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Abstract

In this work, we introduce a new concept, named source-free open compound
domain adaptation (SF-OCDA), and study it in semantic segmentation. SF-OCDA
is more challenging than the traditional domain adaptation but it is more practical.
It jointly considers (1) the issues of data privacy and data storage and (2) the
scenario of multiple target domains and unseen open domains. In SF-OCDA, only
the source pre-trained model and the target data are available to learn the target
model. The model is evaluated on the samples from the target and unseen open
domains. To solve this problem, we present an effective framework by separating
the training process into two stages: (1) pre-training a generalized source model
and (2) adapting a target model with self-supervised learning. In our framework, we
propose the Cross-Patch Style Swap (CPSS) to diversify samples with various patch
styles in the feature-level, which can benefit the training of both stages. First, CPSS
can significantly improve the generalization ability of the source model, providing
more accurate pseudo-labels for the latter stage. Second, CPSS can reduce the
influence of noisy pseudo-labels and also avoid the model overfitting to the target
domain during self-supervised learning, consistently boosting the performance on
the target and open domains. Experiments demonstrate that our method produces
state-of-the-art results on the C-Driving dataset. Furthermore, our model also
achieves the leading performance on CityScapes for domain generalization.

1 Introduction

Deep learning has now achieved a remarkable success in fully-supervised semantic segmentation [23,
40, 1], which, however, is relied heavily on the expensive dense pixel-wise annotations. One solution
to lighten the labeling cost is unsupervised domain adaptation (UDA), which aims to transfer the
knowledge of labeled synthetic data to unlabeled real-world data. Despite the effectiveness of existing
UDA methods [34, 39, 41], they mainly consider the context of a single target domain, resulting in
limited applications in the real-world. Indeed, the target domain may be captured from multiple data
distributions without a clear separation and the system will unavoidably face instances from unseen
domains. To investigate a more realistic domain adaptation problem, in this paper, we consider the
setting of open compound domain adaptation (OCDA) [22] for semantic segmentation. In OCDA,
the unlabeled target domain is a compound of multiple homogeneous domains without domain labels.
The adapted model is applied to test samples from the compound target domain and an open domain,
where the open domain is unseen during training.

Existing UDA [34, 39, 36] and OCDA [22, 28, 10] methods commonly require the use of
the labeled source data during the whole training process. However, the source data are not
always available due to data privacy. In addition, the source data are generally very large,
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Figure 1: Illustration of source-free open compound domain adaptation (SF-OCDA). In the training
stage, the model is first trained on the (synthetic) labeled source data and then adapted to the
(real-world) unlabeled compound target data. The source data are not available during the target
adaptation. In the testing stage, the learned model is used to predict the semantic segmentation results
for samples from the compound and domains.

which require plenty of storage space (e.g., Table 1: Comparisons of different adaptation set-
GTAS [29]~57GB). This further limits the ap- tings. DA: domain adaptation, SF-DA: source-free
pliC&tiOl‘lS of existing methods, especially when DA, DG: domain generalization, OCDA: open com-
transferring to a lightweight self-driving device. pound DA, SF-OCDA: source-free OCDA.
Nevertheless, we can choose to maintain the
pre-trained source model instead of the source ettings Source  Source Unlabeled Multiple ~ Open
data, enabling us to obey the data privacy policy Data  Model Target  Targets Targels
and use much less storage space (e.g., DeepLab- ~ DA [34]
VGG16 [1, 30]~120MB). These facts motivate IS)%I?%][ZI]
us to introduce a more challenging but practi-  ocpa [22]
cal setting for OCDA, called source-free OCDA ~_ SF-OCDA
(SF-OCDA), where only the source pre-trained

model and the unlabeled target data are available during the training of the target model. In the
literature, source-free domain adaptation (SF-DA) has recently been developed in image classifica-
tion [19, 14] and semantic segmentation [21] for the single target case. However, as shown in Fig. |
and Tab. 1, compared with SF-DA, our SF-OCDA demands not only adapting to data from multiple
target domains but also considering the generalization performance on unseen domains.
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In SF-OCDA, the source data and target data are invisible to each other. In such context, we cannot
align the domain distributions as traditional DA methods [34, 39, 41]. Instead, this paper introduces
an effective two-stage framework for SF-OCDA, which consists of (1) training a generalized source
model and (2) adapting the target model with self-supervised learning. In the first stage, we aim to
learn a robust model, which can generalize well to different target domains. To achieve this goal,
we propose the Cross-Patch Style Swap (CPSS), which can effectively augment the samples with
various image styles. Specifically, CPSS first extracts the styles of patches in feature maps and then
randomly exchanges the styles among patches by the instance normalization and de-normalization. In
this manner, CPSS can prevent the model from overfitting to the source domain and thus significantly
improve the generalization ability of the model. In the second stage, we adapt the target model
by self-supervised learning. Specifically, we optimize the target model with the guide of pseudo-
labels generated from the pre-trained source model, which can implicitly align the source and target
distributions under the constraint of label consistency. Moreover, CPSS is also applied to reduce the
influence of noisy pseudo-labels and to avoid overfitting to the target domain, which can further boost
the performance on the compound and open domains. Our contributions are summarized as follows:

* We introduce a new setting for semantic segmentation, i.e., source-free open compound domain
adaptation (SF-OCDA), which is an important yet unstudied problem. In addition, we propose an
effective framework for solving SF-OCDA, which focuses on learning a generalized model during
the stages of source pre-training and target adaptation.

* We propose the CPSS, which diversifies the samples in the feature-level, to improve the generaliza-
tion ability of the model in both source and target training stages. CPSS is a lightweight module
without learnable parameters, which can be readily injected into existing segmentation models.

* The proposed framework learned with the source-free constraint significantly outperforms the
state-of-the-art methods on the OCDA benchmark. Our approach also surpasses the advanced
domain generalization approaches on CityScapes.



2 Related Work

Transfer Learning in Semantic Segmentation. To tackle the expensive cost of collecting and
labeling real-world data, transfer learning has attracted a widespread attention in semantic segmen-
tation. Commonly, transfer learning methods are developed along two directions: unsupervised
domain adaptation (UDA) and domain generalization (DG). UDA aims at transferring the knowledge
from a labeled source domain to an unlabeled target domain. Existing UDA approaches can be
roughly divided into two categories, i.e., aligning domain distributions through adversarial learn-
ing [34, 36, 24, 8] and self-training on the target domain [43, 39, 25, 41]. DG focuses on training a
robust model with synthetic data, which can generalize well on unseen real-world target data. To
reduce the large gap between synthetic data and the real-world data, DG methods usually augment
the synthetic samples [38, 12] with the styles of ImageNet [7] or conditionally align the outputs [2, 3]
between the segmentation model and the ImageNet pre-trained model. On the other hand, some works
are proposed to learn domain-invariant features by removing domain-specific information [5, 27] or
feature augmentation [32]. Recently, Liu ef al. [22] propose the setting of open compound domain
adaptation (OCDA), which can be regarded as an extension of UDA and DG. In OCDA, the model
trained with source and target data is used to evaluate samples from the compound target domain and
unseen open domain. Liu ef al. [22] introduce a memory-based curriculum learning framework to
improve the generalization on the compound and open domains. Park et al. [28] and Gong et al. [10]
discover the latent target domains and align the source and latent domains with multiple domain
discriminators. Different from these OCDA methods, this work investigates the OCDA under the
source-free constraint and aims to learn a robust model by augmenting features with patch styles.

Source-Free Domain Adaptation. Hypothesis transfer learning (HTL) [15] aims to retain the prior
knowledge in a form of hypothesis instead of data for the source domain. However, the main drawback
of HTL is that it requires a small set of labeled target data. Inspired by HTL, source-free domain
adaptation (SF-DA) [4, 18, 21, 20, 19, 14, 33, 11] has recently flourished in the domain adaptation
community. In SF-DA, instead of the source data, the source pre-trained model is provided in the
target training stage. SHOT [19] maintains the source hypothesis by fixing the trained classifier and
maximizes mutual information of target outputs for distribution alignment. Kundu et al. [14] generate
negative samples by image composition, which are used to narrow domain shift and category gap
during source training. In addition, an instance-level weighting mechanism is proposed for effective
target adaptation. Lately, Liu ef al. [21] introduce source-free domain adaptation for semantic
segmentation and utilize the batch normalization statistics of the source model to recover source-like
samples. In this work, we introduce the source-free open compound domain adaptation (SF-OCDA)
for semantic segmentation, extending SF-DA to a more realistic setting. The comparisons between
SF-OCDA and existing adaptation settings are reported in Tab. 1.

3 Methodology

3.1 Preliminaries

In open compound domain adaptation (OCDA) [22], we are given a labeled (synthetic) source domain
S and an unlabeled (real) compound target domain 7. The goal is to train a model that can accurately
predict semantic labels for instances from the compound and open target domains. Specifically, S
includes N images x5 € R"*W"*3 and their corresponding semantic labels y§ € R7"*W" of C

classes. 7 contains N images v} € RH IXWIXB of multiple homogeneous domains without semantic
and domain labels. In this paper, we consider the setting of source-free OCDA (SF-OCDA), which
imposes an extra constraint that only the pre-trained source model, instead of the source data, is
available for training the target model together with the unlabeled target data.

3.2 Overview

In this Section, we propose an effective framework for SF-OCDA, which separates the training
process into two stages: (1) training a generalized source model and (2) adapting a target model with
self-supervised learning. We also introduce the Cross-Patch Style Swap (CPSS) to augment features
with various patch styles, which can significantly improve the generalization ability of the model in
both training stages. The pipeline of our framework is shown in Fig. 2. Next, we first introduce our
CPSS module (Sec. 3.3) and then present the proposed training strategy (Sec. 3.4) in detail.
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Figure 2: The framework of the proposed method. (1) The model is first trained on the labeled source
domain. (2) We generate pseudo-labels by the source pre-trained model and train the target model in
a self-training manner. In the second stage, we have no access to the source data. To improve the
generalization ability of the model, we equip the model with the Cross-Patch Style Swap module in
the two training stages, which augments features by exchanging styles among patches.

(a) Source Domain (GTAS5 [29]). (b) Target Domain (C-Driving [22]).

Figure 3: Visualization of style distributions for (a) source domain and (b) target domain. We use the
concatenation of mean and standard deviation of the feature map after the first block of VGG-16 [30]
as the style feature and show the 2D embeddings by t-SNE [26]. Zoom in for details.

3.3 Cross-Patch Style Swap

Motivation. Image style variation is an important factor that influences the model performance in
semantic segmentation. Although the synthetic data are built to simulate the real-world images, the
styles of synthetic images are still very different from that of the real ones. Therefore, the model
trained on the synthetic data will be sensitive to the real style variations and thus produces poor
performance on real images. To this end, we attempt to learn a robust model, which is insensitive to
style variations, by augmenting the training samples with diverse styles.

In order to implement style augmentation, the key is extracting style factors from images. To achieve
this goal, we draw inspiration from the style transfer [35, 9], which obtains image styles by extracting
the mean . and standard deviation o of the feature map in a network. In Fig. 3, we visually verify
the feasibility of using the ;1 and o as the style features in semantic segmentation. It is clear that
images of various styles (e.g., day and night) can be well-separated by the style features. In addition,
AdalN [13] shows that an input sample can be transferred to an arbitrary style while remaining the
semantic content, by replacing the style features, formulated as:

z — p(z)
AdaIN = —_— 1
aiNGo) = o) (“57 ) + ) m
where 1(.) and o(.) denote the mean and standard deviation of the input feature map, respectively.
z and y are two feature maps that provide the semantic content and the image style, respectively.
Inspired by AdalN, we propose two style augmentation operations based on the style features of
image patches for training a robust segmentation model.



Intra-Image Cross-Patch Style Swap. In the self-driving scenario, different patches (e.g., up and
down) of a frame may include different objects, such as sky, vehicle, road and fence, making these
patches present different styles. Intuitively, we can generate a new stylized sample by exchanging
the style features of different patches. Hence, we propose the intra-image Cross-Patch Style Swap.
Specifically, the feature map of an image is first separated into n = ny X n,, patches:
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After that, each patch is normalized by the mean and standard deviation of itself, and de-normalized
by the feature style of a random patch, formulated by:

/ . F,; — u(F; ) ~
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where FZ/ ; denotes the style swapped counterpart of I ;. Fi, 7 denotes the shuffled patch that provides
the style feature.

Inter-Image Cross-Patch Style Swap. Although the intra-image CPSS can enrich the styles of a
feature map, the model can easily remember the intra-image style variations after several training
epochs, which will limit the effectiveness of the CPSS. However, the patch styles vary greatly among
different images, which can be used to further enhance the style diversity during CPSS. Taking this
into consideration, we introduce the inter-image CPSS, which collects style features from all the
patches in a mini-batch with B samples and exchanges these styles (B x n) among all patches. We
re-formulate Eq 3 as:

Frij— (Frij)
o(Flij)

where F,; ;,; denotes the swapped counterpart of patch F; ; in the kth sample. F};.; denotes a

randomly selected patch that provides the style feature.

Fi;” =0 (Fyij) ( ) + w(Fij), €]

CPSS is injected into several layers of the backbone, which is activated in the training stage with a
probability of 5 and is not used in the testing stage.

Photometric Transformation. In practice, the brightness, contrast and saturation of the frame vary
in different situations. For example, images are brighter in sunny morning while the contrast is
stronger in snowy weather. In addition, there may exist blurry images caused by the rainy weather.
Consequently, we randomly apply photometric transformation to the input images, including color
jitter, Gaussian blur and grayscale, to simulate the real-world style various, which can further improve
the effect of CSPP.

3.4 Model Training

As shown in Fig. 2, our framework includes two stages, i.e., the source training stage and the target
training stage, where the source data and target data are used independently in their own stages.

Stage-1: Source Training. In this stage, we aim at training a generalized model with synthetic
labeled source domain S. We adopt the cross-entropy loss to train the model, formulated as:

HxW C
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where y;, . denotes the ground truth for the mth pixel and p;, . denotes the softmax probability
of this pixel belonging to the cth class. Importantly, we employ the proposed CPSS along with
photometric transformation to augment the samples in both feature- and image-levels, which can
effectively improve the generalization ability of the source model.

Stage-II: Target Training. For SF-OCDA, source data are not available in this stage. Instead, we
are given the source pre-trained model and the unlabeled compound target domain 7 to learn a target
model that can perform well on both compound and open domains. In this stage, the target model is
cloned from the source pre-trained model and trained in a self-supervised manner.



Specifically, we first generate pseudo-labels based on the predictions of the source pre-trained model
by maximum probability threshold (MPT) [16]. MPT estimates class thresholds based on the top ¢%
pixels of each class and a predefined threshold 7. The pseudo-labels are then assigned to pixels where
the prediction values of the dominant classes are higher than the corresponding class thresholds.

With the pseudo-labels, we employ the cross-entropy loss to enforce the consistency between the
source and target outputs:
HW C
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where p!, . is the prediction of the target model and gfm . 1s the generated pseudo-label. Note that,
we only update the model with pixels that are assigned with pseudo-labels, and ignore the others.

Similar to Stage-I, we also adopt CPSS and the photometric transformation to train the target model,
which brings two advantages. First, the negative impact of noisy pseudo-labels can be reduced
by training on samples with more augmentations [31]. Second, CPSS can prevent the model from
overfitting to the styles of the target domain, leading the model to be more robust to style variations.
These two advantages improve the model performance on the target compound and open domains.

4 Experiments

4.1 Experimental Setup

Datasets. Following [22], we use the synthetic image data GTAS [29] as the source domain, the rainy,
snowy, and cloudy images in C-Driving [37, 22] as the compound target domain, and the overcast
images in C-Driving as the open domain. To further measure the generalization ability of models, we
additionally use Cityscapes [6] as an extended open domain. GTAS includes 24,966 training images
with a resolution of 1914 x1052. C-Driving consists of 14,697 unlabeled training images and 1,430
testing images, where the image size is 1280x720. Cityscapes contains 500 images of 2048 x 1024
for validation. For all datasets, pixels belong to 19 shared semantic categories. During testing, we
use mean intersection-over-union (mloU) to evaluate the semantic segmentation performance.

Implementation Details. We use the DeepLab-V2 [1] with VGG16 [30] backbone as the segmenta-
tion model. For the source training stage, following [34, 28], we use SGD with an initial learning rate
2.5 x 10~%, momentum 0.9 and weight decay 5 x 10~ to optimize the model. For the target training
stage, the learning rate is reduced to 1 x 10~%. In both stages, we use the polynomial decay with
a power of 0.9 to schedule the learning rate. The total training process takes 150K iterations, with
a batch size of 1. We set 7=0.9 and ¢%=50% for generating pseudo-labels. For CSPP, the number
of patches n and the activation probability 3 are set to 4 and 0.3, respectively. By default, we use
the inter-image CSPP and inject it after the first and second blocks of the VGG16. Note that, we
use a batch size of 4 for CPSS, but optimize the model with only the first image. This can greatly
reduce the computational cost, because using a batch size of 1 or 4 achieves a similar performance.
All models are trained with one GTX 2080 TI GPU (11GB).

4.2 Comparison with State-of-the-Art Methods

Results of GTAS — C-Driving. In Tab. 2, we compare our method with the state-of-the-art UDA
models [34, 43, 27, 17] and OCDA models [22, 28, 10] on the setting of “GTAS to C-Driving”. For a
fair comparison, all the models adopt DeepLab-V2 with VGG16 backbone. Following [28], we use
the long training scheme (150K iterations) to train the model. We make the following observations.
First, the models trained with the long training scheme produce higher results, showing the advantage
of the long training scheme. Second, our “Stage-I” model, which is trained only with the source data,
achieves the best performance among all the existing methods that use both the source and the target
data. This verifies the effectiveness of the proposed CSPP in learning a generalizable model. Third,
our “Stage-II” model outperforms all compared models by a large margin, indicating that our method
produces new state-of-the-art performance for OCDA, even under the source-free constraint.

Results of Domain Generalization. We also verify the generalization ability of our method on
CityScapes in Tab. 3. All models are trained with the VGG16 backbone. We can obtain the following
findings. First, our “Stage-I” model surpasses the state-of-the-art domain generalization methods



Table 2: Comparison with the state-of-the-art methods on GTAS — C-Driving. 1 denotes methods
that employ the long-training strategy.

Methods Source Compound(C) Open(O) Avg

GTAS — Free Rainy Snowy  Cloudy Overcast C C+0
Source Only | v | 162 18.0 209 | 21.2 | 189 19.1
AdaptSeg [34] X 20.2 21.2 23.8 25.1 22.1 22.5
CBST [43] X 21.3 20.6 239 24.7 222 22.6
IBN-Net [27] X 20.6 219 26.1 25.5 22.8 23.5
PyCDA [17] X 21.7 223 259 254 233 23.8
Liu et al. [22] X 220 229 27.0 279 24.5 25.0
Park et al. [28] X 27.0 26.3 30.7 32.8 28.5 29.2
Source Onlyt | v | 236 24.4 27.8 | 29.5 | 25.6 26.3
AdaptSeg [34]F X 25.6 27.2 31.8 32.1 28.8 29.2
MOCDA [10]F X 244 27.5 30.1 314 27.7 294
Park et al. [28]7 X 27.1 30.4 355 36.1 32.0 323
Ours (Stage-I)f v 28.5 30.5 36.4 374 32.8 332
Ours (Stage-1I)T v 30.6 319 37.6 38.0 344 345

Table 3: Evaluation on open domain CityScapes.
1 extra using the unlabeled C-Driving. § extra

X . Table 4: Effectiveness of Style Augmentations.
using the ImageNet images.

Model | CPSS | PT | C | C+O

Method | GTAS5 — CityScapes
X X | 256 | 263

ASG [2] 31.5 Stagel | v | x |312] 320
IBN-Net [27] 34.8 J v | 328 | 332
DRPC [38]§ 36.1 . :
Ours (Stage-I) 371 X X | 333 | 335

Stage-II v X | 343 | 344
MOCDA [10]} 31.1 & Yol 34| 3as
AdaptSeg [34]1 32.8
Ours (Stage-IT)1 38.1

when training only with GTAS. Compared with DRPC [38] that additionally uses ImageNet [7]
images, our model is 1.0% higher than it. Second, when training the model with GTAS and (unlabeled)
C-Driving, our “Stage-II"’ model significantly outperforms the compared methods, MOCDA [10] and
AdaptSeg [34] by a large margin. These two findings demonstrate the effectiveness of the proposed
method on open domains.

4.3 Evaluation

Effectiveness of Style Augmentations. In Tab. 4, we investigate the effectiveness of the proposed
CPSS and photometric transformation (PT). Clearly, CPSS consistently improves the performance
for both stages. Specifically, for the source training stage (Stage-I), inserting CPSS outperforms the
baseline by 5.6% in C mloU and by 5.7% in C+O mloU. Adopting the photometric transformation
further gains 1.6% and 1.2% improvement in C mloU and C+O mloU, respectively. For the target
training stage (Stage-1I), we initialize the model by the source model trained with CPSS and PT.
Without using style augmentations, self-supervised learning achieves limited improvement. In
contrast, adding CPSS can clearly promote the performance on both compound and open domains.
This verifies that CPSS can not only reduce the impact of noisy samples but also improve the
robustness of the model to unseen domains. On the other hand, using photometric transformation has
a slight influence on the performance. This is mainly because that the model has been familiar with
such transformation during source training.

Comparison of Different Stylized Operations. In Tab. 5, we compare several stylized operations
that do not use any auxiliary information, i.e., MixStyle [42], CrossNorm [32], and two versions
of our CPSS. Results are conducted on the source training stage. We can find that mixing styles
with a random weight (MixStyle) is less suitable for semantic segmentation, because MixStyle may
sometimes generate semantically unrealistic styles. Compared with CrossNorm and CPSS (intra-
image), CPSS (inter-image) produces clearly higher performance. This indicates that augmenting



Table 5: Comparison of different stylized operations. Table 6: Impact of latent domains.

Method | € | c+O W/Latent | Split | C | C+O
MixStyle [42] 30.7 | 312 Clustering | 34.4 | 34.7
CrossNorm [32] 314 | 31.8 v Oracle 343 | 345
CPSS (intra-image) | 31.7 | 32.3

CPSS (inter-image ) | 32.8 | 33.2 X | — 344|345

samples with more various styles can help us to learn a more generalizable model in semantic
segmentation.

Is Splitting Latent Domains Necessary? Recent OCDA methods [28, 10] show that the sub-domain
labels can be used to reduce the latent domain gaps in the target domain. Instead, in our target training
stage, we randomly select training samples from the target data to form the mini-batch without
considering the sub-domain labels. To verify the impact of considering the latent domains for CPSS,
we implement our framework with a new sampling strategy. Specifically, we sample the images in a
balanced way, so that each mini-batch contains at least one sample for each sub-domain. We provide
two kinds of latent domains: “Oracle” denotes using the original rainy, snowy, cloudy as the latent
domains; and “Clustering” denotes separating latent domains by clustering the style features. As
shown in Tab. 6, the random sampling strategy and its two variants achieve similar performance. This
indicates that the proposed CPSS can potentially consider the style variations among different latent
domains and learn a robust model, even without considering the factor of latent domains.

4.4 Parameter Analysis

We further analyze the sensitivities of CPSS to three important hyper-parameters, i.e., the activation
probability 3, the number of patches n and the injecting location /. By default, we vary the value of
one parameter and keep the others fixed. Experiments are conducted in the source training stage.

Patch Number n. We compared the results of using different numbers of patches n in Fig. 4(a).
When n=0, the model is trained without CPSS. With the increase of n, the model is encouraged to
face more styles, producing higher results. However, when n is too large, i.e., 8, the patches are too
small, which may generate less realistic styles and thus reduces the performance.

Activation Probability 5. In Fig. 4(b), we investigate the effect of the probability 3 of activating the
CPSS operation. The performance first increases with the value of 8 and achieves the best results
when 5=0.3. However, assigning a larger value to /3 (e.g., 0.7) leads to performance degradation. The
results show that diversified styles can improve the generalization but training with excess generated
styles fails to further improve the model performance.

Injecting Location [. In Fig. 4(c), we estimate the impact of injecting CPSS into different blocks of
the network. Block-0 denotes injecting the CPSS before the network, and block-l (I > 0) denotes
injecting CPSS before the last pooling layer of the /th convolutional block. We make two observations.
First, injecting CPSS into shallow layers, i.e., block-0, 1,2, 3, helps to improve the performance,
while the performance degrades when injecting CPSS into a deep layer (block-4, 5). The reason is
that the mean and standard deviation represent style information in shallow layers but contain more
semantic information in deep layers. Second, jointly injecting into multiple (two or three) layers can
achieve further improvement. Considering the trade-off between accuracy and runtime, injecting
CPSS into block-1 and block-2 is an appropriate choice.

4.5 Visualization

Qualitative Comparison of Segmentation Results. We compare the segmentation results for
different models on the compound domain (rainy, snowy, cloudy) and open domains (overcast and
CityScapes) in Fig. 5. Compared with the source only model and AdaptSeg [34], our models (Stage-I
and Stage-II) clearly produce more accurate semantic results, especially for the boundaries between
different objects. Comparing between our models, our Stage-II model can generate finer results on
elements that have large intra-class variations between the virtual and real, e.g., person, car and fence.

Image-Level Visualization of CPSS. To better understand the effect of our CPSS in style augmenta-
tion, we visualize three groups of style exchanging in Fig. 6 by applying CPSS in the image-level
(i.e., block-0). For each group, we feed two original images (left column) into CPSS and generate
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Figure 5: Qualitative comparison of segmentation result on the compound domain (rainy, snowy, and
cloudy) and open domains (overcast and CityScapes).
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Figure 6: Examples of stylized images of CPSS. We directly apply CPSS on the image-level for
image pairs on GTAS (a and b) and C-Driving (c). The number of patches is set to 4.

corresponding stylized images (right column) by swapping patch styles among the 8 (2 x 4) patches.
We obverse that the styles of patches are successfully changed and various patches are generated. We
can easily infer that CPSS can also change styles in the feature-level. However, the style features
may contain semantic information to a certain extent, which may cause image distortion during the
style exchanging. These distorted results may hammer the model optimization. For future studies,
CPSS could be developed to extract more style-specific features.

5 Conclusion

In this work, we introduce a new setting, called source-free open compound domain adaptation (SF-
OCDA), which has great potential in real-world applications. To address this problem, we propose
an effective framework to train robust source and target models under the source-free constraint.
Moreover, the Cross-Patch Style Swap (CPSS) is proposed to diversify the feature-level samples
with various styles, consistently boosting the performance for both source and target training stages.
Extensive experiments demonstrate the effectiveness of the proposed CPSS. Our method achieves
state-of-the-art results on OCDA and DG benchmarks.



Appendix

A Additional Experimental Results

Results of SYNTHIA — C-Driving. In Tab. A, we compare our method with state-of-the-art
methods on the setting of “SYNTHIA — C-Driving”. Clearly, (1) the proposed method largely
improves the performance of the source only model, and (2) our two models (Stage-I and Stage-1I)
both significantly outperform the state-of-the-art methods, verifying the generalization ability of the
proposed method with different source datasets. We also find that the improvement of our Stage-II
is limited. This is because given a poorly trained source model (= 24% mloU), we fail to generate
enough useful / reliable pseudo-labels for self-supervised learning on the target domain. In our
experiments, training the target model without the proposed CPSS will reduce the performance. This
phenomenon can also be observed for Advent [36], which additional uses entropy information to
train the AdaptSeg [34] but achieves lower results on C-Driving (in Tab. A). In contrast, using our
CPSS can alleviate the impact of wrong pseudo-labels and can guarantee that self-supervised learning
will not hamper the model performance.

Table A: Comparison with the state-of-the-art methods on SYNTHIA — C-Driving. All models are
trained with the long-training strategy. We report averaged performance on 16 class subsets following
the evaluation protocol used in [36, 28]. * denotes the source only model trained in this paper.

Methods Source Compound(C) Open(O) Avg

SYNTHIA — Free Rainy  Snowy Cloudy | Overcast C C+0
Source Only [28] | v | 163 18.8 194 | 195 | 184 185
CBST [43] X 16.2 19.6 20.1 20.3 189 19.1
CRST [44] X 16.3 19.9 20.3 20.5 19.1 19.3
AdaptSeg [34] X 17.0 20.5 21.6 21.6 20.0 20.2
Advent [36] X 17.7 19.9 20.2 20.5 193 19.6
Park et al. [28] X 18.8 21.2 23.6 23.6 215  21.8
Source Only* v 18.9 19.7 20.4 21.3 19.7  20.1
Ours (Stage-I) v 224 23.8 25.3 26.4 24.0 245
Ours (Stage-1I) v 22.4 24.5 25.3 26.4 242  24.7

Implementing AdaptSeg with CPSS. To further demonstrate the generalization ability of the pro-
posed CPSS, we inject CPSS into the widely used domain adaptation approach, AdaptSeg [34], and
evaluate the results on the settings of “GTAS — C-Driving” and “GTAS5 — CityScapes”. Note that,
when using AdaptSeg, the source-free constraint is not enforced. Clearly, CPSS can consistently
improve the performance of AdaptSeg by a large margin on both settings. This further confirms the
compatibility of the proposed CPSS.

Table B: Effectiveness of CPSS in AdaptSeg model for OCDA (GTA5—C-Driving) and UDA
(GTA5—CityScapes). * denotes reproducing the method based on the source code.

\ GTA5—C-Driving

Methods CPSS Compound(C) Open(O) Avg GTAS5—CityScapes
Rainy Snowy Cloudy| Overcast C C+0

AdaptSeg [34] X — — — — — — 35.0

AdaptSeg [34]* X 25.6 27.2 31.8 32.1 28.8 292 34.2

AdaptSeg [34] v 28.9 29.1 35.2 36.0 319 323 38.5

Per-Class IoU on GTAS — C-Driving. In Tab. C, we report the per-class IoU on different sub-
domains of “GTA5—C-Driving”. Generally, our methods (Stage-I and Stage-II) produce higher
results on most classes for all sub-domains. On the other hand, we find that all the methods fail to

recognize the samples of the “train”, “motorcycle” and ““bicycle” classes, which are rarely appeared
in the C-Driving dataset.
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Table C: Per-Class IoU on different sub-domains of the OCDA benchmark: GTAS — C-Driving. The
rainy, snowy and cloudy weather compose the compound target domain, while the overcast weather
is the open domain. The results are reported over 19 classes. The “bicycle” class is not listed due to
the result is close to zero. The best results are denoted in bold. 1 denotes methods that employ the
long-training strategy.

GTAS5—C-Driving

-
] 5 = 5 s =2 = B E > 2 5 = el ., £ £

Sub-domain Method 2 3 2 E 5 g 2 F 2 2 % 2 E 5 g E E E |mou
Source Only [22] 483 34 397 06 122 101 5.6 51 443 174 654 121 04 345 72 0.1 00 05 16.2

AdaptSegNet [34,22] | 58.6 17.8 464 2.1 196 156 5.0 77 556 207 659 173 00 413 74 31 00 00 20.2

CBST [43, 22] 594 132 472 24 121 141 35 8.6 538 13.1 803 137 172 499 89 00 00 6.6 213

IBN-Net [27, 22] 58.1 195 51.0 43 169 188 46 92 445 110 699 200 00 399 84 153 00 00 20.6

Rainy OCDA [22] 63.0 154 542 25 161 160 56 52 541 149 752 185 00 432 94 246 00 00 22.0
MOCDA [10]F 66.8 220 524 67 167 169 53 35 604 172 80.1 218 0.1 464 179 294 00 0.0 244

Source Only{ 658 172 598 7.0 85 156 3.1 56 599 138 808 214 00 473 233 185 0.0 00 23.6

AdaptSeg [34]7 639 179 607 9.6 150 168 65 115 612 153 785 244 144 534 183 145 00 3.6 25.6

Ours (Stage-I)T 75.0 315 650 113 195 220 86 147 613 179 793 296 30 641 207 169 00 03 28.5

Ours (Stage-IIT 78.5 36.6 657 129 239 254 98 163 626 168 807 291 00 675 301 232 00 1.7 30.6

Source Only [22] 508 47 451 59 240 85 108 87 359 94 605 173 00 477 97 32 00 07 18.0

AdaptSegNet [34,22] | 59.9 133 527 34 159 142 122 72 510 108 723 219 00 550 113 1.7 00 00 212

CBST [43,22] 59.6 11.8 572 25 193 133 7.0 96 419 73 705 185 0.0 617 87 1.8 00 02 20.6

IBN-Net [27, 22] 61.3 135 576 33 148 177 109 68 390 69 716 226 00 561 138 204 00 00 21.9

Snowy OCDA [22] 68.0 109 610 23 234 158 123 69 481 99 743 195 00 587 100 138 0.0 0.1 229
MOCDA [10]F 718 169 61.1 65 214 163 170 75 529 87 797 292 05 627 189 294 0.0 226 | 275

Source Only{ 68.1 117 655 79 160 163 100 51 550 59 816 274 00 635 188 106 0.0 0.0 244

AdaptSeg [34]F 653 126 686 156 198 176 17.7 116 51.0 68 793 353 6.5 635 157 212 00 94 272

Ours (Stage-I)T 81.8 200 70.8 196 208 189 214 154 521 85 786 360 06 744 259 202 00 147 | 305

Ours (Stage-IIT 834 227 716 213 219 219 231 176 542 92 808 368 00 747 298 289 0.0 159 ]| 319

Source Only [22] 470 88 336 45 206 114 135 88 554 252 789 203 00 533 107 46 00 00 209

AdaptSegNet [34,22] | 51.8 157 46.0 54 258 180 120 64 644 264 829 249 00 584 105 44 00 00 238

CBST [43,22] 56.8 215 459 57 195 172 103 86 622 243 894 200 00 580 146 0.1 00 0.1 239

IBN-Net [27, 22] 60.8 181 505 82 256 204 120 113 593 247 848 241 121 593 137 90 00 1.2 26.1

Cloudy OCDA [22] 69.3 20.1 553 73 242 183 120 79 642 274 82 247 00 628 136 182 00 00 27.0
MOCDA [10]F 79.6 21.7 614 11.0 276 194 134 83 690 264 89.1 250 32 695 227 215 00 35 30.1

Source Only{ 70.1 16.0 64.1 85 269 176 93 76 695 235 870 257 00 66.1 266 89 00 00 278

AdaptSeg [34]F 69.1 210 672 129 352 200 148 17.1 727 242 887 329 231 586 265 143 00 55 31.8

Ours (Stage-I)T 852 309 69.1 203 346 214 159 204 728 304 889 388 324 773 336 84 00 114 364

Ours (Stage-IIT 86.1 357 699 213 369 245 169 230 737 31.0 899 370 331 780 365 102 0.0 116 | 37.6

Source Only [22] 466 95 385 27 198 129 92 175 527 199 768 209 14 538 108 84 00 18 212

AdaptSegNet [34,22] | 59.5 240 494 63 233 198 80 144 615 229 748 299 03 598 128 9.7 00 00 25.1

CBST [43,22] 589 268 516 65 178 179 59 179 609 21.7 879 229 00 599 11.0 21 00 02 247

IBN-Net [27, 22] 629 253 555 65 212 223 72 153 533 165 816 31.1 24 591 103 142 00 00 25.5

Overcast OCDA [22] 735 265 625 86 242 202 85 152 612 230 863 273 00 644 143 133 00 00 27.9
MOCDA [10]F 80.1 286 660 13.0 266 209 89 155 67.0 251 877 332 95 692 230 183 22 20 31.4

Source Onlyf 729 233 688 101 197 188 62 113 690 231 875 36.1 105 678 263 94 00 00 29.5

AdaptSeg [34]F 69.9 264 71.0 149 256 21.1 115 221 700 255 879 39.6 208 61.7 252 139 00 20 32.1

Ours (Stage-I)T 85.1 383 735 253 29.0 245 124 262 709 321 883 461 225 760 310 217 07 72 374

Ours (Stage-IDT 86.0 412 739 257 306 277 13.6 274 719 31.8 893 443 175 759 37.0 216 00 74 38.0

B Comparison of Different Stylized Operations

The proposed Cross-Patch Style Swap (CPSS) is closely related to MixStyle [42] and CrossNorm [32],
which are both designed for domain generalization. All three methods aim to improve the general-
ization ability of the model by perturbing style features of training samples. However, the stylized
operations of them are different. Specifically, MixStyle replaces the style of a sample with the one
that is generated by mixing its own style feature with a shuffled style feature using a random convex
weight. Instead, CrossNorm directly exchanges the styles of two samples, which is a special case of
MixStyle when the weight of the shuffled style feature is 1. Both MixStyle and CrossNorm compute
one style feature for each sample and stylize each sample with one style feature. Different from them,
our CPSS generates several styles for each sample by separating the feature map into different patches.
This modification is specially designed for semantic segmentation in the self-driving scenario, because
patches in a frame could contain different styles. Compared with MixStyle and CrossNorm, our
CPSS can provide more diverse and useful styles for generating stylized feature maps. In addition,
with CPSS, the model is trained with richer feature maps where each one jointly contains multiple
different styles, further enforcing the model to be robust to style variations. In our main paper, we
conduct experiments by comparing these three methods and show that CPSS produces clearly higher
results than the other two methods.
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