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Abstract We study a 1-D hyperbolic-type problem with free boundary which describes
the motion of a piece of tape being peeled off from a surface. The graph of the solution
represents the shape of the tape, which displays contact angle dynamics at the free bound-
ary (the location of peeling). The contact angle dynamics lead to singularities located on
the free boundary, which cause a slight difficulty. Under some assumptions, this problem
can be solved numerically by a so-called fixed domain method. This method is a numer-
ical method which transforms the domain of the positive part of the solution into a fixed
domain using a change of variables and solves the problem in that domain. Although this
method has a high accuracy, it can not be applied in some cases. Hence other numer-
ical methods are chosen for solving a regularized problem, i.e., the singularities on the
free boundary are regularized by a smoothing function. The numerical methods are: two
types of finite difference methods, the finite element method and discrete Morse flow. In
this paper, the error of solving the regularized problem instead of the original problem
is calculated. Since the choice of the parameter for smoothing function is important for
the accuracy, we propose a formula to estimate the optimal parameter in order to mini-
mize the error. This formula is verified by numerical experiments and we find that it can
estimate the optimal parameter. In addition, based on comparisons between the numeri-
cal methods, we find that the finite difference methods have better performance than the
other methods.

Keywords.  hyperbolic free boundary problem, fixed domain method, finite element
method, discrete Morse flow

1 Introduction

In this paper we investigate numerical methods for solving a one-dimensional hyper-
bolic-type problem with a free boundary. Our problem can be derived from a physical
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model of a piece of tape which is attached to a surface and peeled off from the edge
smoothly. Under certain assumptions [2], the motion of the tape is described by a
stationary point of the following action integral in a suitable function space:

T 1 ) 1 , Q2
J)= [ [ (51VaP = 5 @0 0+ 5 2o ) (1)
0 JQ

where u: (0,7) x Q — Ris a scalar function which represents the shape of the tape, Q
is a domain in R?(d > 1), Q is the surface tension and y,~ is a characteristic function
of the set {(x,7) : u(x,z) > 0}. The following Euler-Lagrange equation can be derived
from functional (1.1) under certain assumptions [2]:

{ut,:Au in (Qx(0,7)) N{u> 0}, (12)

IVul® = ()2 = Q> on (Qx(0,7))Nd{u> 0}.
When d = 1, under certain conditions, [3] showed that the existence and the uniqueness

of its solutions are obtained locally.
On the other hand, we derive the following equation from (1.2) (see Section 2):

% .
Xusojitn :Au—w%dw{u>0} inQx (0,71), (1.3)
d du d
where .7 is the d-dimensional Hausdroff measure and Du = —u, e, —u, au .
8x1 8xd ot
Next, we consider the following equation as the regularized problem of (1.3)
o D e
X{u>0}utl =Au— 7(% ) (Lt) in Q x (07 T)v (14)

where x°(u) € C*(R) is a smoothing of the characteristic function such that (y¢)" >0
and

The main purpose of this paper is to investigate the error obtained in solving (1.4)
utilizing several numerical methods. The error is obtained by comparing with the
solution of (1.2) which is equivalent to the original problem (1.3) if the solution is
non-negative. We solve (1.2) by the fixed domain method. This method has high
accuracy [2]. Therefore we use its solution to calculate the error, and from this error,
we know that the choice of parameter € is important to the accuracy. Therefore we
propose a formula to get the optimal € and confirm that this formula applies based on
our experiments. We discuss this in Section 4.1-4.2.

The numerical methods that we use are:

1. explicit method 1 (spatial central difference + time forward difference)
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2. explicit method 2 (spatial and time central difference)
3. finite element method (FEM)
4. discrete Morse flow (DMF).

We choose explicit method 1 and 2 as they are standard methods. Here, explicit method
2 is a standard finite difference method which can be used to analyze the error of the
solution of the regularized problem. We choose FEM as it is widely used to approx-
imate solutions of hyperbolic problems and DMF is chosen since it is used in many
hyperbolic-type problems with constraints [1]. We conduct the comparisons of these
numerical methods in Section 4.4.

The second purpose of this paper is to investigate the effectivity of different kinds of
smoothed characteristic functions. We consider two types of smoothed characteristic
functions and compare them to get the suitable one (see Section 4.3). The last purpose
is to implement more advanced case such as a model in which there are more than one
free boundary points that appear or vanish during the simulation (see Section 4.5).

2 Derivation of (1.3)

This section depends on [4]. We show the derivation of (1.3). Let Q7 :=Q x (0, 7). We
assume u € H*({u > 0}) NC(Qr) is a nonnegative solution of (1.2) such that contact
set {u > 0} has a sufficiently regular boundary and {u >0} C C%!. By definition

(uy — Au) (@) = _/Q {us o, —Vu-Veoldxdt,

where u;; — Au is a measure. Since u is nonnegative,

("W””) (E) = /Em{po}u”
= Uz <Eﬂ {M > O})
= Mtz(E)a

where E C Q7. Thus xmun = u;, in the measure sense. Then, by using the above
assumptions, we can calculate

(x{u>0}u” - A”) (9)=— /QT{MﬂPz —Vu-Voldxdt

v 2 2
= (thyy — Au) @dxdt — / [Vul” = ()"
{u>0} I {u>0} |Dul

2
= —/ Q—(pd%”’",
3{u>0} [Dul

od™"

and directly obtain (1.3).
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3 Numerical Methods

From this section throughout this paper, we assume that Q is 1-dimensional. This
section explains our numerical methods. Let us introduce some notations. The domain
Q is divided into N intervals, xo < x; < --- < xy, then the characteristic function is
smoothed as follows

(x°) () = {1/8 Vsuse 3.1)

0 otherwise.

As we will show later in Section 4.3, the smoothness of x¢ does not significantly
influence accuracy, and therefore to speed up the numerical computations we use a
smoothing function x¢ as above that is only Lipschitz continuous. Next, the charac-
teristic function is

1 if max (u(x;i—1,1),u(x;,t),u(xit1,2)) >0,
X{u>0}(xi7t) =

0 otherwise

and

At last, since we are interested in observing the biggest error of the solutions during
time ¢, we define the error of numerical solutions as

E, = i:%{?iiN ™ (xi, 1) — Ltﬂ,
k=0,....M

where u* is the exact solution or fixed domain method solution and ui-‘ 1s the numerical
solution at x; in time #.

3.1 Fixed domain method (FDM)

For equation (1.2), we build the numerical solution as explained in [2]. We assume that
the free boundary contains a single point /(¢). Here, u(x,?) is the solution at position
x and time ¢, [(¢) is the position of the boundary at time 7 and [y = [(0). Since the key
of fixed domain method in this case is to solve only in {u > 0}, the coordinates are

mapped using function
X

SN
and become (0,1(r)) x (0,7) > (x,7) — (y,#) € (—1,1) x (0,7). Rewriting equation
(1.2) using (y,7), one has

_ l 2 / " — ! 2
A ((yz<+z)12)1 (1)) w2+ l)ll((,?”'y‘ o +1)l(r)l (r;@f(z (1)) uy =0
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o ol1(r)
a9 ‘i\/l‘ <2uy<1,r>> ’

where '(t) > 0. Now, the y-space [—1,1] is discretized into N equal intervals and we
can get the following equations

in (—1,1) x (0,7) and

%w@:w@, (3.2)
d g0 4= (it DI0)? Wt (0) = 2u(r) +u ' (1)
%V (1) = l(t)2 (Ay)2
1) vitl(p) — pi—l
+2()’i+1)ll((tt) (t)sz (1)
+(y,-+1)l(f)l"(t3(;)§(l’(t))2 ui+l(t)2;;i_l(t)’ i1 -1 (33
2
== 1_<5$g>' (3.4)
y

We solve (3.2)—(3.4) using the 4" _order Runge-Kutta method.
3.2 Explicit method 1 (spatial central difference and time forward dif-
ference)

We represent equation (1.4) using an explicit method with u,, approximated by central
differencing. Suppose u; = v then

Eu,-(t) = V,‘(l), (3.5)
u;— — ZlU; Ui 2 e/ .
Gt = OOl G ey o), it 2y = 1. G0

V,'(l‘) =0, if X{u>0} (xivt) =0, 3.7)
wherei=1,..., N—1. We solve (3.5)—(3.7) using the 4" order Runge-Kutta.

3.3 Explicit method 2 (spatial and time central difference)

This method utilizes a standard finite difference discretization. We approximate i,
and u;, from equation (1.4) using centered differencing. Here, [0, 7] is divided into M
equal intervals, 0 =1y <t < --- <ty = 7, so we have

T 2w i QL
%{u>0} ('xlvtk) (Al)2 - (AX)2 - 7(% ) (ui)v

i=1,...,N—1and k=1,....,M—1,
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k

where u; = u(x;, ;). Then we calculate the solutions using the following

uf“ = 2u§C — ulf_l

—2ut+ 2
+<Ar>2< (AZ)Z %(xf)'(uf)), if sy (0) =1, 39)

I/tf+1 = 07 if X{u>0}(xiatk) =0.

3.4 Finite Element Method

To implement finite element method, we multiply equation (1.4) by any test function
¢ € C7(Q) and integrate over the space domain

2

/Q(X{LDO}”U — Uyx + %(XS)I(M))ng =0.

By integration by parts we obtain

2
/Q(X{u>0}utt§ ‘*’”xéx + %(lg)l(u)é)dx =0, Vé € CSO('Q‘) (3.9)

We divide Q into N intervals and find the approximate solution of (3.9) in the set
V,={uecC’Q): ulyq = f(-1), uis linear on every [x;_1,x], k=1,..., N}

for each time € (0, 7), where f : Q x [0, 7] is a given function. Then the approximate
solution can be described by u(x,t) = Y, a;(¢)@;(x), where

|x — x;] )
(pi(x):<l— , i=0,...,N.
Ax +

Here the symbol ( ), implies ( f(x)); = max(f(x),0). We substitute the approximate
solution u« to (3.9)

/ (%{u>0}za (Pzé“_zaz(pzé/ Zal(pl )dx:r, V§GC6°('Q)a (3.10)

where r is the residual which comes from the approximated representation of function
u. We choose @;, j=1,..., N —1, as our test function and rewrite (3.10) as follows:

N
[ /X{u>0}<P,(P;dX] +Z [az/ o; (deX} /Q(xg)’Za,m,-(pjdx: 0
i=0
j=12,...,N-1.
This can be written in a vector form

Q2
Bd' +Aa+ > =C(a) = p,
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where a is the column vector with entries ay,..., ay_1,
2 -1 0 0 0 -~ 0 07
. -1 2 -1t 0 O -~ 0 O
A=—1] O -1 2 —-10 --- 0 O
Ax | . . . :
L O 0 0 0 O -1 2]
and
[ 4x(a)) x(a1) 0 0 0 0 0 T
X(ax) 4%(a2) X(a) 0 O 0 0
Ax - ~ -
B=—| 0 X(a3) 47(as) X(az) O 0 0
L 0 0 0 0 0o --- Z(aN,l) 4)2(611\/,1) ]

Here, ¥ (a;) = 1, whenever max(a;_1,a;,a;+1) is greater than zero and ¥ (a;) = 0 oth-
erwise. Here, C is a column vector whose elements are determined by a and p is
determined by boundary values.

We approximate a” using central difference with af =a,(ty) and a= (alf, e 7a5(V71 ):
atl —2gF + gk 0?
B Ad“+=-C(d") = p.
e +Ad+5-Cld) = p
The final form is
Q2
B! = 2Bd* — Ba"! — (Al‘)2 <Aak + TC(ak) —p) : (.1

We define af“ =0, if b;; = 0 where b;; is the diagonal element of matrix B at i row.
In general, matrix B is non-symmetric. We can change the position of the known value
k1 to the right hand side and adjust the matrix B to be a symmetric matrix. Now,

i
we approximate the solution a**! of (3.11) by conjugate gradient method.

of a

3.5 Discrete Morse Flow

Let us consider problem (1.4) with u° as the initial value, ¥ as the initial velocity and
u' = u® + An®. Now, we determine the time step At = ©/M, where M > 0 is a natural
number. Then, the approximate solution for the next time t = kAt, k =2,3,..., M is

defined by the minimizer u* € % of

lu— 2uF = 4 uk=2)? 1 5 0?
Ji(u) :/Q M x{u>0}dx+5/Q\Vu| dx—{-?/gxs(u)dx,
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where u/ (x)=u(x,t;), t;=jAt (j=k—2,k—1) and # = {u € W'?(Q);u = g on 0Q}.
We approximate «* as a piecewise linear function, so that the functional’s values
are approximated:

N rx; |M 2Mk71 uk72|2 1 5 Q2
~ ~ V € . .

We calculate the first term as follows:

/x,- lu— 20k k2P ;
X
. 2(At)2 %{u>0}

i—1

(V2 +w? +vw) 6(ar)? w1 >0, u; >0,

_ (w2 4 (12)? +wvz)% w1 <0, u; >0,
((w2)? 412 +wzv)% w1 >0, u; <0,
0 otherwise,

k=1, k-2 k=1, k-2
where v = |uj—1 —2u; "] +u | w= |ui = 2w w7 ] i = uxio, 1), ui = u(xi,t),
w—v .
V) =v— ———uj_1,Wwr =vyand x, = x;_; — ———u;_1. The second term is
Ui — Uj—1 Ui — Ui

L Vi *dx = (i1 = i) —ui)”

2 ), 2A¢

and for the third term we have

Xi

[ 2t wax
Xi-1
(

i

Ax Umax = €, Umin = &,

Ax . in— &€
. < umln(;‘;nm ) _ (8 _ umax)) Umax = €, 0 < upmip < €,

Umin — Umax
Umax

— Umax = €, Umin < 0,
_ 2(umax - Mmin)

E(umax +umin) 0 < tmax < €, 0 < umin < €,
2
us . Ax
— 0 < tmax < &, Umin <0,
2¢e (umax - umin)

L0 otherwise,

where U, = max(u;—1,u;) and upi, = min(u;—1,u;). We find the minimizer of (3.12)
using a non-linear conjugate gradient method.
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4 Numerical results

In this section, we explain our experiments and the results. In our experiments we
compare two problems. The first problem is

Ut = Uyx in (Qx (0,7))N{u> 0},
()% — ()2 = Q* on (Qx (0,7))Nd{u> 0},
u(0,1) = f(1),

u(x,0) = g(x),

u;(x,0) = h(x),

approximated by the fixed domain method and the second problem is

2
X{u>0 Ut = Uxx — 7(%8),(’4) in Q X (0, T),
u(0,1) = f(1),
u(x,0) = g(x),

u (x,0) = h(x),

approximated by two types of finite different method, FEM or DMF. The initial con-
ditions of our experiments are

1
S —
' (0)

1
g(x) =max(1— o 0),
0

Mw:{fw> 0<x<l,

0 lop < x,

and f(r) are as follows:

Case 1 Peeling speed is constant f(z) = ar + 1. The exact solution of this case is
u(x,t) =max(l+¢— %x, 0).

Case 2 Peeling speed is increasing f(¢) = (at + 1)

Case 3 Peeling speed is decreasing f(t) = v/at + 1.

Case 4 Peeling speed is stopping at some times f(z) = 1 +ar +sin ¢

Case 5 Peeling direction is downward (pasting the tape).

1
g(x) =max (10— l—x,O),
0

f(t)=10—at,
") :{f’(O) 0<x<lp,

0 lp < x.
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Case 6 Peeling directions are upward and downward (oscillating tape) (1) =1+
0.3sint.

In addition, we construct the exact solution of (1.4) for a special case. Let Q = R,
then we describe problem (1.4) as

2
Koyt = A= 5 () in R (0.2). @
Let u® : (0,7) x R — R be the exact solution of (4.1) and we assume that u* is written
as
Ms(x,l‘):F(Z)’ 7=Xx—Vt,

where v is a constantand 0 <v < 1, F: R — R; F(0) =0, F'(0) =0, F € C"'(R).
This solution can be considered as peeling tape with constant peeling speed, where the
solution is increasing but keeps its shape. Therefore we get

£y (). “2)

X0y’ F"(2) = F"(2) — )

We separate F into three intervals {F > €}, {0 < F < €} and {F = 0}. We assume
that the free boundary point is at z=0 (F(0) = 0) and z = z¢ (F(z¢) = €) as shown in
Figure 1. Then we can construct the exact solution as follows

0
- (z—ze)+€ 7< 2,
Ny
F(z) = ézv 43
R P % <2<0, -
0, 0<z.
F
€
t t t + t A
z 0

€

Figure 1: Exact solution (4.2)
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4.1 Error in the peeling tape model using smoothed characteristic func-
tions

We solve cases 1-6 using explicit method 2 and compare with the exact solution for
case 1 and the fixed domain method solutions for cases 2—6. The parameters are shown
in Table 1 below.

Table 1: Parameters for explicit method 2 and fixed domain method

0? Q a At Ax
explicit method 2 1 | [0,15] |1 0.9Ax varied
fixed domain method | 1 | [—1,1] | 1 | 0.0005625 | 0.002

The comparisons are shown in Figure 2. From the figures, we can see that the errors
of solutions for all cases tend to be small when Ax is decreasing with €. They show
that small and big € give large error and so we analyze this error pattern. Since the
precise error is difficult to find, we only approximate it. Here, the error of the explicit
method 2 satisfies the inequality

where

Ey= max |u*(x;,t) —u®(xi, 1)), E; = max |u8(x,~,tk)—ui-‘|

and u* is the exact solution of problem (1.2), u® is the exact solution of (1.4) and u is
the solution of (3.8). From this inequality we expect to obtain the error pattern.
We calculate the error of finite difference (explicit method 2). We define

() = 20® (g, 1) F Ul (X, ten) u® (X1, ) — 208 (o, 1) 4 (X, 1)

! At? Ax?
Qj EN/ (L E(.
0 (0 (i) (44
and subtract (4.4) from (4.1) to obtain
0 u® (xi, t—1) — 20 (o, 1) +u® (Xi, tr 1)
= s+ () () = = -

u€ (xi_1,te) — 2uf (xi, 1) + 1 (xjp1,t 0?
_ i1 te) A(xlz 3 G 1, 1) +7(x8)'(u£(xi7tk))—e§‘.
Since the error occurs near z = 0 and z, at first we calculate for z =0 (x; — vtz = 0).
v F(vAt) —2F(0) + F(—vAr) F(—Ax) —2F(0) + F (Ax)
e = A2 — Uy — A +u
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b x=0.000625 b 6x=0.000625
P ¢ e x=0.00125 * X e dx=0.00125
b o=+ — - dx=0.0025 01 \‘ \ - — 4 —- dx=0.0025
| ‘ \ " dx=0.005

(a) E, at time T =9 in case 1

et 0x=0.000625 b 0x=0.000625
3 dx=0.00125 . 3 dx=0.00125
o= = dx=0.0025 t <=4 = dx=0.0025
0.005 . e 0x=0,008
—+—dx=0.01 ! —+— dx=0.01

(c) E, attime T =9 in case 3

0.04 0.03
b= dx=0.000625

—+—dx=0.01

Eu

(e) E, at time T =9 in case 5 () E, attime T =7 in case 6

Figure 2: The errors of explicit method 2 for cases 1-6

Since we want to find the upper bound of the error, we note

| < F(vAt)—ZFA(?2)+F(—vAt) e _F(—Ax)—ZAFXEO)—FF(Ax) s
_Q2v2 Q2
S\ae( =) | T ae( =)

Since 0 < v < 1, we have
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2
k 0
M =
il = 56
In the same way, we can get the estimate of ‘eﬂ for z¢, which is also less than or equal
2
to Qi Since |eX| is the error of the finite differencing, we expect
2e(1—v?)
2
8ulAx
Er ~ 4.5
TR 4.5)
2
where g, is the norm of the gradient of the solution and g> = . In this experiment,
—v

we can consider the gradient is a constant C.
Next, we assume the error E; = Ce. Therefore the total error is

+  CAx
*(xiy 1) —uk| < —. 4.
i:%?§N|u (xi,tx) —ui| < Ce+ c (4.6)

The graph of this total error can be seen in Figure 3. In this figure, there are two Ax:

0.1

0.08 -

004 -

002 -

0 ke a i i L 1
0 0.2 0.4 0.6 08 1

Figure 3: Estimation from above of the total error for explicit method 2

0.01 and 0.005. When Ax decreases, the error also decreases for particular €. It also
shows that when € is big or small, the error increases. This is approximately similar to
the error pattern in Figure 2a and serves to justify our results.

4.2 Comparisons of solution having different gradient

We are also interested in investigating the choice of € to get optimal error related to the
gradient of the solution near the free boundary point (g, ). The relation between g, and
the error is shown in (4.5). The gradient of the solution is approximated by calculating
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< el- guels
e QU4 5
e QU=10.5

(c)case 3 (d) case 4

Figure 4: The errors of solution for case 1-4 with different gradient and Ax = 0.000625
att =7

the linear regression of five u; whose values are nearest to the value 0.1. This value
is chosen since, based on Figure 2a-2d, when € = 0.1, they display similar errors for
different Ax.

To see the relation between the error of the solutions and g,, we conduct a few
experiments using cases 1-4 with different g,. We choose only cases 1-4 since they
are enough to represent different kinds of solutions. We set the gradient of the solution
at time T = 7 to be 1 to 40. The results are shown in Figures 4 and 5. Figure 4 shows
that the range of optimal € becomes larger when g, increases. In addition, Figure 5
shows that there are two surfaces. The lower surfaces describe the lower bound of
the range for the optimal €, while the upper surfaces describe the upper bound of the
range for the optimal €. From the figure, the range of the optimal € becomes large if
the gradient of the solution increases.

The optimal € can be derived from (4.6). Therefore we have

£ = Cg,VAx. (4.7)

From the experiments above, the range of constant C in (4.7) is shown in Figure 6. In
this figure, each vertical line indicates the range of constant C which applies for the
gradient 1 to 40. It shows when the constant C is between 0.15-0.16, it satisfies for all
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se2_upper" —------

"/casel_lower"

"./case2_lower"

" Jcase1_upper" -

coocococoood

(b) case 2

(a) case 1

" /case4_lower"
"./case4_upper" -------

" [case3_lower"
*Jease3_upper' -------

(d) case 4

(c)case 3

=7

) i o 0 -
o N I} < ]
o o

o]

Figure 5: The lower and upper bound of optimal € for cases 1-4 at T

0.05

case 4( Ax=0.000625)
case 4( Ax=0.00125)
case 4( Ax=0.0025)
case 4( Ax=0.005)
case 4( Ax=0.01)
case 3( Ax=0.000625)
case 3( Ax=0.00125)
case 3( Ax=0.0025)
case 3( Ax=0.005)
case 3( Ax=0.01)
case 2( Ax=0.000625)
case 2( Ax=0.00125)
case 2( Ax=0.0025)
case 2( Ax=0.005)
case 2( Ax=0.01)
case 1( Ax=0.000625)
Ax=0.00125)

(
case 1(
( Ax=0.0025)
(
(

case 1
case 1( Ax=0.005)

case 1( Ax=0.01)

Figure 6: The range of constant C for cases 1-4 with different Ax
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cases and Ax. Therefore, we conclude that the constant C is approximately 0.15-0.16.

4.3 Comparisons of smoothed characteristic functions

Here, we will compare two smoothed characteristic functions satisfying (3.1) and

h
o 0<u<a,
a
h a<u<ée—a,
(x°) (u) = h(e —u) (4.8)
== e—a<u<e,
a
0 otherwise,
where :
€
—_ — h:
T e—a’

b is a positive number. Function (4.8) has smoother transitions than (3.1). We want to
know whether smooth transitions influence the accuracy. The goal of this experiment
is to get the appropriate smoothed characteristic function.

We apply these two functions in equation (1.4) with parameters Q*> = 1, Q = [0, 15],
a=1, Ax=0.005 and At = 0.9Ax and solve using explicit method 2. The errors for
each case at time level 7 =9 (case 6 uses T = 7) are shown in Figure 7. The errors are
calculated using

E,= _mmax lu* (i, 1) — (G| or E, =

| max (1) — (49 1)
k=0....M k

s N
oM

Lig

where (u®D)% and (u“*®)¥ are solutions with smoothed characteristic function (3.1)
and (4.8) respectively. From Figure 7, we see that the error difference between (3.1)

—»——case 1 (¢=0.06
--—% — - case 2 (¢=0.06

(
(
------- +------ case 3 (€=0.04
(
(
(

case 4 (¢=0.04
—>—— case 5 (€=0.04
case 6 (¢=0.01

0.1

Eu

0.001
4.12(b=5) 4.12(b=10) 4.12(b=100) 3.1

smoothed characteristic function

Figure 7: Comparison of smoothed characteristic functions
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and (4.8) are slightly different, with an order of 10~3 — 10~*. Therefore, (3.1) is an
adequate smoothed characteristic function.

4.4 Comparisons of numerical methods

To compare numerical methods, we conduct two experiments. The first experiment
is to numerically solve (4.2) and compare the results with the exact solution (4.3). In
order to do this, we consider a case similar to case 1 with initial conditions

—7x+1 0<x<ly—¢€ly,
0
_ —ly— €lp)?
u‘g(x,O) (x 4;(10; O) lp—¢€lp <x<lIly+ Slo,
0 lO+SlO gxa
u®(0,1) = b Q*r+1
) (lo)2 )
1
W—Q2 0<x<ly—€&ly,
0
€ 1 _Q2
u; (x,0) = (Io)?
el (x* Iy — Slo) ly—¢€lp <x< l()+£'l(),
0
0 lo+€lp < x.

F(x—1Iy—(g/a)—+/1—(Q/a)?* t). We choose the

The exact solution is u®(x,7) =
0,15], Ax = 0.005 and At as in Table 2 below.

parameters Q> = 1, Q = [0,

Table 2: At for numerical methods

explicit method 1 | explicit method 2 | FEM | DMF
0.0045 0.0045 0.0025 | 0.0005

The error is calculated by

C,= max ]us(xi,tk)—uf|,

and Figure 8 shows the error results. In Figure 8, the errors C,, of all methods decreases
as € increases and explicit method 2 has both the lowest and the biggest errors.

The second experiment applies the numerical methods to cases 1-6 and compares
the errors of each method. We choose the parameters 0*=1, Q= [0,15], Ax =



44 Numerical methods for 1-D hyperbolic-type problems with free boundary

1

rrrrrrr X:------- Explicit method 1
*:‘F_"\*\ A -
o X B ¢ \ --—+ — - Explicit method 2

* <

0.01

0.001

0.0001

o o o o o N . BN S 4 [N)

2000
18000

o o
o o
S o
o a
&
N
@

Figure 8: Error of numerical methods and exact solution of equation (4.2)
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Table 3: E, at time T =9 (cases 1-5) and T = 7 (case 6)

case | explicit method 1 | explicit method 2 | FEM | DMF
1 0.008 0.011 0.01 | 0.0097
2 0.02 0.02 0.023 | 0.012
3 0.0079 0.006 0.0075 | 0.0074
4 0.013 0.013 0.014 | 0.0097
5 0.005 0.003 0.005 | 0.006
6 0.007 0.008 0.007 | 0.009

Table 4: Computation time

fixed domain explicit explicit FEM DMF
method method 1 method 2
time 2s 3s 3s 6s > 15mins

0.005, € = 0.04 and Ar as in Table 2. The errors of the methods are shown in Table 3
and the computation time of each method can be seen in Table 4.

The error differences of each numerical method in Table 3 are relatively small
(order 1073 — 10~#). Therefore, we conclude that all methods have similar accuracy.
However, based on the computation time in Table 4, DMF has a large computation
time due to its algorithm and small Ar. We try several Ar for DMF and find that when
At = 1/10Ax the error corresponding to the DMF solution approach the errors of the
other methods. Regarding the FEM approach, we find that Ar < 1/2Ax gives stable
solutions.
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4.5 Advanced cases

We also test more intricate cases where the free boundary points are more than one and
they appear or vanish during time z. We choose Q = [0,2] (except case 7) , Q> = 1,
Ax = 0.005, Ar as shown in Table 2 and initial conditions are listed below.

case 7 peeling tape from two sides
We modify case 1 above by peeling off from the beginning and end of the tape.
Our domain is Q = [0,5]. The peeling velocities at both sides are the same as
case 1. The tape is peeled off until the free boundaries vanish and from here it
becomes a wave equation. Since case 1 has an exact solution, it can be used to
obtain the exact solution of the wave equation using d’Alembert’s formula. In
this case, we only consider the exact solution in the middle point of Q.

To get the exact solution of the wave equation at x = 2.5, we first consider the
exact solution of case 1,

1
g(x,1) =max(1+r7— l—x,O)
0

and its velocity A(x,). The time that the free boundary disappears is r = 2.535.
From this time on, the solution evolves by the wave equation: we define #,,4, =
t —2.535 and the exact solution is

1 (2.5, tyave) =0.5 ( (2.5 + tyave, 2.535) + 8(2.5 — tyyaye, 2.535)

4.9)
2 . 5 +tW{lV€

+ h(2.5,2.535)dx> .

2.5 tyave
case 8 pulling down a string from the middle
u(x,0) =0.5, u(x,0) = —=20x(2 —x), u(0,t) =u(2,1) =0.5
case 9 an unstable curve
u(x,0) = max(—0.8(2x —2)° +2(2x— 2)* —2.2(2x—2)> + 1,0)
u (x,0) =0, u(0,7) =u(2,t) =0
case 10 collision of four waves

4
u(x,t) = Z max(—6(x —a; —1)* +0.16,0),
i=1

where a; = a;_; +0.37 and ag = 6.

The numerical solutions corresponding to the above cases are shown in Figures 9—-12.
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Figure 9: The numerical solutions of case 7
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Figure 10: The numerical solutions of case 8
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Figure 11: The numerical solutions of case 9

For case 7, we compare the solution u(2.5,7) at the mid point when the free bound-
aries vanish with the exact solution (4.9) and calculate

E = |u'(2.5,1) — u(2.5,1)|.

We choose € = 0.04. The results can be seen in Figure 13. The error is of the same
order as the error of case 1 (see 2a).

For cases 8—10, as we do not have the exact solutions, we calculate the differences
between explicit method 1, FEM or DMF and explicit method 2. We calculate the
difference by

Dy = max |(u?); —uil,
k=0.... M

where u®? is the solution of explicit method 2 and u is the solution of explicit method 1,
FEM or DMF. The comparison is shown in Table 5, from which we see that the dif-
ferences of the solutions are of the order 1073, Hence we can say that all methods are
relatively similar.

Table 5: D, of numerical methods

case | t | explicitmethod1 | FEM | DMF
7 102 0.0023 0.0008 | 0.0038
8 0.6 0.0061 0.0014 | 0.0017
9 105 0.0032 0.0016 | 0.0025
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Figure 12: The numerical solutions of case 10
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Figure 13: Error in case 7 at u(2.5,5)
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We summarize the features of the numerical methods in Table 6 below.

Table 6: The features of numerical methods

Fixed Explicit | Explicit | FEM DMF
domain | method | method
method | 1 2
accuracy 10~ 1073 1073 1073 1073
stability Ar < At = At = At < 0.5Ax Ar <0.1Ax
0.1Ax 0.9Ax 0.9Ax
easiness of imple- | medium | medium | easy medium hard
mentation
computation time | fast fast fast fast slow
(dis-)appearance of | no yes yes yes yes
free boundary

From the table we conclude: first, the accuracy of fixed domain method is the
highest compared to the other methods. Second, DMF requires small Az (at least
< 0.1Ax) for stability and it makes this method slow. Third, the computation time
of DMF is long since the minimization process needs many iterations. Fourth, only
fixed domain method can not handle the appearance and disappearance of the free
boundary point.

5 Conclusion

We solved a one dimensional hyperbolic-type problem with free boundary and a
smoothed characteristic function by the finite difference method (explicit method 2)
and compared the solution with exact or fixed domain method solutions. From experi-
ments 1 and 2, we obtained the error pattern of explicit method 2 and confirmed using
approximation that this error pattern holds. The observed pattern shows that there is
an optimal € which minimizes the error. Therefore we proposed formula (4.7) to cal-
culate the optimal € with respect to the gradient of the solution and Ax. This formula
includes a constant which, based on our experiments, we found to be within 0.15 to
0.16 for gradients with values between 1 and 40. In experiment 3, we conclude that
smooth transitions in the smoothed characteristic function do not significantly influ-
ence the accuracy of the method and that (3.1) is an adequate smoothed characteristic
function. In experiments 4 and 5, we compared four numerical methods solving the
peeling tape problem with more involved initial and boundary data and found that
explicit methods 1 and 2 have good performance.
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