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Abstract

Universal domain adaptation (UniDA) aims to transfer
the knowledge learned from a label-rich source domain to
a label-scarce target domain without any constraints on
the label space. However, domain shift and category shift
make UniDA extremely challenging, which mainly lies in
how to recognize both shared “known” samples and pri-
vate “unknown” samples. Previous works rarely explore
the intrinsic geometrical relationship between the two do-
mains, and they manually set a threshold for the overconfi-
dent closed-world classifier to reject “unknown” samples.
Therefore, in this paper, we propose a Geometric anchor-
guided Adversarial and conTrastive learning framework
with uncErtainty modeling called GATE to alleviate these
issues. Specifically, we first develop a random walk-based
anchor mining strategy together with a high-order atten-
tion mechanism to build correspondence across domains.
Then a global joint local domain alignment paradigm is de-
signed, i.e., geometric adversarial learning for global dis-
tribution calibration and subgraph-level contrastive learn-
ing for local region aggregation. Toward accurate target
private samples detection, GATE introduces a universal
incremental classifier by modeling the energy uncertainty.
We further efficiently generate novel categories by mani-
fold mixup, and minimize the open-set entropy to learn the
“unknown” threshold adaptively. Extensive experiments on
three benchmarks demonstrate that GATE significantly out-
performs previous state-of-the-art UniDA methods.

1. Introduction

Deep neural networks have achieved impressive progress
in image recognition tasks given abundant labeled data,
however, they do not generalize well to novel unlabeled do-
main [28]. Annotating massive data from various domains
is an expensive and time-consuming task, and these do-
mains often sample from different distributions against each
other. Such so-called domain shift would degenerate the
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model performance heavily [15]. To alleviate this issue, do-
main adaptation (DA) transfers knowledge from the label-
rich source domain to the label-scarce target domain by di-
minishing the feature discrepancy across two domains [10].
Suppose that the label spaces of two domains are C and C4,
respectively, traditional unsupervised DA usually assumes
Cs = C4, i.e., close-set DA (CDA) [38]. In complex real-
world scenarios, however, this assumption may not be eas-
ily satisfied. There are several situations we may encounter:
Cy C C4, i.e., partial DA (PDA) [2]; Cs C C%, i.e., open-
set DA (ODA) [29]; Cs N Cy # 0,Cs U Cy # Cysor Cy,
i.e., open-partial DA (OPDA) [16]. Although these variants
have recently been resolved independently, the downside is
that a method that is applicable to one variant may not be ap-
plicable to another. More difficultly, we cannot know which
of these variants will occur in advance.

To better tackle these general situations, universal DA
(UniDA) is raised to account for both domain shift and cat-
egory shift, allowing two domains to own their private cat-
egories [44]. It assumes that we have no prior knowledge
about their label space differences, thus being very prac-
tical in the real world. In UniDA, we aim to classify the
target samples into either one of the “known” labels or the
“unknown” label. However, there exist two main techni-
cal challenges in UniDA. First, we should constrain the do-
main bias removal into the common categories between two
domains, and need to separate their respective private cat-
egories simultaneously. Second, we need to detect the po-
tential “unknown” samples in the target domain without any
target label supervision or other prior information. These
two challenges are complementary and mutually constrain-
ing, since better removal of feature discrepancy can help
identify the “unknown” sample, whereas, in turn, the model
can help separate the common and private categories once
it learns the concept of “unknown”.

Recently, several efforts have been devoted to settling
the UniDA task. For the first challenge, UAN [44] exploits
both the domain similarity and the prediction uncertainty
of each sample to incorporate a weighting mechanism into
the adversarial network for promoting common-class adap-
tation. DANCE [32] moves each target sample either to a
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source “known” class prototype or to its target neighbors,
and uses an entropy separation loss to encourage domain
alignment. These methods rarely explore the intrinsic struc-
tural relationship between the two domains in the geometric
manifold space, making it difficult to achieve fine-grained
class-specific alignment and separation. For the second
challenge, existing methods like CMU [9] manually set a
threshold for confidence or entropy score outputted by the
closed-world classifier to reject “unknown” samples. How-
ever, the class competition nature may cause the neural net-
work to generate overconfident predictions for “unknown”
instances, making the threshold hard to tune [43]. Besides,
since the semantic information of “known” categories varies
in different domains and tasks, it is hard to acquire an opti-
mal threshold that suits all open-set recognition tasks [47].

To address these two challenges, here we propose
a Geometric anchor-guided Adversarial and conTrastive
learning framework with uncErtainty modeling called
GATE for UniDA task. First, we retrieve the mutual nearest
neighbors (MNN) intra- and inter-domains as the geometric
anchors to build the intrinsic structure correspondence be-
tween two domains. To better uncover the complete distri-
bution of samples from the common categories, we develop
a novel within-domain random walk-based strategy to ex-
pand the MNN anchor pair list. We also introduce a shared
nearest neighbor (SNN) scoring mechanism to minimize the
influence of incorrectly constructed anchors. Based on this
fine-grained affinity knowledge across domains, we design
a multi-anchor-constrained geometric adversarial learning
paradigm for global distribution alignment, and propose a
subgraph-level cross-domain contrastive learning objective
to facilitate local region aggregation. Such a global joint
local learning strategy better realizes the matching of com-
mon categories and the separation of private categories.

Second, to enable the model known “unknown”, we
transform the closed-world classifier into a universal formu-
lation by adding extra dimension to model the energy-based
uncertainty. Such an augmented classifier component also
stands for a learnable threshold between “known” and “un-
known”. To efficiently anticipate the distribution of novel
categories in training, we consider generating synthesized
instances by manifold mixup technique, which mimics the
target private categories with a limited computation cost.
In this way, the open-set classification has in turn changed
back to a generalized closed-set classification, thus adap-
tively estimating the “unknown” threshold. We also pro-
pose to apply open-set entropy minimization for unlabeled
target samples, allowing the model to align them to either
“known” or “unknown” categories. Given this insight, the
idea of our method is simple yet powerful.

Our contribution can be summarized as follows:

* We propose a novel UniDA framework called GATE
based on geometric anchor mining and uncertainty

modeling. GATE designs a global joint local domain
alignment strategy, i.e., geometric adversarial learning
for global distribution calibration and subgraph-level
contrastive learning for local region aggregation.

e We propose an energy-based universal classification
paradigm that learns the “unknown” threshold adap-
tively. The open-set entropy minimization allows us
to label the “known” samples and detect “unknown”
samples in the target domain.

* We conduct extensive experiments on various UniDA
benchmarks, and the empirical results show that GATE
outperforms other state-of-the-art UniDA methods.
Deeper analyses validate the effectiveness of individ-
ual components proposed in GATE.

2. Related work
2.1. Universal domain adaptation

Universal domain adaptation is a realistic but challeng-
ing DA scenario which allows both domains to have their
own private categories. UAN [44] measures the sample-
level transferability to distinguish the common and private
categories. CMU [9] detects the target “unknown” samples
by aggregating multiple complementary uncertainty mea-
sures. DANCE [32] designs two loss functions, neighbor-
hood clustering and entropy separation, for category shift-
agnostic adaptation. DCC [18] draws the domain consen-
sus knowledge to facilitate the target clustering and the pri-
vate category discovery. OVANet [33] trains a One-vs-All
classifier for each source class and decides the “known” or
“unknown” by using the output. However, these methods
do not consider the intrinsic manifold structure relationship
between two domains, thus making them suboptimal for do-
main alignment. In this paper, we design a global joint local
learning framework to remove domain bias based on the ge-
ometric anchor correspondence across domains.

2.2. Contrastive learning

Recently, contrastive learning, a kind of self-supervised
learning paradigm [23], has achieved impressively supe-
rior performance in many computer vision tasks [6, 13].
It aims to achieve instance-level discrimination and invari-
ance, by pushing semantically distinct samples away while
pulling semantically consistent samples closer in the fea-
ture space [7,42]. The existing contrastive learning methods
can be mainly divided into three types: instance-based [ 1],
cluster-based [4], and neighborhood-based [46]. In this pa-
per, we first construct the random walk-based MNN pairs as
positive anchors intra- and inter-domains, and then propose
a cross-domain subgraph-level contrastive learning objec-
tive to aggregate local similar samples and separate dissim-
ilar samples. By incorporating the high-order association
into anchor scoring, the soften contrastive alignment pro-
cess becomes more robust to avoid negative label transfer.
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Figure 1. Schematics of GATE. (A) In the feature space, we use the subgraph-level contrastive loss to achieve local aggregation across
domains. The geometric-aware adversarial loss aims to remove the global distribution-level domain shift. For the universal classifier, the
open-set entropy minimization aligns the target samples to either “known” or “unknown” categories. (B) Within-domain random walk for
anchor expansion. (C) The shared nearest neighbor score for robust correspondence. (D) Manifold mixup for generating novel samples.

3. Methods

In UniDA, we have access to a labeled source domain
Dy = (zf,y7)::, and an unlabeled target domain D; =
(zf), during training, which are sampled from different
distributions p and ¢, respectively. Assume that the label
sets of source domain and target domain are C and CY, re-
spectively, we denote C' = C's N C; as the common label set
shared by both domains. C; = C,\ C and C; = C;\ C rep-
resent the label sets private to the source and target domain,
respectively. Our goal is to train a model on Dy U D, to
classify the target samples with either one of the “known”
|Cs| labels or the “unknown” label.

As shown in Figure 1(A), our model consists of three
modules: (1) a feature extractor J that maps the input z
into embedding feature z = F(z), and (2) an adversarial
discriminator D that remove the global feature discrepancy
of cross-domain geometric anchors, and (3) a universal clas-
sifier G that assigns the feature z into one of |Cs|+1 classes,
with the |Cy| + 1-th element representing the “unknown”
uncertainty. The neural network should be able to produce
high uncertainty scores for “unknown” samples.

3.1. Intrinsic geometric anchor correspondence
mining intra- and inter-domains

The main challenge of UniDA is to align the common
categories between the two domains and to separate the
respective private categories. Naturally, removing feature
discrepancy should be limited to the integration of com-
mon categories. Since the target domain does not have any
prior structure knowledge of semantic categories, a natural
question is how to identify the target sample is associated
with the common category of the source domain? In man-
ifold learning, a basic inductive bias is that samples that
are neighbors in the feature space are more likely to come
from the same category [5]. Correspondingly, we introduce

a novel inductive bias for UniDA: samples from common
categories (defined as anchors) are geometrically close to
each other in the feature space. Therefore, a key step for
domain alignment is the identification of anchors between
two domains. These anchors represent two instances (with
one instance from each domain), that we predict to originate
from a common semantic category.

Specifically, we identify mutual nearest neighbor (MNN)
pairs across domains as anchors. Assume that the features
{2} X are I normalized, for each sample 7 in source
domain, we find the £ samples in target domain with the
smallest cosine distance to i, i.e., its k£ nearest neighbors ’7;5
in target domain. We do the same for each sample j in target
domain to find its k nearest neighbors S;, in source domain.
If a pair of instances (i € Dy, j € D) is contained in each
other’s set of k nearest neighbors, namely

i€SINGET (1)
those samples are considered to be mutual nearest neigh-
bors. We interpret these anchor pairs as containing sam-
ples that belong to the same semantic category being gener-
ated in different domains. Thus, any systematic differences
in feature representation between samples in MNN pairs
should represent the domain shift. For convenience, we
use Ay = AL to denote the MNN affinity correspondence
graph matrix between the two domains, and A (i,7) = 1
when (i € D, j € D;) is a cross-domain MNN anchor pair,
otherwise A (4, j) = 0. Further, the semantic information
represented by the MNN pair is also applicable to associate
the clusters in target domains. Similarly, define A;; as the
MNN adjacency graph matrix in the target domain, we have
Ay = 1if and only if (i € Dy, j € D;) meets the following
condition:

i€T] NjET )
Considering that the source domain is labeled, its intrinsic
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affinity adjacency matrix A, can be obtained according to
whether the sample pairs have the same label.

3.2. Random walk-based MNN expansion and an-
chor pair scoring mechanism

One major potential drawback of the MNN pairs is that
it is hard to assure these pairs could cover the complete dis-
tributions of samples from common categories. Therefore,
we alternatively develop a within-domain random walk (rw)
strategy to expand the MNN pair list (see Figure 1(B)).
Specifically, suppose instance ¢y from source domain and
instance j; from target domain is selected as an MNN pair.
Among the k nearest neighbors 7" of j; within target do-
main, we arbitrarily pick one instance j;. Conversely, the
same procedure would give io from source domain. Then,
(72, j2) is regarded as an extended MNN pair. For all MNN
pairs, we could generate these kinds of new pairs. We call
such pairs obtained from this procedure rwMNN pairs. The
generated twMNN pairs can better cover the distributions
of matched common categories, which could strengthen the
correspondence across domains. For convenience, we de-
note the anchor sets that can form cross-domain rwMNN
pairs in the two domains as M and M.

Robust identification of anchor correspondence is key for
effective domain alignment. Incorrect anchor pairs repre-
senting instances from distinct categories can lead to error
classification. In particular, instances that come from pri-
vate categories should theoretically not participate in cross-
domain anchor pairs, yet in practice, they will do so with
low frequency. To minimize the influence of incorrectly
identified anchors, we propose to weight anchors by shared
nearest neighbor (SNN) score (see Figure 1(C)). Suppose
(¢ € Ds,j € Dy) is a rwMNN pair and their & nearest
neighbor sets in two domains are (S}, 7,’) and (S{,T7),
respectively, then their SNN score can be calculated by

i J i j

Auli§) = SNN( ) = SOSITEOTE - g

By examining the neighbor consistency in the local re-

gion, the SNN score introduces the high-order association
to improve anchor reliability. The same procedure can also
be able to apply on the target domain. For an anchor pair
(j1 € Dy, j2 € Dy), the SNN score is defined as
J1 J2

Aulin ) = SNN G, o) = 0T
After that, we replace the original binarized graph matrices
with the weighted ones A, Ay, Ay and ASS(Z Ass).

3.3. Feature alignment via geometric adversarial
and contrastive learning

To achieve domain alignment in UniDA, we develop a
global calibration joint local aggregation strategy from the
constructed anchor correspondence within and across do-
mains. Specifically, classical adversarial learning methods
for CDA employ an adversarial domain discriminator D
to distinguish the source samples from the target samples,

while training the feature extractor F to generate embed-
ding features to confuse the discriminator [36]:

Lodgy = —Epop,[log D(F(z))] 5)
L1 = ~Eonp, [log D(F())] — Equp,[log(1 — D(F(2)))].
(6)

Min-max training between Lp and L, yields the domain
invariant feature representation. However, when the source
domain and target domain have their own private classes,
such an adversarial learning strategy will cause the distribu-
tion of private classes to be aligned to the common classes,
resulting in the overcorrection of domain bias. To resolve
this issue, we propose to perform adversarial learning on
cross-domain rwMNN anchor pairs, namely,

Z’;}v = _El’NMt [IOgD(f(LC))] (7N
Ly’ = —Ezrm, [log D(F(2))] — Bz, [log(1 — D(J;g)!r)))l

Our motivation here is that the difference in embedding
features between samples in an rwMNN pair provides an
estimate of the domain bias, which is made more precise
by averaging across many such pairs. We use the adversar-
ial network to obtain the estimation of domain shift implic-
itly and apply it to other samples to perform bias correction
from the global feature distribution level. Using only the
overlapping anchor subsets between two domains for fea-
ture discrepancy correction naturally avoids the assumption
of equal category composition in unsupervised DA.

However, the global distribution-level adversarial align-
ment strategy may not be enough to guarantee local com-
mon class-specific alignment and private class separation,
which might lead to negative transfer. To enforce the
fine-grained class-level alignment, we design an rwMNN-
guided contrastive learning framework to aggregate simi-
lar samples across domains and push away dissimilar sam-
ples. Specifically, let S(z;, z;) = exp (2;%;/T) represents
the similarity of embedding features between two samples
(x;,x;), where 7 is a temperature parameter. Then we de-
fine two statistics for each sample based on the weighted
adjacency graph matrices, i.e., total intra-subgraph similar-
ity and total inter-subgraph similarity, as below
ifx; € Dy,

Zﬁss(i,jbo Ass(3,5)S (2, z)+
Zﬂst(i,k)>0 »Ast(ia k)S(zu Zk);

Sineral0) = Vi e D, ©)
D Au (i) >0 As (i, 5)S (21, 2))+
ZAtt(i,k»o Att(ia k)S(zi, z1).
if z; € Dy,
Sinter(x;) = sts(i’j)zo S(2is2j) + 204, (1.k)=0 S (25 2);
if z; € Dy,
Zd‘its(ivj)=0 S(zi, 2j) + Zﬂm(i,k)zo S(2i, 21).
(10)
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Assume that the unified graph can be partitioned into sev-

eral subgraphs, the intuition of category alignment and com-
pactness implies that the similarities of feature represen-
tation in the same local subgraph should be larger than
that between distinct subgraphs. To utilize this relation
knowledge of intra- and inter-domains, we propose a novel
subgraph-level multi—sample contrastive loss below,

ns+ne ; .f )

TWw ’LTI ra K3
Contra ns + ny zz:: log znter(xz) ) (an
Minimizing £7? . . can simultaneously increase total
intra-subgraph similarity and decrease total inter-subgraph
similarity, which improves the common categories match-
ing across domains and the respective private categories
separation. Note that the loss L£¢¥ . . covers compu-
tations involving all the embedded features of two do-
mains, so we employ a hybrid memory bank Z =
{25,....,25 ,21,..., 2L} to store these features. Before ev-
ery mini-batch training, we simply update the old items in

the Z corresponding to the current mini-batch.

3.4. Energy-based uncertainty modeling for univer-
sal classification

Most existing UniDA methods use a softmax-based
closed-world classifier to discriminate all samples, and they
manually set a threshold for the confidence or entropy score
output by the classifier to identify “unknown” samples in
the target domain [33]. This strategy would face two thorny
troubles: 1) since the model is asked to classify the input
into that pre-defined source “known” categories with high
probability during training, the class competition nature in
softmax causes neural network classifiers to generate over-
confident predictions, thus failing to model uncertainty in
output probabilities; 2) in the absence of some prior “un
known” samples as supervision, it is difficult to tune an
optimal threshold to apply it to all open-set tasks. To ad-
dress these issues, we introduce an energy-based |C| + 1-
dimensional softmax formulation for universal classifica-
tion, which incorporates the open-world uncertainty mod-
eling as the augmented dimension.

Assume that G(F)(z)r(1 < k < |Cy|) represents the
k-th logit for the k-th category produced by closed clas-
sification head layer, then the discrimination probabilities
P(x) = (Pi(x), P2(x), ..., P|c,|(x)) can be obtained after
putting a softmax normalization function on the |C;| logits,

exp(G(F) (@)
S exp(G(F) (x):)

According to [22], ZLCll exp(G(F)(z);) can be regarded
as a kind of negative energy function which encodes the
classification uncertainty for out-of-distribution sample de-
tection. The smaller the value of le *1| exp(G(F)(x);), the
larger the classification uncertainty and the more the sample

tends to be the “unknown” sample. To incorporate this char-

Pr(x) =

12)

acteristic into the classification layer, we extend the closed-
world classifier into open-world one by adding an extra di-
mension representing uncertainty estimation, namely

Pio(@) = exp(G(F)(@)jc,|+1) .
'* St exp(G(F) (x);)

Now the next question is how to design a training principle
that equips the P|c, |41 () with the ability for identifying
“unknown” samples. Our motivation is to generate synthe-
sized instances by manifold mixup [40] to mimic the emer-
gence of novel categories (see Figure 1(D)). Specifically,
we arbitrarily take two samples (zf, z$) from different cat-
egories in the source domain, and then mix their embedding
features (F(z7), F(z3)) by linear interpolation,
where A € [0, 1] is randomly sampled from Beta distribu-
tion (Beta(2, 2)). Since the interpolation regions between
two source “known” categories are often places of low-
confidence yet high-uncertainty predictions, we can treat
Z) as the embedding of novel classes and give it label
|Cs| + 1. The set of these synthesized samples are defined
as D7 Naturally, the source samples together with their
augmented novel instances are trained with a |C| + 1-way
cross-entropy loss, given by

Lowp = ~Eyyen.oomnllogPy @) (15)
Since the constructed universal classifier has the concept of
“unknown”, we apply open-set entropy minimization train-
ing for the unlabeled target samples to improve the discrim-
ination reliability,

(13)

Nt |C ‘+1

ent—_az Z Pk

i=1 =

i) log Py (7). (16)

3.5. Overall training objective
The overall training loss of our model can be written as
a min-max game:

mgx I}__llél Lsup + ‘C(i”t + aﬁgzntra - aETDw7 (17)

where « is a weight parameter to trade-off between align-
ment and discrimination. Here we set it as 0.1 to balance
each loss component. During training, we split source and
target samples into different mini-batches and forward them
separately. Note that the synthesized samples are produced
within source mini-batches, i.e., once we get a source mini-
batch, another order of instances can be derived by shuffling
this mini-batch. Then we mask the pairs from the same cat-
egory and conduct manifold mixup with the pairs from dif-
ferent categories, thus free of extra time cost.

4. Results
4.1. Setup

Dataset. We conduct experiments on three benchmark
datasets. Office [31] consists of about 4700 images in 31
categories from three domains: Amazon (A), DSLR (D),
and Webcam (W). OfficeHome [39] is a larger dataset with
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Table 1. H-score comparison in the OPDA setting. Some results for previous methods are cited from DCC [

] and OVANet [33].

Office (10/10/11) OfficeHome (10/5/50) VisDA (6/3/3)
Methods _Type [ AJW _DZW_W2D _A2D DJA__W2A | Avg | AOC__AP AR _CJA_ (2P _CJR_P2A_PXC_PIR_RIA R2C__ROP | Avg S2R
RTN C | 502 547 552 502 477 493 | 512 | 384 447 457 426 441 455 426 368 455 446 398 445 | 429 260
IWAN | P | 5001 541 554 506 497 498 | 51.6 | 40.5 470 478 450 451 476 458 414 476 463 425 465 | 453 27.6
OSBP | O | 502 555 572 SL1 498 502 | 523 | 39.6 450 462 457 452 468 453 405 458 451 416 469 | 445 273
UAN U | 586 706 714 597 601 603 | 635|516 517 543 617 576 619 504 476 615 629 526 652 | 566 30.5
cMU U | 673 793 804 681 714 722 | 731|560 569 592 670 643 678 547 511 664 682 579 69.7 | 61.6 346
DANCE | U | 758 909 87.1 796 829 776 | 823 | 610 604 649 657 588 618 731 612 666 617 624 637 | 639 4238
DCC U | 785 793 886 885 702 759 | 802 | 580 541 580 746 706 775 643 736 749 81O 751 804 | 702 430
OVANet | U | 784 959 955 838 807 827 | 862 | 634 778 797 695 706 764 735 614 806 765 643 789 | 72.7 53.1
GATE | U | 8.6 948 041 877 842 834 | 876 | 638 759 814 740 721 798 747 703 827 791 715 8L7 | 756 56.4
Table 2. H-score comparison in the ODA setting. Some results for previous methods are cited from DCC [ 18] and OVANet [33].

Office (10/0/11) OfficeHome (25/0/40) VisDA (6/0/6)
Methods _Type [ AJW _AZD _D2W__W2D _DJA__W2A | Avg | A’C__ AP AR _CJA_ (2P CIJR_P2A_PXC_PIR_RIA ROC__ROP | Avg 2R
STA O | 759 750 698 752 732 661 | 725 | 558 540 683 574 604 668 619 532 695 671 545 645 | 611 64.1
OSBP | O | 827 824 972 9Ll 751 737 | 837|551 652 729 643 647 706 632 532 739 667 545 723 | 64.7 523
ROS O | 821 824 960 997 779 772 | 859 | 60.1 693 765 589 652 686 606 563 744 688 604 757 | 662 66.5
UAN U | 468 389 688 530 680 549 | 551 | 403 415 461 532 480 537 406 398 525 536 437 569 | 475 519
CMU U | 557 526 759 647 765 658 | 652 | 451 483 517 589 554 612 465 438 580 586 S0 618 | 533 542
DANCE | U | 788 849 788 889 791 683 | 798 | 619 613 637 642 586 626 674 610 655 659 613 642 | 630 675
DCC U | 548 583 894 809 672 853 | 726 | 561 675 667 496 665 640 558 530 705 616 572 719 | 617 59.6
OVANet | U | 883 905 982 984 867 883 | 917 | 589 660 704 622 657 678 600 526 697 682 59.1 676 | 64.0 66.1
GATE | U | 865 884 950 967 842 861 | 895 | 638 705 758 664 679 717 673 615 760 704 618 751 | 69.1 70.8

15500 images from 65 categories in four domains: Artistic
images (A), Clip-Art images (C), Product images (P), and
Real-World images (R). VisDA [30] is a large-scale chal-
lenging dataset with 12 categories, with source domain con-
taining about 150K synthetic images (S) and target domain
containing 50K real world images (R). Let |C|, |Cs| and
|C;| denote the number of common categories, source pri-
vate categories and target private categories, respectively.
Following existing studies [32, 33], we show the category
split (|C]/||Cs||/|C¢]) of each experimental setting in a cor-
responding result table. The split details can be seen in the
supplementary.

Evaluation protocols. We use the same evaluation met-
rics as those in the previous studies [9, 18]. In CDA and
PDA settings, we calculate the classification accuracy over
all target samples. In ODA and OPDA settings, target pri-
vate samples are grouped into a single “unknown” class. As
such, the trade-off between the accuracy of “known” and
“unknown” classes is important in evaluating performance.
Thus, we use the H-score, i.e. the harmonic mean of the ac-
curacy on common classes and accuracy on the “unknown”
class, to evaluate each method. The H-score metric is high
only when both the “known” and “unknown” accuracies are
high. For all experiments, the averaged results of three runs
are reported. Additionally, we assume no prior information
about category shift in any of the above DA settings.

Implementation details. Our implementation is based
on PyTorch and we conduct all experiments on 8 Tesla
V100 GPUs. Following previous UniDA works, the feature
extractor is ResNet50 [14] pre-trained on ImageNet [8]. A
bottleneck layer with 256 units followed by a classifier and
a domain discriminator, is added after the feature extractor.
The batch size is set to 36 and the temperature parameter 7
is set as 0.05. The nearest neighbor number £ is set to 5 for
Office and OfficeHome and 10 for VisDA as default. We
train our model for 10000 iterations with Nesterov momen-
tum SGD. The initial learning rate is set to 0.001, which is

decayed with the same schedule as in previous study [25].
More details are illustrated in the supplementary.

4.2. Comparative results

Comparison baselines. We compare GATE with pre-
vious state-of-the-arts in four possible scenarios of UniDA,
i.e., CDA (RTN [26], CDAN [25], MDD [19], SRDC [37]),
PDA (PADA [2], IWAN [45], ETN [3], BA3US [20]), ODA
(OSBP [34], STA [21], ROS [1]) and OPDA (UAN [44],
CMU [9], DANCE [32], DCC [18&], OVANet [33]). For all
cases, each UniDA method is tested without knowing the
prior of category shift, and those baselines tailed for each
setting are conducted by taking this prior into consideration.
We use “C”, “P”, “O” and “U” to denote the methods de-
signed for CDA, PDA, ODA and UniDA accordingly. Due
to a limited space, we put some results in supplementary.

ODA and OPDA settings. From the results in Table
1, GATE achieves a new state-of-the-art on three datasets
in the most challenging OPDA setting. With respect to
H-score, GATE outperforms the previous state-of-the-art
UniDA method OVANet on Office by 2% and on Office-
Home by 3%. On large-scale VisDA dataset, GATE also
gives more than 3% improvement compared to all other
methods in terms of H-score. Collectively, this evidence
shows that GATE gains a better trade-off between com-
mon categories classification and private samples identifi-
cation. For the ODA setting, the H-score comparison re-
sults are presented in Table 2. Although slightly inferior to
OVANet on Office, our method consistently performs bet-
ter than all the UniDA baselines on OfficeHome and VisDA
datasets, with +3% H-score improvement. Even compared
with ROS, a previous state-of-the-art method tailed for the
ODA setting, GATE is also superior on all three datasets.
Under these two scenarios with “unknown” samples, GATE
shows a stronger capability on the separation of common
and private categories, which benefits from the global joint
local feature alignment paradigm and adaptive energy un-
certainty calibration strategy.

16139



Table 3. Accuracy comparison in the PDA setting. Some results for previous methods are cited from DANCE [32] and DCC [18].
Office (10/21/0) OfficeHome (25/40/0) VisDA (6/6/0)

Methods Type [ AW _AJD _D2W__W2D __DJA__W2A | Avg | A2C__AJP__AJR__C2A_C2P__C2R_PIA_PIC__P2R__RJA_RIC_RP | Avg SIR
PADA | P | 822 865 927 993 054 1000 | 927 | 520 670 787 522 538 591 526 432 788 737 566 771 | 621 535
ETN P | 945 950 1000 1000 962 946 | 967 | 592 770 795 629 657 750 683 554 844 757 517 845 | 705 59.8
BAPUS | P | 989 994 1000 987 948 950 | 978 | 60.6 832 884 718 728 834 755 616 865 793 628 861 | 76.0 549
UAN U | 768 797 934 983 827 837 | 858 | 245 350 415 347 323 327 327 211 430 397 266 460 | 342 39.7
CcMU U | 842 841 972 988 692 668 | 834 | 509 742 784 622 641 725 635 479 783 724 54T 789 | 66.5 655
DANCE | U | 712 771 946 968 837 926 | 860 | 536 732 849 708 67.3 826 700 509 848 77.0 559 818 | 7L 737
DCC U | 81.3 873 1000 1000 954 955 | 933 | 542 475 575 838 716 862 637 650 752 855 782 826 | 70.9 72.4
OVANet | U | 617 694 902 987 614 664 | 746 | 341 546 721 424 473 559 382 262 617 567 358 689 | 495 343
GATE | U | 862 895 1000 986 935 044 | 937 | 558 759 853 736 702 830 720 595 847 796 639 838 | 739 75.6

Table 4. H-score comparison on the new low-light OPDA benchmark.

. Source domain: ImageCLEF [27]; Target domain: ExDark [

—

ExDark without ZeroDCE (8/4/4) ExDark with ZeroDCE (8/4/4)

Methods Type B2E C2E I2E P2E Avg B2E C2E I2E P2E Avg
UAN U 414 50.7 523 42.9 46.8 42.8 525 549 419 48.1
CMU U 52.1 50.4 543 46.7 50.9 544 542 58.6 55.8 55.7

DANCE U 532 60.8 56.6 56.9 56.9 554 62.1 589 584 58.7
DCC U 50.7 61.3 55.8 54.1 555 534 61.6 59.5 58.0 58.1

OVANet U 49.0 50.1 57.5 56.6 533 51.4 53.1 60.0 58.7 55.8
GATE U 55.3 62.8 59.4 57.9 58.8 57.2 64.7 61.5 60.6 61.0

CDA and PDA settings. In the PDA setting, the results
in Table 3 tell us that GATE outperforms all other base-
lines including those tailored for PDA on VisDA. For Of-
fice and OfficeHome datasets, GATE also gives comparable
results to BA3US, which is the state-of-the-art method in
PDA. The results in supplementary for CDA setting show
that GATE outperforms other state-of-the-art UniDA meth-
ods on all three datasets. Even compared to those methods
specialized for the CDA setting, GATE also achieves com-
parable performance to some of them, such as only inferior
to SRDC on Office, OfficeHome and VisDA datasets. How-
ever, such methods customized for these two settings cannot
adapt to situations where “‘unknown” samples exist, thereby
limiting their application in real-world scenarios. It can also
be seen that under these two settings OVANet does not per-
form as well as in ODA and OPDA settings, mainly because
it pays more attention to the discovery of private categories
and ignores the importance of domain alignment.

New low-light DA benchmark. High-level vision tasks,
such as classification, detection and segmentation, would
suffer severe performance degradation under low-light en-
vironments [35]. Recently, the low-light DA has attracted
much attention of community [41]. Here, we integrate the
existing datasets, ImageCLEF [27] and Exclusively Dark
(ExDark) [24], to construct a new OPDA benchmark from
normal-light to low-light. ImageCLEF consists of 4 do-
mains, i.e., Bing (B), Caltech (C), ImageNet ILSVRC (I)
and Pascal VOC (P), and each domain has 600 images with
12 categories. ExDark (E) is a collection of 7363 low-light
images in 12 object classes. There are § common categories
between these two datasets and 4 private categories for each
dataset. We use ImageCLEF as the source domain and Ex-
Dark as the target domain for low-light transfer learning ex-
periments. The parameter settings are the same as those on
Office. To better illustrate the difficulty of low-light DA,
we use ZeroDCE [12] to perform low-light enhancement
on ExDark, and the enhanced dataset repeats the above ex-
periment. From Table 4, the H-score of each method is im-

proved when ExDark is enhanced. However, GATE consis-
tently outperforms all other baseline methods, whether with
or without low-light enhancement. This evidence shows
that GATE is better able to cope with low-light conditions.

Feature visualization. We use t-SNE [17] to visualize
the learned source and target features with corresponding
domain labels and category labels. In this analysis, we use
“D2W” in Office to conduct experiments under the ODA
setting. As shown in Figure 2a, before adaptation, the com-
mon categories do not mix together and most target private
samples are attached near the common samples. Using only
geometric adversarial learning can reduce the margin be-
tween common categories, but they still don’t mix well (see
Figure 2b). Using only subgraph-level contrastive learning
can mix some common categories and separate some tar-
get private samples, but there are still category mismatches
and negative transfers (see Figure 2¢). After applying both
of them, we achieve the common categories mixing well
and separate most target private samples from the common
samples (see Figure 2d), demonstrating that our global joint
local strategy is very effective for feature alignment.

4.3. Ablation studies

Effect of geometric adversarial learning. To verify the

necessity of the geometric adversarial learning, we remove

>’ in the overall loss and conduct control experiments in
four settings on OfficeHome and VisDA datasets. From the
results in Table 5, the performance would be degraded in
all settings without geometric adversarial learning. This is
mainly because, in the early stages of training, global fea-
ture discrepancy would cause the accuracy of cross-domain
anchor pairs to be unguaranteed. Specifically, for all set-
tings on VisDA, we observe that the proportion of true pos-
itive rtwMNN pairs is sharply decreased after removing the
geometric adversarial learning (see Figure 3a).

Effect of subgraph-level contrastive learning. To
evaluate the contribution of L¢3 , . we train the model
without it and present the results in Table 5. Removing
contrastive learning on the rwMNN anchor pairs would
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Domain category Domain category

Domain category Domain Category

a0 -a0] %

30 -30 0 20 40 —a -20 0 20 40

(a) Before adaptation

30 -30 06 20 40 —a0 -0 6 20 40

(b) Only adversarial

- 40
60 -40 -30 6 20 40

—60 -a0 -30 6 20 40 60 -40 -30 6 20 4

(d) After adaptation

—60 -40 -20 6 20 4

(c) Only contrastive

Figure 2. Feature visualization on “D2W” in Office under the ODA setting. For domain, blue represents the source domain and orange

refers to the target domain. For category, blue plots are “unknown” samples, others are “known” samples.

loss waight aipha.

(c) Without calibration

(a) Geometric adversarial (b) Contrastive learning

.....

(d) With calibration (e) Loss weight alpha (f) Neighbor number k

Figure 3. Case study. (A) The proportion of true positive rwMNN pairs in VisDA; (B) The ratio of anchor pairs having correct predicted
labels in VisDA; (C & D) Histogram of energy scores on “R2P” of OfficeHome in OPDA setting; (E) Varying the loss weight «; (F)

Varying the nearest neighbor number k.
severely hurt performance in all settings. Further tested
results in Figure 3b tell us that without it, the ratio of an-
chor pairs having correct predicted labels decreases more
than 15% in all settings on VisDA. It is reasonable since
geometric adversarial learning cannot achieve fine-grained
class-specific alignment, while subgraph-level contrastive
learning can pull those rwMNN pairs closer to each other
and push away dissimilar samples. Therefore, global adver-
sarial learning and local contrast learning complement each
other and jointly improve the effect of domain alignment.
Effect of energy-based universal classifier. To show
the effectiveness of energy-based universal classifier trained
by manifold mixup, we first train the model without L.,
and then use the energy score 2'221' exp(G(F)(z)) with
a threshold § to identify “unknown” samples. Suppose
s and o, are the mean and standard deviation values of
set {> Lill exp(G(F)(x;))};2,, we decide the threshold as
0 = us—2 X o and divide those target samples with energy
scores lower than § as “unknown” samples. Table 5 shows
that our universal classifier can obtain higher H-score in the
ODA and OPDA settings. This is mainly due to the fact
that the manifold mixup can tighten the classification area
of the “known” class, while adaptively calibrating the dis-
tribution gap of the energy score between the “known” and
the “unknown” (see an example in Figure 3¢ & 3d).

Table 5. Various ablation studies on the OfficeHome and VisDA
dataset in all four settings.

OfficecHome VisDA
Methods CDA PDA ODA OPDA |CDA PDA ODA OPDA
GATE w/o L5" 674 706 638 68.1 | 703 726 633 477
GATEW/o LT ira 659 673 574 643 | 677 685 574 416

GATE w/o Universal classifier | 70.0 73.5 652 705 | 745 751 667 529
GATE w/o Anchor expansion | 68.8 724 665 730 | 72.1 739 67.1 533
GATE with larger k in MNN | 69.5 728 67.0 738 | 734 748 682 544
GATE w/o SNN score 69.7 732 679 747 | 736 744 69.1 54.9
GATE (full) 70.2 739 69.1 756 | 748 756 708  56.4

Effect of random walk-based anchor expansion. To
validate the effectiveness of anchor pair expansion by
within-domain random walk, we replace rtwMNN with
MNN in adversarial and contrastive learning. The results in

Table 5 show that the performance of rwMNN is better than
that of MNN. Since the anchor pair number in rwMNN is
nearly the square of that in MNN, we also show that a larger
k in MNN would lead to worse performance. We chose k
in MNN as 25 on OfficeHome and 100 on VisDA, and their
results in Table 5 are really lower than those in rwMNN.
This evidence demonstrates that rwMNN is more suitable
to uncover the shared distribution of common categories.

Effect of SNN-based anchor score mechanism. To
better understand the importance of the SNN-based anchor
score, we set the affinity value of all rwMNN pairs as equal
to 1. The results in Table 5 tell us that using expanded an-
chors pairs with consistent affinity values cannot obtain the
same satisfactory performance as with the SNN-based score
mechanism. This evidence illustrates that simply expanding
MNN pairs would bring the risk of more noisy supervision,
while SNN-based scores could reduce this negative impact
and enhance the algorithm’s robustness.

Hyperparameter sensitivity. To show the sensitivity of
GATE to the loss weight «, we conducted control experi-
ments on Office under the OPDA setting and presented the
results in Figure 3e. Within a wide range of o € [0.01, 1.0,
the performance changes very little, showing that GATE is
robust to the selection of a. We also analyze the behavior
of GATE when changing the nearest neighbor number & on
OfficeHome in the OPDA setting. As shown in Figure 3f,
the H-score only varies slightly with & € [3, 7], validating
that GATE is stable to the choices of k.

S. Conclusion

In this paper, we propose a novel UniDA framework
called GATE from the perspective of anchor mining and un-
certainty modeling. It performs feature alignment via global
distribution-level geometric adversarial learning joint local
subgraph-level contrastive learning. We also introduce an
energy-based incremental classifier for “unknown” sample
detection. A thorough evaluation shows the superior perfor-
mance of GATE, compared to previous state-of-the-arts.
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