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Explicit stabilized integrators for stiff optimal control problems

Ibrahim Almuslimani® and Gilles Vilmart!

November 24, 2020

Abstract

Explicit stabilized methods are an efficient alternative to implicit schemes for the time
integration of stiff systems of differential equations in large dimension. In this paper we derive
explicit stabilized integrators of orders one and two for the optimal control of stiff systems.
We analyze their favorable stability properties based on the continuous optimality conditions.
Furthermore, we study their order of convergence taking advantage of the symplecticity of the
corresponding partitioned Runge-Kutta method involved for the adjoint equations. Numerical
experiments including the optimal control of a nonlinear diffusion-advection PDE illustrate
the efficiency of the new approach.

Keywords: optimal control, RKC, Chebyshev methods, symplectic methods, geometric inte-
gration, stability, adjoint control systems, double adjoint, Burgers equation, diffusion-advection
PDE.

AMS subject classification: 49M25, 65L04, 65L06

1 Introduction

In this paper, we introduce and analyze numerical methods for the optimal control of systems of
ordinary differential equations (ODEs) of the form

min U(y(T));  y(t) := %(t) = f(u(t),y(®), te[0.T]; y(0)=1", (1)
where for a fixed final time 7" > 0 and a given initial condition y° € R"™, the function y :
[0,7] — R™ is the unknown state function, u : [0,7] — R™ is the unknown control function.
Here, f : R™ x R™ — R" is the given vector field and ¥ : R® — R is the given cost function,
which are assumed to be C°* mappings. For simplicity of the presentation, we consider the case
of autonomous problems (with f independent of time) but we highlight that our approach also
applies straightforwardly to non-autonomous problems %(t) = f(t,u(t), y(t))

There are essentially two approaches for the numerical solution of optimal control problems:
the direct approach, which consists in directly discretizing and then applying a minimization
method to the corresponding discrete minimization problem, and the indirect approach, which
is based on Pontryagin’s maximum principle, taking benefit of continuous optimality conditions
(adjoint equation). A natural approach for the accurate numerical approximation of such optimal
control problem is to consider Runge-Kutta type schemes. It was shown in [I1, Theorem 4.1]
by studying the continuous and discrete optimality conditions that additional order conditions for
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2A standard approach is to consider the augmented system with z(t) = ¢, i.e. Cfl—f =1, 2(0) = 0 and define
() = (y(t), 2(t))7, see e.g. [12, Chap.III] for details.



the convergence rate are required in general by Runge-Kutta methods when applied to optimal
control problems, compared to the integration of standard initial valued ordinary differential
equations and conditions up to order 4 were derived. In [I0], general order conditions were
derived, in addition to identifying symplecticity properties. This result is related to the order of
symplectic partitioned Runge-Kutta methods, and it implies in particular that applying naively
a Runge-Kutta method to yields in general an order reduction phenomenon. This analysis
was then extended to other classes of Runge-Kutta type schemes in [17, (18| [14], see also [15 [§]
in the context of hyperbolic problems and multistep methods. The use of symplectic integrators
is motivated by the recent publication [20] which proves the convergence of forward-backward
iterative algorithm (Algorithmin the present paper), to implement discretized optimal control
problems, when using a symplectic Runge-Kutta method. The work done in [20] generalizes that
of [19] in which the authors prove the global convergence of the algorithm in the continuous time
case. We also mention the paper [27] where automatic differentiation can be efficiently applied
for computing the gradient of the cost function under the assumption that optimal control order
conditions are satisfied. In our algorithms, the Jacobian of the vector field is given as an input,
however the idea of automatic differentiation could be coupled with our approach to compute
derivatives automatically, but this is not the purpose of the present paper.

In the case where the vector field f in is stiff, due for instance to the multiscale nature
of the model, or due to the spatial discretization of a diffusion operator in a partial differential
equation (PDE) model, standard explicit integrators face in general a severe time step restriction
making standard explicit methods unreasonable to be used due to their dramatic cost. A standard
approach in this stiff case is to consider indirect implicit methods with good stability properties,
as studied in [I4] in the context of implicit-explicit (IMEX) Runge-Kutta methods for stiff optimal
control problems. Note however that, already for initial value ODEs, such implicit methods can
become very costly for nonlinear stiff problems in large dimension, requiring the usage of Newton-
type methods and sophisticated linear algebra tools (preconditioners, etc.). Alternatively to using
implicit methods, in this paper we focus on fully explicit indirect methods, and introduce new
families of explicit stabilized methods for stiff optimal control problems. The proposed methods
rely on the so-called Runge-Kutta-Chebyshev methods of order one and its extension RKC of order
two [25]. Such explicit stabilized methods are popular in the context of initial value problems of
stiff differential equations, particularly in high dimensions in the context of diffusive PDEs, see
e.g. the survey [2]. It was extended to the stochastic context first in |4, [5] and recently in [3] for
the design of explicit stabilized integrators with optimally large stability domains in the context
of mean-square stable stiff and ergodic problems.

This paper is organized as follows. In Section [2] we recall standard tools on explicit stabilized
methods and classical results on standard Runge-Kutta methods applied to optimal control prob-
lems. In Section 3] we introduce the new explicit stabilized schemes for optimal control problems
and analyze their convergence and stability properties. Finally, Section [4] is dedicated to the
numerical experiments where we illustrate the efficiency of the new approach.

2 Preliminaries

2.1 Discretization, order conditions, and symplecticity
Let us first recall the definition of a Runge-Kutta method for ordinary differential equations
(ODEs),

g(t) =Fy(t),  y(0) =1y’ (2)
where y : [0,7] — R” is the unknown solution, F' : R” — R" is a smooth vector field, and
y? € R" is a given initial condition. We consider for simplicity a uniform discretization of the



interval [0, 7] with N 4+ 1 points for N € N, and denote by h = T//N the stepsize. For a given
integer s and given real coefficients b;, a;; (i,j = 1,...,s), an s-stage Runge-Kutta method,
yr ~ y(tr), tx = kh, to approximate the solution of , is defined, for all k =0,...,N — 1, by

ki =k + 0 aiF(ukg), i=1,....8,  yepr =yk+h Y biF(Yki). (3)
= i=1

The coefficients are usually displayed in a Butcher tableau as follows

aij

- (@

and we will sometimes use the notation (aij, b;). For more details about the order conditions of
Runge-Kutta methods in the context of initial value ODEs, we refer for example to the book [12]
Chap. IIT]. We denote by yx+1 = ®5(yx) the numerical flow of (3)), while the time adjoint method
®; of @ is the inverse map of the original method with reversed time step —h, i.e., ®} := @:}L
[12, Sect.I1.3]. We recall that the time adjoint of an s-stage Runge-Kutta method (a;j,b;) (3
is again an s-stage Runge-Kutta method with the same order of accuracy and its coefficients
(afj, bY) are given by aj; = bsp1-j — @st1-is+1—j and bf = bsy1-;, where 4,5 =1,...,s.

If we discretize using a Runge-Kutta discretization as above we naturally get the following
discrete optimization problem,

min V(yy); subject to:
S S (5)
b1 = Uk + 0> bif (UkisYki)s Uk =ye+ B> aij fung, Ukg)s
i=1 =1

wherei=1...,5, k=0,...,N—1, and yo = °. We denote by p,qe the order of accuracy of the
method applied to the ODE problem and by po. the order of the method for solving
the optimal control problem . Note that we always have poc < poge.- In general, poe < Dode
because additional order conditions, described in [11] [10], have to be satisfied.

Let us denote by H(u,y,p) := p? f(u,y) the pseudo-Hamiltonian of the system where p is the
Lagrange multiplier (or the costate) associated to the state y. Applying Pontryagin’s maximum
(or minimum) principle, the first order optimality conditions of are given by the following

boundary value problem,

y(t) = f(u(d),y(t) = VpH (u(t), y(t), p(1),
(6)

te[0,7], y(0)=14y° pT)=VI(YT)).

Applying a Runge-Kutta integrator naively to @ as an initial value system of ODEs combined
with the classical methodology of shooting methods, would lead to severe instability due to the
forward in time integration of the costate equation. For instance, for the optimal control of a
diffusion PDE problem such as 0yy(t,z) = Ay(t,z) + u(t,x), where A is the Laplace operator,
y(t,z) is the state function, and wu(¢,x) is the control function (see also the diffusion-convection
PDE problem considered in Sect. , then the costate equation takes the form of a heat equation
with the wrong sign, O;p(t,z) = —Ap(t,z), which is naturally unstable if integrated forward in
time. This makes classical shooting methods not applicable in the context of stiff dissipative
optimal control problems considered in this paper. Alternatively, we consider a forward-backward
iterative algorithm as described below (Algorithm [2.3)).



Introducing Lagrange multipliers for the finite dimensional optimization problem , and
supposing that b; # 0 for all ¢ = 1...,s, a calculation [I1], 10] yields the following discrete
optimality conditions

S S
Yerr = Yk +h Y bif (ki yri)s ki = Yk +h Y ai f kg, ykg),

i=1 j=1
S R S
Prat =Pk — b Y 0V H (ki Ykis Dii)s Dri = P — B> iV H (g, Yej, Dis), (7)
i=1 j=1

0= VuH (upi, Ygis i), k=0,....N—1 i=1,...,s,
vo=9", pn=VT(yn)

where the coefficients b; and a;j are defined by the following relations which, as observed in [10],
correspond to the symplecticity conditions of partitioned Runge-Kutta methods for ODEs,

- . b; . .

b; := b;, aij::bj—#aji, i=1,...8,7=1,...,s. (8)

(2

Note that the vectors p and pg; are the Lagrange multipliers associated to y and yg; respectively.
Assuming that the Hessian matrix V2 H (u, y, p) € R™*™ is invertible along the trajectory of the
exact solution, by the implicit function theorem there exists a C* function ¢ such that u = ¢(y, p)
and then (7)) is equivalent to a partitioned Runge-Kutta (PRK) method. As noticed in [I0], if
we consider the problem @ as a Hamiltonian system, with the Hamiltonian function H(y,p) :=
H(¥(y,p),y,p), then the obtained PRK scheme is symplectic thanks to the relations .

Theorem 2.1 (Theorem 4.1 in [I1]). Consider a Runge-Kutta method (a;j,b;) of order poge for
ODEs, where b; # 0, for alli = 1,...,s, applied to the optimal control problem . Consider
the optimality conditions @, and assume that V2 H (u,y, p) is invertible in a neighborhood of the
solution, then we have the following theorem. If we discretize @ using an s-stage partitioned
Runge-Kutta method (aij, b;)—(aij, b;) of order Do Jor ODEs (as partitioned RK method), and the
condition 18 satisfied, then the order poe of satisfies Poc = Pige < Pode and the schemes ()
and are equivalent. In particular, for pege > 2, equivalently > > ;b =1 and Zij:l bia;j = %,
we get phy. > 2 and poc > 2.

The proof of Theorem relies on the commutativity of the following diagram [10, Sect. 2]
which means that methods and , colorredwhere is a symplectic partitioned Runge-
Kutta method, yield exactly the same outputs (up to round-off errors) if derived for Runge-Kutta
discretizations of and @ respectively.  We also refer to the article [22] where the role of

symplectic partitioned Runge-Kutta methods involved in this commutative diagram is discussed.

discretization

) ————— @

optimality conditionsl loptimality conditions

@ [

Remark that in , if the method (a;j,b;) is explicit, then (a;, BZ) is in contrast an implicit
method. Hence it is useful to consider the costate equation backward in time and use the time
adjoint of (a;;, 13,) which turns out to be explicit as shown in Propositionin Section Indeed,
consider method and proceed as in [I1], [14],

discretization

S S
Prst + 1Y bV H (i, Yris Pri) = pri + 1Y 45 Vy H (kg Ynj» Prj )
i=1 =1



we then deduce from the identity b; — a;; = %aﬁ the following formulation where py serves to
initialize the induction on k=N —1,...,0,

S S
b .
Pk =Pt +h Y biVyH (ki Ykis Pri)s  Dhi =P +h Y FjajivyH(ukja Ykjs Phj)-
i=1 j=1
The above Runge-Kutta method (a;, b;) := (%aﬁ, b;) for the costate is in fact the time adjoint

~ ~

of (a@;j,b;). Since the method (a;;, ;) is called in the literature the adjoint method in the sense
of optimal control because it is applied to the adjoint equation (costate), we call the method
(@ij,b;) == (%aji, b;) the double adjoint of (a;;,b;), and we rewrite method (7)) as

S
Yer1 = Uk +h Y bif (ki yri), k=0,...,N—1
i=1

s
yki:yk+hzaijf(ukjvykj)’ k=0,....N—1 i=1,...,s
j=1

Pr=pes1 +h Y biVyH (uks, Yrispri), k=N—1,...,0 (9)
=1

s
Pki = Pk+1 +hz&ijvyH(ukj,ykj,pkj), k=N-1,...,0 i=s,...,1
j=1

O:VuH(uki,ki,pki), kIO,...,N—l i:1,...,S
w=y"  pv=V¥(yn).

Note that we integrate the state forward in time (increasing indices k) and the costate backward
in time (decreasing k).

An immediate consequence of Theorem is that applying naively a Runge-Kutta method
yields in general an order reduction, as stated in the following remark.

Remark 2.2. Consider a Runge-Kutta method (a;j,b;) of order poge = 2 and define (ai;, b;) =
(aij,b;), in general the obtained partitioned Runge-Kutta method @D is mot of order po. = 2.
Indeed, the coupling order conditions Zij:l bja;; = % and Zf,j:l I;iaij = % are not automatically
satisfied in general. In particular, for (ai;,b;) being the standard order two RKC method studied
in the next section below, it can be checked that po. = 1. This makes non trivial the construction
of an explicit stabilized scheme of order 2 for optimal control problems, as described in section
[3.3 We will see that the notion of double adjoint of a Runge-Kutta method, as described above,
18 an essential tool in our study.

To implement @ (equivalent to ), we shall use the following classical iterative algorithm
which was proposed as a parallel algorithm with N sub-problems in [21], Algo.4]. For simplicity
of the presentation, we only recall the non parallel algorithm, but emphasize that the parallel
version could also be used in our context with explicit stabilized schemes.

Algorithm 2.3. (see for instance [21, Algo. 4]). First start with an initial guess for the internal

stages of the control U = (ng);gzzloqu where ugi € R™ for all k and i. Denote by y' =
(yfﬁ)kzo,mN,l and Y! = (yfm)zzlofv_l the collection of the state values and its internal stages

respectively at iteration |, and analogously we use the notations p' and P' for costate and its
internal stages at iteration l. Suppose that at the iteration I, U is known. For the next iteration
[+ 1, the computation of U is achieved as follows.



1. Compute Y, Pl yt, p' as in @, the computation is done forward in time for the state y
and backward in time for the costate py.

2. Compute ﬂg:;l solving the system VUH(foJl, yi:i,pﬁm-) =0, for all k and i using an analytical

formula if available, or a Newton method for instance.

3. Denoting U' = (ﬂiz‘)?:ld::}g\f—17 define U by U = (1—-0H U 4-0'U!, where 6 is defined
to minimize the scalar function 6 — W(U™) using a simple trisection method for instance,
where ¥ : U — U(y").

We stop when ||U'T! — Ul|| < tol, where tol is a prescribed small tolerance.

In the recent paper [20], it was shown that the forward-backward sweep iteration defined
in Algorithm used in implementing discretized optimal control problems converges when
using a symplectic Runge-Kutta discretization, which strengthens the interest of such symplectic
methods.

For simplicity, we assume in the rest of the paper that yo = y° always holds in (7).

2.2  Explicit stabilized methods

Stability is a crucial property of numerical integrators for solving stiff problems and we refer to
the book [13]. A Runge-Kutta method is said to be stable if the numerical solution stays bounded
along the integration process. Applying a Runge-Kutta method to the linear test problem
(with fixed parameter A € C),

with stepsize h yields a recurrence of the form yrr1 = R(hA)yx and by induction we get yp =
R(hA\)¥yo. The function R(z) is called the stability function of the method and the stability
domain is defined as S := {z € C;|R(z)| < 1}, and y; remains bounded if and only if hA € S.
The same result also applies to the internal stages of the Runge-Kutta method, for alli =1,...,s,
where s is the number of internal stages, yx; = R;(hA)yg, for some function R;. Remark that
R(z) is a rational function for implicit methods, but in the case of explicit methods the stability
function R(z) reduces to a polynomial. The simplest Runge-Kutta type method to integrate
ODEs (2) is the explicit Euler method yx+1 = yi + hf(yx) with stability polynomial R(z) = 1+ 2.
However, its stability domain S is small (it reduces to the disc of center —1 and radius 1 in the
complex plane) which yields a severe time step restriction and makes it very expensive for stiff
problems.

2.2.1 Optimal first order Chebyshev methods

The idea of explicit stabilized methods (as introduced in [25], see the survey [2]) is to construct
explicit Runge-Kutta integrators with extended stability domain that grows quadratically with
the number of stages s of the method along the negative real axis, and hence allows to use large
time steps typically for problems arising from diffusion partial differential equations. The family
of methods considered in [25] is known as “Chebyshev methods” since its construction relies on
Chebyshev polynomials T (x) satisfying Ts(cos #) = cos(s#). These polynomials allow us to obtain
a two-step recurrence formula and hence low memory requirements and good internal stability
with respect to round-off errors. The order one Chebyshev method for solving a stiff ODE is
defined as an explicit s-stage Runge-Kutta method by the recurrence

Yo = Yk, Yki = Yk + 1hF(yko),
Yki pihF(yii—1) + viyki—1 + (1 — Vi) yri—2, J=2,...,8 (11)



Yk+1 =  Yks,

where T (w0)
Ui s(wo w1
= ]_ —_— = = — ].2
WO + 52 i O.)l Té (LL)O) b)) /"Ll (A)O b)) ( )
where 7 is called the damping parameter and is used to make the stability of the method robust
with respect to small perturbations as described below. Finally, for all i = 2,... s,
2w1Ti—1(wo) 2woTi—1(wo)
=, V= e —— 13
i T;(wo) ’ T;(wo) 13)

One can easily check that the (family) of methods has the same first order of accuracy as
the explicit Euler method (recovered for s = 1). Note that instead of the standard Runge-Kutta
method formulation with coeflicients (a;j;,b;), the one step method yr+1 = Pp(yx) in
should be implemented using a recurrence relation (indexed by j) inspired from the relation
on Chebyshev polynomials

Ty(z) = 22T)-1(2) — Ty-a(2), (14)

where Ty(z) = 1,T1(z) = z. This implementation yields a good stability [25] of the scheme
with respect to round-off errors. The most interesting feature of this scheme is its stability

behavior. Indeed, the method applied to yields, with z = A, yry1 = RI2)yr =

%yk. A large real negative interval (—Cj,s%,0) is included in the stability domain of the

method S := {z € C;|R!(z)| < 1}. For the internal stages, we have analogously yx; = R ,(2)yr =

TZ‘(WQ+UJ12)
Ti(wo)

n and for n = 0, it reaches the maximal value Cy = 2 (also optimal with respect to all possible

stability polynomials for explicit schemes of order 1). Hence, given the stepsize h, for dissipative
vector fields with a Jacobian having large real negative eigenvalues (such as diffusion problems)
with spectral radius Apax at y,, the parameter s for the next step y,+1 can be chosen adaptively

ad]
[hAmax + 1.5

see [I] in the context of stabilized schemes of order two with adaptive stepsizes. The method
is much more efficient as its stability domain increases quadratically with the number s of function
evaluations while a composition of s explicit Euler steps (same cost) has a stability domain that
only increases linearly with s. In Figure [1| we plot the internal stages for s = 10 and different
values n = 0 and n = 0.05 , respectively. We observe that in the absence of damping (n = 0),
the stability function (here a polynomial) is bounded by 1 in the large real interval [—2s%,0] of
width 2 - 102 = 200. However, for all z that are local extrema of the stability function, where
|RZ(z)| = 1, the stability domain is very narrow in the complex plane. Here the importance of
some damping appears, to make the scheme robust with respect to small perturbations of the
eigenvalues. A typical recommended value for the damping parameter is n = 0.05, see |26}, 2]. The
advantage of this damping is that the stability polynomial is now strictly bounded by 1 and the
stability domain includes a neighborhood of the negative interval (—CnSQ, 0). This improvement
costs a slight reduction of the stability domain length from 2s2 to C7752 where Cp > 2 — %n.

yg. The constant C;, = 2 — 4/31 + O(n?) depends on the so-called damping parameter

!The notation [z] stands for the integer rounding of real numbers.
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Figure 1: Internal stages (thin curves) and stability polynomials (bold curves) of the Chebyshev
method for s = 10 with and without damping.

2.2.2 Second order RKC methods

To design a second order method, we need the stability polynomial to satisf R(z)=1+z+ % +
O(23). In [9], Bakker introduced a correction to the first order shifted Chebyshev polynomials to
get the following second order polynomial

R1(z) = as + bsTs(wo + waz), (16)
where,

T!(w0)

T (w
s (w0) o=1+— wzzT//(wo),
S

(T¢(w0)?)” s’
For each s, |R?(z)| remains bounded by ap + bs = 1 —1/3 + O(n?) for z in the stability interval
(except for a small interval near the origin). The stability interval along the negative real axis

is approximately [—0.65s2,0], and covers about 80% of the optimal stability interval for second
order stability polynomials, and the formula now for calculating s for a given time step h is

hAmax + 1.5
= _— LI 1
s [\/ 0.65 +0 5] (18)

Using the recurrence relation of the Chebyshev polynomials, the RKC method as introduced in
[25] is defined by

as =1 —bsTs(wp), bs=

n=015 (17)

Yko = Yk Yk1 = Yo + hbiwa f(Yro),
Yri = Yo + ih(f(Yri—1) — ai—1f (ko)) + Vi (Yri—1 — Yko)

(19)
+ i (Yk,i—2 — Yko),
Yk+1 = Yks>
where,
2bw2 2bw0 b T{/(wo)
2% bi—]_ y Y bi—]_ y Ky bi_Q ) 7 (I;-,(Q)D)Q) , Qg i Z(WO), ( )

2Indeed, up to order two, the order conditions for nonlinear problems are the same as the order conditions for
linear problems [12, Chap. III].
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Figure 2: Internal stages (thin curves) and stability polynomials (bold curves) of the classical
and the new RKC implementations for s = 10 internal stages.

fori=2,...,s. Asin , the stability functions of the internal stages are given by R} (z) =
a; + b;T;(wo + waz), where i = 0,...,s — 1, and the parameters a; and b; are chosen such that
the above stages are consistent R](z) = 1+ O(z). The parameters by and by are free (R](z) is
constant and only order 1 is possible for R (z)) and the values by = by = by are suggested in [24].
In this paper, to facilitate the analysis of the internal stability of the optimal control methods,
making the internal stages of the RKC method analogous to the Chebyshev method of order
one, we introduce a new implementation of RKC method

Yo = Yk» Ykl = Yk + 1hF (Yro),
Ui = MihF(Ykio1) + viYkio1 + (1 — vi)Yki—2, ©=2,...,s (21)
Y+l = GsYro + bsTs (wo)yk37

where p = %37 as, bs are given in , and the parameters u; and v; are defined by (analogously

to (13)), using wo instead of wy), p; = %:O()W), v = %;10(;10)7 for i = 2,...,s. This new

formulation yields the same stability function RJ(z) in but different internal stages,
and it will be helpful when we introduce the double adjoint of RKC in Section |3} We recall that
for an accurate implementation, one should not use the standard Runge-Kutta formulations with
coefficients (a;;, b;) for and since they are unstable due to the accumulated round-off
error for large values of s. In contrast, the low memory induction formulations and are
easy to implement and very stable with respect to round-off errors [25].

Note that is not the same Runge-Kutta method as the standard RKC from [25],
it has different internal stages but the same stability function R{(z) in and hence order
Pode = 2. In Figure [2| we can see that the internal stages of the new formulation of RKC
have an analogous behavior compared to those of the first order Chebyshev method oscillating
around zero (see Figure[1]), in contrast to those of the standard RKC , oscillating around the
value as > 0. In addition, comparing Figures 2b and [Ib, we see that the internal stages of the
new RKC method are the same as the order one Chebyshev method up to a horizontal
rescaling wy/wi. This is because the s internal stages of the methods have the stability function
Ti(wo + wjz)/Ti(wo), i =1,...,s for j = 1,2 respectively.

Notice however that this modification of the standard RKC method deteriorates the order
two of accuracy of the internal stages of the method, useful for PDEs with non homogeneous



05 051
= ol
05} 051 \‘
311 DR 1t L [y
-140 -120 -100 -80 -60 -40 -20 0 -140 -120 -100 -80 -60 -40 -20 0
(a) Classical ROCK2. (b) Double adjoint of ROCK2.

Figure 3: Internal stages (thin curves) and stability polynomials (bold curves) of the ROCK2
method [6] and its double adjoint for optimal control for s = 13 stages.

boundary conditions [16, Chap. V].

Remark 2.4. Analogously to the standard RKC method , the new RKC' formulation
can be equipped with an error estimator to allow a variable time step control. Since the new
formulation has the same stability function, one can use the same error estimator as pro-
posed in [23, Sect. 3.1]. In this paper we consider only a constant time step for simplicity of the
presentation but emphasize that a variable time step h, can be used for the new optimal control
method of order two.

Remark 2.5. Second order Runge-Kutta Orthogonal Chebyshev (ROCK2) methods, as introduced
in [0, are second order explicit stabilized methods for which the stability domain contains an
interval that covers around 98% of the optimal one for second order explicit methods. It would
be interesting to extend such second order methods with nearly optimally large stability domain
to the context of optimal control problems. It turns out however that such an extension based
on ROCK2 (or its order four extension ROCK/ [1]) is difficult and not analyzed in the present
paper. This difficulty arises from the severe instability of the internal stages of the double adjoint
of the standard ROCK2 method (see Figure @ which would introduce large round-off errors for
stiff problems (large values of s), making the obtained optimal control method not reliable.

3 Explicit stabilized methods for optimal control

In this section, we derive new two term recurrence relations of the double adjoints of Chebyshev
method and RKC method that are numerically stable. Indeed, one cannot rely on
standard Runge-Kutta coefficients for the implementation of explicit stabilized schemes.

3.1 Double adjoint of a general Runge-Kutta method

Recall from (9) that the Butcher tableau of the double adjoint (a;j, b;) of is

N b;
S LI e (22)
bi bi

10



Proposition 3.1. If a Runge-Kutta method (aij;, b;) 1s explicit, then its double adjoint
1s explicit as well.

Proof. For an explicit Runge-Kutta method we have that a;; = 0 for all j > i i.e the matrix (a;;)
is strictly lower triangular. Permuting the internal stages in for i,57 = s,...,2,1 does not
modify the method but yields the following Butcher tableau

bst1—5
‘ by Qs 1—j,st1—i (23)
bs+1—i
which is strictly lower triangular, and thus the method is again explicit. O

An immediate consequence of Proposition is that for explicit methods, the stability func-
tion of the double adjoint is again a polynomial. In fact it turns out, as stated in Theorem
below, that for any Runge-Kutta method, the double adjoint (a;;, I;l) has exactly the same sta-
bility function as (a;;,b;). Note however that this result does not hold in general for the internal
stages (see Remark about ROCK2).

Theorem 3.2. A Runge-Kutta method (a;j,b;) and its double adjoint (a;,b;) in share the
same stability function R(z).

Proof. Let A = (a;j), Aq = (a;;bj/b;), and b = (b;), i,7 = 1...s. We recall the formula for the
stability function of the Runge-Kutta method (a;j, b;),

R(z) = det(I — zA + 21b7)
T T et — 24)

(24)

where 1 € R?® is the line vector of size s containing only ones. Using a simple calculation, one can
show that AL = DAD™! where D = diag(b;). This implies that I — zAL = D(I — zA)D~!, and
since I —zAL = (I —zAq)T, thus det(I — zA) = det(I — 2A4,). Using the same diagonal matrix D
we have D167 D1 = 17b, hence I — 2AL +21b = D(I — 2A+ 21b)D~! and det(I — zAT + 21b) =
det(I — zA + 21b) and hence the stability function of (a;;, b;) is again [24). O

3.2 Chebyshev method of order one for optimal control problems

For clarity of presentation, we first study Chebyshev method of order one for optimal control
problems before introducing the second order RKC method. Applying the order one Chebyshev
method to the problem we get

min V(yy), such that

Yko = Yk, Ykl = Yko + p1hf (Uro; Yro),

Yki = Hihf (Uki—1, Yki—1) + Vi1 + (1 — Vi)Yri—2, 1=2,...,8
Yk+1 = Yks»

(25)

where, kK =0,...,N—1, n > 0 is fixed, and the parameters p;, v; are defined as in and .

For the implementation of Algorithm based on the order one Chebyshev method (|25
for the state equation, the costate equation can be implemented efficiently using the recurrence
relations given by the following theorem.

11



Theorem 3.3. The double adjoint of scheme s given by the recurrence
pN =VY(YN), Pks = Pr+1
7
Pk,s—1 = Pks + VishvyH(uk,sfla yk,sflapks)
S

Hs—j+10s—j+1 thH(

Pk,s—j = uk,sijyk,sfjapk,sf]ﬂrl)
Qs j
Vg—j4+10s—j+41
+ - J - = J = o
s Pk,s—j+1 (26)
l—y_'+2a_~+2 .
( = ) - Pk,s—j+2, J=2...,s—1,
Os—j
Pro = 101 hVyH (uro, Yro» Pr1) + capra + (1 — v2)aopro
Pk = Pko

qu(uk,s—ja yk,s—j7pk,s—j+1) = 07 .7 = ]-7 ceey S
where k =N —1,...,2,1,0 and the coefficients «; are defined by induction as

Qg = 17 Qg1 = Vs, . (27)
Qg—j = Vs—j410s—j+1 T (1- stj+2)asfj+27 Jj=2...s—1L

The proof of Theorem uses similar arguments to the proof of Theorem with the
exception that we now rely on the recurrence formula instead of the standard Runge-Kutta
formulation @ to avoid numerical instability.

Proof of Theorem[3.3 The Lagrangian associated to the discrete optimization problem is
N-1

L=V(yn)+po- (y° — o)+ Z {pkz+1 * (Yrs = Yk+1) — Pro * (Yk — Yko)
k=0

+ pr1 - (Yko + 1 hf (uko, Yro) — Yk1)
S
+ ) i - (ihf (Whi—1, Ykio1) + Vilio1
i—2
+ (1 — v3)Yki—2 — yki)}-

Here pg+1, pri, and pg are the Lagrange multipliers. The optimality necessary conditions are thus
given by

oL oL oL oL oL
— =0, —=0, —=0, — =0, =0, (28)
Ok OYki Op; Opri Ougi

where k =0,...,N—1and i =0,...,s. By a direct calculation, we obtain the following system,

Yko = Yk Ykl = Yko + H1hf (Uro, Yro),
Yki = il f (Ukio1,Ykio1) + Vi1 + (1= vi)yki—2, 1=2,...,8,
Yk+1 = Yks,
pN = VVY(YN), Dks = Pkr1s
Ph,s—1 = MshVyH (U s—1, Yk,s—1, Pks) + VsDks)
Phys—j = Ms—jt 1RV yH (Uk s Uk s—j Phos—j+1) + Vs—j+1Pk,s—j+1
+ (1= vs—jro)Prs—jr2, J=2,...,5—1,
Pro = H1hVyH (uro, Yro, Pr1) + pr1 + (1 — v2)pra,
Pk = Pko,
VuH (U, s—j, Yk,s—j» Prs—j+1) =0, J=1,...,s,

(29)

12



where k = 0,..., N — 1. In the above system, observe that the steps py; of the double adjoint are
not internal stages of a Runge-Kutta method, that is because they are not O(h) perturbations of
the py11, i.e. pri # pr+1+O(h), for instance, already for the first step pg s—1 = Vspry1+O(h) with
vs = 2+ O(n). Since the pseudo-Hamiltonian H (u,y,p) is linear in p, we can rescale the internal
stages of the costate by a factor «; such that for py; := ozj_lpkj, we obtain py; = pry1 + O(h).
We define

Dks = Dkss  DPk,s—1 = pkl’/s_l = Dks + %hvyH(uk,s—lyyk,s—lyﬁks)-

S S

Substituting py ;2 in , we obtain
Pk,s—2 = Ms—lehvyH(uk,s—27 yk,s—27ﬁk,s—1) + Vs—lysﬁk,s—l + (1 - Vs)ﬁks:

the quantities py, s—1 and pys are equal to pi11+O(h), hence py s—2 = (Vs—1Vs+1—vs)pr11+O(h),
this implies that as_9 = vs_1vs + 1 — v5 and therefore

ﬁ - PE,s—2 _ Pk s—2
s e+ 1 — vy vs(vs—1 — 1)+ 1°
Following this procedure for pys_j,j = 2,...,s — 1, we arrive at the Runge-Kutta formulation

of the double adjoint of scheme , where we go back to the notation py; instead of pg;. [
Remark 3.4. A straightforward calculation yields that without damping (for n = 0), we have
as—j = j+1, and method — reduces to the following recurrence

h
Yko = Yk, Ykl = Yko + S*Qf(ukoa Yko)

2h .
Ui = g (Uit Yio1) + 2Uki-1 = Yri-2, 1=2,..058

Yi+1 = Yks,
PN = VVY(YN), DPks = Pk+1,

h
Pk,s—1 = Pks + ?vyH(uk,s—la yk,s—lapks)a

2j 2j (30)
Pks—j = mhvyH(uk,sf]Wyk,sfjvpk,sfj+l) + jﬁpk,s—zﬁrl
11—
D _ ) =2,...,s—1
+ ,7 + 1pk,s j+2s ] ) ) S ’

h
Pro = gvyH(ukOa Yko, Pr1) + spr1 + (1 — s)pra,
Pk = Pko,
qu(“k,sf]w yk787j7pk,sfj+1) =0, j=1,...,s.

where k = 0,...,N — 1. In Section we shall study the stability of (without damping)
and of ([25)-([26) (with damping).

3.3 RKC method of order 2
We consider the new implementation of the RKC method applied to ([1)) for which the internal

stages behave similarly to that of the order one method, given by
min ¥Y(yy), such that
Yko = Yks  Yk1 = Yko + b f (uko, Yro),
Yki = Mihf (Uki—1, Yki—1) + Viki—1 + (1 — Vi) Yri—2, 1 =2,...,8
Yre+1 = asyro + bsTs(wo) ks,

13



where, k =0,...,N —1, n = 0.15, and again all the parameters are defined as for the Chebyshev
method using wy instead of wi. The order two RKC method with formulation for the state
equation can be implemented using Algorithm the costate equation being implemented using
the recurrence relations given by the following Theorem Its proof is analogous to that of
Theorem [3.3] and thus omitted.

Theorem 3.5. The double adjoint of the scheme s given by the recurrence
pN =VVY(yn), DPks = Pr+1,

1
Pk,s—1 = Pks + thyH(uk,s—17 Yk,s—15 Dks )
S

Ms—jJrloés—jJrlhv H(
- . tVy

Ph,s—j = : Uk, s— s Yk,s—j» Ph,s—j+1)
s
Vg—j4+10s—j+1
+ Dk s—j 41,
Q5—j (32)
(1 —vs—jto)as—j
j+2)&s—3542 .
+ e Pks—j+2, ] :27"')8_]-7
5—j

Pro = 100 hVyH (uro, Yro» Pr1) + capr + (1 — v2)aopra + aspr1,
Pk = Pk0,
VuH(uk,s—ja yk,s—jypk,s—j—l—l) = 0, ] = 1a sy S

where the coefficients o are defined using the induction

Qg = bsTs(WO)a Qg1 = VsO, . (33)
Qs—j = Vs—j410s—j4+1 + (1- stj+2)asfj+27 Jj=2...s— 1L

In Figure 4] we plot the stability function and the internal stages of the double adjoint (26))
of Chebyshev and the double adjoint of RKC . Comparing with Figures[lb and ,
we observe that the internal stages are not the same for the double adjoint methods compared
to the and , while the stability function itself is identical as shown in Theorem for a
general Runge-Kutta method.

3.4 Stability and convergence analysis

In this section, we study the stability of the double adjoint of the Chebyshev method (25 and
the RKC method . We recall that for the Chebyshev method of order one (resp. RKC of
order two) the stability domain contains the interval [—3(s,7), 0] where Bone(s,n) &~ (2—41/3)s>
(resp. Bric(s,n) ~ 0.653s? for n = 0.15).

Theorem 3.6. Consider the Chebyshev and the RKC methods. Forn =0, the stability
functions of the internal stages Rs;(2) of the Chebyshev (resp. RKC) double adjoint (resp.
(32)), are bounded by 1 for all z € [—25%,0] (resp. [—%s*+ 2,0]) and all s € N.

The proof of Theorem [3.6| relies on the following lemma.

Lemma 3.7. Let s > 1, and consider the double sequence ’?; indezed by 1 and j,

=0V j>i, i=0,...,s—1,
=1 =0 %N=2

14
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(a) Double adjoint for n = 0.05 (b) Double adjoint for n = 0.15

Figure 4: Internal stages (thin curves) and stability polynomial (bold curve) of the double adjoint
of the Chebyshev method of order one and the RKC method of order two for s = 10
internal stages.

Bo=5n"-% 5 M=% - i=2..s-1 (35)
F=ATl A AT =251 j=2,0,
Then,
=0V j>i,
y 1 ifi is even y 2 ifi—j is even (36)
0= {0 if 1 is odd 7= {0 otherwise

where 1 =10,...,s—1, j=0,...,1.

Proof. 1t can be checked that the coefficients defined in (36]) verify the induction . Hence
using the fact that they have the same initial terms , we conclude that they coincide by
induction on ¢ and j. O

Proof of Theorem [3.6. We first consider the Chebyshev method without damping applied to the
linear test problem y' = Ay ;A € C, ¢t € (0,7], y(0) = 1, with a uniform subdivision zyp = 0 <
z1 < --- <ay =T of stepsize h. Using Remark 3.4 we obtain for k£ = 0:

h
yko =1, Yr1 = yro + <2 Ykos

2th\ 21 1—12 .
Ykji-1+t ——Uki-1+t ——Uki-2 1=2,...,8—1,

ki = i1 i+ 1

i+ 1)s?

hA
Yks = —Ykus—1 T 8Uks—1 + (1= 8)Yhs2,

(37)

Y1 = Yks-

First, notice that since l% + llﬁ = 1, we have that for all : = 0,...,s, yx; = (1 + O(h)) (by
induction). Setting z = hJ, it is sufficient to prove the identity

) . 5
vk = 2T+ ) (38)
j=0
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where yy; is a convex combination of the polynomials 7;(1 + %),

)
Y yi=land~i>0Vij=1,...5-1, (39)
=0

because |Tj(1+ %) <1forall j =0,...,s and z € [-f(s,0),0] = [-25%,0].

Since the Chebyshev polynomials form a basis of the vector space of polynomials, this already
justifies the existence of the expansion with some real coefficients ’yi The identity Z}:o 'yj- =
1 follows from the fact that yp; = 1+ O(h) and T;(1 + %) = 1 + (’)(h) for all 3,7 = 0,...,s
Now we can calculate these coefficients for the first two internal stages, Rso(2) = yro = yr =
1 = To(1 + %), thus 79 = 1. Analogously, Rs1(2) = Yk1 = ko + %yko =1+%5="T(1+
%) we obtain 5 =0, 4 = 1.

It remains to prove the positivity of the coefficients 7; Coupling and , we obtain

21 z 1—1
RS,i('z):yki:Z._i_l(l"f'*)yk,ifl“‘ +1yk1 2
- 1—i 2 z
- i—2

= Tl + —
z—i-l 2% 2)+i—|—1 ‘:07 i +32)
21 1 1

= +1 T ( 1—l— )+ E 1T 1—|— )

i

YA R R RS gy o
+Z<i+17i1_¢+17j2>T12(1+s2)

Jj=2

where we used . By comparison with , we obtain the following recurrence

V=0V j>i, i=0,...,s—1,

Z . .
=1 =0 L—1 - = —1
Yo ) Yo 3 T ) Y i+ 171 i+ 170 )8 )
: 2t 7 7—1
g i—1 1—1 i—2 .
= — = —1
M= i T T EeS T

. 7 i1 7 i1 7 —1 i_9 . .
ryj?:iify;ljtiify? — - 'y; 1=2,...,8=1,7=2,...,1

Now defining i;: = (i—l—l)v}-, the above induction relations simplify to and . The positivity
of i;., and hence of yj, follows from Lemma For i = s, the stability is a consequence of
Theorem [3.2]

Analogously, the RKC method reads for nn = 0,

3h\
yko =L, Yk = Yo + 53— Yko,
61h )\ 21 1—1 .
yki:myk,ifl‘i‘ T ki 1+ - Tk 1=2,...,8—1, (40)
h\ -1 2 —s?—s+1 252 4+ 1
Yks = ?yk,s—l + 39 Yk,s—1 — Tyk,s—2 + 32 Yo,

Y1 = Yks,

and we follow the same methodology as above. Note that for RKC we have |Tj(1 + 5?~2)| < 1
forall j =0,...,sand z € [-f(s,0),0] = [—%(82 —1),0]. Using the same notations we search for
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coeflicients satisfying the following

i i
Yri = jE_Ofy;Tj(l + mz), where ]E_O’y; =land;>0Vij=1,...s—1 (41)

Remark that Rso(2) = yko = yp = 1 = To(1 + %z), hence 7§ = 1. Analogously, Rs1(2) =

Yk1 = Yko T S?Qh_)‘lyko =1+ 52331 =Ti(1+ 82%12), and we deduce that v¢ =0, 74 = 1.

Again we find a relation between these new coefficients to prove their positivity using yi; =
i_%(l + 82%12’)%,171 + };fy;m-,g. We get a recurrence of the same form as in the Chebyshev
double adjoint method but with different parameter, proceeding in the same we obtain

exactly the same coefficients ’y;-, which concludes the proof. O

Remark 3.8. For the case of positive damping n > 0, the coefficients get very complicated and it
1s difficult to find a recurrence relation between them in order to prove their positivity. Howewver,
observing that all the coefficients in the recurrence relations of the internal stages of the methods
are continuous functions of n, then for all s, there exists ny(s) such that the internal stages are
stable (bounded) for alln € [0,n0(s)]. Numerical investigations suggest that Theorem [3.6 remains
valid for all n > 0 i.e the methods remain stable with the stability functions of the internal stages
bounded by 1, for all integers s > 1 for Chebyshev and s > 2 for RKC, and all n > 0. We have
verified this numerically for s < 200.

We conclude this section by the following convergence theorem for the new explicit stabilized
methods for stiff optimal control problems.

Theorem 3.9. The method — (resp. —) has order 1 (resp. 2) of accuracy for the
optimal control problem .

Proof. The proof follows immediately from Theorem [2:1] with poe = poge = 2 for the RKC
method. O

Remark 3.10. The proposed explicit stabilized integrators for optimal control problems could be
combined with the idea of implicit-explicit (IMEX) integrators as proposed in [1])], where RKC
type methods would replace the implicit part in the IMEX integrator. This idea is already proposed
in [28, [7] in the context of advection-diffusion-reaction problems. In [28], the diffusion part is
discretized with an RKC method which typically has a large number of internal stages, and the
advection-reaction part is integrated using a 4-stage explicit Runge-Kutta method. In [7], the
method integrates the diffusion term using ROCK2 method, the advection term using a 3-stage
explicit method, and the nonlinear reaction term is solved implicitly. Such an extension is however
out of the scope of the paper.

4 Numerical experiments

In this Section, we illustrate numerically our theoretical findings of convergence and stability of
the new fully explicit methods for stiff optimal control problems, first on a stiff three dimensional
problem and second on a nonlinear diffusion advection PDE (Burgers equation).
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Figure 5: Convergence plot of RKC — applied to problem .
4.1 A linear quadratic stiff test problem
We start this section by a simple test problem taken from [I1]:
S N L 2 .
min = [ (u®(t) + 22°(t))dt subject to
2o (42)
&(t) = §x(t) +u(t), t €[0,1], z(0) = 1.
. . I . 2(e3t— . 3t o3 oL
The optimal solution (u*, z*) is given by u*(t) = %, z*(t) = % As studied in [14]

we modify problem into a singularly perturbed (stiff) problem to illustrate the good stability
properties of our new method. For a fixed ¢ > 0, we consider the following stiff optimal control
problem,

min ¢(1) subJect to

c(t) = ( 2(t) +a?(t) +42°(t)), ¢(0) =0,

i(t) = ()+UU z(0) =1, (43)
(t) = é (;x(t) - z(t)) , 2(0) = %

Figure |5| shows the convergence behavior, using the new RKC method —, of the error
in infinity norm between the solutions of the stiff problem for e = 107! and € = 1073 and
different sizes of the time step h; = 27%, 4 = 0,...,5 and the reference solution is obtained with
h = 277. We observe lines of slope 2 which confirms the theoretical order two of accuracy of
the scheme (Theorem [3.9). In the stiff case (¢ = 1073), the method uses s = 4 to calculate
the reference solution and s = 40, 28,20, 14, 10, 7 respectively for the different time steps used to
1llustrate the convergence, these values coincide with the theoretical values that can be obtained
using ((18]). Analogously to the case of stiff ODEs, the cost of scheme (31] . . is O(e 2) function
evaluatlons of f, while using Euler method with its double adjoint would cost O(e~1).
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4.2 Optimal control of Burgers equation

To illustrate the performance of the new method, we consider the following optimal control
problem of a nonlinear diffusion advection PDE corresponding to the Burgers equation

1 target||2 o g 2
T(w) = gIw(T) =" gy + 5 | Iult) gy

min
w€L2([0,T];L2(Q)) 2

subject to

Ory(t,x) = pdy(t,x) — J0.(y*(t2) +ult,z) i (0,T) x
y(0,2) = glz) in %,

y(t,z) =0 on 09,

(44)

where p, v > 0, in dimension d = 1 with domain 2 = (0, 1) and the final time is given by 7' = 2.5.
Here the control u is a part of the source that we want to adjust in order to achieve a given final
state y?@79¢ . () — R.

We use a standard central finite difference space discretization for the state equation, and
the trapezoid rule to discretize in space the norm L?(2). We consider M + 2 points in space
Tm = mAx, with grid mesh size Az = ﬁ, and we denote by y,,(t) the approximation to
y(t, 2m), and define the vector Y (t) = (yo(t),y1(t), ..., ym+1(t)) € RM+2. Similar notations are
used for U and P. We obtain the following optimal control problem semi discretized in space,

: 1 pas ! target 2
i U(c(T),Y(T)) = M+ 1) mZ::O Um(T) =y " (2m))” + ac(T)
subject to
1 M+1
() = —— "2 c(0) =

ym(t) = Fm(U(t)a (t ) = ﬁ(ym—i-l - 2ym + ym—l)

14
- M(yzn+1 — Yro 1) + U,
ym(0) = g(zp), m=0,...,M +1,

where m = 0, ... M+1 and the primed sum denotes a normal sum where the first and the last term
are divided by 2 and we define yg = yar+1 = 0 to take into account the homogeneous Dirichlet
boundary conditions. The function F' : RM*+2 — RM+2 with components F, : RM*2 5 R is
obtained from the standard central finite difference discretization of the right hand side of the
state equation , and adapted to the boundary conditions. The corresponding adjoint system
is

pc(t) 0, pc(T) =V.¥ =a,

) (46)
P(t) = -VyF(U(t),Y (1) P,

where P is a vector of length M 4+ 2 containing the costate values p,,, m =0,..., M + 1. In all
our experiments we take y = 0.1, v = 0.02, g(z) = 32(1—x)?, and y'*9(z) = Jsin(10z)(1 — z).

In Figure |§|we plot the optimal control function (Fig.@b) and the corresponding state function
(Fig.[6h) obtained using scheme (31)-(32). When we use a small value for a in the model, we
allow larger control values and thus a final state very close to the target (Fig.@c), otherwise the

control will be more limited and then the final state will not be that close to the target (F1g|§|d)
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(c) Final and target states for o = 0.01. (d) Final and target states for o = 0.02.

Figure 6: State, final state, and control, of problem (44). Figures (a), (b), and (c) are obtained
using Az = 1/100, At =T/30, and s = 24 stages, and o = 0.01. Figure (d) uses the same Az, g
and y'"9¢ but o = 0.02.

Note that the method required s = 24 stages for Az = 1/100 and At = 2.5/30, while using an
Euler method with its double adjoint would require At < At,q0 Buler := Az?/2 at most. Hence,
the standard Euler method would be At/(sAtpqz Euler) =~ 70 times more expensive in terms of
number of function evaluations for Az = 1/100, a factor that grows arbitrarily as Az — 0.

In Figure [7] we plot the convergence curves for the state and control functions of the new
RKC method — applied to the diffusion problem discretized in space , where the
number of stages s is computed adaptively using . We recover again lines of slope two, which
corroborate the order two of the method. Although our convergence analysis is valid only in finite
dimensions (Theorem , this suggests that the convergence of order two persists in the PDE
case. For comparison, we also included the results for the following standard diagonally implicit
Runge-Kutta method of order two, inspired from [I4, Table 5.1] in the context of stiff optimal
control problems, and given by the following Butcher tableau where v = 1 — /2 /2 (making the
method L-stable),

~
1-2v »« (47)
| 1/2 1/2
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Figure 7: Convergence plot of the RKC method — and the implicit method applied
to problem for many time steps At; = T/2, i = 3,...,8, Az = 1/100, and o = 0.02, The
reference solution is obtained using At = T/2!2, s = 3.

Although for a fixed timestep, the second order implicit method appears about two times
more accurate than the RKC method — for the control and almost of the same accuracy
for the state, we emphasize that these convergence plots do not take into account the extra cost
of the implicitness of method . Indeed, the cost and difficulty of the implementation of the
implicit methods (nonlinear iterations, preconditioners, etc.) would typically deteriorate in larger
dimensions and for a nonlinear diffusion operator, as it is already the case for initial value PDEs
[2], while as an explicit stabilized scheme, the RKC method — can be conveniently imple-
mented in the spirit of the simplest explicit Euler method.

Acknowledgment. This work was partially supported by the Swiss National Science Founda-
tion, grants No0.200020.184614, No0.200021_162404 and No.200020_178752.

References

. ulle. Fourth order ebyshev methods with recurrence relation. . dci. Com-
[l]AAbdll F h order Chebysh hods with lati SIAM J. Sci. C
put., 23(6):204172054, 2002.

[2] A. Abdulle. Ezplicit Stabilized Runge—Kutta Methods, pages 460-468. Encyclopedia of Ap-
plied and Computational Mathematics, Springer Berlin Heidelberg, 2015.

[3] A. Abdulle, I. Almuslimani, and G. Vilmart. Optimal explicit stabilized integrator of weak
order 1 for stiff and ergodic stochastic differential equations. SIAM/ASA J. Uncertain.
Quantif., 6(2):937-964, 2018.

[4] A. Abdulle and S. Cirilli. S-ROCK: Chebyshev methods for stiff stochastic differential equa-
tions. SIAM J. Sci. Comput., 30(2):997-1014, 2008.

[5] A. Abdulle and T. Li. S-ROCK methods for stiff Ito SDEs. Commun. Math. Sci., 6(4):845-
868, 2008.

[6] A. Abdulle and A. Medovikov. Second order Chebyshev methods based on orthogonal poly-
nomials. Numer. Math., 90(1):1-18, 2001.

21



[7]

[14]

[15]

[16]

18]

[19]

[20]

[21]

22]

A. Abdulle and G. Vilmart. PIROCK: a swiss-knife partitioned implicit-explicit orthogonal
Runge-Kutta Chebyshev integrator for stiff diffusion-advection-reaction problems with or
without noise. J. Comput. Phys., 242:869-888, 2013.

G. Albi, M. Herty, and L. Pareschi. Linear multistep methods for optimal control problems
and applications to hyperbolic relaxation systems. Appl. Math. Comput., 354:460-477, 2019.

M. Bakker. Analytical aspects of a minimax problem. 1971. Technical Note TN 62 (in
Dutch), Mathematical centre, Amsterdam.

J. F. Bonnans and J. Laurent-Varin. Computation of order conditions for symplectic parti-
tioned Runge-Kutta schemes with application to optimal control. Numer. Math., 103(1):1-10,
2006.

W. W. Hager. Runge-Kutta methods in optimal control and the transformed adjoint system.
Numer. Math., 87(2):247-282, 2000.

E. Hairer, C. Lubich, and G. Wanner. Geometric numerical integration, volume 31 of
Springer Series in Computational Mathematics. Springer-Verlag, Berlin, second edition,
2006. Structure-preserving algorithms for ordinary differential equations.

E. Hairer and G. Wanner. Solving Ordinary Differential Equations I1. Stiff and Differential-
Algebraic Problems. Springer Series in Computational Mathematics 14. Springer-Verlag,
Berlin, 2 edition, 1996.

M. Herty, L. Pareschi, and S. Steffensen. Implicit-explicit Runge-Kutta schemes for numerical
discretization of optimal control problems. SIAM J. Numer. Anal., 51(4):1875-1899, 2013.

M. Herty and V. Schleper. Time discretizations for numerical optimisation of hyperbolic
problems. Appl. Math. Comput., 218(1):183-194, 2011.

W. Hundsdorfer and J. Verwer. Numerical solution of time-dependent advection-diffusion-
reaction equations, volume 33 of Springer Series in Computational Mathematics. Springer-
Verlag, Berlin, 2003.

C. Y. Kaya. Inexact restoration for Runge-Kutta discretization of optimal control problems.
SIAM J. Numer. Anal., 48(4):1492-1517, 2010.

J. Lang and J. G. Verwer. W-methods in optimal control. Numer. Math., 124(2):337-360,
2013.

Q. Li, L. Chen, C. Tai, and W. E. Maximum principle based algorithms for deep learning.
Journal of Machine Learning Research, 18(165):1-29, 2018.

X. Liu and J. Frank. Symplectic Runge-Kutta discretization of a regularized forward-
backward sweep iteration for optimal control problems. Submitted, arXiv: 1912.07028v1,
2019.

Y. Maday, M.-K. Riahi, and J. Salomon. Parareal in time intermediate targets methods for
optimal control problems. In Control and optimization with PDE constraints, volume 164 of
Internat. Ser. Numer. Math., pages 79-92. Birkhduser/Springer Basel AG, Basel, 2013.

J. M. Sanz-Serna. Symplectic Runge-Kutta schemes for adjoint equations, automatic differ-
entiation, optimal control, and more. STAM Rev., 58(1):3-33, 2016.

22



[23]

[24]

B. Sommeijer, L. Shampine, and J. Verwer. RKC: an explicit solver for parabolic PDEs. J.
Comput. Appl. Math., 88:316-326, 1998.

B. P. Sommeijer and J. G. Verwer. A performance evaluation of a class of Runge-Kutta-
Chebyshev methods for solving semidiscrete parabolic differential equations. Afdeling Nu-
merieke Wiskunde [Department of Numerical Mathematics|, 91. Mathematisch Centrum,
Amsterdam, 1980.

P. J. van der Houwen and B. P. Sommeijer. On the internal stability of explicit, m-stage
Runge-Kutta methods for large m-values. Z. Angew. Math. Mech., 60(10):479-485, 1980.

J. Verwer. Explicit Runge-Kutta methods for parabolic partial differential equations. Special
issue of Appl. Num. Math., 22:359-379, 1996.

A. Walther. Automatic differentiation of explicit Runge-Kutta methods for optimal control.
Comput. Optim. Appl., 36(1):83-108, 2007.

C. J. Zbinden. Partitioned Runge-Kutta-Chebyshev methods for diffusion-advection-reaction
problems. SIAM J. Sci. Comput., 33(4):1707-1725, 2011.

23



	Introduction
	Preliminaries
	Discretization, order conditions, and symplecticity
	Explicit stabilized methods
	Optimal first order Chebyshev methods
	Second order RKC methods


	Explicit stabilized methods for optimal control
	Double adjoint of a general Runge-Kutta method
	Chebyshev method of order one for optimal control problems
	RKC method of order 2
	Stability and convergence analysis

	Numerical experiments
	A linear quadratic stiff test problem
	Optimal control of Burgers equation


