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Abstract

Open Set Domain Adaptation (OSDA) aims to adapt
a model trained on a source domain to a target do-
main that undergoes distribution shift and contains sam-
ples from novel classes outside the source domain. Test-
time or source-free OSDA (SF-OSDA) techniques eliminate
the need to access source domain samples, but current SF-
OSDA methods utilize only the known classes in the tar-
get domain for adaptation, and require access to the en-
tire target domain even during inference after adaptation,
to distinguish between known and unknown samples. In this
paper, we introduce Unknown Sample Discovery (USD) as
an SF-OSDA method that utilizes a temporally ensembled
teacher model to conduct known-unknown target sample
separation and adapts the student model to the target do-
main over all classes using co-training and temporal con-
sistency between the teacher and the student. USD pro-
motes Jensen-Shannon distance (JSD) as an effective mea-
sure for known-unknown sample separation. Our teacher-
student framework significantly reduces error accumulation
resulting from imperfect known-unknown sample separa-
tion, while curriculum guidance helps to reliably learn the
distinction between target known and target unknown sub-
spaces. USD appends the target model with an unknown
class node, thus readily classifying a target sample into
any of the known or unknown classes in subsequent post-
adaptation inference stages. Empirical results show that
USD is superior to existing SF-OSDA methods and is com-
petitive with current OSDA models that require both source
and target domains during adaptation.

1. Introduction

The domain gap manifests when a model, trained on a
source domain with annotated samples, is deployed in a
target domain that has a distribution shift compared to the
source domain. Unsupervised domain adaptation (UDA)
considers a target domain with unlabeled data and aims to
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mitigate the domain gap by aligning the source and tar-
get domain distributions. Most of the current UDA meth-
ods conduct domain adaptation by either minimizing the
source-target distribution discrepancy [40, 48], or by adver-
sarially aligning the feature spaces of the source and tar-
get data [7, 9]. However, such models need access to the
source data during adaptation, and therefore cannot be ap-
plied to cases where the source domain is not available or
when the source data is sensitive or confidential. To address
these concerns, test-time or source-free domain adaptation
(SFDA) [21, 46] was proposed, where domain adaptation to
the target distribution takes place with a source-pretrained
model using only the unlabelled target data.

While the vast majority of existing UDA literature deals
with closed-set domain adaptation, where the target do-
main and source domain share the same classes, a more
realistic scenario is open-set domain adaptation (OSDA)
[23, 31] where the target domain contains samples belong-
ing to novel classes that are absent in the source domain.
In the OSDA setting, closed-set UDA would enforce align-
ment with unknown category mismatch, leading to negative
transfer [6] and deteriorating performance. The majority of
the existing OSDA methods [23, 31] utilize domain adver-
sarial learning techniques to align the source domain with
only the known classes in the target domain, leaving out
the target-unknown classes. Such methods fail to properly
learn the features for the unknown classes, and hence no
clear decision boundary between the known classes and the
unknown class in the target domain is realized. Some uni-
versal domain adaptation methods, i.e. UDA methods de-
signed to work in both closed and open-set settings [16, 32],
have attempted to conduct self-supervised learning (SSL)
to discover latent target domain features without explicit
distribution matching. However, such methods fail under
large domain gaps. More recently, [13] proposed a three-
way domain adversarial feature space alignment between
the source domain and the known and the unknown tar-
get subdomains, thus segregating the known and unknown
classes in the target domain.
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In this work, we introduce Unknown Sample Discovery
(USD) as a source-free OSDA (SF-OSDA) method that uti-
lizes an ensemble-based pseudolabeling strategy for the tar-
get data, and generates known and unknown target sub-
sets based on Jensen-Shannon distance (JSD) between the
pseudolabels and the predictions from a teacher model.
USD uses 2-component Gaussian Mixture Model (GMM)
to model the target domain JSD, where the distribution with
the lower mean JSD is considered to be of the known class
samples and that with the greater mean JSD is taken as that
consisting of unknown class samples. The known-unknown
target subsets are used to adapt the student model. The
student model is updated with gradient descent, while the
teacher model is updated by exponential moving averages
(EMA) of the teacher and student models. The teacher-
student framework in USD helps to mitigate error accu-
mulation induced from any possibly faulty known-unknown
sample separation.

USD introduces an unknown class output node in the tar-
get model. The adapted target model infers new target sam-
ples in one one of the known classes or the unknown class,
without operating on the entire target dataset first to iden-
tify known and unknown samples. The main contributions
of this work are as follows.

* We introduce USD as an SF-OSDA model that co-trains a
dual-branch teacher-student framework to split the target
domain into known and unknown class subsets.

* USD proposes the Jensen-Shannon distance between the
target pseudolabels and teacher model predictions as an
effective criterion for separating target samples in known
and unknown classes.

* Co-training in USD, aided by weak-strong consistency
between the teacher and student outputs, significantly
mitigates error accumulation due to imperfect known-
unknown separation and improves performance.

e USD generates reliable pseudolabels from the student
model outputs on an ensemble of weak and strong target
data augmentations.

e USD utilizes curriculum adaptation to progressively learn
the known class feature space first, and the unknown class
feature space later, thus enabling robust alignment of the
entire target space with the source domain.

» Extensive experiments on 3 UDA datasets demonstrate
the superiority of USD over existing SF-OSDA methods.

2. Related Works
2.1. Unsupervised domain adaptation

Domain gap originates from the distribution shift between
the source domain where a deep network model is trained,
and the target domain where the model is deployed [40].
This domain gap may be reduced by minimizing the maxi-
mum mean discrepancy (MMD) [24, 41], or the central mo-

ment discrepancy (CMD) [48] between the distributions in
the source and target domains. Deep CORAL [36] miti-
gated domain shift by matching second-order distribution
statistics. [7] introduced the Gradient Reversal Layer and
made use of a domain discriminator to adversarially align
the source and target distributions in a common feature
space using a common feature encoder. [42] decoupled the
feature extraction process by learning separate feature en-
coders for the two domains and aligned them adversarially
to perform classification with a common classifier.

Generative adversarial networks (GANs) have been uti-
lized to produce images in an intermediate domain be-
tween the source and target to facilitate easier and smoother
adaptation [9]. Domain-wise global adversarial alignment
in the absence of target annotations may lead to loss of
class discrimination in the target embeddings. To align the
domain-wise and class-wise distributions across the source
and target data while maintaining target class feature dis-
crimination, [18] simultaneously solved two complemen-
tary domain-specific and class-specific minimax objectives.
[28] imposed a consistency constraint to non-adversarially
align the labeled source prototypes and the pseudo-labeled
target prototypes in the feature space.

2.2. Source free domain adaptation

UDA methods that adversarially align the embedding space
[7, 9, 42] or minimize the source-target domain divergence
[24, 41, 48] require access to both the source and target
data during adaptation, rendering them unusable in situa-
tions where the source data is private or restricted. A semi-
supervised UDA method involving a few source representa-
tives or prototypes instead of the full source data was pro-
posed in [4]. Distant supervision for SFDA [20] iteratively
assigned pseudo-labels to the target data and used them to
learn a domain invariant feature space and obtain the tar-
get class centroids. Liang et al. [21] introduced SHOT
which adapts the source-pretrained feature encoder to the
target domain via self-training with information maximiza-
tion [14, 35] and self-supervised clustering for pseudola-
beling, while transferring the source hypothesis (classifier
model) to the target. To further refine the pseudolabels, [46]
proposed to enforce neighborhood consistency regulariza-
tion among the target samples. To generate compact target
clusters, [47] considered minimizing the distance among K-
nearest neighbors for each target sample and dispersing the
rest by retrieving target features stored in a memory bank.

2.3. Open set domain adaptation

In addition to aligning the source and target subspaces, a
critical step in OSDA is detecting target samples from novel
or unknown categories that are absent in the source do-
main. [12] applied a simple class-wise confidence thresh-
old to reject those samples with lower confidence as un-
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known. [31] adversarially aligned the source domain and
known target subdomain, where the unknown target sam-
ples were identified based on a preset threshold. Align-
ment for only the known classes however results in subpar
performance in identifying the unknown samples. The ad-
versarial alignment objective was modified in [23] with an
instance weighting procedure, where higher weights were
given to known target samples and lower weight to un-
known samples. This somewhat smoothened the known-
unknown distinction, but lower weights produced less con-
tributions in the objective loss from the unknown samples,
leading to suboptimal performance. A 3-way domain ad-
versarial alignment between source, known target, and un-
known target in the feature space was proposed in [13]
such that the source and known target are aligned while
the target-unknown gets segregated. [21] and [47] are SF-
UDA methods that also conduct SF-OSDA by separating
the known and unknown samples based on clustering the
sample entropies into two clusters, and taking the cluster
with lower mean entropy as the known subset.

3. Method

For unsupervised OSDA, we have ng labeled samples
{zl,yi}e, € X, Vs belonglng to the source domain Dq,
and n; unlabeled samples {z}};", € X; belonging to the
target domain D;. The task of SF-OSDA is to take the
source model f;(6s) : Xs — ), with model parameters
0 trained on the C,-multiclass source data {z%,y'},", €
Xs, Vs, and adapt it to f;(6;) : Xy — Y, with model param-
eters f; that can map the {z}};", € X; to the C; classes,
where C; = Cs + 1. The additional class in the target do-
main is a catch-all class for all samples in the target domain
that do not belong to any of the classes in the source domain.
We follow [21] for Source model training follows [21]
to ensure fair comparison with other source-free UDA mod-
els. The source model is trained by minimizing the standard
cross entropy loss with label smoothing [27] as follows.

(f57X57ys) = waEXé Ys EVs Zq IOg Ok fS(xS)))

(1)
exp(ak)

where o (a) = S exp(al) is the k-th element in its softmax

output of a Cs-dimensional vector a, and q S is the one-hot
encoded and smoothed C's-dimensional vector for sample
label y%, such that ¢* = (1 — a)qi. + a/Cs, where gy is 1
for the correct class and 0 for all other classes, and « is the
smoothing factor set at 0.1.

The source model f5 consists of a feature extractor g :
X, — R and a C,-class classifier h, : R? — R, such
that fs(x) = hs(gs(z)). USD consists of a student target
model f°(07) and a teacher target model f (67). The fea-
ture extractors g7 and g7, in the student and teacher net-
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Figure 1. Pseudolabel generation for the target samples and
known-unknown sample separation based on JSD
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Figure 2. Adaptation process for USD using co-training. The stu-
dent model receives pseudolabels for the target samples (see Fig-
ure 1) and is optimized using a combination of triplet, weak-strong
consistency, information maximization (IM) and cross-entropy
losses. The teacher model is updated via exponential moving av-
erages (EMA) at the end of each epoch.

works respectively, are initialized with the source model
feature extractor, i.e., g© = gf = gs. To account for the
novel class samples in the target domain, the source classi-
fier hy is expanded in the student and teacher models to in-
clude an additional trainable output node for the unknown
class. The known class nodes in the target classifiers hy
and hl, for the student and teacher respectively, are ini-
tialized with hg, and remain frozen during adaptation. The
unknown class nodes in hy, h] and the feature extractors
g7, g are adapted using only the unlabeled target samples.

3.1. Known-unknown sample separation

The first step for target adaptation is to reliably separate the
known class samples and the novel class samples in the tar-
get data. This step is visually depicted in Figure 1. In or-
der to generate pseudolabels ¢, the target data undergoes
M = 6 number of weak and strong augmentations (1 weak
and 5 strong) based on AutoAugment [5] policy for Ima-
geNet. The softmax output over C classes for each aug-
mented view :U’M is taken from the student model fts , and
then averaged over the augmentations, as follows.

i = arg max — Z £ (M) )

The index corresponding to the maximum averaged soft-
max output is taken as the hard pseudolabel ¢! for each tar-
get sample xi. These pseudolabels are however only over
the Cs known classes, and therefore the samples need to be
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split into known class subset X and unknown class sub-
set XU. Existing SF-OSDA methods [21, 47] identify un-
known class samples by utilizing the output entropy of the
target data. Entropies for all samples are calculated at the
beginning of each epoch and then normalized in the range
of [0,1] by dividing each sample entropy by log Cs. The
normalized entropies are then clustered by 2-class k-means
clustering. The cluster with the higher mean entropy or un-
certainty is considered to be the one containing unknown
samples, while the other cluster with lower mean entropy is
taken as containing known class samples.

Sample separation is a critical component for noisy la-
bel learning (NLL) algorithms where clean and noisy sam-
ples are separated for robust supervised training of a model.
Traditionally, NLL calculates the cross-entropy loss on the
whole dataset and then uses low cross-entropy loss as the
criterion to identify clean samples [1, 17, 19]. In USD, we
conduct known-unknown sample separation for SF-OSDA
based on JSD between the network outputs and their corre-
sponding pseudolabels, which is calculated as follows.

ptﬂ)i)

2 2 2

3)
where, K'L(a,b) is the Kullback-Leibler divergence be-
tween a and b, and pi = o ft (x1)) is the output softmax
probability for target sample xi from the teacher model £

We consider the unknown class samples in the target do-
main as noisy samples [ 1] when predictions are made over
only the known C classes. In comparison to entropy or
cross-entropy loss, JSD is symmetric by design and ranges
between 0 and 1.As shown in Figure 1, when plotted against
the number of samples, JSD produces a bimodal histogram.
A threshold could be applied directly on the JSD histogram
for known-unknown separation, but such a threshold would
depend on the location of the modes in the histogram, and
hence inapplicable across all source-target pairs. We there-
fore model the JSD distribution with 2-component Gaus-
sian Mixture Model (GMM) with equal priors, resulting in
probabilities [w;, ,w}, ] for each target sample x to belong
to either of the two components. We consider the samples
belonging to the distribution with the lower-mean Gaussian
(wj, > wj,) as samples from one of the known classes,
and consider those samples on the higher-mean Gaussian
(wi L < wi ., ) as coming from the unknown target class.

Practically, we take the probability wj, and in order
to be conservative in our sample splitting, set a lower-
bound/threshold §; to select the known sample subset X/
The remaining target samples are included in the unknown
subset XU. The pseudolabels i are updated accordingly,
where the known subset retain their earlier assigned pseu-
dolabel from among the C; classes, and the unknown subset
of target samples get the new unknown class pseudolabel
|C¢|. Tt has to be noted that during adaptation, the teacher

) U+ 1
JSD(4;,pt) = 2KL< B pt)"’ KL(

network conducts the known-unknown sample separation
at the beginning of each epoch, and the student network is
adapted over the C} classes with the target data.

3.2. Teacher-student co-training and regularization

USD simultaneously adapts the student and teacher tar-
get models, such that the student model parameters ¢; are
updated based on the minibatch gradient descent, and the
teacher network parameters 67 are updated as temporally
ensembled version of the student network [37] at the end of
each epoch as follows.

or, =m0}, +(1—m)oy, 4)

where, m is the momentum parameter for weight ensem-
bling, and N = 2,3, .., E/ is the epoch number. Such co-
training and cross-network sample splitting by the teacher
for the student work to lessen error accumulation from im-
perfect known-unknown sample separation and stabilizes
the adaptation process. As a means of training regulariza-
tion, USD further maintains weak-strong temporal consis-
tency between the teacher outputs and the student outputs
by minimizing the following consistency loss.

ceen (15, 15 ) = KL (p)°, pi") Zp log< )
' )
where, pi® = o(f7(xi%)) is the softmax output from the

student on an strongly augmented target sample z°, and

il = o(fF (")) is the softmax output from the teacher
on the weakly augmented version z:"V of the same target
instance. The strong and weak augmentations are done fol-
lowing the AutoAugment [5] ImageNet policy.

For contrastive learning in a label-free setting, it is
exceedingly difficult to identify positive and negative in-
stances for a target anchor. USD deftly utilizes the teacher-
student framework and weak-strong augmentations, and ap-
plies a triplet loss [34] to effectively learn the decision
boundary between known and unknown classes. The out-
put 22¢ = [fT(zi")]? of the teacher model on an weakly
augmented known class sample is taken as the anchor, and
the corresponding output 25" = [ (2%)]* on the strongly
augmented version of the same sample from the student
model is taken as the positive instance. The negative in-
stance is the student model output z§ = [f(23)]” on a
randomly chosen unknown class sample. Cosine distance is
taken as the distance metric, and is calculated as follows.

(6)

Z1.722
D(z,2) =1— — 12 _
’ 211512211

where z; and z5 are any two network outputs. Triplet loss

is in turn calculated as follows.

C?ip(ffvftT;Xt) = max(D(27 azg+)_D(ZT ,Zs )+1,0)
(N
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In addition, the student network is trained with the
instance-weighted standard cross-entropy loss with label
smoothing [27], as follows.

Ct

~Epicx,w' > i log(ow(f (x1%))) (8)

k=1

LE(fF %) =

The instance weights w’ are the probability wj for
known target samples of belonging to the lower-mean JSD
distribution, and wiH for unknown target samples of be-
longing to the higher-mean JSD distribution, during the
known-unknown sample separation. In order to promote
adaptation to the known samples first and to progressively
learn the unknown class feature space, USD utilizes cross-
entropy loss under curriculum guidance, dictated by the cur-
riculum factor ~,- as follows.

‘Cge(ftS?XtK’XtU) =
(S + (1 =)

where v, = max(0.5,v,-1(1 — Be_ﬁﬁ“/q;‘rfl)) such
that, 8 is a hyperparameter and r is the current itera-
tion number. The ratio £§g, /L5 | dictates the degree
by which the curriculum factor decreases from the earlier
(r — 1)-th iteration to the current r-th iteration. When loss
LS5 on the known sample subset increases, y marginally
decreases to accommodate further adaptation on the known
samples in the subsequent iterations. But if L7 decreases
by a large margin, v decreases accordingly to progressively
adapt to the unknown samples in the following iterations.
Curriculum guidance balances the adaptation of the target
model to the known and unknown subsets.

To encourage individually precise and globally diverse
predictions, USD further minimizes the information maxi-
mization (IM) [21] loss as formulated in [38, 39].

ORI

£ (A X

Cy
~Epgexx Y on(f (@i%)log(on(f7 (7)) (10)

k=1

cirm (5 A = szslog (p ’f ) (1)

LM (5525 = Lyt (fF XtK) + L (15 X5 (12)

where piS = Eicxxlo(f7 (2i%))] is the mean softmax
output vector over known target samples in a minibatch.
The overall objective function is therefore,

L = L+ LM + QLT+ QL (13)

where (; and (5 are two hyperparameters.
A brief demonstration of the USD domain adaptation
pipeline is presented in Algorithm 1.

Algorithm 1: Pseudocode for USD

Input: Source trained model f5 and n; unlabled
target data samples i € &;
Output: Target adapted student model f;°
Initialization: Teacher target model f;" and student
target model f;°, are both initialized
with parameters 6 from f,
1 for epoch =1 to E do
2 Conduct M = 6 weak-strong augmentations
and assign ensemble averaged pseudolabels 7
using eq. (2)
3 Conduct known (X/%) - unknown (XY) target
sample separation using JSD between ¢! and
teacher softmax output pi = o (f7 (%))
4 for:=11ton; do
5 Optimize, for each minibatch, student model
f with loss Ly, using eq. (13) and get
new student model parameters 07

6 end

7 Update teacher model f using new student
model weights 07 and current teacher model
weights 07 using eq. (4)

3 end

4. Experimental Setup
4.1. Datasets

We evaluate USD on three popular UDA benchmarks:
Office-31 [30], Office-Home [43], and VisDA-C [29].
Office-31 is a small-scale DA dataset with 3 distinct do-
mains, Amazon (A), Webcam (W), and DSLR (D), contain-
ing images from 31 classes found in an office setting. Di-
vided into 4 distinct domains Art (A), Clipart (C), Product
(P), and Real-World (R), Office-Home is a medium-sized
DA dataset which has images of 65 classes of objects found
in contemporary office and home settings. The large-scale
VisDA-C dataset contains images of 12 classes of itemss
over 2 domains: Synthetic (S) and Real (R). Its source do-
main is composed of 152K synthetically rendered 3D im-
ages. The target domain consists of 55K real images taken
from MS COCO dataset [22]. For OSDA, we follow the
shared and target-private dataset splits done in [31].

4.2. Implementation details

For source training, we follow [21, 47] for fair comparison
against existing SF-OSDA methods. The basic structure of
the teacher and student models also follow that of [21, 47],
that is, the feature extractor is a ResNet-50 [8], followed by
a fully-connected (FC) bottleneck layer, a batch normaliza-
tion layer [10], an FC classifier layer, and a weight normal-
ization layer [33], respectively. The student target model is
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trained with an SGD optimizer with momentum of 0.9 and
weight decay of 10~2. Due to the difference in the number
of samples in each dataset, USD is adapted for 40 epochs
on Office and for 20 epochs on Office-Home at 5 = 0.01,
and for 5 epochs on VisDA-C at § = 0.001, at minibatch
size of 64 samples in all cases. The threshold §; for known-
unknown sample separation is set at 0.8, and the momen-
tum parameter m for temporal ensembling is set according
to the schedule in [45] with a maximum at 0.9995. Further,
¢1 = 0.01 and (3 is gradually increased to 0.5 following
[15]. All experiments were done on n A100 NVIDIA GPU.

4.3. Evaluation metrics

The mean-per-class accuracy OS over all known classes
and the unified unknown class for all the target data may
be considered as a metric for evaluating OSDA. However,
such a metric is dominated by the accuracy on the known
classes, as all the unknown samples are lumped into 1 un-
known class [2]. A better metric is therefore to calculate the
mean-per-class accuracy OS* over only the known classes,
and the accuracy UNK for the unknown class, and then take
the harmonic mean HOS of the two for fair evaluation over
the known and the unknown classes. Mathematically, the
metrics are formulated as follows.

|Cs] P .
1 |z xp € D} NGy =i
0S* = ! (14)
‘Cs| i1 ‘.Tt Ty € D“

Cy ~1
UNK:|xt:xt€D"“ lﬂyt:|C'tH (15)
|xy : xy € DLC’”
2x08*xUNK

HOS = 222 % (16)

0S*+UNK

Here, §! = arg max(c(f(z%))) is the prediction from the
student model f;° and D! is the target domain data belong-
ing to class <. In this work, we report OS*, UNK, and HOS
for the evaluated adaptation tasks.

5. Results
5.1. Overall results

We compare USD to a number of existing UDA methods:
closed-set UDA methods (1) DANN [7], (2) CDAN [25],
open-set UDA methods (3) STA [23], (4) OSBP [31], (5)
PGL [26], (6) OSLPP [44], and (7) UADAL [13]. These
methods however are not source-free. We compare USD to
open-set versions of SF-UDA methods SHOT [21] and AaD
[47]. The open-set results for SHOT and AaD on Office-
Home are provided in their respective publications. We gen-
erate results for Office-31 and VisDA-C using their publicly
released code.

The results on Office-31 over all 6 domain pairs are pre-
sented in Table 1. USD outperforms SHOT and AaD by

~ 16% and ~ 3%, respectively in terms of mean HOS. Dis-
tinguishing between known and unknown class samples is
crucial in OSDA, and USD strikes the best balance among
the other SF-OSDA methods. SHOT clearly adapts pri-
marily to the known classes without good adaptation on
the unknown samples. AaD overcompensates in identify-
ing unknown samples at the expense of correctly adapting
to the known classes. USD performs equally well over both
known and unknown classes, leading to higher HOS. USD
also outperforms non-source-free methods STA and PGL,
while being comparable to OSBP.

A comparative evaluation for USD against existing UDA
methods on Office-Home is given in Table 2. USD outper-
forms SHOT and AaD by ~ 20% and ~ 2%, respectively in
terms of the average HOS over the 12 domain pairs. Similar
to Office-31, SHOT adapts better to the known classes, but
fails to competently identify unknown samples, while AaD
performs worse on the known classes and better on the un-
known samples. USD is more balanced across the known
and unknown classes and also outperforms non-SF OSDA
methods STA, OSBP and PGL.

Results on VisDA-C are given in the bottom right section
in Table 2. SHOT severely suffers from negative transfer
in the unknown class, while AaD fails to learn the target-
known feature space. USD greatly outperforms SHOT and
AaD, as well as the non-SF method OSBP, while being
comparable to STA in terms of mean HOS.

5.2. Ablation study

A detailed ablation study was performed on the known-
unknown sample selection criterion and on the modeling
of the criterion distribution. The results of the ablation
study on both Office-31 and VisDA-C are given in Table
3. USD uses JSD as the known-unknown sample splitting
criterion, while entropy has been extensively used in exist-
ing OSDA methods (SHOT, AaD, UADAL etc.) for this
purpose. In addition, cross-entropy (CE) loss is a popular
criterion for separating clean-noisy samples for noisy label
learning (NLL) algorithms [1, 17, 19]. We evaluate all three
criteria to find the best performing one. The criterion distri-
bution can be modelled by either Gaussian Mixture Model
(GMM) or a Beta Mixture Model (BMM). UADAL mod-
els sample entropy distribution using BMM to distinguish
between known and unknown samples. Our results in Ta-
ble 3 show that modeling the distribution of the JSD with
a GMM outperforms all of the other combinations for un-
known sample discovery.

The effect of the JSD threshold §; for known-unknown
separation on the final HOS is shown in Figure 3. The per-
formance is relatively uniform, which suggests robustness
of adaptation to the hyperparameter J;. Nonetheless, if the
threshold is set too high (eg. 0.9), too few samples may be
denoted as known samples, leading to inferior performance.
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Method ‘SF‘ A—D AW D—A D W W= A W —D Avg.
0OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | 0S* UNK HOS | OS* UNK HOS | 0S* UNK HOS
DANN[7] | X [ 908 592 715|874 557 681 |729 745 737 | 993 770 867|721 731 726 | 1000 702 825 |87.1 683 759
CDAN[25] | X | 922 524 668 | 903 507 649 |749 706 727 | 99.6 732 843 | 728 69.3 710 | 1000 67.3 805 | 883 639 734
STA[23] | X | 91.0 639 750 | 867 676 759 | 831 659 732 | 941 555 698 | 662 680 66.1 | 849 678 752 | 843 648 725
OSBP[31] | X | 905 755 824 |868 792 827|761 723 751 | 977 967 972 | 730 744 737 | 99.1 842 9Ll | 872 804 837
PGL[26] | X | 821 654 728 | 827 679 746 |80.6 612 695 | 875 681 765 |808 618 70.1 | 828 640 722 | 827 647 726
OSLPP[44] | X | 926 904 915 | 89.5 884 890 |821 766 793 | 969 880 923 | 789 785 787 | 958 915 936 | 893 856 874
UADAL[I3] | X | 851 870 860 | 843 945 891 |733 873 797 | 993 963 978 | 674 884 765 | 99.5 994 995 | 848 92.1 88.1
SHOT#[21] | v | 940 463 620 | 956 423 587|833 390 533 | 1000 757 86.1 | 827 466 59.6 | 1000 69.7 821 [ 926 533 670
AaD*[47] | v/ | 730 846 783 | 635 89.5 743 | 63.6 889 742 | 780 985 870 | 619 889 730 | 946 968 957 | 724 912 804
USD (Ours) | v/ | 90.7 734 812 | 828 727 779 | 657 844 739 | 979 966 973 | 646 867 740 980 926 952 | 833 844 833
Table 1. Evaluation of USD on Office-31 dataset. * are results computed for the methods using publicly released code.
Office-Home
Method | SF A=C AP AR C—A C—P C—R P—A
OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS
DANN[7] | X [37.1 827 512]600 713 652|751 673 710 |438 843 576|501 776 609 |6l.1 735 667 | 424 839 563
CDAN[25] | X | 397 789 529 | 617 688 651|752 667 707 |449 828 582|516 768 617|615 737 67.1 | 458 812 586
STA[23] | X | 460 723 558 | 680 484 540 | 786 604 683 |514 650 574|618 591 604 | 67.0 667 668 | 542 724 619
OSBP[31] | X | 502 611 551|718 598 652|793 675 729|594 703 643|670 627 647 720 692 706 | 591 68.1 632
PGL[26] | X | 633 19.1 293 | 789 321 456 | 877 409 558 | 859 53 100 | 73.9 245 368 | 702 338 456 | 737 347 472
OSLPP[44] | X | 559 67.1 610 | 725 731 728 | 80.1 69.4 743 | 496 790 609 | 61.6 733 669 | 67.2 739 704 | 546 762 63.6
UADAL[I3] | X | 549 747 632 |69.1 725 708 |813 737 774|535 805 642|621 788 69.5 |69.1 783 734 | 505 837 630
SHOT[21] | v | 670 280 395|818 263 398|875 321 470|668 462 546|775 272 402|800 259 391 | 663 511 577
AaD[47] | v | 507 664 576 | 646 694 669 | 73.1 669 699 | 482 8.1 605 | 595 635 614 | 674 683 678 | 473 824  60.1
USD (Ours) | v/ | 533 715 611 | 657 749 70 | 733 795 763 522 708 60.1 | 624 684 652 | 693 686 689 | 543 738 626
Office-Home .
Method | SF P=C PSR RSA RSC RSP Ave, VisDA-C
OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS
DANN[7] | X | 30.1 863 446|677 720 698 |568 77.1 654 |37.1 809 509 |69.6 672 684|526 77.1 607 | 521 - -
CDAN[25] | X | 33.1 824 472|698 697 69.7 |598 736 660 |403 758 527|709 646 676|545 746 614 | - - -
STA[23] | X | 442 671 532|762 643 695|675 667 67.1 | 499 6l1 545|771 554 645|618 633 611 | 624 824 710
OSBP[31] | X |445 663 532|762 717 739 | 661 673 667 |480 630 545|763 686 723|641 663 647 | 509 817 627
PGL[26] | X | 592 384 466|848 276 416 [815 61 114|688 00 00 | 848 380 525|761 250 352 | - - -
OSLPP[44] | X |53.1 671 593 | 770 712 740 | 608 750 672 | 544 643 590 | 784 708 744 | 638 717 670 | - - -
UADAL[13] | X | 434 815 566|716 831 769 | 667 786 721 |511 745 606|774 762 768 | 626 780 687 | - - -
SHOT[21] | v | 593 310 408 | 858 31.6 462|735 506 599 | 653 289 401 | 844 282 423|746 339 456 |57.5% 121% 20.1%
AaD[47] | v | 454 728 559 | 684 728 706 | 545 79.0 646 | 490 69.6 575|697 706 701 | 582 719 63.6 | 32.0% 62.9% 424%
USD (Ours) | v/ | 473 69.6 563 | 70 745 722 | 646 713 678 538 655 59.0 | 733 69.1 711 | 616 715 659 | 578 867 694

Table 2. Evaluation of USD on Office-Home and VisDA-C datasets. * are results computed for the methods using publicly released code.

Table 4 shows the impact of different components of
our objective function and the effects of our teacher-student
co-training scheme on the final adaptation performance
for Office-Home. It is evident that each of our losses
(LY Lsom, LIMY contributes to the adaptation, and leav-
ing out any one of them hurts performance. We observe that
curriculum guidance considerably benefits adaptation and
the final average HOS increases by > 1.5% (from 64.2%
to 65.9%) when such guidance is included. Notably, with-
out curriculum, adaptation to the known classes is impacted
drastically (OS* falls by ~ 6%), signalling that progres-
sively learning the known class subspace first and then the
unknown class subspace later is the superior strategy.

The final row in Table 4 presents results in the absence
of the teacher network, where the student network conducts
the known-unknown sample separation for itself. Both the
weakly and strongly augmented samples are fed through the
student network, and losses ﬁimp , L£°™ are calculated over
the student model outputs between the weak and strong aug-

mentations. Empirical results clearly show that co-training
in a teacher-student framework is pivotal for mitigating the
effect of any imperfect known-unknown separation and av-
erage HOS over the 12 domain pairs in Office-Home de-
creases by ~ 5% when the teacher network is removed. As
seen in Figure 4, in the absence of co-training, the student
model adapts faster, but its performance drops from its peak
during the course of adaptation due to error accumulation.
In contrast, adaptation with co-training is slightly slower but
maintains its peak performance.

The effect of the pseudolabeling scheme on the adap-
tation performance for Office-Home is shown in Table 5.
SHOT and AaD use a self-supervised clustering process
built on DeepCluster [3] to get pseudolabels for the known
samples. But in open set settings, the unknown samples
can drift the known class centroids, leading to faulty clus-
ters. Our multi-view augmentation ensembled pseudolabel-
ing strategy outperforms both pseudolabeling from cluster-
ing or direct student predictions.
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. A Office .
S:f::‘;‘:;" Dr';;;:;:_";“ ASD ASW DA Dow WA WD Avg VisDA-C

0S* UNK HOS | 0S* UNK HOS | 0S* UNK HOS | 0S¥ UNK HOS | OS* UNK HOS | OS* UNK HOS | 0S¥ UNK HOS || 0S* UNK HOS

1SD GMM | 894 702 786 | 827 730 776 | 664 852 746 | 975 970 972 | 683 854 759 | 980 936 958 | 837 841 833 || 578 867 694
Entropy GMM | 889 702 784 | 833 745 786 | 653 905 759 | 979 933 955 | 602 885 717 | 980 931 955 | 823 850 826 || S7.1 854 68.4
CE GMM | 907 686 78.1 | 900 618 733 | 696 810 749 | 982 933 956 | 68.5 860 762 | 980 904 941 | 858 802 820 | 67.3 455 543
1SD BMM | 914 537 677 | 936 532 678 | 777 723 749 | 1000 824 903 | 77.1 725 748 | 1000 713 832 | 900 676 765 | 676 583 626
Entropy BMM | 902 60. 721 | 872 783 825 | 663 885 758 | 895 921 908 | 60.8 871 716 | 100.0 888 O41 | 823 825 812 | 423 834 561
CE BMM | 960 250 397 | 936 378 539 | 81.0 612 697 | 1000 633 775 | 784 680 728 | 1000 713 832 | 915 544 66.1 | 68.6 240 355

Table 3. Evaluation of separation criterion and distribution modeling for known-unknown sample separation in USD on Office dataset.

Method A—-C A—P A—R C—A C—P C—R
0S* UNK HOS | 0S* UNK HOS | 0S* UNK HOS | 0S* UNK HOS | 0S* UNK HOS | OS* UNK HOS
USD (full) 533 715 6L1 657 749 700 | 733 795 763 | 522 708 60.1 | 624 684 652 | 693 68.6 689
USDwio £ | 529 699 602|664 751 704|736 789 762|520 700 593 | 623 685 652 | 68.0 678 679
USDwio £{* | 505 756 60.6 | 633 777 69.8 | 69.6 83.1 758 | 49.4 744 593 | 579 738 649 | 643 729 683
USDwio £LIM | 501 747 599 | 646 735 687 | 735 777 755 | 512 679 584 | 602 683 640 | 667 69.0 679
USD w/o curriculum | 47.5  77.1 588 | 60.8 794 689 | 693 825 753 | 447 791 57.1 | 578 746 652 | 622 738 675
USD w/o co-training | 44.0 804 568 | 58.5 784 67.0 | 64.1 782 70.5 | 434 723 543 | 505 710 59.0 | 514 761 614
Method P—A P—C P—-R R—A R—-C R—P Avg.
0s* UNK HOS | 0S* UNK HOS | 0S* UNK HOS | 0S* UNK HOS | 0OS* UNK HOS | OS* UNK HOS | OS* UNK HOS
USD (full) 543 738 626 473 69.6 563 | 70 745 722 | 646 713 678 | 538 655 59.1 | 733 69.0 711 616 715 659
USDwio £ | 512 759 61.1 | 47.6 704 568 | 69.5 742 718 | 63.9 699 668 | 514 669 582 | 735 676 704 | 61.0 713 654
USDwio £ | 494 780 60.5 | 449 718 553 [ 660 784 717 | 603 753 67.0 | 501 70.1 584 | 706 739 722 | 580 754 653
USDwio £LIM | 506 754 60.6 | 455 68.1 545 687 741 713 632 728 677 [497 665 569 | 731 673 701 | 598 713 646
USD w/o curriculum | 46.1  80.7  58.6 | 404 745 524 | 647 783 709 | 579 777 664 | 480 733 580 | 69.0 734 7Ll | 557 770 642
USD w/o co-training | 48.3 789 59.9 | 385 718 50.1 | 51.6 792 625 | 539 765 632 | 466 776 582 | 60.7 805 692 | 51.0 767  61.0
Table 4. Ablation study on the objective function, and co-training for USD on Office-Home dataset.
Pscudolabel A—=C A—P A—R C—A C—P C—R
0OS* UNK HOS | OS* UNK HOS | 0S* UNK HOS | OS* UNK HOS | OS* UNK HOS | OS* UNK HOS
Ensemble 533 715 611|657 749 700 733 795 763 | 522 708 60.1 | 624 684 652|693 686 689
Clustering 508 735 60.1 | 670 732 699 | 748 758 753 | 543 670 600 | 615 669 641 | 672 66.1 66.7
Student Predictions | 50.7 74.1 602 | 659 736 69.5 ‘ 747 785 765 | 513 682 586 | 617 673 644 | 672 69.5 683
Pseudolabel P—A P—C P—R R—A R—-C R—P Avg.
0S* UNK HOS | 0S* UNK HOS | OS* UNK HOS | OS* UNK HOS | 0S¥ UNK HOS | OS* UNK HOS | 0S* UNK HOS
Ensemble 543 738 626 | 473 69.6 563 700 745 722 | 646 713 678 | 538 655 59.1 | 733 691 711 616 715 659
Clustering 534 736 619 | 486 69.0 S57.1 |71.0 718 714 | 634 722 675 | 522 681 591 | 700 683 692 | 612 705 652
Student Predictions | 53.0 73.2 615 | 466 713 564 ‘ 689 738 713 | 618 730 669 | 533 658 589 [ 727 706 716 | 606 716 653
Table 5. Ablation study on the pseudolabeling scheme for USD on Office-Home dataset.
100 8 80
G=====0-==F -cz=95 o]

6. Conclusion

We present Unknown Sample Discovery as a teacher-
student co-training framework that conducts SF-OSDA by
splitting the target data into known and unknown subsets
based on the JSD criterion modeled with a 2-component
Gaussian mixture model. Co-training regularization greatly
mitigates error accumulation, while curriculum guidance
progressively adapts the target model to effectively learn
both the known and unknown target feature spaces. Empir-
ically, USD outperforms existing SF-OSDA methods and is
comparable to non-source-free OSDA techniques.
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Figure 4. Impact of co-training on reducing error accumulation
during adaptation on Office-Home dataset.
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