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ABSTRACT

Active domain adaptation (DA) aims to maximally boost the model adaptation on
a new target domain by actively selecting limited target data to annotate, whereas
traditional active learning methods may be less effective since they do not consider
the domain shift issue. Despite active DA methods address this by further proposing
targetness to measure the representativeness of target domain characteristics, their
predictive uncertainty is usually based on the prediction of deterministic models,
which can easily be miscalibrated on data with distribution shift. Considering
this, we propose a Dirichlet-based Uncertainty Calibration (DUC) approach for
active DA, which simultaneously achieves the mitigation of miscalibration and the
selection of informative target samples. Specifically, we place a Dirichlet prior
on the prediction and interpret the prediction as a distribution on the probability
simplex, rather than a point estimate like deterministic models. This manner enables
us to consider all possible predictions, mitigating the miscalibration of unilateral
prediction. Then a two-round selection strategy based on different uncertainty
origins is designed to select target samples that are both representative of target
domain and conducive to discriminability. Extensive experiments on cross-domain
image classification and semantic segmentation validate the superiority of DUC.

1 INTRODUCTION

Despite the superb performances of deep neural networks (DNNs) on various tasks (Krizhevsky:
et al.,[2012; |Chen et al., 2015), their training typically requires massive annotations, which poses
formidable cost for practical applications. Moreover, they commonly assume training and testing data
follow the same distribution, making the model brittle to distribution shifts (Ben-David et al., 2010).
Alternatively, unsupervised domain adaptation (UDA) has been widely studied, which assists the
model learning on an unlabeled target domain by transferring the knowledge from a labeled source
domain (Ganin & Lempitskyl 2015; Long et al.l |2018). Despite the great advances of UDA, the
unavailability of target labels greatly limits its performance, presenting a huge gap with the supervised
counterpart. Actually, given an acceptable budget, a small set of target data can be annotated to
significantly boost the performance of UDA. With this consideration, recent works (Fu et al., 2021}
Prabhu et al.|2021)) integrate the idea of active learning (AL) into DA, resulting in active DA.

The core of active DA is to annotate the most valuable target samples for maximally benefiting the
adaptation. However, traditional AL methods based on either predictive uncertainty or diversity are
less effective for active DA, since they do not consider the domain shift. For predictive uncertainty
(e.g., margin (Joshi et al.| 2009), entropy (Wang & Shang| 2014)) based methods, they cannot measure
the target-representativeness of samples. As a result, the selected samples are often redundant and
less informative. As for diversity based methods (Sener & Savarese}, |2018} Nguyen & Smeulders,
2004), they may select samples that are already well-aligned with source domain (Prabhu et al.|
2021). Aware of these, active DA methods integrate both predictive uncertainty and targetness into
the selection process (Su et al.| [2019; [Fu et al.| 2021; [Prabhu et al., 2021). Yet, existing focus is
on the measurement of targetness, e.g., using domain discriminator (Su et al., [2019)) or clustering
(Prabhu et al., 2021). The predictive uncertainty they used is still mainly based on the prediction of
deterministic models, which is essentially a point estimate (Sensoy et al.,2018) and can easily be
miscalibrated on data with distribution shift (Guo et al.,[2017). As in Fig. @], standard DNN is
wrongly overconfident on most target data. Correspondingly, its predictive uncertainty is unreliable.
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(a) Standard DNN v.s. Dirichlet-based Model (b) Examples of different prediction distributions
Figure 1: (a): point-estimate entropy of DNN and expected entropy of Dirichlet-based model, where
colors of points denote class identities. Both models are trained with source data. (b): examples of the
prediction distribution of three “monitor” images on the simplex. The model is trained with images
of “keyboard”, “computer” and “monitor” from the Clipart domain of Office-Home dataset. For the
two images from the Real-World domain, the entropy of expected prediction cannot distinguish them,
whereas Uy;s and Uy,tq calculated based on the prediction distribution can reflect what contributes
more to their uncertainty and be utilized to guarantee the information diversity of selected data.

To solve this, we propose a Dirichlet-based Uncertainty Calibration (DUC) method for active DA,
which is mainly built on the Dirichlet-based evidential deep learning (EDL) (Sensoy et al.}, 2018)). In
EDL, a Dirichlet prior is placed on the class probabilities, by which the prediction is interpreted as
a distribution on the probability simplex. That is, the prediction is no longer a point estimate and
each prediction occurs with a certain probability. The resulting benefit is that the miscalibration of
unilateral prediction can be mitigated by considering all possible predictions. For illustration, we plot
the expected entropy of all possible predictions using the Dirichlet-based model in Fig. [[(a)] And we
see that most target data with domain shift are calibrated to have greater uncertainty, which can avoid
the omission of potentially valuable target samples in deterministic model based-methods.

Besides, based on Subjective Logic 2016), the Dirichlet-based evidential model intrinsically
captures different origins of uncertainty: the lack of evidences and the conflict of evidences. This
property further motivates us to consider different uncertainty origins during the process of sample
selection, so as to comprehensively measure the value of samples from different aspects. Specifically,
we introduce the distribution uncertainty to express the lack of evidences, which mainly arises from
the distribution mismatch, i.e., the model is unfamiliar with the data and lacks knowledge about it. In
addition, the conflict of evidences is expressed as the data uncertainty, which comes from the natural
data complexity, e.g., low discriminability. And the two uncertainties are respectively captured by
the spread and location of the Dirichlet distribution on the probability simplex. As in Fig. [[(b)] the
real-world style of the first target image obviously differs from source domain and presents a broader
spread on the probability simplex, i.e., higher distribution uncertainty. This uncertainty enables
us to measure the targetness without introducing the domain discriminator or clustering, greatly
saving computation costs. While the second target image provides different information mainly from
the aspect of discriminability, with the Dirichlet distribution concentrated around the center of the
simplex. Based on the two different origins of uncertainty, we design a two-round selection strategy
to select both target-representative and discriminability-conducive samples for label query.

Contributions: 1) We explore the uncertainty miscalibration problem that is ignored by existing
active DA methods, and achieve the informative sample selection and uncertainty calibration simulta-
neously within a unified framework. 2) We provide a novel perspective for active DA by introducing
the Dirichlet-based evidential model, and design an uncertainty origin-aware selection strategy to
comprehensively evaluate the value of samples. Notably, no domain discriminator or clustering
is used, which is more elegant and saves computation costs. 3) Extensive experiments on both
cross-domain image classification and semantic segmentation validate the superiority of our method.

2 RELATED WORK

Active Learning (AL) aims to reduce the labeling cost by querying the most informative samples to
annotate (Ren et al.,|2022), and the core of AL is the query strategy for sample selection. Committee-
based strategy selects samples with the largest prediction disagreement between multiple classifiers

(Seung et all, [1992; [Dagan & Engelsonl [T995). Representative-based strategy chooses a set of
representative samples in the latent space by clustering or core-set selection (Nguyen & Smeulders|
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2004; Sener & Savarese), |2018)). Uncertainty-based strategy picks samples based on the prediction
confidence (Lewis & Catlett, |1994), entropy (Wang & Shang, 2014; |[Huang et al., 2018)), etc, to
annotate samples that the model is most uncertain about. Although these query strategies have shown
promising performances, traditional AL usually assumes that the labeled data and unlabeled data
follow the same distribution, which may not well deal with the domain shift in active DA.

Active Learning for Domain Adaptation intends to maximally boost the model adaption from
source to target domain by selecting the most valuable target data to annotate, given a limited labeling
budget. With the limitation of traditional AL, researchers incorporate AL with additional criteria of
targetness (i.e., the representativeness of target domain). For instance, besides predictive uncertainty,
AADA (Su et al.l 2019) and TQS (Fu et al}2021) additionally use the score of domain discriminator
to represent targetness. Yet, the learning of domain discriminator is not directly linked with the
classifier, which may cause selected samples not necessarily beneficial for classification. Another line
models targetness based on clustering, e.g., CLUE (Prabhu et al.,|2021)) and DBAL (Deheeger et al.,
2021)). Differently, EADA (Xie et al.| 2021) represents targetness as free energy bias and explicitly
reduces the free energy bias across domains to mitigate the domain shift. Despite the advances, the
focus of existing active DA methods is on the measurement of targetness. Their predictive uncertainty
is still based on the point estimate of prediction, which can easily be miscalibrated on target data.

Deep Learning Uncertainty measures the trustworthiness of decisions from DNNs. One line of
the research concentrates on better estimating the predictive uncertainty of deterministic models via
ensemble (Lakshminarayanan et al.l[2017) or calibration (Guo et al.,|2017)). Another line explores to
combine deep learning with Bayesian probability theory (Denker & LeCunl [1990;|Goan & Fookes,
2020). Despite the potential benefits, BNNs are limited by the intractable posterior inference and
expensive sampling for uncertainty estimation (Amini et al., |2020). Recently, evidential deep learning
(EDL) (Sensoy et al., [2018]) is proposed to reason the uncertainty based on the belief or evidence
theory (Dempster, 2008}, Jgsang, |2016)), where the categorical prediction is interpreted as a distribution
by placing a Dirichlet prior on the class probabilities. Compared with BNNs which need multiple
samplings to estimate the uncertainty, EDL requires only a single forward pass, greatly saving
computational costs. Attracted by the benefit, TNT (Chen et al., [2022) leverages it for detecting
novel classes, GKDE |Zhao et al.|(2020) integrates it into graph neural networks for detecting out-of-
distribution nodes, and TCL (Li et al.||2022)) utilizes it for trustworthy long-tailed classification. Yet,
researches on how to effectively use EDL for active DA remain scarce.

3 DIRICHLET-BASED UNCERTAINTY CALIBRATION FOR ACTIVE DA

3.1 PROBLEM FORMULATION

Formally, in active DA, there are a labeled source domain & = {xf,y7}:*, and an unlabeled target

domain 7 = {x%}"2,, where y? € {1,2,---,C} is the label of source sample x} and C is the
number of classes. Following the standard setting in (Fu et al., 2021)), we assume that source and
target domains share the same label space Y = {1,2,--- ,C} but follow different data distributions.

Meanwhile, we denote a labeled target set as 7, which is an empty set @ initially. When training
reaches the active selection step, b unlabeled target samples will be selected to query their labels from
the oracle and added into 7. Then we have 7 = 7' U T*, where T is the remaining unlabeled
target set. Such active selection step repeats several times until reaching the total labeling budget B.

To get maximal benefit from limited labeling budget, the main challenge of active DA is how to
select the most valuable target samples to annotate under the domain shift, which has been studied
by several active DA methods (Su et al.| 2019; [Fu et al., 2021} |Prabhu et al., [2021; [Deheeger et al.,
2021} [Xie et al., 2021). Though they have specially considered targetness to represent target domain
characteristics, their predictive uncertainty is still mainly based on the prediction of deterministic
models, which can easily be miscalibrated under the domain shift, as found in (Lakshminarayanan
et al.l 2017} |Guo et al., 2017). Instead, we tackle active DA via the Dirichlet-based evidential model,
which treats categorical prediction as a distribution rather than a point estimate like previous methods.

3.2 PRELIMINARY OF DIRICHLET-BASED EVIDENTIAL MODEL

Let us start with the general C-class classification. X denotes the input space and the deep model f
parameterized with @ maps the instance € X into a C-dimensional vector, i.e., f : X — R®. For
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standard DNN, the softmax operator is usually adopted on the top of f to convert the logit vector into
the prediction of class probability vector ;ﬂ while this manner essentially gives a point estimate of p
and can easily be miscalibrated on data with distribution shift (Guo et al., [2017).

To overcome this, Dirichlet-based evidential model is proposed by Sensoy et al.|(2018), which treats
the prediction of class probability vector p as the generation of subjective opinions. And each subjec-
tive opinion appears with certain degrees of uncertainty. In other words, unlike traditional DNNs,
evidential model treats p as a random variable. Specifically, a Dirichlet distribution, the conjugate
prior distribution of the multinomial distribution, is placed over p to represent the probability density
of each possible p. Given sample x;, the probability density function of p is denoted as

F(Zc 1 Cic) aie—1 c
p(plm” 0) = Dlr(p‘az) = { T1S, D(aie) Hc 1Pe ) 'Lf pE A e >0, (1)

, otherwise

where «; is the parameters of the Dirichlet distribution for sample x;, I'(+) is the Gamma function
and A is the C-dimensional unit simplex: A® = {p| chzl pe = 1 and Vp.,0 < p. < 1}. For
a, it can be expressed as a; = g(f(x;, 0)), where g(+) is a function (e.g., exponential function) to
keep «; positive. In this way, the prediction of each sample is interpreted as a distribution over the
probability simplex, rather than a point on it. And we can mitigate the uncertainty miscalibration by
considering all possible predictions rather than unilateral prediction.

Further, based on the theory of Subjective Logic (Jgsang, 2016) and DST (Dempster, 2008)), the
parameters ¢; of Dirichlet distribution is closely linked with the evidences collected to support the
subjective opinion for sample x;, via the equation e; = a¢; — 1 where e; is the evidence vector. And
the uncertainty of each subjective opinion p also relates to the collected evidences. Both the lack
of evidences and the conflict of evidences can result in uncertainty. Having the relation between o;
and evidences, the two origins of uncertainty are naturally reflected by the different characteristics of
Dirichlet distribution: the spread and the location over the simplex, respectively. As shown in Fig.
[L(D)] opinions with lower amount of evidences have broader spread on the simplex, while the opinions
with conflicting evidences locate close to the center of the simplex and present low discriminability.

Connection with softmax-based DNNs. Considering sample x;, the predicted probability for class
c can be denoted as Eq. (2)), by marginalizing over p. The derivation is in Sec. [E.T|of the appendix.

Qic g(fc(mhe))
P(y = cle.,6) = [ ply = clp)p(plai, O)dp— -
Shor i Xy 9(fe(xi,0))
Specially, if g(-) adopts the exponential function, then softmax-based DNNs can be viewed as
predicting the expectation of Dirichlet distribution. However, the marginalization process will
conflate uncertainties from different origins, making it hard to ensure the information diversity of
selected samples, because we do not know what information the sample can bring.

=E[Dir(pc|lai)]. (2)

3.3 SELECTION STRATEGY WITH AWARENESS OF UNCERTAINTY ORIGINS

In active DA, to gain the utmost benefit from limited labeling budget, the selected samples ideally
should be 1) representative of target distribution and 2) conducive to discriminability. For the former,
existing active DA methods either use the score of domain discriminator (Su et al.| 2019; |Fu et al.,
2021)) or the distance to cluster centers (Prabhu et al.| 2021} [Deheeger et al.|[2021)). As for the latter,
predictive uncertainty (e.g., margin (Xie et al., 2021}, entropy (Prabhu et al., 2021))) of standard
DNNss is utilized to express the discriminability of target samples. Differently, we denote the two
characteristics in a unified framework, without introducing domain discriminator or clustering.

For the evidential model supervised with source data, if target samples are obviously distinct from
source domain, e.g., the realistic v.s. clipart style, the evidences collected for these target samples
may be insufficient, because the model lacks the knowledge about this kind of data. Built on this, we
use the uncertainty resulting from the lack of evidences, called distribution uncertainty, to measure
the targetness. Specifically, the distribution uncertainty Ug;, of sample x; is defined as

C
Udis(wja 0) - I yv |wjv ZP]C( a]c + 1 Zajk + )) - ZﬁjclOgﬁjca (3)
c=1

1

p=I[p1,p2,--,pc]" =[Ply=1),P(y=2),---,P(y=C)]" is a vector of class probabilities.
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Figure 2: Illustration of DUC. When the training reaches the active selection steps, the distribution
uncertainty Uy, and data uncertainty Uy, of unlabeled target samples are calculated according
to the Dirichlet distribution with parameter ce. Then kb samples with the highest Uy;s are chosen
in the first round. In the second round, according to Ug,t,, We select the top b samples from the
instances chosen in the first round to query their labels. These labeled target samples are added into
the supervised learning. When reaching the total labeling budget B, the active selection stops.

where 6 is the parameters of the evidential deep model, 9/(-) is the digamma function and p;. =
E[Dir(pc|o)]. Here, we use mutual information to measure the spread of Dirichlet distribution on
the simplex like Malinin & Gales|(2018). The higher Uy; indicates larger variance of opinions due
to the lack of evidences, i.e., the Dirichlet distribution is broadly spread on the probability simplex.

For the discriminability, we also utilize the predictive entropy to quantify. But different from previous
methods which are based on the point estimate (i.e., the expectation of Dirichlet distribution), we
denote it as the expected entropy of all possible predictions. Specifically, given sample z; and model
parameters 6, the data uncertainty Uz, is expressed as

C C
Udata(wja 0) £ E;D(p\acjﬂ) [H[P(y|p)]] = Zﬁjc (1/’(2 Qjk + 1) - w(ajc + 1)) : “4)
c=1 k=1

Here, we do not adopt H [E[Dir(p|c;)]], i.e., the entropy of point estimate, to denote data uncertainty,
in that the expectation operation will conflate uncertainties from different origins as shown in Eq. ).

Having the distribution uncertainty Uy;s and data uncertainty Uy, We select target samples accord-
ing to the strategy in Fig. 2] In each active selection step, we select samples in two rounds. In the first
round, top kb target samples with highest Uy; s are selected. Then according to data uncertainty U 44,
we choose the top b target samples from the candidates in the first round to query labels. Experiments
on the uncertainty ordering and selection ratio in the first round are provided in Sec. [D.T]and Sec. {3]

Relation between Uy, Uqyqt, and typical entropy. Firstly, according to Eq. (2), the typical entropy
of sample x; can be denoted as H[P(y|x;,0)] = H[E[Dir(p|la;)]] = — Zil pjclogp., where
pjc = E[Dir(pc|a;)]. Then we have Ugis(;,0) + Udata(x;,0) = H[P(y|z;,0)], by adding Eq.
(3) and Eq. [ together. We can see that our method actually equals to decomposing the typical
entropy into two origins of uncertainty, by which our selection criteria are both closely related to
the prediction. While the targetness measured with domain discriminator or clustering centers is not
directly linked with the prediction, and thus the selected samples may already be nicely classified.

Discussion. Although Malinin & Gales|(2018) propose Dirichlet Prior Network (DPN) to distinguish
between data and distribution uncertainty, their objective differs from us. Malinin & Gales|(2018)
mainly aims to detect out-of-distribution (OOD) data, and DPN is trained using the KL-divergence
between the model and the ground-truth Dirichlet distribution. Frustratingly, the ground-truth
Dirichlet distribution is unknown. Though they manually construct a Dirichlet distribution as the
proxy, the parameter of Dirichlet for the ground-truth class still needs to be set by hand, rather than
learned from data. In contrast, by interpreting from an evidential perspective, our method does
not require the ground-truth Dirichlet distribution and automatically learns sample-wise Dirichlet
distribution by maximizing the evidence of ground-truth class and minimizing the evidences of wrong
classes, which is shown in Sec. 3.4 Besides, they expect to generate a flat Dirichlet distribution for
OOD data, while this is not desired on our target data, since our goal is to improve their accuracy.
Hence, we additionally introduce losses to reduce the distribution and data uncertainty of target data.
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3.4 EVIDENTIAL MODEL LEARNING

To get reliable and consistent opinions for labeled data, the evidential model is trained to generate
sharp Dirichlet distribution located at the corner of the simlpex for these labeled data. Concretely,
we train the model by minimizing the negative logarithm of the marginal likelihood (£,,;;) and the
KL-divergence between two Dirichlet distributions (L 1,). L, is expressed as

Lo = ni > —log (/p(y = yilp)p(p\wiﬁ)dp) + ﬁ > —log (/p(y = yjlp)p(p\wjﬁ)dp>

®iES x;eT!
= nié ZSZITM (log Zazc IOgClic) ‘Tl lelT]C (log Zajc log(jgjc>7 (5)
PiES o= €Tl c=

where ;. /T . is the c-th element of the one-hot label vector X; /X ; of sample x;/x;. Ly is
minimized to ensure the correctness of prediction. As for L, it is denoted as

ﬁkl =

ir(plés)|| Dir(p[1)] + S KL[Dir(pl&)||Dir(pl1)],  (6)

xj eT!

C- |7'l

:z:ES

where &;/; = Y;/; + (1 — Y;/;) O ;5 and () is the element-wise multiplication. &;/; can be
seen as removing the evidence of ground-truth class. Minimizing Ly; will force the evidences of other
classes to reduce, avoiding the collection of mis-leading evidences and increasing discriminability.
Here, we divide the KL-divergence by the number of classes, since its scale differs largely for different
C. Due to the space limitation, the computable expression is given in Sec. [E.4]of the appendix.

In addition to the training on the labeled data, we also explicitly reduce the distribution and data
uncertainties of unlabeled target data by minimizing £,,,,, which is formulated as

Z Udzs wk, Z Udata mk, 7 (7)

mkGT“ mkGT“

Lun = ﬂ‘CUdis + /\l:Udata =

where 3 and X are two hyper-parameters to balance the two losses. On the one hand, this regularizer
term is conducive to improving the predictive confidence of some target samples. On the other hand,
it contributes to selecting valuable samples, whose uncertainty can not be easily reduced by the model
itself and external annotation is needed to provide more guidance. To sum up, the total training loss is

Liotal = Leai + Lun = (Lo + L) + (BLu,,, + Ay, )- 3

The training procedure of DUC is shown in Sec. [B|of the appendix. And for the inference stage, we
simply use the expected opinion, i.e., the expectation of Dirichlet distribution, as the final prediction.

Discussion. Firstly, £,,;;, L1; are actually widely used in EDL-inspired methods for supervision, e.g.,
Bao et al.|(2021)); (Chen et al.|(2022); [Li et al.| (2022). Secondly, our motivation and methodology
differs from EDL. EDL does not consider the origin of uncertainty, since it is mainly proposed for
OOD detection, which is less concerned with that. And models can reject samples as long as the
total uncertainty is high. By contrast, our goal is to select the most valuable target samples for model
adaption. Though target samples can be seen as OOD samples to some extent, simply sorting them
by the total uncertainty is not a good strategy, since the total uncertainty can not reflect the diversity
of information. A better choice is to measure the value of samples from multiple aspects. Hence, we
introduce a two-round selection strategy based on different uncertainty origins. Besides, according to
the results in Sec. [D.5] our method can empirically mitigate the domain shift by minimizing Ly, ,
which makes our method more suitable for active DA. Comparatively, this is not included in EDL.

Time Complexity of Query Selection. The consumed time in the selection process mainly comes
from the sorting of samples. In the first round of each active section step, the time complexity is
O(|T*[log|T*|). And in the second round, the complexity is O((xb)log(xb)). Thus, the complexity
of each selection step is O(|T“|log|T“\) + O((rb)log(kb)). Assuming the number of total selection
steps is 7, then the total complexity is Y. _, (O(|T,%[log|T,%]) + O((rb)log(xb))), where T, is the
unlabeled target set in the m-th active selection step. Since r is quite small (5 in our paper), and
kb < |T%| < ng, the approximated time complexity is denoted as O(n:logn;).
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Table 1: Accuracy (%) on miniDomainNet with 5% target samples as the labeling budget (ResNet-50).

Method Ap—rPt cp— rel yp—rskt px\t/’c‘p pmﬁ‘e‘ pnt/‘S‘d 1elrelP Pt sk grelD rpnt el Avg
Source-only 52.1 63.0 49.4 559 73.0 SI.1 56.8 61.0 50.0 54.0 48.9 60.3 56.3
Random 61.6 78.7 61.6 64.0 78.7 63.7 60.5 64.3 61.1 64.8 58.7 75.2 66.1
BvSB (Joshi et al.||2009) 63.2 77.9 62.7 66.7 80.5 64.9 64.3 67.0 62.2 67.6 62.5 71.8 68.1
Entropy (Wang & Shangl2014) | 63.3 78.3 61.0 65.7 81.4 63.2 63.3 66.2 63.0 67.9 60.5 78.3 67.7
CoreSet (Sener & Savarese/2018)| 62.6 78.3 60.2 62.1 79.9 63.6 63.6 65.2 59.1 63.1 62.3 78.1 66.5
WAAL (Shui et al.|[2020) 63.2 80.2 62.1 60.6 80.3 64.6 62.9 64.1 59.5 65.4 61.8 78.6 66.9
BADGE (Ash et al.[[2020) 64.3 80.8 63.5 65.2 80.2 63.8 65.9 65.4 63.4 66.7 63.3 79.2 68.5
AADA (Su et al.[[2019] 62.4 715 61.7 61.9 79.7 61.1 65.6 66.0 60.8 65.1 62.1 80.0 67.0
DBAL (Deheeger et al.||2021}) 62.9 79.2 60.8 64.6 78.1 62.5 65.6 65.2 59.2 66.3 61.3 80.3 67.2
TQS (Fu et al.|[2021} 67.8 82.0 65.4 67.5 84.8 66.1 63.8 67.2 62.5 71.1 64.4 81.6 70.4
CLUE (Prabhu et al.[[2021) 57.6 71.5 58.6 58.9 76.8 65.9 66.3 60.2 60.5 66.2 58.7 76.0 65.3
EADA (Xie et al.{ 2021} 66.0 80.8 63.5 69.4 83.0 65.1 71.1 68.6 65.7 71.0 64.3 81.0 70.8
DUC 67.14+0.4 81.1+0.5 67.1+0.5 74.0-0.6 83.5+0.3 67.6+0.3 72.4+0.7 70.3+0.4 66.5+0.4 73.5+0.3 70.0+0.5 81.1+0.3/72.9+0.4
Fully-supervised 74.8 89.2 73.8 82.9 89.2 75.1 82.4 75.6 74.9 82.7 73.8 88.7 80.3

For miniDomainNet, since these compared baselines do not report the results on this dataset, we report our own runs based on their open source code.

Table 2: Accuracy (%) on Office-Home and VisDA-2017 with 5% target samples as the labeling

budget (ResNet-50).

Method VisDA—ZOH Office-Home
Synthetic—Real| Ar—Cl Ar—Pr Ar—Rw Cl—Ar CI=Pr CI-Rw Pr—Ar Pr—Cl Pr—Rw Rw—Ar Rw—Cl Rw—Pr| Avg
Source-only 447 £0.1 42.1 66.3 733 50.7 59.0 62.6 51.9 379 712 65.2 42.6 76.6 583
Random 78.1 £0.6 525 74.3 774 563 69.7 68.9 57.7 50.9 758 70.0 54.6 81.3 65.8
BvSB (Joshi et al.|2009) 813+ 04 56.3 78.6 793 58.1 74.0 70.9 59.5 526 712 712 56.4 84.5 68.2
Entropy (Wang & Shang|2014] 82.7+0.3 58.0 78.4 79.1 60.5 73.0 72.6 60.4 54.2 77.9 71.3 58.0 83.6 68.9
CoreSet (Sener & Savaresel[2018)|  81.9 £ 0.3 51.8 72.6 759 583 68.5 70.1 58.8 48.8 752 69.0 527 80.0 65.1
WAAL (Shui et al. {20207 839+ 04 557 77.1 793 61.1 74.7 72.6 60.1 52.1 78.1 70.1 56.6 82.5 68.3
BADGE (Ash et al.|[2020} 843+03 582 79.7 799 61.5 74.6 729 61.5 56.0 783 714 60.9 84.2 69.9
AADA (Su et al. 12019} 80.8 £ 0.4 56.6 78.1 79.0 585 73.7 71.0 60.1 53.1 77.0 70.6 57.0 84.5 68.3
DBAL (Deheeger et al.|| 2021} 826+ 0.3 58.7 713 79.2 61.7 73.8 733 62.6 54.5 78.1 724 59.9 84.3 69.6
TQS (Fu et al. 2021} 83.1+04 58.6 81.1 815 61.1 76.1 733 61.2 54.7 79.7 734 589 86.1 70.5
CLUE (Prabhu et al.}||2021] 852+04 58.0 79.3 80.9 68.8 715 76.7 66.3 579 81.4 75.6 60.8 86.3 725
EADA (Xie et al. ] 20217 883+ 0.1 63.6 84.4 83.5 70.7 83.7 . 73.0 63.5 852 78.4 65.4 88.6 76.7

DUC 88.9+0.2  65.5+0.3 84.940.2 84.3+0.4 73.0+0.4 83.440.2 81.1::0.3 73.940.3 66.6--0.5 85.4+0.2 80.1+0.2 69.2:+0.3 88.8+0.178.0+0.3

Fully-supervised 933 | 95.6 99.5 99.5 99.3 99.6 99.5 99.3 95.8 99.5 99.5 95.6 99.5 98.5

4 EXPERIMENTS

4.1 EXPERIMENTAL SETUP

We evaluate DUC on three cross-domain image classification datasets: miniDomainNet (Zhou et al.
2021), Office-Home (Venkateswara et al.,|[2017), VisDA-2017 (Peng et al.,[2017), and two adaptive
semantic segmentation tasks: GTAV (Richter et al| [2016) — Cityscapes (Cordts et al.| |2016)),
SYNTHIA (Ros et al.} |2016) — Cityscapes. For image classification, we use ResNet-50 (He et al.,
2016) pre-trained on ImageNet (Deng et al., [2009) as the backbone. Following (Xie et al., [2021)),
the total labeling budget B is set as 5% of target samples, which is divided into 5 selection steps,
i.e., the labeling budget in each selection step is b = B/5 = 1% x n;. We adopt the mini-batch
SGD optimizer with batch size 32, momentum 0.9 to optimize the model. As for hyper-parameters,
we select them by the grid search with deep embedded validation (DEV) (You et al.}2019) and use
B =1.0,\ =0.05, k = 10 for image classification. For semantic segmentation, we adopt DeepLab-
v2 (Chen et al.| [2015) and DeepLab-v3+ (Chen et al.,|2018) with the backbone ResNet-101 (He et al.|
2016), and totally annotate 5% pixels of target images. Similarly, the mini-batch SGD optimizer is
adopted, where batch size is 2. And we set 5 = 1.0, A = 0.01, x = 10 for semantic segmentation. For
all tasks, we report the mean=std of 3 random trials, and we perform fully supervised training with the
labels of all target data as the upper bound. Detailed dataset description and implementation details
are given in Sec|C|of the appendix. Code is available athttps://github.com/BIT-DA/DUC,

4.2 MAIN RESULTS

4.2.1 IMAGE CLASSIFICATION

Results on miniDomainNet are summarized in Table [I] where clustering-based methods (e.g.,
DBAL, CLUE) seem to be less effective than uncertainty-based methods (e.g., TQS, EADA) on the
large-scale dataset. This may be because the clustering becomes more difficult with the increase
of data scale. Contrastively, our method works well with the large-scale dataset. Moreover, DUC
surpasses the most competitive rival EADA by 2.1% on average accuracy. This is owed to our better
estimation of predictive uncertainty by interpreting the prediction as a distribution, while EADA only
considers the point estimate of predictions, which can easily be miscalibrated.

Results on Office-Home are reported in Table [2, where active DA methods (e.g., DBAL, TQS,
CLUE) generally outperform AL methods (e.g., Entropy, CoreSet, WAAL), showing the necessity of
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Table 3: mloU (%) comparisons on the task GTAV — Cityscapes.

Method budget | road gide. puil wall fence pole Yight sign veg. (et sky pers: rider car wucK pus rain motor pike [ mioU
Source-only - 758 168 772 125 21.0 255 30.1 20.1 81.3 246 70.3 538 264 499 172 259 65 253 36.0| 36.6
MRKLD (Zou et al.|2019] - 91.0 554 80.0 337 214 373 329 245 850 34.1 80.8 57.7 24.6 84.1 27.8 30.1 269 260 423| 47.1
Seg-Uncertainty (Zheng & Yang[2021} - 90.4 31.2 851 369 256 37.5 488 485 853 34.8 81.1 644 36.8 863 349 522 1.7 29.0 44.6| 503
TPLD (Shin et al.{ 2020 - 942 60.5 828 36.6 16.6 393 29.0 255 85.6 449 844 60.6 274 84.1 37.0 47.0 312 36.1 50.3]| 51.2
ProDA (Zhang et al.[[2021) - 87.8 56.0 79.7 46.3 44.8 45.6 53.5 53.5 88.6 452 82.1 70.7 39.2 88.8 455 594 1.0 489 564|575
EADA (Xie et al.|2021) 5% - - - - - - - - - - - - - - - - - - - 65.2
EADA* (Xie et al.[[2021) 5% [96.5 73.8 88.6 513 44.8 409 474 565 89.1 550 91.3 69.2 47.6 90.7 664 649 53.1 524 66.6| 656
DuUC 5% |96.8 762 89.2 532 46.0 425 485 57.6 89.6 585 92.1 729 513 920 62.8 722 485 52.8 70.3| 67.0
Fully-supervised 100% | 97.2 78.1 90.6 545 527 432 542 65.1 90.5 59.9 924 728 50.7 91.8 740 772 67.6 563 70.9]| 70.5
AADA7 (Su et al.[2019} 5% 922 599 873 364 457 46.1 50.6 59.5 883 44.0 90.2 69.7 38.2 90.0 553 45.1 320 32.6 629 59.3
MADA# (Ning et al.|2021} 5% |95.1 69.8 88.5 433 48.7 457 533 59.2 89.1 46.7 91.5 739 50.1 91.2 60.6 569 484 516 68.7| 649
DUC# 5% |959 70.6 89.8 50.7 483 47.8 53.7 59.7 90.3 56.8 93.1 74.7 551 92.8 74.8 779 634 59.5 71.6| 69.8
Fully-supervised” 100% | 96.8 80.4 90.2 48.6 56.8 523 58.6 683 90.2 594 933 758 542 925 749 79.1 71.6 56.8 71.8| 72.2

Methods with # are based on DeepLab-v3+ (Chen et al.J2018] and others are based on DeepLab-v2 {Chen et al. 12015]. Method with budget “-” are the source-only or UDA methods. EADA* denotes
the results are based on our own runs according to the corresponding open source code.

Table 4: mIoU (%) comparisons on the task SYNTHIA — Cityscapes. mloU™ is reported according
to the average of 13 classes, excluding the “wall”, “fence” and “pole”.

Method budget [road side. buil. wall® fence” pole” 1ight sign veg. sky pers- ridel car bus mol® pike [mloU mloU*
Source-only - 643 21.3 73.1 24 1.1 314 7.0 27.7 63.1 67.6 422 199 73.1 153 105 389|349 403
MRKLD (Zou et al.|{2019) - 67.7 322 739 10.7 1.6 374 222 312 80.8 80.5 60.8 29.1 82.8 250 19.4 453|438 50.1
TPLD (Shin et al.||2020} - 80.9 443 822 199 0.3 40.6  20.5 30.1 77.2 80.9 60.6 25.5 84.8 41.1 24.7 43.7| 473 535
Seg-Uncertainty (Zheng & Yang|[2021) - 87.6 419 83.1 147 1.7 36.2 31.3 199 81.6 80.6 63.0 21.8 86.2 40.7 23.6 53.1| 479 549
ProDA (Zhang et al.]2021} - 87.8 457 84.6 37.1 0.6 440 54.6 37.0 88.1 844 742 243 882 51.1 405 456|555 620
DUC 5% 96.1 73.1 88.7 433 39.0 422 499 555 90.7 92.8 73.7 49.2 919 679 459 711|669 728
Fully-supervised 100% |97.3 79.4 89.6 52.8 540 46.7 534 62.6 90.5 929 71.3 50.8 92.1 77.9 554 68.7| 71.0 75.5
AADA7 (Su et al.{2019) 5% (913 57.6 869 37.6 483 450 504 585 8382 90.3 69.4 37.9 89.9 445 328 625|619 662
MADA# (Ning et al.[[2021} 5% 1965 74.6 88.8 459 438 46.7 524 60.5 89.7 922 74.1 51.2 909 60.3 524 69.4| 68.1 73.3
DUC# 5% 963 74.6 894 468 47.6 46.8 49.7 63.1 90.3 91.3 74.7 53.8 93.1 789 57.0 71.0| 70.3 75.6
Fully-supervised# 100% ‘970 804 909 48.6 562 52.1 585 67.4 91.3 934 755 54.2 923 785 56.1 713|727 714

Methods with # are based on DeepLab-v3+ (Chen et al.;2018] and others are based on DeepLab-v2 (Chen et al.}2015]. Method with budget “- are the source-only or UDA methods.

considering targetness. And our method beats EADA by 1.3%, validating the efficacy of regrading
the prediction as a distribution and selecting data based on both the distribution and data uncertainties.

Results on VisDA-2017 are given in Table On this large-scale dataset, our method still works well,
achieving the highest accuracy of 88.9%, which further validates the effectiveness of our approach.

4.2.2 SEMANTIC SEGMENTATION

Results on GTAV— Cityscapes are shown in Table[3] Firstly, we can see that with only 5% labeling
budget, the performance of domain adaptation can be significantly boosted, compared with UDA
methods. Besides, compared with active DA methods (AADA and MADA), our DUC largely
surpasses them according to mloU: DUC (69.8, 10.57) v.s. AADA (59.3), DUC (69.8, 4.97) v.s.
MADA (64.9). This can be explained as the more informative target samples selected by DUC and
the implicitly mitigated domain shift by reducing the distribution uncertainty of unlabeled target data.

Results on SYNTHIA — Cityscapes are presented in Table|4] Due to the domain shift from virtual
to realistic as well as a variety of driving scenes and weather conditions, this adaptation task is
challenging, while our method still achieves considerable improvements. Concretely, according to the
average mloU of 16 classes, DUC exceeds AADA and MADA by 8.4% and 2.2%, respectively. We
owe the advances to the better measurement of targetness and discriminability, which are both closely
related with the prediction. Thus the selected target pixels are really conducive to the classification.

43 ANALYTICAL EXPERIMENTS Table 5: Ablation study of DUC on Office-Home.

Method - L(Es Acfiive Selection Criterion Avg

Ablation Study. Firstly, we try EDL with dif-  — gy e Uaasa [2090M 00Dy Uiy Uuatal
ferent active selection criteria. According to the EDL R - v R R - 71
results of the first four rows in Table [5] variant EDL - - - v - - |7133
A obviously surpasses EDL with other selection ~ VariantA| - - - - vV Al
criteria and demonstrates the superiority of eval- ~ YariantBl v - - -V [166
. . Variant C| - v - - v v 742
uating the sample value from multiple aspects, VaraniD 77 - - — 636
where variant A is actually equivalent to EDL  variantE| v v v B - - 1750
with our two-round selection strategy. Then, we  VariantF| v @ v - v - - 767
study the effects of Ly, and Lyy,,,. The supe-  VariantG| v v - - v -7
riority of variant B over A manifests the necessity ~ VariantH v v/ - - - Y169
of reducing the distributional uncertainty of unla- DU | S = S 5

beled samples, by which domain shift is mitigated. Another interesting observation is that Ly,
does not bring obvious boosts to variant A. We infer this is because the distribution uncertainty
will potentially affect the data uncertainty, as shown in Eq. (2). It is meaningless to reduce Ugqtq
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Ar-Cl Cl-Ar

Ar-Cl Cl>Ar
35 Source 35 Source 1.0| — CE_Loss (ECE=0.25) 1.0{ — CE Loss (ECE=0.23)
Target Target Ours (ECE=0.07) Ours (ECE=0.13)
3.0 3.0 08! 08 ,
25 25 [
= 2z So.6/ / So.6 /
220 22.0 e /| e
a 8 3 . /|3 /
15 15 Soay /| goa B
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05 i 05 Y\ — _
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-7 6 -5 -4 -3 -2 -1 0 7 6 5 -4-3-2-10 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
log Ugis log Ugis Confidence Confidence
(a) Distribution of logU;s (b) Expected calibration error (ECE) of target data

Figure 3: (a): The distribution of logUy;s for source and target data on task Ar — Cl and Cl — Ar.
For elegancy, we apply logarithm to Ug;s. (b): Expected calibration error (ECE) of target data, where
the standard DNN with cross entropy (CE) loss and our model are both trained with source data.

when Uy; is large, because opinions are derived from insufficient evidences and unreliable. Instead,
reducing both Uyg;s and Uy, is the right choice, which is further verified by the 7.1% improvements
of variant D over pure EDL. Besides. Even without Ly, and Ly,,,,, variant A still exceeds CLUE
by 1.6%, showing our superiority. Finally, we try different selection strategies. Variant E to H denote
only one criterion is used in the selection. We see DUC beats variant F, G, H, since the entropy
degenerates into the uncertainty based on point estimate, while Ug;s or Uy, only considers either
targetness or discriminability. Contrastively, DUC selects samples with both characteristics.

Distribution of Ug;; Across Domains. To answer whether the distribution uncertainty can represent
targetness, we plot in Fig. [3(a)] the distribution of Ug,s, where the model is trained on source domain
with L.4;. We see that the Uy, of target data is noticeably biased from source domain. Such results
show that our Uy, can play the role of domain discriminator without introducing it. Moreover, the
score of domain discriminator is not directly linked with the prediction, which causes the selected
samples not necessarily beneficial for classifier, while our Uy, is closely related with the prediction.

Expected Calibration Error (ECE). Following (Joo et al.,|2020), we plot the expected calibration
error (ECE) (Naeini et al.,[2015) on target data in Fig. [3(b)|to evaluate the calibration. Obviously, our
model presents better calibration performance, with much lower ECE. While the accuracy of standard
DNN is much lower than the confidence, when the confidence is high. This implies that standard
DNN can easily produce overconfident but wrong predictions for target data, leading to the estimated
predictive uncertainty unreliable. Contrastively, DUC mitigates the miscalibration problem.

Effect of Selection Ratio in the First Round. Hyper-parameter « controls the selection ratio in the
first round and Fig. presents the results on Office-Home with different x. The performance
with too much or too small & is inferior, which results from the imbalance between targetness and
discriminability. When x = 1 or k = 100, the selection degenerates to the one-round sampling
manner according to Ug;s and Ugqy,, respectively. In general, we find x € {10, 20, 30} works better.

Hyper-parameter Sensitivity. S and A control
the tradeoff between Ly, and Ly, ,,. We test
the sensitivity of the two hyper-parameters on the
Office-Home dataset. The results are presented
in Fig. where 3 € {0.01,0.05,0.1,0.5,1.0}
and A € {0.001, 0.005,0.01,0.05,0.1}. Accord-

Accuracy (%)

110 20 30 40 50 60 70 80 90 100
K

ing to the results, DUC is not that sensitive to 3 (a) (b)
but is a little bit sensitive to A. In general, we Figure 4: (a): Effect of different first-round se-
recommend A € {0.01,0.05,0.1} for trying. lection ration k% on Office-Home. (b): Hyper-

parameter sensitivity of 3, A on Office-Home.

5 CONCLUSION

In this paper, we address active domain adaptation (DA) from the evidential perspective and propose a
Dirichlet-based Uncertainty Calibration (DUC) approach. Compared with existing active DA methods
which estimate predictive uncertainty based on the the prediction of deterministic models, we interpret
the prediction as a distribution on the probability simplex via placing a Dirichlet prior on the class
probabilities. Then, based on the prediction distribution, two uncertainties from different origins are
designed in a unified framework to select informative target samples. Extensive experiments on both
image classification and semantic segmentation verify the efficacy of DUC.
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A BROADER IMPACT AND LIMITATIONS

Our work focuses on active domain adaptation (DA), which aims to maximally improve the model
adaptation from one labeled domain (termed source domain) to another unlabeled domain (termed
target domain) by annotating limited target data. In this paper, we suggest a new perspective for
active DA and further boost the adaptation performances on both cross-domain image classification
and semantic segmentation benchmarks. The advances mean that our method may potentially benefit
relevant social activities, e.g., commodity classification, autonomous driving in different scenes,
without consuming high labor cost to annotate massive new data for different scenes. While we do
not anticipate adverse impacts, our method may suffer from some limitations. For example, our work
is restricted to classification and segmentation tasks in this paper. In the future, we will explore our
method in other tasks, e.g., object detection and regression, hoping to benefit more diverse fields.
Besides, we only try to train the Dirichlet-based model using the evidential deep learning in the paper.
Yet, there may exist better training frameworks, e.g., normalizing flow-based Dirichlet Posterior
Network which can predict a closed-form posterior distribution over predicted probabilities for any
input sample. In the future, we may also explore to extend our approach into the training framework
of normalizing flow-based Dirichlet Posterior Network.

B ALGORITHM OF DUC

The training procedure of DUC is shown in Algorithm T}

Algorithm 1 Pseudo code of the proposed DUC

Input: labeled source dataset S, unlabeled target dataset 7, selection steps R, total annotation
budget B, hyperparameters «, 3, A, total training steps 7.
Output: learned model parameters 6.
1: Initialize model parameters 6.
2: Define 7! =gand T4 =7T,b= I%I'
3: fort =1to 7 do

4:  Update parameters 0 via minimizing L;otq;-
5. ift € R then
6: Va; € T, compute its distribution and data uncertainties: Ug;s(;,0), Ugata (x5, 6).
7: temp_Candi < select top kb samples with highest Uy, s from 7.
8: Candi < select top b samples with highest U4, from temp_Cand;.
9: Query the labels of C'andi from the oracle.
10: T4 = T"\Candi, T' = T' U Candi.
11:  endif
12: end for

13: return Final model parameters 6.
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Figure 5: Image examples from dataset miniDomainNet, Office-Home, VisDA-2017, Cityscapes,
GTAV and SYNTHIA.

C EXPERIMENTAL SETUP DETAILS

C.1 DATASET DESCRIPTION

miniDomainNet (Zhou et al.|[2021) is a subset of DomainNet (Peng et al.|[2019), a large-scale image

classification dataset for domain adaptation. miniDomainNet contains more than 130,000 images of
126 classes from four domains: Clipart (clp), Painting (pnt), Real (rel) and Sketch (skt). The large
data scale and multiplicity make the adaptation on this dataset quite challenging. And we build 12
adaptation tasks: clp—pnt, - - -, skt—rel, by permuting the four domains, to evaluate our method.

Office-Home (Venkateswara et al.|[2017) collects 15,500 images of 65 categories from office and
home scenes. And these images are divided into four distinct domains: Art (Ar), Clipart (Cl), Product
(Pr) and Real-World (Rw), respectively with images from artistic depictions, clipart pictures, product
pictures and cameras.

VisDA-2017 is a large scale dataset for cross-domain image classification. It
collects images of 12 classes, including synthetic images rendered from 3D models and real images.
Following (2021)), we use 152,397 synthetic images as source domain and 72,372 real
images as target domain, forming the adaptation task: Synthetic—Real.

Cityscapes (Cordts et al} 2016) gathers 5,000 images of urban street scenes from real world, where
each pixel in the image is annotated from 19 categories and the image resolution is 2048 x 1024.
These images are divided into training, validation and test splits. Similar to 2021), we
use the training split with 2,975 images as target training data, where labels are not used, and the
model is evaluated on the validation split with 500 images by reporting the mloU of the common
categories.

GTAV (Richter et al, 2016) is a dataset of 24,966 simulated images with pixel level semantic
annotation. These images are rendered by “Grand Theft Auto V”’ game engine, with the resolution of
1914 % 1052. And this dataset shares 19 categories with the Cityscapes dataset.

SYNTHIA consists of 9,400 synthetic images of street scenes, with the image
resolution of 1280x760. It contains diverse street scenes, such as towns and highways, different
weather conditions and seasons. There are 16 categories that are compatible with the semantic
categories in Cityscapes.

The image illustration of different datasets is shown in Fig. [3}

C.2 IMPLEMENTATION DETAILS
IMAGE CLASSIFICATION

All experiments are implemented via PyTorch (Paszke et al, 2019). For image classification, we
use ResNet-50 2016)) pre-trained on ImageNet (Deng et al.| [2009) as the backbone, and

the exponential function is employed to the model output to ensure o non-negative. Following
et all 2021} [Fu et al.| [2021)), The total labeling budget B is set as 5% of target samples, which is
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Table 6: Results with different total labeling budget B on Office-Home (ResNet-50).

Total labe;“g budget | oo osq s 75% 10% 12.5% 15% 17.5% 20%
Avg accuracy 636 720 78.0 802 824 843 864 880 889
Gain over previousone | - 431 511 221 221 241 161 161 091

Table 7: Accuracy (%) on Office-Home with 5% target samples as the labeling budget (ResNet-50),
when DUC is combined with semi-supervised learning method.
Method Ar—Cl Ar—Pr Ar—Rw Cl—Ar Cl—Pr CI-Rw Pr—Ar Pr—Cl Pr—Rw Rw—Ar Rw—Cl Rw—Pr|Avg
DUC 65.5 849 843 73.0 834 81.1 739 666 854 80.1 69.2 88.8 [78.0
DUC w/ ﬁﬁf”mteh 66.5 85.7 850 733 843 828 748 670 85.7 81.5 70.8 89.7 |78.9

divided into 5 selection steps, i.e., the labeling budget in each selection step is b = B/5 = 1% X n.
For data preprocessing, we use RandomHorizontalFlip, RandomResizedCrop and ColorJitter during
the training process and use CenterCrop during the test stage. For the optimizer, we adopt the
mini-batch stochastic gradient descent (SGD) optimizer with batch size 32, momentum 0.9, weight
decay 0.001 and the learning rate schedule strategy in (Long et al.,[2018). The initial learning rates
for miniDomainNet, Office-Home and VisDA-2017 are 0.002, 0.004 and 0.001, respectively. As for
hyper-parameters, we select them by the grid search and finally use 8 = 1.0, A = 0.05, x = 10 for
miniDomainNet and Office-Home datasets. We run each task on a single NVIDIA GeForce RTX
2080 Ti GPU.

SEMANTIC SEGMENTATION

For semantic segmentation, we also implements the experiment using PyTorch (Paszke et al., 2019)
and adopt the DeepLab-v2 (Chen et al.,2015)) and DeepLab-v3+ (Chen et al., 2018)) with the backbone
ResNet-101 (He et al.,[2016) pre-trained on ImageNet (Deng et al.l [ 2009). Regarding the total labeling
budget B, we totally annotate 5% pixels of target images, which is divided into 5 steps. In other
words, we annotate 1% pixels for every image in each active selection step. For data preprocessing,
source images are resized into 1280720 and target images are resized into 1280x640. Similarly,
the model is optimized using the mini-batch SGD optimizer with batch size 2, momentum 0.9, weight
decay 0.0005. The “poly” learning rate schedule strategy with initial learning rate of 3e-4 is employed.
And we set 5 = 1.0, A = 0.01, < = 10 for the semantic segmentation tasks. For each semantic
segmentation task, we run the experiment on a single NVIDIA GeForce RTX 3090 GPU.

D ADDITIONAL RESULTS

D.1 EFFECTS OF THE ORDERING OF Uy;s, Ugata IN TWO-ROUND SAMPLING

Since our selection strategy is a two-round sampling manner, there naturally exists the ordering of
Ugis and Uggse in the two rounds. In
Table [8] we explore the influence of dif-

ferent orderings, where Uy, Ugasy de- Table 8: Analysis on the ordering of Ug;s, Ugata-

. Dataset| miniDomainNet Office-Home

potes Ugis and Uy, are respectively used Ordering (Avg) (Avg)
in the first and second round. We no- Uaie: Udoata 72.0 78.0
tice that Ug;s, Ugar, generally surpasses Ugatas Udis 72.2 77.5
Udatas Udis- It shows that selecting ' Dataset|GTAV —Cityscapes|SYNTHIA —Cityscapes
discriminability-conducive samples from  Ordering (mloU) (mlIoU / mIoU™)
target-representative samples is better for Udis, Udata 67.0 06.9772.8

Udgatas Udis 66.2 65.3/71.6

active DA than the converse manner. Thus,
we adopt Uy;s, Ugatq throughout the paper.

D.2 PERFORMANCE GAIN WITH DIFFERENT LABELING BUDGETS

In Table[6] we present the performances on Office-Home dataset with different total labeling budget
B. As expected, better performances can be obtained with more labeled target samples accessible.
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In addition, we observe that the increasing speed of performance generally gets slower, as the total
labeling budget increases. This observation demonstrates that all samples are not equally informative
and our method can successfully select relatively informative samples. For example, when labeling
budget increasing from 17.5% to 20%, the performance gain is much smaller, which implies that the
majority of informative samples has been selected by our method.

D.3 COMBINATION WITH SEMI-SUPERVISED LEARNING

To further improve the performance, one can incorporate ideas from semi-supervised learning to use
the unlabeled target data in training as well. Here, we consider one representative semi-supervised
learning method: FixMatch (Sohn et al.,|2020). Specifically, we apply strong and weak augmentations

to each unlabeled target sample x;, obtaining two views :cjftm"g and 2"***. And we use the pseudo

weak as the label of strongly augmented view w?tm”g . Then

the model is trained to minimize the loss [Zﬂfmamh, i.e., the negative logarithm of the marginal

label of weakly augmented view x

likelihood of StI'OI'lgly augmented Views. Concretely, ﬁi;?mateh is formulated as
™m -h ~wea st
££;f watch -~ E —log (/ ’p(y =Y; klp)p<p|;[jf7"0ng, O)dp>

x; €T “AT<max, ﬁ}‘f‘“’“

C C
= Z Z T}i;eak (10g( Z a;ZTong) . 10gajirong> , 9)

x; €T “AT<max. ﬁ_’]’.ﬂ:ak c=1 c=1

S

where §°“*F = argmax p¥** = arg max E[Dir(pc|ay®*)] and M = [{z;|le; € T" A7 <
e

max, py’c‘ak }. 7 is a hyper-parameter denoting the threshold above which the pseudo label is retained,

N - weak
and T;*’f“k is the c-th element of the one-hot label vector T;}ea for pseudo label g)}*’e“k.

Table[/| presents the results on the Office-Home dataset when combining our method DUC with the
semi-supervised learning method FixMatch [Sohn et al.| (2020), where the hyper-parameter 7 is set to
0.8. We can see that utilizing unlabeled target data indeed conduces to improving the performance.
Of course, other semi-supervised learning methods are also possible.

D.4 QUALITATIVE VISUALIZATION OF SELECTED SAMPLES

In the label histogram of Fig. [6] we plot the ground truth label distribution of the samples that
are selected by DUC, with the total labeling budget B = 5% X n;. For the Ar—Cl task, “Bottle”,
“Knives” and “Toys” are the top 3 classes that are picked, while “Bucket”, “Pencil” and “Spoon” turn
out to be the top 3 picked classes in the Cl—Ar task. It shows that our method DUC can adaptively
select informative samples for different target domains. Despite few categories are not picked, we
can still see that the samples selected by DUC are generally category-diverse. And, according to the
visualization of selected samples, the style of target domain is indeed reflected in theses selected
samples. In addition, we also visualize the selected pixels for the task GTAV —Cityscapes in Fig.
Overall, the selected pixels are from diverse objects that are hard to classify or are nearby together.
Annotating such pixels can bring more beneficial knowledge for the model.

D.5 T-SNE VISUALIZATION FOR SHOWING EFFECTS OF Ly,

To verify that reducing our distribution uncertainty Ug;s conduces to the domain alignment, we
respectively train the model with L.q; and L.4; + 8Ly ., where there is no labeling budget. And
the t-SNE (van der Maaten & Hinton, [2008)) visualization of features from source and target domains
on task Ar — Cl and Cl — Ar is shown in Fig. [8| Form the results, we can see that reducing the
distribution uncertainty of target data indeed helps to alleviate the domain shift, which makes our
method more suitable for active DA, compared with EDL [Sensoy et al.|(2018]). Besides, the results
also verify that our distribution uncertainty can measure the targetness of samples.
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Figure 6: (a) and (b) are the label histogram and examples of selected instances by DUC on Ar—Cl
and Cl—Ar tasks, respectively. The total labeling budget is 5% of target images. For the visualization
of selected samples, we present the top 10 selected instances in each active selection step.
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Ground Truth

Selected Pixels

Ground Truth

Selected Pixels

Figure 7: Visualization of selected pixels in the task GTAV—Cityscapes, with the total labeling
budget of 5% pixels. Here, we randomly choose ten images from Cityscapes for display.

(c) Cl > Ar (wlo Ly,,) (d) Cl > Ar (w/ Ly, )

Figure 8: The t-SNE visualization of features learned by the model trained with L.4; and L.q +
BLy,,. respectively. Red and blue dots represent source and target features, respectively.
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E DERIVATIONS

E.1 PREDICTIVE PROBABILITY P(y = c|z;,0)

Given sample x; and model f parameterized with 8, the predicted class probability for class ¢ can be
obtained as

P(y = clzi, 0) = /p(y = c|p)p(plx:, 0)dp
~ [ e piple,0)dp

://---/pc-p(m,pz,--- spelxi, 0)dprdps - - - dpc

:/pc(//~~~//---/p(pl,p2w‘ spclxi, 0)dpidps - - - dpe—1dpetr - - - dpc) dpe

- /p plpelai, 0)dpe (10)

where p, is the c-th element of the class probability vector p. According to (Ng et al., 2011), the
marginal distributions of Dirichlet is Beta distributions. Thus, given p(p|x;,0) ~ Dir(p|a;), we

c .
have p(p¢|xi, ) ~ Beta(pe|aic, aio — i), where a; = g(f(x4,)), cio = > g, and g(+) is
a function (e.g., exponential function) to keep «; (i.e., the parameters of Dirichlet distribution for

sample x;) non-negative. And according to the probability density function of Beta distribution, we
further have

p(pelzi, 0) = KR GO A (1)

B(aica Q0 — Qe

where B(-, -) is the Beta function and B( ¢, 2o — @ie) = % with I'(-) denoting the

Gamma function. Based on these, we can further derive P(y = c|x;, ) as follows:

Py = clz;,0) = /pc - p(pelxi, O)dpe

1 - I
= e | =——————————p%ie 1 — p,)%io— e dp.
/p <B(ai07ai0 - aic) Pe ( P ) ) P

Blaie + 1, a0 — aic) / 1 . 1
= ~ - C’“zc 1 — Pe Q0 — Qe d
B(ae, aig — ae) B(aic + 1, a0 — aic)p° (1=rpc) pe

Blaie + 1, a0 — aie)
B(aic, ario — ae)

_ T(age + 1) (o)

- T(vio + DI (vie)

oiTteeTom) o g(fu(@,0))

awlteweTtew) S a3y, 9(fi(@:,0))

= E[Dir(pc|a;)]- (13)

-1

12)

Specially, if g(-) adopts the exponential function, traditional softmax-based models can be viewed as
predicting the expectation of Dirichlet distribution.
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E.2  EXPECTED ENTROPY E, (o, 0)[H[P(y|p)]]

Given sample z; and model parameters 6, the corresponding expected entropy E,, (|, 0)[H [P (y|p)]]
is formulated as

C
]Ep(p\mj ,0) [H[P(y|p)]] = ]EP(Ph:j;B) [_ Z pelog Pc]

c=1
C
== Ep(pla,0)lpclog pc]

C
=->" /p(p\wj;e)pc log p. dp
c=1"
C
:—Z//~-/p(p1.,p2,~-~ spclaj; 0)pe log pe dpidps -+ - dpo
c=1
C
= *Z/(pclogpc)(/---//--'/p(m,pzw-- ypcla;;0)dp1 - dpe_1dpeyr---dpc)dpe
c=1

C
== Ep(pelni0)lpclog pel- (14)

Combining the probability density function in Eq. (TI), we can further derive Eppelz;:0) [pclog pe)
as

1 ajom

]Ep(pclw_j;e)[ﬁ?clngc]:/(pCZngc)B( pede T (1 = p)ri0 e gp,

Qje, Qjo — Qje)
B(Ocj'c +1, Qo — OCjc) / 1
= logpe
B(aje, ajo — @je) (togp )B(ajc + 1, a0 — i)

Pl (1= pe)®i0~ % dp,

ct1 j
%EPC"B@%&(PC‘a_je+1,a_107a_ic)[logpc] (15)
= % (e 1) — oo + 1), 1o
J

where 9)(+) is the digamma function, «, is the c-th element of vector a; and oo = 25:1 Q.

Finally, the expected entropy for sample x; is denoted as

Eppla,.0)[H[P(ylp)]] = Epp.|z;:0)[Pc l0g pe]

3
S

a]c + 1) w(ajo + 1))
c=1

= ZPjo(WZ ok +1) —w(aijrl)), (17)
c=1 k=1

where ;. = o2 = E[Dir(p.|a;)].

Q50

E.3 MUTUAL INFORMATION I[y, p|x;, 6]

According to the definition of mutual information (Kieffer, {1994; Shannon, |1948), I[y, p|z;, 8] can
be expressed as

p(y:cvp|w70)
Tly. ple;. / Z”‘”"w]’ 0100 = el Olplay ) )

Since the deep model induces the Markov chain (x;,0) — p — y, we have y and (x;, ) condi-
tionally independent given p, i.e., p(y, p|lx;, 0) = p(y|p)p(p|x;, 0). Then, Eq. (I8) can be further
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derived as

p(y =clp)
p(y = c|lp)log ———=d
W =clp) p(y = clz;,0)

Ma

Iy, plz;,0] = /p(pleﬁ)

= /p(plw;»@)

Il
_

C

Mo

(pc log pe — pe lng(y = C|mj7 0))dp

c=1
c c
= /p(pl% 0)> (pelogpe)dp — / (pl2;,0) (pelog —2—)dp (19
e=1 c=1 Zk 1 Y5k
c c o
= Ep(pla; 0)~Dir(plag) [ pelog pe] = Y (1og <) Ep(pla; 0)~Dir(play) 0]
e=1 =1 k=1 Yjk
c c
= Ep(p\mj,O)NDir(Mij)[Z Pe log pc] - Z 7jcl09/jjc
c=1 c=1
c c
Z /5 ( a]c + 1 Z Ajk + 1 > Z pgelOgﬁjc- (20)
=1 c=1
The derivation of Eq. (T9) is based on the conclusion from Eq H ie, P(y =clz;,0) = ﬁ
k=1%j
And Eq. [20]is based on the conclusion in Section [E.2]
E.4 KULLBACK-LEIBLER DIVERGENCE Ly
For p(p|&;) ~ Dir(p|&;), its probability density function is defined as
c
p(plé;) = priet, 21

where 9B(-) is the multivariate Beta function, B(&;) = w and T'(+) is the Gamma func-

tion. The Kullback-Leibler Divergence between Dirichlet distribution Dir(p|é&;) and Dir(p|1) is
formulated as

Q

) ¢
D(CE, dic) S
Thus, the computable expression of Ly; is given by

21
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Li 0.1 - > KL[Dir(pl|&:)| Dir(p|1)] +ﬁ > KL[Dir(pl&;)||Dir(pl1)],
x, €S CEJ'ETI’
= Zizes log <F(C) e, F(dic)> + czzl(om -1) |:’lﬁ(0610) - w(; am)}

t o 3 log SN +§Cj<d- - 1) w<a->7w<§cja-> 23)
C.‘Tl|wj€Tl F(C)Hler(&jc) je je Jk)| -
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