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A parallel Newton-Krylov method for optimal control

of the monodomain model in cardiac electrophysiology

Karl Kunisch, Chamakuri Nagaiah and Marcus Wagner

1. Introduction.

The present paper is concerned with a parallel numerical method for the solution of an optimal control problem
involving the monodomain equations of cardiac electrophysiology. Here the electrical behavior of the cardiac
tissue is described by a single parabolic reaction-diffusion equation, which is coupled with an ODE. In their

strong form, these equations may be stated as follows: °1)
Ov .
En + Lion(v,w) —div (7; Vv) = I, for a. a. (z,t) € Q x [0, T]; (1.1)
ow
E+G(v,w) =0 fora. a (z,¢)e€Q x[0,T]; (1.2)
', Vo =0 forall (z,t) € 9Q x [0, T]; (1.3)
v(z,0) = vo(z) and w(z,0) = wo(z) for a.a. z €. (1.4)

In this model, the heart muscle is assumed to occupy the spatial domain Q C RY. The anisotropic electrical
properties of the heart tissue are described by a single conductivity tensor @;, and the variables v = v(x,t),
w = w(z,t) and I, = I.(x,t) represent the transmembrane electrical potential, a so-called gating variable,
which is related to the ion transport through the cell membranes, and the extracellular stimulation current,
respectively. Since the heart tissue stays electrically isolated in the absence of a conductive bath, we impose
weighted Neumann boundary conditions. Together with appropriate specifications of the ionic current I;,,
and the function G within (1.2), this system forms a well-accepted simplification for the full bidomain
model of the electrical heart activity.’? While conserving a number of essential features of the bidomain
model, e. g. excitability phenomena, the monodomain equations can be solved at a much lower computational
expense. *3)

A strong motivation for the study of optimal control problems in relation with the equations of cardiac
electrophysiology comes from the phenomenon of cardiac arrhythmia, a life-threatening situation, which is
still recognized as a significant challenge for the clinical practice as well as for physiological research. The
termination of a cardiac arrhythmia is best achieved by application of a strong electrical shock, a process called
defibrillation. °) From the viewpoint of applied mathematics, it is important to go beyond direct numerical
simulation of typical defibrillation situations °®) by determining an applied electrical field as a control, to which
the system responds according to specifications which are specified in an appropriately chosen cost functional.
In this regard, a possible goal of optimization could be the dampening of sharp gradients of the transmembrane

potential v or even the dampening of the transmembrane potential at all.

For an introduction into the monodomain equations and the underlying bidomain model, see [ SUNDNES/LINES/CA1/
NIELSEN/MARDAL/TVEITO 06], pp. 30 fI., and the references therein.

Cf. [NIELSEN/RUUD/LINES/TVEITO 07] and [POTSE/DUBE/RICHER/ VINET/GULRAJANI 06].

Due to the high spatio-temporal resolution required for resolving the wavefront propagation in the heart, the numerical
solution of the full bidomain model is highly expensive, cf. e. g. [ VIGMOND/WEBER DOS SANTOS/PRASSL/DEO/PLANK
08] and [ WEBER DOS SANTOS/PLANK/BAUER/VIGMOND 04]. Most time is consumed by the solution of the elliptic
part of the model, cf. [PLANK/LIEBMANN/WEBER DOS SANTOS/VIGMOND/HAASE 07], which is absent in the
monodomain approximation.

[KEENER/SNEYD 09], pp. 583 ff. and 604 ff.

[ ANDERSON/TRAYANOVA /SKOUIBINE 00].



06)
07)
08)
09)
10)

11)
12)

Based on these considerations, the following optimal control problem has been selected for numerical solution:

1 [T T
(P) F(v,w,I.) = = / / o(z, )2 dedt + < / / I.(x,t)? dx dt — inf! (1.5)
2 Jo Qobs 2 Jo Qcon
subject to the state equations (1.1) — (1.4) in their weak formulation (see (2.1) — (2.3) below) and
the control restrictions | I.(z,t) | < R for a. a. (,t) € Qeon x [0, T'] as well as (1.6)
I(z,t) =0 for a. a. (z,t) € (2 \ Qeon) x [0, T], (1.7)

with a > 0 and R > 0. In problem (P), v and w are the state variables while I, acts as a locally supported
distributed control. The objective functional consists of a data term, which enforces the dampening of excitation
waves of the transmembrane potential v, and a quadratic regularization term for the control variable. The
behavior of v will be observed within a subdomain .5 C §2, and the control will be applied at a subdomain
Qeon C 2 of comparatively small measure. The control restriction (1.6) reflects the obvious fact that one
cannot apply arbitrarily large electrical stimulations to living tissue without damaging it. For I;,, and G, we
specify the Rogers-McCulloch model (see Subsection 2.b) below).

Two case studies, corresponding to different initial conditions for v, will be performed. In our first experiment,
we aim for dampening of a single excitation wave. In this particular case, the authors already obtained
numerical results using a different, non-parallel implementation. °® Consequently, the problem can serve as
a test case for measuring the efficiency of the parallelized approach. In our second experiment, the initial
condition corresponds to a situation of cardiac arrhythmia, which is characterized by the presence of a re-
entrant excitation wave, and the goal is to terminate this wave. In both cases, we work on a two-dimensional
spatial domain. An important feature for the choice of the numerical test cases is the size of the subdomain
Qcon, on which the control is exercised. Achieving the design objective, in our case the extinction of waves, is
increasingly more difficult as the size of €., is decreased.

As in other PDE constrained optimization problems, the discretization of the first-order necessary optimality
conditions results in a nonlinear system of considerable size and complexity. In the literature, systems of this
type have been accessed with higher-order optimization techniques, °”) adaptive techniques® as well as with

99) In the present investigation, pursuing the strategy “optimize before discretize”, 10

parallelization strategies.
we combine a Krylov method for the solution of the primal and adjoint equations with an inexact Newton
method for the minimization of the reduced cost functional '*) and focus on the parallelization of the algorithm,
which reduces the computation time to 4.2 % compared to the sequential code. In our second case study, this
approach has been combined with a receding horizon strategy, which allows for long-time simulations. As
a result, the re-entrant wave has been completely removed after a simulation time of 180 ms, which took
approximately 1.25 hours of CPU time on a cluster with 32 processors.

Concerning the optimal control of the monodomain or even the bidomain equations, fairly little work is available
in the literature as yet. The analysis of (P) with the Rogers-McCulloch model was given in [ KUNISCH/ WAGNER
11], comprising a rigorous proof of the well-posedness of the control-to-state mapping as well as of the first-
order optimality conditions.'? The studies [ NAGAIAH/KUNISCH/PLANK 09] and [NAGAIAH/KUNISCH 11]
are concerned with the numerical solution of control problems closely related with (P). In these papers, the
calculations have been performed on a two-dimensional spatial domain as well. To the best of our knowledge, the

Cf. [NAGAIAH/KUNISCH/PLANK 09] and [NAGAIAH/KUNISCH 11].

[Hinze/KuniscH 01].

We mention e. g. [HINTERMULLER/HOPPE 08], [ MEIDNER/VEXLER 07] and [ NAGAIAH/KUNISCH 11].

[ BirOs/GHATTAS 05].

A detailed comparison between the “discretize before optimize” and the “optimize before discretize” approaches to the
solution of (P) in the case @ C R' has been provided in [ NAGAIAH/KUNISCH/PLANK 10].

See e. g. [ BIEGLER/ GHATTAS /HEINKENSCHLOSS /KEYES/VAN BLOEMEN WAANDERS 07].

Under analytical viewpoints, a related control problem involving the FitzHugh-Nagumo model and Dirichlet boundary
conditions has been studied in [ BRANDAO/FERNANDEZ-CARA/MAGALHAES/ROJAS-MEDAR 08].
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present work is the first attempt at a parallelized numerical solution of control problems for the monodomain
system.

The paper is organized as follows. In Section 2, we state the weak formulation of the monodomain system
together with the Rogers-McCulloch model and provide an existence and uniqueness theorem. In Section 3,
we start with the precise statement of the control problem (P), subsequently turning to the formulation of
the necessary optimality conditions and the description of the first variation of the reduced cost functional. In
Section 4, we describe the numerical approach, comprising the semi-discretization of the primal and adjoint
equations in space, the solution of the resulting ODE system by decoupling, the iteration scheme for the
update of the control variable as well as the parallel implementation. Short remarks about the receding horizon
strategy will be included. Section 5 is devoted to the description of the numerical experiments as well as to
the presentation and discussion of the results. Finally, the parallel algorithm will be listed in an appendix.

Notations.

We denote by LP(2) the space of functions, which are in the pth power integrable (1 < p < o00), or are
measurable and essentially bounded (p = 00), and by W"?(Q) the Sobolev space of functions ¢ : Q — R
which, together with their first-order weak partial derivatives, belong to the space L”(2) (1 < p < o). For
spaces of Bochner integrable mappings, e. g. L2[(O, T), Wl’Q(Q)}, we refer to [ KUNISCH/WAGNER 11],
p. 29 f. Qp is an abbreviation for Q x [0, T']. The gradient V is always taken only with respect to the spatial
variables x. 1o denotes the characteristic function of the set A C Q. The abbreviation “(V)t € A” has to
be read as “for almost all t € A” or “for all t € A except a Lebesgue null set”, and the symbol o denotes,
depending on the context, the zero element or the zero function of the underlying space.

2. The two-dimensional monodomain model.

a) Weak formulation of the monodomain equations.

The rigorous analysis of the optimal control problem (P) is based on a weak solution concept for the mono-
domain equations (1.1) — (1.4). The weak formulation of the system reads as follows:

v — 1,2 :
/Q<a+Ii(m(v,w))wdaﬁ—&—/ﬂvaaindx = /QIez/)dx Yy e WHH(Q) (V)te[0,T]; (2.1)
A(%—Z}—FG(uw))@bdx:O Vo e LX(Q) (V)tel0,T]; (2.2)
v(x,0) = vo(z) and w(x,0) = wo(z) (V)x €. (2.3)

Definition 2.1. (Weak solution of the monodomain system)'® Let 7' > 0. A pair (v,w) is called a
weak solution of the monodomain system (2.1) — (2.3) on [0, T'] iff v and w satisfy the system on [0, T'] in
the distributional sense and obey the initial conditions. Moreover, the functions belong to the spaces

ve C’[[0, 7], ()] n L*[(0,T), Wh*(Q)] N LP(Qr) with 2 < p < 6; (2.4)
we [0, T], LX(Q)]. (2.5)

b) The Rogers-McCulloch model for the ionic current.

In the literature, a variety of ionic models describing the cardiac electrical phenomena have been proposed.
For the present study, we specify a simplified two-variable model, namely the Rogers-McCulloch model. 14 In

this model, the ionic current term is the sum of a cubic polynomial in v and the multiplicative coupling term

See [BOURGAULT/COUDIERE/PIERRE 09], p. 472, Definition 26.
Cf. [ROGERS/McCULLOCH 94]. It can be understood as a slight generalization of the most frequently considered
FitzZHugh-Nagumo model.



11 v w while the effects of the ion transport through the cell membranes will be described in a cumulative way

through a single gating variable w. More precisely, I;,, and G are expressed as

Imn(v,w):nom(l—i)(l—%k)+n11)w (2.6)
G(v,w) = 12 (77310— %k), (2.7)

where 79, 71, 172, 713 > 0 are positive coefficients, vy, > 0 is a threshold potential, and v, > 0 is a peak
potential. Consequently, the gating variable obeys the linear ODE

ow 72
— = —v. 2.8
gr R =Y (28)

c) Existence and uniqueness of weak solutions.

From [ KUNISCH/WAGNER 11], we take the following existence and uniqueness theorem for the weak mono-
domain system (2.1) — (2.3):

Theorem 2.2. (Existence and uniqueness of weak solutions in relation to feasible controls) >
Assume that Q C R? is a bounded strong Lipschitz domain, and 7; : cl(Q) — R>*? is a symmetric, positive
definite matriz function with L™ (Q)-entries, which obeys a uniform ellipticity condition. Then for any choice
of initial values vo € L*(Q), wy € L*(Q) and right-hand side 1. € L=[(0,T), LQ(Q)}, the monodomain
system (2.1) — (2.3) admits a unique weak solution (v,w) in the sense of Definition 2.1. on [0, T]. The
solution satisfies the a priori estimate

200[[0,T),L2(Q)} + ”vHQL‘L’[(o,T),WL?(Q)]

+ Hw”i‘”[[o,T),L?(Q)} + ||8w/8t||12

4/3

4
+ [ v ||L4(QT) + | dv/ot ||L4/3[(0,T),(W1’2(9))*]

ol

[(0.7), (wr2@)"]

4
< O (1410 oy + 1Wo sy + 1 e 3a o 7y 2] ) (2.9)

Proof. Note first that [ KuNISCH/WAGNER 11], p. 5 f., Theorems 2.5. — 2.8., remain valid even in the two-
dimensional case © C R% Then we must only check whether the functions I;o, and G satisfy the growth
conditions from [ KUNISCH/WAGNER 11], p. 4, Assumption 2.3., 4). Obviously, I;on(v,w) = F1(v) + Fa(v) w,

and G(v,w) = G1(v) + g2 w with the continuous functions

Fi(v) = "o 03— Mo (Vpk + vin) 02+ 100 B =mv; Gi(v)= _Ev (2.11)

Vth Upk Uth Upk Upk

and go = 12 3. Using Young’s inequality, we find with p = 4:

2 Vpk + U 2n0 (Vpr + v _
yFl(v)|<(ﬂ+n°(”’“ ”’))+( Moy 21 (Vg ”’)+n—0)\v|P1; (2.13)
3 3V Vpk Vi Upk 3V, Vpk, 3
r _ ®-2/2. |@ < 2 p/2 2.14
| Fa(v) | = m|v] G| 2vpk+2vpk|v| (2.14)
In order to confirm the remaining condition, we abbreviate
H(v,w) = 0 Lipn(v,w)v+ Go,w)w = 270 _ 4 210 (i + vin) V¥ +onovt + omviw (2.15)
Vth Upk Uth Upk
—va+7727}3w2-
Upk
Considering the estimates
1 1 €1 1
’vw’}——g|v|2—f|w|2; |02w|2——|1}|4f—|w|2; (2.16)
20 2 2 2¢e4
1 4 3 4/3
’ Tlo (Upk + vth) ’US | > - . ( Tlo (vpk + vth) ) _ (62) |’U |4 ’ (217)
Vih Upk 4 (e2) Vih Upk 4

15 Cf. [ KuNisCcH/WAGNER 11], p. 5, Theorems 2.5. and 2.6., and p. 6, Theorem 2.8.



which have been obtained using the generalized Cauchy’s and Young’s inequalities with arbitrary €1, e > 0, 16)

we arrive at

010 3 (e2)*/3 N2 N2 1 2 2
Ho) > (202 B (L m m 1) s
(v, w) oo 2 1 [v [P+ (10 +n2m3 ovs Doy 25 (elvP+]wl*) (2.18)

1 ( 10 (Vpk + Vi) )4
4 (e2)* Vth Upk ’

and by appropriate choice first of ; and €2 and subsequently of g, it may be accomplished that on the right-
hand side of (2.17), the first coefficient becomes positive and the second one becomes negative. The proof is
complete. m

Remark. The compatibility condition [, I.(z,t)dz = 0 (¥)t € [0, T], which would be a mandatory
assumption for the solvability of the full bidomain system,'” plays no role for the existence of solutions
of the monodomain equations.

3. The optimal control problem.

a) Statement of the problem.

More precisely, the control problem (1.5) — (1.7) may be stated as follows:

Fv,w,I.) = % /OT/Q v(z,t)? dxdt—i—% /OT/Q I.(x,t)? dx dt — inf! (3.1)
obs con
E(v,w, 1) = /Q (82(;) + Tion(v(t), w(t)) —Ie(t))wdx (3.2)
+ / voTe; Vo(t)de =0 Ve WH(Q) (Vtelo,T];
Q
Es(v,w) = /Q(algl(f)ﬁLG(v(t),w(t)))wdx =0 VyelLQ) V)telo,T]; (3.3)
Es(v) = v(z,0) —vo(z) = 0 (V)z € Q; (3.4)
Ey(w) = w(z,0) —we(z) =0 (V)ze€Q; (3.5)

LeC={zeL®[(0,T), L* Q)] | |2(z,t)| < R (V) (2,t) € Qo x [0, T];
2(z,t) =0 (V) (z,t) € (2 \ Qeon) x [0,T] }. (3.6)

We suppose that the data satisfy the assumptions of Theorem 2.2. The numbers 7" > 0, @ > 0 and R > 0 are
fixed. The functions I;,,(v, w) and G(v,w) will be specified according to the Rogers-McCulloch model from

Subsection 2.b). The domains of definition and the ranges of the operators F, E1, ..., E4 are chosen as follows:
F: X3 x Xy x X3g— R with (3.7)
X, = L*[(0,7), W(Q)]: Xo = L*[(0,T),L*(Q)]; X3 =L®[(0,T), L*Q)];
Er: Xy x X x Xy — LY?[(0,T), (W) ]; (3.8)
BEy: Xy x Xo — L*[(0,7), (L2()"]; (3.9)
By : Xy — L*(Q); (3.10)
Ey: Xy — L*(Q). (3.11)

Theorem 3.1. (Existence of global minimizers) Under the assumptions of Theorem 2.2., the problem
(P) admits a global minimizer (0,10,1,) € X; x Xy x Xs.

19) [Evans 98], p. 622.
17 See [ VENERONI 09], p. 852.
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Proof. This is an immediate consequence of [ KUNISCH/WAGNER 11], p. 17 f., Theorem 3.3., since the set

C of admissible controls according to (3.6) can be considered as a closed, convex, weak*-sequentially compact
subset of L[ (0, T), L*(Qon) ], which may be continuously imbedded into L[ (0, T), L*(Q)] by zero

extension. m
b) The first-order necessary optimality conditions.

We search for weak local minimizers according to the following definition:

Definition 3.2. (Weak local minimizer) A triple (0,w,1,), which is feasible in (P), is called a weak local

minimizer of (P) iff there exists a number € > 0 such that for all admissible (v,w, I.) the conditions

lv=10lx, <&, [w=wlx, <&, [le—Llx, <e (3.12)
imply the relation F(b,w, fe) < Fv,w, Ie).

The existence of at least one weak local minimizer for (P) is confirmed by Theorem 3.1. After introduction of
the Lagrange function (3.13)

‘C(v7w7—[eupl7p27p37p4) = F(’U,’U},Ie) + <p1 5 El(’U,w,Ie)> + <p27 EQ(’U7’U})> + <p37 ES(U)> + <p47 E4(U))>

with multipliers p; € L4[(O, T), WI’Q(Q)]7 p2 € LQ[(O7 T), LQ(Q)]7 and ps, ps € (LZ(Q))*, we obtain
the following system of first-order necessary optimality conditions for (P):

Theorem 3.3. (Necessary optimality conditions for (P)) Assume that Q C R? is a bounded domain
with 02’€-boundary, 0<e<1, andad;: c(Q) — R?*? is a symmetric, positive definite matriz function
with W (Q)-coefficients whose boundary values belong even to C°(0R). &; satisfies a uniform ellipticity
condition. Further, let the initial values belong to the following spaces: vy € WQ’Q(Q), wy € L(Q).1®)

If a triple (0,0,1.) € L*[(0,T), W(Q)] x L*[(0,T), L*(Q)] x L=[(0,T), L*(Q)] is a weak local
minimizer of (P), then there ewist multipliers py = p € L[ (0, T), W»"(Q)] n W""[(0,T), L"(Q)] and
py = q € C’l[(O, T), L"()] n C’O[[O7 T],L"(Q)], 4 < r < 6, satisfying together with (0,,1,) the

optimality condition?)

T T A
/0 /Qm(afe(x,t) - p(:v,t)) (I(z,t) = I.(z,t))dzdt > 0 VI €C (3.14)

as well as the adjoint system

dp

b V- (5:Vp) + 5 (0, 0)p = —%(v,w)q— lo,,, -0; (3.15)
dqg 0G,. .. Olign,. ..

- EJF%(UMU)Q = " w (0,9) p; (3.16)

n' 5 Vp =0V(x,t) €dQx[0,T]; paT) =0 VzcQ; qxz,T) =0 V)zeQ, (3.17)

where

OLion, .. . 30 .o 2n0(vpr + vin) . R oG, . 72

v (U7w) Uthvpkv Ve Upk U+TIO+771U)7 v (an) Upk’ (3 8)

aG PN 8-[1'071 A A ~

%(v,w) = 1273 B (0, 0) = m . (3.19)

The functions p and q solve the adjoint system in the weak as well as in the strong sense.

The assumptions, which ensure the solvability of the adjoint system, have been taken over from [ KUNISCH/ WAGNER
11], p. 19, Theorem 3.5. They may be surely further relaxed since the cited theorem is based on a maximal regularity
result.

For the multipliers ps and p4 from (3.13), the zero functions may be chosen.



Proof. Denote the integrand within the objective by (v, w, I,) = 0.5v%+0.5 a I.2. We may apply [ KUuNisch/
WAGNER 11], p. 20, Theorem 3.7., since 9r(9,w)/0v = 1q_, © can be imbedded into the space L>[[0,T],
Wl’Q(Q)] — L"(Q7) for arbitrary 4 < r < 6, and the same is true for 9r(9,w)/0w = o. Consequently, the
optimality condition and the adjoint system take the claimed form. Note that, in (3.14), the integration may

be restricted to Q.. since all feasible controls vanish outside of this subdomain. =

Corollary 3.4. (Pointwise formulation of the optimality condition) 2?) The optimality condition (3.14)

from Theorem 3.3. implies the following condition, which holds a. e. pointwise:

(o) = pw0) ) Loty = Min - (alu(wt) = p(@0) )7 (D@0 € Qo x [0.7] (320

and fe(a:,t) =0 elsewhere. Consequently, we have for almost all (z,t) € Qeon x [0, T]:

A -R ’ p(z,t) < —aR;
I (z,t) = { pla,t)/« ‘p(a;,t) € [—aR, aR]; (3.21)
R | p(z,t) > aR.

To sum up, the system of the first-order necessary optimality conditions consists of the initial-boundary value
problem (1.1) —(1.4) for the state equations, the terminal-boundary value problem (3.15) — (3.17) for the
adjoint equations and the optimality condition (3.21).

c) The reduced cost functional.

In view of Theorem 2.2., problem (P) admits a well-defined control-to-state mapping C 3 I, — (v(I.),
w(I.) ). Consequently, the objective (3.1) within (P) may be rewritten as

/ /Q (z,t) ) dedt + — / /Szam z,t)? dx dt. (3.22)

As a consequence of the first-order necessary optimality conditions, the first variation §*F of the reduced cost

functional at a weak local minimizer I, — (v(fe), w(fe)) may be represented as

T
(§*F(L), I~ 1,) = / / oL@, 1)~ ple.t)) (L, 0) — Lo, 1)) drdt, (3.23)
0 Qcon
where p is a multiplier related to (v(fe), w(ly,), fe) according to Theorem 3.3.21)
4. The numerical approach.

a) Semi-discretization in space of the primal and adjoint equations.

For the following calculations, we introduce a spatial grid and a sequence of uniform time steps. In order
to solve the system of the first-order necessary optimality conditions, we will consider first a semi-discrete
analogue of the full system, discretizing in space using a standard finite element method with piecewise-linear

continuous elements. Recall the weak formulation of the monodomain equations, which is given by

ov

<E+Iim(u,w)4€,¢> = (T Vv, Vy) Yye W Q) (V)telo,T]; (4.1)
(0 4) = ~(Glow), w) YoeX@ Wielo,T); (42)
v(z,0) = vo(z) Mz eQ; w(x0) =wi(z) V)zeQ. (4.3)

20) [KuniscH/WAGNER 11], p. 20, Corollary 3.8.
20 Cf. [ITo/KUNIsCH 08], p. xii f., and [ KUNISCH/WAGNER 11], p. 28 f., Proof of Theorem 3.7., Step 4.



Introducing a finite-dimensional subspace V,, € W"?(Q) ¢ L*(Q), which is generated by the set {w;j }jV:l
of piecewise linear basis functions adapted to the spatial grid, the approximate solutions of (4.1) — (4.3) can
be expressed as v(z,t) =~ Zj\;l vj(t) wj(z) and w(z,t) = Zjvzl w;(t)w;(x). The control variable will be
discretized with respect to the same basis as I.(z,t) = Z;\le I j(t)w;(x). Consequently, from (4.1) — (4.3)
we get the following system of Ritz equations:

dv

ME = —Av— Iion(va ’U]) + MIG; (44)

d

d7w = 7772773w+77—2'v; v(0) = vo; w(0) = wo, (45)
t Upk

where v = v(t), w = w(t) and I. = I.(t) are the vectors of Ritz coefficients, M = { (w; , wy ) } N __ is the mass

k=1
matrix, A = {(7; Vw;, Vwy) };‘\.szl is the stiffness matrix, vy, wy are spatial discretizations of the initial

values, and the components of the vector I;,,(v, w) are given by

Iion(v; w)k = <Iwn( Zjvzl vj(t) wj(z) ) Zj\;l w](t) Wj(li)) y Wk > . (46)
Analogously, let us consider the adjoint system in its weak formulation:
a aIion A A 8G AA - —
(5~ F@)p - 5 (0,0) g~ Lo, -5, ¥) = (7:Vp, Vo) Vo e WH(Q) (e [0, T]; (47)
8q o 87 PR OLion . . 2 .
<a, 1/)> = < aw(v,w)q—k S0 (0,0) p, ¢> Vi e L°(Q) (V)te[0,T]; (4.8)
p(z,T) =0 MzeQ; qxT)=0 V)zec. (4.9)

Inserting the approximate solutions p(x,t) =~ Z;\le pj(t)w;(z) and g(z,t) = Zjvzl g;(t)w;(x) into (4.7) —
(4.9), we get the semi-discrete form of the adjoint equations, namely

dp 0lion 12
M—=A Mp— = Mqg— M ; 4.1
¥ = A+ 2 ) Mp— T Mg Mo, (10)
dq alim
o = lmat— =(vwp; p(T) =0; qT)=o (4.11)

Here p = p(t) and g = q(t) are the vectors of the Ritz coefficients, Mops = {1qa_, - (w;, wﬂ}fk:l is
the restriction of the mass matrix to the observation domain, extended by zero outside, and the numbers
OI;on(v, w)/Ov and OI;pn(v, w)/Ow are given by

Wion () = o (520 00 wy(a), S wi005(@)) 5 2 () = iy (S0 v55) - (412)

Consequently, the semi-discretization of the primal and adjoint equations results in a system of four coupled

ODEs, depending on the spatial variables as a parameter, together with initial and terminal conditions.

b) Solution of the coupled ODE system.

Assume that I,%*) = (I;kj) (t) )jvzl
control variable. Then, by modification of a well-established approach from the numerics of the bidomain

corresponds to a given approximation I.*® (z, t) Z;\Z:l I(? (t) w;(x) for the

equations, 22) we decouple the equations within the system (4.4), (4.5), (4.10), (4.11) as follows. To solve first
(4.4) — (4.5) at a given spatial point z in forward direction, let us assume that the values v*)-(") = o(*) (7))
and w®) () = wF) (t(")) have been already calculated. Then we get first w(®) ("1 = 4F) (t(*+1)) by an

explicit Euler step as

WD) gy (B)(n) 4 Ay (ﬂ o) _ g ngw(k%(")) 7 (4.13)
Upk

22) We refer e. g. to [ PLANK/LIEBMANN/WEBER DOS SANTOS/VIGMOND/HAASE 07] and [ TRANGENSTEIN /KM 04 ].



23)
24)
25)
26)

and subsequently v(*):(+1) = () (¢(*+1)) i obtained from the ODE

dov®)
dt

— Ao _ Iwﬂ(v(k)7 w(k)7(n+1)) iy AON (4.14)

by performing one step of a linearly implicit Runge-Kutta method, namely a Rosenbrock method.??) In our
computations, the method ROS2 has been employed. 2% The realization of this method results in a system
of linear equations, to which an iterative Krylov solver is applied. In the present study, the Bi-CGSTAB
method 2®) with Jacobi preconditioning is used.

Now we turn to the backward solution of (4.10) — (4.11) at z. Again, assuming that p(*):("+1) = p(k) (¢(n+1))
and g(®) (1) = ¢(*) (1)) are already known, we calculate first g*):(") = ¢(F) (¢(")) by

8Ii0n n n n
g — g+ Ay (nz A ORCEE 87(,,0«),( 1) k) (n+1)) k) ( +1))7 (4.15)

and then p*)(") = p*) (t(")) is obtained from the ODE

k
dp _ Aph 4 %(vw),(m)’w(k),(m)) Mp® — 2 pp gt D) g (R).(n41) (4.16)

M
dt v Upk

by application of one step of the Rosenbrock method described above. We end up with a quadruple (o), w(®),

pF) | ¢k ), which corresponds to the current approximation L™ for the optimal control.

c) Iterative solution of the optimality system.
The solution of the optimality system will be obtained by application of an inexact Newton method to the
reduced cost functional (3.22).26) The criterion for the termination of this algorithm after the kth iteration is

|6+ F(I.D) || ) < 107% (1+ | F(LY)]) o |F(ILW) - FI* V)| <107°  (4.17)

£2(Qeonx[0,T]
which, in view of (3.23), corresponds to the fulfillment of the optimality condition (3.21) provided that the
calculated control I, (x,t) = Zf;l I (?(t) w;(x) is feasible. The algorithm may be summarized as follows:

Step 0. Initialize LW and k — 1.

Step 1. Using I calculate w® and v*) by solving (4.13) and (4.14) forward in time.

Step 2. Using w®) and v®), calculate ¢®) and p*) by solving (4.15) and (4.16) backward in time.

Step 3. Update the approximation of the control by performing the inexact Newton step mentioned above,
set Ie(k) — Ie(’“‘l).

Step 4. If I satisfies (4.17) then terminate else set k — k + 1 and go to Step 1.

In the experiments below, the feasibility of the optimal control has been confirmed a posteriori.

d) The receding horizon strategy.

In order to allow for longer control horizons without excessively prolonging computing times we use a receding
horizon strategy, which can also be thought of as a time-domain decomposition technique. For this purpose the
time interval [0, T'] is subdivided in subdomains according to [T;, Tj+1] with i =0, ..., n, where T; =T /n.
The receding horizon strategy then consists in successively solving optimal control problems (3.1) — (3.6) with
[0, T'] replaced by [T;, Ti+1], where, for i =0, ..., n, the initial conditions (3.4) — (3.5) are chosen such that

the optimal states at ¢ = T; from the domain [T;_1, T;] are taken as initial condition for the time interval

Cf. [HAIRER/WANNER 02], pp. 102 ff.

[LANG 01], pp. 47 —5T.

Introduced first in [ VAN DER VORST 92], this became a standard method.

A detailed description of the method may be found in [ NAGA1AH/KUNISCH 11], pp. 56 f. and 65.
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[T;, Ti+1]. While this procedure violates the Bellman principle and will not give the optimal solution for the
global problem on [0, T'], it can be shown that under appropriate conditions it is effective in achieving the

design objective. 2”) In our case this objective will consist in the termination of a re-entrant wave.

e) Parallel implementation.

In the numerical treatment of the monodomain as well as of the full bidomain equations, parallelization
has been proven to be an efficient approach in order to achieve acceptable computational times for realistic

28) Tt turns out that the optimization method described above is well-suited for parallelization as

simulations.
well. The localized structure of the method allows for a spatial domain decomposition within the solution of the
primal and adjoint equations as well as within the solution of their linearizations required for the calculation
of the inexact Newton update.

For the implementation, we used the package DUNE,?? a C++ based programming environment for the
solution of different classes of PDEs. For the parallel grid generation, the internal parallel Yasp grid has been
used, which supports various levels of overlapping grids. In our calculations, we used a zero level, i. e., non-
overlapping grids. The subdomains were assigned to the processors in a one-to-one mapping. Our discretization
routines are based on the DUNE-PDFELab discretization module. The coupling of the subdomains through
the values of the unknown solutions at the interfaces has been further relaxed by introduction of additional
communication steps during the solution of the algebraic systems. In the parallel computations, the above
mentioned Bi-CGSTAB method with Jacobi preconditioning has been used. The complete parallel algorithm
is given in the appendix.

5. Numerical results.

a) Dampening of an excitation wave: parallel efficiency.

We choose Q = [0, 1] x [0,1] € R* and T = 4. The control domain Qc,, = Qeon,1 U Qeon2 consists of
the disjoint areas Qcon1 = [0.320, 0.400] x [0.450, 0.550] and Qcen2 = [0.600, 0.680] x [0.450, 0.550].
The observation domain is obtained as the complement of a neighborhood of Q.,,. More precisely, defining
ﬁcon,l = [0.280, 0.420] x [0.430, 0.570] and ﬁcomg = [0.580, 0.720] x [0.450, 0.550], we take Q,ps =
O\ (ﬁwn,l U ﬁcon,g ) The positions of the subdomains are depicted in Figure 5.1. Moreover, the regularization
parameter is chosen as a = 0.0006, and the uniform bound for the controls as R = 2000. For the intracellular

conductivity tensor, the constant matrix 3%)

. _ (310" 0
‘”(5“):( 0 3.1525-10—4> (5.1)

has been chosen. Within the Rogers-McCulloch model, the parameters are specified as follows: 1y = 1.5

b

m = 4.4, ne = 0.012, n3 = 1.0, vy, = 13 and v, = 100. The quantities are given in the following units: [T]

[At] =ms, [(@)r] =Q7lem™, [mo] = [m]=Sem™, [m] = [ns] =1, [v] = [v0] = [vn] = [vpr] = mV,
[w]=1and [I.] = [R] = pA. The excitation wave is modeled by the choice of the initial values
vo(z) = 101.00 - 1q,,.(x); wo(z) = 0, (5.2)

where Qg0 = [0.498, 0.502] x [0.498, 0.504] C Qops.

[ CHEN/ALLGOWER 98] and [IT0o/KUNIScH 02].

See e. g. [CoLLI FRANZONE/PAVARINO 04], [PAVARINO/ScaccHI 08], [PLANK/LIEBMANN/WEBER DOS SANTOS/
VIieMOND/HAASE 07] and [ VIGMOND /BOYLE/LEON/PLANK 09].

Described in [ BASTIAN/BLATT/DEDNER/ENGWER/KLOFKORN/KORNHUBER/OHLBERGER/SANDER 08] .

These values as well as the parameters for the Rogers-McCulloch model have been taken from [COLLI FRAN-
ZONE/DEUFLHARD/ERDMANN/LANG/PAVARINO 06], p. 952, Table 4.1. Note that the same parameters have been
used within the experiments in [NAGAIAH/KUNISCH 11].
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For the discretization, we used a uniform quadrilateral spatial grid with 129 x 129 nodes and 100 time steps
with uniform length At = 0.04. The parallel computations have been carried out with the cluster GHOST
located at the TU Graz.?V) It is a 64-bit Linux cluster with two nodes, each of them consisting of 8 quad-core
AMD Opteron processors 8356 (2.3 GHz) with 256 GB RAM, a dedicated gigabit ethernet link for the shared
file system and two bundled gigabit ethernet links for the communication between the parallel jobs. In the
calculations, only a single node has been used. 3?)

The results of our experiments will be summarized in Table 5.1. The average of the CPU time elapsed for
a single primal solve and the CPU time for the first calculation of the Newton update, respectively, will be
shown in columns 2 and 4 while the total CPU time consumed for the solution of (P) will be shown in column
6. We give the CPU times in percents related to the single-processor experiment. Besides, we show the parallel

efficiency according to e = T'(1)/( N T(N) ) where N is the number of processors.

single primal solve first Newton step complete solution

N | CPU time (aver.) | efficiency CPU time efficiency | CPU time (total) | efficiency

1 100.0 1.0000 100.0 1.0000 100.0 1.0000

2 52.0 0.9619 52.3 0.9563 54.1 0.9239

4 26.2 0.9539 26.6 0.9395 29.2 0.8557

8 13.2 0.9434 13.6 0.9186 15.4 0.8116
16 6.7 0.9372 6.9 0.9084 7.9 0.7933
32 3.4 0.9102 3.5 0.8813 4.2 0.7346

b) Termination of a re-entrant wave.

In our second experiment, we work on the domain Q = [0, 2] x [0, 2] € R? According to the receding
horizon strategy, the initial endtime 77 = 4 has been increased in steps of AT = 4 until Tys = T = 180.
The control domain Qcop = Qon,1 U Qeon,2 consists again of two disjoint parts, namely the strips Qeon,1 =
[0.400, 0.500] x [0.000, 0.650] and Q.on2 = [1.300, 1.400] x [0.000, 1.000]. Defining the neighborhoods
ﬁcon,l = [0.350, 0.550] x [0.000, 0.700] and ﬁcomg = [1.250, 1.450] x [0.000, 1.050], the observation
domain will be described as Q,ps = Q \ (ﬁcon’l U Qcon,2 ) The positions of the subdomains will be shown in
Fig. 5.1. (b) (Qops in blue, Q40 in red, Qeqe is not depicted). We take the regularization parameter o = 0.001
and the control bound R = 2000. The values of 7; as well as of the parameters within the Rogers-McCulloch
model are the same as in Subsection 5.a). In order to generate an initial state, which develops into a re-entrant
wave without application of a control, we calculated a numerical solution (o,w) of the monodomain system

with initial values

Bo(z) = 101.00 - Lo, (z); o(z) = o (5.3)

and the excitation domain Q.,. = [0,2] x [0, 0.002] on the time interval [0, 450] according to the strategy
described in Subsection 4.b) but using variable time steps. **) Our experiment has now been initialized with

vo(z) = 0(x,450); wo(x) = w(x,450) (5.4)

An online documentation is available at http://ghost.tugraz.at/wiki/index.php/Main Page (last accessed:

17.02.2011).
Due to the significant loss of performance caused by the low speed of the gigabit communication links between two

nodes.
Cf. [LANG 01], p. 32 f.
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(see Fig. 5.2.). In the discretization, again a uniform quadrilateral spatial grid with 129 x 129 nodes and uniform
time steps with length At = 0.04 have been used. The calculations have been performed on the cluster GHOST
described above. For comparison, the evolution of the uncontrolled solution ( o(x,450 4 t), w(x,450 4 t) ) has
been simulated as well.

In Fig. 5.3., we show in the left column some snapshots of the development of the uncontrolled transmembrane
potential v. The re-entrant wavefront starts at the center of 2 and leaves the domain at the boundaries. In the
middle column, we oppose to v the controlled state v. Even after a simulation time of 113 ms, the excitation
wave has only been partly removed. Its complete removal has been achieved at a simulation time of 180 ms.
The optimal control in the right column shows sharp peaks but remains inactive during the experiment. The

complete simulation, comprising 45 time frames, took approximately 1.25 h of CPU time using 32 processors.

) First experiment. ) Second experiment.

Flg. 5.1. Locations of the subdomains in the ﬁrst and second experiment.

82.0373 0.468
E 0.44
© 0.40
0.36
20
0.32
0.0000 0.307

x) = 9(x, 450). ) = w(zx, 450).

Flg. 5.2. Initial state for the second experlment, correspondmg to a re-entrant wave.
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c) Discussion and conclusions.

The numerical experiments showed that the optimal control approach is successful with respect to achieving
the design objective of dampening excitation waves and reentry phenomena. Special attention was payed to
the fact that the control domain is chosen to be small relative to the physiological domain. For the overall
optimization strategy, the computation time has been reduced through parallelization to less than 5 % compared
to the sequential code, while the parallel efficiency ranges about e = 0.75. This is an essential step towards
the treating of the full bidomain model and carrying out optimal control computations in three-dimensional
spatial domains. Even with parallelization, the use of the receding horizon strategy is unevitable for carrying
out numerical optimal control of this kind of systems over time horizons of physiological relevance. We have
tested the stability of the employed receding horizon strategy by applying the computed optimal controls to
the monodomain system, which was perturbed by Gaussian noise added to the right-hand side of the parabolic
equations. Still, the design objectives could be achieved.
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Clearly many problems remain open for future work on this challenging problem. These include the investiga-
tion of the effects of anisotropy on the overall control mechanism, more realistic gating models and geometries,
and relating mathematically imposed constraints, as for instance control constraints, to their physiological

scale and relevance.

20 40 60 80 -40 40 80 -1200 -800  -400 0
Ml\l\\\“\\\\l\\‘\l\\“ “HIH I\\H‘Hll\ﬂ H\HIIHHH‘IIH\“
0.0000 82.0373 -56.6287 81.7355 -1335.6 9.1592
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0.0000 82.0373 -56.6287 81.7355 -1448.2 13.8924

[
(d) t=22.68ms (e) t=22.68ms (f) t=22.68ms
29\ L1l 40 [NRN IHGO\I [N 80 -40 NN 0 NN} \4()\ L 80 -1200 | IT\8\OO \T%pql (RN 0
W i D i
0.0000 82.0373 -56.6287 81.7355 -1322.5 4.7365

L
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Fig. 5.3. Left: transmembrane potential ©(450 + ¢), uncontrolled. Middle: transmembrane potential ©(t), controlled.
Right: optimal control fe (t).
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Appendix.

34)

In the statement of the complete optimization algorithm below, the parallel communication steps are

explicitly mentioned.

Algorithm 1. Parallel line search Newton-CG optimization algorithm.

: primal variables v, w; dual variables p, q; control variable I,
initialize Ie(l) and k «+— 1

: repeat

L A

set w(0) = wp, v(0) = vp; calculate w*) and v*) by solving (4.13) — (4.14) forward in time, using I,*)
(commaunication needed at solution of algebraic equations)
5. set q(T) = 0, p(T) = 0; calculate ¢*) and p*) by solving (4.15) — (4.16) backward in time, using w(*)
and v\®) (communication needed at solution of algebraic equations)
6: update the gradient VF®) = —p®*) 4 o I, using the adjoint solution (no communication)
and solve the system V2F®) AL = —VF®) by a linear CG method as follows:
7: repeat
the CG iteration step with the following matrix-vector product procedure: 3°)
solve the linearized primal equations (communication needed at solution of algebraic equations)
evaluate the second derivative V2E®)
10: solve the linearized adjoint equations (communication needed at solution of algebraic equations)
11: compute the action of the Hessian V2F®) on AL (two more communications per CG step are needed
in order to find the scalar product)
12: until residuum < Min(1073, || VE®) ”LQ(QCMX[O,T]) ) || VE® ||L2(QMX[O’T})

13:  set step length 3*) = 1 and compute optimal 5*) using backtracking method by checking the strong
Wolfe conditions 3¢) (communication needed at solution of algebraic equations as well as for evaluation of
the cost functional)

14: update L5 — 1% 4 () AT, using optimal 3%)

15: k+—k+1

16: until | VF®) HLZ(Q < 1073 (1+] F®) | ) or | F®) — p=1 1 < 1075 (communication nee-

C(m><[0,T])
ded for evaluation of the cost functional)

34) We refer to [NacaIAH/KUNISCH 11], p. 65, Algorithm 1.
35) The following steps 8 — 11 correspond to [ NAGAIAH/KUNISCH 11], p. 57, Steps (a) — (d).
36) [ NoCEDAL/WRIGHT 06], pp. 33 ff.
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