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Motivation

disorganiza
on of cardiac 
ssue at the cellular scale a�ects 
propaga
on of the ac
on poten
al (AP) 
at 
ssue scale (e.g., in arrhythmia, aging, infarc
on scars, 
microscopic conduc
on block, local heterogeneity) 
→ realis
c microscopy-based geometries 

Organ scale 
conduc
on & excita
on pa#erns
mono/bidomain models
100 µm

Cellular scale 
Discre
zed individual cells + 
their interconnec
ons
EMI model
4 µm

Cardiac muscle infiltrated 
by fatty tissue 

Microscopic view of the tissue
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EMI Model

membrane

extracellular domain

intracellular domain

Gap junc
on

●  EMI resolves intracellular space, extracellular
space, membranes, and intercellular interfaces explicitly.

●  The transmembrane voltage is a jump.

●  The membrane couples ellip
c volume equa
ons to ionic 
dynamics:

Membrane

Intercalated disk
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Challenges on Current computation
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input mesh

EMI mesh

  one physical loca
on on interface may carry several di�erent intersec
ons.

 →  current computa
on on the face to avoid ambiguity
  Interface handling, numbering, assembling
  Mapping between volume mesh to the interface mesh 
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Mesh Processing and Matrix Assembling

two-sided interface for volume–surface assembly.

unique physical faces for ionic states and currents.

Two interface representa�ons

Distributed region Surface extraction Interface decoupling Matrices/operator
Tagged 
volume 
mesh

✔  The number of  communica
on during the mesh processing
✔  E6cient memory usage → Memory prealloca
on for PETSc library
✔  solver/precondi
oner (PETSc/Ginkgo)

Challenges in large scale simula�on
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Computation at each time step

Semi-implicit method
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EMI Simulation

https://pubmed.ncbi.nlm.nih.gov/41031902/

A deep learning-enabled toolkit for the 3D segmentation of ventricular cardiomyocytes 

202 x 280 x 113 µm3 With 556 myocytes 

https://pubmed.ncbi.nlm.nih.gov/41031902/
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EMI Simulation
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Weak-Scaling Benchmark with Ginkgo Backend

Lego Meshes Weak Scaling

communication overhead additive-Schwarz solve 
→  stronger preconditioners on the larger runs

the weak-scaling efficiency 
relative to the single-GPU baseline

 Alps GH200 GPUs,
one NVIDIA Grace Hopper GH200 GPU.
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Strong Scaling using PETSc solver

negligible
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Impact of ionic models on the computation time
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Memory preallocation in PETSc
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2nd order Hierarchical FEM

Mesh re8nement Adap
ve 2nd order FE

Adap�ve resolu�on: Hierarchical FEs allow selec
ve addi
on of nodes or basis func
ons in speci8c regions needing higher accuracy.

Mul�-resolu�on approach: Complexity can be increased locally without re8ning the en
re mesh.

E�ciency: Model complexity is enhanced without signi8cantly increasing the number of elements or memory usage.
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2nd order Hierarchical FEM

Adap
ve 2nd order FE

extract the P1-compatible part of the 

hierarchical solution
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Two level preconditioner

2nd  order dofs

Adap
ve 2nd order FE

 1st  order dofs
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EMI in hierarchical FEM

 accuracy

64x less elements
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EMI in hierarchical FEM

E�ciency with two-level precondi�oner

4.70/0.59 = 8x faster

64x less elements

 accuracy
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EMI in hierarchical FEM

E�ciency with two-level precondi�oner

4.70/0.59 = 8x faster

64x less elements

 accuracy
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Improve Accuracy & Efficiency

SDC sweep 

yes

SDC iteration

Time stepping

no

Adap
ve 2nd order FE

2nd order

✔  Hierarchical quadra
c FE  → coarser mesh  8x faster
✔  Larger 
me step in SDC                                    
✔  Algebraic adap
vity                                         
✔  Two level block precondi
oner                      

Accuracy and E�ciency achievement 

Coming soon
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Conclusion

✔ Consistent distributed-memory EMI pipeline: 

●  interface reconstruction, mesh decoupling, operator assembly,  
membrane-model evaluation, and large-scale linear solves

✔ Face-centered piecewise-constant membrane evaluation avoids ambiguities 
at complex cell junctions.

✔ Exact PETSc preallocation substantially reduces memory usage for large EMI meshes.

✔ Demonstrated scalability in weak- and strong-scaling studies.

✔ Hierarchical P2 FEM improves accuracy compared with P1 on the same mesh levels.

● Higher accuracy on the coarser mesh + more efficient  

● Later SDC + AA + two level preconditioner → coming soon  

Distributed region Surface extraction Interface decoupling Matrices/operator
Tagged 
volume 
mesh

 (3 years ago in Strasbourg)
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Thanks for your attention!
design discussion 

electrophysiological 

perspective

solver/preconditioner & 

scalability

benchmark

partitioning
Microscopic 

simulation
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