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Abstract

We study a second order Backward Differentiation Formula (BDF) scheme for the
numerical approximation of linear parabolic equations and nonlinear Hamilton—
Jacobi-Bellman (HJB) equations. The lack of monotonicity of the BDF scheme
prevents the use of well-known convergence results for solutions in the viscosity sense.
We first consider one-dimensional uniformly parabolic equations and prove stability
with respect to perturbations, in the L norm for linear and semi-linear equations, and
in the H! norm for fully nonlinear equations of HJB and Isaacs type. These results
are then extended to two-dimensional semi-linear equations and linear equations with
possible degeneracy. From these stability results we deduce error estimates in L2
norm for classical solutions to uniformly parabolic semi-linear HIB equations, with
an order that depends on their Holder regularity, while full second order is recovered
in the smooth case. Numerical tests for the Eikonal equation and a controlled diffusion
equation illustrate the practical accuracy of the scheme in different norms.
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1 Introduction

This paper provides stability and convergence results for a type of implicit finite differ-
ence scheme for the approximation of nonlinear parabolic equations using backward
differentiation formulae (BDF).

In particular, we consider Hamilton—Jacobi—Bellman (HJB) equations of the fol-
lowing form:

v, (1, X) + sup [Ea[v](t, X) +r(t, x, a)v + £, x, a)} —0, (1
aeN

where (1, x) € [0, T] x R4, A C R is a compact set and
1
L1, ) = =5 ulT (1, x, @) DIv(t, )]+ b(t, x, @) Dev(t, )

is a second order differential operator. Here, (X);; is symmetric non-negative definite
for all arguments.

It is well known that for nonlinear, possibly degenerate equations the appropriate
notion of solutions to be considered is that of viscosity solutions [9]. We assume
throughout the whole paper the well-posedness of the problem, namely the existence
and uniqueness of a solution in the viscosity sense. Under such weak assumptions,
convergence of numerical schemes can only be guaranteed if they satisfy certain
monotonicity properties, in addition to the more standard consistency and stability
conditions for linear equations [2]. This in turn reduces the obtainable consistency
order to 1 in the general case [12].

We will therefore not treat (1) in this generality. As we detail further below, the main
stability analysis is restricted to the uniformly parabolic case, and full convergence
results are given under the additional assumption of semi-linearity, ¥ = X (¢, x).

It is shown in [16] that a monotone (but inconsistent) Pj—finite element approx-
imation converges in the maximum norm, and in the H I_horm under a mild
non-degeneracy assumption; this assumption is further weakened to possibly degen-
erate coefficients in [15].

On the other hand, in many cases — especially in non-degenerate ones — solutions
exhibit higher regularity and are amenable to higher order approximations. The exis-
tence of classical solutions and their regularity properties under a strict ellipticity
condition have been investigated, for instance, in [11,17].

The higher order of convergence in both space and time of discontinuous Galerkin
approximations is demonstrated theoretically and numerically in [20] for sufficiently
regular solutions under a Cordes condition for the diffusion matrix, a measure of the
ellipticity.

More recently, it was shown numerically in [6] that some approximation schemes
based on a second order backward differentiation formula in both time and space (see,
e.g., [22], Section 12.11, for the definition of BDF schemes for ODEs) have good
convergence properties. In particular, in an example therein with non-degenerate con-
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trolled diffusion where the second order, non-monotone Crank—Nicolson scheme fails
to converge, the (also non-monotone) BDF2 scheme shows second order convergence.

The filtered schemes in [6] and e-monotone schemes, e.g. in [7], modify a higher-
order scheme to stay e-close to a monotone scheme. This enforces convergence, but
in general only at the rate of the monotone scheme, and practically the rate may vary
depending on the data and on the strategy to choose the € parameter (see Example 2 in
[6, Section 4.2] where a filtered scheme switches back to first order). Here, we directly
analyse the stability and the convergence for a non-monotone BDF scheme.

For constant coefficient parabolic PDEs, the L?-stability and smoothing properties
of the BDF scheme are a direct consequence of the strong A-stability of the scheme.
Moreover, [3] shows that for the multi-dimensional heat equation the BDF time step-
ping solution and its first numerical derivative are stable in the maximum norm. The
technique, which is strongly based on estimates for the resolvent of the discrete Lapla-
cian, do not easily extend to variable coefficients or the nonlinear case.

A more general linear parabolic setting is considered in [4], where second order
convergence is shown for variable demister using energy techniques. This result is
extended to a semi-linear example in [10]; the application to incompressible Navier—
Stokes equations has been analyzed in [14]. In [5], a closely related BDF scheme is
studied for a diffusion problem with an obstacle term (which includes the American
option problem in mathematical finance).

The scheme we propose is constructed by using a second order BDF approximation
for the first derivatives in both time and space, combined with a standard three-point
central finite difference for the second spatial derivative in one dimension. The scheme
is therefore second order consistent by construction.

For this scheme, under the assumption of uniform parabolicity, we establish new
stability results in the H'-norm for fully nonlinear HJB and Isaacs equations, and
in the L?-norm for the semilinear case (see Theorems 4 and 5, respectively). These
generalize some results of [4,5,10] to more general non-linear situations. From this
analysis we deduce error bounds for classical smooth and piecewise smooth solutions
in the semilinear uniformly parabolic case (see Theorems 7 and 19).

Our overall approach relies on stability results with respect to perturbations of the
right-hand side of the equations. We start by deriving a recursive linear relation satisfied
by the approximation error between the original equation and a perturbed one, in the
case of HIB and Isaacs equations (Lemma 10); then, we give an inequality between
the error norms for three consecutive time steps (Lemma 11) which guarantees an
overall stability estimate (Lemma 12). Having proved this generic sufficient condition
for stability, we show that this condition is satisfied for different choices of the norm
under specific assumptions, which are summarized in Table 1.

The outline of the paper is as follows. In Sect. 2, we define some specific BDF
schemes and state the main results concerning well-posedness and stability in discrete
H'-or L?>-norms and our main convergence result for uniformly parabolic semilinear
HJB equations. In Sects. 3 and 4 we prove the main stability results and give an
extension from HJB to Isaacs equations. In Sect. 5, we give further stability results in
the discrete L2-norm, which are weaker in the sense that they hold only for uncontrolled
Lipschitz regular diffusion coefficients, but stronger in the sense that they allow for
degenerate diffusion in the linear case and can be extended to two dimensions. In
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190 0. Bokanowski et al.

Table 1 Main stability results

Norm Dim Diffusion Drift Degenerate

H! 1 Controlled Controlled No (Theorem 4)

L? 1,2 Lipschitz Controlled No (Theorem 5, Proposition 16)
L? 1 Semi-convex Lipschitz Yes (Proposition 15)

Sect. 6, we deduce error estimates from the L2 stability results and from the truncation
error of the scheme for sufficiently regular solutions. Section 7 studies carefully two
numerical examples, the Eikonal equation and a second order equation with controlled
diffusion. Section 8 concludes. An appendix contains a proof of the existence of
solutions for our schemes.

2 Definition of the scheme and main results

We focus in the first instance on the one-dimensional equation

1
v, + sup (- 502(1‘, X, @) gy + b(t, x, Q)vy + r(t, x, a)v + (1, x, a)> =0,

aelA

tel0,T], x eR, (2a)
v(0,x) =vo(x) x eR. (2b)

It is known (see Theorem A.1 in [1]) that with the following assumptions:

e A is a compact set,
e for some Cyp > O the functions ¢ = o,b,r,€ : [0,T] x R x A — R and
vo : R — Rsatisfy forany ¢,s € [0, T, x,y e R,a € A

lvo(x)| + |9 (1, x, a)| < Co,
lvo(x) — vo(W)| + l¢(t, x,a) — d(s, y,a)| < Collx — y| + |t — s|'/%),

there exists a unique bounded continuous viscosity solution of (2). We denote by v
this solution.
We will make individual assumptions for each result as we go along.

2.1 The BDF2 scheme

For the approximation in the x variable, we will consider the PDE on a truncated
domain 2 := (Xmin, Xmax), Where Xmin < Xmax-

Let N € N* = N\{0} be the number of time steps, T := T /N the time step size,
andt, = nt,n = 1,..., N. Let I € N* the number of interior mesh points in the
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spatial direction, and define a uniform mesh (x;)<;<; with mesh size & by

Xmax — Xmin

Xi = Xmin +th, ie€l={l1,...,I}, where h:= T

Hereafter, we denote by u a numerical approximation of v, the solution of (1), i.e.
k
u; ~ v(te, x;).

For each time step #, the unknowns are the values uf‘ fori=1,...,1.

Standard Dirichlet boundary conditions use the knowledge of the values at the
boundary, v(¢, xmin) and v(¢, xmax ). Here, as a consequence of the size of the stencil
for the spatial BDF2 scheme below, we will assume that values at the two left- and right-
most mesh points are given, thatis, v(z, x;) for j € {—1,0}aswellas j € {I+1, I+2}
are known (corresponding to the values at the points (x_1, Xg, X741, X74+2) = (Xmin —
h, Xmin, Xmax, Xmax + h))l

We then consider the following scheme, for k > 2,i € 1,

3ui-C - 4uf-‘_1 + uf.‘_z
2t

+ sup { LRV, x0) + 7t 30 uf + v} =0, @)
ael

ST (e, xi, i, [l =

where we denote as usual by [u]f.‘ the numerical solution excluding at (#, x;), and

1
Ll (t, %) = =50 (1, i, @) D?uy + b (1, x0, @)D"ty = b (1, 33, ) DMy,
ui—1 —2u; +ujrg
D2ui = i h21 i+ (4)
(the usual second order approximation of vyy), bT := max(b,0) and b~ :=

max(—b, 0) denote the positive and negative part of b, respectively, and where a
second order left- or right-sided BDF approximation is used for the first derivative in
space:

Dy 3u; — 4»221 +uio and D'y = _<3ui - 41221 + MH—Z). )

Note in particular the implicit form of the scheme (3) for the forward Eq. (2). The
existence of a unique solution to this nonlinear equation will be addressed later.

' In practice, this means that a sufficiently accurate approximation of these “boundary values” has to be
available. Boundary approximations with modified schemes are commonly used and are not the focus of
this paper; it is seen in [18] that the use of a lower order scheme in the vicinity of the boundary does not
affect the global provable convergence order.
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192 0. Bokanowski et al.

We will also define the numerical Hamiltonian associated with the scheme:

Hlul(r, i) 1= sup | Lt x0) + G, i @i + £, xi, @) |-
ael

Asdiscussed above, the scheme is completed by the following boundary conditions:
u{‘ = v(tg, x;), forie{—-1,00U{l+1,I+2}and2 <k < N.

Since (3) is a two-step scheme, for the first time step k = 1 (and i € ), we use a
backward Euler approximation scheme :

SEW (1, xi, uj, [ul;)
1 0
U —U:
= S sup [ L N )+ x ud + L x @) ) =0, (©)

T aeA

with the initial condition
ud =vo(x;), iel (7

Remark 1 As the backward Euler step is only used once, it does not affect the overall
second order of the scheme (see also Sect. 6 below).

Remark 2 Most of our results also apply to the scheme obtained by replacing the BDF
approximation (5) of the drift term by a centered finite difference approximation:

~ Uiyl — Uj—1

D"Fu; = 8
Ui h (®)

However, numerical tests (see Sect. 7.1) show that the BDF upwind approximation
as in (5) has a better behavior in some extreme cases where the diffusion vanishes.
We shall give a rigorous stability estimate for the BDF scheme in the linear case for
possibly vanishing diffusion in Sect. 5.2.

2.2 Definitions and main results
In the remainder of this paper, we prove various stability and convergence results for

the scheme (3). We state in this section the first main well-posedness and stability
results.

@ Springer



Stability and convergence of second order backward... 193

Throughout the paper, A will denote the finite difference matrix associated with the
second order derivative, i.e.

Let (x, y)4 := (x, Ay). Then we consider the A-norm defined as follows:

WBi= (A = Y (%) (10)

I<i<I+1

(with the convention in (10) that xo = x;4+1; = 0). Hence, Vh |x|4 approximates the
H' semi-norm in €. Similarly, we will consider later the standard Euclidean norm
defined by ||x||2 := (x, x), such that Vh |lx|| approximates the L2-norm. We define
therefore the following rescaled norms on R”:

1/2 NIV
|u|o:=<Zu?h> = Vi, Jul, :=<Z(“’_h$) h) = |u|a/h.

iel iel

Both these norms will be used in the numerical section.

Our first result concerns the solvability of the numerical scheme S defined by
(3) with respect to its third argument, i.e. seen as an equation for uf‘ , with (#,,, x;) and
[u]i.‘ given.

ASSUMPTION (A1). The functions o, b and r are bounded.

Theorem 3 Let (Al) and the following CFL condition hold:
T
IIbllooE <C. (11)

Then, for v small enough and C = 3/2 (resp. C = 1) there exists a unique solution
of the scheme (3) for k > 2 (resp. k = 1, for scheme (6)).

The scheme is hence well-defined even if o vanishes. A uniform ellipticity condition
for o as per Assumption (A2) below will be needed for proving the H' stability of
the scheme. We provide a relaxation of the ellipticity condition for stability in the
Euclidean norm in Sect. 5.2.

ASSUMPTION (A2). There exists > 0 such that

inf inf inf o2(t,x,a) > 7.
t€l0,T]xeQaecA
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194 0. Bokanowski et al.

Let u denote the solution of (3), that is,
ST (1, xi, ub, [ul) = EFw), iel, 1<k <N,
with Sl.k (u) = 0, and let w be the solution of a perturbed equation
SN (1, xi, wh, [wlk) = EFw), iel, 1<k<N, (12)
with the same boundary values as u:

wh=uk, e {~1,00U{I+1,1+2},2<k<N (13)
(but potentially different initial values w® and w).
Denote further

E = (EX, . ENT = uF—wk, 0<k<N.

Our main stability result in this setting (which also holds when EXu) # 0) is the
following.

Theorem 4 Assume (Al), (A2), as well as the CFL condition (11). Then there exists a
constant C > 0 (independent of T and h) and t9 > 0 such that, for any T < 710, for
any u = (uf?) and w = (wlk) with same boundary values (13), it holds:

max |EF3 < c(|E0|§ HIEG +1 Y ek - 5k(w)|i). (14)

2<k=<N

The proof of Theorem 4 will be the subject of Sect. 4.

As a corollary we can deduce the | - |;-seminorm boundedness of the scheme.
For instance, let us assume that £ = 0, and let u be a solution of the scheme (3)
(that is, é’ik (u) = 0), with 0 boundary conditions (uf.‘ =O0forallk > 2andi €
{—1,0,1 4+ 1,1 + 2}). Then by taking w = 0 in (14), we obtain

k2<C( 02 12)_ 15
2I_<T}€?1§XN|M [T < Cllu"l7+lu |y (15)

A more general bound of |uk|1 could also be obtained in the case of non-zero
boundary values and non-vanishing ¢, the bound then depending on these data.

In order to obtain stability estimates in other norms, one typically needs some
uniform continuity of the coefficients. The analysis of the controlled case, associated
with the presence of the supremum operator in (2a), is then made complicated by the
fact that even if the solution to (2) is classical and the supremum is attained at some
a*(t, x) foreach t and x [and similarly for each k and i in (3)], the optimal control a* in
general does not have any regularity as a function of ¢ and x (or k and 7, respectively).

However, in certain circumstances, the previous bound holds with the A-norm
replaced by the Euclidean norm. In particular, we consider the following assumption:
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ASSUMPTION (A3). The diffusion coefficient is independent of the control and
Lipschitz continuous, i.e. ¢ = o (¢, x) and there exists L > 0 such that

lo%(t,x) — o, y)| < Llx —y| Vx,y € Q.1 €[0,T].

Theorem 5 Assume (Al), (A2), (A3), as well as the CFL condition (11). Then there
exists C > 0 (independent of T and h) and Ty > 0 such that, for any T < 19, for any
u= (uf) and w = (wl’.‘) with the same boundary values (13), it holds:

k2 02 1,2 k _ ¢k 2
Jmax [1EC| 5C(||E I+ 1EY) +r2§<jN||5 () — EX )| ) (16)

As a consequence, we obtain error estimates under the main assumptions (Al),

(A2) and (A3), or under some specific regularity assumptions.
We define the following semi-norm on some interval Z = (a, b), for o € (0, 1]:

lp(x) — ()|

g , X FE Y, x,yeI}.

[l coe(z) = sup {

For a given open subset Q’} of (0, T) x 2, we define Ck-¢ (Q’;) as the set of functions
¢ : Q; — R which admit continuous derivatives (aal—t?)()iifk and (gjc—f’?)ogjgg on Q“}

We also denote by Clg‘e (Q’;) the subset of functions with bounded derivatives on Q*}
ASSUMPTION (A4).v € C12((0, T) x ) and for some C > 0,8 € (0, 1], itholds:

sup [lv; (., )l cos o, 7y = C, sup [Jvx (7, )l cos gy = C. (17)
xeQ 1e(0.7)

Remark 6 By results in [11] and [17], assumption (A4) is satisfied for sufficiently
smooth data and given a uniform ellipticity condition.

We have the following error estimates:
Theorem 7 We assume (Al), (A2), (A3), and the CFL condition (11).

(1) If(A4) holds for some & € (0, 1], then the numerical solution u of (3), (6) converges
to v in the L*-norm with

max |vf — uf|y < Ch®,
0<k<N

for some constant C glossibly different from the one in (A4)).
(ii) If, moreover, v € C;‘ (0, T) x 2), then

max |vk - uk|0 < Ch?,
0<k<N

where C is a constant which depends on the derivatives of v of order 3 and 4 in t
and x, respectively.
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196 0. Bokanowski et al.

The proof of these and further error estimates will be the subject of Sect. 6.

The extension of the presented results to other types of nonlinear operators (inf,
sup inf or inf sup) and corresponding equations will also be discussed.

Hereafter, for simplicity, we will consider £ k() = 0 and will denote Eik = 51-]‘ (w).

3 Proof of Theorem 3 (well-posedness of the scheme)
The scheme (3) at time #; (for kK > 2) can be written in the following form:
supgep (Mg X — qg) =0,

where g¥ € R’ and M¥ € R’*/ with the following non-zero entries:

R/ TS LAE AL (18)
a’tt™ 9 2 2h 2h
2 — 2 +
o 4b o 4b
(Mg)i,i+1 3=T{ - ﬁ - ﬁ}’ (M(];)i,i—ﬁ:T{ - ﬁ - E} (19)
k b~ k bt
(Mp)iiv2:= Tﬁ (Mp)ii—2:= IE (20)

with 0 = o (i, xi,a), b = b (1, xi,a) and r = r(t, x;,a). For k = 1, the
terms are different but the form (and analysis) is similar. The fact that (M,); ;42
are nonnegative breaks the monotonicity of the scheme and makes the analysis more
difficult compared to the non-degenerate setting and central differences, where M is
a diagonally dominant M -matrix for 4 small enough.

We will use the following lemma, whose proof is given in Appendix A:

Lemma 8 Assume that A is some set, (qq)acn i a family of vectors in RY, (My)gen
is a family of matrices in R such that:

(i) foralla € A,

(Ma)ii > 0;
(i1) (a form of diagonal dominance)
A
ach i€l |<Ma>§|]jz ,-:,- ATk D
Then there exists a unique solution X in R" of
supgep (MaX — ga) = 0. (22)
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Remark 9 For a fixed a € A, we have

2 jsi |(Ma)ijl <
max <1< min | |(My)ii| — [(M, )~|>>O.
et [(Ma)iil — 2 ;-1 [(Ma)yj] e\ ; @i

Moreover, if A is compact and a — M, is continuous, then (21) is equivalent to
inf min (|<Ma>,~i| - ; |(Ma>l-j|> > 0.
JF

Proof of Theorem 3 Condition (i) in Lemma 8 is immediately verified, and we turn to
proving (ii). We have

2 —_
o; 5b:
DA r(h—g + W)
Jj>i
(omitting the dependency on k and a in o, b*, r) and

. 3 o? 2bf 3b;
w2 =1 (Ma)iil = 1Mol = 5 4| o5 = -+ =

j<i

By the CFL condition (11), there exists € > 0 such that T“i“w < % — €. This implies

3_€, 2b,.++3b; >e+5b;
2 2"\ T T ) m 2T

and therefore
- ol.z n € n n 5b; n €
w2 >\t PR Tr T o 5 )
. a1 +ta ay a .
Then by using T < max (—, —) for numbers q;, ¢; > 0, we obtain
c1

2 1 €2

o? 5b;

1
M1 T3z T
— < max ( 5 k ) 2 .
n2 i b

9 4 € i €
fhz—i-z—l- Tr T4+ 5

Taking T small enough such that for instance 5 + 7 > %, and since b(.) and o (.) are
bounded functions (by (A1)), we obtain the bound

2 -
24 i, 516" lloo
(M) ‘E”U lloo T
Sup max 1= o < h 2h .

max
; = 2 ] =
aca i€l |(Ma)iil = 32 i |(Ma)ij gl 4 e el 4 £
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Since the last bound is a constant < 1, we can apply Lemma 8 to obtain the existence
and uniqueness of the solution of the BDF2 scheme.

4 Proof of Theorem 4 (stability in the A-norm)

The proof consists of three main steps: first, we show a “linear” recursion for the error
(Lemma 10); second, we pass from such a recursion for the error in vector form to a
scalar recursion (Lemma 11); finally, we show the stability estimate from this scalar
recursion (Lemma 12).

4.1 Treatment of the nonlinearity

Given a function ¢ : [0, T] x R x A — R, for any (¢, x) € [0, T] x R we will make
use of the notation co(¢ (¢, x, A)) to indicate the convex hull of ¢ with respect to its
third variable, i.e.

co(p(t,x, A)) =1 vud(t,x,an) 1@y € A,y =0,y = 1} :
neN neN
First, we have the following:

Lemma 10 Let u be the solution of (3) and w the solution of (12). There exist coeffi-

cients 6!‘, (bi)f-‘, Fl-k, such that the error EX = u* — w* satisfies

3EF—4EfTT4EF? 1 (
2t 2

GO D?Ef+ (M) DV Ef () DV Ef 4 Ef = —¢f

1

(23)

forany k > 2 andi € 1, where (52)5?, (Ei)f?, fik belong, respectively, to the convex
hulls co(o? (ix, xi. A)), co(b®(ix, xi. A)), co(r (i, xi, A)).

Proof By (12) one has (fork > 2,1 <i <1)

3wk — aw*1 4 k2
l l — + H[w!(%, x) = & (24)
2t
The scheme simply reads
3uk — 4kt + uk=2
: l L+ H[uM (g, x;) = 0. (25)

2T

Subtracting (24) from (25), denoting also H[uk] = (H[uk](tk, Xi))1<i<I, the follow-
ing recursion is obtained for the error in R:

3EN —4ph-1 4 EF2

+ H[u*] — H[wF] = —&*. (26)
2T
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For simplicity of presentation, we first consider the case when b and r vanish, i.e.
b(.) = 0 and r(.) = 0, and defer a sketch of the general case to the end of the proof.
In this case,

HIu ) = sup | - %o%k,x,-, (DX + L, 31, @)} 27)

ach

Let us assume that o and ¢ are continuous functions of a so that the supremum is
attained.? For each given k, i, let then &f‘ € A denote an optimal control in (27).

In the same way, let Ef.‘ denote an optimal control for H[vX];. By using the optimality
of @¥, it holds

H[uk); — H[w"];

1 _ _ 1
=301k 31, G5 DM+ (1. 31, @) =sup {= 5021 1. ) (D) +L(1x, 31, )
aeh

i

1 _ 1 -
=502 30 8P (DMb = (= S0 xi, aH (D), )

1 _
= —zaz(rk, xi, @) (D*E");

(28)

and, in the same way,
1 _
H[u"); — H[w"]; > —502(% xi, DY (D*E;. (29)

Therefore, combining (28) and (29), H [uk],-_ — H[wk]; is a convex combination of
—%az(tk, Xi, Ezf)(DzEk),- and —%oz(tk, Xi, bf)(DzEk),-. In particular, we can write

H[uk); — H[w"); = —%62@, x)(D*EM);, (30)

where &2 (#, x;) is a convex combination of o2 (#, x;, &f‘) and o2 (ty, x;, 155.‘). In the
general case (i.e. b, r # 0) one can argue in the exact same way to get

1 ~ _ - -
HIu')y = Hlw')y = =5 @[ D*Ef + GO D"Ef = 6O DV Ef + 7 Ef, (1)
where, for ¢ € {02, b, r},

o = ylo (e, xi, @5 + (0 — yHo e, xi, BY)

for some yl.k e [0, 1]. m]

2 The general case is obtained easily by considering sequences of €-optimal controls and letting € — 0,

such that (31) below still holds for a suitably defined 62, b ,b ., F.
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The same technique used above to deal with the nonlinear operator applies also to
Isaacs equations, i.e. equations of the following form:

v, + sup inf {—C(“’b)[v](t,x)+r(t,x,a,b)v+£(t,x,a,b)} =0, (32)
aeAleAz

where (¢, x) € [0, T] x R, A1, Ay C R™ are compact sets and
(a.b) 1,
L ’ [U](I,X)ZEO— (ta'xaa»b)vxx —i—b(t,x,a,b)vx.

To simplify the presentation, let us consider again b, r = 0, and now also £ = 0
(indeed, one can easily verify that as in (28) the term ¢ would not appear in (34) and
(35), and the case of non-zero b and r is treated similar to the Proof of Lemma 10).
By analogous definitions and reasoning to above, we get (26), where, for ¢ € {u, w},

H[¢]; = sup inf {— %az(r,x,a,b)(D§¢’<)i}. (33)

aEA|bEA2

Making use of the general inequality (for any real-valued functions (a, b) — Fy
and (a, b) - Ggp)

sup inf F,p — sup inf G,p > inf inf (F,p — Gap),

ael beh, aelNy €N aelN| beAr
we obtain
1
HIb) — HIwb) = inf it [ 0?0, v a @2 G4
acAN| beAy 2
Analogously, one can prove
1
Hlu"); — H[w']; < sup sup {— —Uz(l,x,a,b)(DiEk)i}. (35)
aelNi beAr 2

From these inequalities, an equation exactly as in (23) can be derived, with a suitable
convex combination (o 2);‘ of diffusion coefficients, and similar for the drift and other
terms.

As a consequence, Lemma 10 — and by extension Theorem 4 — also hold for Isaacs
equations of type (32), with the obvious modifications to the definition of the scheme.

4.2 A scalar error recursion

From the recursion (23) on EX, (or its corresponding formulation for Isaacs equations),
we can derive the following:
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Lemma 11 Let assumptions (Al) and (A2) in Theorem 4 be satisfied. Then there exists
a constant C > 0 such that

1 . . .
5((3—Cr)|E"|i—4|Ek U IER) 1B - ERU - 1EE - ER
< 27|E¥|4 €.

(36)

Proof For simplicity of presentation we will assume that b has constant positive sign.
The case of b with variable sign can be treated in a similar way obtaining estimates
analogous to those below separately for the positive and negative part of b and then
summing up.

We remark that for £ € R/ s —-D’E = AE, where A is the finite difference matrix
defined in (9) and D? as in (4). By (23), we get the following:

3EN —4pk1 4 EF2

. + AKAEF + FFBEF + RFEF = — gk, (37)
T

where AF = %diag((&z)f.‘), Fk = diag(Eff), Rr = diag(fl.k) and

30
-4 3 0
1
g1 -4
2h A
0 . . 0

1 -4 3

We form the scalar product of (37) with AE*. By using the identity 2(a — b, a)s =
|a|i + |la — bli — |b|i, one has:

(3Ek —4E*1 4 E"—Z, Ek)A
<4|Ek| +4|Ek Ek 12 4 E*112 ) (lEkI | EK—EF22 — | E*- 2|A)
(3|Ek|A 4|Ek 1|A+|Ek 2| )+|Ek k- 1| |Ek 1 Ek—2|1247

(38)

1
=
where we have also used |a + b|* < 2|a|? 4 2|b|>. From (62)¥ > n > 0 for all k, i
(AYAE*, AEX) > g||AEk||2, (39)

where || - || denotes the canonical Euclidean norm in R.
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In order to estimate the drift component, let us introduce the notation
OE :=(E; — Ei_1)1<i<1, 0E:=(Ei—1— Ei_21<i<I (40)

with the convention that E; = O for all indices i which are not in I. It holds:

1
[(F*BE®, AEY)| = ‘ﬁ”k(”k 4EL ) + E{_yie1. AE >‘

1
‘E<Fk(38Ek — 8,EX), AEN)

IA

1
Sy {BIFFSEX I IAE | + 1 F* s, E* 14 ER) .
By using the boundedness of the drift term, and ISEX|, IS2EX| < h|E¥|4,

5]
(FKBEX, AE%)| < 2h°° {3||AE’“||||6E"|| + IIAEk||||52EkII}

< 2|blloo IAEX| |E¥|4. (41)
For the last term, using the boundedness of r and the Cauchy-Schwarz inequality,
[(RYEX, AE")| < Il IE* | AE¥]. “2)

Therefore, putting (39), (41) and (42) together,

(AYAE* + FFBEF + RFEF, AEY)
n
> 5||AE"||2 —2|blloclAE* | |EX |4 — IIrllscIAE* || EX. 43)

Easy calculus shows that the minimal eigenvalue of A iS Apin (A) = h2 sin (”h) > 4.
Hence (X, AX) > 4(X, X) and therefore || X| < §|X|A. In the same way, we have
also | X|4 < 1[|AX]|. Hence it holds

(AKAE* + FFBE* + RFEX AEF) > g||AEk||2 — CIIIAEX|||E¥|4  (44)

with C1 := 2||bloc + 517 loo- By using C1l|AEF||EX|a < 3IAEF|? + 5. CFIEFLS,
(AFAE* + FFBE* + R¥E*, AEF) > —%CﬂEkﬁ. (45)

Then, combining (38) and (45), we obtain the desired inequality with C := %C% O
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4.3 A universal stability lemma

In the following, it is assumed that |-| is any vectorial norm. Combined with
Lemmas 10 and 11, the following Lemma 12 with the A-norm |-|=]:|4 immedi-
ately gives Theorem 14. In Sect. 5, we will use the result for the canonical Euclidean
norm | - | = || - || to prove Theorem 5.

In order to prove the following Lemma 12, we will exploit properties of the matrix

B3-Ct) -4 1 0
0 (B-Cr)—4 .

L. 4
0 3-Cr)

in particular the fact that (M)~ > 0 for t small enough (which we prove).

Lemma 12 Assume that there exists a constant C > 0 such thatVk =2, ..., N:
1
<2t|E*| €Y. (47)
Then there exists a constant C; > 0 and t9 > 0 such that V0 < t < 19, Vn < N:

k2 02 12 j2>
max B < C1EP +1E'P + o 3 1E0P). (48)
2<j<n

Proof Let us denote
xi = |EX?  and oy = |EF — EFT12
so that (47) reads

(3= Come—drics +x2) = 20601 — 0 +4TIEF €5 (49)

For a given T > 0 and given k, let M; € R&=D>&*=D a5 defined in (46). Let z, g €
R*~1 be defined by

2= (g X1y .., x2)" and g = Q(yjo1 — y;) +4ATIE ] |ET]) jk, 2
By (49), we have
M.z <gq. (50)
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We notice that M; = (3 — Ct)I — 4J + J? with
J = tridiag(0, 0, 1).
Hence, with
M=2+V1+Cr and 2 =2-1+Crt,

the roots of A2 — 4 + B3—Ct)=0for3 — Ct > 0, we can write

My = (A1 —J)Aol —J) = AAg <I — i) (I - i)
MM Ao

Furthermore, since J¥~! = 0, it holds

1 I\ I\
M) = — (1-= j -
AAo A A2

- 2L ) (2. G)) e

A2
0<&<k—2 0<&<k—2 p=0

where

> . <—A2>M
a = T n = .
P 1, p—j+l1 p+2
=AM A 2 S—— M

Therefore MT_1 > 0 componentwise (fort < 3/C), and using (50) itholds z < Mf_lq.
It is possible to prove that there exists 7y > 0 and a constant Cp > 0 (depending
only on 7') such that VO < 7 < g and Vp > O:

0<ap,=<Co and ap, —ap_1 > 0. (@28

We postpone the Proof of (51) to the end. For the first component of z, we deduce

k=2
Xk =< Zaj¢1j+1
Jj=0

k—2 k
< 2Zaj()’k—j—l = Yk—j) +4CorZ |E7| |E7]
j=0

j=2
k=3 koo

= —2aoyx + ZZ(aj = @j1)Yk—j+1 + 2ar—2y1 +4Cot Z |E/| €71,
=0 j=2

(52)
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for all k > 2, where, for (52), we have used the fact that a, < Cy. Since y; > 0, V],

by definition, ay—>» < Co, ag = 1 >0anda] —aj—1 >0,Vj, we obtain
k
X < 2Coy1 +4Cot ) |ET| |EV]. (53)
j=2

Recalling the definition of x; and y, for any 2 < k < n one has:

k
|E*|* <2Co|E" — E°1 +4Cor Y |ET| €]
j=2
n
< 4Co(|E°)? + |E'| )+4C0‘L’( max |Ek|)2|5f|
j=2

<4Co(|E°* + |EY) + = (max |E") +8C3r (Zlg’l)

(where we made use of 2ab < % + Kb? for any a,b > 0 and K > 0). Hence, we
obtain

( max |E |>2 < C](IEOI2 + |E1|2+T2n:|5j|2)

2<k=<n .
j=2

.\ 2 .
with €} 1= max(8Co, 16C2T) (we used (Z’,Lz |5/|) <n Y, |EP and nt <
7).
It remains to prove (51). From the definition of a;, one has

p j+1 ~1
a,;z%Z(%) = p1+z (“%)
Ay T Do M Ay 1

for p =0, ...,k — 2. Observing that {2 < {, it follows that

< 3 < 3
a .
Pt T 22— JT+ Cop

Notice that /1 + Ct < 1 4+ C7, and also that e™ < 1 — x/2, Vx € [0, 1]. Hence
Q-—VI+C)" > 2—-0+C)" = (1 —Ct)' > (727" = ¢~ 2Ctn for
Ct < %, and therefore a, < %eZC’". The desired result follows with Cy = %eZCT

and 1o := %
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Moreover, one has

1 1 2 A j+l pz—:l A j+l
p = ap=1 =550 | 3, -] - = :
Ay A2 =0 M =0 Al

which is nonnegative for T small enough thanks to the fact that 11, A > Oand A, < 1.
O

Remark 13 From the previous proof and the Proof of Lemma 11 one can deduce that
the restriction

A

C

T=

—N

(where C1 = 2||b|l oo —i—% |I7 || 00 ) has to be imposed on the time step. From the theoretical
point of view this makes the scheme not suitable for nearly-degenerate equations.
However, in our numerical tests we did not observe any stability issue even in the case
of degenerate problems (see Sect. 7.1).

5 Stability in the Euclidean norm

The fundamental stability result given by Lemma 12 applies to any vectorial norm.
In this section, we discuss some special cases where (47) can be obtained for the
Euclidean norm | - | = || - ||

We first prove the stability result for this norm under the extra assumption (A3),
i.e., the control may appear everywhere except in the diffusion term, which must also
be Lipschitz continuous in the following proof (see Assumption (A3)).

5.1 Proof of Theorem 5 (stability in the Euclidean norm)

We consider the scalar product of (37) directly with E* (instead of AE* previously
used), again in the situation where b > 0 to simplify the argument (but the general
case follows analogous to the Proof of Lemma 11). We obtain:

(EF, 3EF —4E*1 4 E*2y 4 20 (E*, AKAEX + FFBE* + RFEF) = —2¢(EX, &%).
(54)

As in Sect. 4.2, we have

(E*,3E* —4EM1 + EF2)
1 B - - — —
= 5 (BIE P4l B P A2 B - B P B R
(55)

We now focus on bounding the other terms on the left-hand side of (54).
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By using the Lipschitz continuity of o> one has

(o k)2
(B, AMAEN) = 37 ZE5- (< Efy +2Ef — Ef_EF

iel
(o 1) ky2 (O—ikfl)z (o) k ky gk
=2 g ELEDH D Ty g | B EDE
iel iel
L
> th D (Efy — EN? = 2 ST IEL, — EfIIEf. (56)
iel iel
Therefore, by the Cauchy—Schwarz inequality, one obtains
k k n k2 _ Lok ok
(E5, Ak AET) = 25 IBERN — IS ET I ET, (57)

where 8 EX is defined by (40). Moreover, for the first order term one has

b.
(EX, F*BEF) =" j(%jf —4EF |+ EX )EF

iel
3||b|| ||b||
> -2 N |EF — EfNEf - =) IEF | — EfLIIEf|
iel iel
2|5
> -— ZISEFIIEX ], (58)

where for the last equality we have used that 182 EX|| < ISE¥]. Putting together
estimates (57) and (58), using the fact that (EX, RKEX) > —|Ir|lsoll E¥|1, we get

v

Ci
(EX, AyAE* + FyBE* + RYEY) ISEX|? — EnaE"nnE"n — I lloo Il EX|I?

2!
2
n C
mnaE"n2 - (ﬁ + ||r||oo) I1EX)2,

where we have denoted C := L + 4||b||« and have used again the Cauchy—Schwarz
inequality. Hence, together with (55), this gives (47) with | - | = || - || and the

v

constant C : 4( o ~+ |I7lloo)- By using Lemma 12, this concludes the proof of
Theorem 5. (|

Remark 14 The step (56) highlights the need for Assumption (A3), Lipschitz regularity
of the diffusion coefficient, in order to obtain the one-step stability inequality (47).
This can be avoided in the A-norm stability analysis, Lemma 11, by using a different
inner product, which directly gives (39) and only requires uniform ellipticity.

The adaptation of (A3) to the controlled case would impose some Lipschitz conti-
nuity of the feedback control with respect to the state variable. Such regularity of the
control cannot usually be expected (see for instance the tests in Sect. 7.2).
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5.2 Linear equation with degenerate diffusion term

The next result concerns the case of a possibly degenerate diffusion term. It will require
more restrictive assumptions on the drift and diffusion terms, and we shall assume that
there is no control here. Indeed, in this case, one cannot count on the positive term
coming from the non-degenerate diffusion which, in the proof of Theorem 5, is used
to compensate the negative correction terms coming from the drift term. This leads us
to consider the following assumption:

ASSUMPTION (A5).

(i) The function r(.) is bounded.
(i) The drift and diffusion coefficients are independent of the control : b = b(t, x)
and o = o (1, x).
(iii) there exist L1, L, > 0 such that, for all 7, x, h:

|b(t, x) — b(t, y)| < Lilx = yl, (59)
2 A ) 2
o“(t,x —h)—20 }f;,x)—{—o (t,x +h) > L, 60)

(The last condition is equivalent to (6%, > —Ls in the differentiable case.)

Proposition 15 Let assumption (AS) be satisfied. Then (47) holds for | - | = | - ||.

Proof We consider again the scalar recursion (54). For any vector £ = (E;)1<i<I
(with E; =0 for j € {—1,0,1 + 1,1 + 2}), it holds:

, 2 NI 2 2
EiQE; — Ei_1 — Eiy1) = 2|E;| _§(|Ei| + |E;i—1] )_§(|Ei| +Ei+117)

> — QIEi* — |Ei-1* — |Eit1 7).

N =

Hence, by the semi-concavity assumption (60) on o2,

2
k Ak 4k Oi km ok k k
(EF, A*AER) = S EFQEf — B, — Ef))

1<i<I

2
gi ko2 k2 ko2
> Y g CIEL P +2AE P = 1Ef )

1<i<I
2 2 2
—0;_ + 207 — o/, k2
= Z ( 442 |El| '
l<i<I
L,
> - IEI, (61)
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Now we focus on a lower bound for (EX, F¥BEK). Let y{‘ = |El{‘ — Ef_1|2. First,

1
(BEF —4EF |+ EF )EF = 5(3|E§<|2 —4EX P HIEFLP)

1
+§(4|E5‘ - Ezk—1|2 — |E1k - Elk—2|2)

\Y

1 1
§<3|E{‘|2 —4|EF P HIEFL P + 5(2y{‘ —2yF ).

We assume again b; > 0 for all i to simplify the presentation. The case where
b; < 0 for some i is similar. Then, the following bound holds:

I 1+2
b: b;
(B, FYBEY) =) |~ GE{—4E{ |+ E{ ))Ef=) - GE{—4E[ | +E{ ,)E{
i=1 i=1
2, 42,
i 1
> Y GIEE - 4EE P IEPD + Y ok )

i=1 i=1

1 I+1
3bi —4biv1 +biv2\ _in bi —bit1\ 4
> EX 2L i) A
> E ( an [E; | +,~—1 A i

i=1

(where we have used y§ = y§., = 0and Y _;_;» bi(Ef_)? = Y iy bisa(EN)?

as well as Zl§i5[+2 bi(Ez{{—l)z = ZOgisH-l bi+1(E,k)2 = leisl b,-+1(El{‘)2).
Then, by the Lipschitz continuity of 5(.) and the bound yf‘ <2(E lk Y2 +2(E f‘_ 1)2, we
have

1 I+1
(EX, FEBEY) = =Ly Y |EfP — L1 ) yf = =3L1| EX|, (62)
i=1

i=1

By combining the bounds (61) and (62), we obtain
L
(E', AFAEY) 4 (E*, FYBEY) + (E', RYEX) 2 —(2 4311+ Irloo) 1 EXIP.

Therefore, inequality (47) is obtained with C := 4(% 4+ 3L1 + ||7|loo), Which leads
to the desired stability estimate. O

5.3 Extension to a two-dimensional case

Under suitable assumptions, the result of Theorem 5 can be extended to multi-
dimensional equations. We only sketch the main extra features and analysis steps
as the notation is significantly lengthier. In the nonlinear case of HIB and Isaacs
equations, the derivation of a linear error recursion can be carried out exactly as in
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Sect. 4.1 so that we can restrict ourselves to the following linear case with appropriate
assumptions on the coefficients specified below,

1
v — 3 tr[ X (¢, x)D)%v] +b(t,x)Dyv+r(t,x)v+L(t,x) =0

for a positive definite matrix ¥ and a drift vector b. We consider the two-dimensional
case (d = 2), as the approximation of the diffusion term with suitable properties is
better understood here for diagonally dominant diffusion tensor (see also Remark 17,
(ii1)). For simplicity, we take r, £ = 0, but this condition can easily be removed as in
earlier sections. Lastly, we omit for brevity the dependence of the coefficients on the
time variable, which is inconsequential for the stability analysis.

Then with

_{ ofx.y) poioa(x,y) _(biGx,y)
R y) = (pof«m(x,y) o2(x, ) ) and b(x, y) := (bz(x,y))’

where o1, 0o > 0 and p € [—1, 1] is the correlation parameter, the equation reads (by
slight abuse of notation)

1 1
v — Eof(x, V) Uxx — p0102(X, Y)Vyy — Eozz(x, Wy +b1(x, Y)vx +ba(x, y)vy =0.

The computational domain is given by 2 := (Xmin, Xmax) X (Ymin, Ymax)- We introduce
the discretization in space defined by the steps /1., hy > 0and we denote by G, 1) the
associated mesh. In what follows, given any function ¢ of (x, y) € 2, we will denote
(]5,‘]' = (]5()6,‘, yj) for (@, j) el :=1; x I, where I; = {1, ey 11}, I, = {1, ey 12}.

Assuming that p > 0 everywhere (the case when p < 0 is similar), we consider a
7-point stencil for the second order derivatives (see [13, Section 5.1.4]):

Vi, j—1—20ij F Vi, j+1

Vie1,j = 2Vij vkl _ o 2
Uxx ™ h2 Z'Dxxvij’ Vyy ™~ h2 ='Dyyvij
x y
TV Vil = Vi1 = Vi Vi1 -1 Vi 205 D2
Uyxy = Dyyvij
2hh,

and the BDF approximation of the first order derivatives

DLy = Sujj—4ui—1,j+ui-a, and Dluy; = — 3ujj—4uit,j+uiv,j
X ° X : ’
: 20, : 2h,
Dluyy o ST 2y ply, (B 2

y i 2h, yoou 2h,

The scheme is therefore defined, for k > 2, by

kg k=1, k=2
0 u; 4uij +uij
2t
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1 1
—Eaf(xi, y))Diul; — poroa(xi, yj) Dyyul; — 5022()@, y)D3uf;

+b (xi, y) Dy uf;—by (i, y)) Dyl by (i, y) Dy T —by (xi y) Dy .

(63)
A straightforward calculation shows that

of (xi, y;))DEuij + 2po10o(xi, Yj)D)%yuij + 05 (xi, )’j)Diyuij

= i D} wij + Bij Dyyuij + vij (wio1j1 = 2uij +uigr 1), (64)

with

S o1 (xi, y;) (01(3&',)’;) ,OUZ(Xi»)’j))
ij ‘= - ,

Iy Iy Iy

. o2(xi, yj) <62(xi,yj‘) ,Offl(xi,yj)> Vi p(xi, yj)o1(xi, yj)oa(xi, y;)

ij — - s ij = .
Iy Iy Iy Iyhy

The scheme is completed with the following boundary conditions:

Wb = vty Vi€ (FLOJULL + 1.1 +2), j el

u{‘j =v(tk, xi, yj), Vje{-1L,0tU{L+1,L+2} i€l

For simplicity, assume hy = hy =: h. We consider the following assumptions:

ASSUMPTIONS.
(AT): ||billoo < 00 fori =1, 2;

(A2): 3n > 0,Y(x,y) € Vi # j: o2 (x,y) — p(x, y)oi (x, y)oj(x, y) = n;
(A3’): Vi, j = 1,2, 070 is Lipschitz continuous on £2.

We then have the following result.

Proposition 16 Let assumptions (Al’),(A2’°) and (A3’) be satisfied. Then the stability
estimate (16) holds for | - | = | - ||.

Proof The proof follows by similar steps to those of Theorem 5, using (64) with
aij, Bij > r;/h2 and y;; > 0 by assumption (A2’). ]

Remark 17 (i) If h # hy and for instance hy, = Ch, for some C > 1, (A2’) has to
hold with o5 replaced by o2 /C as a result of the scaling properties of the scheme.

(ii) Observe that assumption (A2’) is equivalent to requiring strong diagonal dom-
inance of the covariance matrix.

(iii) When the strong diagonal dominance of the matrix ¥ is not guaranteed, one
can consider the generalized finite difference scheme in [8]. However, determining the
precise set of assumptions on the coefficients needed to apply the previous arguments
does not seem easy from the construction in [8].
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6 Error estimates

In this section, we derive detailed error estimates for the implicit BDF2 scheme (3).
For brevity, we restrict ourselves to the one-dimensional case.

In the following, we define specific instances of wl].‘, Elk and El.k, to which we can
apply the results from the preceding sections.

Let u denote the solution of (3) and let w be the solution of (1), i.e. the function v.
The error associated with the scheme is then defined by

EF = uf — v, x), iel,0<k<N.

For any function ¢ we will also use the notation ¢£‘ = ¢ (fx, x;) as well as pF :=
(¢£‘)15,-51 and [¢]£‘ = ((/’);?1)(]-)"1)#(1-,1(), and the error vector at time #; is defined by

EN = (EY, ... ENT = uk -k, 0<k<N.

The consistency error will be denoted by £ k (@) = (é’ik (@D)i<i<I € R! and for any
smooth enough function ¢ is defined, in this section, as follows:

EX) = ST (1, xi, dF, [915)
—<¢z + sup {L’“[d)](tk, x;) +rte, xi, a) + L(t, xi, a)}>' (65)

acA

By extension, for the exact solution v of (1), we will simply define

Ef (W) = 8N (e, xi, vf [v]D). (66)
Note that (66) is well-defined for any continuous function.

In particular, for the scheme (3) it is clear that we have second order consistency in
space and time, that is,

IEX@)] < c1(@)T* + ca(B)h? (67)

for any sufficiently regular test function ¢.

To prove convergence of a certain order, we can now follow the standard approach of
considering the exact solution to the PDE as a solution of a perturbed finite difference
scheme with the truncation error as the right-hand side. The error therefore satisfies
precisely Eqs. (14) and (16) under the pertaining assumptions.

When the Euler timestepping scheme (6) is used at the first time step, by the stability
of the scheme we expect to have

IEY 4 < CTIE (W)a
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and (14) simply reads

k2 0,2 2, ¢l 2 k 2
max |E; < C(1E°, +771€ W+ 3 1 Wh3).

2

and similarly for the L? error.

6.1 Proof of Theorem 7

We first prove (i). By Taylor expansion, we can write for instance, for some 61, 6, €
[0, 11,

t,x)—v(t—r1,
w(t,x) = LD TVEZTON G - 60 < 7
and
3v(t,x) —4v(@ —t,x) +v(t — 21, x)
v (t, x) — >
1
< vz(t,x)—5(3vz(t—91f,x)—vz(t—(1+92)T,X))‘
1
< Ivz(t,x)—vz(t—91r,x)l+5Ivz(t—é)lr,x)—vt(t—(1+92)f,x)|
<

1
ctd + EC(Zr)‘S <2C70.

Similarly, using the higher spatial regularity, there exists a constant Cop > 0 such that

o (tx) — 3v(t,x) —4v(t,x —h) +v(t, x —2h) < C()Ch‘H'l,
2h
t, h) — 2v(t, t,x —h
Uxx(t,x) - U( x+ ) UZZX)—FU( al )‘ SCOChS

The result (i) now follows directly by inserting the obtained truncation error into the
stability estimate of Theorem 5.

For the proof of (i7) (smooth case), expansion up to order 3 and 4 gives the truncation
error of higher order for k > 2, and we use the fact that the error from the first
backward Euler step is bounded by |E'|| < Ct(r + h?); in particular, we use that
(E' —E%/t + (A'A+ F'B+ RHE! = —€!, with |E!]| < C(r + h?), E° =0
and the bound is otherwise similar and simpler than that for k > 2.
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6.2 Piecewise smooth solutions

The previous arguments can also be used to derive error estimates for piecewise smooth
solutions. In this case, we will need to limit the number of non-regular points that may
appear in the exact solution (assumption (A6)(7) is similar to [5]).

ASSUMPTION (A6). There exists an integer p > 1 and functions t — (x M) 1<j<p
for ¢ € [0, T1, such that, with Q7 := (2 x (0, T)H\ U, <;<,{(t, x5 (1), t € (0, T)},
the following holds:

() ve QL)
(i) Vj, t — x’;(t) is Lipschitz regular.

We give the following straightforward preliminary result without proof:

Lemma 18 Assume (A6) and the CFL condition (11). Then for all t
Card{j, x — v(t, x) not regularin [xj_2,xj42]} < 5p
and
Card{j, 0 — v(0, x;) not regular in [t — 27, t]} < Cp

for some constant C > 0 independent of ©, h (“not regular” meaning not C* in the
first case and not C3 in the second one).

Such a situation will be illustrated in the numerical example of Sect. 7.2.

Theorem 19 We assume (Al), (A2), (A3) and the CFL condition (11). Let (A4) for
some § € (0, 1] and (A6) hold, then the numerical solution u of (3), (6) converges to
v in the L2-norm with

max |v —u |0<Ch1/2+8
2<k<N

where C is a constant independent of h.

Proof Let I¥ be the (finite) set of indices i such that v is not regular in {f;} x (x; —
2h, x; +2h) U (fr — 27, 1) X {x;}. Then

XS =Y IEFPR =D 18P+ > 1€k Ph

iel ielk iel\Ik

< CIIF|(x% + h%)*h + C(z% + h?)>.

We then use the fact that |I¥| < C for some (different) constant C by Lemma 18
and that (22 + h2)2 = O(h%) = O(h2H), 10 + 1P = O(hP) by the CFL condition
(11), in order to obtain the desired result. m]
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Remark20 (i) Similar results can be derived for errors in the A-norm, however
derivatives of one order higher are required due to the derivative in the definition
of the norm.

(i) The estimates in Theorem 7 are not always sharp, as symmetries and the smooth-
ing behaviour of the scheme can result in higher order convergence. We discuss
such special cases for Examples 1 and 2 in Sect. 7, Remarks 22 and 23, respec-
tively.

(iii) These error estimates can be compared with [5], where an error bound of order
h'/? was obtained for diffusion problems with an obstacle term, under the main
assumption that v, is a.e. bounded with a finite number of singularities (instead
of (A4)) . In the present context it seems natural to assume the Holder regularity
of u; and u,, coming from the ellipticity assumption (see Remark 6).

7 Numerical tests

We now compare the performance of the BDF2 scheme with other second order finite
difference schemes on two examples.

7.1 Test 1: Eikonal equation

The first example is based on a deterministic control problem (o = 0) and motivates
the choice of the BDF2 approximation for the drift term in (5), compared to the more
classical centered scheme (8). We consider

v+ v =0, xe(=2,2),te(,T7),

U(Oa-x) = UO(X), X € (_27 2)7

with vo(x) = max(0, 1 — x?)* and T = 0.2. The initial datum is shown in Fig. 1
(dashed line). The exact solution is

v(t, x) = min(vo(x — 1), vo(x +1)).

Remark 21 The Eikonal equation can be written as v; +max,e(—1,1y(avy) = 0in HIB
form. Note that our theoretical analysis does not cover this example, however, since
in the degenerate case assumption (A5) is required, which is not satisfied here.

In Fig. 1, we show the results obtained at the terminal time 7" = 0.2 using schemes
(3) with (8) (left) and (3) with(5) (right) with t/h = 0.5. We numerically observe
that the centered approximation generates undesirable oscillations, whereas the BDF2
scheme preserves the total variation.

As stated in Theorem 3, in the case of a degenerate diffusion, a CFL condition of
the form v < Ch has to be satisfied for well-posedness of the BDF2 scheme. Table 2
shows numerical convergence of order 2 in both time and space, although the solution
is globally only Lipschitz.
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T=020 T=020
1.5 r 1.5 :
— Numerical solution — Numerical solution
— ~ Initial data — " Initial data
1 1 ~
7N\
/
/
/
05 05 /
: ) / \
/ \
/ \
/ \
/ \
0 0
-0.5 . . -0.5 ‘
-2 0 1 2 -2 -1 0 1 2

Fig.1 Test 1: Initial data (dashed line) and numerical solution at time 7 = 0.2 computed for 7 + 1 = 200
and N = 20 (r/h = 0.5) using BDF in time and centered approximation of the drift (left), BDF in time

and space (right)

Table2 Test 1. Error and convergence rate to the exact solution for the BDF2 scheme with t/h = 0.1 and
initial data vg(x) = max(0, 1 — x2)?

N I1+1 H! norm L%-norm L°° norm CPU (s)
Error Order Error Order Error Order
5 10 5.35E-01 - 1.25E-01 - 1.36E-01 - 0.094
10 20 2.42E-01 1.14 4.51E-02 1.47 6.83E-02 0.99 0.096
20 40 8.25E-02 1.55 1.55E-02 1.55 2.01E-02 1.77 0.126
40 80 2.38E-02 1.80 4.32E-03 1.84 5.23E-03 1.94 0.147
80 160 6.26E-03 1.92 1.11E-03 1.96 1.31E-03 2.00 0.194
160 320 1.61E-03 1.96 2.79E-04 1.99 3.24E-04 2.01 0.335
320 640 4.09E-04 1.98 7.10E-05 1.99 8.19E-05 2.00 0.759
640 1280 1.03E-04 1.99 1.78E-05 2.00 2.05E-05 2.00 2.306

Remark 22 The full convergence order here is due to the particular symmetry of the
solution. To confirm this, we report in Table 3 the results obtained for the same equation
with initial data

(0, x) = —max(0, 1 — x2)*

(see also Fig. 2). In this case, there is no such symmetry around the two singular points
and as a result the full convergence order is lost numerically: the scheme is globally
only of order 1 in the H' norm and roughly 1.5 in the L% and L norms.
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Table 3 Test 1. Error and convergence rate to the exact solution for the BDF2 scheme with t/h = 0.1 and
initial data vg(x) = —max(0, 1 — x2)4

N I1+1 H! norm L% norm L°° norm CPU (s)
Error Order Error Order Error Order
5 10 5.84E-01 - 1.62E-01 - 1.51E-01 - 0.006
10 20 2.69E-01 1.12 5.23E-02 1.63 6.20E-02 1.28 0.008
20 40 1.45E-01 0.89 1.86E-02 1.49 2.08E-02 1.58 0.018
40 80 6.74E-02 1.10 5.95E-03 1.64 7.89E-03 1.40 0.039
80 160 3.20E-02 1.08 1.81E-03 1.72 3.57E-03 1.15 0.093
160 320 1.60E-02 1.00 5.44E-04 1.73 1.51E-03 1.24 0.233
320 640 8.16E-03 0.97 1.65E-04 1.72 6.33E-04 1.25 0.695
640 1280 4.20E-03 0.96 5.09E-05 1.70 2.64E-04 1.26 2.163
Fig.2 Test 1: Initial data T=0.20
(dashed line) b ' ' —— Numerical solution
vo(x) = —max(0, 1 — x*)* and — - il data

numerical solution at time

T = 0.2 computed for
I'+1=200and N =20

(t/h = 0.5) using the BDF2
scheme. The convergence rates
for this example are reported in
Table 3

7.2 Test 2: A simple controlled diffusion model equation

The second test we propose is a problem with controlled diffusion. We consider

Vr + SUPy (o1 ) (— %021)”> —0,xe(=1,1),t€(0,T),
v(0, x) = sin(mwx), x e (—1,1),

with parameters o1 = 0.1, 00 = 0.5, T = 0.5.

In spite of the apparent simplicity of the equation under consideration, in [19]
an example of non-convergence of the Crank-Nicolson scheme is given for a similar
optimal control problem. The BDF2 scheme, in contrast, has shown good performance
for that same problem in [6].

Figure 3 (top row) shows the initial data and the value function at terminal time
computed using the BDF2 scheme. The error and convergence rate in different norms
are reported in Table 4. Here an accurate numerical solution computed by an implicit
Euler scheme (which is monotone and hence guaranteed to converge) is used for
comparison.
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0.5

-0.5

5t

-10

-1

— Initial data

0.5 1

Second order derivative with CN

——uxx (CN scheme)

0.5

0

05 1

1 T =050
—— Numerical solution
0.5
0
-0.5
-1
-1 -0.5 0 0.5 1
78 Second order derivative with BDF
- AN —— uxx (BDF scheme)
5 \
of ‘\\\ /7
\\ //
7
-5 — 4
-10
-1 -0.5 0 05 1

Fig.3 Test 2: Initial data (top, left), numerical solution at time 7" = 0.5 (top, right) computed by the BDF2
scheme, second order derivative computed with CN scheme (bottom, left) and BDF2 (bottom, right) for
N =256and I + 1 = 5120

Table 4 Test 2. Error and convergence rate for the BDF2 scheme with high CFL number 7 = 5h. A
reference solution computed by the implicit Euler scheme (6) with 7 + 1 = 20 x 29, N =222 s used

N I1+1 H! norm L? norm L°° norm CPU (s)
Error Order Error Order Error Order
1 20 1.54E-01 - 5.11E-02 - 7.24E-02 - 0.131
2 40 5.53E-02 1.48 1.88E-02 1.45 2.63E-02 1.46 0.112
4 80 1.47E-02 1.91 5.17E-03 1.86 6.99E-03 1.91 0.111
8 160 3.59E-03 2.04 1.27E-03 2.03 1.66E-03 2.08 0.122
16 320 8.98E-04 2.00 3.14E-04 2.02 4.09E-04 2.02 0.146
32 640 2.26E-04 1.99 7.84E-05 2.00 1.02E-04 2.00 0.183
64 1280 5.65E-05 2.00 1.96E-05 2.00 2.56E-05 2.00 0.267
128 2560 1.42E-05 2.00 4.90E-06 2.00 6.42E-06 2.00 0.598
256 5120 1.21E-06 2.01 1.21E-06 2.01 1.59E-06 2.01 1.879
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Table5 Test 2. Error and convergence rate for the CN scheme with high CFL number t = 5h. A reference
solution computed by the implicit Euler scheme (6) with 7 + 1 = 20 x 29 N =222 s used

N I+1 H! norm L2 norm L norm CPU (s)
Error Order Error Order Error Order
1 20 4.11E-02 - 7.01E-03 - 9.44E-03 - 0.149
2 40 7.82E-03 2.39 1.45E-03 2.27 2.29E-03 2.04 0.113
4 80 1.97E-03 1.99 3.87E-04 1.91 5.62E-04 2.03 0.111
8 160 5.16E-04 1.94 1.02E-04 1.92 1.45E-04 1.95 0.128
16 320 1.09E-04 2.24 2.67E-05 1.94 3.77E-05 1.95 0.166
32 640 2.96E-05 1.88 7.15E-06 1.90 9.87E-06 1.93 0.188
64 1280 7.64E-06 1.96 2.03E-06 1.82 2.61E-06 1.92 0.310
128 2560 9.50E-05 —3.64 1.98E-05 -3.29 3.49E-05 —3.74 0.992
256 5120 7.18E-04 —-2.92 8.40E-05 —2.08 1.62E-04 —-2.22 4.251

Taking t ~ h the BDF2 scheme gives clear second order convergence, as seen in
Table 4. This is not the case for CN as shown in Table 5. The CN scheme also exhibits
some instability in the second order derivative for high CFL number, i.e. t/h, see
Fig. 3 (this is analogous to the finding in [19]). One can verify that for a small CFL
number, i.e. T ~ hZ, the CN scheme shows convergence of second order.

Remark 23 1n this example, due to the strict ellipticity, Assumption (A4) is guaranteed
for some § > 0 (see Remark 6). Then Theorem 7 gives convergence with order 4.
Furthermore, Fig. 3, bottom row, suggests Holder continuity of uy, in x, which is
expected by virtue of the control being piecewise constant. Therefore, we conjecture
that Assumption (A6) is satisfied, such that Theorem 19 would give the higher order
1/2 4 5. In the test, in fact the full order 2 is observed (see Table 4).

8 Conclusions

We have proved the well-posedness and stability in L? and H' norms of a second
order BDF scheme for HIB equations with enough regularity of the coefficients. The
significance of the results is that this was achieved for a second order (and hence)
non-monotone scheme.

One can use the recursion we derived to bound the error of the numerical solution
in terms of the truncation error of the scheme. The latter depends on the regularity
of the solution and has to be estimated for individual examples. A full analysis was
carried out for the semi-linear, uniformly parabolic case.

The numerical tests demonstrate convergence at least as good as predicted by the
theoretical results, and often better, due to symmetries of the solution or smoothing
properties of the equation and the scheme. This is in contrast to some alternative
second order schemes, such as the central spatial difference in the case of a first order
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equation, or the Crank-Nicolson time stepping scheme for a second order equation,
which can show poor or no convergence.
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Appendix A. Proof of Lemma 8

In order to prove the existence and uniqueness of a solution to (22), we consider a
fixed-point approach. The initial problem (22) can be written as follows:

sup(LaX — (s — UaX)) =0, (68)

aclA

where L, and U, are two matrices such that M, = L, + U,. We consider in particular
L, to be the lower triangular part of M, including the diagonal terms, (Ly);j =
(My)ijli=;, and U, the remaining upper triangular part, (Uy);j := (Ma)ijli<;.

For a given vector ¢ € R/, let g(c) := X denote the (unique) solution of the
following simplified problem:

sup(LaX — (ga — Uqc)) = 0. (69)

aelA

Indeed, because (L,)i; = (Mg)i;i > 0, denoting v, := g, — Ugc, it is easy to see by
recursion in ¢ that the unique solution of

sup(LsX —v,) =0

ael
is given by
i—1
x; = inf (((va» - ];(La)ikxk)/@a)ﬁ).

Therefore, solving (68) amounts to solving g(X) = X. By elementary compuations
one can show that g is §-Lipschitz for the ||.||oc norm, with § := sup,, || (La) ™" Uysllso.
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For a diagonally dominant matrix, the following classical estimate holds

i (M)
Rl p— S 0
iel |(Ma)iil = 325 |[(Ma)ij]

(this is related to the Gauss—Seidel relaxation method; see for instance, Th.8.2.12 in
[21]). By using the assumptions on the matrices M,, we have § < 1. Hence, g is a
contraction mapping on R’ and therefore we obtain the existence and uniqueness of

a solution of (68) as desired. O
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