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ARTICLE INFO ABSTRACT

Communicated by Nikos Paragios Unsupervised Domain Adaptation (UDA) aims to improve the generalization capacity of models when they are
tested on a real-world target domain by learning a model on a source labeled domain. Recently, a UDA method
was proposed that addresses the adaptation problem by combining ensemble learning with self-supervised
learning. However, this method uses only the source domain to pretrain the model and employs a limited
amount of classifiers to create target pseudo labels. To mitigate these deficiencies, in this work, we explore the
usage of image translations in combination with ensemble learning and self-supervised learning. To increase the
model’s exposure to more variable pretraining data, our method creates multiple diverse image translations,
which encourages the learning of domain-invariant features, desired to increase generalization. With these
image translations, we are able to learn translation-specific classifiers, which also allows to maximize the
amount of ensemble’s classifiers resulting in more robust target pseudo labels. In addition, we propose to use
the target domain in pretraining stage to mitigate source domain bias in the network. We evaluate our method
on the standard UDA benchmarks, i.e., adapting GTA V and Synthia to Cityscapes, and achieve state-of-the-
art results on the mIoU metric. Extensive ablation experiments are reported to highlight the advantageous
properties of our UDA strategy.
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1. Introduction the underlying domain gap. Therefore, the goal in UDA is to train a
model with data from a source labeled domain and a target unlabeled

Despite the impressive breakthroughs achieved in many computer
vision tasks, deep learning models still often require training with abun-
dant annotated data. Especially in dense prediction tasks like semantic
segmentation, annotating data can be costly and labor-intensive, as
it requires providing per-pixel labels for entire images. This makes
labeled datasets particularly scarce. One of the consequences of training
with limited labeled data is a lack of generalization, because models
are unable to learn all the possible scenarios that they are likely to

domain, so that the resulting model can perform well on the target
domain.

Recently, a UDA strategy was proposed (Ruder and Plank, 2018;
Zhang et al., 2018), which combines ensemble learning (Dietterich,
2000) with self-supervised learning (SSL) (Hendrycks et al., 2019). This
training strategy is performed in two stages using a shared encoder
with three classifiers (see Fig. 1(a)). In the first stage, the annotated

encounter in the real-world. This poor generalization prevents models
from being deployed on real-world applications. Therefore, to mitigate
this issue, many different training strategies has been proposed (Wang
et al., 2022; Neven et al., 2021; Bucher et al., 2021), one of which is
Unsupervised Domain Adaptation (UDA) (Hoffman et al., 2016). In this
work, we propose a novel UDA method that is able to generalize well
to unseen data.

One of the strengths of UDA is that it avoids the burden of manually
annotating data by employing synthetic data (Ros et al., 2016; Richter
et al., 2016), which represents the so-called source domain. In addition,
the target domain, i.e. the domain on which the model is likely to be
tested, is also accessible, but in the form of unlabeled data. However,
training a model with data from different domains requires addressing
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source set is used to train the encoder and classifiers in a supervised
manner, while enforcing disagreement between the first two classifiers
with a discrepancy loss (Bousmalis et al., 2016). In the second training
stage, the predictions of the first two classifiers are employed to create
pseudo labels on the target set. Since these two classifiers were trained
to disagree, majority voting is used to determine the winner classes
on the target predictions (Hernidndez-Gonzalez et al., 2019). Finally,
the strategy proposes to train the third classifier using these pseudo
labels, to obtain a target-specific classifier. This process can be repeated
a certain number of times, known as rounds, until convergence.

Although this training strategy is suitable for UDA, it has the
following limitations we are looking to address:
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(Ruder and Plank, 2018; Zhang

etal., 2018) (b) Our approach

Fig. 1. To adapt a source annotated set to an unlabeled target set, our proposed method
teaches each classifier to learn the features of an independent source image translation
creating discrepancy across all classifiers. This differs from Multi-task Tri-training, as
it requires the use of a discrepancy loss between C, and C, because they are learning
from the same features. By learning translation-specific features on each classifier, we
remove the need of using discrepancy losses and allow the model to use all classifiers
to label the target domain. Unlike Zhang et al. (2018), which uses the predictions of
C, and C, with a rule-based mechanism, we propose a meta-learner C,, that is able to
learn, for each specific class, the optimal combination of the predictions of all classifiers
to create robust pseudo labels for the target domain.

1. The first training stage relies only on the source domain without
adding any variability on these inputs, which introduces domain
bias (Tommasi et al., 2017), harming the generalization capacity
of the model.

2. The second training stage employs only two classifiers to cre-
ate pseudo labels, but the performance of ensemble learning
increases with the amount of classifiers (Wolpert, 1992).

To overcome these deficiencies, we research an alternative approach
for both training stages (see Fig. 1(b)). In the first training stage, our
method avoids introducing bias and encourages the model to learn
generalizable features. We do this by creating diverse image transla-
tions, that each classifier has to learn independently; and by using the
target domain information already from the first training stage. This is
desired because when a model is deployed in the real-world, the images
that the model encounters are likely to contain high variability. At the
same time, this removes the need of using a discrepancy loss, because
each classifier learns from a specific translation. In addition, during the
second training stage, we propose a meta-learning layer that is able to
exploit the translation-specific knowledge of each classifier to create
pseudo labels. Unlike Ruder and Plank (2018), Zhang et al. (2018) that
uses a rule-based mechanism, our meta-learner learns to combine, for
each specific class, the expertise of each classifier to label the target
domain. By doing so, we are able to maximize the amount of classifiers
for the ensemble, which increases the quality of the pseudo labels, and
allows all classifiers to learn target specific features.

In summary, the main contributions of our work are:

» Usage of multiple different image translations within an ensemble

learning, which benefits the generalization capacity of the model
on learning domain invariant representations (Lu et al., 2022).

» Usage of a meta-learner, which exploits the translation-specific
knowledge of each classifier to create robust pseudo-labels for the
target domain.

» Mitigation of domain bias by using the target domain from the
first training stage.

2. Related work

Most of the state-of-the-art methods combine different strategies to
achieve competitive results. In this section, we focus on related work
that, similar to our approach, use strategies such as image translation,
self-supervised learning, and/or ensemble methods.

Computer Vision and Image Understanding 234 (2023) 103745

Image translation methods for UDA have recently been widely
used to improve the performance of UDA methods. Since these net-
works can be trained without the need of labels, the underlying idea
of using image translations in UDA is to transform the source domain
images to a new set of images with a visual appearance similar to
the images of the target domain. This is the case for several UDA
methods, that choose to transform the source to the target set, either
by using a deep neural network (Hoffman et al., 2018; Li et al,
2019; Wu et al., 2018a) or image processing techniques such as the
Fourier transform (Yang and Soatto, 2020). Other works have con-
sidered mapping the source and target images to an intermediate
space (Murez et al., 2018), where the features are domain agnostic.
In addition, Yang et al. (2020a) has shown that mapping the target
domain images to the source is also effective, leading to state-of-the-
art results. Alternatively, Gong et al. (2019) explores the possibility of
generating multiple intermediate representations between the source
and the target domain, where each arbitrary representation belongs to a
point in a manifold of domains. Regardless of the chosen space to which
the source domain is mapped, to the best of our knowledge, no works
have considered using multiple representations in parallel to improve
UDA models, as explored in this work.

Self-supervised Learning in UDA. Many recent UDA methods
leverage self-supervised learning as a way of using the model’s pre-
dictions to learn from the unlabeled target domain. When using the
model’s outputs, it is needed to establish criteria to filter out spurious
predictions and select reliable label candidates. Many methods that
use a single encoder-single decoder architecture propose to use the
most confident predictions as selection criteria (Li et al., 2019; Yang
and Soatto, 2020; Zou et al.,, 2018), but they still suffer from the
propagation of errors as the model can still consider highly confident
but mistaken predictions as correct pseudo labels. Instead, we mitigate
this issue by using multiple classifiers that were trained on different
inputs, and unlike traditional majority voting (Hernandez-Gonzélez
et al., 2019), our meta-learning layer combines the knowledge of each
classifier by learning to weight each classifier’s decision, for every
semantic class.

Ensemble methods for UDA propose to increase the number of
predictions for a single input by changing the network architecture.
For instance, Co-Training (CT) utilizes two classifiers to create different
points of view from the same sample to produce pseudo-labels (Blum
and Mitchell, 1998; Hady and Schwenker, 2008), used later for the
unlabeled training data. Recent applications of CT in UDA have demon-
strated promising results (Luo et al., 2018). Tri-Training (TT) (Zhou and
Li, 2005) can be conceived as an extension of CT, where three members
participate in the ensemble, each of these consisting of a feature extrac-
tor and a classifier. Since TT is computationally expensive, Multitask
tri-training (MTri) (Ruder and Plank, 2018) was proposed, where a
common feature extractor is shared among three classifiers, computing
different outputs from the same features. The idea behind MTri is to
make the feature extractor learn those features that are invariant across
the source and target domain, whilst forcing a discrepancy between the
classifiers through a discrepancy operator.

When sharing a feature extractor in MTri, the discrepancy across
classifiers becomes a key factor to generate pseudo-labels during SSL
(Zhang et al., 2018). While a cosine distance might help to enforce
a certain diversity, we hypothesize that feeding constantly the same
features to all the classifiers does not optimally allow the encoder to
learn domain invariant representations. If we obtain these alternative
representations from an image translation model, we can encourage
discrepancy by feeding the features of a specific representation to a dif-
ferent classifier, improving simultaneously the generalization capacity
of the encoder. These are the principles on which our method is based,
combining the benefits of image transformations, ensemble learning,
and self-supervised learning.
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Fig. 2. Training strategy of Multi-task Tri-training (MTri). To reach a certain level of knowledge during the pretraining phase, MTri uses only the source labeled domain, without
introducing any type of variability on these inputs. To learn from the target domain during self-supervised learning, MTri utilizes only the first two classifiers C, and C, to create

pseudo labels, using the third one C; to learn a target-specific classifier.
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Fig. 3. Proposed training strategy. Our method combines different translations generated by an image translation module 7 to learn translation-specific classifiers. This removes
the need of using a discrepancy loss, as each classifier learns independently from a specific translation, and allows the model to use all classifiers to label the target domain. By
teaching a meta-learner C,, to find the optimal combination of all classifiers’ outputs, we exploit all members of the ensemble and eliminate the usage of rule-based mechanisms.
To facilitate the comparison with MTri, we illustrate Eq. (4) in Fig. 3(a), and more details in the selection of Xg‘ can be found in Section 5.2.

3. Preliminary

Goal of UDA. Given the source dataset S consisting of a set of
images X with their corresponding semantic labels Y5 (e.g. synthetic
data generated by computer graphic simulations) and the unlabeled
target dataset 7 consisting only of the images X, without labels, the
goal of UDA is to design and train a neural network for semantic
segmentation and to make it perform as close as possible to a model
hypothetically trained on X, with ground truth labels Y.

3.1. Multi-task Tri-training (MTri) for UDA

In MTri, the model is trained in two stages: (1) pretraining, and (2)
self-supervised learning. The goal of the first training stage is to ensure
a certain level of knowledge in the network, while enforcing disagree-
ment between the classifiers C; and C, (see Fig. 2(a)). This knowledge
and disagreement is necessary for the self-supervised learning process,
as in the second training stage C, and C, will play the role of teachers,
labeling X using their predictions to learn a target-specific classifier
C; (see Fig. 2(b)).

3.1.1. First training stage

To pretrain the model, batches of source images X¢ are fed into
the encoder and each classifier learns from the extracted features in
a supervised way using standard cross entropy loss L, (Goodfellow
et al., 2016). The disagreement between C;, and C, is implemented
using a cosine distance loss £.,, between the weights of these classi-
fiers (Bousmalis et al., 2016). Overall, the loss for the first training stage
is as follow:

£stagel = Eseg(ck(E(XS))’ YS) + Ecgs(wCl ’ wCZ) (1)

where k € {1,2,3} represents the classifier index, E is the encoder
depicted in Fig. 2, and wc,, wc, are the weights of the classifiers C,

and C, respectively. This loss is optimized on the source data during a
certain amount of iterations, yielding three subnetworks E, C;, C, and
C; that will be used in the following stage.

3.1.2. Second training stage

To perform self-supervised learning, the knowledge acquired in
the network during the previous training stage is used to label the
target images X . This is done by using the predictions of the teacher
networks C; and C, on X, and then merging them using tradi-
tional majority voting (Hernandez-Gonzalez et al., 2019) in combina-
tion with confidence thresholding (Zou et al., 2018). This filters out
spurious predictions resulting in the label set ¥, for X ;. As this process
can be repeated a certain amount of rounds i = {1,2,...}, a typical
self-supervision round i consists of the following substeps:

Substep 1: Creating the pseudo labels Y;i b,
)A’;i g thresholding(majority_voting(C,(X7), C,(X7))) 2)
Substep 2: Retraining to obtain a target-specific classifier Cs.
Litager = Leg(CLlE(X$)), Ys) + Lps (W), wey))+

L0 (C3(E(X7)), 717D) ©
The overall training strategy is illustrated in Fig. 2.

4. Method

Our method brings forward a general design where different archi-
tecture components are proposed to address the weaknesses of Multi-
task Tri-training. We present the overall arrangement of these compo-
nents in Fig. 3. We describe the goal of each component and how they
are trained in the following subsections.
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Fig. 4. Conceptual illustration of our ensemble approach in the solution space. In UDA,
the goal is to approximate the target classifier, which remains unknown due to the
unavailability of target labels. Meanwhile, the source classifier, trained solely on the
source domain without any adaptation techniques, may fail to fully encompass the
solution space of the target domain, as it lacks awareness of the underlying domain
gap between the two domains. To tackle this challenge, our work generates multiple
image translations from the source domain to train multiple classifiers, each focusing on
a specific area of the solution space influenced by its corresponding image translation.
Through the application of ensemble learning, we combine the diverse knowledge
captured by each individual classifier, resulting in a unified classifier that integrates
the collective solutions.

4.1. Image translation module

In contrast to MTri method using the source domain without intro-
ducing any visual variability on its images (see Egs. (1) and (2)), we
instead employ different image translations for each classifier in the
ensemble. The benefit of using image translations on the source domain
is threefold:

1. When these representations are fed to the encoder, the model
is encouraged to learn feature invariance to the translations
applied on the input images.

2. When the encoder output features of a specific translation are fed
to a dedicated classifier, we enforce learning translation-specific
classifiers that enables using all classifiers to create pseudo labels
for the target domain.

3. When translation-specific classifiers are learnt, we implicitly
ensure discrepancy across all classifiers without using an explicit
discrepancy loss as in Eq. (1).

Our approach draws inspiration from recent works that have lever-
aged translation-specific knowledge to enhance the robustness of mod-
els in the face of domain shifts and, consequently, improve the quality
of pseudo labels (Li et al., 2019; Yang and Soatto, 2020). In these
studies, regardless of the specific translation method employed, it
has been demonstrated that incorporating image translations into the
training process helps the network become more resilient to potential
domain shifts that may arise when the model is evaluated on previously
unseen data, such as the target domain. By utilizing image translations
during training, the network is exposed to various visual variations and
transformations that simulate the differences between the source and
target domains. This exposure enables the model to capture and learn
representations that are invariant or robust to these domain shifts, thus
increasing its ability to generalize well on unseen data.

Our method expands on this idea by proposing the use of multiple
image translations with multiple classifiers. By using multiple image
translations, we can generate abundant and diverse representations of
the same source image, which can be used to learn translation-specific
classifiers (see Fig. 4). When these classifiers are ensembled into a
single classifier, the resulting predictor is more likely to capture the
underlying structure of the target domain, as it can incorporate the
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specific domain shifts learned by each classifier. Therefore, in this work
we hypothesize that the ensemble layer becomes more robust, which
leads to higher quality pseudo-labels.

Nowadays, image-to-image translation research already provides
many trained methods that we can directly use to obtain multiple image
translations (Gatys et al., 2016; Huang and Belongie, 2017; Murez
et al., 2018; Zhu et al., 2017). To facilitate a direct comparison with
Multi-task Tri-training, we select an image translation method for T
that provides three transformations, to obtain X ;‘ , X ? and X ;3 from
X (see Fig. 3). Implementation details on the used image translation
network can be found in Section 5.2.

4.2. Ensemble layer

As mentioned, learning different translation-specific classifiers is de-
sirable because it allows us to use all classifiers to generate high quality
pseudo labels. To maximize the usage of all classifiers, we propose an
ensemble layer C,, (see Fig. 3), which combines the predictions of all
classifiers to determine the optimal pseudo labels for the target images.
The proposed learnable layer is a form of weighted ensemble, which
should be preferred over using a rule-based voting mechanism as shown
in Eq. (2).

4.3. First training stage

Given the source annotated set of images X¢ with label maps Yg,
and the alternative sets of image translations X ;‘, X;z and X?, the
semantic segmentation outputs from each classifier C;, are computed
from the features E(X;") of each transformation and used to train the

encoder as well as the classifiers during the first training stage:

Efrmgel,k = Lxeg(ck(E(ng))v Ys) (4)

Vk € {1,2,3}. L,,, represents the standard cross entropy loss (Good-
fellow et al., 2016) and £;mgel,k is optimized for each classifier C,
independently. Because each classifier learns the features of a different
image translation, there is a one-to-one correspondence between a
classifier C, and its transformation X7k, as depicted in Fig. 3. As
observed in Eq. (4) and comparing with Eq. (1), making use of multiple
different image translations removes the need of using L.

In addition, we add to Eq. (4) an adversarial loss (Li et al., 2019)
and an entropy minimization loss (Yang and Soatto, 2020):

T,
L ,k :‘C;tagel,k + AagvLaao(E(X &), E(X1))

+ Aentﬁem(ck(E(XT)))

Vk € {1,2,3}. The adversarial loss, computed using the discrimina-
tor D depicted in Fig. 3, helps to align the encoder’s features between
X ? and X, which promotes learning domain invariant features (Tsai
et al., 2018). Furthermore, the entropy minimization loss attempts to
minimize the model’s self-information on the target domain (Shannon,
1948), which is beneficial to avoid low confidence predictions (Vu
et al., 2019).

stagel

(5)

Algorithm 1: Training process of our method
Input : (Xs,Ys), (X7,Yr =Q@)
Output: E, C|, C,, C;3 and C,,

obtain X?, X? and X? from T // stage 1
train E, C; with Eq. (5) Yk € {1,2,3}

train C,, with Eq. (6) using (X, Ys)

generate 1?;0) from C,, using X, // stage 2

for i « 1 to number of rounds do
train E, C,, C,, C; with Eq. (8) Vk € {1,2,3}
retrain C,, with Eq. (9) using (X, )?;i_l))
generate )A’;i) from C,, using X,

end
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In contrast to Eq. (1) used by MTri, Eq. (5) encourages the model to
use the target domain information already from the first training stage,
which helps to mitigate the domain gap between the source and target
domain.

To finish the first training stage, the meta-learner C,, is trained to
ensemble the outputs of the classifiers C;, C, and C; with respect to
the transformations of the source dataset. This is done by freezing the
weights of {E, C|, C,,Cs}, to obtain the weight vectors w;, w, and ws
by minimizing the cross-entropy loss:
argmin £, (C,, (X5, X2, X ), Ys), ®)
W1,W2,W3
where the output of the meta-learner is computed for every pixel (h, w)
as follows:

T, Ty T T
CuX g X3 XN = w0 Cl(E(X g )™

T \\(h,w) T3 \\(h,w) (7)
+W, © C(EX )M 4w © Cy(E(X )0,

To ensure convergence of the weight vectors w,, we restrict their
range to be between 0 and 1. The dimension of the weight vectors
is the same as the total number of classes, and ® denotes element-
wise multiplication. Since the output of C,, for a given pixel and class
depends only on the three classifier outputs for that specific pixel and
class, we refer to it as a sparse version of the standard Multinomial
Logistic Regression (Bishop, 2006).

4.4. Second training stage

The second stage consists mainly in self-supervised learning, a
process in which the meta-learner C,, generates pseudo-labels ¥ for the
target images X to retrain the semantic segmentation network. Since
C,, is already trained, we feed the features of the target images E(X7)
into all the classifiers in Eq. (7). As a result, we obtain the ensembled
probability maps, on which we apply global confidence thresholding (Li
et al.,, 2019; Yang and Soatto, 2020) to obtain the initial pseudo-
labels )?;0). Hereafter, we start the self-supervised learning rounds
i = {1,2,...}, each one consisting of three steps. First, the semantic
segmentation network is retrained through the loss:

~Gi—1
ExrugeZ,k = [:Stugel,k + Eseg(ck(E(XT))’ Y;—l )) (8)

Vk € {1,2,3}. Second, the meta-learner C,, is retrained on the
predictions of the three updated classifiers on the target images along
with the pseudo-labels Y;'_l):

argminC,,,(C,, (X7, X7, X7), )A';H)) (€)

W,Wp,W3

seg

And finally, with the updated weight vectors w,, the meta-learner
is able to generate new pseudo-labels for the target images )A’;“ to be
used for the next rounds. The number of SSL rounds will be dictated
by C,,, specifically until the performance gap between C,, and the three
classifiers C; is no longer significant. The entire training procedure is
summarized in Algorithm 1.

5. Experiments

To show the benefits of our proposed approach, we evaluate the
method on the challenging, synthetic-to-real UDA benchmarks for se-
mantic segmentation by performing the following experiments:

1. Comparison with Multi-task Tri-training. Since our approach
improves upon the baseline described in Section 3 by adding image
translations, the goal of this experiment is to show how our method,
that combines image translations with ensemble learning performs in
comparison to Multi-task Tri-training (Zhang et al., 2018), which does
not use image translations but uses ensemble learning. We do this by
implementing the corresponding losses of these methods from the first
training stage. In addition, to show the advantages of using multiple
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classifiers, we compare our method against a vanilla single encoder—
decoder architecture (SED) (Li et al., 2019; Yang and Soatto, 2020;
Yang et al., 2020a; Zou et al., 2018), that is trained on Eq. (5) with
k = 1. Finally, we show the distribution of the weights for the meta-
learner over all the classes and analyze the influence of using the target
domain information via entropy minimization.

2. Comparison with state-of-the-art methods. As it is a standard
practice in UDA research, this experiment compares our proposed
UDA approach with current state-of-the-art methods, putting our model
into context with approaches that rely on a combination of image
translation, feature alignment, model regularization and self-supervised
learning.

3. Generalization test to unseen data. We conduct an additional
experiment to assess the generalization capacity of UDA methods to
unseen data, which is often overlooked in traditional UDA benchmarks.
The protocol for this experiment consists of first adapting the source to
the target dataset, and then evaluating the resulting model on a dataset
that was not seen during training. We propose WildDash (Zendel et al.,
2018) to be the unseen dataset, as it contains many real-world images
collected from challenging driving scenarios. To compare with other
state-of-the-art methods, we select those whose code is publicly avail-
able and provide an evaluation script, and proceed to (1) reproduce
their result on the proposed synthetic-to-real benchmark and (2) eval-
uate the model on WildDash. In this experiment, we also included an
analysis of the architecture arrangement to evaluate the efficiency of
the methods and reported the results for both the target dataset and
the unseen dataset.

4. Flexibility assessment of ensemble learning. To evaluate the
flexibility of our ensemble strategy and study the role of each classifier,
we propose a perturbation analysis. Specifically, we randomly assign
one member of the ensemble to predict noise, thereby exposing the
network to a failure scenario. The goal of this experiment is to study
the adaptation capacity of the meta-learner C,, and how the remaining
classifiers, including each individual classifier, can adjust to the per-
turbed inputs. We limit our analysis to the first training stage of the
framework and evaluate the individual performance of each classifier,
as well as that of the meta-learner C,,.

For all experiments, we use GTA V (Richter et al., 2016) and
Cityscapes (Cordts et al., 2016) to represent the source and target
domains respectively, measuring the performance using the mIoU (Ev-
eringham et al., 2014) on a unseen portion of the target domain. As it
is a standard practice when comparing state-of-the-art UDA methods,
we also adapt SYNTHIA (Ros et al., 2016) to Cityscapes (Cordts et al.,
2016) in the second experiment.

Details regarding these experiments are provided in the following
subsections, and in Section 6 we present the results.

5.1. Datasets

Target dataset. Cityscapes (Cordts et al., 2016) is a large-scale
and real urban scene semantic segmentation dataset that provides 5000
finely annotated images split into three sets: train (2975), validation
(500) and test (1525). These sets are pixel-wise labeled, with a resolu-
tion of 1024 x 2048 pixels. The number of classes is 34 but only 19 are
officially considered in the evaluation protocol.

Source datasets. GTA V (Richter et al., 2016) is a synthetic dataset
that contains 24966 labeled frames taken from a realistic open-world
computer game called Grand Theft Auto V (GTA V). The resolution
of the images is 1052 x 1914 pixels and most of the frames are
vehicle-egocentric. All the classes are compatible with the 19 official
classes of Cityscapes. SYNTHIA (Ros et al., 2016) is a synthetic dataset
consisting of driving scenes rendered from a virtual city. We use the
SYNTHIA-RAND-CITYSCAPES subset as source set, which contains 9400
1280 x 760 images for training and 16 common classes with Cityscapes,
and we evaluate the resulting model on these 16 classes.
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Table 1
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Adaptation from GTA V—Cityscapes, analyzing different architectures as well as the impact of entropy minimization for the first training stage. We show IoU for each class and
total mean IoU. Apart from indicating the best IoU in bold, we make an intra comparison between C,, C, and C; against C,, when using entropy minimization (underlined with
red), and when not using the entropy loss (underlined with blue). Note that although entropy minimization helps to close the gap between SED and our method, there is still a
remarkable difference specially considering the performance of C,,.

GTA V — Cityscapes

Experiment road side. buil. wall fence pole light sign veget. terr. sky person  rider car truck  bus train  motor  bike mloU
SED (w/o ent) 77.72 35.69 7891 33.2 19.95 34.86 25.25 3.28 80.77 34.37 71.85 60.06 18.46 84.6 22.66 21.41 1.09 23.29 21.82 39.43
SED (w/ ent) 84.89 3430 82.64 31.24 1891 36.78 32.18 15.20 82.33 31.89 7278  63.42 13.43 83.36 2420 25.15 0.06 30.96 30.08 41.78
MTri (Zhang et al., 2018) (Cy) (w/ ent) 64.88 19.33 61.55 12.76 20.81 30.61 42.13 14.69 75.2 12.17  60.8 64.45  29.6 82.1 2561 3241 529 3292 27.09 37.6
MTri (Zhang et al., 2018) (C) (w/ ent) 62.1 19.64  59.0 15.18 20.87 30.43 41.99 1455 7541 122 60.67  64.35 29.47 8218 2574 3246 534 33.04 27.04 37.46
MTri (Zhang et al., 2018) (C3) (w/ ent) 58.11 19.18 55.65 16.78 21.13 30.39 41.91 13.93 75.84 12.14 58.99 64.1 29.0 82.95 2599 32.51 5.61 3375 2746 37.13
Ours (C) (w/o ent) 829 34.06 749 2574 1576 33.8 33.6 17.09 8494 3437 7421 60.81 14.65 8473 2386 26.31 0.64 2214 32.0 40.87
Ours (Cy) (w/o0 ent) 78.24 31.48 71.71 2637 19.18 36.22 3249 25,61 85.1 31.41 84.28 60.28 18.06 8479 26.16 29.64 028 2329 329 41.97
Ours (C3) (w/o0 ent) 81.91 30.15  77.22 26.38 15.0 34.63 31.53 27.42 83.75 35.18 81.37 61.71 17.32 85.07 26.5 29.86 0.2 21.36 33.43 4210
Ours (Cyy) (W/0 ent) 82.78 35.74 75.81 26.83 19.89 3496 34.47 25.60 85.23 35.35 79.75 62.02 14.82 84.68 25.30 32.05 0.03 27.48 41.23  43.39
Ours (C) (w/ ent) 83.24 33.4 78.04 27.48 18.37 33.26  35.34 22.34 83.87 27.47 822 62.7 28.26 80.76 20.49 15.41 0.22 27.12 37.78  41.99
Ours (C3) (w/ ent) 84.67 33.64 80.30 27.33 19.37 3595 33.10 27.49 83.84 30.29 81.53 61.98 26.54 81.50 21.48 20.18 0.03 29.05 40.57  43.10
Ours (C3) (w/ ent) 87.22 36.57 81.26 28.65 17.82 35.55 32.58 29.11 83.46 30.39 77.06  62.48 28.78 81.49 22.75 22.85 0.06 29.85 35.14  43.32
Ours (Cp,) (w/ ent) 85.29 35.57 81.69 29.93 20.24 3553 36.63 35.94 8324 281 81.75 63.75 29.18 81.8 2344 2458 467 31.0 47.26 45.24
Unseen dataset. WildDash (Zendel et al., 2018) is a real-world Lo Weights distribution across classes
dataset containing 4256 finely annotated images in a pixel-wise manner, — ",
. . 0.8 2
created with the purpose of testing the robustness of models under G
different driving scenarios (e.g. rain, road coverage, darkness, overex- 06
posure). These images have a resolution of 1920 x 1080 pixels and the 0.4
labels are fully compatible with Cityscapes. 0.2 I I I I I
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Image translation module and adversarial loss. We have chosen
CycleGAN (Zhu et al., 2017) as our image translation model 7, as
it is a commonly used approach that can be trained efficiently. Its Fig. 5. Weights after optimizing Eq. (7) for the adaption GTA V- Cityscapes. Before

architecture provides two image translations: the translation from the
source to the target domain X and the reconstruction back to the
source set X'. These two translations are combined with the original
source images to obtain three different representation X? = Xg,
X ? = X% and X ? = X%. Since feature alignments between target-like
and target images is frequently done when using CycleGAN’s as image
translation module (Li et al., 2019; Hoffman et al., 2018), we assign
Xg" to be X? = X’S in Eq. (5).

Training protocols for MTri and SED. In the first experiment,
we have respected the training protocol of MTri as described in Sec-
tion 3.1.1, by implementing Eq. (1). To allow for a fair comparison
with our method, we also added the entropy minimization term to the
MTri loss. As for the single encoder—decoder (SED) approach, all our
losses were implemented using one encoder and one classifier, while
using all three available transformations. In essence, the SED approach
is similar to our approach but does not use the ensemble approach with
the three classifiers.

Hardware and network architecture. In our experiments, we have
implemented our method using Tensorflow (Abadi et al., 2016) and
trained our model using a single NVIDIA TITAN RTX with 24 GB mem-
ory. Regarding the segmentation network, we have chosen ResNet101
(He et al., 2016) pretrained on ImageNet (Deng et al., 2009) as feature
extractor for E. When it comes to the decoders C;,k € {1,2,3},
DeepLab-v2 (Chen et al., 2018) framework was used. Throughout the
training process, we use SGD (Bottou, 2010) as optimizer with momen-
tum of 0.9, encoder and decoders follow a poly learning rate policy,
where the initial learning rate is set to 2.5¢~*. In the second and third
experiments where our model is trained end-to-end, we use the same
hyperparameters reported in Li et al. (2019), Yang and Soatto (2020)
for the adversarial and entropy minimization loss respectively. During
the first stage the network is trained for 150 k iterations. Then we
perform SSL until convergence is reached on each round. We use a crop
size of 512 x 1024 during training, and we evaluate on full resolution
1024 x 2048 images from Cityscapes validation split.

starting SSL, C; and C; are the most dominant predictors on the output space of C,,.

6. Results
6.1. Comparison with multi-task tri-training

The results of this experiment are summarized in Table 1. Our
method, which combines image translations with ensemble learning,
outperforms Multi-task Tri-training, that uses ensemble learning with-
out any image translations. The superiority of our method is partic-
ularly pronounced when taking into account the predictions of the
meta-learner C,,. Notably, C,, achieves better performance than the
individual classifiers in a significant number of classes (14 with entropy
minimization, 11 without entropy minimization).

If our approach were to use only one classifier, as is the case with
the baseline SED, the method would still outperform Multi-task Tri-
training by around +4.32 mIoU points. Note that using one classifier
would essentially disregard the influence of ensemble learning, as an
ensemble requires by definition more than one classifier. This means
that using image translations alone has a positive effect in our method,
which can be further boosted in combination with ensemble learning.

Fig. 5 shows the weights learnt by the meta-learner, that quantify
the proportion that each classifier contributes to the final prediction of
C,,. Analyzing the classes in Table 1 where our method outperforms all
three classifiers (e.g., fence, traffic light, rider, bus, bike), we observe a
pattern in Fig. 5. The meta-learner tends to amplify the contribution
of the two best performing classifiers while penalizing the classifier
with the lowest mloU. For classes like traffic sign and truck, the meta-
learner prefers a combination of weak classifiers, resulting in improved
predictions that surpass the performance of the strongest member of the
ensemble.

These findings highlight the advantages of incorporating image
translations into the ensemble learning framework, as our method
demonstrates superior performance compared to Multi-task Tri-train-
ing.
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Table 2
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Adapting from GTA V to Cityscapes. S1 and S2 indicate the training stage, while R1 and R2 denote the first and second round of SSL, respectively.

GTA V — Cityscapes

Method road side. buil. wall fence pole light sign  veget. terr. sky person rider car truck  bus train  motor bike mloU
DCAN (Wu et al., 2018b) 85.0 30.8 81.3 258 21.2 222 254 266 834 36.7 76.2 58.9 249 80.7 295 429 25 26.9 11.6 417
DLOW (Gong et al., 871 335 805 245 132 298 295 266 826 267 818 559 253 78.0 335 387 0.0 229 345 423
2019)

CLAN (Luo et al., 2018)  87.0 27.1  79.6 27.3 233 283 355 242 836 27.4 742 58.6 28.0 76.2 331 367 6.7 31.9 31.4 432
ABStruct (Chang et al., 91.5 47.5 825 31.3 256 33.0 33.7 258 827 28.8 827 62.4 30.8 85.2 27.7 345 6.4 25.2 244 454
2019)

ADVENT (Vu et al., 89.4 331 81.0 266 268 272 335 247 839 367 788 587 30.5 848 385 445 17 31.6 324 455
2019)

BDL (Li et al.,, 2019) 91.0 447 84.2 346 27.6 302 36.0 36.0 85.0 43.6 83.0 58.6 31.6 833 353 497 33 28.8 356 485
FDA-MBT (Yang and 92.5 53.3 824 26.5 276 364 40.6 389 823 39.8 78.0 62.6 34.4 849 341 53.1 169 27.7 46.4  50.45
Soatto, 2020)

PCEDA (Yang et al., 91.0 492 856 37.2 297 337 381 392 854 354 851 611 328 841 456 469 0.0 342 445 505
2020b)

Ours S1 (C3) 87.22 36.57 81.26 28.65 17.82 3555 32.58 29.11 83.46 30.39 77.06 62.48 28.78 81.49 2275 22.85 0.06 29.85 35.14 43.32
Ours S1 (C,,) 85.29 3557 81.69 29.93 20.24 35.53 36.63 3594 83.24 28.1 81.75 63.75 29.18 81.8 23.44 24.58 4.67 31.0 47.26 45.24
Ours S2-R1 (C3) 90.6 46.94 84.06 31.9 23.88 37.53 34.81 34.37 85.69 36.02 8432 66.53 29.41 8546 27.77 3248 7.15 36.05 54.96 48.94
Ours S2-R1 (C,,) 90.81 47.85 85.01 32.08 24.55 37.73 38.15 4213 85.37 34.32 8497 66.51 28.0 8451 27.0 2514 1523 35.03 56.02 49.50
Ours S2-R2 (Cy) 92.27 51.59 86.19 35.28 26.84 36.73 35.68 42.4 86.84 37.3 85.49 66.9 27.6 8575 3226 32.85 20.59 33.89 58.1 51.29
Ours S2-R2 (C,,) 92.59 53.05 86.31 34.2 27.17 39.13 41.0 44.8 86.1 3432 84.69 67.23 29.77 85.78 32.73 299 20.12 3555 57.05 51.66

Table 3

Adapting from SYNTHIA to Cityscapes. Total mIoU values with * are reported only on 13 subclasses (excluding wall, fence and pole). Our method achieves the best performance

over all the 16 classes.

SYNTHIA— Cityscapes

Method road side. buil. wall* fence* pole* light sign veget. sky person rider car bus  motor bike mloU
AdaptPatch (Tsai et al., 824 380 786 87 06 26.0 3.9 11.1 755 846 535 21.6 714 326 193 31.7 40.0
2019)
AdaptSegNet (Tsai et al., 79.2 37.2 788 - - - 9.9 10.5 782 80.5 535 19.6 67.0 295 21.6 31.3 45.9*%
2018)
BDL (Li et al., 2019) 86.0 46.7 803 - - - 141 116 79.2 813 541 279 737 422 257 453 51.4*
CLAN (Luo et al., 2018) 81.3 37.0 801 - - - 16.1 13,7 782 815 534 21.2 73.0 329 226 30.7 47.8*
FDA-MBT (Yang and 79.3 350 732 - - - 199 240 61.7 826 614 31.1 839 408 384 51.1 525*
Soatto, 2020)
PCEDA (Yang et al.,, 2020b) 85.9 446 80.8 9.0 0.8 321 248 231 795 831 572 29.3 735 348 324 482 46.2
Ours (C,,) 81.90 41.88 78.21 3.38 0.02 44.76 24.82 27.17 86.59 85.18 68.74 30.55 84.65 24.42 20.12 40.77 46.45
Table 4 mloU difference between meta-learner and classifiers
Number of classes where each classifier outperforms the others on GTA V— Cityscapes. 515 T e G Q x+0.413
Although there is a clear dominance of C; before starting SSL, this trend tends to wear 5051 o C,
off as the self supervision process unfolds. 19.5 ) +0:593 7O
classifier stage 1 SSL: round 1 SSL: round 2 4851 O Cn
C, 5 6 4
G, 4 7 7
Cy 10 6 8
Table 5
Influence of T on GTA V— Cityscapes during first round of SSL. Using 7' during SSL by SoR1 SoR2

feeding a transformation to its corresponding classifier provokes a slight performance
drop in the mloU.

classifier stage 1 SSL without T SSL with T
C, 41.99 48.87 47.9
C, 43.10 48.91 47.8
C, 43.32 48.94 48.0

6.2. Comparison with state-of-the-art methods

The quantitative results for the adaption GTA V— Cityscapes can be
seen in Table 2. When comparing it with state-of-the-art methods, we
can see that our approach outperforms PCEDA (Yang et al., 2020b),
FDA-MBT (Yang and Soatto, 2020) and BDL (Li et al., 2019), three
recent methods that use a combination of strategies. Qualitative results
in Fig. 7 shows satisfactory results on the output space, leading to
consistently clean predictions.

As for SYNTHIA— Cityscapes, the mIoU values are shown in Ta-
ble 3. We achieved competitive results over all 16 classes with respect

Fig. 6. Effect of SSL for C,,. Retraining the meta-learner after each round of SSL makes
sure that it keeps outperforming the other classifiers with a decreasing margin.

to state-of-the-art methods such as PCEDA (Yang et al., 2020b) and
AdaptPatch (Tsai et al., 2019), dominating on some difficult classes
such as pole, traffic light and traffic sign.

If we analyze the improvements during SSL, we see that the meta-
learner consistently scores better than the individual three classifiers,
although its gain diminishes with each round of SSL (see Fig. 6). This
can be attributed to the fact that all three classifiers are being optimized
with the same images, and thus the model is losing the capability to
keep diversity among the predictors. The results from also show that
the dominance of the members of the ensemble can alternate since C;
is the best predictor after the first round (R1) and C, takes over after
the second one (R2). This suggests that some predictors can learn more
than others, even if they share the same input images, showing that
all of them are equally important. This can be better appreciated in
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Table 6

Generalization test on WildDash after adapting GTA V- Cityscapes.
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Method # encoders # classifiers mloU Cityscapes mloU WildDash
ADVENT (Vu et al., 2019) 1 1 45.5 25.9

BDL (Li et al., 2019) 1 1 48.5 26.57
FDA-MBT (Yang and Soatto, 2020) 3 3 50.45 31.07

Ours 1 3 51.66 31.2

Fig. 7. Qualitative comparison from GTA V to Cityscapes. The meta-learner rebalances the predictions from C;, C, and C; to achieve a smoother output over all the classes, where
less predominant classes such as t. sign and pole have more presence on the pixel space of C,.

(a) input image

(b) GT

© G (@ Cs (e) Cm

Fig. 8. Qualitative results during stage 1 when C, simulates a corrupt classifier. The image belongs to the validation set of Cityscapes, and the predictions were made for the adaption
GTA V- Cityscapes. The meta-learner has built its final output by taking considerably into account the prediction from C, for the class traffic light, but for traffic sign it opted for
C; (see red crop). On the other hand, C,, relies on C; for the classes person and pole, explaining the similarity between Figs. 8(b) and 8(c) when looking at the yellow crop.

Weights distribution across classes

1) Nt

Fig. 9. Weights’ distribution after training the meta-learner in Eq. (7), when C, outputs
only random noise for the set-up GTA V- Cityscapes..
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Table 4 where C, stands out after R1 and remains close to C; after R2
when analyzing the mIoU per class during SSL.

Using the image translation module 7' during the second stage by
transforming the target set into the closest transformation possible to
each classifier, i.e., transforming the target images to the source domain
for the first two classifiers while keeping them unaltered for the third
one, leads to slightly worse performance (see Table 5). This can be

attributed to the fact that, since SSL aims to close the gap for the target
distribution, it is needed to keep the inputs as similar as possible to
those that the algorithm would receive during inference.

6.3. Generalization test to unseen data

The results of the proposed generalization test in Table 6 shows
different UDA methods along with their arrangement for the semantic
segmentation network and the corresponding mloU performance on
Cityscapes and WildDash, after adapting GTA V to Cityscapes. AD-
VENT (Vu et al., 2019) is a UDA approach that does not leverage
any image translation strategy, while BDL (Li et al., 2019) and FDA-
MBT (Yang and Soatto, 2020) make use of one and three image
translations respectively. If we consider the amount of encoders and
classifiers, we can notice that using a single encoder—decoder gives
a limiting generalization performance, although BDL outperforms AD-
VENT. This slightly better performance of BDL can be attributed to the
usage of one image translation (transforming the source to the target
with CycleGAN) to increase the robustness of the model.

FDA-MBT uses three image representations, mapping the source
annotated images to the target using three different parameters for
the image translation module, and performing UDA by training each
encoder-decoder segmentation model with a specific representation.
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Table 7

mloU per classifier for GTA V— Cityscapes during stage 1 when C, plays as a noisy predictor.
The reported values are compared with those reported in Section 6.1, achieving a
slightly similar performance when having only two functional classifiers.

experiment mloU C, mloU C, mloU C; mloU C,,
Normal conditions 41.99 43.10 43.32 45.24
Noisy classifier 0.1 41.99 43.10 45.11

The reported performance of 31.07 is the result of averaging the
three trained models, and although it is close to ours, our semantic
segmentation network takes up significantly fewer parameters to train
(one encoder and three classifiers). This makes our approach attractive
as it is a good trade-off between its number of parameters and per-
formance. More importantly, this experiment shows the advantageous
effect of using multiple image translations, as done in FDA-MBT and
our approach, on the generalizability of the trained models.

6.4. Flexibility assessment of ensemble learning

We conducted an analysis to assess the flexibility of our ensem-
ble approach to learn to disregard useless classifiers. We do this by
subjecting one member of the ensemble to predict random noise.
Specifically, we selected C; as the random noise predictor, while C,
and C; remained trained and intact after the first training stage. We
modeled C, following a standard normal distribution with mean 0 and
standard deviation of 1.

The results of this experiment are shown in Table 7, which demon-
strates that the meta-learner C,, was able to bypass C; while maintain-
ing a relatively similar mIoU performance compared to the experiment
conducted in Section 6.1, where all three classifiers were used. This
indicates that C,, has successfully re-adapted to a new scenario where
only two productive classifiers are available, reducing the participation
of the corrupt classifier to the minimum. Further analysis shows that
the individual classifiers also demonstrated strong performance, with
C, and Cj achieving mlIoU scores of 41.99 and 43.10, respectively.
However, C; had a significantly lower mIoU score, indicating that it
did not contribute meaningfully to the overall ensemble performance.

The effect of this rebalancing is shown in more detail in Fig. 8,
depicting the output of all members of the ensemble in two particular
crops. The red crop focuses on the classes traffic light, traffic sign
and pole; while the yellow one analyzes the segmentation maps of a
pedestrian. We can observe in Fig. 8(c) from the red crop that the meta-
learner tends to share a similar shape in the prediction map than C,
in Fig. 8(a) when analyzing the class traffic light, although the amount
of pixels is clearly different. This behavior is expected in accordance
to the weights distribution from Fig. 9, since C, has a slightly higher
coefficient than C; for that particular class. The opposite situation takes
place when we analyze the yellow crop, since C,, acts more aligned with
the third classifier for pedestrian and pole, differing slightly in shape
with the latter.

Our results suggest that our ensemble approach is robust to per-
turbations in individual classifiers, and that the meta-learner is able
to effectively adapt to new scenarios. The individual classifier analysis
highlights the importance of selecting high-performing classifiers for
the ensemble approach, as poor-performing classifiers can have a neg-
ative impact on the overall performance. These findings can inform the
development of more robust ensemble approaches in the future.

7. Conclusions

In this work, we proposed an UDA approach for semantic seg-
mentation that effectively combines image translations, self-supervised
learning, and ensemble learning in a novel way. We used challenging
synthetic-to-real semantic segmentation UDA benchmarks to show that
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the proposed method improves the accuracy not only on target data,
but also on unseen data that was never used during training.

We can conclude from the results that increasing the input vari-
ability via different image translations induces the network to learn
domain invariant representations in the feature extractor while en-
forcing translation-specific features on each classifier. In addition, by
employing a meta-learning layer, multiple ensemble classifiers can be
used to generate high-quality pseudo-labels and thereby improve the
self-supervised learning process.

We should note that although we focused on the standard synthetic-
to-real UDA benchmarks, it is also possible to extend this work to
real-to-real applications where both source and target domains are real-
world datasets. While this can represent a more realistic application of
UDA, we consider that in this work we made a step in improving the
generalization capability of deep learning models.
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