remote sensing

Article

Active Bidirectional Self-Training Network for Cross-Domain
Segmentation in Remote-Sensing Images

Zhujun Yang >34%

check for
updates

Citation: Yang, Z.; Yan, Z.; Diao, W.;
Ma, Y,; Li, X; Sun, X. Active
Bidirectional Self-Training Network
for Cross-Domain Segmentation in
Remote-Sensing Images. Remote Sens.
2024, 16, 2507. https://doi.org/
10.3390/rs16132507

Academic Editor: Jon Atli Benediktsson

Received: 9 April 2024
Revised: 5 June 2024
Accepted: 19 June 2024
Published: 8 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Zhiyuan Yan **%, Wenhui Diao %, Yihang Ma ®, Xinming Li ? and Xian Sun

1,2,34

Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100190, China;
yangzhujun19@mails.ucas.ac.cn (Z.Y.); diaowh@aircas.ac.cn (W.D.); 13911729321@139.com (X.L.);
sunxian@mail.ie.ac.cn (X.S.)

Key Laboratory of Network Information System Technology (NIST), Aerospace Information Research
Institute, Chinese Academy of Sciences, Beijing 100190, China

University of Chinese Academy of Sciences, Beijing 100190, China

School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Sciences,
Beijing 100190, China

School of Electronics and Information, Northwestern Polytechnical University, Xi’an 710129, China;
mayhaircas@mail nwpu.edu.cn

Correspondence: yanzy@aircas.ac.cn

These authors contributed equally to this work.

Abstract: Semantic segmentation with cross-domain adaptation in remote-sensing images (RSIs) is
crucial and mitigates the expense of manually labeling target data. However, the performance of
existing unsupervised domain adaptation (UDA) methods is still significantly impacted by domain
bias, leading to a considerable gap compared to supervised trained models. To address this, our
work focuses on semi-supervised domain adaptation, selecting a small subset of target annotations
through active learning (AL) that maximize information to improve domain adaptation. Overall,
we propose a novel active bidirectional self-training network (ABSNet) for cross-domain semantic
segmentation in RSIs. ABSNet consists of two sub-stages: a multi-prototype active region selection
(MARS) stage and a source-weighted class-balanced self-training (SCBS) stage. The MARS approach
captures the diversity in labeled source data by introducing multi-prototype density estimation based
on Gaussian mixture models. We then measure inter-domain similarity to select complementary and
representative target samples. Through fine-tuning with the selected active samples, we propose
an enhanced self-training strategy SCBS, designed for weighted training on source data, aiming
to avoid the negative effects of interfering samples. We conduct extensive experiments on the
LoveDA and ISPRS datasets to validate the superiority of our method over existing state-of-the-art
domain-adaptive semantic segmentation methods.

Keywords: semantic segmentation; domain adaptation; active learning; self-training network;
remote-sensing images

1. Introduction

Semantic segmentation plays a crucial role in interpreting remote-sensing images
(RSIs) by assigning semantic labels to individual pixels. Its applications span various
fields, including urban planning, disaster monitoring, road extraction, agricultural esti-
mation, etc. [1-4]. Recently, popular deep neural networks [5] (DNNs) have achieved
remarkable progress in this task, relying mainly on training on specific annotated datasets
and testing [6-11]. However, these supervised learning methods require expensive and
laboriously labeled images to obtain satisfactory performance. Meanwhile, the diversity
and variability of remote-sensing scenes limit the cross-scene scalability of DNN models.
Specifically, the differences in geographic locations and sensors lead to mismatched color
textures and spatial layouts among remote-sensing data, i.e., domain shift. Proposed as a
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solution to this issue, the domain adaptation (DA) method aims to bridge the gap between
the source and target domains, thereby enhancing the adaptive capability of the model.

Recently, researchers have been actively engaged in extensive efforts on unsupervised
domain adaptation (UDA) for semantic segmentation, employing methods such as ad-
versarial training [12-17] and self-training [18-24]. Adversarial training (AT) methods
typically leverage a discriminative network to facilitate the model learning domain-shared
knowledge, thereby aligning the source and target domains in the image-level space or
feature-level space. In addition, self-training (ST) methods involve training an initial adapta-
tion model across domains and subsequently assigning pseudo-labels for target data based
on the model’s prediction results. Nevertheless, the training of discriminative networks
for feature distribution alignment based on AT is challenging, and ST is often susceptible
to noise introduced by pseudo-labels. These shortcomings pose challenges for existing
UDA methods in achieving fully supervised performance with labeled target-domain data.
We attribute these limitations in UDA to the potential distortion of underlying structural
information in the target-domain data when unconditionally mapping its distribution to
that of the source domain.

Active learning (AL) aims to maximize the efficiency of model training with minimal
annotation effort. Active domain adaptation (ADA) presents an avenue for the model
to grasp the realistic distribution of the target domain. Consequently, ADA is regarded
as a semi-supervised domain adaptation task, improving cross-domain segmentation
performance through the assistance of active samples. Figure 1 illustrates the typical
domain shifts in RSIs and the differentiation of feature visualization between UDA-based
and ADA-based approaches. On the left side of Figure 1, there are significant variations
in object characteristics and class distribution between urban and rural scenarios. On the
upper right of Figure 1, the UDA method attempts to mitigate these domain differences
by aligning features of the same category. However, the outcomes are not satisfactory,
with features corresponding to the “Tree” category appearing scattered, showing that the
model struggles to keep uniform feature representations on this category. In contrast, our
ADA method enhances the precise modeling of the target-domain distribution with fewer
target-domain annotations. This refinement results in clearer classification boundaries for
the segmentation task over target data in the lower right of Figure 1.

Source domain

r . . .
! Unsupervised domain adaptation (UDA)J

chgrond buigng | mad  water  bamen  forest  sgncuturs)

Class distribution

Figure 1. A domain shift exists between urban and rural scenarios and is manifested by differences
in target characteristics and imbalances in the class distribution. The t-SNE [25] feature visualization
for the UDA method using the DCA [22] and our ADA method is shown on the right.
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To strike a balance between model performance and labeling costs, recent proposed
ADA for classification methods jointly consider diversity and uncertainty criteria to select
representative samples, e.g., AADA [26], CLUE [27]. Recently, Ning et al. put forward a
multi-anchor method [28] for the ADA segmentation task, which chooses active images by
the clustering of source image-level center features with K-means. However, this approach
could result in an inefficient and wasteful use of the annotation budget, owing to the
redundant labeling of objects. Additionally, the RIPU method [29] proposed by Xie et
al. employs prediction region impurity and uncertainty as selection criteria, but lacks
consideration of inter-domain relationships.

Existing AL strategies for cross-domain segmentation in RSIs have the following
limitations: (1) The complex characteristics of remote-sensing scenes pose challenges in
accurately constructing source-domain features using existing methods. In the current
approach [28], it is presupposed that data from the source domain adhere to a distribution
by uniform variance, and the Euclidean distance is employed to estimate inter-domain
similarity. However, this approach may be inadequate for pixel-level features in remote-
sensing segmentation. For example, variations in forest features due to geographic location
and illumination, as well as differences in features such as building height, result in a
heterogeneity in intra-class features. (2) Due to the imbalanced category distribution,
certain challenging and disrupted samples within the source domain might not aid the
target-domain’s performance, and they could even interfere with its performance. For
instance, in a rural scenario, forest and farmland areas may be more prevalent compared to
an urban scenario, and the features of buildings may differ significantly between domains.
Therefore, it is crucial to filter the training data for targets with substantial feature gaps.

We introduce the active bidirectional self-training network (ABSNet) for the cross-
domain segmentation of RSIs. The proposed ABSNet is structured around two training
phases: the multi-prototype active region selection (MARS) phase and the source-weighted
class-balanced self-training (SCBS) phase. In the MARS phase, we annotate active samples
based on superpixel regions, significantly reducing the cost of pixel-level fine annotation
and eliminating labeling redundancy. Starting from a pre-trained UDA model, we conduct
clustering of source-domain features using Gaussian mixture models (GMMs) [30], ensuring
precise construction of source-domain features based on multiple prototypes and covariance
matrices. As illustrated in Figure 2, which depicts the domain offsets assuming a Gaussian
distribution, we leverage the probability values of the target data under the source GMMs
to assess the similarity from the target domain to the source domain. Samples with
less similarity are labeled as active regions. By labeling these samples that have the
domain offset property and incorporating them into self-training, we enhance the model’s
knowledge of the target domain. In the SCBS phase, the adaptability of the source-domain
samples in terms of domain adaptation is measured based on the feature center distribution
of target data. Then, the assessment is used to degrade the self-trained source samples that
may be excessively challenging or disturbed. Meanwhile, class-wise average entropy is
employed to alleviate the class imbalance.

In summary, the proposed ABSNet conducts active region selection by assessing the
similarity from the target data to the source domain and measures the distance from the
source data to the target domain, thereby achieving sample denoising and class-balance
training. The main contributions of this paper are as follows:

1.  We propose a novel active bidirectional self-training network for cross-domain se-
mantic segmentation in RSIs. Different from previous UDA methods, our approach
aims to learn the realistic distribution of the target-domain data whenever possible. It
selectively trains advantageous samples from the source-domain data.

2. The multi-prototype active region selection (MARS) module is introduced, relying
on multiple prototypes and covariances to more precisely characterize the feature
distribution of the source domain. This enables the selection of representative samples
from the target domain. Additionally, the region labeling based on superpixels is
more convenient and involves less labeling redundancy.
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3. Source-weighted class-balanced self-training (SCBS) is proposed for the fine-tuning of

semi-supervised domain adaptation. This approach measures the domain adaptation
capability of the source-domain samples and combines it with class average entropy
to denoise the source-domain samples and alleviate class imbalance.
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Figure 2. Domain offsets in the instances of the Urban domain from the Rural domain based on

Gaussian distribution.

2. Related Works
2.1. Domain-Adaptive Semantic Segmentation

The study of semantic segmentation is dedicated to overcoming inter-domain differ-
ences to enhance the segmentation accuracy in target scenarios to avoid laborious fine-
grained annotation. Previously, UDA in semantic segmentation has been extensively stud-
ied, employing two main pipelines: adversarial training-based [12-16] and self-training-
based [18-24]. Within the adversarial training (AT) framework, a min—-max adversarial
optimization game is typically employed, where feature extractors are trained to deceive
a domain discriminator, aligning the feature distributions across domains. Tsai et al. [12]
developed a multi-level adversarial network that employs discriminators at different fea-
ture levels to distinguish whether the input originates from the source domain or from the
target domain. Luo et al. [13] designed a category-level adversarial network to enhance
local semantic consistency within the global alignment trend. Wang et al. [14] proposed a
fine-grained adversarial learning framework adding category information to the discrim-
inator, whose output contains the category attributes. In the self-training (ST) approach,
reliable pseudo-labels are generated for target-domain data, and research in this area often
focuses on refining and correcting these pseudo-labels. Zou et al. [18] attempted to find a
suitable threshold for generating pseudo-labels for rare classes under the class-balanced
principle. Mei et al. [19] proposed instance adaptive self-training, which selectively learns
pseudo-labels for self-training guided by image-level entropy. Zhang et al. [20] introduced
ProDA, relying on representative prototypes to reduce the noise of target pseudo-labels. It
aligns prototypes using relative feature distances to achieve a more compact target feature
space. Hoyer et al. [21] observed limitations in existing CNN-based UDA methods in terms
of adaptation performance and proposed DAFormer. DAFormer combines a transformer
encoder and a multiscale decoder, along with an improved training strategy to avoid
overfitting to the source domain.
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While UDA techniques are efficient, they unconditionally align the target data’s
distribution with that of the source domain, which may distort the underlying structural
information of the target data and lead to stagnant performance. Semi-supervised domain
adaptation has been explored as an alternative, incorporating a small amount of labeling to
promote domain adaptation performance. Wang et al. [31] proposed a semi-supervised
DA method, aiming to improve the consistency of the distribution to realize the migration
of labeling information from synthetic source-domain images to real street scene images.
Alonso et al. [32] designed a high-quality feature memory bank from labels and employed
pixel-level contrastive learning with same-class features. These impressive semi-supervised
domain adaptation works have significantly advanced the model’s adaptation capability
using a few labeled target samples.

2.2. Domain-Adaptive Semantic Segmentation for RSIs

To address the disparities in color texture and spatial layout among RSIs arising
from geographic location and sensor variations, numerous UDA methods for semantic
segmentation in RSIs have been proposed. Zheng et al. [15] introduced an entropy-guided
adversarial learning algorithm that measures inter-domain differences by learning weights
from predictions. This method also incorporates graph convolution to mine structural
information among semantic regions. Wu et al. [22] developed a deep covariance alignment
strategy for features, explicitly aligning category features based on the self-training method.
Li et al. [23] successfully implemented the Transformer network in the UDA task for RSIs,
aiming to address class imbalance and enhance pseudo-labels. Gao et al. [24] proposed the
prototype and context-enhanced learning (PCEL) method, which assesses complex class
relationships and fuses feature information from different RSIs.

In addition, Gao et al. [33] further explored the semi-supervised domain adaptation
on RSIs and proposed cross-domain multi-prototype constraints to handle large inter- and
intra-domain differences. However, their approach failed to take into account annotating
the most informative data in the target domain and made insufficient utilization of the
target-domain annotation data.

2.3. Active Domain Adaptation

The goal of AL is to improve model performance with less labeling effort by intelli-
gently selecting and labeling the most informative samples. Common sampling strategies
include uncertainty-based and diversity-based approaches. Based on uncertainty, active
learning selects instances with high classification uncertainty for annotation, helping the
model focus on challenging samples. The works [34,35] utilize the entropy, confidence,
or margin derived from prediction outputs as criteria for selection. On the other hand,
diversity-based active learning aims to choose samples that are representative and diverse
for the current model, enriching the model’s understanding of the overall data distribution
and enhancing generalization performance. Clustering [36] or greedy selection [37,38] is
used to realize the diversity in the data being processed by the query.

Unlike semi-supervised DA that trains labels for a randomly chosen subset of tar-
get samples, active domain adaptation focuses on selecting a limited set of informative
samples to supplement the structural information of the target domain. Su et al. [26]
introduced an ADA approach that combines prediction uncertainty with discriminator-
based diversity based on the adversarial training DA method. Prabhu et al. [27] proposed
clustering uncertainty-weighted embeddings (CLUE) for the classification task, which
combines uncertainty to cluster the target data and select representative target samples.
For the dense semantic segmentation task, Ning et al. [28] introduced the MADA method,
which chooses active images using K-means clustering of image-level center features. Xie
et al. [29] proposed region impurity and prediction uncertainty (RIPU) as the selection
criteria, promising high information content.

However, as previously analyzed, these approaches have challenges in cross-domain
semantic segmentation in RSIs. To mitigate redundancy and comprehensively capture inter-
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domain relationships, our approach focuses on modeling multi-prototype source-domain
feature distributions for the selection of complementary and representative active samples.
Learning from these representative samples allows the model to more accurately grasp the
distribution of target data, assess the adaptive capacity of source-domain samples more
effectively, and enhance the benefits of the self-training-based model.

3. Methods
3.1. Overview

In the setting of ADA for semantic segmentation, we have a set of labeled source
domain data, Ds; = {(x,y?) }f\ﬁl, where y? is corresponding pixel-wise annotation for

image x; and N; means the number of images in the source domain of Ds, and the target-

domain dataset D; = {x/,§! }lN:tl, where §! is the target active label that is initialized as
¢ and N; means the number of images in the target domain of D;. We aim to learn a
segmentation network parameterized by © that performs well on the target domain using
minimal annotations. Typically, the segmentation model, G, consists of a feature extractor, E,
and a classifier, F, with the relationship G = E o F. Models trained exclusively with labeled
data from the source domain often produce suboptimal results when applied to the target
domain. For effective knowledge transfer, the latest self-training paradigm creates pseudo-
labels, §!, for target input, x, subsequently optimizing the cross-entropy loss. However, the
performance is still limited to be competitive with the model under supervised learning.
This arises because pseudo-labels tend to be imprecise, and only those pixels exceeding
a specific confidence level are selected for further training. Moreover, the existence of
stubborn inter-domain differences causes the reliability of the pixels, convinced by the
model itself, to remain doubtful. To tackle this issue, we introduce a straightforward but
effective AL method to assist domain adaptation via identifying image regions with sharp
inter-domain differences. Furthermore, an enhanced self-training strategy is proposed for
filtering unfavorable samples from the source domain.

The comprehensive structure of ABSNet comprises three stages: (1) Initially, train the
model using the UDA technique as a preliminary step. (2) Execute multi-prototype active
region selection (MARS) to determine the representative region of each image based on
the inter-domain similarity. (3) Re-train the ADA segmentation model through source-
weighted class-balanced self-training (SCBS) with the target-domain specific knowledge.
The overview is shown in Figure 3, in which a ResNet50 is used as the feature extractor
of the segmentation model. The MARS module is a forward inference procedure where
the weight parameters of the segmentation network are frozen. Each image in the source-
domain data, Ds, is fed into the model to obtain the source features, and those pixel-level
feature vectors are clustered to obtain the source prototype. The MARS module then
involves estimating the source-domain data distribution and picking a few active samples
with the labeling budge, B, for the target domain guided by prototypes from the source
domain. Conversely, the SCBS module is a backward training procedure with the back
propagation algorithm. The source and target-domain images are simultaneously fed
into the segmentation network, where the source and target-domain features are derived
from the output of the feature extractor, and the source and target-domain predictions are
derived from the decoder of the segmentation network (e.g., the Atrous Spatial Pyramid
Pooling decoder [39]). We retrain the segmentation model by optimizing two segmentation
losses (e.g., cross-entropy loss). The SCBS module screens out hard instances or sensitive
samples in the source domain by considering the relationship between the source domain
and target-domain centroids.
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Figure 3. Architecture of the proposed ABSNet. The upper left part is the multi-prototype active
region selection module, responsible for selecting and labeling the target-domain active samples
that are the most informative for domain adaptation. The lower part represents the source-weighted
class-balanced self-training process, in which the distance measurement from the source samples to
the target distribution and the class entropy are incorporated for self-training.

3.2. Multi-Prototype Active Region Selection

Region Generation. To optimize labeling efforts for unlabeled target images, our
initial step involves decomposing each image into superpixels. Superpixels serve as
image primitives, automatically extracting object boundaries to some extent by grouping
similar pixels in the image. Subsequently, we employ an AL strategy to select informative
superpixel regions. Previous research [40] has shown that, unlike traditional polygon-based
labeling, superpixel annotation offers a more advantageous labeling scheme. In line with
this, each superpixel region in our experiments is assigned only one class label. To simulate
annotation by an oracle, our work utilizes the ground truth of target-domain dataset.

We adopt the off-the-shelf SEEDS algorithm [41], which is a clustering-based algorithm
used for superpixel generation. For the training image, X!, the set of obtained superpixels is

denoted as:
S, = {s},s?,. ..,sf}, 1)

where an image is divided into k superpixels. For N; images in the target domain, the set
of obtained superpixels is denoted as:

Stotul = {Sl/ Sz, ey SNt}- (2)

Therefore, the total achievable superpixels amount to k * N;. A labeling budget, B, is
established, which is much less than the potential labeling volume within the target-domain
data, which is quantifiable as follows:

B = r%*k*Nt, (3)

where r% denotes the proportion of active labels.
Multi-prototype Domain Density Estimation. Previous ADA techniques typically
rely on labeling with predictive uncertainty or measuring the similarity between their data
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pairs based on Euclidean distances. However, they may be sub-optimal for RSIs that have
strong intra-class variation. For effective labeling of the most informative target-domain
data, we employ a soft clustering approach to estimate the density of the source-domain
features, i.e., a Gaussian mixture model (GMM) [30], and evaluate the likelihood of target-
domain samples being associated with a specific class. Leveraging the GMMSs, we enhance
the measurement of the domain gap and augment specific knowledge of the target domain
to tailor the model more effectively to target-domain data, focusing on selecting samples
that exhibit the largest domain gap.

We utilize a GMM to match source feature distributions due to its capability to predict
complex distributions and estimate probability densities. GMMs measure the probability of
a sample belonging to a cluster using probability densities. The use of a multiple-weighted
Gaussian distribution enables generalization to non-Gaussian cases of training data. To
acquire multiple prototypes of each class and the density distribution of the source domain,
we utilize the feature extractor, E, to extract feature map f* = E(x°) € RN*>*® from each
source image, x°, where N is the channel number of the feature map and there are & x w
pixel-level feature vectors in each feature map. We consider the pixel features that are
correctly classified:

.= {f]s| argmaxG(xS)]- =g, yjsf =¢ (x°,y’) € DS},C ={1,2,...,C}, 4)

where G(x°) represents the prediction made by the initial warm-up model and y”* is the
corresponding ground truth of x°. To align with the feature map’s dimensions, G(x°) is the
intermediate output with Softmax function before the decoder of the model performing
up-sampling, sized h X w, whereas y® is derived by down-sampling the ground truth to
h x w.) Thus, f]S denotes the pixel feature with index j, and I'c denotes the feature set of
class ¢ in the source domain.

We employ GMM s to characterize class-specific data distributions for each feature
set within the I'c. Formally, the GMMs for class c, represented as the weighted sum of K
Gaussian distributions, can be expressed as follows:

K
PC(fS) = kZ: TCe k 'N(fSWc,erc,k) ®)
=1
s B 1 1, Te—1/rs
NPl Zen) = o pow (=5~ r) B0 ). @

where f° € I is the feature vector of class c in the source domain, y and X represent
the mean vector and covariance matrix of the Gaussian distribution, respectively, and 7
denotes the mixture weight. d is the dimension of feature vector f°. In the GMM expression,
K prototypes are obtained, where each prototype is characterized by the mean vector that
describes the center of its distribution in the feature space. In addition, the covariance
matrix provides information about whether the distribution expands or compresses in
different directions, thus revealing the direction and strength of the shape of the distribution.
We employ the Expectation-Maximization algorithm [30] to solve the GMMs equations
iteratively, and random sampling is applied to restrict the number of features to no more
than 300,000 per class to avoid excessive memory usage.

Active Target Region Selection Against Source Density. In the context of cross-
domain active learning, we suggest that the segmentation network benefits more from target
samples that exhibit greater dissimilarity to the source domain. To quantify dissimilarity,
we calculate the probability value of target-domain samples under the source-domain
density distribution. This computation serves as a measure of the significance of unlabeled
target-domain samples for the cross-domain adaptive model. The complete process of our
MARS is depicted in Figure 4.



Remote Sens. 2024, 16, 2507

9 of 26

Legend
A e Source feature [Class 1, Class 2, Class 3]
- “‘ * A @ Source prototype [Class 1, Class 2, Class 3]
\!‘ @ Region-domain similarity measurement

Source label

Annotation
B ——

Target feature
Target image Similarity map Active region Active region label

Figure 4. Illustration of multi-prototype active region selection module.

Given a target image, x!, we extract the feature map f' = E(x') € RN*"*® using the
model’s encoder. Then, for a target pixel feature with index j, the maximum probability
value under the GMMs of the source domain with C categories is defined as the inter-
domain similarity from the target pixel feature to the source domain:

D(fj) = argmax pe(fj),c = {1,2,...,C}. @)

Next, since we consider a superpixel as the smallest labeling unit of the active sample,
we obtain the inter-domain similarity of a superpixel region by computing the mean of
D( f]t) within that superpixel region. For the target image, x!, its superpixel region is
represented as in Equation (1), and the inter-domain similarity of the k superpixels of this
image is expressed as:

DSi — {DS3,DS?,...,DS?}. 6)

Eventually, for all N; target-domain images, there are a total of k * N; superpixels
undergoing active region selection based on their inter-domain similarities, and the formula

is as follows:
Dtotal _ {Dsll DSZ, o, DSNt_ll DSN[ } (9)

With the labeling budget, B, we rank the similarity of these k x N; regions by Sort; (D),
and we select the top r% regions with the lowest similarity as active samples.

Intuitively, the similarity definition in Equation (7) assigns target-domain samples
(i.e., superpixel regions) to the closest category in the source domain. Utilizing inter-domain
similarity enables us to identify target-domain samples that significantly differ from the
entire source domain. By labeling these samples with their true categories, we acquire
target-domain-specific information that is challenging to learn solely from pseudo-labels.
Note that, for these active samples, we uniformly assign a class label to image pixels within
the same superpixel region, disregarding the outcome that superpixels may not be strict in
segmenting edges. This approach significantly reduces the labeling cost of active samples.

3.3. Source-Weighted Class-Balanced Self-Training

In our study, the segmentation model, guided by the proposed AL strategy, is equipped
to grasp specific knowledge from the target domain. However, unlike the conventional self-
training learning in UDA, which learns consistent category features across both domains,
our model may encounter disruption if the source data is trained without any filtering.
This interference may arise from source-domain samples that significantly deviate from
the target-domain characteristics. Hence, we present a method to degrade source-domain
samples by utilizing the clustering centers of the target domain. This approach mitigates
the impact on domain adaptation by adjusting the adaptive weighting of the source-domain
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training loss. The detailed procedure is illustrated in Figure 5, where source- and target-
domain images are trained simultaneously by optimizing two cross-entropy (CE) losses.
We incorporate the distance measurement from the source-domain pixels to the target
domain and the class-wise average entropy to obtain the weighting map, which is used in
the optimization process of the source-domain CE loss.

Target Clustering Center Generation. To maximize the utilization of a priori knowl-
edge in the target-domain data, we employ the fine-tuned model guided by active labels to
compute the pixel features of unlabeled target-domain samples by f* = E(x!) € RN*/>®,

and we obtain the set of target-domain features Otarget = { f]-t|xt S Dt}. As the target-

domain data is unlabeled, we perform unsupervised clustering algorithm K-means on this
feature set to derive center anchor features that effectively represent the distribution of the
target data. Specifically, we organize them into V clusters, aiming to minimize the error:

RS R

v= lf GQtarget

(10)

where ||- ||§ represents the squared Euclidean distance and A, is the centroid of cluster C:

Ay |cv X 1 (1)

fi€Cy

where |Cy| indicates the quantity of features assigned to cluster C,. The centroids { Al }v 1
are then employed to assess the domain adaptability of the source samples during the
self-training process. Notably, due to the potential bias of the initial fine-tuned model’s
clustering centers towards the actual target distribution, we dynamically update the cen-
troids during self-training. After a specific number of iterations, we conduct inference
on the target domain training images, and new pixel features are used to update the

centers { Al }U .-

Source Weighting Class-Balanced Factor. To filter out challenging source samples or
those with insufficient contribution to domain adaptation, we assess each sample’s level
of contribution by measuring the feature distance to the target centroids. The initial step
involves computing the distance of the source feature to the target domain as follows:

D(xs)] —mvm

fi =4,

,o=1{1,2,...,V}, (12)

where f* is the feature map of source image, x°, extracted by the encoder, E, j is the index
on feature map, f°, and D(x°) j represents the nearest distance of the source feature from
the target centers.

Based on the calculation of this distance, we define the source weighting factor of the
source image, x°, as:

wf = exp (_D(XS)? ’ (dzmean) 1>r (13)

where dmean denotes the average distance of D(x°) over all source images and is used for
normalization in the equation. During training, dmean is computed via the exponential
moving average as follows:
t+1 t
dn—;ean = Wdmean + (1 — OC)D(XS)I-, (14)
where « denotes the smoothing parameter to avoid large fluctuations.

Additionally, as illustrated in Figure 1, there is a noticeable difference in category
distribution, impacting the model’s training results on the target domain, especially on
categories that are dominated by the source domain and have fewer samples in the target
domain. To address this issue, we utilize the prediction entropy of the segmentation model
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to measure the training difficulty of the target-domain data on each category, which is used
to avoid repeated training on samples with a larger proportion of the source domain, while
paying more attention to hard-to-learn classes in the target domain.

Hence, we employ class-wise average entropy, Ent, to achieve class-balanced self-
training. As depicted in Figure 5, we acquire the Softmax output of the fine-tuned model on
the target image, D;, to compute the entropy for each image. This entropy is then combined
with the pseudo-label to calculate the average entropy under each class. Specifically, We
use the pretrained segmentation model to output per-pixel classification predictions for
the target-domain training images. Let the classification probability prediction result for
a certain pixel be [p1, pa, ..., pc], where C is the number of categories and p; represents
the probability that the pixel belongs to category i, and then use the entropy calculation

formula E = — 2 pilog(p;) to obtain the prediction entropy for each pixel. Finally, we

calculate the average entropy, Ent, for each category based on the classification categories
of the pseudo-labels using the pixel-level prediction entropy.

weighting
I
|
L ! | > -
Q ° ’\ ‘ - CE loss .. ‘
e e"r
g [l
Source image Source feature Weighting map  Source prediction

Source label

A Class-wise average entropy
-— — CEloss <—©-|:
K-Means —
Target prediction

Pseudo Iabel Active label

Target feature

Legend

Target feature Y Target centroid @ Pixel-domain measurement @ Pixel-wise class-wise multiplication @ Pseudo-label correction

Figure 5. Illustration of the source-weighted class-balanced self-training process.

Finally, we adjust the source weighting factor by multiplying the inter-domain nearest
distance and the class-wise average entropy, Ent, as follows:

s 2 -1 s
w; =exp( —D(x ) (dmean) x Ent., y; = ¢, (15)

where Ent,. is the normalized value of class-wise average entropy corresponding to the
category of y;. In this way, the class-wise average entropy limits the degree of degradation
of the source-domain samples on that category, thus mitigating the effects of inter-domain
category imbalance. Then, we adjust the loss function for source data by applying a
class-balanced weighting factor, and the cross-entropy loss for the source image x° is
expressed as:

1 HxW C s s
Lseg = Lee(G(X°),¥°) =~ HW Y Y —wi-yi log(pic), (16)

i=1 c=1

where w?}, ¥, and p; denote the source weighting factor, the ground truth, and the probabil-
ity predicted on pixel ith, respectively.
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3.4. Optimization Process

Leveraging the proposed MARS and SCBS methods, the segmentation model aims
to achieve improved performance in the target-domain RSIs. With the selection of active
region samples, we train these target active regions by:

1 HxW C
£al = Ecg (G(Xt), ) - 7W Z Z Og ch (17)
i=1 c=1

where 7' denotes the active label. Meanwhile, we use pseudo-labels on the target-domain
unlabeled samples for self-training:

1 HxW C
‘Cpseudo = ECB<G(xt)I§'t) = HW Z Z }2 Og(p“) (18)
i=1 c=1

where ' denotes the pseudo-label. The overall objective function is defined as
loss = Acseg + La+ Epseudo- (19)

The complete training pipeline is outlined in Algorithm 1.

Algorithm 1 The Optimization Process of the ABSNet.

Require: Labeled source-domain data Ds = { (xS, y?) }N , unlabeled target-domain data

Dy = {xf}izl. Annotation budget B. The segmentation network G, parameterized by ©.
Number of iterations N.

Define: Target active label {§!}." N =¢.

: Stage 0:

. Pre-train the model ®° on D, and D; with the UDA method [12].

: Stage 1:

: Regionalize the target training image using SEEDS algorithm to obtain S,,;.

LI S I R

: Apply the GMMs density estimation on the source feature vector set { f]s} to model

the source-domain distribution.
6: Calculate similarity D( f;), and rank the target superpixel regions with similarity

Sorty(Dtl).
7. Select the top r% regions with the lowest similarity serving as active samples, obtaining

set { (x},51) 112,

8: Stage 2:

9: Fine-tune the model with { (x{,y5) }1 Land {(x},§}) } 1 by minimizing cross-entropy
loss, and obtain @1.

10: Initialize centroids {A;}Ll with K-means clustering on the target feature vec-

t
tor set { f] }
11: Compute the class-wise average entropy set {Entc}le.
12: foriter =1,...,N do

13: Calculate the source weighting class-balanced factor w®.

14: Calculate Lseg according to Equation (16) with (x°, y®).

15: Calculate £, according to Equation (17) with (x/, yf)

16: Calculate £pseudo according to Equation (18) with (x',§").

17: Update ®? with the overall objective function loss according to Equation (19).
18: if iter%1000 == 0 do

19: Update centroids { A/, } with {xt}

20 end if

21: end for

Return: Final segmentation network G with parameters @2.
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4. Experimental Results
4.1. Dataset Description

To verify the effectiveness of the proposed approach in the cross-scene domain adap-
tation of semantic segmentation, we conducted extensive experiments on the LoveDA
dataset [42] and the ISPRS semantic labeling benchmark. The LoveDA dataset comprises
two subsets, namely Rural and Urban, while the ISPRS dataset consists of two subsets:
Vaihingen (VH) and Potsdam (PD).

LoveDA presents a challenging spaceborne RSIs dataset, consisting of 1366 train-
ing images and 992 validation images from rural areas, as well as 1156 training images
and 677 validation images from urban areas. Each image in the dataset has a resolution
of 1024 x 1024 pixels. The dataset annotations encompass seven classes: background,
building, road, water, wasteland, forest, and agriculture. The VH dataset comprises 33 im-
ages, including 16 training images and 17 test images. These images vary in size from
1996 x 1995 pixels to 3816 x 2550 pixels and consist of near-infrared, red, and green bands
(IRRG). Meanwhile, the PD dataset consists of 38 images, with 24 training images and
14 test images. The images in the PD dataset have a fixed size of 6000 x 6000 pixels. Notably,
the IRRG and RGB images of the PD dataset are officially provided separately, and our
experiments are conducted on the PD data using RGB images, introducing more significant
domain differences. Both the VH and PD datasets share the same 9 cm spatial resolution
and are annotated with six categories: impervious surface, building, low vegetation, tree,
car, and others.

We conduct three validation experiments for cross-domain semantic segmentation:
rural-to-urban, urban-to-rural, and VH-to-PD, respectively. For the rural-to-urban task,
there are 1366 labeled samples from rural and 677 unlabeled samples from urban used
in ADA training. The segmentation model is evaluated using 1156 labeled samples from
the urban area. In the urban-to-rural task, there are 1156 labeled samples from urban and
992 unlabeled samples from rural used for ADA training, while 1366 labeled samples from
rural are used for evaluation. In the VH-to-PD task, there are 16 labeled samples from the
training set of VH and 14 unlabeled samples from the test set of PD used in ADA training,
and evaluation is performed using 24 samples from the training set of PD.

4.2. Implementation Details

Preprocessing. For unlabeled target-domain images, we apply the SEEDS algorithm
to generate superpixel regions using the toolkit in OpenCV. The SEEDS algorithm, derived
from [41], is designed to segment an image into uniform, compact blocks of superpix-
els. In our work, the following hyperparameter settings are employed: priority = 3,
num_levels = 5, num_histogram_bins = 10, and double_step is set to True to enhance the
quality of the superpixels. The number of superpixels (num_superpixels) is 500 for the
images in LoveDA. The original images in ISPRS are cropped to 512 x 512 pixel slices,
thus their parameter num_superpixels is set to 125. It should be highlighted that our sug-
gested framework is generic with any superpixel algorithm. We select 5% of the target
region samples as active samples to minimize the annotation effort while maximizing
performance improvement.

Training Setting. To benchmark against existing domain adaptation methods, we
employ the Deeplabv2 [39] model with the ResNet50 [43] backbone for comparison experi-
ments on the LoveDA dataset. Additionally, we utilize the DAFormer [21] model with the
Mix Transformer-B5 [44] encoder for experiments on the ISPRS dataset. In the experiments,
the pretrained results on ImageNet [45] are used as initialization parameters for the back-
bone networks. For Deeplabv2, we employ the stochastic gradient descent (SGD) optimizer
during training, setting the momentum to 0.9 and the weight decay to 0.0005. The “poly”
learning rate strategy [39] is applied with the initial value set to 0.01 and a power of 0.9.
For DAFormer, the model is trained using the AdamW [46] optimizer with betas = (0.9,
0.999). The learning rate is set to 0.0001 for the encoder and 0.001 for the decoder, with a
weight decay of 0.01. The number of iterations, N, is set to 10,000. A batch size of 8 images
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is used for training. For training images of LoveDA with 1024 x 1024 pixels, we randomly
crop them to obtain 512 x 512 pixels as inputs of the model. The training images undergo
data augmentation methods, including random flips in horizontal and vertical directions,
and random rotations.

Evaluation Metrics. We quantitatively assess the segmentation results of the model
using standard metrics for accuracy evaluation, including mean intersection-over-union
(mlIoU) and pixel accuracy (PA). To analyze the impact on different categories, we also
present the intersection-over-union for each category in comparison results.

4.3. Comparisons with the State-of-the-Art

We begin by comparing the proposed ABSNet with state-of-the-art (SOTA) DA meth-
ods of semantic segmentation from quantitative and qualitative perspectives. The methods
for comparison encompass UDA methods as well as semi-supervised domain adaptation
(semi-DA) methods, where the target image is partially labeled.

4.3.1. Quantitative Results

Tables 1 and 2 present the results of accuracy evaluation for different DA methods
on Rural-to-Urban and Urban-to-Rural tasks, respectively. UDA methods include Adapt-
Net [12] and CLAN [13], based on adversarial learning, and CBST [18], IAST [19], and
DCA [22], based on self-training. Semi-DA methods include the pixel-level contrastive
learning method with class memory bank proposed by Alonso et al. [32], the MADA [28]
and RIPU [29] methods. Following them, Alonso’s method randomly selects 5% of the
target-labeled images for training, MADA obtains 5% of the target-labeled images through
active learning, and RIPU selects 5% of the target regions for labeling, which are regularly
shaped squares centered on each pixel of the image.

For the Rural-to-Urban task in Table 1, we present the PA, the IoU per class, and the
mloU of the different methods on the test images. Firstly, the UDA approach suffers from
domain biases, leading to performance limitations, such as AdaptNet and CLAN. The
Semi-DA approaches can facilitate domain adaptation with the assistance of target-labeled
data. Among them, Alonso’s method, which randomly selects target-domain samples, pays
insufficient attention to highly informative samples and may repeatedly select samples
that are well migrated across domains. Moreover, the MADA method labels the whole
training image, resulting in information redundancy and less efficient model learning
from the labeled samples. RIPU focuses on selecting pixel regions with high prediction
uncertainty, ignoring the semantic consistency of objects. In contrast, it can be observed
that our ABSNet achieves the optimal PA and mloU evaluation results. Our PA achieves
65.66%, and mloU is 45.54%, representing an improvement of 2.77% mloU compared to the
current advanced RIPU method. In addition, for per-class IoU, our method significantly
outperforms existing DA methods for the segmentation of Building and Road in the urban
scene, with IoU accuracies of 52.04% and 49.89% on Building and Road, respectively.

Table 1. Comparison with different DA of semantic segmentation methods in Rural-to-Urban task.

Setting Method Type  PA(%) BG?* Building Road Water Barren Forest Agricultural mlIoU(%)
AdaptNet [12] AT 54.81 50.90 28.43 1773  46.86  13.10 17.83 11.21 26.58
CLAN [13] AT 53.61 47.71 35.33 27.04 4093 2293 22.52 8.88 29.34
UDA CBST [18] ST 63.07 53.09 46.90 4023 7214  18.13 14.14 21.66 38.04
IAST [19] ST 61.50 52.54 42.98 4040 7086  15.67 4.85 19.03 35.19
DCA [22] ST 63.15 5221 49.65 3759 61.73  26.60 20.32 24.04 38.88
Alonso’s [32] Random 60.83 45.58 49.11 46.51 59.77  32.69 22.95 23.81 40.06
Semi-DA MADA [28] AL 62.30 48.35 50.13 4451 7053  31.25 23.74 22.79 41.62
RIPU [29] AL 62.57 49.96 49.31 47.03 71.03  22.62 22.99 36.47 42.77
ABSNet AL 65.66 52.83 52.04 49.89 72.93 28.13 27.36 35.61 45.54

" BG: Background.
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The results of PA, IoU per class, and mloU evaluation for different approaches re-
garding the Urban-to-Rural task are presented in Table 2. Semi-DA methods provide a
greater advantage in overall evaluation compared to UDA methods. The proposed ABSNet
achieves 69.02% PA and 50.05% mloU, which is significantly better than the state-of-the-art
DA methods. For Building and Forest, our method is able to overcome objective differences
between domains, obtaining a better adaptation for these two categories in the rural scene.
Therefore, improvement of the classes with far inter-domain distances is vital to enhance
the overall performance of cross-domain segmentation models. Overall, compared to
existing SOTA methods, our method is more advantageous in selecting target-domain
samples conducive to domain migration and better utilizes the annotation information to
make the segmentation model adapt well to the target-domain data.

Table 2. Comparison with different DA of semantic segmentation methods in Urban-to-Rural task.

Setting Method Type  PA(%) BG?* Building Road Water Barren Forest Agricultural mlIoU(%)
AdaptNet [12] AT 59.51 38.24 34.08 2754 5394 18.69 52.26 39.22 37.71
CLAN [13] AT 63.78 40.29 41.28 27.53 5158 1427 5525 50.98 40.17
UDA CBST [18] ST 6241 29.30 39.33 36.01 5570 1675  53.89 53.88 40.69
IAST [19] ST 62.83 32.34 50.43 34.78 4643 2394 5421 46.04 41.17
DCA [22] ST 63.13  28.89 51.58 3342 5299 2954 5142 53.38 43.03
Alonso’s [32] Random  66.56 41.53 51.50 3332 5986 2033  53.86 54.60 45.00
Semi-DA MADA [28] AL 67.53  41.82 53.58 35.07 6048 1620  56.15 56.40 45.67
RIPU [29] AL 66.30 41.10 52.19 3257 5748 3437  54.86 52.99 46.51
ABSNet AL 69.02 41.77 57.94 39.94 61.03 34.33 59.27 56.07 50.05

* BG: Background.

We also present comparative experiments on the VH-to-PD task, as shown in Table 3.
UDA methods include the Advent [16] and Zheng's [15] method based on adversarial training,
and ProDA [20], Li's method [23], DAFormer [21], and PCEL [24] based on self-training. Semi-
DA methods also consist of Alonso’s [32], the MADA [28], and RIPU [29]. Comparison
experiments on the VH-to-PD task are performed on the DAFormer model, which is a
Transformer with context-aware multi-level feature fusion. This allows for the convenient
comparison with existing SOTA methods and verifies the generality of our proposed pipeline
for segmentation models. It can be seen that ABSNet’s PA and mloU results are 86.59% and
77.32%, respectively, which is an improvement of 2.73% mloU compared to the RIPU method.
Our method yields a significant improvement in IoU accuracy over existing methods in the
Building and Low Vegetation classes. Therefore, the Semi-DA method proposed in this paper
is remarkable in promoting the accuracy of the cross-domain segmentation model, especially
compared to the current mainstream UDA domain adaptation methods for RSIs, e.g., Advent,
Zheng’s, Li’s, and PCEL methods. Compared to the methods proposed for natural scene
images, e.g., Alonso’s, the MADA, and RIPU methods, our Semi-DA incorporating the AL
algorithm effectively utilizes the statistical prior knowledge of remote-sensing data and is
more advantageous in the performance of the cross-domain model.
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Table 3. Comparison with different DA of semantic segmentation methods in VH-to-PD task.

Setting Method Type PA(%) Imsllizlc(;“s Building Veglt;.(t):\t’ion Tree Car mlIoU(%)
Advent [16] AT 60.03 49.80 54.85 40.19 26.94 46.71 43.70
Zheng's [15] AT 60.89 47.63 48.77 34.92 41.17 51.58 44.81
UDA ProDA [20] ST 74.59 67.67 78.59 47.01 45.02 72.20 62.10
Li‘s [23] ST 77.98 72.64 82.39 54.12 48.69 60.51 63.67
DAFormer [21] ST 79.25 66.09 78.23 63.06 56.83 77.57 68.36
PCEL [24] ST 81.32 65.04 82.64 63.09 70.96 76.95 71.74
Alonso’s [32] Random 84.23 77.93 86.43 65.38 68.48 66.95 73.03
Semi-DA MADA [28] AL 85.03 78.14 86.59 67.38 68.70 71.17 74.40
RIPU [29] AL 85.18 77.65 87.07 67.31 69.61 71.30 74.59
ABSNet AL 86.59 79.47 89.21 70.46 71.24 76.24 77.32

[
4
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4.3.2. Qualitative Results

The visualization results of different methods for segmentation of test images in three
tasks are shown in Figures 6-8.
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Figure 6. Segmentation visualization results with different DA of semantic segmentation methods in
Rural-to-Urban task. (a) Image. (b) Ground truth. (c) DCA. (d) MADA. (e) RIPU. (f) ABSNet.

For Rural-to-Urban and Urban-to-Rural, we show segmentation visualizations for
DCA, MADA, RIPU, and our ABSNet. From Figure 6, in urban scenes, buildings are
arranged in a dispersed manner, making it challenging to distinguish vegetation or back-
grounds located near the buildings. Additionally, roads in the target urban scene become
wider and exhibit large intra-class variations compared to the source rural scene, making
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them difficult to recognize as they become confused with the background. As depicted in
Figure 6f, our ABSNet recognizes buildings and roads more accurately compared to the
DCA, MADA, and RIPU methods. This improvement can be attributed to our method’s
capture of representative target samples and the learning of target-domain-specific knowl-
edge. From Figure 7, in rural scenes, there is more agricultural land and water, and the
roads become narrower. It is difficult to distinguish between agricultural land, water, and
forest areas. Compared to other methods, our segmentation map greatly improves the
recognition of water, and thin and narrow roads are better segmented.

[ ]Background il Building [ | Road [Jjjij Water 7] Barren - Forest[ ] Agricultural
o ANAT A A A
-

Figure 7. Segmentation visualization results with different DA of semantic segmentation methods in
Urban-to-Rural task. (a) Image. (b) Ground truth. (c¢) DCA. (d) MADA. (e) RIPU. (f) ABSNet.

For the VH-to-PD task, we show segmentation visualizations of PD test images for
Alonso’s, MADA, RIPU, and our ABSNet in Figure 8. It can be observed that the buildings
and trees in the PD dataset exhibit blurred boundaries, and existing methods yield coarse
segmentation results at the edges of the objects. Our approach in Figure 8f enhances the
segmentation of edges and more effectively mitigates inter-category confusion.
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Figure 8. Segmentation visualization results with different DA of semantic segmentation methods in
VH-to-PD task. (a) Image. (b) Ground truth. (c) Alonso’s. (d) MADA. (e) RIPU. (f) ABSNet.

4.4. Analysis and Discussion

In this section, we analyze and evaluate in detail the effectiveness of the two proposed
phases of our study. We first conduct an ablation study to recognize the detailed contribu-
tion of each module to cross-domain semantic segmentation. Next, we compare with other
active learning methods. Finally, we report the optimal values of the hyper-parameters in
the proposed approach, as well as the effect of the number of annotations.

4.4.1. Ablation Study

In order to validate the effectiveness of the proposed AL method, MARS, and the
source-domain degradation method, SCBS, we sequentially implement these two modules
to improve the baseline method. We take the pre-trained UDA model [12] learning pseudo-
labels of the target domain for self-training as the baseline method. The experimental
results of the Rural-to-Urban and Urban-to-Rural tasks are displayed in Table 4.

First, fine-tuning by selecting the target informative samples with the MARS module
brings 3.54% and 7.84% mloU improvement in Rural-to-Urban and Urban-to-Rural tasks,
respectively. Next, we analyze the effects of the source weighting factor (Equation (13)) and
the class-wise average entropy (Equation (15)), respectively. When the baseline method
is trained with the SCBS module, the mloU of the baseline method is boosted by 2.93%
and 7.76% on Rural-to-Urban and Urban-to-Rural tasks, which implies that our adaptive
weighting of the source samples leads to the model adapting more closely to the target
domain. Together with the proposed two phases, our method achieves 45.54% and 50.05%
in mloU evaluation, which is an improvement of 6.5% and 10.01%, respectively, compared
to the baseline. This validates the promotive effects of the proposed modules on each other,
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and it can be appreciated that our MARS first learns representative knowledge in the target
data to provide more accurate target-domain modeling for clustering in the SCBS phase.
Finally, the cross-domain adaptation performance is further enhanced by source-domain
degradation and class-balanced self-training.

Table 4. Ablation study results of the proposed different modules on Rural-to-Urban and Urban-to-
Rural tasks.

Tasks Baseline MARS SCBS!* SCBS2* PA(%) mloU(%)
v 61.86 39.04
v v 63.09 42 .58
Rural-to-Urban v v 63.53 41.31
v v v 64.44 41.97
v v v v 65.66 45.54
v 63.96 40.04
v v 66.92 47.88
Urban-to-Rural v v 67.31 47.20
v v v 68.57 47.80
v v v v 69.02 50.05

* SCBS! : The source image is weighted according to Equation (13). * SCBS? : The source image is weighted
according to Equation (15).

In addition, we use radar charts to visualize the per-class performance gains of our
approach with respect to the baseline approach in Figure 9. Significant improvements can
be seen in those hard categories, with major inter-domain differences, e.g., Road, Building,
and Barren.

Road Road

—— Baseline —— Baseline

—— Ours

Background Background

Agricultural Agricultural

Forest Forest

(a) (b)

Figure 9. Radar charts of mIoU(%) on the 7 categories of the LoveDA dataset with the baseline
method and our ABSNet. (a) Rural-to-Urban. (b) Urban-to-Rural.

4.4.2. Comparison of Active Sample Selection Methods

We compare the proposed multi-prototype density estimation-based active sample
selection strategy with other AL methods, including RAND, ENT [34], CONF [34], and
CLUE [27]. These AL methods obtain active samples and, as in our MARS experiments, they
are used to fine-tune pre-trained UDA model and then test the segmentation performance
of their models.

RAND. Five percent of the samples are randomly selected from all superpixel regions
in the target data.

ENT [34]. The entropy of the prediction is utilized to measure the uncertainty of the
data, and the method calculates the entropy of the pixel, i, of the target image, xt, using
Equation (20). To be compatible with our region-based annotation method, we calculate
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the average entropy of pixels within each superpixel region as the region entropy. Finally,
the 5% regions with the largest entropy among the target samples are selected as the
active samples.
-1 C
t t t
Dent (X )i = m szl pi,c log(pi,c) (20)
CONF [34]. The method takes the least confidence as the measure of AL. The prediction
confidence is the maximum probability of the Softmax layer, illustrated in Equation (21).
We also calculate the average confidence in each superpixel region and select the 5% regions
with the lowest confidence in the target sample for labeling.

Dcont (xt)l. = arg max pf,c,c ={1,2,...,C} (21)
c

CLUE [27]. The clustering uncertainty-weighted embeddings method proposed by
Prabhu et al. combines the predicted entropy values to perform weighted K-means cluster-
ing of target embeddings. The number of clustering centers is set based on the budget, B,
and the samples closest to each center are selected. In the same way, we set the budget, B,
to 5% of the total target samples.

Comparison results with other active learning methods on Rural-to-Urban and Urban-
to-Rural tasks are reported in Table 5. ENT and CONF pick samples with uncertain
predictions that might give little reward due to redundant sample learning or outlier
instances. CLUE combines sample diversity with uncertainty but lacks consideration of
inter-domain distance. Our proposed scheme based on multi-prototype density estimation
yields the outperforming mloU metric. This indicates that our AL strategy can alleviate
sample redundancy and capture more representative and informative target samples.

Table 5. Comparison results of the proposed MARS with other active learning methods.

Tasks Method mloU(%)

RAND 40.07

ENT [34] 41.66

Rural-to-Urban CONF [34] 41.19
CLUE [27] 42.01

MARS 42.58

RAND 43.49

ENT [34] 46.02

Urban-to-Rural CONFF [34] 44.31
CLUE [27] 46.07

MARS 47.88

4.4.3. Impact of the Number of Prototypes

We next analyze the effect of the number of prototypes, K, of GMMs in MARS. Consid-
ering the diversity of remote-sensing scenarios, we propose multi-prototype source-domain
clustering based on density estimation for accurate modeling of source data distribution.
The validity of the multi-prototype density estimation and the effect of different K are
demonstrated in Table 6. The results show that, for Rural-to-Urban and Urban-to-Rural
tasks, the selected active samples give the optimal fine-tuning performance for the model
when the number of prototype, K, is 4 and 6, respectively. Meanwhile, compared to the
single prototype estimation (K = 1), the mloU is improved by 1.74% and 2.25%, respec-
tively. This may be related to the richness of scenarios in the data, and the urban as source
data with richer scenario types requires a greater number of prototypes than the rural as
source data.
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Table 6. Impact of the number of prototypes in the MARS on Rural-to-Urban and Urban-to-Rural tasks.

Tasks K=1 K=2 K=4 K=6 K=8
Rural-to-Urban 40.84 41.85 42.58 42.19 41.46
Urban-to-Rural 45.63 46.96 46.46 47.88 47.65

4.4.4. Impact of the Number of Centroids

In the SCBS phase, we dynamically cluster unlabeled target data by K-means, and we
analyze the effect of the number of cluster centroids, V, on this phase. We seek the optimal
value of V based on the model that achieves the best performance in the MARS phase with
different values of V selected, where V is set to 50, 100, 150, 200, 250. As shown in Table 7,
our source-weighted self-training method improves on the fine-tuned model for every
alternative value of the cluster centroids. The model acquires the highest effectiveness
when V is set to 200 for the Rural-to-Urban task and 150 for the Urban-to-Rural task.

Table 7. Impact of the number of centroids in the SCBS on Rural-to-Urban and Urban-to-Rural tasks.

Tasks V=50 V=100 V =150 V =200 V =250
Rural-to-Urban 44.99 45.06 45.34 45.54 45.17
Urban-to-Rural 49.45 49.54 50.05 49.73 49.85

4.4.5. Impact of the Smoothing Parameter

We conduct experiments by adjusting the value of « in Equation (14) in order to analyze
its effect on the SCBS module. Table 8 reports the effect of « in the SCBS on Rural-to-Urban
and Urban-to-Rural tasks. As shown in Table 8, the SCBS module acquires the highest
effectiveness when « is set to 0.999. We attribute this to the fact that the updating of dmean
ensures that the distance measurement is not influenced by outliers and more accurately
describes the similarity between the source-domain data and the target-domain data.

Table 8. The effect of a in the SCBS on Rural-to-Urban and Urban-to-Rural tasks.

Tasks a=05 a=09 « =0.99 « =0.999 a« = 0.9995
Rural-to-Urban 42.82 44.50 45.19 45.54 45.39
Urban-to-Rural 47.49 49.67 49.83 50.05 49.87

4.4.6. Impact of the Number of Active Samples

To verify the robustness of our approach, we vary the value of the labeling budget, B, to
analyze the effect of the number of active samples on cross-domain semantic segmentation.
As shown in Table 9, we report the results of model training with the proposed MARS
and SCBS modules under the number of active samples of 0, 5%, 10%, 50%, and 100%,
respectively. As the number of labeled samples increases, the model performance gradually
improves, and our SCBS can further improve the domain adaptation ability of the model
based on the active sample’s fine-tuning the target domain.

To more clearly visualize the superiority of our approach, in Figure 10 we present the
line plot showing the evolution of the model’s mloU accuracy according to the annotation
budget. As can be seen, the model performance is significantly improved after providing
only 5% of the annotation. For the Rural-to-Urban task, our ABSNet achieves a 45.54%
mloU after labeling 5% of the samples, which is close to the result of labeling all the
target data (B = 100%). This implies that if the model can adequately exploit the training
data using our method, focusing more on those informative and representative samples,
whether from the source or target domain, we can enable the model to cope with variations
in data from different scenarios with a powerful adaptation capability. In addition, the
proposed SCBS brings 1.63% and 1.94% mloU improvement under labeled 100% samples,
respectively, which indicates that our cross-domain-trained model outperforms that of
traditional supervised learning by learning the source data adaptively.
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Table 9. Impact of the selection of the number of active samples for cross-domain segmentation on
Rural-to-Urban and Urban-to-Rural tasks.

Rural-to-Urban

Urban-to-Rural

B Method PA(%) mlIoU(%) PA(%) mIoU(%)
0 - 61.86 39.04 63.96 40.04
w/ SCBS 64.44 41.97 68.57 47.80
5 MARS 63.09 4258 66.92 47.88
0 w/ SCBS 65.66 45.54 69.02 50.05
10% MARS 63.48 43.00 67.56 48.35
? w/ SCBS 67.40 45.65 69.67 51.75
50 MARS 65.61 44.79 68.83 50.16
° w/ SCBS 67.36 46.94 70.36 52.90
100% - 67.08 45.89 70.10 51.30
° w/ SCBS 68.05 47.52 70.94 53.24
56
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Figure 10. Performance improvement of our method for different number of active samples. (a) Rural-
to-Urban. (b) Urban-to-Rural.

4.4.7. Evaluation of Inference Speed

In this section, we evaluate the inference speed of the proposed cross-domain segmen-
tation model Deeplabv2 for the Rural-to-Urban and Urban-to-Rural tasks and DAFormer
for the VH-to-PD task. We used frames per second (FPS) to evaluate the inference speed
of Deeplabv2 and DAFormer. Additionally, we evaluate the number of parameters of the
model (denoted as Params) and the number of float-point operations (denoted as FLOPs)
for the models to compute a sliced image with 512 x 512 pixels. The detailed configuration
of the experimental platform is as follows: the operating system is Ubuntu 18.04, with
256 GB of memory, an Intel(R) Xeon(R) CPU E5-2640 v4 2.40 GHz, and an NVIDIA Tesla
P100 GPU with 16 GB of VRAM.

As shown in Table 10, the FPS metric for the Deeplabv2 segmentation model is 14.7,
while the FPS metric for the DAFormer segmentation model is 5.3. We note that the larger
number of parameters and FLOPs of DAFormer lead to slower inference speed. Neverthe-
less, the DAFormer model based on the Transformer structure is better in segmentation
performance, as shown by comparing the segmentation results in Figures 6-8. Therefore,
the segmentation model can be selected according to the needs of segmentation accuracy
and inference speed in practical applications.
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Table 10. The inference speeds for different tasks.

Tasks Model Params(M) FLOPs(G) FPS
Rural-to-Urban Deeplabv2 39.1 47.9 14.7
Urban-to-Rural Deeplabv2 39.1 47.9 14.7

VH-to-PD DAFormer 85.2 183.3 53

4.5. Limitations and Future Works

In this section, we further discuss the limits of our method and potential improvement
of our cross-domain segmentation network.

In this paper, we observe that the segmentation model Deeplabv2, which is commonly
used in the current research of semantic segmentation [12-16,18,19,22], fails to perform
well for challenging remote-sensing objects in our experimental results. For example, there
are scale variations among the objects in the high-resolution RSIs in the LoveDA dataset,
and the complex background samples in the RSIs. These factors pose challenges for seg-
mentation models to effectively capture object features and achieve accurate segmentation.
In addition, the clustering methods (GMMs and K-means) used in this paper may be less
effective in describing the source- and target-domain data distributions when handling
large-scale remote-sensing data or when the remote-sensing scenarios are more complex.

In this paper, the proposed method achieves superior cross-domain segmentation
results on the datasets of optical remote-sensing images. We consider that cross-domain
segmentation can be further extended on the cross-modal remote-sensing data. we plan to
further explore domain adaptation issues between different modalities, such as from optical
to infrared and from optical to synthetic aperture radar (SAR). These studies will help
improve the generalization ability of models on data from different sensors and broaden
their application scope. Furthermore, we expect to study the effect of the quality of remote-
sensing images on the generalization of cross-domain segmentation models, for instance,
where there are different meteorological conditions, or where the cloud and cloud shadows
influence the quality of the training images.

5. Conclusions

In this paper, we propose a novel and effective active domain adaptation method
for cross-domain segmentation in remote-sensing images called the active bidirectional
self-training network (ABSNet). In particular, the proposed multi-prototype active region
selection (MARS) and source weighted class-balanced self-training (SCBS) are two sub-
stages, which measure the similarity from the target samples to the source domain for
active learning, and measure the distance from the source samples to the target domain
for filtering the favorable samples, respectively. MARS models the source-domain feature
distributions by using the GMM algorithm to obtain the multiple source prototypes and the
covariance matrices. We use the density estimates of the target features as the inter-domain
similarity and select target-labeled samples that are far away from the source domains
based on the principle of least similarity. The SCBS clusters the target features based on the
fine-tuned model and measures the inter-domain distance of source samples based on the
target centers. This distance is combined with the class average entropy to achieve weighted
training on the source data and mitigate the negative impact of interference-prone samples.
Furthermore, extensive experiments on the LoveDA and ISPRS datasets are performed,
which validate the performance superiority of the proposed ABSNet over state-of-the-art
domain adaptation methods.
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