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Abstract

For medical image segmentation, contrastive learning is the dominant practice to
improve the quality of visual representations by contrasting semantically similar
and dissimilar pairs of samples. This is enabled by the observation that without
accessing ground truth labels, negative examples with truly dissimilar anatomical
features, if sampled, can significantly improve the performance. In reality, however,
these samples may come from similar anatomical regions and the models may
struggle to distinguish the minority tail-class samples, making the tail classes more
prone to misclassification, both of which typically lead to model collapse. In this
paper, we propose ARCO, a semi-supervised contrastive learning (CL) framework
with stratified group theory for medical image segmentation. In particular, we
first propose building ARCO through the concept of variance-reduced estimation
and show that certain variance-reduction techniques are particularly beneficial in
pixel/voxel-level segmentation tasks with extremely limited labels. Furthermore,
we theoretically prove these sampling techniques are universal in variance reduction.
Finally, we experimentally validate our approaches on eight benchmarks, i.e., five
2D/3D medical and three semantic segmentation datasets, with different label
settings, and our methods consistently outperform state-of-the-art semi-supervised
methods. Additionally, we augment the CL frameworks with these sampling
techniques and demonstrate significant gains over previous methods. We believe our
work is an important step towards semi-supervised medical image segmentation by
quantifying the limitation of current self-supervision objectives for accomplishing
such challenging safety-critical tasks. '

1 Introduction

Model robustness and label efficiency are two highly desirable perspectives when it comes to building
reliable medical segmentation models. In the context of medical image analysis, a model is said to
be robust if (1) it has a high segmentation quality with only using extremely limited labels in long-
tailed medical data; (2) and fast convergence speed [1, 2, 3]. The success of traditional supervised
learning depends on training deep networks on a large amount of labeled data, but this improved
segmentation/model robustness often comes at the cost of annotations and clinical expertise [4, 5, 6].
Therefore, it is difficult to adopt these models in real-world clinical applications.

Recently, a significant amount of research efforts [7, 8, 9, 10] have resorted to unsupervised or
semi-supervised learning techniques for improving the segmentation robustness. One of the most
effective methods is contrastive learning (CL) [11, 12, 13, 14]. It aims to learn useful representations
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by contrasting semantically similar (positive) and dissimilar (negative) pairs of data points sampled
from the massive unlabeled data. These methods fit particularly well with real-world clinical
scenarios as we assume only access to a large amount of unlabelled data coupled with extremely
limited labels. However, pixel-level contrastive learning with medical image segmentation is quite
impractical since sampling all pixels can be extremely time-consuming and computationally expensive
[15]. Fortunately, recent studies [16, 17] provide a remedy by leveraging the popular strategy of
bootstrapping, which first actively samples a sparse set of pixel-level representation (queries), and
then optimize the contrastive objective by pulling them to be close to the class mean averaged across
all representations in this class (positive keys), and simultaneously pushing apart those representations
from other class (negative keys). The demonstrated imbalancedness and diversity across various
medical image datasets, as echoed in [18], show the positive sign of utilizing the massive unlabeled
data with extremely limited annotations while maintaining the impressive segmentation performance
compared to supervised counterparts. Meanwhile, it can lead to substantial memory/computation
reduction when using pixel-level contrastive learning framework for medical image segmentation.

Nevertheless, in practical clinical settings, the deployed machine learning models often ask for
strong robustness, which is far beyond the scope of segmentation quality for such challenging safety-
critical scenarios. This leads to a more challenging requirement, which demands the models to be
more robust to the collapse problems whereby all representations collapse into constant features
[14, 13, 19] or only span a lower-dimensional subspace [20, 21, 22, 23], as one main cause of such
fragility could be attributed to the non-smooth feature space near samples [24, 25] (i.e., random
sampling can result in large feature variations and even annotation information alter). Thus, it
is a new perspective: how to sample most informative pixels/voxels towards improving variance
reduction in training semi-supervised contrastive learning models. This inspires us to propose a new
hypothesis of semi-supervised CL. Specifically, when directly baking in variance-reduction sampling
into semi-supervised CL frameworks for medical image segmentation, the models can further push
toward state-of-the-art segmentation robustness and label efficiency.

In this paper, we present ARCO, a semi-supervised strAtifed gRoup Contrastive learning framework
with two perspectives (i.e., segmentation/model robustness and label efficiency), and with the
aid of variance-reduction estimation, realize two practical solutions — Stratified Group (SG) and
Stratified-Antithetic Group (SAG) — for selecting the most semantically informative pixels. ARCO
is a group-based sampling method that builds a set of pixel groups and then proportionally samples
from each group with respect to the class distribution. The main idea of our approach is via first
partitioning the image with respect to different classes into grids with the same size, and then
sampling, within the same grid, pixels semantically close to each other with high probability, with
minimal additional memory footprint.

Subsequently, we show that baking ARCO into contrastive pre-training (i.e., MONA [17]) provides
an efficient pixel-wise contrastive learning paradigm to train deep networks that perform well in
long-tailed medical data. ARCO is easy to implement, being built on top of off-the-shelf pixel-level
contrastive learning framework [13, 14, 26, 27, 28], and consistently improve overall segmentation
quality across all label ratios and datasets (i.e., five 2D/3D medical and three semantic datasets).

Our theoretical analysis shows that, ARCO is more label efficient, providing practical means for
computing the gradient estimator with improved variance reduction. Empirically, our approach
achieves competitive results across eight 2D/3D medical and semantic segmentation benchmarks.
Our proposed framework has several theoretical and practical contributions:

* We propose ARCO, a new CL framework based on stratified group theory to improve the
label efficiency and model robustness trade-off in CL for medical image segmentation. We
show that incorporating ARCO coupled with two special sampling methods, Stratified Group
and Stratified-Antithetic Group, into the models provides an efficient learning paradigm to
train deep networks that perform well in those long-tail clinical scenarios.

* To our best knowledge, we are the first work to show the benefit of certain variance-
reduction techniques in CL for medical image segmentation. We demonstrate the unexplored
advantage of the refined gradient estimator in handling long-tailed medical image data.

* We conduct extensive experiments to validate the effectiveness of our proposed method
using a variety of datasets, network architectures, and different label ratios. For segmentation
robustness/accuracy, we show that our proposed method by demonstrating superior segmen-
tation accuracy (up to 11.08% absolute improvements in Dice). For label efficiency, our



method trained with different labeled ratios — consistently achieves competitive performance
improvements across all eight 2D/3D medical and semantic segmentation benchmarks.

* Theoretical analysis of ARCO shows improved variance reduction with optimization guarantee.
We further demonstrate the intriguing property of ARCO across the different pixel-level
contrastive learning frameworks.

2 Related work

Medical Image Segmentation. Contemporary medical image segmentation approaches typically
build upon fully convolutional networks (FCN) [29] or UNet [30], which formulates the task as a
dense classification problem. In general, current medical image segmentation methods can be cast into
two sets: network design and optimization strategy. One is to optimize segmentation network design
for improving feature representations through dilated/atrous/deformable convolutions [31, 32, 33],
pyramid pooling [34, 35, 36], and attention mechanisms [37, 38, 39]. Most recent works [40, 41, 6]
reformulates the task as a sequence-to-sequence prediction task by using the vision transformer (ViT)
architecture [42, 43]. The other is to improve optimization strategies, by designing loss function
to better address class imbalance [44] or refining uncertain pixels from high-frequency regions
improving the segmentation quality [45, 46, 47, 48, 49]. In contrast, we take a leap further to a more
practical clinical scenario by leveraging the massive unlabeled data with extremely limited labels
in the learning stage. Moreover, we focus on building model-agnostic, label-efficiency framework
to improve segmentation quality by providing additional supervision on the most confusing pixels
for each class. In this work, we question how medical segmentation models behave under such
imbalanced class distributions and whether they can perform well in those challenging scenarios
through sampling methods.

Semi-Supervised Learning (SSL). SSL aims to train models with a combination of labeled, weakly-
labeled and unlabelled data. In recent years, there has been a surge of work on semi-supervised
medical segmentation [8, 9, 50, 48, 16, 51, 52, 17, 10, 53, 54], which makes it hard to present a
complete overview here. We therefore only outline some key milestones related to this study. In
general, it can be roughly categorized into two groups: (1) Consistency regularization was first
proposed by [55], which aims to impose consistency corresponding to different perturbations into the
training, such as consistency regularization [56, 57], pi-model [58], and mean-teacher [59, 60]. (2)
Self-training was initially proposed in [61], which aims at using a model’s predictions to obtain noisy
pseudo-labels for performance boosts with minimal human labor, such as pseudo-labeling [7, 62],
model uncertainty [8, 63], confidence estimation [64, 65, 66], and noisy student [67]. These methods
usually lead to competitive performance but fail to prevent collapse due to class imbalanceness. In
this work, we focus on semi-supervised medical segmentation with extremely limited labels since the
medical image data is extremely diverse and often long-tail distributed over anatomical classes. We
speculate that a good medical segmentation model is expected to distinguish the minority tail-class
samples and hence achieve better performance under additional supervision on hard pixels.

Contrastive Self-Supervised Learning. Self-supervised representation learning is a subclass of
unsupervised learning, but with the critical distinction that it incorporates “inherent” supervision from
the input data itself [68]. The primary aim of self-supervised representation learning is to enable the
model to learn the most useful representations from the large amount of unlabelled data for various
downstream tasks. Self-supervised learning typically relies on pretext tasks, including predictive
[69, 70, 71], contextual [72, 73], and generative [74] or reconstructive [75] tasks.

Among them, contrastive learning is considered as a popular approach for self-supervised repre-
sentation learning by pulling the representations of similar instances closer and representations of
dissimilar instances further apart in the learned feature space [11, 12, 13, 14]. The past five years have
seen tremendous progress related to CL in medical image segmentation [50, 23, 76, 48, 16, 17, 77],
and it becomes increasingly important to improve representation in label-scarcity scenarios. The
key idea in CL [11, 12, 13, 14] is to learn representations from unlabeled data that obey similarity
constraints by pulling augmented views of the same samples closer in a representation space, and
pushing apart augmented views of different samples. This is typically achieved by encoding a view of
a data into a single global feature vector. However, the global representation is sufficient for simple
tasks like image classification, but does not necessarily achieve decent performance, especially for
more challenging dense prediction tasks. On the other hand, several works on dense contrastive



(a) Relational Semi-supervised Pre-training
Supervised
1 . Loss
——— "
o G

H
H
ound-truth |
i
| Global Instance
A icriminacion Loss Local Instance
| iscrimination Loss '

(b) Anatomical Contrastive Reconstruction Fine-tuning

Labeled Imsges

Figure 1: Pipeline overview. Our semi-supervised segmentation model F' takes a 2D/3D medical
image x as input and outputs the segmentation map and the representation map. We leverage
a simplification of MONA pipeline [17] which is composed of two stages: (1) relational semi-
supervised pre-training: on labeled data, the student network is trained by the ground-truth labels with
the supervised loss Ly,p; while on unlabeled data, the student network takes the augmened and mined
embeddings from the EMA teacher for instance discrimination L, in the global and local manner,
(2) anatomical contrastive reconstruction fine-tuning: on labeled data, the student network is trained
by the ground-truth labels with the supervised loss Ls,p; while on unlabeled data, the student network
takes the representation maps and pseudo labels from the EMA teacher to give more importance to
tail class Leontrast> €Xploit the inter-instance relationship L,,, and compute unsupervised 10ss Lupsup.
See Appendix M for details of the visualization loss landscapes.

learning [50, 23], aim at providing additional supervision to capturing intrinsic spatial structure
and fine-grained anatomical correspondence, while these methods may suffer from class imbalance
issues. Particularly, very recent work [16, 17] for the first time demonstrates the imbalancedness
phenomenon can be mitigated by performing contrastive learning yet lacking stability. By contrast, a
key motivation of our work is to bridge the connection between model robustness and label efficiency,
which we believe is an important and under-explored area. We hence focus on variance-reduced
estimation in medical image segmentation, and show that certain variance-reduction techniques can
help provide more efficient approaches or alternative solutions for handling collapse issues, and
improving model robustness in terms of accuracy and stability. To the best of our knowledge, we
are the first to provide a theoretical guarantee of robustness by using certain variance-reduction
techniques.

3 Methodology

In this section we set-up our semi-supervised medical segmentation problem, introduce key definitions
and notations and formulate an approach to incorporate stratified group theory. Then, we discuss
how our proposed ARCO can directly bake in two perspectives into deep neural networks: (1) model
robustness, and (2) label efficiency.

3.1 Preliminaries and setup

Problem Definition. In this paper, we consider the multi-class medical image segmentation problem.
Specifically, given a medical image dataset (X', ))), we wish to automatically learn a segmentator,
which assigns each pixel to their corresponding K -class segmentation labels. Let us denote x as the
input sample of the student and teacher networks F () >, consisting of an encoder E and a decoder
D, and F' is parameterized by weights 6, and 6;.

Background. Contrastive learning aims to learn effective representations by pulling semantically
close neighbors together and pushing apart other non-neighbors [11]. Among various popular
contrastive learning frameworks, MONA [17] is easy-to-implement while yielding the state-of-the-art
performance for semi-supervised medical image segmentation so far. The main idea of MONA is
to discover diverse views (i.e., augmented/mined views) whose anatomical feature responses are
homogeneous within the same or different occurrences of the same class type, while at the same time
being distinctive for different class types.

The student and teacher networks both adopt the 2D UNet [30] or 3D VNet [78] architectures.



Hereinafter, we are interested in showing that certain variance-reduction techniques coupled with CL
frameworks are particularly beneficial in long-tail pixel/voxel-level segmentation tasks with extremely
limited labels. We hence build our ARCO as a simplification of the MONA pipeline [17], without
additional complex augmentation strategies, for deriving the model robustness and label efficiency
proprieties of our medical segmentation model. Figure | overviews the high-level workflow of the
proposed ARCO framework. Training ARCO involves a two-phase training procedure: (1) relational
semi-supervised pre-training, and (2) anatomical contrastive fine-tuning. To make the discussion
self-contained, we defer the full details of ARCO to the appendix E.

3.2 Motivation and Challenges

Intuitively, the contrastive loss will learn generalizable, balanced and diverse representations for
downstream medical segmentation tasks if the positive and negative pairs correspond to the desired
latent anatomical classes [50, 16, 17]. Yet, one critical constraint in real-world clinical scenarios
is severe memory bottlenecks [15, 16]. To address this issue, current pixel-level CL approaches
[16, 17] for high-resolution medical images devise their aggregation rules by unitary simulators,
i.e., Naive Sampling (NS), that determines the empirical estimate from all available pixels. Despite
the blessing of large learning capacity, such aggregation rules are unreliable “black boxes”. It is
never well understood which rule existing CL models should use for improved model robustness
and label efficiency; nor is it easy to compare different models and assess the model performance.
Moreover, unitary simulators, especially naive sampling, often incur high variances and fail to
identify semantically similar pixels [24], limiting CL stability. As demonstrated in Figure 3, regions
of similar anatomical features should be grouped together in the original medical images, resulting in
corresponding plateau regions in the visualization of the loss landscape. This is consistent with the
observations uncovered by the recent empirical findings [79, 80].

If we take a unified mathematical per-
spective, the execution of simulation can
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Aantithetic Group (SAG) — to mitigate the
Figure 2: Overview of three sampling methods. undesirable high-variance limitation, and
(1) Naive Sampling, (2) Stratified Group Sampling, and turn to the following idea of sampling the
(3) Stratified-Antithetic Group Sampling. most representative pixels from groups

of semantically similar pixels. In particu-
lar, our proposed solution is based on stratified group simulation to adaptively characterize anatomical
regions found on different medical images. This characterization is succinct, and regions with the
same anatomical properties within different medical images are identifiable. In practice, we first
partition the image with respect to different classes into grids with the same size, and then sampling,
within the same grid, the pixels semantically close to each other with high probability, with minimal
additional memory footprint (Figure 2).

In what follows, we will theoretically demonstrate the important properties of such techniques (i.e.,
SG and SAG), especially in reduced variance and unbiasedness. Here the reduced variance implies
more robust gradient estimates in the backpropagation, and leads to faster and stabler training in
theory, as corroborated by our experiments (Section 4). Empirically, we will demonstrate many
practical benefits of reduced variances including improved model robustness, i.e., faster convergence
and better segmentation quality, through mitigating the collapse issue.

3.3 Stratified Group Sampling

To be consistent with the previous notation, we denote an arbitrary image from the given medical
image dataset as x € X, and P as the set of pixels. For arbitrary function i : X x P — R, we define
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Figure 3: Loss landscape visualization of pixel-wise contrastive 10ss Lonrast With ARCO-SG. Loss plots
are generated with same original images randomly chosen from ACDC [81], LiTS [82], MMWHS
[83], LA [84], and MP-MRI, respectively. z-axis denotes the loss value at each pixel. For each
example of the five benchmarks, the left subplot indicates that similar anatomical features are grouped
together in the original medical images, as shown by different anatomical regions in different colors.

the aggregation function H* as:
H(x) h(x; 3.1
|7>\ > h(x:p). 3.1)
peEP

As a large cardinality of P prevents efficient direct computation of H, an immediate approach is to
compute H (x) by first sampling a subset of pixels D C P according to certain sampling strategy, and

then computing H (x; D) = > pep h(x:p)/|D|. SG sampling achieves this by first decomposing the
pixels 1nto M disjoint groups P, satisfying UM_, P,,, = P, and then sampling D,,, C Py, so that
D = UM_,D,,. The SG sampling can then be written as:

Hs(;XD MZ thp

pED

SAG, built upon SG, adopts a similar form, except for an additionally enforced symmetry on D,,
Vm, 3 ¢m € Pm, such that for any p € D,,,,

—p=p — ¢y, forsome p’ € D,

Here c,,, denotes the center of the group P,,,*. The implementation of SG and SAG involves two
steps: (1) to create groups {Pm}TZ‘,le, and (2) to generate each D,,, C P,,. For the latter, we consider
independent sampling within and between groups, i.e., D,, 1L D, form # m/,and p 1L p' V p,
p' € D,,, where the variance of SG sampling is as follows.

Lemma 3.1. Suppose in SG sampling, for each m, D,, is sampled from Py, with sampling variance
o2, and sample size |D,,| = n,,. Then the variance satisfies Var[Hsg] = Z%Zl o2 N /0, and

SAG with the same sample size satisfies Var[fISAg] <2 Var[ﬁsg].
To ensure the unbiasedness property, we adopt the setting of proportional group sizes [85, 86], i.e.,
|Dy| o [Py for all m. It turns out that such setting also enjoys the variance-reduction property.

Theorem 3.2 (Unbiasedness and Variance of SG). SG with proportional group sizes is unbiased, and
has a variance no larger than that of NS. That is: E[Hsg(x)] = H(x), and

M
Var[ﬁsc,] = Var[ﬁNs} — % Z (]Epuii‘r'Pm [h(X,p)} - Epuﬂ'P[h(X;p)}>2 .

The last term is the intra-group variance, which captures the discrepancy between the pixel groups
{Pm}M_,. Theorem 3.2 guarantees that the variance of SG is no larger than that of NS, and SG

>The pixel-level contrastive 10ss Lconmast 1S an example of an aggregation function (up to normalizing constant)
according to Eqn. (E.2).

“The choice of ¢y, is flexible. For example, if the convex hull of the pixels in Py, form a circle, then ¢,, can
be taken as the geometric center.



has strictly less variance than NS as long as all the pixel groups do not share an equal mean over
h(x; p), which is almost-sure in medical images (See Figure 3). For SAG, Lemma 3.1 guarantees
its variance is of the same magnitude as that of SG, and at worst differs by a factor of 2. Since
the pixel/voxel-level contrastive 1oss Leongast 1S an aggregation function over pixels by definition
(E.2), it benefits from the variance-deduction property of SG/SAG. In Section 4.1, we will see that
such variance reduction allows ARCO to achieve better segmentation accuracy, especially along the
boundary of the anatomical regions (Figure 4).

Training Convergence. We further demonstrate the benefit of variance reduction estimation in terms
of training stability. Specifically, leveraging techniques from standard optimization theory [87, 88, 89],
we can show that variance-reduced gradient estimator through SG sampling leads to faster training
convergence. Suppose we have a loss function £(#) with the model parameter 6, and use stochastic
gradient descent (SGD) as the optimizer. A gradient estimate g(6) ~ VL£(6) is computed at each
iteration. It is well-known that the convergence of SGD depends on the quality of the estimate g(6)
[87]. Specifically, we make the common assumptions that the loss function is smooth and the gradient
estimate has bounded variance (More details in Appendix A.3), which can be formulated as below:

IVL@O) = VLG, < L0~ 0']l,), E [l9(0) = VEO)?| < o2

Under these two assumptions, the average expected gradient norm of the learned parameter satisfies
the following:

;iE [Ive@ol3] < c (; " jgf) '

For general non-convex loss function, the above implies convergence to some local minimum.
Importantly, the slow rate (o, / V/T)) depends on standard deviation 04, indicating a faster convergence
can indeed be achieved with a more accurate gradient estimate. This indicates our proposed sampling
techniques demonstrate universality in variance reduction, as they can be applied to a wide range of
scenarios that involve pixel/voxel-level sampling (See Appendix A.3). In Figure 5, we observe that
using SG enables faster loss decay with smaller error bar, showing that it outperforms other methods
in both convergence speed and stability. See Section 4.2 and Appendix A.3 for more details.

4 [Experiments

In this section, we present experimental results to validate our proposed methods across various
datasets and different label ratios in Appendix B. We use 2D UNet [30] or 3D VNet [78] as our
backbones. Further implementation details are discussed in Appendix C.°

4.1 Main Results

In this subsection, we first examine whether our proposed ARCO can generalize well across various
datasets and label ratios. Then, we investigate to what extent ARCO coupled with two samplers can
realize two essential properties: (1) model robustness; and (2) label efficiency. The quantitative
results for all the compared methods on eight popular datasets: (1) Medical image segmentation
tasks: three 2D benchmarks (i.e., ACDC [81], LiTS [82], MMWHS [83]), two 3D benchmarks (i.e.,
LA [84], in-house MP-MRI) under various label ratios (i.e., 1%, 5%, 10%) are collected in Table
1, Table 5 (Appendix G), Table 6 (Appendix H), and Table 9 (Appendix I and J), respectively; (2)
General computer vision tasks: To further validate the effectiveness, we experiment on three popular
segmentation benchmarks (i.e., Cityscapes [97], Pascal VOC 2012 [98], indoor scene segmentation
dataset — SUN RGB-D [99]) in the semi-supervised full-label settings. We follow the identical setting
[100] to sample labelled images to ensure that every class appears sufficiently in our three datasets,
(i.e., CityScapes, Pascal VOC, and SUN RGB-D). The results are collected in Appendix Section
K. Several consistent observations can be drawn from these extensive evaluations with eighteen
segmentation networks.

@ Superior Performance Across Datasets. We demonstrate that ARCO achieves superior perfor-
mance across all datasets and label ratios. In specific, our experiments consider three 2D benchmarks

5 .
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Table 1: Quantitative comparisons (DSC[%] 1/ ASD[voxel] |) across the three labeled ratio settings
(1%, 5%, 10%) on the ACDC benchmark. All experiments are conducted as [30, 90, 91, 92, 93,
8,94,9, 57, 95, 62, 50, 59, 96, 53, 16, 17] in the identical setting for fair comparisons. Best and
second-best results are coloured blue and red, respectively. UNet-F (fully-supervided) and UNet-L
(semi-supervided) are considered as the upper bound and the lower bound for the performance
comparison. Note that, Right Ventricle — RV, Myocardium — Myo, Left Ventricle — LV. We adopt
the identical data augmentation (i.e., random rotation, random cropping, and horizontal flipping) for
fair comparisons.

ACDC
1 Labeled (1%) 3 Labeled (5%) 7 Labeled (10%)
Method Average RV Myo v Average RV Myo v Average RV Myo v
UNet-F [30]  91.5/0.996 90.5/0.606 88.8/0.941 94.4/144 91.5/0.996 90.50.606 88.8/0.941 944/1.44 91.500.996 90.5/0.606 88.8/0.941 94.4/1.44
UNet-L 403227 2901254  43.6/153 4827275  SLU/I31 36.9/30.1  549/427  634/5.11  79.5273  65.9/0.892 82.9/270  89.6/4.60
EM [90] 430718, 387231 4200120 48.7/194  59.8/5.64 442111 632323 719257 157273 68.0/0.892 76.5270  82.7/4.60
et (91 48.6/192 387280 492/148  ST.9/17.0  59.1/10.1  44.6/198  632/604 69.4/432 759360 672290 775332  82.9/4.59
DAN [92] 489/17.5  454/197 410888 60.4/238  564/15.1 470217  S81/1L6 639119 765301 7572.61 733311  80.5/331
URPC [57] 430211 38.6/22.8  417/144 486260 589/8.14  S0.1/12.6  60.8/410 658771  83.1/L68 77.0/0.742 82.2/0.505 90.1/3.79
DTC [9] SL717.5 393233 S546/9.12 613202  569/7.59 351917  629/601 727/77.59 843404 838372 83.5/4.63  856/3.77
DCT [93] 497/164  424/204  48.8/106 57.9/182  585/108 412214  639/501  705/6.05 78.1/2.64 707/1.75 777290  858/3.26
1CT [95] 420210 365185  434/111 463335  59.0/6.59 48.8/114  614/459 666383 80.6/1.64 75.1/0.898 80.2/1.53  86.6/2.48
MT [59] 4209/15.1 325219  462/899  50.1/147  583/112 390215 58.7/747 713/472 8011233  752/1.22 792232  86.0/345
UAMT [8] 36.9/152 325219  462/899  50.1/147  483/9.14  37.6/189  50.1/427  573/4.17  S1.8/404 799273  80.1332  854/6.07
SASSNet [94]  42.6/24.8  20.8/347  454/133 525266 57.8/636 47.9/11.7 59.7/451 658287 847/1.83 81800769 829/1.73  89.4/2.99
CPs [62] 515153 4LIA77 520727 614210 61.0292 4380295 645284 748295 788341 740/1.95 781311  84.5/5.18
GCL [50] 50.7/143 495253  60.9/628  68.8/115  70.6/2.24 K 70.7/1.67 84, 87.0/0.751 86.9/0.584 81.8/0.820 97 5/0.849
MC-Net [96]  534/17.17 43.01253  51.2/741 60.8/15.11  62.8/2.59 14 62600807 73.1/1.81  865/1.89 85100745  84.0/2.12 /2.81
SS-Net [53] 6341294 647332 ST0/181  68.4/370 6580228  S57.5/3. 91 65.7/2.02  742/0.896  86.8/1.40  854/1.19  843/1.44 90 6/1.57
ACTION [16] 81.0/345  769/3.00 784/2.07 87.5/5.17 86.6/120 852/0.734 84.7/0909 89.8/1.97 87.2/1.47 86.1/0.976 85.7/L.11  89.7/2.33
MONA [17] 82.6/1.43  80.2/1.57 79.9/L.10  87.8/1.43  86.9/1.07 847/1.01 854/0.731 90.6/1.48 87.7/1.33 869/0.687 85.7/1.70  90.5/2.14

© ARCO-SAG (ours)  84.9/1.47  81.7/1.98  81.9/0.903  90.9/1.52  87.1/0.848 85.6/0.414 85.1/0.930 90.6/1.20  88.5/1.40  87.1/0.635 86.2/1.04  92.2/2.53
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Figure 4: Visual results on ACDC with 1%, 5%, 10% label ratios. ARCO consistently produce more
accurate predictions on anatomical regions and boundaries compared to all other SSL methods.

(i.e., ACDC [81], LiTS [82], MMWHS [83]), two 3D benchmarks (i.e., LA [84], in-house MP-MRI),
and different label ratios (i.e., 1%, 5%, 10%). As shown in Table 1, Table 5 (Appendix G), Table 6
(Appendix H), and Table 9 (Appendix I and J), we observe that our methods consistently outperform
all the compared SSL-based methods by a considerable margin across all datasets and label ratios,
which validates the superior performance of our proposed methods in both segmentation accuracy
and label efficiency. For example, compared to the second-best MONA, our ARCO-SG under {1%,
5%, 10%} label ratios achieves {2.9%7, 1.8%7T, 1.7%1}, {3.3%1, 1.8%7, 1.8%1}, {4.1%7T, 2.0%t,
1.8%7}, {0.3%7T, 0.3%7T, 0.5%1}, {2.2%7T, 0.8%7T, 0.4%71} in average Dice across ACDC, LiTS,
and MMWHS, MP-MRI, and LA, respectively. Our ARCO-SAG achieves {84.9%, 87.1%, 88.5%},
{64.1%, 67.3%, 69.4%}, {86.1%, 88.6%, 89.3%}, {91.5%, 92.5%, 92.6%}, {73.2%, 86.9%, 89.1%}
in averaged Dice across ACDC, LiTS, MMWHS, MP-MRI, and LA. These results indicate that our
methods can generalize to different clinical scenarios and label ratios.

@ Across Label Ratios and Robustified Methods. To further validate the label efficiency property
of our ARCO, we evaluate our ARCO-SG and ARCO-SAG with limited labeled training data available
(e.g., 1% and 5%). As demonstrated in Table 1, Table 5 (Appendix G), Table 6 (Appendix H), and
Table 9 (Appendix I and J), our models under 5% label ratios surpass all the compared SSL methods
by a significant performance margin. For example, compared to MONA, we observe our methods to
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push the best segmentation accuracy higher by 0.3% ~2.0% in Dice on ACDC, LiTS, and MMWHS,
MP-MRI, and LA, respectively. For example, the best segmentation accuracy on MMWHS rises
from 87.3% to 89.3%. This suggests that our SSL-based approaches — without compromising the
best achievable segmentation results — robustly improve performance using very limited labels, and
further lead to a much-improved trade-off between SSL schemes and supervised learning schemes by
avoiding a large amount of labeled data.

Similar to our results under 5% label ratio, our ARCO-SG and ARCO-SAG trained with 1% label ratio
demonstrate sufficient performance boost compared to MONA by an especially significant margin, with
up to 0.3% ~4.1% relative improvement in Dice. Taking the extremely limited label ratio (i.e., 1%)
as an indicator: (1) on 3D LA, ARCO-SG achieves 2.2% higher average Dice, and 6.64 lower average
ASD than the second best MONA; (2) on LiTS, ARCO-SG achieves 3.3% higher average Dice, and 4.7
lower average ASD than the second best MONA; and (3) considering the more challenging clinical
scenarios (i.e., 7 anatomical classes), ARCO-SG achieves 5.1% higher average Dice, and 2.26 lower
average ASD than the second-best MONA on MMWHS. It highlights the superior performance of ARCO
is not only from improved label efficiency but also credits to the superior model robustness.

® Qualitative Results. We provide qualitative illustrations of ACDC, LiTS, MMWHS, LA, MP-MRI
in Figure 4, Figure 6 (Appendix G), Figure 7 (Appendix H), Figure 8 (Appendix I), and Figure
9 (Appendix J), respectively. As shown in Figure 4, we observe that ARCO appears a significant
advantage, where the edges and the boundaries of different anatomical regions are clearly more
pronounced, such as RV and Myo regions. More interestingly, we found that in Figure 6, though all
methods may confuse ambiguous tail-class samples such as small lesions, ARCO-SG and ARCO-SAG
still produces consistently sharp and accurate object boundaries compared to the current approaches.
We also observe similar results for ARCO on MMWHS in Figure 7 (Appendix H), where our approaches
can regularize the segmentation results to be smooth and shape-consistent. Our findings suggest that
ARCO improves model robustness mainly through distinguishing the minority tail-class samples.

4.2 Ablation Studies

In this subsection, we conduct various ablations to better understand our design choices. For all the
ablation experiments the models are trained on ACDC with 1% labeled ratio.

Importance of Loss Components. We analyse several critical components of our method in the final
performance and conduct comprehensive ablation studies on the ACDC dataset with a 1% label ratio
to validate their necessity. First, at the heart of our method is the combination of three losses: Lcontrast
for tailness, and L, for diversity (See Section 3 for more details). We deactivate each component and
then evaluate the resulting models, as shown in Table 2. As is shown, global contrastive 10ss Lcongrast
and nearest neighbor loss Ly, can boost performance by a large margin. Moreover, incorporating
our methods (i.e., SG and SAG) consistently achieve superior model robustness gains compared
to naive sampling (i.e., NS), both of which suggests the importance of these components. Second,
we compare the impact of different loss function (e.g., unsupervised loss/Lynsup, global instance
discrimination 1oss/£§§§f’ “_and local instance discrimination loss/L1o¢1). As shown in Table 3, using
each loss function consistently achieves significant performance gains, which demonstrates positive
contribution of each component to performance gains.
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Figure 5: Visualization of training trajectories given by Lconuase VS. epochs on ACDC under 10%
label ratio. The proposed ARCO is compared in terms of different sampling methods: Naive Sampling
(NS), Stratified Group (SG) Sampling, and Stratified-Antithetic Group (SAG) Sampling. The solid
line and shaded area of each sampling method denote the mean and variance of test accuracies over 3
independent trials. Clearly, we observe SG sampling consistently outperforms the other sampling
methods in convergence speed and training stability. SAG slightly outperforms NS.

Importance of Augmentation Components. We further investigate the impact of data augmentation
on the ACDC dataset with a 1% label ratio. As is shown in Table 4 (in Appendix), employing each data
augmentation strategy consistently results in notable performance improvements, underscoring the
efficacy of these data augmentations. Of note, ARCO-SAG/ARCO-SG using all three augmentations and
ARCO-SAG/ARCO-SG using no augmentation are considered as the upper bound and the lower bound
for the performance comparison. These results show that each augmentation strategy systematically
boosts performance by a large margin, which suggests improved robustness.

Stability Analyses. In Figure 5, we show the stability analysis results on ARCO over different
sampling methods. As we can see, our SG and SAG sampling facilitates convergence during the
training. More importantly, SG sampling has stable performance with small standard derivations,
which aligns with our hypothesis that our proposed sampling method can be viewed as the form of
variance regularization. Moreover, loss landscape visualization of different loss functions (Figure 3)
reveals similar conclusions.

Extra Study. More investigations about (1) generalization across label ratios and frameworks in
Appendix L; (2) final checkpoint loss landscapes in Appendix M; (3) ablation on different training
settings are in Appendix N.

5 Conclusion and Discussion of Broader Impact

In this paper, we propose ARCO, a new semi-supervised contrastive learning framework for improved
model robustness and label efficiency in medical image segmentation. Specifically, we propose two
practical solutions via stratified group theory that correct for the variance introduced by the common
sampling practice, and achieve significant performance benefits. Our theoretical findings indicate
Stratified Group and Stratified-Antithetic Group Sampling provide practical means for improving
variance reduction. It presents a curated and easily adaptable training toolkit for training deep
networks that generalize well beyond training data in those long-tail clinical scenarios. Moreover,
our sampling techniques can provide pragmatic solutions for enhancing variance reduction, thereby
fostering their application in a wide array of real-world applications and sectors. These include but are
not limited to 3D rendering, augmented reality, virtual reality, trajectory prediction, and autonomous
driving. We hope this study could be a stepping stone towards by quantifying the limitation of current
self-supervision objectives for accomplishing such challenging safety-critical tasks.

Broader Impact. Defending machine learning models against inevitable variance will have the great
potential to build more reliable and trustworthy clinical AL Our findings show that the stratified group
theory can provide practical means for improving variance reduction, leading to realistic deployments
in a large variety of real-world clinical applications. Besides, we should address the challenges of
fairness or privacy in the medical image analysis domain as our future research direction.
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Appendix to
Rethinking Semi-Supervised Medical Image Segmentation:
A Variance-Reduction Perspective

Sec. A provides additional theoretical analysis.

Sec. B provides additional details on the training datasets.

Sec. C provides additional details on the implementation.

Sec. D provides details on 2D/3D methods in comparision.

Sec. E provides additional framework details.

Sec. F provides model architecture details.

Sec. G provides more experimental results on the 2D LiTS [82] dataset.
Sec. H provides more experimental results on the 2D MMWHS [83] dataset.
Sec. I provides more experimental results on the 3D LA [84] dataset.

Sec. J provides more experimental results on the 3D MP-MRI dataset.

Sec. K provides more experimental results on three semantic segmentation benchmarks (Cityscapes
[97], Pascal VOC 2012 [98], SUN RGB-D [99]).

Sec. L. forms a better understanding of generalization across label ratios and frameworks.
Sec. M provides final checkpoint loss landscapes.
Sec. N provides additional details on the hyperparameter selection.

A Theoretical Results Details

A.1 Proof of Lemma 3.1

Proof. By definition of the estimate H, since the sampling from each group is independent, the
variance can be written as

R 1 M
Var[Hsg} = ﬁ Z Z 0’1271.

m=1peD,,
Since | Dy | = Ny, it follows that

2 2

~ n? o
m m
VaI‘[Hsc,] = E - .
n? ny,

m=1

Note that o2, is the variance of the h(x; p) where p ~ P, uniformly.

Analysis of SAG. We now consider SAG. Recall that, compared to SG, SAG first samples 7, /2
pixels from P,,,° from each m = 1,--- , M in the same way as SG. SAG then deterministically
picks the rest n,,/2 pixels to be the reflection pixels of the first half (see Figure 2(3)). Let’s
choose arbitrary group m and denote by p and p’ the sampled pixel and its reflection from that
group. Note that the variance of p satisfies Varsag|[h(x;p)] = o2, since p is sampled in a same
way as in the case of SG. Observe that, by symmetry, the variance of p and p’ should be the same

Varsag[h(x;p)] = Varsag|h(x;p)] = o2,. It follows that:
Varsaglh(x;p) + h(x;p')]
= Varsag[h(x; p)] + Varsag[h(x; p")] + 2Covsag|h(x;p), h(x;p)]
< 402

m?

®For simplicity, we ignore the rounding issue.
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where the second step holds because the correlation between h(x; p) and h(x;p’) is at most 1. It
follows that:

- o~ [Pul? 1
Var[Hgsag| = Z PE DT Var Z h(x;p)
m=1 m peDm

Mo o
= > S Varlh(xip) + hixp)]
p,p

-1 m

A.2 Proof of Theorem 3.2

Proof of Theorem 3.2. Denote w,, = N, /n, where n,, = |D,,|. The unbiasedness is straightfor-
ward: by proportional sampling, the probability that an arbitrary pixel in group P,, being chosen is
equal to |D,,|/|Pum|. Since |D,,| = |Pyn|. the probability of being chosen is equal across all pixels,
and hence an arbitrary pixel p € D = U,,D,, is equally likely to be any pixel in the population P.
As a result, we have

E[Hso(x:D)] = E | Y h(x;p)/ID|| = Eylh(x;p)]
peD
= H(x),
where the first equality is by the construction of H sa(x; D), the second equality is by symmetry of
p € D, and the last inequality is by the above conclusion that p is equally possible to be any pixel in
‘P. This finishes the proof that Hgg is unbiased.

The variance of Hgg is equal to
M 9 4

77 Mm Om
Var[Hsg] = Z

n2 ny,’

m=1

where 02, is the variance of the f(x;p) when p ~ D,, uniformly. Under the case of proportlonal

samphng, ie., ny x |Dpy| forall m = 1,---, M (for simplicity we assume such n,,’s are all
integers), the variance becomes
M (W - m)? o2
Var| Hsc, = E 7 E wm—m.
— W * n
m=1 m=1

We now consider NS (i.e. naive sampling). By definition, the random sampling samples pixels
uniformly from the set P of all pixels. Since n is the total number of pixels sampled, the variance of
the Hys is given as Var[Hys]| = 02/n where o2 is the sampling variance of h(x; p) given p ~ P

uniformly. To determine o2, we apply a variance decomposition trick via conditioning. Specifically,

the sampling from NS is a two-step process: (1) sample the group index m from [M], (2) sample the
pixel uniformly from 7P,,,. Applying the law of total variance, we have

Var Pt [h(x;p)]
= E[Var[h(X'p)]lp € Pm] + Var[E[h(x; p)|p € Pn]]

= Z Wy 02, + Z ( wip, OGP = Ep"ﬂ'P[h(X;p)])Q.
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As a result, we conclude that, for any image x, the sampling variance of SG estimate and NS estimate
satisfies

Var [ENS] = Var[f[sg]

2
+ — Z ( it X p)] Epufn\i/ﬂp [h(x§ p)]) ,
which finishes the proof. O

A.3 Further Details on Convergence

We first make the following assumptions about the loss function and the gradient estimate in our
learning problem.

Assumption A.1 (Smoothness). The objective function L(-) is L-smooth, i.e., L is differentiable and
IVL(O) — VLG )|, < L(||0 —0'||,) for all 8, " in the domain of VL.

Assumption A.2 (Bounded variance). There exists some 03 > 0 such that for all 0 in the domain,
2
E|llg(6) - VLO)I?] < o

These assumptions are standard in optimization theory and in various settings [87, 88, 89]. The first
assumption allows us to characterize the loss landscape of our learning problem, and the second
assumption ensures the gradient estimate does not deviate largely from the truth, which is essential
for the training to converge. With these two assumptions, it is guaranteed that

*ZE[”V‘ fsc(z+%)

Proposition 1. Suppose the step sizes in SGD are taken to be min {1 /L,a/(o,VT )} where T is

the number of steps. Then under Assumption A.1 and A.2, there exists some constant C' depending on
L, o, and L, such that

;iﬂz [Iv2@0iE] <o (F+ ).

Proposition 1 shows that, in expectation, the convergence rate of the average gradient norm consists
of a fast rate 1/T" and a slow rate o4/ VT, with the slow rate being the dominant term. Importantly,
the slow rate depends on the variance of the gradient estimate. This suggests that a variance reduced
gradient estimate allows SGD to reach an approximate local minimum with less iterations, leading to
faster convergence of the training loss. This intuition is corroborated by Fig. 5, where we directly
visualize the training trajectory of contrastive loss versus epoch for three sampling methods. We
observe that SG features a faster loss decay and a narrower error bar, showing that it outperforms
other methods in both the convergence speed and the stability. Furthermore, Proposition 1 indicates
that our proposed sampling techniques are universal, since it applies to all scenarios as long as the
mild assumptions A.1 and A.2 are satisfied. In other words, when it comes to scenarios that involve
pixel/voxel-level sampling on 2D/3D images, utilizing SG/SAG instead of naive sampling can lead to
enhanced stability and decreased variance.

B Datasets

Our experiments are conducted on five 2D/3D representative datasets in semi-supervised medical
image segmentation literature, including 2D benchmarks (i.e., ACDC [81], LiTS [82], and MMWHS
[83]) and 3D benchmarks (i.e., LA [84] and in-house MP-MRI).

* The ACDC dataset was collected from MICCAI 2017 ACDC challenge [81], consisting

of 200 3D cardiac cine MRI scans with 3 classes — left ventricle (LV), myocardium (Myo),
and right ventricle (RV). Following [53, 9, 10], we utilize 120, 40, and 40 scans for training,
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validation, and testing 7. Note that 1%, 5%, and 10% label ratios are the ratio of patients.
The splitting details are in the supplementary material. For pre-processing, we normalize
the intensity of each 3D scan into [0, 1] by using min-max normalization, and re-sample
images and segmentation maps to 256 x 256 pixels.

* The LiTS dataset was collected from MICCAI 2017 Liver Tumor Segmentation Challenge
[82], consisting of 131 contrast-enhanced 3D abdominal CT volumes with 2 classes — liver
and tumor. Note that 1%, 5%, and 10% label ratios are the ratio of patients. We utilize
100 and 31 scans for training and testing, with random order. The splitting details are in
the supplementary material. For pre-processing, we follow the setting in [6] by truncating
the intensity of each 3D scan into [—200, 250] HU for removing irrelevant and redundant
features, normalizing each 3D scan into [0, 1], and re-sample images and segmentation maps
to 256 x 256 pixels.

* The MMWHS dataset was collected from MICCAI 2017 challenge [83], consisting of 20
3D cardiac MRI scans with 7 classes — left ventricle (LV), left atrium (LA), right ventricle
(RV), right atrium (RA), myocardium (Myo), ascending aorta (AAo), and pulmonary artery
(PA). Note that 1%, 5%, and 10% label ratios are based on the ratio of patients. Following
[17], we utilize 15 and 5 scans for training and testing. The splitting details are in the
supplementary material. For pre-processing, we normalize the intensity of each 3D scan
into [0, 1] by using min-max normalization, and re-sample images and segmentation maps
to 256 x 256 pixels.

* The LA dataset [84] was a representative 3D benchmark, consisting of 100 gadolinium-
enhanced MRI scans with one class — left atrium (LA), with an isotropic resolution of
0.625 x 0.625 x 0.625mm?. Note that 1%, 5%, and 10% label ratios are the ratio of patients.
The fixed split (i.e., 5%, and 10% ) [8, 53] uses 80 and 20 scans for training and testing ®, and
1% label ratio is randomly split. The splitting details are in the supplementary material. For
pre-processing, we crop all the scans at the heart region, normalize the intensities of each 3D
scan into [0, 1], and randomly crop all the training sub-volumes into 112 x 112 x 80mm?3.

¢ The Multi-phasic MRI (MP-MRI) dataset was an in-house 3D dataset, consisting of
160 multi-phasic MRI scans with one class — liver, each of which includes T1 weighted
DCE-MRI images at three-time points (i.e., pre-contrast, arterial phase, and venous phases).
Three images are mutually registered to the arterial phase images, with an isotropic voxel
size of 1.00 x 1.00 x 1.00mm?. The dataset is randomly divided into 100 scans for training,
40 for validation, and 20 for testing. Note that 1%, 5%, and 10% label ratios are the ratio
of patients. The splitting details are in the supplementary material. For pre-processing, we
normalize the intensity of each 3D scan into [0, 1] by using min-max normalization, and
re-sample images and segmentation maps to 256 x 256 pixels.

C Implementation Details

In our experiments, all of our evaluated methods have been trained using similar settings for simplicity
in reproducing our results. All experiments are conducted with PyTorch [101] on an NVIDIA RTX
3090 Ti. We adopt an SGD optimizer with momentum 0.9 and weight decay 10~4. The initial
learning rate is set to 0.01. We use the 2D UNet [30] or 3D VNet [78] backbones as the segmentation
network under different labeled ratio settings (i.e., 1%, 5%, 10% labeled ratios). Following [17],
we adopt the feature pyramid network (FPN) [102] architecture as the representation head v, with a
separate 512-dimension output layer. The momentum hyperparameter is set to 0.99.

For pre-training, the networks are trained for 100 epochs with a batch size of 6. We apply the mined
views with d =5, following [17]. As for fine-tuning, the networks are trained for 200 epochs with a
batch size of 8. The learning rate decays by a factor of 10 every 2500 iterations during the training.
We apply the temperature with 7. =0.01, 7, =0.1, and 7=0.5, respectively. The size of the memory
bank is set to 36. For the CL training, we use the implementation from [17] and leave all parameters
on their default settings, e.g., we apply the hyperparameters with A\; =0.01, A\ =1.0, and A3 =1.0.
For other hyper-parameters in all the evaluated methods, we adopt the suggested settings in the
original papers because they are not of direct interest to us.

"https://github.com/HiLab-git/SSLAMIS/tree/master/data/ACDC
$https://github.com/ycwul1997/SS-Net/tree/main/data/LA
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Table 4: Ablation on data augmentation strategies: (1) random rotation; (2) random cropping; and
(3) horizontal flipping, compared to our methods with two settings (i.e., w/ no augmentation and w/
all three augmentation). Note that we use the identical data augmentation strategies (i.e., random
rotation, random cropping, and horizontal flipping), as [30, 90, 91, 92, 93, 8, 94, 9, 57, 95, 62, 50,
59, 96, 53, 16, 17] for fair comparisons.

Method |  DSC[%]T ASD[voxel]|
e ARCO-SAG (ours) 84.9 1.47
w/o random rotation 84.1 2.87
w/o random cropping 84.4 3.47
w/o horizontal flipping 73.7 6.70
w/ no augmentation 70.8 9.83
ARCO-SG (ours) 85.5 0.947
w/o random rotation 83.8 3.27
w/o random cropping 84.6 1.62
w/o horizontal flipping 78.8 4.15
w/ no augmentation 76.2 7.74

For 2D medical segmentation, we follow the same data augmentations [9, 53] to the teacher’s input
and the student’s input, respectively. The augmentations include random rotation, random cropping,
and horizontal flipping. For 3D medical segmentation, we follow the same data augmentations
[8, 9, 96, 53] to the teacher’s input and the student’s input, respectively. The augmentations include
random rotation and random flipping. We evaluate our methods on 3D segmentation results with two
classical metrics: (1) Dice coefficient (DSC) and (2) Average Symmetric Surface Distance (ASD).
Note that, for all the evaluated methods, we make no additional modifications during the training
process for fair evaluations. We run all our experiments in the same environments with fixed random
seeds (Hardware: Single NVIDIA GeForce RTX 3090 GPU; Software: PyTorch 1.10.2+cul13, and
Python 3.8.11).

D 2D/3D Methods in Comparison

2D Medical Segmentation: For experiments, we use 2D UNet [30] as backbone, and compare ARCO
with previous state-of-the-art medical segmentation methods: (1) Baseline (i.e., UNet-F/UNet-L
[30]) using both fully-supervised and limited-supervised settings; and (2) SSL-based: EM [90], CCT
[91], DAN [92], URPC [57], DTC [9], DCT [93], ICT [95], MT [59], UAMT [8], SASSNet [94], CPS [62],
GCL [50], MC-Net [96], SS-Net [53], ACTION [16], and MONA [17]. Note that among all the above
evaluated methods, several methods use a contrastive objective, including GCL [50], SS-Net [53],
ACTION [16], and MONA [17].

3D Medical Segmentation: For experiments, we use 3D VNet [78] as backbone, and compare ARCO
with previous state-of-the-art medical segmentation methods: (1) Baseline (i.e., VNet-F/VNet-L
[78]) using both fully-supervised and limited-supervised settings; and (2) SSL-based: EM [90], CCT
[91], DAN [92], URPC [57], DTC [9], DCT [93], ICT [95], MT [59], UAMT [8], SASSNet [94], CPS [62],
GCL [50], MC-Net [96], SS-Net [53], ACTION [16], and MONA [17]. Note that among all the above
evaluated methods, several methods use a contrastive objective, including GCL [50], SS-Net [53],
ACTION [16], and MONA [17].

E Framework Overview

In the following, we provide a concise overview of ARCO, consisting of two training phases: (1)
relational semi-supervised pre-training, and (2) anatomical contrastive fine-tuning. Note that, in this
paper, sampling strategies in pixel-level CL framework are of direct interest, so we use a simplification
of MONA [17] without using any additional complicated augmentation strategies.

(1) Relational Semi-Supervised Pretraining. Given an unlabeled sample, ARCO has two ways to
define augmented and mined views: (1) ARCO augments the samples to be x! and x? as augmented
views, with two separate data augmentation operators; and (2) ARCO randomly samples d mined
views (i.e., x3) from the unlabeled dataset with additional augmentation. The pairs [xl, x2] are
then processed by [Fl, F3], and in a similar way x® is processed by F} (See Figure 1(a) in main

paper), outputting three global features [h', h? h?| after E and their local features [f', £2, £3] after
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Table 5: Quantitative comparisons (DSC[%] 1/ ASD[voxel] |) across the three labeled ratio settings
(1%, 5%, 10%) on the LiTS benchmark. All experiments are conducted as [30, 90, 91, 92, 93, 8,
94, 9, 57, 95, 62, 50, 59, 96, 53, 16, 17] in the identical setting for fair comparisons. Best and
second-best results are coloured blue and red, respectively. UNet-F (fully-supervided) and UNet-L
(semi-supervided) are considered as the upper bound and the lower bound for the performance
comparison. Please refer to the text for discussion. We adopt the identical data augmentation (i.e.,
random rotation, random cropping, and horizontal flipping) for fair comparisons.

LiTS
1% Labeled 5% Labeled 10% Labeled

Method Average Liver Lesion Average Liver Lesion Average Liver Lesion
UNet-F [30] 68.2/16.9 90.6/8.14 45.8/25.6 68.2/16.9 90.6/8.14 45.8/25.6 68.2/16.9 90.6/8.14 45.8/25.6
UNet-L 50.8/30.4 76.5/15.2 25.0/45.6 63.4/30.4 90.5/9.84 36.4/50.9 64.6/28.3 88.4/18.6 40.9/37.9
EM [90] 56.6/38.4 86.4/26.3 26.9/50.5 61.2/33.3 87.6/9.47 34.7/57.1 62.9/38.5 87.4/21.3 38.3/55.7
CCT [91] 52.4/52.3  79.1/42.0 25.7/62.6 61.4/26.1 84.6/12.3 38.2/39.9 63.4/23.0 88.8/7.64 38.0/38.5
DAN [92] 57.1/28.3  84.5/19.2 29.6/37.4 62.3/25.8 88.6/9.64 36.1/42.1 63.2/30.7 87.3/154 39.1/46.1
URPC [57] 55.5/34.6  83.0/27.3 28.0/42.0 60.9/21.4 85.5/8.11 36.3/34.6 62.5/24.8 84.9/12.9 40.1/36.7
DTC [9] 39.3/37.5 68.1/10.7 10.5/64.3 59.2/18.6 85.0/7.54 33.3/29.7 62.5/24.8 84.9/12.9 40.1/36.7
DCT [93] 57.7/38.5 87.0/224 283/54.6 60.8/344 89.2/12.6 32.5/56.2 61.9/31.7 86.2/19.3 37.5/44.1
ICT [95] 58.3/32.2 86.5/22.8 30.1/41.5 60.1/39.1 86.8/12.6 33.3/65.6 62.5/32.4 88.1/16.7 36.9/48.2
MT [59] 54.7/24.7 83.1/10.2 26.3/39.1 60.9/23.7 87.5/6.34 34.4/41.1 62.3/23.7 88.5/9.32 36.1/38.1
UAMT [8] 55.5/34.6  83.0/27.3 28.0/42.0 61.5/24.7 84.5/10.6 38.6/38.8 62.9/23.6 87.4/7.78 38.4/39.6
SASSNet [94] 39.6/42.7  69.0/14.7 10.3/7.06 60.4/25.3 86.1/11.6 34.7/39.0 62.4/21.1 86.4/8.31 38.3/33.9
CPS [62] 57.7/39.6  87.0/22.4 28.3/54.6 59.5/26.3 84.0/9.01 34.9/43.5 62.1/30.8 88.6/18.3 35.6/43.3
GCL [50] 59.3/29.5 88.6/14.2 30.0/44.9 63.3/20.1 90.7/9.46 35.9/30.8 65.0/37.2 91.3/10.0 38.7/64.3

MC-Net [96] 60.9/32.1 87.1/17.8 34.8/46.5 61.6/19.8 86.3/8.21 36.9/31.4 63.4/29.9 89.0/13.1 38.0/46.8
SS-Net [53] 55.0/35.9 89.6/19.8 20.5/51.9 59.1/24.6 87.5/11.2 30.6/38.1 63.4/19.8 91.1/7.33 35.8/32.2
ACTION [16] 61.0/24.5 89.8/16.9 32.2/32.3 66.3/23.6 93.0/6.41 39.5/40.8 67.2/20.4 92.8/5.08 41.6/35.8
MONA [17] 62.2/24.9 91.3/13.9 34.0/359 66.6/16.6 93.1/7.74 40.1/254 68.3/18.0 93.4/8.88 43.3/27.0

© ARCO-SAG (ours) 64.1/20.6  91.5/7.63 36.8/33.5 67.3/13.2 93.0/7.10 41.7/19.3 69.4/149 93.3/7.60 45.5/22.2
ARCO-SG (ours)  65.5/20.2 92.5/5.59 38.4/34.7 68.4/11.3 93.7/6.63 43.0/16.0 70.1/13.5 94.1/5.01 46.1/22.1
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Figure 6: Visual results on LiTS with 1%, 5%, 10% label ratios. As is shown, ARCO-SG and ARCO-SAG
consistently produce more accurate predictions on anatomical regions and boundaries compared to
all other SSL methods.

D. These features are fed to the two-layer non-linear projectors for outputting global and local
embeddings v, and v;.

To alleviate the collapse issues [26, 27, 16], we make the architecture asymmetric between the student
and feacher pipeline by further feeding both the global and local embeddings v with respect to the
student branch into the non-linear predictor, producing w in both global and local manners °. After
passing through the nonlinear projectors and predictor, the relational similarities between augmented
and mined embeddings are computed using the softmax transform, which can be formulated as:
exp(sim(wl,vs)/fs) exp(sim(wz,vs)/‘rt)
>N exp(sim(wl,vf’l)/-rS SN exp (sim(w2,vi’b)/n
temperature parameters. The unsupervised instance discrimination loss (i.e., Kullback-Leibler
divergence L) can be defined as:

u, = log ) , u; = log ) , where 7, and 7 are different

Linst = KL(us)|ug). (E.1)

“We omit details of local instance discrimination setting for simplicity in following contexts.

21



The parameters of the teacher model are the exponential moving average (EMA) of the student model
parameters that are updated by the stochastic gradient descent. For pretraining, the entire loss consists
of the global and local instance discrimination loss, and supervised segmentation loss Ly (i.e., equal

1 i i ; __ pglobal local
combination of Dice loss and cross-entropy loss), i.e., £L = L0 + Lo 4+ Lap.

(2) Anatomical Contrastive Finetuning (ACF). We use the pre-trained network weights as the
initialization for subsequent fine-tuning (See Figure 1(b) in Main Paper). For semi-supervised training,
we follow two principles described in [17] '°: (1) tailness: giving more importance to tail class hard
pixels; and (2) diversity: ensuring anatomical diversity in the set of different sampled images.

Following the abovementioned principles, we employ a two-step routine: (1) Tailness: we first
perform anatomical contrastive formulation. Specifically, we additionally attach the representation
head 1,.'!, and generate a higher n-dimensional dense representation with the same spatial resolution
as the input image. A pixel-level contrastive loss is designed to pull queries r, € R to be similar to
the positive keys r; €'R, and push apart the negative keys r,, € R. The semi-supervised contrastive
loss Leontrast i defined as:

. et
Lo = Y > —log __ep(rg 1y /7) (E.2)

c€C rg~RE exp(rg - xy"/7) + 2 g ~ms OXD(rg - v /7)

where C is a set including all available classes in the current mini-batch, and 7 is a temperature
hyperparameter. We refer to Ry, Ry, r2’+ as a query set including all representations within this
class c, a negative key set including all representations whose labels is not in class ¢, and the positive
key which is the c-class mean representation, respectively. Consider P is a set including all pixel

coordinates with the same resolution as R, these queries and keys are then defined as:

C C C, 1
Rq= U 1(ypi,5)=¢) i)y Re= U 1(y(i,5) 7€) i rk?+:7|Rc| Z ry. (E.3)
li,j]leA [i.j]€A 7 re€Rg

(2) Diversity: we leverage the first-in-first-out (FIFO) memory bank [13] to search for K-nearest
neighbors, and use the semi-supervised nearest neighbor loss £y, in a way that maximizing cosine
similarity, to exploit the inter-instance relationship.

For fine-tuning, the total loss includes contrastive 1oss Lconast, N€arest neighbors loss Ly, unsuper-
vised cross-entropy loss Lynsup and supervised segmentation 10ss Loup: Loup + A1 Leontrast + A2 Lunsup +
A3Lyn. See Appendix N for the ablation of hyperparameters.

F Model Architecture

Figure 1 provides an overview over our approach. Our semi-supervised segmentation model F’ takes
an 2D/3D medical image x as input and outputs the segmentation map and the representation map.
We leverage MONA pipeline [17] including two stages: (1) relational semi-supervised pre-training:
on labeled data, the student network is trained by the ground-truth labels with the supervised loss
Lyp; while on unlabeled data, the student network takes the augmened and mined embeddings from
the EMA teacher for instance discrimination L, in the global and local manner, (2) our proposed
anatomical contrastive reconstruction fine-tuning: on labeled data, the student network is trained by
the ground-truth labels with the supervised loss Lg,,; while on unlabeled data, the student model
takes the representation maps and pseudo labels from the EMA teacher to give more importance to
tail class Leontrast> €Xploit the inter-instance relationship L,,, and compute unsupervised 10ss Lupsup.
See Appendix M for details of the visualization loss landscapes.

G More Experiment Results on LiTS

Figure 6 and Table 5 show qualitative and quantitative results, where our ARCO-SG and ARCO-SAG
provide better segmentation results than all other methods. This clearly demonstrates the superiority
of our models.

"In this paper, sampling strategies in pixel-level contrastive learning frameworks are of direct interest, so we
use a simplification of MONA [17] — without using any additional complicated augmentation strategies.
""The representation head is only applied during training, and is removed during inference
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Figure 7: Visual results on MMWHS with 1%, 5%, 10% label ratios. As is shown, ARCO-SG and
ARCO-SAG consistently produce more accurate predictions on anatomical regions and boundaries

compared to all other SSL methods.
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Figure 8: Visual results on LA with 1%, 5%, 10% label ratios. As is shown, ARCO-SG and ARCO-SAG
consistently yield more accurate and sharper boundaries compared to all other SSL methods.

H More Experiment Results on MMWHS

We run the baselines and our methods on the third medical image segmentation dataset (i.e., MMWHS
[83]) under various label ratios (i.e., 1%, 5%, 10%), reporting results in Table 6 and Figure 7. This
clearly demonstrates the effectiveness of our models.

I More 3D Experiment Results on LA [84]

We run the baselines and our methods on the fourth 3D medical image segmentation dataset (i.e., LA
[84]) under various label ratios (i.e., 1%, 5%, 10%), reporting results in Table 9 and Figure 8. This
clearly demonstrates the robustness of our models.

J More 3D Experiment Results on MP-MRI

We run the baselines and our methods on the five 3D medical image segmentation dataset (i.e.,
MP-MRI) under various label ratios (i.e., 1%, 5%, 10%), reporting results in Table 9 and Figure 9.
This clearly shows the superiority of our models.
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Figure 9: Visual results on MP-MRI with 1%, 5%, 10% label ratios. As is shown, ARCO-SG and
ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.

K More Experiment Results on Semantic Segmentation

To further validate the effectiveness, we experiment on three popular segmentation benchmarks (i.e.,
Cityscapes [97], Pascal VOC 2012 [98], indoor scene segmentation dataset — SUN RGB-D [99])
in the semi-supervised full-label settings. We follow the identical setting [100] to sample labelled
images to ensure that every class appears sufficiently in our three datasets, i.e., CityScapes, Pascal
VOC, and SUN RGB-D. Specifically, we aim to have the least frequent class appear in at least 5,
15, and 50 images in each dataset, respectively. In CityScapes, we have at least 12 semantic classes
represented in our labeled images, while in Pascal VOC and SUN RGB-D we have at least 3 and 1
semantic classes, respectively. We compare our ARCO-SG and ARCO-SAG under various grid settings
(i.e., 9, 16, 25) to baselines (supervised and semi-supervised ReCo). Table 7 shows the mean IoU
validation performance. We can see that for all cases, ARCO-SG and ARCO-SAG consistently improve
performance, compared to ReCo, in all the semi-supervised settings. For example, under the fewest
label setting in each dataset, compared to ReCo, applying stratified group sampling (SG) can improve
results by an especially significant margin, with up to 2.4 — 7.8% relative gains. As shown in Pascal
VOC 2012 [98] - 60 labels (Figure 10), 200 labels (Figure 11), 600 labels (Figure 12), Cityscapes [97]
— 20 labels (Figure 13), 50 labels (Figure 14), 150 labels (Figure 15), SUN RGB-D [99] — 50 labels
(Figure 16), 150 labels (Figure 17), 500 labels (Figure 18), ARCO-SG and ARCO-SAG consistently
yield more accurate and sharper boundaries compared to ReCo. All those clearly demonstrate the
superiority of our models.

L Generalization across Label Ratios and Frameworks

Besides generalizing well across different datasets and diverse labeled settings, we additionally
evaluate the performance of SG and SAG sampling coupled with different CL frameworks (i.e.,
MoCov2 [103], kNN-MoCo [104], SimCLR [14], BYOL [26], ISD [27], VICReg [28]) on ACDC under
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various label ratios (i.e., 1%, 5%, 10%). In this work, we mainly study the state-of-the-art CL
frameworks from the computer vision domain hereinafter for ablations, considering their superior
performance in the task of image classification. Note that, for each fair comparison, we strictly follow
the default setting in these CL frameworks [103, 104, 14, 26, 27, 28] for pretraining, and fine-tune
each networks using the same settings in Appendix C. Full experimental details are in Appendix C.

Since they work orthogonally to our pretraining strategy, we conduct a comprehensive comparison of
these CL-based frameworks in Table 8. Clearly, our proposed SG and SAG sampling help significantly
in improving the segmentation performance across all the CL-based frameworks and is capable of
being integrated with previous frameworks for further enhanced model robustness. Moreover, it
is important to observe that the performance benefits of our methods increase significantly with a
lower label setting. This observation augments the necessity of our proposed methods while training
networks with high label efficiency.

M Final Checkpoint Loss Landscapes

From visualizations in Figure 19, ARCO-SG converges to much flatter loss valleys, which evidences
their robustness in learning anatomical features.

N Ablation on Different Training Settings

Hyperparameter Selection. For grid search, we detail the tuning steps here. The tuning is done
in sequential order. )\ is chosen from {0.001,0.005,0.01,0.05,0.1,1.0}, and Ao, A3 are chosen
from {0.1,0.2,0.5, 1.0, 2.0, 10.0}. We use the validation set to search over hyperparameters and find
the best hyperparameter on ACDC with 1% labeled ratio. As shown in Figure 20, with a carefully
tuned hyperparameters A;=0.01, A2=1.0, and A3=1.0, such setting achieves superior performance
compared to others.
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Table 6: Quantitative comparisons (DSC[%] 1/ ASD[voxel] |) across the three labeled ratio settings
(1%, 5%, 10%) on the MMWHS benchmark. All experiments are conducted as [30, 90, 91, 92, 93,
8,94,9, 57,95, 62,50, 59, 96, 53, 16, 17] in the identical setting for fair comparisons. Best and
second-best results are coloured blue and red, respectively. UNet-F (fully-supervided) and UNet-L
(semi-supervided) are considered as the upper bound and the lower bound for the performance
comparison. Please refer to the text for discussion. Note that, Left Ventricle — LV, Right Ventricle
— RV, Left Atrium — LA, Right Atrium — RA, Myocardium — Myo, Ascending Aorta — AA,
Pulmonary Artery — PA. We adopt the identical data augmentation (i.e., random rotation, random
cropping, and horizontal flipping) for fair comparisons.

Method (1% Labeled)  Average LV RV LA RA Myo AA PA

UNet-F [30] 85.8/8.01 87.0/4.11 79.5/14.7 92.7/496 81.6/13.1 83.9/9.32 95.0/3.33 81.1/6.46
UNet-L 58.3/33.9 73.5/28.2 57.9/37.6 74.9/30.2 47.2/654 619/278 74.0/18.7 18.6/29.4
EM [90] 59.5/63.2  71.7/53.0 64.7/26.3 66.6/51.5 61.7/39.4 56.8/66.0 81.9/48.8 12.9/157.2
CCT [91] 62.8/27.5 78.1/18.3 62.8/45.1 83.0/18.4 453/69.9 67.0/189 76.3/10.6 26.7/11.2
DAN [92] 63.8/39.0 76.3/15.4 62.2/58.3 68.0/25.3 52.3/48.2 57.0/54.3 89.0/28.0 42.0/43.4
URPC [57] 65.7/29.7 77.0/29.5 65.1/33.4 87.6/18.5 52.1/56.3 65.8/28.5 85.5/22.7  27.3/29.7
DTC [9] 62.9/32.3  78.0/29.6 63.6/29.4 74.6/30.8 49.4/53.5 67.3/28.1 89.0/10.0 18.2/44.4
DCT [93] 60.0/35.3  72.1/31.6  55.6/42.9 79.0/24.0 54.6/65.7 62.7/31.4 67.3/26.7 29.2/35.3
ICT [95] 59.9/32.8 77.1/15.5 53.4/41.8 79.7/254 44.1/69.0 62.9/28.5 74.1/20.8  28.4/28.8
MT [59] 61.3/36.0 70.7/37.5 62.8/29.0 74.0/49.6 52.8/58.5 58.7/27.0 85.3/13.0 24.9/37.5
UAMT [8] 61.1/37.6  75.1/31.9  60.3/49.2 79.5/30.7 50.8/81.8 62.5/33.1 76.6/11.7 23.0/25.0
SASSNet [94] 62.5/33.9 76.6/27.6 62.8/29.0 74.0/49.6 52.8/58.5 58.7/27.0 85.3/13.0 24.9/37.5
CPS [62] 69.2/22.6  77.9/20.1 67.9/25.3 87.8/18.0 67.6/27.7 66.7/142 91.5/20.3  24.8/32.5
GCL [50] 71.6/20.3  83.5/10.9 66.0/31.7 91.2/5.29 58.9/48.0 73.2/16.9 89.8/4.59 38.6/24.8
MC-Net [96] 65.4/56.9 67.6/59.0 59.6/45.8 68.8/29.6 61.7/62.8 53.8/56.8 84.4/80.5 61.9/63.6
SS-Net [53] 60.6/30.7 67.5/15.5 66.0/42.5 73.2/25.1 53.7/529 59.5/15.0 81.0/29.5 23.2/34.5
ACTION [16] 78.2/10.5 88.2/3.95 71.0/11.3 89.4/3.00 74.1/32.5 79.0/8.52 83.2/3.82  62.3/10.2
MONA [17] 82.2/8.05 89.2/3.64 75.8/6.98 89.9/3.31 77.6/27.4 79.5/3.70 94.4/2.72  69.4/8.61

© ARCO-SAG (ours) 86.1/8.78 89.9/3.54 80.9/8.79 92.1/3.22 83.1/24.1 84.0/7.36 94.8/5.41  77.5/9.02
ARCO-SG (ours) 87.3/5.79 90.7/3.43 82.5/5.58 92.9/3.13 86.2/15.0 85.6/2.89 95.2/2.85 77.9/7.62

Method (5% Labeled)  Average LV RV LA RA Myo AA PA

UNet-F [30] 85.8/8.01 87.0/4.11 79.5/14.7 92.7/496 81.6/13.1 83.9/9.32 95.0/3.33  81.1/6.46
UNet-L 72.3/31.1  78.5/31.2 69.0/25.6 78.1/23.8 57.0/453 69.4/34.5 90.2/14.5 63.9/42.5
EM [90] 80.6/17.3  82.0/22.7 75.3/26.5 87.9/19.2 72.8/19.4 74.8/19.1 94.1/6.52  77.6/7.68
CCT [91] 79.0/21.9 82.9/15.3 73.5/31.6 83.3/144 75.5/34.0 77.9/243 92.7/17.6  67.0/16.1
DAN [92] 79.4/22.7 80.1/37.0 77.2/30.0 83.1/12.3 74.4/13.9 78.9/27.4 92.2/28.9  69.5/22.7
URPC [57] 76.3/25.5 84.2/18.8 71.3/252 78.5/18.2 63.4/39.4 72.0/24.9 93.5/17.3  71.0/34.9
DTC [9] 76.4/21.3  82.3/17.2 72.4/244 76.1/152 65.0/31.8 75.2/20.9 92.8/13.1  70.8/26.7
DCT [93] 80.8/23.0 84.0/45.4 75.7/26.0 87.9/12.1 73.9/31.7 77.2/34.1 94.6/5.26  72.5/6.45
ICT [95] 77.9/18.8 84.1/13.2 76.7/26.3 79.2/14.0 66.5/249 74.1/18.8 94.2/6.21  70.3/28.3
MT [59] 775242 83.5/154 72.8/29.0 78.0/16.2 68.9/39.2 74.7/24.4 93.3/11.8 71.1/33.4
UAMT [8] 76.2/21.1 83.4/20.7 71.5/244 77.0/14.6 62.8/30.6 75.8/22.1 93.0/891  69.7/26.0
SASSNet [94] 75.2/25.0 80.9/25.0 70.8/31.2 80.0/17.0 61.4/40.0 70.0/31.3 92.4/18.9  71.0/21.9
CPS [62] 78.3/22.5 83.0/29.6 68.8/27.7 85.0/20.4 73.1/15.5 71.9/352 94.7/9.05  71.9/20.2
GCL [50] 83.5/7.41 86.4/4.72 78.5/9.79 88.6/4.34 79.8/12.1 81.4/8.07 93.5/3.91  76.4/8.95
MC-Net [96] 78.5/23.9 83.7/23.8 74.4/25.7 81.9/16.8 70.8/38.4 74.4/23.9 93.3/142 71.1/25.0
SS-Net [53] 78.0/25.2  83.0/7.76  74.8/32.0 82.3/20.3 69.6/42.6 71.1/15.8 92.4/25.5 73.2/32.1
ACTION [16] 85.4/6.71 88.2/3.09 78.8/9.66 90.5/2.84 80.6/15.6 84.4/7.37 94.0/2.56 81.3/5.86
MONA [17] 87.3/6.62 90.2/2.92 80.9/9.62 92.8/2.65 82.5/152 87.0/8.53 95.3/1.86  82.7/5.60

© ARCO-SAG (ours) 88.6/6.73 91.1/2.70 83.4/13.0 92.9/2.84 84.3/16.1 89.0/4.68 95.9/1.57 83.3/6.19
ARCO-SG (ours) 89.3/4.80 91.2/2.70 84.6/8.30 93.7/2.49 85.6/10.4 89.2/3.41 96.0/1.42 84.7/4.95

Method (10% Labeled)  Average LV RV LA RA Myo AA PA

UNet-F [30] 85.8/8.01 87.0/4.11 79.5/14.7 92.7/496 81.6/13.1 83.9/9.32 95.0/3.33  81.1/6.46
UNet-L 77.8/19.7 82.8/8.92 77.3/16.1 75.9/22.8 74.6/24.7 75.3/11.6 90.8/21.6  67.8/32.3
EM [90] 82.1/15.1 86.7/19.8 78.4/24.5 88.1/7.46 77.6/15.9 75.8/25.1 95.0/4.13  73.2/8.86
CCT [91] 79.4/16.3  85.4/5.65 73.5/30.0 89.1/7.10 68.2/31.2 70.2/24.3 92.4/590 77.1/9.77
DAN [92] 80.2/15.0 81.6/22.6 74.2/21.2 85.0/10.1 75.5/17.1 76.9/20.2 94.0/4.40 74.4/9.15
URPC [57] 81.9/12.3 88.1/9.41 68.3/20.7 88.1/6.73 76.6/14.3 80.4/19.6 94.5/4.26  77.2/11.0
DTC [9] 79.5/20.6 82.8/10.8 75.8/18.7 85.9/13.8 75.2/41.5 74.4/13.9 90.7/25.1 71.7/20.1
DCT [93] 82.8/12.5 85.4/11.6 78.0/23.3 89.0/4.30 79.0/16.5 75.5/19.1 94.3/4.42  78.4/8.08
ICT [95] 82.2/12.0 88.4/5.11 75.0/13.5 89.0/6.98 75.2/26.4 79.6/20.4 94.9/4.29  73.3/7.30
MT [59] 79.4/19.8 80.4/24.1 70.3/21.3 86.0/18.0 80.0/17.0 73.3/28.7 92.3/20.9  73.8/8.92
UAMT [8] 83.7/14.2 86.7/12.3 80.3/20.6 89.6/8.10 79.5/19.2 79.2/19.6 93.9/10.3  73.8/8.92
SASSNet [94] 81.8/15.5 84.9/8.01 78.3/159 84.4/12.5 79.3/27.3 79.0/14.6 93.4/8.30 73.3/22.3
CPS [62] 82.0/13.1 84.4/9.85 78.5/21.1 85.9/6.61 81.0/18.7 76.4/18.3 93.2/7.04 74.9/10.3
GCL [50] 86.7/8.76  90.5/2.95 81.3/19.6 90.4/4.31 83.1/18.1 86.7/5.84 94.8/2.00  80.3/8.53
MC-Net [96] 81.9/154 85.4/5.778 80.1/17.2 81.5/11.1 79.7/34.1 79.8/10.9 93.1/6.28  73.7/22.4
SS-Net [53] 82.3/13.9 85.7/8.80 79.5/17.6 84.1/12.1 80.2/20.0 81.0/14.0 93.6/8.60  72.0/16.1
ACTION [16] 86.1/5.93 88.9/3.25 81.3/6.99 89.4/3.13 81.6/14.1 87.8/3.76 94.4/2.53  79.4/7.78
MONA [17] 87.6/6.83  90.7/2.89 82.8/8.99 91.8/3.48 85.2/15.7 87.2/5.32 94.9/4.32 80.4/7.13

© ARCO-SAG (ours) 89.3/4.42 91.1/2.97 84.8/6.30 94.1/2.38 86.1/9.73 89.2/2.89 96.0/1.68  83.6/5.02
ARCO-SG (ours) 89.4/4.80 91.6/2.56 85.0/6.79 93.9/2.53 86.3/11.5 89.6/2.71 95.9/1.66  83.6/5.88
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Table 7: Quantitative comparisons (Intersection Over Union (IoU) 1) for Pascal VOC, CityScapes
and SUN RGB-D datasets. All experiments are conducted as [100] in the identical setting for fair
comparisons. Best and second-best results are colored blue and red, respectively.

Pascal VOC CityScapes SUN RGB-D

Method 60 labels 200 labels 600 labels ~ all labels 20 labels 50 labels 150 labels all labels 50 labels 150 labels 500 labels ~ all labels
Supervised 39.4 55.5 64.6 7.8 38.2 45.9 55.4 70.9 20.0 29.2 38.9 51.8
ReCo [100] + ClassMix 57.1 69.4 73.2 - 49.9 57.9 65.0 - 30.5 40.4 44.6 -
© ARCO-SAG (9 Grid) + ClassMix 58.3 70.5 75.4 - 50.2 60.2 66.5 - 315 40.9 45.7
© ARCO-SAG (16 Grid) + ClassMix 58.7 70.9 75.1 - 50.1 60.6 66.3 - 378 40.2 45.7
© ARCO-SAG (25 Grid) + ClassMix 59.1 70.9 74.9 - 49.8 60.6 66.7 - 38.5 40.5 45.5

ARCO-SG (9 Grid) + ClassMix 59.2 71.8 75.3 - 52.5 60.9 66.8 - 324 414 46.6

ARCO-SG (16 Grid) + ClassMix 59.6 71.7 75.5 - 53.7 61.2 66.2 - 37.7 41.0 46.4

ARCO-SG (25 Grid) + ClassMix 59.5 71.7 75.2 - 515 61.8 66.4 - 383 41.5 47.3

Table 8: Ablation on different contrastive learning frameworks with respect to various labeled ratio
settings (1%, 5%, 10%). Experiments are conducted on ACDC using UNet [30] as the backbone.
Here we report the segmentation performance in terms of DSC[%] and ASD[mm]. On all three
labeled settings, incorporating our methods (i.e., SG and SAG) consistently achieve superior model
robustness gains compared to naive sampling across different state-of-the-art CL frameworks.

1% Labeled 5% Labeled 10% Labeled
Category Method DSCt ASD] DSCt ASD] DSC1T ASD|

NS 76,4 5.64 83.3 3.78 83.8 3.17
MoCov2 [103] ¢ SAG 80.9 4.16 84.7 3.53 84.6 3.84
SG 81.4 4.01 85.1 1.48 84.9 3.08

NS 78.3 4.54 83.8 3.74 84.1 2.97
kNN-MoCo [104] e SAG 81.8 4.08 84.6 3.41 84.7 2.58
SG 83.9 3.17 85.4 3.17 85.0 2.47

NS 74.9 4.89 80.9 3.19 84.1 2.78
SimCLR [14] ¢ SAG 78.5 4.01 83.8 2.68 85.8 2.01
SG 79.1 3.49 84.3 2.31 86.0 1.76

NS 71.3 5.01 82.9 3.14 84.8 1.67
BYOL [26] ¢ SAG 79.8 4.12 85.0 2.81 85.7 1.36
SG 80.2 3.79 85.8 1.67 85.9 1.13

NS 79.3 3.54 81.2 2.86 85.6 1.90
ISD [27] ¢ SAG 81.4 3.50 83.1 2.53 86.3 1.61
SG 82.2 2.04 83.7 1.97 86.7 1.34

NS 64.0 10.6 79.1 4.18 82.9 3.89
VICReg [28] e SAG 81.1 3.49 83.8 3.02 86.3 2.14
SG 81.6 3.12 84.1 2.78 86.8 2.01

NS 82.6 1.43 86.9 1.07 87.7 1.33
ARCO (ours) e SAG 84.9 1.47 87.1 0.848 88.5 1.40
SG 85.5 0.947 88.7 0.841 89.4 0.776
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Figure 10: Visual results on Pascal validation set with 60 labels. As is shown, ARCO-SG and ARCO-SAG
consistently yield more accurate and sharper boundaries compared to all other SSL methods.

28



Ground Truth Supervised Reco+ClassMix

~ ~ ‘

Case | (200 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

~

ARCO-SG (9 Grid) + ClassMix ~ ARCO-SG (16 Grid) + ClassMix ~ ARCO-SG (25 Grid) + ClassMix

Ground Truth Supervised Reco+ClassMix

Case 2 (200 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ~ ARCO-SG (16 Grid) + ClassMix  ARCO-SG (25 Grid) + ClassMix
M Background [l Acroplane [l Bicycle [ Bird [ Boat [l Bottie [ Bus [l car [Ct
E Toie [l pog I Horse Ml Motorbike [ Person Il Piane Il sheep I sofa [ Train
B chair [ cow [l Monitor [] invalid

Figure 11: Visual results on Pascal validation set with 200 labels. As is shown, ARCO-SG and
ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.
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Ground Truth Supervised Reco+ClassMix

Case | (600 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ~ ARCO-SG (16 Grid) + ClassMix ~ ARCO-SG (25 Grid) + ClassMix

Ground Truth Supervised Reco+ClassMix

Case 2 (600 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ~ ARCO-SG (16 Grid) + ClassMix ~ ARCO-SG (25 Grid) + ClassMix

- Background . Aeroplane - Bicycle - Bird - Boat - Bottle - Bus - Car -Cat
- Table - Dog - Horse - Motorbike D Person - Plant - Sheep - Sofa D Train
B chair B cow [l Monitor [ 1nvaiid

Figure 12: Visual results on Pascal validation set with 600 labels. As is shown, ARCO-SG and
ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.




Ground Truth Supervised Reco+ClassMix
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ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix
ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix
Ground Truth Supervised Reco+ClassMix

Case 2 (20 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix

. Road . Sidewalk . Building . Wall . Fence. Pole D Traffic Light D Traffic Sign . Vegetation D Terrain
. Sky . Person . Rider . Car . Truck. Bus . Train . Motorcycle . Bicycle . Undefined
Figure 13: Visual results on Cityscapes validation set with 20 labels. As is shown, ARCO-SG and

ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.
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Ground Truth Supervised Reco+ClassMix
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ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix
ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix

Ground Truth Supervised Reco+ClassMix
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ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix
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Figure 14: Visual results on Cityscapes validation set with 50 labels. As is shown, ARCO-SG and
ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.
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Supervised Reco+ClassMix

Case | (150 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix

Ground Truth Supervised Reco+ClassMix

Case 2 (150 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix

. Road . Sidewalk . Building . Wall D Fence. Pole D Traffic Light D Traffic Sign . Vegetation D Terrain
. Sky . Person . Rider . Car . Truck. Bus . Train . Motorcycle. Bicycle . Undefined

Figure 15: Visual results on Cityscapes validation set with 150 labels. As is shown, ARCO-SG
and ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL.
methods.
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Ground Truth Supervised Reco+ClassMix

Case | (50 Labels)

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix

Ground Truth Supervised Reco+ClassMix

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix
B wai [ Foor B cabinet [ Bed [ chair Bl sofa [H Tabte [l Door Il Window
[ counter I Biinds [0 Desk [ sheives [ Curtain [T Dresser [l Pilow [l Mirror
B ceiing [ Books [l Fricze B v [l Paper [ Towel M Bath Curtain [ Box
[ Nightstand I Toiler [ sink [l tamp [ Bathewb [ Bag [ Underdefined

I sookshelt [ Picture [ Fioor Mat [l ClothesHll Whiteboard [l Person

Figure 16: Visual results on SUN RGB-D validation set with 50 labels. As is shown, ARCO-SG

and ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.

Case 2 (50 Labels)




Ground Truth Supervised Reco+ClassMix

Case | (150 Labels)

ARCO-SG (9 Grid) + ClassMix

Ground Truth Supervised Reco+ClassMix

Case 2 (150 Labels)

ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix
B wai [ Fioor B cabinet [ Bed [ chair [l sofa [ Tabte I Door Il Window
[ counter [ Biinds [0 Desk [ shelves [ Curtain [] Dresser [l Pillow [l Mirror
B ceiling [ Books [ Fridge [l v [ Paper [ Towel M Bath Curtain [] Box
O Nigheseand H Toitee I sink [l tamp I Bathewb [ Bag [ Underdefined

I Bookshelf [l Picture [l Fioor Mat [l Ciothesll Whiteboard [l Person

Figure 17: Visual results on SUN RGB-D validation set with 150 labels. As is shown, ARCO-SG

and ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.
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Case | (500 Labels)

ARCO-SAG (9 Grid) + ClassMix ARCO-SAG (16 Grid) + ClassMix ARCO-SAG (25 Grid) + ClassMix
2 s (=

Ground Truth Supervised Reco+ClassMix

Case 2 (500 Labels)

i/ ) L
ARCO-SG (9 Grid) + ClassMix ARCO-SG (16 Grid) + ClassMix ARCO-SG (25 Grid) + ClassMix
B wai [ Foor B cabinet [ 8ed [ chair [l sofa [ Table Il Door Ml Window
[ counter [ Biinds [0 Desk [ shelves [ Curtain [] Dresser [l Pilow [l Mirror
B ceiing [ Books Ml Fricze Il 7V [l Paper [ Towel M Bath Curtain [ Box
O Nighestand B Toilee I sink [l Lamp [ Batheub [ Bag [ Underdefined

- Bookshelf - Picture - Floor Mat . Clothes- Whiteboard - Person

Figure 18: Visual results on SUN RGB-D validation set with 500 labels. As is shown, ARCO-SG
and ARCO-SAG consistently yield more accurate and sharper boundaries compared to all other SSL
methods.
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Table 9: Quantitative comparisons (DSC[%] 1/ ASD[voxel] |) across the three labeled ratio settings
(1%, 5%, 10%) on the 3D MP-MRI and 3D LA benchmarks. All 3D experiments are conducted
as [78, 90, 91, 92, 93, 8, 94, 9, 57, 95, 62, 50, 59, 96, 53, 16, 17] in the identical setting for fair
comparisons. Best and second-best results are coloured blue and red, respectively. VNet-F (fully-
supervided) and VNet-L (semi-supervided) are considered as the upper bound and the lower bound
for the performance comparison. Please refer to the text for discussion.

MP-MRI LA

1% Labeled 5% Labeled 10% Labeled 1 Labeled (1%) 4 Labeled (5%) 8 Labeled (10%)

3D Method Liver Liver Liver Left Atrium (LA) Left Atrium (LA) Left Atrium (LA)
VNet-F [78] 93.1/5.73 93.1/5.73 93.1/5.73 91.5/1.51 91.5/1.51 91.5/1.51
VNet-L 68.6/33.4 81.6/12.5 87.9/7.55 40.0/21.2 52.6/9.87 82.7/3.26
EM [90] 73.2/30.1 86.0/15.8 91.9/6.89 48.3/21.3 81.1/4.68 82.7/4.77
CCT [91] 74.2/24.5 86.0/15.8 90.9/9.54 40.3/13.8 70.8/8.31 82.0/5.25
DAN [92] 69.4/31.4 88.3/10.2 91.1/8.76 38.5/22.0 78.8/6.53 80.2/5.37
URPC [57] 72.7/29.9 89.8/9.00 91.7/7.41 65.0/8.97 80.2/5.48 83.1/4.57
DTC [9] 78.6/18.8 89.6/10.1 90.5/11.2 36.2/11.7 83.6/2.81 87.1/2.23
DCT [93] 74.1/31.1 88.2/12.4 90.1/11.1 42.9/19.1 80.1/9.06 80.4/9.18
ICT [95] 72.3/30.5 88.6/11.2 91.1/8.46 47.1/16.0 78.4/6.96 85.4/4.14
MT [59] 73.8/29.4 87.7/12.8 92.0/7.15 58.1/17.8 77.0/8.15 82.8/5.90
UAMT [8] 71.6/31.2 87.1/12.8 91.3/9.71 60.3/11.3 82.3/3.82 87.8/2.12
SASSNet [94] 78.8/19.6 88.4/13.1 88.7/13.1 51.5/14.6 81.6/3.58 87.5/2.59
CPS [62] 80.0/17.1 89.2/10.8 91.0/9.16 45.1/22.0 79.7/9.28 80.7/5.16
GCL [50] 78.9/14.2 87.9/8.29 90.4/5.68 52.6/12.8 75.5/7.60 84.8/4.22
MC-Net [96] 79.7/20.2 90.1/8.27 92.4/4.34 44.3/14.1 83.6/2.70 87.6/1.82
SS-Net [53] 88.0/8.93 90.9/9.94 92.0/5.67 43.4/14.8 86.3/2.31 88.6/1.90
ACTION [16] 86.5/13.6 90.3/12.3 90.9/10.0 71.1/6.23 86.6/2.24 88.7/2.10
MONA [17] 91.3/5.31 92.2/9.46 92.3/8.16 72.8/10.7 87.0/2.81 89.5/2.40
© ARCO-SAG (ours)  91.5/6.82 92.5/6.95 92.6/7.54 73.2/6.47 86.9/2.73 89.1/2.30
> ARCO-SG (ours) 91.6/6.60 92.5/6.31 92.8/6.64 75.0/4.06 87.8/1.66 89.9/1.47

ACDC

LiTS

MMWHS

LA

MR-MRI

1)

o
Figure 19: Loss landscape visualization of pixel-wise contrastive 10ss Lcongase With ARCO-SG. Loss
plots are generated with same original images randomly chosen from ACDC [81], LiTS [82],
MMWHS [83], LA [84], and MP-MRI, respectively. z-axis denotes the loss value at each pixel.
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Figure 20: Effects of hyperparameters A1, A2, A3. We report Dice and ASD of ARCO-SG on ACDC
with 1% labeled ratio.
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