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Abstract

In semi-supervised domain adaptation (SSDA), a
few labeled target samples of each class help the
model to transfer knowledge representation from
the fully labeled source domain to the target do-
main. Many existing methods ignore the bene-
fits of making full use of the labeled target sam-
ples from multi-level. To make better use of this
additional data, we propose a novel Prototype-
based Multi-level Learning (ProML) framework to
better tap the potential of labeled target samples.
To achieve intra-domain adaptation, we first intro-
duce a pseudo-label aggregation based on the intra-
domain optimal transport to help the model align
the feature distribution of unlabeled target samples
and the prototype. At the inter-domain level, we
propose a cross-domain alignment loss to help the
model use the target prototype for cross-domain
knowledge transfer. We further propose a dual
consistency based on prototype similarity and lin-
ear classifier to promote discriminative learning of
compact target feature representation at the batch
level. Extensive experiments on three datasets, in-
cluding DomainNet, VisDA2017, and Office-Home,
demonstrate that our proposed method achieves
state-of-the-art performance in SSDA. Our code is
available at https://github.com/bupt-ai-cz/ProML.
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The deep neural network has achieved great success in var-
ious visual tasks. However, due to the high cost of labeled
data it requires and the degradation of model performance
when deploying models in a new domain (target), unsuper-
vised domain adaptation (UDA) has been proposed. To fur-
ther improve the model performance, many semi-supervised
domain adaptation (SSDA) works are proposed by adding a
few (e.g., one sample per class) labeled target samples based
on UDA. Compared to UDA, the key to SSDA is whether
the model can make better use of the additional limited target
samples to help the model better fit the learned features from
the source domain to the target domain.
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Figure 1: Overview of our Prototype-based Multi-level Learning
(ProML) framework. Our ProML framework helps models transfer
knowledge using the target prototype from (1) intra-domain level,
(2) inter-domain level, and (3) batch level. The arrows represent the
feature alignment, and aug. represents augment.

In recent years, to help model knowledge transfer, some ex-
isting SSDA studies make better use of unlabeled samples in
target domains by combining self-supervised learning [Pérez-
Carrasco et al., 2022] and semi-supervised learning [Li er al.,
2021a; Yan et al., 2022]. However, they ignore the potential
of labeled samples in the target domain. Although [Li et al.,
2021b; Singh, 2021] use few target samples by building a pro-
totype, they only use the prototype from one level unilaterally
and ignore the additional knowledge learned from other levels
(e.g. intra-domain level). At the same time, it is not robust
to use only a very limited number of label or pseudo-label
samples to build prototypes. To fill this gap, we propose a
robust prototype-based multi-level learning (ProML) frame-
work. Our prototype is updated by both labeled and unla-
beled target samples which helps the model to transfer knowl-
edge across domains more robustly. Our ProML makes full
use of the target prototype from three levels: intra-domain,
inter-domain, and batch-wise to help the model better trans-
fer knowledge through target samples, as shown in Figure 1.

Specifically, at the intra-domain level, we propose a
pseudo-labeling strategy based on the optimal transport to
help the model align the data distribution of labeled and unla-
beled samples in the target domain, obtaining a more compact
intra-domain feature distribution and robust pseudo-labels.
This method improves the pseudo-labels of target samples by
resolving the optimal transport plan between the weakly aug-
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mented target samples and the target prototype. At the same
time, the transport plan is also applied to the strongly augment
view to form a consistency constraint. At the inter-domain
level, we cross-align the source samples with the same class
of the target prototype. Inter-domain prototype alignment
helps the model learn better about cross-domain knowledge
transfer and category alignment. At the batch level, differ-
ent from work [Yan et al., 2022], we consider a mini-batch
of samples to calculate class correlation matrices between
predictions with different augments from two perspectives
of prediction probability and prototype similarity, increasing
the correlation in the same class and reducing the correlation
from different classes. Classifiers from different perspectives
represent features comprehensive to learn the relationship be-
tween the batch-wise target samples. Combining the above
three, through our ProML framework, the model can capture
the knowledge of target domain samples from different lev-
els, to better enable the model to learn more comprehensive
and complementary domain-adaptive knowledge.

Our main contributions can be summarized as follows:

(1) We propose a novel Prototype-based Multi-level Learn-
ing (ProML) framework, which exploits the potential of la-
beled target samples by making full use of the target proto-
type from multiple levels.

(2) We propose a pseudo-label aggregation based on intra-
domain optimal transport to SSDA, which helps the model
form a more compact target domain robustly.

(3) We propose a batch-wise dual consistency, which helps
the model learn more distinctive target representations from
different perspectives.

(4) Experiments have shown that our ProML implements a
new state-of-the-art result in most SSDA problems.

2 Related Works

Unsupervised domain adaptation. Unsupervised domain
adaptation (UDA) [Pan et al., 2010] has made some excit-
ing achievements. It aims to transfer the knowledge learned
from the labeled source domain to the unlabeled target do-
main. The methods based on feature space alignment [Long
et al., 2017; Sun and Saenko, 2016] usually use joint distri-
bution to make the two domains as close as possible in the
feature space, to reduce the differences between the two do-
mains. Some methods based on GAN [Chen et al., 2019;
Long et al., 2018; Pei et al., 2018] are also popular. They
calibrate the distribution of the source domain and target do-
main by generating codes that cannot be distinguished from
the perspective of the discriminator, which is trained to clas-
sify the target domain. Despite significant advances in UDA,
UDA methods do not perform well in SSDA [Saito et al.,
20191, which is our main reason for focusing on SSDA.

Semi-supervised domain adaptation. In SSDA, the prob-
lem assumes that there are a few labeled samples in the tar-
get domain. It can be thought of as a combination of semi-
supervised learning (SSL) and DA. Some methods [Saito et
al., 2019; Li et al., 2021a] propose using Adversarial train-
ing to adjust source and target distributions, clustering similar
target samples together through different clustering strategies,
and separating different samples to reduce intra-domain gaps.
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Some methods [Li et al., 2021b; Singh, 2021] use the idea of
self-supervised learning to build target prototypes and help
model transformation across domains by comparing learning
methods. They only build the prototype with very limited la-
bels or high-noise pseudo-labels, ignoring the importance of
different sample relationships. The methods based on SSL
[Pérez-Carrasco et al., 2022] use different losses to enhance
the consistency between the feature representations of unla-
beled samples and [Yan et al., 2022] standardizes the con-
sistency of different views of target domain samples at three
levels, which facilitates learning more representative target
features from each other. However, they all ignore the impor-
tance of making further use of the labeled target samples. In
this work, we use the prototype to tap the potential of labeled
target samples from multiple levels to help the model learn
comprehensive and complementary feature representations.

3 Methodology

In this section, we first specify the definition and notation
of SSDA and then introduce the proposed Prototype-based
Multi-level Learning (ProML) framework from three levels.

3.1 Framework

In SSDA, we sample datasets from two different distribu-
tions In this setting, we can access labeled source samples

= {(xsi, ySl)} —°, sampled from the source distribution
P (X Y’). We also have a limited number of labeled target

1
samples D} = { (of,36:)} 7,
beled samples D} = {(xn)} 1 both from the target distribu-
tion P;(X,Y). ThlS two dlstrlbutlon satisfy: Ps(Y) = P.(Y)
and P;(X|Y) # P,(X|Y). The framework is composed of
a feature extractor GG and a linear classifier F'. An outline of
our ProML framework is illustrated in Figure 2.

Following [Sohn et al., 2020], we feed the labeled source
samples and the labeled target samples into G to obtain their
feature representatlons fs» f € RY, and then get the proba-
bility prediction p,, p. € R® through F. Similarly, we gener-
ate two different views, for each unlabeled target sample 3,
by weak and strong augment, represented as zy;" and x%‘f.
Then the target samples of these two views are fed to the
same feature extractor G to generate representations fi and

%. Finally, the probability prediction p};", p;;* are obtained
through the same classifier F'. We can calculate the standard
cross-entropy loss by using labeled sample pairs from two do-
mains and consider a simple pseudo-label regularization with
different views of unlabeled samples. Specifically, we opti-
mize the following baseline:

and a large number of unla-

E ylogp+§ Tpuwsrylogpi™® |,
TzeETY
(D

where 1 is an indicator function, y is the label of labeled
samples x, and 7; is the pseudo-label threshold of the reg-
ularization. In the following, we will further introduce our
framework from three different levels.

Lbase = -

rE€ExT Uzl
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Figure 2: The structure of our ProML framework. First, the target samples are weakly and strongly augmented and then pass through the
classifier together with the source samples to calculate the base loss. For the intra-domain level, the weakly augmented target samples generate
pseudo-labels with the optimal transfer plan computed with the target prototype and compute the consistency loss with the strongly augmented
samples. For the inter-domain level, the similarity loss between source samples and the target prototype of corresponding categories is
computed to achieve cross-domain knowledge transfer. Finally, the dual consistency loss of the two augmented views in each mini-batch is
considered from the perspective of linear and prototype-based classifiers.

3.2 Intra-domain Pseudo-label Aggregation

A compact target domain can help the model make better use
of pseudo-labels and cross-domain knowledge transfer. We
propose a novel pseudo-label aggregation strategy to align the
unlabeled and labeled target data robustly and accurately.

To make full use of the labeled target samples, we initialize
the target prototype:

=N, 1
i=N? ’
S g

where y!; is the label of the i-th labeled target sample. The
optimal transport (OT) is used to align the inter-domain level
representation for domain adaptation [Courty et al., 2017,
Yan et al., 2022]. Tt finds the optimal coupling plan ~, ac-
cording to the given transport function to minimize the total
transport cost. To make better use of the additional data pro-
vided by SSDA, we propose to apply OT to the intra-domain
feature aggregation instead of the inter-domain. For labeled
and weakly augment unlabeled samples, we assume that:

2

k _
C; =

Yo = arg rrBlin (7 C") g, (3)

YE

Nox N
B={ye @) iy = oy In, =}, @
where vp; ; means the transport plan between the i-th Ila-
beled sample and the j-th unlabeled sample in the target do-
main, (-, -) g represents Frobenius inner product, 1, is 1s’ d-

dimensional vector, i, € R™+, 1, € RN are the empirical
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distributions of labeled and unlabeled samples respectively,
and the default is a uniform distribution. C* € RNs*N¢' is
a cost matrix for indicating each transportation. In consid-
eration of the robustness and accuracy of the transportation,
we propose to use the target prototype to replace the labeled
samples in the transport plan. This not only makes the fea-
ture representation more representative but also alleviates the
negative alignment caused by the lack of some classes in the
minibatch of samples. The cost matrix is as follows:

i T puw
Ce Jtj >

CYi=1- (5)

where each element in the cost matrix C;"; represents the de-

gree of difference between the i-th target prototype c: and the
J-th weak augment target feature ;5. The resulting OT plan
7o helps the model better align the distribution of different
samples in the target domain.

To further improve the robustness of the prototype, we add
unlabeled target samples to the update of the prototype and re-
gard the OT plan as a supplement to the pseudo-label strategy.

Specifically, we consider the following pseudo-label strategy:

argmax (P, if i >
g =19 i if i < and Py > 7,
0, otherwise

(6)
where 7o is the confidence threshold for using a pseudo-
label supplementation strategy, p;;“is the maximum predic-
tion probability of the i-th unlabeled weak sample in all cate-
gories, and argmax(-) represents the category corresponding
to the prediction probability. When the distribution of unla-

beled data is close to that of labeled data, this module can
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better use the prototype initialized by labeled data to assign
pseudo-labels to unlabeled data through the proposed strat-
egy. We make better use of labeled data to improve the ro-
bustness of prototypes through the pseudo-label strategy.

For each minibatch, we calculate the feature average of la-
beled and pseudo-labeled target samples for clustering, and
then use the exponential moving average to update the target
prototype during training:

k k

— k
c; = ac;

+ (1 —a)er, (N

where € is the target prototype clustered by target samples
with labels and pseudo-labels in this minibatch. Under the
guidance of the optimal coupling g, the feature representa-
tion of each strongly augment view target sample can have a
consistent mapping plan with the weak augment view, form-
ing a consistency constraint:

Limra = <’YO7 CS>F I (8)

where C? is the similarity matrix between the strong augment
target sample and the target prototype similar to Equation 5.
As mentioned above, the model can effectively align the dis-
tribution of the target prototype and unlabeled samples and
pay more attention to the details of the intra-domain level.

3.3 Inter-domain Alignment

Knowledge transfer is an essential capability of models in
SSDA. For the cross-domain level, we can use the relation-
ship between the target prototype and the source sample to
naturally transfer the knowledge of the model in the source
domain to the target domain.

Specifically, for each category of target prototype, we can
calculate the softmax of the similarity of the corresponding
target prototype in the feature space according to the category
of the source sample:

K OXP (sim (fsi,cf) /T1)

Zivzl exp (sim (fsi, cf) /1) ’

where sim(-, -) means cosine similarity, f; is the feature of
i-th source samples, 77 is a scale temperature, and N is the
number of source samples. Then, we can calculate the cross-
domain prototype alignment loss for each source sample:

C Ng
Linter = — Z Z 1 (ys = k) IOg Sf7

k=1i=1

€))

(10)

where C' is the number of classes. Our prototype is not
only composed of labeled targets but also adopts a more ro-
bust pseudo-label update strategy to alleviate negative trans-
fer caused by the dispersion of target samples.

3.4 Batch-wise Dual Consistency

To make the model more comprehensively learn the repre-
sentation in the target domain, different from [Yan er al.,
2022], we consider the dual relationship between target fea-
tures at the batch level. We increase the confidence differ-
ence between different views by sharpening the confidence
and then model the clustering of each class as the classifi-
cation confidence and prototype similarity for all samples of
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that class in the batch. Maintain the consistency of the strong
and weak views of the class allocation as the positive pair in
the same batch, and reduce the similarity between different
classes as the negative pair, instead of the sample-wise con-
trastive learning.

Given the prediction P*% € RN+*C of the target sample of
a batch, we use the sharpening function to reduce the entropy
of label distribution, widening the gap between different con-
fidence, and enhancing the contrast between different views:

uw %2

AUW i

D;

= . (1)

—C  uw
2 j=1P;

where 15 is a temperature hyperparameter, C' is the number
of classes. However, it is one-sided to optimize only from the
perspective of linear classifiers. Due to the existence of the
target prototype, we propose that batch level relationships be
learned dually not only from the perspective of linear clas-
sifier but also from the perspective of prototype similarity.
Since linear classifier can assign learnable parameters to each
class, while prototype-based classifier only relies on excellent
feature representation, we calculate the cross-correlation ma-
trix of strong and weak views from the perspective of linear

classifier and prototype-based classifier respectively:
R'lws — :[juw—l—pus (12)
RZ}S — SuwTSus’

where P, Pus are sharpening batch probability matrices
and S**, S“? are batch similarity matrices with the proto-
type from weak and strong views similar to Equation 9. R}’*,
RZ‘;’S are asymmetric matrices, and each element represents
two similarities of different views at the batch level. From
this, the dual contrast loss of batch class can be calculated:

1
Lnwen = 5.5 (I0(R) =T + [|o (R T) 1], +
linear classifier

IRy — Tl + [lo (Ry™") —1]},),

prototype-based classifier

13)

where ¢(+) is a normalized function that keeps the row total
as 1. I € RY*C is the identity matrix, and || - ||; represents
the sum of the absolute values of the matrix.

Dual consistency can benefit the framework in learning
cross-domain knowledge from two perspectives. Linear clas-
sifiers can use learnable parameters to focus more on the
distinguishing dimensions represented by features while sup-
pressing unrelated feature dimensions by assigning higher or
lower weights to different dimensions. In contrast, prototype-
based classifiers cannot take advantage of this which requires
more discriminative feature representation [Xu er al., 2022].

At the same time, due to the setting of DA, the prediction of
the linear classifier may be biased toward the source domain.
Comparing with target prototype similarity can alleviate the
inaccurate contrast caused by over-fitting the source domain.
We combine the two to encourage the model to learn a more
discriminative and accurate relationship between batch level
objectives from different perspectives.
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Method R—C R—P P— C C—S S—P R—S P—R Mean
1-shot 3-shot 1 -shot 3-shot 1 -shot 3-shot 1-shot 3-shot 1-shot 3-shot 1 -shot 3-shot 1-shot 3-shot|1 -shot 3-shot

S+T 55.6 60.0 60.6 622 568 594 508 550 56.0 595 463 50.1 71.8 739 | 569 60.0
DANN | 582 598 614 628 563 59.6 528 554 574 599 522 549 703 722 | 584 60.7
ENT | 652 710 659 692 654 71.1 546 60.0 59.7 62.1 52.1 61.1 750 78.6| 62.6 67.6
MME | 70.0 722 677 697 690 717 563 61.8 648 668 61.0 619 76.1 785 | 664 689
BIAT | 73.0 749 680 688 71.6 746 579 615 639 675 585 621 770 78.6| 67.1 69.7
APE | 704 76.6 708 721 729 76.7 567 63.1 645 66.1 630 67.8 76.6 794 | 67.6 71.7
Con’DA| 713 742 718 72.1 71.1 750 60.0 657 635 671 652 67.1 757 786|684 71.4
CDAC [ 774 79.6 742 751 755 793 67.6 699 71.0 734 692 725 804 819 73.6 76.0
DECOTA| 79.1 804 749 752 769 787 651 68.6 720 727 697 719 796 815]| 739 756
CLDA | 76.1 777 751 757 71.0 764 63.7 69.7 702 737 67.1 71.1 80.1 829|719 753
ECACL | 753 790 741 773 753 794 650 70.6 721 746 68.1 71.6 797 824 | 728 764
MCL | 774 794 746 763 755 788 664 709 740 747 707 723 820 833 | 744 765
ProML | 78.5 802 754 765 778 789 70.2 720 741 754 724 735 84.0 848 | 76.1 774

Table 1: Accuracy (%) on DomainNet under the settings of 1-shot and 3-shot using ResNet34 as backbone networks.

Method | 1-shot 3-shot
S+T 60.2 64.6
ENT 63.6 72.7

MME 68.7 70.9
APE 78.9 81.0
CDAC 69.9 80.6
DECOTA 64.9 80.7

ECACL 81.1 83.3
MCL 86.3 87.3

ProML | 87.6 88.4

Table 2: Mean Class-wise Accuracy (MCA)(%) on VisDA2017 us-
ing ResNet34 as the backbone network.

3.5 Overall Framework and Training Objective

To sum up, the overall training objectives of the framework
are as follows:

Lall = Lbase + /\intraLintra + /\inlerLinter + )\batChLbalcha (14)

where Ainga, Ainter a0d Apaien are the hyper-parameters that bal-
ance different levels. We train the model in our framework by
employing the overall training loss described in Equation 14.

4 Experiments

4.1 Experimental Setup

Datasets. We verified our ProML framework on three pop-
ular SSDA datasets. DomainNet is the latest large-scale
multi-source domain adaptive dataset, with 6 domains and
345 categories [Peng et al., 2019]. According to [Saito et al.,
2019], four fields (Real, Clipart, Painting, Sketch) and 126
categories were selected for SSDA evaluation. VisDA2017
consists of 150k synthetic images and 55k real images, in-
cluding two domains and 12 categories [Peng er al., 2017].
For each category of each dataset, we randomly select one
or three labeled samples (1-shot or 3-shot) as labeled target
samples. Office-Home is also a mainstream domain adaptive
dataset, including 4 domains (Real, Clipart, Art, Product) and
65 classes [Venkateswara et al., 2017]. We follow the stan-
dard of most SSDA work [Saito et al., 2019], and report the
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overall accuracy as an indicator of DomainNet and Office-
Home, and report the average class accuracy (MCA) as an
evaluation indicator of VisDA2017.

Implementation details.! To ensure the fairness of the ex-
periment, similar to [Saito et al., 2019; Li er al., 2021al, we
use ResNet34 [He er al., 2016] pre-trained on Imagenet as the
backbone of the model. The settings of batch size, optimizer,
feature size, and learning rate are also consistent with [Saito
et al., 2019]. Similar to [Yan ef al., 2022], RandomFlip and
RandomCrop are used as weak image augment methods, and
RandAugment [Cubuk er al., 2020] is used as strong augment
methods. The momentum « used to update prototypes is set
to 0.9, and the threshold 7 is set to 0.95 and 7 is set to 0.4
for VisDA2017, 0.3 for DomainNet and 0.1 for Office-Home.
For the OT solver, we solve it through Sinkhorn-Knopp iter-
ation [Fatras er al., 2021]. The temperature T3 and 7% in the
similarity function are set to 0.05 and 0.1. Balance hyparam-
eter Ainga and Ajpeer 1S s€t to 1. Apaeen 1S set to 1 for DomainNet,
1 for Office-Home, and 0.1 for VisDA2017.

4.2 Analysis of Experimental Results

In the experiments, we compare our ProML with two base-
lines: S+T uses only source and labeled target data, and ENT
[Grandvalet and Bengio, 2004] uses entropy minimization for
unlabeled samples; and several popular SSDA methods, i.e.,
DANN [Ganin et al., 2016], MME [Saito et al., 2019], BiAT
[Jiang et al., 2020], APE [Kim and Kim, 2020], Con’DA
[Pérez-Carrasco et al., 2022], CDAC [Li et al., 2021a], DE-
COTA [Yang et al., 2021], CLDA [Singh, 2021], ECACL [Li
et al., 2021b] and MCL [Yan et al., 2022].

DomainNet. As shown in Tab. 1, our proposed ProML
achieves 76.1% and 77.4% average accuracy and SOTA per-
formance in 7 scenarios of 1-shot and 3-shot, respectively.
VisDA2017. VisDA2017 demonstrates the validity of ProML
in Tab. 2, our ProML achieves 87.6% MCA in 1-shot and
88.4% in 3-shot, which are superior to the SOTA methods.
Office-Home. As shown in Tab. 3, ProML outperforms the
existing SOTA methods in both 1-shot and 3-shot scenarios,
with accuracy reaching 74.6% and 77.8%, respectively.

'https://bupt-ai-cz.github.io/ProML/
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Method |[R—+-C R—P R—+A P—-R P—-C P—+A A—P A-C AR C—+R C—A C—P|Mean

1-shot
S+T 52.1 786 66.2 744 483 572 698 509 738 70.0 56.3 68.1 63.8
DANN 53.1 748 645 684 519 557 679 523 73.9 69.2 54.1 66.8 | 62.7
ENT 53.6 819 1704 799 519 630 750 529 76.7 73.2 63.2 73.6 | 67.9
MME 619 828 71.2 792 574 647 755 596 778 74.8 65.7 74.5 | 70.4
APE 60.7 81.6 1725 78.6 583 636 761 539 752 72.3 63.6 69.8 | 68.9
CDAC 61.9 83.1 727 800 593 646 759 612 785 75.3 64.5 75.1 71.0
DECOTA | 56.0 794 1713 76.9 488 600 685 42.1 72.6 70.7 60.3 704 | 64.8
MCL 67.0 855 738 81.3 6l1.1 680 795 642 812 78.4 68.5 79.3 | 74.0
ProML | 67.5 86.1 73.7 819 614 693 797 645 81.7 79.0 69.1 80.5 | 74.6
3-shot
S+T 557 80.8 67.8 73.1 538 635 731 540 742 68.3 57.6 723 | 66.2
DANN 573 755 652 69.2 518 566 683 547 738 67.1 55.1 67.5 | 63.5
ENT 62.6 857 702 799 605 639 795 613 79.1 76.4 64.7 79.1 71.9
MME 64.6 855 713 80.1 64.6 655 79.0 63.6 79.7 76.6 67.2 79.3 | 73.1
APE 664 862 734 820 652 661 81.1 639 802 76.8 66.6 79.9 | 74.0
CDAC 67.8 856 722 819 670 675 803 659 806 80.2 67.4 814 | 742
CLDA 66.0 87.6 176.7 82.2 639 724 814 634 813 80.3 70.5 80.9 | 75.5
DECOTA | 704 877 74.0 82.1 680 699 81.8 64.0 80.5 79.0 68.0 83.2 | 75.7
MCL 70.1 88.1 753 83.0 680 699 839 675 824 81.6 71.4 843 | 77.1
ProML | 71.0 88.6 758 838 689 725 839 678 822 82.3 72.1 84.1 | 77.8

Table 3: Accuracy (%) on Office-Home under the settings of 1-shot and 3-shot using ResNet34 as the backbone network.

Source

Target

Target

L
5 |8

Source |

&it
g

(a) Iteration:100 (b) Iteration:1000

(c) Iteration:5000 (d) Iteration:10000

Figure 3: The t-SNE visualization of the feature alignment progress through our ProML during the training time on DomainNet P—R.

‘ Lintra  Linter  Lbatch ‘ 1-shot 3-shot
ol X X X | 741 781
@l v X X | 776 89
@ X Vv X | 762 814
@ X X vV | 1751 800
el X VvV |81 846
el v X vV |86 852
@l v vV X |89 860
v vV VvV | 86 884

Table 4: Ablation studies of ProML’s different components. We
report the MCA (%) on VisDA2017 under the settings of 1-shot and
3-shot using a ResNet34 backbone.

4.3 Additional Analysis

Ablation studies. We performed ablation experiments on
VisDA2017 at the settings of 1-shot and 3-shot, as shown in
Tab. 4. Row @ @ @ show that each component can be signif-
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linear proto. update

pred. pred.  proto. I-shot  3-shot
o| vV X X 846 858
| X v v 80.7 842
®| v X v 858  86.7
@ vV v X 8.0  85.1
®| v v v 87.6 884

Table 5: Ablation study on the effectiveness of prototype-based con-
trast and update of our ProML on VisDA2017 under the settings of
1-shot and 3-shot using a ResNet34 backbone.

icantly improved. Row ® ® @ show that each combination
still improves performance, indicating the universality of the
proposed module. Due to the integrity of our framework, one
aspect of the lack of consideration may not be optimal in per-
formance, but the best performance can be achieved when all
components are activated.
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Figure 4: Mean Class Accuracy (MCA)(%) under different pseudo-
label confidence thresholds on VisDA2017 for 1-shot and 3-shot,
where 75 = 0.95 means no intra-domain OT.

Epoch Epoch Epoch
100 1000 10000
1-shot 3-shot 1-shot 3-shot 1-shot 3-shot|

234 36.0 53.1 672 656 765|656 756
18.8 37.5 563 64.0 656 749|655 74.1

Our | 234 375 573 68.1 68.1 78.1]66.9 768

Mean
1-shot 3-shot

Method|

Linear
Proto.

Table 6: The label accuracy (%) of different pseudo label methods
under the 1-shot and 3-shot settings of DomainNet C—S. Linear
represents the linear classifier probability, Proto. represents the pro-
totype similarity, and Our represents our intra-domain OT strategy.

Prototype-based contrast and update. Tab. 5 shows ab-
lation studies of prototype-based classifier and updated pro-
cedure. Row @ shows only linear prediction, and its per-
formance degrades a lot, which proves that the knowledge
learned only by using a linear classifier is limited. The com-
parison with row @ proves that the model will benefit from
the dynamic update of the prototype. The global static pro-
totype that only uses labeled data is not robust, so its gen-
eralization ability is limited. Row @ shows only prototype-
based predictions and dynamic updates during training. Its
performance is much lower, which means that without the
help of a linear classifier, the prototype-based classifier can-
not learn consistency under limited label data settings, so it
cannot make full use of the additional knowledge brought
by prototypes. Row @ only adds the prototype-based clas-
sifier on row @, but its performance does not increase but
decreases, which indicates that biased prototypes will bring
negative knowledge transfer. Row ® achieves the optimal
performance after integrating all methods, which shows that
our method can complement knowledge from multi-level.
Intra-domain OT pseudo-labels. Tab. 6 shows the pseudo-
label accuracy of different methods. By making the target do-
main more compact, our strategy gives more accurate pseudo-
labels at different training stages than simple methods only
using maximum linear classifier prediction (Linear) or maxi-
mum prototype similarity (Profo.) under the same confidence
threshold 75 in Equation 6.

Convergence analysis. To further analyze the convergence
of our method, we describe the feature t-SNE [Van der
Maaten and Hinton, 2008] visualization of source and tar-
get domains during different training times in Figure 3. We
randomly selected seven categories of the feature on Domain-
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Figure 5: Accuracy with different numbers of labeled samples per
class in target domain on DomainNet R—S.

Net R—S for clearer visualization. Figure 3(a) clearly shows
the initial domain difference between the source and the tar-
get domain. Early feature descriptions often show many
misaligned source and target clusters, so the model initially
performs poorly in the target domain. As the training pro-
gresses, it can be seen from Figure 3(b) and Figure 3(c) that
our method converges and aggregates the feature of the target
domain. Accumulated good target feature is obtained and it
proves that our method can obtain a compact target domain
distribution, as shown in Figure 3(d).

Parameter sensitivity. We will use the pseudo-labels thresh-
old 75 of intra-domain OT strategy in Equation 6 as a vari-
able, analyze changes in MCA with VisDA2017 under the
settings of 1-shot and 3-shot, and experimental results sup-
port our argument. As shown in Figure 4, with the change
of the threshold, MCA floats within 1%, which demonstrates
the robustness of the strategy. When this strategy is not used,
ie. 72 = 0.95, MCA decreased significantly. This result is
reasonable and shows that this strategy can help the model
make use of unlabeled target samples.

Impact of the number of target labels. We studied the per-
formance impact of different target label numbers on Domain
R—S. From Figure 5, all methods can improve performance
by labeling more target samples. By contrast, our ProML
always achieves optimal performance in all cases. This con-
firms that our method can make use of a flexible number of
labeled target samples to help model knowledge transfer.

5 Conclusion

In this paper, we propose a novel prototype-based multi-level
learning (ProML) framework to make better use of target
samples. ProML leverages prototypes constructed from target
samples at three levels, (i) intra-domain level, aligns labeled
and unlabeled sample distributions within the target domain
using pseudo-label aggregation help models based on optimal
transport, (ii) inter-domain level, it aligns source and target
domain, and (iii) batch level, it learns compact classes and
partition clusters from two dual perspectives. Extensive ex-
perimental studies have demonstrated its advantages.
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