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Why EMI Simulation

● EMI consists of intracellular, extracellular, and membrane domains.

● Cardiac tissue heterogeneity at the cellular scale affects action-potential propagation

● This level of fidelity is relevant for arrhythmia, scarring, and damaged tissue. 

Accurate cellular-scale models are too expensive to run routinely without aggressive algorithmic acceleration.
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EMI Equation
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EMI Simulation

# elements ~20 millions
# surface:   ~4 millions 
# myocytes:  1188
# extra:          1227
dim:                600x500x400μm
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Outline

Cellular-scale EMI simulations:

SDC as higher-order time integration:

BDDC preconditioner:

 expensive due to fine spatial structure with stiff time dynamics.

 practical combined with Algebraic Adaptivity(AA)

 scalable + compressed communication to reduce interface-exchange 
 without harming convergence

The combination improves accuracy + efficiency  preserving robustness for large EMI simulations.
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Accuracy vs efficiency

  spatially local structures  �ne grids→

  fast dynamics  small time steps→
 huge 

 computational effort

Challenge 

Approaches   massive parallelization, space-time discretization
  model selection & coupling
  mesh & time step adaptivity                           

                                                                    

●  SDC + Adaptive coarsening to the algebraic level

- Avoid mesh modi�cation & reassembly 

- Reduced the computational time

●   Leveraging domain decomposition method

Wish list 

SDC method + Algebraic Adaptivity(AA)

Classical adaptivity

fails to 

provide high ef�ciency

BDDC + Data compression + SDC + AA



SIAM-PP26 7

Spectral deferred correction method(SDC)

approximate rhs

Collocation points

  high-order quadrature
 on a collocation time grid

Assemble once

Assemble at 
each collocation point

SDC sweep 

yes

SDC iteration

Time stepping

no

Problem 

Time grid
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limit SDC improvements 
to  spatial regions 
with significant dynamics
by selecting DoFs

sweep 1

sweep 12

impose homogeneous Dirichlet
b.c. for SDC corrections

Example: Algebraic Adaptivity (AA)

~600k

[Chegini, Weiser, el. at. 2023] Ef�cient adaptivity for simulating cardiac electrophysiology with spectral deferred correction methods

sweep 1

~3k 0.4k

sweep 2 sweep 3

SDC sweep 

yes

SDC iteration

Time stepping

no

subset selection
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Speedup on 3D EMI Models with SDC + AA

Speedup

 (a)

 (b)

 (c)

 (d)
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BDDC preconditioner

BDDC

● Subdomain-local solves

● Interface correction

● Data compression
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SDC + BDDC + AA

● SDC methods are highly flexible due to their corrective structure

● they play well together with all kinds of inexactness

● this makes them highly attractive for efficient PDE solvers

● subdomain-wise selection of dofs 

 → keep factorization for subdomains
● global Schur complement system

 - factorize again 

 - add constraints & Krylov for Schur2 system

 in both cases: careful averaging of residuals

 needed (nullspace in EMI)

Challenges

● variable step sizes for IMEX Euler in Radau grids
● changing system size due to adaptivity

Algebraic adaptivity

Subdomain-wise subset selection in BDDC
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BDDC preconditioner

BDDC

● Subdomain-local solves

● Interface correction

● Data compression
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Dara compression + Bitstream

Bitstream included metadata

Transform: lifting‑scheme wavelets
Encoding: Hufmann coding 
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Transform: Graph Lifting method

  Build a graph where each interface DoFs is a node, and edges neighbirng interface coupled DoFs. 
  Run BFS (Breath- First Search) on each connected component
 Color 0/1 (0: coarse, 1: �ne)             

                                                                    

BFS bipartition on the interface graph

Graph lifting: 
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no transform, uniform scalar quantization, 2D/3D Poisson

Impact of quantization
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Strong and weak Scaling with quantization

strong Scaling

weak Scaling
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no transform, uniform scalar quantization, 3D EMI
convergence unaffected for quantization 24-64 bits

problem size
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Numerical Results: Weak Scaling with quantization
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SDC + BDDC + Data compression 

Compression ratio in SDC + BDDC
(32→ 20 bits) 
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Conclusion
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Thanks for your attention!

●  SDC provides a flexible high-order framework for EMI time integration.

●  Algebraic adaptivity makes that framework affordable by reducing local work.

●  SDC + Applied nested sub-matrices for BDDC preconditioner + Data compression

 - Load imbalance in distributed simulations of large scale problems

 + Reducing the energy consumption of large scale simulations.
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SDC + (AA)

# sweeps

Linear system

Collocation points

Extracted Nested sub-matrices

SDC + Algebraic adaptivity

●  cheap submatrix extraction
●  nested approximation spaces

Realization

 Higher order with 
degree of freedom subset selection

Algebraic adaptivity

Applied nested sub-matrices for preconditioner 

+ BDDC preconditioner
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Drop Tolerant in SDC
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SDC convergence

cell-by-cell model 2D 
220-56320 �me steps 
Radau-II(3) colloca�on
L2 norm of +nal �me error
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