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Introduction

• Single-cell RNA seq can measure the gene expressions of individual cells.
• …yet yields unpaired and unbalanced data.

destructive measurements cell proliferation/death

Task : reconstruct 
cellular dynamics 
(trajectories, growth…) 
given unpaired 
snapshots data
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Motivation

• Simulation-based models (eg. TIGON1, DeepRUOT2)
➢ Explicitly models velocity field and growth rate.
➢ Require heavy numerical simulations and have difficulty scaling to high dimensions.

• Simulation-free models (eg. OT-CFM3, SF2M4)
➢ Use flow matching to achieve better training efficiency and scalability.
➢ Only models velocity field, ignore the unbalanced nature of single-cell data.

[1] Sha et al., Reconstructing growth and dynamic trajectories from single-cell transcriptomics data. Nature Machine Intelligence, 2024.
[2] Zhang et al., Learning stochastic dynamics from snapshots through regularized unbalanced optimal transport. ICLR, 2025.
[3] Tong et al., Improving and generalizing flow-based generative models with minibatch optimal transport. TMLR, 2024.
[4] Tong et al., Simulation-free Schrödinger bridges via score and flow matching. AISTATS, 2024.

Can we develop a model which
jointly learns the velocity field
and growth rate of single-cell
evolution by flow matching?
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Velocity-growth flow matching framework
Individual level

Population level
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Step 1: Two-period dynamic understanding of SOT 
(a) Semi-relaxed optimal transport

Proposition 1

(b) Dynamic understanding

Decouple 𝒗𝒕, 𝒈𝒕

from 𝝅∗

𝝏𝒕𝒑𝒕 = 𝒈𝒕𝒑𝒕 𝝏𝒕𝒑𝒕 = −𝜵 ⋅ (𝒑𝒕𝒗𝒕)

𝒕 ∈ [𝟎, 𝝀] 𝒕 ∈ [𝝀, 𝟏]

(State transition)(Mass growth)

➢ Static formulation 

➢Dynamic formulation 



Step 2: Building joint unbalanced dynamics 

(b) Dynamic understanding(c) Joint dynamics

Theorem 1 𝝏𝒕𝒑𝒕 = 𝒈𝒕𝒑𝒕 𝝏𝒕𝒑𝒕 = −𝜵 ⋅ (𝒑𝒕𝒗𝒕)

𝒕 ∈ [𝟎, 𝝀] 𝒕 ∈ [𝝀, 𝟏]

𝝏𝒕෥𝒑𝒕 = −𝜵 ⋅ (෥𝒑𝒕෥𝒗𝒕) + ෥𝒈𝒕෥𝒑𝒕 𝒕 ∈ [𝟎, 𝟏]
(State transition)(Mass growth)

The two-period evolution does not align with the behavior observed in biological systems. We want transport 
and growth occur simultaneously.



Step 3: Regress velocity and growth by flow matching

approximate the optimal transport plan by solving
the entropy-regularized semi-relaxed transport problem using 
Sinkhorn-based algorithm

In practice, we only 
have limited samples.

Incorporate few-steps distribution fitting loss (Wasserstein distance) to improve performance:

By proposition 1 and theorem 1, we have



Experiment
➢ Trajectory and growth reconstruction

➢ Mass consistency



Experiment
➢ Numerical results



Experiment

➢ Interpretation of 𝒈𝝎 𝒙, 𝒕 : Pancreas dataset (2000-dimensions)

Identified √

VGFM Successfully reconstructed cell type-wise growth rate without being given any 
prior knowledge of the cell types.



Thanks for your attention!

dongyiwang@stu.xjtu.edu.cn

https://github.com/DongyiWang-66/VGFM
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