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ABSTRACT

Recent works on continual learning have shown that unsupervised continual learn-
ing (UCL) methods rival or even beat supervised continual learning methods.
However, most UCL methods typically adopt fixed learning strategies with pre-
defined objectives and ignore the influence of the constant shift of data distribu-
tions on the newer training process. This non-adaptive paradigm tends to achieve
sub-optimal performance, since the optimal update direction (to ensure the trade-
off between old and new tasks) keeps changing during training over sequential
tasks. In this work, we thus propose a novel UCL framework termed AUDR
to adaptively rectify the update direction by a policy network (i.e., the Actor)
at each training step based on the reward predicted by a value network (i.e.,
the Critic). Concretely, different from existing Actor-Critic based reinforcement
learning works, there are three vital designs that make our AUDR applicable to
the UCL setting: (1) A reward function to measure the score/value of the currently
selected action, which provides the ground-truth reward to guide the Critic’s pre-
dictions; (2) An action space for the Actor to select actions (i.e., update directions)
according to the reward predicted by the Critic; (3) A multinomial sampling strat-
egy with a lower-bound on the sampling probability of each action, which is de-
signed to improve the variance of the Actor’s selected actions for more diversified
exploration. Extensive experiments show that our AUDR achieves state-of-the-art
results under both the in-dataset and cross-dataset UCL settings. Importantly, our
AUDR also shows superior performance when combined with other UCL meth-
ods, which suggests that our AUDR is highly extensible and versatile.

1 INTRODUCTION

Continual learning has recently drawn great attention, for it can be applied to learning on a sequence
of tasks without full access to the historical data (Rusu et al., 2016; Rebuffi et al., 2017; Lopez-Paz &
Ranzato, 2017; Fernando et al., 2017; Kirkpatrick et al., 2017; Zenke et al., 2017). Most of existing
methods focus on supervised continual learning (SCL), and only a few (Rao et al., 2019; Madaan
et al., 2021; Fini et al., 2022) pay attention to unsupervised continual learning (UCL). UCL is an
important yet more challenging task which requires a model to avoid forgetting previous knowledge
after being trained on a sequence of tasks without labeled data.

Recent UCL methods (Rao et al., 2019; Madaan et al., 2021; Fini et al., 2022) have achieved promis-
ing results, and even outperform the SCL methods. However, these UCL methods are still limited
by the fixed learning strategies with pre-defined objectives. For instance, LUMP (Madaan et al.,
2021) proposed a fixed lifelong mixup strategy that integrates current and memory data in a random
ratio sampled from a Beta distribution regardless of the shift in data distributions. This non-adaptive
paradigm is not ideal for UCL, since the optimal update direction of achieving the best performance
on all learned tasks is continuously changing during training. Therefore, a new adaptive paradigm
for UCL to model the process of selecting the optimal update direction is needed.

In this work, we thus devise a new UCL framework termed AUDR that can adaptively rectify the
update direction (see Figure 1), where a policy network (i.e., the Actor) is proposed to select the
best action for current data batch and a value network (i.e., the Critic) is designed for predicting the
action’s latent value. The Actor is trained to maximize the Critic’s prediction reward, and the Critic
is trained to more precisely predict the reward for the Actor’s selected action. Different from the
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Figure 1: Illustration of the traditional UCL method LUMP and our AUDR. Their main difference
lies in that our AUDR adopts an Actor-Critic architecture to rectify the update direction (i.e., adap-
tive mixup strategy) with three core designs while LUMP has a fixed mixup strategy.

short-sighted approaches (e.g., directly using a learnable parameter) that can only adjust the update
direction based on current batch of data/loss, our AUDR predicts the total future rewards which
is more and more precise/reliable during training. This is inspired by the Actor-Critic learning, a
combination of policy-based and value-based methods, in the reinforcement learning field (Sutton
etal., 1999; Haarnoja et al., 2018; Yarats et al., 2020; Mu et al., 2022). Actor-Critic learning enables
the policy network to be updated at each training step (instead of after completing each task) with
sampled transitions (i.e., from one state to next state), and thus it is possible to be transferred to
UCL. However, we still have difficulty in directly deploying existing Actor-Critic methods under
the UCL setting, because: (1) there is no environment (or reward function) that could give feedback
rewards to all input states; (2) the action space for the Actor is not explicitly defined; (3) how to
alleviate the problem of the trade-off between the old and new tasks remains unclear.

To address these problems, our AUDR thus has three core designs: (1) A reward function defining
the ground-truth reward to guide the Critic’s training. It is based on two UCL losses of the next
model (after one-step gradient descent) by respectively using the current and memory data. Thus,
this reward can represent the changes of model performance on old and new tasks with the selected
action, which is then utilized to conduct a continual TD-error loss to train the Critic. (2) An action
space containing different actions (i.e., different update directions) for the Actor to select. To be
more specific, an action with larger value (e.g., 0.99) represents that the memory data accounts for
higher percentage when mixed with current data, and thus the update direction is more oriented
towards improving the model performance on old tasks. (3) A multinomial sampling strategy to
sample the action based on the action probability distributions predicted by the Actor. Concretely,
for each input feature, the Actor outputs a probability distribution where each action is associated
with a probability holding a lower-bound above zero to improve the variance of the Actor’s selected
actions. We then multinomially sample one action per feature and all samples vote for the final
action. This strategy is designed to explore more diverse actions to avoid the model falling into a
local optimal update direction. Note that the Actor-Critic module of our AUDR is only employed
for training and we only use the backbone network for testing as in LUMP (Madaan et al., 2021).

Furthermore, we combine the proposed adaptive paradigm with another representative method
DER (Buzzega et al., 2020) for UCL to verify the extensibility of our AUDR. Specifically, we
use different coefficients of the penalty loss as the new action space to replace the action space men-
tioned above, which is a key factor that affects the update direction in DER. Other settings remain
the same as in our original AUDR. We find that our AUDR+DER outperforms DER for UCL by a
large margin. This demonstrates that our AUDR is highly generalizable/versatile. We believe that
our work could bring some inspirations to the continual learning community.

Our main contributions are four-fold: (1) We are the first to deploy an adaptive learning paradigm for
UCL, i.e., we propose a novel UCL framework AUDR with an Actor-Critic module. (2) We devise
three core designs in our AUDR to ensure that the Actor-Critic architecture is seamlessly transferred
to UCL, including a reward function, an action space, and a multinomial sampling strategy. (3)
Extensive experiments on three benchmarks demonstrate that our AUDR achieves new state-of-the-
art results on UCL. (4) Further analysis on combining our proposed adaptive paradigm with another
UCL method shows that our AUDR is highly generalizable and has great potential in UCL.
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2 RELATED WORK

Continual Learning. Existing continual learning methods can be mainly categorized into three
groups: (1) Expansion-based methods have dynamic architectures which add extra extended net-
works for in-coming new tasks (Rusu et al., 2016; Fernando et al., 2017; Alet et al., 2018; Chang
et al., 2018; Li et al., 2019). (2) Regularization-based methods deploy either regularization con-
straints (Li & Hoiem, 2017; Aljundi et al., 2017; Hou et al., 2018; Rannen et al., 2017; Hou et al.,
2019) or penalty losses (Kirkpatrick et al., 2017; Zenke et al., 2017; Farajtabar et al., 2020; Saha
etal.,2021) to align the old and new models. (3) Rehearsal-based methods adopt a memory buffer to
restore the memory data of previous tasks (Rebuffi et al., 2017; Lopez-Paz & Ranzato, 2017; Riemer
et al., 2018; Chaudhry et al., 2019; Buzzega et al., 2020; Aljundi et al., 2019; Chaudhry et al., 2020;
Chaetal., 2021). In contrast to these supervised continual learning works, (Rao et al., 2019; Madaan
et al., 2021; Fini et al., 2022; Davari et al., 2022) have started to study the unsupervised continual
learning (UCL) setting in a fixed learning paradigm by combining continual learning methods with
unsupervised methods (Chen et al., 2020; Chen & He, 2021; Zbontar et al., 2021). Our AUDR is
basically a rehearsal-based method for UCL but with an adaptive training paradigm which rectifies
the update direction at each training step. Note that the adaptive paradigm of our AUDR is different
from those methods that utilize a learnable parameter to adjust the update direction or even learn
to prompt (Wang et al., 2022), since our AUDR is long-sighted (predicting future rewards) and the
adaptively rectified action is only used for training (the Actor-Critic module is dropped at the test
phase). We provide more discussions about their differences in Appendix B.

Actor-Critic Learning. Actor-Critic is a widely-used architecture in recent reinforcement learn-
ing (RL) works. (Peters & Schaal, 2008) builds the Actor-Critic algorithm on standard policy
gradient formulation to update the Actor; (Schulman et al.,, 2017; Mnih et al., 2016; Gruslys
et al., 2017; Haarnoja et al., 2018) choose to maximize or regularize the entropy of the policy;
CURL (Laskin et al., 2020) combines the unsupervised learning with Actor-Critic reinforcement
learning; DrQ (Yarats et al., 2020) designs a data-regularized Q to improve the Actor-Critic method;
CtrlFormer (Mu et al., 2022) proposes a control transformer to tackle the forgetting problem in visual
control. Our AUDR is the first work to apply Actor-Critic learning to the UCL setting. It consists
of a similar Actor-Critic module as in CURL, DrQ, and CtrlFormer, but also has vital differences:
a reward function for UCL to replace the environment of RL, a new action space designed for the
Actor, and a multinomial sampling strategy to ensure the diversity of actions.

3 METHODOLOGY

3.1 UNSUPERVISED CONTINUAL LEARNING

Unsupervised continual learning (UCL) requires the model to be trained on a sequence of tasks
without labeled data. We follow the learning protocol proposed in LUMP (Madaan et al., 2021) to
conduct our study on UCL. Concretely, let D = [D;, Ds, - - - , D] denotes a dataset with NV tasks.
For each task ¢, it has D, = {zy;, y¢; b1t With n, samples, where x; ; is the input image and y; ; is
the ground-truth label (which is utilized only during the validation and test phases). For simplicity,
we omit ¢ and only use x;,y; in the following subsections. For each input sample x;, we first
randomly augment it into two views z}, 7. We then consider fp with parameters 6 as the backbone
(encoder) and employ it to obtain d-dimensional feature representations {fs(x}), fo(2?)} € R4
Formally, based on a widely-used contrastive learning framework SimSiam (Chen & He, 2021), the
main training loss for UCL can be defined as:

Lsimsian(fo(r}), fo(a?)) = 3 DIMLP(fo(a), fole?)) + 5 DIMLP(fo(a2), folah)), (1)

where D(p,z) = — cos(p, stop_gradient(z)) = E— . % and MLP(-) denotes a multi-layer

el =0

perception. After training, the model is then evaluated by a K-nearest neighbor (KNN) classifier (Wu
et al., 2018) following the setup in (Chen et al., 2020; Chen & He, 2021; Madaan et al., 2021).

Directly applying the SimSiam-based learning loss mentioned above is difficult to obtain a well-
performed model due to the catastrophic forgetting problem that the model performance on previous
tasks drops significantly during sequential training. To tackle this forgetting problem, rehearsal-
based methods with a memory buffer to store limited previous data are most popular solutions in the
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Figure 2: Schematic illustration of our AUDR. At each training step s, the Actor selects the best
action ap.s; and the Critic predicts the reward of taking this action. We train the Actor with the
predicted reward ). A reward function Ry, with current loss L., and memory 1oss Ly,enm, of the
next-step encoder fy_ 41 is proposed to train the Critic (along with the Target Critic).

past few years. For instance, LUMP (Madaan et al., 2021) proposes a life-long mixup strategy to
integrate the memory data with current data as follows:

By =X ag (L= A) 2y, 87 =X a,+ (1= X) -2, @
1 B
Lmi:vup = E ;LSimSiam(fﬁ(-%zl)afG(i‘zl))a (3)
where B is the mini-batch size, x}m , xfm denote two augmentations of the memory data ., ;,

and A ~ Beta(a, a),a € (0,00). This strategy is fixed across all tasks and thus it easily leads to
sub-optimal performance. In addition, randomly changing the update direction at each training step
is not intuitive. In our opinion, whether to use more memory data (i.e., larger \) or more current
data (i.e., smaller \) should be measured by an appropriate pattern. Therefore, in the following, we
propose to adaptively rectify the update direction by an Actor-Critic architecture.

3.2 ACTION PREDICTION WITH THE ACTOR

We present the schematic illustration of our AUDR in Figure 2. In contrast to randomly sampling
the mixup ratio from a fixed Beta distribution, we utilize a policy network (i.e., the Actor) to predict
the score distribution of all actions. Concretely, we first define an action space A = {a,;|j =
1,2,- -, Ngct } where each action a; denotes different values of A and N, denotes the number of
actions. Further, we adopt an Actor 7 : RY — RMaet to predict and select a best action a}_,, based
on the representations of the current data x;:

aéest = Qarg max; [softmax (7 (fo(z:)))]; 4

where [y (z;)]; denotes the j-th element of 7y (z;). For a mini-batch with B data samples, we first
predict the best action of each sample by Eq. (4) and then vote for the action that appears the most
frequently as ap.s;. We take the selected best action apes; as the learning strategy of the current
training step s to compute the UCL loss:

ji = Qpest * xinﬂ' + (1 - abest) : Ill7 i? = QApest * zfn,i + (1 - abest) : I?, (5)
1 B
Lucl = Ei_zlLSimSiam(fOS(izl)af@s(j?))7 (6)

where 6, denotes the parameters of the encoder f at the current training step s. Note that the apcst
is detached (i.e., without gradient) in L,.;. Therefore, this UCL loss is only used for training the
encoder fy. In this paper, we follow recent Actor-Critic learning works (Laskin et al., 2020; Yarats
et al., 2020; Mu et al., 2022) to train the Actor for better predicting the actions, whose learning
objective is to maximize the reward predicted by a value network (i.e., the Critic) (), : R+Nact
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R! . Formally, for each training step s, we define the actor loss as:

B B
Lactor - *é Z Qs,i - *é Z Q¢(concat(fgs (xz)a 7T¢(f9§ (xl))))v (7)
=1 i=1

where concat(-, -) is to concatenate the input vectors as shown in Figure 2 and @, ; denotes the
predicted reward at the current training step s. Training the Actor with L, requires the Critic’s
prediction to be precise and reliable. However, there is no existing environment which provides the
ground-truth rewards of input representations. Therefore, we are supposed to design a dedicated
environment (or reward function) for our AUDR.

3.3 REWARD FUNCTION FOR THE CRITIC

The widely-used concept “environment” in recent Actor-Critic learning works (Laskin et al., 2020;
Yarats et al., 2020; Mu et al., 2022) refers to a pre-defined interactive system, which can provide
the ground-truth reward to any input state for the agent. Without the environment, the basis for
measuring the values of actions is missing. Therefore, in our AUDR, we desvise a reward function
Ry to compensate for the lack of the environment in UCL. R ; measures the model performance
on both current data (i.e., L.y,) and memory data (i.e., L,,.n,) after taking the action apes;:

Lcur - LSimSiam(f05+1 (le)a f95+1 (x?))a (8)
Lmem = LSimSiam(f05+1 (xini)v f95+1 (xgnyl))a (9)
R;f = _(Lcur + Lmem)7 (10)

where fp,, denotes the updated model. Note that the training data is still from the same batch. In

other words, R;;f evaluates how well the model can perform on the same data after updating. Further,
we maintain a target Critic Q,,, to help train the Critic Q,,. It is first proposed by TD3 (Fujimoto
et al., 2018) to stablize the training process and has been adopted in many recent works (Laskin
et al., 2020; Yarats et al., 2020; Mu et al., 2022). Concretely, Q,, is initialized by Q. and then
updated by momentum update strategy (i.e., slowly updated by small part of the parameters of Q,),
which is also known as exponential moving average (EMA) (Holt, 2004):

pr=m-p+(1—m)- ¢, 1D

where m is the momentum coefficient. Similar to the Critic, the target Critic can predict the reward
of input features and actions. Differently, the Critic predicts the reward @, ; for encoder fp_ while
the target Critic predicts the reward (), ,; for encoder fy__ ,:

Qerl,i = Q(Pt (COHC&t(f@SJrl (xl)7 7T¢7(f95+1 (ml)))) (12)

As directly predicting the whole future reward is difficult, we could measure the difference between
two training steps by temporal difference learning (i.e., TD-error) (Watkins, 1989), which is an
update rule based on Bellman equation (Bellman, 1966). Since we have re-designed the ground-
truth reward for UCL, we thus call the learning objective of the Critic as “continual TD-error”.
Formally, we define the continual TD-error as follows:

B
1 s
Leritic = 5 D _(Qai = (BG +7 Qay1,0))%, (13)
=1

where v denotes the discounted factor. During training, the predicted reward will be closer to the
ground-truth reward and thus the selected action becomes more reliable.

3.4 RESTRICTIONS ON SAMPLING PROBABILITY

Although we can predict the best action of each training step by our AUDR framework introduced
above, it still can not guarantee that the predictions are completely accurate, nor that taking other
actions will definitely lead to worse performance. In fact, the predicted optimal model updating
direction is possibly not global optimal. Therefore, completely relying on the predictions and ignor-
ing other choices will hinder the model’s exploration of a better update direction. To address this
problem, we propose to sample each action according to the predicted action score (each score has a
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range through clamping) by multinomial sampling. Formally, for each sample z; and each training
step s, we adjust Eq. (4) and predict the best action as follows:

rp(wi) = clamp(softmax(my (fo, (¥i))), Pmin, Pmaz ) (14)
(best = AMS (softmax(#s (2)),1)3 (15)

where clamp(-, Ppin, Pmaz) denotes clamping each element of the input vector into the interval
[Pmins Pmax), and MS(-, 1) denotes a multinomial sampling strategy that samples one action accord-
ing to the input score 7, (x;) and returns the subscript of the selected action. To be more specific,
each element of softmax (74 (fo, (z;))) represents an action’s score which will be set to py, if it
is smaller than p,,;, and will be set to py,q, if it is larger than p,,4,. Overall, we can obtain the
lower-bound sampling probability P;,,, for each action as follows:

exp(pmin)
eXp(pmin) + (Nact - 1) : exp(pmaw)’
which means that each action has at least the probability of P, to be sampled. It is calculated by

assuming the most extreme case, where only one action’s weight (i.e., one element of 74 (z;)) is
DPmin and the others are p,,,, after clamping.

(16)

low =

3.5 FULL ALGORITHM

There are three main modules in our AUDR framework: the encoder, the Actor, and the Critic.
These modules are updated separately at the training phase and promote each other. Concretely,
the encoder is learned by minimizing the SimSiam-based UCL loss with an adaptively adjusted
mixup strategy. The Actor aims to maximize the prediction score of the Critic. The Critic improves
its prediction preciseness through a continual TD-error. For easier and clearer understanding, we
summarize the full training process of our AUDR as follows: (1) The Actor selects the best action
from the action space by Eq. (14) and Eq. (15); (2) The encoder is updated with the selected action
by Eq. (6); (3) The Actor is updated with the predicted reward of the Critic by Eq. (7); (4) The
Critic is updated with the continual TD-error by Eq. (13). Note that the Actor-Critic architecture is
removed at the test phase and only the encoder is evaluated with a KNN classifier as in other UCL
methods. We present the pseudocode of the full algorithm of our AUDR in Appendix A.

Furthermore, it is worth noting that defining the update direction (or the action space) in the mixup
style as we did above is not the only way to construct our AUDR. In fact, this adaptive paradigm
could be integrated into many other UCL works. For instance, DER (Buzzega et al., 2020) is a
representative work of regularization-based methods, which maintains a penalty function to align
the representations of old and new models. Let the weight of the penalty function in the final loss be
the action, we could define a new action space for our AUDR. We conduct experiments and provide
more details in Sec. 4.4 to show that our AUDR+DER obtains great performance improvements over
DER, which demonstrates that our AUDR is indeed extensible and versatile.

4 EXPERIMENTS

4.1 EXPERIMENTAL SETUP

Datasets. We train and evaluate our model on three benchmarks for in-dataset UCL: (1) Split
CIFAR-10 (Krizhevsky, 2009) contains 5 tasks, with 2 classes (randomly sampled from 10 classes)
per task. (2) Split CIFAR-100 (Krizhevsky, 2009) consists of 20 tasks, with 5 classes (randomly
sampled from 100 classes) per task. (3) Split Tiny-ImageNet is a subset of ImageNet (Deng et al.,
2009) which has 20 tasks with 5 classes per task. We also evaluate our models (pre-trained on
Split CIFAR-10 or Split CIFAR-100) on three benchmarks for cross-dataset UCL: MNIST (LeCun,
1998), Fashion-MNIST (FMNIST) (Xiao et al., 2017), and SVHN (Netzer et al., 2011).

Evaluation Protocol. We follow recent works (Mirzadeh et al., 2020; Madaan et al., 2021) to
establish the evaluation protocol of UCL. Formally, let A, ; denote the test accuracy of the model
on task 7 after trained on task ¢, where the total number of tasks is /N. We define two metrics:

(1) Average Accuracy denotes the average classification accuracy of the model on all learned tasks

after sequential training: Accuracy = 1 Zf\il Ani.
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Table 1: Comparison results with state-of-the-art methods under the in-dataset UCL setting on three
benchmarks: Split CIFAR-10, Split CIFAR-100 and Split Tiny-ImageNet. “Accuracy” denotes aver-
age accuracy and “Forgetting” denotes average forgetting. “Multi-Task™ is the upper-bound method
which is based on multi-task learning. Standard deviation results are shown in brackets.

Method Split CIFAR-10 Split CIFAR-100 Split Tiny-ImageNet
Accuracy (1) Forgetting (]) Accuracy (1) Forgetting (}) Accuracy (1) Forgetting ({)

Multi-Task 95.76 (=008 - 86.31 03s) — 82.89 (049 -

Finetune 90.11 @o0.12) 5.42 008 75.42 078 10.19 037 71.07 020 9.48 (+0.56)

PNN (Rusu et al., 2016) 90.93 022 — 66.58 (+1.00) — 62.15 @135 -

SI (Zenke et al., 2017) 92.75 0.06) 1.81 @o2n 80.08 (+1.30) 5.54 130 72.34 (x0.42) 8.26 (+0.64)

DER (Buzzega et al., 2020) 91.22 030 4.63 (z0.26) T77.27 030) 9.31 (20.09) 71.90 (144 8.36 @2.06)
LUMP (Madaan et al., 2021)  91.00 +0.40) 2.92 (+053) 82.30 =135 4.71 =152 76.66 239 3.54 1.04)

Ours 93.29 021 1.72 012 84.04 011 3.35 @o.16) 77.67 +0.12) 3.48 @011

Table 2: Comparison results with the state-of-the-art methods under the cross-dataset UCL setting.
All models are pre-trained on Split CIFAR-10 (or Split CIFAR-100), and then directly evaluated on
MNIST, FMNIST, SVHN, and Split CIFAR-100 (or Split CIFAR-10).

Method Split CIFAR-10 Split CIFAR-100

MNIST FMNIST SVHN CIFAR-100 MNIST FMNIST SVHN CIFAR-10
Multi-Task 90.69 20.13) 80.65 +042) 47.67 045 39.55 018y 90.35 024) 81.11 @186) 52.20 o061y 70.19 z0.15)
Finetune 89.23 (20.99) 80.05 0.34) 49.66 081y 34.52 20120 85.99 2086) 76.90 z0.11) 50.09 z141) 57.15 0.96)
ST (Zenke et al., 2017) 93.72 058y 82.50 051) 57.88 z0.16) 36.21 x0.69) 91.50 x126) 80.57 0.93) 54.07 +2.73) 60.55 254

DER Buzzegaetal., 2020)  88.35 x052) 79.33 0.62) 48.83 0557 30.68 z036) 87.96 x2.04) 76.21 063) 47.70 0.94) 56.26 (20.16)
LUMP (Madaan et al., 2021) 91.03 022) 80.78 0.88) 45.18 157y 31.17 183 91.76 @1.17) 81.61 =045y 50.13 @071y 63.00 0.53)

Ours 93.98 (20.33) 83.78 (013 55.95 1760 39.77 053 94.34 0349) 83.09 20.43) 55.29 z0.56) 69.33 z0.62)

(2) Average Forgetting is the average performance decrease of the model on each task between its

maximum accuracy and the final accuracy: Forgetting = - SVt maxyeqy,... N (Ari — Ani).

Implementation Details. All baseline methods and our AUDR are implemented based on Sim-
Siam (Chen & He, 2021) with ResNet-18 (He et al., 2016) as the backbone encoder. The Actor
and the Critic are both MLP-based structures. Concretely, the Actor has 4 linear layers and the
Critic has a similar architecture with one more 3-layer MLP head which is adopted for clipped dou-
ble Q-learning (Van Hasselt et al., 2016; Fujimoto et al., 2018). We provide more details for the
Actor-Critic architecture in Appendix B. To obtain our main results and make fair comparison to
recent competitors, we follow LUMP (Madaan et al., 2021) to average the evaluation results over
three independent runs with different random seeds. More details are given as follows: (1) At the
training phase, all images are randomly augmented into two views by horizontal-flip, color-jitter,
gaussian-blur, and gray-scale. (2) We train our model for 200 epochs per task (the same for all
baseline methods). (3) The learning rate is set to 0.03 and the memory buffer size is set to 256 (as
in all baseline methods). Our action space has 10 actions which are uniformly sampled from [0, 1]
while the minimum action score p,,;, is set to 0.08. The source code will be released soon.

4.2 COMPARISON TO STATE-OF-THE-ART METHODS

In-Dataset UCL. Table 1 shows the accuracy and forgetting results of our AUDR under the
in-dataset UCL setting on three datasets: Split CIFAR-10, Split CIFAR-100, and Split Tiny-
ImageNet. We compare our AUDR model with recent representative methods including expansion-
based method PNN (Rusu et al., 2016), regularization-based methods SI (Zenke et al., 2017) and
DER (Buzzega et al., 2020), and rehearsal-based method LUMP (Madaan et al., 2021). Note that
Finetune denotes the lower-bound of UCL, which means directly finetuning the model across all the
tasks without any continual learning strategies. The upper-bound of UCL is Multi-Task, which is to
simultaneously train the model on all tasks and thus it has no forgetting results. All the results for
the baseline methods are directly copied from LUMP (Madaan et al., 2021). It can be clearly seen
that our AUDR achieves new state-of-the-art results on all three datasets. Particularly, our AUDR
outperforms the second-best method LUMP by 1.68% on accuracy and 0.87% on forgetting (com-
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Table 3: Ablation study results for our AUDR. Three groups of experiments are constructed to show
the impact of different (a) reward functions, (b) action spaces, and (c) samping strategies.

(a) Different reward functions. (b) Different number of actions. (c) Different sampling strategies.
Split CIFAR-10 Split CIFAR-10 Split CIFAR-10
Method Accuracy Forgetting Method  Accuracy Forgetting ~ Method Accuracy Forgetting
None 91.00 2.92 Nget =0 91.00 2.92 random  91.11 3.92
Leyr 91.17 2.59 Nget =5 9292 2.32 learnable  91.30 3.14
Lpem 89.83 0.55 Ngee =10 93.29 1.72 w/oMS  91.94 2.97
Leyr+Limem 9329 1.72 Naet =20 92.62 2.94 w/ MS 93.29 1.72

paring average results on all three datasets). Note that the performance of our AUDR is remarkable
since it is quite close to the upper-bound (e.g., 84.04 vs. 86.31 on Split CIFAR-100).

Cross-Dataset UCL. Table 2 shows the accuracy and forgetting results of our AUDR under the
cross-dataset UCL setting. We first train our model on the training set of Split CIFAR-10 (or Split
CIFAR-100) and then directly evaluate it on MNIST, FMNIST, SVHN, and Split CIFAR-100 (or
Split CIFAR-10). We can observe that: (1) Our AUDR beats the second-best method SI (Zenke
etal., 2017) in 7 out of 8 cases and outperforms it by 2.32% in average, which demonstrates that our
AUDR has stronger generalization ability. (2) The results of multi-task learning (i.e., Multi-Task)
are not the upper-bound under cross-dataset UCL. This suggests that the model’s generalization
ability can be better enhanced by UCL (e.g., AUDR and SI) than by multi-task learning.

4.3 ABLATION STUDIES

There are three core designs in our AUDR to help transfer the Actor-Critic architecture to the UCL
setting: (1) a reward function, (2) an action space, and (3) the multinomial sampling strategy. We
thus separately conduct experiments to analyze the contributions of them in Table 3.

Impact of Different Reward Functions. Table 3a shows the results of our AUDR with different
reward functions. Note that we have defined the original reward function in Eq. (10), which has two
components: L.y, and L,,.,,. We can observe that the results obtained by AUDR with L.+ Lopem
are better than those obtained by AUDR with none reward function (i.e., 1st row) or with only one of
Leyr and Lo, (i.e., 2nd and 3rd rows). Therefore, the reward function should balance the model
performance on both old and new tasks for UCL. The reason why the forgetting results of L., is
smaller than L.y, + Lyem (0.55 vs. 1.72) lies in the much lower accuracy results of L,,¢,, which
means that it doesn’t learn the old knowledge well and thus it has little knowledge to forget.

Impact of Different Action Spaces. We present the results of our AUDR with different action
spaces (i.e., different number of actions) in Table 3b. We compare models with N,.; € {0,5, 10,20}
and find that: (1) Learning to select actions with our AUDR is better than randomly sampling them
from a fixed distribution (i.e., 1st row vs. others). (2) More actions do not always lead to better
performance (i.e., 3rd row vs. 4th row). In our opinion, learning with more actions means having a
more difficult training process for the Actor-Critic module, especially with limited training iterations
(i.e., 200 epochs per task for fair comparison with baseline methods).

Impact of Different Sampling Strategies. Table 3c shows the results of our AUDR with different
sampling strategies. We compare our multinomial sampling (MS) strategy with three other alterna-
tives: random sampling (1st row), a learnable parameter to directly predict the action’s value (2nd
row), and without our MS strategy (3rd row). We have the following observations: (1) The Actor-
Critic module achieves less satisfactory performance without multinomial sampling (MS) strategy
(i.e., 3rd row vs. 4th row), which demonstrates the effectiveness of MS. (2) Models with discrete
action space are easier to be trained than those with continuous action space (i.e., 2nd row vs. 3rd
row). Note that the 2nd row of Table 3¢ contains the results of our AUDR with a learnable parameter
to represent the action. In other words, it has a continuous action space [0, 1], which can be regarded
as a space with infinite actions. Training the parameter in this way, its value will have little change
between two training steps (e.g., 0.96 and 0.90). However, the optimal actions between these two
steps may have a large margin (e.g., 0.96 and 0.16). This hypothetical situation is possible (and
common) due to the random sampling and the distribution shift in UCL. Therefore, a discrete action
space is more suitable than a continuous action space for our AUDR.
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(a) Probability distributions of different actions. (b) Results for our AUDR+DER on Split CIFAR-10.

Figure 3: Further analysis for our AUDR. (a) The probability distributions of sampled actions for
two different tasks (task 1 and task 5) on Split CIFAR-10. (b) Accuracy and forgetting results for
our re-designed AUDR with DER (i.e., AUDR+DER) on Split CIFAR-10.

4.4 FURTHER ANALYSIS

Action Distributions of Different Tasks. To validate the effectiveness of the Actor-Critic module
in our AUDR, we draw sampled action distributions of different tasks from Split CIFAR-10. Con-
cretely, we present the results for the first task (task 1) and the last task (task 5) in Figure 3a. Note
that the larger the action serial number is, the closer the action value is to 1 (i.e., the coefficient of
memory data is higher in Eq. (5)). We can observe that: (1) When training on the last task, our
AUDR tends to choose more-higher-value actions than training on the first task (e.g., 8% more ac-
tions of [8,9,10] and 6.5% less actions of [1,2,3,4]). This demonstrates that the model needs to
pay more attention to reviewing the old knowledge in the later tasks. (2) Every action on all tasks
has chance to be sampled by our AUDR (more than 0.05 in Figure 3a), which is mainly due to our
multinomial sampling strategy that holds a lower-bound probability for each action.

Re-design AUDR with DER. To demonstrate that our AUDR is extensible in UCL, we change
the mixup strategy to another UCL method DER (Buzzega et al., 2020). Note that DER was first
proposed for SCL and then re-implemented for UCL in (Madaan et al., 2021). Formally, the UCL
loss for DER is defined as follows:
B
1
Lper =3 > (Lsimsiam(fo(z}), fo(z?) + o - || fo(wm,) = Frnsi

i=1

2); a7)

where « is a fixed coefficient and F},, ; denotes the stored features of memory data. The second term
of this formula is a penalty function to align the outputs of new and old models but with a fixed ratio
«. We thus replace o with our predicted action apes; to formulate our AUDR+DER:

B
1
LAUDR+DER - E Z(LSi7rLSiam(f9 (mzl)a f9 (l’f)) + Qpest - ||f9 (xm,i) - Frn,’i 2)~ (18)
i=1
Figure 3b shows the results for our AUDR+DER on Split CIFAR-10. More results on Split CIFAR-
100 and Split Tiny-ImageNet are also presented in Appendix C. It can be seen that our AUDR+DER
outperforms DER by a large margin on both accuracy and forgetting. Such success of AUDR+DER
demonstrates that our proposed adaptive paradigm (i.e., AUDR) is highly extensible/versatile and

has great potential in the continual learning field.

5 CONCLUSION

In this paper, we propose an Actor-Critic framework with adaptive update direction rectification
(AUDR) for unsupervised continual learning. We devise three novel designs for our AUDR: (1)
A reward function considering the model performance on both current and memory data, which
provides reliable ground-truth reward for training the Critic; (2) An action space with discrete actions
for the Actor to select; (3) A multinomial sampling strategy to ensure the variance of sampled
actions. We conduct extensive experiments on three benchmarks to show that our AUDR achieves
new state-of-the-art results for both in-dataset and cross-dataset UCL. Further analysis on action
distribution and AUDR+DER demonstrate that our AUDR is indeed effective and extensible.
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A FULL ALGORITHM OF AUDR

We provide the pseudocode of the full algorithm for our AUDR in Algorithm I.

Algorithm 1 Pseudocode of AUDR.

Input: Encoder fy with parameters 0,
Actor 7y with parameters ¢;
Critic @), with parameters ¢;
Target Critic Q,,, with parameters ¢;;
An action space A = {a;|j = 1,2, -, Ngct} of Nyt actions;
A dataset D = [Dy, Dy, - -+ , Dn] of N tasks.
Output: The learned f;
1: Initialize the Target Critic Q,, = Q;
2: foralltask =1,2,---, N do

3:  for all iteration s = 1,2, --- , MaxzlIteration do
4: Sample a mini-batch with B images {z;}Z ;;
5: Obtain the best action apes; by the Actor with Egs. (14-15);
6: Obtain UCL loss L,,.; with Egs. (5-6);
7: Update fp using SGD and obtain fg_, fo, . ,;
8: Obtain the predicted reward R, ; with Eq. (7);
9: Update the Actor 74 using SGD;
10: Obtain ground-truth reward R} with Egs. (8-10);
11: Obtain the target reward R, 1 ; with Eq. (12);
12: Obtain the continual TD-error L1, with Eq. (13);
13: Update the Critic ¢, using SGD;
14: Update the target Critic Q,, using EMA with Eq. (11);
15:  end for
16: end for

17: return the found best f;.

B MORE IMPLEMENTATION DETAILS AND DISCUSSIONS

Details of Actor and Critic. The structures of our Actor and Critic networks are the same as in
DrQv2 (Yarats et al., 2021), where the Actor has a 1-layer trunk network (Linear+Layernorm+Tanh)
with one 3-layer MLP head and the Critic has a 1-layer trunk network with two 3-layer MLP heads.
The Critic is trained by clipped double Q-learning (Van Hasselt et al., 2016; Fujimoto et al., 2018) to
alleviate the over-estimation problem, where two MLP heads represent two Q-functions @, , @,
which separately predict the rewards R} sz Then the final predicted reward R ; of Eq. (7) is

obtained by: R ; = min{R} ;, RZ}.

Discussions on Comparing AUDR with Other Possible Methods. The core idea of our AUDR
is to adaptively rectify the update direction during training. In this work, the instantiated “update
direction” is based on the mixup ratio (of AUDR) or the penalty loss weight (of AUDR+DER),
which is a pre-defined hyper-parameter of the original method (LUMP or DER). In addition to our
AUDR, there are three possible approaches to adjusting the update direction during training:

(1) Directly using a learnable parameter (through a MLP layer) to represent the update directions.
The main drawback of this method lies in the slight change of the action value between two steps,
which has already been discussed in Sec. 4.3.

(2) Finding the best hyper-parameters by meta-learning (Maclaurin et al., 2015) or reinforcement
learning (Cubuk et al., 2019). Different from their objectives of finding the best hyper-parameter
combination by training the models several times (each has a whole training process), our AUDR
is an online method to adaptively rectify the hyper-parameter (i.e., the update direction) and thus
the hyper-parameter is continuously changing during training instead of fixed. Concretely, those
hyper-parameter search methods focus on finding an optimal policy for a neural network to solve
a specific task (i.e., the best hyper-parameter has fixed value once found). When transferring them
to the UCL setting, they would search the action space to find the best (but fixed) ratio. Since each
exploration step requires a whole training process, the computation cost of their schema is enormous

)17
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Figure 4: Results for our AUDR+DER on the other two datasets.
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Figure 5: Visualization of Actor Loss during training.

(e.g., 10 trials will lead to 10 times training complexity). The online schema of our AUDR with the
Actor-Critic architecture is instead only in need of one whole training process to adjust the mixup
ratio at each step, which is significantly more efficient.

(3) Learning task-specific prompts (Wang et al., 2022) to be used in the test phase. Differently, the
extra Actor-Critic module of our AUDR is removed during testing which is more applicable and
resource-saving in real-world application scenarios (e.g., large-scale pre-training).

C MORE EXPERIMENTAL RESULTS

We provide a re-designed version of our AUDR in our main paper and present the experimental
results on Split CIFAR-10 (see Figure 3b). For a more comprehensive study, we provide the results
of our AUDR+DER on Split CIFAR-100 and Split Tiny-ImageNet in Figure 4. We can observe that
our AUDR+DER achieves better performance than the competitors in all cases.
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Table 4: More results for our AUDR over Split-CIFAR-10. * denotes that our model is trained with
300 epochs per task (otherwise 200 epochs by default).

(a) Different Actor-Critic layers. (b) Longer epochs for 20 actions. (c) Training with BarlowTwins.

Split CIFAR-10 Split CIFAR-10 Split CIFAR-10
Method Accuracy Forgetting Method  Accuracy Forgetting Method  Accuracy Forgetting
None 91.00 292 Nget=5 92.92 232 Finetune 87.72 4.08
2-layer 91.47 3.55 Nget=10  93.29 1.72 DER 88.67 241
4-layer  93.29 1.72 Nger=20  92.62 2.94 LUMP 90.31 1.13
6-layer  93.69 1.61 Nger=20"  93.60 2.61 AUDR-BT 91.53 1.98

Table 5: Detailed ablation studies. “Max Accuracy” denotes the maximum accuracy on each task
over Spilt-CIFAR-10 during training.

Max Accuracy Overall
Method
Task 1 Task 2 Task 3 Task 4 TaskS Accuracy Forgetting
Lpem 92.90 83.10 88.45 92.45 94.50 89.83 0.55
Lewr + Linem 97.25 91.60 92.81 95.60 96.08 93.29 1.72

D VISUALIZATION OF ACTOR LOSS

To verify the training stability of the Actor-Critic architecture applied in our AUDR, we present
the plot of the training loss of the Actor in Figure 5. It can be seen that minimizing the actor
loss Lgctor 18 generally stable during training and finally converges on all datasets. Note that there
are relatively large fluctuations during training, which is normal since the distribution of data is
constantly changing across sequential tasks.

E FURTHER EVALUATION

Different Actor-Critic Architectures. We present more results for different Actor-Critic architec-
tures in Table 4a. The MLP-based modules of both Actor and Critic are set to have the same number
of layers (0, 2, 4, or 6). We can observe that larger MLP used for Actor/Critic indeed has stronger
learning ability and thus leads to better results.

Training AUDR with More Epochs. As shown in Table 3b of our main paper, when the number of
epochs is limited (e.g., 200 epochs per task), training our AUDR with a larger action space becomes
more difficult and thus suffers from performance degradation. To make further verification, we train
our model with 20 actions for more (i.e., 300) epochs and present the new results in Table 4b. We
find that it leads to better performance, which confirms our assertion.

Training AUDR with Barlow-Twins. To show the generalization ability of our AUDR, we change
the SimSiam loss with another unsupervised learning loss Barlow-Twins (Zbontar et al., 2021), and
then denote our method as AUDR-BT. Experimental results are shown in Table 4c. The results of
the competitors are directly copied from LUMP (Madaan et al., 2021). We can observe that our
AUDR-BT still achieves the best accuracy on Split CIFAR-10.

More Detailed Ablation Study. We provide more detailed results about the ablation study for
training our AUDR with only L,,¢,, in Table 5. It achieves a much lower overall forgetting rate
due to the lower maximum accuracy (i.e., Max Accuracy) on each task. However, it performs
significantly worse than training our AUDR with L., + Ly,en, in terms of overall accuracy.
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