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Approximation of Complex Harmonic Functions by
Complex Harmonic Splines

By Han-Lin Chen and Tron Hvaring

Abstract. In this paper, a class of complex harmonic spline functions (C.H.S.) are defined on
the unit disc U. We use the C.H.S. to approximate the complex harmonic function on U,
showing that C.H.S. may be represented by elementary functions. If the maximum step tends
to zero and the mesh ratio is bounded, then C.H.S. converge uniformly to the interpolated
function F on the closed disc U. If the interpolated function F is a conformal mapping, then
the C.H.S. is a quasi-conformal mapping.

1. Introduction. This paper deals with the spline approximation of a complex
harmonic function defined on the unit disc U.

Since an important subclass of complex harmonic functions is the class of analytic
functions, we are naturally interested in the following problem: can we use the
splines to approximate a conformal mapping? We shall explain the reasons for using
splines for this purpose.

It is well known that any simply connected domain D contained in a closed
Riemann surface, whose boundary I is a continuum, can be mapped-conformally on
|Z} < 1.

In practice, the important thing is to construct the mapping function, but as we
know, if the domain is arbitrarily prescribed, it is difficult to obtain the analytic
expression of the mapping function. For this reason, mathematicians devote a lot of
work to develop approximations to the mapping function.

Recently, L. Reichel used the Lagrange interpolation polynomials for equi-spaced
points on the unit circle y to approximate the mapping function which maps the unit
disc U onto a simply connected domain D [9, pp. 32-34]. The data of function
values were obtained by solving a system of integral equations derived from D.
Gaier’s theory [7]. The method used in that paper [9], combined with analytic
techniques and Fast Fourier transformation, is effective in some cases.

We note, however, that in general, the Lagrange interpolation polynomials do not
converge uniformly to the mapping function F(Z) on the closed disc U [6].

Ahlberg, Nilson and Walsh [1], [2] used analytic splines. These functions can be
proved to converge uniformly on a closed point set interior to y, but not on the
closed disc U.

Instead of Lagrange interpolation polynomials and analytic splines, we used
complex harmonic splines to approximate a complex harmonic function defined on
U. The formulas and the error bounds were given in [3].
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The complex harmonic splines (C.H.S.) have the following properties:

(i) If the maximum step |A| tends to zero, and the mesh ratio R is bounded, then
C.H.S. converge uniformly to the interpolated function F(Z) on the closed disc U.

(i) C.H.S. may be represented by elementary functions.

(i) If the interpolated function F(Z) maps U conformally onto a simply
connected domain D satisfying the Ljapunov condition (see after Remark 2) and
|A| = max;|Z, — Z,_,| (the maximum step) is sufficiently small, then the C.H.S.
maps U onto a simply connected domain and this mapping is univalent, in fact, it is
a quasi-conformal mapping [3].

In [3], we used complex pseudo-interpolation splines as the boundary function of
C.H.S,, and we stipulated that the approximated functions F(Z) have absolutely
continuous nth derivatives (n > 2) on y (see [3, Theorems 1-4]), where the pseudo-
interpolation splines are piecewise polynomials of degree n.

In this paper, we use the complex cubic interpolation spline function as the
boundary function of C.H.S. Under a much weaker condition we can prove that (i)
and (ii) are still valid, and we obtain the error bound in an explicit form (Theorems
1,2).

Under a weaker condition, we prove that (iii) is also valid (Theorems 3, 4).

In the last paragraph of this paper we give formulas for the calculation of the
C.H.S. and a program which implements the C.H.S. in practice:

If ¢ = {(2),0 < t < 2, is the parametric representation of the Jordan curve I', then
the following program is performed.

Input: { = {(¢). Output: The graph of C.H.S., where C.H.S. is the approximation
of the conformal mapping F(Z) which maps U onto a simply connected domain D.

To save space, we delete the program and the graphs; they may be found in [5].

2. C.H.S. Approximation. A real function u(x, y) belonging to C*(D) is said to be
harmonic in D if it satisfies the Laplace equation Au = 0.

If u (j=1,...,n) are harmonic functions in D, and a, (j = 1,...,n) are
complex numbers, then the function 4 = ¥ a,u, also belongs to C 2(D) and satisfies
the Laplace equation, but u is a complex-valued function; we call it a complex
harmonic function and denote by H(D) the family of all such functions defined
on D.

A nonconstant complex harmonic function 4(Z) cannot have a maximal absolute
value in its domain of definition. Consequently, the maximal value |u(Z)| on a
closed set E is attained on the boundary of E.

H(D) contains a wide class of functions, for instance, the function P(Z) defined
by the Poisson formula
e+ 2z
e’ -7
where w({) is any complex continuous function defined on v, y is the boundary of
U, and U the unit disc; evidently, P(Z) € H(U).

Let A ={Z,,..., Z\) be points on y arranged in counterclockwise order, separat-
ing yintoy; (J =/l_,j) with y, being thearc from Z, t0 Z , | (Zy,, = Z)).

Wesstipulate: | Z,Z, || = |y| < 7 (j =1, N).

P(Z)= —zl;r-_/(;Zﬂw(e'o)Re

)d(). Ze U,
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Given complex data Y,,..., Yy, there exists one and only one complex cubic
spline function S(Z) with nodes A on y such that S(Z;) = Y, j =1, N; see [4].

The Poisson formula

b roa 8 e+ Z

(1) P(Z):= 2Wfo S(e )Re(elo__z
defines a function P(Z) on U, where S({) is a complex spline function on y. We
then call P(Z) the complex harmonic spline (C.H.S.) on U.

Now we use the C.H.S. to approximate a function belonging to H(U) N C(U).

)dﬂ, Ze U,

THEOREM 1. Let F(Z) be a complex harmonic function on U, continuous in the
closed disc U. Let P(Z) be the complex harmonic spline defined by (1), where S({) is
the complex cubic spline interpolatingat Z , S(Z)) = F(Z;),j = 1,..., N. Then, P(Z)

converges uniformly to F(Z) in the closed disc U. Moreover, we obtain the error
estimation
(2) IF(Z) - P(Z)| < K(R)w(F,1A), ZEU,
where
K(R) = Min(5.13R + 7.13,0.07R? + 1.5),
R =Max|Z,,, = Z)/ MiniZ,., - Z|

and w is the modulus of continuity of F on v, |A| = Max|Z,,, — Z].

Proof. Since the error function E(Z)= F(Z)— P(Z) belongs to H(U), by
Schwarz’s theorem and the condition on F we conclude that E(Z) is continuous in
U. If we can estimate £(Z) on v, then, by the maximum modulus principle, (2)
follows.

Now we prove the following

LEMMA 1. Let Y(Z) be continuous on vy, and S(Z) be the complex cubic spline with
nodes A such that S(Z)) = Y(Z)) (j =1, N). Then we have

(3) IS(Z) - Y(Z)| < K(R)w(Y,|A]), Zey,

where R is the mesh ratio defined in Theorem 1, and w(Y,|A|) is the modulus of
continuity of Y on vy, K(R) being defined as in (2).

P
Proof. For Zony,_, (v,-, = Z,_,Z))

T Wty Y om 2,
S(Z)—hj_l(Z, z)(z-2z._,) h,?_'.(z Z,_,)(z-2)
Y _, 2
(4) + hja_ (z,-2)[2(z~2Z_\)+h,_,]
P (z-2z_)[2(z,- 2) +n;_\],

3
J—1

whereh _=Z - Z _,, Y =S(Z), m;= S(Z).

J ]
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The quantities m; satisfy the requirement that S®(Z, - )= S®(Z, + ) for
j=1,N:

(5) am;_; +2m;+bm,,  =Q,
where
h; Y -Y, w1 — Y,
S A— =1-q. =13 J-1 Yo J
a; TR bj=1-a;, Q,=3a, o + 3b; " .
(5) may be written in matrix form as
(6) Am = Q.
Since we can prove the following inequalities:
1 1
7 A s — < ,
@ e min, (2 = |a,| = |5)) ~ 2- V2
(Z-2_,)z- Z)I L
Aj(z)_ h 2 < p) fOl'ZEYj‘_‘,
Ij I‘
Z-2_,)(zZz-2 h._ '
u,(2)='( ) .)(2 ,)I<I,2 ! oz,
lh; il
3
g(A) = 3)\ —2,}‘ <1, A= z——(z +Z).Zey,_,,
hj_\ hi_,
it follows from (6) and (7) that
max, |Q,|
8 m,| < max Al s —L=£,
®) I < maxl ] 2 4] < 212

For Z € y,_,, in view of (4), (7), (8) we have
(9) 18(2)-¥(2)|< max |m,|(A(Z) + pi(2)) + gAY, = Y|
Y. +7Y._,

+ 3 - Y(Z)l
< r!;ax"i/gikllh,‘_,|+ i'-?&_—l‘ Y(Z)|+|Y, - Y|

From (9) we can easily prove the following inequality
(10) IS(Z) — Y(Z)| < (5.13R + 7.13)w(Y,]A)).

On the other hand, the continuity of S'(Z) at Z yields the following expression
(11) bM,_, +2M,+aM, =P, j=1N,
where

M,=S‘2’(Zj), Pf'=6(h, 1+h.) Yj+|}y"3‘_ };;'_‘?-1
j=1 J J Jj—1

(11) may be written in matrix form as
(12) BM = P.
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Since we can prove the following inequalities:

(13) 1B < (2 - v2)",
2 2 -1 Ih/—-||2
ol =|(2, - 2)[(2; - 2)* = w2, | lom, [ < =5 forZey,_,
-1 |h —||2
Bl=|(z-z-)[(Zz- 2 - w\]|loh, [ < =5 forzey,,,
w(Y,|A)
IPl< ===,
3V2\hh;_ |

it follows from (12) and (13) that
(1 +v2)w(,]A)

(14) |M| < SMin i 0 0" 1,..., N.
For Z € vy, in view of (13), (14), we have
L+ Y.,
(19) 15(2) = ¥(2)|= oM, + BM, + (<52 - 1(2)

-_(Yj_ Y;’-—I) Zhj——l

< (% + 11'3—6‘/—7-R2)w(y,m|) < (1.5 + 0.07R?) (Y, )A]).
(3) is obtained from (10) and (15).

Remark 1. A similar estimate for the real periodic cubic splines and functions
f € C(-, ) has been obtained by Sharma and Meir [11], where they have an
error O(R?)w(8).

From Lemma 1, the proof of Theorem 1 is complete.

We note that the coefficient K(R) in the error estimation (2), (3) is a function of
R. If R=1 or R>1 but not too large,* then K(R) = 1.5 + 0.07R?; if R is
sufficiently large, then K(R) = 5.13R + 7.13.

Remark 2. From Theorem 1, we see that if |A| — 0, and R is bounded, then P(Z)
converges uniformly to F(Z) on the closed disc U.

In particular, if F(Z) is analytic in U and continuous in U, then the approxima-
tion C.H.S. P(Z) converges uniformly to F(Z) on the closed U.

Let { = {(r) (0 <t <27) be the parametric representation of I'. Suppose 0 <
[§’(t)] < . Then Y, = KZ) (j =1, N may be obtained by solving the integral
equations as in [9], [10], and then the cubic spline S(Z) which interpolates F(Z) at
Z(j= L,N) may be easily constructed [4].

The closed Jordan curve T is said to satisfy the Ljapunov condition (see [8, p.
122]), if it can be represented by { = {(s), 0 < s < L, where L is the length of T and
s the arc length of T, measured from a fixed point, such that if s varies from 0 to L,

*In fact, if R > R, (= 74.40), then K(R) = 5.13R + 7.13; if 1 < R < R,, then K(R) = 0.07R® + 1.5,
where R is the positive root of the equation 7R? — 513R — 563 = 0.
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then {(s) makes one turn on I' in the positive sense, I' has a tangent at every point,
which varies continuously, and {’(s) satisfies the following Holder condition:
[¢(s,) = ¢(s5)| < Jlsy — so]"s 0 <a<1,J=const

If the function W = F(Z) maps U conformally onto D and I' = 3D satisfies the
Ljapunov condition, then F'(Z) exists in U, is different from zero, and satisfies the
same Holder condition:

|F'(e®) — F'(e')| < K|0, — 6|, k= const
(see [8], [12)).
It follows that F'(Z) is continuous in U [8, p. 122].

LEMMA 2. If T satisfies the Ljapunov condition, and W = F(Z) maps U conformally
onto D, 0D =T, and S(Z) is the complex cubic spline which interpolates F(Z) at
A = (Z;)—the knots of S(Z)—then, for Z € v,y = dU, we have

(16) IS(z) - F(Z)| < KA, Zey,
(17) Is(2) - F(Z)|< K, A",  Zey,
(18) ‘ ek F,(tl)I)A.I;—(f,(tz) ~ (%)) < Kty - t2|8a hhL €Y,

for any 8,0 < 8 < a, where R is the mesh ratio and

|A| = mjax|zj -z,

T T a+1
K, = 2K, = (26 + 14/2) +1(5) ,
38+4oﬁ ™
K3'2(—a‘ﬁ_'2'+1)(2) KR.
Proof. From (5),
(19) A(m - 5Q) = (31 - 4)}0.
The jth element of the vector (3] — 4)}Q may be estimated as follows. Since
1 Jj+1 y ’ K m\** i «
@ 0 -rz) a < A (5) e
we have
—-a.0._ . b.0.
(21) [(31_A)_Q]j=_fQ_L_'+%_J_QJ_+l
3 3 3
1 (R , 4K (a\ert o,
< 4max hkuA (F(1) = F(Z,,)) di| < = 1(2) 1A

From (19), we have

F.., — F F. — F
_ J+1 J J J—1
(22) |m; (bj 3 + aj—_hj—l )i

< l4~Y max —A)L 4K(7T/2)a+l|A|a
<1 max (31 A>sQ]k((a+1>(z—ﬁ))
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Therefore, from (20), (22) and a; + b, = 1, we find

F 1 F_F—l
23 R b, +a;——
( ) m/ hj . ( J J hj—l )‘
l Z, ’ "
h—le’ (F(1) - F(2)) dt
J
1 ) )
_h,_./ (F'(e) - F(Z;)) ar
=1
2 2K aT a+1 a
(2_,/5 1)a+](5) Al
Furthermore,
E—-F_,| |32 1 7~ B
(24) §(z)- L——| < ——llm,_,+m, =2
hj— hl?_l 4 J=1 J hj_l
+ hflllml m,_\| forZey;,_,,
-
where
Z .+ Z.
_ 7 j—1 _ 5
£ = 5 -Z,=72-12,
and evidently,
1Bl 32 1 7
(25) £ \/5 s h12-_| - = < re
Let
(26) Y = 1 Z’“ F’(t)—F’(Z. )) dt
J h, z, j+1
Then, from (20), (22),
F_F_| F__l_F_z
(27) |mj_mj—||<mj‘ jh 4 "(mj—l_ . h . +|};'—l—);—2l
j—1 j—2

4 2K (w\o*! e
<(2_¢5+3)xa+1(5) Al
Combining (24)-(27), we obtain

’ K ™ a+l a
(28) |s(Z2) - A <(25+ l4\/§)m(5) |, Zey,,.

=1
Thus,forZ € y;_,,

—

F -
1$'(z) - F(2)| <|s"(Z) - =

El,
1

= fzz" F(Z) - F(1)) dt

Jj—1 =1

h;

J=

K a+1 a
< (26 +14/2) 1(%) A",
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Inequality (17) is proved.
Inequality (16) follows from (17) by an integration. Since

T mj—%,’f——
(29) Is(2) - s()|=|Zz -+ +

><(3(2::)—62)+m,»—m,~..

Jj—1

Z=4(2_,+2).1,Zey,,,
from (23), (27), (29) and (3(Z + 1) — 62)/h,_,| < 3V2, we have

2(19+20ﬁ)(z Z—t

a+1
a+1 2) Kial

(30) 15°(2) - 8°(¢)] <

h.

Jj—1
Therefore, if Z, t € y;_,, we have

oy D -FEN- (0 F()

19 + 20v2
a+ 1

X

R + 1](%)"K|z 1,

where R = |A|/min|Z, — Z,_|.
If, on the other hand, Z € v,, ¢t € v,,j = I, we distinguish three cases:
(D) If|t = Z| > |A|, then from (17)

I(5(Z2) = F(Z)) - (5'(1) = F'(1))|
|A'a—8

(2)If )t — Z| < |AL,|Z — ¢| > min |A]|, then from (17)

I(5(Z) - F(Z)) - (S'(1) = F(1))
IAIa—G

(3) If |t = Z] < |A| and |Z — ¢| < min|h;|, we assume, without loss of generality,
thatt € v;,,, Z € v;. Then

ey US(2)- F(2) - (S(1) - F())

(32) < 2K,|AP% < Kyt - Z)5.

(33)

< 2K,|A)° < Kjt = Z)P.

IA'a—S
S(2) - F(2) - (5(24)  —F(4,.))
b |aje=? ’
(8'(1) = F'(1)) = (8(Z,,,) - F(Z,,)))
NG
<SK(Z-Z,l* +1t - Z,°) < 2K1Z — 1* < K4|Z — 1P,
where
, |19 +20v2 7\
K== wR+l](5) K,
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the second inequality being obtained from (31).

From (31)-(34), formula (18) follows. Q.E.D.

Remark 3. Ahlberg, Nilson and Walsh in [1] estimated the order of errors. Here
we estimate not only the order of the errors but also give the explicit form of the
error coefficients.

THEOREM 2. Let T satisfy the Ljapunov condition. Let W = F(Z) be the mapping
function from U onto D, S(Z) the complex cubic spline which interpolates F(Z) at
= (Z and P(Z) the C.H.S. with the boundary function S(Z).

Then jj';r‘;zll Z € U, we have
(35) |P(Z) - F(Z)| < K |A|'*,
(36) |P,(Z) — F'(Z)| < §1A1°2,
(37) |Pz(Z)| < £l1A1°2,

where £ = 2*/*/a)K; + K,|A|*/?, P,, P5 are complex derivatives (see [3)). K,, K,
K, are constants as in Lemma 2.

Proof. (35) is obtained directly from the maximum modulus principle and (16).
Now we prove (36).

Let ¢({, Z,) represent the function (S'($) — F'($)) — (S(Z,) — F'(Z,)); from
(18),

I‘P(f Zo)| K3|A| |§—Zo|6~

We have [3]

9 1ra(2) - F(D)] < s (|50 [ B+ 5120 - P2 ).
S;nce

(39) JIs = 2" lax] < 2%

let § = a/2; then

(40) 27‘/‘1’({ Zo < 2‘; K3|A|a/2

From (17), (39) and (38), for Z € U we have

@) 12 - F@) < | EC K+ s - aagen

(36) is proved.
For Z € U, from (18) and (39), we have [3]

- 1
|P7(Z)|S 2 Sup

$-2,

/f[(S(f) F'(§)) = (S(Zy) = F(Z))] + (= 25)(5'(Z,) - F’(Zo))
Y { Zo

f (S'(}) = 2o5°(20)) = (F'(§) = ZoF'(Z,)) dgl

<=
=2

Sup
ZoEy

1 a-§8 - a
< E;{1(3|A| 2%" + 27K,)A|").
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Let 8§ = a/2; then

(42) |P7(Z)| < €|A|m/2 for Z € U.
(37) is thus proved.

THEOREM 3. If T satisfies the Ljapunov condition and P(Z) is the complex harmonic
spline defined in Theorem 2, and if

(43) Al < 1 {[2"‘ a K2 + 2K, - mmlF (§)|] 2"‘/2a“'K3},
then P(Z) is an open mapping on U.
Proof. The Jacobian J(Z) does not vanish, since from (43),
2 , , a/2
1(2) =|P(2)] =Pz (2)[ > IF(2)|(|F(2)| - 2¢A]"7) > 0
for all Z € U, thus P(Z) is an open mapping. Q.E.D.

THEOREM 4. If T satisfies the Ljapunov condition and P(Z) is the complex harmonic
spline defined in Theorem 2 and if

(44) Al < {[2" K2+ 2K,me ' - 2277 'K,
where
. F(Zl) — F(Zz)
—3 f e N
e Zhlgze)‘ Z -2z

then W = P(Z) is a homeomorphism.

Proof. From Kellogg’s theorem [12, pp. 361-364], it is easy to see that mg > 0.
Define

_ P(Z,) - P(Z)) _ F(z,) - F(z)
H(Z,.2) = = =5~ FZ.2)=—F—5—".
Then
1 1|9P OF

= ———~l lefl|(Pz — F)e'® + (Pz — 0)e™"|dl

1Z,
1
<zTz( SuplP2(2) = F(Z)]+ Suple(Z)l}f d
Z,
a/2
< 2¢[4|
where [ = |Z, — Z,|, 3P/dl,, 9F /3l are the directional derivatives along the straight

line joining Z, and Z,, and @ is the inclination of the line Z,Z,.
It follows from (45) that

(46) (mp— 26A1"7)|2, - Z,| <|P(2Z,) = P(Z,)] < (M + 2¢A17)|Z, = Z|.

(46), (44) lead to the following conclusion: P(Z,) = P(Z)) if and only if Z, = Z,.
QED. -
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Following the proof given in [3] we conclude that if I and P(Z), F(Z) are defined
as in Theorem 2, then P(Z) maps U onto a simply connected domain D,. The
mapping is one-to-one. Moreover,

‘I;lm D,=D, D is the interior of T,
|1A|—0

in Carathéodory’s sense.

3. The Calculation of C.H.S. and Examples. We rewrite the C.H.S. as follows
(47) P(Z) = P\(Z) + P(2),
where

1 ¢ S(¢) S($) 5 >

P(2) = 5 [e=z%  R(D- 2m/——-d: z=(zy",

Z € U,y = 3U. S(¢) is the interpolating cu/b!c\splme
Suppose that S({) = S; €Sy, v, =2 ZJH, then (see [2], [3]) we have

N
(48) P(2) = %}: (z>/”'

Z,-Z .
= 215(2) —%—_'—Z— +’0j.j+l(z) ,
b2
5 -1 ¥ 5 Z., -2 . 5
(49) B(2) = 3,7 £ S(2)|Lnl————| +ig;,1(2) |.
J= )
where

Z,.
0j,j+|(Z) = / ’ 'darg(§ - Z)’
ZJ
(50) z
+1
9.01(2) = fz " darg(§ - Z).
Both functions 6, . (Z), ¢, ;. (Z) are single valued and continuous. They may
be calculated as follows.
Denote by /; ;. the straight line joining the points Z; and Z;, |; the Z-plane E, is
divided by /; ;| into @, and Q, say, the half-plane Q, contains the circular arc y, (we
have stipulated that |y;| < 7).

Then§, . ,, ¢ ., may be represented as follows:
A’ Z (S Un QI’
(51) b,,(Z)=(" ZzeUnl .,
20—\, ZeUNQ,,
where
(52) A= cos™ (X = X)(X1 = X) + (5= ¥)(¥, = V)

(%= %)+ (% = 1)) (X0 = 0P+ (1, - 1))

Z,=X+iY, Z, =X, +i¥,, Z=X+iY.
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A, ZeCUnQ,,
(53) (p/._/-i-l(z) = 0’ Z € CUn Ij,/+l’
A, ZecCcUng,
where A is calculated as in (52) but we use Z = X + i¥ instead of Z = X + ;Y.

Let £ be a point in E,, the straight line joining the point £ and Z = 0 is denoted by
I; let Z, (if it exists) be the intersection of / with /, ;. Then

(54) teq, if and only if |§] =| &€ — Zo| —|Z,| |, or 1lI1, ..
(55) £eq, if and only if |§] = |Zo| + |§ — Z,,
(56) ¢el ., ifandonlyif|§ =|Z,|

But in the programming, instead of (54), (55), (56) we use
(57) €] > [ 1§ = Zo| =1Z,l| - .
(58) €] <1Zo| + 1§ = Zy| + &,
(59) 1€l — & < |Zo| < €] + &,
respectively, where ¢ is a small number, say,

le| ~ 1072,

From the formulas (47)—(59) the values of P(Z) (for Z = U) may be calculated if
the spline function S({) is given.
Now S(Z) may be written as

a2+ a,Z*+ a\Z +a,, Ze<yvyy,

60) S(Z)= K
(60) S(z) a;Z3+ a,Z*+ aZ+ a, + ZCI(Z—ZJ)B, Zey,

J=1

and (C )\, satisfy

N
Y Gz/=0, 1[=0,1,2,3.
J=1
If {F(Z) f"_, are given, then S(Z) may be obtained by solving the system of
equations:

S(z)=F(z), j=1N,

(61) o
> Gz =0, 1[=0,1,2,3.

Jj=1

It was proved in [4] that the system of equations (61) can be solved uniquely for
(a0 and ().,

In particular, the data values of a conformal mapping function may be obtained
as follows:

Let W = F(Z) be a mapping function, such that F(0) = 0, F(1) = {, € T, Z = ¢,
0 = arg Z = arg(F~'({)).
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From [9, p. 32, Theorem 9.1}, the following system of equations

(62) g+ [ LW = Slo(R)I &S = Luiw),  WeT,
Jonas=1
r
has a unique solution (g*, *), g* = 0, and
(63) 8(¢) = 21rf:o*(W) aw.

Integration is done along I in the positive direction.
Using the numerical method presented in [10], we have

noq n—1 n—1 g3
(64) O(W(t)=t+ Y ~Lsinjr=-Y E.’cosjt+ Y &
= P =

0 <t < 2w, where a s Bj are constants.
By solving the equations

b)) =22 I=TW,

the data values F, = F(e'?>"'/V), 1 =1, N, are obtained.

We have written a complete program for the whole system.

The input is the parametric representation of the curve I', and the output is the
graph of the C.H.S. We give nine examples in [5].

Remark 4. If T is an arbitrary rectifiable Jordan curve, under a stronger assump-
tion on the approximated function F, we can obtain

(65) lim

max|A,|—0

t-z JI-2 forall Z € D,

f S(8) a8 F($) a¢
r
D = (D UT,D = interior to ).

But the limit value on the left side of (65) is more complicated than in the special
case where I is the circle, since in this case, we use P(Z)—the complex harmonic
spline—in which case the boundary value of P(Z) is S(Z,).

We shall discuss this in more detail in another paper.
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