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Towards computational topological hydrodynamics:

relaxation, dynamo, finite element exterior calculus

LS
SR N

Fluid mechanics and magnetohydrodynamics often involve intricate differential
and topological structures, such as vorticity and magnetic field knots, which are critical
to the underlying physics. Numerical discretization errors can break these structures,
leading to wrong solutions.

In this talk, we present two examples in topological (magneto)hydrodynamics:
relaxation and dynamo. Relaxation addresses the evolution of magnetic fields from
given initial conditions in plasma physics, focusing on the existence and properties of
stationary states. Open questions, including the Parker hypothesis, highlight the role of
magnetic field line topology, particularly knots, in constraining relaxation processes.
Conversely, the dynamo problem examines the exponential growth of magnetic fields.

We emphasize the importance of structure-preserving numerical methods,
specifically those that conserve helicity and topology. Using finite element de Rham
complexes within the framework of finite element exterior calculus, we derive schemes
that precisely preserve these structures, ensuring robust and physically meaningful

simulations.

Short Bio: Kaibo Hu is a Senior Research Fellow and Associate Professor at the
Mathematical Institute, University of Oxford, and a Royal Society University Research
Fellow. His research focuses on numerical partial differential equations and structure-
preserving discretizations, particularly on finite element exterior calculus (FEEC) and
applications.

Kaibo Hu earned a PhD from Peking University in 2017, followed by postdoctoral
positions at the University of Oslo and the University of Minnesota, and a Hooke
Research Fellowship at University of Oxford. After serving as a Reader at the
University of Edinburgh, he joined Oxford in 2025. He received the SIAM
Computational Science and Engineering Early Career Prize (2023), and is the PI of the
ERC Starting Grant project GeoFEM (Geometric Finite Element Methods).



Towards a Mathematical View of Al Virtual Cells:

When Generative Modeling Meets Optimal Transport

RIREX

JERCRE

Reconstructing continuous cellular dynamics from sparse, high-dimensional
single-cell omics data remains a fundamental challenge in computational biology.
Recently, a paradigm shift has been witnessed by leveraging artificial intelligence—
specifically, dynamical generative modeling—to develop an Al virtual cell, a predictive
digital twin capable of simulating cellular behavior across time and space. In this talk,
we introduce our recent attempts that integrate generative Al models with partial
differential equations (PDEs) and optimal transport (OT) theory to infer latent dynamics
from scRNA-seq data. To further infer stochastic dynamics from static data, we explore
a regularized unbalanced optimal transport (RUOT) formulation and its theoretical
connections to the Schrodinger Bridge and diffusion models. We also consider
extending this theory to spatial transcriptomics data and incorporating cell-cell
communications. Together, these works suggest how generative Al and mathematical
tools could work together to unify dynamical modeling, spatial reconstruction, and

stochastic inference, transforming fragmented omics data into a predictive virtual cell.
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Towards a Golden Classifier-Free Guidance Path via

Foresight Fixed Point Iterations

FHERHOR

Classifier-Free Guidance (CFG) is an essential component of text-to-image
diffusion models, and understanding and advancing its operational mechanisms
remains a central focus of research. Existing approaches stem from divergent
theoretical interpretations, thereby limiting the design space and obscuring key design
choices. To address this, we propose a unified perspective that reframes conditional
guidance as fixed point iterations, seeking to identify a golden path where latents
produce consistent outputs under both conditional and unconditional generation. We
demonstrate that CFG and its variants constitute a special case of single-step short-
interval iteration, which is theoretically proven to exhibit inefficiency. To this end, we
introduce Foresight Guidance (FSG), which prioritizes solving longer-interval
subproblems in early diffusion stages with increased iterations. Extensive experiments
across diverse datasets and model architectures validate the superiority of FSG over
state-of-the-art methods in both image quality and computational efficiency. Our work
offers novel perspectives for conditional guidance and unlocks the potential of adaptive

design.
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An Iterative Deep Ritz Method for Monotone Elliptic Problems

HRZR
BRIk

In this work, we present a novel iterative deep Ritz method (IDRM) for solving a
general class of elliptic problems. It is inspired by the iterative procedure for
minimizing the loss during the training of the neural network, but at each step encodes
the geometry of the underlying function space and incorporates a convex penalty to
enhance the performance of the algorithm. The algorithm is applicable to elliptic
problems involving a monotone operator (not necessarily of variational form) and does
not impose any stringent regularity assumption on the solution. It improves several
existing neural PDE solvers, e.g., physics informed neural network and deep Ritz
method, in terms of the accuracy for the concerned class of elliptic problems. Further,
we establish a convergence rate for the method using tools from geometry of Banach
spaces and theory of monotone operators, and also analyze the learning error. To
illustrate the effectiveness of the method, we present several challenging examples,

including a comparative study with existing techniques.

MPAFEN: HRER, ARBEVTERAFERREM KLY, ATEHEYT
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Solving Elliptic Optimal Control Problems via

Neural Networks and Optimality System

Rk
R R R

In this work, we investigate a neural network based solver for optimal control
problems (without/with box constraint) for linear and semilinear second-order elliptic
problems. It utilizes a coupled system derived from the first-order optimality system of
the optimal control problem, and employs deep neural networks to represent the
solutions to the reduced system. We present an error analysis of the scheme, and provide
L?(Q) error bounds on the state, control and adjoint in terms of neural network
parameters (e.g., depth, width, and parameter bounds) and the numbers of sampling
points. The main tools in the analysis include offset Rademacher complexity and
boundedness and Lipschitz continuity of neural network functions. We present several

numerical examples to illustrate the method and compare it with two existing ones.
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DRM Revisited: A Complete Error Analysis

R
HOURF
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Functional Scaling Laws in Kernel Regression:

Loss Dynamics and Learning Rate Schedules

2

AT K

Scaling laws have emerged as a unifying lens for understanding and guiding the
training of large language models (LLMs). However, existing studies predominantly
focus on the final-step loss, leaving open whether the entire loss dynamics obey similar
laws and, crucially, how the learning rate schedule (LRS) shapes them. We address
these gaps in a controlled theoretical setting by analyzing stochastic gradient descent
(SGD) on a power-law kernel regression model. The key insight is a novel intrinsic-
time viewpoint, which captures the training progress more faithfully than iteration
count. We then establish a Functional Scaling Law (FSL) that captures the full loss
trajectory under arbitrary LRSs, with the schedule’s influence entering through a simple
convolutional functional. We further instantiate the theory for three representative
LRSs---constant, exponential decay, and warmup—stable—decay (WSD)---and derive
explicit scaling relations in both data- and compute-limited regimes. These comparisons
explain key empirical phenomena: (i) higher-capacity models are more data- and
compute-efficient; (ii) learning-rate decay improves training efficiency; and (iii) WSD-
type schedules outperform pure decay. Finally, experiments on LLMs ranging from
0.1B to 1B parameters demonstrate the practical relevance of FSL as a surrogate model

for fitting and predicting loss trajectories in large-scale pre-training.

MAEA: FAEHE, AR AFERRALEF ST BR P8 2023 AL &£, B
H A FEE S E W
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Discontinuous Galerkin solutions of all-electron

Kohn-Sham equation

BET
Hh R SRR K

With the growing interest in simulating phenomena such as Auger effects, all-
electron density functional theory faces increasing computational challenges. In this
talk, I will present a discontinuous Galerkin framework for solving the all-electron
Kohn—Sham equation in both finite and periodic systems. The proposed method
features a robust and systematically convergent design, while significantly reducing the
degrees of freedom compared with traditional finite element schemes. Numerical

experiments are conducted to illustrate the accuracy and efficiency.
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A third-order structure-preserving exponential time
differencing Runge-Kutta scheme for the

binary fluid-surfactant phase field model

Bzt

ER LI NE 2

In this talk, we present a third-order (in time) numerical scheme for a binary fluid-
surfactant phase field model which consists of two coupled Cahn-Hilliard type
equations. The proposed scheme inherits the structure-preserving property of the model,
including energy dissipation and bound preservation. To maintain the dissipation with
respect to the original free energy, a linear convex splitting of the energy functional is
first introduced. The numerical scheme is then developed by employing a spectral
collocation approximation for spatial discretization and a third-order exponential time
differencing Runge-Kutta scheme for time integration. Benefiting from the explicit
evaluations of the nonlinear and coupling terms, the proposed scheme is linear and
completely decoupled. By treating the numerical solution as the sum of the exact
solution and a small perturbation, the bound-preserving property of the proposed
scheme is proved concomitant with its convergence. The original energy dissipation is
further achieved with the help of the convex splitting method and the controlling of the
nonlinear and coupling terms. Some numerical experiments in two and three
dimensions are performed to verify the theoretical results and demonstrate the

efficiency of the proposed scheme for simulations of phase separation phenomena.

Short Bio: Ms. Jiayi Duan obtained her Bachelor’s degree from Zhengzhou
University in 2022 and is currently a PhD student in the Department of Applied
Mathematics at The Hong Kong Polytechnic University, under the supervision of Prof.
Zhonghua Qiao. Ms. Duan's research focuses on scientific computing and numerical

analysis for phase field equations.
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Energy stable finite element approximations of

gas flow in poroelastic media

A
TR

We present energy-stable numerical methods for modeling gas flow in porous
media, considering full compressibility. Our key innovation is a reformulation using the
chemical potential gradient as the driving force, which naturally satisfies energy
dissipation. The proposed numerical scheme combines a semi-implicit time
discretization with discontinuous Galerkin and mixed finite element methods. This
approach preserves mass conservation and energy dissipation at the discrete level, while
maintaining density boundedness. Numerical experiments demonstrate the method's
accuracy and robustness in handling strong nonlinear coupling, providing an effective

tool for simulating complex porous media flows.
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A space-decoupling framework for optimization on bounded-

rank matrices with orthogonally invariant constraints

Lz
R R S R GRS

Imposing additional constraints on low-rank optimization has garnered growing
interest recently. However, the geometry of coupled constraints restricts the well-
developed low-rank structure and makes the problem nonsmooth. In this paper, we
propose a space-decoupling framework for optimization problems on bounded-rank
matrices with orthogonally invariant constraints. The "space-decoupling" is reflected in
several ways. Firstly, we show that the tangent cone of coupled constraints is the
intersection of the tangent cones of each constraint. Secondly, we decouple the
intertwined bounded-rank and orthogonally invariant constraints into two spaces,
resulting in optimization on a smooth manifold. Thirdly, we claim that implementing
Riemannian algorithms is painless as long as the geometry of additional constraint is
known a priori. In the end, we unveil the equivalence between the original problem and
the reformulated problem. The numerical experiments validate the effectiveness and

efficiency of the proposed framework.
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RiINNAL+: a Riemannian ALM Solver for SDP-RLT

Relaxations of Mixed-Binary Quadratic Programs

(30
e N

Doubly nonnegative (DNN) relaxation usually provides a tight lower bound for a
mixed-binary quadratic program (MBQP). However, solving DNN problems is
challenging because: (1) the problem size is Q((n + #)?)for an MBQP with n variables
and € inequality constraints, and (2) the rank of optimal solutions cannot be estimated
a priori due to the absence of theoretical bounds. In this work, we propose RINNAL+,
a Riemannian augmented Lagrangian method (ALM) for solving DNN problems. We
prove that the DNN relaxation of an MBQP, with matrix dimension (n + € + 1), is
equivalent to the SDP-RLT relaxation (based on the reformulation-linearization
technique) with a smaller matrix dimension (n + 1). In addition, we develop a hybrid
method that alternates between two phases to solve the ALM subproblems. In phase
one, we apply low-rank matrix factorization and random perturbation to transform the
feasible region into a lower-dimensional manifold so that we can use the Riemannian
gradient descent method. In phase two, we apply a single projected gradient step to
update the rank of the underlying variable and escape from spurious local minima
arising in the first phase if necessary. To reduce the computation cost of the projected
gradient step, we develop pre-processing and warm-start techniques for acceleration.
Unlike traditional rank-adaptive methods that require extensive parameter tuning, our
hybrid method requires minimal tuning. Extensive experiments confirm the efficiency

and robustness of RINNAL+ in solving various classes of large-scale DNN problems.

MAEA: FE, AT WHELRFHRFEVELHARTE, FIFN Toh
KimChuan #i%. 2022 FAMEV FTERAZERXERRRE. AR T EE
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Backward analysis of the total least squares and

its randomized algorithms

LEEL T
REPRCS

Total least squares (TLS), an extension to the well-known least squares (LS),
merits the specific problem structure that takes errors in all variables into consideration
and thus is closer to the real-world situation. However, solving large-scale or ill-
conditioned TLS systems are computationally prohibitive and most existing algorithms
lack stability.

In this talk, TLS is accessed through the lens of backward error analysis and a new
fast TLS solver is designed. We originally derive the explicit expression for the optimal
backward error of the general multidimensional total least squares (mTLS) problem,
with both full-rank and rank-deficient computed solutions considered. In order to
facilitate practical computation, we further propose an estimate for the single right-hand
side case with a very tight bound and provide a better routine to solve the
multidimensional one where randomization is exploited. Theoretical results reveal deep
connections between the LS and the TLS. Finally, we will present a fast randomized
TLS algorithm which is based on the Rayleigh Quotient Iteration framework and

proved to maintain the convergence rate.

MAEA: BER, REA¥EFEMFFRELHARE. ZERXTEHY
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A Simplified Algorithm for Joint Real-Time Synchronization,

NLoS Identification, and Multi-Agent Localization

R —

RER¥

Real-time, high-precision localization in large-scale wireless networks faces two
primary challenges: clock offsets caused by network asynchrony and non-line-of-sight
(NLoS) conditions. To tackle these challenges, we propose a low-complexity real-time
algorithm for joint synchronization and NLoS identification-based localization. For
precise synchronization, we resolve clock offsets based on accumulated time-of-arrival
measurements from all the past time instances, modeling it as a large-scale linear least
squares (LLS) problem. To alleviate the high computational burden of solving this LLS,
we introduce the blockwise recursive Moore-Penrose inverse (BRMP) technique, a
generalized recursive least squares approach, and derive a simplified formulation of
BRMP tailored specifically for the real-time synchronization problem. Furthermore, we
formulate joint NLoS identification and localization as a robust least squares regression
(RLSR) problem and address it by using an efficient iterative approach. Simulations
show that the proposed algorithm achieves sub-nanosecond synchronization accuracy
and centimeter-level localization precision, while maintaining low computational

overhead.
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Interference-Free Propagation: Achieving Reliable Signal

Propagation in Brain Networks with Areal-Specific Local Dynamics

EIRIT
AIE R

Many complex networks are able to propagate signals reliablely while maintaining
node-specific local dynamics. However, the underlying mechanism remains largely
unclear. In general, strong connections between nodes enhance signal propagation but
blend timescales of node-specific local activity, while weak connections have the
opposite effect. We identify a novel dynamical regime termed "interference-free
propagation" (IFP) that reconciles the two contrasting demands both in a multi-area
spiking neural network and in a rate-based model. In the IFP regime, mean signals from
upstream nodes can propagate reliably but fluctuations indicative of upstream nodes'
timescales are filtered out. This result provides new insights into the operational regime
of complex networks like the brain, leading to the coexistence of reliable signal

propagation and the distinct property of local temporal integration of information.

Short Bio: Zhenyuan Jin is currently a doctoral candidate in the School of
Mathematical Sciences, Shanghai Jiao Tong University, under the supervision of
Professor Songting Li and Douglas Zhou. His research focuses on two interconnected
themes: the modeling of brain networks based on spatial geometric structures and the
analysis of spiking neural network models. The primary objective of his work is to
leverage rigorous mathematical frameworks to elucidate fundamental neural

mechanisms.
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A singularity guided Nystrom method for

2D elastostatics with corners

WER
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Corner singularities fundamentally limit the accuracy and stability of boundary
integral formulations for the 2D Lamé system on cornered domains. This talk develops
a paired theory-algorithm framework. First, a local Mellin analysis on a wedge yields a
factorizable characteristic equation for the density’s singular exponents, cleanly
separating physical branches and explaining their dependence on opening angle and
boundary conditions. In weighted Sobolev spaces, we establish a Fredholm well-
posedness criterion for the interior double-layer equation by excluding a computable
discrete set on the critical line, and construct an explicit density-to-Taylor mapping that
is invertible for all but countably many angles. Guided by these results, we design a
singularity-guided Nystrom (SGN) scheme: corner exponents drive panel adaptivity via
a multi-exponent Legendre-tail indicator, while near and self interactions are handled
by a forward-stable Cauchy-Legendre recurrence. Numerical tests on convex and re-
entrant corners show clear accuracy gains over uniform Nystrém and reveal a

crowding-limited regime at re-entrant angles.

Short Bio: Baoling Xie is a Ph.D. student in Computational Mathematics at the
School of Mathematical Sciences, Zhejiang University, advised by Prof. Jun Lai. Her
research focuses on high-accuracy numerical algorithms for PDEs, including boundary
integral equations, corner singularities, and computational physics problems such as
high-resolution imaging and resonance phenomena. Her recent work develops corner
spectra and singularity-guided Nystrom methods for 2D elastostatics, combining

Mellin-symbol analysis with an adaptive high-order solver.
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Stability Analysis of Monolithic Globally Divergence-Free
ALE-HDG Methods for Fluid-Structure Interaction

X 2
PR

We propose two monolithic arbitrary order finite element schemes for fluid-
structure interaction (FSI), based on a novel Piola-type Arbitrary Lagrangian-Eulerian
(ALE) mapping, and analyze the stability of these schemes. For temporal discretization,
we first derive the discrete geometric conservation law (GCL) and then apply the
backward Euler method to both the non-conservative and conservative formulations.
We examine the connection between the stability of the backward Euler scheme and the
fulfillment of the discrete GCL condition in H(div)-conforming methods for FSI
problems. For spatial discretization, we adopt hybridizable discontinuous Galerkin
(HDG) methods for the incompressible Navier-Stokes and linear elasticity equations,
and a continuous Galerkin (CG) method for mesh movement. Owing to the use of
discontinuous spaces k/k for velocity and its trace, and k-1/k for pressure and its trace,
we further prove that the velocity approximation is globally divergence-free. We also
present numerical experiments demonstrating the effectiveness of the proposed

methods.
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Error estimates of the Strang splitting scaled Laguerre--
Fourier pseudospectral method for the Gross--Pitaevskii

equation with angular momentum rotation

3
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In this paper, we show that the scaled Laguerre--Fourier interpolation can be
interpreted as a weighted least squares approximation in a discrete inner product space,
and we provide a detailed analysis of its approximation properties. Building on this
foundation, we conduct a rigorous convergence analysis of Strang splitting scheme
combined with the scaled Laguerre--Fourier interpolation for the Gross--Pitaevskii
equation (GPE) with angular momentum rotation. Our analysis establishes that the
numerical scheme achieves second-order accuracy in time and spectral accuracy in
space under suitable regularity assumptions. Numerical experiments are presented to
validate the theoretical results and to illustrate the accuracy and efficiency of the

method.
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