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STABILITY AND CONVERGENCE OF SECOND ORDER
BACKWARD DIFFERENTIATION SCHEMES FOR PARABOLIC
HAMILTON-JACOBI-BELLMAN EQUATIONS

OLIVIER BOKANOWSKI*, ATHENA PICARELLI', AND CHRISTOPH REISINGER'

Abstract. We study a second order BDF (Backward Differentiation Formula) scheme for the
numerical approximation of parabolic HJB (Hamilton-Jacobi-Bellman) equations. The scheme under
consideration is implicit, non-monotone, and second order accurate in time and space. The lack of
monotonicity prevents the use of well-known convergence results for solutions in the viscosity sense. In
this work, we establish rigorous stability results in a general nonlinear setting as well as convergence
results for some particular cases with additional regularity assumptions. While most results are
presented for one-dimensional, linear parabolic and non-linear HJB equations, some results are also
extended to multiple dimensions and to Isaacs equations. Numerical tests are included to validate
the method.

1. Introduction. This paper provides stability and convergence results for a
type of implicit finite difference 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:

ve(t, ) + sup {Ea [](t,x) + r(t,x,a)v + £(t, z, a)} =0, (1)
acA

where (¢, ) € [0,T] x R4, A C R™ is a compact set and
1
Lv](t,x) = 3 tr[2(t, z, a) D2v(t, )] + b(t, x, a) Dyv(t, x)

is a second order differential operator. Here, (X);; is symmetric non-negative definite
for all arguments. Linear parabolic equations, corresponding to the case |A| = 1, are
a special case for which more comprehensive results are obtained in the paper.

It is well known that for nonlinear, possibly degenerate equations the appropriate
notion of solutions to be considered is that of viscosity solutions [8]. 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 [11].

On the other hand, in many cases — especially in non-degenerate ones — solutions
exhibit higher regularity and are amenable to higher order approximations. The
existence of classical solutions and their regularity properties under a strict ellipticity
condition have been investigated, for instance, in [14, 10].

The higher order of convergence in both space and time of discontinuous Galerkin
approximations is demonstrated theoretically and empirically in [17] for sufficiently
regular solutions under a Cordes condition for the diffusion matrix, a measure of the
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ellipticity. More recently, it was shown empirically in [6] that schemes based on first
derivative approximations in time and space based on a second order backward differ-
entiation formula (see, e.g., [19], Section 12.11, for the definition of BDF schemes
for ODEs) have good convergence properties. In particular, in a non-degenerate
controlled diffusion example therein where the second order, non-monotone Crank-
Nicolson scheme fails to converge, the (also non-monotone) BDF2 scheme shows sec-
ond order convergence.

For constant coefficient parabolic PDEs, the L2-stability and smoothing prop-
erties 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 stepping 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 Laplacian, 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 timestep using energy techniques. This result is
extended to a semi-linear example in [9]; the application to incompressible Navier—
Stokes equations has been analysed in [13]. In [5], a closely reltated 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. Combining this with the standard
three-point central finite difference for the second spatial derivative in one dimension,
the scheme is second order consistent by construction.

For this scheme, we establish new stability results in the H'- and L?-norms (see
Theorems 4 and 6, respectively) for linear parabolic PDEs and their nonlinear HJB
counterpart. These generalize some results of [4, 9, 5] to more general non-linear
situations. From this analysis we deduce error bounds for classical smooth and piece-
wise smooth solutions (see Theorems 16 and 18). Extensions of the results to Isaacs
equations and the two-dimensional case are also given.

The outline of the paper is as follows. In Section 2, we define some specific BDF
schemes and state the main results concerning well-posedness and stability in discrete
H'- or L?>-norms. In Sections 3 and 4 we prove the main results and give an extension
from HJB to Isaacs equations. In Section 5, we give further stability results in the
discrete L?-norm, which are weaker in the sense that they hold only for uncontrolled
Lipschitz regulary diffusion coefficients, but stronger in the sense that they allow for
degenerate diffusion and can be extended to two dimensions. In Section 6, we deduce
error estimates from the 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 result. We focus in the first instance
on the one-dimensional equation

1
v + sup < — 502(15, Z, Q) Vg + b(t, x,a)v, +1(t, z,a)v + (L, x, a)> =0,
a€N

te[0,7], z €R, (2a)
v(0,2) = vo(z) x€R. (2b)
It is known (see Theorem A.1 in [1]) that with the following assumptions:
— A is a compact set,
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— for some Cy > 0 the functions ¢ = 0,b,7,£: [0,T]xRxA — Rand vy : R - R
satisfy for any ¢,s € [0,T], z,y e R, a € A

|’U0(1’)| + \¢(t,x,a)| < 007
[vo(t, ) = vols, )| + 6t 2,a) = d(s,y,a)| < Collw —y| + [t — s['/?),

there exists a unique bounded continuous viscosity solution of (2).
We will make individual assumptions for each result as we go along, but in general
assume a unique and continuous solution (e.g. to define the classical truncation error).

2.1. The BDF2 scheme. For the approximation in the z variable, we will
consider the PDE on a truncated domain € := (Zmin, Tmax), Where Zmin < Tmax-

Let N € N* = N\ {0} the number of time steps, 7 := T//N the time step size, and
t,=nt,n=1,...,N. Let I € N* the number of interior mesh points, and define a
uniform mesh (z;)1<;<; with mesh size h by

Tmax — Lmin
h = Lmax — Tmin

i "= Tmin ih, iel={1,...,1}, h
T 1= Tmin + 4 i { },  where Tl

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

For each time step t, the unkowns are the values u¥ fori =1,... I.

Standard Dirichlet boundary conditions use the knowledge of the values at the
boundary, v(t, Zmin) and v(t, Tmax ). 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, that is, v(¢,z;) for j € {—1,0} as well as j € {I+1,1+2}
are known (corresponding to the values at the points (x_1, 20, Zr41, Z1+2) = (Tmin —
Ry Toins Tmax, Tmax + 1))t

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

sm (tk’ L, ufv [u]k) = (3)

K3

Suk — quFt 4 b2
Yi u; U + sup {La[uk](tk,xi)—|—r(tk,xi,a)uf—|—€(tk,xi,a)} = 0,
T a€EA

where we denote as usual by [u]¥ the numerical solution excluding at (¢, z;), and

1
L) (tr, z;) := —502(tk,xi,a)D2ui + b1 (t, x5, a) DY Tu; — b (g, x4, a) DV Ty,
o Uil — 2u5 + Uig
D U = h2 ’
(the usual second order approximation of v,;), b* := 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:
3’(1,1‘ - 4’LL,L'_1 + Uj—2

DYy = o and DVFu, = —(

3Ui — 4ui+1 + Ui+42
. (4
o (4)

L 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 [15] 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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Note in particular the implicit form of the scheme (3). The existence of a unique
solution of this nonlinear implicit scheme will be addressed later on.
We will also define the numerical Hamiltonian associated with the scheme:

Hu](tg, x;) == ZIEJR {L“[u](tk,xi) + r(tg, x4y a)u; + (L, x4, a)}.

As discussed above, the scheme is completed by the following boundary conditions:
uf = vty x;), Vi€ {=1,00U{l+1,1+2}.

Since (3) is a two-step scheme, for the first time step k = 1, ¢ € I, we use a backward
Euler step,

ST (4, 2 uf, [u]}) = (5)
ul — uo
L L+ sup {La[ul](tl,xi) + r(t1, z;, a)uz1 + U(ty, x4, a)} =0,

acA

and

u) =wo(x;), i€l (6)

K3
is given by the initial condition (2b).
Remark 1. As the backward Euler step is only used once, it does not affect the
overall second order of the scheme.

Remark 2. Most of our results also apply to the scheme obtained by replacing the
BDF approximation (4) of the drift term by a centred finite difference approximation:

~ U1 — Uj—1
DlEy,; = 2421 7
o= B (7
However, numerical tests (see Section 7.1) show that the BDF upwind approximation
as in (4) has a better behaviour in some extreme cases where the diffusion vanishes.
We shall give a rigorous stability estimate for the BDF scheme in the linear case even
for possibly vanishing diffusion (Section 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.

Let u denote the solution of (3) and let v be the solution of (1). The error
associated with the scheme is then defined by
EF =l —o(ty, ;).

(3

For any function ¢ we will also use the notation ¢f := ¢(t1, ;) as well as ¢F =
(¢¥)1<i<r and [¢]F == (A7) (j.m)+(i.k)> and the error vector at time ¢ is defined by

E* .= (EY,... ENT = uF — ",

The consistency error will be denoted by £¥(¢) := (EF(¢))1<i<s € R! and is
defined in the classical way as follows, for any smooth enough function ¢:

4(0) 1= STt 1,0, 618) = (00 -+ sup { Lol 00,20) + (01,20, 0)0+ €l )} )
ac
)
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By extension, for the exact solution v of (1), we will simply define

EF () = STM (1, 21, 0, [0]F). )

? K2

Note that (9) 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,

EF(8)] < c1(d)7 + ca(d)h (10)

for sufficiently regular data ¢.
Throughout the paper, A will denote the finite difference matrix associated to the
second order derivative, i.e.

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

ol =t = > (BTEY (12

1<i<I+1

(with the convention in (12) that 29 = 27,1 = 0). Hence, V/h|z|4 approximates the
H' semi-norm in Q. Similarly, we will consider later the standard Euclidean norm
defined by ||z||? := (z,z), such that v/A||z| approximates the L?*-norm.

Our first result concerns the solvability of the numerical scheme S(™") (seen as
an equation for u*, with [u]* given) and is the following.

AssSUMPTION (A1l). o,b and r are bounded functions.
THEOREM 3. Let (A1) and the following CFL condition hold:

,
blloa+ < C. 13
bl < (13)
Then, for 7 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 (5)).

The scheme is hence well-defined even if ¢ vanishes. A uniform ellipticity condi-
tion for o will be needed for proving the H'! stability of the scheme.

AssumMPTION (A2). There exists n > 0 such that

inf inf inf o%(t,z,a) > .
te[0,T] z€Q a€A
We provide a relaxation of the ellipticity condition for stability in the Euclidean norm

in Section 5.2.
Our main stability result is the following.
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THEOREM 4. Assume (A1), (A2), as well as the CFL condition (13). Then there
exists a constant C' > 0 (independent of 7 and h) and 79 > 0 such that, for any T < 79,

Jmax [EY < C(IE°F; + 1B + Ty EE W) (14)

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

Remark 5. As a consequence of the stability result and under further mild reg-
ularity assumptions on the boundary data, we can deduce that the scheme (3) is
A-norm bounded:

k2
<C 15
2glkauSXNIU 4 <C, (15)

where the constant C' depends only on T and on the data but not on 7 and h.

The analysis of the controlled case is made complicated by the fact that even if
the solution to (2) is classical and the supremum is attained for each = and ¢ (and
similarly for each ¢ and k in (3)), we cannot make any assumptions on the regularity
of this optimal control as a function of z and ¢ (or 7 and k, respectively).

In certain circumstances, the previous bound holds with the A-norm replaced by
the Euclidean norm. In particular, we consider the following assumption:

AssuMPTION (A3). The diffusion coefficient is independent of the control, i.e.
o = o(t,x) and there exists L > 0 such that

0%(t.2) — o®(t.y)| < Lz —y| Va,yeQte0,T].
THEOREM 6. Assume (A1), (A2), (A3), as well as the CFL condition (13). Then
there exists C' > 0 (independent of T and h) and 79 > 0 such that, for any T < 79,
k12 < ( 012 12 k 2).
s B2 < C(IEY + B+ 3 €@ (16)
2<k<N

As a consequence, error estimates will be obtained under the main assumptions
(A1), (A2) and (A3) or under some specific assumptions, see Sections 5 and 6.

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

3. Proof of Theorem 3 (well-posedness of the scheme). The scheme (3)
at time ¢ (for k > 2) can be written in the following form:

supaep (MEX — ¢f) =0,

where ¢¥ € R and M}¥ € R™*! with the following non-zero entries:

3 o2 3t 3~
MEy == 2+ — + 1
(M)ii 2+T{ 2t on T o J”"} (17)
0% 4b” o?  4bt
(Mg)iis1 = T{ 2 an }’ (Mg)ii1 = T{ 2 an } (18)
b~ bt
k .. — k .. —
(Mg )iite TQh (Mg)ii—2 TQh (19)

with ¢ = o(ty, ;,a), b5 = b (tg, z5,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,);;+2 are non-

negative breaks the monotonicity of the scheme and makes the analysis more difficult.
We will use the following lemma, whose proof is given in appendix A:
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LEMMA 7. Asssume that A is some set, (qq)aca is a family of vectors in RY,
(My)aen is a family of matrices in RT*! such that:
(1) for all a € A,
(Ma)ii > 0;
(i) (a form of diagonal dominance)
sup max Zj>i |(Ma)zj|
ach i€l |(Ma)iil = D2, <; [(Ma)ij]
Then there exists a unique solution X in R™ of
suPpgep (Mo X — qq) = 0. (21)
Remark 8. For a fixed a € A, we have
Zj>i |(Ma)ij| (
max <l & mln M)l — I( az)
i€l [(Ma)isl — 32 5<; [(Ma)sj ; !
Moreover, if A is compact and a — M, is continuous, then (20) is equivalent to
;22%( il =M ul)
J#i

Proof of Theorem 3. We are going to prove properties (i) and (¢) in Lemma 7.
Condition (7) is immediately verified, and we turn to proving (ii). We have

o?  5b;
=y |(Ma)igl < T(hQ o )

J>i

<1 (20)

(omitting the dependency on k and a in o, b*,r) and

o2 2bF  3b7
= |(Ma)isl = 3 |(Ma)ys] = <h2 oh " 2h T)'

j<t

By the CFL condition (13), there exists € > 0 such that % < 2 — ¢. This implies

(
2 2 T\ "o "o ) =2 Ty

> 02+ borr) 4 (#2% 5
o= \The )T\ 2

and therefore

. a1 + as ai; as
Then by using n < max (—, —) for numbers a;, ¢; > 0, we obtain
C1 T C2 1 C2
o 5b;
H1 < max ( Th2 T on
= 2 P —
2 i £ 5b; €
a TRE T T TT o T3

Taking 7 small enough such that for instance § + 7r > §{, and since b(.) and o(.) are
bounded functions (by (Al)), we obtain the bound

i (M) ( rlogde ool )
sup max <max <1
aca i€l |(Ma)ii] — Zjd |(Ma)ij] T% n i’ T% e

Since the last bound is a constant < 1, we can apply Lemma 7 to obtain the
existence and uniqueness of the solution of the BDF2 scheme. ]
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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 9); second,
we pass from such a recursion for the error in vector form to a scalar recursion (Lemma
10); finally, we show the stability estimate from this scalar recursion (Lemma 11).

4.1. Treatment of the nonlinearity. First, we have the following:

LEMMA 9. Let u be the solution of scheme (3) and v the solution of equation (2).
There ezist coefficients %, (b%)%, 7F, such that the error E¥ = u* —v* satisfies

77

3EF —AEF"'+EF? 1, L, . -
T DB + (5)EDM T ES - (7)ED B + P B = £
=

(2

(22)

for any k > 2 and i € 1, where (52)F, (l;i)f, 7% belong, respectively, to the conver
hulls co(o?(ty,, x;, A)), co(b™ (ty, xi, A)), co(r(ty, x;, A).

Proof. By definition of the consistency error (9), one has (for k > 2, 1 <14 < 1)

k—2

k _ gpk—1 A
B0 AV U T L 1R (b, ) = EF (23)

2T

The scheme simply reads

ki guh=L 4 k2
P H (b, m) =0, (24)

Subtracting (23) from (24), denoting also H[u*] = (H[u*](tx,z:))1<i<1, the following
recursion is obtained for the error in R:
3EF —AEM 1 4 EF2

27

+ H[u*) — H[v*] = —&*. (25)

For simplicity of presentation, we first consider the case when b and r vanish, i.e.
b(.) =0 and r(.) = 0. In this case,

1

H[uMs = sup { = S0%(tg, i, @) (D) + £(ty, w1, ) }. (26)
a€A 2

To simplify the presentation, we will assume that ¢ and ¢ are continuous functions of

a so that the supremum is attained.? For each given k,i, let then a* € A denote an

optimal control in (26).

In the same way, let l_)f denote an optimal control for H[v*];. By using the optimality
of ¥, it holds

H[ul’“]2 — H[vk]i

:_%(72(% Tiy af)(lﬂ“k)“' Utk x5, C_lf) B ilelﬁ {_%‘72(%7 T, @)(D2Uk)i+ Uty z;, a)}
S_%Jz(tk’ i, af ) (D*u*); — ( - %(1'2(%,:101-, df)(D%’“)i)

:_%Uz(tkaxi,a?)(D2Ek)i an

2The general case is obtained easily by considering sequences of e-optimal controls and letting
e — 0, such that (30) below still holds for a suitably defined &2, bt
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and, in the same way,
1 _
H[uk]l 7H["Uk}i Z 7§Uz(tk,£i,bf)(D2Ek)i. (28)

Therefore, combining (27) and (28), H[u"]; — H[v*]; is a convex combination of
— 502 (tg, x5, a¥)(D?E*); and — 502 (ty, x;, bF)(D?E*);. In particular, we can write

HluH)s = M, = =56% (0,2 (D* B, (29)

where G2 (ty, ;) is a convex combination of o2 (ty,, z;,a¥) and o?(t, ;, bF).
In the general case (i.e. b,r # 0) one gets similarly

1 - -
H[u*); — Ho"); = =5 (6*); D*E} + (55); D"~ Ef — (07)i D' Bf + 7 Bf, (30)

where, for ¢ = o2,b, 7,
(gf = quf)(tkaxi’ @f) + (1 - Vf)qb(tk’xi’l;f)
for some ¥ € [0,1]. O

4.2. Isaacs equations. The same technique used above to deal with the non-
linear operator applies also to Isaacs equations, i.e. equations of the following form:

vy + sup inf { — L@ w)(t, z) + r(t, x,a,b)v + (t, T, a, b)} =0, (31)

ach, bEA2

where (¢,z) € [0,T] x R%, Ay, Ay C R™ are compact sets and
1
LEO[)(t,x) = S0 (t 2,6, b)ves + b(t, 2, 0, b)v.

To simplify the presentation, let us consider again b,r = 0, and now also ¢ = 0.
By analogous definitions and reasoning to above, we get (25), where, for ¢ = u, v,

1
H[g"s = sup inf { = 50%(t.,0,0)(D264): | (32)

Let (a¥,b¥) € A1 x Ag denote an optimal control in (32). One has

177

H[uk]i = sup { — %JQ(t,x,a,Ef)(Diuk)i} = inf { — %az(t,x,&f,b)(Dzvk)i}.

a€Nq beA2
Therefore
H[u"); — H[v"];
1 - 1
= sup { - fUQ(t,w,a,bf)(Diuk)i} — sup inf { - faz(tk,xi,a,b)(DQUk)i}
ach, 2 acA, bEA2 2
1 _ 1 _
> sup { - faz(t,x,a,bf)(Dguk)i} — sup { - 702(tk,:c¢,a,bf)(D2vk)i}
a€Ny 2 a€N; 2
1 _
S _ L2 k\( 2 ok }
> alenla{ 57 (t,x,a,b7)(DLE"); (33)

30r, if not attained, use an approximation argument.
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Analogously, one can prove

1

H[u*; — H[v*]; < sup { — ~o?(t,z,ar,b)(D2E"); } (34)
beEAs 2

(here, we also use inf(a) — inf(b) < sup(a — b) and sup(a) — sup(b) > inf(a — b)). At

this point, it is sufficient to take for a¥ € A; and b¥ € A, optimal controls in (33)

and (34), respectively, to be able to write H[u"]; — H[v*]; as a convex combination of

—Lo2(t, 6, D) (D2EY), and — Lo (t,x,ak, F)(D2E),.

From this, an equation exactly as in (22) can be derived, with a suitable convex
combination (52)f of diffusion coefficients, and similar for the drift and other terms.

4.3. A scalar error recursion. From (22), we can derive the following:

LEMMA 10. Let assumptions (A1) and (A2) in Theorem 4 be satisfied. Then there
exists a constant C > 0 such that

1
5 (B=Cm)EA —4lBM 1 + [BF 2 ) + |BF — BRUE — |BR — ER
<27|B¥4 €44, (35)
Proof. For simplicity of presentation we will assume that b has constant positive
sign. The terms coming from the negative part of b can be treated in a similar way.

We remark that for £ € R/, —D?E = AE, where A is the finite difference matrix
defined in (11). By (22), we get the following:

3E* — 4B + EF2
2T

+ AFAE* + F*BE* + RFEF = —&F, (36)

where A* := 1 diag((6%)¥), F* = diag(bF), Ry, = diag(7*) and

3 0
4 3 0
1 1 —4
B= —
2h .
0 .. .. .0

1 -4 3

We form the scalar product of (36) with AE*. By using the identity 2(a — b,a)4 =
lal4 + |a — b|% — b4, one has:

<3Ek _ 4Ek:—1 +Ek—27Ek>A
_ 4<Ek o Ek*lka:>A o <Ek o Ek72 Ek:>A

1 1
:*(4|Ek|2A+4|Ek— k 1‘2 4‘Ek 12) *(|Ek|?4+|Ek— k:2|2 |Ek 22)
1
> 5 (BIB A — 4B 1A + [BF ) + | BF = BENL - [BRTT - ERY, (37)
where we have also used |a + b|? < 2|a|? 4 2|b|?. From (02)F > n > 0 for all k, i:

(AFAE® AE®) > ||AE’“H2 (38)
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where || - || denotes the canonical Euclidean norm in R’.
In order to estimate the drift component, let us introduce the notation
5E = (Ez — E¢,1)1§Z‘S] (39)

with the convention that E; = 0 for all indices 7 which are not in I. It holds:

1

(FFBE*, AE¥)| = ‘2h<F’“(3Ef —AEf | + EF y)er, AE’“)’
1
= ﬁu«“k (36E* — 6°E"), AE®)

IN

i k k k k 52 k k
o {BIF OB | AE* | + | F*82E¥|| | AE*| }.

By using the boundedness of the drift term, and ||§E*||,||62E*| < h|EF| 4,

o .
(F*BEM, AE")| < = {3| AB* |6 + | AB¥ || E* | |
< 2[blloe |AE*| |4 (40)

For the last term, using the boundedness of r» and the Cauchy-Schwarz inequality,
[(REE", AE™)| < |Irllo | E*[IIAE"]. (41)
Therefore, putting (38), (40) and (41) together,
(A*AE* + FFBE* + RFE* AE")
> gIIAE'“H2 = 2[[blloo | AE® | |E*[a = |I7lloo | AE* [ E*]]. (42)

Easy calculus shows that the minimal eigenvalue of A is Apin(A4) = % sinz(%h) > 4.
Hence (X, AX) > 4(X, X) and therefore ||X|| < 2|X[4. In the same way, we have

also |X|a < 3||AX||. Hence it holds
(AFAE* + F¥BEF + RFEF AEF) > gHAEkH? — CY||AEM||EF|l4 (43)
with Oy == 2[[b]lc + 3l7]|c- By using C1[|AE*|||E*|4 < 3| AE*|? + 5, CF|E*[3,
(A*AE* + FFBE* + RFE* AE) > —%CﬂEkﬁl. (44)

Then, combining (37) and (44), we obtain the desired inequality with C := %Cf d

4.4. A universal stability lemma. In the following, it is assumed that |- | is
any vectorial norm. We will use the result for the canonical Euclidean norm |-| = |- ||
and the A-norm |- | =|-|a.

In order to prove the following Lemma 11, we will exploit properties of the matrix

(3-Cr) 4 1 0
0 (3-Cr) —4
M, = 0 1 ; (45)
. 4
0 3-C1)

in particular the fact that (M,)~! > 0 for 7 small enough (which we prove).
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LEMMA 11. Assume that there exists a constant C > 0 such that Vk =2,... N:
1
5((3 _ CT)|Ek|2 _ 4|Ek71‘2 + |Ek72|2) + ‘Ek _ Ek71|2 _ |Ek71 _ Ek72|2
< 2r|E| €4, (40)
Then there exists a constant Cy > 0 and 19 > 0 such that VO < 7 < 19, Vn < N:

Jmax B[ < 01<|E0\2+ |E|? +72; Fd ) (47)
SIsn

Proof. Let us denote
Ro=|EF? and oy = |EF - EFUP
so that (46) reads

((3 — O7)zy — Az + a:H) < 2yk_1 — yi) + 47| E*| |EF. (48)

For a given 7 > 0 and given k, let M, € R*-Dx(*-1) a5 defined in (45). Let
z,w € R*=1 be defined by

2= (2, Th_1,...,22)7 and w = (2(yj_1 — ;) + 47| EI| |E7]) =k, 2.
By (48), we have
M,z < w. (49)
We notice that M, = (3 — C7)I — 4J + J? with
J = tridiag(0, 0, 1).

Hence, with

M=24++V1+Cr and XN =2-+V1+4+CrT,

the roots of A2 — 4\ + (3 — C7) = 0 for 3 — C1 > 0, we can write

M = (M1 = J)Xl = J) = Aihe (I - i) (I - AJ2>

Furthermore, since J¥~1 = 0, it holds

= )\3}\2 Z_ (;)q Z_ (;)q :j;zapjp’

where

P 1 1 Jt+1
L Z NFING T ™ \pF2 Z (M) '

Therefore M1 > 0 componentwise (for 7 < 3/C), and using (49) it holds z < M~ 1w
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It is possible to prove that there exists 79 > 0 and a constant Cy > 0 (depending
only on T') such that V0 < 7 < 75 and Vp > 0:

0<a,<Cy and ap,—ap_1>0. (50)

We postpone the proof of (50) to the end. For the first component of z, we deduce

k—2
T < Zajij
=0
k—2 k
<2 a;(Yk—j-1 — ye—j) +4CoT Y |E7| |E] (51)
=0 =2
k
= —2aoyr + 2 Z = @j11)Yk—j+1 + 2ak—2y1 + 40072 |E7| &),
Jj=2

for all k£ > 2, where, for (51), we have used the fact that a, < Cj. Since y; > 0, Vj,
by definition, a;_o < Cy, ag = ﬁ > 0and a; —a;—1 >0, Vj, we obtain

k
zr < 2Coy1 + 40072 |E7[€7]. (52)
=2

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

k
|E¥? < 2Co|E" — E°? +4Co Y |E| €7
j=2

< 4C,(|BOP + |E1|2)+4COT( max B ) ZISJ
j=2

02 12 1 e 2 2 N2
<ACH(IE° P +|B') + 5 (max |EH) +8C372( D 1€7))
<k< —
(where we made use of 2ab < %—l—[(b2 for any a,b > 0 and K > 0). Hence, we obtain

(max 1B4) < Gy (IEOF + B+ 7 30 F)

2<k<n X
Jj=2

2 .
with Cy := max(8Cy, 16C2T) (we used (Z 2 |53|) <ny i o |&? and nT < T).
It remains to prove (50). From the definition of a, one has

1 &) 1 Ao\~
ap /\’2’”2()\1) _>\§’+2< )\1>
=0

for p=0,...,k — 2. Observing that >‘2 <3 1 , it follows that

3 3
a, < < .
P oatE T 22— T+ Cr)n
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Notice that 1+ C7 < 14 C7, and also that e™* < 1 — /2, Vz € [0,1]. Hence

2-VI+Cr)"> (2-(1+C7)" = (1—C7r)* > (e7207)" = 72 for C1 < L, and

therefore a, < %eth’L The desired result follows with Cy := 3 e2¢T and 1 :=
Moreover, one has

1 1 p )\2)j+1 p—1 <)\2)j+1
Ay — Ap_1 = — —_— = — 4 ,
=ty = g Az;(h (5

which is nonnegative for 7 small enough thanks to the fact that A1, A2 > 0and \o < 1.0

29
L
2C

5. Stability in the Euclidean norm. The fundamental stability result given
by Lemma 11 applies to any vectorial norm. In this section, we discuss some special
cases where (46) 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 except in the diffusion term, which must also be Lipschitz
continuous in the following proof.

5.1. Proof of Theorem 6 (stability in the Euclidean norm) . We consider
the scalar product of (36) directly with E* (instead of AE* previously used), again
in the situation where b > 0 to simplify the argument. We obtain:

(E* 3EF —4E*' 4 E*2) 4 27(E*F, A*AE* + FFBE* + RFE®) = —27(EF, &%).
(53)

As in Section 4.3, we have
(E* 3E" —aEF! 4+ EF-2) (54)
1 _ _ _ _ _
25 (BIE*|> — 4| E* 11> + | B*72)?) + [|BF — B* 1> — |EF! — EF2)2

We now focus on bounding the other terms on the left-hand side of (53).
By using the Lipschitz continuity of o one has

(of)?
(E*, AFAER) =3 oz (= Ef . +2EF - EF EF
i€l

Ek Ek + k )2_(0'k)2 (Ek Ek)Ek
_Z 2h2 i—1 Z 2h2 2h2 i—1 7 7

i€l i€l
> IS B, - BE? - 2 Y I, - BB,
i€l 16]1

Therefore, by the Cauchy-Schwarz inequality, one obtains
L
E* ALAE®) > —L 6B — = |6E" ||| E* 55
(B*, AABY) > S SEM? — o |8 BH] | B, (5)
where 0E¥ is defined by (39). Moreover, for the first order term one has

b;
(E¥, F*BE") =" —(3Ef —4E} | + EF ,)E}

2h
i€l
3 b 36l b JIIEY
el 1€1
2
izl ()
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where for the last equality we have used that ||62E*|| < ||§E*||. Putting together
estimates (55) and (56), using the fact that (E¥ REE*) > —||r|| || E*||?, we get

Ul C1
(E*, ALAE" + F,BE" + RFE") > WH(SEICHQ - %H(SE’CHHE]CH — (7]l || E¥|?

2
1

n C
> el = (5 + e ) 1B,

V

where we have denoted C; := L + 4||b||o» and have used again the Cauchy-Schwarz
inequality. Hence, together with (54), this gives (46) with |-| = || - || and the constant

C:= 4(%1: + ||7|loc)- By using Lemma 11, this concludes the proof of Theorem 6. O

5.2. Linear equation with degenerate diffusion term. The next result con-
cerns 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 6, is used to compensate
the negative correction terms coming from the drift term. This leads us to consider
the following assumptions:

AsSsuMPTION (A4). r is bounded. The drift and diffusion coefficients are inde-
pendent of the control, i.e. b = b(¢,x) and o = o (¢, x), and there exist L1, Ly > 0 such
that, for all ¢, z, h:

[b(t, ) = b(t, y)| < Lalz —yl, (57)
2 1) — 952 2
o?(t,x —h) — 20 }E?w)—i—a (t,z+ h) > L, (58)

(The last condition is equivalent to (02),, > —Lo in the differentiable case.)
PROPOSITION 12. Let assumption (A4) be satisfied. Then (46) holds for |-| = |||

Proof. We consider again the scalar recursion (53). For any vector E = (E;)1<i<r
(with E; =0 for j € {—1,0,1+ 1,1+ 2}), it holds:

E,2E;—E;_1—E;11) >

[\

1 1
|Ei|* — §(|E¢|2 +|Ei|?) - §(|Ei|2 +|Eit1]?)

> = (21Ei)® = |Eica” — |Eia ).

DN | =

Hence, by the semi-concavity assumption (58) on o2,

2
1 BHEE - BY, — ELy)

(E*, AFAE") = )

1<i<I

2
g;
> L (-IBL P + 2B - B )
1<i<T

Z _012—1 + 2012 - 01'2+1 |Ek|2
‘ 4h? s
1<i<I

v

v

Lo
Ly (59
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Now we focus on a lower bound for (E¥ FKBEF). Let y* = |EF — EF ||2. First,
(3B — 4BE, + B ) B = JGIBH? — 41BL, [ + B, P)
+3UEE - BE P~ B} - B, P)

1
—(2yF —29F ).

1
>*3Ek2 2
> LEIERR — AL+ (B +

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

I I+2
b; b;
(E*, F*BE*") =) %(315’“ AEf |+ Ef B} =) %(3135 —4E¥ | + EF ,)EF
=1 =1
142 b I+2
2 *h(3|Ek| 4|E; 1|2 + |E 2| "‘Z yz 1)
=1

I+1
3b; — 4biy1 + biyo |2 - z+1

(where we have used y§ =y, o = 0 and 35,/ 5 bi (E’Z )? =Y cicrbiva(Ef)? as

well as 321 cicry0 bi(Ef ) = > o<i<I+1 b1+1(E )? = D1<i<I z+1(Ek) ). Then, by
the Lipschitz continuity of b(.) and the bound y¥ < 2(E¥)2 + 2(EF_|)2, we have

‘M~

i=1

I I+1
(E*, F*BE") > —L Y _|EFI> = L1 Y _yF > =3Ly | E*||*. (60)

=1 i=1

By combining the bounds (59) and (60), we obtain
L
(B¥, AYAE®) 4 (BX, F¥BE®) + (E¥, R'E") > —( +3L1 + |Irllo) | E*|)*

Therefore, inequality (46) is obtained with C := 4(£2 + 3Ly + |||/« ), which leads to
the desired stability estimate. ]

5.3. Extension to a two-dimensional case. Under suitable assumptions, the
result of Theorem 6 can be extended to multi-dimensional equations. The nonlinearity
can be treated exactly as in Section 4.1 (or 4.2), so that we can focus on the linear
case

v — %tr[E(t, x)D2v] + b(t,z) Dy + r(t, 2)v 4+ L(t,z) = 0

for a positive definite matrix ¥ and a drift vector b. For simplicity, we furthermore
consider the two-dimensional case d = 2, with r, ¢/ = 0, and omit the dependence of
the coefficients on the time variable, then with

ot(z,y)  poroz(z,y) ) ( bi(z,y) )
Y(x,y) = N ’ and b(z,y) := ’ ,
(z.9) ( poroz(z,y)  o3(@,y) (z-9) ba(z,y)
where 01,09 > 0 and p € [—1,1] is the correlation parameter, the equation reads

1 1
vy — 50%(33, Y) Vs — pO102(T, Y)Vay — §U§(xvy)vyy + b1 (2, y)ve + ba(z, y)v, = 0.
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The computational domain is given by €2 := (Zmin, Tmax) X (Ymin, Ymax ). We introduce
the discretization in space defined by the steps h;, hy, > 0 and we denote by G, n,)
the associated mesh. In what follows, given any function ¢ of (z,y) € Q, we will
denote ¢ij = ¢($i,yj) for (’L,]) el:.= Hl X HQ, where Hl = {1, ey Il}, ]12 = {1, ey IQ}

Assuming that p > 0 everywhere (the case when p < 0 is similar), we consider a
7-point stencil for the second order derivatives (see [12, Section 5.1.4]):

Vi—1,j = 2Vij + Vit 2 Viyj—1 = 20ij + Vij41 2
Vg h2 = sz’l}ij, Vyy ™~ h2 = Dyyvij
x Yy
oo o Vi1 T Vil T Vic1g — Vidly T Vic1g-1 V4 T2 e
x - 1
v 2h,h, 7y 4

and the BDF approximation of the first order derivatives

_ Su;; — AU + Uj—o Su;i — 4uisq ; + Uiao s
D;’ Ui = iJ i—1, =23 and D;,A-uij — ] i+1,j 12,7 7

2h, 2h,
Suij —4u; -1 + U4 j— 3ui; —4u; 11 + Ui

1,— . ij 1,5—1 1,5 —2 L+, . ij 1,5+1 1,542
D"y = o, and D"y = ( 2h, )
The scheme is therefore defined, for k > 2, by

k k—1 k-2
_ Uy —Au g (61)
2T
L, 2,k 2> k1 9 2 .k
_501 (i, yj)szuij — po10a(w, yj)nyUij - 502 (wi?yj)Dyyuij

b (i, y5) Dy~ ul; — by (s, y;) Dyl + b3 (w4, y5) Dy~ wgy — by (i, y5) Dyl

A straightforward calculation shows that the second order term also reads
o1 (x4, y;) D2 iy + 2p0102(2i,y5) Dy wig + 05 (23, y5) Dy uij

= a;; D2 u;; + 6ijD§yuij +7ij (Wio1,j—1 — 2ui5 + Uit1,541), (62)

with

o o1(zi,y)) (o1(@iy;)  poa(wi,y;)
Y hy hy hy ’

By = o2(zi,y;) ((o2(xi,Y5) _ po1 (i, Ys) i = p(xi, yj)o (T, yj)o2(zi, y5)
E hy hy hy ’ v hyhy '

The scheme is completed with the following boundary conditions:

uf,j = ’U(tkazhyj)? Vi € {7170} U {Il + 13I1 + 2}7 j € ]127

uf; =v(te, @i, y;), Vjie{-1,00U{lb+1,I,+2}, iel.

For simplicity, assume h, = h, =: h. We consider the following assumptions:
ASSUMPTIONS
(A1) ||billoc < 00 for i =1,2;
(A27): 30 >0, V(z,y) € Q, Vi # j: of(2,y) — p(z,y)oi(z,y)o;(z,y) = n;
(A3%): Vi,j = 1,2, 0y0; is Lipschitz continuous on €.

We then have the following result. The proof is similar to the one of Theorem 6,
using (62) with «;j, 8ij,7; > 0 by assumption (A2’), and is therefore omitted.
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PROPOSITION 13. Let assumptions (A1°),(A2°) and (A8’) be satisfied. Then the
stability estimate (47) holds for |- | =|| - ||.

Remark 14. (i) If hy # h, and for instance h, = Ch, for some C > 1, (A2’) has
to hold with o9 replaced by o2/C as a result of the scaling properties of the scheme.

(74) Observe that assumption (A2’) is equivalent to requiring strong diagonal
dominance of the covariance matrix.

(7i7) When the strong diagonal dominance of the matrix ¥ is not guaranteed, one
can consider the generalized finite difference scheme in [7]. However, determining the
precise set of assumptions on the coefficients needed to apply the previous arguments
does not seem easy from the construction in [7].

6. Error estimates. In this section, we give detailed error estimates for the
implicit BDF2 scheme (3). We consider the following rescaled norms on RI:

1/2 . 5 N\ 1/2
julo = (Z@h) VR, b= (Z(h) h) ~ JulaV

i€l i€l

corresponding to discrete approximations of L?(Q)- and H'(£2) norms, respectively.
Both these norms will be used in the forthcoming numerical section.
In addition, we define the following semi-norm on some interval Z = (a, b):

w(z) — w(y)|

|:177y|a ?x#y? x’yez}'

|w|co,a(z) := sup{

For a given open subset (2% of (0, T) x 2, we define C**(2%.) as the set of functions

v : Q% — R which admit continuous derivatives (2:*)o<;<r and (2:%)o<;<¢ on Q.
We also denote by Cf’Z(Q}) the subset of functions with bounded derivatives on €27.

AssumPTION (A5). v € CH2((0,T) x Q) and for some constant C' > 0:

sup [lve (-, 2) [l co.s 0,17y < C, sup |lvga(t, )| co.sq) < C. (63)
zEN tE(O>T)

Remark 15. By results in [10] and [14], assumption (A5) is satisfied for sufficiently
smooth data and given a uniform ellipticity condition.
We have the following error estimates:

THEOREM 16. We assume (A1), (A2), (A3), and the CFL condition (13).
(1) Ifve 05’4((0,T) x Q), then
max_|vF —u”|y < 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.
(i3) If (A5) holds for some 6 € (0,1], then the numerical solution u of (3), (5)
converges to v in the L?-norm with

max _[v* —u¥|o < CR°,
0<k<N

for some constant C (possibly different from the one in (A5)).
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Proof. We first prove (ii). By Taylor expansion, we can write for instance, for
some 61,05 € [0,1],

v(t,z) —v(t — 7, 2)

ve(t, ) — . = |ve(t,z) — ve(t — b17,2)| < OT°
and
vt ) — 3u(t,x) — 4o(t *27'7,-%) +o(t — 27, )
< Joult, ) — 5 Buelt — 617m,2) = it — (14 62)7,2))
< oty ) — v (t — 017, )| + % |ve(t — 017, 2) — v (t — (L + O2)7, 2)|
< 070+ %C’(QT)‘S <2070,

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

on(t7) — 3u(t, z) — 4du(t, xZ—hh) +v(t,z — 2h) ‘ < CyChH,
vzm(t7$) - U(t,z i h) — 21}5;27 aj) a U(t,z - h) ‘ < Cochd.

The result (i4) now follows directly by inserting the obtained truncation error into the
stability estimate of Theorem 6.

For the proof of (i) (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*|| < C7(7 + h?); in particular, we use
that (E' — E%) /7 + (A'A+ F'B + RYE! = —&!, with |EY|| < C(r + h?), E° =0
and the bound is otherwise similar and simpler than that for £ > 2. ]

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)(4) is similar to [5]).

ASSUMPTION (A6). There exists an integer p > 1 and functions (27 (¢))1<;<p
for t € 0,77, such that, with Q7. := (@ x (0,T)\U,<;<,{(t.2}(?)), t € (0,T)}, the
following holds:

(i) ve Gl (Q);

(ii) Vj, t — x}(t) is Lipschitz regular.

We give the following straightforward preliminary result without proof:

LeEmMMA 17. Assume (A6) and the CFL condition (13). Then for all t
Card{j, v — v(t,x) not regular in [xj_2,x;2]} < 5p

and

Card{j, 0 — v(0,z;) not reqular in [t — 27,t]} < Cp.
for some constant C > 0 independent of 7,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 Section 7.2.
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THEOREM 18. We assume (A1), (A2), (A3) and the CFL condition (13). Let
(A5) and (A6) hold for some 6 € (0,1], then the numerical solution w of (3), (5)
converges to v in the L?-norm with

max |U”C — uk|0 < ChM/?+9,
2<k<N

where C' is a constant independent of h.

Proof. Let T be the (finite) set of indices i such that v is not regular in {t;} x
(ZEi —2h,x; + Qh) U (tk — 27, tk) X {JUZ} Then

EXE =D 1P =Y IR+ Y IEFPh

i€l ielk 1€I\IF
< C|Hk|(7_5 + h6)2h + 0(7_2 + h2)2.

We then use the fact that [I¥| < C for some (different) constant C' by Lemma 17
and that (72 +h?%)2 = O(h*) = O(h?**9), 7° + h% = O(h%) by the CFL condition (13),
in order to obtain the desired result. O

Remark 19. (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.

(ii) The estimates in Theorem 16 are not always sharp, as symmetries and the
smoothing behaviour of the scheme can result in higher order convergence. We
discuss such special cases for Examples 1 and 2 in Section 7, Remarks 21 and
22, respectively.

(iii) These error estimates can be compared with [5], where an error bound of order
h'/2 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 (A5)) . In the present context it seems natural to assume the Holder regularity
of u; and ug, coming from the ellipticity assumption (see Remark 15).

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 (4), compared to the more classical centered scheme (7). We consider

v+ vz | =0, x € (-2,2), t € (0,7T),
v(0,x) = vo(x), z € (-2,2),

with vg(z) = max(0,1 — 2%)* and T' = 0.2. The initial datum is shown in Figure 1
(dashed line). The exact solution is

v(t,x) = min(ve(z — t), vo(z + t)).

Remark 20. The Eikonal equation can be written as v; +max,e(_1,13(av,) = 0 in
HJB form. Note that our theoretical analysis does not cover this example, however,
since in the degenerate case assumption (A4) is required, which is not satisfied here.
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— Numerical solution — Numerical solution
— ~ Initial data — ~ Initial data
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Fic. 1. Test 1: Initial data (dashed line) and numerical solution at time T = 0.2 computed
for I+1 =200 and N =20 (t/h =0.5) using BDF in time and centred approzimation of the drift
(left), BDF in time and space (right).

In Figure 1, we show the results obtained at the terminal time 7" = 0.2 using
schemes (3)-(7) (left) and (3)-(4) (right) with 7/h = 0.5. We numerically observe
that the centered approximation generates undesirable oscillations, whereas the BDF2
scheme is stable.

As stated in Theorem 3, in case of a degenerate diffusion, a CFL condition of
the form 7 < Ch has to be satisfied for well-posedness of the BDF2 scheme. Table 1
shows numerical convergence of order 2 in both time and space, although the solution
is globally only Lipschitz.

N | I+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
TaBLE 1

Test 1. Error and convergence rate to the eract solution for the BDF2 scheme with 7/h = 0.1
and initial data vo(x) = max(0, 1 — z2)%.

Remark 21. The full convergence order here is due to the particular symmetry of
the solution. To confirm this, we report in Table 2 the results obtained for the same
equation with initial data

v(0,2) = —max(0, 1 — z%)*

(see also Figure 2). In this case, there is no such symmetry around the two singular
points and as a result the full convergence order is lost: the scheme is globally only
of order 1 in the H! norm and roughly 1.5 in the L? and L> norm.
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T=0.20

05

— Numerical solution

— " Initial data

Fic. 2. Test 1: Initial data (dashed line)
vo(z) = — max(0,1—22)* and numerical solu-
tion at time T = 0.2 computed for I +1 = 200
and N = 20 (v/h = 0.5) using the BDF2
scheme. The convergence rates for this exam-
ple are reported in Table 2.

N | I+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-02 110 | 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-03 097 | 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

TABLE 2
Test 1. Error and convergence rate to the exact solution for the BDF2 scheme with 7/h = 0.1
and initial data vo(x) = — max(0,1 — x2)%.

7.2. Test 2: A simple controlled diffusion model equation. The second
test we propose is a problem with controlled diffusion. We consider

vy + SUPse{0y,05} (_ %O—QUII) =0, z€ (_17 ]-)7t € (OaT)7
v(0,x) = sin(wz), x € (-1,1),

with parameters oy = 0.1, 0o = 0.5, T' = 0.5.

In spite of the apparent simplicity of the equation under consideration, in [16]
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 3. Here an accurate numerical solution computed by an implicit
Euler scheme (in order to ensure convergence) is used for comparison.

Taking 7 ~ h the BDF2 scheme gives clear second order convergence, see Table 3.
This is not the case for CN as shown in Table 4. The CN scheme also exhibits some
instability in the second order derivative for high CFL number, i.e. 7/h, see Figure 3
(this is analogous to the finding in [16]). One can verify that for a small CFL number,
i.e. 7 ~ h2, the CN scheme shows second order of convergence.

Remark 22. In this example, due to the strict ellipticity, Assumption (A5) is
guaranteed for some ¢ > 0 (see Remark 15). Then Theorem 16 gives convergence
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T=0 T=050
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/ — Initial data —— Numerical solution
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0 / 0

\ / \
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Second order derivative with CN Second order derivative with BDF
10 ~ 10 ~—

TN utx (CN scheme) VRN uxx (BDF scheme)

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

N | I+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 -

2 40 5.53E-02 148 | 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 898E-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

0.131

TABLE 3
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 I +1 =20 x 2°, N = 222 is used.

with order §. Furthermore, Fig. 3, bottom row, suggests Holder continuity of u,, in
x, which is expected by virtue of the control being piecewise constant. Therefore, we
conjecture that Assumption (A6) is satisfied, such that Theorem 18 would give the
higher order 1/2 + §. In the test, in fact the full order 2 is observed (see Table 3).

8. Conclusion. We have proved the well-posedness and stability in L? and H'!
norms of a second order BDF scheme for HJB equations with enough regularity of
the coefficients. The significance of the results is that this was achieved for a second
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N | I+1] H' norm | L? norm | L*° norm CPU (s)
error order error order error order
1 20 4.11E-02 - 7.01E-03 - 9.44E-03 -

2 40 7.82E-03 2.39 | 1.45E-03 2.27 | 2.29E-03 2.04 0.113
4 80 1.97E-03 199 | 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 | 2.6TE-05 1.94 | 3.77TE-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

0.149

TABLE 4
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 I +1 =20 x 2°, N = 222 is used.

order (and hence) non-monotone scheme. For smooth or piecewise smooth solutions,
as is often the case, 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.

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
equation, or the Crank-Nicolson time stepping scheme for a second order equation,
which can show poor or no convergence.

Appendix A. Proof of Lemma 7. In order to prove the existence and
uniqueness of a solution to (21), we consider a fixed-point approach. The initial
problem (21) can be written as follows:

Sup(LaX - (Qa - UaX)) =0, (64)
a€A
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, (L,);; :=
(My,)ij1i>;, and U, the remaining upper triangular part, (Ug)ij := (Mg)ijli<;-
For a given vector ¢ € R!, let g(c) := X denote the (unique) solution of the
following simplified problem:

SER(LCLX —(ga — Uqc)) = 0. (65)

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

sup(Lo X —v,) =0
a€A

is given by



BDF2 SCHEMES FOR HJB EQUATIONS 25

Therefore, solving (64) amounts to solving g(X) = X. By elementary compuations
one can show that g is é-Lipschitz for the ||.||s norm, with ¢ := sup,, ||(La) " Uslco-
For a diagonally dominant matrix, the following classical estimate holds

| >1 Ma 1]
1(La) " Uullos < sup >jsi [(Ma) g
iet [(Ma)il — Zj<i |(Ma)ij]

(this is related to the Gauss-Seidel relaxation method; see for instance, Th.8.2.12
in [18]). 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 (64) as desired. O
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