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This paper presents an adaptive mesh redistribution (AMR) method for solving
the nonlinear Hamilton-Jacobi equations and level set equations in two- and three-
dimensions. Our approach includes two key ingredients: a non-conservative second-
order interpolation on the updated adaptive grids, and a class of monitor functions
(or indicators) suitable for the Hamilton-Jacobi problems. The proposed adaptive
mesh methods transform a uniform mesh in the logical domain to cluster grid points
at the regions of the physical domain where the solution or its derivative is singular or
nearly singular. Moreover, the formal second-order rate of convergence is preserved
for the proposed AMR methods. Extensive numerical experiments are performed to
demonstrate the efficiency and robustness of the proposed adaptive mesh algorithm.
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1. INTRODUCTION

Hamilton-Jacobi (H-J) equations are of practical importance with applications ranging from mathemat-
ical finance and differential games to front propagation and image enhancement. For this reason, there
have seen many theoretical and numerical studies for the H-J equations in the past two decades. Solutions
of H-J equations are continuous and, in the generic case, form discontinuous derivatives in a finite time
even with smooth initial data. This also introduces great difficulties in obtaining numerical solutions of the
H-J equations. Traditional high-order methods are unsuitable, because spurious oscillations will generally
occur in the presence of the discontinuous derivatives. Hence, some modern numerical techniques such
as ENO schemes and central schemes have been proposed and studied [26, 27, 13, 16, 17].

Consider the Hamilton-Jacobi (H-J) equation

¢t+H(X7t7¢m1a'”a¢l‘d):O7 (11)
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where x = (z1,---,24) € Rt > 0. The definition of the viscosity solutions and the question of well-
posedness were formulated and systematically studied by Crandall, Evans, Lions and many others, see e.g.
[6, 8, 9]. In[9], Crandall and Lions studied the convergence of monotone finite difference schemes to the
viscosity solutions of (1.1). Unfortunately, monotone schemes are at most first-order accurate, measured
by local truncation errors in smooth regions of the solution. Some rigorous analysis on convergence
rate for hyperbolic conservation laws and Hamilton-Jacobi equations can be found in [14, 18, 30, 33].
Typically, there is a close relation between the the H-J equations and hyperbolic conservation laws, and as
a result concepts used for the conservation laws can be passed to H-J equations. High resolution methods
for solving the conservation laws and the H-J equations include high-order essentially nonoscillatory
(ENO) schemes introduced by Osher & Sethian [26] and Osher & Shu [27]; weighted ENO schemes
developed by Liu et al. [21], Jiang & Shu [13], and Jiang & Peng [12]; and the central high resolution
schemes proposed by Kurganov & Tadmor [17] and Lin & Tadmor [24, 25]. Jin & Xin [15] investigated
the numerical passage of relaxation approximation for conservation laws to H-J equations.

In the traditional way, numerical methods are applied with fixed, pre-assigned grids. In this case, higher
order (3rd, 4th or even higher) numerical schemes have to be developed in order to enhance the resolution
of the numerical approximations. For unstructured meshes, high order algorithms for H-J equations are
relatively few. Abgrall [1] extended the monotone-type finite volume schemes to first order H-J equations
on triangular meshes. High order approximation on triangular meshes is developed by Augoula and
Abgrall [2]. In a recent work of Zhang & Shu [36], high order WENO schemes for solving the nonlinear
H-J equations on two dimensional unstructured meshes are developed.

It is expected that lower-order scheme (which may be rather simple) can also produce high resolution
with small number of grid points if grid adaptation is employed. To fulfill this purpose, it is desirable to
develop efficient adaptive mesh redistribution (AMR) algorithms to solve the nonlinear H-J equation (1.1).
It is a challenging problem to generate an effective moving mesh in two or more dimensions, especially
when the underlying solution develops complicated structures and becomes singular or nearly singular.
Several AMR techniques have been introduced based on solving elliptic PDEs first proposed by Winslow
[35]. Winslow’s formulation requires the solution of a nonlinear, Poisson-like equation to generate a
mapping from a regular domain in a parameter space to an irregularly shaped domain in physical space.
By connecting points in the physical space corresponding to discrete points in the parameter space, the
physical domain can be covered with a mesh suitable for the solution of finite difference/element equations.
Typically, the map transforms a uniform mesh in the logical domain to cluster grid points at the regions of
the physical domain where the solution or its derivative has the largest gradients. Brackbill and Saltzman
[5] generalize Winslow’s method to produce satisfactory mesh concentration while maintaining relatively
good smoothness and orthogonality. Their approach has become one of the most popular methods used
for mesh generation and adaptation.

There are several difficulties in designing AMR schemes for solving the H-J equations. We list two
major ones below. The first one is concerned with the monitor function, which in general is an indicator
of the degree of singularity. In solving hyperbolic system of conservation laws with an AMR method, it is
known that the gradient-based monitor can be employed, see e.g. [3, 22, 28]. Since there is a close relation
between the hyperbolic system of conservation laws and the H-J equations, it is expected that the relation
can be also incorporated into the monitor functions for the AMR methods to the H-J problems. The
second issue is about interpolating numerical approximations on the updated adaptive grids. In solving
the hyperbolic system of conservation laws, a conservative-type interpolation seems crucial, due to the
corresponding properties of the conservation laws [22]. In the case of the H-J equations, this property
seems only necessary for the derivative ¢, (or V), but not for the solution ¢ itself. The interpolation
step and the PDE time-evolution should be well connected so that the (formal) higher-rate of convergence
can be preserved.

Our first step is to solve the H-J equations in one- and two-space dimensions. After this is being done,
the extension to 3D will be considered. The extension of an AMR method to 3D computations is always
non-trivial. To our knowledge, successful 3D AMR algorithms are very few. In a recent work [23],
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we were able to carry out some 3D simulations for some simple 3D nonlinear problems (one scalar and
one system). However, much efforts have to be made in order to solve 3D hyperbolic problems or H-J
equations with an adaptive mesh strategy.

The organization of this paper is as follows. The moving mesh algorithm is described in Section 2.
Sections 3 to 5 contain numerical experiments in 1D, 2D and 3D, respectively. The numerical experiments
will demonstrate the efficiency and robustness of the proposed AMR algorithms. Concluding remarks are
given in Section 6.

2. NUMERICAL SCHEME
The basic idea of our AMR algorithm can be summarized as the following:

ALGORITHM 1 (Basic AMR PROCEDURE FOR H-J EQUATIONS).

1. Suppose a logically rectangular spatial grid is given on which the approximation to the H-J solutions
on cell-vertex lives;

2. Update the grid by iterating an elliptic grid generator. Simultaneously update the approximate
solution ¢ on the new grid by using a non-conservative second-order interpolation formula;

3. Update ¢ with a physical time At by solving the given PDE in the computational domain.

There are two main differences between the approach in this work and the one in [31] where adaptive
solutions for the hyperbolic conservation laws are sought. The first difference is about Step 2 above. This
step should be regarded as mesh-redistribution together with a solution-redistribution by interpolating
the approximate solution on the evolving grid. In [31], the interpolation is a conservative one, but for
the H-J equations we will solve a discrete H-J type equation to realize the solution redistribution. The
second difference is about Step 3 above. In [31], this step is done on the new physical grid, but for the
H-J equations we will do it in the fixed logical domain. The approach in [31] can clearly preserve the
conservative properties of the hyperbolic conservation laws (and the Lax-Wendroff weak-solution result
holds for the underlying moving mesh solution). However, there is no direct conservation properties
involved for the H-J equations (1.1), and hence accuracy of the numerical solutions is the major issue
under consideration. This is similar to 2D incompressible Navier-Stokes problems. If one employs the
Navier-Stokes equations in terms of the primitive variables, then the solution accuracy and the satisfaction
of the divergence-free restrictions are both important in designing a numerical scheme. However, if the
stream-function is introduced, then the solution accuracy (and also efficiency) becomes the most important
issue.

2.1. A simplePDE solver
In this subsection, we will describe Step 3 above, namely the numerical discretization for the H-J
equation (1.1) in the logical domain. The mesh-motion and solution interpolation parts will be provided
in the next subsection.

2.1.1. 1D case.
Consider the following 1D Hamilton-Jacobi equation:

o+ H(p,) =0, a<z<b. (2.1)
Assume that there exists a one-to-one coordinate transformation = = z(£) from the logical domain
Q. = [0, 1] to the physical domain Q, = [a, b]. We also assume that the logical domain 2. is covered by

auniformmesh ¢; = jAE, 0 < j < N + 1, where A{ = 1/(N + 1). With these assumptions, the 1D
H-J equation (2.1) becomes

¢+ H(de) =0, 0<&<1, (2.2)
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where ﬁ(qsg) = H(&:¢¢). On the computational domain €., the above equation can be discretized by
the following numerical scheme:

~/1 B At, _ -
G = ) = M (G o))+ A ) = g) @3)

where

uj = AFY = £(@fr — ¢7)/AE,
At u) = a H,|}.
(whum) = max (|}

Here I(u~,u") = [min{u~,ut}, max{u~,u"}],and H, stands for the derivative of H (v) with respect
to u. The above scheme is also regarded as the local Lax-Friedrichs (LxF) scheme, which is formally of
first order accuracy in time and space. To improve its accuracy, the TVD-type high-order Runge-Kutta
method of Shu & Osher [29] will be employed to replace the explicit Euler part in (2.3), and the initial
value reconstruction technique of van Leer [34] will be used to approximate the initial function. For
example, let Ujpr = (¢j+1 — ¢;)/AE, which can be regarded as the cell average of ¢,. Using this
notation, a piecewise linear function can be constructed:

ﬂj+%(f) =Ujp1+ Sj+%(£ - §j+%)7 £€(&,&+]

where Sj% is an approximate slope of u with respect to &, and is defined according to van Leer’s limiter
[34]. Similar order-enhancing strategy can be also used in multi-dimensional computations.

Remark. When z;,1 — x; = const., the above 1D scheme is identical to the conventional local LxF
scheme for the Hamilton-Jacobi equation [29].

LeMMA 2.1. The numerical scheme (2.3) is conservative in terms of ¢, and that the related numerical
Hamiltonian is monotone.

Proof. It follows easily from (2.3) that

ot = ¢ — At Y (24)

where
_ ~ 1 _ 1 _ _
Hj:= H(E(u;' + u; ) + §A(u;',uj ) (u;|r —uj).

Let Vi1 be the cell average of ¢,:

Tj+1 . _ .
P by dx = L1705 (2.5)
J+s
Ti+1 = Lj Ja; Tj+1 — L
It follows from (2.4) that
At _ _
n+l _  n n n n
Ui T T A, (B ) @9
Jt3

where Axﬁ% = x;4+1 —x; . The numerical flux above can be rewritten in the following form (in terms

Ofvj_i_%)i
Az™ o, Az o7
n Jts J+3 J=3 J73
H: —H< + "
2

J Azx™ Ax™ Az” :
+3 T AT it3 J=

1
2

1 n n n n n n n n
+§A(AI]+%UJ+%,A$j_ . )(AJC]_"_%U]_,’_%—AJT_%U 1) (27)

1 1
3 I3
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where H is the original Hamiltonian given in (2.1). It is seen that the difference equation (2.6) is a conser-
vative approximation to the conservation laws v, + H (v), = 0. Moreover, it follows from (2.7) that the nu-

merical Hamiltonian H is monotone. M

2.1.2. 2D case.
Consider the 2D H-J equation:

o + H(¢ma¢y) =0, (x,y) € Qp C R?. (28)

Again assume that there exists a one-to-one coordinate transformation z = x(¢,n),y = y(&,n) from
the logical domain Q. = [0, 1]? to the physical domain 2,. Moreover, the logical domain is covered
by a fixed uniform mesh given by & = iA{,n; = jAn, 0 < i < Ne+1,0 < j < N, +1, and
A¢ =1/(Ne +1),An = 1/(N,, + 1). After using the coordinate transformation, the 2D H-J equation
becomes

G+ H(de,dy) =0, 0<En<1, (2.9)

where H(¢e, dn) = H(Epdbe + 1utbr, Eyde + 1ydn). The two-dimensional version of the local Lax-
Friedrichs (LxF) scheme for the above H-J equation on the logical domain 2. can be written as

n Ir 1 _ 1 _
o ’;Ll = ¢i; — At, H (ﬁ(ufj +u; ;) s E(v;j + vi’j)) (2.10)
At,, At, _
T Ay s0i5) - (ufy —ui ) + —B( ivig) - (o =)
where
_ + n _ £ n
= A7 d7 5, =AY

A(ui ;vi) max{|H1 w,v)| | welI(u,ut), ve|C DI},
B(u* ;v*) = max{|Ha(u,v)| | vel(v™ ,v+), u € [A, B]}.

In the above, H, = £, Hy + &, Hy, Hy = 1, Hy + 1, Hy, where H, and H,, are the partial derivatives of
H with respect to ¢, and ¢,,, respectively, or the Lipschitz constants of H with respect to ¢, and ¢,, if
H is not differentiable. [A, B] is the value range for (¢¢);, and [C, D] is the value range for (¢,,);, over
0<i< Neand0<j<N,.

2.1.3. 3D case.
Consider the 3D H-J equation

G + H(¢u, ¢y, ¢2) =0, (2,9,2) €Q, CR’. (211)

After using a coordinate transformation « = (¢, 7n,¢),y = y(§,n,¢),z = z(&,n,¢) from the logical
domain . = [0, 1]® to the physical domain ©,,, we have

¢+ H(ge, bndc) =0, (£,1,0) € Qe (2.12)

where ﬁ((b&a ¢nv ¢C) = H(£r¢£ + nz¢n + Cz¢§» £y¢£ + ny¢n + Cy¢(v gzd)E + 77z¢77 + Cz(bC) The 3D
version of the local LxF scheme for the H-J equation (2.12) is of the form

n n ~ (1 1 - 1 —
Gith = Okin — At (2( ik T k) 5(”;,371@ + Vi k) §(wfj7k + wi,mk))
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+ Agtn Al s v wige) - (i — uis)
+ Agtn B Vi i Wig) - (U = Viie)
—l—AQtnC(uiiJ-JC ;’Ui:j’k 7w;tjk) . (w;fj’k —w; ) (2.13)
where
uz 0.3, Ai@]’c’ uk Ai@ﬂﬁ wuk Ai¢tj,k;

E
A(u® ;vF 5 wF) = max{|Hy (u,v,0)| | ue I(u™,ut), ve[C D], we B, F]},
B(u +. i,wi):maxﬂﬁg(u,v,wﬂ | vellv ,v"),uelA B],welE, F|},
C(u .0 i,wi):maxﬂflg(u,v,wﬂ | we I(w ,w"), ue A B],vel[C,D]}.

In the 3D case, H, = V¢ -H, Hy = V-Hand Hs = V¢ - H, where V = (9,,9,,9.)", H =
(Hy, Hy, H3)™. Here Hy, Hy, [A, B] and [C, D] are similar to that in 2D, and H3 stands for the partial
derivative for H with respect to ¢, and [E, F] is the value range for (¢¢)x.

2.1.4. Time-discretization

By letting the time steps go to zero in (2.3), (2.10) or (2.13), we obtain a semi-discretized numerical
scheme which leads to a system of ODEs. The ODE system can be solved by using the Runge-Kutta
scheme of Shu & Osher [29]. More precisely, we solve

d'(t) = L(D), (2.14)
with the third order TVD (total variation nonincreasing) Runge-Kutta scheme:

M) = d" + AtL("),

d®? = Z@” + i(cb(” + AtL(@W)),
1 2
Pl = 20"+ 2 (@@ + AtL(®)).

2.2. Mesh mation
In this subsection, we describe Step 2 in Algorithm 1. In Tang & Tang [31], an adaptive mesh redistri-
bution method based on the values of the cell average is proposed, resulting a conservative interpolation
strategy. Since there is no explicit conservation requirements for ¢, we will design a new interpolation
strategy which is in general non-conservative for ¢, but conservative with respect to its gradient. Moreover,
this interpolation formula will be of second-order accuracy and is governed by a discrete Hamilton-Jacobi
equation which can be handled in the same way as described in the last subsection.

2.2.1. Mesh motion based on Gauss-Seidal iteration

For simplicity, we mainly illustrate the idea of the grid motion for 1D case. The extension to higher
dimensions is straightforward, see Tang & Tang [31]. Let 2 and £ be the physical and computational coor-
dinates, respectively, which are (without loss of generality) assumed to be in [a, b] and [0, 1], respectively.
A one-to-one coordinate transformation between these domains is denoted by

x=x(§), £€]0,1

]
z(0) =a, x(1)=0. (2.15)
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We use the conventional 1D equidistribution principle:

w%x({) = Const. (2.16)
or equivalently

0 0

% {wa—gac(f)} =0, (2.17)

where w is the monitor function, which in general depends on the underlying solution to be adapted.
Solving (2.17) with the given boundary conditions leads to the desired mesh map = = x(&).
For convenience, assume a (fixed) uniform mesh on the computational domain is given by

& =7/(N+1), j=0,1,---,N+1.

In practice, the monitor function w is always associated with the underlying solution ¢ or/and its derivatives,
but without loss of generality we assume that w = w(¢). For monitor functions involving derivatives,
central differencing will be used to approximate these derivatives. Then the moving mesh equation (2.17)
can be discretized by using central difference approximations:

w(ojy1)(@jp —x;) —w(o;_1)(@; —x;-1) =0, 1<j<N, (2.18)

where qui% are some averages based on the ¢;4+1 and ¢;. Solving (2.18) with the boundary conditions
x(0) = a and (1) = b gives a new grid partition, {z; }, in the physical domain.
In our computations, we solve (2.18) by a Gauss-Seidal (GS) iteration:
W@ ) (] =) = (@) (2 =Ty =0, (2.19)

Once one loop of the above GS iteration is finished, the numerical approximation {(;55”} will be updated by

a non-conservative formula to be provided below. When the updated approximation {¢£.”“]} is obtained,
the GS iteration (2.19) can be employed again to improve the quality of the mesh {z;}. This leads to an
iteration procedure on the grid-motion and solution-interpolation. The iteration determines progressively
better values of the new grid locations and the approximation values. The total iteration is continued until
there is no significant change in calculated new grids from one iteration to the next. Typically about 3 to
5 cycles of GS iteration are required, so in most computations in this work we use 5 GS iterations at each
time level.

In the practical computations, it is common to use some temporal or spatial smoothing on the monitor
function w to obtain smoother meshes. One of the reasons for using smoothing technique is to avoid very
singular meshes and large approximation error around the stiff solution areas. In this work, we apply the
following low pass filter to smooth the monitor:

Wipl (wj+%+2wj+%+wj,%), (2.20)
where w; 1 = w(d;,1).
An 2D version of the above GS iteration formula is given by

Pitl,5 (rgljr]l,j - rgl,’gﬂ]) —Pi-1l; (rgljl] - rgujlg])
+dij+1 (rgl,lj]‘ﬂ - I'El,/;rl]) Q-1 (rgl,ljﬂ] - rguf,ll]) =0, (2.21)

forl <i<Jyand1l < j < J, wherer := (z,y),

1% 1 12 v
Pitlj = W(¢£i%,j) = W(§(¢££1,j + ¢£7J]'))’
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. 1 1 §
Gy =@ (0 ;) =w(5000 + 1),
An 3D version can be similarly obtained and it will be omitted here to save space.

2.2.2. A non-conservative interpolation

After obtaining the grid {z; }, we will update ¢ at the grid point z; based on the information of ¢;. The
traditional way to do it is using the standard interpolation:

5]' = ¢ + M(EJ — .Ik), if fj S [:L’k_l,dfk]. (222)
T — Tk-1

In solving the H-J equations with strong derivative discontinuities, the iteration techniques based on
(2.18)-(2.22) produce poor numerical approximations, mainly due to the use of the linear interpolation
(2.22) which introduces large dissipation at each iteration step. An efficient method to replace (2.22) will
be outlined below. If the function is reasonably smooth, then using Taylor expansion gives

o) ~ o+ (5)  @-a)
o (%) -
> J
where
cj = (2 —2;)(&); - (2.24)

The equation (2.23) can be regarded as a numerical approximation of linear convective equation on the
computational domain with wave speed c;. The equation (2.23) can be also regarded as the following
Hamilton-Jacobi type equation

6 =¢— coe (2.25)

where c is defined by (2.24). The above equation is of the same form of (2.2) with a linear Hamiltonian.
The second-order method described in Section 2.1 will be adopted directly here to solve (2.25).

Remark.
e The interpolation formula given by (2.23) is
$j = ¢; — ¢;(de); - (2.26)

Let Vi1 be the cell average of ¢, as defined by (2.5). Then it can be easily verify that the above
interpolation formula preserves the mass for v in the following sense:

E ijJr%ijr%: E ijJr%ijr%.
J

e As demonstrated in Tang & Tang [31], the mesh moving speed ¢ can be made of order O(A¢). Asa
result, it follows that the error of the interpolation formula (2.26) is of order O(A£?).

The interpolation formula in 2D is

A(Tij,¥i5) ~ (i Yig) + (02)i@ig — xij) + (Dy)ij Uiy — Vi)
O(Ti g, i) — ()i (Be)ig — ()i (bn)i s
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where ¢¢ = (r — ) - V&and ¢ = (r — ¢) - V. Herer = (z,y) and V = (9,,9,)T. In 3D, the
interpolation formula is

¢(Tijn) ~ d(rije) + V- (r—1)
= Qijk— (Cg)i,j,k(%)i,j,k - (Cn)i,j,k(¢n)i,j,k - (Cg)i,j,k((bé)i,j,k

where V = (9,,0,,0.)T, r = (2,y,2), ¢ =(r—1)-VE "= (r—7)-Vnandc® = (r — 1) - V(.

2.3. Summary of the AMR algorithm
An overview of the sequence of computations described in the last two subsections is given below.

ALGORITHM 2 (OUTLINE OF THE NUMERICAL ALGORITHM).

0. Determine the initial mesh based on the initial function.

1. Determine At based on CFL-type condition so that ¢,, = ¢,,_1 + At.

2. Advance the solution one time step based on an appropriate numerical scheme for the given H-J
equation.

3. Grid Restructuring

a. Solve the mesh redistributing equation (a generalized Laplace equation with given data for the
monitor) by one cycle of Gauss-Seidal iteration, to get x!¥I" | e.g. (2.19) for 1D;

b. Interpolating the approximate solutions on the new grid x*.», e.g. (2.25) for 1D;

c¢. A weighted average of the locally calculated monitor at each computational cell and the surrounding
monitor values, see (2.20);

d. The iteration procedure (a.)-(c.) on grid-motion and solution-interpolation is continued until there
is no significant change in calculated new grids from one iteration to the next. In practice, a fixed number
of iterations may be also used for the procedure (a.)-(c.).

4. Start new time step (go to 1 above).

The Algorithm 2 will be used to solve some test problems in 1D, 2D and 3D in the following sections.

3. NUMERICAL EXPERIMENTSIN 1D
In this section, we apply our adaptive mesh redistribution method to two 1D problems which can be
found in [12, 27]. The CFL number used in the 1D experiments is 0.48. The main purpose of the 1D
experiments are two-folds: one is to discuss the choice of the monitor functions and another is to discuss
the convergence rate. In the definitions of In this section, derivatives are all approximated numerically by
central differencing such as

L1 (AYe ALY,
(30220

A;;r.’lfj A;CCJ

1 (AT¢; A7,
¢T§ ~ T — — .
Af Am l‘j Am xj
ExamPLE 3.1. We solve
¢+ + H(dz) =0, ¢(x,0) = —cos(n(z —x9)), —-1<z<]1, (3.2)

with a convex H (Burgers’ equation),

(3.2)
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TABLE la
Example 3.1: the errors and the rate of convergence of the moving mesh solution at t =

1/2#2, with the monitor function (3.3) and (a): B = %, (b): B = 4.

N L'-error L'-order L>°-error L°°-order

20 2.11e-02 — 2.31e-02 —

40 4.76e-03 2.14 5.82e-03 1.99

80 1.30e-03 1.87 2.06e-03 1.50
160 3.26e-04 2.00 6.21e-04 1.73
320 6.45e-05 2.34 1.27e-04 2.59

TABLE 1b—Continued

N L'-error L'-order L>°-error L>°-order

20 2.09e-02 — 2.19e-02 —

40 4.44e-03 2.23 4.83e-03 2.18

80 1.10e-03 2.01 1.58e-03 161
160 2.47e-04 2.15 3.87e-04 2.03
320 4.59e-05 243 6.04e-05 2.68

In this example, z( is chosen as 0.85. We first wish to verify the convergence rate for the moving
mesh algorithm. It is easily seen that the numerical scheme described in Section 2 is of second-order
rate of convergence in uniform mesh (when the underlying solution is smooth). It is natural to ask if
the second-order rate of convergence can be preserved if an adaptive grid method is employed? To see
this, we solve Example 3.1 up to ¢t = 1/272 (when the solution is still smooth) with our moving mesh
algorithm, where the number of Gauss-Seidal iteration for the grid-motion at each time level is taken as
5. The L! and L errors and convergence orders obtained by using two different monitor functions are
listed in Table 1. It is observed that rate of convergence for the adaptive mesh scheme is greater than 2.

Since the solution is smooth at ¢t = 1/272, all the monitor functions used in Table 1 seem quite reason-
able. Indeed when the solution is smooth, the effect of the mesh motion is not that significant. However,
the impact of the monitor function is clearly observed when solution or its derivative discontinuities are
developed. In our numerical experiments, it is found that monitor functions of the form

w=1/1+ B|de|?, B8>0 (3.3)

work well. There is a connection between the above monitor and the gradient-based monitor for the
hyperbolic conservation laws used in Tang & Tang [31]. In [31], the monitor function used is /1 + 3|u¢|?,
where v is a solution of the underlying hyperbolic conservation laws. By the well known relation that
u ~ ¢, it is natural to choose (3.3) as the monitor function for the one-dimensional H-J equation. In
Fig. 1 the adaptive solution ¢ and its gradient ¢, obtained by using 41 grid points are presented, with the
monitor function (3.3) and 8 = 4;.

For comparison, the numerical solution on a uniform mesh (with the same number of grid points) is
plotted in Fig. 2. The higher resolution of the adaptive-mesh solution over the uniform-mesh solution is
clearly observed.

In [31], a monitor including both « and w, is proposed, where « is a solution of the hyperbolic
conservation laws. Correspondingly, the following monitor function can be employed for the one-
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FIG.1. Example 3.1: the adaptive mesh solutions (o) and the exact solution (solid line) for ¢ (left) and ¢, (right)

att = 3/2x% with 40 grid points. The monitor (3.3) with o = 6%1 is used.

-1 -05 o 05 1 @4 o8 o066 04 02 0 02 04 06 08 1

FIG.2. Same as Fig.1, except on a uniform mesh.

-1 -0.5 o 0.5 1 ) -1 -0.5 o 05 1

FIG.3. Same as Fig.1, except with the monitor (3.4) with («, 8) = (10,1/16).
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dimensional H-J equations:

w= 1+ aldal + Blénel’. (3.4

In Fig. 3, the adaptive solution ¢ and its gradient ¢, obtained by using the monitor (3.4) with («, 5) =
(10, 1—16) are presented. It is seen that higher resolution than those in Fig. 1 is achieved, indicating that a
monitor of form (3.4) is useful for this example.

ExaMPLE 3.2. The second 1D example is the following Riemann problem with a non-convex flux:

¢+ 5(02 —1)(92 —4) =0, —-1<z<l,
{M%&=—%% (39)

As pointed out by Zhang & Shu [36] that this is a demanding test case. Many schemes have poor
resolutions or could not even converge to a non-viscosity solution for this case. Numerical resultsatt = 1
with 41 grid points are shown in Fig. 4, and are compared with the ‘exact’ solution (solid lines). In this
example, the monitor function is taken as

w=/1+Bl6el?,  B>0, (36)

where several values of 3 are used. We found that the adaptive mesh algorithm with 41 grid points gives
satisfactory numerical approximations, which seem more accurate than the 3rd order and 5th order WENO
solutions with 81 non-uniform grid points [36], and also more accurate than the high-resolution central
scheme solution with 81 uniform grid points [16]. For comparison, the uniform mesh solution is also
included in Fig. 4. The improvement of the AMR solution is then clearly demonstrated by comparing the
adaptive mesh solutions and the uniform mesh solution.

In Fig 5 the mesh trajectories with two different monitor functions are plotted. It is observed that the
grid distributions seem more reasonable, with more points at the corners where the value of curvature is
large. This is also the main reason that higher solution resolutions are achieved.

4. NUMERICAL EXPERIMENTSIN 2D

We consider four test problems in this section. The first two are of smooth initial data, while the last two
have discontinuous initial conditions. In fact, the last example in this section is a level set equation which
is concerned with a geometric motion. In all the 2D computations, we took 5 cycles of the Gauss-Seidal
iterations in the mesh redistribution part. The CFL number is chosen as 0.24.

Since the solution ¢ may be smooth, as in the one-dimensional case it is reasonable to involve the
second-derivatives in the monitor function. In our computations, the monitor function is chosen as wl,
with I the identity matrix and

2

\
w= ¢1+avp¢z+ﬁ‘vp~ (Hm{fvd)gﬂ}) o
p

where V,, = (9,,0,)T. It involves a curvature-like term, which is proven to be necessary in order to
obtain satisfactory mesh motion. In (4.1), max{|V,¢|} (a function of time ¢) is a scaling factor. With the
use of this scaling factor, the coefficient of the high-order derivative term, 3, can be chosen as an O(1)
constant.

ExaMPLE 4.1. Two-dimensional Burgers equation:

bt + H(¢y, ¢y) =0, (z,9) € (—2,2)2,
{ ¢(x,y,0) = —cos (7(x +y)/2), 4.2)
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FIG. 4. Example 3.2: Numerical solutions (o) and the exact solution (solid line) at ¢ = 1, by using an adaptive mesh with

monitor (3.6) with 8 = L, L L _L L ando, respectively. The last one (with 3 = 0) corresponds to a uniform mesh. 41

I 16 32’ 642 128 256
grid points are used.

with a strictly convex Hamiltonian H:

H(u,v) = %(u+v+ 1)?, (4.3)
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FIG. 5. Example 3.2: mesh trajectory for 0 < t < 1, with the monitor (3.3) and 5 = 6%1 (left) and 5 = %
(right). 41 grid points are used.
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FIG. 6. The convex Hamiltonian (4.3) for Example 4.1: The adaptive mesh (left) and numerical approximation (right) at
t = 1.5/72, using the monitor (4.1) and («, 3) = (1, 5). Top: 302 grid points and bottom: 602 grid points.

and a non-convex Hamiltonian H:

H(u,v) = —cos(u+v+1). (4.4)

The periodic boundary condition is used.
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FIG.7.  The non-convex Hamiltonian (4.4) for Example 4.1: The adaptive mesh (left) and numerical approximation (right) at
t = 1.5/72, by using the monitor (4.1) with (o, 3) = (1, 5). Left: 302 grid points and right: 602 grid points.

This problem was proposed in [27] and is now a standard test problem. In Fig. 6, the adaptive mesh
and numerical solutions at ¢ = 1.5/72 for the convex Hamiltonian (4.3) are presented, and those for the
non-convex Hamiltonian (4.4) are plotted in Fig. 7. In both cases, the monitor function w is of form (4.1)
with (a, 8) = (1,5). Itis seen from Figs. 6 and 7 that satisfactory effects of the mesh adaptation are
observed.

It is natural to ask what will be happened if the constant « in (4.1) is set to zero. In Fig. 8, the adaptive
mesh and numerical solutions at t = 1.5/72 for the non-convex Hamiltonian (4.4) are plotted, where
(o, ) = (0,5) is used. It is observed that similar results to those presented in Fig. 7 are obtained.
However, a monitor with no-zero « is useful in enhancing stability, as shown in Table 2 for the next
example.

ExampLE 4.2. The second 2D problem is a prototype model in geometrical optics [15, 24, 26], which
is a Cauchy problem for an 2D H-J equation with a non-convex Hamiltonian and a periodic boundary
condition:

br+ /P2 + 2 +1=0,  (x,9)€(0,1)%,

(4.5)
¢(x,y,0) = 0.25( cos(2rz) — 1) (cos(2my) — 1) — 1.

For this example, the monitor function is of the form (4.1) with («, 3) = (6,0.1). Using our moving
mesh algorithm, we record data at t = 0.6 (after singularity) with 302 and 60% grids. In Fig. 9, the
adaptive mesh and the approximation solutions are presented. It is seen that the problem is well resolved
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T
T
15 2

FIG.8. Sameas Fig. 7, except with («, 8) = (0, 5).

with 302 grid points, and the desired mesh adaptation effect is clearly observed. The contour lines at
t = 0.6 obtained by using 602 grid points is presented in Fig. 10.

It will be interesting to test the gradient-based monitor for this problem, namely dropping the curvature-
like term in (4.1). Numerical results on the moving mesh and the approximate solutions are plotted in Fig.
11 by using (a, 3) = (6,0). By comparing Figs. 9 and 11, we found that more grid points moved to the
peak solution regions when the curvature-based monitor (4.1) is used, indicating the useful impact of the
curvature-like term in the monitor.

A number of observations from our computation to this example are listed below:

e The coefficient of the higher order derivative term in the monitor (4.1) can not be too large, i.e. the
coefficient 8 in (4.1) should be quite small. One of the reasons is that if 3 is large then the time step in
the time evolution stage may become very small. In Example 4.2, 3 > 0.5 may lead to serious problems.

o If a gradient-monitor is chosen, i.e. 8 = 0 in (4.1), then the coefficient of the gradient term can
not be too small. Otherwise the effect of mesh adaptation will not be obtained (i.e. the mesh is almost
not moved). In Example 4.2, if we use («, ) = (1, 0) then the resulting adaptive mesh almost becomes
uniform.

e The choices of the coefficients « and 3 in (4.1) have also quite big impact on the total CPU time
used. In Table 2, we list the number of time evolutions used in solving this test problem with different
choice of the monitor functions: («, 8) = (6,0.1), (6,0), (1,0) and (0,0.1).
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Example 4.2: contours of moving mesh solution with 602 grid points at t = 0.6 (15 contour lines are used.)
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FIG.11. Same as Fig. 9, except that («

,8) = (6,0).

TABLE 2
Example 4.2: efficiency vs. effectiveness with different monitor functions

(e, B) # of time evolution # of time evolution quality of mesh
302 grids 602 grids adaptation
(6,0.1) 252 650 very good
(6, 0) 206 344 satisfactory
1,0) 152 282 poor
(0,0.1) 219 very large -

The next example is concerned with a linear scalar advection problem. One of the differences between
this one and the last two examples is that the initial condition for ¢ is no longer continuous, which has

some impact on the choice of the monitor functions.

ExamPLE 4.3. The 2D problem to be considered is a scalar advection equation

¢t +u¢ac +U¢y =0,

(z,y) €

(0,1)?

where the velocity field corresponds to a swirling deformation flow of the form

u(z,y,t) = sin’(7x) sin(27y)g(t),
v(x,y,t) = —sin(27rx) sin®(7y)g(t).

(4.6)
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FIG.12. Example 4.3: Moving mesh (left) and its solution (right) with 40% grid points at (a): ¢ = 0.4 and (b):
t=0.8.

The time dependency g(t) is given by g(t) = cos(wt/T}). Initially a discontinuity is placed at = = 0.5:

@.7)

1, z < 0.5,
d(x,y,0) = {

0, x> 0.5.

Due to the velocity dependency, the flow reverses at ¢t = %To, and the initial discontinuity should be
recovered at ¢t = T,. This problem has been investigated by LeVeque et al. [19, 20]. In the present
computation, Ty is chosen as 0.8. Since the initial condition (4.7) is discontinuous, it is reasonable to
believe that the gradient-based monitor function should be employed. The idea is similar to that for the
shock problems, see e.g. [3, 31]. The monitor function is taken as w1 with

w=1/1+|Vyd|2. (4.8)

The numerical results with 402 grid points are shown in Fig. 12.
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FIG.13. Example4.4: Adaptive mesh and numerical solution with 802 grid points, att = 0,1073,3x 1073,5x 1073,10~2
and 1.4 x 1072,

To demonstrate the ability of our moving mesh strategy, we will consider a geometric motion problem
investigated by Barth and Sethian [4]. The problem is about the motion of a simple closed curve which is
the boundary of an “H” shape, as plotted in the top right of Fig. 13.
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FIG. 13—Continued

ExXAMPLE 4.4. The governing equation is a level-set equation:

(rbt - H|v¢| =0, (x,y) € (07 1)2 ’ (49)
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where £ is the curvature of ¢, defined by k = V, - Ve? and the initial data is given by

Vol
1? (1;7 y) e H7
¢(xvy70) = _1a (J),y) EQP/H )
0, otherwise.

We wish to numerically simulate the geometric motion by solving the above level set equation collapsing
with speed proportional to local curvature. Grayson [10] proved that all simple closed curves moving with
curvature will eventually collapse to a round point. This example serves as a challenging test problem to
verify Grayson’s theory.

Since the initial function is discontinuous, we again choose the gradient-based monitor function (4.8)
in our AMR algorithm. Numerical results obtained by using 40? grid points are shown in Fig. 13, which
indicate that more grid points are moved into the regions of physical significance. As desired, adaptive
mesh is also part of the numerical solution: the areas with dense points also give rough shape of the moving
curve. For this simple example, we demonstrated numerically that Grayson’s theory on the motion of
simple closed curves holds.

5. NUMERICAL EXPERIMENTSIN 3D
A challenging task for a useful adaptive mesh redistribution method is its feasibility for 3D computations,
since 3D mesh adaptation is much more complicated than that of 1D or 2D. In 2D, it is demonstrated in
the last section that our AMR algorithm adapts the mesh extremely well to the solution without producing
skew volumes. In this section, we wish to demonstrate that this is also true in 3D. The last example in this
work is concerned with an 3D advection problem. The CFL number used is 0.12.

ExaMPLE 5.1. The last example is the same as Example 4.3, except that the solution domain becomes
Q = (—1,1)3. More precisely, this problem is concerned with a scalar advection equation

Gr + ugy + vy +wp. =0,  (z,y,2) € (-1,1)? (5.1)
where the velocity field corresponds to a swirling deformation flow of the form

u(z,y, z,t) = 2sin? (7z) sin(27y) sin(272)g(t),
v(x,y, 2,t) = —sin(2rz) sin? (7y) sin(272) g(t),
w(z,y, z,t) = —sin(27rx) sin(27y) sin? (72)g(t).

The time dependency ¢(t) is the same as that defined in Example 4.3. The initial condition is

1, z <0.5

0, x> 0.5. (5.2)

o=

As in 2D, the flow reverses at t = %To, and the initial discontinuity is recovered at t = T,. This
problem was proposed and solved by LeVeque [20]. Again, due to the discontinuity for the solution ¢,
the gradient based function w = /1 + 2|V ,,¢|? is used. In the present computation, we take T = 0.8,
and 403 grid points are used. Figs. 14 and 15 present the adaptive mesh solutions at two different time
levels,t = 0.4 = Ty/2and t = 0.8 = Tp. Itis observed that our AMR scheme adapts the mesh extremely
well to the regions with large solution gradients. Unlike on the structured mesh, an arbitrary cut-plane
may not have enough grid points from the adaptive meshes. To handle this problem, the nearby points are
projected into the chosen plane. As observed in Figs. 14 and 15, the projection may yield a few spurious
volumes, due to the complicated structure of the 3D grids.
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1 1

FIG.14.  Numerical solution and the corresponding mesh at ¢ = 0.4 (top) and ¢ = 0.8 (bottom), on the cut-plane y + z = 1.

6. CONCLUDING REMARKS
One of efficient ways to increase the resolution for the numerical approximations of the Hamilton-Jacobi
equations is to use higher order numerical discretization, such as the high-order ENO scheme of Osher

& Shu [27], high-resolution central schemes of Kurganov & Tadmor [17], and high-order discontinuous

Galerkin finite element method of Cockburn & Shu [7] and Hu & Shu [11]. In this work, we have
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FIG. 15. Same as Fig. 14, except on the cut-plane z = 0.5.

demonstrated that adaptive mesh redistribution method can also increase the solution resolution, so that
accurate numerical solutions can be obtained by using relatively small number of grid points.

The main contributions of this work are two-folds. First, we describe a simple numerical scheme
which consists of a second-order finite volume scheme and a novel AMR strategy. Second, selection
of the monitor functions is investigated. It is concluded that if the numerical solution is continuous but
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the derivatives are discontinuous (in the generic case, H-J solutions form discontinuous derivatives in a
finite time even with smooth initial conditions) then a monitor function involving a curvature-like term is
desired. However, if the solution has initial discontinuity, then a gradient-based monitor is sufficient.

A number of numerical experiments have been carried out, including 2D and 3D convection problems
and a level-set problem. The numerical computations indicate that the adaptive mesh algorithm described
in this work can cluster grid points into the regions of the physical domain where the solution has singularity
behaviors, and as a result high resolution of the numerical approximation can be achieved with relatively
small number of grid points.
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