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Emergent Behavior in Cardiac Tissue
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Hybrid Automaton Model: Cardiac Cell
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Hybrid Automaton Model: Cardiac Cell
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Hybrid Automaton Model: Cardiac Cell

vV, /[ )
V=V,
— (\\L ¥ X, =4,
+— Early Repolarization —a
sl y P '\ X, 5 P
\[«-— Plateau - ~N
100
N X, = b1X1
N \ \ X, = b2X2

"| G0 | p— UpstrokeJ Final V=X *X /
- 'L[
. [\ Repolarization )
A

“I le— Stimulated [ Qstmg ]._
vV, J -~

voltagg (mv)

U

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.




e, —— — ———— — |
HA Network (Spatial) Simulation
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(Finite) Mode Abstraction

(1° stimulus)Normal Wave Propagation J2° Stimulus)( Ventricular Fibrillation (3¢ Stimulus)( Defibrillation )
200 ms 250ms X Y 350ms Y 400ms ) 40ims | 425ms

a e

o
BRI INRRRRBAINRRRRBINRORRINRRRNRRNRRRNRRRRRNNNRRRDRRRRRRRRRRIRRARD)
: i ) ) ]

i

- - — - _— .
TiiesnionnuenuunsunronuuninuORIERRRERIR RN RRRINRRRNY

mv

| | ] |
-80 -66 -52 -38 -24 -10 4 18 32 46 60

( Continuous behavior )

(1° SﬁmulusXNormal Wave b"re»pagam:»rxz° Stimulusx Ventricular Fibrillation XS° Stimulusx Defibrillation )
' ) 100 ms | 200 ms X 400 ms | X X
lllllllllllllllllllllllllll“'llllllllllllllllllllllll llll!llllllll
S e LR i . .

! po

Ye)
as

,
 AERRREEERRRRN

(

B Resting State [ | Stimulated State [J] Upstroke State Plateau State

C Discrete behavior 3

+ Preserves spatial properties (416°.9% images)
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- Can we check for

Problem to Solve

- Does a (mode-abstracted)
snapshot of an HA
network contain a spiral?

spirals efficiently?

- Spatial Abstraction!



Superposition Quadtirees (SQTs)
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Path to the Core of a Spiral
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Temporal-Logic Model Checking

ME@?

* M s a Kripke structure (system model)

* ( is a temporal-logic formula (property)

* LTL (Linear Temporal Logic)

+ State explosion I
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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

atomic formulas

Syntax
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What is the LSSL Formula for a Spiral?

* Measure density of mode

modes represent the wave front
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LSSL Formula for a Spiral

LSSL formula ¢ for path to core of spiral:

X”(P(D=s)< 0.875) A X*(P(D=s) > 0.049) v
X7(P(D=s)> 0.875) A X3(P(D=s) < 0.078) A (P(D=s) > 0.025)

Yikes!

Use Machine Learning!

Spiral detection for SQT T: reduces to BMC of T k ¢
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Learning ¢

User selects spiral core (if present) in a series of

(mode-abstracted) images:

.5

Results in training data for a WEKA path classifier

Record al a2 a3 ad Spiral
1 N
2 N
3 Y
4 Y
5 Y
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Overview of Our Approach
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LSSL: The Unbounded Casel
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e
Conclusions

* Model checking emergent
behavior, spatially

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

Schematic Action Potential

Membrane’s AP depends on:

e Stimulus (voltage or current):
©
— External S
. . P Threshold
— Neighboring cells E \
_§ failed initiation
- Resting potential | —

e (Cell’s state

time
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Thank you for the attention !!!

R
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SQGs and Kripke Structures (KSs)

® © @ © ()

Superposition Quadgraphs (Fractals): modal SSL
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Kripke Structure: linear/branching SSL
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Creating/Checking an LSSL formula

Decision tree algorithm: simplifies the CDF

if a,< 0.875 then {if a,> 0.049 then c else —c}
else if a;<0.078 then { if a,> 0.025 then c else - ¢} else ¢

LSSL formula ¢ : gives meaning to attributes a;

X7(P(D=s)< 0.875) A X*(P(D=s) > 0.049) v
X7(P(D=s)> 0.875) A X3(P(D=s) < 0.078) A (P(D=s) > 0.025)

Spiral detection for SQT T: reduces to BMC of T E ¢
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Class Description Formula

Each record: corresponds to a discriminant rule

I, E(/\].EIi a, =v,=¢ =V)

Table: corresponds to conjunction of rules

n n
N 5 = /\i=1(/\jeli a;, =V, —C= V)

=(viy A ay =v) = (c=V)
Class description formula (CDF): the antecedent

VoA A, =V,
=1 ° jEl. ) ij
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Using Weka

= Weka Explorer |z| |E| E'

Preprocess | Classify |Cluster Aszociate | Select attribukes | Visualize
Classifier
J4B-CD.25 M2
Test options Classifier output
{1 Use training set SLAss ] ] -
Test mode: 10-fold cross-walidation -
i Supplied test set Set...
@Crnss-validatinn Folds === [Classifier model (full training set) ===
i) Percentage split I:I 148 pruned tree
[ Mare options. .. ] __________________
a7 <= 0.875
{Mom) Class ¥ ||| al <= 0.026535: Not-Spiral (44.0/1.0)
| al » 0.026535: Spiral (112.0)
S a7 > 0.875
Result lisk {right-click For options) | a3 <= 0.075363
| | &l <= 0,025021: Not-Spiral (9.0)
| | ad > 0.025021: Spiral (11.0) =
| a% = 0.078369: Not-Spiral (370.0/1.0)
Nunber of Leawes : 5
Gize of the tree : 9
Time taken to build maodel: 0.19 seconds
w
Skatus
ke Log W, =0 7




Emerald: Learning LSSL Formula

Emerald

Freprocessing Bounded Model Checking

| Start || Stop |

QuadTree -

¢ [0 @ 256256 MW PR<=P] = 0112809978027 24375 P[X=5]= 0.0265350341 796875 P =R] = 0.8605
[y Lreww PRc=R] =1
[y LMEPE=RI=1

9 [0 @ 128128 5W PR =P] = 0.2042236328125, P =5]= 0.037353515625, P[{=R] = 0.75842285

Y Lrwy PRc=RI =1

4]

51 ME PR =R1=1
4] il | 1 »]
P
Set of Hecords
FProtocol Snaps...|  A#0 Foal A2 ARS AR ARG A HEE ART ARE Spiral
Experi... |snapl...|0.007... |0.02&8.. |0.061... |0.244 . |0.305... |0.871.. (1.0 1.0 1.0 ] -
Experi... |snapl...|0.007... |0.029.. |0.061... |0.246... (0.313... |0.839... (1.0 1.0 1.0 ]
Experi... |snapl...|0.007.. |0.029.. |0.063... |0.253.. (0,327, |0.816... (1.0 1.0 1.0 L] ||
Experi... |snapl...|0.007... |0.029... |0.063... |0.252.. |0.338... |0.¥y92.. (1.0 1.0 1.0 [] =
Experi.. |shapl...|0.007... |0.028. [0.061.. |0.247. |0.231... (0140, |0.296... |0.5 1.0 [v]
Experi... |snapl...|0.007.. |0.028.. |0.061... |0.247. |0.231... |0140... [0.296... |0.43F75 (1.0 [v]
Experi.. |snapl...|0.007... |0.028. [0.061.. |0.247. |0.231... (0140, |0.296... |08 0.74a [v]
Experi... |snapl...|0.007.. |0.028.. |0.061... |0.247. |0.231... (0140, [0.296... |0.4375 (0.5 [+] - |
Import | | e ka | | Max FMF F... | | Save | | Delete
| Erevious lmage | | Eirst lImage | | Mext mage | |Fibri|lati0n |V| |BasicGridlmage |V| =148 vw= 220

W tmorate Emerald: Bounded Model Checking

( Freprocessing |/ Bounded Model Checking |

| Start || Stop |

uadTrees il
o [ 0 256256 MW PRC=5]= 0.0321 35009765625 P[X=R] = 0.06TEE49002 34375 :
[ LMNEP[E=R]=1
o [ @ 256%256 S¥W P[{=5] = 0.0321044921875 P[X=R] = 0.967895507 8125, —

e L L
Counter Examples
# [EA] A0 A1 A2 A#3 A A5 A#E AHT A#E

B35 [38,83) 0016, |0.032.. [0.064.. [0.229.. 0315 0113 [0.1875 00625 [0.25 -
G326 (42830 0016, 10032, (0064, (00229, (0047, 10007, 100212500625 (0,25 -

SSL Formula
(XX (P[X=58] == 004885 U XX XXX P[X=s8] > 0875 V
(P[X=5] == 0025021 ¥V XXX {P[X=5] > 0.078369 U XX XX P[X=8] <= 0.875))

Counter Examples Check Farmula True

| Previous lmade H First Image H MNext Image HTWDSpirals |v||BasicGridBIacmﬂIhitelmage |v|snap199.ppm F




D e =
Results

Path Classifier Test Set 550|Test Set 600|Test Set 650
Trained (512 Paths) 87.00% 88.83% 88.23%
Retrained (512 Paths + 67 Counter-Examples)| 97.10% 97.33% 93.07%

Prediction accuracy for spiral detection in Emerald
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