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ABSTRACT

Semi-supervised domain adaptation (SSDA) is to adapt a learner to a new domain
with only a small set of labeled samples when a large labeled dataset is given
on a source domain. In this paper, we propose a pair-based SSDA method that
adapts a learner to the target domain using self-distillation with sample pairs. Our
method composes the sample pair by selecting a teacher sample from a labeled
dataset (i.e., source or labeled target) and its student sample from an unlabeled
dataset (i.e., unlabeled target), and then minimizes the output discrepancy between
the two samples. We assign a reliable student to a teacher using pseudo-labeling
and reliability evaluation so that the teacher sample propagates its prediction to
the corresponding student sample. When the teacher sample is chosen from the
source dataset, it minimizes the discrepancy between the source domain and the
target domain. When the teacher sample is selected from the labeled target dataset,
it reduces the discrepancy within the target domain. Experimental evaluation on
standard benchmarks shows that our method effectively minimizes both the inter-
domain and intra-domain discrepancies, thus achieving the state-of-the-art results.

1 INTRODUCTION

Deep neural networks have shown impressive performance in learning tasks on a domain where a
large number of labeled data are available for training (Krizhevsky et al.,|2012;[Simonyan & Zisser-
manl, [2014; He et al.,2016). However, they often fail to generalize to a new domain where the distri-
bution of input data significantly deviates from the original domain, i.e., when a domain gap arises.
The goal of domain adaptation is to adapt a learner to the new domain (farget) using the labeled data
available from the original domain (source). Unsupervised domain adaptation (UDA) attempts to
tackle this inter-domain discrepancy problem without any supervision on the target domain, assum-
ing that no labels for samples are available from the target domain in training (Ganin et al.| (2016);
Saito et al.[(2017); [Long et al.|(2018)); [Hoffman et al.|(2018)). In contrast, semi-supervised domain
adaptation (SSDA) relaxes the strict constraint, using a small number of additional labels on the
target data, e.g., a few labels per class (Saito et al.| (2019)). As we are often able to obtain such ad-
ditional labels easily on the target data, it renders the adaptation problem more practical and better
situated in learning.

Empirical results (Saito et al.| (2019)) show that a naive adaptation of UDA to SSDA, e.g., consider-
ing the labeled samples on the target domain as a part of those on the source domain, suffers from
the effect of target intra-domain discrepancy, i.e., the distribution of labeled samples on the target
domain is separated from that of unlabeled samples during training. We consider the intra-domain
discrepancy and the aforementioned inter-domain discrepancy as major challenges of SSDA, and il-
lustrate in Fig. E}a and Fig. E}) Previous methods for SSDA (Saito et al.|(2019); Kim & Kim! (2020))
aims to address the issue using a proxy-based approach; they create a prototype representation for
each class and reduce a distance between each prototype and its nearby unlabeled samples (Fig. [Ik).

In this paper, we propose a new SSDA approach, dubbed pair-based self-distillation (PSD), that
leverages rich data-to-data relations rather than proxy-to-data relations (Fig. [Id). Our method takes
as a teacher a labeled sample on either source or target domain, and propagates its information
to an unlabeled sample as a student in the form of self-knowledge distillation. When the teacher
comes from the source domain, it minimizes the inter-domain discrepancy between the source and
the target. When the teacher is a labeled sample on the target domain, it effectively suppresses the
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Figure 1: Two problems of SSDA and two different approaches. (a) Inter-domain discrepancy
represents the discrepancy of sample distributions between a source domain and a target domain. (b)
Intra-domain discrepancy indicates the discrepancy of sample distributions within the target domain.
(c) Previous proxy-based methods give a prototype as a guidance to unlabeled target samples. (d)
Our pair-based method uses a fine-grained sample-to-sample guidance to unlabeled target samples.

intra-domain discrepancy within the target. To generate reliable pairs of the teacher and the student,
we employ pseudo-labeling (Lee| 2013), and present a new form of reliability evaluation on the
pseudo-label motivated by|Zhang et al.|(2019). Compared to the previous proxy-based approach, our
pair-based approach fully exploits rich and diverse supervisory signals via data-to-data distillation,
and effectively adapts to the target domain by minimizing both the intra-domain and inter-domain
discrepancy.

The contributions of our proposed method are summarized as follows.

o We propose pair-based self-distillation (PSD) that exploits rich sample-to-sample relations
using self-distillation with the help of pseudo-labeling.

e We show that PSD effectively adapts a network to a target domain by alleviating both the
inter- and intra-domain discrepancy issue.

e PSD sets a new state of the art on semi-supervised domain adaptation benchmarks and an
unsupervised domain adaptation benchmark.

2 RELATED WORK

Semi-supervised domain adaptation. The goal of semi-supervised domain adaptation (SSDA) is
to adapt a model on the target domain with a few labels of target data (Saito et al.,[2019). Although
SSDA has been considered in|Ao et al.[|(2017); Donahue et al.|(2013));|Yao et al.|(2015)), most recent
research has explored unsupervised domain adaptation (UDA). The main issue of domain adaptation
is the gap between the source and the target domain distributions. Previous UDA methods commonly
focus on aligning the two domain distributions. Adversarial learning between a domain-classifier
and a feature extractor is one of the representative UDA approaches (Ganin et al.,|2016; |Saito et al.,
2017;|Long et al., 2018} |Lee et al.,|2019; Xu et al., 2019). Learning with pseudo-labels (Lee, 2013) is
another approach in UDA (Xie et al.,[2018;|Chang et al.||2019; Deng et al.|[2019;Zhang et al.,[2019).
To supplement the absence of target domain labels, the network assigns labels to the target data in
a certain standard. The network then utilizes the obtained pseudo-labels as supervision for training
using the target domain data. SSDA is re-examined in Minimax Entropy (MME) (Saito et al,2019)
for taking the advantage of extra supervision. With a minor effort, the model benefits from just
a few target labels. MME discovers the ineffectiveness of previous UDA methods in SSDA, and
proposes a new approach for the task. They minimize the distance between the class prototypes and
nearby unlabeled target samples by minimax entropy. After MME, several new SSDA methods are
followed. Jiang et al.|(2020) generate bidirectional adversarial samples from source to target domain
and from target to source domain to fill the domain gap. Attract, Perturb, and Explore (APE) (Kim
& Kim|, [2020) analyzes the target intra-domain discrepancy issue, and suggest to minimize the gap
using Maximum Mean Discrepancy (MMD), perturbation loss, and the class prototypes. Among the
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Figure 2: An overview of the Pair-based Self-Distillation (PSD) (Section . We use a feature
extractor and a classifier trained in the pre-training stage (Section [3.I)). PSD consists of a student-
set generation procedure and a sample-to-sample distillation procedure. In the former, the model
generates pseudo-labels of Dty and completes Drs. In the latter, the model is trained with generated
teacher-student pairs. In every N steps, pseudo-labels are updated using the latest model. We omit
feature normalization, temperature scaling, and softmax operation for simplicity.

previous work, MME and APE adapt to the target domain, and use the class prototypes for SSDA.
We tackle the issues of SSDA in a simple pair-based way by applying self-distillation different from
previous work.

Knowledge distillation. The idea of knowledge distillation (KD) is to train a model (student) by
transferring knowledge extracted from another model (teacher) that is more powerful than the stu-
dent (Breiman & Shangl|1996} Bucilua et al.,[2006). A series of study on KD has shown its attractive
characteristics such as regularizing the student (Yuan et al., 2020), stabilizing training (Cheng et al.,
2020), and preventing models to be overconfident (Yun et al., 2020). One line of work on KD as-
sumes two independent teacher and student networks sharing an input sample, and maps the output
of the student to that of the teacher (Hinton et al., [2015; Romero et al.| |2014; [Zagoruyko & Ko-
modakis, 2017} [Park et al.| [2019). This type of work motivates GDSDA (Ao et all |2017), which
proposes to use multiple pre-trained source models to give predictions to a target model for domain
adaptation tasks. The other interesting line of work on KD investigates self-knowledge distillation;
a single network is trained by the knowledge from itself (Furlanello et al., 2018} Xie et al., 2020;
Yun et al.l 2020). Our design follows the second line of work. We present a loss to minimize
Kullback-Leibler divergence of two predictions between a labeled sample and its corresponding
pseudo-labeled sample using self-distillation. This learning objective naturally conforms to the goal
of domain adaptation: adapting to a target domain by aligning semantically similar samples from
two diverse domains.

3 METHOD

The task of semi-supervised domain adaptation is formulated as to classify unlabeled samples on a
target domain using labeled samples on a source domain together with a limited number of labeled
samples on the target domain (Saito et al., 2019; Kim & Kim, 2020; Li & Hospedales| 2020). Let us
consider three datasets given in this context: a source dataset Ds = {(xél), yéz))} N,

dataset Dy, = {(X%JL) ) y@{))}ﬁg, and an unlabeled target dataset Dy = {x%) }om, where x, y, and

N denote a sample, its corresponding label, and the number of samples, respectively. Here, we are
given only a limited number of labeled samples per class on the target domain, i.e., Ny < Nty.
The source and target domains share the same number of classes K. In this setup, we train a model
on Dyin = Ds U Dy, and Dry, and then evaluate it on Dy.x = Dy with its ground-truth labels. In

alabeled target
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Algorithm 1 Pair-based self-distillation.

Input: Dg, Dr, Dry: Source domain, labeled target domain, and unlabeled target domain dataset
Input: 6 and W: Pre-trained weights > Section
Input: N: student-set generation interval

1: fore + 1tomax_steps do

2: if e mod NV is 0 then > Student-set generation.
3: Update student set Dyg = {(x’ %ls), Aéls)) f\gi > Equation@and equation
4: end if

5: ( ) Ds U Dt , ( Q) Drs suchthat y =1y

6: (y\x) + softmax(g(f(x 0), W)/T) > Section [3.1]
7: p(4|x’) + softmax(g(f(x';0); W)/T) > Section
8: Liaw < CE(p(y|x),y) > Equation
9: Lun < WCE(p(9|x'), 9) > Equation [6)
10 Loair < KL(p(y|x), p(9|x")) > Sample-to-sample self-distillation. Equation

11: L Ly + Lunt + Mpair > Equation
12: update 8 and W with £ using SGD
13: if e mod val_freqis O then

14: validate and early-stop > Section
15: end if
16: end for

training, we validate models on additional labeled target set Dya of Dyar N Dygain = Dyal N Diesy = 0.
We select the best model and search hyper-parameters on the validation set.

3.1 CLASSIFIER MODEL AND ITS PRE-TRAINING

Our model consists of two parts: a feature extractor f(-;0) and a classifier g(-; W), where 8 and
W denote trainable parameters. We use a convolutional neural network for f(+; ), and a distance-
based classifier for g(-; W) (Wang et al.| (2018); (Chen et al.[(2019)). The distance-based classifier
computes its output as the cosine similarity between the input feature h and each column wy, of W:

9(f(x;0); W) T h

W1 . . WK ]
T [wall™ llwxll” (b

), where g(h; W) = |

p(y|x) = softmax( (1)
where the final prediction p(y|x) is obtained via softmax operation with temperature 7. In the
following subsections, we often omit the function parameters, @ and W, for notational simplicity.

We pre-train the model with labeled samples in Ds U Dy, via minimizing the cross-entropy loss:

Liab = E(x,y)epsunn [ log p(y(x)]. @)

This pre-training improves the performance of PSD and also speeds up its convergence.

3.2 PAIR-BASED SELF-DISTILLATION (PSD)

The pair-based self-distillation (PSD) is designed to perform SSDA by simultaneously minimizing
both the inter-domain discrepancy (between the source and the target) and the intra-domain discrep-
ancy (within the target). It achieves the goal by alternating student-set generation and sample-to-
sample self-distillation. At the student-set generation step, we pseudo-label samples from unlabeled
target dataset Dry and select reliable ones using reliability evaluation. The resultant set Drs is used
for student samples in self-distillation. At the sample-to-sample self-distillation step, we randomly
produce teacher-student pairs with the same class label and perform self-distillation by miminizing
the distance between their predictions. In paring, we take one sample from either Ds or Dy, (as a
teacher) and the other from Drg (as a student). It effectively reduces the inter-domain discrepancy
using pairs between Dg and Drg, while suppressing the intra-domain discrepancy using pairs be-
tween Dy, and Drs. The overall procedure is summarized in Alg.[l|and also illustrated in Fig.[2] In
the following, we explain the details of each step and describe the overall training objective.

Student-set generation. This step consists of pseudo-labeling and reliability evaluation. We assign
a class label § to each unlabeled sample x’ € Dy, and construct a pseudo-labeled set of the stu-
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dent samples {(x'), ()1 V; we simply take a pseudo-label § of x as the class index & of the
maximum prediction value:

g= argmax p(y = k[x'). 3)
ke{1,2,....,K}
Although pseudo-labeling enables supervised training on unlabeled samples, pseudo-labels are often
incorrect, in particular, in an early stage of training. We thus drop unreliable samples to compose
Drs for pairing. Let 7;(-) be a selection operator that selects j th Jargest value. We construct a student
set by reliability evaluation:

Drs = {(x",)(m (p(I[x") > ) v (m(9(f(x))) = ma(g(f(x)) > 0) ; VX' € Dry}, (4

where ¢ is an average margin of unlabeled target logits and « is a hyper-parameter. The first condi-
tion is met when the absolute largest class probability score is high enough. The second condition
is met when a margin between the largest and the second largest value of the logit is high enough
(Zhang et al.}|2019). In this way, the model assigns pseudo-labels to confident samples only so that
the model can take reliable pairs.

Sample-to-sample self-distillation. After we obtain Drg, we construct a pair of a labeled sample
(x,y) € Ds U Dy and an pseudo-labeled sample (x',3) € Drs. We then set a labeled sample as a
teacher sample, and set an unlabeled sample as a student sample. The pairing loss is calculated as

['pair = E(X,y)EDSUDTL7(x/7Q)€DTS H[g = yﬂDKL(p(mX) ” p(?ﬂxlm ) %)

where [-] denotes Iverson brackets. If the teacher sample x is selected from Ds, the loss would
minimize the inter-domain discrepancy, and if x is chosen from Dy, the loss would reduce the
intra-domain discrepancy of the target domain. This effect is validated in our experiments in Fig.

To improve our training, we introduce an additional loss using student samples with pseudo-labels.
We utilize the latest prediction of student samples to decide the reliability of pseudo-labels and
multiply it to the cross-entropy loss of each student sample, i.e., we use a weighted cross-entropy
loss (WCE) for training student samples:

Ly = IE(x’,y})GDTs [_p(mX/) 10gp<:l)|X/)]. (6)

Our total loss in training thus consists of three terms:
L= Elab + £unl + ALpaira (7)

where A is a weighting hyper-parameter for the pairing loss. The model is updated by minimizing £
for N iterations. Ly, is the cross-entropy loss from equation

We iterate alternating the student-set generation step and the sample-to-sample self-distillation step
until the model converges on the validation set.

4 EXPERIMENTS

We compare PSD with current state-of-the-art methods on two standard SSDA benchmarks. We
include experiments of PSD on the UDA setup. We analyze the effectiveness our method both
quantitatively and qualitatively. For more experimental results, please refer to the appendix.

4.1 SETUP

Datasets. We evaluate our method using two benchmark datasets: DomainNet (Peng et al.l [2019)
and Office-Home (Venkateswara et al., 2017). DomainNet contains 6 domains of 345 classes each.
Among them, we use 4 domains (Real, Clipart, Painting, and Sketch) and 126 classes. We choose
seven source-to-target domain scenarios following the work of [Saito et al.| (2019). Office-Home
consists of four domains (Real, Clipart, Product, and Art) of 65 classes. We conduct Office-Home
experiments on all possible source-to-target domain scenarios.

Implementation details. We follow most of the implementation details of Saito et al.[|(2019) for a
fair comparison. We select AlexNet (Krizhevsky et al.,[2012)) and ResNet-34 (He et al.,|2016)), both
of which are pre-trained on ImageNet (Deng et al.,2009)), for our base networks. In a mini-batch, the
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Table 1: Classification accuracy of the DomainNet dataset (%) for one-shot and three-shot on 4
domains (R: Real, C: Clipart, P: Painting, S: Sketch).  denotes that we reproduced the baseline.

Net | Method RtoC RtoP PtoC CtoS StoP RtoS PtoR MEAN
I-shot  3-shot  l-shot  3-shot  l-shot  3-shot  l-shot  3-shot  I-shot  3-shot  l-shot  3-shot  l-shot  3-shot | l-shot  3-shot
S+T 433 471 424 450 401 449 336 364 357 384 29.1 333 558 587 | 400 434
DANN 433 46.1 416 438 391 41.0 359 365 369 389 325 334 536 573|404 424
ADR 43.1 462 414 444 393 436 328 364 33.1 389 291 324 559 573|392 427
2 CDAN 46.3 46.8 457 450 383 423 275 295 302 337 288 313 567 587 |39.1 410
5 ENT 37.0 455 356 426 268 404 189 31.1 151 296 180 296 522 60.0 | 29.1 39.8
< | MME 489 556 480 49.0 467 517 363 394 394 430 333 379 568 60.7 | 442 482
APE 477 546 490 505 469 521 385 426 385 422 338 387 575 614|446 489
APE 463 515 455 485 406 476 362 422 371 422 303 378 542 585 | 415 467
PSD (ours) | 51.6 562 479 512 48.0 513 392 435 406 465 374 398 595 651 | 463 50.5
S+T 556 600 606 622 568 594 50.8 550 560 595 463 50.1 718 739|569 60.0
DANN 582 598 614 628 563 59.6 528 554 574 599 522 549 703 722 | 584 60.7
ADR 571 607 613 619 570 60.7 510 544 560 599 490 51.1 720 742|576 604
] CDAN 650 69.0 649 673 637 684 531 578 634 653 545 590 732 785 | 625 66.5
z ENT 652 710 659 692 654 71.1 546 600 597 621 521 611 750 78.6 | 626 67.6
~ MME 700 722 677 697 690 717 563 618 648 668 610 619 761 785 | 664 689
APE 704 766 708 721 729 767 56.7 63.1 645 66.1 630 678 766 794 | 676 717
APE 1 67.0 722 703 699 677 713 56.8 638 655 674 619 650 728 77.6 | 660 69.6
PSD (ours) | 734 753 692 70.8 734 744 602 63.1 661 69.1 628 0647 793 79.7 | 69.2 71.0

Table 2: Classification accuracy of the Office-Home dataset (%) for one-shot on 4 domains (R: Real,
C: Clipart, P: Product, A: Art).

Net | Method RtoC RtoP RtoA PtoR PtoC PtoA AtoP AtoC AtoR CtoR CtoA CtoP | MEAN
S+T 37.5 63.1 448 543 31.7 31.5 48.8 31.1 533 48.5 339 50.8 441
DANN 42.5 64.2 45.1 56.4 36.6 32.7 435 34.4 51.9 51.0 33.8 49.4 45.1

5 ADR 37.8 63.5 454 535 325 322 49.5 31.8 53.4 49.7 34.2 50.4 44.5

Z, CDAN 36.1 62.3 422 52.7 28.0 27.8 48.7 28.0 51.3 41.0 26.8 49.9 41.2

b ENT 26.8 25.8 458 56.3 23.5 21.9 47.4 22.1 53.4 30.8 18.1 53.6 38.8

< MME 42.0 69.6 48.3 58.7 37.8 349 525 36.4 57.0 54.1 39.5 59.1 49.2
APE t 42.1 69.6 49.8 57.7 35.5 359 49.2 32.1 55.0 52.7 37.8 57.6 479
PSD (ours) | 45.3 69.5 48.0 58.5 34.8 34.5 55.9 34.6 57.2 56.7 37.0 60.3 49.4

ratio of teacher samples (from Dg U Drr ) and student samples (from Drg) is one to one. We choose
the same number of source and labeled target data to construct teacher samples. Specifically, we use
48 teacher samples and 48 student samples in AlexNet. In ResNet-34, we use 64 teacher samples
and 64 student samples like MME. We use the Stochastic Gradient Descent (SGD). The values of
an initial learning rate, a momentum, and a weight decay are 0.01, 0.9, and 0.0005, respectively. In
student-set generation step, we set « to 0.95, and 0 is fixed to the average of all student samples’
margin. We set the student-set generation interval [NV as 100. The hyper-parameter for the pairing
loss A is set individually on each base network according to the maximum validation accuracy. The
details of searching X are described in Section [A.2] Experiments are implemented using PyTorch
(Paszke et al.| (2017).

Baselines. We compare our method to competitive SSDA baselines: MME (Saito et al.,2019), and
APE (Kim & Kim, 2020). Additionally, we bring S+T that simply minimizes the cross-entropy loss
on the labeled dataset. DANN (Ganin et al.||2016), ADR [Saito et al.|(2017), and CDAN (Long et al.,
2018))), which are the well-known methods in UDA, are also described as comparison. Further, we
include the accuracy of ENT (Grandvalet & Bengio, [2005)).

4.2 RESULTS

Comparison on DomainNet. Table |I| demonstrates the classification accuracy of our method and
other baselines on DomainNet dataset. We conduct experiments on both one-shot and three-shot
settings with AlexNet and ResNet. We reproduce APE based on their public codes. For a fair com-
parison, we select the best model, and tune hyper-parameters on the validation set for all experiments
including reproduction and our method. In AlexNet one-shot and three-shot setting, our proposed
method outperformed S+T with 6.3%p and 7.1%p respectively when we take an average of all adap-
tation scenarios. PSD also acquires improved accuracy than the previous state-of-the-art in most of
domain scenarios. In ResNet experiments, our method achieves 12.3%p and 11.0%p higher mean
accuracy in one-shot and three-shot setting respectively than S+T. Compared with APE, our method
obtains notable accuracy improvement in one-shot and three-shot setting.
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Table 3: Classification accuracy of the DomainNet dataset (%) in the UDA setting.

Net | Method RtoC RtoP PtoC CtoS StoP RtoS PtoR | MEAN
Source 41.1 42.6 374 30.6 30.0 26.3 52.3 37.2
DANN 44.7 36.1 35.8 33.8 35.9 27.6 49.3 37.6

5 ADR 40.2 40.1 36.7 29.9 30.6 25.9 51.5 36.4

Z CDAN 44.2 39.1 37.8 26.2 24.8 24.3 54.6 35.9

E ENT 33.8 43.0 23.0 22.9 13.9 12.0 51.2 28.5

< MME 47.6 44.7 39.9 34.0 33.0 29.0 535 40.2
APE { 459 470 420 365 370 303 541 41.8
PSD (ours) | 49.3 49.2 42.7 38.1 41.7 38.0 54.1 44.7

Table 4: Comprehensive ablation study of PSD on DomainNet dataset (%) for one-shot setting.

Net | Method Lu1 RSS | RtoC RtoP PtoC CtoS StoP RtoS PtoR | MEAN
S+T 43.3 42.4 40.1 33.6 35.7 29.1 55.8 40.0
DANN 43.3 41.6 39.1 35.9 36.9 32.5 53.6 40.4

E MME 48.9 48.0 46.7 36.3 39.4 333 56.8 44.2
% APE 47.7 49.0 46.9 38.5 38.5 33.8 57.5 44.6
= Ve 50.8 47.5 47.0 379 40.1 37.3 60.8 459
PSD (ours) v 49.2 46.7 47.1 39.5 41.1 36.5 59.6 45.8

v v 51.6 47.9 48.0 39.2 40.6 37.4 59.5 46.3

Comparison on Office-Home. Table[2]shows the results of our method and others on Office-Home.
We reproduce MME and APE based on their public codes. We observe that PSD outperforms current
state-or-the-art methods in most scenarios. Notably, PSD is effective where the domain gap between
the source and target domain is substantial. In comparison to S+T, for example, PSD increases
accuracy by 7.8%p on Real to Clipart, and 8.2%p on the other way around. Real and Clipart domains
appear considerably distinctive to each other because samples in Real domain are photos from real
world, on the other hand, the samples in Clipart domain are artificial illustrations. We believe that
the pair-based loss explicitly drives two individual features from two visually diverse domains to be
close. As aresults, it achieves a clear performance gain in such challenging scenarios.

4.3 ANALYSIS

Unsupervised domain adaptation. Table [3| summarizes performance improvement of PSD on the
UDA setup on DomainNet. In this setup, we assume no labels are given from target domains, while
other settings are not changed. PSD outperforms counterparts in most scenarios. It is impressive that
PSD excels methods that have been proposed for UDA (Ganin et al.,|2016; Saito et al., 2017; Long
et al., |2018). Note that DomainNet dataset is designed to have a substantial domain gap between
domains, each of which are categorized into 126 classes. We examine that PSD is powerful on such
a challenging dataset even though target labels are not given at all.

Ablation study. We conduct an ablation study on the weighted-cross entropy loss and the reliable
student-set generation (RSS). The check mark of L, represents that the weighted cross-entropy
loss for student samples (equation [6)) is added to the overall loss. The check mark of RSS denotes
that the reliability evaluation is utilized to generate Drs (equation[d). If there is no check mark on
the RSS column, we assign a class index of the maximum prediction value as a pseudo-label instead
of equation 3] The bottom row is our complete setting. By comparing the first row and the third row
of ours, the effectiveness of L,y is verified in most of the domain scenarios. Also, by comparing the
second row and the third row, it shows that our method benefits from RSS.

Inter-domain and intra-domain discrepancies. Fig. [3] visualizes that PSD progressively clusters
instances of the same classes by overcoming inter- and intra-domain discrepancies. Fig. [3a plots
cosine similarity between a source embedding and a target embedding from the same class for all
classes. Fig. [3c| plots cosine similarity between two target embeddings from the same class for
all classes. Fig. [3b|and Fig. [3d] visualize the histograms from each final model of APE and PSD.
For more implementation details, please refer to appendix. The cosine similarities gradually move
toward 1.0 over iterations, which proves that a learner is guided to map two semantically similar
samples to nearby points in the embedding space. While a majority of the same-class embeddings
moves close to each other, we observe that a small portion of embeddings pushes apart as shown
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Figure 3: (a) Histograms of cosine similarities between a source and a target embedding (inter-
domain similarity) over iterations (b) Inter-domain similarity histograms of APE and PSD. (c) His-
tograms of cosine similarities between target embeddings (intra-domain similarity) over iterations.
(d) Intra-domain similarity histograms of APE and PSD.
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Figure 4: t-SNE visualization on Office-Home. (a) Embedding space after pre-training stage on
Clipart — Product. (b) Embedding space at the final model on Clipart — Product. (c) Embedding

space after pre-training stage on Art — Clipart. (d) Embedding space at the final model on Art —
Clipart.

in Fig. This is considered one limitation of leveraging pseudo-labels; wrong pairs misguide the
learning process. We thus address the importance of pseudo-labeling for future work on domain
adaptation.

Qualitative results. Fig. [ visualizes how PSD clusters instances from two domains over iterations
using t-SNE (Maaten & Hinton| 2008). The results respresent two main points: (1) target sam-
ples align toward source samples over iterations. (2) samples from the same class pull each other
over iterations. Each point above stands for little inter-domain discrepancy and little intra-domain
discrepancy on the final embedding manifold. We include more qualitative results in the appendix.

5 CONCLUSION

We have proposed a novel pair-based self-distillation (PSD) for semi-supervised domain adaptation.
First, PSD assigns a pseudo-label to an unlabeled sample only if its prediction is reliable. Then, PSD
makes a pair of two samples: one from pseudo-labeled samples and the other from labeled samples.
PSD drives two predictions of the pair to be close. PSD outperforms on two semi-supervised do-
main adaptation benchmarks and one unsupervised domain adaptation benchmark. The experiments
demonstrate that PSD effectively adapts to a target domain using a single architecture given an ex-
tremely few number of labeled target domain samples.
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A APPENDIX
In this appendix, we provide supplementary results and details of our method.

A.1 IMPLEMENTATION DETAILS OF FIG.[3]

We use ResNet34 architecture, Office-Home dataset on ont-shot setting. We use Product and Clipart
domains for the source and target domains, respectively. For PSD, we start plotting after the pre-
training stage (the 7,000t iteration) until the model converges for every 500 iterations. For APE, we
plot the final model only.

A.2 THE HYPER-PARAMETER A\

Table 5: Hyper-parameter search on DomainNet using ResNet34. We choose Real to Clipart three-
shot and Real to Sketch one-shot scenarios. We measure the test accuracy at the maximum validation
accuracy.

m
3 4 5 6 7 8 9

RtoC3-shot | 753 759 739 755 759 757 752
RtoS 1-shot | 60.6 612 63.6 629 629 629 61.2
Average 68.0 685 687 692 694 693 682

Scenario

We use A to balance L, in the overall loss. We set the hyper-parameter A using a ramp-up function

2

SR 8
14 e m= ’ ()

where z is a training progress calculated by the current step over maximum training step. We set
the start step according to the accuracy of the pre-trained model. By changing m, we vary the slope
of the ramp-up function to examine the effects of weighting L,,;;. We search the hyper-parameter
by varying m from 3 to 9. We choose two domain scenarios, and select m at the best validation
accuarcy on average of two scenarios. We set m to 6, 7, and 9 on AlexNet of Table|l} ResNet of
Table[T} and Table [2]respectively. Table 5] shows the accuracy of our model when varying .

A.3 EXTRA T-SNE VISUALIZATION

Fig. [§] visualizes how PSD clusters instances from two domains over iterations. We observe that
the data-to-data self-distillation stage clearly enhances the embedding quality from the pre-training
stage. Two main points of the results are: (1) target samples align toward source samples over
iterations. (2) samples from the same class pull each other over iterations. We use ResNet34 archi-
tecture, Office-Home dataset on the one-shot setting. The final dimension is reduced from 512 to 2
dimensions by using t-SNE (Maaten & Hinton, 2008)).
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Source and target embeddings of PSD after pre-training
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Figure 5: t-SNE visualization on Office-Home. The left column visualizes the source and target
embeddings together. The middle and the right column visualizes the source and the target embed-
dings, respectively. The first 30 classes are visualized. (a) t-SNE visualization after pre-training
stage on Clipart — Product. (b) t-SNE visualization at the final model on Clipart — Product. (c)
t-SNE visualization after pre-training stage on Art — Clipart. (d) t-SNE visualization at the final
model on Art — Clipart.
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