Meta-Query-Net: Resolving Purity-Informativeness Dilemma in
Open-set Active Learning

(Supplementary Material)

A Complete Proof of Theorem [4.1]

Let z, = { zg<51>, ceey zfcd>} be the d-dimensional meta-input for an example x consisting of d available
purity and informativeness scoresE] A non-negative-weighted MLP ®,, can be formulated as

A = oWl pl= 4 plhy e (1,... L}, 4)

where hl0 = Zzs hltl e R, W =0, and bl = 0; L is the number of layers and o is a non-linear
activation function.

We prove Theorem [4.1| by mathematical induction, as follows: (1) the first layer’s output satisfies
the skyline constraint by Lemmas [A.T|and[A.2} and (2) the k-th layer’s output (k > 2) also satisfies
the skyline constraint if the (k — 1)-th layer’s output satisfies the skyline constraint. Therefore, we
conclude that the skyline constraint holds for any non-negative-weighted MLP ®(z; w): RY — R by
Theorem[A.4l

Lemma A.1. Ler glU(z,) = WM. 2, +blY be a non-negative-weighted single-layer MLP with m
hidden units and an identity activation function, where whl g gmxd > 0 and pll € r™ > 0.
Given the meta-input of two different examples z,, and z,, the function gl (z2) satisfies the skyline
constraint as

2oy = 2, = g (22,) = g (). (5)

Proof. Let g!'(z,) be g(z,) and W be W for notation simplicity. Consider each dimension’s
scalar output of g(z,), and it is denoted as ¢(*) (z,) where p is an index of the output dimension.
Similarly, let W (™ be a scalar element of the matrix W on the p-th row and n-th column. With

the matrix multiplication, the scalar output g¢’(z,) can be considered as the sum of multiple scalar

linear operators T (P") 2, By this property, we show that ¢{?’ (z,,)—g{?’ (22,) 2 0if 24, = 2, by

d
G (25,) — g (22,) = W), — WP 2y, = Z (W<p,n> Zf(ﬂm —wiemn Z@)

et 6)
d
— Z (W<p’”> . (zy:> - sz;))) > 0.
n=1

Therefore, without loss of generality, g(zz,) —g(2z,) = 0if 22, = 2. This concludes the proof. [J
Lemma A.2. Let h(z,)=0(g(2,)) where o is a non-decreasing non-linear activation function. If
the skyline constraint holds by g(-) € RY, the function h(z,) also satisfies the skyline constraint as

Proof. By the composition rule of the non-decreasing function, applying any non-decreasing function
does not change the order of its inputs. Therefore, o(g(2z,)) —0(9(22,)) = 0if g(2z,) = g(2z,). O

Lemma A.3. Let h¥ (z,) = o (W - hlE=11(2,)+-bI*)) be the k-th layer of a non-negative-weighted
MLP (k > 2), where Wkl ¢ R >m = 0 and bkl € R™ = 0. Ifh[k_”(-) € R™ satisfies the

skyline constraint, the function h*! (2z) also holds the skyline constraint as

Zg, 2 Zg; = h[k](zzi) - h[k](zwj). (8)

2We use only two scores (d = 2) in MQ-Net, one for purity and another for informativeness.
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Proof. Let W be W, hlkl(2,) be h(z,), and h*=1(2,) be hinput(22) for notation simplicity.
Since an intermediate layer uses Rj,py: (2 ) as its input rather than z, Eq. (6) changes to

d
97 (z0,) = 9% (2,) = Y (WP - (B2 (20,) = Bind 1 (22,))) > 0, ©)

n=1

where g’ (z,,) is the p-th dimension’s output before applying non-linear activation o. Since Ay (+)

{n) ) > him (22,) when z, = z4,, 9 (24,) > g (24,)

satisfies the skyline constraint, hmpm(

input
forallp € {1,...,m'}. By Lemrna hP)(z,.) — h<p>(zm_7.) =0(g'P (24,)) — 0(g'P (24,)) > 0
for all p. Therefore, z,, = z,;, = hF(z,,) = hF(2,)). O

Theorem A.4. For any non-negative-weighted MLP ®(z;w): R? — R where w = 0, the skyline
constraint holds such that z,, = z,, = P(zz,) > P(24;) Y2u,, 22, € R > 0.

Proof. By mathematical induction, where Lemmas [A.T] and [A.2] constitute the base step, and
Lemma[A.3]is the inductive step, any non-negative-weighted MLP satisfies the skyline constraint. [

B Detailed Procedure of MQ-Net

Mini-batch Optimization. Mini-batch examples are sampled from the labeled query set S which
contains both IN and OOD examples. Since the meta-objective in Eq. (3) is a ranking loss, a
mini-batch M is a set of meta-input pairs such that M = {(24,, 2¢,)| i, 2; € Sq} where 2, =
(P(z),Z(x)). To construct a paired mini-batch M of size M, we randomly sample 2M examples
from S¢ and pair the i-th example with the (M +4)-th one for all ¢ € {1, ..., M }. Then, the loss for
mini-batch optimization of MQ-Net is defined as

ﬁmeta(M): Z maX(O, _Slgn(gm(e(xz)aémce(xj))((b(zlq,w)—(b(ZbL],W)—FT])) W 0. (10)
(3,5)EM

Algorithm Pseudocode. Algorithm | describes the overall active learning procedure with MQ-Net,
which is self-explanatory. For each AL round, a target model © is trained via stochastic gradient
descent (SGD) using IN examples in the labeled set Sp, (Lines 3-5). This trained target model is
saved as the final target model at the current round. Next, the querying phase is performed according

Algorithm 1 AL Procedure with MQ-Net

INPUT: Sp: labeled set, U: unlabeled set, r: number of rounds, b: labeling budget, C': cost function,
O: parameters of the target model, w: parameters of MQ-Net
OUTPUT: Final target model O,
1: W <— Initialize the meta-model parameters;
2 forr =1tordo
3 /* Training the target model parameterized by ©*/
4 O <« Initialize the target model parameters;
5. O « TrainingClassifier(Sy, 0);
6. /* Querying for the budget b */
7
8.
9

Sg + 0;
while C(Sg) < bdo
: ifr=1do
10: Sg + Sg Uargmax, . (P(x) +Z(x));
11 else do
12: So + Sqg Uargmax, o (®(x;w));
13: Sp S USg; U<« U\Sqg
4. /* Training MQ-Net ® parameterized by w */
15 for t =1 to meta-train-steps do

16: Draw a mini-batch M and from Sg;
17: W< W—aVy (Emeta(M)>;
18: return O;
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to the order of meta-query scores from ® given the budget b (Lines 6—13). Then, the meta-training
phase is performed, and the meta-model w is updated via SGD using the labeled query set Sg as a
self-validation set (Lines 14—17). Lines 3—17 repeat for the given number r of rounds. At the first
round, because there is no meta-model trained in the previous round, the query set is constructed by
choosing the examples whose sum of purity and informativeness scores is the largest (Lines 9-10).

C Implementation Details

C.1 Split-dataset Setup

Training Configurations. We train ResNet-18 using SGD with a momentum of 0.9 and a weight
decay of 0.0005, and a batch size of 64. The initial learning rate of 0.1 is decayed by a factor of
0.1 at 50% and 75% of the total training iterations. In the setup of open-set AL, the number of
IN examples for training differs depending on the query strategy. We hence use a fixed number of
training iterations instead of epochs for fair optimization. The number of training iterations is set to
20,000 for CIFAR10/100 and 30,000 for ImageNet. We set 1) to 0.1 for all cases. We train MQ-Net for
100 epochs using SGD with a weight decay of 0.0005, and a mini-batch size of 64. An initial learning
rate of 0.01 is decayed by a factor of 0.1 at 50% of the total training iterations. Since MQ-Net is not
trained at the querying phase of the first AL round, we simply use the linear combination of purity
and informativeness as the query score, i.e., ®(z) = P(x) + Z(x). For calculating the CSI-based
purity score, we train a contrastive learner for CSI with 1,000 epochs under the LARS optimizer with
a batch size of 32. Following CCAL [48]], we use the distance between each unlabeled example to
the closest OOD example in the labeled set on the representation space of the contrastive learner as
the OOD score. The hyperparameters for other algorithms are favorably configured following the
original papers.

C.2 Cross-dataset Setup

Datasets. Each of CIFAR10, CIFAR100, and ImageNet is mixed with OOD examples sampled from
an OOD dataset combined from two different domains—LSUN [44], an indoor scene understanding
dataset of 59M images with 10 classes, and Places365 [45]], a large collection of place scene images
with 365 classes. The resolution of LSUN and Places365 is resized into 3232 after random cropping
when mixing with CIFAR10 and CIFAR100. For ImageNet, as in the split-dataset setup in Section
[5.1] we use 50 randomly-selected classes as IN examples, namely ImageNet50.

Implementation Details. For the cross-dataset setup, the budget b is set to 1, 000 for CIFAR-10 and
ImageNet50 and 2, 000 for CIFAR-100 following the literature [3]]. Regarding the open-set noise
ratio, we also configure four different levels from light to heavy noise in {10%, 20%, 40%, 60%}.
The initial labeled set is selected uniformly at random from the entire unlabeled set within the labeling
budget b. For instance, when b is 1,000 and 7 is 20%, 800 IN examples and 200 OOD examples are
expected to be selected as the initial set.

D Experiment Results on Cross-datasets

D.1 Results over AL Rounds

Figure[5]shows the test accuracy of the target model throughout AL rounds on the three cross-datasets.
Overall, as analyzed in Section[5.2] MQ-Net achieves the highest test accuracy in most AL rounds,
thereby reaching the best test accuracy at the final round in every case of various datasets and noise
ratios. Compared with the two existing open-set AL methods, CCAL and SIMILAR, MQ-Net
shows a steeper improvement in test accuracy over rounds by resolving the purity-informativeness
dilemma in query selection, which shows that MQ-Net keeps improving the test accuracy even in
a later AL round by finding the best balancing between purity and informativeness in its query set.
Together with the results in Section [5.2] we confirm that MQ-Net is robust to the two different
distributions—‘split-dataset’ and ‘cross-dataset’—of open-set noise.

D.2 Results with Varying Noise Ratios

Table [7] summarizes the last test accuracy at the final AL round for three cross-datasets with varying
levels of open-set noise. Overall, the last test accuracy of MQ-Net is the best in every case, which
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(a) Accuracy over AL rounds on cross-CIFAR10 with open-set noise of 10%, 20%, 40%, and 60%.
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(b) Accuracy comparison over AL rounds on CIFAR100 with open-set noise of 10%, 20%, 40%, and 60%.
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(c) Accuracy comparison over AL rounds on ImageNet with open-set noise of 10%, 20%, 40%, and 60%.

Figure 5: Test accuracy over AL rounds for the three cross-datasets, CIFAR10, CIFAR100, and
ImageNet, with varying open-set noise ratios.

Table 7: Last test accuracy (%) at the final round for three cross-datasets: CIFAR10, CIFAR100, and
ImageNet50 mixed with the merger of LSUN and Places365. The best results are in bold, and the
second best results are underlined.

Datasets Cross-CIFAR10 Cross-CIFAR100 Cross-ImageNet50
Noise Ratio 10% 20% 40% 60% 10% 20% 40% 60% 10% 20% 40% 60%
CONF 89.04 85.09 79.92 7448 | 65.17 62.24 5252 4213 | 6492 6192 5360 45.64
Standard CORESET | 88.26 86.38 8236 76.71 | 65.13 62.83 5856 4998 | 63.88 6240 57.60 50.02
AL LL 89.06 85.65 81.81 76.52 | 6523 62.64 5732 48.07 | 63.68 6232 58.08 51.24
BADGE 892 87.07 83.14 7838 | 6527 6342 5701 4807 | 6404 6140 5448 4592
Open-set CCAL 85.89 81.62 80.55 78.68 | 61.22 5991 5647 5201 | 6272 6220 6040 54.32
AL SIMILAR | 87.24 8550 83.80 80.58 | 63.61 6246 60.52 54.05 | 6472 62.04 59.68 54.05
Proposed MQ-Net 8949 87.12 8439 8288 | 67.17 64.17 61.01 5587 | 6536 63.60 61.68 55.28

shows that MQ-Net keeps finding the best trade-off between purity and informativeness in terms
of AL accuracy regardless of the noise ratio. The performance improvement becomes larger as the
noise ratio increases. Meanwhile, CCAL and SIMILAR are even worse than the four standard AL
approaches when noise ratio is less than or equal to 20%. This trend indicates that focusing on
informativeness is more beneficial than focusing on purity when the noise ratio is small.

E In-depth Analysis of CCAL and SIMILAR in a Low-noise Case

In the low-noise case, the standard AL method, such as CONF, can query many IN examples even
without careful consideration of purity. As shown in Table[8] with 10% noise, the ratio of IN examples
in the query set reaches 75.24% at the last AL round in CONF. This number is farily similar to 88.46%
and 90.24% in CCAL and SIMILAR, respectively. In contrast, with the high-noise case (60% noise),
the difference between CONF and CCAL or SIMILAR becomes much larger (i.e., from 16.28% to
41.84% or 67.84%). That is, considering mainly on purity (not informativeness) may not be effective
with the low-noise case. Therefore, especially in the low-noise case, the two purity-focused methods,
SIMILAR and CCAL, have the potential risk of overly selecting less-informative IN examples that
the model already shows high confidence, leading to lower generalization performance than the
standard AL methods.

In contrast, MQ-Net outperforms the standard AL baselines by controlling the ratio of IN examples
in the query set to be very high at the earlier AL rounds but moderate at the later AL rounds; MQ-Net
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Table 8: Test accuracy and ratio of IN examples in a query set for the split-dataset setup on CIFAR10
with open-set noise of 10% and 60%. “%IN in Sg” means the ratio of IN examples in the query set.

Noise Ratio| Method Round 1 2 3 4 5 6 7 8 9 10
Acc 6226 7477 8081 8452 8679 8898 0058 9148 9236 92.83

CONF | oINin S | 87.52 8228 80.84 79.00 7516 7621 7408 7461 7400 7524

Acc 6118 7180 78.18 8226 8496 8698 88.23 8922 89.82  90.55

. CCAL | %INinSo | 89.04 8848 8912 88.64 89.52 8880 9044 8808 88.64 8846
o Acc 6348 7351 7792 8154 8404 8628 87.61 8846 8920 89.92
SIMILAR | o7 IN'in Sp | 9144 91.04 9152 92.56 9261 9140 9224  90.64  90.75  90.24

Acc 6159 7330 8036 8488 8791 9010 9126 9223 9290 93.10

MQ-Net | o/INinSp | 9476 9328 8884 8696 8204 7960 7724 7692  79.00  75.80

Acc 5614 65.17 69.60 73.63 7628 8027 81.63 8369 8488 8543

CONF | %INin S | 3744 3220 2816 2540 2564 2008 2088 17.00 1804 1628

Acc 5654 6697 7216 7632 8021 8294 8464 8568 8658 87.49

CCAL | 9INinSo | 41.92 3852 3976 4120 3864 4216 4224 4032 4224 4184

60% Acc 5760 6758 7195 7570 7967 8220 8417 8586 8681  87.58
SIMILAR | £ IN'in S | 5608 6108 6712 66.56 6732 6728 68.08 67.00 68.16  67.84

Acc 5487 6849 7584 80.16 8337 8564 8756 8843 8926 89.51

MQ-Net | 94INin S, | 82.80 79.92 6588 5540 5200 47.52 4660 4144 3652  35.64

achieves a higher ratio of IN examples in the query set than CONF at every AL round, but the gap
keeps decreasing. Specifically, with 10% noise, the ratio of IN examples in the query set reaches
94.76% at the first AL round in MQ-Net, which is higher than 87.52% in CONF, but it becomes
75.80% at the last AL round, which is very similar to 75.24% in CONF. This observation means
that MQ-Net succeeds in maintaining the high purity of the query set and avoiding the risk of overly
selecting less-informative IN examples at the later learning stage.

F In-depth Analysis of Various Purity Scores

The OSR performance of classifier-dependent OOD de- Table 9: OOD detection performance
tection methods, e.g., ReAct, degrades significantly if the (AUROC) of two different OOD scores
classifier performs poorly [39]. Also, the OSR perfor- over AL rounds with MQ-Net.

mance of self-supervised OOD detection methods, e.g.,

. A Dataset CIFARI10 (4:6 split), 40% Noise
CSI, highly depends on the sufficient amount of clean IN Rou;d 5 2 bg 3 110
examples [35] 36]. Table@]shows the OOD detection per- MO-Net | REACt[0615 0684 0776 0.819 0.849
formance of two OOD detectors, ReAct and CSI, over AL CSI [0.745 0.772 0.814 0.849 0.870

rounds with MQ-Net. Notably, at the earlier AL rounds,
CSl is better than ReAct, meaning that self-supervised OOD detection methods are more robust than
classifier-dependent methods when the amount of labeled data is small. Thus, the versions of MQ-Net
using CSI as the purity score is better than those using ReAct, as shown in Section[5.4]

G Additional Experiment Results

G.1 AL Performance with More Rounds

Figure [6] shows the test accuracy over longer AL rounds for the split-dataset setup on CIFAR10 with
an open-set noise ratio of 40%. Owing to the ability to find the best balance between purity and
informativeness, MQ-Net achieves the highest accuracy on every AL round. The purity-focused
approaches, CCAL and SIMILAR, lose their effectiveness at the later AL rounds, compared to the
informativeness-focused approaches, CONF, CORESET, and BADGE; the superiority of CONF,
CORESET, and BADGE over CCAL and SIMILAR gets larger as the AL round proceeds, meaning
that fewer but highly-informative examples are more beneficial than more but less-informative
examples for model generalization as the model performance converges. However, with low (e.g.,
20%) open-set noise cases, most OOD examples are selected as a query set and removed from the
unlabeled set in a few additional AL rounds, because the number of OOD examples in the unlabeled
set is originally small. Thus, the situation quickly becomes similar to the standard AL setting.
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Figure 6: Test accuracy over longer AL rounds for the split-dataset setup on CIFAR10 with an
open-set noise ratio of 40%. 500 examples are selected as a query set in each AL round.

G.2 Standard Deviations of Main Results

Table[T0|repeats Table[T|with the addition of the standard deviations. Note that the standard deviations
are very small, and the significance of the empirical results is sufficiently high.

H Limitation and Potential Negative Societal Impact

Limitation. Although MQ-Net outperforms other methods on multiple pairs of noisy datasets
under the open-set AL settings, there are some issues that need to be further discussed. First, the
performance gap between standard AL without open-set noise and open-set AL still exists. That
is, we could not completely eliminate the negative effect of open-set noise. Second, although we
validated MQ-Net with many OOD datasets, its effectiveness may vary according to the types of
the OOD datasets. Formulating the effectiveness of MQ-Net based on the characteristics of a given
pair of IN and OOD datasets can be an interesting research direction. Third, we regarded the OOD
examples in a query set to be completely useless in training, but recent studies have reported that the
OOD examples are helpful for model generalization [49, 50, 51} [15]]. Therefore, analyzing how to
use OOD examples for model generalization and sample selection in AL can also be an interesting
research direction.

Potential Negative Societal Impact. As in all active learning approaches, since MQ-Net requires
human oracles to label each of queried data examples, the oracle can see these examples in a database,
even if the proportion of the revealed examples could be very small. Then, if the oracle is not
trustworthy, there may be a leak of information. Therefore, in active learning, not specifically
confined to MQ-Net, this privacy breach issue should be carefully considered, especially if the
database contains private or sensitive information.

20



v1°0C 611 '€ L6'S 6591 1L°6 81’8 901 LY £e'e 9C'E £5¢ 1509] 2y 4240 da04diuy %

0r'e 290 el 08°0 LEY 66'€ LIl 60'C €T €T 0v'0 €0 1529 pug 4240 sa0sduy o
SYOFILPS  9S0FS6'9S  €COFSO'EY  vOTFOIE'SO | or0FI8TS  950F96'8S  rrOF6LYY  SSOFHH99 [ 8S0FIS'68  9S0FSH'I6  SrOFOI'T6  OvOFOI'E6 | IN-OW | pasodorg
290TP8TS  SLOT8HIS  OL0FOF19 0C0FT6E9 | ¥E0FIO0S  IPOTEI9S  €S0F686S SCOTLO09 | CLOTSELS 990T€S88  650F6168 SS0TT668 | AVIIAILS v
VLOTOIIS  S80F099S  8€0F0L09 9T0F8Y[9 | 6v0F0C0S 9S0FOLOS LSOFII'I9  6£0F0C 19 | SLOF6rLS O0L0FLY8S SHOT66'68 SCOFSS06 |  IVOD 1s-uado
LYOFOS'LY  9SOFPOFS  6T0FSK19  SCOFPSPO | tOFO9'Ly CSOFLOSS SrOFSTI9  LrOFST9 | 8€0FES98  pSOFLT68  SYOFELI6  6V0F08c6 | ADAVH
TOFOCLY  090F89'SS  9¥OFIS[9  €COFSTEY | LSOF6v'Sy  £S0FLTOS  SYOFWOP)  pSOFS0SO | 8S0FS698 cO0FIv68  LSOFICI6  LSOF607T6 T1 v
WOFYO6Y 9SOFTESS  €COFPCCY  090FP9Co | ISOFECSy SPOFICIS 1SOFTOTY  SHOF6L'EY | 6L0F0S98 TLOFCI'6S LSOFOOL6 SSOF9LT6 | LASHAOD | Prepuels
060FP0'Sy  €90F80IS  9S0F9ST9  PE0FISECY | ¥O0F8ESH  8COFHLES 6L0F0CT09 TSOFHYST9 | T8OFEP'S  SLOF6988  SSOFCLI6 6V 0FESTO ANOD
0FPTSY  9SOFPOPS  €COFCI09  890FCLTY | OSOFLELY 9r0FTSSS  190F696S  LO0FSS09 | 060F#9'SS  €80FELLS  650F90'68  190F€8'68 | NOANVY | Tv-UON

%09 %07 %02 %01 %09 %0P %0¢ %01 %09 %0P %02 %01 oney 351N

(11ds 056:05) 19N3ew] (11ds 09:01) 00 1AVHIOD (1ds 9:t) OTAVHIOD s1aseieQ

“JoNaSew] pue ‘001 YVAID ‘01 Y VAID 10J SUOHRIAID pIepue)S AU} Y)Im Punol [euy oy Je (%) AoeInoge 1s9) Ise] (0 d[qeL

21



	Complete Proof of Theorem 4.1
	Detailed Procedure of MQ-Net
	Implementation Details
	Split-dataset Setup
	Cross-dataset Setup

	Experiment Results on Cross-datasets
	Results over AL Rounds
	Results with Varying Noise Ratios

	In-depth Analysis of CCAL and SIMILAR in a Low-noise Case
	In-depth Analysis of Various Purity Scores
	Additional Experiment Results
	AL Performance with More Rounds
	Standard Deviations of Main Results

	Limitation and Potential Negative Societal Impact

