a m-dimensional space rotation matrix.

feature extractor after the first task and thus struggles under large task shifts or limited prior knowledge,
due to its inability to adapt learned features. Another recent study |Goswami et al. (2024) has leveraged
class-mean prototypes as classifiers, using a Nearest Class Mean (NCM) approach to correct prototype drift
during sequential training. Nevertheless, compared to standard gradient-based classifiers, NCM is limited
in its ability to learn complex decision boundaries when task distributions shift significantly. In this work,
we propose prototype optimization during training to obtain compact and discriminative clusters. On top
of that, we introduce an angular-based prototype augmentation strategy that avoids unrealistic sampling
in Euclidean space, thereby generating high-quality synthetic data and effectively mitigating catastrophic
forgetting.

3 Proposed Method

In this section, we first describe YoooP, which optimizes the prototype for each class using an attentional
mean-shift method. To further improve prediction accuracy, we extend YoooP to YoooP+ by generating
synthetic data from the stored prototypes.

Problem Description. Given a sequence of tasks, each associated with a set of classes Cy and a training
set Dt = (z;,v;)i = 1™ with y; € C}, class-incremental learning (CIL) aims to train a model f(z;[0,w]) =
G(F(z;0);w) that predicts probabilities for all classes Cy.; = Ule C; without catastrophic forgetting. The
model consists of a feature extractor F'(+; ), which produces compact representations, and a classifier G(-;w),
with predictions given by softmax(G(F(z;8);w)). Since the parameters 6 and w are updated solely using the
current task’s data, the model typically suffers from catastrophic forgetting. To address this challenge, we
propose YoooP and its extension YoooP+ to preserve clear class boundaries as tasks are learned sequentially.

3.1 YoooP

YoooP comprises two main components: (i) prototype optimization to learn a compact feature space and
obtain a representative prototype for each class, and (ii) new task learning with prototype replay.
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For (i), we propose a mini-batch attentional mean-shift-based method to shift each class prototype toward
high-density regions of its embeddings. Then, we optimize the angular distance between the prototype
and the class-specific embeddings to form a tight, compact cluster. As a result, each prototype becomes
highly representative. Consequently, replaying only the optimized prototype effectively reduces inter-class
interference and maintains clear decision boundaries.

For (ii), when learning a new task, we augment its training set with the stored prototypes from previous tasks.
In the YoooP, replaying only the memorized prototypes of old classes can efficiently retain clear boundaries
between classes and mitigate catastrophic forgetting.

3.1.1 Prototype Optimization

To obtain a representative prototype without storing all sample embeddings (unlike the traditional class-mean
prototype), we propose a mini-batch attentional mean-shift-based method. Specifically, for task-t with classes
C, and for each class k € Cy, we construct a graph of sample representations z; = F'(z;;6) connected to the
prototype pi. We then shift p; toward a high-density region by moving it toward a weighted average of the
normalized representations of all samples in class-k and subsequently normalizing pg, i.e.,

“i Dk
pk%(l—A)pk‘i‘A Z Qki - T P —— (1)
B TR i e

where A controls the step size of the mean-shift and n; is the size of the training set for task-t. Unlike the
original mean-shift algorithm, the weights a; are determined by learnable dot-product attention between
each sample z; and the prototype pg, i.e.,

S <Ziapk> 2
o AmDk) )
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In practice, when n; is large, we apply a mini-batch version of Eq. 1| over multiple steps, replacing ¢ € [ny]
with i € B, where B is a mini-batch.

a, = softmax(ay), ax = [@g1, k], ki = c(zi, k)

After obtaining a representative prototype for each class, we optimize the similarity between class-specific
embeddings and their prototype, to form a compact cluster of each class in the feature space. To achieve
that, We train the representation model F'(-;6) to produce z; = F'(z;;6) such that each sample is close to its
class prototype and distant from other classes’ prototypes. This is achieved by minimizing the loss as follows,

Ly,p(0) |Ct Z Z E([c(zi, pj)]jecer k) 5 (3)
kGCt i€[n)iyi=
where £(-,-) is a cross-entropy loss, in which the first argument is the logits defined by a similarity measure
¢(+,+), and the second argument k is the ground truth label. Optimizing this loss ensures that embeddings
concentrate around their respective prototype, forming compact clusters. Thus, replaying only one prototype
per class effectively reduces harmful inter-class interference while training future tasks.

3.1.2 New Task Learning with Prototype Replay

To mitigate catastrophic forgetting of previous tasks’ classes Ci.;1—1, YoooP replays stored class prototypes
during new task training. Specifically, we augment the training set for task ¢ with prototypes from previous
classes C1.;—1. The classification objective for all classes C.; is,

1
L) 2 ot 5 Y Mebnuecioh) + g 3 Ulewgliecn b (@)

kECt i€[n]iyi=k keCr.e—1

Furthermore, to preserve the performance of learned prototypes while training future tasks, it is necessary to
retain the performance of extractor F(-;6) on previous tasks. Following previous work [Hou et al.| (2019); [Zhu
et al.| (2021b)), we employ knowledge distillation (KD) [Hou et al.| (2019) as follows,

LtKD Z HF x;0 (Iuet 1)”2 (5)

ze[nt]
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Thus, the overall training objective at task t is,

YoooP : rglin Li(0,w) = Ly p(0) + Ly.c(0,w) + v * Ly kp(0). (6)

where 7 is the weight of KD loss.

In summary, L, p(0) shifts the current task’s embeddings toward their class prototype, forming compact
clusters. L; (6, w) trains the model using both current task data and the replayed prototypes, while L, x p(6)
preserves the extractor’s performance on previous tasks. Together, these objectives enable the model to learn
new tasks without forgetting previous ones.

3.2 YoooP+

Although prototype-only replay in YoooP is highly effective in mitigating catastrophic forgetting, it is still
insufficient to reflect the true embedding distribution of old classes without replaying raw instances. Hence,
we propose an extension, YoooP+, which replays synthetic data augmented from the stored prototypes.

3.2.1 Prototype Augmentation.

To generate high-quality synthetic data that matches the real embedding distribution of old classes,
we propose a novel prototype augmentation strategy. Our method draws synthetic data for each
class from the real angular distribution between the class prototype and its specific embeddings.
To simplify the augmentation, we first normalize each prototype to a unit vector, generate syn-
thetic data in the normalized space, and then rotate the synthetic data back. As shown in Fig. [3]
we sample cosine similarity values from the stored

faithfully preserves P(ay ;). In contrast, approaches
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angular distribution. from from Add Gaussian from
histogram noise to py,

Specifically, by using the stored P(ay,;), we are able

real angular distribution, P(ag;), which is repre- YoooP+ £ YOOOP+ Synthetic data i PASS
sented by a histogram with NV bins. These sampled I @ Real data !
. . . o . . ! - 1
cosine similarities are used to generate synthetic data ‘% : B Prototype of class-k i
for each class. Consequently, the angular distribution ’ | PASS Synthetic data ! Pr
between each class prototype and its synthetic data o/ T
(%)

to synthesize a data point z} that has a similar angu- Freq Freg

lar distance to the prototype py as z; for replaying. o o

This leads to YoooP+ whose replay of each previous *

class is conducted on multiple synthetic data points

instead of a Single prototype. 0(:089 histogr;m ’ cos @ histogr;m

In particular, we firstly derive a rotation ma-
trix R(pg,w) that can recover py from a unit vec-
tor v = [1,0,---,0] on an unit m-sphere, i.e.,
pr = R(pr,u) X u. To synthesize a sample z. of
class-k as a proxy to z; (a previously learned sample
of class-k), we then randomly draw wv; in the vicinity of u, i.e.,

Figure 3: Synthetic data distributions of YoooP+ and
PASS with prototype augmentation: YoooP+ pre-
serves the original angular distribution by a
histogram with N, bins.

Vi = [Qk,ir €2, 5 €m), Ak ~ P(ag,;) (7)

To ensure ||v;]|2 = 1, we draw ¢; ~ N(0,1) for ¢ € {2,---,m} at first and then rescale them by ¢; +

\/1_(ak,i+€1)2/27;2 ¢2 - ¢;. Thereby, we have u”v; = @y ;, whose distribution approximates the distribution of
cosine similarity aj ; between real sample z; and its associated class prototype py.
Next, we create z, from v;. As py, = R(pg,u) X u, we apply the same rotation matrix R(pg, u) to v; to

obtain z., i.e.,

zi = R(pg,u) X v;. (8)



Published in Transactions on Machine Learning Research (07/2025)

This operation preserves the similarity between w and v; in the transformed space between py and z,. By
sampling a synthetic data point z] for each removed real sample z;, we construct a replay dataset for all seen
classes C1.t—1.

3.2.2 New Task Learning with Prototype Augmentation

After generating the synthetic data, YoooP+ learns a new task task-t by replaying the synthetic dataset D;
as follows,
Dg £ {(Z;7k) ke Cl:t—lvzz/‘ = R(pk7u) X Vi,V = [ak,ia‘EQv e 76m]} . (9)

The training objective for task-t with replayed synthetic data is

Loy (0,w) £ |Ct Z > Ue(ziyw), k) | Z Uc(z,w), k). (10)

I{)ECt i€[n)yi=k (z k)ED,

Overall, the training objective L;(f,w) of YoooP+ at task-t combines the prototype-learning loss, the
synthetic-data replay augmented loss, and the KD loss as follows,

YoooP+ : Iglin Ly(0,w) = Ly p(0) + Ly,c+ (0, w) + v * Ly kp(0). (11)

yw

3.3 Practical Improvement to YoooP/YoooP+

While the KD loss constrains the feature extractor to maintain representational consistency with the previous
model, it only applies to current-task data. As a result, it cannot fully prevent parameter drift in the absence
of old-task examples. To complement this, we adopt two lightweight yet effective techniques at the parameter
level to further mitigate forgetting.

Model Interpolation. We apply model interpolation to retain the knowledge of the previous model 6;_;
and avoid overfitting to the current task. Specifically, after learning task-t, we update the current 6; by the
following interpolation between 6;_; and 6, i.e.,

0 < (1 — B)0;—1 + B0, (12)

where 8 € [0,1] and we set 8§ = 0.6 in experiments. Since 6; is mainly trained on task-t, such simple
interpolation between 6; 1 and 6; leads to a more balanced performance on all tasks.

“Partial Freezing” of Classifier. Following|Li & Hoieml (2017)), instead of completely freezing the classifier
parameters for previously learned classes, wy, k € C1.t—1, we scale down the gradients of these parameters by
a small factor a.. Specifically, the gradient update is modified as follows,

Vkat(G,w) — avkat(H,w), Vk € Cr.e1 (13)

This strategy helps prevent significant drift of the classifier parameters for previously learned classes.

We provide the complete procedure of YoooP and YoooP+ in Algorithm [I] in Appendix [A]

4 Experiment

In this section, we first compare the proposed YoooP and YoooP+ with non-exemplar-based baselines in
three datasets. Then we assess the quality of synthetic data augmented from memorized prototypes. Lastly,
we do ablation studies to explore the impact of different key components. We also explore the sensitivity of
hyper-parameters in Appendix [B]

Datasets. To better evaluate the performance of our proposed methods, we perform on three different
scale datasets: CIFAR-100 |[Krizhevsky et al.|(2009), TinyImageNet [Yao & Miller| (2015), and a subset of
ImageNet-1000 [Russakovsky et al.| (2015]) (Sub-ImageNet). CIFAR-100 contains 100 classes of images, which
include 50,000 training images and 10,000 test images, and the image size is 32 x 32. TinylmageNet contains
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200 classes of images, which include 100,000 training images and 10,000 test images, and the image size is
64 x 64. For the Sub-ImageNet, the detailed description and the results are shown in Appendix [C}

Experimental settings. We implement all experiments using PyTorch [Paszke| (2019), and compare our
methods with baselines provided by PyCIL |Zhou et al.| (2021)), a popular toolbox for continual incremental
learning (CIL). Following prior works |[Zhu et al.| (2021bja), we adopt ResNet-18 He et al.| (2016) as the
backbone network for all methods. For YoooP and YoooP-+, we train with the SGD optimizer with an
initial learning rate of 0.01, which is decayed by a factor of 0.1 every 20 epochs. Models are trained for 60
epochs per task using a batch size of B = 256. For knowledge distillation loss (Eq. |§| for YoooP and Egq.
for YoooP+), we set a large weight v = 30. Additionally, we save the cosine similarity distribution into a
histogram consisting of N, = 100 bins within the interval [0, 1] for prototype analysis (Fig.|3). For evaluation,
we consider two standard CIL settings: “zero-base,” where the total classes are evenly split into multiple
incremental phases (i.e. 5 or 10 phases) trained sequentially, and “half-base,” where half of the classes are
learned initially and remaining classes are evenly incremented. Following previous practice |Zhu et al.| (2021b]),
all classes in each dataset are arranged in a fixed random order, and reported results are averaged across three
runs with a fixed random seed for reproducibility. Additionally, we also perform 20 phases under different
settings on TinyImageNet in Appendix

Baselines. We compare our proposed YoooP and YoooP+ methods with representative non-exemplar-based
methods, including LwF |Li & Hoiem)| (2017, PASS Zhu et al.| (2021b)), SSRE |Zhu et al.| (2022)), IL2A [Zhu
et al| (2021a), FeTrIL Petit et al.| (2023)), FeCAM |Goswami et al.| (2023), EFC Magistri et al.| (2024),
AdaGauss Rypes¢ et al.| (2024), DS-AL |Zhuang et al.| (2024) and ADC |Goswami et al.| (2024). Notably,
ADC and FeCAM employ an NCM classifier Rebuffi et al| (2017) while YoooP/YoooP+ and other baseline
methods perform with a normal classifier with softmax. To further show the impressive performance of our
proposed methods, we also compare the performance with some exemplar-based methods on TinylmageNet
in Appendix [E]

Protocol. We evaluate all methods using three commonly adopted metrics in IL: average incremental
accuracy Rebuffi et al.| (2017) (AIA), the average accuracy after training the last task Rebuffi et al.| (2017)
(AA), and average forgetting |(Chaudhry et al.| (2018) (AF).

4.1 Main Results

In this section, we compare the performance of our proposed methods YoooP and YoooP+ across various
datasets under different settings with various baselines and discuss the results.

Evaluation on zero-base setting. Next, we evaluate the proposed methods against baseline approaches
on CIFAR-100 and TinyImageNet datasets under zero-base settings with 5 and 10 phases. As shown in
Tab. [1} our proposed YoooP consistently outperforms non-NCM baselines that rely on the standard classifier
layer. Specifically, compared to PASS, which achieves the best results among non-NCM baselines, YoooP
achieves accuracy improvements of 4.91% and 7.05% (AIA) and 8.47% and 8.97% (AA) under 5 and 10
phases, respectively, on CIFAR-100. On TinylmageNet, the advantages of YoooP are even more pronounced,
exceeding PASS by 13.15% and 13.58% (AIA), and by 17.99% and 13.95% (AA) under the respective phases.
This impressive performance is because YoooP leverages prototype optimization, enabling the model to
learn more discriminative and compact representations. To further mitigate catastrophic forgetting, YoooP+
augments the training with synthetic data derived from these optimized prototypes. Consequently, YoooP+
surpasses PASS by 9.28%, 11.36% (AIA), and by 13.95%, 13.79% (AA) on CIFAR-100. On TinyImageNet,
the performance gap is even more notable: 14.81%, 16.32% for AIA, and 20.27%, 17.94% for AA under the
respective phases. Additionally, YoooP surpasses ADC and FeCAM, which employ the Nearest Class Mean
(NCM) classifier, on TinyImageNet under zero-base settings, and YoooP+ significantly surpasses ADC on
both datasets under zero-base settings. We also show the performance while training the model incrementally
on each task in the upper row in Fig. [

Evaluation on half-base setting. We first evaluate the proposed methods under half-base settings
with 5 and 10 phases. Results shown in Tab. 2 indicate that YoooP/YoooP+ consistently performs well
across CIFAR-100 and TinylmageNet datasets. On CIFAR-100, YoooP+ achieves performance compa-
rable to FeTrIL, DS-AL, and FeCAM, which attain strong results by training the model only on the
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Table 1: Average incremental accuracy (AIA) and average accuracy after training the last task (AA) of
the proposed YoooP/YoooP+ and baselines on CIFAR-100 and TinyImageNet under zero-base setting with
different phases“b0-10” means zero-base with 10 phases, “b0-5” means zero-base with 5 phases. (*) denotes
methods using “Nearest Class Mean” (NCM) classifier. Bold: the best among non-exemplar methods.
Underline: the second best among non-exemplar methods.

Datasets CIFAR-100 TinyImageNet
Method ATA %]t AA %]t AIA %1 AA [%)T
b0-5  b0-10  b0-5  b0-10  b0O-5 b0-10  b0-5  bO-10
LwF |Li & Hoiem|(2017) 58.95 47.73 39.87 25.88 46.44 35.00 29.50 17.80
SSRE |Zhu et al.|(2022) 58.05 46.58 40.99 29.75 47.13 3854 29.90 22.78
IL2A |Zhu et al.|(2021a) 59.91 4292 43.69 27.21 42.16 33.72 25.67 22.46
FeTrIL |Petit et al.|(2023) 61.41 48.61 44.54 31.07 44,55 36.51 28.23  20.59
DS-AL |Zhuang et al.|(2024) 66.79 56.74 50.30 4276 49.62 47.24 36.89 33.71
EFC Magistri et al.|(2024) 67.52 59.96 50.47 45.24 54.12 48.03 36.92 34.12

AdaGauss Rypes¢é et al.|(2024) 68.42 59.13 56.02 46.32 55.58 50.51 41.33  36.52
*FeCAM |Goswami et al.|(2023) 61.27 48.93 4578 32.11 5437 46.03 39.96 32.02

*ADC |Goswami et al.|(2024) 68.60 61.93 57.49 47.00 60.09 53.51 4746 37.32
PASS |Zhu et al.|(2021b) 60.33 51.94 43.61 3581 4711 40.15 31.05 26.31
PASS w/o Aug 59.02 5547 4519 4241 50.25 4271  36.27  30.17
YoooP (Ours) 65.24 58.99 52.08 44.78 60.26 53.73 49.04 40.26
YoooP+ (Ours) 69.61 63.30 57.56 49.60 61.92 56.47 51.32 44.25

Table 2: Average incremental accuracy (AIA) and average accuracy after training the last task (AA) of
the proposed YoooP/YoooP+ and baselines on CIFAR-100 and TinylmageNet under half-base setting with
different phases.“half-10” means half-base with 10 phases, “half-5” means half-base with 5 phases. (*) denotes
methods using “Nearest Class Mean” (NCM) classifier. Bold: the best among non-exemplar methods.
Underline: the second best among non-exemplar methods.

Datasets CIFAR-100 TinyImageNet
Method ATA %]t AA %)t ATA %]t AA %)t
half-5 half-10  half-5 half-10 half-5 half-10 half-5 half-10
LwF [Li & Hoiem|(2017) 49.00 3746 2793 17.09 3446 2334 21.34  13.56
SSRE |Zhu et al.|(2022) 63.38 61.29 5235 49.27 5045 47.88  40.48  39.47
IL2A [Zhu et al.|(2021a) 62.97 5244  48.89  33.08 4527 43.34  34.54  33.73
FeTrIL [Petit et al.|(2023) 67.57 67.43 5838 5745 51.79  50.10 42,51  41.76
DS-AL [Zhuang et al.|(2024) 68.42 68.37 61.35 61.23 58.41 58.08 50.92  48.86
EFC Magistri et al.|(2024) 67.93 64.88 56.55 54.83  56.64 53.18  44.67  40.35

AdaGauss [Rypes¢ et al.|(2024)  65.07  62.35  58.14  54.82 5833  56.00 50.09  47.90
*FeCAM |Goswami et al.|(2023) 67.17  67.01  60.21  59.93 60.25 60.02 50.64  50.64

*ADC |Goswami et al.|(2024) 65.62  61.71 54.31  49.12 5236  47.12  43.00 37.18
PASS [Zhu et al.|(2021b) 64.10  57.41 04.80  45.71  48.61 39.99  38.69  30.23
PASS w/o Aug 59.34 5541  49.64 43.02 46.06 4284 37.12  33.56
YoooP (Ours) 66.19 5899  56.61 47.09 62.30 58.66 53.94  49.40
YoooP+ (Ours) 6740 61.83 5854 50.81 65.57 61.72 58.56 52.40

initial task while keeping it fixed for future tasks. Although FeTrIL, DS-AL, and FeCAM effectively
preserve initial task knowledge, those strategy severely restricts the model’s capacity to adapt and im-
prove representations for subsequent tasks, particularly when these differ significantly from the initial task.
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Figure 4: Performance comparison of each task across different methods on CIFAR-100 and TinylmageNet

under different settings while training model incrementally.

“zero-5,10”:

settings. “half-5,10”: “half-base” with 5 and 10 phases settings.

Thus, the FeTrIL, DS-AL, and FeCAM fail to achieve
great performance if the initial task contains little
knowledge and the future tasks have a large gap from
the first task. Therefore, the proposed YoooP and
YoooP+ beat the FeTrIL, DS-AL, and FeCAM on
both datasets under zero-base settings, and YoooP+
surpasses those three methods on TinylmageNet
under half-base settings. Specifically, on TinyIm-
ageNet, YoooP outperforms DS-AL by 3.89% and
0.58% (AIA), and 3.02% and 0.54% (AA) under the
respective phases. Furthermore, YoooP+ exhibits
even greater improvements over DS-AL, achieving
7.16% and 3.64% (AIA), and 7.64% and 3.54% (AA).
YoooP and YoooP+ also clearly surpass ADC by
a large margin, reinforcing our methods’ capability
to dynamically capture richer class representations,
particularly on more challenging datasets like Tiny-
ImageNet. The incremental accuracy progression
under the half-base setting is depicted in the bottom
row of Fig. [4

Table 3:

zero-base” with 5 and 10 phases

Average forgetting (AF) of the proposed

YoooP /YoooP+ and baselines on CIFAR-100 and Tiny-
ImageNet under zero-base setting with different phases.“b0-
10” means zero-base with 10 phases, “b0-5” means zero-

base with 5 phases.

(*) denotes methods using “Nearest
Class Mean” (NCM) classifier.

Bold: the best among

non-exemplar methods. Underline: the second best among

non-exemplar methods.

AF %]}

CIFAR-100 TinyImageNet

Methods

b0-5 b0-10 b0-5 b0-10

LwF [Li & Hoiem|(2017) 43.80 51.80 45.79 54.40
SSRE Zhu et al.|(2022 15.44 12.13 16.31 19.94
IL2A [Zhu et al.|(2021a) 26.94 25.07 20.89 26.10
FeTrlIL [Petit et al.[(2023)  18.88 16.14 15.13 15.32
*ADC |Goswami et al.[(2024) 19.15 21.21 15.35 23.92
PASS |Zhu et al.[(2021b) 23.66 18.78 22.00 20.69
PASS w/o Aug 28.11 29.55 24.01 26.00
YoooP (Ours) 21.24 22.69 16.49 25.02
YoooP+ (Ours) 18.75 15.41 14.28 19.24

Evaluation on Average Forgetting. We also evaluate the average forgetting (AF) under zero-base settings
on CIFAR-100 and TinyImageNet. As shown in Tab. [3] our proposed methods, YoooP and YoooP+, achieve

10
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relatively low average forgetting compared to most baseline methods. Although some baselines exhibit lower
AF, this is primarily due to their sharp accuracy decline in initial incremental phases followed by persistently
low performance, as shown in Tab. [I)and clearly illustrated by the incremental accuracy curves in the bottom
row of Fig. [l In contrast, YoooP and YoooP+ effectively maintain higher incremental accuracy (AIA and
AA) throughout all phases (Tab. , genuinely mitigating catastrophic forgetting while maintaining superior
overall performance.

Discussion. Our experimental results yield three main findings: (1). Comparing PASS w/o Aug and PASS
in Tab. [I]and Tab. [2} directly adding high-dimensional Gaussian noise for prototype augmentation can hurt
performance, especially under zero-base settings and the half-base setting with 10 phases on TinylmageNet.
This is because high-dimensional Gaussian noise produces sparse, nearly equidistant data (the curse of
dimensionality). In contrast, YoooP+ generates synthetic data in angular space using a rotation matrix while
preserving the real angular distribution, which consistently improves prototype performance. (2). The ADC
with NCM shows an advantage only in the CIFAR-100 zero-base setting. As shown in Tab. [I] and Tab.
ADC outperforms YoooP on CIFAR-100 under zero-base conditions but does not surpass YoooP+ and fails to
outperform YoooP in other settings. Furthermore, in the half-base configuration, several non-NCM methods
outperform ADC. This occurs because NCM relies solely on class-mean prototypes and avoids gradient
updates to mitigate catastrophic forgetting, limiting its ability to learn complex decision boundaries when task
distributions shift significantly. In contrast, a normal classifier with softmax benefits from gradient updates
that enable the learning of complex boundaries and better generalization. In the half-base setting, where the
initial task has abundant data and later tasks have fewer samples, the pronounced distribution shift leads
to a performance drop (comparing the performance of ADC between the two tables) and the loss of ADC’s
initial advantage. (3). The proposed YoooP and YoooP+ consistently outperform other non-exemplar-based
methods across different datasets under various settings. They achieve higher ATA and AA while maintaining
lower AF, demonstrating robust performance.

4.2 Comparison of Synthetic Data for YoooP+ and PASS

In this experiment, we randomly selected five classes from the CIFAR-100 dataset (task ¢) under a zero-base
setting with 10 phases. We then compared the angular distributions of synthetic data generated from stored
prototypes by YoooP+ and PASS, as illustrated in Fig. [5] The upper row of Fig. [5| pertains to the original
distribution (also the angular distribution stored in YoooP+), representing the cosine similarities between the
representations F(+;0) and the stored prototypes for each class. In contrast, the bottom row of Fig. |5/ shows
the distributions of cosine similarities between the same prototypes and the synthetic data generated by
PASS. We observe that PASS produces synthetic samples whose cosine similarities are heavily concentrated
near 1.0, indicating that these augmented data are nearly identical to the stored prototypes. This narrow
distribution leads to reduced diversity and, consequently, diminished performance, as also evidenced in Fig. [
Tab. |1} and Tab. 2| In comparison, YoooP+ draws its synthetic data based on the original cosine-similarity
distribution (top row). This strategy more effectively restores the representations of the original data and
helps YoooP+ generate higher-quality synthetic samples than PASS.

4.3 Comparison of the representations for YoooP+ and PASS

In addition, we compare the learned representations produced by YoooP+ and PASS. Fig. [6] shows the
distribution of representations on CIFAR-100 under zero-base setting with 10 phases for the first three tasks.
Because YoooP+ employs prototype optimization in the first task, it forms more compact class clusters than
PASS. In Tasks 2 and 3, YoooP+ continues to encode input data within well-defined boundaries, whereas PASS
does not. In Fig. |§| (b), (c), (e), and (f), the light gray points represent data from previous tasks. We observe
in (b) and (c) that YoooP+ keeps old and new tasks well separated, while PASS struggles to distinguish
between the distributions of old and current tasks. This is because YoooP+ not only creates compact
clusters via prototype optimization but also synthesizes high-quality data from the original cosine-similarity
distribution, effectively preserving boundaries for old tasks.
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Figure 5: Top row: histograms of the original cosine similarity ax; (Eq. [2)) between each class’s prototype
and the real samples (top). The augmented samples of YoooP+ are drawn from the original histograms.
Bottom row: histograms of the cosine similarity between each class’s prototype and the augmented samples
for PASS. PASS fails to preserve the distribution of the original data.

»

&

.
CONOUAWNKRO

.
»

(a) YoooP+ for Task 1

o e e e

. e

.

@NOUAWNRO

4:

(d) PASS for Task 1 (e) PASS for Task 2 (f) PASS for Task 3

Figure 6: Visualization of the distribution of representations encoded by YoooP+ and PASS on CIFAR-100
base-0 phase 10 setting. The lighter gray points in “Task 2" and “Task 3" represent the distribution of the
previous tasks’ data.

4.4 Ablation Studies
We conduct ablation studies to assess the influence of three key components on model perfor-
mance: prototype optimization (P), synthetic data replay, and model interpolation (MI). Fig.

presents the results on CIFAR-100 under the zero-base setting with 10 phases. In particular, YoooP
(Class Mean) uses the class-mean for prototype generation (similar to PASS) while still employing
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the prototype optimization loss in Eq. YoooP
(-P) omits prototype optimization, YoooP (-MI) ex-
cludes model interpolation, and YoooP (-P-MI) re- 8
moves both. From Fig. [7} prototype optimization
proves crucial, as YoooP (-P) suffers a substantial
drop in accuracy compared to the full YoooP. When
comparing YoooP and YoooP (Class Mean), YoooP
achieves slightly higher accuracy while utilizing a
mini-batch attentional mean-shift-based method that
requires fewer stored sample embeddings than the
conventional class-mean approach (see Appendix [F)). PR s &Y000P (-MI-P)
Moreover, YoooP+ (which incorporates prototype 10 20 30 40 50 60 70 80 90 100
augmentation) further improves prediction accuracy number of classes

relative to YoooP. Although model interpolation (MI)
contributes a modest performance boost by retaining
prior knowledge and ensuring current-task perfor-
mance, the difference between YoooP (-P) and the
other variants indicates that prototype optimization remains the most critical factor.
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Figure 7: Ablation study of different components in
YoooP+. “-M” means without model interpolation,
“-P” means without prototype optimization.

5 Conclusion

In this work, we developed two non-exemplar-based methods, YoooP and YoooP+, for class-incremental
learning. Specifically, YoooP only needs to store and replay one optimized prototype for each class without
generating synthetic data from stored prototypes. As an extension of YoooP, YoooP+ proposed to create
synthetic data from the stored prototypes and the stored distribution of cosine similarity with the help of a
high-dimensional rotation matrix. The evaluation results on multiple benchmarks demonstrated that both
YoooP and YoooP+ can significantly outperform the baselines in terms of accuracy and average forgetting.
Importantly, this work offered a new perspective on optimizing class prototypes for exemplar-free CIL. We
also show more experimental results in Appendix [G]
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A YoooP and YoooP+ Algorithms

We summarize the proposed YoooP and YoooP+ algorithms as follows. Regarding parameters S steps and
R iterations in Algorithm [I] they are determined by the ratio of Dataset Size to Mini-batch size. More
specifically, S is the number of total steps per epoch for each task. For the number of steps R used to
update the prototypes in each task, we simply set R = S in our experiments. For computing prototype
Pk, we randomly choose one sample from each class k& and use its embedding as the initial prototype. Our
prototype update method is an extension of the classical mean-shift algorithm |Cheng| (1995) that replaces the
pre-defined kernel similarity with a learnable attention score. As stated in|Cheng (1995), random initialization
of pi can guarantee the independence of the solution to the initialization problem.

Algorithm 1: YoooP and YoooP-+
input : Training data D1.7 with classes C.1, epochs E, steps S, iterates R, number of bins N, learning rate
n, o, B

initialize : Memory M <« (), Distribution P < 0, 6, w

fort=1—Tdo

for epoch=1 — E do

Compute features z; = F(x;;0) for (x;,y;) € Dy;

Compute prototype py, for every class k € C; by iterating Eq. [1| for R iterations;

Save prototypes: M < MU {(pk,k) : k € Ci};

Save distribution of cosine similarity using a histogram: P + P U {P(ax;:) : k € C¢} ;

for step=1 — S do

Draw a mini-batch of data (z;,y;) ~ Ds;

if YoooP+ then
Data Synthesis: create a mini-batch of data (2}, k) of previous classes from prototypes

{pr : k € Cr.1—1} and the distribution of cosine similarity {P(ax,:) : k € C;} in Eqgs. 748}

Compute loss L (0, w) in Eq.|11]on the two mini-batches;

else
Draw a mini-batch of prototypes (pk, k) from k € Ci.t—1;

L Compute loss L (0, w) in Eq. @ on the two mini-batches;

Update feature extractor: 6 <— 0 — nVgL:(0,w);
Update classifier for k € Cy: wi = wi — NV, Le (0, w);
Update classifier for k € Crii—1: wi < wi — N (aVw, Li(0,w));

Model interpolation: 6 < (1 — )¢’ + 30;
| Save current task model as 0« 0;

output :Feature extractor F'(-;0) and classifier G(-; w)

B Effect of Hyper-parameters
We also explore some important hyper-parameters on the estimation accuracy of YoooP+ as follows.

B.1 Effect of \ in mean-shift method.

Tab. 4] shows the impact of hyper-parameter A from Eq. [1] in mean-shift-based method on CIFAR100. We
can observe that as A increases from 0.3 to 0.9, the prediction accuracy of YoooP+ almost remains the
same. Thus, we can conclude that the proposed method is not sensitive to A that controls the steps in the
attentional mean-shift-based algorithm. We choose A = 0.6 in our experiments.

B.2 Effect of parameter 5 in model interpolation.

We also investigate the influence of hyperparameter g from Eq. [12]in model interpolation on the prediction
accuracy, as shown in Fig. |8 (a). It can be seen that when S = 0.6, the proposed method has the best
performance. We change the 5 from 0.3 to 0.8, the performance just slightly drops when the g = 0.8. Thus
we conclude that the proposed method is not sensitive to /3.
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Table 4: Effect of A on the accuracy of different tasks on CIFAR-100 with base-0 10 phases setting. We can

see that our method is not sensitive to \.

Base-0-10 phases Average Accuracy on CIFAR-100 with different A. [%] 1

A | Task 1 | Taks 2 | Task 3 | Task 4 | Task 5 | Task 6 | Task 7 | Task 8 | Task 9 | Task 10
0.3 | 92.99 76.67 70.79 63.91 60.36 57.57 55.69 53.80 51.26 49.39
0.4 | 91.85 76.45 70.65 64.57 61.34 57.84 55.26 53.25 51.15 49.59
0.5 | 91.09 76.12 70.02 63.97 61.85 58.08 55.79 53.83 51.53 49.15
0.6 | 91.83 76.42 70.62 64.78 61.51 57.99 55.49 53.44 51.31 49.60
0.7 | 91.77 76.67 71.03 64.83 61.45 57.95 55.54 53.48 51.16 49.54
0.8 | 91.89 76.71 70.77 64.86 61.55 58.07 55.60 53.45 51.31 49.63
0.9 | 91.84 76.74 70.74 64.86 61.59 58.14 55.51 53.46 51.13 49.56
100
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X 80 vy
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Figure 8: The ablation study of a and S on the prediction results.

B.3 Effect of small factor «.

Lastly, we study the effect of small factor o from
Eq. [[3]in the “Partial Freezing” of the classifier on
the model performance. As illustrated in Fig. [§] (b),
it can be observed that when « is 0 or larger than
0.005, the prediction accuracy will drop slightly. As
« is a very small value, such as 0.001, the proposed
method has the best performance. Hence, we choose
a = 0.001 in our experiment.

C Evaluation on Sub-ImageNet Dataset

In this section, we further evaluate our methods on
a larger Sub-ImageNet dataset created by randomly
selecting 100 classes Deng et al.| (2009). This exper-
iment demonstrates how YoooP and YoooP+ com-
pare against various non-exemplar-based approaches
under different settings. We exclude IL2A from the

Table 5: Average incremental accuracy (AIA) and average
accuracy after training the last task (AA) of the proposed
YoooP/YoooP+ and baselines on Sub-ImageNet under zero-
base setting and half-base setting with 10 phases.“b0-10”
means zero-base with 10 phases, “half-10” means half-
base with 10 phases. (*) denotes methods using “Near-
est Class Mean”(NCM) classifier. Bold: the best among
non-exemplar methods. Underline: the second best among
non-exemplar methods.

Sub-ImageNet AIA [%]1 AA (%)t

Methods b0-10 half-10 b0-10 half-10
LwF |Li & Hoiem|(2017) 30.64 27.46 15.62 16.62
SSRE |Zhu et al.|(2022) 41.12 60.41 24.43 51.20
FeTrIL [Petit et al.|(2023) 46.73 72.55 28.84 64.06
*ADC |Goswami et al.|(2024) 65.90 53.18 50.66 40.26
PASS [Zhu et al.|(2021b) 44.10 64.57 27.70 53.54
YoooP (Ours) 68.28 75.86 52.86 68.96
YoooP+ (Ours) 70.35 78.24 56.20 70.54

comparison due to its prohibitively high GPU memory requirements on Sub-ImageNet.

As shown in Tab. [fland Fig. [0} YoooP and YoooP+ consistently outperform the non-exemplar baselines in
both zero-base and half-base configurations. In line with our earlier findings (Sec. , FeTrIL continues to
perform well in the half-base setting but fails in the zero-base scenario, likely because it cannot learn sufficient
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Figure 9: Accuracy comparison of different non-exemplar-based and exemplar-based methods on ImageNet-
Subset under different settings using 3 random seeds.

initial knowledge when starting with no base classes. Meanwhile, ADC with an NCM classifier excels under
zero-base conditions but suffers a large performance drop in the half-base setting. This is primarily due to
the substantial distribution shift between tasks in the half-base scenario, which is especially pronounced on a

large-scale dataset like Sub-ImageNet.

D Evaluation on 20 phases setting.

We further evaluate our proposed methods on Tiny-
ImageNet under more extended incremental settings,
specifically 20-phase scenarios in both zero-base and
half-base configurations. As shown in Tab. [0 FeTrIL,
FeCAM, and DS-AL, continue to perform well in the
half-base setting (earning second place) but expe-
rience a severe performance drop in the zero-base
setting. Meanwhile, ADC with an NCM classifier
achieves the second-best AIA under the zero-base
setting but is consistently outperformed by YoooP
and YoooP+, particularly in the half-base configu-
ration. Comparing to the PASS, the performance of
our proposed methods surpass it in a clear gap across
various settings. These findings reinforce our earlier
observations that relying on the performance of the
initial tasks (as in FeTrIL, FeCAM, EFC, and DS-AL)
or an NCM classifier (as in ADC) limits adaptabil-
ity when the task distribution shifts substantially.
By contrast, YoooP and YoooP+ maintain strong
performance across both zero-base and half-base 20-
phase settings, highlighting their robustness in more
demanding incremental learning scenarios.

Table 6: Average incremental accuracy (AIA) and average
accuracy after training the last task (AA) of the proposed
YoooP /YoooP+ and baselines on TinylmageNet under zero-
base setting and half-base setting with 20 phases.“b0-20”
means zero-base with 20 phases, “half-20” means half-
base with 20 phases. (*) denotes methods using “Near-
est Class Mean”(NCM) classifier. Bold: the best among
non-exemplar methods. Underline: the second best among
non-exemplar methods.

TinyImageNet ATA [%]r AA %t

Methods b0-20 half-20 b0-20 half-20
LwF |Li & Hoiem|(2017) 22.93 13.39 9.57 5.62
SSRE [Zhu et al.[(2022 25.78 46.20 15.25 38.84
IL2AHm‘dﬂ2ﬁb 25.39 39.90 17.73 29.43
FeTrIL [Petit et al.|(2023) 31.84 48.96 18.38 41.44
DS-AL [Zhuang et al.[(2024) ~ 33.74 58.17 24.58 50.79
EFC Magistri et al.[(2024) 42.31 56.01 28.27 47.21
AdaGauss|Rypesé et al.[(2024) 44.21 50.31 30.26 41.95
*FeCAM (Goswami et al.|(2023) 38.61 59.32 25.30 54.61
*ADC |Goswami et al.[(2024)  46.75 34.64 29.24 25.70
PASS [Zhu et al.|(2021b) 33.76 33.24 19.36 25.21
YoooP (Ours) 46.00 48.19 30.97 39.31
YoooP+ (Ours) 48.36 51.27 31.26 42.28

E Compare with Exemplar-based methods

To showcase the strong performance of our proposed methods, we also compare them with several exemplar-

based approaches, including iCaRL [Rebuffi et al. (2017), BiC (2019)), and WA |Zhao et al.| (2020)),

under zero-base and half-base settings with 5 and 10 phases on TinylmageNet. Following prior works
let al| (2019); Rebuffi et al| (2017), these exemplar-based methods store 20 raw samples per old class, selected
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Figure 10: Accuracy comparison of different exemplar-based methods on TinylmageNet under different
settings using 3 random seeds.

(¢) Tiny-half-base-phasesb

via herd election [Rebuffi et al.| (2017)). It is important to note that exemplar-based methods typically achieve
higher accuracy than non-exemplar-based methods, as they can store raw data and thus preserve richer
information Rebuffi et al|(2017); Hou et al.| (2019). This makes a fair comparison particularly challenging.

Fig. [I0] shows the performance of different approaches on TinyImageNet. Notably, although our YoooP and
YoooP+ do not store raw data, they still achieve comparable performance in zero-base settings and even
surpass some exemplar-based methods in half-base settings. This result underscores the effectiveness of our
prototype optimization and augmentation strategies, demonstrating that even without raw data storage, our
approach can overcome the inherent advantages of exemplar-based methods under certain conditions.

F Evaluation of Additional Storage Requirements

We further evaluate the additional storage requirements of our proposed mini-batch attentional mean-shift-
based method presented in Eq. Specifically, this metric quantifies the number of sample embeddings
that must be stored for generating prototypes of classes. In our approach, only the embeddings from a
mini-batch are retained, whereas the conventional class-mean method requires storing the embeddings of all
samples within each class. Tab. [7] presents a comparison of these storage requirements for individual tasks
under different settings on TinylmageNet dataset. As shown in Tab. [7} our methods require significantly

fewer stored embeddings than class-mean approaches, demonstrating a clear advantage in terms of memory
efficiency.
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Table 7: Number of stored embeddings utilized for generating prototype in each task of our proposed method
and class mean method in the baselines under different settings on TinylmageNet.

Additional Storage Requirements under different settings on TinylmageNet: # |

Settings Our method Class-mean
batch size: 128 batch size: 256

base0-phasesb 128 256 20000

base0-phases10 128 256 10000

half-base-phasesb 128 256 10000

half-base-phases10 128 256 5000

G Evaluation on the confusion matrix

To effectively demonstrate the results of Class-Incremental Learning (CIL), we conduct a comparison of
the classification confusion matrices for PASS, YoooP, and YoooP+ on CIFAR-100 under the zero-base
10-phase setting. The confusion matrix, as shown in Fig. [[T] illustrates correct predictions on the diagonal
and misclassifications in off-diagonal entries.

Comparing Fig. a) and Fig. b), we observe that the diagonal entries’ temperatures in YoooP are higher
than those in PASS, which means the accuracy is higher, particularly for classes 20 to 100. This indicates
that YoooP excels in learning the current task while minimizing forgetting of the old tasks. Consequently,
YoooP exhibits enhanced plasticity and stability compared to PASS.

Further comparing Fig. (b) and Fig. (c), we notice that the diagonal entries’ temperatures for classes 0
to 40 in YoooP+ are higher than those in YoooP. Notably, YoooP tends to classify more into recent tasks.
YoooP+ effectively mitigates this tendency and reduces bias through the proposed prototype augmentation,
resulting in superior performance.

1.0

true classes
true classes
true classes

100 = 100 0.0

20 40 60 80 100 20 40 60 80 10 20 40 60
predicted classes predicted classes predicted classes
(a) PASS (b) YoooP (¢) YoooP+

Figure 11: Confusion matrix comparison of different methods under CIFAR-100 base0-10 setting.
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H Evaluation on the efficiency

Table 8: Efficiency on TinylmageNet under zero-base 10 phases setting, One GPU NVIDIA RTX A6000,
BS=256, M=10°%, G=10°, T=10'2.
Methods MACs|, Parameters] GPU-Memo| Time/Epoch]

YoooP+ 571.26 G 11.17 M 9.86 GB 22.07 s
YoooP 571.26 G 11.17 M 9.53 GB 17.10 s
ADC 571.26 G 11.17TM 9.53 GB 17.00 s
PASS 228T 11.18 M >50 GB 40.64 s
FeTril 571.26 G 11.17 M 10.72 GB 349.15 s
SSRE 633.31 G 12.40 M 13.23 GB 50.17 s
LwF 571.26 G 11.17 M 9.53 GB 16.90 s
IL2A 2.714T 11.17 M >50 GB 974 s

To show that both YoooP and YoooP+ are designed to be lightweight, we provide a detailed analysis of
the computational cost and implementation details for prototype optimization and synthetic data replay in
Tab. [8] As shown in the table, our YoooP+ method achieves competitive or even lower MACs, GPU memory,
and training time per epoch compared to other baselines (e.g., ADC, PASS, FeTrIL). Specifically, YoooP+
requires 571.26 G MACs, 9.86 GB GPU memory, and 22.07 seconds per epoch, demonstrating that prototype
optimization and synthetic data replay introduce minimal overhead.
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