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A. Proof and theoretical analysis

A.1 Approximation of quantization error minimiza-
tion to the objective of performance optimization

In this study, we consider an additional term, the gradient,
to better measure the performance degradation during
quantization (described in Sec. 3.1). The following theorem
proves that the minimization of the quantization error with a
gradient term approximates the objective, minimization of
performance degradation, during quantization.

Theorem 3.1 Let (x”', y) be the (feature, label) of input data,
& denote the training loss, w indicate the weights, and w1
represent the quantized weights. Then arg min,,« E(]|(w? —
w) - 92 ||5) ~ argminy. | Z((xT, y;w9) — L((xT,y; w)],
where | L ((xT,y;w?) — Z((xT, y;w)| is the performance
decrement after quantization.

Proof. By Taylor series expansion [1]],
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In Theorem 3.1, according to Taylor series of the training
loss function, the change of loss approximates the quantiza-
tion error with the gradient, i.e., the impact of the change
of weight on the training loss. Thus, as illustrated in Sec. 3,
E(]|(w? — w) - 2Z||,) is used to evaluate the performance
decrement during quantization.

A.2 Increasing quantization error on old task data
in new task learning

In Sec. 4.1, we investigate the forgetting problem in
quantization, by analyzing the increment of quantization
error on old task data after learning the new tasks.

Theorem 4.1 Based on Definition 4.1, and denote wi*

as the optimal solution on task s, then &(xT;wl™) >
E(xTywi*), Vs < t.
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Proof. Since
wi* = argmin€(x; w),
then
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Hence,
E(xg ;W) < E(xg 3 wiT), Vs <t
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According to Theorem 4.1, the quantized weights after
learning new tasks converge to a separate solution, instead
of the optimum on the old task data. Therefore, the quanti-
zation error on old data increases after the update of model
weights based on the incoming new task data, demonstrat-
ing the forgetting problem in quantization. We will further
analyze the increment of quantization error in Theorem 5.1
and derive the upper bound in Appendix A.3.

A.3 Derivation of the upper bound of increasing
quantization error in new task learning

In Sec. 5.1, we investigate the issue that incurs the
forgetting problem and derive the upper bound of the
increment of quantization error as follows.

Theorem 5.1 Based on Definition 4.1 and Theorem 4.1, the
increment of the quantization error is £(x1;wl) — ¢ (x ;wd)

which has an upper bound E(||(w? — w,) - ay(xs 0Z(xswi) [l2) +

E(||(wf —wd) - 2z |3), Vs <.
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Proof. The increment of the quantization error is
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Theorem 5.1 indicates that the increment of quantization

error is induced from not only the intra-task error E(||(w? —

Byxgwt H )

W) - but also the inter-task error E(||(w§ —

wa). 2L X* w‘) ||2). Existing quantization approaches mainly
target m1n1m121ng the former, whereas the latter has not been
fully investigated. Therefore, in this paper, we focus on
minimizing the inter-task quantization error generated in the
new task learning to alleviate the forgetting problem. In
the forward process, we propose ProxQ to regularize the
consistency of the search spaces learned from separate tasks
to reduce the space shift incurring the inter-task quantization
error (see Sections 5.2.1 and 5.2.2). In the backward process,
on the other hand, we reduce the inter-task quantization error

obtained from the ProxQ process by a regularization loss
(see Sec. 5.2.3).

A.4 Biased prediction result toward new tasks in-
duced by a limited amount of replay data

As described in Sec. 5.3, recent lifelong learning (LL)
research is developed to alleviate the forgetting problem in
full-precision network training by employing replay data
(old task data) retrained in new tasks. However, only a
limited amount of old task data can be stored as replay data
in quantization-aware training due to the memory constraint,
which poses an imbalance issue. The prediction result tends
to be biased toward the class data that mostly appear in new
tasks due to the majority of new data compared to the limited
amount of the old task data.

To validate the biased performance under the imbalance
issue, in the following theorem, we analyze the change
in prediction probability after employing replay data with
a replay ratio, i.e., the proportion of training data in old
tasks sampled for retraining in new task learning. If the
change decreases with the lower replay ratio, the prediction
performance with limited replay data is close to the biased
result toward the new tasks.

Theorem 5.2 Let w]‘ =Py iy, mezay}(yt = jlay) stand
for the prediction probability of the t-th task data x; on the
j-th class, incorporated with the training of replay data from
the s-th task XY, where s < t, and % := Py,|x, (Y, =
jlxy) represent the prediction probability without replay
data. Denote n§ as the sample size of X; on the j-th class
and 13 as the sample size of XI°P'% on the j-th class. If

8 < 6;nf, Vi, where §; € |0, 1] is the replay ratio on the
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Since 7rj‘ <1, and 7r] < 1, we can derive from Eq. (1)) and
Eq. () that
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The analytical result in Theorem 5.2 shows that the predic-
tion probability under the training with limited replay data,
i.e., a small replay ratio ¢;, V7, is close to the result without
the employment of replay data. Accordingly, Theorem 5.2
demonstrates that limited replay data tends to cause a biased
prediction result toward the new tasks. In other words, the
forgetting problem is not solved. To address the imbalance
issue, we design a rebalancing strategy for reweighting the
influences of data on performance (see Sec. 5.4).

A.5 Derivation of the rebalancing factor in the Bal-
anced Lifelong Learning (BaLLL) loss

To rebalance the biased performance analyzed in
Theorem 5.2, we design a BaLL loss to reweight the
influence of replay data in new task learning (see Sec. 5.4).
In the following theorem, we derive the BaLL loss from the
approximation of the balanced prediction result.

Theorem 5.3 Based on Theorem 5.2, suppose there are to-
tal K classes in { Xy, XT°PlaY}. Let the original prediction

P
loss be Lypreq = _Zszl logm; = _ZjK:I log ﬁ’

where ¢; is the prediction result on the j-th class. As-
sume that ¢; under imbalanced class distribution p; ap-
proximates to the balanced result ¢ after adding a rebal-

ancing term log(s;), i.e, ¢; + log(s;) = ¢j. Then the
b

balanced loss is LBor1, = — Zle log ZKS] eske% , where
k=1°F

(A1 3
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Proof. First, since the rebalanced prediction result is ¢ =

¢ + log(s;), the balanced lifelong learning loss Zpar1 =
- Zjil log % can be formulated as
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n the following, we derive s; = e i ,Vj in The-
orem 5.3. Here, the prediction is based on the training of
replay data. Accordingly, the prediction on the j-th class
in ¢-th task denoted as ¢! is Py, (X, X Teplay }(yt = jlzy),

1:(t—1)

where the notations except X’ e(’;l“f) follow Theorem 5.2,

and X e(‘;l“i’) represents the union of replay data in all of the
old tasks, task ID from 1 to (¢ —1). To simplify the notations,
we ignore the scripts of task ID and denote ¢; as P(y = j|x)

in the subsequent derivations for s; in Eq. (7).

Proof. We first expand ¢; = P(y = j|x) as follows.
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where r; stands for the total number of employed replay
data on j-th class from all old tasks, and n; represents the
number of data on j-th class in the current (new) tasll
Compared to Eq. (7)), the balanced class distribution in
expectation is p; = %, Vi =1,2,..., K. Accordingly, the

Note that if mostly data in class j appear in old tasks, then n; ~ 0.
Moreover, r; is usually small. According to Eq. (EI), the prediction proba-
bility on the j-th class, ¢;, is minor compared to the probability on other
classes, which induces the imbalance issue described in Sec. 5.3.



balanced prediction result is

95 = P(z) K

Plugging the results in Eq. and Eq. into ¢; +
log(s;) = ¢, we obtain s; as follows.
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Theorem 5.3 derives the BaLLL loss with the rebalancing
factor. For the rebalancing strategy, if replay data belongs
to a minority class j in new task learning, i.e., a small class
distribution p;, then the weighting of loss increases by the
large rebalancing factor. Therefore, the influence of replay
data is able to be reweighted (increased), especially for the
class data rarely shown in the new tasks.

B. Quantization results of MobileNet-V2 on
Office-31 and ResNet-50 on ImageCLEF

Table 2 in the main paper has presented the results of
domain-based multi-task quantization, including ResNet-
50 on Office-31 and MobileNet-V2 on ImageCLEF, and
validated LifeQuant with significant accuracy improvements
and forgetting rate reduction, especially on the lightweight
architecture, MobileNet-V2, and at low quantization bits.

In this section, we evaluate LifeQuant on more cases,
MobileNet-V2 on Office-31 and ResNet-50 on ImageCLEF.
Table [T] shows the remarkable performance enhancement
for the low-bit MobileNet-V2. For example, the 2-bit
MobileNet-V2 on Office-31 under the LifeQuant process
in case W — D — A receives 58% to 66% accuracy im-
provements and 65% to 74% forgetting rate reduction. In
addition, the 3-bit ResNet-50 on ImageCLEF in case B —
C — T under the LifeQuant obtains a 28% to 50% accuracy
gain and 38% to 66% forgetting rate reduction. The results
validates LifeQuant can effectively alleviate the forgetting
problem by regularizing on space shift (see Sec. 5.2) and
rebalancing the influence of replay data in new task learning
(see Sec. 5.4).

C. Ablation study on the bounds of regularized
space under ProxQ

In Sec. 5.1, we pre-define a standard space in [—«, ] to
regularize the search space during quantization (see ProxQ

in Sec. 5.2). To validate the effectiveness of space regulariza-
tion, we compare the performances under separate settings of
« in Table [2l The results manifest that the space is required
to be larger for CIFAR-100 since there are 100 categories,
more than Office-31 with 31 categories and ImageCLEF
with 12 classes. In other words, the search space is related
to the diversity of data. Moreover, when the space is either
strongly regularized to a small range, e.g., « = 0.25, or with-
out regularized (w/o space reg.), the accuracy degrades, and
the forgetting rate rises particularly significantly with quan-
tization to lower bits. Therefore, Table 2] demonstrates the
effectiveness of space regularization by ProxQ (see Sec. 5.2).

D. Complementary study on the effectiveness
of existing LL approaches compared with Life-
Quant in multi-task quantization process

Sec. 6.2 and Sec. 7.2 in the main paper have shown the
efficacy of LifeQuant, compared with the state-of-the-art
quantization processes, in reducing the increasing quanti-
zation errors generated with the change in data tasks and
alleviating the forgetting problem. In this section, we further
evaluate recent lifelong learning (LL) approaches under the
quantization scheme adopted by LifeQuant (see Eq. (2) in
the main paper). Tables [3|and [] present the performances
of LL compared with LifeQuant under the replay ratio of
20%, i.e., 20% old task data are employed as replay data
for retraining. The results demonstrate limited performance
improvements in developed LL approaches, since the in-
fluence of limited replay data in the new task learning is
underestimated, i.e., the imbalance issue (studied in Sec. 5.3
in the main paper). In contrast, LifeQuant obtains superior
performance improvements in forgetting rate reduction over
the prior LL works, which validates the rebalancing of the
influence of limited replay data (see Sec. 5.4 in the main pa-
per) in the alleviation of the forgetting problem. In addition,
the effectiveness of the rebalancing strategy under different
replay ratios is evaluated in Sec. 7.4 in the main paper.
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Table 1: Quantization results of MobileNet-V2 on Office-31 and ResNet-50 on ImageCLEF. ~ represents the ratio of class data
changes when the task switches. Both model weights and activations are quantized to low bits. The symbol * indicates failed
prediction. The improvements over 5% (10%) are presented in blue (red).

MobileNet-V2 on Office-31 ResNet-50 on ImageCLEF
Metrics Methods A-D3W W-oDosA I5P-C BoCol
3bit  2bit  4bit 3bit 4bit 3bit 4bit 2bit
LSQ[15] * * ¥ 3334 * 3334 %
LLSQ [23] 3862 2382 971 824 5028 4833 4639 46.11
Accuracy (%) ?&?ﬁg [[2197]] 26154 1;79 2;8 2.‘58 6629 3;67 67?50 3;83

AlignQ [24] 4473 3045 1195 1036 75.00 62.78 70.56 24.17
LifeQuant (Ours) 86.36 47.10 7696 70.71 81.11 80.27 77.00 74.66

LLSQ [23] 5895 60.19 8746 90.17 28.16 2844 4337 39.16
Qimera [17] * * * * % * % %

Forgetting (%) IntraQ [29] 7191 7727 9720 97.03 15.14 3394 1898 53.57

AlignQ [24] 51.90 4822 87.02 8832 977 21.10 13.67 67.73
LifeQuant (Ours) 8.00 21.48 1245 2133 550 6.88 536 148

Table 2: Effectiveness of ProxQ under the regularization on quantization search space in [—«, «] (introduced in Sec. 5.2). The
symbol * indicates failed prediction. The case with the best performance is presented in bold text. The case with the most
significant performance degradation is presented with the upper script {. The method w/o space reg. indicates quantization
without the proximal regularization (see Sec. 5.2).

ResNet-20 MobileNet-V2 ResNet-50
. on CIAFAR-100 on Office-31 on ImageCLEF
Metrics Methods (y = 25) (W=D A) B—C—1)

4 bit 2 bit 4 bit 3 bit 4 bit 3 bit

a=0.25 4791 21470 74041 3972 7833 75.00
a=0.50 49.66 4144 7623 6423 7861 7639
Accuracy (%) a=1.00 50.15 4581 7696 7071 7833  76.11
a =150 50.16 4638 7623  69.95  77.00 74.89
wlospacereg.  46.39T 3049 7421 36200 67.22F o+

a=0.25 2577 62.957  15.66 54.67 3.93 4.78
a=0.50 23.11 28.79 14.68 28.19 3.29 2.90
Forgetting (%) a=1.00 22.38 21.34 12.45 21.33 3.74 3.46
a =150 22.37 20.41 13.95 2217 5.36 5.05
wlo spacereg.  28.187  47.52 16.17t 5810t 18.07 #f




Table 3: Quantization performance of LL on CIFAR-100 and Office-31. ~ represents the ratio of class data changes when the
task switches. Both model weights and activations are quantized to low bits. The symbol * indicates failed prediction. The
improvements over 5% (10%) are presented in blue (red).

ResNet-20 on CIFAR-100 ResNet-50 on Office-31 MobileNet-V2 on Office-31
Metrics Methods 5 =25 v=5 A—D—>W WoDosA AsDoW WoDoA
4bit 2bit 4bit 2bit 4bit 2bit 4bit 2bit 3 bit 2bit 4 bit 3 bit
EWC [31] 46.05 * 23.56 16.76 * * * * 3398 941 1222 1429
SI[32] 4560 3375 2836 19.81 41.77 2930 17.61 9.56 32.67 1090 12.94 11.83
MAS [33] 42.09 29.03 3147 13.26 40.17 32.17 1832 598 33.64 11.63 12.09 12.67
Accuracy (%) RWalk [34] 4488 34.13 2450 19.10 40.56 28.81 18.60 8.14 3330 939 12.69 11.84
SCP [37] 45.01 2823 16.73 8.08 36.50 34.18 16.51 8.78 3044 1077 9.93 13.13
PFR [38] 4531 34.02 31.38 19.75 40.06 3095 2547 827 3530 9.81 1450 12.17
LifeQuant (Ours) 50.15 46.21 36.94 34.32 48.54 46.54 25.65 17.23 86.36 47.10 76.96 70.71
EWC [31] 28.71 * 63.39 70.84 * * * * 64.13 8422 86.41 8327
SI [32] 28.76 25,60 5623 64.83 4773 6441 7234 79.30 6550 8193 8542 85.92
MAS [33] 3496 2601 4931 76.82 49.51 60.32 7193 87.39 6459 80.64 86.45 84.97
Forgetting (%) RWalk [34] 29.89 2494 73.11 66.08 49.65 65.03 7041 83.06 6494 8449 8560 85.95
SCP [37] 31.26 2392 4952 87.52 5720 55.64 7837 8443 6724 81.61 8598 84.95
PFR [38] 2921 2495 4952 6499 5028 61.89 60.65 81.58 62.86 83.60 83.70 85.36

LifeQuant (Ours) 22.38 16.08 42,99 41.63 3896 42.59 58.63 6390 8.00 21.48 1245 21.33

Table 4: Quantization performance of LL on ImageCLEF. Both model weights and activations are quantized to low bits. The
symbol * indicates failed prediction. The improvements over 5% (10%) are presented in blue (red).

ResNet-50 on ImageCLEF MobileNet-V2 on ImageCLEF

Metries Methods [5P=C B—=C—=I I-P=C BoCol
4bit  3bit  4bit  2bit  4bit  3bit  4bit 3 bit

EWC [31] 6833 4389 6833 4556 73.05 5167 6944 4750

SI[32] 6389 4417 66.11 4167 7250 50.00 6639 4833

MAS [33] 66.11 4528 6555 4361 7388 4806 7278 4278

Accuracy (%)  RWalk [34] 6778 4444 6694 4250 7305 4889 7195 43.06
SCP [37] 69.17 4389 64.17 3694 7472 4361 7055 4056

PFR [38] 6556 4417 6667 3695 7222 4805 6972 4695

LifeQuant (Ours) 8111 80.27 77.00 7466 77.50 7638 7639 76.11

EWC [31] 1873 4971 1655 4101 1520 4038 1174 39.08

SI[32] 2095 4877 19.66 4592 1422 4229 1467 37.23

MAS [33] 2406 4756 2053 4288 1520 4446 724 4521

Forgetting (%) ~ RWalk [34] 2201 4873 1854 4500 1373 4361 828 44.34
SCP [37] 2035 49.57 2187 5146 1422 4967 10.14 48.15

PFR [38] 2435 4941 1955 5189 1569 4454 1040 39.37

LifeQuant (Ours) 550 6.88 536 148 1046 7.71 230 1.63




