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1 Intr oduction

Coupled,intricatesystemsexist to maintainthe �uidity of theblood in thevascularsystemwhile

allowing for therapidformationof asolidclot to preventexcessivebloodlosssubsequentto vessel

injury [10]. Thesesystemscanbeinvokedaspartof thebody'snormaldefensemechanismagainst

blood loss(a processreferredto ashemostasis),but thesesamesystemsarealsoinvoked during

unwanted,pathologicalandperhapslife threateningclot formationknown asthrombosis.Indeed,

thesesystemscanbeseenasadelicatebalancingactcontinuallyoccurringto controlclot formation

and lysis in order to prevent hemorrhagewithout causingthrombosis[2]. Despitemore than a

centuryof researchin bloodbiochemistry, plateletandvascularwall biology, and�uid dynamics,

the complexity of blood clotting under�o w haspreventedquantitative and predictive modeling

[13]. Yet quantitative modelingof bloodfunctionunder�o w couldhave numerousdiagnosticand

therapeuticuses.

Whenthewall of a bloodvesselis injured,a varietyof embeddedmoleculesbecomeexposed.

This initiatestwo interactingprocessesknown asplateletaggregationandbloodcoagulation.Both

of theseprocessesinvolve multiple subprocesses.Plateletaggregation startswhenplateletssus-

pendedin the blood, which normally circulatein an inactive state,adhereto damagedtissueand

undergo an activation process.During the activation of a platelet,the plateletchangesfrom its

rigid discoidalshapeto a moredeformablesphericalform with severallong, thin pseudopodia;the

platelet's surfacemembranebecomessticky to otheractivatedplatelets;andtheplateletbeginsto
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A Blood Clot
A colorizedscanningelectronmicrographof abloodclot formed

in vitro without ¯ow

Platelets

Fibrin

Red blood cells

TowardsaParallel,3D Simulationof PlateletAggregationandBloodCoagulation– p. 3/22



PlateletAggregation
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PlateletAggregation
Simulationof PlateletAggregationby H. Yu andA. Fogelson
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Blood Coagulation

Reactions:(a) schematicof injuredsite.SE—exposedsubendothelium,E—endothelium;(b)
TF-VIIa systemonsubendothelium;(c) plasma-phasereactions;(d) VIIIa:IXa andVa:Xa

complexesonactivatedplateletsurface;(e)TM:IIa complex onendothelialsurface.
!
� indicatesenzymatically-promotedreaction.a indicatesinhibition.

indicatesinactivation.
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Interactions
� PlateletsaccelerateCoagulation

� CoagulationacceleratesPlateletAggregation

� Inhibitory Effects

� Fibrinolysis

� Advection& Diffusion
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Model Components
� Fluid Solver

� Methodfor representingthesurfaceof plateletsandvessel
wallsandfor trackingtheconnectionsbetweenthevarious
structures

� Fluid-structureinteractions

� Advection-diffusion-reactionequationsthroughout̄ uid

� Presenceof plateletsandwalls

� Reactionsonsurfaces

� Couplingof diffusionandbinding/unbindingof surface
chemicals
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Navier StokesSolver

ut + r p = � (u � r )u + � � u + f

r � u = 0
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Navier StokesSolver

un+1 � un

� t
+ r pn+ 1

2 = � [(u � r )u]n+ 1
2 +

�
2

�( un+1 + un) + f n+ 1
2

r � un+1 = 0
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Navier StokesSolver

u� ;k � un

� t
+ r pn+ 1

2 ;k = � [(u � r )u]n+ 1
2 +

�
2

�( u� ;k + un) + f n+ 1
2

un+1 ;k � un

� t
+ r pn+ 1

2 ;k+1 =
u� ;k � un

� t
+ r pn+ 1

2 ;k

r � un+1 ;k = 0
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Parallel Programming
� Sharedmemoryvs. distributedmemory

� MPI

� Explicit sendandreceives

� Easyto causeprogramto hang

� Communicationperformancecrucial
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Parallelizing the NSSolver
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ImmersedBoundary Method

G

X(s,t)

TowardsaParallel,3D Simulationof PlateletAggregationandBloodCoagulation– p. 12/22



ImmersedBoundary Equations

f (x; t) =
Z

�
F(s; t)� (x � X (s; t)) ds

dX
dt

= u(X (s; t); t) =
Z



u(x; t)� (x � X (s; t)) dx

F(s; t) = Somefunctionof X (s; t) andits derivatives

TowardsaParallel,3D Simulationof PlateletAggregationandBloodCoagulation– p. 13/22



ImmersedBoundary Equations

fij =
X

k

Fk� h(x ij � X k)

dX k

dt
= U k =

X

ij

uij � h(x ij � X k)h2

Fk =
X

i

T0(kX i � X kk � `0)
X i � X k

kX i � X kk
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Data Structur es
IBData
   Array of IBCells

IBCell
   List of IBPs
   List of IBLs

� SAMRAI

� IBP andIBL access

� Non-uniquenessof IBLs
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Calculating Forces
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Spreading
   Forces

Calculating
    Forces
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TowardsaParallel,3D Simulationof PlateletAggregationandBloodCoagulation– p. 15/22



Calculating Forces

Interpolating
   Velocites

Updating
  the IB

Spreading
   Forces

Calculating
    Forces

NS Solver

� Obtainingnon-localIBPs

� Smarterdummies

TowardsaParallel,3D Simulationof PlateletAggregationandBloodCoagulation– p. 15/22



SpreadingForces

Interpolating
   Velocites

Updating
  the IB

Spreading
   Forces

Calculating
    Forces

NS Solver

� Deltafunctionhasfour width stencil

� Needtwo ghostcellsof IBPswith correspondingforces
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Optimizations

Interpolating
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Calculating
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� Minimizing sizeof thedummylist

� Coalescingof communicationsteps
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Alter nateMethods
� Make IBPsandIBLs globalamongprocessors

� Easierto implement

� Requiresanall-to-all broadcastmessage

� Allowsuseof II method(or hybrid IB/II method)

� Reducesfour messagesto two

� Make IBPsandIBLs “global perinterface”

TowardsaParallel,3D Simulationof PlateletAggregationandBloodCoagulation– p. 20/22



Alter nateMethods
� Make IBPsandIBLs globalamongprocessors

� Make IBPsandIBLs “global perinterface”

� Allow useof II method(or hybrid IB/II method)

� Requiresa “reduced”all-to-all broadcastmessage

� Still requiresnormalspreadingandinterpolation
communication

� Still requiresLDC for links betweeninterfaces

� Increasesnumberof messagesrequiredfrom four to � ve
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Futur eWork

� Debugging

� ImmersedInterfaceMethod

� Improving Stabilityof Implicit Solves

� ForcesBetweenConnectingInterfaces

� Modelingof RedBloodCells
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Conclusion

THE END
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LDC

1

3

4

2

D

1 if O2 doesnotupdatept 1, thenmeneedsto sendhim pt 3 (LDC1)

2 if medoesnotupdatept 2 andO3 6= O2 thenmeneedsto receive

pt 4 from O2 (LDC1)

3 if O3 doesnotupdatept 2 andO4 6= O3, thenmeneedsto sendpt

4 to O3. (LDC2)

Return
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Preliminary Data Structur es
An IBDataobjectcontains

� Array of IBCells

An IBPoint is composedof

� Spatialcoordinates(location)

� Whetheror not IBPoint is
tethered

� Force& Velocityvectors

An IBCell contains

� List of IBPoints

� List of IBLinks

An IBLink is composedof

� RestingLength

� Tension

� Whetheraperiodicboundaryis
crossed

Return
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Final Data Structur es
An IBDataobjectcontains

� Array of IBCells

� List of dummyIBPoints

An IBPoint is composedof

� Uniqueidentifier

� Spatialcoordinates(location)

� Force& Velocityvectors

� Whetheror not IBPoint is
tethered

� Owner& Local link count

An IBCell contains

� List of IBPoints

� List of IBLinks

An IBLink is composedof

� Uniqueidentifier

� RestingLength

� Tension

� Whetheraperiodicboundaryis
crossed

� Pointersto two IBPoints

Return
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