ANALYSIS OF HIGH ORDER FAST INTERFACE TRACKING
METHODS

OLOF RUNBORG

ABSTRACT. Fast high order methods for the propagation of an interface in a
velocity field are constructed and analyzed. The methods are generalizations of
the fast interface tracking method proposed in [O. Runborg, Commun. Math.
Sci. 7(2):365-398, 2009]. They are based on high order subdivision to make
a multiresolution decomposition of the interface. Instead of tracking marker
points on the interface the related wavelet vectors are tracked. Like the markers
they satisfy ordinary differential equations (ODEs), but fine scale wavelets
can be tracked with longer timesteps than coarse scale wavelets. This leads
to methods with a computational cost of O(log N/At) rather than O(N/At)
for N markers and reference timestep At. These methods are proved to still
have the same order of accuracy as the underlying direct ODE solver under
a stability condition in terms of the order of the subdivision, the order of the
ODE solver and the time step ratio between wavelet levels. In particular it is
shown that with a suitable high order subdivision scheme any explicit Runge—
Kutta method can be used. Numerical examples supporting the theory are
also presented.

KEYWORDS: interface tracking, multiresolution analysis, fast algorithms, high
order methods

1. INTRODUCTION

In this paper we develop and analyze fast, high order methods for tracking a
front in a given velocity field. The interface is a manifold of co-dimension at least
one which moves according to a time-varying velocity field that does not depend
on the front itself, i.e. the velocity of a point on the front depends only on the
location of the point and the time. Applications include the tracking of wavefronts
in high frequency wave propagation problems [18], iso-distance curves on a surface
(front of geodesics) [4], fiber tract bundles in brain imaging [23] or the method
of characteristics for the solution graph of hyperbolic partial differential equations
(PDEs). We suppose that the front can be parameterized globally, so that for a
fixed time ¢, the interface is described by the function z(t,s) : R x R* — R9
with the parameterization s €  C R™ and n < d — 1. Then z(t, s) satisfies the
parameterized ordinary differential equation (ODE)

0x(t, s)

(1.1) —5 = F(t,z(t,s)), z(0,8) = ~(s), s €9,

where F(t,z) : RT x R? — R? is a given function representing the velocity field
and 7(s) : R® — R? is the initial interface.
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Numerical methods for this problem include the Lagrangian front tracking method,
[12] which has been used extensively in e.g. multiphase flow [11, 24] and geophysics
[25, 18]. The level set method [19] is a Eulerian approach for front tracking, par-
ticularly suitable for interfaces with topological changes, such as the merging or
pinching off of interface parts. For flow problems we should also mention the
marker-and-cell (MAC) [27] and volume of fluid (VOF) [16] methods.

In [22] we constructed a new fast front tracking method for solving (1.1). In
standard front tracking, the interface is described by a set of marker points that
are connected in a known topology. In one dimension one would approximate
x;(t) = z(t,s;) and use a numerical method for ODEs to solve
dz;(t
Wil _ pay0), a0 = (sy),

where sp < s1 < ... < sy is a discretization of €. For surfaces in three dimen-
sions, the markers on the interface would typically be held together in a triangula-
tion. Propagating one marker numerically with a timestep At to a fixed time cost
O(1/At) operations. Hence, if the interface is represented by N points the cost of
standard front tracking is O(N/At). In the new method in [22], wavelet vectors
were used to describe the interface, instead of point values. The wavelet vectors
correspond to the details of the interface on different scale levels. It was shown that
the time derivatives of the wavelet vectors, just as the wavelet vectors themselves,
decay exponentially with level of detail (cf. Theorem 5.5 below). The method ex-
ploits this fact by taking shorter timesteps for the coarse scales than for the fine
scales. In this way, the computational cost is reduced to only O(log N/At) or even
O(1/At), without affecting the overall order of accuracy. We should stress that
this is quite different from standard wavelet based adaptive schemes where shorter
timesteps are often used for the fine details, i.e. the opposite of this method. With
such a strategy the cost will be reduced, but it will just be the constant in the
complexity estimate that is improved; the complexity itself remains the same. The
reason is that there are comparatively few coarse scale wavelet vectors, where speed
gain is achieved, and many fine scale wavelet vectors, where there is little gain. An-
other interpretation is that the method approximates the solution on a sparse grid
[29, 2] in (¢, s)-space to achieve efficiency.

In this paper we extend the methods in [22] to high order and give a thorough
analysis of the one-dimensional case n = 1. It was observed in [22] that high order
fast methods could not be achieved with the simple spatial averaging that was
used there. A barrier at order two was identified. We show here rigorously that
with higher order spatial averaging using general subdivision schemes, high order
accuracy can still be combined with low computational cost, as was also discussed
in [22]. In particular, it is possible to use high order Runge-Kutta schemes for the
time stepping, if they are matched with sufficiently high order subdivision schemes.
A more general stability relation is identified: that the factor m with which the
time step increases in each level must satisfy m < 29/? where p and ¢ are the orders
of the time and spatial approximations respectively.

In the proofs, new techniques for dealing with the high order subdivision schemes
have been introduced. The main new difficulty compared to [22] comes from the
fact that the norm of higher order subdivision operators is rarely bounded by one,
as it is for the low order schemes in [22]. This makes the stability of the method
harder to prove. Section 5.2 contains an all new part of the analysis dedicated

(1.2)
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to this issue. The more general stability consideration also has repercussions on
the nonlinear recursions that must be analyzed in the final proof. For these, the
next element in the recursion is bounded by a sum over all previous elements, not
just by the previous one as in [22], see Lemma 5.8 and Lemma 6.4. In addition,
the Lipschitz type condition (A2) that the numerical scheme must satisfy, is more
involved to prove for schemes with multiple stages, like high order Runge-Kutta
schemes.

This article is organized as follows. In Section 2 we introduce notation and
some basic results for sequences and subdivision operators used later on. Section 3
explains the multiresolution representation of the interface and presents the govern-
ing ODEs. The fast numerical methods used to solve those ODEs are subsequently
given in Section 4. The main part of the article is Section 5, where the precise
analysis of the methods is carried out, and Section 6, where it is shown that the
analysis is valid for a variety of Runge-Kutta time stepping schemes. Numerical
experiments are presented in Section 7.

2. SEQUENCES AND SUBDIVISION SCHEMES

In this section we give some definitions and basic properties of sequences and
subdivision operators that will be used in the paper. Sequences will be written in
bold face, and elements of sequences in normal font,  := {z);}. We use the usual
sup-norm x| = supy, |zx| for © € {oo =: Loo(Z; R). Scalar functions are applied to
sequences component wise, so that f(x) = {f(zr)}. We use the special sequences
k = {k}, in which the k-th entry is k itself, and O (resp. 1), with all entries equal
to 0 (resp. 1). The difference operator A is defined as

(2.1) (A:c)k = Tk+1 — Tk-

Often a sequence itself is indexed by the level of detail j; then we use the convention
that x; := {z; 1}

Subdivision is a mechanism for iteratively creating smooth curves and surfaces,
[5, 6, 7,10, 9]. A local, stationary subdivision scheme is characterized by a bounded
linear operator S : £, — f~, defined by a finite sequence a as follows:

(Scc)k = Z Qf—2¢Ty.
4

The width B of S is defined by B = 2max{|k|; ar # 0}. Thus, the sum is finite: for
each k there are only terms with ¢ € I, = [[(k — B)/2)], [(k+ B)/2]]. The max
norm of S can be expressed as

1S, = o |Sx|_, = max < > larl, Y |ak|> :
x| =1

k odd k even

To build a smooth function we start from a sequence xy and associate to it a
function fo(x) which is piecewise linear and interpolates zo j on the integer grid,
fo(k) = xo.k. We can then apply the subdivision scheme S iteratively and define
x; for all j > 0 by

Tjy1 = S:Ej.



4 OLOF RUNBORG

TABLE 1. Masks for the Lagrange subdivision schemes of different

orders q.

q | Mask

1 1
2 EE

1 9 9 1
4 [ % % 16 —1i6 |
6 [, -2 10 10 25 3]
256 7 256 7 256 7 256 256 7 256
8| —52 49 245 1225 1225 245 49 — ]
2048 2048 2048 2048 2048 2048 2048 2048

Sequences at level 7 > 0 similarly represent samples of piecewise linear functions
f;(z) on grids with the increasingly fine spacing 277. More precisely, x; is associ-
ated with the grid s;, where s, = k277, and z; = f;(s;x). For a large class of
S the process converges, f; — f where f is a smooth function.

A subdivision scheme is interpolating if az¢ = 6,0, implying ;11 o1 = x; 1 for all
J. k; in this case fj+1 thus interpolates f; on the coarser grid: f11(sjx) = f5(s)k)
since S;i1,2k = S;k. Interpolating schemes are described by the mask used for
computing odd (in k) points, i.e. [a_p,a_py2,...,a5]

The order of an interpolating subdivision scheme S is the largest ¢ such that
SP(k) = P(k/2) for all polynomials P of degree p < q. We always assume that ¢
is at least one so that S1 = 1.

Since sequences often corresponds to smooth functions we also define the divided
difference operator D; = 27/ A. The divided differences of a sequence x; then are

wy] = Dz, r > 0.

For these sequences it frequently useful to consider the derived subdivision schemes,
defined as
S =g S =2As=tA=t >0

T

This is implies that if ;,; = Sx; then wﬂl = S[T]:c‘[j I, Note that S is only
well-defined for r < q.

A special example of a subdivision scheme is the midpoint interpolating scheme
Sy where (Sax)akt+1 = (1 + p4+1)/2. Hence the mask is [1/2,1/2]. This scheme
has order ¢ = 2 and yields piecewise linear limit functions. Examples of masks for
higher order interpolating subdivision schemes are given in Table 1. These Lagrange
subdivision schemes are used in the numerical examples in Section 7.

The generalization to higher dimensions is straightforward with sequences of sev-
eral components = (x',x?,...,2%) € 14 =: Loo(Z;R%), i.e. 7 € f. We can
equivalently view this as each sequence element belonging to R?, so that & = {3}
with xp = (:v,lc, :Ei, e ,xz)T € R?. For scalar functions f : R — R applied to such
sequences we write f(z) = {f(z},2%,...,20)} = {f(zx)} and for vectorial func-
tions F' = (f1,..., fr)T : RY = R" we write F(z) = (fi(z),..., f-(x))?. Operators
are always applied elementwise to the sequences, e.g. Az = (Ax!, ..., Az?) and
Sx = (Sz',...,Sx%). The sup norm is defined as

x|, = mjax |ccj}oo = szp |k -



ANALYSIS OF HIGH ORDER FAST INTERFACE TRACKING METHODS 5

Sequences with several components are needed to approximate curves in R%.
We end this section with some basic results on subdivision which will be used
later on. First we have a local error estimate for a subdivision scheme.

Proposition 1 (Proposition 3.1 in [8]). For a local subdivision scheme S of order
g > 1 and x € /., we have the estimate

(2.2) max |z, — (Sz);| < Cmax|(Az)| < C|Az| = C277|D;x|_ .
el el

Furthermore, we have two results showing different versions of an approximate
commutation property between the subdivision operator and application of a func-
tion. Let the space C*(Qy;) denote all measurable functions from € to Qs with
continuous derivatives upto order k. We then define CF(Q;02) as the functions
f € C*(21;Q2) whose derivatives upto order k are all bounded.

Proposition 2. Suppose F € C}(R%;R"). For a local subdivision scheme S of order
q>1,z el and y € ¢’_, we have the estimate

(2.3) |F(Sz)" Sy — SF(x)"y| _ < C|DF| [Az| |yl -
Proof. Let z = F(Sz)T Sy — SF(x)"y. Then, since
2= akor [F ((Sm)) — F(z0)] ye,
el

we can bound

|2k < |DF|00%6}§|W — (S2)kl oo D lar—ael el »

LeTy,

and the result follows from applying Proposition 1 componentwise to z; — (Sx)x €
R, O
Theorem 2.1 (Theorem 3.4 in [8]). Let S be a subdivision scheme of order q and
let {z;}, with ¢; € ls, be generated by S. Suppose xj i € Q for all j, k and that
fe C'Z'H(Q) withr € Z and 1 < r < q; suppose also that :cg-é]‘ <Cfor1<t{<r
and for j > 0. Then =

F(Smy) = Sf(@))l, <Csup [fO] 279040,
0<l<k+1 o0

where C' is independent of j and f.

This is a slightly modified version of the theorem in [8]. Here we have made the
dependence on f of the constant more precise. The result follows directly from the
corresponding proof in [8].

Remark 2.2. In the description above the subdivision operators act on infinite
sequences. In numerical computations one must restrict them to finite length se-
quences, which then corresponds to samples of functions on bounded intervals or
periodic functions. For the former case, the subdivision operators can be modified
near the boundaries, such that a different sequence a is used in (2) for those points.
For interpolatory schemes, a modification is necessary when the width B exceeds
two. By using an appropriate a, high order schemes can then still be constructed.
However, the formulation of Proposition 1, Proposition 2 and Theorem 2.1, as well
as the definition of derived schemes must be changed. To simplify we will therefore
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just consider periodic (closed) interfaces, corresponding to periodic sequences, in
the main analysis in Section 5.

3. MULTIRESOLUTION DESCRIPTION OF THE INTERFACE PROPAGATION

We consider the case of a one-dimensional interface (n = 1) in d-dimensional
space, where s € 0 = [0,1] or Q = T, the one-periodic torus, and z(t, s) € R4, In
standard front tracking algorithms marker points are used to represent the interface.
We will instead consider a multiresolution representation, which is often a more
efficient way to describe curves and surfaces. In our case the curve z(t,s) will be
described as follows. We introduce the parameter indices s;; = k277 and define

xjk(t) = x(t,s5k), 0<k<2,
Note that xj41,2r = x;, and that for a fixed j the markers {z;;} will be a dis-
cretization of the interface with a level of detail that increases with the fixed j-value,
cf. Figure 1 (a) and (b). Also note that when the interface is closed, x;0 = ;2.
We assume that we start from a given fine discretization with N = 27 points on

the interface, which thus corresponds to level J. We let x;(t) = {x;x(t)}7_, and
next define the wavelet vectors

(3.1) wjy1(t) = xj41(t) — S (1)
This is done recursively and gives an alternative description of the interface in
terms of @y (t) together with w;(¢) for j = 1,...,J. The wavelet sequences w;(t) =:

{w; x(t)}?_, can be computed from the original discretization @ (¢) at a O(N) cost,
where N = 27 is the number of discretization points. Similarly, with an inverse
wavelet transform based on reversing the recursion in (3.1), the points x ;(¢) can be
computed from {w;} and xy at a O(N) cost. The process is visualized in Figure 1.
We can now insert (3.1) in (1.1) and get

dw;

dt

Setting

= F(t,zj11(t) — SE(t,x;(t)) = F(t, Sz;(t) + wj1(t) — SF(t, (1))

G(t,x,w) = F(t,Sx + w) — SF(t,x),
we thus have the following alternative system of ODEs
dw;q(t dxo(t
Wil _ 1,2y wpa@). 0~ Feag ).
which together with (3.1) describe the dynamics of the system. Note that, when
Q = [0,1] we assume here, and in what follows, that S has been appropriately
modified near boundaries.

The important property of the wavelet representation is the fast decay in j of
the wavelet vectors {w,} and their time derivatives. It can be shown that for
smooth z(t, s) they decay exponentially in j with a rate determined by the order
of the subdivision scheme S (see Theorem 5.5). This gives the representation good
compression properties and, as was shown in [22], it allows us to construct a fast
interface tracking algorithm. This is discussed in the next section.

(3.2)

Remark 3.1. In [22] a particular version of the above algorithm was used for the
initial data, where each wavelet vector w;1,2r+1 Was chosen to be exactly normal
to the line between its neighboring points on the previous level x; ;41 — 2, %. This
gives a so-called normal mesh, [13, 8, 14, 21], which is a somewhat better starting
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Xjr1,2k41

Xi41,2642

Xi41,26-1 Xir1,2k43

Xi+1,2k-2 X
+1,2k+4

(a) Interface and elements of sequence @ 1. (b) Interface and elements of sequence x;.

X.
Wj+1 okl j+1,2k+1

(S

(c) Construction of Sx; from x;. (d) Wavelet vector wjy1,2x41-

FIGURE 1. Relationship between the markers ;11 = {4111},
x; = {z; 1}, the subdivision sequence Sx; and the wavelet vectors
in w;y1. The weights indicated next to the arrows in c¢) corre-
spond to the Lagrange four-point scheme, for which (Sx;)ox+1 =
(—Ij7k71 + 92k + 92 k1 — $j7k+2)/16.

position but is not necessary for the convergence of the algorithm. On the other
hand, it makes the proofs more difficult since the parameterization induced by this
choice of w;11,2r+1 has limited smoothness.

4. NUMERICAL METHODS

We construct high order methods based on the methods developed in [22]. The
main idea is to solve (3.2) instead of (1.2), starting from a multiresolution represen-
tation of y(s). Since the time derivatives of w; decay rapidly with j by Theorem 5.5
we can take longer time steps for larger j and thereby get a more efficient method.
More precisely, we use the time step

At = m? At,

on level j, where the integer At;q1/At; = m > 2 is the time step ratio, and At is
a reference time step. A larger m means a smaller computational cost, but also a
less accurate solution. The numerical approximations are denoted

zj 2 xj(tjn), Wi wi(tin),  tia=nlt,

where w} = {w;£(0)} and xf = {x0(0)} is a multiresolution decomposition of the
initial curve x(0,s) = v(s). To solve (3.1) and (3.2) we first solve the zeroth level
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xo directly with a high order explicit one-step ODE method ¢ with the reference
time step At = Aty,

it =z + Atgr(xy, At).
For higher levels we use an explicit one-step (but in general multi-stage) method
¢q, of the following form

(4 1) 'n,+1 = 'U) + At ¢G( Jomtmy L 5""1‘771)777/, to 7tj7n+7757 ;"';77 )m;w?;AtJ),

where O < <1 and nym € Z for all k. To pass from level j to j + 1 we use the
definition of wj,

(4.2) = Sz" + w}
We note that
2 w3 (o ym) = T (0 1) AL) = @51 (Eg,)-

The form of ¢¢ is chosen such that it will include the explicit Runge-Kutta meth-
ods; ¢ could for instance be the classical fourth order Runge-Kutta method:

t],na ] 17 )7

nt1/2ym  n . At
< a7, g 4 Bl
(n m o At
=G (tg nt1/2, 1/2) ywy TJ&)
o (n+1)m n )
=G (tg nt1, T Wi+ At;§3)

A .
w}‘“:w?+TJ(§1+2€z+2€3+54>-

In this case s =4 and n; =0, 92 = 3 = 1/2 and n4 = 1. In Section 7 a number
of different Runge-Kutta methods, listed in Table 3, are used in the numerical
examples.

Since (3.1) and (3.2) can be solved level by level, starting from j = 0 we can
write down an expression for the computational cost as follows. We assume that S
can be applied fast so that the cost of computing Sa is proportional to the number
of elements of . Then computing G(t, x,w) also has a cost proportional to the
number of elements of x (and w). This means that the cost of applying ¢¢ in (4.1)
and updating x; in (4.2) is proportional to the number of elements of w;, i.e. to
the number of points at level j, which is 27. To propagate the solution at level j
to time T we need to take T'/At; time steps, hence executing (4.1) and (4.2) each
T/At; times. Suppose the interface is described by N = 27 points. Then the total
cost for all levels would be proportional to

7 7
T T logo N, m =2,
—_— 2

JZZOAtj Atz( fm)’ CAt{ m> 2.

Hence, for m = 2 we have the complexity O(log, N/At) while for m > 2 it is
O(1/At). This is of course significantly faster than the O(N/At) complexity for
the standard method. That the fast method is still accurate will be proved in the
next section. Note also here that in addition to the complexity of propagating the
wavelet vectors we normally also want to reconstruct the pointwise values of the
interface which is an additional O(N) cost.
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Remark 4.1. The assumption that S can be applied fast is obviously true for local
subdivision operator which has a finite size mask, like e.g. the Lagrange schemes
used in Section 7. However, we note that this can also be true for other S, such as
Fourier interpolation computed via FFT (at least upto a log factor). This is also
tested in Section 7.

5. ANALYSIS OF THE METHODS

In this section we analyze the errors in the methods proposed in Section 4 for
closed interfaces, where the time-evolution of {w; .} and the node points {x; 1} are
approximated by a time stepping method ¢ and the spatial approximation is done
with a subdivision operator S. We then make the following precise assumptions
about the method for the given G:

(A1) p-th order accuracy in time.

Given an exact solution wyj, the local truncation error 77 of ¢¢ is defined
by the relation

w;(tjn1) = w;(tjn) + Atjda (fj,n+m 251 (Cingm )5
tjntnes i1 (Ejnpn, ) w; (tn)), Atj) + Ty
When w; € CPL([0, T]; R?) it satisfies

max ’T’-‘

} < CAP™ max
0<t; ,<T Jloo — J

0<t<T
1<6<p+1

d"w; (t)
dtt ’

where the constant C' is independent of j, At; and n.
(A2) The time stepping methods satisfies the following Lipschitz type bound

|¢G(t17$17" . 7t87$57w7At) - ¢G(t17j17" : 7t57i87’a77At)|oo

<C (I"wIOo + max IijIOO> ax | — ;..
+C (|w —w|  + 11;15_1%5 lx; — cEj|io> ,
when At < 1.
(A3) g-th order accuracy in space.
The subdivision scheme S is of order ¢ > 1. It is local, stationary and
interpolating.
(A4) Regularity of S.
There is an integer r such that 1 < r < ¢ and

5] <2

o0

We can then prove the following theorem which shows that despite the low com-
plexity derived in Section 4 the method is accurate, thus justifying the designation
“fast.”

Theorem 5.1. Given a smooth initial closed curve v € CM(T;RY), a finite final
time T < 00, a smooth and bounded velocity field F € CM ([0, T]xR%RY) and a time
step ratio m. The exact solution x(t,s) exists and belongs to CM([0,T] x T;R?).
Suppose further that the assumptions (A1)-(A4) hold for the numerical method,
with p+q+1 < M. Let the reference time step At and the positive integer J be
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TABLE 2. Max norms of the Lagrange subdivision schemes, S and
the derived schemes S, ..., S

155 i PO s O i

1.0000 1.0000 2.0000 n.a. n.a.

1.2500 1.2500 2.0000 2.0000 4.0000
1.3906 1.3906 2.0000 2.0000 4.0000
1.4883 1.4883 2.0000 2.0000 4.0000

|s1]

Co O = N

chosen such that the total number of points N = 27 and the final time T = Aty =
m” At. If also the time step ratio satisfies the stability condition

(5.1) m < 297
then
(5.2) |} — x;(T)| < CA.

where C' is independent of J and At.

To prove this theorem we will first derive estimates of the exact solution in The-
orem 5.5. We next show Theorem 5.7, which proves that (A3) and (A4) imply
stability of the subdivision operator S. With these results in hand we can subse-
quently prove Theorem 5.1 in Section 5.3, where we also use a lemma on growth in
a nonlinear recursion proved in Appendix A.

Remark 5.2. We will show later in Section 6 that standard explicit Runge-Kutta
methods satisfy assumptions (A1) and (A2). Moreover, there are many subdivision
schemes satisfying (A3) and (A4), for instance the Lagrange schemes; see Table 2.

Remark 5.3. In [22] a “barrier” was observed which prevented a fast method for
time-stepping methods of order higher than two. The reason was that the method
was based on the two-point subdivision scheme, with ¢ = 2. From (5.1) we then
have the condition m < 22/P, which says that m cannot be larger than one if
p > 2. By introducing high order subdivision schemes, with larger ¢, the barrier is
removed.

Remark 5.4. In [22] we showed that for the stability borderline case m = 29/P one
obtains an additional log N factor multiplying the error estimate when m = p =
q = 2. We conjecture that the same thing will happen in the general case.

5.1. Estimates of the Exact Solution. Here we show that if the solution z (¢, s)
is smooth then the wavelets and their time derivatives decay rapidly with the level

VE

Theorem 5.5. Suppose z(t,s) € CH([0,T] x T;R%) and assumption (A3) holds
for S. Then

d"w;(t)
dtt

< Cy(T)2779,  |Az;(t)], < C(T)277, 0<t<T.

‘ oo

Proof. Suppose x; = {z;} is defined by z;r = V(s;x) where s;, = k277 and
V = (v1,...,v4)7 is a function belonging to C9(T; R?). Let s; = {s;4}. Since S is
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at least of order one, it reproduces linear functions. Hence, sj;1 = Ss;. Then the
corresponding wavelet coefficients w; = {w, 1} are given by

Wi = Tj41 — Sz =V (s;41) — SV(s;) = V(Ss;) — SV(s;),

We can therefore apply Theorem 2.1 componentwise to V' and obtain

. < () —Jq — (r) —Jq
lwj1], < C Orgmécq Uy OO2 C’Orgm%(q Vv OO2 ,
1<m<d
since
[r] 1, r=1,
S =
J 0, r>2
Letting

v k(t) = Ofa(t, s5k)
we then have
de’l.Uj
dtt

_ —qj __ 4 —qj
= [v;41 = Sv; . < C max [0[v(t, )], 2% = C max |gf07a(t, )], 27"

o0

< Cg(T)2_qj,
since z € C94([0, T] x T; RY). Finally,
|A$j|oo = Sl]’lp |‘T(t7 Sj,k-‘rl) - .’L‘(t, SjJC)l < |(95$L'(t, )|oo 2_j'

This proves the theorem. 0

Remark 5.6. By making the assumption that x(¢,s) is smooth the proof of this
theorem is significantly simplified compared to the corresponding theorem in [22].
There the initial curve v had a normal parameterization, which was only Lipschitz
continuous. Here we do not insist on a normal representation of . Therefore
x(t, s) will be smooth whenever the velocity field F' is smooth and v is smoothly
parameterized.

5.2. Subdivision Stability. In this section we show that the subdivision operator
S used for the spatial approximation is stable, that is, a small perturbation in the
subdivision construction process gives only a small change in the final result. This
will be necessary to be able to prove Theorem 5.1. Consider a sequence x; that is
approximately built using S, in the sense that in each step we have a bound

(5.3) [Tj1 — Szj| < dj,  j =0,

with d; being a small perturbation. If [S| < 1 we can easily estimate the size of
|| from

i
@11 < oyl +dj < ol + Y d,
k=0

and one can see that the construction is stable as long as the sum of the pertur-
bations d; is bounded. This was the strategy used in [22]. In the present paper,
however, we cannot use the simple analysis above, because for almost all interesting
high order subdivision schemes |S| > 1, for instance the Lagrange schemes; see
Table 2. What saves us are corresponding bounds on the derived operators of the
type in (A4), namely ‘S[T]‘OO < 2" for some r € Z and r < q, where ¢ is the order
of S. This holds for most reasonable schemes, including the Lagrange schemes, as
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seen in Table 2. From such a bound we can prove Theorem 5.7 below which is the
same kind of stability result for high order subdivision scheme as Theorem 4.2 in
[8]; the proof also uses the same technique. We should remark that in [8] and in
many other papers, e.g. [20, 28, 26], stability results of this type are used to show
smoothness of weakly nonlinear subdivision schemes. In that setting the nonlinear
scheme is seen as a perturbation of a linear scheme “in proximity,” and dj is then
the difference between the two when applied to ;.

Theorem 5.7. Let {x;} be approzimately generated by the subdivision scheme S
such that

(5.4) [Tjp1 — Swil < dj, =0

Suppose assumptions (A3) and (A4) hold for S. Then there is a constant C' inde-
pendent of 7, d;j and xy € { such that

j—1
(5.5) zjl, < C <|wo|oo + de> ,

k=0
for j > 0.
Proof. By (A3) and (A4) we can choose 0 < € < 1 and a positive integer r < ¢ so
that
‘S[r] < or—e.
We claim that the following result holds. Let ¢ € Z satisfy 1 < ¢ < r. There is a
constant Cy, independent of j > 0, d; and w([f], such that

(5.6) ‘wgﬂ‘ < Cy2t-9) (]:cg” +05-1(9))
where v_1 () = 0 and
J
5.7 vila) =Y 2Fq,, j>0.
J
k=0

We will prove this by induction and start by proving that it is true for £ = r. Let
us define the residual sequences

Tit1 = Tj41 — Swj, ] Z Oa
observe that ] ] [r]
(5.8) 'roJrl = :BjTJrl — S[r];pjT .
Thus, with p=1r —¢,
ofh],, <[ [, + i, < 2l [

Applying this repeatedly we get

i
(5.9) ‘mjﬂloo <

j—1
L [k 2407 4 [afl] 200,

Moreover, by definition

]

J =2

oo

Argr—ll‘m < 9itL Hr—l]’

o0

By induction on this relationship and (5.4), we get
(5.10) ‘rg’”]

<20 ey <UL, v >,
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with ¢ = 4". Together (5.10) and (5.9) give us for j > 0,

ou(i+1)

j—1
‘ 2| <e <2jrdj +3° 2’”2H<J‘—’C>dk> - \wgﬂ

k=0

= c2Mu;(r — p) + ’mg] 2H(I+1),

This agrees with (5.6) when £ = > 1 and j > 0 upon taking C, = max(c,2") = c.
Suppose now that (5.6) holds for some 2 < ¢ < r. Induction will then yield the
result if we can prove that this implies (5.6) is true also for £ —1 > 1. To show this,

we first fix an index k =: k;11, and construct a sequence of indices {ks}izo such
that kg € I, Then

s+1°

[e— [f 1] [¢-1]
IJ-‘rlk Z0,ko +Z( s+1k o1 T,k )

and we can estimate

L1
J+1

[é 1] [é 1]

s+1,k s 4

Sl

+ Z sup mz}x

Moreover, since £ — 1 < ¢ the order of S~ is at least one, and we can use (2.2)
in Proposition 1. Together with (5.10) and the hypothesis that (5.6) is true for g,
we then get, with C’ being the constant in Proposition 1,

] [4 1]

Z sup max

J
< gle=1] [Efl]) _ 4 1‘ ‘
_g sup max ( x, +Z L
J J
<oy o fall] 4ed oo,
s=0 s=0
SCZC/Z2S(57175) (‘wg]‘ + Vs 1 )+Cz2s(f 1— s)2ssd

s=0 =

J
< Gy’ (‘wg]‘ +v; (5)) Z 2s(=1=2) 4 9i(t=1=8)y ()
< €129 (|2l +u(e)),

with

C =max | C C"iQ_S(é_l_a) ¢ | = max 0670/ c
{—1 4 ) 1 _ 27(27175) ) )

s=0
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which is finite since £ — 1 — & > 0. This shows the claim (5.6). It remains to show
the final estimate for £ = 0. In the same way as above we obtain
J
|21 < |Tolo + Zsupmax|xs+1 k— Ts il

s=0
J
< |w0|OO+C’Z2_S cc[sl]’ +Zd5.
= e s=0

Applying (5.6) with £ = 1 now gives us
j J

i2_s w[sl]’oo <4 22_58 (‘wg]’oo + vs_l(s))

s=0 s=0

201
- 1-

|:E0| +0122 e Vg— 1(5‘)

s=0

where we used the fact that ‘:Bg]’ < 2|x|,,. Moreover,

—€

J 7 s—1
;27551)571 Zzz(k ssd 7dez2 se < 1_2_€Z ..

s=1 k= s=

This concludes the proof of (5.5) with

2C, ’ 27¢
1—2-= !

20'C,
1—2-¢"

C_max<1+0/ ﬁ

€+1>_1+
O

5.3. Proof of Theorem 5.1. We now return to the proof of Theorem 5.1. The
existence of the solution & € CPT9+1([0,T] x T) follows from standard theory for
ODEs. It means in particular that the local truncation error in (A1) is well-defined.
Together with (A3) it also means that we can use Theorem 5.5 for derivatives up
to order p + 1.

Let
el = af —a;(tjn), € = Jnax le?] .,
and
n — . . . =
0} = wi —w;(t;n), 4 _ogrgjl-ing‘a”OO'

We also let 7; = max,, |T;‘| be the biggest local truncation error on level 5. More-
over, we define

no._ (n+m)m (ntna)m . n
¢j = ¢a (tj,n+n1= L 1 v i, T 7wj=Atj

and

®i(tjm) == 0c tjntn> j—1 (it )s s tingnes Tim1(Ejngn. ) wi(tin), Aty) .

We first estimate 6?. We have

o =87 + At [ﬁf’? = 6i(tjn)| — 7}
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Denoting the constant in (A2) by C” we get,

(nmi)m
€1

¢j(tjn) — o7

’
<C |:<|wj(tj,n)|oo + 11;1]?%(5 |Amj1(tj)"+77k)|oo) 121]?%(5

(n+nk)m’2 ]
€»_1
J

oo

oo

+ |5?}Oo 4+ max
1<k<s

By Theorem 5.5 there is a constant C” such that |w;| < C”279% and |Ax;_1| <
C"277 for 0 <t < T. This gives,

(. _ o < —J
os(t10) = 05 < o (27 mas.

E(i"l'"k)m‘ —|—|5?| + max
J ) % 1<k<s

2
E;i-;nk)m‘oo) )
where ¢y = max(2C’C", C"). We obtain,
|67 < |67] +colrty (2*jej,1 + 67|+ e§_1)+7-j =: (1+coAt;) |67 _+72;,

with
Zj = CQAtj (2_j€j_1 + 6?71) + 7.

By induction, and using the fact that 62 =0,

n—1
k
67| <%; Z(l + coAt;)k.
k=0
Since
max (14 cpAt;)" < max eCmAt —  max  e%tin < T
0<tjn<T 0<t;n<T 0<t;,n<T
we get
n—1
14+ coAt;)" —1 Z;
6j < max Zj (1 + C()Atj)k = max ZJ( 0 J) < Cl—J,
0<tjn<T £ 0<tyn<T coAt; At;

where ¢1 = (exp(coT) — 1)/co. Next, we note that

el =8 +67,.
By assumptions (A3) and (A4) we can use Theorem 5.7. We denote the constant
in (5.5) by C", which gives

o n 1" mitin
€j41 = _max ‘€j+1|oo < max C <’€0

0<tjt11,n<T 0<tjt1,n<T

J J
Z
<" <€0 + 25k+1> <" (Eo + ];) At

k+1
k—0 k+1

J
s |<s;:+1\w)
k=0

)

J J
_k— Tk+1
=0 gg + coC1 2 k 1€k+€2 +c1
S 3

k=0

Jj+1
—k 2 Tk
(2 €k+€k)+03];A—tk,

M-

(5.11)  <ecp

b
Il
=]
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where co = C"" max(1 + cpc1/2,¢oc1) and ¢g = C"'¢q. Moreover, by assumption
(A1) and Theorem 5.5

Loty .
T, < O////Atp+1 max d w; (t) < C////C//Atp+1 27jq,
T 0<<T dtt |, J
1<i<p+1
where C"" is the constant in (Al). Therefore, with ¢4 = c3C"""C",
Jj+1 - Jj+1 Jj+1 Jj+1
c3 Z ﬁ <y Z AtﬁQ‘kq =y AP ka’?_kq =y AP Z(mp2_q)k < 5 AtP,
k
k=1 k=1 k=1 k=1

where ¢5 = ¢4/(1 — mP279), which is finite because of the condition (5.1) that
m < 297 We will now use the following lemma on growth in nonlinear recursions,
proved in Appendix A.

Lemma 5.8. Let o, {a,} and b be positive real numbers. If

(5.12) Yni1 <Y (ay; +ay) +b,  n>0,
=0

and
o0
Zaj =A< 0,
i=1

then there are constants C' and C" independent of n, b and yo such that
1

(5.13) yn < C'max(b,yp) whenever 0<n < ————.

max(b, yO)

We apply the lemma to €; with a; = 2277, a = ¢, b = ¢5AtP, and since
A =3"7", ar = ¢ we obtain

O//
e; < ' max (gg, cs AtP henever 0<j< —M .
5 < O max (o, csAt”) - whenever _]_max(eo,%Atp)

Furthermore, on the zeroth leve we use a standard p-th order ODE solver with step-
size At, so g9 < cgAtP for some constant ¢g. Then max (€q, cs AtP) < max(cs, cg) AtP.
Since T is fixed, the time step At and the max level J couple as At = At(J) =
Tm~7. This means that the condition on j becomes max(cs,cg)JTPm =P < C”.
As m > 2 this will always be satisfied for J large enough, say J > Jy. On the other
hand, there are only a finite number of cases for which J < Jy, so the maximum
error over these cases is bounded by some number D. The result (5.2) then follows
with

C = max (0'05, C'ce, D max At(J)_p> = max(C’cs, C’'cg, Dm”’o? /TP).
0<T< o

This proves the theorem.

6. VALIDITY OF THE ASSUMPTIONS FOR RUNGE-KUTTA SCHEMES

Here we verify that the assumptions on accuracy (Al) and stability (A2) in
the main theorem are satisfied for standard Runge-Kutta schemes. Regarding the
accuracy, we note that there are many investigations of the local truncation errors
for Runge-Kutta methods, going back to Butcher [3] and Henrici [15] and more
recently work by Albrecht [1] and Hosea [17]. However, the focus has traditionally
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been on the form of the leading error term, rather than the whole truncation error,
and we have been unable to find a statement in the litterature similar to (A1),
which holds in our simplified setting where F' and all its derivatives are bounded.
In Appendix B we therefore derive and prove the form of the truncation error for
standard Runge—Kutta schemes in this setting. From this result we can then deduce
(A1) under the regularity assumption that F € CPT (R x R% R?) for a p-th order
method. We note that this is a weaker regularity requirement than what is used
in Theorem 5.1, which means that for these Runge-Kutta schemes, Theorem 5.1
holds whenever (A3) and (A4) hold.

We consider an explicit p-th order s-stage Runge-Kutta scheme. For the fast
method this means that ¢g(t1, @1, ..., ts, €, w, At) is defined as follows. First,

(6.1) & =Gt x1,w),
and for k= 2,...,s,

k—1
(62) gk(tla L1y 7t/€7 T, W, At) =G (tka TE, w + Atzak,€§f> .
(=1

Finally,
(6.3) G = Zﬂk{k-

k=1
We can then show the following theorem.
Theorem 6.1. Suppose the coefficients oy, ¢,n;, Br are chosen such that the Runge—
Kutta method defined by (6.1), (6.2) and (6.3) is p-th order accurate with p > 1.
Then, if F € C’Z])DJrl(]RJr x R% RY) the method satisfies the assumptions (A1) and
(A2) when applied to (3.2).

Proof. We divide the proof into two parts, one for the accuracy (A1) and one for
the stability (A2).

1) Accuracy. The assumption (A1) follows from Theorem B.1 in Appendix B if we
can prove that the first p + 1 derivatives in ¢ and w of H(t,w) := G(t,z(t), w)
are bounded. We claim that all derivatives of H are of the same form: For any
multi-index « and positive integer n,

(6.4) Of O H(t,w) = Gp o(t, z(t), w),
where Gy, o(t,x, w) € C’f+l_n_‘a|(R+ x R? x REGRY), ie. all derivatives with
respect to t, & and w are bounded as long as n + |a| < p + 1. Since
G(t,z,w) = F(t,Sx + w) — SF(t,x),
this is clearly true for n = a = 0. Moreover, if it holds for n and «, then
POt H(t,w) = 0% Gpolt,z(t), w) =: Gparar (t, z(t), w),
and
PO H (t,w) = (0; + 2/ (t) - 02) G (t, (1), w)
=0+ F(t,x(t)) - 02)Gn,alt, z(t), w) =: Gpy1,a(t, x(t), w).

Using (6.4) and the assumption on F the claim follows by induction. This proves
(A1).

2) Stability. Before proving this part of the theorem we derive a Lipschitz type
bound for the function G(t, z, w).
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Lemma 6.2. Suppose F € CZ(RT x R4, RY). Then,
|G(ta x, w) - G(tv ;iv ﬁ])|oo
< O ((jwl + |22l ) [@ = &, + [w -], + |z -2, ).

for some constant C independent of t, x, ¢, w and w.
Proof. We fix the time ¢ in the proof and can therefore for simplicity drop it in the
notation. Let y(s) := & + s(x — &). Then

1

Gz, w) — G(z,w) = / DF(Sy(s) +w)-S(x —&) — SDF(y(s)) - (x — &)ds
0
1
_ / DF(Sy(s) + w) - S(x — &) — DF(Sy(s)) - S(x — &)ds

0
1
+ / DF(Sy(s))-S(x — &) — SDF(y(s)) - (x — &)ds.
0
Moreover, since F € C7,

1
|DF(x1 +w) - ®y — DF (1) - 2| = ‘/ D?*F (21 + sw)(z2, w)ds
0 oo

Let F = (f1,..., fa)T. By Proposition 2

|DF(Sy) - S(x — &) — SDF(y) - (x — @)|
d
<Y V(S S —z) - SV (= - 2)|
j=1
Thus, noting that Ay = Az + (1 — s)A(x — &),

Gz, w) = G(&, w)|, < C(IS(® = 2)| - W]y + |z =2 - [|A] + |2 - 2[,])

Moreover,
1

G(z,w) — G(&,w) :/ DF(Sx +w + s(w —w)) - (w —w)ds < C'lw —w| .
0

These last two equations give the desired estimate. Finally, since all constants
involved can be taken independent of ¢ the result will not depend on ¢. O

By the regularity assumptions on F' it is at least in C7, so this lemma shows that
(A2) holds for the simplest of Runge-Kutta schemes, namely the Forward Euler
method. To prove it is true for higher order schemes we also need the following
lemma, where again the required regularity of F' follows from our assumptions.

Lemma 6.3. Suppose F € C}(RT x R4 RY). Then,
Gt @, w)|, < C(jw|, +[Az],),

for some constant C independent of t, * and w.
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Proof. Let F = (f1,..., fa)*. We have

|G(t,x,w)|  <|F(t,Sx+w) — F(t,Sx)|  + |F(t,Sx) — SF(t,x)|_
< Clw| +|F(t,Sz) — SF(t,x)|
d
< Clw| + Y |fi(t, Sz) = Sf(t, @), -

j=1
From Proposition 2 with y = 1 we furthermore get,

with C independent of ¢ and x. This proves the lemma. O

For the recursion in the remainder of the proof we will use the following lemma,
which is proved in Appendix A.

Lemma 6.4. Let a and {b,} be positive real numbers. If

n—1

(6.5) y1 < by, yngaZyj—i-bn, n>1,
j=1

then, forn > 1,

(6.6) Yn < max(a,1)e1a Z b;.

Jj=1

We are now ready for the proof that the Runge—Kutta methods defined by (6.1),
(6.2) and (6.3) satisfy (A2). Let Gy := G(tg, Tk, w). Then by Lemma 6.2,

k—1
Ikl = |G <tk,ick,’w + Atzak,z§e>
=1 o
k—1
< |Gk|oo + |G <tk,mk,w + Atzak14§g> — Gy,
=1 o
k—1 k—1
< |Gk|oo + C/AtZOzkyg |§g|oo < |Gk|oo +co Z |§g|oo .
(=1 =1

where C" is the constant in Lemma 6.2 and ¢g = C' At maxy, ¢ | ¢|. Furthermore,
let C” be the constant in Lemma 6.3 and ¢; = max(cg,1)exp((s — 1)cg). By
Lemma 6.3 and Lemma 6.4 with a = ¢y and b, = |G, |,

k
. < < 1! . .
(6.7) €kloe < 1 ; Gl < 5010 <|w|oo + max |ij|oo)
Next, we have by Lemma 6.2,
‘51 —51‘ =|G(t1, 1, w) — G(t1, &1, w)|

<O ((lwl + 1821 |) |2y = &1L, + lw — @l + o — 312 )
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For k > 1, by Lemma 6.2 and (6.7),

’gk _gk‘ = |€k(t1,.’1}1,t2,$2," : ,tk,ﬁBk,’U],At) _gk(tla:ilthviQa' o 7tk7ik7ﬁ]7At)|oo
oo

k—1 k—1
G (tk, i, w+ At Z ak,f&) -G (fk, Ty, w + AL‘Z Oék,é&)

=1 =1

k—1
ALY e feo— &+ lan - mﬁo}
=1 >

00
k—1

w + At Z oy €e

=1

<c

+ |A~’Bk|oo> |z — Tk| o + |w — |

oo

k—1

< <C'(|w|0o + Azl ) oYy |§é|> Tk — Tl + C' |lw —w|
=1

k—1
+eo ), ‘&z —&z‘ +C' e — &3,
oo
=1
< (C' + s%coe1 C) (|w|00 + max |Az;| ) ey — &|  + C' lw — W]
1<j<s o
k—1 )
+eo Y, ‘&z —&z’ +C' ey — &%, -
=1 >
Again, by Lemma 6.4 applied to | — &|,
k
- ) -
‘fk - 5’“‘00 <a ; {(c/ + s%¢oc1C") <|w|oo + max |Amj|oo> | — @]
+ ' |w — ﬁ]|oo + ' |.’1}g — .’f}g|io:|
< / 2 " ) A
< scp [(C + s%cpe1 C) (|w|Oo + jnax |A:B]|OO) max | — &l
’ ~ U 5~ |2
(6.8) +C |w_w|°°+11£l?§sc | —wj|oo].
Moreover,
id ~
061, @1, b W, A = G (11,81, o, oy 0, A < max |8 D 6 — &
oo
k=1

which together with (6.8) proves the validity of (A2) with the constant
C = s¢1(C" + s%coc1C")s max | Bk |-

This concludes the proof. O

7. NUMERICAL EXAMPLES

In this section we present results of using the fast interface tracking (FIT)
method, and verify numerically the theoretical results in Section 5. Errors are
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FIGURE 2. Solution example: curve plotted at t = 0 and ¢ = 1.
Vector field F' overlaid.

compared with those of standard interface tracking (SIT) based on (1.2). We con-
sider a test case where the velocity field is given by

- zosin(zq) — % -
(7.1) F(z) = ((:101 —i—%).?) CO;(,TQ) + 0.4>’ v = (21, 22).

We let the initial curve be a circle || = 1 and run the problem until time ¢ = 1.
The solution of this problem is shown in Figure 2, where the vector field (7.1) is
overlaid.

In the implementation of the fast method the coarsest level that we use contains
270 points, where jo > 1, and At; = Atm’ /0. We employ this slight modification
of the method since it allows us to have reasonably large time steps on the coarsest
level while still being able to explore the errors when we go to very fine levels, i.e.
when taking .J large; recall that At; = 1 implies that At = m7°~/. With very short
time steps the local truncation errors in the highest order method, Runge-Kutta 4,
will be of the same order as the round-off errors in double precision, which makes
the results unreliable.

In the experiments we test Runge—Kutta methods of order p = 1, 2, 3 and 4,
with the first order method being the standard Forward Euler. The parameters
defining these schemes are given in Table 3.

We test spatial approximations of even orders: ¢ = 2, 4, 6 and 8 given in Table 1.
We also test a global approximation using Fourier interpolation and indicate this
by ¢ = co. Note that even though the corresponding subdivision operator S is non-
local it can still be applied fast in O(N log N) time leading to a similar complexity
as for the local subdivision operators considered in the analysis, cf. Remark 4.1.
However, the bound (5.5) is not true for this S so the result in Theorem 5.1 does not
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TABLE 3. Runge-Kutta tableaus for the schemes used. Standard
notation is employed: n; in left column, aj ¢ in top right matrix
and f3; in bottom row.

o
—_
—= O

N[ | =

—

== O

1

—_ Nl
= o= O

2
2
3

=
o= O O N

Wi | O o=
Wl | =

1
6

Forward Euler Runge-Kutta 2 Runge-Kutta 3 Runge-Kutta 4

TABLE 4. Errors with m = 2 and N = 2048 for various ODE-
methods and spatial approximation orders.

Method |

Forward Euler

Runge-Kutta 2
Runge-Kutta 3
Runge-Kutta 4

9.92e-03 8.50e-03 8.39e-03 8.38e-03 8.38e-03 | 8.46e-03
1.13e-04 3.80e-05 3.41e-05 3.30e-05 3.07e-05 | 2.50e-05
8.00e-06 1.68e-07 1.05e-07 9.12e-08 7.36e-08 | 6.20e-08
2.09-e06 5.20e-09 1.12e-09 6.86e-10 4.22e-10 | 2.18e-10

NSV I e

apply, although in the experiments it performs very well. All errors are measured
in max norm and compared with a well resolved numerical simulation.

In the first test we take m = 2, which corresponds to doubling the time step
in each level. We use jo = 4, J = 11 and At = 1/128. The results are given
in Figure 3 and Table 4. The dashed lines and the SIT column give the error
when using standard interface tracking (1.2) with the same time step and number
of points. The error in the fast interface tracking is higher but decreases with
higher order spatial approximation ¢ and remains well within a magnitude from
the standard method when the stability condition 29/? > m = 2, i.e. p < g, holds;
it is in fact clear that when p > ¢ the error grows with IV, while it remains bounded
when p < g as Theorem 5.1 predicts. For the borderline case p = ¢ the picture is
less clear.

The same results are seen also in the second test, where we take m = 4, which
corresponds to quadrupling the time step in each level. We use jo =5, J =9 and
At = 1/256. The results are given in Figure 4 and Table 5. Here the stability
condition 297 > m implies p < q/2. Again, the error remains bounded when this
condition is satisfied.

We have tested very smooth and nice problems here to verify the asymptotic
properties of the numerical solutions. For more difficult problems (longer time) the
difference between SIT and FIT is bigger since the smoothness of the s-parameterization
in z(t, s) typically deteriorates, which affects FIT but not SIT. For real problems
one therefore also needs to add adaptivity. This is work in progress.
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FiGURE 3. Error with m = 2 as a function of N for different
ODE methods and spatial approximations (corresponding to ¢ =
2,4,6,8,00). Arrow indicates ordering of lines. (In frame (a) all
lines but one are on top of each other.) The dashed line is the error
of standard interface tracking.
TABLE 5. Errors with m = 4 and N = 512 for various ODE-
methods and spatial approximation orders.
Method |p| q=2 q=14 q==©6 q=238 q:oo| SIT
Forward Euler | 1 |5.43e-03 4.27e-03 4.23e-03 4.22e-03 4.24e-03 | 4.24e-03
Runge-Kutta 2 | 2 | 2.30e-04 1.03e-05 7.19e-06 6.75e-06 6.26e-06 | 6.26e-06
Runge-Kutta 3 | 3 | 6.90e-05 3.58e-07 2.09e-08 1.09e-08 7.91e-09 | 7.76e-09
Runge-Kutta 4 | 4 | 2.80e-05 2.21e-07 5.50e-09 7.61e-10 2.93e-11 | 1.37e-11

8. ACKNOWLEDGEMENT

The author would like to thank Lexing Ying for his suggestion to use Fourier
interpolation as predictor, i.e. the ¢ = oo case in Section 7.



24

[1]

OLOF RUNBORG

x 10
0.012¢ 1 18p
16f :
0.01f 42,4,6,8,0 1 4=2,4,6,8,%
1.4f
0.008} \ 1 1.2f .
S s 1r
[ 0.006} 1 = N
0.8}
0.004 1 0.6/
0.4f
0.002
0.2}
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 0 100 200 300 400 500
N N
(a) Forward Euler (b) Runge-Kutta 2
x10

G=2,4,6,8,% 1

Error

0.5¢ 1 2r

0 100 200 300 400 500 0 100 200 300 400 500
N N

(¢) Runge-Kutta 3 (d) Runge-Kutta 4

FIGURE 4. Error with m = 4 as a function of N for different
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APPENDIX A. GROWTH RESULTS

In this section we prove Lemma 5.8 and Lemma 6.4 which both give estimates
of the growth in certain recursions.

We start with Lemma 6.4 but consider a slightly more general case where the
assumption (6.5) is replaced by

n
Ynt1 < Zajyj + bnt1.
=0

This more general case will be used in the proof of Lemma 5.8 below. We define

the partial sum
n
Sp = Z a;y;,
j=0
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and get

n
Sn4+1 = Sn +an+1yn+l S Sn +an+1 Zajyj + bn+1 - (1 +an+1)5n +an+1bn+1-
Jj=0

A simple induction argument then leads to (see e.g. [22, Lemma 4.8]), for n > 1,

n

Sng1 < py1bpyr + Z a;b; H(1 + ary1) + so H(1 + Q1)

j=1 k=j k=0
n n n
< @py1bng1 + Z a;b; exp Z apy1 | + Soexp (Z ak+1> ;
j=1 k=j k=0
where we also used the fact that 1 + x < e*. Consequently, for n > 1,
n—1 . .
Ynt1 < Sp +bp < apby + Z ajbjeZk:J‘ Ut | goypek=o W+ £ by
j=1
n n
(A1) < | apyo + Z a;bj +bny1 | exp <Z ak> ,
j=1 k=1

which also holds for n = 0, with the sums taken to be zero. When yo = 0 and
a; = a this gives the result (6.6) and proves Lemma 6.4.

For Lemma 5.8 we start by defining a sequence {;} that will be used to majorize
{y;} for a, large, initial part of the sequence. The constants C; that we define below
are all chosen such that they only depend on « and a;, not on the sequence index
n or the parameter that will eventually be small, namely

e := max(b, yo).

More precisely, we define Gy = yg, and for n > 0,

(A2)  Bupr = e | (a0 +aboyo +0Y (aj +af) +b | =) Bic; +dns,
j=1 =0

where

, J=0, -
;= et {yo ] dpi1 = eAta bz aj + apyo +b |,
j=1

with the sum being zero for n = 0. Then, with C := aexp(A + «) we can bound

n
¢; < eCy, dpy1 < gete Zaj +ag+1]| < seA+°‘[(A +1) 4 ag] =: eCy,
j=1

and (A.1) gives
(A?)) 6n+1 S (80060 + 52710001 + 501) eanD S ECQ (1 + 5(n + 1)) ean()’

where Co = max(Cp, CoCy,C3). We now let N(y) denote the largest index n for
which (,, majorizes y.,,

Yn < B, 0<n<N(y).
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Then,
Yns1 < D (a; +af)y; +b 0<n< N(y),
=0
and we can apply (A.1) with n = N(y),
N(y) N(y)
UN()+1 < | (a0 + aBo)yo + b Z (aj +aB;)+b | exp Z (ak + af)
Jj=1 k=1
N(y) N(y)
=bOn@yrexp | —A—a+ Z (ar + afr) | < Bn)+1exp | —a+ o Z B
k=1 k=1

Since by construction B (y)+1 < Yn(y)+1, this shows that

N(y)

Z Ok > 1.
k=1

We thus have

N(y) N(y) N(y)
1< Z Br < eCy Z (1 + en)esF=DC < ¢CyesNW)Co Z (1+¢en)
=1 =1 =1

=G W (N (y) + FEN@ING) + 1) < 9N o)

with g(z) being the function
g(z) = Cy(x + x%)e*0.

Here we also used the fact that N(y) > 1; that y; < 3 follows easily from (6.5) and
(A.2). We note that g(0) = 0 and g(z) is strictly increasing for = > 0. Therefore,
for positive x, g(x) > 1 implies z > z*, where 2* only depends on Cj and Cs.
Hence,
eN(y) > x™.
Thus, for n < 2*/e < N(y), by the estimate (A.3),
Yn < Bn <eCa(1+ En)es(”fl)c" <eCy(1+ x*)ez*c".

The final result (5.13) thus follows with C’ = Ca(1 4+ =*) exp(2*Cp) and C” = z*,

proving Lemma 5.8.

APPENDIX B. LocAL TRUNCATION ERROR FOR RUNGE-KUTTA SCHEMES

We consider an explicit p-th order s-stage Runge—Kutta method for the problem

dy(t) d
—= =F(t R
dt (t.y), y e R,
where F : RT x RY — R?%. The method is defined by the parameters 7;, oy ¢ and
Bk through the following steps
gl = F(tnayn)u

and for k= 2,...,s,

k—1
e =F <tn + nih, yn + hz ak,é&) .

(=1
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Finally,

S
k=1
The local truncation error is defined as the residual when the exact solution is
entered into the scheme, hence

(B.1) 7(t,h) = y(t +h) —y(t) — hor(h, t,y(1)).
For this method we can prove the following

Theorem B.1. Suppose F € C'g’Jrl(RJr xR RY) and that the coefficients cy o, nj, B
are chosen such that the method above is p-th order accurate. Then, for 0 < h < hg
|T(tn, h)] < CRPTY  max |y (1)),

tn<t<tn+h
1<j<p+1

where the constant C' depends on hg and F' but is independent of h and t,,.

The proof is based on two lemmas given below. For most of the steps ' € C} is a
sufficient regularity condition, but in the last lemma F' € C} *1 is needed. In severe
places in the proof it is necessary that a solution y(t) exists and belongs to at least
CPTL. This follows from standard ODE theory with the regularity assumption on
F.

We can Taylor expand y(t,, + h) and ¢p(h,ty,,y(t,)) in (B.1) around h = 0 to
order p + 1 and p respectively,

P 1k, (k) p+1 p—1 4k (k) pt1
h tn h h 0,tn,y(ty h
Pt ! P ! P ! p!
and the remainder terms can be bounded by
< (p+1) ’ < ’ (7, _
zils, max 000|170 < max [0 (st y(tn)

By the definition of a p-th order method all lower order terms in & must vanish and
we are left with
hPt1

7| = XS |Z1 — (p+1)Zs
hp+1 hPt1 -
- <p+1>t} o PV byt
< T s O+ = e [0 (Rt y(6))

To show the result in the theorem, we therefore need to prove that

®) (7 < @)
max (6 (.t y(t))| <€, max O]
T 1<t<p+1

We start by introducing the functions
k
Ro(tn) = F(t’n«v y(tn))7 Rk(ta T1yeoy Ths tn) = F <tn + nktv y(tn) + Z Oékyg.f[) ’
(=1

where R, : R x R9** — R4 and t,, is considered as a parameter. Then

Ep(hity) = Rip—1(h, hZg—1(h); tn), Er(hitn) = (E1(hity), ..., Ex(hyty)T.
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For most of the proof we consider a fixed ¢,, and we will frequently drop the depen-
dence on t, in the notation for these functions. We now show the following lemma,
which gives the form of the derivatives of £ with respect to h.

Lemma B.2. If F € Cf (Rt x R%;R?) then for 0 < p < p,

dr sk h ) . -
(B.2) =3 Stk-1.qp(hy hEk_1(hstn); tn)Of Ro(h, hZe(hity); tn),
£=0 q=0
for k = 2,... s, where Spj.qp(t,75ty) : R x Rk — RIXD gre continuous and

bounded in x for every fixed t, uniformly in t,.

Proof. Since F € CP(R* x R%:R?) we have Ry, € OF(R x R¥**;R?), with bounds
uniform in ¢,. By construction (B.2) is true for p = 0 and k£ = 2,...,s with
Se.1,0,0 = 6¢,1 1. Moreover, for p =1 we get

d () =R h, h= h S 0., R h, h= h h h&h(h
T = OcBk-1(h hEra ))+;[ o Bi—1(hy hZk—1(R))](€e(h) + h&y(R))
k-1 k-1
=0 Rp—1 + Z[angkfl]Refl + hZ[az@qu]{é-
= =

When k = 2 this reduces to &, = d;R1 + [0, R1]Ro since &; is independent of h.
The p =1, k = 2 case is thus of the form (B.2). If this is true upto k > 2, then

k (-1 1

M-@tl{k‘i‘zaxg}%k Ry 1+ZZZhaWRk nt-1aa0; Br,

£=1 r=0 q=0

which shows, by induction, that (B.2) holds for p =1 and k = 2,...,s. Moreover,
St.k.q1 belongs to CP~! and it is bounded in y (but not in ¢ because of the h
multiplying the second sum), uniformly in ¢,. We claim that (B.2) holds with
St k.qp € CP7P for all 0 < p < p. Indeed, if true upto some p € [1,p— 1] and k > 2,

dHg(h)  d AL _ _
Wé) = Z > Senk-1.q.p(h, hZe(h))0F Re(h, hZe(h))
£=0 q=0
k—1 p
=D Sei-taplh, hEk-1 (1) Re(h, hZ0(h)
=1

T Q
Il
= o

p
+ Zatsg,k,q,p(h,hEk_l(h))agRg(h,hag(h))

~
—

+hz angk l,p h h—‘k 1( ))]gé(h)
=1

ES
=l

+ > 02, Di—1,p(h BZx—1 (1)))0 ()
=1
=: By + FE> + B3 + Ey,
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where

k. p
Dk,p(ta €T tn) = Z Z Sl,k,q,p(tv €5 tn)agRE(ta €T tn) eCrr.
£=0 q=0

The terms F; and Fs are clearly of the same form as (B.2), with the stipulated
uniformity in ¢,. So is Ey since & (h) = Ry—1(h,hZ¢_1(h)). For E3 we note that

h[O, Die—1,p(h, hEk—1(h))]& ()

—1 1
=hY > [0n,Dr1,p(h, Bk —1(h))]Srp-1.q.1 (R, BEe 1 (h))OF Ry (h, hE(R)),
r=0 g=0

which is again of the form (B.2). Since one t-derivative is taken in the Fa term and
one z-derivative in the E3 and Ej; terms, the new matrix functions Sy i ¢ p+1 will
at least belong to CP~P~!. This shows the lemma by induction. O

Using this lemma we can write down an expression for the h-derivatives of ¢p.
For p > 1, as long as I € C},

S

) (h p () — dP&r(hsitn)
¢F ( 9 ’nJy( n)) ;6]‘3 dhp
s k—1 p
= Z BrSe k—1,q,p(hy hEk—1(h))0f Re(h, hZ¢(h)),
k=2 ¢=0 q=0

which shows that for 0 < h < hg,

}Gﬁ%?)(h,tn,y(tn))} < C max |/ Re(h, hE¢(R)),

0<q<p

where the constant C depends on hy but not on h and ¢,,. The result then follows
from the following lemma.

Lemma B.3. If F € C’g’Jrl(]RﬂL x R%:RY) then, for 0 < q<p and 0 < h < hy,

q =,(h: . < (4)
|atR@(h7h f(h7tn)7tn)| = Ctngrz{lgf)i-i-hly (t)|=
1<j<q+1

where C' depends on hg but is independent of h and t,,.
Proof. We claim that there are functions Sy, (t,z) € CPT' 4R x R%R¥*?) such

that for 0 < ¢ <p,

(B.3) OFF (t,y(t) = Seq(ty(®)y (1) + v ().
(=1
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This is clearly true for ¢ = 0. Moreover, if it is true up to g, then
d
O R (ty(1) = =07 F, (8, y(1)y (1) + S E W y(t)

= —9F,(t,y(t + Zqu t,y()yO(t) + y 1+ (1)
= —0fF,(t,y(t)y' (t) + Zsé,q ty()y (@) + y D ().

+ > [ 00Sealt y)y O @) + 0. Sealt.y )W (8,50 (1))

(=1

where 9,0 4(t,y(t))(z1, 22) is a bilinear form acting on z1, 20 € R?. Hence, since
y'(t) = F(t,y), we can take

_ang+atSLq+azSE7q(F,'), é: 17
S@,q-‘rl = 82717(1 + atSE,q + amSZ,q(F; '); 2 S l S q, So,q =0.
Sq,qu l=qg+1>1,

These are sums of functions or derivatives of functions belonging to C¥ g
St,q+1 € CP~ 9, which shows (B.3) by induction. Hence, |S; 4| is bounded for £ <
g < p by a number, say M, independent of ¢ and x. Then when k£ > 2 and ¢ < p,
since F' € C’f“,

(B.4) |9/ Ry(h, hEx(h))| =
=1

npofF (t + mich, y(t +hzaké§fz )‘

< |OLF (ty + mih, y(tn + nih))|

+a;ZF<t + b, y(tn +hZau§e )

(=1

— OFF (tn + nih, y(tn + nh))

<O F (tn + nih, y(tn + nih))|

+ 10/ 0y Floc |y(tn + nih) — hzake&

q+1
<MY [y Ot + mih)]

k
+Chy  max |y ()| + Cho > |&(h)

Ly <t<tn+h

k
<C | max g0+ &M ],
=1

tn<t<tn+h
1<j<q+1
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where C' depends on hgy but not on ¢ or y. Taking ¢ = 0 in this inequality we have,
since Ry = &1,

k
k1 (R)] <C ( max [y (1) + |€e(h)|> :
=1

tn <t<tn+h

Since & = F(tn, y(tn)) =y (t,), we can conclude by Lemma 5.8 that

max |&(h)| < max(C, 1)6(8_1)002 max |y ()| <C" max |y(t)]
j=1

1<t<s bn <t<tn+h ln <t<tn+h

Inserting this into (B.4) proves the lemma. O



