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A CLASS OF HIGH RESOLUTION DIFFERENCE SCHEMES FOR
NONLINEAR HAMILTON-JACOBI EQUATIONS WITH VARYING
TIME AND SPACE GRIDS*

HUAZHONG TANGT AND GERALD WARNECKE*

Abstract. Based on a simple projection of the solution increments of the underlying partial
differential equations (PDEs) at each local time level, this paper presents a difference scheme for
nonlinear Hamilton—Jacobi (H-J) equations with varying time and space grids. The scheme is of
good consistency and monotone under a local CFL-type condition. Moreover, one may deduce a
conservative local time step scheme similar to Osher and Sanders scheme approximating hyperbolic
conservation law (CL) from our scheme according to the close relation between CLs and H-J equa-
tions. Second order accurate schemes are constructed by combining the reconstruction technique with
a second order accurate Runge-Kutta time discretization scheme or a Lax—Wendroff type method.
They keep some good properties of the global time step schemes, including stability and conver-
gence, and can be applied to solve numerically the initial-boundary-value problems of viscous H-J
equations. They are also suitable to parallel computing.

Numerical errors and the experimental rate of convergence in the LP-norm, p = 1, 2, and oo, are
obtained for several one- and two-dimensional problems. The results show that the present schemes
are of higher order accuracy.
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1. Introduction. Consider the Hamilton—Jacobi (H-J) equation
(1.1) ¢t+H(X7t5¢I17"'7¢$d):O’

with initial data ¢(x,0) = ¢o(x), where x = (x1,...,24) € R%. The H-J equations
have very important applications ranging from mathematical finance and differential
games to front propagation and image enhancement. For this reason, there have been
many theoretical and numerical studies of the H-J equations in the past two decades.

It is well known that the solutions of the above initial value problem are generally
continuous, typically locally Lipschitz continuous, but with discontinuous derivatives
after a finite time even if the initial data are smooth. It introduces great difficul-
ties in theoretical analysis and obtaining numerical solutions of the H-J equations.
The definition of viscosity solutions and the question of well-posedness were formu-
lated and systematically studied by Crandall and Lions [5, 7] and Crandall, Ishi, and
Lions [6]. In [7], Crandall and Lions studied the convergence of monotone finite differ-
ence schemes to the viscosity solutions of (1.1). Unfortunately, the monotone schemes
are at most first order accurate, measured by local truncation errors, in the smooth
regions of the solution. A rigorous analysis of convergence rates for the H-J equations
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can be found in [10]. Typically, there is a close relation between the H-J equations
and hyperbolic conservation laws (CLs), and as a result the concepts used for CLs can
be transferred to the H-J equations. The existing high resolution methods for solving
the H-J equations include high order essentially nonoscillatory (ENO) schemes intro-
duced by Osher and Sanders [16], Osher and Sethian [17], and Osher and Shu [18],
and the central high resolution schemes proposed by Kurganov and Tadmor [12] and
Lin and Tadmor [13, 14]. Jin and Xin [11] investigated the numerical passage of the
relaxation approximation for CLs to the H-J equations. On the unstructured meshes,
high order schemes constructed for the H-J equations are relatively rare. Abgrall [1]
extended monotone-type finite volume schemes to first order H-J equations on trian-
gular meshes and developed a high order approximation in [2]. In a recent work from
Zhang and Shu [24], high order WENO schemes are developed on the unstructured
meshes for two-dimensional nonlinear H-J equations. Tang and Tang [19] and Tang,
Tang, and Zhang [20] studied adaptive mesh methods for multidimensional hyperbolic
CLs and H-J equations.

In practice, when solving evolutionary problems numerically, it may occur that
in some spatial regions one needs a smaller time step than in other regions. For
example, when an adaptive grid method is introduced to resolve a singular or nearly
singular solution, the allowable time step will be reduced for an explicit scheme. For
an implicit scheme, the time step size is often constrained by nonlinear convergence
too.

Based on a direct projection of the solutions, Osher and Sanders [16] proposed
a first order accurate difference scheme for nonlinear CLs with varying space and
time grids. Berger [3] did a study on conservation at space and time grid interfaces
and gave a conservative scheme with multitime increments. In fact, they result in
the same scheme. The main advantage of their schemes is the conservativity, which is
very important in numerical approximations for hyperbolic CLs. However, they suffer
a loss of consistency near a time grid interface.

The purpose of this paper is to study high resolution numerical approximations
of nonlinear H-J equations with varying space and time grids. Because there is
no need of conservation now, we will use the projection of the solution increments
of the H-J equations to construct our local time discretization schemes, which can
be conveniently implemented and are of good consistency. On the other hand, one
may derive a conservative local time step scheme, similar to the Osher and Sanders
scheme [16], approximating hyperbolic CLs from our schemes approximating the H-J
equations. Second order accurate difference schemes will be constructed by combining
the reconstruction technique with a second order accurate Runge-Kutta scheme or a
Lax—Wendroff-type time discretization. The schemes can keep some good properties
of the global time step schemes, including stability and convergence, and can be
applied to solve numerically the initial-boundary-value (IBV) problems of general
H-J equations with second order spatial derivatives. They are also suitable to parallel
computing.

This paper is organized as follows. In section 2, a class of high resolution local
time step discretization schemes for nonlinear H-J equations is presented based on
a simple projection of the solution increments of the underlying PDEs at each local
time step. Second order accurate difference schemes are constructed by combining the
reconstruction technique with higher order accurate time discretization methods. In
section 3, the local time step schemes are applied to several model problems, including
a periodic problem of the two-dimensional Navier—Stokes equations in nonconservative
form. We give numerical errors and the experimental rate of convergence in the
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LP-norm, p = 1,2, 00, to show the accuracy of the schemes. The paper is concluded
with a few remarks in section 4.

2. Numerical schemes. For simplicity, in this section we will mainly restrict
our attention to the one-dimensional scalar H-J equation

(2.1) ¢+ H(dz) =0,

subject to the initial data ¢(z,0) = ¢o(z), where z € R and the Hamiltonian H(u) €
C(R). A simple description of the scheme in two dimensions will be given at the end
of section 2.1. Moreover, our schemes will be used to compute two-dimensional H-J
equations with a general Hamiltonian in section 3.
Give a partition {z,};cz of the physical domain R, and denote hj+% = Tj41— Ty,
qS? = ¢o(x;), and u;.l+% = (9741 — qb?)/hﬂ_%, where z; denotes a grid point, j € Z.
A three-point explicit scheme approximating (2.1) may be represented as

~

(22) (Z);H_l = (b? - TnH(u;L_% ) ’LL;L_,'_%) = ¢§L + (6¢)§L7

where 7, = t, 41 — tn, and H; = H(UF% , uj+%) is considered as a numerical Hamil-

tonian. In this paper, we assume that H; is monotone; that is to say, f[(u,v) is
nondecreasing in the first variable and nonincreasing in the second variable. For the
explicit scheme (2.2), there is generally a need for the time step size 7,,

q, H,
(2.3) Tn - <1,
hj—% hj+é

in order to keep the stability of the scheme, where ﬁu =
The condition (2.3) ensures that the right-hand side of (2.2) is a nondecreasing func-
tion with respect to ¢, p = —1,0,1; that is to say, the scheme (2.2) is monotone
under the previous assumption, and its solutions will be convergent to the viscosity
solution of (2.1).

8ﬁ(u,v) T Bﬁ(u,v)
“ou and Hy, = =50

It
t, t

»- »
> >

jo'l jo jo’fl j0+2 X jo’l jo jo+l j0+2 X
(a) (b)

Fi1G. 1. Nonuniform meshes in time and space.

2.1. First order local time step discretization. We first consider a special
case with two time increments, W) .= 7, and 7@ = %Tn, and assume that 7(1) is
used for the grid points with an index in the set D; = {j[j < jo — 1} and 7 is for
Dy = {jlj > jo}. See Figure 1(a); 7, = t1 — to there.

For this special case, we may compute directly ¢?+1, 7 < jo — 1, by the scheme

(2.2) once, and ¢;‘+1, Jj > jo+ 1, by using the scheme (2.2) twice, i.e., at the local
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1
"*2 has been computed. The remaining

Jo
, which will depend on the solutions qﬁj 2, ¢"+27

time levels t,, + l7'n and t, + 7,, after ¢
problem is to compute (;WH
QS;-LO—:_"’l. Because the solutions ¢; nt3 and gb] +1 have been computed with a small

time step, we consider defining ¢7'0—21~ There are two possible ways to define ¢j0—1
The first one is to directly project the solution as the one used in [16], i.e., evaluate

1
¢?Ot21 = ¢% _1. Another is to project first the increment of the solution: assuming
that (6¢)%, _; is known, then we evaluate or project (6¢)J % = (6¢)7 _; and update

¢n+2 P 4 5(6(;5) % _qand ¢;_LO+_11 = (;5?; 24 (6(;5)”+z simultaneously. The former
W111 suffer a loss of local consistency near a tlme grld 1nterface, while the latter does
not. To show this, we assume that H(¢,) = cd, and hj+% = h for any j € Z, and
the numerical Hamiltonian in (2.2) is taken as

= C

H; = ﬁ(%‘ —¢j—1),

where ¢ and h are two positive constants. If there is a time grid interface at x;, as
shown in Figure 1(a), then using the direct projection of the solution is used; i.e.,

+
(b?o_?l = j 1 gives
1 n+i CT, n+i n+i
¢?0+ = ¢ju C - 27;;((725]'0 F - ¢j0—21)
CT, CT, +1
(2.4) = ;}0 - T;Z( ?o - ?0*1) - 27;:(975;0 C - ?0*1)’

1
where ¢?0+2 is computed by using (2.2) with a small time step size. The modified
equation of the scheme (2.4) is derived by using the Taylor series expansion at z;, as

CTn ch Tn er? 9 3
bt + ey = _E(bt + ?(bx;c - ?Qﬁtt - @Qﬁtt +O(R*, 72,73 /h).

It is clear that the scheme (2.4) will be locally inconsistent with the underlying PDE
¢t + cpy = 0 if 3= — a, a finite constant, even though h — 0 and 7, — 0.

For this reason, we will apply the projection of the solution increments to con-
n+%

struct our schemes. For the case considered here, we first evaluate (6¢); 3 :=

(6¢) J.—1 and then update the solutions qb %1 and q§”+11 simultaneously as follows:
(2.5) oA =+ (6¢) Ay

7 n+3 nts _ n n
(2.6) P = ¢l 5 (6¢) o = 1+ (6871

Obviously, (2.6) is identical to (2.2) at xj,—1. The computation of ng "L may be
considered by implementing (2.2) twice. However, it does not actually 1ncrease the

computational cost, because the solution increment (6¢) +_2 is evaluated by using
simply the known value of (6¢)% _;.
The above scheme can be implemented as Algorithm I.
1
Step 1. Compute the solution increments (6¢)7 and the solutions gb;H_Q for all
VRS A

(27) G =64 601y, or 6 -6y = S (605
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Step 2. Project the solution increments (6¢)} such as

1 6p)7, i € Dy,

(2.8) (69); "% = COL Ly, D

J _TnH(u',f7u' 12)’ ]€D2~

J—3’ Jt3
Step 3. Update the solution qb’-”l at t =t,4q forall j € Z:
n n+ n+
(2.9) Pt =¢" 4 o (5¢) >

Using 7(Y) := 7, and 7 = %Tn as defined above, Algorithm I may be rewritten

in a compact form as follows:

(210) ¢n+2 ¢ + T(2 ((5¢) j Z j() _ 17
(2.11) Pt = ¢Z++1T W(60)7, . J<Jo—1,
’ o1 1T @(69) 1, > o

Comparing (2.10)—(2.11) to the global time step discretization scheme (2.2), we
have the following lemma.
LEMMA 2.1. If the time step size TV, i = 1,2, satisfies

v ( H, H,
(2.12) 7@ <h — ) <1,

i-3 ey

then the scheme (2.7)—(2.9) is monotone and consistent. Moreover, it is also conser-
vative with respect to u = ¢, i.e.,

n+1 _ _ 0
(2.13) Zuﬁ_{zh‘ ==l ik
j j

Proof. The monotone property can be obtained by comparing (2.10)—(2.11) to
the global time step discretization scheme (2.2).
To show consistency, we replace (2.4) by

41 n+3 CTn , ,n+3 n+3
gt = gtk _ Tngned _ gnidy
CThn

2h
(2.14) =, = 5 (05, = B,1) = 5 (95 = 0 T).

CTn
Again using the Taylor series expansion at xj,, we may derive the corresponding
modified equation as follows:

ch Tn
b+ ey = ?(bzm - ?Qstt +O(h?, 7).
Due to the definition of u and Algorithm I, the conservation may be found from

n+1 __ Tn 7 7 - .
Uip: = U1 o . (Han+1 Hy + H}' — Han) v J=Jo—2,

+1 Tn = Snt s
(215) U;L07% 7u?0*% 72}1171 <Hn HO 1+H 2 H‘;q(l) 1)
Jo—3
, ~ + ~nt+l . .
=g (B B B e
JT3

From these, the proof of Lemma 2.1 is completed. ]
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The proof of Lemma 2.1 tells us that a conservative local time step discretization
scheme (2.15) is derived for hyperbolic CLs

ou  OH(u)
(2.16) EJF p

which is similar to the Osher and Sanders scheme given in [16]. But there exists a
slight difference between them, because the Osher and Sanders scheme is given as

T ~
=, — (H”

:O,

—Hy +Hyyy - HY ) G <go-2,

j+1 j+3 . Jt+l
JT3 2 2h]+%
== T (= H (e ) = H (w0 )
Jo—* jo=3  2h, 1 Jo—1 jO** Jo+3 Jo—37 Tjo—1% ’
Jo—3
n+l _ . n _ Tn n in 5 ntsg nt3g (. n+g
Yiord = Yo+t o, (HJ0+1 HJ0+H(“jo+§’“jo+g H{wj 1041 ) )
Jo+3
n+l _ . n _ Tn Tn n "+2 o Gty P> 4
Uiy = Uiy 72hj+; (HJ+1 H +H;, H; v J=Jo+ 1

Obviously, the numerical implementation of the scheme (2.15) is more convenient than
the Osher and Sanders scheme.

In the following, we extend Algorithm I to a more general case with multitime
increments 7, a7, [ = 1,..., k, where Zle a; = 1; see Figure 1(b). Define 5y = 0,
ﬂl Z 1C¥Z,l:1,...,k.

The algorithm with multitime increments can be described as follows (we consider
it as Algorithm II).

Step 1. Compute the solution increments (0¢)7 and the solutions (b;”rﬁ ! for all
JEL:

(2.17) (60)] = —TnH(u;.L %,uﬁ_%),
(2.18) G = 67+ an (69)T.

Step 2. For l =2,... k, do the following:
(a) Project the solution increments (6¢)?+ﬁ '=' at each local time level:

(6¢);L+Bl,1 _ {(6(;5)?7 ] € Dla

—r Hu" T ey e D,
J—3% J+3

(2.19)

(b) Update the solution (b;”rﬁ’ at t =t, + 57, for all j:
(220) QS;-LJFBZ _ ¢;}+Bz—1 + al(6¢)?+ﬁl_l.
For the scheme (2.17)—(2.20), the conclusions of Lemma 2.1 still hold with
(7, 7)) = (7,,, max;{oy7,, }), and we can also give a conservative scheme for (2.16)
with multitime increments as follows:

k
+1 _ Olen = = . .
UNELIEDY (A= 07), 5 <o -2,

Jjt+3 .
’ 2D Mg

k AT,

ntl _om ITn (Fm+Bios Fim

(2.21) el =l ZZ T (Hjo Hj0_1> :

=1 2
k

n+tl _  n Z QTn gntBi-1 _ fntBi-1 . .

Ui = s oh Hin H; »J 2 Jo-
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Before ending this subsection, we give a two-dimensional extension of the above
schemes. The Cauchy problem for a two-dimensional H-J equation is given by

(2.22) {@ +H(V¢) =0, (2,t) € R* x (0,00),

¢(x,0) = po(z), = €R?.

Generally, (2.22) can be formulated as a system of CLs [11], simply by considering
the equations satisfied by the gradient u = (u,v) = Vé(x,t) of the solution of the
above Cauchy problem,

(2.23) {“t +VH(u) =0, (z,t) € R? x (0,00),

u(z,0) = ug(z) = Voo (), = € R2

For convenience, we restrict our attention to a regular but nonuniform mesh
{(x,yr)}jrez for a rectangular domain Q, for example, Q = [z, zRr] X [yr,yr]. If a
uniform time step size is used in €, then at each grid point (z;,yx), we may use the
scheme

(2.24) S = O+ (60)7 k.

where (6¢)§-’7 TnHJ o and H ' = H( ) is any appro-

'I’L n n
— 3k Uik d e V=3 Ykt
priate numerical Hamiltonian; see, e.g., (3.3). If H ;. is monotone with respect to its
arguments, ¢;+1,% and ¢; x+1, then the scheme (2.24) is monotone under a suitable
CFL condition.

We assume now that the computational domain €2 is discretized such that the half
step size h;/2 is within the horizontal strip [z,,x] and h,/2 is within the vertical
strip [yq, ys], respectively, where z; < z, < 2, < zg and yr, < y, < yp» < yr. The
half time step 7/2 is used in [z4, 2] X [ya, yp), While the global step sizes hy, hy, and 7
are taken in the rest of the domain €2, respectively. Then the local time step scheme
with two time increments may be given as follows:

n+ ~ .
(2.25) {‘7% P J+k (‘5¢>a k=9 —éTnHﬁk’A L, ke af,
¢n+1 ¢ 2 (6¢) ’ = ¢j’]€ 2 — %T”Hj,k 2 (], k) S Q}”
n+x n S .
(2.26) {‘bjak SOt (6¢)J & = Ok JjT e (4, k) € 02,
Gt = ¢TI 4 16T = g0t — L HY, (k) € 03,

where Q7 denotes the set of the grid points in [z4, 5] X [Ya, yp], and Q7 denotes the
set of the grid points in the rest of ). It is obvious that the scheme (2.25)—(2.26)
is of a monotonicity property the same as that of (2.24), if H;; is monotone with
respect to its arguments as before, and the local and global CFL conditions hold
within Q} and Q2, respectively. The conservation property may also be derived
with respect to u and v, where u; 1, = (Fj11.6 — &j)/(Tjs1 — x;) and v, 1 =
(Dskt1 = jik)/ (Yrt1 — Uk)-

2.2. Higher order accurate spatial discretization. In this subsection, we

introduce a reconstruction technique to improve the accuracy of the previous schemes
in space. Following [23], we construct a piecewise linear function,

(2.27) Wi (@) = W+ ST e - agy ), @ € g aga),
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to replace the original piecewise constant function at each local time level ¢t = t,+5;7,,
where §y = 0, Ti1 = %(xj + 41), and S"jll is a numerical slope approximating
(ux);i'g’, [ =0,1,...,k — 1. High resolution local time step discretization schemes
can be derived if the term H(ujfé,uj#%) in the previous algorithms is replaced by
I:\I(uj,L,u%R), where u; 1 = wjfé(a:j) and u; g = ijr%(xj).

There are many ways to define the approximate slope S "If *. The commonly used
2

formulae are

n+B _ s n+B8,L ogn+Bi,R
(2.28) Sj+% = minmod (SjJré ,Sj+% ) ,

Sn+51, ‘ STH'BM ‘

1
(220)  S1H0 = (sign(S7FP") 4 sign (57 7pon) ) s LDk
‘ n-‘rﬁu ’_1_‘5']"_:-517 ‘4—6
2
gl ] +eR) gmipnl ]s”*ﬁ“ ] o) grpR
(2.30) gntBr _ its its i+
. J+2 Sn-{-ﬂl, ‘ Sn+6l7 ‘ —|—§L_|_8R )

i+3

which are the Minmod limiter, the van Leer limiter, and the van Albada limiter,
respectively. Here

n—+ n—+
A+U,,+fl A+U/._fl
Sn+ﬁl7 _ JT3 Sn“l’ﬁl’ — J
i+3 ) i+3 ]
2 A_;'_I]_,'_% 2 A+33j_%
A+u?j:f b= u;lig b — uj:f ', e is a small positive constant to avoid the denominator
2 “ 2 2

respectively. A limiter is used to ensure that the solutions of the high resolution
schemes are oscillation free.
Remark 2.1. When using the piecewise linear function w

n+ﬁz
+
larger than that of the first order scheme Thus, to keep consistency, we should also

enlarge the projection region of the solution increments. As an example, we consider
a simple case shown in Figure 1(a). When the first order scheme is used, we need
only to project solution increments at x;,—; in order to evolve the solution at xj,.
However, when we use the above second order scheme, we should project the solution
increments at x;,—1 and x;,_> in order to evolve the solution at z;, and calculate the
approximate slope.

Remark 2.2. The above scheme is a MUSCL-type or slope-limiter type method
and is explicit; similar to that for hyperbolic conservation laws, the CFL number
should generally be taken less than 0.5 for a one-dimensional case and 0.25 for a two-
dimensional case, respectively, in order to keep stability. Certainly, it may be relaxed
with some further modification of the method.

becoming zero, i.e., 0 < ¢ < 1, and ¥ and £ are taken as Ch;_1 and Cthr%,

N

n+06;
its
, the stencil of the second order scheme becomes

(z) to replace the

piecewise constant function v’

2.3. Higher order accurate time discretization. To increase the accuracy of
the time discretization, we use Runge-Kutta methods or Lax—Wendroff-type methods
to replace the forward Euler time discretization used in the previous version.
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A second order explicit TVD Runge-Kutta method is implemented in Algo-
rithm IIT.

Step 1. Compute the solution increments (6¢)7 and the solutions é;
ty, + B17m, for all j € Z:

(2.31) P = o7+ (69)T,

J

n 1 1 n n 1% n 1%
(2.32) o7 =5 (97 + 97T+ an(59)7 )

n+p51 at t =

J

where (6¢); := =1, H (uj 1, u; R)-
Step 2. For | = 2,...,k, project the solution increments (6@25)?—%[’1 and update
the solutions (b;“rﬁl at local time level t = t,, + B;_17y:

_ 6¢)n j c Dl
2.33 sp) P = (69)7, ;
( ) ( ¢)J {_TnH(U;LIBl17U?,EBZI), je D,,
n n+pBi—1 .
(2.34) FrBL %:;51(5(2% o j €D,
’ o; T ()T, j € Do,
@39 GO = —n AW ),
. 2¢n_’_7 <¢n+ﬁz, +ﬁ(5¢)n+5l7 )7 jeD,
(236) ¢j = n+pG1-1 n+3,* By, * .
29 +3 (%— +ai(69); ) j € Ds.

To verify the accuracy of Algorithm III in time, we restrict ourselves to the cases
shown in Figure 1(a) and define L(¢j—1, @5, ¢j+1) = (0¢);/mn and L' := 37, L;, where
the term L; denotes the partial derivative of L(u, v, w) with respect to the ith variable.

Moreover, we will assume that L(¢;_141,¢j+1,Pj+1+1) = L(dj—1, 05, ¢j41) + O(h),
O(h) = O(1p), for all j € Z.
Using Taylor series expansion and Algorithm III, we have

o = ¢"+—(L+ TLL) (@)1, 8} 64a) + O(7), j € 2,

ot =g I (L L) (62 6 et + o), G <02,
n Tn

O = 6+ 1 (L+ TLL) (91,0 0740) + O, j = o+ 1.

In the following, we still need to check the truncation errors of Algorithm III at
x;, and x;,—1. Again using Taylor series expansion provdes the following:

d)?oﬂ _ ¢n+2 Lz <¢n+1 * L L(¢n+—1 *’¢n+1 *7¢?04;11,*))’
- w“ + Z( @85 2 D) + L 6 )
=o'+ T (L L) (6,65 60 D) + o).
Here we have used the relations
oIt = gt L T g TR = 6 L@y 6 ) + O(r2), j € Dy,

2
n+lx _ n n non o+ n+3 n+i  nt; .
¢j+ = @] + 7 L( 195 j+1) =¢; ° + 2 (¢J 127925 27¢j+12) (7'5)’ Jj €D



10 HUAZHONG TANG AND GERALD WARNECKE

Similarly, we have
T 7 T 7 n 7
Onh = Byr 7o (L4 LD (6 -0y 651 05) + O(7).

The above results show that the scheme (2.31)—(2.36) is second order accurate in time
in the sense of the truncation errors.

The Lax—Wendroff-type method is another way to get a higher order accurate
time discretization scheme. Using (2.1) and Taylor series expansion, we have

n+014+1 n—+0; n+p0 1 ! nTpPL
(237) @) = G —aum, (H(62))] T 4 S(euma)? (H' )] + O().

If the term (H((Z)I));H'ﬁ’ is approximated as before, and @(u;zﬁl,uzzﬂl) is used to

denote numerical approximation of the term ((H’ )2¢m);’+6 ' for example,

n+5; n+5
~ 1 2 U Uy
n+p5 n+06\ _ / n+p5 n+p3, J+ J
(2:38) Glavin) = <H <2(uj’L i l)>> %(hjil + hjjl)’
2 2

then the corresponding Algorithm IV may be given as follows.
Step 1. Compute the increments (6;¢)} and (6:¢)} for all j € Z:

Ty n (Tn § ANion
(2.39) (6:0)] == —mnH (u} 1, uj g), (0ud)] = 2) G(ujp,uf g),
Step 2. Update the solutions at t = t,, + B17x:
(2.40) O = 97 + a1(8:i9)] + (1)’ (bud)},  JEL

Step 3. For [ = 2,...,k, do the following:

(a) Project the increments (5t¢)?+m’1 and (6tt¢)?2+5“1 at t =1t, + Bi_17n:
P j S D17
_TnH(u?’zﬂlfl 7 u;ﬁ};ﬁl*l), j € Do,

(2.41) (819); 77 = {

and

01t 9)7 Jj €D
2.42 Sr )" TP = ( 227 ’
( ) ( “¢)J (Tn) G(uzzﬁl_lvuZ+Rﬁl_l)v J € Ds.

2
(b) Update the solutions at ¢ = t,, + 7, for all j:

i _ [0+ BB + (B Gue)] jeD,
J ¢;}+f3171 + al(6t¢)?+’8l’l + (al)Q(étt¢)?+ﬁzfl’ j € Ds.

It is worth noting that two “solution increments” have been projected at each local
time level in the above algorithm.

(2.43)

3. Numerical experiments. Several examples will be considered in this sec-
tion. All of them have been used by several authors to test various numerical schemes.
Three limiters listed in section 2.2 have been checked, but to save space we will only
give the results computed with the van Albada limiter (2.30). The results computed
with the van Leer limiter (2.29) are similar to those shown in the following, but those
obtained with the Minmod limiter are more diffusive and less accurate. In our com-
putations, the parameter C is taken as 3 in (2.30), and the CFL number is taken
as 0.48 and 0.24 for the one- and two-dimensional cases, respectively, unless stated
otherwise.
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3.1. One-dimensional problems. For the computations of one-dimensional
problems, the numerical Hamiltonian

= uj L + U R maxyer, {|H'(u)|}
(3.1) H{(uj,1,ujr) H( e ) = (uj,r — ;L)
is used, where I; = [min{u; ,u; r}, max{u; r,u;r}]. The second order derivative

¢ Will be discretized as one given in (2.38). The LP-errors, p = 1,2, 0o, are estimated
as follows:

1
e =D _lon (e, T) = éay T) 5 (hypy + ),
J

1
€2 = \/Z |on (@5, T) = ¢y, TP 5 (hjy +hy—y)s
7

e = manc{ (w3, ) = o(a;. T}

where N denotes the number of grid points, and ¢n(z;,T) and ¢(x;,T) denote the
approximate and exact solutions at ¢ = T, respectively. The experimental rate of
convergence is computed as p' = log(el;/es )/ log(2), i = oo, 1, or 2.

Example 3.1. We solve a linear convection-diffusion equation

Gt + CPr = APy, (z,t) € [0,27[ x ]0,TT,
(3.2) ¢(x,0) = sin(x), x € [0,2n],
oz + 27, t) = ¢(x,t), t€][0,T],

where ¢ and a > 0 are both constants. The exact solution is ¢(z,t) = e~ sin(x — ct)
[4]. We compute the solutions up to T' = 2 for two cases: (a,c) = (0,1) and (a,c) =
(1,1), and set that the half step sizes h/2 and 7/2 are used within [7,1.57], while
the global step sizes h and 7 are in other regions. Tables 1-3 show the errors and
convergence order obtained by Algorithms IIT and IV, respectively.

The numerical results show that a second order rate of convergence is obtained
for the problem in (3.2). When three local time steps 0.57, 0.17, and 0.47 are used
within [, 1.57] instead of the previous two time increments, we have obtained fully
the same data.

Ezample 3.2. This example is to solve the H-J equation (2.1) with a convex H
(Burgers’ equation)

1
H(u) = 5(u +1)2.
Further 27-periodic initial data
#(z,0) = —cos(m(z — x0)), we€[-1,1],

are taken as in [20], where zy = 0.85.

To verify the convergence rate for the local time step discretization schemes, we
take the half step sizes h/2 and 7/2 within [—0.2,0.2], while the global step sizes h
and 7 are used in the other regions, and solve the problem up to t = 0.5/7%, when
the solution is still smooth.
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TABLE 1

Example 3.1: The errors and rate of convergence for the case (a,c) = (0,1) in (3.2) obtained

by Algorithm II1.

N e p> e}v pt e?\, p2
25 | 2.02e-2 - 5.37e-2 - 2.58e-2 -
50 | 5.03e-3 | 2.01 | 1.33e-2 | 2.01 | 6.27e-3 | 2.04
100 | 1.22e-3 | 2.04 | 3.30e-3 | 2.01 | 1.54e-3 | 2.03
200 | 2.96e-4 | 2.04 | 8.24e-4 | 2.00 | 3.79e-4 | 2.02
TABLE 2

Ezample 3.1: Same as Table 1, except for (a,c) = (1,1) in (3.2).

Ezample 3.1: Same as Table 1, except for Algorithm IV.

N e p> e}v pt e?\, p2
25 | 3.01e-3 - 8.99e-3 - 4.42e-3 -
50 | 8.20e-4 | 1.88 | 2.42e-3 | 1.89 | 1.19e-4 | 1.89

100 | 2.13e-4 | 1.94 | 6.26e-4 | 1.95 | 3.07e-4 | 1.95
200 | 5.43e-5 | 1.97 | 1.59e-4 | 1.98 | 7.79e-5 | 1.98
TABLE 3

N ey p> e}\, pt e?\, p?
25 | 1.06e-2 - 1.45e-2 - 1.14e-2 -
50 | 2.28e-3 | 2.22 | 2.99e-2 | 2.28 | 2.37e-3 | 2.27
100 | 5.20e-3 | 2.13 | 6.66e-3 | 2.17 | 5.33e-3 | 2.15
200 | 1.25e-4 | 2.06 | 1.54e-4 | 2.11 | 1.25e-4 | 2.09
TABLE 4

Ezample 3.2: The errors and convergence order obtained by Algorithm 1II at t = 0.572.

Ezxzample 3.2: Same as Table 4, except for Algorithm IV.

N ey p>° e}v pt e?\] p?
30 | 1.34e-2 - 1.71e-2 - 1.33e-2 -
60 | 2.74e-3 | 2.29 | 3.24e-3 | 2.40 | 2.55e-3 | 2.38
120 | 5.83e-4 | 2.23 | 7.00e-4 | 2.21 5.55e-4 | 2.20
240 1.26e-4 | 2.21 1.59e-4 | 2.14 1.27e-4 | 2.13
TABLE 5

N e p> e}v pt e?\] p?

30 | 1.06e-2 - 1.34e-2 - 1.05e-2 -

60 | 2.36e-3 | 2.17 | 2.92¢-3 | 2.20 | 2.32e-3 | 2.18
120 | 5.29e-4 | 2.16 | 6.42e-4 | 2.19 | 5.13e-4 | 2.19
240 | 1.15e-4 | 2.20 | 1.47e-4 | 2.13 1.19-4 2.11

Tables 4-5 show the errors and convergence order obtained
as well as Algorithm IV, respectively. The data show that a second order rate of
convergence has been obtained by using the local time step discretization methods to

solve nonlinear H-J equations.

by Algorithm III

Figures 2-3 show the solution ¢x(z;,t) and uﬁ% = (Pj+1 — ¢>j)/hj+% approxi-
mating ¢, (.13]»+%,t) at t = 1.5/72 obtained by Algorithm IIT as well as Algorithm IV,
respectively, when the discontinuity in the ¢, is well developed. Here the number of
grid cells is 60, and the solid line denotes the solution calculated by the global time
step scheme on a uniform mesh with 2000 grid cells. The ability of the local time
step discretization methods to capture and follow the moving discontinuity is clearly
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e

Fic. 2. Comparison of the computed solutions (“o”) with the “exact” solutions (solid line) of
Ezample 3.2 given at t = 1.572. Left: ¢(z,t). Right: ¢gz(x,t).

o

Fic. 3. Same as Figure 2, except for Algorithm IV.

demonstrated in these figures. The solutions obtained by using two different limiters
are consistent.

When three local time steps 0.57, 0.17, and 0.47 are used within [—0.2, 0.2] instead
of the previous two time increments, we have obtained the same data too.

Here, we just used fixed nonuniform meshes to demonstrate the performance of
our present schemes. The adaption is now being considered combining the present
local time step schemes with our adaptive grid methods in [20]. In principle, there is
no big difficulty that the method creates, because we have resolved to move singularity
for hyperbolic conservation laws with the local time step schemes in Example 5 of our
paper [21]. The adaptive idea can also be found in [22].

3.2. Two-dimensional problems. In the following computations, we restrict
ourselves to a regular but nonuniform mesh {(z;,yx)};rez. The numerical Hamilto-
nian

= Uird e T U1k Yik+d tUik—]
H(u‘jié’k7u‘j+%’k7'Uj,k.7%7/l)j’k+%) = ( 2 2 2 , 2 2 2
maxyery, {la(uw)|} maxyery, {|6(v)|}
(33) - b N " (W) kg = Vik-3)

is used to approximate the Hamiltonian H (¢, ¢, ), where a(u) = Hy(u, vj k), B(v) =
H,(uj,v), and

i1k — Dk  Qjk+1 — Pjk
Ujpl g = = Ujpyl = — =
Tj+1 — Xy Y+l — Y5
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ik = [min{ujfé,kvuj+%,k}7max{uj7%,kvuj+%,k}}>
I = [mindv; o105 gy 1 hymax{v 1,055, 1 1],
_ 9H(u,v)
as well as H,, = “5=%

Ezample 3.3. The first two-dimensional example is to solve scalar IBV prob-
lem [18]:

, W =1 Or V.

(3.4) o1+ H(dz, 0y) =0, ¢(x,y,0) = — cos(w(x + y)/2),

with a convex H: H(u,v) = %(u—i—v—i— 1)2, =2 <,y < 2. Tt is a real two-dimensional
H-J problem. We can use the one-dimensional exact solution to analyze our numerical
results because under the transformation {¢ = (r + y)/2 and n = (v — y)/2, the
above IBV problem becomes the one-dimensional IBV problem in the &-direction in
Example 3.2. However, since we use (z,y) coordinates, this is a true two-dimensional
test problem. We compute to ¢t = t; = 0.5/7% as well as t = to = 1.5/7%. The
computational domain is discretized such that the half step sizes h,/2 and h,/2 are
taken within [—0.5,0.5], respectively, and 7/2 is used in [—0.5,0.5] x [—0.5,0.5], while
the global step sizes h;, hy, and 7 are taken in other domains. The results are
presented in Table 6 and Figure 4.

TABLE 6
Example 3.3: The errors and convergence order for solutions at t = 0.5/72.

NxN ex p> e}\, pt e?v p?
20x20 2.15e-2 - 4.97e-2 - 2.07e-2 -
40x40 5.95e-3 | 1.85 | 1.36e-2 | 1.87 | 5.91e-3 | 1.81
80x 80 1.41e-3 | 2.08 | 3.40e-3 | 2.00 | 1.44e-3 | 2.04
160x160 | 3.11e-4 | 2.18 | 8.36e-4 | 2.03 | 3.39e-4 | 2.09

FIG. 4. The computed solutions of Example 3.3 at t = 1.5/7%, 100 x 100 cells. Left: ¢(x,y,t).
Right: ¢¢(z,y,t).
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Ezxample 3.4. This example is to compute two-dimensional Navier—Stokes equa-

tions [15]:
_ 1

(3.5) wr+u-Vw = ﬁ%w,

A'l/} =w, u=V~—y,

and check the accuracy of Algorithm III with the van Albada limiter, where (x,y) €
0,27 x [0,27[ and V+ = (—0,,0;). The two-dimensional incompressible Navier—
Stokes equation (3.5) may be considered as an H-J equation with a viscosity. Our
purpose of solving (3.5) is to check effectiveness as well as accuracy of our schemes
for an H-J-type equation with higher order spatial dervatives.

For this problem, the periodic boundary conditions are specified on four bound-
aries of the computational domain, and the Reynolds number Re is taken as 100.
The discrete Poisson equation for the stream function v is solved iteratively by a
Jacobi-type iteration.

The initial condition is taken such that the exact solution of the problem is known
as

w(x,y,t) = —2sin(z) sin(y)e—%7 W(z,y,t sin(z) Sin(y)e_%,

~—
Il

u(z,y,t) = —sin(w) cos(y)e Fe,  wv(x,y,t) = cos(x) sin(y)e” #e.

~—
I

The computational domain is discretized such that the half step sizes h, /2 and h, /2
are taken within [0.8,1.2], respectively, and 7/2 is used in [0.8,1.2] x [0.8,1.2], while
the global step sizes h;, hy, and 7 are taken in other domains. Table 7 shows the
errors and convergence orders for the vorticity function at ¢t = 2.

TABLE 7
Ezample 3.4: The errors and convergence order for solutions at t = 2.

NxN e P> ejlv pt e%\, p?
24x24 1.71e-2 - 1.93e-1 - 4.07e-2 —

48x48 3.06e-3 | 2.48 | 3.22e-2 | 2.68 | 6.63e-3 | 2.63
96 x96 5.06e-4 | 2.60 | 5.54e-3 | 2.54 | 1.16e-3 | 2.51
192x192 | 1.13e-4 | 2.16 | 1.04e-3 | 2.41 | 2.14e-4 | 2.44

4. Concluding remarks. A class of high resolution local time step schemes
have been presented for nonlinear H-J equations (1.1) in this paper, based on a
simple projection of the solution increments at each local time step.

Second order accurate difference schemes were constructed using the reconstruc-
tion technique, and the Runge-Kutta- or Lax—Wendroff-type time discretization meth-
od. The local time step schemes are of good consistency, keep some good properties of
the global time step schemes, including stability and convergence, and can be applied
to solve numerically the IBV problems of general H-J equations with higher order
spatial derivatives. They are suitable to parallel computing too. Moreover, from our
schemes, one may derive a conservative local time scheme approximating hyperbolic
conservation laws similar to Osher and Sanders scheme. The main idea can be used
in construction of finite element methods, etc., with varying time and space grids.

The present schemes have been used to solve numerically several model problems,
including a periodic problem of the two-dimensional incompressible Navier—Stokes
equations. The numerical results show that a second-order rate of convergence could
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be obtained by the presented schemes in computations of one- and two-dimensional
problems.

In the future, we will apply the local time step schemes to improve the efficiency

of the adaptive grid algorithms and analyze the computational cost of the local time
step schemes. Another interesting topic is to construct third and higher order accurate
schemes with locally varying time and space grids.

(21]

(22]
(23]

24]
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