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ABSTRACT

Universal domain adaptation (UniDA) aims to tackle the knowledge transfer prob-
lem in the presence of both distribution and category shifts. Most existing UniDA
methods are developed based on the accessibility assumption of source-domain
data during target model adaptation, which may result in privacy policy viola-
tion and source-data transfer inefficiency. To address this issue, we propose a
novel source-free UniDA method by confidence-guided entropy discrimination
and likelihood-induced energy optimization. The entropy-based separation crite-
rion to determine known- and unknown-class target data may be too conservative
for known-class prediction. Thus, we derive the confidence-guided entropy by
scaling the normalized prediction score with the known-class confidence, such that
much more known-class samples are correctly predicted. Without source-domain
data for distribution alignment, we constrain the target-domain marginal distribu-
tion by maximizing the known-class likelihood and minimizing the unknown-class
one. Since the marginal distribution is difficult to estimate but can be written as
a function of free energy, the likelihood-induced loss is changed to an equivalent
form based on energy optimization. Theoretically, the proposed method amounts
to decreasing and increasing internal energy of known and unknown classes in
physics, respectively. Extensive experiments on four publicly available datasets
demonstrate the superiority of our method for source-free UniDA.

1 INTRODUCTION

Data-driven deep learning models have achieved remarkable success in many computer vision ap-
plications such as visual classification (Wang et al., 2020), object detection (Xie et al., 2021) and se-
mantic segmentation (Liu et al., 2021). Since data collected from different sensors or environments
may suffer from distribution shift, unsupervised domain adaptation (UDA) (Ganin & Lempitsky,
2015; Li et al., 2021b) is proposed to transfer domain-invariant knowledge from source to target
domain without target supervision. Besides distribution shift, the category gap across domains is
also an important problem to be addressed in partial domain adaptation (PDA) (Cao et al., 2019),
open-set domain adaptation (ODA) (Jing et al., 2021; Liu et al., 2019) and universal domain adap-
tation (UniDA) (Saito et al., 2020; Saito & Saenko, 2021; You et al., 2019). In PDA (or ODA), the
source label set is assumed to be a superset (or subset) of the target label set. Different from PDA
and ODA, UniDA is a more practical setting in which there are private label sets in both domains.

UniDA is a challenging problem due to the possible negative transfer caused by the presence of
the unknown private classes in each domain. Recently, many research works (Gao et al., 2022; Li
et al., 2021a; Saito et al., 2020; Saito & Saenko, 2021; You et al., 2019) have been proposed to
solve the challenging but more practical problem of UniDA. These methods learn to separate the
shared classes in both domains from the target private classes, such that the distribution shift of
the shared classes can be reduced to mitigate the negative transfer. Despite the inspiring progress
achieved in UniDA, source-domain data may not be always accessible during the model adaptation
stage to train the target model. In practice, the data privacy of the source domain is important and
the source-domain dateset may be large-scale constraining the data transmission efficiency. Thus,
it becomes necessary to develop source-free UniDA methods without accessing the source-domain
data for adapting the pre-trained source model to the target domain.
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Figure 1: (a) Entropy, (b) Confidence-guided Entropy and (c) Free Energy distributions of target-
domain data w.r.t. the pre-trained source model under the W— A task on the Office-31 dataset. The
separation of target known (positive) and unknown (negative) classes can be considered as a binary
classification problem. Without labels in the target domain, the optimal separation threshold (i.e. the
intersection point) cannot be estimated. Under the same threshold 1.8 (marked in red), the entropy-
based recall 0.53 in (a) is significantly lower than 0.88 which is the recall of separation based on
the proposed confidence-guided entropy in (b). This means much more known-class samples are
correctly predicted as known by using the proposed method, which is beneficial for multi-class
classification of known classes. By separating the target data into predicted known- and unknown-
class subsets, (c) shows that the known-class energy is lower compared to the unknown-class one.
Thus, free energy is used to define the loss function for further improvement.

Under the source-free setting, it is difficult, if not impossible, to align the distributions across do-
mains, as the source-domain data is not available for adversarial training (Ganin et al., 2016) or
maximum mean discrepancy (MMD) minimization (Long et al., 2015). Though several source-free
domain adaptation methods (Hou & Zheng, 2021; Li et al., 2020; Yang et al., 2021a;b) have been
proposed to reduce the distribution discrepancy, they are developed based on the closed-set assump-
tion (i.e. the source label set is equal to the target label set) without considering the category shift. To
address the source-free UniDA problem, Kundu et al. (2020b) propose to generate negative samples
by image composition of source-domain data which synthesizes the distribution out of the source
label set. Then, the target model is adapted from the source model pre-trained with the generated
negatives by assigning weights to target samples as similarities to the source domain. Nevertheless,
the generated source negatives are still different from the the target private classes which cannot
be approximated by the combination of source labels. Hence, data of the (unknown) target private
classes may not be well separated from the (known) source-domain classes.

To overcome these limitations, we propose a novel confidence-guided Entropy discrimination and
likelihood-induced Energy optimization (E2) method for source-free UniDA. Since entropy mea-
sures the classification uncertainty, it is probably higher for unknown and lower for known class.
Though the target-domain data could be separated into known- and unknown-class subsets with
lower and higher entropy respectively, such separation criterion may be too conservative for known-
class prediction as shown in Fig. 1a. In our method, we incorporate the known-class confidence to
derive the confidence-guided entropy by scaling the normalized prediction vector with its maximum.
Based on the confidence-guided entropy for separation, the number of known-class samples wrongly
predicted as unknown can be significantly reduced as illustrated in Fig. 1b. Moreover, we prove the
monotonically decreasing property of the confidence-guided entropy w.r.t. the known-class confi-
dence and use it to define the loss function for self-supervised discriminative learning.

Besides confidence-guided entropy discrimination, an innovative method is presented to maximize
the known-class likelihood and minimize the unknown-class one based on the concept of free en-
ergy in physics. Due to the difficulty in estimating the the marginal distribution, we rewrite the
loss function on likelihoods of known and unknown classes to an equivalent form depending on
free energy. Since the free energy of in-distribution (known-class) data is lower than that of out-
of-distribution (unknown-class) data (Fig. 1c), the loss is designed to decrease and increase the free
energy of known-class and unknown-class target data respectively. The overall optimization prob-
lem is given by combining confidence-guided entropy discrimination and likelihood-induced energy
optimization. Theoretical analysis in physics indicates that internal energy is minimized for known
class and maximized for unknown class by optimizing the overall loss function.
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The contributions of this work are summarized as follows. 1) We develop a novel source-free UniDA
approach based on confidence-guided Entropy discrimination and likelihood-induced Energy opti-
mization (E?). Theoretical analysis shows that minimization of the overall loss function amounts to
optimization of internal energy in physics. 2) We derive the confidence-guided entropy to balance
the trade-off between classification uncertainty and known-class confidence, such that target data
can be better separated into known- and unknown-class subsets. 3) Without source-domain data for
distribution alignment, target distribution is constrained by energy optimization which is equivalent
to likelihood maximization for known and minimization for unknown class. 4) Extensive experi-
ments on four publicly available domain adaptation datasets demonstrate the effectiveness of our E2
method for source-free UniDA.

2 RELATED WORK

Universal Domain Adaptation (UniDA). The UniDA setting is first introduced in (You et al., 2019)
to address the knowledge transfer problem under both distribution and category shifts. In (Fu et al.,
2020), a combination of confidence, entropy and consistency is presented as a uncertainty metric
to assign larger weights for more transferable samples during training. The Domain Adaptative
Neighborhood Clustering via Entropy optimization (DANCE) (Saito et al., 2020) is proposed to
learn the structure of the target domain via self supervision. In (Saito & Saenko, 2021), the One-
vs-All Network (OVANet) is trained with the labeled source-domain data and an open-set classifier
is adapted to the target domain by minimizing entropy. Different from these works which treat
all the target private classes as one unknown category, the Domain Consensus Clustering (DCC)
method (Li et al., 2021a) aims at not only identifying the private classes from the shared ones, but
also separating the private classes themselves. Nevertheless, these UniDA methods depend on the
assumption that source-domain data is accessible during target model adaptation, which may result
in privacy policy violation and data transfer inefficiency.

Source-free Domain Adaptation. Source-free domain adaptation methods (Kundu et al., 2020a;b;
Liang et al., 2020; Yang et al., 2022) have been proposed to address the data privacy and transfer
inefficiency issues. Existing source-free domain adaptation methods can be divided into two cat-
egories. The first approach (Kundu et al., 2020a;b) aims to improve the generalization ability of
the source model by generating negative samples in the hope of approximating the data distribution
of target private classes. To reduce the computational overhead in data augmentation, the second
approach (Liang et al., 2020) fine-tunes the network parameters for implicit distribution alignment
between the target domain and the source model.

Energy-based models (EBMs). In EBMs (LeCun et al., 2006), free energy is a quality score as-
signed to a given input which is lower for observed data and higher for unobserved ones. Recently,
EBMs have been employed in a wide range of applications like object recognition (Joseph et al.,
2021), out-of-distribution detection (Liu et al., 2020a), generative adversarial network (Zhao et al.,
2017) and so on. In (Grathwohl et al., 2020), it has been shown that EBMs can give better perfor-
mance in terms of improved calibration, out-of-distribution detection, and adversarial robustness.
In (Xie et al., 2022; Liu et al., 2020b), free energy is used as a regularization term following the
traditional EBMs. Both of these two methods are developed under the setting of closed-set domain
adaptation without category shift. They CANNOT be directly employed in the more challenging
source-free universal domain adaptation. In this paper, we propose to incorporate free energy for
source-free UniDA by decreasing the free energy of the known-class samples and increasing that of
the unknown-class ones.

3 METHOD

In universal source-free domain adaptation, the source model fj is first pre-trained with a labeled
source domain Dy = {xs,ys} by minimizing the cross-entropy as in (Liang et al., 2020). In the
model adaptation stage, the source model fy and an unlabeled target domain D; = {x;} are used
for training the target model f without accessing the source-domain data. Denote the label sets of
source and target domain as Cs and C;, respectively. The shared label set is C = C5 N C;. The source
private and target private label sets are the relative complements of C in C, and C;, respectively, i.e.,
Cs =Cs — C and C; = C; — C. Without label information in the target domain, both the shared label
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Figure 2: Overview of the proposed E? method. In source-free UniDA, the target model f is
initialized with the pre-trained source model. Only the target-domain data is available for training
the target model (without accessing the source-domain data). The feature extractor is trainable and
the fully-connected layers are frozen. We derive the innovative confidence-guided entropy H,. to
separate the target-domain data D, into two subsets Dy and D,, probably containing known- and
unknown-class samples. The proposed method includes two components of confidence-guided en-
tropy discrimination and likelihood-induced energy optimization. By training with the two novel
components, both the confidence-guided entropy and the energy decrease for known-class and in-
crease for unknown-class samples. The lengths of rectangle and ellipse represent numerical values
of the entropy and energy, respectively.

set C and the private label set C, are unknown. Denote the number of classes in C; as K = ICs]-
The objective is to identify target samples of private classes in C; as unknown (i.e. the (|Cs| + 1)-
th class), and classify target samples of shared classes as the corresponding categories in C. The
framework of our method is shown in Fig. 2. We propose an innovative E? approach by combining
confidence-guided Entropy discrimination (Sec. 3.1) and likelihood-induced Energy optimization
(Sec. 3.2). Theoretical analysis of the proposed method in physics is provided in Sec. 3.3.

3.1 CONFIDENCE-GUIDED ENTROPY DISCRIMINATION

In our method, we separate the target domain D; into two subsets Dy, and D,, probably containing
samples of shared (known) and target private (unknown) classes, respectively. In (Saito et al., 2020),
the entropy H of the prediction probability ¢ is used for separation of the target-domain data,

Dp ={x € Di|H () < oMy, =o(f(x))}, Du = {x € De|H(§) > aMy,§=o(f(x))} (1)

where o(-) denotes the softmax function, My = log K is the maximum value of the entropy and
a € (0,1) is a hyperparameter of the threshold percentage. Nevertheless, the entropy H may not
be discriminative enough for recognizing known and unknown classes in the target domain. For
example, if we have two target samples with estimated distributions (0.5, 0.5,0) and (0.7,0.2,0.1),
the entropy of (0.5,0.5,0) is 0.69 smaller than 0.80 which is the entropy of (0.7,0.2,0.1). Entropy
measures the classification uncertainty which is larger for unknown class and smaller for known
classes. Based on the entropy separation criterion, (0.7,0.2,0.1) would not be classified to known
classes, if (0.5,0.5,0) is assigned to unknown. However, when the known-class confidence ¢ =
max; ¢; is used to separate the known and unknown classes, (0.7,0.2,0.1) with higher confidence
is more likely to belong to known classes, which is not consistent with the entropy-based separation.

A straightforward way to combine the entropy [ and the known-class confidence c is the multipli-
cation of H and 1 — ¢, since both H and 1 — c are probably lower for known classes and higher for
unknown class. The property of using (1 — ¢) H as the separation score is given by Proposition 1.
Proposition 1. Denote DI, D}~ and D,(lec)H as the known-class subsets w.rt. H, 1 — c and
(1 — ¢)H, under the same hyperparameter of the threshold percentage c. Then, we have,

pff c p\!~9H pl-c c pll=H )

The proof of Proposition 1 is provided in Appendix Sec. A.1. According to Proposition 1, if (1 —
¢)H is used as the separation score, more samples will be predicted as known classes compared
to the separation based on H or 1 — ¢, which is also illustrated in Fig. 3. The inclusion relation

Df C D,gl_C)H means that D,gl_C)H contains more samples with higher classification uncertainty
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Figure 3: Distributions of three variables for (a) entropy H, (b) 1 — ¢, (¢) (1 — ¢)H and (d) the
proposed confidence-guided entropy H., where c is the known-class confidence given by ¢ =
max; ¥;. The contour of each distribution with the separation threshold equal to 0.6 multiplying the
maximum is marked in red. Samples outside and inside the contour are classified as known and
unknown, respectively. The area ratios between the estimated known- and unknown-class samples
are 0.21 for H, 0.92 for 1 — ¢, 2.02 for (1 — ¢) H and 0.41 for H.. This means entropy H is the most
conservative for known-class classification, while a sample is more likely to be predicted as known
classes by using 1 — c or (1 — ¢) H as the separation score. The proposed confidence-guided entropy
H_ balances the known- to unknown-class ratios w.r.t. H and 1 — c.

measured by H, while Di_c C D,(Cl_c)H implies more samples with lower known-class confidence

c (higher 1 — ¢) are in D,(CI_C)H. Since unknown-class samples are probably with higher H or lower

)

¢, the proportion of true known-class samples in D,(lec " decreases compared to D,’;{ and D,i_c.

To increase the separation discriminability and balance the trade-off between H and 1 — ¢, we define
the confidence-guided entropy H. by scaling each ¢; with 1 — ¢, i.e.,

He(§) = =Y (1= c)gilog(1 — )i 3)
The target known- and unknown-class subsets in our method are obtained based on H, as follows,
Di* = {x € Dy|He(o(f(x))) < aMp, }, Dy = {x € Dy|He(o(f(x)) > aMpu,} @)

where My, is the maximum of H.. The sensitivity analysis on hyperparameter « is provided in
Appendix Sec. B.1. As shown in Fig. 3, if the proposed H. is used for separation, the ratio between
the estimated known- and unknown-class samples is larger than that based on entropy H but smaller
than that based on 1 — c. This ensures that the proposed separation criterion is less conservative than
H to recognize known-class data for more discriminative classification. At the same time, the true

unknown-class proportion in D,f © would not be too large, since less samples are classified as known
compared to the known-class subset D,(lec)H basedon 1 —c.

The monotonically decreasing property between the confidence-guided entropy H,. and the known-
class confidence c is given in the following proposition:

Proposition 2. The confidence-guided entropy can be rewritten as H.() = ). h(c,9;), where
h(c, ;) = —(1 — ¢)g;log(1 — ¢)§;. Denote i, as the class index with the highest prediction prob-
ability, i.e., i, = argmax; §;. For i # i., we have 0 < §; < min{e, 1 — ¢} < 0.5 and the ranges
of c is constrained by §;, i.e., max {+,9;} < ¢ <1 — ;. With a fixed §;, h(c, ;) is monotonically
decreasing w.r.t. ¢ when i # i.. On the other hand, the upper bound of the confidence-guided
entropy is a function h,(c) of the known-class confidence c = y; , ie.,

H.(9) < ha(c) = (1 —¢)?*log(K — 1) — 2(1 — ¢)?log(1 — ¢) — (1 — ¢)clog(l —c)c  (5)
Equality holds if and only if §; = [1{_‘31
decreasing in the range [+, 1] of all possible c. Thus, the maximum of H, is My, = h.(%).

for i # i.. The upper bound h.(c) is monotonically

This proposition is proved in Appendix Sec. A.2. Fig. 4 shows the curves of h(c, g;) with fixed ¢ or
1J; in the specific range for i # i, as well as the upper bound h.(c) of all possible ¢. Both Proposition
1 and Fig. 4 illustrate that the confidence-guided entropy H. is larger (smaller) with smaller (larger)
known-class confidence c. Without loss of generality, we simplify the symbols of the known- and

unknown-class subsets ch and D¢ by Dy, and D,,, respectively. For the estimated known-class
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Figure 4: (a) h(0.4, §;) and h(0.6, §;) in the range of 0 < §; < min{e, 1 —c} = 0.4. (b) h(c,0.1) in
the range of §;, i.e., 5 = max {%, it <c¢<1-—g; =0.9for K = 3. (c) The upper bound h,(c)
in the range [+, 1] of all possible ¢ when K = 3.

(unknown-class) samples in Dy, (D,,), the entropy uncertainty is minimized (maximized) while the
known-class confidence is maximized (minimized). Thus, the loss function Lpg for self-supervised
discriminative learning based on the confidence-guided entropy H. is defined as,

EDIS = ]ExEDk Hc(g) - ]EXEDu Hc(@) (6)

where E is the expectation operation.

3.2 LIKELIHOOD-INDUCED ENERGY OPTIMIZATION

Without source domain data for distribution alignment, we present an innovative method for known-
class likelihood maximization and unknown-class likelihood minimization based on free energy.
Denote the known-class marginal distribution as p. With the estimated subsets Dy, and D,,, the
expected log-likelihood functions are computed by Excp, log p(x) and Exep, log p(x) for known
and unknown classes, respectively. Since known-class samples are more probable than the unknown
under the known-class marginal distribution p, the loss function can be defined by maximizing the
expected log-likelihood of known class and minimizing the one of unknown class, i.e.,

L1 = —Exep, logp(x) + Exep, log p(x) @)

Nevertheless, it is extremely difficult to estimate the marginal distribution p accurately, so that we
cannot directly minimize the loss function £y derived based on the expected log-likelihoods.

Instead of estimating the marginal distribution p for optimization, we propose to rewrite Ly in
eq. (7) by using the physics concept of free energy. For a target sample x in Dy, or D,,, denote the
free energy and the energy w.r.t. the i-th class (state) w; as E(x) and F(x,w;), respectively. As
in the energy-based model (Liu et al., 2020a), the relation between the energy functions and the
classification model f is derived by connecting the softmax function and the Gibbs distribution. The
energy F(x,w;) of the state w; is equal to the negative of the classification score f;(x) of the class
wj, i.e., B(x,w;) = —f;(x) (as shown in Appendix Sec. A.3). The free energy! quantifying the
capacity of a thermodynamic system to do work in physics (Levine, 1978) is given by,

K
E(x) = —log Z efi) (8)
i=1

It has been shown in (LeCun et al., 2006) that the probability distribution p can be written as a

function of the free energy F, i.e.,
e—E(x)

= ©)

where Z = f e~ E(®) dx is an intractable constant for normalization. Substituting eq. (9) into eq. (7)
and canceling out the constant Z which does not depend on x, the loss function £y, is changed to
Lg1 1. based on free energy as follows,

LerL = Exep, B(x) — Exep, E(x) (10)

p(x) =

'In contrast, entropy can be considered as the energy in a thermodynamic system that cannot do work.
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By minimizing Lg 1 in eq. (10), the energy of known-class samples is minimized for higher known-
class marginal probability and vice versa for unknown-class. Denote the partition function of the

free energy defined in eq. (8) as Z(x) = Zfil efi(¥)  The loss function Lgr can be rewritten as,

M, (D,
g = -t T 20 s TT 200% - i B3
XEDy xE€D,, g k

where My(D) = [ cp Z(x)% is the geometric mean for n = ny or ny, D = D, or Dy, ny and
n,, are the numbers of samples in Dy, and D,, respectively. According to eq. (11), when Lg is
minimized, the geometric mean of the partition functions in the estimated known-class subset Dy, is
maximized while the one in D,, is minimized. The overall loss function £ is designed by combining
confidence-guided entropy discrimination and likelihood-induced energy optimization, i.e.,

L = Lpis + Leir (12)

3.3 THEORETICAL ANALYSIS IN PHYSICS

Given an input x and a classification model f, the classification score of the class w; is denoted as
z; = fi(x). The data flow to obtain the prediction probability §; of the class w; from x is given by,
o’ ~ e~
= fix) = ~E(x,w) 5 §i = =g (13)
>ljm1€%

The sum of the entropy H (x) and the free energy F/(x) is computed in the following equation,

K
H(x) Zy log ; — logzzezz = —Zyz log logZeZZ

=1

= — Z Uizi + Z Ui logz es — logz e’ = Z 9 E(x,w;) = U(x)
i=1 i=1 j=1 i=1 i=1

where the internal energy U is the weighted average energy of all the states w.r.t. the occurrence
probability g; of w; (Levine, 1978). This means entropy H plus free energy E equals to internal
energy U. On the other hand, in thermodynamics, the Helmholtz free energy F' is defined as,

F=U-TS (15)

(14)

where 7" denotes the absolute temperature of the surroundings, and U, S are the internal energy and
the entropy of the system, respectively. This equation gives similar result that the summation of
entropy S multiplying temperature 7" and Helmholtz free energy F' is equal to internal energy U.

Therefore, minimizing the overall loss function £ in eq. (12) is equivalent to minimizing and maxi-
mizing the internal energy for known and unknown classes, respectively. This can be interpreted as
a physical phenomenon. The target domain can be considered as a chemical compound, e.g., H>O.
The known and unknown classes are two states of the same chemical compound H5O, e.g., ice and
water, respectively. By reducing the internal energy of ice (known-class), it would not melt into wa-
ter (unknown-class). On the other hand, water (unknown-class) would not become ice (known-class)
by heating it. Consequently, known- and unknown-class samples can be better distinguished.

4 EXPERIMENTS

4.1 EXPERIMENT SETUP

Datasets. We compare the proposed E? method with the state of the art on four publicly available
datasets, i.e., Office-31 (Saenko et al., 2010), Office-Home (Venkateswara et al., 2017), VisDA-C
(VisDA) (Peng et al., 2017) and DomainNet (Peng et al., 2019). Office-31 contains 31 object classes
in 3 domains, i.e., Amazon, DSLR and Webcam. Office-Home consists of 65 object classes in 4
domains, i.e., Art, Product, Clip Art and Real-World. VisDA is a large-scale benchmark for object
recognition which is composed of 12 classes. DomainNet is also larger-scale including about 0.6
million images and 345 classes. We use 3 domains in this dataset following (Fu et al., 2020).
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Table 1: Results (%) with class split (|C*|/|C|/|Ct|=10/10/11) on Office-31 dataset. SF is short for
source-free. The best and the second-best results are marked in bold and underline, respectively.

| | A—D A—W D—A D—W W—A W—D | Avg.
Method  SF''"os  mw  o0s H o0 H O H OS5 H OS H |05 H
OSBP 7290 SL1 661 502 474 498 736 555 605 502 856 575 | 617 523
UAN 865 597 856 586 855 601 948 70.6 851 603 980 714 | 892 635
cMU 9.1 681 869 613 884 714 957 793 886 722 980 804 | oL 73l
ROS - 74 - 713 - 810 - %6 - 792 - 953 | - 821
DANCE 916 786 928 715 922 799 978 914 914 722 977 8§79 | 939 803

DCC
OVANet'

93.7 885 917 785 904 702 945 793 920 759 962 88.6 | 93.1 80.2
842 846 745 183 672 763 966 952 776 825 992 955 | 832 854

SHOT? 73.5 67.2 59.3 88.3 71.1 - 84.4 74.9
UMAD 79.1 - 77.4 - 87.4 - 90.7 - 90.4 - 97.2 - 87.0

X
X
X
X
X
X
X
USFDA v 885 855 8.6 798 875 832 952 906 86.6 812 97.8 887 | 902 848
v - _ _ _ _ -
v
v

E? (Ours) | | 91.6 868 872 863 889 897 949 960 893 89.6 985 934 | 917 903

Table 2: HScore (%) with class split (|C*|/|C|/|Ct|=5/10/50) on Office-Home dataset.
Method ‘SF‘Ar%Cl Ar—Pr Ar—Re Cl—Ar Cl—Pr Cl—Re Pr—Ar Pr—Cl Pr—Re Re—Ar Re—Cl ReHPr‘Avg.

OSBP x| 396 451 462 457 452 468 453 405 458 451 416 469 |445
UAN x| 516 517 543 617 576 619 504 476 615 629 526 652 |566
CMU x| 560 569 592 670 643 678 547 511 664 682 579 697 |616
ROS x| 601 693 765 589 652 686 606 563 744 688 604 757 |662
DANCE | x| 610 604 649 657 588 618 731 612 666 677 624 637 |639
DCC x| 580 541 580 746 706 715 643 736 749 810 751 804 |702
OVANet! | x | 597 769 800 688 691 762 696 569 8.0 755 620 786 |71.2

SHOT? v | 329 29.5 39.6 56.8 30.1 41.1 54.9 354 423 58.5 335 333 | 407
UMAD v | 6Ll 76.3 82.7 70.7 67.7 75.7 64.4 55.7 76.3 73.2 60.4 772 |70.1

E? Ours) | v | 632 739 78.8 70.1 656 729 749 608  81.0 77.1 64.2 713 | 717

Evaluation Metric. We use the average per-class accuracy OS and the HScore (Fu et al., 2020) as
the evaluation metric for comparison. The HScore is defined as follows,
OS* - UNK
HS =2 — 16
O = 2 08" T UNK (16)
where OS* denotes the average per-class accuracy on known classes and UNK denotes the accuracy
on unknown class.

Implementation Details. We employ the ResNet50 (He et al., 2016) pre-trained on ImageNet as
the backbone and use the PyTorch (Paszke et al., 2019) framework with GeForce RTX 3090 for all
the experiments. The source model is pre-trained as in (Liang et al., 2020) with label smoothing.
Since the maximum values of the entropy and confidence-guided entropy are almost the same for
large K (see proof in Appendix Sec. A.4), we set the separation threshold in eq. (4) as 0.6log K.
Stochastic Gradient Descent (SGD) optimizer with momentum 0.9 is adopted together with the
inverse scheduler for learning rate decay. In the stage of source model training, the learning rate is
set as 1le—3 for Office-31, Office-Home and VisDA datasets. For DomainNet dataset, the learning
rate is set as le~2 for batch normalization and fully-connected layers, and is set as 1le =2 for other
layers. The batch size 36 is set as default in the source model training stage. During target model
adaptation, the training parameters including learning rate 1e ~® and batch size 100 are set as default.

Comparing Methods. Our method is compared with source-data-accessible and source-free meth-
ods. Source-data-accessible methods include OSBP (Saito et al., 2018), UAN (You et al., 2019),
CMU (Fu et al., 2020), ROS (Bucci et al., 2020), DANCE (Saito et al., 2020), DCC (Li et al., 2021a)
and OVANet (Saito & Saenko, 2021). Source-free methods are USFDA (Kundu et al., 2020b),
SHOT (Liang et al., 2020) and UMAD (Liang et al., 2021).

4.2 COMPARISON RESULTS

The OS and HScore results? of our method on Office-31 are compared the state of the art in Table 1.
Table 2 and Table 3 report the HScore on the Office-Home, DomainNet and VisDA datasets. From

’The symbol T means our implementation of the official codes and ° refers to results cited from UMAD.
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Table 3: HScore (%) on VisDA (|C%|/|C|/|C*|=3/6/3) and DomainNet (|C*|/|C|/|Ct|=50/150/145).

Method | SF | VisDA | DomainNet | Ave.
| | Avg. | PR P—S R—P R—S S—P  S—R |
OSBP X 27.3 336 306 330 306 305 337 | 320
UAN X 305 419 3901 436 387 390 437 | 410
CcMU X 34.6 508 451 522 456 448 510 | 483
ROS® X 303 205 300 369 287 199 232 | 265
DANCE X 4.4 210 370 473 467 277 210 | 335
DCC X | 430 | 569 437 503 433 449 562 | 492
OVANet' | x 53.1 555 458 516 424 456 566 | 49.6
SHOT® v | 440 350 308 372 283 319 322 | 326
UMAD v | 583 | 590 443 5001 421 320 553 | 47.1
E®>Ours) | v | 634 | 563 441 487 394 461 552 | 483
Table 4: Ablation study on loss functions.
Ablations Office VisDA DomainNet
Lent Lois Leio 0s 0S* H 0S 0S* H os oS+ H
v 842 83.8 85.2 48.6 41.8 57.0 29.8 29.4 44.0
v 84.8 84.5 86.2 53.0 48.8 60.0 33.0 327 46.9
VoV | 8937151 892154 89.614.4 | 60.7712.1 59.47117.6 634764 | 354156 351157 487147

these results, we can see that the proposed E? achieves the highest average HScore on the Office-31,
Office-Home and VisDA, compared with all the other methods even including the ones accessing the
source-domain data for model adaptation. On the Office-31 dataset, the average OS and HScore of
our method are 8.5% and 4.9% higher than those of the OVANet which is the source-data-accessible
method with the highest HScore. Compared with the competitive source-free universal model adap-
tation method UMAD, the proposed E? improves the HScore performance by 3.3% in average on
Office-31. Results of the Office-Home dataset show that the proposed method outperforms the state
of the art with the highest average HScore. On the VisDA dataset, our method achieves the best
performance and is better than UMAD by 5.1% average HScore and significantly outperform other
methods (e.g., 10.3% higher than OVANet) no matter source data is available or not. On the Do-
mainNet dataset, our method achieves competitive results compared with all the existing methods
and improves over the source-free domain adaptation methods by 1.2% in average HScore.

4.3 ABLATION STUDY

Ablation study on different combinations of the loss functions including the entropy loss Lgnt (by
substituting the entropy H for H. in eq. (6)), the proposed confidence-guided entropy loss Lpis and
likelihood-induced energy loss Lgr. Experimental results on the Office-31 (W—A), VisDA and
DomainNet (R—P) are shown in Table 4. The baseline results obtained by using the entropy loss
Lent for both the target known- and unknown-class samples are recorded in the first row. Results in
the second and the third rows show that the performance can be improved by replacing Lgnt With
the proposed confidence-guided entropy loss Lpis and adding the energy loss Lgr. By combining
Lpis and Lg; ;. in the proposed E2, the highest results (OS, OS* and HScore) are obtained.

5 CONCLUSION

In this paper, we propose a novel source-free UniDA method based on two innovative components
of confidence-guided Entropy discrimination and likelihood-induced Energy optimization (E2). The
confidence-guided entropy is defined by scaling the normalized prediction score with the known-
class confidence, so as to correctly recognize more known-class data. To constrain the target dis-
tribution, likelihood is maximized for the known class and minimized for the unknown class by
the proposed free energy optimization technique. In-depth theoretical analysis connects our method
with the physical concept of internal energy, which uncovers the underlying mechanism on why our
method works. Extensive experiments on four domain adaptation datasets demonstrate the superi-
ority of the proposed E2 method compared with the state of the art. Our future work will explore
whether the proposed approach is still effective to improve the performance for other challenging
problems (e.g., detection, segmentation) under the source-free UniDA setting.
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A  SUPPLEMENTAL THEORETICAL ANALYSIS

A.1 PROOF OF PROPOSITION 1
In this subsection, we present the proof of Proposition 1. The proposition is restated as follows:

Proposition 1. Denote DH Difc and D,El_c)H as the known-class subsets w.r.t. H, 1 — ¢ and
(1 — ¢)H, under the same hyperparameter of the threshold percentage . Then, we have,

D c D!~ pl-c c p{!=IH (17)

Proof. x € DH means H(j)) = H(o(f(x))) < aMy = alog K. To ensure that Y, §; = 1,
¢ = max; §; > 1/K, which implies 1 —1/K is the maximum value of (1—c¢). Thus, (1 — )H (1) <
(1-1/K)H(y )<a(1 1/K)log K. Since the maximum value of (1—c)H(g)is (1—-1/K)log K,

we have x € D,(: ©)

On the other hand, if x € D}, 1 — ¢ < a(1 — 1/K). Since the maximum value of H () is log K,
we have (1 — ¢)H () < a(1 —1/K)log K. This means x € D](Cl_c)H_ O

A.2 PROOF OF PROPOSITION 2

In this subsection, we present the proof of Proposition 2. The proposition is restated as follows:

Proposition 2. The confidence-guided entropy can be rewritten as H.(9y) = Y. h(c,;), where
h(c,9;) = —(1 — ¢)§;log(1 — ¢)§s;. Denote i, as the class index with the highest prediction prob-
ability, i.e., i, = argmax; ;. Fori # i, we have 0 < §; < min{c,1 — ¢} < 0.5 and the ranges
of c is constrained by v;, i.e., max {%7 9} < e <1— 19, Witha fixed §;, h(c,§;) is monotonically
decreasing w.rt. ¢ when i # i,. On the other hand, the upper bound of the confidence-guided
entropy is a function h,(c) of the known-class confidence ¢ = y;_, i.e.,

Ho(9) < hale) = (1 —c)*log(K — 1) — 2(1 — ¢)?log(1 — ¢) — (1 — c)clog(l —c)c  (18)
Equality holds if and only if §; = ﬁ for i # i.. The upper bound h.(c) is monotonically
decreasing in the range [%, 1] of all possible c. Thus, the maximum of H. is My, = h*(%)

Proof. Fori # i, we can prove that h(c, §;) = —(1 —¢)g; log(1 — ¢)y; is monotonically decreasing
in the range of max {%,Qi} <c¢<1-—g. Since §; < g;, and §; +g;, < 1, wehave 0 < g; <
min{c,1 — ¢} < 0.5 and ¢ € [§;,1 — §;]. On the other hand, §;, < 1 < K¢, ,s0c € [1/K,1]
and the range of c is constrained by g; as max {%, 9} < e <1-—g;. Witha fixed §;, the partial
derivative of h(c,§;) w.r.t. ¢ is denoted as hl.(c, 4;), and h. (c Ql) =g log(l — ¢)y;i + U;- Then,
hl(c, §;) is monotonically decreasing and Ve € [§;,1 — 5], hl(c, §;) < hL(§:,9:). When ¢ = g,
B (e, 1) = G:10g(1 — 51)3: + 55 — i log e(1 — ). With (1 y»y <025 and e(1— i) < 1
hl.(c,9;) < 0soVe € [§;,1—1;], hl.(c,9;) < 0. This means, if 1 —g; > ¢ > ¢, > max{K,yi} >

1;, then h(Ck, :l)l) < h(Cu, ?QZ)
For ¢+ = 1., the upper bound of the confidence-guided entropy H. can be written as a function of ¢

monotonically decreasing when ¢ € [1/K, 1]. Without additional constraint, the range of ¢ is given
by ¢ € [1/K, 1]. According to Jensen’s inequality, we have,

- g;*(l —¢)gilog(1 —¢)gs = (1 — ¢)? ; ly_’ ~log 8 _1C)Qi < (1-¢)%log (f_ 6;2 (19)
Equality holds if and only if §; = =5 for ¢ # 4,. Thus, Hc(§) < h.(c) = (1 — ¢)*log(K — 1) —
2(1 —¢)?log(1 —¢) — (1 — c)clog(l — ¢)c. To prove that h,(c) is monotonically decreasing with
¢ € [1/K, 1], we compute the derivative of . (c) and obtain,

B, (c) =—=2(1—c)log(K —1)+4(1 —c)log(l —¢) +2(1 —¢) + (2¢ — 1) log(1 — ¢)c+ 2¢ — 1
=2(1—c¢)[—log(K — 1)+ 2log(1 — ¢) —log(1l — ¢)c] +1log(l —c)c+ 1

=2(1-¢) log(% —1) —log(K —1)| +1log(1 — ¢)ce
(20)

14
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Forc e [1/K,1],1/c < K,solog(1/c—1)—log(K —1) < 0. On the other hand, log(1—c)ce < 0.
As aresult, b, (c) < 0 and h.(ci) < hy(cy) forl > ¢ > ¢, > 1/K. O

A.3 RELATION BETWEEN ENERGY E(x,w;) AND CLASSIFICATION SCORE f;(x)

To ensure that this manuscript is self-contained, we prove the following proposition about the rela-
tion between the energy E(x,w;) and the classification score f;(x) of the i-th class w;.

Proposition 3. The energy E(x,w;) is equal to the negative of the i-th classification score f;(x),
ie, E(x,w;) = —fi(x), where w; denotes the i-th class.

Proof. According to the definition of Gibbs distribution in statistical mechanics, the posterior
p(w;|x) can be given by,

e~ B(x,wi)
pwilx) = W 21
On the other hand, the posterior p(w;|x) is defined in the softmax operation as,
i)
p(wilx) = W (22)
By comparing eq. (21) and eq. (22), we have E(x,w;) = — f;(x). O

A.4 RELATION BETWEEN MAXIMUMS OF ENTROPY H AND CONFIDENCE-GUIDED
ENTROPY H,.

To explain why the upper bound of H, can be approximated by log K for the experiments, we prove
that maximums of entropy H and confidence-guided entropy H. are almost the same for large K.

Proposition 4. Denote the maximum values of entropy H and confidence-guided entropy H. as Mg
and My, respectively. We have Khril My — My, =0.
— 400

Proof. According to the results in Appendix Sec. A.2, we have My, = h*(%), where h, is the
upper bound of H . and K is the number of source classes. By substituting % into eq. (18), we have,

1, 1., 1, 1 1.1 1.1
he(77) = (1= 52)" log(K — 1) = 2(1 — —-)log(1 — 72) — (1 = =) 7= log(1 — =) 7

7(K71)210 K2 K-1, K1

UK SK_-1 Kz BTk

K-1 K? k4 K-1

= K2 (10g(K71)( )_log K2 )

K-1, K@E=2) K2

- Og((K—l)(K—l)K—l)

K2
_ 2K
K? (K -1)K
K—-1
= ?(2KlogK7Klog(K7 1))
2(K -1 K-1
K-1 K?

- ]
K ®K_1

1
=log K — ?logK—F

log(K —1)

K—-1 ) K
K Bk _1
On the other hand, the upper bound of entropy H is log K, i.e., My = log K. Thus, Klim Mg —

—+o0
_ 1 K—1 K _
MHC—KgwalogK——logf—O. O
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B ADDITIONAL EXPERIMENTS

B.1 SENSITIVITY ANALYSIS ON HYPERPARAMETER «

For the hyperparameter of the percentage of the separation threshold «, we conduct experiments
with « in the set of {0.5, 0.6, 0.7} on the Office (A—D), Office-Home (Ar—Cl) and VisDA datasets.
Results from Fig. 5 show that o = 0.6 works well for the three tasks. Thus, the threshold percentage
in eq. (4) is set as 0.6 in all the experiments.

851 oo

80 |
wrsf e —
§ Ar-Cl
T 00 wr-c

65

601 7

0.5 0.6 07

Figure 5: Performance with different c.

B.2 MORE ABLATION RESULTS ON L1

To analyze the effectiveness of the likelihood-induced energy loss Lgp 1, we conduct experiments on
Office-31 (W—A). Fig. 6a and Fig. 6b show the confidence-guided entropy distributions of target
known- and unknown-class data without and with Lg; w.r.t the target model. Accuracy, Precision,
Recall and F1-Score of the ablation on Lg; are presented in Fig. 6¢. It can be observed that the
binary classification performance to separate the target known- and unknown-class data is improved
by adding the proposed likelihood-induced energy loss Lgy ..

Value of Metrics

02 02 \ E2w/o ey
£

00 00
55 oo 05 10 15 20 25 30 35 65 00 os 1o 15 20 25 30 35 Accuracy Precision Recall F1-Score
Entropy Entropy

(a) E? without Lg (b) E2 (c) Quantitative Results

Figure 6: Confidence-guided entropy distributions of the proposed E? method (a) without Lgpy
and (b) with Lg;; under the W— A task on Office-31 dataset. (c) Quantitative results of Accuracy,
Precision, Recall and F1-Score by using the proposed E? without or with Lg; under the same
threshold for binary classification of target known- and unknown-class data.

B.3 FEATURE VISUALIZATION

To analyze the extracted features visually, Fig. 7 compares the t-SNE (Van der Maaten & Hinton,
2008) results of the source-only model, the OVANet and the proposed E? method on Office-31
(A—W). From Fig. 7, it can be observed that the target known- and unknown classes are more
clearly separated by the proposed E? compared to the OVANet. Moreover, the clusters of target
known classes obtained by the E? are more compact than those of the OVANet.
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Figure 7: t-SNE visualization of the Source-only model, the OVANet and the proposed E? method.
The target unknown-class data is marked in cyan-blue while known-class samples in different colors
represent different classes.

B.4 COMPARING DIFFERENT STRATEGIES FOR TARGET DATA SEPARATION

To validate the effectiveness of the proposed confidence-guided entropy for target data separation,
we compare three different separation strategies based on (1—c)H, (1—c¢)+ H and H., respectively.
Experiments are conducted on Office (A—D), Office-Home (Ar—Cl) and VisDA. For (1 —¢) + H,
the entropy is normalized by dividing by the range, i.e., H/log K. The threshold is set as 0.6(1 —
1/K)log K for (1 —c¢)H,0.6(2 —1/K) for (1 —¢) + H and 0.6 log K for H,. Results from Fig. 8
illustrates that the HScore of the separation strategy based on the proposed H, is higher than that
basedon (1 —c)H or (1 —¢) + H.
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Figure 8: HScore (%) of different strategies for target data separation.

B.5 COMPARISON UNDER DIFFERENT DOMAIN ADAPTATION SETTINGS

In this experiment, our method is compared with source-accessible and source-free methods un-
der open-set (ODA), partial- and closed-set domain adaptation (PDA and CDA). Source-accessible
method is (OVANet) (Saito & Saenko, 2021). Source-free methods are: Source Hypothesis Trans-
fer (SHOT) (Liang et al., 2020), Inheritable models (Inheritune) (Kundu et al., 2020a) and Universal

Table 5: HScore (%) with class split (|C*|/|C|/|C?|=0/10/11) on Office-31 dataset under source-free
open-set domain adaptation. The best and the second-best results are marked as bold and underlined,
respectively.

Method ‘ A—=D A—-W D—A D—=W W—=A W=D ‘ Avg.

SHOT 77.0 70.3 66.3 83.7 58.6 84.6 | 735
Inheritune | 73.3 766  80.1 87.7 81.3 9.7 | 816
USFDA 804 69.9 817 923 785 93.7 | 828
E® (Ours) | 811 85.4 778 95.1 76.4 90.1 | 843
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Table 6: HScore (%) with class split (|C*|/|C|/|Ct|=0/25/40) on Office-Home dataset under source-
free open-set domain adaptation.

Method \Ar—)Cl Ar—Pr Ar—Re Cl—Ar Cl—Pr Cl—Re Pr—Ar Pr—Cl Pr—Re Re—Ar Re—Cl Re—>Pr\Avg.

SHOT 39.8 41.0 47.8 54.4 48.1 445 57.6 422 474 59.1 415 435 |472
Inheritune | 56.1 57.5 67.2 50.6 58.4 62.7 46.8 50.7 63.2 54.5 53.5 639 |57.1
USFDA 46.8 59.3 65.5 48.1 59.0 65.7 56.8 50.4 67.1 56.1 48.9 68.9 |57.7

E2(Ours) ‘ 58.0 65.3 71.7 58.7 64.1 66.3 56.8 52.1 71.5 67.0 58.5 68.6 ‘63.2

65 60
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Figure 9: Results (%) on VisDA dataset with different number of private (unknown) classes in the
target domain under open-set domain adaptation.

Source-free Domain Adaptation (USFDA) (Kundu et al., 2020b). Results in this section are obtained
by the implementation of their official codes.

Open-set Domain Adaptation. For ODA, results of HScore on the Office-31 and Office-Home
datasets are recorded in Table 5 and Table 6, respectively. Results of OS, OS* and HScore on the
VisDA dataset are shown in Fig. 9 with varying number of target unknown classes (# Unknown
classes=6 is the usual class split case for ODA). From Table 5, it can be observed that the proposed
E? achieves the highest average HScore on Office-31 and Office-Home datasets compared with
the state of the art. The average HScore of our method is 2.7% higher than the Inheritune which
is tailored-made for open-set source-free domain adaptation. Table 6 shows that the proposed E?
achieves the highest average HScore which is 6.1% higher than the Inheritune. In Fig. 9, the results
including OS, OS* and HScore under different openness show that the proposed method gives a
notable improvement over SHOT and OVANet.

Partial- and Closed-Set Domain Adaptation. For PDA and CDA, the results of OS* on the Office-
31 (A—D, A—W and W—D) and Office-Home (Ar—Pr, CI—+Re, Pr—Cl and Re—Pr) datasets
under different openness are shown in Fig. 10 and Fig. 11, respectively. When the number of target
classes is 31 for Office-31 and 65 for Office-Home dataset, it becomes the CDA problem with the
same set of classes across domains. Fig. 10 shows that the proposed method E2 achieves the highest
OS* compared with the USFDA and OVANet under different numbers of target classes. In Fig. 11,
the proposed method E? achieves higher OS * than the OVANet. It can be observed that the proposed

90 o S —e- E2 j S 100 &= B S
as] o T USFDA 0 J e . - ]
TS=-o_ -e- OVANet / R . B
80 Teeld i 98 -
70 :
FE . ¢ - -e- FE
T S . S .
950 v 60 e ©n 96 USFDA
© g © r © o~ OVANet
651 o
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60 ; ce- E2
4017 USFDA
55 ¢ -e- OVANet 92
5 10 31 5 10 31 5 10 31
# Target classes # Target classes # Target classes
(a) A—D (b) AW () W=D

Figure 10: OS* (%) on Office-31 dataset with different number of target classes in the target domain
under partial- and closed-set domain adaptation.
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Figure 11: OS* (%) on Office-Home dataset with different number of target classes in the target
domain under partial- and closed-set domain adaptation.

method E? without the likelihood-induced energy loss Lgp 1, i.e., E? w/o Lg1L, is even better than
the OVANet in some cases under the performance metric of OS* .

19



	Introduction
	Related Work
	Method
	Confidence-guided Entropy Discrimination
	Likelihood-induced Energy Optimization
	Theoretical Analysis in Physics

	Experiments
	Experiment Setup
	Comparison Results
	Ablation Study

	Conclusion
	Supplemental Theoretical Analysis
	Proof of proposition 1
	Proof of Proposition 2
	Relation between Energy E(x,i) and Classification Score fi(x)
	Relation between Maximums of Entropy H and Confidence-guided Entropy Hc

	Additional Experiments
	Sensitivity Analysis on Hyperparameter 
	More Ablation Results on LELL
	Feature Visualization
	Comparing Different Strategies for Target Data Separation
	Comparison under Different Domain Adaptation Settings


