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Fig. 1: The architecture of DANCE package.

remaining to obtain the same total count for each cell. Then only the highly
expressed genes (top 3000 by default) are kept for clustering [26].

— Graph Construction: This is required for GNNs based method. Before
model training, we have to convert data to graphs in preparation for graph
operations. DANCE provides a variety of ways of graph construction. In
graph-sc implementation, we construct a weighted heterogeneous cell-to-gene
graph, where the types of nodes can be cell and gene nodes. The weight
of each edge between each cell node and its corresponding gene node is
determined by gene counts, and there is no edge linked between any pairs of
cell or gene nodes.

Model Training and Evaluation All models in DANCE have generic
interfaces for model training and evaluation. The unified interface for model
training is model.fit() while that for model prediction is model.predict(),
which returns the predictions of test data. Furthermore, model.score() acts as
a generic interface to evaluate how well each model is. The metric of the score
function depends on each task. Take graph-sc for an example, after fitting the
model with chosen hyperparameters, we can access the performance of graph-sc
by calling the score function, which will return ARI and NMI scores to indicate
the quality of the clusters.
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4 DANCE Benchmark: Modules, Tasks, Models, and
Datasets

As shown in Figure[2] DANCE is capable of supporting modules of single modal-
ity, multimodality and spatial transcriptomics. Under each module, we bench-
mark several tasks with popular models across standard datasets. Here, we take
the task of Clustering in the module of single modality as an example. Vari-
ous types of methods are implemented including Graph Neural Networks based
methods including graph-sc [26], scTAG [151] and s¢DSC [42] and AutoEncoders
based methods including scDeepCluster [131] and scDCC [132]. To ensure a sys-
tematic evaluation and fair performance comparison of different models, sev-
eral standard benchmark datasets such as 10X PBMC 4K [156], Mouse Bladder
Cells [51], Worm Neuron Cells [17] and Mouse Embryonic Stem CellS [65] for
the task are collected for evaluation. Currently, there are 3 modules, 8 tasks, 32
models and 21 datasets supported by DANCE. Please refer to Appendix [D] and
Appendix [C] for more details about supported models and datasets, respectively.
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Fig.2: A summary of modules, tasks, models and datasets supported by the
DANCE package.

5 Benchmarking and Reproduction

One of the highlights of DANCE is the reproducibility and potential bench-
marking. It is always challenging but helpful to reproduce the performance
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of the published works in single-cell analysis since the implementations are
based on different programming languages and different backend frameworks.
To tackle this challenge, we implement all models based on Pytorch, PyG and
DGL, and put all baselines into the fit-predict-score structure. For every task,
we choose several benchmark datasets and tune all baselines on every dataset.
When implementing baselines, we refer to the implementation details in the
original GitHub repositories and the corresponding papers. For models with-
out suggested parameters, we perform grid search and random search to ob-
tain the best parameters. All the parameter settings can be found via https:
//github.com/OmicsML/dance/tree/main/examples, where we keep command
line information for reproduction at the end of every example file.

To illustrate reproducibility and benchmarking in DANCE, we delve deeper
into the cell type annotation task. Note that all reproductions are accessible
on GitHub: https://github.com/0OmicsML/dancel Currently, DANCE supports
five models for this task. It includes scDeepsort [118] as a GNN-based method.
ACTINN [81] and singleCellNet [128] are representative deep learning methods.
We also cover support vector machine (SVM) and Celltypist [32] as traditional
machine learning baselines. We select datasets on which all five models have
reported results, i.e., MCA [52] for mouse and HCL [53] for human. As for the
evaluation purpose, we pull three tissues from the MCA and pick one dataset
from each tissue, i.e., Mouse Brain 2695, Mouse Spleen 1759 and Mouse Kidney
203.

Model Mouse Brain 2695 Mouse Spleen 1759 Mouse Kidney 203
(current / reported) (current / reported) (current / reported)

scDeepsort 0.363 / 0.363 0.965 / 0.965 0.901 / 0.911
Celltypist* 0.680 / 0.666 0.966 / 0.848 0.879 / 0.832
singleCellNet 0.693 / 0.803 0.975 / 0.975 0.795 / 0.842
ACTINN 0.860 / 0.778 0.516 / 0.236 0.829 / 0.798
SVM 0.683 / 0.683 0.056 / 0.049 0.704 / 0.695

Table 2: Reproduced and reported ACC for the cell type annotation task.

*To meet the format requirements, we renormalize datasets before running the
original implementation of Celltypist.

Table [2| demonstrates the reproduced and reported results of the cell-type
annotation task in terms of accuracy (ACC). For every table cell, on the left,
we have the reproduced annotation ACC based on DANCE, and on the right,
we show the reported ACC in the original works. As shown in Table [2], SVM
and scDeepsort [118] get similar results as reported. Impressively, Celltypist [32]
and ACTINN [81] bring out advancement under the DANCE implementation
with an average absolute increase of 7% and 44% over three datasets, respec-
tively. Note that only singleCellNet |128] produces lower ACC compared to the
reported results. Among all supported tasks, DANCE achieves uniform bench-
marking grounded in Pytorch, which requires less configuration and allows users
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to conduct analysis solely using Python. The structure of some models may be
modified in the process of transformation from R or TensorFlow to Pytorch,
which in consequence affects the reproduced results (e.g., singleCellNet).

6 Open-Source Contribution

DANCE is an open-source package, and everyone can contribute to this platform
with extra tasks, models, and standard benchmark datasets by following the
instructions below:

— Codebase Structure Guidance: Before contributing to DANCE, you need
to understand the codebase structure in DANCE and make sure you are going
to modify the correct files or put new files into the correct place. dance is the
root of the package. datasets|is the dataloader module, which contains task spe-
cific data loaders. modules is the model module, which covers all implemented
algorithms. Each model is created as an individual file under the corresponding
task folder. transforms| is the data processing module, which deals with data
preprocessing in |preprocess| and graph construction in jgraph_construct. You
are flexible to pick up any existing functionalities in those two files for your
model development and welcome to contribute new ones if your desired ones
are not provided. lexamples| is the example reference module, which presents
one example for one model.

— Code Style Guidance: The contributed codes are required to follow the
standard python coding style. For more details, please refer to Style Guide for
Python Code.

— Testing: To ensure that your contributed code does not impact the normal
operation of the existing codebase, you need to ensure that all tests pass before
submitting. Please refer to the Run Test section in DANCE for how to run
tests.

— Reproducibility: This is only required for contributed new models. An ex-
ample file is necessary to present how to run your model on existing standard
benchmarks. Furthermore, you need to place command lines at the end of the
example file to obtain the best performance for reproducibility purposes. One
command line corresponds to one standard benchmark dataset running of your
contributed model.

— Documentation: Submitted code should be documented or commented on
for easy readability purposes by users. Please refer to Numpy Style Docstring
Guide for more details.

7 Impacts and Future Directions

In face of reproducibility issues of computational models in the field of single-cell
analysis, we believe the DANCE platform will bring meaningful contributions to
the whole single-cell community. To be specific, end users don’t have to spend
a lot of effort in implementing and tuning models. Instead, they only need to
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run the command line we provide to easily reproduce results from the original
paper. In addition, with our implementation, the performance of some models
is even better than that reported in the original paper; we also provide GPUs
support for the accelerated training purpose for deep learning based models in
our implementation. It is worth noting that our DANCE package is an open-
source package where every developer can contribute to advancing this field.

Since the functionalities of preprocessing and graph construction in current
DANCE are not consolidated. It would be enhanced in the future. DANCE would
be released as a SaaS service, which means that users are not limited to their
local computation and storage resources. The interactive interface will be also
provided for end users to use. In such case, after users upload their datasets to
the platform, they only need to click on some buttons to select the preprocess-
ing functions and the interested tasks and models for running without coding
skills requirement. The results would be visualized on the website instantly. The
leaderboard can be further developed to evaluate the efficacy and generalizability
of state-of-the-art computational methods. From the data perspective, the col-
lected datasets enable us to integrate them into atlas reference database via the
exploration of integrating different modalities or even tissues. Later on, this atlas
would be released for public access to further research in the whole single-cell
community. Last but not least, AutoML and model explainability will be sup-
ported which can further minimize the efforts and ML background requirements
for DANCE users.
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A Environment Dependencies

For the dependencies of our first version of the DANCE package, please refer to
Table Bl for more details.

Dependency ‘ Version
h5py >3.7.0
leidenalg >0.8.10
networkx >2.8.5
numba >0.56.0
opencv-python >4.6.0.66
openpyxl >3.0.10
psutil >5.9.1
pyro-ppl >1.8.1
python-igraph >0.9.11
rdata >0.8
scanpy >1.9.1
scikit-learn >1.1.2
scikit-misc >0.1.4
scipy >1.9.0
seaborn >0.11.2
skorch >0.11.0
statsmodels >0.13.2
torch >1.11.0
torchnmf >0.3.4
torchvision >0.12.0
tqdm >4.64.0

Table 3: Dependencies of DANCE Package
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B Performance Display

In this section, we show the performance comparison between our implementa-
tion and the original implementation for tasks as below:

— Single Modality Module: Imputation, Cell Type Annotation and Cluster-
ing.

— Multi-modality Module: Modality Prediction, Modality Matching and
Joint Embedding

— Spatial Module: Spatial Domain and Cell Type Deconvolution.

If the original implementation is unavailable to the public or is based on non-
python language, we re-implement them with generic python language in our
DANCE package. If the original implementation exists, we transform them into
the generic fit-predict-score structure. Note that not all methods are tested on
all standard benchmark datasets. To bridge this gap, we test them on each stan-
dard benchmark dataset for system evaluation and fair comparison. In all per-
formance comparison tables, we compare the performance of our re-implemented
algorithms denoted as “current” with that of original ones denoted as “reported”.
Note that N/A means that the performance is not available on this dataset.

Table 4: Imputation Task: performance comparison between our and original
implementations in DANCE.

. . Mouse Brain Mouse Embryo
Model  Evaluation Metric (current/reported) (current/reported)
DeepImpute MSE 0.12 / N/A 0.12 / N/A
ScGNN MSE 0.47 / N/A 110 / N/A
GraphSCI MSE 0.42 / N/A 0.87 / N/A

Louvain ARI 0.31 /0.33 0.2528 / N/A
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Table 5: Cell Type Annotation: performance comparison between our and origi-
nal implementations in DANCE. (Note: * Benchmark datasets have been renor-
malized when running the original implementation of Celltypist to meet its for-
mat requirements.)

Evaluation Mouse Brain 2695 Mouse Spleen 1759 Mouse Kidney 203

Model Metric  (current/reported) (current/reported) (current/reported)
scDeepsort ACC 0.363/0.363 0.965 /0.965 0.901/0.911
Celltypist* ACC 0.680/0.666 0.966,/0.848 0.879/0.832
singleCellNet ACC 0.693/0.803 0.975/0.975 0.795/0.842
ACTINN ACC 0.860/0.778 0.516/0.236 0.829/0.798
SVM ACC 0.683/0.683 0.056,/0.049 0.704/0.695

Table 6: Clustering Task: performance comparison between our and original
implementations in DANCE.

Model Evaluation 10x PBMC Mouse ES ‘Worm Neuron Mouse Bladder
Metric (current/reported) (current/reported) (current/reported) (current/reported)
graph-sc ARI 0.72 / 0.70 082/0.78 0.57 / 0.46 0.68 / 0.63
scDCC ARI 0.82 / 0.81 0.98 / N/A 0.51 / 0.58 0.60 / 0.66
scDeepCluster ARI 0.81 /0.78 0.98 / 0.97 0.51 / 0.52 0.56 / 0.58
scDSC ARI 0.72 / 0.78 0.84 /N/A 0.46 / 0.65 0.65 / 0.72
scTAG ARI 0.75 / N/A 0.96 / N/A 0.53 / N/A 0.60 / N/A

Table 7: Modality Prediction Task: performance comparison between our and
original implementations in DANCE.

Model Evaluation GEX2ADT ADT2GEX GEX2ATAC ATAC2GEX
Metric (current/reported) (current/reported) (current/reported) (current/reported)
ScMoGCN RMSE 0.3885 / 0.3885 0.3242 / 0.3242 0.1778 / 0.1778 0.2315 / 0.2315
SCMM RMSE 0.6264 / N/A 0.4458 / N/A 0.2163 / N/A 0.3730 / N/A
Orossmodal - paisk 0.5725 / N/A 0.3585 / N/A 0.1917 / N/A 0.2551 / N/A
BABEL RMSE 0.1335 / N/A 0.3673 / NJA 0.1816 / N/A 0.2394 / N/A
ScTAG ARI 0.75 ] NJA 0.96 / NJA 0.53 ] NJA 0.60 / NJA

Table 8: Modality Matching Task: performance comparison between our and
original implementations in DANCE.

Model Evaluation GEX2ADT GEX2ATAC
Metric (current/reported) (current/reported)
ScMoGCN ACC 0.0827 / 0.0810 0.0600 / 0.0630
SCMM ACC 0.005 / N/A 5e-5 / N/A

Cross-modal

autoencoders ACC 0.0002 / N/A 0.0002 / N/A
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Table 9: Joint Embedding Task: performance comparison between our and orig-
inal implementations in DANCE.

Model Evaluation GEX2ADT GEX2ATAC
Metric (current/reported) (current/reported)

ScMoGCN ARI 0.706 / N/A 0.702 / N/A

ScMoGCNv2 ARI 0.734 / N/A N/A / N/A

scMVAE ARI 0.499 / N/A 0.577 / N/A

scDEC(JAE) _ ARI 0.705 / NJA 0.735 / N/A

DCCA ARI 0.35 / N/A 0.381 / N/A

Table 10: Spatial Domain Task: performance comparison between our and orig-
inal implementations in DANCE.

Model Evaluation Slice 151673 Slice 151676 Slice 151507
Metric (current/reported) (current/reported) (current/reported)
SpaGCN ARI 0.51 / 0.522 0.41 / NJ/A 0.45 / N/A
STAGATE _ ARI 0.59 / N/A 0.60 / 0.60 0.608 / N/A
stLearn ARI 0.30 / 0.36 0.29 / N/A 0.31 / N/A
Louvain ARI 0.31 / 0.33 0.2528 / N/A 0.28 / N/A

Table 11: Cell Type Deconvolution: performance comparison between our and
original implementations in DANCE.

Model Evaluation GSE174746 CARD Synthetic SPOTIlight Synthetic
Metric  (current/reported) (current/reported) (current/reported)
DSTG MSE 0.172 / N/A 0.0247 / NJA 0.042 / NJA
SpatialDecon  MSE 0.0014 / 0.009 0.0077 / N/A 0.0055 / N/A
SPOTlight MSE 0.0098 / N/A 0.0246 / 0.118 0.0109 / 0.16
CARD MSE 0.0012 / N/A 0.0078 / 0.0062 0.0076 / N/A
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C Details of Supported Datasets

All supported datasets across 8 tasks in DANCE are summarized in Table
For each supported dataset, we list what type of species and tissue it is about,
dataset dimensions including the number of cells and genes, and also the protocol
about how to generate the dataset for reference. In the column of “Availability”,
the dataset link is provided once you click the reference.

Table 12: A summary of all supported datasets in DANCE.

Dataset

Module Task Dataset Species& Tissue Dimensions Protocol Availability
=
10X PBMC 5K Human, PBMC ;;g;oczgi . 10x Genomics 155|
Human Embryonic . 758 cells . . - -
stem cells (ESC) Human, ESC 17,826 genes Tllumina HiSeq 2500 25,
Imputation Mouse Neuron N 11,843 cells . . .
Cells 10k Mouse, Neuron 31053 genes 10x Genomics 155
Mouse ESC Mouse, Neuron ifi;;;ﬂies Droplet Barcoding 65,
=607 5
Cell Type HCL Human ‘;gi’i;z;eu& Smart-seq2 53
i ity ‘nnmotation 01,764 cells
Single Modality MCA Mouse » (‘imi ; Smart-seq2 52
10X PBMC 4K Human, PBMC ig;;{;ﬁies 10x Genomics 156
Mouse Bladder Cells Mouse, Bladder Zgégoceggi " Microwell-seq 51
Clusteri 1,186 ce
ustering ‘Worm Neuron Cells ‘Worm, Nerve t; igti(:l;cs sci-RNA-seq 17,
IS\'{Z::CCEI‘IZ bryonic Mouse, Embryo ;'17 }ZSngfles Droplet Barcoding 65,
Openproblems 81,241 cells
S s I - . y -
Neurips2021 CITE Human, BMMC 13,953 genes ) 10X TotalSeq B 5
Modality 134 surface proteins
Prediction 62,501 cells
gpel3pf‘z’glzef“;1 i Human, BMMC 13,431 genes 10X Multiome 5
Curps wiviome 116,490 peaks
Openproblems 81,241 cells
Y 5 5
Neurips2021 CITE Human, BMMC 13,953 genes ) 10X TotalSeq B 5
. . Modality 134 surface proteins
Multimodality . 62.501 cells
Matching  Openproblems o )
Neurips2021 Multi Human, BMMC 13,431 genes 10X Multiome 5
eurips: ultiome 116,490 peaks
Openproblems 81,241 cells
y 5 3 5
Neurips2021 CITE Human, BMMC 13,91f3 genes . 10X TotalSeq B 5
Joint 134 surfafle proteins
Embedding . 62,501 cells
3252’”‘5‘2’3_1;1‘“‘1;%0[1]& Human, BMMC 13,431 genes 10X Multiome 5
P 116,490 peaks
12 slices
Spatial LIBD Human Dorsolateral Human, Dorsolateral —Slice 151673: 10X Visium 104
Domain Prefrontal Cortex prefrontal cortex 3,639 spots s
33,538 genes
. . . . 3,353 spots e A
Mouse Posterior Brain Mouse, Posterior brain 31,053 genes 10X Visium 2
Spatial Mouse Olfactory Bulb Mouse, Olfactory bulb 1,185 spots 10X Visium 1
Cell Type 11,176 genes
D . HEK293T and 56 mixtures .
econvolution CCRF-CEM Human 1,414 genes NanoString GeoMx 29
53 Spots
Human PDAC Human, Pancreas :;13())2;22:;\ Spatial Transcriptomics |94



https://doi.org/10.1101/2022.10.19.512741
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.19.512741; this version posted October 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

DANCE: A Deep Learning Library and Benchmark for Single-Cell Analysis 33
D Details of Supported Tasks and Models

D.1 Single Modality Module

Imputation The goal of imputation for scRNA-seq data is to address artificial
zeros in scRNA-seq data generated during the sequencing process systematically
or by chance due to technological limitations. Imputation aims at correcting
these artificial zeros by filling in realistic values that reflect true biological gene
expressions |71]. Thus, a good imputation method should be able to distinguish
artificial zeros from biologically true zeros and recover true expressions for arti-
ficial zeros. As the corresponding biologically true expression values are unavail-
able for entries of artificial zeros in the gene-cell matrix, dropouts are simulated
for benchmarking such that metrics such as cosine similarity, correlations, or
MSE-related metrics can then be used to evaluate imputation algorithms; al-
ternatively, prior cell information, such as cell types, can be used to evaluate
whether an imputation method could recover biological signals by comparing
clustering patterns using original and imputed expressions [6l/31/56}(75./114},/139].

dance.modules.single_modality.imputation.deepimpute Deeplmpute [6]
builds multiple neural networks in parallel to impute target genes using a set
of input genes. Given a scRNA-seq matrix X, target genes, i.e, genes to be
imputed, are selected based on the variance over mean ratio, which are split into
N random subsets. Each subset corresponds to a neural network consisting of two
layers: a dense layer and a dropout layer with ReLu and softplus as activations,
respectively. The inputs to each neural network are genes highly correlated with
corresponding target genes based on Pearson’s correlation coefficient. The loss
function is the Weighted mean squared error (MSE).

dance.modules.single_modality.imputation.scgnn scGNN [139] uses an
integrative autoencoder framework for scRNA-seq gene expression imputation
that incorporates gene regulatory signals (TRS). It includes a feature autoen-
coder, a graph autoencoder, and a cluster autoencoder that are trained itera-
tively, whose outputs are used in the final imputation autoencoder to recover
gene expressions.

scgnn uses left-truncated mixed Gaussian (LTMG) to account for regulatory
signals. The normalized expression for a gene is modeled by a mixture of £ Gaus-
sian distributions representing k& TRSs, and left truncation is used to account
for dropouts and lowly expressed values. The expression of gene 7 in cell j can
then be assigned to the TRS under whose Gaussian distribution the observed
value is most likely to occur. All parameters in this step are estimated by MLE.

Given an input scRNA-seq expression matrix X, the feature autoencoder
extracts a lower-dimensional embedding X’ and reconstructs the expression X,
which is composed of two dense layers in both the encoder and the decoder. The
loss function is MSE integrated with gene regulation information

Li:(lfa)Z(XfX)2+aZ((Xf)A()QGTRS) (1)
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where « € [0,1] and © denotes element-wise product.

A KNN cell graph is constructed from the learned embeddings in the feature
autoencoder, which is pruned by the Isolation Forest. With node feature matrix
X', the two-layer GCN encoder is constructed as

Z = ReLU(AReLU(AX'W1)Ws). (2)

where A is the symmetrically normalized adjacency matrix of the cell graph and
W1, Wy are learnable parameters.
The associated decoder is:

A = sigmoid(ZZ ") (3)

The parameters are learned through the cross-entropy loss

N N
L(A A) = NL ZZ aij ¥ log(a;) + (1 — aij) *log(1 —aij))  (4)

where a;; and @;; are elements in A and A.

The k-means clustering is then applied to the learned embedding in the
graph autoencoder. The number of clusters is determined by the Louvain al-
gorithm. Each cell cluster has an autoencoder to regenerate gene expressions
within a cluster, whose structure is the same as the feature autoencoder with-
out being regularized by TRS. The reconstructed gene expression is fed back
into the feature encoder iteratively until the convergence of adjacency matrix
(A; — Ay < 1)and cell clusters converge (ARI> 7).

After convergence, a final imputation autoencoder is trained, which has a
similar structure and loss to the feature autoencoder but with three additional
regularizations:

c:(1—a)Z(X—X)2+aZ((X—X)%TRS)
B fwl+n > (4 (X - X2) 40 Y (B (X - X?)

where 8 € [0,1] controls the intensity of the L1 penalization and B is a matrix
indicating whether two cells belong to the same cluster.

()

dance.modules.single_modality.imputation.graphsci GraphSCI [114] is a
GNN-based method to impute scRNA-seq data expressions. Given a gene ex-
pression matrix X with N genes and M cells, a gene graph associated with an
N x N adjacency matrix A is derived based on gene-wise Pearson correlation
coefficients. The gene expression matrix and the constructed gene graph are
the input to 1) a two-layer GCN whose lower-dimensional embedding gives the
Gaussian distribution representing gene relationships and 2) a two-layer fully
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connected neural network (NN) from which a ZINB distribution for scRNA-seq
data expressions can be inferred. In particular, the GCN is formulated as

H{Y = ReLU(AXWY) (6)
s o%] = AHP W (7)

where W(O), W/(\}) are the trainable parameters.
The fully-connected neural network is defined as

HY = tanh (X T (WD © A) + b)) (8)
[, O, ad] = o (W) + b)) )

where paq, O, T are the mean, dispersion, and dropout probability for the
ZINB distribution, and W/(\(/)l)7 W/(él), b(® p() are trainable parameters.

The learned latent variables ([tar, o3/], [uat, Oaa, Taq] are re-parameterized
as ZV and ZM, i.e, the latent space representation of the GCN and NN, to be
used by the decoder to construct the imputed gene expression X. Specifically,
the imputed gene expression for gene i in cell j is

Xij = 9, (Z°M5) = diag(5;) x ZM (10)

where 5} is the size factor of cell j.
Meanwhile, the reconstructed edge weight between gene ¢ and gene j is

Aij = 90,21, 2}) = sigmoid((2Y) " ) (11)

ZN and ZM are optimized by variational lower bound

L(o, 50) :E% Z Ingim(Xij‘ZzN’vZJ/M) +EQ¢ Z Ingﬁﬂz(Aij‘Z{v)Z?/)
1EN,JEM i,jEN
— Di1(qs(ZM[A, X T)|[p(Z2M)) = Dicr(g6(ZV A, X T)|Ip(ZV))
(12)

where [y, is the cross-entropy function and and Dgr(q||lp) is the Kullback-
Leibler divergence between distributions ¢ and p.

Cell Type Annotation Cell type annotation targets applying statistics of cel-
lular properties to infer cell types. Given the gene expression of several cell types,
for each cell with a certain single-cell expression matrix, the degree of similarity
can be calculated. Based on the optimal similarity result, the cell type can then
be inferred. In DANCE, we support 5 models that establish measurements of
evaluating the similarity of gene expression profiles of unknown cells to gene
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expression matrices of known cell types. The model performance is evaluated by
prediction accuracy.

dance.modules.single_modality.cell_type_annotation.scdeepsort Scdeep-
sort [118] includes three modules: an embedding layer, a weighted graph aggre-
gator, and linear classification towers. Given m genes and n cells, we have the
input single-cell data matrix D € R™*™. To generate the weighted cell-gene
graph, we first apply PCA to extract d dimensional representations of initial
representations. A weighted adjacency matrix A € R(Mm+™)* and a node embed-
ding X € Rm+m)xd are generated from D. For a gene node j, the shareable
parameter 3; denotes the confidence value for the edges interacting with node
j. For the self-loop edge for each cell, we use o to denote its confidence value.
Let h¥ be the node i’s embedding vector in the k;, layer, the aggregator layer is

k—1 k-1
ro1 O D jen Piaigh;

T+ NG| +0°7, (13)

hY = o(W
where a;;is the normalized weight of an edge from nodes i to j. Then cell node
representations are fed into linear classifier layers

;i = softmax(WhY +b) (14)
Cross entropy loss is applied in the objective function:

c
6 = argming Z yelogiye, (15)

c=1

where 6 represents all trainable parameters.
dance.modules.single_modality.cell_type_annotation.celltypist Celltypist
[32] uses a multinomial logistic regression classifier defined as:

1
I(z) = e (16)
where [(z) is the decision score with = as the input vector. Then the decision
score for each cell is defined as the linear combination of the scaled gene ex-
pression and the model coefficients associated with the given gene type, and the
possibility is calculated by transforming the decision score by a sigmoid function.
dance.modules.single_modality.cell_type_annotation.singlecellnet Single-
Cellnet |128] revamped the random forest classifier method to enable classifica-
tion of scRNA-seq data cross platforms and cross-species. It sends the input
features into a number of decision tree classifiers and uses majority voting to
make predictions.
dance.modules.single_modality.cell type_annotation.actinn ACTINN [8]]
proposes a neural network based model for cell type annotation. It applies mul-
tilayer perceptron for the identification of cell types that can be implemented
as:

v = g(Wizi—1 + bi1), (17)
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where z; is the output from the s, layer, W; and b; represent the weight matrix
and the bias in the i:h layer and g represents the activation function used in the
neural network. In the input layers and hidden layers, the activation function is
ReLU as:

ReLU(x) = maz(0, z). (18)

It utilizes the softmax function as the activation function g for the output layer,
which is defined as:

exp(z;)
iy eap(i)
where x; represents the jij, element of the input vector for the output layer and
k is the length of the vector x.
dance.modules.single_modality.cell_type_annotation.svim Support vector
machine(SVM) is widely adopted as a benchmark in many studies [3}[118]. Given
the input x and label y, the prediction function is

softmax(z;) =

(19)

J=wz + b, (20)

where w represents the weights and b is the interception in the SVM. Based on
Eq [20] SVM optimizes the following problem:

1 9
rg}g@llw\l 7

subject toy(wxr +b) —1 > 0.

Clustering Clustering is a crucial part of single-cell analysis. With clustering,
researchers can identify cell types or cell-type subgroups within the gene expres-
sion data. In the clustering task, we now support 5 models. The first 3 models
are GNN based, and the later 2 models are non-GNN based with autoencoder as
the backbone. The clustering performance is evaluated by Adjusted Rand index
(ARI).

dance.modules.single_modality.clustering.scdeepcluster scDeepCluster [131]
introduces a ZINB-based autoencoder. The input matrix is corrupted by a Gaus-
sian noise e: X TPt — X 4 e. Then the encoder produces latent representation

Z from X°¢°'ruPt The decoder can be formulated as:

IT = sigmoid (W fp(Z))
M = diag(s;) x exp (W, fp(Z)) (21)
O =exp Wy fp(Z))
where fp(-) is the decoder function; s; is the size factor; {II, M, O} are the esti-
mations of ZINB distribution parameters {m, i, 0}, respectively. The clustering

process is based on soft assignment. The soft label ¢;; of embedded point z; is
defined as:

-1

IR ERo)

[/ —1
> (L 11z — uel?)

(22)
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where p; is the j-th cluster center.

dance.modules.single_modality.clustering.scdcc scDCC [132] shares the
same model structure as scDeepCluster. In the training process, pairwise con-
straints are integrated into the loss function. There are two types of pairwise
constraints, i.e., must-link (ML) and cannot-link (CL). Two instances with a
must-link constraint should have similar soft labels as:

Ly = — Z IOgZQaj X qu; (23)

(a,b)e ML J

While two instances with cannot-link should have different soft labels as:

Lon=— Y log | qaj x (24)

(a,b)eCL J

where q,; and gp; are soft labels defined in .

dance.modules.single_modality.clustering.graphsc graph-sc [26] utilizes
gene-to-cell graph as the input of graph autoencoder. In the gene-to-cell graph,
genes and cells are nodes, and there are weighted edges between cell nodes and
the expressed gene nodes. Let the raw data matrix be X, then the weight of
gene i to cell j is w;; = % We use W, Zy, and A to denote the graph
weight matrix, the input features, and the adjacency matrix. A = D 2AD":
is the normalized adjacency matrix with D as the degree matrix of A. The cell
embeddings can be obtained by:

7 = ReLU(ReLU(AZy W, W)W5) (25)

where Wy and W are learnable weights. The new adjacency matrix A is then
reconstructed by A = sigmoid(ZZ").

dance.modules.single_modality.clustering.sctag scTAG |151] first gener-
ates a K-nearest neighbor cell-to-cell graph. It then adopts a ZINB-based graph
autoencoder to process it, which takes topology adaptive graph convolutional
network (TAGCN) [35] as the graph encoder. Consider the I-th hidden layer, let
the input data be a:g) € RN, where c =1,2,...,C;, C, is the number of features
of each node, and N denotes the number of samples. The graph convolution
process can be defined as follows:

c K

x}lﬂ) = ReLU (Z Zgg}?kAkxg) + bf1N> (26)
c=1 k=0

where by is a learnable bias; K is the number of convolution kernels; and ggl} &

denotes the polynomial coefficients. Denote Z as the latent embedded representa-

tion. The new adjacency matrix A is then reconstructed by A = sigmoid(ZZT).

The estimations of ZINB distribution parameters {m, 1, 0} are obtained by .
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dance.modules.single_modality.clustering.scdsc scDSC [42] consists of a
ZINB-based autoencoder and a graph autoencoder with the KNN cell-to-cell
graph. In the ZINB-based autoencoder, let the latent representation be H, the
output of last decoding layer be D, bepne and bgec be bias of encoder and decoder,
respectively. The autoencoder is formulated as follows:

H= fenc(WencX + benc)

_ 27
X = fdec(WdecH + bdec) ( )

where X is the reconstructed expression matrix. The estimations of ZINB dis-
tribution parameters {m, u, 8} are similar to those in . In the graph encoder,
denote the representation of [-th layer as Z(;), the adjacency matrix as A, and
the degree matrix as D. The new representation is generated by:

Zany = 6 (DFAD™ (02 + (1= o) Hay) W) (28)

where ¢(-) is an activation function; o is a hyperparameter; and H(; is the
representation of [-th layer of ZINB-based encoder.

D.2 Multimodality Module

Modality Prediction Modality prediction is to predict features of a target
modality from features of an input modality. The evaluation is based on rooted
mean squared error (RMSE) between ground-truth features and prediction. In
this task, DANCE supports 4 models. All of them are deep learning models, one
of which is based on graph neural networks.

dance.modules.multi_modality.predict_modality.scmogen scMoGNN [143]
first converts the input feature matrix into a cell-feature bipartite graph G = (V, £)
where each node v represents a cell or a feature. For instance, for the input of
gene expression, each node can be a cell or a gene. Meanwhile, additional gene-
gene connections are added based on an external pathway dataset [127]. Every
pair of vertices in V' are connected by a weighted edge, which either depends on
the read count of a feature in a cell, or the correlation between features.

Specifically, we use X € RY** to denote the feature matrix of input modality
with N the number of cells and k the dimension of input features. The adjacency
matrix A of the constructed cell-feature bipartite graph G is:

A= (xrp): (29

where O is a zero matrix, and P € R*** indicates the gene-gene links.

To learn node embeddings on G, scMoGNN introduce a heterogeneous graph
convolutional network. The proposed heterogeneous graph convolutional network
can be stated as:

H{*Y = GCNg(Ag, HY), (30)
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HEH_I) = GCNCf(ACf, H(l)) + GCNfC(AH? H(l))7 (31)

where Hgl) is the embeddings of feature nodes in [-th layer, Hgl) is the embed-
dings of cell nodes in I-th layer. Subscripts cf, text fc and text f f denote the graph
convolution over all the cell-to-feature edges, feature-to-cell edges and feature-
to-feature edges respectively. After stacking convolutional layers, cell node em-
beddings from each layer are collected by a weighted sum, denoted as

L
H=> wH, (32)
=1

where w is a learnable weight vector, L is the total number of layers. H is then
passed to the downstream modules. In the case of modality prediction, a fully-
connected predictive head is added. The final prediction Z € RN *? of scMoGNN
can be thus written as:

Z = ReLU (ﬂw + b) (33)

where W and b are the parameters of the predictive head. Overall, a mean
squared error MSE(Z,Y) is optimized through training, where Y € RV*9 is
ground-truth features of the target modality.

dance.modules.multi_modality.predict_modality.babel BABEL [146]| trains
two neural-network-based encoders and two decoders on the paired data to trans-
late data from one modality to the other and to reconstruct itself, thus eventually
obtaining shared embedding. A special design in BABEL is to add a prior dis-
tribution to the decoder. Instead of directly outputting the feature values, the
decoder estimates the parameters of feature distribution.

Formally, for each cell, the RNA decoder models the likelihood of expressions
y as a negative binomial (NB) distribution, written as:

rvso =Lt (555) (o45) oy

where I" denotes the gamma function, § and 6 are the estimation of the mean and
dispersion of the distribution. In practice, these estimations come from neural
network encoders and decoders. The optimization problem is thus formalized by
minimizing the negative log-likelihood:

Lxp(y;9,0) = —0(log(0 + €) —log(0 + §)) — y(log(g + €) — log(d + 7))

35
—logI'(y+0) +log I'(y + 1) +log I'(0 + ¢) (35)

where € is a tiny constant for numerical stability.

The ATAC decoder has a different modeling approach since the feature for
each peak is binary. The loss function for the ATAC decoder is based on binary
cross-entropy, shown below:

Lpce(z;T) = —(xlogZ + (1 — x) log(1l — ) (36)
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where z represents ground-truth ATAC-seq features, and T denotes the predic-
tion from the ATAC decoder.
The overall loss function is hereby formulated as:

L = Lng (r,rana)+BLecE (¢, aarac)+BLecE (a, arna)+Lys (7, raTac) (37)

where r and a are the ground-truth RNA-seq features and ATAC-seq features
respectively, subscripts indicate from which modality the features are predicted
(e.g., arna represents the ATAC features predicted from RNA). The first two
terms in the loss function are similar to reconstruction loss in autoencoders. The
latter two terms can be considered as modality prediction loss.

For testing, we simply take agna as the prediction of ATAC-seq from RNA-
seq, and take raTac as the prediction of RNA-seq from ATAC-seq.

dance.modules.multi_modality.predict_modality.cmae Cross-modal Au-
toencoders [149] uses autoencoders to map vastly different modalities (including
images) to a shared latent space. Specifically, a discriminator and adversarial
loss are added to force the distributions of different modalities to be matched in
the latent space. To make use of prior knowledge, an additional loss term can
further be added to align specific markers or anchoring cells.

Formally, an invariant latent distribution for two modalities ¢ and j is learned
as follows. We denote the input features of two modalities as X; and X;. For
modality 7, we optimize the objective:

min Bxpy L3 (x,D; (Ei(x))) + ALo (Ei#Px, | Py) (38)

while for modality j, we optimize:

én%l Ex’\’ij El (X,Dj (E] (X))) + )\,CQ (Ej#ij | Pz) (39)

720
Here, E;#Px, refers to the distribution of modality ¢ in the latent space Z, Py
is the expected distribution of joint latent space Z. D and E refer to encoders
and decoders parameterized by neural networks. £; is the Euclidean distance
metric, which is equivalent to a reconstruction loss. Ly represents a divergence
between probability distributions, since P, is unknown, it can be adapted to a
discriminator and an adversarial loss.

Several additional losses can be added to the model to incorporate prior
knowledge. For example, if training data include paired multimodal data, those
cells with more than one modality can be considered as anchors. Suppose (z1,2}) , (z2,25) ..., (Tm, },)
are corresponding points from two datasets, we can add the following anchor loss,

> IE () — B () (40)
i=1

where E and E are encoders for the two modalities, respectively.
The final prediction from modality ¢ to modality j is D; (E;(X)).
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dance.modules.multi_modality.predict_modality.scmm scMM [92] lever-
ages a mixture-of-experts (MoE) multimodal variational autoencoder [119] (VAE)
to explore the latent dimensions that associate with multimodal regulatory pro-
grams. It models raw count features from each modality using various probability
distributions in an end-to-end way. Specifically, an MoE multimodal VAE (MM-
VAE) is to learn a multimodal generative model:

pe (2,Z1:Mm) Hpe (®m | 2) (41)

m

where pg, . (., | z) is the likelihood for m-th modality, and py , is parameterized
by a neural network decoder. To optimize the model, a typical training objective
for VAE is to maximize the ELBO:

ELBO =E.ng, (2 | Z1.1) [1"@? M} .

where gg (z | ©1.0s) is the joint variational posterior that can be parameterized
by a neural network encoder. In addition, an MMVAE factorizes the joint pos-
terior with an MoE:

do Z | Eas M Zaqum z ‘ wm)aam = 1/M7 (43)

where the posterior of the m-th modality is g, (2 | ). It is parameterized by
the encoder. When using stratified sampling, ELBO can be re-written as:

M
1 (vaxl M)
ELBO = — E E. ~ z| xp) |log ——————=
M m~Gom ( ‘ ) [ g 5 (zm | wle)‘|

M
S B o (o 08D (@10r | 20)] ~ KL g, (= | 2 (=)}

(44)
The first expectation term is to measure the reconstruction performance. Here,
latent variables of each modality would be used to reconstruct all modalities, in-
cluding cross-modal translation. The second term is a regularization term forcing
the variational posterior to be consistent the prior distribution p(z), which is a
Laplacian distribution in practice. In the modality prediction task, we take the
cross-modal generation results as the prediction of the model.

Modality Matching The objective of the modality matching task is to iden-
tify the cell correspondence across modalities. To be concrete, we separate each
modality of the jointly profiled dataset into a subset, and the order of cells in
each subset is disturbed. In the training dataset, the cell correspondence labels
between subsets are given. While in the testing data, the correspondence is not
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given. The model needs to learn to identify cell correspondence from the labeled
training data and evaluate it on the testing data.

To provide a more flexible protocol, the model output is adapted to a match-
ing score matrix S € R™*", where n is the number of cells, S; ; is the probability
that cell ¢ from one modality corresponds to cell j from the other modality.
Therefore, S is a non-negative matrix where each row sums to 1. As metrics,
we compute the average probability assigned to the correct matching. In this
module, DANCE now supports 3 models. All of them are deep learning models,
one of which is based on graph neural networks.

dance.modules.multi_modality.match_modality.scmogcn The overall struc-
ture of scMoGNN in the modality matching task is the same as in the modality
prediction task. However, in the modality prediction task, the input is only one
modality, while in the modality matching task, features of two modalities are
given altogether. Therefore, scMoGMM constructs two graphs G; and G- for two
modalities respectively. The cell node embeddings are obtained in the same way
as before, denoted as fIl and I:IQ. Then a matching head is added, formulated
as:

S=H, H] (45)
where S is the desired output matrix of matching scores. For training, we cal-
culate the cross entropy loss between S and a ground-truth matching matrix
M e R™*"™, where M, ; = 1 only when cell ¢ in modality 1 corresponds to
cell j in modality 2. In addition, several auxiliary losses are added, including a
reconstruction loss and a translation loss.

For testing, a bipartite matching via the Hungarian algorithm is implemented
as post-processing. It generates an optimized sparse score matrix over the raw
S matrix.

dance.modules.multi_modality.match_modality.cmmae The overall struc-
ture of Cross-modal Autoencoders is the same as in the modality prediction task,
where we implement encoders and decoders for all the modalities. Hereby in the
modality matching task, we directly utilize the latent space instead of using a
decoder to generate target modality.

To be specific, the embeddings from each modality can be denoted as:

H, =E| (X;),H; =E; (X3) (46)

where we denote input matrix, encoder and embeddings of m-th modality as
E,., H,, and X,,, respectively. Then the score matrix is obtained by:

S=H, -H! (47)
where S is the output score matrix.
dance.modules.multi_modality.match_modality.scsmm The overall struc-

ture of scMM is the same as in the modality prediction task, where we im-
plemented a neural network encoder E,, for each modality m to estimate the
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variational posterior gg (z | 1.p7). In the modality matching task, we hereby
take the latent vectors generated by encoders as the source for matching. The
whole process is the same as Eq. [46] and

Joint Embedding Joint embedding aims to encode features from two modali-
ties into a low-dimensional joint latent space. To be consistent with the NeurIPS
competition [80], we set the latent dimension size to 100. For the evaluation,
currently, we only support NMI and ARI with the k-means clustering as metrics
in our DANCE package. These metrics evaluate the consistency between latent
clusters and the ground-truth cell type labels. More comprehensive metrics were
introduced in the competition, and we are going to incorporate them into our
package in the future. In this module, we now support 4 models. All of them are
deep learning models, one of which is a graph neural network.

dance.modules.multi_modality.joint_embedding.scmogcn The overall struc-
ture of scMoGNN in the joint embedding task is still similar to what is shown
in the modality prediction task. However, different from previous tasks, here
scMoGNN first preprocesses data as suggested by Seurat [125]. It reduces the
dimension of modality m to a predefined k,, dimension, using latent semantic
indexing (LSI). Empirically, we set k,,, = 256 for RNA-seq features, k,, = 512
for ATAC-seq features, and no dimension reduction for surface protein features.
Next, the preprocessed features of two modalities are concatenated and jointly
considered as feature nodes in the graph construction, as described in Eq.
Since no feature interactions are specified, here we replace matrix P in Eq. [29]
with O. With the graph G so constructed, scMoGNN is further trained by min-
imizing a reconstruction loss, a cell type auxiliary loss and a regularization loss.

Specifically, cell embeddings H are obtained as Eq.[32l An MLP decoder fy i is
involved to reconstruct the input features from H. The ﬁrst T dimensions in H
are also used to predict cell type, where T is equal to the number of predefined
cell types, and a regularization loss is added to the rest of the dimensions. The
overall loss function can be written as:

L= Erecon + Ecell type + ACregula»r
(48)

T
1 N N
:NZX fo(FD)? +> " Yilog(Yy) + B+ [ H 5|2
=1 t=1

where fy is a two-layer MLP decoder, X € R™*(1+k2) is the pre-processed
feature matrix, k1 and ko are specified feature dimensions of two modalities,
Y € RV*T is predefined cell types for each cell in a sparse form, and H 7 refers

to the hidden dimensions other than first 7' dimensions. Y is calculated by a
softmax function over the first T dimensions of H, formulated as:

O (19)
25:1 eHix
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In the end, H is the resulting joint cell embeddings from scMoGNN, which is
expected to encode cellular information that is essential in the joint embedding
task.

dance.modules.multi_modality.joint_embedding.jae JAFE is an adapted
model from scDEC [7§]. It is proposed by the authors of scDEC in the NeurIPS
competition [80] to better leverage cell annotations. Formally, JAE follows the
typical autoencoder architecture with an encoder fy and a decoder gy. They are
parameterized by MLPs, denoted as:

H = fy(X),Z = gy (H) (50)

where H € R"*¢ is the joint embeddings, and Z is the recovered input features.
The novelty of JAE is that it separates cell embeddings into four parts, written
as:

H = [H'|C|B|S] (51)

where | denotes concatenation, C € R™*¢ is additionally supervised by cell
type labels, B € R"*? is additionally supervised by batch labels, S € R"** is
additionally supervised by cell cycle phase score, H € R™*# is the remaining
dimensions. Therefore z + b 4+ s + ¢ = d. The overall loss function of JAE is
formulated as:

L= £recon + ACcell,type + £batch + ‘Ccell,cycle
= MSE(Z, X) + CrossEntropy(C, C) (52)
+ CrossEntropy(B, B) + MSE(SW + b, S)

where C, ]§, S are cell type labels, batch labels and cell cycle scores, respectively.
W € R**2 and b € R? are an extra linear transformation to project S to cell
cycle score vector space. Eventually, H is the output joint embedding from JAE.

dance.modules.multi_modality.joint_embedding.scmmvae scMVAE [157]
learn the distribution of multi-omics via three learning strategies simultaneously:
product of experts (PoE), neural networks, and concatenation of multi-omics
features. In addition, scMVAE models raw count features from each modality
through a ZINB distribution. Specifically, let z be the joint embeddings obtained
from multimodal encoders. p(z|c) is a Gaussian mixture distribution. Its mean
vector u. and a covariance matrix o, are conditioned on ¢, where c is a discrete
categorical variable indicating cell types. This Gaussian mixture prior of z is
introduced in MVAE to enhance the interpretability of the latent representations
and the performance of generation. Let = and y be features of two modalities.
Then the distribution p(z,y, 2, ¢, I3, 1) is formulated as:

p(@,y, 2,6l ly) =p (x| 2,0)p(y | 2,1y) p(z | )ple)p (lz) p(ly)  (53)

where [, and [, are the library size factors of two modalities.
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The prior distributions for all the random variables are listed below:

z~N (uc, af[)
lz ~ lognorm (,ulm, algz) ,ly ~log norm (uly7 O'ly2)

Mg ™~ Gamma (f,uz(f(z))a sz(f(Z))) y Hy ~ Gamma (fﬂy(f(z))a f(iy(f(z)))
2’ ~ Possion (Iyu;),y ~ Possion (l,u,) (54)

7y ~ Bernoulli ( frz(f(2))) , my ~ Bernoulli (fr,(f(2)))

2, =0 Y ifm, =0
Tr =) 0 otherwise '” = ) 0 otherwise

where fo, (f(2)) and fg, (f(2)) are the inverse desperations of two modalities
from the variational Bayesian inference. f,, and f,, are two neural network
decoders that estimate the mean proportions of features for two modalities in
each cell by using a softmax function, which simulates the library-size normalized
features. fr, and fr, are neural network decoders that estimate the probability
of features being dropped out due to technical issues. They use a sigmoid function
to model this probability.

To train scMVAE, we maximize the log-likelihood of the multi-omics obser-
vations. Following the convention of variational autoencoders, this objective is
converted to optimizing an evidence lower bound (ELBO):

logp(2,y | 2,¢,lz,ly) > By, (z,c, 2,1y | x,y))
[A1log (po, (% | 2,12)) + A21og (pa, (v | 2,1y))]
—on Dk (q(le | @) [Ip (Ie)) — 22Dkr (¢ (y [ y) llp (Ly))
—BDkr(q(z ¢ | z,y)llp(z,c))

(55)

Both modalities in the ELBO have two reconstruction terms, and three regu-
larization terms are implemented by KL divergence. g, refers to a multimodal
encoder. While py, and pg, refer to decoders, for two modalities respectively.
The latent vector z estimated from E is the eventual joint embedding.

dance.modules.multi_modality.joint_embedding.dcca In DCCA [157], data
of each modality are modeled by a variational autoencoder (VAE). Specifi-
cally, for modality m, an encoder E,, transforms the input features into latent
space zp,. A decoder D,, then transforms z,, into the parameters of the NB or
Bernoulli. For example, RNA-seq and ADT data follow NB distribution, denoted

as:
p(x | zy) = NB(x;uy,0,) = NB(x,ly; Dy, (22), Do, (22))

NB (@3us,0:) = 7 (1;()561?(&2 1) <u1f: 936)95 (9, (—qu>0 o

where D,,, and Dy, are decoders, each dimension of u, and 6, indicates the mean
and variance of NB distribution for each feature, and one-dimensional constant
variable [, indicates the library size of each cell. While ATAC-seq data follow
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Bernoulli distribution, denoted as:

p(y | zy) = Bernoulli (y; u,) = Bernoulli (y; Dy, (2y))

57
Bernoulli (y; uy) = ylog (uy) + (1 — y) log (1 — uy) (57)

where D, refers to the ATAC-seq decoder.

Each VAE is first trained separately with each modality. Then, two VAEs
are trained together to maximize the similarity between two latent spaces. For
example, given the embeddings from a VAEgna and a VAEaTaAc, they optimize
an objective function that combines reconstruction loss with the cell embeddings
similarity loss. Hence, the total ELBO for VAErNa and VAEaTac can be written
as:

Lrna =logp (x| 22) — 51 Z sz zx

> Ezqu(zm\m;Em) (logp (f | Zx; D’uxa Dez)) - )‘1DKL (q (zw | x; Ex) ||p(2)) (58)

—p1 Z ||Zy Zac

K—-1
Larac =logp(y|z) — B2 Y [z’ — 2",
=0
> Ezywq(zy\y;Ey) (logp (y | Ry Duy)) — XDk, (q (Zy ‘ Y; Ey) ||p(Z)) (59)

K-1 ‘
B2 3 =t = =,
i=0

According to the DCCA paper, after jointly training two VAEs, the embed-
ding from VAEgRna is selected as the final embedding for downstream analysis.

D.3 Spatial Transcriptomics Module

Spatial Domain In spatial transcriptomics, the spatial data is referring to
spots with x,y coordinates, and each spot captures several cells. The objective of
the spatial domain is to partition the spatial data into meaningful clusters. Each
cluster uncovered by this analysis is regarded as a spatial domain. Spots in the
same spatial area are comparable and consistent in gene expression and histology,
but spots in different spatial regions are distinct [13|. For evaluation, Adjusted
Rand Index (ARI) [150] is utilized to compare the efficacy of various clustering
techniques. It computes the similarity between the algorithm-predicted cluster-
ing labels and the actual labels. In the spatial domain task, DANCE supports 4
models including 2 GNN-based models and 2 traditional models.

dance.modules.spatial.spatial_domain.spagcen SpaGCN [57] first constructs
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a weighted undirected graph, G(V, E) from the gene expression and histological
image data. In G, each vertex v € V is a spot, and every pair of vertices in V'
are connected by a weighted edge, which assesses the correlation between the
two spots. The weight for the pair (u,v) is calculated as:

w(u, v) = exp (Jl“;l)) (60)

where hyperparameter [ represents characteristic length scale, and d(u,v) calcu-
lates Euclidean distance between spots v and v. This distance is computed by the
spatial distance and the corresponding histology information between two spots.
The initial node representation in the graph is gene expression after dimension
reduction. A process known as graph convolution is utilized by SpaGCN to ag-
gregate gene expression data in accordance with edge weights. Then the output
of the graph convolution layer would be new node representation capturing in-
formation on gene expression, histology and physical location. Based on the new
spot representation, an unsupervised clustering algorithm is further employed to
iteratively cluster the spots into spatial domains. The probability of assigning
spot i to cluster j is defined as:

(L+h — )
K 2 -1
Zj/:l (1 +hi — Nj/)

Gij = (61)

where h; is the embedded point for spot 7, and u; indicates centroid j. Then the
clusters are refined iteratively by a target distribution P from g¢;;:

2 /SN g
pij = ng/Zz:qu (62)

K N
Zj’:l (qzzj//Zizl ql’J”)

which gives more weight to locations that have been recognized with high confi-
dence and normalizes each centroid’s contribution to the loss function to avoid
having large clusters distort the hidden feature space. The objective function is
based on a Kullback—Leibler (KL) divergence as:

N K
L=KL(P|Q) = ZZ wlogp” (63)

where N is the number of spot samples, and K is the number of clusterings.

dance.modules.spatial.spatial domain.stagate STAGATE [33] is a graph
attention based autoencoder [116] with encoder, decoder and graph attention
layers. For graph construction, it builds up an undirected graph with a radius
r that has been predefined based on physical distance. We useA to denote the
adjacency matrix of the graph where Aj; = 1 if the Euclidean distance between
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spots ¢ and j is less than r. In addition, STAGATE also builds up a cell type-
aware graph via updating the previously constructed graph based on the pre-
clustering of gene expressions.

The encoder in STAGATE takes the gene expressions that have been nor-
malized as its inputs. It then generates embedding for each spot by aggregating
information from its surrounding nodes collectively. The latent representation
for spot ¢ is calculated as:

k k k—1
Y=o | 3 att (Wil ) (64)
JES:

where o is the activation function, Wy, is the trainable weight matrix, S; is the
neighbors of spot 4, k indicates k-th encoder layer and attf;’-c) is the attention
score (i.e., the edge weight) between spots ¢ and j obtained from the k-th graph
attention layer’s output.

Contrarily, using the encoder’s output as input, the decoder transforms the

latent embedding into a reconstructed normalized expression profile.

R —o [ S atty (W) (65)
JES;

In graph attention layer, a widely-used self-attention technique for graph
neural networks is adopted to learn the similarity between surrounding spots in
an adaptive manner. The edge weight between spot ¢ and its surrounding spot
j in the k-th encoder layer is calculated as:

17 7
where v{¥) and v(*) are the trainable weights.
The attention score is further normalized by a softmax function in the fol-
lowing way:

e(.].ﬁ) = Sigmoid (ng)T (th(kil)) + ng)T (W’Chgkil))) (66)

o eo()
attth) = (67)
K (k)
Ziey{i €xp (eij )

Eventually, STAGATE aims to minimize the reconstruction loss of normal-
ized expressions in the following way:

|
i=1

where x; is the original normalized gene expressions, and h; is the reconstructed
normalized gene expression for spot .

Xi_hi

2 (68)

dance.modules.spatial.spatial_domain.louvain Louvain [11] is to extract
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the community structure of large networks, which draws inspiration from the
optimization of modularity. A modularity measure shows how densely edges
inside communities are clustered in comparison to edges outside communities.
Theoretically, optimizing this value leads to the optimal grouping of nodes in a
particular network. Due to the impracticality of traversing all possible iterations
of the nodes into groups, heuristic approaches are utilized. The modularity is
defined as:

1 kik;
Q:%Z [Azj_ 277;:| (S(Ci,Cj) (69)
3

where A;; is the edge weight between nodes ¢ and j, m represents the total
weight of all edges in the graph, the weights of the edges that connect nodes 4
and j are added up to get k; and k;, ¢; and ¢; denote node communities, and &
represents Kronecker delta function [9] (§(z,y) =1 if = y; else, 0).

To efficiently maximize the modularity, there are two looping phases. First, a
community is associated with each node in the network. Because of this primary
partitioning, there is consequently the same number of communities as nodes.
Then, the change in modularity is determined for each node ¢ by removing it from
its own community and inserting it in the community of each of i’s neighbors
j. Integration of a previously isolated node ¢ into a community C' results in an

increase in modularity AQ equal to:
Tin (T ki \? 70)
2m 2m 2m

where ), ., is the total link weights occurring to nodes in C, )", represents the
total link weights within C, k; denotes the sum of the link weights associated
with node i, k;;, represents the total link weights from node ¢ to all other
nodes in C, and m is the total link weights for the whole network. Once this
value is computed for all communities to which ¢ belongs, i is assigned to the
community where the modularity increase was largest. If there is no possibility of
expansion, ¢ stays in the same community. This technique is repeated and applied
successively to all nodes until no further growth in modularity is possible. The
first step concludes when this modularity maximum is reached.

In the second phase, all nodes inside the same community are grouped to-
gether and a new network consisting of communities from the first phase is
constructed. The connections between multiple nodes within the same commu-
nity and a node in a separate community are now described by weighted edges
between communities. The second stage is complete when the new network is
set up, at which point the first stage can be applied to it again.

AQ =

Sin + 2kiin ( Srot +Ei\?
2m 2m

dance.modules.spatial.spatial domain.stlearn stLearn [109] performs un-
supervised clustering on SME-normalized data to group similar areas into clus-
ters and discover sub-clustering alternatives based on the geographic separation
of clusters inside the tissue. The name of this stLearn function is SMEcluster. Us-
ing normalized expression values, stLearn separates cell types in a tissue through
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a two-step spatial clustering approach. stLearn implements a conventional Lou-
vain clustering technique for scRNAseq data as the initial step. Linear Principal
Component Analysis (PCA) is used to reduce the dimensionality of the SME
normalized matrix, and then non-linear UMAP embedding is used to generate
the k-nearest neighbor (kNN) graph. kNN’s graph adjacency matrix is then clus-
tered using Louvain clustering or k-means clustering. In the second stage, spatial
information is utilized to identify sub-clusters from large clusters that span two
or more physically distinct places. Using each location’s spatial coordinates, a
two-dimensional k-d tree neighbour search is conducted.

Cell Type Deconvolution Cell-type deconvolution is the task of estimating
cell-type composition in cell-pools from their aggregate transcriptomic informa-
tion. This is a type of inverse problem, as we are trying to determine the sig-
nal of individual cell-types from aggregated readings across multiple cell-types.
Moreover, due to the nature of the spatial (or bulk) transcriptomics profiling
technologies, the true cell-type compositions are most often not given. Solving
this task then requires some transfer learning approaches, in most cases using
scRNA-seq data as a reference (transfer source).

The problem is formulated as follows. We're given mixed-cell expression data
X € R¥X" where each cell-pool i € [1,n] is composed of a mixture of cell-types
[1, K]. Then for each cell-pool i € [1,n], we wish to construct an estimator
9; € AK=1 of the true cell-type composition y; € AX~1. Here, AKX~ is the
regular K-simplex

K
AR = {z e R o =lLagy > 0for k=1,2,..,K} (71)
k=1

We are also given some reference scRNA-seq expression data X, € RV with
one-hot labeled cell-types C' € RY*X Then construct the estimator of cell-type
compositions for the n cell-pools by some function

Y = F(X, X,,C) e R™K (72)
If the spatial information (2D or 3D coordinates in the given tissue)

51
S=1:| eR™ me{23}
Sn
of the cell-pools are available, then we may incorporate this into the estimator
of cell-type compositions for the n cell-pools by some function

Y = F(X, S, X,,C) e RVK (73)

For the task of cell-type deconvolution, DANCE supports 4 models, one GNN
based model and 3 non-GNN based models with classical regression models as
their backbone.
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dance.modules.spatial.cell type_deconvo.dstg DSTG [120] is a GNN based
method that constructs a graph from similarities between real mixed-cell expres-
sion data X € R%*™ and pseudo mixed-cell expression data X € R4 from
reference scRNA-seq expression data X, € RN First, the pseudo mixed-cell
expression data is generated taking n, random samples (with replacement) of
2 to 8 cells from the scRNA-seq reference, and aggregating their UMI counts,
downsampling to adjust for realistic bulk UMI counts. The pseudo and real
mixed-cell data are then aligned in a lower dimensional (S < d) gene-space us-
ing Canonical Correlation Analysis (CCA). The projections to the s = 1,2,...,.8
dimensions are given by the canonical variables

Uy, = Xp?
Vs = X}
where B
wh v =argmax{v XTXv,} st. Ul Uy = VIV = 0, (75)

s Vs ERY

are the canonical correlation vector pairs. These embeddings are then used to
construct a graph by considering Mutual Nearest Neighbors (MNN) as adjacent
in the graph. That is, given a pair of sample cell-pools i, j, we let

(76)

A — 1 if ¢ and j are mutual nearest neighbors
“ 0 otherwise

Here, adjacencies can be between simulated-to-real and real-to-real samples.
With X;,, = [XX] € RN (N =n, +n) and the normalized adjacency matrix
A as input, the L > 1 (default 1) graph convolution (GCN) layers of the DSTG
model are given by

HO = X,

B 77
HY = ReLUAH"" YW W) for I € [1, L] "

where W is the weight matrix for the Iy, layer. The output of the DSTG model
is the predicted composition of K cell-types, given by

[};f] = softmax(AH W) € RV*K (78)

where Y/p and Y are the predictions for the pseudo and real cell-pools, respec-
tively. The loss function is then defined as the cross-entropy between the pre-
dicted and true cell-type compositions of the pseudo cell-pools

i=1 k=1
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where g)i(pk) and yﬂ) are the predicted and true composition of cell-type k in the

¢, pseudo cell-pool.

dance.modules.spatial.cell_type_deconvo.spotlight SPOTlight |38] builds
on the classic non-negative least squares approach to cell-type deconvolution by
incorporating topic-modeling for both the reference scRNA-seq expression data
X, € R¥*Y and the mixed-cell expression data X € R%*™. First, non-negative
matrix factorization (NMF) is applied to the reference X to get

(80)

W, H = argmin|| X, — W’H'HF
W/ H'>0

where the rows of H € RE*N are the cell-topic embeddings, ‘and the columns of
W € R¥X the corresponding weightings. Cell-topic profiles H € RE*XK are then

constructed from H by taking the median over each cell-type. Next, spot-topic
profiles P € RE*™ are constructed through NNLS of X onto W

P =argmin||X — WP'| g (81)
Pr>0

Finally, the estimator of cell-type compositions for the n cell-pools is then given
by
Y = argmin||P — HB|| (82)
B>0

dance.modules.spatial.cell_type_deconvo.spatialdecon SpatialDecon [30]
is non-negative linear regression based method that assumes a log-normal mul-
tiplicative error model between the mixed-cell data X € R¥>™ and a cell-profile
(signature) matrix X € R4*X. The cell-profile matrix X is a measure of center
(median by default) expression for each of the K cell-types, constructed from
the reference scRNA-seq data X, € RN . The log-normal multiplicative error
model is given by

log(X;.) = log(XT B) + ¢;, where ¢; ~ N(0,0%1,) and B € RE*™  (83)
The estimator of cell-type compositions for the n cell-pools is then given by

Y = argmin||log(X) — log()?TB)H2 (84)
B>0

dance.modules.spatial.cell_type_deconvo.card CARD [85] applies a condi-
tional autoregressive (CAR) assumption on the coefficients of the classical non-
negative linear model between the mixed-cell expression X and a cell-profile
matrix X, constructed from reference scRNA-seq X. The linear model is given

by
X = X.B +¢e~N(0,0%1,) (85)
The CAR assumption then incorporates 2D spatial information
S1
S=1:]¢€ R"™*2 through an intrinsic prior on the cell-type compositions (the
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model coefficients) by modeling compositions in each location as a weighted
combination of compositions in all other locations. This modeling assumption is
given by

Bui=br+¢ Y Wi(Brj—bi) + enireni ~ N(0,0%,) (86)
J=1,j#i

where the weights WW;; are given by the Gaussian kernel

llsi —s;ll5
202

Wij = Kg(si,55:0°) = exp(— ) (87)
with default scaling parameter 2 = 0.1. CARD then estimates the cell-type
composition of the n cell-pools through constrained maximum likelihood esti-
mation.
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E Structure Tree

The structure tree below shows our codebase structure in DANCE. Basically it
consists of two parts: dance source code and examples. In example folder, each
file represent one example to show how to leverage one specific model on dataset.

LICENSE
README . md
dance

| o __init__.py
data
([ __init__.py
datasets
- __init__.py
multimodality.py
singlemodality.py
spatial.py
modules
- __init__.py
multi_modality
—_— __init__.py
joint_embedding
__init__.py
dcca.py
l___ jae.py
scmogcn .py
scmogcnv2.py
scmvae.py
match_modality
o __init__.py
cmae . py
scmm . py
scmogcn.py
predict_modality
| ___ __init__.py
babel . py
cmae . py
scmm . py
| ___ scmogcn . py
single_modality
_init__.py

|

| cell_type_annotation
| | ___ __init__.py

| actinn.py

| celltypist.py

|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| scdeepsort.py
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| singlecellnet.py

| svm.py

| clustering

| __init__.py

| | ___ graphsc.py

| l___ scdcc.py

| scdeepcluster.py

| scdsc.py

| o sctag.py

| imputation
__init__.py
deepimpute.py

| ___ graphsci.py

| ___ scgnn.py
_— spatial
| ___ __init__.py
| ___ cell_type_deconvo
| ___ __init__.py
| ___ card.py
| ___ dstg.py

spotlight.py

|

|

| l___ spatialdecon.py
|

| spatial_domain

| ___ __init__.py
| ___ louvain.py
| ___ spagcn.py

stagate.py
stlearn.py

- plotting

l___ __init__.py
- transforms

| ___ __init__.py

graph_construct.py
preprocess.py
utils

l___ __init__.py
loss.py
metrics.py

l___

l___
- docs
Makefile
make .bat
requirements.txt
source

conf . py

index.rst
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modules
multi_modality.rst
single_modality.rst
spatial.rst

examples
multi_modality
| joint_embedding
| dcca.py
| | ___ jae.py
| scmogcn . py
[ scmogcnv2.py
| l___ scmvae .py
| match_modality
| cmae . py
| scmm . py
| scmogcn . py
| predict_modality
babel . py
cmae . py
scmm. py
l___ scmogcn . py
single_modality
cell_type_annotation
actinn.py
celltypist.py
scdeepsort.py
singlecellnet.py
l___ svm.py
clustering
| ___ graphsc.py
scdcc.py
scdeepcluster.py
scdsc.py
l___ sctag.py
imputation
l___ deepimpute.py
[ graphsci.py
| ___ scgnn.py
spatial
| cell_type_deconvo
| card.py
| | ___ dstg.py
| | ___ spatialdecon.py
I spotlight .py
| spatial_domain
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| ___ louvain.py

| ___ spagcn.py
stagate.py

stlearn.py

l___
l___
imgs
dance_logo. jpg
framework.png
install.sh
pyproject.toml
requirements.txt
setup.cfg
| ___ setup.py
tests
test_bench.py
tox.ini
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