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Abstract

Unsupervised domain adaptation (UDA) is a pivotal form in machine learning to
extend the in-domain model to the distinctive target domains where the data distri-
butions differ. Most prior works focus on capturing the inter-domain transferability
but largely overlook rich intra-domain structures, which empirically results in even
worse discriminability. In this work, we introduce a novel graph SPectral Align-
ment (SPA) framework to tackle the tradeoff. The core of our method is briefly
condensed as follows: (i)-by casting the DA problem to graph primitives, SPA
composes a coarse graph alignment mechanism with a novel spectral regularizer
towards aligning the domain graphs in eigenspaces; (ii)-we further develop a fine-
grained message propagation module — upon a novel neighbor-aware self-training
mechanism — in order for enhanced discriminability in the target domain. On
standardized benchmarks, the extensive experiments of SPA demonstrate that its
performance has surpassed the existing cutting-edge DA methods. Coupled with
dense model analysis, we conclude that our approach indeed possesses superior ef-
ficacy, robustness, discriminability, and transferability. Code and data are available
at: https://github.com/CrownX/SPA.

1 Introduction

Domain adaptation (DA) problem is a widely studied area in computer vision field [20} [19L[73} 165} 40],
which aims to transfer knowledge from label-rich source domains to label-scare target domains where
dataset shift [32]] or domain shift [72] exists. The existing unsupervised domain adaptation (UDA)
methods usually explore the idea of learning domain-invariant feature representations based on the
theoretical analysis [3]]. These methods can be generally categorized several types, i.e., moment
matching methods [44, 51, [70]], and adversarial learning methods [18L 66 [19} 52].

The most essential challenge of domain adaptation is how to find a suitable utilization of intra-domain
information and inter-domain information to properly align target samples. More specifically, it
is a trade-off between discriminating data samples of different categories within a domain to the
greatest extent possible, and learning transferable features across domains with the existence of
domain shift. To achieve this, adversarial learning methods implicitly mitigate the domain shift
by driving the feature extractor to extract indistinguishable features and fool the domain classifier.
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The adversarial DA methods have been increasingly developed and followed by a series of works
[14] 145, [8]]. However, it is very unexpected that the remarkable transferability of DANN [18] is
enhanced at the expense of worse discriminability [10, [38].

To mitigate this problem, there is a promising line of studies that explore graph-based UDA algorithms
[9, 187, 154]. The core idea is to establish correlation graphs within domains and leverage the rich
topological information to connect inter-domain samples and decrease their distances. In this way,
self-correlation graphs with intra-domain information are constructed, which exhibits the homophily
property whereby nearby samples tend to receive similar predictions [55]]. There comes the problem
that is how to transfer the inter-domain information with these rich topological information. Graph
matching is a direct solution to inter-domain alignment problems. Explicit graph matching methods
are usually designed to find sample-to-sample mapping relations, requiring multiple matching stages
for nodes and edges respectively [9]], or complicated structure mapping with an attention matrix [54].
Despite the promise, we find that such a point-wise matching strategy can be restrictive and inflexible.
In effect, UDA does not require an exact mapping plan from one node to another one in different
domains. Its expectation is to align the entire feature space such that label information of source
domains can be transferred and utilized in target domains.

In this work, we introduce a novel graph spectral alignment perspective for UDA, hierarchically
solving the aforementioned problem. In a nutshell, our method encapsulates a coarse graph alignment
module and a fine-grained message propagation module, jointly balancing inter-domain transferability
and intra-domain discriminability. Core to our method, we propose a novel spectral regularizer that
projects domain graphs into eigenspaces and aligns them based on their eigenvalues. This gives rise
to coarse-grained topological structures transfer across domains but in a more intrinsic way than
restrictive point-wise matching. Thereafter, we perform the fine-grained message passing in the target
domain via a neighbor-aware self-training mechanism. By then, our algorithm is able to refine the
transferred topological structure to produce a discriminative domain classifier.

We conduct extensive evaluations on several benchmark datasets including DomainNet, OfficeHome,
Office31, and VisDA2017. The exprimental results show that our method consistently outperforms
existing state-of-the-art domain adaptation methods, improving the accuracy on 8.6% on original
DomainNet dataset and about 2.6% on OfficeHome dataset. Furthermore, the comprehensive model
analysis demonstrates the the superiority of our method in efficacy, robustness, discriminability and
transferability.

2 Preliminaries

s

Problem Description. Given source domain data D, = {(z}, yf)}f\il of N, labeled samples

associated with C; categories from X x ) and target domain data D, = {xf}fvztl of N; unlabeled
samples associated with C'; categories from A;. We assume that the domains share the same feature
and label space but follow different marginal data distributions, following the Covariate Shift [67];
that is, P (X;) # P (X;) but P (Y, | Xs) = P (Y | A;). Domain adaptation just occurs when the
underlying distributions corresponding to the source and target domains in the shared label space
are different but similar enough to make sense the transfer [15]. The goal of unsupervised domain

adaptation is to predict the label {yf}fitl in the target domain, where y! € ), and the source task is
X; — Vs assumed to be the same with the target task X} — ;.

Adversarial Domain Adaptation. The family of adversarial domain adaptation methods, e.g.,
Domain Adversarial Neural Network (DANN) [[18] have become significantly influential in domain
adaptation. The fundamental idea behind is to learn transferable features that explicitly reduce
the domain shift. Similar to standard supervised classification methods, these approaches include
a feature extractor F(-) and a category classifier C'(-). Additionally, a domain classifier D(-) is
trained to distinguish the source domain from the target domain and meanwhile the feature extractor
F(+) is trained to confuse the domain classifier and learn domain-invariant features. The supervised
classification loss L.;; and domain adversarial loss £, are presented as bellow:

£C13 = E(If,yf)NDs‘Cce (C (F (l'f)) 7yf)
£adv = E}T’(r:),\,’[)q IOg [D (F ((E:))] (1)
+ Ep(at)op, log [1 = D (F (7))]
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where 255 and f)t denote the induced feature distributions of D and D; respectively, and L. (-, ) is
the cross-entropy loss function.

3 Methodology

In this section, we will give a specific introduction to our approach. The overall pipeline is shown
in Figure[I] Our method is able to effectively utilize both intra-domain and inter-domain relations
simultaneously for domain adaptation tasks. Specifically, based on our constructed dynamic graphs in

Section we propose a novel framework that utilizes graph spectra to align inter-domain relations
in Section and leverages intra-domain relations via neighbor-aware propagation mechanism in
Section Our approach enables us to effectively capture the underlying domain distributions while

ensuring that the learned features are transferable across domains.

...... > é - N,
? L gsa : (  Graph Spectral Alignment

Xs . N YA N
o F() ¥ D() Lody §® 17*\ ‘71\

y

f t' YVt "Neighbor-Aware Propagation

Lcls( ...... C(.) T : Memory s Q)
ry update : @ y) X

Liotal = Leis + Laav + Lgsa + Lnap

Figure 1: The overall architecture. The final objective integrates supervised classification loss L5,
domain adversarial loss L4, neighbor-aware propagation loss £, and graph spectral alignment
loss Lspa.

3.1 Dynamic Graph Construction

Images and text data inherently contain rich sequential or spatial structures that can be effectively
represented using graphs. By constructing graphs based on the data, both intra-domain relations
and inter-domain relations can be exploited. For instance, semantic and spatial relations among
detected objects in an image [43]], cross-modal relations among images and sentences [[L1], cross-
domain relations among images and texts [9,[27]] have been successfully modeled using graph-based
representations. In this paper, leveraging self-correlation graphs enables us to model the relations
between different samples within domain and capture the underlying data distributions.

Our self-correlation graphs are constructed on source features and target features respectively. A
feature extractor F'(-) can be designed to learn source features f, and target features f; from source
domain samples x and target domain samples x; respectively, i.e., fs = F(zs) and f; = F(xy).
Given the extracted features f, we aim to construct a undirected and weighted graph G; = (Vs, ;).
Each vertex v; € Vs is represented by a feature vector f;. Each weighted edge e; ; € & can be
formulated as a relation between a pair of entities 0(f;, f7), where §(-) denotes a metric function.
With the extracted features f;, another graph Gs = (V;, &) can be constructed in the same way. Note
that both f, and f; keep evolving along with the update of parameter § during the training process.
Their adjacency matrices are denoted as A and A respectively. As is well-known, the adjacency
matrix of a graph contains all of its topological information. By representing these graphs in domain
adaptation tasks, we can directly obtain the intra-domain relations and regard inter-domain alignment
as a graph matching problem [9]].

3.2 Graph Spectral Alignment

In this section, we will introduce how to align inter-domain relations for source domain graphs
and target domain graphs. In domain adaptation scenarios where domain shift exits, if we directly
construct a graph with source and target domain features together, we can only obtain a graph beyond
the homophily assumption. In this way, a necessary domain alignment comes out.
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As stated in Section [3.1] based on our correlation graphs, the inter-domain alignment can be regard as
a graph matching problem. Explicit graph matching methods aim to find a one-to-one correspondence
between nodes or edges of two graphs and typically involve solving a combinatorial optimization
problem for node matching and edge matching respectively [9]. Nevertheless, our goal is often to
align the distributions of the source and target domains and learn domain-invariant features, instead
of requiring such an complicated matching approach. Therefore, we prefer a implicit graph alignment
method, avoiding multiple stages of explicit graph matching.

The distance between the spectra of graphs is able to measure how far apart the spectrum of a graph
with n vertices can be from the spectrum of any other graph with n vertices [[1} (69} 22]], leading to a
simplification of measuring the discrepancy of graphs. Inspired by this, we give the definitions of
graph laplacians and spectral distances:

Definition 1. (GRAPH LAPLACIANS [[77]]). Let G = (V, ) be a finite graph with vertices V and
weighted edges E. Let ¢ : V — R be a function of the vertices taking values in a ring and vy : € — R
be a weighting function of weighed edges. Then, the graph Laplacian A acting on ¢ and -y is defined

by
(A0) ) = D> Ywld(v) — d(w)]

w:d(w,v)=1

where d(w,v) is the graph distance between vertices w and v, and ., is the weight value on the
edge wv € &.

Definition 2. (SPECTRAL DISTANCES) . Given two simple and nonisomorphic graphs G5 and
Gi on n vertices with the spectra of Laplacians Ay = {\;}!_ | with \j > X\§ > -+ > X5 and
Ay = (AL} with X} > Ny > - > N respectively. Define the spectral distance between G, and
G as
g(gsvgt) = ||A9 - At”pa D= 1

For a simple undirected graph with a finite number of vertices and edges, the definition [I}is just
identical to the Laplacian matrix. With the adjacency matrix A of source domain graph G,, we
can obtain its Laplacian matrix L and its Laplacian eigenvalues A;. Similarly, we yield Laplacian
matrix L; and Laplacian eigenvalues A;. Following the definition Def[2] we can calculate the spectral
distances between source domain graph G and target domain G;, and thus the graph spectral penalty
is defined as bellow:

['gsa = U(g57 gt) (2)

This spectral penalty measures the discrepancy of two graphs on spectrum space. Minimizing this
penalty decreases the distance of source domain graphs and target domain graphs. It can also be
regarded as a regularizer and easy to combine with existing domain adaptation methods.

More Insights. Graph Laplacian filters are a type of signal processing filter to apply a smoothing
operation to the signal on a graph by taking advantage of the local neighborhood structure of the
graph represented by the Laplacian matrix [6]. A graph filter can be denoted as (f * g)g = UgnaUT f,
where f is a signal on graph G, and A and U is the eigenvalues and eigenvectors of Laplacian matrix
L = UAUT. This filer is also the foundation of classic graph neural networks [7, [16,36] and usually
infers the labels of unlabeled nodes with the information from the labeled ones in a graph. Similar to
the hypothesis in [91], source features and target features will be aligned into the same eigenspace
along with the learning process and finally only differs slightly in the eigenvalues gp.

3.3 Neighbor-aware Propagation Mechanism

In this section, we will introduce how to exploit intra-domain relations within target domain graphs.
The well-trained source domain naturally forms tight clusters in the latent space. After aligning via
the aforementioned graph spectral penalty, the rich topological information is coarsely transferred
to the target domain. To perform the fine-grained intra-domain alignment, we take a further step by
encouraging message propagation within the target domain graph.

Intuitively, we adopt the weighted k-Nearest-Neighbor (KNN) classification algorithm [83] to gener-

ate pseudo-label for target domain graph. We focus on unlabelled target samples {J;f}f\il and thus
omit the domain subscript ¢ for clarity. Let p, = C' (F (x;)) denotes the C;-dimensional prediction
of unlabelled target domain sample x; and p}* denotes its mapped probability stored in the memory
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bank. A vote is obtained from the top £ nearest labelled samples for each unlabelled sample z; € x,
which is denoted as NV;. The vote of each neighbor j € N is weighted by the corresponding predicted
probabilities p; . that data sample x; will be identified as category c. Therefore, the voted probability
pi,c of data sample x; corresponding to class ¢ can be defined as ¢; . = Y i EN: p?fc. and we yield

the normalized probability G; . = g; . / 270”;1 gi,m and the pseudo-label g for data sample x; can
be calculated as §; = arg max, §; .. Considering different neighborhoods N; lie in different local
density, we should expect a larger weight for the target data in higher local density [48]]. Obviously, a
larger g; . means the data sample x; lies in a neighborhood of higher density. In this way, we directly
utilize the category-normalized probability §; . as the confidence value for each pseudo-label and
thus the weighted cross-entropy loss based on the pseudo-labels is formulated as:

1 v, -

Enap = -0 ﬁt Zi:ll qi,y; 1ngi,@,1 (3)
where « is the coefficient term properly designed to grow along with iterations to mitigate the
noises in the pseudo-labels at early iterations and avoid the error accumulation [39]. Note that our
neighbor-aware propagation loss only depends on unlabeled target data samples, just following the
classic self-training method [31]].

Memory Bank. We design the memory bank to store prediction probabilities and their associated
feature vectors mapped by their target data indices. Before storing them, we firstly apply the
sharpening technique to fix the ambiguity in the predictions of target domain data [5} 24]:

- _ C _
Pjc = pj,g/ PR pj,; “)

where 7 is the temperature to scale the prediction probabilities. As 7 — 0, the probability will
collapse to a point mass [39]. Then, we utilize L2-norm to normalize feature vectors f;. Finally, we
store the sharpened prediction p; and its associated normalized feature || f;|| to the memory bank via
[B-exponential moving averaging (EMA) strategy, updating them for each iteration. The predictions
stored in the memory bank pi™ are utilized to approximate real-time probability for pseudo-label
generation, and the feature vectors f/” stored in the memory bank are employed to construct graphs
before neighbor-aware propagation.

The Final Objective. At the end of our approach, let us integrate all of these losses together, i.e,
supervised classification loss £.;s and domain adversarial loss L4, descried in Eq{I], the loss of
neighbor-aware propagation mechanism L), in Eq and the loss of graph spectral alignment L,
in Eq[2] Finally, we can obtain the final objective as follows:

Etotal = Ecls + ﬁadv + ‘Cgsa + Enap (5)

For the sake of simplicity, we leave out the loss scale for L4, and L4, here. Just as the coefficient
term «v in L,,4p, these two losses are also adjusted with specific scales in the implementation. For more
detailed implementation specifics, please refer to our source code. Note that we only describe the
problem of unsupervised domain adaptation here our approach can easily to extend to semi-supervised
domain adaptation scenario. Concerning the labeled data, we employ the standard cross-entropy
loss with label-smoothing regularization [71]] in our implementation. We also give different trials of
similarity metrics and graph laplacians. More concrete details are in the following section.

4 Experiments

In this section, we present our main empirical results to show the effectiveness of our method.
To evaluate the effectiveness of our architecture, we conduct comprehensive experiments under
unsupervised domain adaptation, semi-supervised domain adaptation settings. The results of other
compared methods are directly reported from the original papers. More experiments can be found in
the Appendix.

4.1 Experimental Setups

Datasets. We conduct experiments on 4 benchmark datasets: 1) Office31 [63]] is a widely-used
benchmark for visual DA. It contains 4,652 images of 31 office environment categories from three

q
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domains: Amazon (A), DSLR (D), and Webcam (W), which correspond to online website, digital
SLR camera and web camera images respectively. 2) OfficeHome [76] is a challenging dataset that
consists of images of everyday objects from four different domains: Artistic (A), Clipart (C), Product
(P), and Real-World (R). Each domain contains 65 object categories in office and home environments,
amounting to 15,500 images around. Following the typical settings [10], we evaluate methods on
one-source to one-target domain adaptation scenario, resulting in 12 adaptation cases in total. 3)
VisDA2017 [58] is a large-scale benckmark that attempts to bridge the significant synthetic-to-real
domain gap with over 280,000 images across 12 categories. The source domain has 152,397 synthetic
images generated by rendering from 3D models. The target domain has 55,388 real object images
collected from Microsoft COCO [49]]. Following the typical settings [56], we evaluate methods on
synthetic-to-real task and present test accuracy for each category. 4) DomainNet [57] is a large-scale
dataset containing about 600,000 images across 345 categories, which span 6 domains with large
domain gap: Clipart (C), Infograph (1), Painting (P), Quickdraw (Q), Real (R), and Sketch (S).
Following the settings in [28], we compare various methods for 12 tasks among C, P, R, S domains
on the original DomainNet dataset.

Implementation details. We use PyTorch and tllib toolbox [28] to implement our method and fine-
tune ResNet pre-trained on ImageNet [25, [26]. Following the standard protocols for unsupervised
domain adaptation in previous methods [48], 156], we use the same backbone networks for fair
comparisons. For Office31 and OfficeHome dataset, we use ResNet-50 as the backbone network.
For VisDA2017 and DomainNet dataset, we use ResNet-101 as the backbone network. We adopt
mini-batch stochastic gradient descent (SGD) with a momentum of 0.9, a weight decay of 0.005, and
an initial learning rate of 0.01, following the same learning rate schedule in [48].

4.2 Result Comparisons

In this section, we compare SPA with various state-of-the-art methods for unsupervised domain
adaptation (UDA) scenario, and Source Only in UDA task means the model trained only using labeled
source data. We also extend SPA to semi-suerpervised domain adaptation (SSDA) scenario and
conduct experiments on 1-shot and 3-shots setting. With the page limits, see supplementary material
for details.

Table 1: Classification Accuracy (%) on DomainNet for unsupervised domain adaptation (inductive),
using ResNet101 as backbone. The best accuracy is indicated in bold and the second best one is
underlined. Note that we compare methods on the original DomainNet dataset with train/test splits in
target dataset, leading to an inductive scenario.

Method | C»Pp C—R C—=S P=C P—R P—=S R—-C R—=P R—=S S—=C S—P S—R | Ave
Source Only [25] | 32.7 50.6 394 41.1 56.8 350 48.6 488 36.1 49.0 348 46.1 | 433
DAN [51] 388 552 439 459 590 40.8 50.8 498 389 561 459 555 | 484
DANN [18] 37.9 543 444 417 556 368 50.7 50.8  40.1 55.0 450 545 | 472
BCDM [45] 38.5 532 439 425 545 385 519 512 406 537 460 534 | 473
MCD [i66] 375 529 440 446 545 416 520 51.5 39.7 555 446 52.0 | 475
ADDA [73] 38.4 54.1 44.1 435 567 392 528 513 409 550 454 545 | 480
CDAN [52] 39.9 556 459 448 574 407 563 525 442 551 431 532 | 49.1
MCC [31] 40.1 56.5 449 469 577 414 560 537 406 582 451 559 | 49.7
JAN [53] 40.5 56.7 45.1 472 599 43.0 542 526 419 566 462 555 | 50.0
MDD [42] 429 595 475 486 594 426 583 537 462 587 465 577 | 51.8
SDAT [62] 41.5 57.5 472 475 580 418 56.7 536 439 587 481 57.1 | 51.0
Leco [30] 441 553 485 494 575 455 588 554 468 613 511 577 | 526
SPA (Ours) ‘ 54.3 709 561 593 715 518 646 59.6 521 66.0 574 70.6 ‘ 61.2

Table [I] (DomainNet) show the results on DomainNet dataset. We compare SPA with the various
state-of-the-art methods for inductive UDA scenario on this large-scale dataset. The inductive setting
refers that we use the train/test splits of target domain data as the original dataset [S7]]. During the
training process, we can use the train split of target domain data and then we use the test split of
target domain data for testing. This setting is relatively more difficult than others with the large-scale
data amount and inductive learning. Only a few of works follows this setting while we give a result
comparison in this setting here. The experiments shows SPA consistently ourperforms than various
of DA methods with the average accuracy of 61.2%, which is 8.6% higher than the recent work Leco
[80], demonstrating the superiority of SPA in this inductive setting.

A
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Table 2: Classification Accuracy (%) on OfficeHome for unsupervised domain adaptation, using
ResNet50 as backbone. The best accuracy is indicated in bold and the second best one is underlined.

Method \ A—-C A—P A—-R C—-A C—P C—=R P—-A P=C P—-R R—-A R—=C R-=P \ Avg.
Source Only [25] | 349 500 580 374 419 462 385 312 604 539 412 599 | 46.1
DANN [18] 456 593 701 470 585 609 461 437 685 632 518 768 | 57.6
CDAN [52] 50.7 706 760 576 700 70.0 574 509 773 709 567 81.6 | 658
BSP [10] 520 686  76.1 580 703 702 586 502 776 722 593 819 | 66.3
NPL [39] 54.1 74.1 784 633 728 740 61.7 51.0 789 719 566 819 | 682
GVB [14] 57.0 747 798 64.6  74.1 746 652  55.1 81.0 746 597 843 | 704
MCC [31] 563 773 803 67.0  77.1 77.0 662  55.1 812 735 574 841 | 710
BNM [13] 56.7 715 81.0 673 763 77.1 653 551 820 736 570 843 | 71.1
MetaAlign [82] 593 760 802 657 747 5.1 657 565 816 741 61.1 852 | 71.3
ATDOC [48] 583 788 823 694 782 782 671 560 827 720 582 855 | 722
FixBi [56] 58.1 773 804 677 795 781 658 579 817 764 629 86.7 | 72.7
SDAT [62] 582 711 822 663 776 768 633 570 822 749 647 86.0 | 72.2
NWD [8] 581 796 8.7 677 779 787 668 560 819 739 609 86.1 | 72.6
SPA (Ours) | 604 797 845 736 813 8.1 722 580 852 774 610 881 | 753

Table 3: Classification Accuracy (%) on (a) Office31 and (b) VisDA2017 for unsupervised domain
adaptation, using ResNet50 and ResNet101 as backbone respectively. For VisDA2017, all the results
are based on ResNet101 except those with mark T, which are based on ResNet50. The best accuracy
is indicated in bold and the second best one is underlined. See supplementary material for more
details.

(a) Office31 (b) VisDA2017
Method | AsD AW D—A DsW W—A WoD | Ave Method | Avg.
Source Only [25] | 783 704 573 934 615 981 | 765 Source Only [25] | 52.4
DANN [18] 797 820 682 969 674  99.1 | 82.2 DANN [18] 57.4
CDAN [52] 929 941 710 986 693  100. | 877 CDAN [52] 737
MixMatch [3] 885 846 633 961 650 996 | 754 MixMatch [5] 70.4
BSP [10] 930 933 736 982 726  100. | 885 BSP [10] 75.9
NPL [39] 887 89.1 658 981 666  99.6 | 847 NPL [39] 747
GVB [I4] 950 948 734 987 737  100. | 89.3 GVB [14] 75.3t
MCC [31] 921 940 749 985 753  100. | 89.1 MCC [31] 78.8
BNM [13] 922 940 749 985 753  100. | 89.2 BNM (T3] 79.5
MetaAlign [82] | 93.0 945 736 986 750  100. | 89.2 ATDOC [48] 86.3
ATDOC [48] 954 946 775 981 710 997 | 90.4 FixBi [56] 87.2
FixBi [56] 950 961 787 993 794  100. | 914 SDAT [62] 82.1
NWD [8] 954 952 764 991 765  100. | 90.4 NWD [§] 83.7
SPA (Ours) | 950 972 780 990 794 998 | 914 SPA (Ours) 87.7

Table[2] Table[3al and Table 3b]show the results on OfficeHome, Office31, and VisDA2017 datasets
respectively. We compare SPA with the various state-of-the-art methods for transductive UDA
scenario on these three public benchmarks. Table 2] (OfficeHome) shows the average accuracy of
SPA is 75.3%, achieving the best accuracy, which is 2.6% higher than the second highest method
FixBi [56] and 2.7% higher than the recent work NWD [8]]. Note that the average accuracy reported
by NWD is based on MCC [31]] and SPA is based on DANN [[18]]. Table [3a|(Office31) shows the
results on the small-sized Office31 dataset, the average accuracy of SPA is 91.4%, which outperforms
most of domain adaptation methods and comparable with FixBi [56]. SPA also shows a significant
performance improvement over the baseline DANN. Table [3b] (VisDA2017) shows the results on
VisDA2017. This is a large-scale dataset with only 12 classes. SPA based on DANN achieves
the accuracy of 83.7%, which have already been superior than lots of methods. However, for fair
comparisons, we follow the setting of ATDOC [48] and report the accuracy based on MixMatch [5],
which achieve the best accuracy of 87.7%, 0.5% better than FixBi, and 1.4% better than ATDOC.

4.3 Model Analysis

Ablation Study. To verify the effectiveness of different components of SPA, we design several
variants and compare their classification accuracy. As shown in the first section in Table 4} the w/
Lyaps Lgsa method is based on CDAN [52]. The difference between these variants is whether it
utilize the loss of pseudo-labelling and graph spectral penalty or not. The results illustrate that both
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Table 4: Classification Accuracy (%) on OfficeHome for unsupervised domain adaptation. The table
is divided into three sections corresponding to the three analysis of ablation study, robustness analysis,
and parameter sensitivity, each separated by a double horizontal line. More studies on other datasets
are in supplementary material.

Method \ A—-C A—P A—-R C—A C—»P C—R P—»A P—-C P—-R R—-A R—C R—-P \ Avg.
Wlo Lgsa, Lnap | 546 741 78.1 63.0 722 741 61.6 523 79.1 72.3 573 828 | 685
w/o Lysa 59.0  80.1 81.5 662 778 767 692 5777 830 740 64.1 85.8 | 729
w/o Lyap 59.0 782 810 635 765 762 647 573 821 736 614 857 | 71.6
W/ Lgsar Lnap 599  79.1 84.4 749  79.1 819 724 584 849 779 612 877 | 75.1
£=0.1 583 792 832 728 793 804 733 582 845 790 614 873 | 747
£=03 59.0 795 83.8 73.6 806 817 735 580 849 782 613 877 | 751
B=05 593 795 841 733 806 81.7 731 580 849 782 622 874 | 752
B=07 599 794  84.0 736 805 8.0 727 573 848 779 619 873 | 75.1
£=09 59.7 796 847 729 787 822 712 575 845 7712 617 875 | 748
L,k W/ cos 60.6 794  84.1 725 792 818 719 571 848 763 61.8 874 | 747
L,x W/ gauss | 604 797 845 73.6 813 821 722 580 8.2 774 61 88.1 | 753
Lgym W/ cos 60.7  79.5 83.8 727 80.0 81.8 715 572 848 763 619 874 | 748
Lgym W/ gauss | 594 79.5 84.5 736 81.0 81.7 722 576 848 715 61.8 878 | 75.1
Ly, W k=3 590 8.6 8.9 724 796 817 715 565 847 764 620 877 | 747
Lyyr W k=5 60.4 797 845 73.6 813 821 722 580 8.2 774 61 88.1 | 753
Loym W k=3 59.2  80.1 84.0 726 81.6 815 712 575 847 763 615 874 | 748
Loym W k=5 59.4 795 84.5 73.6 810 817 722 576 848 715 618 878 | 75.1

the loss of pseudo-labelling and graph spectral penalty can improve the performance of baseline,
and further combining these two losses together yields better outcomes, which is comparable with
cutting-edge methods.

Parameter Sensitivity. To analyze the stability of SPA, we design experiments on the hyperparameter
B of exponential moving averaging strategy for memory updates. The experimental results of 5 = 0.1,
0.3, 0.5, 0.7, 0.9 is shown in the second section of Table[d] These results are based on CDAN [52].
From the series of results, we can find that in OfficeHome dataset, the choice of 5 = 0.5 outperforms
than others. In addition, the differences between these results are within 0.5%, which means that SPA
is insensitive to this hyperparameter.

Robustness Analysis. To further identify the robustness of SPA to different graph structures, we
conduct experiments on different types of Laplacian matrix, similarity metric of graph relations,
and k£ number of nearest neighbors of KNN classification methods. Here are the two types of
commonly-used Laplacian matrix [77]: the random walk laplacian matrix L, = DA, and the
symmetrically normalized Laplacian matrix Ly, = I — D7/2AD~!/2, where D denotes the
degree matrix based on the adjacency matrix A. In addition, the similarity metric are chosen from
cosine similarity and Gaussian similarity, and different £ = 3,5 when applying KNN classification
algorithm. The results are shown in the second section of Table ] We can find that different types of
Laplacian matrix still lead to comparable results. As for the similarity metric, the Gaussian similarity
brings better performance than cosine similarity and the results also presents that 5-NN graphs is
superior than 3-NN graphs in OfficeHome dataset. For all these aforementioned experiments results,
the differences between them are within 1% around, confirming the robustness of SPA.

Feature Visualization. To demonstrate the learning ability of SPA, we visualize the features of
DANN [18]], BSP [10]], NPL [39] and SPA with the t-SNE embedding [17] under the C — R setting of
OfficeHome Dataset. BSP is a classic domain adaptation method which also use matrix decomposition
and NPL is a classic pseudo-labeling method which also use high-confidence predictions on unlabeled
data as true labels. Thus, we choose them as baselines to compare. The results are shown in Figure[2]
Comparing Figure [2d| with Figure 2a] Figure [2b]and Figure [2c|respectively, we make some important
observations: (i)-we find that the clusters of features in Figure [2d) are more compact, or say less
diffuse than others, which suggests that the features learned by SPA are able to attain more desirable
discriminative property; (ii)-we observe that red markers are more closer and overlapping with blue
markers in Figure which suggests that the source features and target features learned by SPA
are transferred better. These observations imply the superiority of SPA over discriminability and
transferability in unsupervised domain adaptation scenario.
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(a) DANN (b) BSP (c) NPL (d) SPA

Figure 2: Feature Visualization. the t-SNE plot of DANN [[18]], BSP [[10], NPL [39]], and SPA features
on OfficeHome dataset in the C — R setting. We use red markers for source domain features and
blue markers for target domain features.

5 Related Work

Domain Adaptation. Domain adaptation (DA) problem is a specific subject of transfer learning
[90. [29]], and also a widely studied area in computer vision field [[18} 120, [19} 73152, 165 166} 140, 44
7041511, By the label amount of target domain, domain adaptation can be divided into unsupervised
domain adaptation, and semi-supervised domain adaptation efc. Unsupervised domain adaptation
methods are very effective at aligning feature distributions of source and target domains without
any target supervision but perform poorly when even a few labeled examples are available in the
target. Our approach mainly focus on unsupervised domain adaptation, achieving the cutting-edge
performance. It can also be extended to semi-supervised domain adaptation with comparable results.

There are more specifics of our baselines. Inspired by random walk [[77] in graph theory, MCC [31]]
proposes a self-training method by optimizing the class confusion matrix. BNM [13] formulates
the loss of nuclear norm, i.e, the sum of singular values based on the prediction outputs. NWD []
calculates the difference between the nuclear norm of source prediction matrix and target prediction
matrix. The aforementioned three methods all focus on the prediction outputs and establish class-to-
class relations. Besides, there are two works focusing on the features, CORAL [70], measuring the
difference of covariance, and BSP [10], directly performing singular value decomposition on features
and calculate top £ singular values. BNM, NWD and BSP are similar to our method with the use
of singular values. However, our eigenvalues comes out from the graph laplacians, which contains
graph topology information [12]]. For example, the second-smallest non-zero laplacian eigenvalue is
called as the algebraic connectivity, and its magnitude just reflects how connected graph is [[12]. As
we know, we are the first to propose a graph spectral alignment perspective for domain adaptation
scenarios.

Self-training. Self-training is a semi-supervised learning method that enhances supervised models
by generating pseudo-labels for unlabeled data based on model predictions, which has been explored
in lots of works [27, 39150} 183} 184, 68]]. These methods pick up the class with the maximum predicted
probability as true labels each time the weights are updated. With filtering strategies and iterative
approaches employed to improve the quality of pseudo labels, this self-training technique has also
been applied to some domain adaptation methods [48| [88, (81, 37]]. This kind of methods proves
beneficial when the labeled data is limited. However, it relies on an assumption of the unlabeled data
following the same distribution with the labeled data and requires accurate initial model predictions
for precise results [39, 2l]. The intra-domain alignment in our approach helps the neighbor-aware
self-training mechanism generate more precise labels. The interaction between components of our
approach brings our impressive results in DA scenarios.

Graph Data Mining. Graphs are widely applied in real-world applications to model pairwise
interactions between objects in numerous domains such as biology [78], social media [60] and finance
[86]. Because of their rich value, graph data mining has long been an important research direction
[7, 116, 136, [75]. Tt also plays a significant role in computer vision tasks such as image retrieval
[34]], object detection [46], and image classification [[/4]]. Bruna et al.[7] first introduce the graph
convolution operation based on spectral graph theory. The graph filter and the eigen-decomposition
of the graph Laplacian matrix inspire us to propose our graph spectral alignment.
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6 Conclusion

In this paper, we present a novel spectral alignment perspective for balancing inter-domain transfer-
ability and intra-domain discriminability in UDA. We first leveraged graph structure to model the
topological information of domain graphs. Next, we aligned domain graphs in their eigenspaces and
propagated neighborhood information to generate pseudo-labels. The comprehensive model analysis
demonstrates the superiority of our method. The current method for constructing graph spectra is
only a starting point and may be inadequate for more difficult scenarios such as universal domain
adaptation. Additionally, this method is currently limited to visual classification tasks , and more
sophisticated and generic methods to object detection or semantic segmentation are expected in the
future. Furthermore, we believe that graph data mining methods and the well-formulated properties
of graph spectra should have more discussion in both domain adaptation and computer vision field.
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A More Setups

Hardware and Software Configurations. All experiments are conducted on a server with the
following configurations:

* Operating System: Ubuntu 20.04.4 LTS
e CPU: Intel(R) Xeon(R) Platinum 8358P CPU @ 2.60GHz, 32 cores, 128 processors
¢ GPU: NVIDIA GeForce RTX 3090

More Implementation Details. We use PyTorch and tllib toolbox [28]] to implement our method
and fine-tune ResNet pre-trained on ImageNet [25, [26]. Following the standard protocols for
unsupervised domain adaptation in previous methods [48| 56|, we use the same backbone networks
for fair comparisons. For Office31 and OfficeHome dataset, we use ResNet-50 as the backbone
network. For VisDA2017 and DomainNet dataset, we use ResNet-101 as the backbone network.
Following previous work [48]], we adopt mini-batch stochastic gradient descent (SGD) to learn the
feature encoder by fine-tuning from the ImageNet pre-trained model with the learning rate 0.001,
and new layers, as bottleneck layer and classification layer. The learning rates of the layers trained
from scratch are set to be 0.01. We use the the same learning rate schedule in [48|52]], including a
learning rate scheduler with a momentum of 0.9, a weight decay of 0.005, the bottleneck size of 256,
and batch size of 32.

We report main experimental results with the average accuracy over 5 random trials with the initial
seed 0. For transductive unsupervised domain adaptation, the reported accuracy is computed on
the complete unlabeled target data, following established protocol for UDA [18|, 152, 311 [10} 48]].
For inductive unsupervised domain adaptation on DomainNet, the reported accuracy is computed
on the provided test dataset.. We use a standard batch size of 32 for both source and target in all
experiments and for all variants of our method. The reverse validation [47,89] is conducted to select
hyper-parameters. For both unsupervised domain adaptation (UDA) and semi-supervised domain
adaptation (SSDA) scenarios, we fix the coefficient of £,,,, as 0.2 and the coefficient of L, as
1.0, while we will offer a sensitivity analysis for this two coefficients in the following section. More
details refer to our code in the supplemental materials.

B More Experiments

B.1 Unsupervised Domain Adaptation

In the main paper, we present the classification accuracy results on VisDA2017 dataset for unsuper-
vised domain adaptation and leave out per-category accuracy details. In the appendix, Table[5] we
give the full table on VisDA2017, using ResNet101 as backbone. Looking into this table, we can
find that our SPA model consistently outperforms most of domain adaptation methods. For classic
baselines, we improve DANN [[18]] by 30.3%, and CDAN [52] by 14 %. For recent and state-of-the-art
baselines, our results is 4% higher than NWD [§]] and 0.5 % better than FixBi [56]. Our SPA model
ranks top in 6 out of 12 categories, ranks top 2 in 9 out of 12 categories, and SPA also achieves the
best classification accuracy in total.

Furthermore, in the main paper, we present the classification accuracy results on original DomainNet
with 365 categories. While the original DomainNet dataset has noisy labels, the previous work [64]]
use a subset of it that contains 126 categories from C, P, R and S, 4 domains in total, which we refer
to as DomainNet126. In the appendix, Table[6] we show the results on DomainNet126. Our SPA
model consistently ranks top among 12 tasks across 4 domains and achieves the best accuracy of 77.1
%, which is 12.3 % better than the second one. For classic baselines, we improve DANN [18] by
20.2 %, and CDAN [52] by 16 %.

B.2 Semi-supervised Domain Adaptation

We also extend our SPA model to semi-superivsed domain adaptation (SSDA) scenario and conduct
experiments on 1-shot and 3-shot setting, and S + 7" in SSDA task means the model trained only by
the labeled source and target data.
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Table 5: Per-category Accuracy (%) on VisDA2017 for unsupervised domain adaptation, using
ResNet101 as backbone. All the results are based on ResNet101 except those with mark T, which are
based on ResNet50. The best accuracy is indicated in bold and the second best one is underlined.

Method | aero bike bus car horse knife motor person plant skate train truck | Avg.
Source Only [25] | 55.1 533 619 59.1 80.6 179 79.7 312 81.0 265 735 85 | 524
DANN [18] 819 777 828 443 812 295 65.1 286 519 546 828 7.8 | 574
CDAN [52] 852 669 830 50.8 842 749 88.1 74.5 834 760 819 38.0 | 73.7
MixMatch [5] 939 71.8 935 821 953 0.7 90.8 38.1 945 960 863 22 | 704
BSP [10] 924 61.0 81.0 575 890 80.6 90.1 770 842 779 821 384 | 759
NPL [39] 909 746 732 558 89.6 646 868 68.7 907 648 895 477 | 747
GVB [14] - - - - - - - - - - - - 75.3F
MCC [31] 922 829 768 66.6 909 785 879 738 90.1 76.1 87.1 41.0 | 78.8
BNM [13] 936 683 789 703 91.1 828 93.0 787 909 765 89.1 409 | 795
ATDOC [48] 953 847 824 756 958 97.7 887 766 940 917 915 619 | 863
FixBi [56] 96.1 87.8 905 903 968 953 928 88.7 972 942 909 257 | 872
SDAT [62] 948 771 828 609 923 952 917 799 899 912 885 412 | 82.1
NWD [8] 96.1 827 768 714 925 968 882 813 922 887 841 537 | 837
SPA (Ours) | 985 922 863 630 975 954 935 80.7 972 952 911 614 | 877

Table 6: Classification Accuracy (%) on DomainNet126 for unsupervised domain adaptation, using
ResNet101 as backbone. The best accuracy is indicated in bold and the second best one is underlined.

Method \ Cc-p C—-»R C-»S P-C P—»R P-»S R—-C R—-P RS S—C S—P S—R \ Avg.
Source Only [25] | 384 509 439 503 667 399 546 579 437 525 435 483 | 492
DANN [18] 465 582 516 527 642 529 617 603 539 627 567 61.6 | 569
MCD [i66] 437 557 476 519 678 450 529 573 404 563 508 56.8 | 52.3
BSP [10] 4577 587 555 486 652 486 552 60.8 486 568 558 614 | 551
CDAN [52] 509 616 548 594 685 555 704 669 577 642 591 643 | 61.1
SAFN [85] 50.0 587 524 563 737 535 558 648 485 607 595 643 | 582
RSDA [23] 455 566 466 457 604 486 546 615 509 561 540 58.6 | 534
PAN [79] 588 652 546 575 705 531 676 667 559 644 602 666 | 61.8
MemSAC [33] 53.6 665 588 632 712 581 732 705 615 688 641 676 | 64.8
SPA (Ours) | 735 840 706 765 89 719 766 770 698 783 768 839 | 711

Table 7: Classification Accuracy (%) on DomainNet126 for 1-shot and 3-shot semi-supervised
domain adaptation, using ResNet34 as backbone. The best accuracy is indicated in bold and the
second best one is underlined.

Method C—S P—C P—R R—C R—P R—S S—P Avg.
1- 3- 1- 3- 1- 3- 1- 3- 1- 3- 1- 3- 1- 3- 1- 3-

S+ T [25] 548 579 592 63.0 737 756 612 639 645 663 520 560 604 622|608 63.6
DANN [18] 528 554 703 722 563 59.6 582 598 614 628 522 549 574 599|584 60.7
ENT [21] 546 600 654 71.1 750 786 652 71.0 659 692 521 61.1 597 621|626 67.6
MME [64] 563 618 69.0 717 76.1 785 70.0 722 677 69.7 610 619 648 668 | 664 689
APE [35] 56.7 63.1 729 767 766 794 704 766 708 721 630 678 645 66.1 | 67.6 71.7
BIAT [30] 579 615 716 746 770 786 730 749 680 688 585 62.1 639 675|67.1 697
MixMatch [5] | 59.3 627 66.7 687 748 788 694 726 678 688 625 656 663 67.1| 667 692
NPL [39] 625 645 676 707 783 793 709 729 692 707 620 648 67.0 68.6 | 682 702
BNM [13] 584 626 694 727 710 795 698 737 698 712 614 651 641 676|671 703
MCC 311 56.8 605 628 665 753 765 655 672 669 68.1 576 598 634 650|640 662
ATDOC [48] | 65.6 66.7 72.8 742 812 812 749 769 713 725 652 646 68.7 708|714 724
AESL [61] 595 652 746 762 724 741 748 713 794 805 662 69.5 666 69.6| 705 73.2

SPA (Ours) | 659 67.0 748 765 811 823 753 760 718 722 658 672 69.8 711|721 732

We present the classificaition accuracy results on DomainNet126 and OfficeHome datasets for SSDA
scenario in the Table[7]and Table[§|respectively. Looking at the details, Table[7]shows the classification
results for 1-shot and 3-shot SSDA setting on DomainNet126 dataset. For the 1-shot setting, our
SPA model can improve DANN [18]] by 13.7 % and ENT [21] by 9.5 %. our SPA consistently ranks
top among 4 out of 7 tasks and ranks top 2 among all tasks, achieving the best accuracy of 72.1 %,
which is better 1.6 % then the second one. For the 3-shot setting, our SPA model can improve DANN
[18] by 12.5 % and ENT [21] by 5.6 %. SPA achieves the best accuracy of 73.2 %, comparable with
recent work AESL [61]].

Furthermore, Table [§]shows the classification results for 1-shot and 3-shot SSDA setting on Office-
Home dataset. To verify that our SPA model can also generalize to SSDA scenario, we compare SPA
with several classic and recent baselines. The first section of the table shows our SPA model can
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Table 8: Classification Accuracy (%) on OfficeHome for 1-shot and 3-shot semi-supervised domain
adaptation, using ResNet34 as backbone. The best accuracy is indicated in bold and the second best
one is underlined.

Method (1-shot) ‘ A—-C A—-P A—-R C—A C—P C—»R P—-A P—-C P—-R R—-A R—=C R—P ‘ Avg.

S+ T [25) 52.1 78.6 66.2 74.4 48.3 57.2 69.8 50.9 73.8 70.0 56.3 68.1 63.8
DANN [18] 53.1 74.8 64.5 68.4 51.9 55.7 67.9 52.3 73.9 69.2 54.1 66.8 | 62.7
ENT [21] 53.6 81.9 70.4 799 519 63.0 75.0 52.9 76.7 73.2 63.2 73.6 67.9
MME [64] 619 828 712 792 574 647 755 596 778 748 657 745 | 704
APE [35] 60.7 81.6 72.5 78.6 58.3 63.6 76.1 53.9 75.2 72.3 63.6 69.8 | 68.9
CDAC [41] 6l9 831 727 800 593 646 759 612 785 753 645 751 | 7.0
SPA (Ours) ‘ 62.3 76.7 79.0 66.6 7.3 76.4 65.7 59.1 80.7 71.4 65.2 84.1 ‘ 72.0
Method (3-shot) | A-C A—P A—R C—A C—P C—R P—A P—C P—-R R—A R—=C R—P | Avg
S+ T [25) 55.7 80.8 67.8 73.1 53.8 63.5 73.1 54.0 74.2 68.3 57.6 72.3 | 66.2
DANN [18] 57.3 75.5 65.2 69.2 51.8 56.6 68.3 54.7 73.8 67.1 55.1 67.5 | 63.5
ENT [21] 62.6 85.7 70.2 79.9 60.5 63.9 79.5 61.3 79.1 76.4 64.7 79.1 71.9
MME [64] 646 85 713 801 646 655 790 636 797 166 612 793 | 73.1
APE [35] 664 862 734 8.0 652 661 811 639 802 768 66.6 79.9 | 74.0
CDAC [41] 67.8 85.6 72.2 81.9 67.0 67.5 80.3 659 80.6 80.2 67.4 814 | 742
SPA (Ours) ‘ 63.1 81.0 80.2 68.5 81.7 71.5 69.5 652  82.0 73.9 67.2 87.0 ‘ 74.7

improve DANN [18]] by 9.3 % and ENT [21] by 4.1 % in the 1-shot setting. The second section shows
our SPA model can improve DANN [18] by 11.2 % and ENT [21]] by 2.8 % in the 3-shot setting.
This shows that our SPA model can greatly improve the classic baselines and achieve comparable
results with CDAC [41]].

B.3 Model Analysis

Robustness Analysis. In the main paper, we have already verified the robustness of SPA to different
graph structures on OfficeHome dataset. In the appendix, we further show the experimental results
on Office31 dataset in Table[J] Similarly, we conduct experiments on different types of Laplacian
matrix, similarity metric of graph relations, and k£ number of nearest neighbors of KNN classification
methods. The Laplacian matrices are chosen from the random walk laplacian matrix L, = D7'A,
and the symmetrically normalized Laplacian matrix Ly, = I — D~'/2AD~'/2, where D denotes
the degree matrix based on the adjacency matrix A. In addition, the similarity metrics are chosen from
cosine similarity and Gaussian similarity, and different £ = 3,5 when applying KNN classification
algorithm. From Table[9] We can find that different types of Laplacian matrix still lead to comparable
results. As for the similarity metric, the Gaussian similarity brings better performance than cosine
similarity. On Office31 dataset, 5-NN graphs is superior than 3-NN graphs when combining with
L, and comparable when combining with L,,,. For all these aforementioned experiments results,
the differences between them are within 1% around, confirming the robustness of SPA.

Table 9: Classification Accuracy (%) on OfficeHome for unsupervised domain adaptation. The table
is divided into three sections corresponding to robustness analysis, and parameter sensitivity, each
separated by a double horizontal line.

Method | A.D AW D—A D—-W WA W=D | Avg
8=0.1 94.2 95.1 76.6 98.9 78.6 99.6 | 90.5
£5=03 94.0 96.2 76.9 98.9 79.3 99.8 | 90.8
=05 94.0 96.4 71.9 99.0 78.0 99.8 90.8
8=0.7 94.4 96.0 79.0 98.6 80.3 100. 91.4
8=0.8 94.2 95.7 76.1 98.6 78.3 99.8 | 90.5
L,k W/ cos 93.8 95.0 76.3 98.6 79.7 100. | 90.6
L,k W/ gauss | 95.0 95.6 78.2 98.6 80.0 99.8 91.2
Lgym w/ cos 93.8 93.8 78.5 98.6 79.9 100. 90.8
Lgym W/ gauss | 93.8 95.6 79.4 98.6 78.8 99.8 | 91.0
Lywr W k=3 93.8 95.2 78.3 98.9 80.4 99.8 | 91.1
Loy W k=5 93.8 95.0 76.3 98.6 79.7 100. | 90.6
Lyym W/ k=3 94.0 95.8 75.2 99.0 80.5 100. 90.7
Lyym W/ k=5 93.8 93.8 78.5 98.6 79.9 100. 90.8
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Parameter Sensitivity. In the main paper, we have already analyzed the experiments on the
hyperparameter 3 of exponential moving averaging strategy for memory updates and verify that SPA
is insensitive to this hyperparameter. Here, we show the experimental results on Office31 dataset in
Table[9] Similarly, we design experiments on the hyperparameter (3 of exponential moving averaging
strategy for memory updates, choosing 3 = 0.1, 0.3, 0.5, 0.7, 0.9 respectively. These results are based
on DANN [[18]]. From the series of results, we can find that in Office31 dataset, the choice of 3 = 0.7
outperforms than others. In addition, the differences between these results are within 1.0%, which
means that SPA is relatively stable to this hyperparameter.

Furthermore, we design experiments for the coefficient of L,,,, and the coefficient of £, to analyze
the stability of SPA. The experimental results are shown in the Figure[3] These results are based on
DANN [18]. Fixing the coefficient of Lpap = 0.2, the coefficient of L, changes from 0.1 to 0.9.
Fixing the coefficient of L., = 1.0, the coefficient of £,,,;, changes from 0.1 to 0.9. From the series
of results, we can find that in OfficcHome dataset, the choice of different coefficients result in similar
results, which means that SPA is insensitive to these coefficients.
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Figure 3: Parameter Sensitivity. The line plot of the coefficient of £,,4, and the coefficient of L,
change from 0.1 to 0.9, leading to different accuracy results. The experiments are conducted on
OfficeHome dataset, where (a) is A — C setting and (b) is C — R setting.

Transferability and Discriminability. The A-distance [4] measures the distribution discrepancy
that is defined as d 4 = 2 (1 — 2¢), where ¢ is the classifier loss to discriminate the souce and target
domains. Smaller A-distance indicates better domain-invariant features. Figure [da shows that SPA
can achieve a lower d 4, implying a lower generalization error. Furthermore, following previous work
[10], we further offer the source accuracy and target accuracy specifically, in Figure #b]and Figure [Ac]
We can find that various methods achieve similar results of source accuracy, and SPA can always
achieve higher target accuracy. Combined with the experimental results in Figure [#a] this reveals that
SPA enhances transferability while still keep a strong discriminability. Back to our Introduction, this
means that SPA can find a more suitable utilization of intra-domain information and inter-domain
information to properly align target samples.
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Figure 4: Transferability and Discriminability. We compare SPA with DANN [18], BSP [10] and NPL
[39] on OfficeHome dataset, where (a) is A-distance in A — C and C — R setting, (b) is accuracy
results in A — C setting and (c) is accuracy results in C — R setting.
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Feature Visualization. To demonstrate the learning ability of SPA, we visualize the features
of DANN [[18], BSP [13], NPL [39] and SPA with the t-SNE embedding under the C — R
setting of OfficeHome Dataset in the main paper, referred as Figure[2] In the appendix, we offer
more visualization figures, including Figure[5]in A — D setting and Figure[6]in A — W setting on
Office31 dataset, Figure[7]in A — C setting on OfficeHome dataset. According to all the figures, the
observations are consistent that the source features and target features learned by SPA are transferred
better. These observations imply the superiority of SPA over discriminability and transferability in
unsupervised domain adaptation scenario.

(a) DANN (b) BSP (c) NPL (d) SPA

Figure 5: Feature Visualization. the t-SNE plot of DANN [18]], BSP [[13]], NPL [39]], and SPA features
on office31 dataset in the A — D setting. We use red markers for source domain features and blue
markers for target domain features.
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Figure 6: Feature Visualization. the t-SNE plot of DANN [[18]], BSP [13]], NPL [39], and SPA features
on Office31 dataset in the A — W setting. We use red markers for source domain features and blue
markers for target domain features.

(a) DANN (b) BSP (c) NPL (d) SPA

Figure 7: Feature Visualization. the t-SNE plot of DANN [18]], BSP [[13], NPL [39]], and SPA features
on OfficeHome dataset in the A — C setting. We use red markers for source domain features and
blue markers for target domain features.
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Convergence Analysis.

To demonstrate the convergence of SPA, we visualize the changes of

accuracy and training loss respectively during the training process. As shown in Figure 8] the red
curve is the changes of accuracy and the blue curve is the changes of training loss. The experiments
are conducted on OfficeHome dataset, where [8a and[8b]are in A — P setting,[8c|and[8d]are in R — A
setting. Based on our experiments, it is evident that the model demonstrates satisfactory convergence
properties. Through multiple iterations and varied initial settings, the model consistently approached

and reached a stable state,
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Figure 8: Convergence. The red curve is the changes of accuracy during the training process and the
blue curve is the changes of training loss. The experiments are conducted on OfficeHome dataset,
where (a) and (b) are in A — P setting, (c) and (d) are in R — A setting.
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