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ON THE CONVERGENCE RATE OF OPERATOR SPLITTING FOR
WEAKLY COUPLED SYSTEMS OF HAMILTON-JACOBI EQUATIONS

ESPEN R. JAKOBSEN,.KENNETH HVISTENDAHL KARLSEN, AND NILS HENRIK RISEBRO

ABSTRACT. Assuming existence and uniqueness of bounded Lipschitz continuous viscosity
solutions to the initial value problem for weakly coupled systems of Hamilton-Jacobi
equations, we establish a linear L* convergence rate for a semi-discrete operator splitting.
This paper complements our previous work [2] on the convergence rate of operator splitting
for scalar Hamilton-Jacobi equations with source term.

1. INTRODUCTION
The purpose of this note is to study the error associated with an operator splitting
procedure for weakly coupled systems for Hamilton-Jacobi equations of the form
6’U,i
(1.1) at

Ule ) = uplo) BY.

=F Hi(t,a:,ui,Dui) = Gi(t,x,u) in QT = RN X (O,T), = 1, aie o I

where the Hamiltonian H = (Hi, ..., Hy,), is such that H; only depends on u; and Du;,
(and z and t). The equations are only coupled through the source term G = (G, ...,Gn).
We assume that under reasonable conditions the present problem has a unique bounded,
Lipschitz continuous viscosity solution, see Crandall, Ishii, and Lions [1] for an up-to-date
overview of existence and uniqueness results for fully nonlinear first and second order partial
differential equations as well an introduction to the general viscosity solution theory.
Our semi-discrete splitting algorithm consists of alternately solving the “split” problems

Ou; .
871 S, 0,y Dt =0 fon 7= 1550 0,
=G (sl a = (i el

sequentially for a small time step At, using the final data from one equation as initial data
for the other. We refer to Section 2 for a precise description of the operator splitting. We
prove that the operator splitting solution converges linearly in At (when measured in the
L™ norm) to the exact viscosity solution of (1.1). This is a generalization of the results in
[2], where convergence of a splitting algorithm was proved in the scalar case.

Date: June 5, 2000.
Key words and phrases. Hamilton-Jacobi equations, weakly coupled systems, viscosity solution, operator
splitting, error estimates.
Jakobsen acknowledges support from the Norwegian Research Council (NFR) under grant
no. 121531/410.
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2 JAKOBSEN, KARLSEN, AND RISEBRO

Before stating the our results, we start by defining our notation and state the necessary
preliminaries, for more background we refer the reader to Souganidis [5], see also [1].

Let ||f|| := ess sup,cyl|f(z)|. By BUC(X), Lip(X), and Lip,(X) we denote the spaces
of bounded uniformly continuous functions, Lipschitz functions, and bounded Lipschitz
functions from X to R respectively. Finally, if f € Lip(X) for some set X C RV, we
denote the Lipschitz constant of f by ||Df||.

Let F € C([0,T] xRY x R™ x RY) and uy € BUC(R") and consider the following initial
value problem

(1.2) e B8, 0, Do) = 00 in G,

(1.3) 00— i i TR

where uy € BUC(RY)..

Definition 1.1 (Viscosity Solution). 1) A function u € C(Qr;R) s a viscosity sub-

solution of (1.2) if for every ¢ € C'(Qr), whenever u — ¢ attains a local mazimum
at (zo,to) € Qr, then

(bt(IOatO) i F(to,.’Eo,u, D¢($0,t0)) S 0.

2) A function u € C(Qr;R) is a viscosity supersolution of (1.2) if for every ¢ €
CY(Qr), whenever u — ¢ attains a local minimum at (zo,to) € Qr, then

¢t(x03t0) ar F(tO?x07u7 DQS(:EO’tO)) Z 0

3) A function u € C(Qr;R) is a viscosity solution of (1.2) if it is both a viscosity
sub- and supersolution of (1.2).
4) A function u € C(Qr;R) is viscosity solution of the initial value problem (1.2) and
(1.3) if u is a viscosity solution of (1.2) and u(z,0) = uo(z) in RY.
From this the generalization to viscosity solutions of the system (1.1) is immediate.
In order to have existence and uniqueness of (1.3), we need more conditions on F.
(F1) F € C([0,T] xRN x Rx R") is uniformly continuous on [0, T] x RN x [-R, R] x
Bn(0, R) for each R > 0, where By(0,R) = {z € R" : |z| < R}.
(F2) supg,. |F(t z,0,0)| < oco.
(F3) For each R > 0 there is a yg € Rsuch that F(t,z,r,p)— F(t,z,s,p) > vr(r—s)
forallz e RV, -R<s<r<R,te[0,T],and p € RV.
(F4) For each R > 0 there is a constant Cr > 0 such that |F(t,z,7,p)—F(t,y,7,p)| <
Cr(1+ |p|)|z — y| for all t € [0,T), |r| < R, and z, y and p € RV,
Under these conditions the following theorems hold:

Theorem 1.1 (Uniqueness). Let F': [0, T] xRN xRxRY — R satisfy (F1), (F3), and (F4).
Let u,v € BUC(Qr) be wviscosity solutions of (1.2) with initial data uo, vy € BUC(RY),
respectively. Let Ry = max(||ul|, ||v||) and v = vr,. Then for every t € [0,T],

lu(, ) —v(, I < e [luo — woll-

Theorem 1.2 (Existence). Let F : [0,7] x RY x R x RY — R satisfy (F1), (F2), (F3),
and (F4). For every ug € BUC(RY) there is a time T = T(||luol]) > 0 and function
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ON THE RATE OF CONVERGENCE OF OPERATOR SPLITTING 3

u € BUC(Qr) such that u is the unique viscosity solution of (1.2) and (1.3). If, moreover,
vr n (F8) is independent of R, then (1.2) and (1.8) has a unique viscosity solution on Qr
for every T > 0,

Proposition 1.1. Let F : [0,T] x RY x R x RY — R satisfy (F1), (F2), (F3), and (F4).
If ug € Lipy(RY), and w € BUC(RY) is the unique viscosity solution of (1.2) and (1.3) in
Qr, then u € Lipy(Qr).

2. OPERATOR SPLITTING AND MAIN RESULTS

We now give conditions on G and H which in the scalar case (m = 1) will be sufficient to
get existence and uniqueness of a viscosity solution in Lip,(Qr). Moreover these conditions
are strong enough to give a linear convergence rate for the operator splitting.

We assume that H and G satisfy the following conditions:

(H1 — H4) For each i, H; satisfies conditions (F1) - (F4).
(H5) There is a constant L# > 0 such that |H;(t,z,r,p) — H;(t, z, s,p)| < L¥|r — s
for € [0, T}, 2,/ p'e BRY; rie R andisi=1,.. ., m.
(H6) For each R > 0 there is a constant N& > 0such that |H;(¢,z,7,p) — H;(t, z, 7, p)| <
N2t |l Vit -2 |sfor tit€ (0,0, |5l Salda i pee R, andgi=l. . st
(H7) For each R > 0 there is a constant Mg > 0such that |H;(¢, z,7,p) — Hi(t,z,7,q)| <
Mgzlp — q| for t € [0,T), |r| € R, =, p, ¢ € RY such that |p|, l¢|] £ R, and
= L S
(G1) G e C([0,T] x RV x R™; R™) is uniformly continuous on [0, T]xR" x B, (0, R)
for each R > 0.
(G2) There is a constant C® > 0 such that C¢ = supg,. |G(t,z,0)| < co.
(G3) For each R > 0 there is a constant C§ > 0 such that |G(¢,z,7) — G(t,y,7)| <
CG|lz —y|fort € [0,T), |r| < R, and z, y € RV.
(G4) There is a constant L% > 0 such that |G(¢,z,7) — G(t,z,s)| < LC|r — s| for
(t,z) € Qr and 1, s € R™.
(G5) For each R > 0 there is a constant N§ > 0 such that |G(¢,z,7) — G(f,z,7)| <
NS |t —t| fort, € [0,T), |r| < R, and z € RV,
Note that by the conditions (F2) and (G2) we can assume that H; satisfies H;(¢, z,0,0) = 0.
If this were not so, we could simply redefine H as H(t¢,z,u,p) — H(t,z,0,0) and G as
G(t,z,u) — H(t,z,0,0).

We shall assume that there exists a unique solution u € Lipy(Qr; R™) to the initial value
problem (1.1) under the assumptions (H1)-(H7), (G1)-(G5), and ug € Lip,(Q; R™).

First we will state an error bound for the splitting procedure when the ordinary dif-
ferential equation is approximated by the explicit Euler method. To define the operator
splitting, let

E(t,s) : Lipy(RY;R™) — Lip,(RY; R™)
denote the Euler operator defined by

(2.1) E(t,s)w(z) = w(z) + (t — s)G(s, z,w(z))
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4 JAKOBSEN, KARLSEN, AND RISEBRO
for 0 < s <t <T and w € Lipy(RY; R™). Furthermore, let
Su(t,s): Lipy(RY) — Lipy(RY)
be the solution operator of the scalar Hamilton-Jacobi equation without source term
R ay - Hi by wylln V=) il Tyl = b ()

i.e., we write the viscosity solution of (2.2) as Sg(t, s)w(z).
We let S denote the operator defined by S(t,s)w = (Su,(t, s)ws, ..., SH,,(t, s)wn) for

any w = (wy, ..., wy,) € Lip,(RY;R™). Now we can define our approximate solutions: Fix
At > 0 and set t; = jAt, set v(z,0) = vo(z) and
(2.3) v(z,t;) = S(tj,t-1) Bt ti-1)v (s ti-1)(2),

for 7 > 0. Note that this approximate solution is defined only at discrete t-values. Our
first result is that the operator splitting solution, when (2.2) is solved exactly, converges
linearly in At to the viscosity solution of (1.1).

Theorem 2.1. Let u(z,t) be the viscosity solution of (1.1) on the time interval [0, T), and
v(z,t;) be defined by (2.3). There exists a constant K > 0, depending only on T, |jugl|,
II1Dwoll, ||voll, |Pwoll, H, and G, such that for j =1,...,n

lu 25) = v, 35l < K(lluo — voll + At).

We will prove this theorem in the next section.

Our second theorem gives a convergence rate for operator splitting when the explicit
Euler operator F is replaced by the exact solution operator E. More precisely, let E(t,s) :
Lipy,(RY; R™) — Lipy(RY;R™) be the solution operator of the system of ordinary differ-
ential equations

(2.4) =Gl AT s ="

where w € Lipy(RY;R™). Note that z acts only as a parameter in (2.4), and that the
assumptions on G ensure that E is well defined on the time interval [s, 7.

Analogously to (2.3) we define the approximate solution {o(z,;)}7_,,

(2.5) (2, t;) = S(t, tj-1) E(tj, t-1)8(-, ;1) (2),
for j > 0 and v(z,%y) = vo. Then we have:

Theorem 2.2. Let u(z,t) be the viscosity solution of (1.1) on the time interval [0,T] and
v(z,t;) be defined by (2.5). Then there exists a constant K > 0, depending only on T,
llwoll, |Duoll, l|voll, | Dwoll, H, and G, such that for j =1,...,n

lu(,t5) = 9(, )l < K (lluo — voll + At).

Remark 2.3. Theorems 2.1 and 2.2 are generalizations of Theorems 8.1 and 3.2 in [2].
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ON THE RATE OF CONVERGENCE OF OPERATOR SPLITTING 5

3. PROOFS OF THEOREMS 2.1 AND 2.2

We will proceed as follows: First we give some estimates we will need later. Then we
introduce an auxiliary approximate solution and prove linear convergence rate for this
solution. This proof involves the scalar version of Theorem 2.1. We proceed to show that
the operator splitting solution converges to this approximate solution with linear rate. This
completes the proof of Theorem 2.1. Finally we give a proof of Theorem 2.2. This proof is
similar to the proof of Theorem 3.2 in [2].

We start by stating the relevant estimates on S. Let w,w € Lip,(RY), 0 < s <t < T,
and R; = sup, ,; ||Si(t, s)w||, then

(3.1) I1S:(t, )wll < =],
(3.2) ID{SHessdel] < e r iR Bl PR S s K )
(3.3) 1S:(t, s)w — Si(t, s)d|| < =" ||w — ),

where K (R) is a constant depending on R but independent of ¢, ¢, and s. Estimate (3.3)
is a direct consequence of Theorem 1.1. Note that in this case v = L#. Estimates (3.1)
and (3.2) correspond to estimates (4.7) and (4.8) in [2]

Regarding the approximation defined by (2.3), v(-,¢;), we have the following estimates:

Lemma 3.1. There is a constant R independent of At such that max;<;<n |[v(:, ;)] < R.
Moreover for every 1 < 7 < n,

(@) [|v(-, ;)| < m e+l (Jlug || + 1,09,
(8) 1 Dv(-, 1)|| < m B HmESHKEN )| Dyg|| + ¢;(CF + K(R))}.

Proof. To prove a) and b), we need (3.1), (3.2), and the definition of the operator E. We
only give the proof of a). The proof of b) is similar. By (3.1) we get

(3.4) 1Si(ts, ti-1) {E @, ti—)v(- 50| < XA |{B(t;, ts-1)v(, tii)td|
We then use the definition of E (2.1) and (G3), (G4) to get
B, trow( 20 bl o =] = At (C% et ES et 2]}

Note that ||v(-,t;-1)|| < %, ||vi(-, tj=1)||- Now using this and summing over ¢ in inequality
(3.4), we get

Z [1(t5, t-1){ E(t, tj-1)v (-, t-1) Ll

(3.5) < eLHAt{ (1+ AtmLG) 2’”: lvs (-, ti-)]|| + mCGAt}

i=ll

< elt4mi {Zuvz o)l + mCPAt )
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6 JAKOBSEN, KARLSEN, AND RISEBRO

The result in a) now follows from successive use of (3.5) and an application of the inequal-
ities |z| < >, |z;| < m|z| for z € R™. Replacing t; by T in a), we see that the existence
of R is assured. O

Proof of Theorem 2.1.
Let u denote the solution of (1.1) and define
(3.6)

Gl ol =G (00 aile )y . U w2 (el R S et S (o e e =l 2.

Note that the function G; satisfies (G1)-(G5) for alli =1,...,m.
Using G;, we can rewrite (1.1) as a series of “uncoupled” equations

g X
8121 4 B mpu, Dughes Grgld s Rl g e 1,

Of course, the viscosity solution of (1.1) u is also the unique viscosity solution of the system
of equations (3.7).

Now we want to do (scalar) operator splitting for each equation in (3.7). To this end,
Iy 5 e R et T = (g G B s i NG OB A e
Lipy(RY; R™) let E;(t, s)w; be given by

(3.7)

Ei(t,s)w; = w; + (t — 5)G; (s, z,w;) .
Now we define the following operator splitting solution o = (91, ..., Un),
(3-8) Ui(z,t5) = Si(ty, tj-1) Ei(ty, tj-1)0i(z, 1),
for 7 > 1, and ¥;(z, tg) = ue;(z). Note that E; is the Euler operator for the equation

a’U,i
ot

= éi(t, 25 ’LLi).

Hence by the results of [2]:

Lemma 3.2. Let u(z,t) be the viscosity solution of (1.1) on the time interval [0,T] and
U(z,t;) be the operator splitting solution (3.8). There exists a constant K' > 0, depending
only on T, ||uo||, ||Dwol|, H, and G, such that for j =1,...,n,

Ju( t5) — (-, )|l < K'At.

Using the above lemma, we wish to estimate ||o(-,¢;) — v(-,t;)||, and start by using the
definition of the operator splitting solutions (2.3) and (3.8) and the estimate (3.3). Then

|5; (2, ;) — vi (2, )| <|Silty, ¢-1) Eilts, t5-1) iz, t51)
— Si(tj, tj-1) (B, tj—1)v(z, tj-1))]
e e LB (e T s (it e (L St s VGRS
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By the Lipschitz contin.uity of G, we have that
|Ei (85, 85-1) Ui (2, t5-1) — (B (&, t-1) v(-, tj-1))4]
< 15 — ) (2 5-0)| + A4|Gs (w1, -, Tl 1) - )

e ) t]-_l))l
o — vyt RS A (e | G e R St ()
(0 — vi) (2, 1) ] + LGN(K% = U3) (@, 8j-1)| + [(Dis — vie) (3, 85-1)]

+ 15 = v) (@, t51)])
< (% = v) (x,t5-1)| + LEK' A + LEV2AL |5(z, 1) — v(z, tj_1)| -

IN

VAN

Summing the resulting inequality over ¢ yields

m

Z |6 (z; tj) =l tj)|

=1

S eLHAt (mK’LGAt2 il (1 aF mLG\/iAt) Z [171'(.’17, tj_l) T Ui(.’l,‘, tj_1)|>

d=1

< G(LH+m\/§K,LG)tj Z |UO’1'(LU) 3 ’Uo,i(l')l s mK'LthAt
Gl
Hence Theorem 2.1 holds. O

Proof of Theorem 2.2. We end this section by giving the proof of Theorem 2.2. Assume
for the moment that

(3.9) v (z,4;) = 5 (z,1,)]| < CAt

for all j, where C is a constant depending on G, H, T, ||uol|, || Duol|, ||voll, and || Dwvo]| but
not At. Using (3.9) and Theorem 2.1, we find

lu (- t) = 0 ()l < w5 8) —o Gl + o (5 t5) =9 (,85)]
< K (Jlup — vol| + At) + CAL.

Setting K = K + C, we conclude that Theorem 2.2 holds. It remains to show (3.9). Using
the same arguments as when estimating the local truncation error for the Euler method
we find that

Z {E {41, t5)0(z, ;) — Etj41,t5)0(2, 8) 1| < il Z {o(z, ;) — 0(z, t;) }| + CAL,
=1 =11

where C = mLS(L°R + C®) + mN§. Here R > max (|| E(t;,t)3(-, t;)|| , lv (- 2)l), R is
finite by arguments similar to those used in the proof of Lemma 3.1. Now using this we
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find that
Zn{v +1) = Dt hill = D (S, ) Bltnn, Yo ( 1)

—S(]_H, )E( 415 )7—}('7tj)}i

< e8Y T {B (i ti)u( 1) = Bltin, 5)5( 1)}
i=1
(3.10) < LB (S o, ) = 3, 1)1l + CAL).
i=1
Since that ©(z,0) = vo(z), repeated use of inequality (3.10) gives (3.9). 1|

4. A FULLY DISCRETE SPLITTING METHOD

In this section we present a simple numerical example of the splitting discussed in this
paper. For simplicity we shall consider a system of two equations in one space dimension

(4.1) us + H(uz) = f(u,v), R el =l

When testing this numerically, we must replace the exact solution operator S by a numerical
method. As most numerical methods for Hamilton-Jacobi equations are have convergence
rates of 1/2 with respect to the time step, we use a front tracking algorithm, which has
a linear convergence rate with respect to the time step. This front tracking algorithm is
described in [3] and we shall only give a very brief account of front tracking here.

Front tracking uses no fixed grid and the solution is approximated by a piecewise lin-
ear function. The discontinuities in the space derivative, the so-called fronts, of the ap-
proximate solution are tracked in time and interactions between these are resolved. This
algorithm works for scalar equations in one space variable of the form

U H (=0

For equations in several space dimensions, front tracking can be used as a building block
in a dimensional splitting method, see [4].

For weakly coupled systems of the form (4.1), the approximate solution operator E
depends on both u and v. Therefore, after the action of £, we must add fronts in the
approximation of u at the position of the fronts in v and vice versa. In this situation we
cannot in general find a global bound on the total number of fronts to track. In order to
avoid this problem we use a fixed grid z; = 1Az, for < € Z, and set

(4.2) Bies mienbiity

where 7 is a linear interpolation to the fixed grid and S™* is the front tracking algorithm.
Unfortunately, this restricts the order of the overall algorithm to O(Az!/?). Nevertheless,
we do not have any inherent relation between Az and At, and we used Az = At/10.
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06

02

FIGURE 1. u(z,1) and v(z, 1)

TABLE 1. At versus 100 x L error.

At T 7172 [T a] TR s
Error | 32.0 | 165 | 11.6 | 8.3 | 5.1 | 3.2

We have tested this on the initial value problem

1
U+ 3 (uz)® = dv(u+1)
(4.3) ] uw(z,0) = v(z,0) =1 - |z|, forze€[-1,1],
G (vz)” = u? + o2

and periodic boundary conditions. In figure 1 we show the approximate solution at ¢t = 1
using At = 1/8. To find a “numerical” convergence rate, we compared the splitting solution
with a reference solution computed by the Engquist-Osher scheme with Az = 1/2000.
Table 1 shows the relative supremum error for different values of At. These values indicate
a numerical convergence rate of roughly 0.63, i.e., error = O (At%%%), much less than the
rate using an exact solution operator for the homogeneous equation.
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