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Emergent Behavior in Cardiac Tissue
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Stimulated

Hybrid Automaton Model: Cardiac Cell
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Hybrid Automaton Model: Cardiac Cell

P. Ye, E. Entcheva, S.A. Smolka and R. Grosu. A Cycle-Linear 
Hybrid-Automata Model for Excitable Cells. IET Systems Biology, 
vol. 2(1), pp. 24-32, January, 2008.
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HA Network (Spatial) Simulation 

• Fibrillation/Defibrillation protocol

• 400 x 400 HA cell array
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(Finite) Mode Abstraction

• Preserves spatial properties (4160,000 images)
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Problem to Solve

• Does a (mode-abstracted)

snapshot of an HA 
network contain a spiral?

• Can we check for 
spirals efficiently?

• Spatial Abstraction!
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Superposition Quadtrees (SQTs)
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Abstract position and compute PMF p(m) ≡ P[D=m]
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Path to the Core of a Spiral

Root
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Click the core to 
determine quadtree and 
path leading to the core
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Temporal-Logic Model Checking

• M╞ φ ?

• M is a Kripke structure (system model)

• φ is a temporal-logic formula (property)

• LTL (Linear Temporal Logic)

• State explosion !!
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Spatial-Logic Model Checking

• Spiral detection can be cast as problem 
of Spatial-Logic Model Checking

• SQTs as Kripke structures

• Linear Spatial Superposition Logic (LSSL):

(bounded) LTL interpreted over SQTs

• Space-Time duality!
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Linear Spatial-Superposition Logic

Syntax

Semantics

atomic formulas

concretization

superposition
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What is the LSSL Formula for a Spiral?

• Measure density of mode stimulated

• Yellow modes represent the wave front
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LSSL Formula for a Spiral

Spiral detection for SQT T: reduces to BMC of T ⊨ φ

LSSL formula φ for path to core of spiral:

X7(P(D=s)≤ 0.875) ∧ X2(P(D=s) > 0.049) ∨ 

X7(P(D=s)> 0.875) ∧ X3(P(D=s) ≤ 0.078) ∧ (P(D=s) > 0.025)

Yikes!

Use Machine Learning!
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Learning φ
User selects spiral core (if present) in a series of 

(mode-abstracted) images:

Results in training data for a WEKA path classifier
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Record a1 a2 a3 a4 … Spiral
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Overview of Our Approach

Emerald
Tool
Suite
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LSSL: The Unbounded Case!

x 2 2
x x

4 3

2
¬G(P[D=b] = )

3



19

Conclusions

• Model checking emergent 
behavior, spatially

• Future Work: spatio-temporal 
model checking (videos!)
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Action Potential (AP)

Membrane’s AP depends on:

• Stimulus (voltage or current):

– External 

– Neighboring cells 

• Cell’s state
time
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failed initiation

Threshold

Resting potential

Schematic Action Potential
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Thank you for the attention !!!
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SQGs and Kripke Structures (KSs)

Superposition Quadgraphs (Fractals): modal SSL

Kripke Structure: linear / branching SSL
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Creating/Checking an LSSL formula

Spiral detection for SQT T: reduces to BMC of T ⊨ φ

Decision tree algorithm: simplifies the CDF

if a7≤ 0.875 then {if a2 > 0.049 then c else ¬c}

else if a3 ≤ 0.078 then { if a0 > 0.025 then c else ¬ c} else ¬c 

LSSL formula φ : gives meaning to attributes ai

X7(P(D=s)≤ 0.875) ∧ X2(P(D=s) > 0.049) ∨ 

X7(P(D=s)> 0.875) ∧ X3(P(D=s) ≤ 0.078) ∧ (P(D=s) > 0.025)
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Class Description Formula
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Using Weka
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Emerald: Learning LSSL Formula

Emerald: Bounded Model Checking
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Results

Prediction accuracy for spiral detection in Emerald


