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Abstract

A new set of consistent boundary conditions for Yee scheme approximations of wave equations in two space dimen-
sions are developed and analyzed. We show how the classical staircase boundary conditions for hard reflections or, in
the electromagnetic case, conducting surfaces in certain cases give O(1) errors. The proposed conditions keep the structure
of the Yee scheme and are thus well suited for high performance computing. The higher accuracy is achieved by modifying
the coeflicients in the difference stencils near the boundary. This generalizes our earlier results with Gustafsson and Wahl-
und in one space dimension. We study stability and convergence and we present numerical examples.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The Yee scheme for the Maxwell’s equations was introduced in 1966, [19] and has since then been the
method of choice in many electro-magnetic simulations. This finite difference time domain (FDTD) technique
is simply based on centered explicit differencing on staggered grids. We will consider two space dimensions and
the TM and TE modes are then given by the following equations, respectively:
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In these equations E, H, u and ¢ denote the electric and magnetic fields, magnetic permeability and electric
permittivity, respectively. We will however use the notation of acoustic waves as was done in the related papers
[5.16],
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where (x,y) € @ C R* and ¢ > 0. Here, p denotes pressure and u, v the x- and the y-velocity components
respectively.

Eqgs. (1)—(3) are all equivalent. With the substitutions p = E,, H, = —vand H, =uand 1/u = b, 1/¢ = a, we
get (3) from (1), and similarly with the substitutions H, = p, E, = —u, E, =vand 1/u = b, 1 /¢ = a, we obtain
(3) from (2). We will use (3) for the rest of the paper.

Introduce a space step Ax = Ay = & and a time step Az. The Yee scheme is defined on a grid that is stag-
gered in both space and time. The variable p is stored at half grid points in both x and y, (x;11/2,;.,/,) at half
time levels #"*!/2. The u and v variables are stored at full time levels ¢, u at full points in x and half points in y,
(%, ¥111/2), and v at half points in x and full points in p, (x;11/2,¥,), as indicated in Fig. 1. Here, x; = jh,
Xjip =+ 1/2)h, yy = lh, yi11p = (1 +1/2)h, and 1" = nAt, 712 = (n 4 1/2)At.

The Yee scheme for (3) is
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with the difference operators defined by
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Fig. 1. The staggered grid in space and time.
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Diujiiip = (Uit 112 — Wi 2) /h,
D100 = (V12041 — Vjg1/20) /1,
D_wpiiipria = Pr1jisija = Pio1jaie1/2) /by
D—ypj+1/2.,z+1/2 = (Pj+1/2‘1+1/2 —Pj+1/2,171/2)/h-

The remarkable success of this FDTD method is based on several virtues. The scheme is second order,
explicit and energy conserving. It uses a structured grid, which easily allows for parallel computing and the
staggered structure keeps the storage at a minimum.

The natural boundary conditions for (3) is that velocity normal to the boundary vanishes,

n-(u,0)=0, (x,)eQ, t>0. (5)

This corresponds to the standard PEC boundary conditions for the electromagnetic equations [14]. When the
boundary 0Q is parallel to one of the coordinate axes it is simple to give a consistent numerical boundary con-
ditions. Let, for example, Q be equal to the left half plane. The value of p closest to the boundary is then up-
dated by a difference formula in which u to the right is zero. This is the only boundary condition that is needed
and it is equivalent to setting the material coefficient » and the initial values of u to zero outside the domain.
The idea of generating boundary conditions by redefining the coefficients in this context was introduced in
[16].

The serious problem comes when the normal of the boundary is not parallel to any coordinate axes. Con-
ditions of the type above are then typically applied locally in a stair-case way, see Fig. 2. In the next section we
will give an analytic example for which this standard stair-case boundary approximation generates local O(1)
errors, i.e. O(1) errors in the solution as measured in the maximum norm. The numerical examples in Sections
4 and 5 further illuminates this problem.

A common technique for resolving the difficulty with the boundary conditions is to use unstructured or con-
formal grids that are adjusted to match the boundary. See for example [14,7,10] for finite difference and finite
element versions of such techniques. However, an FDTD method based on the Yee scheme is attractive since
the use of a regular staggered grid is computationally very efficient. Therefore, modifications that are more
local in nature have been introduced. One approach is to use a regular grid and the standard Yee scheme
for most on the domain, switching to a locally conformal grid only close to the boundaries [2,6,8,11,17,20].
A stable hybrid method, switching from the regular FDTD method to a finite element method close to the
boundaries has been designed for the same purpose [13]. In [18], auxiliary points are introduced close to the
boundary and skew difference stencils are employed to avoid differencing across the boundary. Extrapolation
of field values to grid points falling just outside the domain such that the regular stencils can then be applied is
the approach used in [12]. Locally conforming FDTD methods that introduce small irregular cells close to the
boundary often suffer from a reduced CFL condition. In [17,20], local modifications that preserves the CFL
condition of the original scheme are introduced. All these approaches introduce modifications close to the
boundary such that the structure of the Yee scheme is altered. With the structure of the Yee scheme, we here
refer to both the regular staggered grid, and the sizes and shapes of the computational stencils. Hence, the use
of additional grid values for the update in irregular grid cells alters this structure, even if the grid is kept regular.

X X
X X
X X

Fig. 2. The boundary I' given by 2x + y = h/4 cutting through the grid, and the corresponding stair-cased boundary (dashed). The stencil
for the update of the p-point in the example is indicated.
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It is however possible to keep the structure of the Yee scheme (4) in this strict sense and define consistent
boundary conditions for general boundaries by allowing for slightly increased flexibility of the coefficients in
(4). In this way the efficiency of the Yee scheme is not affected. The new boundary approximation is derived in
Section 3 where we also discuss stability and convergence. The approximation is based on the idea of replacing
the boundary conditions by setting material coefficients to zero [16] and the theory of accurate regularization
of discontinuous coefficients, [15]. It can be implemented such that the CFL condition for the new scheme is
the same as that for the Yee scheme without boundaries. The numerical examples in Sections 4 and 5 show
first order convergence in both the maximum norm the discrete 2-norm for these new conditions. It should
be mentioned that the error from the boundary and the interior phase error have different characters, see
[16]. The phase error increases with time and is often dominant. It is therefore in many simulations acceptable
to have lower order approximations at the boundary.

2. Stair-case boundaries

Consider the two dimensional Yee scheme (4) for the wave Eq. (3) with the, so-called, stair-case boundary
condition at a general boundary. The velocity boundary condition at a solid wall is that the normal compo-
nent of the velocity is zero, i.e. n - u = 0 (as given in (5)). The so-called stair-cased boundary condition means
that the true boundary is replaced with a stair-cased one, i.e. one with vertical and horizontal line segments
only. This stair-cased boundary is placed such that vertical parts of the boundary runs through points where
the x-component of the velocity (u) is defined, and here u is set to zero (the vector normal to this part of the
boundary is horizontal). Correspondingly, the horizontal parts of the boundary runs through points where the
y-component of the velocity (v) is defined, and here v is set to zero.

The shortcomings of this treatment has been discussed in a number of publications, [1,3,6-8,12,18]. The
general conclusion has often been that the stair-case boundary reduces the accuracy but we have not seen
any explicit examples illustrating that the method actually is inconsistent and generically produces O(1) local
errors. One reason for missing the inconsistency may be that the 0°, 45° and 90° cases are tested and those
special cases are consistent as explained in the next section (producing first order errors in both maximum
norm and integrated norms). Another reason could be that the standard boundary conditions may still con-
verge in integrated norms even if the convergence is very slow, see Sections 4 and 5.

The following simple counterexample shows that the stair-case boundary condition for the Yee scheme is
not consistent and that there are situations that give order one errors after one time step.

Let a(x) = b(x) =1 and

Q={(x,y) 2x+y<h/4}, 0Q=T={(x,y) 2x+y = h/4},

which implies i = (2,1)/+/5, and from the boundary condition 2u 4+ v = 0, (x,y) € I'. The stationary solution
u(x,y) =1, v(x,y) = —2 and p(x,y) = P, for any constant P, satisfies the equations and the boundary condi-
tions, and we assume that these values are also given as initial conditions. Consider a grid with a p grid point
at (0,0) a u point at (—#/2,0) and a v point at (0, —4/2) with Ax = Ay = h, see Fig. 2. The update formula for p
in the first time step will then be based on

p*=p 2+ At((0 — u®) + (0 — 0°))/h = P+ At/h # P.

There is thus an immediate L., O(1) error in after the first update. The numerical examples in Sections 4 and 5
present the character of this type of error in different settings and in different norms.

Our goal in this paper is to keep the boundary approximation as simple as possible and to preserve the
important virtues of the interior Yee scheme. We will modify only the coefficients and not the structure of
the Yee scheme. We will see later that this modification can be done without affecting the CFL condition
of the original scheme.

3. Derivation of consistent boundary conditions

Imposing the stair-cased boundary condition is equivalent to setting the material coefficient b as well as the
initial conditions for u# and v to zero in all points on the stair-cased boundary and outside of the domain. This
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idea of generating boundary conditions was introduced in [16], and is convenient for considering modifications
to increase the accuracy of the approximation.

Let us consider the equation for p, p, =a(u, +v,). With the discretization in (4), a(u, +v,) at
(x,3) = (xj11/2,Y141/2) is approximated by

1
a(u, + Uy)|j+l/2,l+l/2 ~ Zaj+l/2,/+l/2(u/+l,l+l/2 — Uji12 F Vjs1/2041 = Vjs1)21)-

To shorten the notation, we will write this

1
a(u, +v,)|, ~ zao(uE —uV + N =08,
where this notation is also explained in Fig. 3. Here, we assume the material coefficient « to be constant in the
region adjacent to the boundary.
Now, let us assume that the boundary I' cuts through the stencil such that u® = vN = 0 (as depicted in
Fig. 4b). We will Taylor expand around a point (x*,y*) on I'. We get

Lot 0N — 6% = L0, 0 = (e, 3) + (rw — Y, 37) + g — 3 )y (6%, 37) + O())

h h
0 — (0(x", ") + (s = x o, y) + (s = ¥ o, (", ") + O(R*))]. (6)
From Taylor expanding the analytical expression a(u, + v,) at X, = (x;y1/2,¥,,1/,) around (x*,y"), we get
a(uy +vy)], = ao(u:(x", ") + v,(x", ¥")) + O(h). (7)

To examine the error, we need to compare the expansion in (6) to that in (7). The largest term in (6) is of
O(1/h) and is given by

L (-ulc )~ o))

There is no corresponding term in (7), and we need to examine if this term vanishes.

Let I'" be the line tangent to I' at (x*,)"), and denote the angle of I"* to the x-axis by o (0 < « < m). Intro-
duce the coordinate system (&, 1), where ¢ is along I'*. In this coordinate system, u = #¢ + 7 with the bound-
ary conditionu-n=0=0on I

We have

u = Cos il + sinav, v = sinail + COS av,
and hence

1 1 .
5 2o (mul, ") — 0", y")) = a,(=(cosa+ sin0)a(S", ")),

where we have used the fact that (", n*) = 0, where (&*, %) are the coordinates for the point (x*,y*) in the
& — 5 coordinate system.

T xN = @410 041) TN
” A Ko = ($j+1/3 Yt1/2) » ’\po »
w X D —X * D X
x" = (x5, Y41/2) x” = @1, 02) W u®
+x° = (2 u) 40°
(a) The coordinates. (b) The variables.

Fig. 3. The points in the stencil for the update of p (i.e. the evaluation of a(u, + v,)) at X, = (x;11/2,V111/2)-
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Indeed, with the exception of the special case of « = 3n/4 (within the range of angles for which the stencil
could be cut this way), this term does not vanish and is in general O(1/4). Hence, the error in the numerical
approximation of a(u, + v,) at a point with a stencil intersecting the boundary is O(1/4). Since in the formula
(4) for updating p the approximation of a(u, + v,) is multiplied by A¢ the error in p already after one time step
may be O(1). See also the example in Section 2.

The Yee scheme was introduced in (4). With this discretization, we can not modify the a-coefficient to
improve on the discretization, since it is multiplying the whole expression. Let us instead introduce the mod-
ified discretization

n+1/2 n—1/2 (1) n ©) n

i = P+ Al (D“ (Cj., 11245, z+1/2) +Dey (CJ+1/2J”_7+1/2~1>>’
ntl n1/2

”j4,+/+1/2 = U y1n +Atby 1 pD- vp,+1/2 1+1/20 )
n+1 _ /2

vjil/l,l = Uj+1/2,1 + Ath j+1/2,1D*}’pj+1/2‘ 1+1/2)

and let us write

1
a(u, +v,)|, = 7 (@ u® —aVu™ +a"oN — &5®). (9)
This is the approximation of a(u, + v,) in (x,y) = (xm/z,ym/z) in the scheme (8) with a* = a1, 1+1/2c§21 1120
1 - 2
@ = @111 2€5 001 s @ = Qa1 2C ] g4 A0 @ = @i 1067 - With this, following the same steps
as above, we get that the O(1/4) term 1n the expansion is given by

1 1 NS
7 (—aVu(x*,y") — @sv(x*,y")) = A (—(@™ coso + @ sin )it (x*, y")).

This term can be made to vanish by choosing ¢! and ¢® and thus @V and @° appropriately, such that

aVcosa+asing = 0. (10)

If this term is made to vanish, the leading order term in the expansion improves with one order and is O(1), as
given by
&W * * * * * * as * * * * * *
=S (= Yl 3) O =2 ) 37) = (s =3, 0) + O =),

This should match the O(1) term in (7), a,(u.(x*,y*) + v,(x*,»*)). With only aw and as to be determined, we
are not able to fulfill both the consistency condition (10) and to match this O(1) term. Hence, with this struc-
ture of the scheme, with only two « and two v points in the stencil, we can do no better than to eliminate the
very largest error by fulfilling the consistency condition (10). This implicates that we will still have an O(k)
error in the numerical solution after one time step, and we should expect a first order error in the numerical
solution to the PDE.

The way the stair-cased boundary is placed in the grid implies that there are no difference formulas for bp,
or bp, intersecting this boundary.

The consistency condition that needs to be fulfilled to avoid an O(1) maximum norm error in the solution
to the PDE depends on the manner in which the boundary intersects the computational stencil. In Fig. 4, the
four cases where the boundary is intersecting the computational stencil in both x and y are indicated. In Fig. 5,
the four cases where the boundary is intersecting the computational stencil either only in x or only in y are
indicated. The consistency conditions are summarized in Table 1. Note that for I' a straight line at an angle
o =0,7/4,1/2 or 3n/4 are special cases, where a™ = a> = aV = a® = a obeys the corresponding consistency
condition.

There are also cases where the physical boundary falls outside of the computational stencil, but where the b-
coeflicient in one u-point and/or one v-point has been set to zero to define the stair-cased boundary. Such cases
can also be categorized by the cases depicted in Figs. 4 and 5 with the corresponding consistency conditions
listed in Table 1, using the values of the h-coefficients to define inside/outside. The only difference is that the
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point (x*,y*) on I', at which we define o from the slope of the tangent line, will now fall outside of the 4 x A
square defined by the computational stencil. The stair-cased boundary definition will also modify any case
where I' intersects one axes of the computational stencil more than once, and hence, the cases given above
are all the cases that we need to consider.

3.1. Implementation

The implementation of the modified coefficients involves two main steps: First, the b-coefficients should be
set to zero in points outside the actual domain, but also in some extra points such as to define the stair-cased
boundary. Doing only this results in the original stair-cased grid approximation, i.e. it is equivalent to setting u
and v equal to zero at vertical and horizontal parts of the stair-cased boundary, respectively.

Once the b-coefficients have been modified, it is time to modify the coefficients in the stencil for the pressure
update. To do this, we need to identify “irregular” points for this update, i.e. where the computational stencil
is intersected by the stair-cased boundary. This means that the update involves u and/or v both at points where
b holds its interior value, and where it has been set to zero.

/ \ inside inside

N %

\
inside inside \ /

(a) Case XY1 (b) Case XY2 (c) Case XY3 (d) Case XY4

AV
4
Av
Va

Fig. 4. The four different cases for a stencil intersected in both the x and y direction.

inside inside | inside
/
VanY Vany D VanY
3 Ay %4 A 74 3
v—/
inside
(a) Case X1 (b) Case X2 (c) Case Y1 (d) Case Y2

Fig. 5. The four different cases for a stencil intersected in either only the x or the y direction.

Table 1

The consistency conditions for the different cases sketched in Figs. 4 and 5, with the notation as given in (9)

Case Consistency condition

XY1 aFcosa—aSsina =0

XY2 aVcosa4aSsina =0

XY3 a®cosa+aVNsino =0

XY4 aVcosa—aNsinoa =0

X1 aFcosa+ (aN — %) sina =0
X2 @V cosa — (aN — &%) sina =0
Y1 (@® —a%V)cosa —aSsina =0
Y2 (@ —aV)coso+aNsina =0

The angle o is the angle to the x-axis of the line tangent to the boundary I' at the point (x*,»*) (0 < « < 7). Note: the point (x*,y*) can be
any point on the boundary within the 4 x & square defined by the computational stencil. A different choice only affects the next order term
in the expansion, and not the consistency condition.
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After the irregular points have been identified, we must for each point define the modified coefficients, i.e.
we will determine aF, @V, aN and @3, such that the applicable condition in Table 1 is fulfilled. This consistency
condition does not however completely determine these coefficients. We choose the coefficients such that each
of them takes a value between zero and the original value of g, such as not to affect the CFL condition for the
scheme. As an example, consider case XY1. Here, « should lie in the range between 0 and =/2 for the curve to
intersect the stencil in this manner. If o < /4, we let @° = a, and set a® = (sina/ cos a)a®, and if o > 1/4 we
instead set @ = a, and set @ = (cos «/ sin «)a®. Similarly, for each case listed in Table 1, there is only one of
the a-coefficients that will be modified, which one depends on the value of «. This is given in Tables 18 and 19
in Appendix.

If the boundary I is a straight line cutting through the grid, « is given by the angle of that line to the x-axis
(0 < a < m). If I' is some other curve, a point (x*,»*) on the curve must be selected, and o for the tangent line at
that point computed. This is further discussed in Appendix.

Remember that the exact choice of (x*,»*) does not affect the consistency condition. These coordinates
would however explicitly enter any conditions imposed to eliminate higher order error terms.

3.2. Stability and convergence

In [5] a discrete stability L? estimate for (4) with variable coefficients is derived. With the more general form
(8) we have to rely on numerical investigations in order to study the stability. In a set of numerical experiments
with different geometries the discrete L> norm did not increase with time for random initial data when the step
sizes were bounded by an appropriate CFL condition. Furthermore, in all tests, our new numerical scheme
with modified coefficients experiences the same CFL condition as the Yee scheme for problems without
boundaries, which for coefficients that are constant in the interior is A¢/h < 1/v/2ab, [5]. This is illustrated
in Fig. 6. The discrete L>-norm of p is plotted versus the number of time steps for a time step size slightly below
and slightly above this CFL condition. This is done for two different choices of the boundary I': a straight
inclined boundary and an enclosed cylinder. Here, p, u and v are in each grid point initialized by a random
number between 0 and 1 (uniform distribution). Any numerical instability will with these initial conditions
grow much sooner than for smooth initial data. The system is discretized on the domain [0, 2%t} x [0, 27|, with
a spatial step size Ax = Ay = h = 2n/N. The plots clearly illustrate that when the time step obeys the CFL
condition, the norm of the solution is bounded, where as it grows rapidly as soon as the time step exceeds
the CFL condition. Again, we emphasize that this is the same CFL condition as for the problem without
any boundaries, even though the boundary cuts the computational cells into many different ratios.

The error analysis used for the derivation in Section 3 shows that the local truncation error for the modified
scheme is bounded by a constant at boundary points and O(/4?) in the interior. Since the number of boundary
points is O(1/h) the discrete L> norm of the local truncation error is of order O(k'/?) and L? stability would
then imply consistency with convergence rate O(hl/ %). The result by Gustafsson in [4] is often cited as having
established that there is a gain of one order of accuracy in influence from the truncation error at the boundary

lIpll2 lIpll2
4 4 ,
I
3 B=1.001 3 | B=1.001
2
1.~ - p=0.999
0 : ' : 0 : ' :
50 100 150 200 50 100 150 200
Number of time steps. Number of time steps.
(a) I a straight line given by (17), with @ = (b) I a circle of radius R = 87 /30, centered
m/6 and T = /27 /30. in (Z,9) = (14 7/700,1 — +/2/200)7.

Fig. 6. The discrete L>-norm of p plotted versus the number of time-steps for N = 80 (solid) and N = 240 (dashed) for different values of .
The time-step At = f$h/v/2ab, where ff = 1 is the CFL limit for the Yee scheme for problems without boundaries.
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to the global error. Even if our case is not covered by that theory, all numerical examples in Sections 4 and 5
clearly show a first order global convergence rate. See also [14] for a discussion on this matter.

Remark. The following example shows that it is in general impossible to achieve more that first order accuracy
even with the generalized Yee type of algorithm with

ni1/2 a1 AV . - .
Pivi2i12 = Pijoasiy t 7 (aE”j+1,l+1/z —awl T aNY g T asvj+1/2Ak)'

Let
Q={(x,y) x+y<h/d}, 0Q=T={(x,y) x+y=nh/4},

which implies fi = (1,1)/v/2, and u + v = 0 for (x,y) € 0Q.

Consider a grid with a p grid point at (0,0), a u point at (—4/2,0) and a v point at (0, —4/2). The update

formula for p will then be based on
p;i;//zz,zﬂ/z = pﬁll//zz,m/z + % (Z’E”7+1,/+1/2 - ZZSU;,H/Z,k')v
where the different a-coefficients are possible in the generalized Yee scheme.

If we now take u(x,y,0) = h/2 +x — S5y and v(x,y,0) = h/2 — 5x + y, this choice satisfies the boundary con-
dition and the u, — v, = 0 condition (the vorticity is invariant under evolution of Eq. (3)). The value of
p’/’Ll //22, i~ p;:ll //22, 112 (n=10) should be 2A¢ but the update formula gives 0. This implies that there is a
O(h) error in p immediately after the update.

To avoid this O(%) error in p, we need to eliminate not only the O(1/4) but also the O(1) error term in the
approximation of a(u, + v,). To do so, the two degrees of freedom we have in choosing a® and @ are not suf-
ficient and hence this cannot be done without altering the structure of the Yee scheme. This is in contrast to
the one-dimensional case, where all solution components are continuous, and global second order convergence
can be obtained with only a modification of the coefficients [15].

4. Test Case I: A straight inclined boundary
4.1. Constant solutions

Certainly, no numerical method is needed to compute a solution that is constant in both space and time.
But in this context it is valuable to consider such a trivial solution to highlight the errors introduced by the
original stair-cased boundary approximation.

The boundary conditions at a solid wall are i - Vp = 0 and (u, v) - i = 0, where 1 is the vector normal to the
boundary. For a straight inclined boundary, making an angle o = arctan(1/d) to the x-axis, the normal vector
is (—1,d)/v/1 + d*, and the velocity boundary condition is —u + dv = 0. Hence, u = 1, v = 1/d and p = P for
any constant P is a solution to (3) with these boundary conditions (5).

It was already noted in Section 2, that with the original stair-cased approximation, there is an O(1) L* error
for p already after the first time step (that example was for the case d = —1/2).

With the modifications of the coefficients, such that the consistency conditions in Table 1 are fulfilled, there
is no error for any « in the numerical approximation in this case. The solution u = 1, v =1/d and p = P is an
exact solution also to the numerical approximation.

Before we proceed to the more general case of an incoming wave that is being reflected at the boundary, we
will study the errors for the stair-cased approximation in this very simple case. For the special case of d = £1,
i.e o = nt/4 and 3n/4, respectively, the stair-cased boundary approximation obeys the consistency conditions,
and there are no errors in the approximation of these constant solutions. This is also true for a vertical or a
horizontal boundary. (The original stair-cased approximation and the modified approximation coincide in
these cases).

The Yee scheme is staggered not only in space, but also in time, i.e. the numerical approximations of # and v
are available at times 7, = nAt, and p at times ;1> = (n + 1/2)At. We want to be able to measure the error for
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Fig. 7. The computational domain with an inclined boundary with o = arctan(1/2). The area in grey is inside the physical domain. The
numerical errors are measured in Q: the part of the region [r/2,31/2] x [r/2,3n/2] that falls inside the physical domain (colored dark grey
in the picture).

different grid resolutions at the same points in time. To have the numerical solutions for both u, v and p avail-
able at common points in time, we use a grid refinement factor of 3.

We solve the problem on [0,2x] x [0,2n] with periodic outer boundary conditions. The coefficients are
a = b = —1. We define the inclined boundary by Y(x) = (x — x) tan(a) = (x — x)/d, with x = (1 — d)r/2, that
divides the square into two parts; inside to the left and outside to the right. In order not to include errors from
the outer boundaries in our measurements, we measure the errors over an inner area Q, as indicated in Fig. 7,
and compute up to a limited time. The errors are measured both in maximum norm, and in the discrete L*-
norm. These norms are for a grid function f defined in grid points (x;;1/2,¥,,1/,) defined as

1/2
1 2
oo = max|fiprnpl /1L = | 3 Y ppl] (11)

P jle,

Here, J,, is the set of indices (j, /) for which the grid points (x;.12,¥,,,/,) fall inside the check area Q, and N,
are the number of such grid points. The norms for grid functions defined in points (x;,1;,1,,) and (x;11/2,¥,)
are defined analogously.

In the following we have used three grid resolutions, with the number of grid points in each dimension
N =100, 300 and 900. Hence, # = 2n/N, and we set At = 0.6A.

In Tables 2 and 3, we present the results for d = 2. From these results, we can see that there is no conver-
gence in maximum norm for u and v, while we measure a convergence order of 0.3 for p. Hence, for u and v,
there is an O(1) error in maximum norm, for this very simple constant solution.

Table 2
Error for the stair-cased approximation in maximum norm and computed convergence rate ¢ for u, v and p at = 0.3n with
o = arctan(1/2)

N u v P

Error q Error q Error q
100 0.3027 - 0.2162 - 0.1173 -
300 0.3068 —0.12 0.1897 0.12 0.0898 0.24
900 0.3091 —0.01 0.1914 —0.01 0.0628 0.32

The exact solutionisu =1, v=1/2, p=0.

Table 3
As Table 2, but with the error measured in discrete L*>-norm
N u v 4

Error q Error q Error q
100 0.0362 - 0.0356 - 0.0330 -
300 0.0218 0.46 0.0201 0.52 0.0192 0.49

900 0.0126 0.50 0.0116 0.50 0.0111 0.50
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These O(1) errors are created at the stair-cased boundary, and propagate out in the domain. As they do
so, their magnitude decrease, and measuring the error in the L?> norm, we see a h'/? convergence, for all of u,
v and p. This is a typical behaviour for an arbitrary choice of d (excluding the special cases mentioned
above). As also mentioned above, with modified coefficients, the numerical solution is exact for all choices
of d.

4.2. Time harmonic solutions

We can write the system in (3) as

p
& _ . 12
L = a(V ), (12
Ou
— 1
5 bVp, (13)
where u = (u,v). Let us consider a complex valued velocity potential V' (x,¢), and define
1 /ov
=—NR|— =R(VV 14
=y (%) u=sncwn) (14)
where R(-) indicates the real part. With this, (13) is automatically fulfilled, and (12) becomes
2
OV _ vy = v
or
For a velocity potential with harmonic time dependence,
Vix,y,1) = ¥(x,y)e ™, (15)

this becomes
(V2 + )P =0, (16)

where k = w/c. Requiring n- V¥ = 0¥ /0n = 0 at the solid wall, our boundary conditions i-u =0 and
Op/0n = 0 are satisfied (according to the definitions in (14)).
Consider an inclined boundary I" that makes an angle « to the x-axis. For 0 < « < m we define I" by

I'={(x,y):x€R, y=Y(x) = (x —X)tana}. (17)

For an incoming plane wave ¢ that is reflected in the boundary, the solution is

‘I’(x,y) _ ei/oc + eikx* A eik((xfx‘)cos 204 (y—y*) sin 29()7 (18)

where (x*,y*) is any point on the boundary I'. From this, the pressure and velocity components are defined by
(14) together with (15). Hence,

plx,y,t) = %m(—iw‘f’(my)e’“”’), u(x,y, 1) = (u(x, y,1),0(x,y,1)) = RV¥(x,y)e™), (19)

where ¥(x,y) is given in (18).

One example of an analytical time harmonic solution for p is shown in Fig. 8, where also the incoming and
reflected contribution to the total solution are shown. Fig. 9 displays the corresponding analytical solution for
the velocity components u and v. Note that v = 0 for the incoming wave, and there is only a vertical velocity
component for the reflected wave.

4.3. Numerical results
We will present numerical results for an incoming plane wave being reflected at an inclined bounda