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Abstract

In this paper, we improve upon the discontinuous Galerkin (DG) method for Hamilton-
Jacobi (HJ) equation with convex Hamiltonians in [5] and develop a new DG method
for directly solving the general HJ equations. The new method avoids the reconstruc-
tion of the solution across elements by utilizing the Roe speed at the cell interface.
Besides, we propose an entropy fix by adding penalty terms proportional to the jump
of the normal derivative of the numerical solution. The particular form of the en-
tropy fix was inspired by the Harten and Hyman’s entropy fix [12] for Roe scheme for
the conservation laws. The resulting scheme is compact, simple to implement even
on unstructured meshes, and is demonstrated to work for nonconvex Hamiltonians.
Benchmark numerical experiments in one dimension and two dimensions are provided
to validate the performance of the method.

Keywords: Hamilton-Jacobi equation, discontinuous Galerkin methods, entropy fix,
unstructured mesh.

1 Introduction

In this paper, we consider the numerical solution of the time-dependent Hamilton-Jacobi
(HJ) equation
pi+ H(Vxp, x) =0, ¢(x,0)=¢"(x), x€QeR’ (1.1)

with suitable boundary conditions on 0€2. The HJ equation arises in many applications,
e.g., optimal control, differential games, crystal growth, image processing and calculus of
variations. The solution of such equation may develop discontinuous derivatives in finite
time even when the initial data is smooth. The viscosity solution [8, 7] was introduced as
the unique physically relevant solution, and has been the focus of many numerical methods.
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Starting from [9, 24], finite difference methods such as essentially non-oscillatory (ENO)
[19, 20] or weighted ENO (WENO) methods [14, 27] have been developed to solve the
HJ equation. Those finite difference methods work quite efficiently for Cartesian meshes,
however they lose the advantage of simplicity on unstructured meshes [1, 27].

Alternatively, the Runge-Kutta discontinuous Galerkin (RKDG) method, originally de-
vised to solve the conservation laws [6], is more flexible for arbitrarily unstructured meshes.
The first work of DG methods for HJ equations [13, 17] relies on solving the conservation
law system satisfied by the derivatives of the solution. The methods work well numerically
even on unstructured mesh, with provable stability results for certain special cases, and
were later generalized in eg. [11, 4]. Unfortunately, the procedure of recovering ¢ from
its derivatives has made the algorithm indirect and complicated. In contrast, the design
of DG methods for directly solving the HJ equations is appealing but challenging, because
the HJ equation is not written in the conservative form, for which the framework of DG
methods could easily apply. In [5], a DG method for directly solving the HJ equation was
developed. This scheme has provable stability and error estimates for linear equations and
demonstrates good convergence to the viscosity solutions for nonlinear equations. However,
in entropy violating cells, a correction based on the schemes in [13, 17] is necessary to guar-
antee stability of the method, and moreover, the method in [5] only works for equations with
convex Hamiltonians. Later, this algorithm was applied to solve front propagation prob-
lems [3] and front propagation with obstacles [2], in which simplified implementations of the
entropy fix procedure were proposed. Meanwhile, central DG [18] and local DG [26] meth-
ods were recently developed for the HJ equation. Numerical experiments demonstrate that
both methods work for nonconvex Hamiltonians. In addition, the first order version of the
local DG method [26] reduces to the monotone schemes and thus has provable convergence
properties. However, the central DG methods based on overlapping meshes are difficult to
implement on unstructured meshes, and the local DG methods still need to resort to the
information about the derivatives of ¢, making the method less direct in computation. L?
error estimates for smooth solutions of the DG method [5] and local DG method [26] have
been established in [25]. For recent developments of high order and DG methods for HJ
equations, one can refer to the review papers [22, 21].

In this paper, we improve upon the DG scheme in [5] and develop a new DG method for
directly solving the general HJ equation. Based on the observation that the method in [5] is
closely related to Roe’s linearization, we use interfacial terms involving the Roe speed and
develop a new entropy fix that was inspired by the Harten and Hyman’s entropy fix [12] for
Roe scheme for the conservation laws. The new method has the following advantages. Firstly,
the scheme is shown to work on unstructured meshes even for nonconvex Hamiltonian.
Secondly, the method is simple to implement. The cumbersome L? reconstruction of the
solutions’ derivative at the cell interface in [5] is avoided, and the entropy fix is automatically
incorporated by the added jump terms in the derivatives of the numerical solution. Finally,
the scheme is direct and compact, and the computation only needs the information about
the current cell and its immediate neighbors.

The rest of the paper is organized as follows: in Section 2, we introduce the numerical
schemes for one-dimensional and multi-dimensional HJ equations. Section 3 is devoted to the
discussion of the numerical results. We conclude and discuss about future work in Section
4.



2 Numerical Methods

In this section, we will describe the numerical methods. We follow the method of lines
approach, and below we will only describe the semi-discrete DG schemes. The resulting
method of lines ODEs can be solved by the total variation diminishing (TVD) Runge-Kutta
methods [23] or strong stability preserving Runge-Kutta methods [10].

2.1 Scheme in one dimension

In this subsection, we will start by designing the scheme for one-dimensional HJ equation.
In this case, (1.1) becomes

oo+ H(po,w) =0, ¢(2,0) = ¢"(2). (2.2)
Assume the computational domain is [a, b], we will divide it into N cells as follows
a=1x1 <x3 <...<Iy;1=Db (2.3)

Now the cells and their centers are defined as

Ij = (zj_1,%;,1), T = % (:Cj,% —|—:c]+§> , j=1-,N (2.4)
and the mesh sizes are
Azj =1 —x;_1, h m]a,Xij (2.5)
The DG approximation space is
Vi={v:v|, € PXL), j=1,--- N} (2.6)

where P*(I;) denotes all polynomials of degree at most k on [}, and we let H; = aH — be the
partial derivative of the Hamiltonian with respect to ¢,.

To introduce the scheme, we need to define several quantities at the cell interface where
the DG solution is discontinuous. If z, is a point located at the cell interface, then o, € V)
would be discontinuous at x,. We can then define the Roe speed at x, to be

. H((on)x (@)@ (( e (s ),Ty) : + _
H,, () := { (on)e ’ if (pn)a (@) # (on)a(2y)

R)a(Ty)

H-
s(Hi((p )E;;) D)+ Hi((en)e (), 20)), 3 (on)e () = (on)e(2).

In the notations above, we use superscripts +, — to denote the right, and left limits of a
function. Notice that in order for the above definition to make sense, we restrict our attention
to k > 1 case, i.e. piecewise linear polynomials and above.

Similar to Harten and Hyman’s entropy fix [12], to detect entropy violating cell, we
introduce

5‘Ph (.CE*) ‘= max <07 ﬁ[sﬁh ('T*) - Hl((¢h)x($:)7 $:>7 H1((90h)x($*+), x:) - H‘Ph (.CIZ*)>

and

Spu() = mae (8, (w2), [Hl ()] ) -
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Now we are ready to formulate our DG scheme for (2.2). We look for ¢y, (z,t) € V}F, such
that

/.(8&0;1(35, t) + H(Oppn(x,t), z))vp(z) do

I

o min (Hy, (241),0) lnlyeg (o), 5+ max (A, (2,00),0) [on,_y (0n) 1,

- Cij(Ssoh(ijr%) - |ﬁ@h<xj+%>|)[(90h):v]j+%(Uh>j_+%

— OD; (S, (2,3) = | Hoy - )D(on)a], 3 (00)

=0, Vj=1,...,N (2.7)

holds for any v, € V¥ with k > 1. Here [u] = u™ — u~ denotes the jump of a function at
the cell interface, Az; serves as the scaling factor. C'is a positive penalty parameter. The
detailed discussion about the choice of C' is contained in Section 3. In particular, we find
that C' = 0.25 works well in practice. We remark that the main idea of the penalty terms
on the third and fourth line of (2.7) is to add viscosity when H,, is close to zero, therefore
to correct those entropy violating cells. This is similar to [12] for conservation laws, and a
detailed interpretation for linear HJ equation is provided below.

Next, we provide interpretation of the scheme (2.7) for the linear HJ equation with
variable coefficient

¢+ a(@)ps =0

to illustrate the main ideas. Firstly, if a(x) € C*, then

H@h(xj—i-%) = a(%aré)a 5‘Ph(xj+%) =0, SSDh(xj—i-%) = ]a(a:ﬁ%)] Vi=1,...,N,

therefore scheme (2.7) reduces to

/’(@goh(x, t) + a(z)0pon(x, t))vp(z) do

I

+ min (a(ijr%),O) [gph]ﬁ%(vh);% + max (a(xj_%),()> [goh]j_%(vh)j_i =0, j=1,...,N.

1
2

This is the same DG method as in [5], and it is the standard DG schemes for the conservation
laws with source term

Yt + (&(l’)g&)x = ax(QT)SO
with Roe flux. Therefore, stability and error estimates could be established [5].

On the other hand, when a(x) is no longer smooth, especially when a(x) contains dis-
continuity at cell interfaces. The scheme (2.8) will produce entropy violating shocks in the
solutions’ derivative [5]. In this case, the penalty terms in (2.7) come into play, and the
added viscosity enables us to capture the viscosity solution as demonstrated in Section 3. In

particular, suppose a(z) is discontinuous at z;, 1 then
la(z)(pn)a] ., 1 -
, ) T if (n)e(@ ], 1) # (Pn)e(@, 1)
th(a:ﬁ%) = ) +J+g B ‘ i_ 2 J_ 2
Salety) +aley, ), i (en)a(e,) = (o)l )



If the entropy condition is violated at z; 1, i.e. a(x " ) <0<a(zt e , ), then we get
2

6,y (7, 1) = max (o, o (w;03) = alay,,) ala?, ) = My, (xj+%)) > 0. (2.9)

Proof of (2.9): If (¢n).(x ++1> (on)e(x %), then d,, = %(a(x;;i) —a(z,, )) > 0.
If (goh)m(x;l) # (on)z ( l) we can prove (2.9) by contradiction. In partlcular 9y, =0
2 +3
requires both H,, (7, ) - a( 1 ) <0 and a(x’

Y 1) — ]:Iwh(xﬂ%) < 0. This implies

A, @l y) — aley, ) )enelay, ) — alay, (e, ) = (1), )
(o0, y) — (ol )

<0

1
2

L@t ) = (e, ) = (alah, Dot ) = oo, ) ol )

(e, ) — (n)al )

<0.

N|=

o If ((Ph)z(l'j+%) > (pn)e(x;, 1), then we get (a(x ) —alx
o)) (en)a(@y, 1) 0. With a(ay,

Denee,y) < 0 and

%
+
) <0< (H%) we have

N[ =
Q
+

M\»—l [N

(pn)a(z,1) <0 and  (en)a(z) 1) >0,

which contradicts with (ip). (27 1) > (¢n)(2, 1)
Jjts J+

e The case of (pp).(z7 ,

J+2) (on)e (- il ,) can be proved similarly. #

From (2.9), S%(xﬂ%) > (0. When |ﬁ¢,h(xj+%)| < 5¢h(xj+%), the penalty term
_CAmj(Ssoh(xﬁ%) - |]:"S0h<xj+%)|)[((ph)x]j+%(Uh);+%
will be nonzero.
On the other hand, if a( ) > 0> a(zh e 1),

the Roe scheme (2.8) could correctly capture this behavior. In fact, in this case, we have

corresponding to a shock in ¢,, we know

o (@11) = max (0, (@) = ala, ) a(w?, ) = Hoy(2,,0)) < gy (@) (210)

Proof of (2.10): If 6,, = 0, then (2.10) obviously holds true. If 6, > 0, then either

f[wh(x#%)—a( > 0 or a(x H, W(@j1) > 0.

) -

o If H%(xﬁé) - a(a:;r

and



5%(%‘%) = a(x;;%) - H‘Ph(xj-‘r%) = |I~{<Ph(xj+%)| - |a(37;r+%)| < |[~{<Ph(xj+%)|‘

i i

From (2.10), we have S@h(:cﬂ%) — ]H@h(:cﬂ%)] = 0, and method (2.7) will reduce to

(2.8). Similar arguments extend to the nonlinear case for sonic expanding cells for convex
Hamiltonians,

Hi(p; (2;41)) < 0 < Hy(p (27,1)).

The penalty term in (2.7) would be turned on automatically.

Finally we remark that the key differences of the scheme (2.7) compared to the method
in [5] are: (1) the L? reconstruction of ¢ across two elements is avoided, and we use
the Roe speed which could be easily computed. This is advantageous especially for multi-
dimensional problems on unstructured meshes, as illustrated in Sections 2.2 and 2.3. (2)
The added penalty terms automatically treat the sonic points, and the key idea is to add
the viscosity based on the jump in (¢4),, but not ¢y, itself. This is natural considering the
formation of monotone schemes such as the Lax-Friedrichs scheme for HJ equation. We will
verify in Section 3 that the penalty terms do not degrade the order of the accuracy of the
numerical scheme.

2.2 Scheme on two-dimensional Cartesian meshes

In this subsection, we generalize the scheme to compute on two-dimensional Cartesian
meshes. Now equation (1.1) is written as

ot + H(pw, 0y, 2,y) =0, @(x,y,0) = (2, y), (2,9) € [a,b] x [c,d]. (2.11)

The rectangular mesh is defined by

a=21 <x3 <..<Iy 1 =D, c=y1 <ys <...<yy,1=d (2.12)
and
]z',j = [%_%JH%} X [yj—%ayj-i-%]a Ji = [$¢—1/2,$z‘+1/2], Kj = [yj—1/2,?/j+1/2]
i=1,...N;, j=1,...N, (2.13)
Let

Ax; = xit172 — Tic12,  AY; = Yjr12 — Yj—1/2, h= maX(mZaX Az, max Ay;).

We define the approximation space as

VE={v:wv

L, €PF(Liy), i=1,...N;, j=1,...Ny} (2.14)
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where P*(I; ;) denotes all polynomials of degree at most k on I;; with k& > 1.

Let us denote H; = 37}1 and Hy = gTHy' Similar to the one-dimensional case, we need to
introduce several numerical quantities at the cell interface.

If x, is located at the cell interface in the x direction, then ¢, € th is discontinuous at
(x4, y) for any y, and we define the Roe speed in the = direction at (z.,y) to be

gl#’h (x*’ y) =
{ H((pn)z (@3 9),(en)y,xd 9)—H((en)z (% 1), (0n) v, 1Y) if (on)e(2F,y) # (0n)e(27,Y)

()o@ 9)—(gn)e(@= 0) .

s(Hi((en)o(zt,y), (0n)y 28, y) + Hi((n)a (25, 9), (on)y, 22,9), i (0n)a(ad, ) = (on)a(27,y),

where

oy = 5 (oot ) + (), (07.0)

is the average of the tangential derivative. Again, we define

51:§0h<x*7y) =
max (07 ﬁl"ﬁh (I*a y) - Hl((goh)x<x;a y)?@? SL’;, y)v Hl((QOh)x(x:u y)? (‘Ph)ya xj? y) - f{LlPh (I*a y))

and -
SLSOh (ZL'*, y) ‘= Inax (61#3;1 (ZL’*, y)? |H1,<Ph(x*7 y)|> .

Similarly, for y, located at the cell interface in the y direction, ¢;, € V;¥ is discontinuous at
(x,y,) for any x, and we define the Roe speed in the y direction at (z,y.) to be

'ﬁév@h (I, y*) =
{ H((pn)a,(en)y @y @y )= H((en)z,(en)y (@95 ),2,ys ) if (o) (z,yF) # (on)y (@, y5)

(en)y(@yd)—=(on)y(zyx)

%(Hl(((ph>$7 ((ph>y($7y:_)7x7y:—) + Hl((gph)b (goh)y(x,y;),:c,y;)), lf(gph)y(xvy:_) = (QOh)y(IE,y*_),

is the average of the tangential derivative. Again, we define

527%% (l’,y*) =
max (07 f{Qa‘Ph (x,y*) - HQ(((zOh)ivv ((,Dh)y(l’,y*_),l‘, y*_)a HQ((Qph)wv (¢h)y<$,y:_),$, y:_) - ]:‘IQ»SOh(x7y*)>

and )
S2,, (%, Ys) 1= max (52,% (2, 9s), [Ha ), (z, y*)|> )



We now formulate our scheme as: find ¢y (z,t) € V¥, such that

/ (at@h(l', Y, t) + H<ax90h($a Y, t)a (9yg0h(x, Y, t)a xz, y))vh(xa y)dl’dy

I

+/ min (ﬁl,@h(xi+%7y)70) [‘Ph](xwr%,y)”h(x;%ay)dy
K;

ﬁémﬂ@mﬁm,w®wm ny)en(a . y)dy

+/,, min(~ (7, Y11 ’0> onl (2, Y 1 )on (v 4 )de

—i—/J. max <}~[ (z Y1 ,0) on](x Y1 (x,y;:%)d:c (2.15)
%m@AX&MH@w|m%prD i p)enar, )y
—chi/K (51%( 1Y) — \H,,, ( Tio1,y |) _n YL y)dy
08y, [ (San@1502) = 1o (35 )1) )03 o, )i
~0; [ (San(o353) = gy )I) o)y gona e =0

holds for any v, € ViF with & > 1. In practice, the volume and line integrals in (2.15) can
be evaluated by Gauss quadrature formulas. The main idea in (2.15) is that in the normal
direction of the interface, we apply the ideas from the one-dimensional case, but tangential
to the interface, we use the average of the tangential derivatives from the two neighboring
cells.

2.3 Scheme on general unstructured meshes

In this subsection, we describe the scheme on general shape-regular unstructured meshes for
(1.1). Let 7, = {K} be a partition of 2, with K being simplices. We define the piecewise
polynomial space

VE={veL*Q):v|x € P"K),VK € T, },

where P*(K) denotes the set of polynomials of total degree at most k on K with k > 1. For
any element K, and edge in K, we define ng to be the outward unit normal to the boundary
of K, and tx is the unit tangential vector such that ng - tx = 0. In higher dimensions, i.e.
d > 2, d — 1 tangential vectors need to be defined. In addition, for any function u € V}¥, and
x € 0K, we define the traces of u; from outside and inside of the element K to be

uf (x) = leigl up(x £ eny),

and [up)(x) = u)! (x) — 1w, (x), Tp(x) = 3(u/! (x) + 1y, (x)). We also let Hy,, = Vg, H - ng.



max

{

(

Now following the Cartesian case, we define, for any x € 0K,

}NInK,%(x) =

H(Vxpn k)" Veontu xH)—H(Vxpn i)~ Vaontx,x") if [Ven - ng](x) # 0

[Vxppng](x)
%(HHK((VXSOh : nK)+> Vxon - tr, X+) + HnK((VXQDh : nK)_7 Vxpn - tk, X_)>7 otherwise,

and

5nK74Ph (X) =

07 HnK,tph(X) - HnK<(Vx§0h : nK)ia Vxgph : tKa Xi)a HnK((vxgph : nK)Jr: vx(;ph : tK> X+) - HnK,tph

S () 1= X (D15, (0, [ Hige 1, ()]
Then we look for ¢y, € V}¥, such that for each K,

/ ((Qﬁh)t + H(VXQO}” X)) Uh dx + /
K o
AK ~ _
~CAs, aK(SnK,% (%) = [Hujc 0, (%) )[Vxon - nic](x)vy, (x)ds = 0

for any test function v, € V¥ with k > 1, where AK, ASk are size of the element K and
edge Sk respectively. In practice, the volume and edge integrals need to be evaluated by
quadrature rules with enough accuracy. For example, we use quadrature rules that are exact
for (2k)-th order polynomial for the volume integral, and quadrature rules that are exact for
(2k + 1)-th order polynomial for the edge integrals.

o min (HnK,soh (x), 0) [on](x)v, (x)ds

3 Numerical Results

In this section, we provide numerical results to demonstrate the high order accuracy and
reliability of our schemes. In all numerical experiments, we use the third order TVD-RK
method as the temporal discretization [23].

3.1 One-dimensional results

In this subsection, we provide computational results for one-dimensional HJ equations.

Example 3.1 We solve the following linear problem with smooth variable coefficient

o+ sin(x)p, =0
o(x,0) = sin(x) (3.16)
¢(0,t) = p(2,1)

Since a(z) is smooth in this example, the penalty term automatically vanishes and the choice
of C' does not have an effect on the solution. We provide the numerical results for P!, P?
and P? polynomials in Table 3.1. The CFL numbers used are also listed in this table. For
P3 polynomials, we set At = O(Axg) in order to get comparable numerical errors in time
as in space. From the results, we could clearly observe the optimal (k+ 1)-th order accuracy
for P* polynomials.

().



Table 3.1: Errors and numerical orders of accuracy for Example 3.1 when using P¥, k = 1,2, 3, polynomials and third order
Runge-Kutta time discretization on a uniform mesh of N cells. Final time ¢ = 1.

P! CFL =03
N L' error order L? error order L error order
40  1.20E-03 2.55E-03 1.52E-02
80  3.07E-04 1.96 6.83E-04 1.90 4.32E-03 1.81
160 7.84E-05 1.97 1.78E-04 1.94 1.14E-03 1.92
320 1.99E-05 1.98 4.56E-05 1.97 294E-04 1.96
640 5.03E-06 1.99 1.15E-05 1.98 7.43E-05 1.98
P? CFL=0.1
40  4.76E-05 9.97E-05 5.23E-04
80  5.97E-06 2.99 1.36E-05 2.88 K.77TE-05 2.58
160 7.48E-07 3.00 1.82E-06 2.90 1.35E-05 2.70
320  9.38E-08 2.99 2.38E-07 2.93 1.96E-06 2.78
640 1.18E-08 2.99 3.08E-08 2.95 2.72E-07 2.85
P?> CFL=0.05
40  2.12E-06 5.13E-06 2.89E-05
80  1.36E-07 3.97 3.49E-07 3.89 2.16E-06 3.75
160 8.71E-09 3.97 2.30E-08 3.93 1.57E-07 3.79
320 5.14E-10 4.09 1.35E-09 4.10 9.47E-09 4.06
640 4.83E-12 6.75 9.06E-12 7.24 4.52E-11 7.73
1280 2.03E-13 4.58 2.96E-13 494 1.42E-12 5.00

Example 3.2 We solve the following linear problem with nonsmooth variable coefficient [5]

¢ + sign(cos(z))p, =0
¢(x,0) = sin(x) (3.17)
90(07 t) - @(271—7 t)

The viscosity solution of this example has a shock forming in ¢, at © = 7/2, and a
rarefaction wave at x = 37/2. We use this example to demonstrate the effect of the choice of
C' on the numerical solution. The solutions obtained with different values of C' are provided
in Figure 3.1. If we take the penalty constant C' = 0, that is, without entropy correction,
the entropy condition is violated at the two cells neighboring x = 37 /2, and the numerical
solution is not convergent towards the exact solution. As we slowly increasing the value of
C, we could observe better and better convergence property. In particular, once C' passes
some threshold, its effect on the quality of the solution is minimum, and bigger values of
C only cause slightly larger numerical errors. This is also demonstrated in Table 3.2. For
this problem, the viscosity solution is not smooth, so we do not expect the full (k + 1)-th
order accuracy for this example. However, for different values of C' ranging from 0.125 to
1.0, the numerical errors listed in Table 3.2 are all of second order. We have also performed
numerical study of the dependence of C' on k by looking into P! and P? polynomials. To
save space, those results are not listed in the paper, but we would like to comment that
there is no qualitative difference of the results for different values of k. Actually, for all
of the simulations performed in this paper, we find that C = 0.25 to be a good choice of
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Figure 3.1: Example 3.2. The numerical solution with various values of penalty constant C. t = 1. CFL = 0.1. P2 polynomials.
N = 80. Solid line: the exact solution; circles: the numerical solution.

the penalty constant. Unless otherwise noted, for the remaining of the paper, we will use
C =0.25.

Example 3.3 One-dimensional Burgers’ equation with smooth initial condition

e+ 592 =0
o(z,0) = sin(z) (3.18)
90(07 t) = @(271—7 t)

At t = 0.5, the solution is still smooth, and the optimal (k + 1)-th accuracy is obtained for
P* polynomials with both uniform and random meshes, see Tables 3.3 and 3.4. At ¢t = 1,
there will be a shock in ¢,, and our scheme could capture the kink sharply as shown in
Figure 3.2.

Example 3.4 One-dimensional Burgers’ equation with a nonsmooth initial condition [5]

i+ 302 =0
T—x if 0<z<m

,0) = 3.19
#(x,0) r—7m if 0<ao<27 ( )

90(07 t) = @(271—7 t)
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Table 3.2: Errors and numerical orders of accuracy for Example 3.2 when using P2 polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N cells. Final time t =1. CFL =0.1.

N  L'error order L?error order L error order
C=1.0
40 1.05E-03 1.85E-03 3.49E-03
0 2.71E-04 195 4.78E-04 1.95 8&.73E-04 2.00
160 6.89E-05 1.98 1.21E-04 1.98 2.18E-04 2.00
320 1.73E-05 1.99 3.06E-05 1.98 5.46E-05 2.00
640 4.34E-06 2.00 7.67E-06 2.00 1.37E-05 2.00
C =05
40  9.92E-04 1.74E-03 3.28E-03
80 2.56E-04 1.95 4.50E-04 1.95 8.22E-04 2.00
160 6.49E-05 1.98 1.14E-04 1.98 2.06E-04 2.00
320 1.63E-05 1.99 2.88E-05 1.98 5.14E-05 2.00
640 4.09E-06 2.00 7.22E-06 2.00 1.29E-05 2.00
C =0.25
40 8.74E-04 1.53E-03 2.87E-03
80 2.25E-04 1.96 3.95E-04 1.95 T7.19E-04 2.00
160 5.69E-05 1.98 1.00E-04 1.98 1.80E-04 2.00
320 1.43E-05 1.99 2.52E-05 1.99 4.50E-05 2.00
640 3.58E-06 2.00 6.32E-06 1.99 1.13E-05 2.00
C =0.125
40 6.38E-04 1.10E-03 2.05E-03
80 1.62E-04 1.97 2.84E-04 1.96 5.14E-04 2.00
160 4.09E-05 1.98 7.18E-05 1.98 1.29E-04 2.00
320 1.03E-05 1.99 1.81E-05 1.99 3.23E-05 2.00
640 2.57E-06 2.00 4.53E-06 2.00 &57E-06 1.91

The exact solution should have a rarefaction wave forming in its derivative, so the initial
sharp corner at x = 7 should be smeared out at later times. Since the entropy condition
is violated by the Roe type scheme, the entropy fix is necessary for convergence. Figure
3.3 shows the comparison of our schemes with various values of penalty constant C' for this
nonlinear problem. Again, we could see that C' = 0.25 is a good choice for this example.

Example 3.5 One-dimensional Eikonal equation

@t + |@a| =0
o(z,0) = sin(z) (3.20)
©(0,1) = p(2m, 1)
The exact solution is the same as the exact solution of Example 3.2. Our scheme could
capture the viscosity solution of this nonsmooth Hamiltonian. The numerical errors and

orders of accuracy using P? polynomials are listed in Table 3.5. Since the solution is not
smooth, we do not expect the optimal (k + 1)-th order accuracy for P* polynomials.

12



Table 3.3: Errors and numerical orders of accuracy for Example 3.3 when using P2 polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N cells. Penalty constant C' = 0.25. Final time ¢t = 0.5. CFL = 0.1.

N  L'error order L?error order L™ error order
Pl

40 8.45E-04 1.23E-03 5.04E-03

80 2.02E-04 2.07 2.99E-04 2.04 1.27YE-03 1.99

160 4.93E-05 2.03 7.42E-05 2.01 3.42E-04 1.89

320 1.22E-05 2.01 1.86E-05 2.00 9.08E-05 1.91

640 3.04E-06 2.01 4.66E-06 2.00 2.36E-05 1.94
P2

40 1.27E-05 2.33E-05 1.28E-04

80 1.53E-06 3.05 293E-06 2.99 2.10E-05 2.61

160 1.91E-07 3.00 3.73E-07 298 2.52E-06 3.06

320 2.39E-08 3.00 4.74E-08 298 3.56E-07 2.82

640 3.63E-09 2.72 6.23E-09 293 4.82E-08 2.88

Figure 3.2: Example 3.3. t = 1.5. CFL = 0.1. P? polynomials. N = 40. Penalty constant C' = 0.25. Solid line: the exact
solution; circles: the numerical solution.

Example 3.6 One-dimensional equation with a nonconvex Hamiltonian

¢r — cos(py +1) =0
o(x,0) = — cos(mx) (3.21)
90<_17 t) = 90(17 t)
This example involves a nonconvex Hamiltonian with smooth initial data. At ¢t = 0.5/72,
the exact solution is still smooth, and numerical results are presented in Table 3.6, demon-

strating the optimal order of accuracy of the scheme. By the time ¢t = 1.5/7% nonsmooth
features would develop in ¢, which are reliably captured in Figure 3.4.

13



Figure 3.3: Example 3.4. The numerical solution with various values of penalty constant C. t = 1. CFL = 0.1. P? polynomials.
N = 80. Solid line: the exact solution; circles: the numerical solution.
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Table 3.4: Errors and numerical orders of accuracy for Example 3.3 when using P! and P? polynomials and third order Runge-
Kutta time discretization on a random mesh with 40% perturbation of N cells. Penalty constant C' = 0.25. Final time ¢t = 0.5.
CFL =0.1.

N  L'error order L?error order L* error order
Pl

40 1.23E-03 1.91E-03 1.01E-02

80 2.70E-04 2.19 4.25E-04 2.17 2.59E-03 1.96

160 6.70E-05 2.01 1.05E-04 2.01 6.22E-04 2.06

320 1.62E-05 2.05 2.67E-05 197 2.03E-04 1.61

640 3.97E-06 2.03 6.69E-06 2.00 6.52E-05 1.64
P2

40 2.27E-05 4.52E-05 2.96E-04

80 2.54E-06 3.16 5.84E-06 2.95 5.25E-05 2.50

160 3.19E-07 3.00 6.87E-07 3.09 5.82E-06 3.17

320 4.00E-08 3.00 9.34E-08 2.88 &.96E-07 2.70

640 5.38E-09 2.89 1.16E-08 3.01 1.32E-07 2.77

Table 3.5: Errors and numerical orders of accuracy for Example 3.5 when using P2 polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N cells. Penalty constant C' = 0.25. Final time ¢t = 1. CFL = 0.1.

N  L'error order L?error order L* error order
40 6.24E-04 1.09E-03 2.13E-03

80 1.69E-04 188 298E-04 1.87 5.54E-04 1.94
160 4.35E-05 1.96 7.67E-05 1.96 1.40E-04 1.98
320 1.10E-05 199 1.94E-05 1.99 3.51E-05 2.00
640 2.75E-06 2.00 4.88E-06 1.99 8.77E-06 2.00

Figure 3.4: Example 3.6. t = 1.5/7r2. CFL = 0.1. P2 polynomials. N = 80. Penalty constant C' = 0.25. Solid line: the exact
solution; circles: the numerical solution.

Example 3.7 One-dimensional Riemann problem with a nonconvex Hamiltonian

pr+ (@2 = 1)(p2 —4)=0
{w(ax@) S ; (322



Table 3.6: Errors and numerical orders of accuracy for Example 3.6 when using P2 polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N cells. Penalty constants C' = 0.25. Final time ¢t = 0.5/72. CFL = 0.1.

N  L'error order L?error order L™ error order
40 1.46E-05 2.16E-05 9.89E-05

80 1.79E-06 3.02 2.87E-06 291 1.59E-05 2.64
160 2.22E-07 3.01 3.73E-07 295 239E-06 2.74
320 2.76E-08 3.01 4.79E-08 296 3.39E-07 2.82
640 3.51E-09 298 6.13E-09 297 4.53E-08 2.90

For this problem, the initial condition has a singularity at x = 0. Similar to [18, 26], a
nonlinear limiter is needed in order to capture the viscosity solution. We use the standard
minmod limiter [6]. This example and Example 3.14 are the only examples needing nonlinear
limiting in this paper.

The numerical solutions with and without the limiter are listed in Figure 3.5 for odd
and even values of N. Those different behaviors are due to the fact that the singular point
x = 0 would be exactly located at the cell interface for even N but not odd N at t = 0. We
note that the method with limiter can correctly capture the viscosity solution for both even
and odd N. The numerical errors and orders of accuracy using P? polynomials with limiters
are listed in Table 3.7. We could see that both methods converge, while the odd N giving
slightly smaller errors. However, similar to [18], the method is only first order accurate for
this nonsmooth problem.

Table 3.7: Errors and numerical orders of accuracy for Example 3.7 when using P2 polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N cells. CFL = 0.05. Penalty constant C' = 0.25. Final time ¢t = 1. A minmod limiter
is used.

N L' error order L? error order L™ error order
Even N
40  9.49E-03 2.21E-02 5.96E-02
80 4.64E-03 1.03 1.10E-02 1.00 3.17E-02 0.91
160 2.28E-03 1.03 548E-03 1.00 1.64E-02 0.95
320 1.12E-03 1.02 2.73E-03 1.01 &8.40E-03 0.97
640 4.72E-04 1.25 1.25E-03 1.13 4.33E-03 0.96
1280 9.37E-05 2.33 3.94E-04 1.67 2.11E-03 1.04
Odd N
41  2.80E-03 6.73E-03 2.94E-02
81 1.33E-03 1.07 3.34E-03 1.01 2.38E-02 0.30
161 6.40E-04 1.05 1.61E-03 1.05 9.89E-03 1.27
321 3.16E-04 1.02 7.98E-04 1.01 4.35E-03 1.18
641 1.32E-04 1.26 3.65E-04 1.13 3.36E-03 0.37
1281 2.63E-05 2.33 1.15E-04 1.66 141E-03 1.25
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N=80, with limiter

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 3.5: Example 3.7. Comparison of the numerical solution with and without the limiter. ¢ = 1. P? polynomials.
CFL = 0.05. Penalty constant C = 0.25. Left: without limiter; right: with limiter. Solid line: the exact solution; circles: the
numerical solution.
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3.2 Two-dimensional results

In this subsection, we provide computational results for two-dimensional HJ equations on
both Cartesian and unstructured meshes.

Example 3.8 Two-dimensional linear problem with smooth variable coefficients

Ot — Ypz + Ty = 0. (3.23)

The computational domain is [—1,1]%. The initial condition is given by

0 03<r
wo(z,y) =14 03—r 01<r<0.3 (3.24)
0.2 r <0.1

where r = /(z — 0.4)2 + (y — 0.4)2. We impose periodic boundary condition on the domain.
This is a solid body rotation around the origin. The exact solution can be expressed as

o(x,y,t) = @o(x cos(t) + ysin(t), —z sin(t) + y cos(t)). (3.25)

For this problem, same as the argument in Example 3.1, the choice of C' does not have
an effect on the scheme. We list the numerical errors and orders in Table 3.8. With this
nonsmooth initial condition, we do not expect to obtain (k 4 1)-th order of accuracy. At
t = 2, i.e. one period of rotation, we take a snapshot at the line y = x in Figure 3.6. It can
be clearly seen that a higher order scheme can yield better results for this nonsmooth initial
condition.

Table 3.8: Errors and numerical orders of accuracy for Example 3.8 when using P? polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N X N cells. Final time t =1. CFL = 0.1.

N  L'error order L?error order L* error order
10 1.21E-03 3.10E-03 2.21E-02

20 4.13E-04 1.55 1.32E-03 1.23 1.14E-02 0.95
40 1.38E-04 1.58 5.51E-04 1.26 6.49E-03 0.81
80 4.74E-05 1.54 2.36E-04 1.22 3.62E-03 0.84
160 1.54E-05 1.62 1.01E-04 1.23 2.07E-03 0.81

Example 3.9 We solve the same equation (3.23) as in Example 3.8, but with a smooth

initial condition as 0412 0402
202
The constant ¢ = 0.05 is chosen such that at the domain boundary, ¢ is very small, hence

imposing the periodic boundary condition will lead to small errors. We then could observe
the optimal order of accuracy in Table 3.9.

@o(z,y) = exp (—

18
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0.15
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01 0.1

Figure 3.6: Example 3.8. t = 2. CFL = 0.1. 80 x 80 uniform mesh. Left: P! polynomials; right: P? polynomials. One
dimensional cut of 45° with the z axis. Solid line: the exact solution; circles: the numerical solution.

Table 3.9: Errors and numerical orders of accuracy for Example 3.9 when using P2 polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N X N cells. Final time t =1. CFL = 0.1.

N  L'error order L?error order L* error order
20 1.42E-03 1.03E-02 2.79E-01

40 1.54E-04 3.20 147E-03 2.81 5.25E-02 2.41
80 1.10E-05 3.81 1.10E-04 3.73 5.77E-03 3.19
160 1.12E-06 3.30 1.15E-05 3.26 8.96E-04 2.69

Example 3.10 Two-dimensional Burgers’ equation
(pe + oy +1)* _

o(z,y,0) :2_COS (M) (3.27)

P+

with periodic boundary condition on the domain [—2, 2]%.

In this example, we test the performance of our method on unstructured meshes. A
sample mesh used with characteristic length i = 1/4 is given in Figure 3.7. At t = 0.5/72, the
solution is still smooth. Numerical errors and order of accuracy using P!, P?, P? polynomials
are listed in Table 3.10, demonstrating the optimal order of accuracy. At t = 1.5/72, the
solution is no longer smooth. Our scheme could capture the viscosity solution as shown in
Figure 3.8.

Example 3.11 Two-dimensional nonlinear equation [18]

Y1+ ey =0
{ 90(557 Y, O) = sin(x) + cos(y) (3.28)

with periodic boundary condition on the domain [—, 7]?.

At t = 0.8, the solution is still smooth, as shown in the left figure of Figure 3.9. Numerical
errors and order of accuracy using P? polynomials are listed in Table 3.11, demonstrating
the optimal order of accuracy. At ¢t = 1.5, singular features would form in the solution, as
shown in the right figure of Figure 3.9.
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Figure 3.7: Examples 3.10 and 3.13. The unstructured mesh used with characteristic length h = 1/4.

Figure 3.8: Example 3.10. CFL = 0.1. P? polynomials. Triangular mesh with characteristic length 1/8. 2816 elements.
Penalty constant C' = 0.25. Left: ¢t = 0.5/7%; right: ¢ = 1.5/72.

Example 3.12 An example related to controlling optimal cost determination [20]

{ @t +sin(y) . + (sin(x) + sign(p,)) ey — %sinQ(y) +cos(z) =1 =0 (3.29)
¢(z,y,0) =0

with periodic boundary condition on the domain [—, 7]?.

The Hamiltonian is not smooth in this example. Our scheme can capture the features
of the viscosity solution well. The numerical solution (left) and the optimal control term
sign(y,) (right) at ¢ = 1 are shown in Figure 3.10.
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Figure 3.9: Example 3.11.
right: ¢ = 1.5.
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CFL = 0.1. P2 polynomials on a 80 x 80 uniform mesh.
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Penalty constant: C' = 0.25. Left: t = 0.8;

Figure 3.10: Example 3.12. t = 1. CFL = 0.1. P2 polynomials on a 40 x 40 uniform mesh. Penalty constant: C' = 0.25. Left:
the numerical solution; right: sign(ey).
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Table 3.10: Errors and numerical orders of accuracy for Example 3.10 when using P? polynomials and third order Runge-Kutta
time discretization on triangular meshes with characteristic length h. Penalty constant C' = 0.25. Final time t = 0.5/72.
CFL =0.1.

h L' error order L? error order L> error order

Pl

1/2 1.75E-02 2.99E-03 2.26E-01

1/4 4.40E-03 1.99 7.54E-03 1.99 6.24E-02 1.85

1/8 1.10E-03 2.00 1.89E-03 2.00 1.62E-02 1.95

1/16 2.76E-04 2.00 4.73E-04 2.00 4.08E-03 1.99

1/32 6.89E-05 2.00 1.18E-04 2.00 1.02E-03 2.00
P2

1/2 1.03E-03 1.79E-03 2.01E-02

1/4 1.30E-04 3.00 2.25E-04 2.99 2.57E-03 2.97

1/8 1.63E-05 3.00 2.82E-05 3.00 3.23E-04 2.99

1/16 2.03E-06 3.00 3.53E-06 3.00 4.04E-05 3.00

1/32 2.54E-07 3.00 4.41E-07 3.00 5.05E-06 3.00
P®  At=0(h3)

/2 2.23E-04 6.14E-04 2.00E-02

1/4 1.62E-05 3.79 4.39E-05 3.81 1.78E-03 3.49

1/8 1.26E-06 3.68 3.36E-06 3.71 1.58E-04 3.50

1/16 1.03E-07 3.61 2.73E-07 3.62 1.25E-05 3.66

1/32 9.06E-09 3.51 2.46E-08 3.47 8.82E-07 3.82

Table 3.11: Errors and numerical orders of accuracy for Example 3.11 when using P? polynomials and third order Runge-Kutta
time discretization on a uniform mesh of N x N cells. Penalty constant C = 0.25. Final time t = 0.8. CFL = 0.1.

N L'error order L?error order L error order
10 2.22E-03 3.95E-03 4.78E-02

20 2.75E-04 298 4.50E-04 2.98 7.79E-03 2.62
40 3.70E-05 2.89 7.33E-05 2.77 1.50E-03 2.38
80 4.80E-06 2.95 9.83E-06 2.90 2.40E-04 2.64

Example 3.13 Two-dimensional equation with a nonconvex Hamiltonian

or —cos(py + 9, +1) =0
™ (3.30)

<)0(‘7‘17 Y, 0) - = COS(§<J; + y))
with periodic boundary condition on the domain [—2, 2]?.

We use the same unstructured mesh as in Example 3.10, see for example Figure 3.7.
At t = 0.5/72, the solution is still smooth, see Table 3.12 for numerical errors and order
of accuracy using P? polynomials. At ¢t = 1.5/72, singular features would develop in the
solution, as shown in Figure 3.11.

Example 3.14 Two-dimensional Riemann problem

@ +sin(g, + @) =0
{ o(x,y,0) = 7(|y| — |=|) (3.31)
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Table 3.12: Errors and numerical orders of accuracy for Example 3.13 when using P? polynomials and third order Runge-Kutta
time discretization on triangular meshes with characteristic length h. Penalty constant C' = 0.25. Final time t = 0.5/72.

CFL =0.1.

h L? error order L? error order L™ error order
1 1.05E-02 1.65E-02 1.48E-01
1/2  1.59E-03 2.71 249E-03 2.73 3.11E-02 225
1/4 242E-04 2.71 4.02E-04 2.63 6.35E-03 2.29
1/8 3.28E-05 2.89 5.84E-05 2.78 1.03E-03 2.62
1/16 3.96E-06 3.05 7.45E-06 2.97 1.72E-04 2.58

Figure 3.11: Example 3.13. CFL = 0.1. P? polynomials. Triangular mesh with characteristic length 1/8. 2816 elements.
Penalty constant: C' = 0.25. Left: t = 0.5/72. Right: t = 1.5/72.

on the domain [—1,1]2.

Similar to [13, 26], a nonlinear limiter is needed for convergence in this example. We use
the moment limiter [16] and the numerical solution obtained by P? polynomial at ¢ = 1 is

provided in Figure 3.12.
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Figure 3.12: Example 3.14. t = 1. CFL = 0.1. P? polynomials on a 41 x 41 uniform mesh. Penalty constant: C' = 0.25.
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Example 3.15 The problem of a propagating surface

pr—/eityey+1=0
! (3.32)

o(x,y,0)=1— ;l(cos(ch) — 1)(cos(2my) — 1)

with periodic boundary condition on the domain [0, 1]2. This is a special case of the example
used in [19], and is also the two-dimensional Eikonal equation arising from geometric optics
[15]. We use an unstructured mesh shown in Figure 3.13 with refinements near the center
of the domain where the solution develops singularity. The numerical solutions at different
times are displayed in Figure 3.14. Notice that the solution at ¢t = 0 is shifted downward by
0.35 to show the detail of the solutions at later times.

0.8
0.6
>
0.4
0.2
0 i V" \l \/\l/ & \l
0 0.2 0.4 0.6 0.8 1
X

Figure 3.13: Example 3.15. The unstructured mesh used in the computation. Number of elements: 3480.

Example 3.16 The problem of a propagating surface on the unit disk {(z,y) : 22 +y* < 1}

pr—Jvitye;+1=0

(e (3.33)
pl.,0) = —sin( ")),
We use an unstructured mesh as depicted in Figure 3.15 with refinements near the origin
where solution develops singularity. The numerical solutions at different times are displayed

in Figure 3.16. Notice that the solution at ¢ = 0 is shifted downward by 0.2 to show the
detail of the solutions at later times.

In this section, we demonstrate numerically that the scheme could obtain the optimal
order of accuracy for smooth solutions on both structured and unstructured meshes and could
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Figure 3.14: Example 3.15. CFL = 0.1. P2 polynomials. Penalty constant: C' = 0.25. The numerical solution at the indicated

times.
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sed in the computation. Number of elements: 5890.
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Figure 3.15: Example 3.16. The unstructured mesh u
3.2, 3.4, 3.5, 3.14. In the 1D and 2D Riemann problems, Examples 3.7 and 3.14, a nonlinear

reliably capture the viscosity solution for both convex and non convex Hamiltonians. The
penalty terms in the scheme play an important role in several examples, such as Examples
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Figure 3.16: Example 3.16. CFL = 0.1. P? polynomials. Penalty constant: C' = 0.25. The numerical solution at the indicated
times.

limiter is needed to capture the viscosity solution similarly as observed in [18, 26].

4 Concluding Remarks

In this paper, we propose a new DG method for directly solving the HJ equation. The
scheme is direct and robust, and is demonstrated to work on unstructured meshes even with
nonconvex Hamiltonians. The theoretical aspects of this method are subjects of future study.
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