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Source-free domain adaptive semantic segmentation aims at adapting a model trained on the source domain
to the target domain without requiring access to the source data. Self-training has emerged as a leading
approach to address this challenging problem. However, without robust denoising mechanisms to reduce the
noise in pseudo labels, it still easily fall into biased estimates. Most existing methods address this issue by
introducing novel architectures, but often at the cost of increased model complexity or reliance on additional
input modalities. Different from previous studies, this article introduces UniSFDA, a unified multi-stage self-
training framework that integrates cross-model transfer learning, uncertainty-aware pseudo label fusion, and
intra-domain style augmentation, thereby enhancing both segmentation accuracy and test-time efficiency.
Our proposed framework offers exceptional flexibility, with each component being independent and ready
to be integrated into any existing self-training framework. Additionally, we investigate the performance of
various representative segmentation models, including DeepLabv2, SegFormer, DFormer, and ViT-Adapter,
within our framework. It is worth noting that UniSFDA is model-agnostic, allowing both source and target
networks to be instantiated with arbitrary segmentation architectures, and thus readily benefiting from future
advances in segmentation models. Experiments on the GTA5 → Cityscapes and SYNTHIA → Cityscapes
benchmarks demonstrate the effectiveness of our framework. With DeepLabv2 (SegFormer) as the source
model, UniSFDA establishes new state-of-the-art performance, achieving mIoU scores of 61.8% (65.4%) and
57.9% (59.6%) on the two benchmarks, respectively.

CCS Concepts: • Computing methodologies→ Video segmentation; Scene understanding;

Additional Key Words and Phrases: Source-free domain adaptation, semantic segmentation

This research is supported by the RIE2025 Career Development Fund (Award C233312009), administered by Agency for
Science, Technology and Research (A*STAR).
Authors’ Contact Information: Yifang Yin (corresponding author), Institute for Infocomm Research (I2R), A*STAR,
Singapore, Singapore; e-mail: yin_yifang@i2r.a-star.edu.sg; Jinming Cao, National University of Singapore, Singapore,
Singapore; e-mail: Jinming.ccao@gmail.com; Zhenguang Liu, Zhejiang University, Hangzhou, China; e-mail: liuzhen
guang2008@gmail.com; Guanfeng Wang, Grabtaxi Holdings Limited, Singapore; e-mail: guanfeng@outlook.com; Shili
Xiang, Institute for Infocomm Research (I2R), A*STAR, Singapore, Singapore; e-mail: sxiang@i2r.a-star.edu.sg; Roger
Zimmermann, National University of Singapore, Singapore, Singapore; e-mail: rogerz@comp.nus.edu.sg.

This work is licensed under Creative Commons Attribution International 4.0.

© 2026 Copyright held by the owner/author(s).
ACM 1551-6865/2026/3-ART102
https://doi.org/10.1145/3795886

ACM Trans. Multimedia Comput. Commun. Appl., Vol. 22, No. 4, Article 102. Publication date: March 2026.

https://orcid.org/0000-0002-6525-6133
https://orcid.org/0000-0002-8614-7366
https://orcid.org/0000-0002-7981-9873
https://orcid.org/0000-0002-4224-1449
https://orcid.org/0000-0001-6598-2904
https://orcid.org/0000-0002-7410-2590
mailto:liuzhenguang2008@gmail.com
mailto:liuzhenguang2008@gmail.com
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3795886


102:2 Y. Yin et al.

ACM Reference format:
Yifang Yin, Jinming Cao, Zhenguang Liu, Guanfeng Wang, Shili Xiang, and Roger Zimmermann. 2026.
Improving Test-Time Efficiency in Source-Free Semantic Segmentation via Multi-Stage Self-Training. ACM
Trans. Multimedia Comput. Commun. Appl. 22, 4, Article 102 (March 2026), 20 pages.
https://doi.org/10.1145/3795886

1 Introduction
Urban scene understanding is a critical yet challenging problem in autonomous driving, as accurate
perception of driving scenes is essential for vehicle navigation. Deep learning-based approaches
have demonstrated strong potential, with extensive research addressing challenges such as object
segmentation under both daytime [10, 36] and nighttime [37] conditions, domain-adaptive semantic
segmentation [2, 45], and real-time scene parsing [61]. In this article, we focus on Source-Free
Domain Adaptation (SFDA) for urban scenes by examining two practical limitations that fre-
quently arise in real-world scenarios. First, the success of deep learning models usually relies on
training with large-scale labeled datasets. However, in real-world applications, labeled data may
be restricted from sharing due to proprietary, privacy, or profit-related concerns. This limitation
compromises the feasibility of existing supervised deep learning models, as in such cases users may
only have access to a pretrained source model. Second, domain shifts frequently occur in targeted
application scenarios, arising from factors such as street scenes captured in cross-city [11, 19] or
cross-weather [54] environment. Therefore, a pretrained model requires fine-tuning with target
domain data, which are often unlabeled due to the substantial effort and cost associated with data
annotation, particularly for dense prediction tasks.

Existing SFDA methods can be roughly divided into source domain generalization and target
domain adaptation [32]. A key approach to addressing the challenges in source domain gener-
alization is to construct a diverse training dataset through various data and style augmentation
techniques [28, 31, 33, 62, 69, 82, 83]. Recent research has also shown that Transformer-based
segmentation models typically exhibit stronger generalizability than traditional Convolutional
Neural Network (CNN)-based segmentation models [73], particularly when trained with care-
fully designed training strategies [23, 25]. For target domain adaptation, previous studies largely
follow a self-training paradigm, leveraging Pseudo Labels (PLs) generated by the source model
to iteratively optimize the target model [1, 48, 80]. One critical research focus in this area is PL
denoising, which aims to rectify inaccurate PLs using techniques such as uncertainty estimation
[7, 40], prototypical denoising [78], stable neighbor denoising [79], and consistency preservation
across perturbed inputs or modalities [45, 73]. Despite significant efforts that have been made
in SFDA, most existing studies approach this problem through carefully designed architectures.
Performance improvements often come at the cost of increased model complexity or reliance on
additional modalities, such as joint visual–depth analysis [73]. An efficient and model-agnostic
self-training framework that is designed for practical deployment and integrates all key aspects is
still lacking in literature.

To bridge the gap, we present a unified two-stage pseudo-labeling and self-training framework
termed UniSFDA that progressively trains a robust target segmentation model in a source-free
setting. As shown in Figure 1, UniSFDA consists of a typical self-training stage and an additional
intra-domain self-training stage. In the self-training stage, UniSFDA focuses on improving perfor-
mance through transfer learning. We introduce two auxiliary networks, namely DFormer, an RGB-D
segmentation model, and Vision Transformer (ViT)-Adapter, an adapter network built upon the
Vision Transformer, to leverage the strengths of their transferable representations learned from
large-scale pretraining and additional modalities such as depth information. In the intra-domain
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Fig. 1. System overview of our proposed unified framework for robust source-free domain adaptive semantic
segmentation. Student networks trained during Stage One Self-Training (DFormer and ViT-Adapter) serve as
the offline teacher models for Stage Two Intra-domain Self-Training. The student network trained during
Stage Two (SegFormer) is used as the final inference model.

self-training stage, UniSFDA focuses on improving inference efficiency and feasibility by condensing
knowledge from the large and multi-modal auxiliary networks to a single image-based target model.
To enhance the quality of PLs in both stages, we propose an effective uncertainty-aware online
and offline PL fusion approach. The core idea is to identify unreliable offline PLs using uncertainty
measures, such as MC-Dropout [17], and replace them with more reliable online PLs generated
by a mean teacher network. Additionally, we introduce and evaluate different PL aggregation
strategies in the intra-domain self-training stage in conjunction with the uncertainty-aware PL
fusion approach, with the objective of leveraging the complementary strengths of multiple auxiliary
networks. Despite its simplicity, this fusion strategy is proven to be effective and model-agnostic,
and it can work with both single and multiple teacher models, making it easily integrable into
any self-training framework to achieve performance gains. Finally, we investigate the impact of
intra-domain augmentations and introduce a new intra-domain Fourier Domain Adaptation
(FDA) [70] strategy, in which reference images are randomly sampled within the same domain.
Empirical studies show that this strategy is effective in both vendor-side domain generalization
and client-side domain adaptation. Here, we summarize the contributions of this article as follows:

—We present a unified two-stage source-free domain adaption framework. It leverages large,
cross-modal transferable auxiliary networks for enhanced segmentation while maintaining
model efficiency and feasibility by condensing model size and input modalities during in-
ference. This design achieves a balance between effectiveness and efficiency, relaxing both
computational and data requirements for real-world applications.

—We propose a simple yet effective uncertainty-aware online and offline pseudo-label fusion
strategy and investigate various intra-domain augmentations to enhance domain generaliza-
tion and adaptation. Both components can be seamlessly integrated into existing self-training
frameworks, remain agnostic to the choice of segmentation model, and thus support continu-
ous improvement as segmentation methods advance.

—Our method effectively narrows the gap between segmentation models of different sizes and
input requirements at inference. Using an image-based SegFormer model, it outperforms
existing approaches by a significant margin, obtaining an mean Intersection over Union
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(mIoU) of 61.8% (65.4%) and 57.9% (59.6%) on the Cityscapes dataset when adapting from a
DeepLabv2 (SegFormer) source model trained on Grand Theft Auto V (GTA5) or SYNTHIA
benchmarks, respectively.

The rest of this article is organized as follows. Section 2 reviews important related work on
source-free domain adaptive semantic segmentation. Section 3 outlines our proposed self-training
framework and details its key components. Section 4 presents the experimental setup, comparisons
with state-of-the-art methods, and ablation studies. Finally, Section 5 concludes the article.

2 Related Work
2.1 Unsupervised Domain Adaptation
Unsupervised domain adaptive semantic segmentation aims to enhance model generalization in
an unlabeled target domain by transferring knowledge learned from a labeled source domain
[8, 9, 66]. Early approaches primarily employed adversarial training [18] to mitigate distribution
discrepancies across domains [15, 42, 58]. Subsequent studies explored distribution alignment at
various levels, including the image domain [22], feature representation [11], and output space
[57]. More recent efforts have explored class-wise alignment strategies to achieve finer-grained
feature adaptation [15, 42], or promoting the learning of intra-image pixel-level correlations and
patch-wise semantic consistency across different contexts through contrastive learning [9]. Despite
their effectiveness, these approaches inherently depend on the availability of source data.

2.2 Source-Free Unsupervised Domain Adaptation
Source-free unsupervised domain adaptation aims to transfer knowledge from a pretrained source
model to an unlabeled target domain without access to the source data [3, 38, 50, 68, 74]. Prior
research mainly addresses target domain adaptation. For instance, Teja and Fleuret [49] proposed
to reduce prediction uncertainty based on feature corruption with entropy regularization. Liu
et al. [38] leveraged a generator to estimate the source data distribution, based on which fake
samples were synthesized for training. Among recent efforts, pseudo-labeling and self-training have
emerged as predominant approaches [1, 48, 80]. Various methods have been proposed to enhance
the accuracy of PLs, including uncertainty estimation with Bayesian Neural Networks [40], stable
neighbor denoising [79], and consistency preservation across modalities [73]. Furthermore, Zang
et al. [76] addressed a more challenging scenario and proposed a reliable knowledge propagation
approach to ensure robust performance in both the source and target domains.

2.3 PL Denoising
In addition to the aforementioned methods specifically designed for SFDA [40, 73, 79], PL denoising
techniques have been more broadly applied in non-SFDA and semi-supervised learning [30, 34, 44,
55]. For instance, Fang et al. [16] proposed a new data augmentationmechanism named Uncertainty-
aware Patch CutMix to locate noisy PLs. Zhang et al. presented ProDA [78], which refines offline
PLs based on their feature distance from the prototype of each semantic class. The mean teacher
approach [56], which derives a teacher model by temporally averaging the student model’s weights
over training iterations, is widely adopted to produce robust online PLs. Fusion approaches have
also been proposed to improve model performance, either by enforcing consistency between online
and offline PLs [2, 45, 77] or by combining them to obtain enhanced training labels [47]. When
access to labeled source data is restricted, adapting such PL denoising methods becomes necessary.
However, their performance in the context of source-domain adaptation remains unclear.
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2.4 Model Generalization
Kundu et al. partitioned SFDA into two components: (1) source domain generalization and (2) target
domain adaptation [32]. Their focus has been on the former, where they developed a multi-head
framework trained by augmenting the source data with diverse transformations. Hoyer et al.
proposed DAFormer [23], which leverages a Transformer-based architecture as the source model
to enhance generalization capability. They further extended this method to a multi-resolution
framework, enabling the learning of segmentation details for small objects from high-resolution
inputs [25]. While early studies primarily sought to expand the source domain through data
augmentation with diverse styles [26, 28, 31, 33, 69, 82, 83], recent approaches address this challenge
from a complementary perspective by harnessing the superior generalization capability of various
foundation models [4, 64, 65]. In a source-free DA framework, a domain-generalized source model
can produce more accurate PLs, thereby improving segmentation performance in conjunction with
PL denoising approaches on the target domain.

3 Approach
We propose a unified two-stage pseudo-labeling framework for the progressive training of a robust
source-free domain adaptive semantic segmentation model, as illustrated in Figure 1. In the self-
training stage, UniSFDA focuses on improving performance by taking advantage of additional input
(e.g., depth information) and foundation models. In the intra-domain self-training stage, UniSFDA
enhances inference efficiency by condensing knowledge to a single image-based target model. In
the rest of this section, we begin with a problem formulation, followed by the technical details of
our proposed framework.

3.1 Problem Formulation
Source-free domain adaptive semantic segmentation aims at transferring knowledge from a source
model ℎB (G) to a target model ℎC (G) using an unlabeled target dataset. Let X = {(G8 , 38 )}=8=1 denote
the target dataset where (G8 , 38 ) represent the RGB and the optional depth modality of the 8th
sample, respectively. We tackle this problem by initially adapting the source model ℎB (G) to multiple
auxiliary target models, such as ℎ01 (G, 3) and ℎ02 (5�" (G)), by harnessing the strengths of additional
modalities 3 or foundation models 5�" such as ViT. In the next stage, the auxiliary models act as
teacher networks, distilling their knowledge into a single unimodal target model, such as SegFormer,
thereby improving test-time efficiency while maintaining high segmentation accuracy.

3.2 Source-Free UDA via Self-Training
We begin by enhancing the robustness of pseudo-labeling and self-training through an uncertainty-
aware fusion approach that integrates offline and online PLs. Next, we extend this approach in
a two-stage cross-model transfer learning framework, as described in Section 3.3. In particular,
multi-modal and foundation segmentation models are introduced as auxiliary teacher networks.
Subsequently, PL aggregation strategies are proposed to combine their complementary strengths,
enabling the uncertainty-aware fusion approach to work with multiple teacher models.

3.2.1 Offline PL Generation. In SFDA, the offline PLs are generated by feeding target images
to the source model. Directly using offline PLs for training is ineffective due to the high noise
introduced by the distribution mismatch between the source and target domains. A common
approach is to select the most confident top percentage of predictions per class across the entire
training set, forming a balanced and reliable set of PLs for self-training [32, 35, 73]. Although this
approach has been shown to be effective to some extent, many of the selected predictions remain
incorrect due to the poor calibration of the source model [20].
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To solve this problem, we select reliable PLs based on both uncertainty and confidence [52]. The
MC-Dropout [17] is adopted as an uncertainty measure to compute the variance of five stochastic
forward passes with dropout enabled. Let ? (8,: ) and D (8,: ) represent the confidence and uncertainty
of pixel G (8 ) belonging to the :th class, respectively. We first derive the hard PL ~ (8,: )

> 5 5
as:

~
(8,: )
> 5 5

=

{
1 if : = argmax: ′ ?

(8,: ′ )

0 otherwise
. (1)

Next, we introduce two thresholds f: and g: for each class to select hard PLs based on confidence
and uncertainty, respectively. To maintain a balanced training set across classes, we set f: to the
<2-percentile after ranking all samples belonging to class : (i.e., ~ (8,: )

> 5 5
= 1) in descending order

based on their confidence scores, and set g: to the<D-percentile after ranking all samples belonging
to the same class (i.e., ~ (8,: )

> 5 5
= 1) in descending order based on their uncertainty scores. Finally, we

compute 6 (8,: ) as:

6 (8,: ) = 1[? (8,: ) ≥ f: ] · 1[D (8,: ) ≥ g: ], (2)

to indicate whether the offline PL for pixel G (8 ) is selected (i.e., 6 (8,: ) = 1) or not (i.e., 6 (8,: ) = 0).

3.2.2 Online PL Generation. The online PLs are typically generated by a mean teacher network,
which averages the student model’s weights over multiple training steps [56]. A common line of
research focuses on introducing input perturbations through data augmentations and enforcing
consistency regularization between the teacher’s output and the student’s output [2, 45] or on
rectifying the offline PLs based on online class prototypes [73, 78]. However, such methods usually
introduce additional losses and computational cost. Let ~ (8,: )

>= denote the hard PL generated by the
online teacher network. We present a simple and effective strategy for fusing online and offline
PLs, which can be optimized using a straightforward cross-entropy loss.

3.2.3 Uncertainty-Aware Online and Offline PL Fusion. Combining the strength of online and
offline PLs has proven effective for non-source-free domain adaptive semantic segmentation when
labeled source data is accessible [47, 77], but remains underexplored in the source-free setting.
To bridge the gap, we propose first training the student model using only reliable offline PLs
during the warm-up stage, and then replacing the masked unreliable offline PLs with their online
counterparts. Let ~ (8,: )

F0A and ~ (8,: )
5 DB

denote the PLs used in the warm-up stage and the subsequent
stage, respectively, we have:

~
(8,: )
F0A = 6 (8,: ) · ~ (8,: )

> 5 5

~
(8,: )
5 DB

= 6 (8,: ) · ~ (8,: )
> 5 5

+ (1 − 6 (8,: ) ) · ~ (8,: )
>= .

(3)

By substituting Equation (2) into Equation (3), we have:

~
(8,: )
F0A = 1[? (8,: ) ≥ f: ] · 1[D (8,: ) ≥ g: ] · ~ (8,: )

> 5 5

~
(8,: )
5 DB

= 1[? (8,: ) ≥ f: ] · 1[D (8,: ) ≥ g: ] · ~ (8,: )
> 5 5

+(1 − 1[? (8,: ) ≥ f: ] · 1[D (8,: ) ≥ g: ]) · ~ (8,: )
>= ,

(4)

where ~ (8,: )
F0A = 0 or ~ (8,: )

5 DB
= 0 indicates that the pixel is masked and will not be used in the loss

calculation.
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3.2.4 Objectives. Given the fused PLs, segmentation models like SegFormer [67] can be effec-
tively optimized by using cross-entropy loss as the main objective:

ℓ24 (~̂, ?) = −
�×,∑
8=1

 ∑
:=1

~̂ (8,: ) log? (8,: ) . (5)

where ~̂ denotes either ~F0A or ~5 DB depending on the stage, and ? is the softmax probability output
by the student model.

3.3 Two-Stage Cross-Model Transfer Learning
While our uncertainty-aware online and offline PL fusion approach generally enhances self-training
performance, the potential of transfer learning from foundation models remains underexplored
in source-free domain adaptive semantic segmentation. Recent studies have utilized foundation
models to improve the generalizability of semantic segmentation models [4, 65]. When employed
as the source model, they can generate more accurate PLs and subsequently enhance domain
adaptation performance. Comparatively, in this section, we explore a complementary challenge:
How to harness transfer learning to enhance domain adaptation from a predefined source model
more effectively?

We propose a two-stage cross-model transfer learning framework to address this challenge.
As illustrated in Figure 1, our approach consists of a self-training stage, where auxiliary models
generate more accurate PLs, followed by an intra-domain self-training stage, which consolidates
their knowledge into a single unimodal model for improved efficiency.

3.3.1 Auxiliary Model Selection. We select two representative auxiliary models, namely a cross-
modal segmentation model and a ViT-based segmentation model, and evaluate their effectiveness
within our framework.

DFormer. This model is a novel RGB-D framework pretrained to learn transferable representations
for RGB-D segmentation tasks [72]. Previous studies have demonstrated that incorporating depth
as an additional input can achieve substantial performance gain [59, 60, 73]. Without the need
for additional annotation, depth information can be easily derived from stereo images or video
sequences using self-supervised depth estimation models for stereoscopic depth [54, 60] or monoc-
ular depth [63]. Thus, we adopt DFormer to exploit its cross-modal transferable representations,
aiming to enhance performance in the target domain.
ViT-Adapter. This model adapts the ViT [14] to dense prediction tasks such as semantic seg-

mentation [12]. It employs a standard ViT as the backbone to capture robust representations from
large-scale multi-modal data. When transferring to downstream tasks, a pretraining-free adapter is
incorporated to inject image-related inductive biases into the model, optimizing its performance
for tasks such as semantic segmentation of urban scenes in our case. The adapter has a small
number of trainable parameters. However, a potential drawback is that the superior transferability
offered by ViT-Adapter-L, with its overall larger size, makes it bulkier compared to typical semantic
segmentation models like SegFormer [67].

3.3.2 One to Multi Self-Training. In this one-to-multi self-training stage, we follow the procedure
outlined in Section 3.2, starting by generating offline PLs using the source model. Next, we adopt
either DFormer or ViT-Adapter as the student model and optimize them individually using the
uncertainty-aware online and offline PL fusion strategy defined in Equation (4). Equipped with the
robust and transferable representations captured in their pretrained weights, these models also
exhibit improved performance in the target domain. However, the feasibility of such models in
practical applications is constrained by additional input requirements, such as depth, or by their
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large model size. Therefore, we further introduce a multi-to-one intra-domain self-training stage to
alleviate these requirements during inference.

3.3.3 Multi to One Intra-Domain Self-Training. In this multi-to-one intra-domain self-training
stage, the auxiliary models trained in the previous self-training stage are subsequently used as
the offline teacher to generate offline PLs. We refer to this stage as intra-domain self-training as
both the teacher models and the student model are learned from unlabeled data within the same
target domain. Furthermore, to better exploit the complementary strengths of multiple teacher
models, we introduce three PL aggregation strategies, namely Ensemble, Ensemble (Intersection),
and Ensemble (Union), the details of which are presented later.
Ensembles. Let ? (8,: )

�
, D (8,: )
�

, ? (8,: )
+

, and D (8,: )
+

represent the confidence and uncertainty of pixel
G (8 ) belonging to the :th class generated by DFormer and ViT-Adapter, respectively. This strategy
computes the aggregated ?̃ (8,: ) and D̃ (8,: ) by taking the average of their ensembles using Equation
(6), and then computes the hard PLs~ (8,: ) 1 in Equation (4) by setting ? (8,: ) = ?̃ (8,: ) andD (8,: ) = D̃ (8,: ) .
This approach is adopted by default in our experiments unless otherwise specified:

?̃ (8,: ) =
1
2
· (? (8,: )

�
+ ?

(8,: )
+

)

D̃ (8,: ) =
1
2
· (D (8,: )

�
+ D

(8,: )
+

)
. (6)

Ensembles (Intersection). This strategy first computes the hard PLs ~ (8,: )
�

and ~ (8,: )
+

using Equation
(4) for DFormer and ViT-Adapter separately, based on their respective confidence ? (8,: )

�
and ?

(8,: )
+

and uncertainty D (8,: )
�

and D (8,: )
+

. The resulting hard PLs are then aggregated via their intersection
according to Equation (7):

~
(8,: )
�=C4AB42C8>=

=

{
~
(8,: )
�

, if ~ (8,: )
�

= ~
(8,: )
+

,

0, otherwise.
(7)

Ensembles (Union) . This strategy first computes the hard PLs ~ (8,: )
�

and ~ (8,: )
+

using Equation (4)
for DFormer and ViT-Adapter separately, based on their respective confidence ? (8,: )

�
and ? (8,: )

+
and

uncertainty D (8,: )
�

and D (8,: )
+

. The resulting hard PLs are then aggregated via their union according
to Equation (8):

~
(8,: )
Union =


~
(8,: )
�

, if ~ (8,: )
�

= ~
(8,: )
+

or ~ (8,: )
+

= 0,

~
(8,: )
+

, else if ~ (8,: )
�

= 0.

0, otherwise.
(8)

To summarize, the default strategy, Ensembles, aggregates the confidence and uncertainty scores
prior to generating the final hard PLs, while the other two strategies first derive hard PLs from
individual teacher models and then perform aggregation directly on the hard PLs. The performance
of different PL aggregation strategies will be compared and discussed in the experimental section.

For the student model in this stage, we adopt SegFormer due to its excellent performance
and simplicity [23, 67]. It is optimized using one of the PL aggregation approach in conjunction
with uncertainty-aware PL fusion, and serves as the final segmentation model used for inference.
Considering that the depth information may not always be available during test-time inference, our
method improves the model’s feasibility by relaxing this requirement and reducing the model size.

1We omit the subscript F0A or 5 DB for simplicity.
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Fig. 2. Examples of images transformed using intra-domain FDA.

3.4 Intra-Domain Style Augmentation
Recent studies have demonstrated that Transformer-based segmentation models [23, 25] exhibit
significantly better generalizability than traditional DeepLabv2 [32] when trained with carefully
designed training strategies. Following this trend, we would like to investigate the extent to which
the performance of a SegFormer can be enhanced using only simple and non-learning-based
intra-domain style augmentations. In addition to the commonly used geometric distortion and
photometric distortion, we also explore the following three efficient augmentation strategies.
CutMix [75] and ClassMix [46]. Both augmentations combine two images by cutting a region

from one image and pasting it onto another. The labels of the mixed image are also interpolated
based on the area of the pasted region. While the former cuts a random rectangular region, the
latter selects a subset of object classes from one image and pastes them onto another image.

Intra-Domain FDA [70]. FDA was initially proposed for unsupervised domain adaptation, trans-
forming source images based on the style of target images. As shown in Figure 2, we extend this idea
by randomly sampling an image within the same domain as the reference style and demonstrate its
benefits for both source domain generalization and target domain adaptation.

Weather and Cartoon Style Augmentation [29]. Following previous work [32], we apply weather
and cartoon augmentations from imgaug to enhance the diversity of source images by simulating
different environmental conditions or artistic styles, thereby improving the generalizability of the
source model.

4 Experiments
4.1 Experimental Settings
Dataset. We evaluate our proposed method by adapting from GTA5 [51] and SYNTHIA [53] to
the Cityscapes [13]. GTA5 dataset contains 24,966 annotated images with 1,914 × 1,052 resolution
taken from the game GTA5, while SYNTHIA contains 9,400 annotated images with 1,280 × 760
resolution generated using a virtual city created with the Unity development platform. Both GTA5
and SYNTHIA are synthetic datasets generated through simulation, providing highly accurate
pixel-level semantic annotations. They are commonly used as supplementary datasets to improve
segmentation performance on real-world data. The Cityscapes dataset contains real-world street-
scene images captured from vehicles at a resolution of 2,048 × 1,024, which is further divided into
2,975 training images and 500 validation images.

Evaluation Metric. We report the Intersection over Union (IoU) on the 19 common categories
shared by GTA5 and Cityscapes and the 16 common categories shared by SYNTHIA and Cityscapes.
Following previous studies, we also report the results on 13 of the 16 common categories shared by
the SYNTHIA and Cityscapes datasets.
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The best score for each column is highlighted. UniSFDA and UniSFDA* indicate that DeepLabv2
and SegFormer are used as the source models, respectively. mIoU and mIoU* denote the averaged
scores across 16 and 13 categories, respectively.
Implementation Details. We conduct experiments using two source models. To ensure a fair

comparison with existing methods, we used the pretrained models on GTA5 and SYNTHIA provided
by GtA [32], which are based on the DeepLabv2 [6] architecture with ResNet-101 [21] as the
backbone. Additionally, we trained two Transformer-based segmentation models, i.e., SegFormer
with MiT-B5 [67], on GTA5 and SYNTHIA, respectively, using the intra-domain style augmentations
described in Section 3.4. For the self-training of DFormer, ViT-Adapter, and SegFormer, we adhere
to their respective default training settings, set the mini-batch size to 4, and train on 4 NVIDIA
L40 GPUs for up to 60 epochs. The stereo depth [54, 60] was used as the input to DFormer and the
large-sized BEiT model pretrained on ImageNet-22k was adopted as the backbone in ViT-Adapter.
For uncertainty-aware PL generation, we set both<2 and<D to 66% by default when computing
the per-class thresholds f: and g: in Equation (2). A sensitivity analysis on the impact of these two
parameters is presented in Section 4.3.

4.2 Comparison with State-of-the-Art Methods
We compared our proposed method with the state-of-the-art source-free domain adaptive semantic
segmentation models in Tables 1 and 2. UniSFDA( , UniSFDA� , and UniSFDA+ denote the SegFormer,
DFormer, and ViT-Adapter that are adopted as the student model in the first self-training stage,
all trained using DeepLabv2 as the source model. UniSFDA� → ( represents the SegFormer student
model trained in the second intra-domain self-training stage by transferring knowledge from
the two auxiliary models, i.e., UniSFDA� and UniSFDA+ , obtained in the first stage. When our
method is marked with an asterisk (∗), e.g., UniSFDA+ *, it indicates that the model is adapted from
a SegFormer source model instead of a DeepLabv2 source model.

The experimental results show that the two auxiliary models we selected can effectively improve
the adaptation performance, benefiting from the transferable representations learned from large-
scale pretraining. For example, UniSFDA+ (UniSFDA+ *) outperformed UniSFDA( (UniSFDA(*) by
a significant 2.4% (4.6%) on GTA5 → Cityscapes, which demonstrates the effectiveness of our
proposed cross-model transfer learning strategy. Moreover, with the application of the second
intra-domain self-training phase, the mIoU was further improved to 61.8% on GTA5 → Cityscapes
and 57.9% on SYNTHIA→ Cityscapes, establishing new state-of-the-art results with the DeepLabv2
source model. Lastly, by replacing the DeepLabv2 source model with our SegFormer source model
trained purely based on simple and efficient intra-domain augmentations, we achieved the best
mIoU of 65.4% on GTA5→ Cityscapes and 59.6% on SYNTHIA→ Cityscapes, obtaining an absolute
performance gain of 1.7–3.2%.

4.3 Ablation Study and Discussion
Model Justification in Self-Training Stage. We evaluate the key components of the Stage One Self-
Training in our proposed framework and report the results in Table 3. As it shows, we start with a
DeepLabv2 source model that achieves an mIoU of 44.0% on GTA5 → Cityscapes, and transfer its
knowledge to SegFormer, DFormer, and ViT-Adapter, respectively, to study the impact of using
foundation models. By comparing different student models, we observed that DFormer and ViT-
Adapter generally outperformed SegFormer, which can be attributed to their superior transferability
from large-scale pretraining. Next, we investigate the effectiveness of the proposed online and
offline PL fusion approach. The results in the second, fifth, and eighth rows were obtained using
models trained with only offline PLs, which resulted in limited performance. By incorporating online
PLs to replace unreliable offline PLs, we observed a significant performance gain of 3.5–4.8% across
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Table 1. Per-Class IoU (%) and mIoU (%) Comparison of GTA5→ Cityscapes Adaptation
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mIoU
SFDA [38] 84.2 39.2 82.7 27.5 22.1 25.9 31.1 21.9 82.4 30.5 85.3 58.7 22.1 80.0 33.1 31.5 3.6 27.8 30.6 43.2
URMA [49] 92.3 55.2 81.6 30.8 18.8 37.1 17.7 12.1 84.2 35.9 83.8 57.7 24.1 81.7 27.5 44.3 6.9 24.1 40.4 45.1
LD [74] 91.6 53.2 80.6 36.6 14.2 26.4 31.6 22.7 83.1 42.1 79.3 57.3 26.6 82.1 41.0 50.1 0.3 25.9 19.5 45.5
DTAC [68] 78.0 29.5 83.0 29.3 21.0 31.8 38.1 33.1 83.8 39.2 80.8 61.0 30.0 83.9 26.1 40.4 1.9 34.2 43.7 45.7
SRDA [3] 90.5 47.1 82.8 32.8 28.0 29.9 35.9 34.8 83.3 39.7 76.1 57.3 23.6 79.5 30.7 40.2 0.0 26.6 30.9 45.8
AUGCO [48] 92.6 84.6 86.8 84.8 56.1 82.2 45.3 63.4 43.8 28.7 26.8 14.0 41.1 34.9 16.7 29.6 45.7 5.6 12.6 47.1
SFUDA [71] 95.2 40.6 85.2 30.6 26.1 35.8 34.7 32.8 85.3 41.7 79.5 61.0 28.2 86.5 41.2 45.3 15.6 33.1 40.0 49.4
IAPC [5] 90.9 36.5 84.4 36.1 31.3 32.9 39.9 38.7 84.3 38.6 87.5 58.6 28.8 84.3 33.8 49.5 0.0 34.1 47.6 49.4
HCL [27] 92.6 54.6 82.8 33.2 26.2 39.8 38.1 31.9 84.5 38.6 85.3 61.3 30.2 85.4 33.1 41.6 14.4 27.3 44.0 49.7
CROTS [41] 92.0 52.4 85.9 37.3 35.8 34.6 42.2 38.4 86.9 45.6 91.1 65.1 36.1 87.3 41.6 51.1 0.0 41.4 56.2 53.7
GtA [32] 91.7 53.4 86.1 37.6 32.1 37.4 38.2 35.6 86.7 48.5 89.9 62.6 34.3 87.2 51.0 50.8 4.2 42.7 53.9 53.4
UASFDA [40] 94.4 64.5 86.6 42.3 28.4 38.0 43.8 45.3 86.7 47.0 90.0 62.6 32.2 84.9 36.1 46.0 0.0 38.1 53.8 53.7
STvM [1] 92.1 55.1 87.6 45.5 33.3 36.1 41.8 48.6 87.9 51.1 87.6 63.2 8.6 87.0 47.8 59.8 0.0 50.1 60.4 54.9
DT-ST [80] 93.5 57.6 84.7 36.5 25.2 33.4 44.7 36.7 86.8 42.8 81.3 62.3 37.2 88.1 48.7 50.6 35.5 48.3 59.1 55.4
SDA [79] 93.0 54.0 84.6 35.6 30.3 31.0 41.9 41.6 87.6 44.6 86.4 62.6 38.5 87.5 48.7 42.9 36.6 49.5 58.7 55.6
Uni-UVPT [43] 93.4 53.9 87.2 43.5 35.5 39.2 43.9 34.6 87.8 50.3 85.8 65.4 33.4 88.5 53.7 61.9 32.3 39.0 51.3 56.9
CrossMatch [73] 94.5 65.5 87.4 45.7 42.6 42.3 46.7 54.5 88.3 48.0 84.7 66.0 33.4 89.9 53.5 56.8 0.0 46.9 49.4 57.7
RKP [76] 95.9 62.2 86.9 39.6 36.9 38.7 44.4 49.0 89.6 46.7 90.8 66.0 41.4 90.3 56.0 45.3 34.5 50.5 62.1 59.3
UniSFDAS 91.7 54.1 86.4 51.3 12.6 37.8 49.1 44.7 85.0 45.7 90.3 66.4 34.2 87.4 59.8 52.6 0.0 45.7 56.7 55.4
UniSFDAD 93.0 58.7 87.2 46.3 37.5 41.0 47.5 38.5 87.5 46.7 85.0 62.8 34.1 90.1 54.5 59.3 0.0 46.8 59.9 56.6
UniSFDAV 93.5 61.3 89.4 50.6 36.6 41.6 53.8 48.0 88.3 49.3 90.9 67.8 35.8 88.2 39.3 57.6 0.0 45.5 59.8 57.8
UniSFDAE→S 94.3 64.5 89.2 54.9 45.1 41.3 56.0 53.6 88.8 50.2 90.4 66.8 38.2 90.9 67.0 67.6 0.0 50.6 65.3 61.8
UniSFDAS* 90.6 51.8 88.1 50.6 44.9 49.3 56.1 46.5 89.3 48.6 87.5 72.2 38.5 90.7 62.6 24.4 11.8 55.1 61.5 59.0
UniSFDAD* 90.4 52.0 89.1 46.7 44.1 51.3 60.1 44.4 89.9 46.2 91.4 72.1 40.6 91.4 58.0 61.9 40.3 42.4 64.5 61.9
UniSFDAV* 88.8 50.9 89.7 58.4 34.0 53.5 63.0 46.7 90.0 52.1 92.9 72.7 40.0 91.2 56.2 72.2 47.9 49.7 58.4 63.6
UniSFDAE→S* 89.8 53.5 88.8 50.9 49.0 48.7 57.5 44.4 89.6 51.7 89.2 71.0 39.2 92.5 71.3 76.8 55.3 55.6 67.7 65.4

UniSFDA and UniSFDA* indicate that DeepLabv2 and SegFormer are used as the source models, respectively. The best score
in each column is highlighted: bold values correspond to results using the DeepLabv2 source model, while underlined
values correspond to results using the SegFormer source model.

models. Finally, we show that self-training can also benefit from the intra-domain FDA, leading
to an absolute mIoU improvement of 0.5–1.1% across models. In summary, all three aspects, i.e.,
the use of foundation models, uncertainty-aware PL fusion, and intra-domain FDA augmentation,
contribute to the overall performance gains, with Table 3 quantifying the improvements brought
by each component.
Model Justification in Intra-Domain Self-Training Stage. In the intra-domain self-training stage,

we transfer knowledge from stage-1 models or their ensembles to a single unimodal SegFormer,
aiming to improve model efficiency and feasibility during inference. Table 4 illustrates the impor-
tance of selecting reliable PLs based on both confidence and uncertainty scores (SegFormer −→
SegFormer) and the effectiveness of our proposed cross-model transfer learning from auxiliary
models (DFormer −→ SegFormer and ViT-Adapter −→ SegFormer). Specifically, incorporating
uncertainty into PL selection improves the mIoU from 56.6 to 58.2, demonstrating the effectiveness
of our approach. Furthermore, we evaluate the performance of different ensemble approaches
that combine the strengths of multiple teacher models. In addition to the proposed Ensembles,
Ensembles (Intersection), and Ensembles (Union), we also report the results achieved by Late Fusion,
where the outputs of multiple teacher models are fused at the prediction level without performing
a second round of self-training. We observe that self-training based on the ensemble of DFormer
and ViT-Adapter using Equation (6) (Ensembles −→ SegFormer) achieved the best mIoU of 61.8%,
outperforming its competitors by 1.5–3.9%.

Impact of Intra-Domain Augmentations on Model Generalization. As mentioned above, in addition
to the DeepLabv2 source model, we trained a SegFormer source model to harness the generalization
capability of Transformers over CNN models. According to Kundu et al. [32], efforts on source-free
domain adaptive semantic segmentation can be divided into (1) vendor-side domain generalization,
and (2) client-side domain adaptation. Here, we focus on vendor-side evaluation, whose objective
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Table 2. Per-Class IoU (%) and mIoU (%) Comparison of SYNTHIA→ Cityscapes Adaptation
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SFDA [38] 81.9 44.9 81.7 4.0 0.5 26.2 3.3 10.7 86.3 89.4 37.9 13.4 80.6 25.6 9.6 31.3 39.2 45.9
AUGCO [48] 87.2 80.1 80.8 77.9 44.5 82.4 26.5 54.8 0.3 8.2 34.6 12.6 8.7 18.8 8.2 6.0 39.5 45.9
URMA [49] 59.3 24.6 77.0 14.0 1.8 31.5 18.3 32.0 83.1 80.4 46.3 17.8 76.7 17.0 18.5 34.6 39.6 45.0
DTAC [68] 77.5 37.4 80.5 13.5 1.7 30.5 24.8 19.7 79.1 83.0 49.1 20.8 76.2 12.1 16.5 46.1 41.8 47.9
LD [74] 77.1 33.4 79.4 5.8 0.5 23.7 5.2 13.0 81.8 78.3 56.1 21.6 80.3 49.6 28.0 48.1 42.6 50.1
SFUDA [71] 90.9 45.5 80.8 3.6 0.5 28.6 8.5 26.1 83.4 83.6 55.2 25.0 79.5 32.8 20.2 43.9 44.2 51.9
IAPC [5] 68.5 29.2 82.0 10.9 1.2 28.7 22.3 29.1 82.8 85.3 60.5 19.3 83.1 42.5 32.2 47.7 45.3 52.7
HCL [27] 86.7 38.1 82.7 10.0 0.6 30.3 25.4 29.7 82.8 85.9 61.9 24.8 84.5 38.9 22.6 37.9 46.4 54.0
STvM [1] 71.6 31.1 84.2 0.0 0.0 36.7 36.0 38.4 85.4 87.8 55.4 23.5 85.9 47.8 29.1 53.6 47.9 56.1
DT-ST [80] 88.9 45.8 83.3 13.7 0.8 32.7 31.6 20.8 85.7 82.5 64.4 27.8 88.1 50.9 37.6 57.3 50.7 58.8
CROTS [41] 89.4 41.6 82.7 15.1 1.2 34.7 33.7 25.7 83.7 87.9 66.6 34.6 85.4 45.9 43.5 49.6 51.3 59.3
GtA [32] 90.5 50.0 81.6 13.3 2.8 34.7 25.7 33.1 83.8 89.2 66.0 34.9 85.3 53.4 46.1 46.6 52.0 60.1
UASFDA [40] 93.0 59.0 83.8 16.7 1.2 35.1 36.9 35.2 84.2 89.1 64.9 34.3 82.3 38.8 41.4 52.9 53.0 61.2
Uni-UVPT [43] 88.3 43.6 84.4 32.6 2.8 40.3 43.4 29.6 83.5 87.5 67.5 34.9 85.6 49.8 34.0 53.8 53.8 60.4
SDA [79] 88.1 47.4 80.1 28.1 32.2 34.9 33.6 41.3 83.3 86.7 59.9 27.2 86.7 48.1 36.2 52.5 54.1 59.3
CrossMatch [73] 91.5 56.3 85.9 37.9 9.2 42.1 42.6 47.6 87.2 86.1 64.5 23.3 89.3 64.5 45.0 47.7 57.5 64.0
RKP [76] 91.6 51.0 85.2 39.0 25.2 31.6 41.0 45.4 89.0 88.9 63.6 33.5 88.9 37.9 49.1 60.9 57.8 63.8
UniSFDAS 92.4 55.8 84.3 13.3 1.5 35.8 40.8 32.0 83.1 87.4 64.1 30.2 87.4 46.1 47.8 50.2 53.3 61.6
UniSFDAD 92.3 54.0 84.7 14.0 0.8 37.8 38.4 32.9 85.7 89.6 59.2 29.7 86.5 51.0 46.8 58.7 53.9 62.3
UniSFDAV 92.8 56.0 86.2 28.5 3.9 37.3 48.1 40.3 85.8 89.7 61.3 20.4 87.8 37.5 40.5 55.8 54.5 61.7
UniSFDAE→S 94.3 61.7 85.8 35.1 2.5 38.2 53.9 44.5 86.4 88.8 61.4 27.1 88.8 53.0 49.5 55.4 57.9 65.4
UniSFDAS* 89.6 51.0 85.8 15.3 2.6 48.9 54.6 42.2 88.2 88.6 71.9 36.3 80.2 53.8 40.3 35.2 55.3 62.9
UniSFDAD* 89.1 49.3 85.7 23.8 0.9 48.8 57.2 38.0 88.1 87.7 69.2 27.6 89.0 49.6 36.2 47.0 55.5 62.6
UniSFDAV* 89.8 52.1 86.7 28.4 3.7 51.4 56.1 43.2 88.2 91.5 70.2 31.9 87.1 40.2 34.0 46.9 56.3 62.9
UniSFDAE→S* 90.4 54.1 87.4 36.8 1.1 51.6 60.2 54.3 88.7 90.6 71.5 30.1 89.6 52.4 41.3 54.3 59.6 66.5

mIoU* denotes the average score across 13 categories, excluding wall, fence, and pole. UniSFDA and UniSFDA* indicate that
DeepLabv2 and SegFormer are used as the source models, respectively. The best score in each column is highlighted: bold
values correspond to results using the DeepLabv2 source model, while underlined values correspond to results using the
SegFormer source model.

Table 3. Stage One Model Justification of Our Proposed Framework on
GTA5→ Cityscapes

Model Offline Online Intra-Domain mIoU GainPL PL FDA
Source - - - 44.0 -

SegFormer 3 51.1 +7.1
SegFormer 3 3 54.9 +10.9
SegFormer 3 3 3 55.4 +11.4
DFormer 3 52.3 +8.3
DFormer 3 3 55.8 +11.8
DFormer 3 3 3 56.6 +12.6

ViT-Adapter 3 51.9 +7.9
ViT-Adapter 3 3 56.7 +12.7
ViT-Adapter 3 3 3 57.8 +13.8

Source model: DeepLabv2.

is to train a source model with strong generalization ability to unseen domains. Consequently,
the results in Table 5 reflect the quality of the PLs generated by the source model when different
intra-domain augmentation techniques, as described in Section 3.4, are applied. As can be seen,
with only geometric distortions such as random cropping and flipping, the source model achieved
an mIoU of 43.0% on the target domain. Introducing photometric distortions improved the mIoU to
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Table 4. Stage Two Model Justification of Our Proposed Self-Training Framework on GTA5→
Cityscapes

Stage-1 model −→ Stage-2 model Confidence Uncertainty mIoU Gain
SegFormer −→ SegFormer 56.8 -
SegFormer −→ SegFormer 3 56.6 −0.2
SegFormer −→ SegFormer 3 3 58.2 +1.4
DFormer −→ SegFormer 3 3 60.9 +4.1

ViT-Adapter −→ SegFormer 3 3 60.1 +3.3
Late Fusion 57.9 +1.1

Ensembles −→ SegFormer 3 61.6 +4.8
Ensembles (Intersection) −→ SegFormer 3 3 60.3 +3.5

Ensembles (Union) −→ SegFormer 3 3 59.7 +2.9
Ensembles −→ SegFormer 3 3 61.8 +5.0

Source model: DeepLabv2.

Table 5. Impact Evaluation of Intra-Domain Augmentations on the Generalization Performance of
the SegFormer Source Model on GTA5 → Cityscapes

Geometric
Distortion

Photometric
Distortion

CutMix and
ClassMix

Intra-Domain
FDA

Weather and
Cartoon mIoU Gain

3 43.0 -
3 3 46.3 +3.3
3 3 3 47.5 +4.5
3 3 3 3 47.3 +4.3
3 3 3 3 3 49.0 +6.0

46.3%. By incorporating the remaining augmentations, we obtained the best source model, achieving
an mIoU of 49.0% on the target domain. This experiment demonstrates that the generalizability
of SegFormer can be significantly improved through simple and efficient non-learning-based
intra-domain augmentations.
Comparison to Existing Domain Generalization Methods. Table 6 shows a comparison between

existing domain generalization methods. Our SegFormer source model, trained with non-learning-
based augmentations, is able to outperform earlier work that diversifies training samples using
learned styles. However, recent efforts that focused on utilizing high-resolution images [24], transfer
learning from ImageNet features [23] or foundation models such as CLIP, SAM, and LLM [4], have
boosted domain-generalized semantic segmentation to the next level. Fortunately, our proposed
UniSFDA focuses on target domain adaptation, which is flexible to start with various source models
with different architectures. We plan to explore CLOUDS [4] as the source model and further
advance the field of source-free domain adaptive semantic segmentation in the future.
Impact of Key Parameters in the Uncertainty-Aware PL Fusion. There are two key parameters<2

and<D for calculating the per-class thresholds f: and g: in Equation (2). Recall that f: and g: are
the thresholds for selecting hard PLs based on confidence and uncertainty scores, respectively.
We set them to 33%, 66%, and 100% to retain different proportions of offline PLs and compared
the results in Figure 3. This experiment is conducted in stage one self-training, using GTA5 as
the source dataset and SegFormer as both the teacher and student models. We observe that the
best performance was obtained with<2 = 66% and<D = 66%. When the retained proportions are
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Table 6. Comparison of Domain Generalization Methods Trained on GTA and Evaluated on
Cityscapes

Method Backbone Training Strategy mIoU Gain
GtA [32]

ResNet-101

Data aug., multi-head 44.0 -
AdvStyle [83] Adversarial style aug. 44.5 +0.5
SHADE [81] Style-hallucinated aug. 46.7 +2.7
CLOUDS [4] CLIP, SAM, LLM 50.6 +4.2
SHADE [81]

MiT-5B

Style-hallucinated aug. 48.5 +4.5
DAFormer [23, 25] Data aug., RCS, FD 51.6 +7.6
HRDA [24, 25] Data aug., RCS, FD, MR 55.5 +11.5
CLOUDS [4] CLIP, SAM, LLM 58.1 +14.1

Ours Non-learning-based aug. 49.0 +5.0
CLOUDS [4] ConvNext-L [39] CLIP, SAM, LLM 60.2 +16.2

RCS, FD, and MR refer to rare class sampling, thing-class ImageNet feature distance, and multi-resolution
training.

Fig. 3. Ablation study on the impact of<2 and<D for reliable offline PL selection in self-training (source
domain: GTA5, source model: SegFormer, target model: SegFormer).

too small, there are insufficient diverse training samples; conversely, when they are too large, the
dataset contains more noisy PLs. Both cases will lead to decreased performance.

Impact of Reference Image Selection for Intra-Domain FDA. For our proposed intra-domain FDA,
we use the entire training set as the reference image set by default, from which a random image
is selected as the reference each time. However, the performance of the intra-domain FDA may
depend on the choice of reference images. Table 7 presents the performance comparison of our
stage-1 model trained using different reference image selections for intra-domain FDA. When no
intra-domain FDA is applied, the model achieves an mIoU of 58.2%. Using the entire training set
as the reference image set improves the mIoU to 59.0%. We further experimented with selecting a
small and balanced subset from the training data as the reference image set, by sampling frames
from each video sequence in the Cityscapes dataset. The experimental results indicate that this
strategy is beneficial and boosts the mIoU to 61.2%.
Comparison of Segmentation Model Options during Inference. We compare the effectiveness and

efficiency of the final-stage segmentation model options in Table 8. SegFormer is relatively light-
weight, requiring only an image as input. DFormer is a multi-modal segmentation model, which
requires both image and depth data as inputs. ViT-Adapter leverages a pretrained ViT model, whose
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Table 7. Ablation Study on the Impact of Reference Image Selection for Intra-Domain
FDA

Reference Images for Intra-Domain FDA PL Selection mIoU
None (without intra-domain FDA) <2 = 0.66,<D = 0.66 58.2

Whole training set (default) <2 = 0.66,<D = 0.66 59.0
1 frame from each training sequence <2 = 0.66,<D = 0.66 61.2
2 frames from each training sequence <2 = 0.66,<D = 0.66 59.8

Half of the frames from each training sequence <2 = 0.66,<D = 0.66 60.3

Source domain: GTA5, Source model: SegFormer, Target model: SegFormer.

Table 8. Comparison of the Effectiveness and Efficiency of the Final-Stage Segmentation Model during
Inference on GTA5 → Cityscapes

Source Model Stage-1 Model Stage-2 Model Input Runtime per
Image Gflops mIoUImage Depth

DeepLabv2 Ensembles SegFormer 3 7 100 ms 799 61.8
DeepLabv2 Ensembles DFormer 3 3 60 ms 447 61.5
DeepLabv2 Ensembles ViT-Adapter 3 7 597 ms 4,004 61.6
SegFormer Ensembles SegFormer 3 7 100 ms 799 65.4
SegFormer Ensembles DFormer 3 3 60 ms 447 66.8
SegFormer Ensembles ViT-Adapter 3 7 597 ms 4,004 66.6

scale is considerably larger than that of SegFormer and DFormer. An interesting observation is
that DFormer and ViT-Adapter did not outperform SegFormer when DeepLabv2 was used as the
source model. A possible explanation is that the capabilities of these more powerful models were
constrained by noise in the generated PLs. By adopting SegFormer as the source model, more
accurate PLs were produced, allowing DFormer and ViT-Adapter to surpass SegFormer. However,
this came at the cost of requiring extra modalities or significantly larger model size, which may not
always be feasible in real-world applications due to missing modalities or limited computational
resources. In terms of efficiency, we report the runtime per image and Gflops of different models.
We observe that ViT-Adapter is significantly less efficient than the other two models. Although
DFormer is more lightweight, it requires depth information, which may not be available in practice
during inference. It is also worth noting that ViT-Adapter (UniSFDAV) outperformed SegFormer
(UniSFDAS) by 4.6% in stage 1, as shown in Table 1. However, in stage 2, the gap between the
two models was substantially reduced to 1.2%, demonstrating the effectiveness of our proposed
two-stage self-training framework.

System Efficiency during Training. We further evaluate system efficiency during training in Table 9,
which reports the number of trainable parameters and the actual training time of the models in
our proposed multi-stage framework. In stage 1, we train the two auxiliary models, DFormer and
ViT-Adapter, which require 9.9 minutes and 34.2 minutes per epoch, respectively. In stage 2, we
train SegFormer using the PLs generated by DFormer and ViT-Adapter, which takes 19.3 minutes
per epoch. Recall that all models are trained on four NVIDIA L40 GPUs with a mini-batch size of 4
for 60 epochs. Compared with a single-stage setup in which a single SegFormer is trained using the
source model, our proposed multi-stage framework incurs an additional training cost of 44.1 hours
on the Cityscapes dataset, while achieving an mIoU improvement of 3.6–6.4%.
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Table 9. Trainable Parameters and Training Time Analysis of the Models in the
Proposed Multi-Stage Framework

Stage Model Trainable Parameter Training Time (Epoch/Total)

Stage 1 DFormer 39.0 M 9.9 minute/9.9 hour
ViT-Adapter 570.4 M 34.2 minute/34.2 hour

Stage 2 SegFormer 84.6 M 19.3 minute/19.3 hour

Table 10. Integration of Our Method with Uni-UVPT, Demonstrating That
Foundation Models Can Further Enhance Existing SFDA Approaches

Method GTA5 → Cityscapes SYNTHIA → Cityscapes
mIoU mIoU mIoU*

Uni-UVPT 56.9 53.8 60.4
UniSFDA (Uni-UVPT) 57.9 54.6 61.7
UniSFDA *(Uni-UVPT) 59.0 56.9 63.6

mIoU* denotes the averaged score across the 13 categories on SYNTHIA → Cityscapes.

Fig. 4. Qualitative results of source-free semantic segmentation on the Cityscapes dataset. From left to right:
input image, output from the DeepLabv2 source model, output from the CrossMatch model [73] trained with
the DeepLabv2 source model, outputs from our proposed model trained with the DeepLabv2 and SegFormer
source models, respectively, and the ground-truth segmentation mask.

Integration with Existing SFDA Approaches. While existing SFDA methods mostly focus on PL
denoising techniques and do not leverage foundation models, we demonstrate that foundation
models can further enhance existing SFDA approaches by integrating our method with a recent
approach, Uni-UVPT, using Swin-B as the backbone. As shown in Table 10, the original Uni-UVPT
achieved a mIoU of 56.9% on GTA5 → Cityscapes and 53.8% on SYNTHIA → Cityscapes. By using
our stage-1 models, DFormer and ViT-Adapter, to generate PLs via the proposed PL aggregation
method in Equation (6), in conjunction with the PL correction strategy of Uni-UVPT, we improve
the mIoU to 57.9% and 54.6% when using DeepLabv2 as the source model, and further to 59.0%
and 56.9% when using SegFormer as the source model. The results indicate that our two-stage
self-training framework can be seamlessly integrated with existing PL denoising approaches to
achieve additional performance gains.
Visualizations. Finally, we conducted a qualitative evaluation of our method. As illustrated

in Figure 4, we visualized the prediction results obtained by the DeepLabv2 source model, the
CrossMatch model trained with DeepLabv2 source model, and our method trained with both
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DeepLabv2 and SegFormer source models. As observed, the predictions generated by the source
model can be noisy due to the domain gap between the source and target dataset, particularly
in source-free settings, where the source dataset is unavailable during training. The CrossMatch
method significantly reduces label noise by leveraging depth information as an additional input.
However, it still struggles to capture fine details accurately. In comparison, our approach achieves
more precise class-wise predictions, particularly for small objects such as poles, traffic lights, and
traffic signs.

5 Conclusion
This article proposes a unified self-training framework for robust source-free domain adaptive
semantic segmentation. We identify three underexplored aspects in prior work, namely uncertainty-
aware PL fusion, transfer learning-based adaptation, and intra-domain style augmentation, and
investigate them extensively to collectively enhance segmentation performance and test-time
efficiency on the target domain. Our approach achieves new state-of-the-art results in urban scene
understanding, obtaining an mIoU of 61.8% and 57.9% on the Cityscapes dataset when adapting
from GTA5 or SYNTHIA benchmarks using a DeepLabv2 source model. The proposed two-stage
self-training framework not only produces more reliable PLs but also ensures the feasibility and
efficiency of the test-time segmentation model. It leverages recent advances in cross-modal learning
and large foundation models through transfer learning, and can be seamlessly integrated with a
wide range of models and self-training methodologies.
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