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Contrastive Learning With Multiple Prototypes
for Unsupervised Domain Adaptive
Semantic Segmentation
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Abstract—Unsupervised domain adaptive semantic segmenta-
tion aims to transfer knowledge from the annotated source
domain to the unlabeled target domain. Recently, self-training
methods have gained substantial attention, which leverage high-
confidence predictions in the target domain as pseudo labels for
supervision. However, limited exploration of intra-class variations
across domains, including significant visual differences within each
category, has led to misalignment between feature distribution
across domains. In this article, we present a unified non-parametric
distance-based online clustering method to efficiently maintain
multiple centroid-based prototypes within each category subspace
instead of one prototype for each category subspace, which
enables prototypes to possess the capacity for richer feature
representation. Then, considering the variance across different
dimensions of a feature representation, we then extend the
prototypes from centroid-based ones to distribution-based ones.
Specifically, each subspace is modeled using a Gaussian mixture
model which includes several anisotropic Gaussian distributions,
aimed at prioritizing discriminative dimensions and obtaining a
finer measurement of the pixel-to-prototype similarity. Meanwhile,
a category-aware feature space is achieved through pixel-to-
prototype contrastive learning to ensure the compactness of
pixel features in the same subcategory and drive the separation
between pixel features of different subcategories. What’s more,
multi-resolution features are utilized to promote diversity and
robustness among intra-class prototypes. Experiments validate
the competitiveness of our two prototype-based methods against
existing state-of-the-art methods, with a mIoU of 76.8 % on GTA —
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Cityscapes, 68.4% on Synthia — Cityscapes, 54.5% on Cityscapes
— DarkZurich and 56.4% on Cityscapes — ACDC. Notably, our
method is able to seamlessly integrate with existing UDA methods.

Index Terms—Unsupervised domain adaptation, semantic
segmentation, prototype learning, contrastive learning.

I. INTRODUCTION

EMANTIC segmentation holds a pivotal position in com-
S puter vision, serving as a cornerstone for visual scene un-
derstanding. Its significance reverberates through a multitude
of real-world applications, prominently manifesting its value
in autonomous driving. With the advent of various Convolu-
tional Neural Network (CNN) architectures [1], [2], and Vision
Transformer-based models [3], remarkable advances in perfor-
mance have been made in this domain.

The training of semantic segmentation models relies on the
availability of adequate annotated images. Nonetheless, the
manual annotation at the pixel level is a labor-intensive process,
requiring up to 3 hours per image [4]. Consequently, creating a
fully labeled dataset is a tedious process. Thus, researchers have
turned to synthetic data [5], [6] to assist in training segmentation
models. Pixel-level annotations can be automatically extracted
from images generated by the video engine, greatly reducing the
need for human interaction and thus increasing the scalability of
annotated datasets. However, the distribution shift between syn-
thetic and real data, which typically includes variations in image
styles, weather, and lighting, makes the generalization of mod-
els from the synthetic domain to the real domain a challenging
task. To close the domain gap and improve model performance
on unlabeled target domains, Unsupervised Domain Adaptation
(UDA) methods have attracted significant interest.

Previous research in UDA has concentrated on distributional
alignment with adversarial training at the input [7], [8], feature
[9], [10], and output level [11], [12]. Currently, self-training
methods [13], [14], [15], [16] have received growing inter-
est due to their promising performance. These methods utilize
high-confidence target domain predictions as pseudo-labels, of-
fering supervision for target domain adaptation. The generaliza-
tion abilities of the model are closely linked to the accuracy of
the pseudo-labels. Insufficient supervision and regularization in
the target domain will lead to unreliable pseudo-labels, introduc-
ing additional noise during the training process and ultimately
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Ilustration of the main idea. (a) Single-centroid prototypes struggle to represent skewed distribution, resulting in the misclassification of outliers. (b)

Centroid-based prototypes capture intra-class patterns within each subspace. (¢) Modeling multiple Gaussian-based prototypes effectively captures variance on
different dimensions for each category, leading to a more discriminative decision boundary.

leading to a degradation in overall performance. To tackle these
challenges, researchers have adopted strategies such as dynamic
confidence thresholds [17] and uncertainty estimation [18] for
filtering out unreliable pseudo-labels. Some methods [19], [20],
[21] compute the centroid of feature clusters as category proto-
types and rectify pseudo-labels based on the feature-to-prototype
distances.

From a prototype perspective, feature classification can be
understood as the assignment of features to their most simi-
lar prototypes [22], with each prototype associated with a spe-
cific category. This clustering process can be achieved in an
unsupervised fashion, which is particularly suitable for us to
tackle the UDA problem, where labeled data are not always
available. The definition of similarity between prototypes and
features can vary depending on the particular type of prototype
being used. As depicted in Fig. 1, samples with identical class
labels but originating from different domains often display a
scattered distribution within the feature space. This dispersion
arises from variations within the class, which can lead to bi-
ased centroids. Consequently, outliers situated near the decision
boundary present challenges for accurate classification. Hence, it
becomes evident that a single prototype may not adequately rep-
resent the diverse features within a category. To address the cat-
egory feature misalignment across domains, we advocate imple-
menting contrastive learning in a multi-prototype way. Specif-
ically, we first adopt nonparametric online clustering to mine
multiple centroid-based prototypes within the domain-mixed
feature space for each category, where features from both do-
mains are associated with the same set of category prototypes.
Online clustering provides scalability even when dealing with
large volumes of data.

Meanwhile, probabilistic distribution-based clustering meth-
ods, such as Gaussian mixture model(GMM) [23] shows
promising performance in the field of unsupervised learning.
This allows us to extend the centroid-based prototypes to
distribution-based prototypes, which enables a more com-
prehensive representation of feature distributions across do-
mains. The distribution-based prototypes can also be clustered
within a unified framework, ensuring methodological coher-
ence. As shown in Fig. 1(c), distribution-based prototypes in

the same category correspond to a distinct subspace, effec-
tively capturing intra-class distribution patterns at a finer granu-
larity. Subsequently, pixel-to-prototype contrastive learning is
conducted in both domains to accurately represent category
features and reduce confusion among the features of different
categories, selecting positive and negative pairs according to
the optimal prototype assignments. In this way, a regularized
category-discriminative feature space is learned by promoting
compactness among features from the same subcategory while
driving a clear separation between those from other subcate-
gories. Furthermore, to enhance supervision, we maintain the
consistency between the predictions of the linear classifier and
the prototype clustering.

To further enhance segmentation performance, we introduce
multi-scale training to improve the model’s ability to handle ob-
jects of varying scales. While the HR detail crop is effective
for segmenting small objects like poles or distant pedestrians, it
struggles to capture long-range dependencies, which is a draw-
back when segmenting larger areas, such as expansive sections
of sidewalk. Conversely, the LR context crop excels in this re-
gard. To address these limitations, we fuse the predictions from
both crops to enhance the effectiveness of prototypes.

In this article, we offer a more comprehensive perspective on
the use of prototypes in UDA. Specifically, this work introduces
novel contributions in the following areas:

® We present a multiple-prototype contrastive learning mod-

ule for UDA semantic segmentation, which aligns subcate-
gory features by leveraging pixel-to-prototype assignments
and leads to more reliable pseudo labels. Our plug-and-play
module is compatible with most modern self-training UDA
methods.

® To enhance pattern discrimination across diverse feature

spaces and improve the clustering robustness, we start with
centroid-based prototypes and then extend to distribution-
based Gaussian prototypes. Moreover, clustering for
both centroid-based and distribution-based prototypes can
be achieved through our unified non-parametric cross-
domain online clustering pipeline. The non-learnable pro-
totypes make the clustering of prototypes computationally
efficient.
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e Furthermore, we adopt a multi-resolution framework
for category prototype clustering, allowing the category
prototypes to acquire detailed information from high-
resolution inputs as well as contextual information from
low-resolution inputs, thereby enhancing the diversity and
robustness of the prototypes.

¢ Extensive experiments conducted on popular UDA bench-
marks show that our methods consistently attain superior
performance and compatibility. Specifically, we achieve
76.8% and 68.4% mloU on GTA — Cityscapes and Syn-
thia — Cityscapes, respectively. Furthermore, we conduct
experiments on two real-world benchmarks, i.e. Cityscapes
— ACDC and Cityscapes — DarkZurich. Our method also
obtains the results of 56.4% and 54.5%, respectively, which
are favorable improvements on the baseline. A compre-
hensive ablation study confirms the effectiveness of each
proposed component.

II. RELATED WORK
A. Unsupervised Domain Adaptive Semantic Segmentation

Unsupervised domain adaptation (UDA) encourages a model
to transfer valuable semantics from the labeled source domain
to the unlabeled target domain, resulting in improved adapta-
tion performance. Generally, the majority of UDA segmentation
methods can be categorized into two groups: adversarial training
[71, [24], [25], [26] and self-training [14], [16], [26], [27].

Adversarial training method bridges the gap between dis-
tinct domain distributions through different adversarial strate-
gies. This is typically done by confusing domain discriminator
at feature level [2], [10] or output level [10], [25], [28]. Alterna-
tively, some methods use style transfer [8], [29], [30] to translate
source domain images to the target domain while preserving the
dense labels. However, the unstable nature of adversarial train-
ing results in suboptimal adaptation performance.

Self-training instead generates pseudo-labels from target do-
main predictions and integrates them into the training process.
Pseudo labels is created either before adaptation [13], [19] or in
real-time [14], [31]. Due to notable variations in data distribu-
tions between the two domains, pseudo labels unavoidably con-
tain noise. To prevent pseudo-label drift, strategies including cur-
riculum learning [32], [33], consistency regularization with aug-
mented data [34], [35], entropy minimization [36], and depth es-
timation [37] are adopted. Furthermore, some approaches [19],
[27], [38], [39] rectify pseudo-labels by utilizing the centroids
of features within each category. However, these centroid-based
methods fail to prioritize different feature dimensions.

In addition, most of the methods mentioned above overlook
the variations in features within each category and consider each
class as a uniform entity. This over-simplified assumption leads
to a less discriminative feature space.

B. Prototype Learning

Prototype learning enables the unsupervised categoriza-
tion of samples based on their similarities. Prominent meth-
ods include distance-based hard-clustering approaches such as

5269

nearest neighbors [22], K-Means [40], and probabilistic-based
soft-clustering methods like GMM [41]. The prototype, whether
represented as a centroid or distribution, captures the shared rep-
resentative patterns of features within the same cluster. Thus,
prototype-based methods are naturally introduced to tackle the
unsupervised domain adaption problem because of its repre-
sentativeness. [42] formulates the unsupervised domain adap-
tion task as the alignment of source and target prototypes. [43]
presents Transferrable Prototypical Networks (TPN) to ensure
that the prototypes for each class in source and target domains
are close in the embedding space. Also, the score distributions
predicted by prototypes separately on source and target data
need to be similar. [44] proposes a bidirectional memorization
mechanism that learns to remember useful and representative
information to purify noisy pseudo labels on the fly for ro-
bust black-box unsupervised domain adaption. [45] proposes
the Prototype-Guided Feature Learning (PGFL) method to learn
domain-invariant features as well as reduce the negative effect
of mislabeled samples.

Prior research [1], [2], [3] has demonstrated the effectiveness
of deep neural networks in learning dense image representa-
tions. By utilizing the deep dense representation extraction by
deep neural models, prototype networks excel in a variety of
tasks, delivering impressive performance in few-shot [46] and
zero-shot [47] learning. Recent progress in semantic segmenta-
tion, including fully-supervised [48], semi-supervised [49], and
unsupervised [27], [50] has underscored the prospect of proto-
type networks in dense classification tasks.

However, many existing works either concentrate on intra-
domain clustering [S1] or rely on a single prototype to character-
ize an entire category space [27], thereby overlooking intra-class
variance. In addition, most prototypes [19] are distance-based
and isotropic, treating distances uniformly in all directions.
When sample distributions are skewed, such prototypes are less
effective, as they fail to adapt to the imbalanced feature distri-
bution. In this article, we introduce an efficient online cluster-
ing method to maintain multiple prototypes for features in each
category, with both centroid-based and distribution-based pro-
totypes considered, thereby improving the characterization of
the category subspace.

C. Contrastive Learning

Contrastive learning [52], [53], [54] plays a crucial role in
self-supervised or unsupervised learning. It prioritizes the ac-
quisition of distinctive feature representations by bringing pos-
itive samples closer together in the feature space while pushing
negative samples farther apart.

In recent times, pixel-wise contrastive learning has emerged
as a promising technique for improving performance in seman-
tic segmentation tasks. For instance, ReCo [55] utilizes hard
negative pixels to facilitate contrastive learning. Meanwhile,
ProCA [17] define feature centroids as prototypes for comput-
ing the intra-domain contrast loss function. Multiple prototypes
have been shown to boost the robustness of class representa-
tions against intra-class variance in prior research [51]. Yet,
despite their effectiveness, most existing methods demand a
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Framework Overview. The network is trained with a supervised segmentation loss L

Contrast Learning

. on the source domain (green) and an unsupervised adaptation loss

LT on the mixed target domain (purple). Then, a multi-prototype contrastive learning module(MPCL grey) is introduced. Both centroid-based and distribution-
based prototypes are considered. Non-parametric intra-class clustering is conducted online, where pixel-to-prototype similarity is utilized to determine prototype

assignments. The pixel-to-prototype contrastive loss Lcommst

considerable number of pixel-to-pixel comparisons during the
sampling stage. In contrast to prior works, our approach utilizes
pixel-to-prototype contrastive learning at a more granular level.
Through online clustering, each prototype can be considered a
representative of feature samples within the corresponding sub-
category space, and constructing positive-negative sample pairs
between pixels and samples reduces the burden of inter-pixel
sampling.

III. METHODOLOGY
A. Background

During UDA training, as shown in Fig 2, the model has access
to labeled source domain S = { (2%, %)}, and unlabeled tar-
get domain 7~ = {7}, Both domains share the same set of
labels {y”} = {y°} = {1,2,--- ,C}.

The goal is to train a model that maps pixels in target image
XT toits real label Y7, with the supervision obtained from both
the target and source domains. Given the availability of source
labels Y°, the model can be effectively trained with the fully
supervised categorical cross-entropy loss on the source domain:

1 HxW C
Efe = W Z Zyg,j)log(hcls(ff)(ms))(i,j)) (H
i=1 3

where fy is the feature extractor of student model and h.s is
a MLP classifier that generate category predictions PH*W*¢
based on feature embeddings 7 7*W>*P_ D represents the chan-
nel of the feature.

Relying solely on supervision from the source domain proves
inadequate for effective adaptation to the target domain. Fol-
lowing [16], self-training method with online-updating pseudo-
labels Y7 = {§T}N" is employed. To maintain the stability of

and consistency loss L7t are introduced to refine the shared feature space.

pseudo-label generation, pseudo-labels prediction are screened
by a dynamic confidence threshold.

During each iteration ¢, the non-learnable teacher model is
updated with the exponential moving average (EMA) of the stu-
dent model’s weights:

¢ ad + (1 —a)d! (2)

To bridge the domain gap in UDA, data mixing [14] is
commonly employed during training, where half of the cate-
gories’ pixels on the source image are masked, and the rest
of the pixels are pasted onto the target domain image based
on a random pixel mask M. The mixed-images is defined as

=(1—-M)®zT + M © 2°. A similar mixing strategy is
applied at the output level.

Therefore, the training objective for the target domain is given
as:

HxW C

‘CZ; o<W W Z Zyzj lOg cls(f9( ))(1,] ) 3
J

The overall training objective of self-training is given as,

Loeg = LS + LT “)

B. Prototype-Based Contrastive Learning

As seen in Fig. 3(a), without any regularization, features from
the same class but originating from distinct domains are likely
to be scattered in the shared feature space. This is mainly a result
of neglecting intra-class diversity. To deal with this challenge,
we introduce a multi-prototype contrastive learning (MPCL)
method that refines the feature distribution by utilizing unsu-
pervised clustering to explore distribution structure. In contrast
to previous approaches where a single prototype is utilized to
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Fig. 3. Illustration of different choice of prototypes (a) Centroid-based proto-
types treat features in each dimension equally and utilize the Euclidean distance
metric; (b) Gaussian-distribution based prototypes where feature variance in
each dimension is considered.

characterize each category feature space [19], [38], our perspec-
tive differs as we propose the adoption of multiple prototypes to
represent each category.

We employ online clustering within the feature space of each
category to obtain unbiased category prototypes. Essentially, this
process can be viewed as assigning pixels of the same class to
a distinct set of K prototypes created for that category through
clustering. This clustering approach enables the model to ex-
plore feature distributions across domains, facilitating the iden-
tification of unique intra-class patterns and learning a robust
representation.

Definition of Prototypes: Different types of prototypes cor-
respond to different clustering methods. Distance-based clus-
tering algorithms, such as k-means, are straightforward and use
the spatial distance between feature embeddings and cluster cen-
troids as the clustering criterion in an intuitive manner. Mean-
while, distribution-based clustering, represented by GMM, ap-
proaches the task with a probabilistic perspective. Feature points
are generated independently from separate distributions. Con-
sequently, each cluster’s data points can be represented by this
distribution.

As shown in Fig. 3, we establish different forms of prototypes
for feature clustering within a unified framework. First, we will
present the definitions of the two types of prototypes.

Centroid-Based Prototypes: For centroid-based clustering,
each prototype, in theory, is identical to the centroid of its respec-
tive cluster, representing the features within the corresponding
subspace. Specifically, forclass ¢ € {1,2,--- ,C}, the category

feature space is being clustered into K clusters, with the k-th

cluster characterized by a centroid p( °)

p = uf? 5)

Here, ,u,(:) denotes the mean vector of features within the sub-

space. As a result, a total of C' x K prototypes P = {p\”’ }c 1
are generated for all categories.

Distribution-Based Prototypes: In the context of domain
adaptation, centroid-based prototypes determine similarity
based on pixel-to-prototype distances. However, with high-
dimensional, sparse features, distance metrics struggle to pri-
oritize different dimensions effectively, leading to a degradation
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in clustering performance. In contrast, distribution-based clus-
tering methods, like the Gaussian mixture model (GMM) [23],
introduce variance across feature dimensions that can prioritize
the discriminative dimensions while suppressing the unrelated
ones, making it better suited for high-dimensional, sparse feature
scenarios.

The GMM method can be viewed as the weighted sum of K
multivariate Gaussian distribution:

memﬁﬂ) ©)

k=1

where x is the data points with d dimensions and 7. j means
the weight. Inspired by the fact that the Gaussian mixture model
can fit arbitrary distributions, we represent each category feature
space with a unique Gaussian mixture model, each with K com-
ponents. Similar to the centroid-based prototype, we can view

each component p,(:)

p](:) (I)

as a distribution-based prototype.

Nl 557
I e 1

2|z

2 u)TSO ™ (gl

(z—p

N

Here, each prototype is characterized by the mean vector u( °)

and covariance matrix Z,(C ),

To further express our motivation in real senarios, we extarct
features from the baseline model [16] and then conduct the
centroid-based and distribution-based clsutering on them. The
final results are shown in Fig. 4. In Fig. 4, the geometric cen-
ter of the feature distribution is adopted by the single-centroid
method (subfigure (a)). But the geometric center fails to repre-
sent complex distributions, which can easily lead to erroneous
classification boundaries. The centroid-based prototype method
(subfigure (b)) assume equal weights in all directions, resulting
in arough depiction of boundaries in complex distributions. This
might lead to situations where the distance to the central points
of subclasses from other classes is very small, as highlighted
by the dashed box. In contrast, the distribution-based prototype
method (subfigure (c)), by flexibly considering different direc-
tions, has significant advantages in modeling distributions. This
allows subclass centers of different classes to maintain a reason-
able distance at the boundaries, making the boundaries clear and
discriminative.

Prototype-Category Prediction: For centroid-based cluster-
ing, the feature-to-prototype similarity is measured by the Eu-
clidean distance between the pixel embedding vector and the
centroid prototypes. The similarity function sim is defined as:

sim(p\”, F) = —|Ip© — F|, ®)

3

For Gaussian-based clustering, sim is defined as the log-

likelihood of the distribution prototype péc):

szm(pk ,]—'(C)) logj\/(]:(c |l (e) E(C)) 9)

3

where u( ) and E(°) are the mean vector and covariance matrix
that get updated durlng the training iteration. In practice, tar-
get domain features are grouped based on pseudo labels. The
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(©)

The representational capacity of three methods for feature distribution in real scenarios. Each point in the figure represents a feature. Subfigure (a), (b) and

(c) show the single-centroid method [16], centroid-based prototype method and distribution-based prototype method respectively. The subfigure (a) illustrates two
different classes, while the subfigure (b) and (c) show 5 distinct subclasses of each class. Black stars illustrate the center of classes in subfigure (a) and subclasses

in subfigure (b) and (c).

category prediction yP"°! of the features in prototype space is
determined by identifying the prototype among C' x K proto-
types that is most similar to the feature F;:

ymmO:chhﬂe@@y):a@ﬂMX&ﬂn@ghfn}zil

¢,k
(10)
where sim denotes the prototype similarity metric and F; € R”
is the pixel embeddings in prototype feature space. For simplic-
ity in notation, we will no longer distinguish between features
extracted from source images and mixed images.
In formal terms, we can define the posterior probability that
a pixel F; being assigned to category c as follows:

exp(g(c, Fi)/7)
> exp(g(d Fi)/7)

where g(c, F;) represents the similarity between a pixel F; and
a class ¢, which is calculated as the maximal similarity between
the K prototypes of class C' and the embedding F; : g(c, F;) =
maxk{sim(pgf), Fi)}

To enforce consistency between the linear classifier and the
prototype branch at feature level, the cross-entropy loss based
on prototypical class predictions is introduced:

)

PYIO = By = | F;) =

] HxW C
ch = TS Y o) (1
i=1 j

where gjf‘f ;) Tepresents the labels of the mixed images downsam-
pled to the resolution of prototype feature embeddings. Here, we
use the mixed images as they contain features from both domains
and inherently facilitate the alignment of shared prototype fea-
tures across domains.

Cross Domain Prototype Online Clustering: The GMM
method, as a parameterized probabilistic model, is typically
solved using the EM algorithm. This iterative approach ini-
tially estimates latent variables with observed value and then
employs these estimates to update model parameters. However,
for segmentation tasks, the immense volume of pixel-level data
significantly increases the computational cost of iterative calcu-
lations. To ensure the scalability of our approach across different

Algorithm 1: Overview of Proposed Method.

Input: X 5. Source domain data, Y'S: Source domain
labels; X7 Target domain data; 7": Total
training iterations; /K: Number of prototypes
per category.

Output: Teacher segmentation network f¢;

1 Initialize teacher and student model with pretrained
weights and initialize heis , hproto randomly;

2 Initialize prototype P randomly.

3 for itert=1to T; do

4 Sample source labels, souce images and target
images: z°,y° ~ X% Y9 2T ~ XT;

5 Compute feature embeddings F;

6 Compute confidence weight w? in Eq. (16);

7 Perform multiple-prototypes online clustering to

get QF in Eq. (14);

8 Update prototypes statistic i or > according to
clustering assignments )7;

9 Compute pixel-to-prototype comtrastive loss
Léwantrast in Eq (17),

10 Compute Total Loss Ly in Eq. (19);

11 Update student model f, with backpropagation;
12 Momentum update teacher model f¢;

datasets, we introduce an online clustering method that dynam-
ically assigns feature pixels from the current batch to their most
similar prototypes. Drawing inspiration from [56], we adopt a
unified clustering strategy for the two types of proposed proto-
types.

Taking category c as an example, we denote the pixel fea-
tures belonging to class ¢ in the current batch as F(¢), and L
is total number of pixels in the current batch, and the proto-
types established within category ¢ as P(¢) = {p,(:)}szl. We
can view the clustering process as an optimal matching prob-
lem, with the goal of finding the optimal assignment matrix
Q. € {0,1}2*K | which maximizes the overall similarity be-
tween pixels and prototypes. Here, S, € RE*X is the similarity
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matrix between prototypes and pixel feature embeddings, de-
noted as S, = sim (P, F)),

Asindicated in [23], the clustering procedure can be perceived
as maximizing the similarity between feature vectors and their
corresponding prototypes under the equipartition constraint. We
introduce the prior assumption that samples are evenly dis-
tributed among prototypes, with each sample assigned to only
one prototype. Thus, we can formulate it as an optimization
problem:

K,L
max Q. S,
QeeQe sz: ‘
L
Qe = {Qc € {0, 1%, Q1% =15, Q1" = 217}

(13)

and the constraint specified in Q, aligns with all the de-
sired prior assumption. Here, 17 represents a vector of ones
with L dimensions. If we consider similarity as the negative
transportation cost, maximizing overall similarities is equiva-
lent to minimizing the cost of association between prototypes
and pixel embeddings. Consequently, the clustering process
can be transformed into solving an optimal transport problem
[56]. In practice, the assignment matrix in (13) can be relaxed
to Q. € Rf *L " meanwhile, by introducing an extra entropy
H(Q.) =%rk — qi, xlog(¢, ) the optimal solution is then
determined:

ST

Q% = D(u)exp (:) D(v) (14)
where € > 0 is the weight that regularizes the prototypes distri-
bution, D(z) denotes the diagonal matrix with (D(x));; = a;,
u € RE and v € R® are scaling vectors which are obtained
through several iterations of the Greenkhorn algorithm [57] on
modern GPU. In this way, both the centroid-based and Gaussian-
based clustering can be efficiently solved, even when dealing
with large-scale pixel-level datasets. It’s worth noting that [27]
also formulate clustering process as an optimal transport prob-
lem. However, we still differs in two aspects. First, [27] and
our work have different inputs for clustering. In [27], different
clusters correspond to different categories, while in our work, the
input of features belong to the same category, and the purpose of
clustering is to find the subspace in each category. Second, [27]
and our work differ in similarity computation method. In [27],
the similarity are computed with self-labeling head. However, in
our work, we compute the similarity of all the prototypes in one
category and then take the largest as the similarity for clustering.

Pixel-to-Prototype Contrast Learning: Rather than following
the traditional pixel-to-pixel contrast, we conduct contrastive
learning between pixels and prototypes.

Specifically, we start by aligning the original pixel feature
to the prototype feature space through projection layer hyot0,
yielding in F. Then, given the optimal assignment matrix )%, the

pixel-to-prototype assignments can be defined as {(F;, p(m)},
where ¢; € {1,2,--- ,C},k; € {1,2,--- ,K}. In this way,
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each pixel F; is now associated with p,(éi)

of the ¢;-th class.

The assignments allow us to establish positive and negative
sample pairs. In the contrastive learning module, pt = p(cl)
serves as the only positive prototype sample for pixel F;. Mean-
while, the negative prototypes consist of the other C' x K — 1
prototypes, denoted as P~ = P/ p(C‘

In the source domain, we can define the contrastive loss as:

, the k;-th prototype

‘cCont'r‘ast =
1 Hf . exp(sim(F;,p*)/T)
HxW —~ gexp(sim(}—“p*)/T)—i- > exp(sim(Fi,p)/7)
= =
5)

where 7 is the temperature coefficient, and the similarity metric
stm is defined differently depending on the type of prototype be-
ing used. (15) could be interpreted as a mechanism to encourage
that the pixel features F; be similar to its associated prototype
pgf’) and dissimilar to the unassociated prototypes P~, thus
preserving the intra-class feature variance. In this context, only
C x K prototypes are needed to calculate pixel-to-prototype
contrastive loss, which requires significantly less computation
and memory for pair sampling compared to pixel-to-pixel con-
trast learning.

Atthe early stages of training, pseudo-labels contain a consid-
erable amount of noise. For training stability, prior methods like
[48] introduced a warm-up stage to start modeling prototypes af-
ter specific iterations. Instead, we employ a confidence-weighted
approach based on the confidence estimation of pseudo labels.
Following [16], we calculate it as the proportion of pixels with
a maximum probability prediction above a threshold 6. Thus, 6
is able to control the number of pixels for mix training

Wof — L maxelhas(fs@)e) > 0] o
HxW
which allows for the adaptive introduction of the prototype con-
trastive loss from the very beginning of training. In mixed-
domain images, the adaptive mask is formulated as w® =
w? ® (1 — M) +1® M, with M representing the binary mask
indicating the pixels to be copied.

In the mixed-domain, the contrastive learning is conducted

through the calculation of:

M _
‘CContrast -
HxW

HXWZ

Here, each prototype p;
domains.

Multi-resolution Prototype Learning and Total Loss: HRDA
[31] is currently one of the most widely adopted UDA methods,
utilizing both high-resolution image crops and low-resolution
crops as inputs to enable the model to make more accurate seg-
mentation predictions based on information captured at different
resolutions.

exp(sim(FM, p\)/7)
S or exp(sim(FM, pi?) /7)
(c

wM
w;" log

(7)

Y € P is shared by features across
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(b) Multiple Prototype Contrastive Learning(MPCL) module.

Illustration of multi-resolution prototype contrastive learning method. The subfigure(a) shows the pipeline of which use cropped images of different scales

and MPCL module in training, which enable the model to process image of different scales. The subfigure(b) introduces the detail of the MPCL Module, which
consists of global and local feature banks and adopt contrastive learning for training.

In the context of multi-prototype clustering, our goal is
to enhance prototype feature diversity within the same cat-
egory. Accordingly, we extend upon HRDA [31] by inte-
grating multi-resolution features into prototype clustering and
contrastive learning. Specifically, we randomly extract high-
resolution crops from low-resolution ones. As illustrated in
Fig. 5(a), the detailed features from the HR crop, as well as
the broader contextual features from the original LR crop, can
complement each other, resulting in increased diversity and ro-
bustness among the prototypes generated through clustering.

Specifically, for xj, and z;,., the extracted features Fy,. and
JFi, are individually fed into the Multiple Prototype Contrastive
Learning (MPCL) module, as shown in Fig. 5(b), where sep-
arate clustering processes are performed, and prototypes are
updated accordingly. Then, following (17) and (12), prototype
losses LP79t(xy,,.) and LP7°(x;,.) are obtained for different
resolution features. The combined multi-resolution prototype
loss £279%° can then be given as:

Ei);tow _ (1 _ Afd)ﬁpr()to(xlr) + kdcproto(mhr)

proto __ M Proto
L - klEContrast + )"Q‘Cce

(18)

where A; and Ao are weights of contrastive loss £ . and
consistency loss £17°%°. Similarly, A4 weights the importance
of xp, and x;,.. Combined with the self-training framework, the
total training objective of our method is defined as:

Loy = L5 4+ LT 4 cProte (19)

Prototypes Initialization and Update: The initialization of proto-
types for each category involves clustering on randomly sampled
pixel features. At the early stage of training, a feature bank is set
up to gather features from different categories. Then, K clusters
are initialized within each category subspace via K-Means [40].
The initial prototype statistics are calculated as the mean and
covariance of category features.

In our model, the non-learnable prototypes are dynamic up-
dates based on assignments obtained from prototype learning
rather than learning through gradient descent. To be more pre-
cise, the centroid-based prototypes are updated in each iteration
following:

P apl® + (1 - ) F® 20)

where « is the momentum parameter for EMA update. and F, ,ic)
represents the mean vector of pixel feature embeddings with

each embedding JF assigned to prototype p,(f).

As for the distribution-based prototypes p,(f)(uk, Yk), it is
updated according to:

i apl + (1 - a)p

S axl? + (1 - )8t @1)

,(f) , [L,(f) is the estimated mean and covariance of features
(c)

embeddings within the cluster of Gaussian-based prototype p;. .

where &

IV. EXPERIMENTS
A. Datasets

Firstly, our method is evaluated on four commonly
adopted UDA semantic segmentation benchmarks, GTA —
Cityscapes, Synthia — Cityscapes, Cityscapes — DarkZurich
and Cityscapes —ACDC.

Cityscapes [62] consists of 2,975 and 500 images for the
training and validation set, respectively, all captured at a resolu-
tion of 2,048 x 1,024. It focuses on European city scenes and
offers pixel-level annotations for 19 semantic classes, making it
a crucial resource for urban scene analysis in computer vision.

GTA [5] consists of 24966 synthetic images of American-
style streets created by a video game engine. These images de-
pict virtual American-style city streets and include 19 seman-
tic classes consistent with the categories within the Cityscapes
dataset.

SYNTHIA [6] is a urban scene dataset consisting of syn-
thetic images. It comprises a collection of 9400 images metic-
ulously crafted to resemble urban environments. These images
offer pixel-level annotations for 16 semantic classes, making
them a valuable resource for training and assessing models in
the context of synthetic urban scenes.

DarkZurich [63]. is a real-world dataset comprising 2416
nighttime images, 2920 twilight images, and 3041 daytime im-
ages, all with a resolution of 1920 x 1080. In our analysis, we
utilize 2416 day-night image pairs as the primary training data
and an additional 151 images for testing purposes.

ACDC [4] dataset encompasses the same semantic classes
as the Cityscapes dataset and is collected under four distinct
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TABLE I
COMPARISON OF UDA SEGMENTATION PERFORMANCE (MIOU,%) ON GTA — CITYSCAPES

& : o & o .3 N 5 . .8 &
Method Q_o“? ;5 ng =i & & jo & & &5‘9 & Qﬁ s ¢ &g 5 & g\i & | mlou
Source Only 715 180 842 344 300 334 443 235 874 413 866 640 225 883 445 301 23 352 316 | 465
AdaptSegNet [11] | 86.5 360 799 234 233 239 352 148 834 333 756 585 276 737 325 354 39 301 281 | 424
AdvEnt [25] 894 331 810 266 268 272 335 247 839 367 788 587 305 848 385 445 17 316 324 | 455
CyCADA [7] 867 356 801 198 175 38 399 415 827 279 736 649 190 65 12 286 45 3L1 420 | 427
CLAN [58] 870 271 796 273 233 283 355 242 836 274 742 586 280 762 331 367 67 319 314 | 432
FADA [26] 90 50.6 860 434 298 368 434 250 868 383 874 640 380 852 316 461 65 254 371 0.1
Uncertainty [18] 904 312 851 369 256 375 488 485 853 348 S8L1 644 368 863 349 522 17 290 446 | 503
FDA (8] 925 533 824 265 276 364 406 389 823 398 780 626 344 849 341 531 169 277 464 | 505
Adaboost [59] 907 359 857 40. 278 390 490 484 859 351 851 631 344 868 383 495 02 265 453 | 509
DACS [14] 89.9 397 879 307 395 385 464 528 880 440 888 672 358 845 457 502 00 273 34 | s
BAPA [60] 944 610 880 268 399 383 461 553 878 461 894 688 400 902 604 590 00 451 542 | 574
ProDA [19] 878 560 797 463 448 456 S35 535 886 452 821 707 392 888 455 594 10 489 564 | 575
ProCA [17] 919 484 873 415 318 419 479 367 865 423 847 684 431 881 396 488 406 436 569 | 563
CAlign [20] 948 66.6 877 415 261 452 481 535 857 327 882 709 360 879 419 608 335 446 625 | 583
DAFormer [16] 057 702 894 535 481 496 558 504 890 470 925 722 447 923 745 782 651 559 618 | 683
DAFormer+Centroid | 96.8 758 901 568 530 541 580 645 893 438 934 723 403 938 809 8§73 783 584 672 | 713
DAFormer+Gaussian | 969 77.1 900 569 533 529 614 628 90. 482 918 758 473 932 794 846 760 6L1 622 | 716
HRDA [31] 964 744 910 61.6 515 571 639 693 Ol3 484 942 790 529 930 841 857 759 639 675 | 738
HRDA+Centroid | 974 80.1 909 588 551 562 661 702 916 501 944 811 596 048 851 8§74 757 663 665 | 75.1
HRDA+Gaussian | 972 793 9L6 615 577 604 615 725 913 478 949 798 547 945 840 892 807 641 684 | 753
MIC [35] 974 80.1 917 612 569 597 660 713 OL7 514 943 798 561 046 854 903 804 645 685 | 759
MIC+Centroid 97.4 801 917 643 579 621 648 709 917 SL5 945 802 556 949 87.6 913 802 655 687 | 764
MIC+Gaussian 972 790 921 617 607 622 669 742 OL5 462 951 8l4 595 951 87.6 921 820 650 702 | 768

The best result is marked in bold.

adverse visual conditions: Fog, Night, Rain, and Snow. As a
real-world dataset, it comprises a total of 1600 training images,
406 validation images, and 2000 test images, all of which have
a resolution of 1920 x 1080 pixels.

In line with prior works [16], [31], [35], we evaluate segmen-
tation performance on the Cityscapes validation set. Specifically,
we report the mean Intersection over Union (mloU) for all 19
classes in GTA — Cityscapes, Cityscapes — DarkZurich and
Cityscapes — ACDC and for 16 categories in SYNTHIA —
Cityscapes.

B. Implementation Details

Architectures Settings: We follow the established UDA
settings [14], [16], [31], [35], employing the MiT-B5 model
pretrained on ImageNet-1k as our backbone. In the prototype
head, a 1 x 1 conventional layer projects pixel embeddings
to prototype features space, where Dyt = 256, then build
K = 5 prototypes within each category. We follow the design
of context-aware fusion decoder [16] in the prototype branch.
The feature bank size is defined as 20000. Our approach
introduces an auxiliary prototype head that works harmoniously
with the majority of existing UDA methods. The prototype
head is exclusively employed during the training phase and is
deactivated during testing.

Training details: Following the standard UDA protocol [16],
we employ AdamW optimizer [64] with a learning rate of
6 x 10~ for the encoder and 6 x 10~* for the decoder.
Additionally, we apply weight decay of 0.01 and adopted
linear warmup of the learning rate [65] during the initial 1,500
iterations. The images in GTA and Synthia are resized to
1,280 x 720 and 1,280 x 760, respectively. As for mixed-
resolution training, the crop size is set to 640 x 640 for the
single-resolution model and 1,024 x 1,024 for the
multi-resolution model. The parameter o = 0.999 is used
for EMA updating. We set temperature coefficient 7' = 0.1 and

pseudo confidence threshold 6 = 0.968. Following HRDA [31],
the weight on low-resolution branch 14 = 0.1. For loss weighs,
we empirically choose the setting of A1 = 0.1 and Ao = 0.1.
We also employ additional training strategies, including domain
mixing [14], rare class sampling, and ImageNet feature distance
[16]. We trained the framework a batch size of 2 on a single
TESLA-V100(32G) GPU for 60,000 iterations.

C. Comparison to the State-of-the-art Methods

We compare MPCL to state-of-the-art UDA approaches on
GTA — Cityscapes and Synthia — Cityscapes. As shown in
Tables I and II. Our centroid-based and distribution-based pro-
totype methods were integrated into three widely adopted frame-
works: DAFormer [16], HRDA [31], and MIC [35].

GTA — Cityscapes: Table I shows that our centroid-based
and distribution-based methods exhibit segmentation perfor-
mance improvements of +3.0%,+41.3% and +3.3%,+1.5%
over DAFormer and HRDA, respectively, indicating better fea-
ture representation learning from the distribution-based proto-
types in this benchmarks.

Combined with the latest MIC [35], our centroid-based and
distribution-based versions achieved additional segmentation
improvements of +0.5% and +0.9% over the baseline, high-
lighting the complementarity of our approach with existing
UDA methods. Particularly, the integration of MIC with the
distribution-based method has led to a remarkable mloU of
76.8%.

Additionally, the distribution-based approach exhibits supe-
rior performance in comparison to its counterparts across 12 out
of the 19 categories, especially in segmenting large objects like
building, bus, car, and in long-tailed classes like train, traffic
sign, traffic light. These results imply that the multi-prototype
approach can identify patterns despite substantial intra-class
variations.
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TABLE II
COMPARISON OF UDA SEGMENTATION PERFORMANCE (MIOU,%) ON SYNTHIA — CITYSCAPES

IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 27, 2025

> N X g o . s N > § & Iy © & @ .
Method Ky ;i" Q,g I~ @9 & &S" & ¢ & & S & I § & | mioU* | mloU
Source Only 515 203 792 193 1.8 40.9 29.9 227 79.1 824 63.0 249 758 337 189 249 46.6 352
PatchAlign [28] 824 38.0 78.6 8.7 0.6 26.0 39 1.1 755 846 535 216 714 326 193 317 46.5 40.0
AdvEnt [25] 85.6 422 797 8.7 0.4 25.9 5.4 8.1 80.4 841 579 238 733 364 142 330 48.0 412
CBST [13] 680 299 763 108 1.4 339 22.8 295 776 783 60.6 283 816 235 188 39.8 48.9 42.6
DADA [61] 8902 448 814 6.8 0.3 26.2 8.6 1.1 81.8 84.0 547 193 797 407 140 388 49.8 42.6
DACS [14] 80.6  25.1 81.9 215 29 37.2 22.7 240 837 908 67.6 383 829 389 285 476 54.8 483
Uncertainty [18] 87.6 419 83.1 14.7 1.7 36.2 31.3 199 816 806 63.0 21.8 862 407 236 53.1 54.9 479
Adaboost [59] 856 439 839 192 1.7 38 37.9 196 855 884 641 257 866 439 312 513 57.5 50.4
ProDA [19] 87.8 457 846 37.1 0.6 44.0 54.6 37.0 88.1 844 742 243 882 511 405 456 62.0 55.5
CAlign [20] 89.1 515 89.7 533 6.8 54.6 66.5 61.1 8.0 947 797 569 90.6 679 63.7 65.1 74.2 67.5
DAFormer [16] 845 406 884 415 6.5 50.0 550 546 8.0 898 732 482 872 532 539 617 67.4 60.9
DAFormer+Centroid | 86.8 434 887 423 6.9 55.3 59.7 57.1  86.5 927 750 479 8.7 615 579 616 69.8 63.3
DAFormer+Gaussian | 87.0 46.5 885 433 5.1 54.7 61.0 578 88.0 929 745 488 892 548 575 632 70.0 63.3
HRDA [31] 852 4777 888 495 4.8 57.2 65.7 609 853 929 794 528 89.0 647 639 649 72.4 65.8
HRDA+Centroid 88.7 535 894 515 7.5 57.3 66.2 588 87.0 941 804 579 902 668 635 649 74.0 67.4
HRDA+Gaussian 89.1 515 89.7 533 6.8 54.6 66.5 61.1 8.0 947 797 569 90.6 679 637 65.1 74.2 67.5
MIC [35] 86.6 505 893 479 7.8 59.4 66.7 634 87.1 946 81.0 589 90.1 619 67.1 643 74.0 67.3
MIC+Centroid 86.6 503 89.7 418 8.8 62.6 70.6 653 892 951 818 60.6 867 603 692 655 74.7 67.8
MIC+Gaussian 874 528 89.7 499 8.5 57.7 69.5 646 895 949 804 605 89.7 644 686 663 75.3 68.4
mloU* is calculated for 16 classes, with the excluded classes masked with *.
The bold values mark the best result in each column.
TABLE III
SEMANTIC SEGMENTATION PERFORMANCE (MIOU, %) ON TWO REAL-WORLD UDA BENCHMARKS
> N g S o s § 5 5 * . ) &
Method %o"’ %.S% Q’Q?b ‘&% Q@é’ Q’SQ &g\"?% @;"5 Ago &béq’ ,gé Q@@e 4_90 (}’g &$° & &é?e éée ‘5\& mloU
Day-to-Nighttime: Cityscapes— DarkZurich (Test)
AdvEnt [25] 858 379 555 277 145 231 140 2.1  32.1 8.7 20 399 166 640 138 0.0 588 285 207 | 29.7
MGCDA [66] 803 493 662 7.8 11.0 414 389 39.0 641 180 558 521 535 747 66.0 00 375 291 227 | 425
DANNet [67] 90.0 540 748 410 21.1 250 268 302 720 262 84.0 470 339 682 190 03 664 383 236 | 443
DAFormer [16] 935 655 733 394 192 533 441 440 595 345 66.6 534 527 8.1 527 95 893 505 385 | 538
DAFormer+Gaussian | 94.5 732 78,6 502 232 538 388 428 579 396 655 551 523 812 449 6.6 90.0 497 380 | 545
Clear-to-Adverse-Weather: Cityscapes—ACDC (Test)

AdvEnt [25] 729 143 405 166 212 93 174 212 638 238 183 326 195 695 362 345 462 2069 36.1 | 327
MGCDA [66] 734 287 699 193 263 368 53.0 533 754 320 846 510 261 77.6 432 459 539 327 415 | 487
DANNet [67] 843 542 776 380 300 189 416 352 713 394 86.6 487 292 762 416 430 586 326 439 | 500
DAFormer [16] 584 513 84.0 427 351 507 300 57.0 748 528 513 583 32,6 827 583 549 824 441 507 | 554
DAFormer+Gaussian | 62.8 51.6 83.0 347 350 521 30.1 564 730 559 609 627 338 802 595 585 818 475 523 | 564

The bold values mark the best result in each column.

Synthia — Cityscapes: Table 1I illustrates the competitive
performance of our approach on the Synthia — Cityscapes
benchmark. Notably, both the centroid-based and distribution-
based methods outperform the previous UDA method,
DAFormer [16] and HRDA [31] by a large margin. Also,
when combined with current state-of-the-art MIC [35], we
see an improvement of +0.5 and +1.1 in mloU, respectively.,
resulting in an overall performance of 68.4%. It is noteworthy
that our method achieves the highest performance across a wide
range of categories, demonstrating its effectiveness.

Realworld benchmarks: Table 11 illustrates the performance
of our method on two real-world datasets. Unlike synthetic
datasets GTA and Synthia, real-world scenes are more com-
plex, posing significant challenges to algorithm generaliza-
tion. As shown in Table III, our method obatains 54.5% and
56.4% mloUs on Cityscapes — DarkZurich and Cityscapes
— ACDC benchmarks separately. Our method demonstrates
improvements over the latest methods based on the baseline,
surpassing other approaches. This highlights the effectiveness
and generalizability of the method we propose.

D. Visualization

Qualitative results: We have conducted a comparative anal-
ysis of our segmentation visualization results with those of

the previous state-of-the-art methods, DAFormer [16] and
MIC [35], using both GTA — Cityscapes and SYNTHIA
— Cityscapes benchmarks. As depicted in Fig. 6, our ap-
proach excels in segmenting challenging classes, including traf-
fic signs, sidewalks and poles, which is inalign with the results in
Table I. In addition, our approach performs exceptionally well
in the context of rare classes, such as rider. It accurately sepa-
rates the rider’s head instead of misclassifying it as person. This
demonstrates that the utilization of multiple prototypes allows it
to focus on distinctive parts within objects, ultimately enhancing
classification accuracy.

Visualization on pixel-to-prototype similarity: To gain a more
intuitive insight into the role of prototypes in the domain adap-
tation process, we visualized the activation of distinct pixel
features with respect to multiple prototypes within their cor-
responding category subspaces in Fig. 7. It can be observed
that, for class car and person, their respective prototypes ex-
hibit similarities during the exploration of distribution patterns.
Each prototype corresponds to different components of the ob-
jects, with some emphasizing the overall object context while
others concentrate on capturing segments near the contour. In
the scenes of sky, road and wall, the coverage of different proto-
type heatmaps varies, collectively encompassing the entire pixel
range of their respective categories. Thus, these complementary
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GTAV — Cityscapes

SYNTHIA — Cityscapes

Target Image DAFormer

Fig. 6.

TABLE IV
ABLATION STUDY ON DIFFERENT COMPONENTS

Method LY Lrrote mloU

v 74.8

MPCL(Centroid) v 74.5
v v 75.1

v 75.0

MPCL(Gaussian) v 74.7
v v 75.3

Baseline [31] 73.8

prototypes better cover the dispersed feature distributions across
categories, thereby enabling accurate classification of samples
located near the decision boundary.

T-SNE visualization: In Fig. 8, we visualize the feature space
via T-SNE [68]. Compared to the baseline, both versions of pro-
totypes exhibit the capability to learn a more compact structure,
with the Gaussian-based prototype being particularly discrim-
inative. This visualization demonstrates the model’s capacity
to attain a well-structured feature space via prototypical con-
trastive learning. Moreover, Fig. 8(d) shows that multiple pro-
totypes can capture distinctive characteristics within different
categorical spaces.

E. Ablation Study

Effect of different components: We conduct ablation studies
on different components in the prototype contrastive module,
specifically, contrastive loss £X . consistency loss LL°t°
using the GTA — Cityscapes benchmark with HRDA as the
baseline.

MIC
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MBike

Rider 2 Truck Bus Train

Ours(Dist) Ground Truth

Qualitative Comparison on GTA — Cityscapes. Better segmentation results are highlighted in dash boxes(zoom in for finer details).

TABLE V
AVERAGE TIME COST COMPARISON(S/ITER) WITH [16] AS THE BASELINE

Dataset DAFormer DAFormer+Gaussian
GTA—Cityscapes 1.4615 1.6134
Synthia—Cityscapes 1.4405 1.5734

As depicted in Table IV, for Gaussian-based prototypes, the
inclusion of LY . . in the centroid version results in a perfor-
mance improvement of +1.2%, while £fe”’to contributes to a
-+0.9% enhancement. Both losses serve to regularize the feature
distribution across domains, promoting the generation of more
reliable pseudo-labels. When we combine the two components,
a mloU of 75.3% is achieved. As for the centroid version, the
centroid contrastive learning module performs better than the
baseline, with an improvement of +1.3%.

Table V illustrates the time cost comparison of baseline
and our proposed method. It can be observed that our method
achieves slight improvements of 0.1519 s/iter and 0.1329
s/iter over the baseline on the GTA — Cityscapes and Synthia
— Cityscapes benchmarks, respectively. Considering the per-
formance enhancement analysis discussed above, it is evident
that our method achieves a significant performance boost at a
minimal time cost. Furthermore, during the testing phase, the
plug-and-play modules do not participate in inference, result-
ing in inference times that are identical to those of the baseline
method.

Effect of in-class contrastive learning: Our method treat all
prototypes, except for the nearest one, as negative samples when
computing LY . ., including those from the same category.
This approach aims to help multiple prototypes of the same cate-
gory represent different features. We compared our method with
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Fig. 7.

Activation map of multi-prototypes. The leftmost column is the input image, and the images in columns 2 to 4 correspond to three different prototypes

of the category, respectively. The categories shown from the top to the bottom are car, person, sky, road and wall.

class. prototype
o

(a) Baseline (b) Category feature space (centroid)

Fig. 8.

an alternative approach(w/o In-class Contrast in Table VI) that
only considers prototypes from other categories as negative ones,
with the results presented in Table VI. Compared to this method,
our approach achieve improvements of 2.6% and 0.6% on the
GTA — Cityscapes and Synthia — Cityscapes benchmarks, re-
spectively. The results indicate that our method outperforms the
approach that only uses out-of-class prototypes as negative sam-
ples in terms of performance.

(c) Category feature space (Gaussian) (d) Prototype feature space(Gaussian)

T-SNE visualization of features in under different prototype learning methods with 5 classes in view.

Effect of contrastive learning on different domains: We con-
duct a comprehensive performance assessment of our method
across various domains. Table VII shows that the use of
centroid-based and distribution-based prototypes in either the
source or target domain results in performance improvements.
The most significant enhancement, with an increase of +1.3%
and +1.5% on GTA — Cityscapes, is achieved when fea-
tures from both domains are utilized for prototype contrastive
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TABLE VI
SEMANTIC SEGMENTATION PERFORMANCE (MIOU, %) UNDER DIFFERENT MODEL SETTINGS
P OF Y 5 & ¢ §F s o F a4 9 s F e 0§ £ o
Method Ry %'gv ‘b§ e oy &S & Agﬁ“ &éi" & 43 T & & & 5 & | mloU
Synthetic-to-Real: GTA— Cityscapes (Val.)
DAFormer [16] 957 702 894 535 481 496 558 594 899 479 925 722 447 923 745 782 651 559 618 | 683
DAFormer+Gaussian 969 77.1 90.0 569 533 529 614 628 901 482 918 758 473 932 794 846 760 611 622 | 716
Prototype-based Output | 97.2 774  89.1 474 444 481 588 623 896 483 932 731 497 922 651 808 737 576 638 | 69.1
w/o In-class Contrast 96.8 756 893 509 463 480 604 599 898 471 931 752 430 934 731 824 630 591 645 | 69.0
Synthetic-to-Real: Synthia— Cityscapes (Val.)
DAFormer [16] 845 406 884 415 65 500 550 546 860 - 898 732 482 872 532 539 617 | 60.9
DAFormer+Gaussian 870 465 885 433 51 547 610 578 88.0 - 929 745 488 892 54.8 575 632 | 63.3
Prototype-based Output | 86.7 43.5 88.6 439 69 500 57.1 544 840 768 730 455 883 62.4 478 487 | 59.9
w/o In-class Contrast 889 477 89.0 484 84 537 587 588 85.1 813 717 411 892 61.7 571 618 | 627
The bold values mark the best result in each column.
TABLE VII TABLE IX
ABLATION STUDY ON DIFFERENT PROTOTYPE DOMAINS ANALYSIS ON THE PROTOTYPE NUMBER FOR EACH CLASS WITH [31] AS THE
BASELINE
Method Target Source mloU
v 74.8 K 1 3 5 10 20
MPCL(Centroid) v 74.6 MPCL(centroid) 742 745 751 748 739
v v 75.1 MPCL(Gaussian) | 74.5 748 753 743 735
v 74.9
MPCL(Gaussian) v 74.4 TABLE X
v v 75.3 ANALYSIS ON HYPERPARAMETES WITH [16] AS BASELINE A1: WEIGHT OF
- M Prot
Baseline [31] 73.8 ‘CContrast’ A2 WEIGHT OF LCETO ¢
A1 mloU Ao mloU
TABLE VIIT 0.05 711 0.05 713
ABLATION STUDY ON DIFFERENT RESOLUTION OF PROTOTYPES FEATURES
WITH [31] AS THE BASELINE 0.1 71.6 0.1 71.6
0.2 71.2 0.5 71.4
Method LR LR+HR 0.5 70.9 1.0 71.1
MPCL(Centroid) 75.0 751 The bold values mark the best result in each column.
MPCL(Gaussian) .1 753 represent features in each category. Thus, an insufficient num-

learning. This highlights our model’s ability to capture distinct
feature patterns across mixed domains.

Effect of multi-resolution prototype features: To verify the
effectiveness of the multi-resolution prototype learning, we test
our method based on HRDA [31]. When only low-resolution fea-
ture is used for centroid-based prototype modeling, the model
is similar to the previous multi-prototype method [21]. As
listed in Table VIII, we see a boost in performance when the
high-resolution features are considered during prototypical con-
trastive learning, indicating that features from HR-corps im-
prove the diversity of intra-class prototypes.

Effect of prototype-based output: The plug-and-play scheme
we designed is based on prototypes, where different prototypes
encode and represent distinct category features. This allows for
the possibility of direct classification using prototypes. As shown
in the Table VI, the use of prototypes can also achieve high
segmentation performance with 69.1% and 59.9% on GTA —
Cityscapes and Synthia — Cityscapes benchmarks, respectively,
which is only slightly lower than the output of our proposed
method. This demonstrates that the prototypes have learned ef-
fective features.

FE. Parameter Study

Analysis on prototype number: The hyperparameter K
determines the number of distinct prototypes adopted to

ber of prototypes can lead to inadequate feature representation
by the model. Notably, when K = 1, our model aligns with the
previous single-category centroid-based method [17]. However,
the richness of features is also limited; an excessive number of
prototypes may introduce noise during training. Thus, Select-
ing an appropriate number of prototypes per category is crucial
to ensure the representativeness of prototypes. We assess our
model’s performance across different values of K in the GTA
— Cityscapes benchmark. All the experiments are conducted on
the centroid-based version with HRDA [31]. Table IX shows that
improvements are observed with an increased number of pro-
totypes, demonstrating the effectiveness of multiple prototypes.
However, an excessive number of prototypes leads to a perfor-
mance decrease, indicating a sparse feature space. Empirically,
we select K as 5 during experiments.

Additionally, we conduct a hyperparameter analysis on
the weight associated with contrastive loss (£ . . ) and
prototype-based prediction loss (£L7°t°) with centroid-based
prototypes. The results are presented in Table X. These ex-
periments were carried out on the GTA — Cityscapes under
DAFormer [16] with Gaussian-based prototypes. Empirically,
we select Ay = 0.1 and A, = 0.1.

Analysis on training parameters: During the training process,
three parameters play a crucial role. 8, as the confidence thresh-
old, determines which target domain pixels can be selected for
mixed training. The feature bank size influences the speed of
prototype updates, while the momentum parameter « dictates
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TABLE XI
ABLATION STUDY OF FEATURE BANK SI1ZE, CONFIDENCE THRESHOLD € AND MOMENTUM PARAMETER o« WITH [16] AS THE BASELINE

IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 27, 2025

Feature Bank Size

Confidence Threshold 6

Momentum Parameter «

12k 16k 20k 24k 0.956 0.968 0.980 0.992 0.900 0.990 0.999
GTA—Cityscapes 69.5 69.5 71.6 70.4 69.3 71.6 70.4 69.5 66.6 68.1 71.6
Synthia—Cityscapes 59.5 61.4 63.3 61.1 63.0 63.3 62.3 61.7 60.6 62.2 63.3
the magnitude of model parameter updates. We conducted a fur-  [6] G. Ros, L. Sellart, J. Materzynska, D. Vazquez, and A. M. Lopez, “The
ther investigation into the values of these three parameters, with SYNTHIA dataset: A large collection of synthetic images for semantic
. . segmentation of urban scenes,” in Proc. IEEE Conf. Computer Vis. Pattern
the results presented in the Table XI. An excessively large feature Recognit., 2016, pp. 3234-3243.
bank size can slow down the prototype update rate, while a value ~ [7] J. Hoffman et al., “CYCADA: Cycle-consistent adversarial domain adap-
that is too small can lead to instability in training. Similarly, a tation,” in Proc. 35th Int. Conf. Mach. Learn., 2018, pp. 1989-1998.
. [8] Y. Yang and S. Soatto, “FDA: Fourier domain adaptation for semantic
large 0 can reduce the number of effective features, whereas a segmentation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit.,
smaller T may introduce more noise. Additionally, if « is too 2020, pp. 4085-4095.
large, the model parameter updates will be slow, while a value ~ [? H. Huang, Q. Huang, and P. Krahenbuhl, “Domain transfer through
. . e, - .. deep activation matching,” in Proc. Eur. Conf. Comput. Vis., 2018,
that is too small can cause instability in model training. There- pp. 590-605.
fore, we selected 20k, 0.968, and 0.999 as the values for feature  [10] T. Chen et al., “Enhanced feature alignment for unsupervised domain
bank size, 6, and « to achieve a balance in the training process. adaptation of semantic segmentation,” IEEE Trans. Multimedia, vol. 24,
pp. 1042-1054, 2022.
V. CONCLUSION [11] Y.-H. Tsai et al., “Learning to adapt structured output space for semantic
segmentation,” in Proc. IEEE Conf. Comput. Vis. Pattern Recognit., 2018,
In this article, we explore the reason behind noisy pseudo pp. 7472-7481.
labels and present a contrastive learning framework with dif- [12] Y- Xu, F. He, B. Du, D. Tao, and L. Zhang, "Self-ensembling GAN for
. . cross-domain semantic segmentation,” /EEE Trans. Multimedia, vol. 25,
ferent types of prototypes for UDA semantic segmentation. To pp. 78377850, 2022.
denoise pseudo labels, we use online non-parametric clustering  [13] Y. Zou, Z. Yu, B. Kumar, and J. Wang, “Unsupervised domain adaptation
to establish multiple prototypes within category feature spaces. for semantic segmentation via class-balanced self-training,” in Proc. Eur.
; . ) Conf. Comput. Vis., 2018, pp. 289-305.
Then’ we leverage contrastive 1eam1ng between plxels and pro- [14] W. Tranheden, V. Olsson, J. Pinto, and L. Svensson, “DACS: Domain
totypes to regularize feature space. Both centroid-based and adaptation via cross-domain mixed sampling,” in Proc. IEEE/CVF Winter
distribution-based prototypes are utilized to capture distinctive Conf. Appl. Comput. Vis., 2021, pp. 1379-1389. S
. .. . [15] F. Yu et al, “DAST: Unsupervised domain adaptation in se-
intra-class characteristics and encourage better separation be- mantic segmentation based on discriminator attention and self-
tween categories, resulting in improved category-specific dis- training,” in Proc. AAAI Conf. Artif. Intell., 2021, vol. 35, no. 12,
P . . b . pp. 10754-10762.
crimination. quthermore, the 1nt.r0du.ct10n of multi-resolution [16] L. Hoyer. D. Dai. and L. Van Gool, “DAFormer: Improving network ar-
prototype learning enhances the diversity and robustness of pro- chitectures and training strategies for domain-adaptive semantic segmen-
totype representations. Experimental results demonstrate the ef- tation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2022,
fectiveness of the proposed method, surpassing previous state- pp. 9924-9935. . . .
. [17] Z. Jiang et al., “Prototypical contrast adaptation for domain adap-
of-the-arts with a strong performance of 76.8% mloU on GTA — tive semantic segmentation,” in Proc. Eur. Conf. Comput. Vis., 2022,
Cityscapes and 68.4% mloU on Synthia — Cityscapes. More- pp. 36-54.
over, we conduct experiments on two real-world benchmarks, 18] Z Zheng and Y. Yang, *Rectifying pseudo label learning via uncertainty
. . . . estimation for domain adaptive semantic segmentation,” Int. J. Comput.
i.e. Cityscapes — ACDC and Cityscapes — DarkZurichand ob- Vis., vol. 129, no. 4, pp. 1106-1120, 2021.
tains the favorable results of 56.4% and 54.5%, respectively. [19] P. Zhang et al, “Prototypical pseudo label denoising and tar-
: : s et structure learning for domain adaptive semantic segmentation,”
Moving forward, we plan to further exp.and. the apphcablhty of ign P TEEEN CVFg Cont:. Comput &S' P Recoggnit., 2001,
our method to related fields, such as medical image segmentation pp. 12414-12424.
and video segmentation. [20] S. Wang et al., “Cluster alignment with target knowledge mining for unsu-
pervised domain adaptation semantic segmentation,” IEEE Trans. Image
Process., vol. 31, pp. 7403-7418, 2022.
REFERENCES [21] Q. Liu et al., “Prototypical contrastive learning for domain adaptive se-
mantic segmentation,” in Proc. 2023 Int. Joint Conf. Neural Netw., 2023,
[1] L.-C. Chen, G. Papandreou, I. Kokkinos, K. Murphy, and A. L. Yuille, pp. 1-9.
“DeepLab: Semantic image segmentation with deep convolutional nets,  [22] T.Coverand P. Hart, “Nearest neighbor pattern classification,” IEEE Trans.
Atrous convolution, and fully connected CRFs,” IEEE Trans. Pattern Anal. Inf. Theory, vol. 13, no. 1, pp. 21-27, Jan. 1967.
Mach. Intell., vol. 40, no. 4, pp. 8348438, Apr. 2018. [23] S.Bond, A. Hoeffler, andJ. Temple, “GMM estimation of empirical growth
[2] J. Hoffman, D. Wang, F. Yu, and T. Darrell, “FCNs in the wild: Pixel-level models,” Economics Group, Nuffield College, Univ. Oxford, Tech. Rep.,
adversarial and constraint-based adaptation,” 2016, arXiv:1612.02649. 2001.
[3] Z. Liu et al., “SWIN transformer: Hierarchical vision transformer us-  [24] Y.Ganin et al., “Domain-adversarial training of neural networks,” J. Mach.
ing shifted windows,” in Proc. IEEE/CVF Int. Conf. Comput. Vis., 2021, Learn. Res., vol. 17, no. 1, pp. 2096-2030, 2016.
pp- 10012-10022. [25] T.-H. Vu, H. Jain, M. Bucher, M. Cord, and P. Pérez, “ADVENT: Adver-
[4] C. Sakaridis, D. Dai, and L. Van Gool, “ACDC: The adverse conditions sarial entropy minimization for domain adaptation in semantic segmen-
dataset with correspondences for semantic driving scene understanding,” tation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2019,
in Proc. IEEE/CVF Int. Conf. Comput. Vis., 2021, pp. 10765-10775. pp. 2517-2526.
[5] S.R.Richter, V. Vineet, S. Roth, and V. Koltun, “Playing for data: Ground  [26] H. Wang, T. Shen, W. Zhang, L.-Y. Duan, and T. Mei, “Classes matter:

truth from computer games,” in Proc. Eur. Conf. Comput. Vis., 2016,
pp.- 102-118.

A fine-grained adversarial approach to cross-domain semantic segmenta-
tion,” in Proc. Eur. Conf. Comput. Vis., 2020, pp. 642-659.

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on August 29,2025 at 02:21:32 UTC from |IEEE Xplore. Restrictions apply.



YU et al.: CONTRASTIVE LEARNING WITH MULTIPLE PROTOTYPES FOR UNSUPERVISED DOMAIN ADAPTIVE SEMANTIC SEGMENTATION

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

R. Li et al., “Class-balanced pixel-level self-labeling for domain adaptive
semantic segmentation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern
Recognit., 2022, pp. 11593-11603.

Y.-H. Tsai et al., “Domain adaptation for structured output via discrimi-
native patch representations,” in Proc. IEEE/CVF Int. Conf. Comput. Vis.,
2019, pp. 1456-1465.

R. Gong, W. Li, Y. Chen, and L. V. Gool, “DLOW: Domain flow for
adaptation and generalization,” in Proc. IEEE/CVF Conf. Comput. Vis.
Pattern Recognit., 2019, pp. 2477-2486.

F. Pizzati, R. d. Charette, M. Zaccaria, and P. Cerri, “Domain bridge
for unpaired image-to-image translation and unsupervised domain adap-
tation,” in Proc. IEEE/CVF Winter Conf. Appl. Comput. Vis., 2020,
pp- 2990-2998.

L. Hoyer, D. Dai, and L. Van Gool, “HRDA: Context-aware high-
resolution domain-adaptive semantic segmentation,” in Proc. Eur. Conf.
Comput. Vis., 2022, pp. 372-391.

D. Dai, C. Sakaridis, S. Hecker, and L. Van Gool, “Curriculum model
adaptation with synthetic and real data for semantic foggy scene under-
standing,” Int. J. Comput. Vis., vol. 128, pp. 1182-1204, 2020.

Q. Xu, Y. Ma, J. Wu, C. Long, and X. Huang, “CDAda: A curriculum do-
main adaptation for nighttime semantic segmentation,” in Proc. IEEE/CVF
Int. Conf. Comput. Vis., 2021, pp. 2962-2971.

N. Araslanov and S. Roth, “Self-supervised augmentation consistency for
adapting semantic segmentation,” in Proc. IEEE/CVF Conf. Comput. Vis.
Pattern Recognit., 2021, pp. 15384—15394.

L. Hoyer, D. Dai, H. Wang, and L. Van Gool, “MIC: Masked image consis-
tency for context-enhanced domain adaptation,” in Proc. IEEE/CVF Conf.
Comput. Vis. Pattern Recognit., 2023, pp. 11721-11732.

M. Chen, H. Xue, and D. Cai, “Domain adaptation for semantic segmenta-
tion with maximum squares loss,” in Proc. IEEE/CVF Int. Conf. Comput.
Vis., 2019, pp. 2090-2099.

Q. Wang, D. Dai, L. Hoyer, L. Van Gool, and O. Fink, “Domain adaptive
semantic segmentation with self-supervised depth estimation,” in Proc.
IEEE/CVF Int. Conf. Comput. Vis., 2021, pp. 8515-8525.

Q. Zhang, J. Zhang, W. Liu, and D. Tao, “Category anchor-guided unsu-
pervised domain adaptation for semantic segmentation,” in Proc. 33rd Int.
Conf. Neural Inf. Process. Syst., 2019, pp. 435-445.

Q. Ren, Q. Mao, and S. Lu, “Prototypical bidirectional adaptation and
learning for cross-domain semantic segmentation,” IEEE Trans. Multime-
dia, vol. 26, pp. 501-513, 2024.

J. A. Hartigan and M. A. Wong, “Algorithm as 136: A k-means cluster-
ing algorithm,” J. Roy. Stat. Soc. Ser. C (Appl. Statist.), vol. 28, no. 1,
pp. 100-108, 1979.

D. A. Reynolds, “Gaussian mixture models,” in Encyclopedia Biometrics,
vol. 741. Boston, MA, USA: Springer, 2009, pp. 659-663.

K. Tanwisuth et al., “A prototype-oriented framework for unsuper-
vised domain adaptation,” in Proc. Adv. Neural Inf. Process. Syst.,
2021, pp. 17194-17208. [Online]. Available: https://proceedings.neurips.
cc/paper_files/paper/2021/file/8edd72158ccd2a879f79cb2538568fdc-
Paper.pdf

Y. Pan et al., “Transferrable prototypical networks for unsupervised do-
main adaptation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recog-
nit., 2019, pp. 2239-2247.

J. Zhang, J. Huang, X. Jiang, and S. Lu, “Black-box unsupervised do-
main adaptation with bi-directional Atkinson-Shiffrin memory,” in Proc.
IEEE/CVF Int. Conf. Comput. Vis., 2023, pp. 11771-11782.

Y. Du, D. Zhou, Y. Xie, Y. Lei, and J. Shi, “Prototype-guided feature
learning for unsupervised domain adaptation,” Pattern Recognit., vol. 135,
2023, Art. no. 109154. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S003132032200633 1

J. Snell, K. Swersky, and R. Zemel, “Prototypical networks for few-
shot learning,” in Proc. 31st Int. Conf. Neural Inf. Process. Syst., 2017,
pp. 4080-4090.

S. Jetley, B. Romera-Paredes, S. Jayasumana, and P. Torr, “Prototypi-
cal priors: From improving classification to zero-shot learning,” 2015,
arXiv:1512.01192.

T. Zhou, W. Wang, E. Konukoglu, and L. Van Gool, “Rethinking semantic
segmentation: A prototype view,” in Proc. IEEE/CVF Conf. Comput. Vis.
Pattern Recognit., 2022, pp. 2572-2583.

Z. Chen and Z. Lian, “Semi-supervised semantic segmentation via pro-
totypical contrastive learning,” in Proc. 30th ACM Int. Conf. Multimedia,
2022, pp. 6696-6705.

G. Lee, C. Eom, W. Lee, H. Park, and B. Ham, “Bi-directional contrastive
learning for domain adaptive semantic segmentation,” in Proc. Eur. Conf.
Comput. Vis. 2022, pp. 38-55.

[51]

[52]

[53]

[54]

[55]

[56]

(571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

5281

J. Li, P. Zhou, C. Xiong, and S. Hoi, “Prototypical contrastive learning of
unsupervised representations,” in Proc. Int. Conf. Learn. Representations,
2021.

K. He, H. Fan, Y. Wu, S. Xie, and R. Girshick, “Momentum contrast for
unsupervised visual representation learning,” in Proc. IEEE/CVF Conf.
Comput. Vis. Pattern Recognit., 2020, pp. 9729-9738.

R. D. Hjelm et al., “Learning deep representations by mutual information
estimation and maximization,” in Proc. Int. Conf. Learn. Representations,
2019.

M. Ye, X. Zhang, P. C. Yuen, and S.-F. Chang, “Unsupervised embedding
learning via invariant and spreading instance feature,” in Proc. IEEE/CVF
Conf. Comput. Vis. Pattern Recognit., 2019, pp. 6210-6219.

S.Liu, S.Zhi, E. Johns, and A. Davison, “Bootstrapping semantic segmen-
tation with regional contrast,” in Proc. Int. Conf. Learn. Representations,
2022.

Y. Asano, C. Rupprecht, and A. Vedaldi, “Self-labelling via simultaneous
clustering and representation learning,” in Proc. Int. Conf. Learn. Repre-
sentations, 2020.

J. Altschuler, J. Niles-Weed, and P. Rigollet, “Near-linear time approxi-
mation algorithms for optimal transport via sinkhorn iteration,” in Proc.
31st Int. Conf. Neural Inf. Process. Syst., 2017, pp. 1961-1971.

Y. Luo, L. Zheng, T. Guan, J. Yu, and Y. Yang, “Taking a closer look at
domain shift: Category-level adversaries for semantics consistent domain
adaptation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit.,
2019, pp. 2507-2516.

Z.Zheng and Y. Yang, “Adaptive boosting for domain adaptation: Toward
robust predictions in scene segmentation,” IEEE Trans. Image Process.,
vol. 31, pp. 5371-5382, 2022.

Y. Liu, J. Deng, X. Gao, W. Li, and L. Duan, “BAPA-Net: Boundary adap-
tation and prototype alignment for cross-domain semantic segmentation,”
in Proc. IEEE/CVF Int. Conf. Comput. Vis., 2021, pp. 8801-8811.

T.-H. Vu, H. Jain, M. Bucher, M. Cord, and P. Pérez, “DADA: Depth-aware
domain adaptation in semantic segmentation,” in Proc. IEEE/CVF Int.
Conf. Comput. Vis., 2019, pp. 7363-7372.

M. Cordts et al., “The cityscapes dataset for semantic urban scene un-
derstanding,” in Proc. IEEE Conf. Comput,. Vis. Pattern Recognit., 2016,
pp. 3213-3223.

C. Sakaridis, D. Dai, and L. Van Gool, “Map-guided curriculum domain
adaptation and uncertainty-aware evaluation for semantic nighttime image
segmentation,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 44, no. 6,
pp- 3139-3153, Jun. 2022.

I. Loshchilov and F. Hutter, “Decoupled weight decay regularization,” in
Proc. Int. Conf. Learn. Representations, 2017.

P. Goyal et al., “Accurate, large minibatch SGD: Training Imagenet in 1
hour,” 2017, arXiv:1706.02677.

C. Sakaridis, D. Dai, and L. V. Gool, “Guided curriculum model adaptation
and uncertainty-aware evaluation for semantic nighttime image segmen-
tation,” in Proc. IEEE/CVF Int. Conf. Comput. Vis., 2019, pp. 7374-7383.
X. Wu, Z. Wu, H. Guo, L. Ju, and S. Wang, “DANNet: A. one-stage
domain adaptation network for unsupervised nighttime semantic segmen-
tation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2021,
pp. 15769-15778.

L. Van der Maaten and G. Hinton, “Visualizing data using t-SNE,” J. Mach.
Learn. Res., vol. 9, no. 11, pp. 2579-2605, 2008.

Jun Yu is currently an Associate Professor and
the Laboratory Director with the Department of
Automation and the Institute of Advanced Tech-
nology, University of Science and Technology of
China, Hefei, China. He has authored or coauthored
more than 180 journal articles and conference pa-
pers in IEEE TRANSACTIONS ON IMAGE PROCESSING,
IEEE TRANSACTIONS ON MULTIMEDIA, IEEE/ACM
TRANSACTIONS ON AUDIO, SPEECH, AND LANGUAGE
PROCESSING, IEEE TRANSACTIONS ON CYBERNET-
1CS, IEEE TRANSACTIONS ON INTELLIGENT TRANS-

PORTATION SYSTEMS, IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR
VIDEO TECHNOLOGY, TOMM, IEEE TRANSACTIONS ON COGNITIVE AND DE-
VELOPMENTAL SYSTEMS, ACL, CVPR, ICCV, ICML, ICLR, MM, SIGGRAPH,
VR, AAAL and IJCAL His research interests include multimedia computing and
intelligent robot. He was the recipient of six Best Paper awards from premier
conferences, including CVPR PBVS, ICCV MFR, ICME, FG, and was the re-
cipient of more than 50 champions from Grand Challenges held in NeurIPS,
CVPR, ICCV, MM, ECCYV, IJCAI, AAAL

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on August 29,2025 at 02:21:32 UTC from |IEEE Xplore. Restrictions apply.


https://proceedings.neurips.cc/paper_files/paper/2021/file/8edd72158ccd2a879f79cb2538568fdc-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/8edd72158ccd2a879f79cb2538568fdc-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/8edd72158ccd2a879f79cb2538568fdc-Paper.pdf
https://www.sciencedirect.com/science/article/pii/S0031320322006331
https://www.sciencedirect.com/science/article/pii/S0031320322006331

5282

Guochen Xie received the B.E. degree from Shan-
dong University, Jinan, China. He is currently work-
ing toward the Ph.D. degree with the Department
of Automation, School of Information and Technol-
ogy, University of Science and Technology of China,
Hefei, China. His research interests include debiasing
learning, image generation, and representation learn-
ing. He has participated in many challenges with top
conferences such as CVPR, ICCV, and ACM MM,
and was the recipient of more than ten championships.

Quansheng Liu received the B.E. degree from Jiang-
nan University, Wuxi, China. He is currently work-
ing toward the Undergraduate degree with the De-
partment of Automation, School of Information and
Technology, University of Science and Technology,
Hefei, China. His research interests include computer
vision and transfer learning.

Zhen Kan (Senior Member) received the Ph.D.
degree from the Department of Mechanical and
Aerospace Engineering, University of Florida,
Gainesville, FL, USA, in 2011. He was a Postdoctoral
Research Fellow with Air Force Research Laboratory
(AFRL), Eglin AFB, and was also with the University
of Florida REEF, from 2012 to 2016. From 2016 to
2019, he was an Assistant Professor with the Depart-
ment of Mechanical Engineering, University of Iowa,
Towa City, IA, USA. He is currently a Professor with
the Department of Automation, University of Science

and Technology of China, Hefei, China. His research interests include controls,
robotics, and formal methods. He is also on Program Committees of several
internationally recognized scientific and engineering conferences and is an As-
sociate Editor for IEEE TRANSACTIONS ON AUTOMATIC CONTROL and IEEE
TRANSACTIONS ON NEURAL NETWORKS AND LEARNING SYSTEMS.

Lei Wang received the Ph.D. degree from the Uni-
versity of Science and Technology of China, Hefei,
China. He is currently an Associate Professor and the
Deputy Head with the Department of Automation,
School of Information and Technology, University of
Science and Technology, China. His research interests
include machine learning and simulation of complex
systems.

IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 27, 2025

Tianyu Liu received the B.S. degree from the Harbin
Institute of Technology, Harbin, China, in 2018, and
the Ph.D. degree from the Changchun Institute of Op-
tics, Fine Mechanics and Physics, Chinese Academy
of Sciences, Changchun, China, in 2023. She is
currently a Research Assistant Professor with the
Jianghuai Advance Technology Center, Hefei, China.
Her research interests include robotics and motion
control.

Qiang Ling (Senior Member, IEEE) received the B.S.
degree from the University of Science and Technol-
ogy of China, Hefei, China, in 1997, the M.E. degree
from Tsinghua University, Beijing, China, in 2000,
and the Ph.D. degree from the University of Notre
Dame, Notre Dame, IN, USA, in 2005. From 2005 to
2008, he was a Research Staff Member with Seagate
Technology. In 2008, he joined the University of Sci-
ence and Technology of China, where he is currently
a Professor with the Department of Automation. His
research interests include networked control systems,

signal processing and machine learning. From 2017 to 2022, he was an Asso-
ciate Editor on the IEEE Control Systems Society Conference Editorial Board.

Wei Xu received the Undergraduate degree and the
master’s degree in orthopedics from Anhui Medical
University, Hefei, China, in 2003 and 2009, respec-
tively. He was a Surgical Resident with Anhui Provin-
cial Hospital, China, for the next three years. Since
2009, he has been with Anhui Provincial Hospital,
and was appointed Deputy Chief Physician in 2015.
His research interests include treating severe fractures
and injuries. He is also the Member of External Fixa-
tion Group, Chinese Association of Orthopaedic Sur-
geons (CAOS), and Young Members of the 8th and

9th Committees of the Orthopedics Branch, Anhui Branch of the Chinese Med-

ical Association.

Fang Gao (Member, IEEE) received the B.S. and
Ph.D. degrees in chemical physics from the Uni-
versity of Science and Technology of China, Hefei,
China, in 2004 and 2010, respectively. He was an As-
sistant Professor and an Associate Professor with the
Institute of Intelligent Machines, Chinese Academy
of Sciences. He is currently a Professor with the Col-
lege of Electrical Engineering, Guangxi University,
Nanning, Guangxi, China. His research interests in-
clude deep learning, computer vision, embodied arti-
ficial intelligence, and quantum machine learning.

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on August 29,2025 at 02:21:32 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


