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Abstract

Knowledge transfer between multi-omic single-cell data aims to effectively transfer
cell types from scRNA-seq data to unannotated scATAC-seq data. Several ap-
proaches aim to reduce the heterogeneity of multi-omic data while maintaining the
discriminability of cell types with extensive annotated data. However, in reality, the
cost of collecting both a large amount of labeled scRNA-seq data and scATAC-seq
data is expensive. Therefore, this paper explores a practical yet underexplored
problem of knowledge transfer across multi-omic single-cell data under cell type
scarcity. To address this problem, we propose a semi-supervised knowledge transfer
framework named Dual label scArcity elimiNation with Cross-omic multi-samplE
Mixup (DANCE). To overcome the label scarcity in scRNA-seq data, we generate
pseudo-labels based on optimal transport and merge them into the labeled scRNA-
seq data. Moreover, we adopt a divide-and-conquer strategy which divides the
scATAC-seq data into source-like and target-specific data. For source-like samples,
we employ consistency regularization with random perturbations while for target-
specific samples, we select a few candidate labels and progressively eliminate
incorrect cell types from the label set for additional supervision. Next, we gener-
ate virtual scRNA-seq samples with multi-sample Mixup based on the class-wise
similarity to reduce cell heterogeneity. Extensive experiments on many bench-
mark datasets suggest the superiority of our DANCE over a series of state-of-the-art
methods. Code is available at https://github. com/zfkarl/DANCE.

1 Introduction

In the realm of biology and medicine, many experimental methods [18, 25| 153} 51} 154 63]] using
high-throughput sequencing technologies have emerged and characterize diverse properties of single
cells. The predominant techniques are single-cell RNA-sequencing (scRNA-seq) [55, 88}, 149] and
single-cell ATAC-sequencing (ScATAC-seq) [15.[75] for understanding complicated organisms and
tissues at the single cell level. Specifically, scATAC-seq is an epigenomic profiling method designed
to assess chromatin accessibility and provides an additional layer of information that complements
scRNA-seq, enhancing the ability to comprehend epigenetic heterogeneity within complex tissues.
However, identifying the cell types of scATAC-seq data is challenging because of the high sparsity,
large dimensionality, and increasing scale of scATAC-seq data. Considering the lack of cell type
annotations for sScATAC-seq data, several methods [38 36} [72]] have been proposed to transfer cell
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types from fully-labeled scRNA-seq data to scATAC-seq dat;ﬂ Among these methods, scJoint [38]
introduces a scalable transfer learning framework that successfully incorporates atlas-scale sCRNA-
seq with scATAC-seq data based on kNN techniques. scBridge [36] integrates multi-omic data
heterogeneously by identifying reliable sc ATAC-seq cells with smaller omic differences in comparison
to scRNA-seq cells. scNCL [72]] employs prior domain knowledge along with contrastive learning to
address the challenge of heterogeneous features from different modalities.

Despite significant progress made by the aforementioned approaches, their success relies on a
substantial amount of annotated scRNA-seq data. In reality, annotating both scRNA-seq data
and scATAC-seq data is expensive and challenging. Therefore, this study explores a practical yet
unexplored problem of knowledge transfer across multi-omic single-cell data under label scarcity
in both scRNA-seq data and scATAC-seq data. In this study, only a small fraction of scRNA-seq
data with cell types annotated, while a significant portion of both scRNA-seq data and scATAC-seq
data lack annotations. In contrast to previous works assuming abundant labeled scRNA-seq data, this
setting aligns more closely with practical scenarios.

Addressing this realistic problem requires the consideration of two crucial aspects. Firstly, how to
learn representations with distinct cell type discriminability under label scarcity in both scRNA-seq
data and scATAC-seq data? Learning representations with good discriminability relies on a large
amount of annotated data, yet collecting labeled data is extremely costly and difficult. Therefore, it
poses a significant challenge in situations where both scRNA-seq data and scATAC-seq data lack a
substantial amount of labels. Secondly, how fo reduce cell heterogeneity between different omic data
while maintaining cell type discriminability? Another challenge is how to reduce the heterogeneous
gap between different omic data, which is crucial for cell type transfer. Additionally, while reducing
cell heterogeneity, there is a high likelihood of compromising cell type discriminability. Even worse,
this becomes significantly more challenging under label scarcity.

To answer these questions, we propose a semi-supervised knowledge transfer framework termed
Dual label scArcity elimiNation with Cross-omic Multi-samplE Mixup (DANCE). Since the class
distribution of the whole scRNA-seq data is unattainable, we start by injecting semantic knowledge
using labeled source scRNA-seq data, and then generate pseudo-labels based on optimal transport (OT)
for unlabeled scRNA-seq data. Afterward, the unlabeled scRNA-seq data, along with pseudo-labels,
are incorporated into the labeled set. For unlabeled target scATAC-seq data, due to the heterogeneous
gap, we adopt a divide-and-conquer strategy, which separates the whole data into source-like data
and target-specific data. For source-like samples, we employ consistency regularization to force the
model to make consistent predictions after random perturbations. For target-specific samples, we
select ambiguous labels and then filter the incorrect labels, which can guide the optimization in a
soft manner. To mitigate the heterogeneous gap, we propose to generate virtual sScRNA-seq samples
by multi-sample Mixup according to class-wise similarity and then we perform a sample-to-sample
alignment strategy. The effectiveness of DANCE is validated by adopting a series of benchmark datasets
and conducting comprehensive experiments in comparison to various state-of-the-art approaches.

To summarize, the main contribution of this paper includes: (1) New Problem. We study a realistic yet
underexplored problem of knowledge transfer across multi-omic single-cell data under label scarcity
in both scRNA-seq and scATAC-seq data. This problem holds significant implications for reducing
the annotation cost of single-cell data. (2) Novel Methodology. We propose a semi-supervised
framework named DANCE for this problem. DANCE introduces OT-based dataset expansion and a
divide-and-conquer strategy for dual label scarcity elimination. Additionally, DANCE employs an
effective alignment strategy of cross-omic multi-sample Mixup to reduce cell heterogeneity. (3)
Comprehensive Experiments. Through extensive experiments with different settings on various
benchmark datasets, we demonstrate the superiority of DANCE against many state-of-the-art methods.

2 Related Work

2.1 Multi-omic single-cell Data Integration

The integration of multi-omic single-cell data constitutes a fundamental challenge in elucidating
biological processes. Multi-omic single-cell data affords a multitude of perspectives on cellular
functions, thereby augmenting our understanding of biology. Some approaches [69] 44, |59, |37,

We use scATAC-seq as an example and there could be other biological layers.
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Figure 1: An overview of DANCE. We first utilize labeled scRNA-seq samples to inject semantics
and expand the scRNA-seq dataset by OT-based pseudo-labeling. Then we employ consistency
regularization and ambiguous set learning for source-like and target-specific scATAC-seq samples. In
addition, we perform cross-omic multi-sample Mixup to reduce cell heterogeneity.

30, 161, 2] opt for denoising, batch correction, and integrating single-cell data across numerous
experiments, encompassing transcriptomic data and scATAC-seq data. Nevertheless, the simple
application of these methodologies to multi-omic data integration poses computational challenges
and frequently yields unsatisfactory results, given the considerable differences in dimensions and
sparsity levels among different modalities. Moving a step closer, methodologies such as scAl [25]
and MOFA+ [3] utilize factor analysis and joint clustering to concurrently measure multi-omic data
within the same cell. Nevertheless, these methods require pairwise data format, and executing paired
measurements presents technical challenges and involves high costs. Therefore, another series of
approaches have been proposed to measure multi-omic data from different cells, including manifold
alignment [63} |1} [39]], matrix factorization [18} 164, 184], correlation-based methods [} 54], and neural
network approaches 38136, 72]. Recent approaches often map multi-omic data into low-dimensional
spaces through shared auto-encoders [21} 166} 156, 20], and Graph Neural Networks (GNNs) encoders
[65. 160} 40]], which focus on knowledge transfer across multi-omic data. For instance, scBridge [36]
maps multi-omic single-cell data into a shared embedding space and mines reliable samples for dataset
expansion, thereby merging the scATAC-seq and scRNA-seq data into the same dataset. GLUE [8]
combines a knowledge-based graph and adversarial alignment to explore regulatory interaction across
various omic layers. scCLIP [68] introduces a contrastive learning approach to integrate multi-omic
single-cell data. It aligns the representations of pairwise multi-omic single-cell data without the
usage of cell type labels. Despite their significant strides in integrating heterogeneous cells, all these
methods overlook a practical challenge in reality, i.e., the difficulty of annotating both scRNA-seq
data and scATAC-seq data. Therefore, there is an urgent need for an approach that can effectively
alleviate label scarcity in knowledge transfer across multi-omic single-cell data.

2.2 Semi-supervised Learning

To tackle the label scarcity issue in reality, semi-supervised learning has been widely studied with
various applications, such as image classification [46} 23\ [7, [6], semantic segmentation [48], [14],
and object detection [24] [80]. Recent studies on semi-supervised learning include consistency
regularization approaches [46, 52,167 and pseudo-labeling approaches [6, 7, 23 [79]. Consistency
regularization usually first introduces random perturbations from various sources, including data
input [67], network parameters [47], and deep features [28]. By encouraging the model to make
consistent predictions under these perturbations, it can still learn good representations even under
resource constraints. Pseudo-labeling typically assigns pseudo-labels to unlabeled samples using a
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neural network. It often comes with some special techniques, such as dynamic thresholding [78}|33]]
and curriculum learning [29, 22| [10]. Then those pseudo-labels together with their corresponding
samples are added to the dataset for future use. Besides the advanced approaches in computer vision,
other related areas such as node classification [[13|[62] and reinforcement learning [87] also benefit
from semi-supervised learning. However, to the best of our knowledge, there exists no previous
work to study the problem of semi-supervised knowledge transfer across multi-omic single-cell data.
Therefore, we provide a semi-supervised framework termed DANCE to promote the understanding of
semi-supervised learning in the field of bioinformatics.

3 Problem Definition

In our problem, we have two datasets D) and D(t), which denote the source scRNA-seq dataset
and the target scATAC-seq dataset, respectively. In the semi-supervised setting, the scRNA-seq
dataset D) is separated into two parts, the labeled dataset D)l and the unlabeled dataset D)%,

where D)l = {(acl(.s)’l, yfs)’l) N, consists of N! scRNA-seq samples wis)’l and the corresponding

labels y\*!, and D) = {(z{*"*)}V", includes N unlabeled scRNA-seq samples #'*)"". The

target scATAC-seq dataset with the size N* is denoted as DY) = {(:L‘Et)) N' ' which includes
N* scATAC-seq samples wgt). We focus on the closed-set setting, thus both scRNA-seq data and
scATAC-seq data are assumed to share the same set of C cell types. A shared encoder F'(-) is
adopted to map both the scRNA-seq samples and scATAC-seq samples into the embedding space.
Following the encoder, we utilize a classifier H (-) to convert representations into softmax predictions
corresponding to different cell types. The representations and predictions are denoted as z; = F(x;)
and p; = softmax(H(z;)), respectively. It should be noted that only a small portion of the scRNA-
seq data is labeled, and a significant number of both scRNA-seq samples and scATAC-seq samples
lack cell type annotations. We aim to transfer the semantic information related to different cell types
from D) to D), which has two expectations: (1) The cell representations of scRNA-seq data and
scATAC-seq data are mapped into a shared common embedding space with the similarity structure
preserved. (2) The cell type annotations on scATAC-seq data are accurate after label transfer.

4 The Proposed Approach

4.1 Framework Overview

This paper investigates the problem of semi-supervised knowledge transfer across multi-omic single-
cell data. We employ a shared encoder and classifier for heterogeneous scRNA-seq data and scATAC-
seq data. The labeled scRNA-seq data are utilized to inject the semantic knowledge. To overcome
label scarcity in source scCRNA-seq data, we generate pseudo labels based on optimal transport and
merge them into the labeled set. To address label scarcity in target scATAC-seq data, we perform
consistency regularization for source-like samples and learn from ambiguous labels for target-specific
samples. To reduce the cell heterogeneity, we generate virtual sScRNA-seq samples through cross-omic
multi-sample Mixup and align the heterogeneous multi-omic data. The overview of the proposed
framework is illustrated in Figure[I]} and each component will be elaborated in the next sections.

4.2 Optimal Transport-based Dataset Expansion for Source scRNA-seq Data

The first obstacle is the label scarcity in scRNA-seq data. Recently, pseudo-labeling is a commonly
used technique in semi-supervised learning [52. [78] and domain adaptation [83} 31]] problems, which
usually operate at the sample level [52} 83] by assigning the label with the highest confidence to each
sample. However, this sample-level prediction-based pseudo-labeling strategy could be biased to easy
classes, leading to biased and suboptimal results. To tackle this, we incorporate optimal transport
(OT) [12L 9 [11] into the pseudo-labeling process, which is capable of taking into account prior cell
type distributions from a global view to reduce potential noise in pseudo-labeling.

Here we first recall the knowledge of OT. OT is a constrained optimization problem designed to
discover the optimal coupling matrix @ for mapping one probability distribution to another, with
the goal of minimizing the overall cost. To represent the cost of transporting data from ~ and 7,
we introduce a cost matrix C' € RIYXI"l where |y| and |n| denote the dimension of v and 7,
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respectively. By applying the Sinkhorn algorithm [[17] to minimize the Sinkhorn distance, we can
obtain the optimal coupling matrix Q:

) CZ K3 Zl 2, 1
@il 22 00 5 @ulosQ) v

where [[(v, 1) = {Q € R‘f:‘x‘"‘ | Q1 =7, Qle = 'n} and o is set to 10 empirically.

To employ OT for pseudo-labeling, we begin by training the encoder and classifier on labeled scRNA-
seq data, enabling the injection of semantic knowledge into the model. Similar to traditional cell type
annotation problems [16} [77], we leverage a small number of labeled scRNA-seq data and minimize
the cross-entropy between the classifier’s output and the cell type labels:

Ls= Y. CE@' 4y, @)
a:ESHED(S“

where p{*)"!

represents the predicted distribution of acl(-s)’l.

Then, we aim to transfer the semantic information from labeled scRNA-seq samples to unlabeled
ones. In particular, a mini-batch of B unlabeled samples is fed to our neural network to generate
the prediction matrix P € RE*Y, which could be biased to easy classes and thus inaccurate. To
tackle this, we learn an optimal coupling matrix that should obey prior cell type distributions from
a global view. Since we do not have prior information, we adopt a uniform distribution as in the
polytope H(%l B %lc), where 15 and 1¢ indicate two vector of ones with dimensions of B and
C, respectively. In addition, the optimal @ should be close to P. Therefore, we define the cost matrix
C' as —logP, and Eqn. can be reformulated as:

1
min S logPyQy + (- Qulonu) o
Qell(% 15,010)2 g jQ] g'( QJ gQ])

The coupling matrix @ obtained by optimizing Eqn. [3|can be used to generate pseudo-labels for
unlabeled scRNA-seq data. Formally, the pseudo-labels can be defined as:

gjgs)’u = argmax;Q;;. )
Then the unlabeled scRNA-seq samples and their corresponding pseudo-labels would be added to the
labeled scRNA-seq dataset:

'D(s)l<—UN (! S)u A(S )}UD(é)l 5)

Leveraging OT-based pseudo-labeling for dataset expansion can effectively mitigate label scarcity in
scRNA-seq data. On the one hand, we employ labeled scRNA-seq data for semantic injection using
Eqn. 2] obtaining high-quality pseudo-labels. On the other hand, with the dataset expanded during
the current iteration, more information is available for Eqn. [2]in the subsequent iteration. This leads
to generating more reliable pseudo-labels in the following iterations. Through continuous iterative
training, we can progressively enhance both the scale and quality of the scRNA-seq dataset. Next, we
theoretically support the superiority of OT-based dataset expansion. See proof in Appendix
Theorem 4.1. Let P, = %P be the normalized version of P. Then after our optimal transport-based
dataset expansion, we have

(1) For any ¢ > 0 and large enough o, we have CE(P,,P) + ¢ > CE(Q, P) + Cp, where
c
Cp =50 (35 ps — &) ($ 20~ logpy; ) and CE(Q, P) = X2, , CE(Quj, Py).

(2) Let L = (lij)BxC denote the soft-version of true cell labels, where l;; =
max{1{Cellibelo,,gsmclmj},5} and 6 > 0. Suppose 0 < Cpin < U;;/P;j < Cax for all
1<i< Bandl < j < C. Then, CE(P,,L) + ¢+ Cr > CE(Q,L) + Cp, where
Cr = log Chhax — log Chin-

Remarks. Cp characterizes how far P, is from [](15, &1 ) If the mini-batch was uniformly
sampled across cell-types, then — B ZL 1 pi;j should be close to . Thus, Cp will be close to zero.

Moreover, for those hard classes, p;;’s are close to &, hence both 5 Zz 1 pij and Zl 1 — log pi;
will not be too large. Hence, on the whole, C'p can be relatlvely small, which demonstrates that our
optimization has the potential to achieve the desired distribution.
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4.3 Divide and Conquer for Target scATAC-seq Data

Through OT-based pseudo-labeling, we effectively address the label scarcity issue in scRNA-seq
data. However, due to the heterogeneous gap, it would not be optimal when employing a similar
approach for scATAC-seq data. Here, to tackle label scarcity in scATAC-seq data, we adopt a divide-
and-conquer learning strategy, which first divides the scATAC-seq data into source-like data and
target-specific data and then utilizes separate approaches for optimization.

In particular, by comparing the confidence of the predictions and a threshold, we divide scATAC-seq
data into two parts D5~ and DT:

DSt = {z; € DO |maxp!”[d] > 7}, DTS = DV /SSL, ©)
where pgt) is the predicted distribution of a:,gt). The threshold 7 is used to control the size of two
groups and set to 0.9 according to previous works [52| [36]. These source-like samples are more
likely to have accurate pseudo-labels with high confidence using the pre-trained model. In contrast,
target-specific data are far away from source data distribution and thus the predictions could be noisy.
Therefore, we utilize separate strategies for these two parts.

Learning from Source-like Data. For these source-like samples, we utilize consistency regulariza-
tion to provide supervision [4} (32,150,152, |85)]. Here, we add random perturbations (e.g., Gaussian
noise) to data, and then force the network to make consistent predictions for both original and
perturbed scATAC-seq samples. In particular, we can use §; = argmax(p;) to obtain the pseudo-
label of the original scATAC-seq sample. After that, we can get the prediction p; of the perturbed
scATAC-seq sample. Thus, the supervised loss can be formulated as:

fDSL‘ c

|
1 ~C ~c
Lsr = —W Z Zyi log(py), (7N
1=1 c=1
where |D”| represents the number of unlabeled scATAC-seq samples in DS, In this way, we
combine pseudo-labeling with consistency learning to learn from source-like scATAC-seq samples.

Learning from Target-specific scATAC-seq Data. However, due to cell heterogeneity between
scRNA-seq and scATAC-seq data, many scATAC-seq samples would be far away from the source
modality. They are difficult to predict with low confidence scores [[71}185]. To tackle this challenge,
we introduce a soft way to learn from their ambiguous label sets instead of pseudo-labels. Here, for
each target-specific scATAC-seq sample, we first select the top-k classes with the highest probabilities
to make up the ambiguous label set and then introduce a soft supervised loss for reliable guidance.

To be specific, we first recall the predicted distribution p; for each sample x; in DT, The negative
cell types are removed with a significant difference from the cell type with the highest probability. In
formulation, the removed labels should satisfy the following conditions:

max p;[c] — pilj] = p, ®)

where the threshold  is initially set to 1e — 3 and gradually decreases during the training process.
The left labels make up the candidate label set:

Y; = {c € Topk(p;)| max pi[c] = pi[j] < pj. )

Then, we employ a soft supervision loss to provide reliable guidance for target-specific samples:

DTS &k

1 .
Lrs = —7rg D> ailievilog(pili]), (10)
i=1 j=1
pilil/ Y pilil,  Jev;,
Q5 = JjeY; ) (11)
0, otherwise.

where |DT¥| denotes the number of target-specific samples. The weight ay;j can allow the model to
pay more attention to potential correct cell types with high probabilities.

Next, we provide the theoretical underpinnings to show that the quality of the soft labels from the
candidate label set is higher than that of hard labels. The proof can be found in Appendix [A]
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Theorem 4.2. Suppose we randomly draw n samples (X1, ..., X,,) from two classes {0, 1}, where
the proportion of class 1 is p. Further, suppose we can only observe a flawed version of these
class labels Z = (Zy,...,Zy,) with error rate § > 0. That is, P(Z; # X;) = . Under loss
L(p,z) =" zlogp+ (n—>", z)log(l — p), consider two estimates of p:

(]) Phard = Argmm ﬁ(pa Z)
P

(2) ptog = Argmin L(p,tZ + (1 —1t)(1 — Z)), where t € (0,1).
P

Then, there exists to € (0,1) such that for all t € (to, 1), we have E ||pt ; — ol <E||phara — pII”-

Remarks. In Eqn. |10 if we take p;[1] = p,p;[0] = 1 — p, and «; = t if j = Z;, then the
estimation under Eqn. [10{will degenerate to pf .

4.4 Cross-omic Multi-sample Mixup for Cell Heterogeneity Reduction

Despite the proposed techniques in addressing the label scarcity problem, reducing the heterogeneous
gap between scRNA-seq data and scATAC-seq data remains an additional challenge. To tackle this
challenge, previous works [27, 19, (35} 34} [70] propose many strategies for cross-modal alignment.
However, these strategies have two major prerequisites. On the one hand, strategies based on
centroid learning [27, [19] require accurate label information from both source and target modalities to
aggregate samples of the same class. On the other hand, strategies based on cross-modal contrastive
learning 35} [34} [82]] require pairwise information. Neither of these prerequisites is applicable to
our problem, as pairwise information is difficult to acquire in single-cell data, and the majority of
annotation information is missing. Towards this end, we propose a sample-to-sample alignment
strategy termed cross-omic multi-sample Mixup [81} 58| 186} [73]], which first calculates the class-wise
similarity and then mixes the scRNA-seq samples in the hidden space for cross-omic alignment.

In particular, we transform the intrinsic distribution of the source scRNA-seq samples to align
with scATAC-seq samples in the hidden space. Since we cannot get accurate pairwise information,
we calculate the similarity between scRNA-seq samples and scATAC-seq samples and generate
virtual samples instead. Note that the weights of the classifier are considered as prototypes that
contain representative information of different cell types. We first form a weight matrix W =
[wi,ws, -, wc]T € REXP, where D denotes the hidden dimension of the embeddings. Then, the
class-wise similarity can be determined using cosine distance:

Sij = cos(p{ W,p] W) = [p] W| x [p] W|", (12)

where | - | represents the Lo normalization. For a batch of B(*) scRNA-seq samples and a batch of
B® scATAC-seq samples, we can obtain a similarity matrix SB € RE“*B ysing Eqn. [12] For
the sake of simplicity, we let B®) = B(*) = B, and the similarity matrix within a mini-batch can
be formulated as SP € RB*B. Afterwards, we employ the softmax function to convert S into the
weight matrix M for Mixup, which corresponds to the probability of sharing the same semantics:

M = softmax(S), (13)

where M, collects the weights of B scATAC-seq samples corresponding to the i-th scRNA-seq
sample. Then, we can fuse the scRNA-seq samples into a virtual sample through Mixup:

B

2= M-z (14)
j=1

After getting the fused scRNA-seq samples, we can perform a sample-to-sample alignment strategy.
The loss function can be formulated as:

B
1 m,s
La=5D |l =2l (15)
i=1
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Table 1: Quantitative comparisons (in %) with state-of-the-art approaches with various label ratios.
Bold numbers indicate beset results, and underlined numbers indicate second-beset results.
Label Ratio | Low  Mid High | Low Mid High | Low Mid High | Low Mid  High

Data | snRNA_10X_v3_A-ATAC | snRNA_10X_v3_A-snmC | snRNA_10X_v2-ATAC | snRNA_10X_v2-snmC
DAN [42] 20.56  20.13 20.33 4420 46.55 53.72 27.50 29.14 30.47 54.33  55.08 49.95
CDAN [43] 2346 21.29 21.84 20.38  26.00 27.76 27.67 22.71 21.51 39.08 32.97 38.08
MCC [26] 24.34 3239 40.84 20.40 48.69 44.59 24.57 31.45 33.03 31.22 36.77 40.20

FixMatch [52] | 24.38 33.45 41.60 20.42  44.58 41.98 2493 31.61 33.04 31.66 36.60 41.32
scJoint [38] 17.58 19.52 18.86 23.46 24.27 21.86 19.39  18.51 17.78 21.48 2443 2211
scNCL [72] 22.62 2121 22.92 27.16  59.78 60.07 21.98 28.11 30.19 59.65 6747  68.89
scBridge [36] | 25.57 38.50 41.86 21.64 3274 35.71 1939 1629  42.36 1270 20.85  38.48

Ours 50.23 51.02 51.42 75.72 78.67 80.12 50.83 52.90 54.79 60.12 72.24 78.04
Data | snRNA_SMARTer-ATAC | snRNA_SMARTer-snmC | scRNA_SMARTer-ATAC | scRNA_SMARTer-snmC
DAN [42] 22.02 27.07 28.06 48.28 55.93 57.67 21.23  20.02 20.31 4196 54.31 52.39
CDAN [43] 20.99 28.65 30.07 33.87 35.37 51.19 22.05 21.50 21.58 34.66 42.43 38.70
MCC [26] 20.99 2341 24.09 34.37 52.46 55.38 21.73  21.30 21.54 32.09 50.35 49.24
FixMatch [52] | 21.25 24.23 24.88 33.80 52.05 54.78 22.07 21.77 22.32 31.55 49.98 49.38
scJoint [38] 11.05 13.25 15.89 22.88 18.84 20.21 19.62 18.63 17.77 23.94 23.09 23.28

scNCL [72] 19.89  20.07 20.05 49.68 69.50 73.39 19.93  19.91 19.71 4528 62.55 @ 62.69
scBridge [36] | 26.44 36.34 42.00 36.01 39.75 36.15 28.32 29.69  32.13 13.13 26.58  30.08
Ours 4743 52.78 54.95 52.31 7018 77.94 46.40 48.19 4992 | 51.56 77.37 78.62

CITE-ASAP (Low) CITE-ASAP (Mid) CITE-ASAP (High)
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Figure 2: Qualitative comparisons (in %) on CITE-ASAP with different label ratios.

4.5 Summarization

In practice, we first warm up the network through labeled scRNA-seq data, and then conduct the
training process in an end-to-end manner. The total loss function can be summarized as:

L=Ls+ Ls +Nrs+ La, (16)

where ) is a coefficient and set to 0.1 empirically.

The step-by-step training algorithm of our DANCE is summarized in Appendix B}

5 Experiment

5.1 Experimental Settings

Datasets. To validate the effectiveness of the proposed DANCE, we conduct extensive experiments
on several benchmark multi-omic single-cell datasets, with a brief introduction as follows: Mouse
Atlas Data [74]]. The multi-omics data can be accessed from the Tabula Muris mouse dateﬂ along
with the quantitative gene activity score matrix. In practice, the dataset is divided into multiple
subsets based on the various sources of multi-omics data. CITE-ASAP PBMC Data [45]. It is
derived from both control and stimulated conditions. CITE-seq encompasses both antibody-derived
tag (ADT) matrices and gene expression matrices, while ASAP-seq allows us to access the ADT
matrices and the chromatin accessibility matrices simultaneously. In this research, we extract the gene
expression matrices of CITE-seq and the chromatin accessibility matrices of ASAP-seq to construct
the scRNA-seq and scATAC-seq datasets. The statistics of these datasets can be seen in Appendix [D]

Baselines. Various approaches are adopted for performance comparisons, including three domain
adaptation methods (DAN [42], CDAN [43]], and MCC [26]), one semi-supervised learning method
(FixMatch [52]), and three latest multi-omic single-cell data integration methods (scJoint [38]], scNCL
[72]], and scBridge [36])). A brief introduction of these approaches is provided in Appendix [E]

*https://tabula-muris.ds.czbiohub.org/
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Table 2: Ablation studies (in %) of DANCE in different settings. Bold numbers indicate beset results.

Dataset | snRNA_10X_v3_A-ATAC | snRNA_10X_v3_A-snmC | scRNA_10X_v2-ATAC | scRNA_10X_v2-snmC
Label Ratio | Low Mid High | Low Mid High | Low Mid High | Low Mid High
DANCE w/o OP | 31.87 38.55 40.86 55.60 61.89 67.69 33.74 3831 4456 | 51.66 59.57 64.18
DANCE w/o SL. | 48.10 49.09 49.94 70.04  76.61 79.00 4998 5256 54.75 | 74.08 79.33 79.89
DANCEw/o TS | 48.62 49.01 49.95 73.85 77.22 7891 49.74 53.07 55.26 | 73.99 79.88 80.85
DANCE w/o CM | 44.80 45.63 45.69 5591 59.92 68.79 46.75 48.01 4997 | 70.81 76.34 78.02
Full Model 50.23 51.02 51.42 75.72 78.67 80.12 52.02 5438 56.30 | 75.23 81.38 81.76
SCRNA-ATAC SCRNA-ATAC scRNA-ATAC
50] — % 50.0 e 2.0
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Figure 3: (a) The parameter sensitivity with respect to k£ and A on scRNA_SMARTer-ATAC with
various label ratios. (b) The t-SNE visualization of two modalities (sScRNA_10X_v2: red, ATAC:
blue) with high label ratio. (c) The A-distance comparison with different label ratios.

5.2 Experimental Results

Performance Comparison. To assess the performance of various knowledge transfer methods, we
conduct comprehensive quantitative experiments (Table[T)) and qualitative experiments (Figure [2)).
From the results, several conclusions can be drawn: Firstly, consistent results from both quantita-
tive and qualitative experiments reveal that DANCE significantly surpasses existing state-of-the-art
approaches. We attribute this to the factor that existing methods often only address the issue of label
scarcity in the target sScATAC-seq data, overlooking the label scarcity issue in the source sCRNA-
seq data. Consequently, when cell type annotations in sScCRNA-seq data are limited, not only does
the discriminability of representations suffer, but also the heterogeneous gap cannot be effectively
eliminated. DANCE excels in three main aspects. Firstly, it utilizes OT-based pseudo-labeling to
augment the sScCRNA-seq dataset, effectively alleviating label scarcity in scRNA-seq data. Secondly,
for scATAC-seq data, we employ a divide-and-conquer strategy with consistency regularization
and ambiguous set learning for two subsets of samples, addressing label scarcity in scATAC-seq
data. Additionally, our proposed cross-omic multi-sample Mixup mitigates cell heterogeneity in a
sample-to-sample manner. By combining these aspects, DANCE significantly outperforms previous
approaches by a large margin. Additionally, existing methods are data-hungry, heavily relying on cell
type annotations. Therefore, when the number of labels decreases, the performance drops rapidly.
In contrast, DANCE is data-efficient, capable of achieving excellent performance with fewer labels.
Consequently, the performance decline due to label reduction is less pronounced, thanks to our pro-
posed dual label scarcity elimination strategy. Due to the potential class imbalance issue in single-cell
data, simply increasing the number of labels may not improve performance for some methods. For
example, on the snRNA_SMARTer-snmC dataset, scBridge [36] achieves a performance of 36.15%
under high label ratio, which is not better than that of 39.75% under mid label ratio. In contrast, our
OT-based pseudo-labeling approach considers distributing pseudo-labels in a one-to-many manner,
effectively preventing biased predictions. Therefore, on all datasets, increasing the number of labels
leads to corresponding performance improvements for our DANCE.

Ablation Study. As depicted in Table 2] we conduct comprehensive experiments on different
model variants to explore the contributions of each proposed module. DANCE w/o OP represents
DANCE without the proposed OT-based pseudo-labeling. DANCE w/o SL denotes DANCE without the
consistency regularization for source-like samples. DANCE w/o TS indicates DANCE without the
ambiguous set learning for target-specific samples. DANCE w/o CM signifies DANCE without the
cross-omic multi-sample Mixup. From the results, it can be observed that the performance of DANCE
w/o OP significantly decreases. This indicates that OT-based pseudo-labeling effectively alleviates the
label scarcity issue in scRNA-seq data by generating pseudo-labels for source scRNA-seq data and
augmenting the scRNA-seq dataset. Additionally, the slight decrease in performance of DANCE w/o SL
suggests that for heterogeneous scATAC-seq data, applying consistency regularization to source-like
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samples can further enhance model performance. Similarly, the minor decrease in performance of
DANCE w/o TS suggests that target-specific samples should not be simply discarded as in previous
methods. For these samples, collecting potentially correct cell types and removing them can provide
weak supervision, thereby aiding performance improvement. Furthermore, the significant decrease in
performance of DANCE w/o CM underscores the severity of the cell heterogeneity issue. Our proposed
cross-omic multi-sample Mixup effectively eliminates the heterogeneous gap by generating mixed
source scCRNA-seq samples that simulate the distribution of target sc ATAC-seq data and aligning the
two modalities. Thus, the effectiveness of all proposed modules is sufficiently validated.

Sensitivity Analysis. In Figure[3|(a), we analyze the sensitivity of two crucial hyper-parameters k
and X\ on scRNA_SMARTer-ATAC. Firstly, we fix the other parameters to investigate the sensitivity
of the model to different values of k. Here, k denotes the size of the partial label set and is used to
control the number of potential correct cell types. As k varies within the range {2, 3,4, 5,6, 7}, the
model’s performance initially increases before gradually stabilizing. Considering all three scenarios,
the optimal performance is achieved at £ = 4 or £ = 5. Next, with other parameters fixed, we
analyze the sensitivity of the coefficient A of L7 in Eqn. Since L provides additional weak
supervision by removing incorrect cell types, it typically requires a small coefficient. We change
the value of A within the range {0.05,0.1,0.15,0.2,0.25,0.3}. Similarly, the model’s performance
firstly increases and then decreases, with better performance observed at A = 0.1.

t-SNE Visualization. In Figure[3](b), we make the t-SNE [57]] visualization to assess the heteroge-
neous gap of representations learned by scNCL [[72] and our DANCE on scRNA_10X_v2-ATAC. Note
that the higher overlap degree between the red and blue parts reflects the lower cell heterogeneity
between scRNA-seq and scATAC-seq data. It can be observed that there is almost no overlap between
the representations of scNCL [72], indicating that it does not address the issue of cell heterogeneity.
In contrast, the representations of our DANCE exhibit a high degree of overlap, indicating that our
approach effectively mitigates cell heterogeneity even in the presence of label scarcity.

A-distance Comparison. In Figure[3](c), we compare the A-distance on scRNA_10X_v2-ATAC
with various label ratios. The A-distance is calculated by employing a model and testing its ability to
distinguish between the two modalities. Therefore, a low A-distance indicates a small heterogeneous
gap. The A-distance is defined as: dist 4 = 2(1 — 2¢), where € is the test error. When € = 0, the
upper bound of dist 4 is 2. This indicates that there is a significant heterogeneous gap between
the two modalities, and the model can easily differentiate between them. From the results, it can
be observed that the A-distance of FixMatch [52] and scNCL [72] consistently remains close to 2,
indicating a significant heterogeneity between scRNA-seq data and scATAC-seq data. In contrast,
DANCE successfully reduces cell heterogeneity, resulting in a significant decrease in the A-distance.

6 Conclusion

In this paper, we focus on a realistic yet underexplored problem of knowledge transfer across multi-
omic single-cell data under label scarcity in both scRNA-seq and scATAC-seq data, and propose a
semi-supervised framework termed DANCE for this problem. Specifically, DANCE operates dual label
scarcity elimination by OT-based dataset expansion for scRNA-seq data and a divide-and-conquer
strategy for scATAC-seq data. DANCE further introduces a sample-to-sample alignment strategy of
cross-omic multi-sample Mixup to reduce cell heterogeneity. Extensive experiments on various
datasets verify the superiority of DANCE in comparison to many state-of-the-art approaches.

Broader Impacts and Limitations. This study addresses the challenge of knowledge transfer
across multi-omic single-cell data, which has significant potential for advancing biological research
by reducing annotation costs in both source and target biological data. However, it is important
to acknowledge that this work represents an initial exploration of this field and may have certain
limitations. For instance, our method may not perform optimally in complex real-world scenarios,
including open-set knowledge transfer and knowledge transfer under label noise. Additionally, this
study primarily focuses on static scenarios, while there are complex dynamic applications, such as
single-cell RNA velocity inference, that require further investigation. In future research, our goal is to
address these challenges and expand our approach to encompass more generalized scenarios. To the
best of our knowledge, no potential negative impacts resulting from our work have been identified.
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A Proof of Theorem

Proof of Theorem@.1} (1) Let P be the projection of P, onto [[(415, &1¢). Further, let Q be a
solution of the Kantorovitch’s problem

> —Qijlog P (17)
QGH(Bls’clc i
Then, by definition, we have
<15,—1ogp> > <Q,—1ogp>, (18)
where (-, -) is the standard matrix inner product. From definition, we know that P is the solution of
min
P
t. P1 !, PT1 L (19)
s.t. == ==1c.
c=pglB B=glc

Using Lagrange multiplier, we know that

P=P,—158", (20)
_ T . _ 1 (LB o1
where B = (B1,...,8c)" and B; = & (B Y1 Pij — C) . Therefore,

<P,n —P,—log P> — Cp. 1)

Further, using standard OT theory, we know that as ¢ — oo, @ converges to the solution of the
problem in Eqn. [T7] with maximal entropy, Q. Therefore, for large enough o, we know that

Q@ = Quollp < ¢/ [l-log P| - (22)
So, using Cauchy’s inequality, we have
\<Q—Qom—logP>| <e. (23)
Combining Eqn. and take Q = Q in Eqn we get
(P,,,—log P) > (Q,—1log P) + Cp —&. (24)
Therefore, we have
CE(P,,P)+e¢>CE(Q,P)+Cp. (25)

(2) For simplicity, we denote & := (Lij /Pi;) g - Then, we have

<P Q,— logP> ZP” ( logP> ZQ” ( log;)
ij

> log Cryin — log Chyax- (26)

Hence,
(P,,—1logL) > (Q,—logL)+ Cp —e — Cf. 27
O

Proof of Theorem From the definition, we know that
I 1 o
ard = — Y Zi, Plog = — tZ;+ (1 —1t)(1— Z,)}. 28
Phard n; Plo n;{ + (=11 -2} (28)
Therefore, Epnara = EZ1 = p+5—2pB, Var(phara) = Var(Zy)/n, Epl g = (1—t)+(2t—1)EZ;,
and Var(p! ;) = (2t — 1)?Var(Z;)/n. Hence, we have
Var(Z)

E [phara = o = (B2 = p)? + - 2,

(2t — 1)2 Var(Zl)

n

E|[plos — p||” = {(1 — ) + (2t = )EZ, — p}* + (29)
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Define ) )
f(t) =E ”phard - pH —-E ||péoft - pH : (30)
Then, from definition, we know that f(1) = 0. Further, we know

Var(Zl)

f)y=-2{1—-t)+2t-1)EZ; —p}-(2EZ; — 1) + (4 — 875)T

_ {2(1 CoRZ 4 WM(Zl)}H {‘WM(Zl) +2(1 - 2E2,)(1 — EZ, —p)}

n n
(€29)
Since 2(1 — 2EZ;)? + sv%(zl) > 0, we know that there exists
A 491 - 2B2,)(1 ~EZ, — p)
0 2(1 - 2EZ1)2 + SVaI""L(Z1)
| B 20—y 2)0-5) )
WarlZ1) 4 9(1 - 2p)*(1 + 26)2 o
such that f/(¢t) < 0 whent € (cg,1). So, f(t) > f(1) =0fort € (to,1). Hence,
2
E[pior, = 2" < E l[phara — 21 (33)
O

B Algorithms

The step-by-step training algorithm of our DANCE is summarized in Algorithm[I] The model can get
extra supervision from target-specific sScATAC-seq data by removing the incorrect types from the
candidate label set, the algorithm is provided in Algorithm 2]

Algorithm 1 Training Algorithm of DANCE
Require: The training datasets D(*)-!, D) and D*),
Ensure: The network parameters in H(F'(-));

1: Warm up the network using D(*):4;
2: repeat
3:  Update the pseudo-labels using Eqn. [3|and Eqn. @}

4:  Expanding D®) using Eqn.
5. fort=1,2,---,Tdo
6: Sample a mini-batch from the training datasets;
7: Generate the predictions for both scRNA-seq data and scATAC-seq data by propagating the
network;
8: Calculate the final loss using Eqn.
9: Update the parameters of the network using backpropagation;
10:  end for

11: until convergence

C Implementation Details

All the baselines are re-implemented on NVIDIA Tesla A100 40G GPUs using PyTorch according
to the original settings in the corresponding papers to ensure a fair comparison. A two-layer MLP
with an embedding dimension of 64 is employed as the encoder, and another two-layer MLP is
adopted as the classifier. For all the baselines and our DANCE, we first warm up the model with labeled
scRNA-seq data for 30 epochs and then train the model for another 30 epochs with a batch size of 32.
Three settings with different label ratios (low: 1%, mid: 5%, high: 10%) are set up for experiments
on each dataset to validate the sensitivity of these methods to the number of labels. We opt for SGD
as the default optimizer with a learning rate of 3e — 3 and a weight decay of 1le — 3.
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Algorithm 2 Algorithm of Learning from Target-specific sScATAC-seq Data

Require: Target-specific scATAC-seq dataset D7*; Threshold j; The number of classes k.
Ensure: The network parameters in H (F(+));
repeat
fort=1,2,--- ,T do
Sample a mini-batch of BT samples from D%,
Generate the softmax predictions for scRNA-seq data by propagating the network;
Select the top-k classes from the predictions to form B¢ label sets;
fori=1,2,---,BT¢ do
for y! €Y, do
if Eqn. [8]is satisfied then
Removing cell type y; from Y;;
end if
end for
end for
Providing extra guidance by loss Eqn. [T0}
Decrease the threshold p;
end for
until convergence

D Introduction of Datasets

We summarize the dataset information included in experiments in Table

Table 3: The statistics of the multi-omic single-cell datasets used to conduct experiments.

Dataset | Source Data Type ~ Source Data Size | ~ Target Data Type Target Data Size | Number of Cell Types | Sequence Length
snRNA_10X_v3_A 4017 ATAC 7962 18 18603
snRNA_10X_v2 7652 ATAC 7962 18 18603
snRNA_SMARTer 6171 ATAC 7962 18 18603
scRNA_10X_v2 12264 ATAC 7962 18 18603
Mouse Atlas Data scRNA_SMARTer 6288 ATAC 7962 17 18603
snRNA_10X_v3_A 4017 snmC 9633 18 18603
snRNA_10X_v2 7652 snmC 9633 18 18603
snRNA_SMARTer 6171 snmC 9633 18 18603
scRNA_10X_v2 12264 snmC 9633 18 18603
scRNA_SMARTer 6288 snmC 9633 17 18603
CITE-ASAP PBMC Data ‘ scRNA part in CITE 4644 ‘ scATAC part in ASAP 4502 ‘ 7 ‘ 17441

E Introduction of Baselines

Here we provide a brief introduction of the compared baseline methods as follows:
* DAN [42] is a deep neural network (DNN) based method for domain adaptation, which adapts the
layers and the corresponding task-specific features in a layer-wise manner.

* CDAN [43] incorporates the discriminative information of the predictions from the classifier with
adversarial learning for domain adaptation.

* MCC [26] is a strong domain adaptation method that achieves fast convergence speed without the
explicit use of domain alignment.

» FixMatch [52] is a strong semi-supervised learning approach that hybrids pseudo-labeling and
consistency regularization for self-training.

* scJoint [38] is a multi-omic single-cell data integration method based on transfer learning and
semi-supervised learning, which effectively transfers labels through kNN on joint embedding space.

* scNCL [72] is a transfer learning framework that preserves the intrinsic structure of scATAC-seq
data and employs contrastive learning to facilitate the transfer of cell types.

* scBridge [30] integrates multi-omic single-cell data in a heterogeneous manner by mining reliable
cross-modal samples and expanding the single-cell dataset.
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F Further Discussion

F.1 Comparison with Classic Pseudo-labeling

As depicted in Figure [d] classic pseudo-labeling
[52] assigns the category label with the highest
confidence as the pseudo-label, establishing a
one-to-one correspondence between a sample
and a category label. This approach overlooks

\ Prototype of Class A 5' sample belongs to Class A
/\ Prototype of Class B ' Sample belongs to Class B

the potential connections between the sample A
distribution and the class distribution, especially 4N AN
in cases of class imbalance. In contrast, our pro- Yoo fo S Yoge o

posed OT-based pseudo-labeling aligns multiple
samples with a category center through the cou-
pling matrix  and the cost matrix —logP. This
approach considers the connections between the
sample and class distribution, effectively ad-
dressing the issue of potential biased predictions in scRNA-seq data.

Classic PL OT-based PL

Figure 4: An illustration of classic pseudo-labeling
and our OT-based pseudo-labeling.

F.2 Advantages of Divide and Conquer for Target scATAC-seq Data

Different from traditional approaches

[52L [78] that directly discard the % prewdo |-~ J]-=--
target-specific samples, we utilize D—_) — D 0 H | ﬂﬁ o
these samples to provide weak su- o [ e

pervision for the model (algorithm

can be found in Algorithm E]) By Sha,ejveigms share Weights

progressively removing the incorrect

cell types, the model gets extra guid- ‘ — H

ance from these samples. Incorpo- — D —’|———|
rating consistency regularization for HDD_) — 0~ HH HH

source-like samples (Figure[5)) and in- o e

correct cell types removal for target-
specific samples, the entire SCATAC-
seq dataset D) = DSL U DTC is
fully explored, contributing to the semi-supervised knowledge transfer process.

Figure 5: An illustration of consistency regularization for
source-like scATAC-seq samples.

F.3 Advantages of Cross-omic Multi-sample Mixup

Different from previous alignment

. —] Cross-omic Multi-sample Mixup
strategies that rely on labels from — / )
scATAC-seq data or paired labels, our D — DD_) D D D D
proposed cross-omic multi-sample RNAseq Ecoder ] Clsifr 1
Mixup reconstructs class-wise sim- t Similariﬁ/Matrix
ilarity through the weights of clas- P P =
sifiers (Figure [). It then fuses st elets shore eltre 1 DDDD
scRNA-seq samples by incorporating _U
semantic information from scATAC- M — ]
seq data. Without the need for la- HDD% g DD—> — LD D DD
bels from scATAC-seq data or pair- ' — J

Classifier
ncoder

wise labels, we transform the distribu-

tion of scRNA-seq samples to align . . . . . .
with SCATAC-seq data. This makes Figure 6: An illustration of cross-omic multi-sample Mixup.
our alignment strategy more flexible and convenient. Considering the high cost of annotating single-
cell data, our alignment strategy is more suitable for the problem of semi-supervised knowledge
transfer across multi-omic single-cell data.
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Figure 7: Qualitative comparisons (in %) with state-of-the-art approaches on additional datasets with
different label ratios.

FixMatch scBridge scNCL Ours

FixMatch scBridge scNCL Ours

Figure 8: The t-SNE visualization of two modalities (scRNA_10X_v2: red, ATAC: blue) (the first
row) and different cell types (the second row) with high label ratio.

F.4 Further Sensitivity Analysis

In addition to these parameters, we also investigate the two empirical hyper-parameters: ¢ and 7.
From the results in Table[d and Table[5] we can observe that the performance is not sensitive to the
choice of 0 when we change o from 5 to 20, so we empirically set its value to 10. We also vary the
value of 7 with the range of {0.8,0.85,0.9,0.95}. The results below indicate that the method is not
sensitive to 7 in the interval [0.8,0.95]. Therefore, we set 7 to 0.9 as the default.

Table 4: Sensitivity analysis of .

Dataset | 5 10 15 20

CITE-ASAP 4701 4745 4732 47.14
snRNA_10X_v3_A-ATAC | 51.16 5142 51.08 51.17

We progressively remove the incorrect cell types for additional supervision. However, how to define
an incorrect cell type may be a point of interest. To answer this question, We have included a
sensitivity analysis of the threshold p by varying it in {0.0005,0.001, 0.0015,0.002}. The results
in Table 6] indicate that a threshold of 1e — 3 brings good performance with significant differences.
In particular, after the softmax operation, the sum of the confidences for all cell types equals 1 with
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Figure 9: The t-SNE visualization of two modalities (scRNA_10X_v2: red, snmC: blue) (the first
row) and different cell types (the second row) with high label ratio.
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Figure 10: Comparisons of the A-distance between source scRNA-seq data and target scATAC-seq
data with various label ratios.

more than 10 cell types. In this context, the confidence scores are quite small and a difference of
le — 3 indicates a sufficient difference.

F.5 Further Comparison of the A-distance

Besides scRNA_10X_v2-ATAC, we further compare the A-distance on 3 more datasets, including
scRNA_10X_v2-snmC, snRNA_10X_v2-ATAC, and snRNA_10X_v2-snmC in Figure @ The
results are consistent with the analysis in Section[5.2] which validates the robustness of our approach
in reducing cell heterogeneity.

F.6 Additional Qualitative Results

We showcase additional qualitative experimental results on two more datasets in Figure[7] It can still
be observed that our DANCE achieves the best performance. From the results, we can obtain consistent
conclusions as previously mentioned in Section 5.2}

F.7 Additional t-SNE Visualization

In Figure [8|and Figure [0} we make the t-SNE visualization comparison with more baseline methods.
From the results in the first row, it can be found that there is almost no overlap degree in FixMatch
[52] and scNCL [[72]. There are slight overlaps in scBridge [36], but the heterogeneous gap remains
large when certain parts of labels are missing. Compared with these methods, our DANCE achieves the
largest overlap degree since it effectively reduces cell heterogeneity. In the second row, each different
color represents a different cell type. It can be seen that, in the case of label scarcity, our DANCE still
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Table 5: Sensitivity analysis of 7.

Dataset | 0.8 0.85 0.9 0.95
CITE-ASAP ‘46.98 47.06 4745 4733

snRNA_10X_v3_A-ATAC | 50.54 51.15 5142 50.87

Table 6: Sensitivity analysis of .

Dataset | 5e-4 le-3 1.5e-3  2e-3
CITE-ASAP ‘46.58 4745 4740 47.02

snRNA_10X_v3_A-ATAC | 50.07 5142 51.14 51.03

maintains good cell discriminability compared to the other three methods. This indicates that DANCE
effectively transfers cell type knowledge from scRNA-seq data to scATAC-seq data.

Table 7: Ablation on OT strategy for target single-cell data.

Label Ratio | Low Mid High

w/ OT for scATAC-seq 3490 36.87 39.34
w/o OT for scATAC-seq (Ours) | 45.36 46.38 47.45

F.8 Optimal Transport Strategy for Target Single-cell Data

Despite the effectiveness of OT-based dataset expansion for source scRNA-seq data, due to the
presence of cellular heterogeneity, directly applying this strategy to target single-cell data may not
be effective. We have added a model variant w/ OT for scATAC-seq to support our point. The
compared results on CITE-ASAP dataset are shown in Table[/| We can find that our full model
outperforms w/ OT for scATAC-seq, which validates the OT strategy may not be the optimal choice
given the significant cellular heterogeneity inherent in sSCATAC-seq data. This is why we introduce
the divide-and-conquer strategy for target samples.

Table 8: Comparison of pseudo-labeling accuracy (%).

Label Ratio | Low Mid High

unlabeled scRNA-seq data 78.85 79.17 80.13
source-like scATAC-seq data | 77.12 78.04 78.56

F.9 Effectiveness of Divide-and-conquer Strategy

An interesting question is whether the initial prediction’s reliance on the divide-and-conquer strategy
has been accurately labeled. To explore this issue, we have included a comparison of pseudo-labeling
accuracy between unlabeled scRNA-seq data and source-like sScATAC-seq data in Table[8] The results
for the snRNA_SMARTer-snmC dataset are presented below. From the findings, it is evident that the
accuracy of the source-like sScATAC-seq data closely aligns with that of unlabeled scRNA-seq data,
confirming the effectiveness of our approach.

Table 9: Performance comparison when transferring cell types in the opposite direction.

Label Ratio | Low  Mid  High

scJoint 28.14 4540 49.59
scBridge 3224 5155 53.62
scNCL 3646 51.01 52.73
Ours 70.33 70.78 72.89
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F.10 Cell Type Transfer in the Opposite Direction

Even though mainstream algorithms focus on transferring cell type knowledge from scRNA-seq to
scATAC-seq data, we are interested in exploring the possibility of cell type transfer in the opposite
direction, namely from scATAC-seq to scRNA-seq. We have conducted an experiment that performs
this reverse cell type transfer on the CITE-ASAP dataset. The results presented in Table [0 confirm
the effectiveness of our method in this reverse direction.

Table 10: Efficiency Comparison.

Method | Memory Cost  Training Time/Epoch ~ Acc (%)

scJoint 0.7GB 30s 22.07
scBridge 1.4GB 4s 23.38
scNCL 1.0GB 70s 22.53
Ours 1.4GB 30s 46.40

F.11 Computation Cost

The comparison of computation costs is also a point of interest. We have included a comparison of
memory and time in Table[I0} and it is evident that our method offers a competitive computation cost.
Specifically, the performance of scNCL is significantly inferior to ours (our performance improvement
exceeds 105.9%), while our memory cost sees only a slight increase with even less training time.

Table 11: Performance comparison with two additional domain adaptation methods.

Dataset \ CI-AS CI-AS CI-AS sn-AT sn-AT  sn-AT
Label Ratio | Low Mid High Low Mid High
SLA 32.05 3699 4174 3536 3748 4241
COoT 3144 3586 39.01 3573 36.79 43.85
Seurat 38.71 4176 4325 3346 39.78 45.09
Harmony 39.03 3999 4406 32.17 3994 44.56
Ours 4536 4638 4745 50.23 51.02 5142

F.12 Further Comparison with More Baselines
To benchmark our DANCE against more baseline methods, we have included SLA [76]], COT [41]],

Seurat [54]], and Harmony [30] on different datasets for performance comparison. The results shown
in Table [TT)demonstrate the effectiveness of the proposed DANCE.

Table 12: Performance on full MouseAtlas data.

Label Ratio | Low  Mid  High

scJoint 62.36  67.75 70.02
scBridge 64.99 69.86 71.44
scNCL 61.50 69.04 71.17
Ours 70.64 7221 72.58

F.13 Performance on Full MouseAtlas Data

To evaluate the performance under different batches, we have included the experimental results on
the full MouseAtlas dataset. Specifically, we collect different batches of the MouseAtlas dataset and
remove some of the batches. The results in Table[T2]indicate that our approach still outperforms other
methods, showing the potential of DANCE in batch effect correction.
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Table 13: Performance on real-world scenarios.

Labeled scRNA-seq Data \ CITE CITE snRNA_10X_v3_A snRNA_SMARTer
Unlabeled scRNA-seq Data \ snRNA_10X_v3_A snRNA_SMARTer CITE CITE
scATAC-seq Data \ ASAP ASAP ASAP ASAP
scJoint 86.59 87.27 75.94 76.53
scBridge 88.01 89.24 78.99 77.60
scNCL 86.24 88.28 75.80 75.42
Ours 93.37 92.48 84.88 83.79

F.14 Real-world Cases

In real-world scenarios, the proposed DANCE can transfer cell types from multiple-source scRNA-seq
data to target scATAC-seq data. We have included experiments to transfer cell type knowledge from a
labeled scRNA-seq dataset and an unlabeled scRNA-seq dataset to scATAC-seq data. The results in
Table [T3]indicate that our approach is superior to other methods in practical scenarios.
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1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The paper’s contributions are summarized in the introduction section, and the
paper’s scope is introduced in the abstract section.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: The limitations part is discussed in the conclusion section.
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: The proofs of the theorems are provided in the appendix.
Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: The implementation details are provided in the appendix and the anonymous
code link is provided in the abstract section.

Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [Yes]

Justification: The anonymous code link is provided in the abstract section and the data link
is provided in the experimental settings section.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

¢ Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

 The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: The implementation details are provided in the appendix.
Guidelines:

» The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer:

Justification: Note that previous studies in this field have not included error bars in their
experiments, and we follow this for uniformity. We reimplement all the baselines according
to the corresponding papers and fix the seeds to ensure a fair comparison.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

https://doi.org/10.52202/079017-1292 40888


https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy

8.

10.

* The assumptions made should be given (e.g., Normally distributed errors).

e It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: All the experiments are conducted on NVIDIA Tesla A100 40G GPUs.
Guidelines:

* The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: We sincerely read the ethics guidelines and obey this rule.
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: The discussion about the broader impacts is provided in the conclusion section
and appendix.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: Our paper poses no such risks.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: All the creators of assets are properly credited.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]
Justification: New assets are well documented.
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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