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On C'-Regularity of Functions
that Define G-Closure

M. Miettinen and U. Raitums

Abstract. In this paper we show that the functions which are used in the characterization
of the G-closure or the Gy-closure of sets of matrices are continuously differentiable. These
regularity results are based on the observation by Ball, Kirchheim and Kristensen [1] that
separate convexity and upper semidifferentiability imply continuous differentiability.
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1. Introduction

Recently Ball, Kirchheim and Kristensen [1] established a remarkable result that a great
deal of quasiconvex envelopes are continuously differentiable provided that the original
function is upper semidifferentiable and satisfies some rather mild growth conditions.
This result is based on the facts that upper semidifferentiablity is preserved under the
procedure of taking the infimum over families of uniformly upper semidifferentiable
functions and upper semidifferentiablity and separate convexity imply continuous dif-
ferentiablity.

In this paper we use the results from Ball, Kirchheim and Kristensen [1] to show that
various functionals, which arise from an optimal material layout problem governed by a
system of elliptic equations, are continuously differentiable. Especially, we concentrate
on the functions which are used in the evaluation of G-closure or Gg-closure of sets of
matrices.

Let us first recall the formulation of the problem. By an optimal material layout
problem we mean the following one:

I(u) — min
div (A(z)Vu(z)) = f(z) in Q (1)
u= (U1, ..., um) € Hy(Q,R™), A€ M

where ) is an open subset of R™, I is weakly continuous (with respect to Hi-topology)
and f € L?(Q2,R™) is given. The control set M is defined as

M = {A measurable : A(z) € M for a.e. = € Q}
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in which M is a bounded set of constant uniformly positive definite symmetric mn x mn-
matrices. The matrices A € M represent different material properties like conductivities
of given phases. If we, moreover, have volume restrictions for phases, the control set M
is replaced by

ceQ: Alx) e Myt =0,
Mp(Q2) = {A measurable| {o (=) J }

S = 1, .oy SO, 91 + ...+ 950 == |Q|

where M are given bounded pairwise disjoint sets of constant uniformly positive definite
symmetric mn X mn-matrices. In literature problems of type (1) are often treated as
optimal design problems (see, e.g., [4, 13]).

It is well-known that the problem (1) has no, in general, a solution (see, e.g., [6]).
Therefore, we have to find a proper extension of (1). To do that we replace M or My(2)
by its G-closure or Gp-closure, respectively. Then the solvability of (1) follows.

Recall that the G-closure of the set M is defined as a larger set GM of all measurable
symmetric mn x mn-matrices B such that for a chosen B € GM there exists a sequence
{Ar} C M with the following property: For every fixed f € L*(2,R"™) from

div (Ak(z)Vug(z)) = f(z) in Q (uy € HJ(Q,R™) k€ N)
div (B(z)Vup(z)) = f(z) in Q (uo € Hy (2, R™))

it follows
Uk — ug weakly in Hj (€, R™)
) (k — o0).
AiVup, — BVuy  weakly in L=(Q,R"™)

The set GM has the following description (see, e.g., [8 - 10]). Let K C R™ be the unit
cube and let

V# = {v € L*(K,R™™)

v =Vu, u e H. (R",R™), u is K—periodic}

1= (0™ = (721 50Ul s D=1 B Unj)
N# =cl{nec L*(K,R"™) ufnj = —uér, ; € H} (R™), uij is K-periodic

V9= {v € L*(K,R"™): v=Vu,uc H&(K,RM)}
77 = (7717 777m)7771 = (Z?:l %u?’l]? RS Z?:l %u;j)
0 __ 2 nm
N®=cl{ne L2(KR"™)| ui, = —ul, ul;

(r,j = nyi=1,..,m)

In these notations (without loss of generality we can assume that K C )

GM = {B measurable : B(z) € GM for a.e. = € Q}
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where

GM = {B e Rrmxnm

B symmetric and for all £, € R*"™*™™ }

S [(BE &) + (BT, 6] = Fol(€,€)
f = (517 "'7§nm)7 C = (Cl? 7Cnm) (SZJ g’t € R™™ (Z = 17 ,nm)) (2)

Fo(§,¢) = Algjfwz U_ien‘f# /K {(»A($>(Ui + &), v+ &)+ (A7 @) (i + G)smi + Q)}d:{:

In turn, Gg-closure of the set My(€2) is the set GMy(Q2) defined by

)
B(z) € Guo(z)M for a.e. x € Q, a measurable
a(z

GMy(2) = cl ¢ B measurable ) = (a1 (2), ..., asy(2)), o piecewise constant

0 < as(z) <1, [qos(z)de =6,Q|, s =1,..

where for a given 6 = (04, ...,05,) with 0, >0 (s=1,...,80) and 61 + ... + 05, =1

G@M — {B c anxnm

B symmetric and for all &, € R™™>*™™ }

K — R™™>X™" measurable
Mo=<{A (3)
meas{xGK' A(z) € My} =05 (s=1,...,50)

o6 = jnf, 2 fe“vf# / #) (01 -+ 60,01+ &) + (A7 @)+ G+ G2 e

and cl stands for the strong closure in the topology of L2(2, R"™*7m),

The aim of this paper is to show that F; and Fy are continuously differentiable.
From this it follows that also Fy(+,0), Fo(0,-) and Fy(-,0), Fy(0, -), which are often used
for the estimates of G-closed sets (see, e.g., [5]), are continuously differentiable.

2. Sufficient conditions for upper semidifferentiability

In this section we describe some sufficient conditions on a family of functions { f(a, )},
« being a parameter, which ensure that the function

F(z) =inf f(a, 2) (z € RY) (4)
is upper semidifferentiable provided that the functions f(c,-) are upper semidifferen-

tiable uniformly with respect to «.

Definition 1. A function F : RY — R is upper semidifferentiable at a point zg if
there exists an element a € RY such that

F(zo+2) — F(z20) — (a,2) <o.

lim sup
z—0 |Z|
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If F is upper semidifferentiable at every point zy of an open subset Q of RV, we say F
is upper semidifferentiable on Q).

Definition 2. A function F : RN — R is locally separately convex on an open
subset Q@ C RY if for every zp € Q there exists a ball B(z) C Q with the center at zg
such that for every canonical basis vector e; € RN the function

p(t) = F(z0 + te;)

is convex for zy + te; € B(zp).

Let S be a set of parameters a of general nature, N > 2 an integer, Q C RY an
open subset and

f:5%xQ—R, f=fla,2).
We introduce the following hypotheses on the family {f(«,-)}:
(H1) For every a € S and every zp € @ there exists an element a(a, zg) € RY such
that
Jim sup flzo +2) — f(ff|50|) — (a(a, 20), 2)
z—0 z

(H2) For every zg € @ the set {f(a, z0) : a € S} is bounded from below.
(H3) For every fixed zg € @ the set

<0.

Q[(ZO) = {Q(Oé,ZQ) ok S: f(a720) < ai/%fsf(ala ZO) + 1}

is bounded.

(H4) For every fixed zp € @ there exists a continuous function v(zp,-) : R — R with
7(20,0) = 0 such that

fla, 20 + 2) = fla, z0) = (a(a, 2,), 2) < (20, |2])|2]

for all a € A(zp) and all zp + z € @ with |z]| < 1.

Lemma 1. Let the family of functions {f(a,-) : o € S} satisfy hypotheses (H1) -
(H4). Then the function F : Q — R given by

F(z) = inf f(a, )

is upper semidifferentiable at every point zog € Q, and for every zg € Q) there exists an
element a(z9) € RY such that

F(z0 + 2) = F(20) = (a(20), 2) < (20, [2])]2]
for all zo + z € Q with |z| < 1 where the function (2o, ) is the same as in hypothesis
(H4).

Proof. Let zp € @ be fixed and {a} C S be a minimizing sequence for f(, 29),
ie.
F(z) = klin(r)lo f(ak, z0).
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Then oy € A(zp) for k large enough, and by virtue of hypothesis (H3) we can assume
that the sequence {a(ay, z9)} converges to some element a(zg) € RY. Denote by d;, the
difference

Ok = flag, z0) — F(20) (k € N).

Obviously, 0 — 0 as k& — co. Because of hypothesis (H4) we have that for zg + 2z € @
with |z] < 1

F(zo+2) — F(20) — (a(20), 2)

— inf — inf -
inf flanzo+2) =~ inf f(onz0) - (a(x0). )

< f(an, 20 + 2) — flow, 20) + 6 — (alar, 20), 2) + (alar, 20) — a(20), 2)
< (20, |2])|2] + [0k] + |a(ar, 20) — a(z0)] |2].

Since this estimate is valid for all k large enough and

5k—>0} (k — o).

la(au, 20) — a(z0)] — O

then
F(zo + 2) — F(z0) — (a(20), 2) < (20, |2])|2]

for all zo+ 2z € Q with [z| <11

From Lemma 1 and the results by Ball, Kirchheim and Kristensen [1] one can easily
obtain the following

Corollary 1. Let the family {f(«a,-) : o € S} satisfy hypotheses (H1) - (H4) and
let the function

FiQ—R,  F(:)=inf f(a,2)

be locally separately conver on Q). Then F' is continuously differentiable on Q.

Before proving the corollary, for the convenience of the readers we first recall the
needed results from Ball, Kirchheim and Kristensen [1].

Theorem 1 (see [1: Corollary 2.3]). Let B C RY be an open ball and F : B — R
be separately convex. Denote by D C B the set where F' is differentiable. Then F' is
continuously differentiable on D.

Theorem 2 (see [1: Corollary 2.5]). Let B(z9) C RY be an open ball with the
center at a point zy. Suppose that G : B(zp) — R is separately convex, F': B(zg) — R
is upper semidifferentiable at zo, G < F and G(z9) = F(z9). Then F and G are
differentiable at zo and F'(z9) = G'(zp).

Proof of Corollary 1. Due to Lemma 1 the function F' is upper semidifferentiable
at every point zg € ). Since F' is also locally separately convex, then Theorems 1 and
2 immediately give the continuously differentiablity of F on @ I
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Remark 1. Under the assumptions of Corollary 1 the element a(zy) from the proof
of Lemma 1 is equal to the derivative F’(zg) of F at z.

If one considers the upper semidifferentiability of functions of the kind (2) or (3),
then (A, v1, ..., Vnms M1y -, Tnm) Play the role of the parameters o« € S. For this case
the upper semidifferentiability of f(«,-) is rather obvious. The validity of hypotheses
(H3) and (H4) is not so evident. Therefore, some growth conditions on integrands with
respect to v; € V# and 1; € N# must be imposed (for (2) and (3) they are given by
uniform boundedness and positive definiteness of matrices A).

In order to remain within the framework of G-closure and Gy-closure problems we
only consider integrands of the type

g:RN/xKx]RNﬁR, g=9(y,x,2)

where K is the unit cube of R”, N = (2nm)"™" and N is an integer. Let B ¢ L'(K,RN")
be the set of admissible parameters 3 and let the following hypotheses be satisfied:

(H5) The function g is measurable in z, continuous in (y, z), and there exist constants
c1,c2 > 0 and functions Ay, hy € LY(K) such that

—h1(z) + e1fz]* < g(B(2), 7, 2) < ha(w) + a2
for all 3 € B, all x € K and all z € RV.

(H6) For every (y,z) € RN x K the function g(y,x,-) is differentiable on RV, and
the derivative ¢/ is measurable in 2 € K and continuous in (y,z) € RN x RV,

(H7) There exist a constant c3, a function hy € L?(K) and a continuous function
v : R — R with 4(0) = 0 such that

192(B(2), @, 2)]
192(B(x), z, 20 + 2) — g-(B(z), @ Zo)|
for all B € B, all x € K and all 2,z € RY.

Lemma 2. Let the function g satisfy hypotheses (H5) - (HT7). Then the function

flo.) = [ a(3(@).a.z +w(e)da

witha € S =BxV,a=(3,w), Q =RY and V being a subspace of L>(K,RY) satisfies
hypotheses (H1) - (H4).

Proof. From the representation
9(B(x),z, 20+ 2+ w(z)) —g(B(z), z, 20 + w(z)) = /01 (9; (B(z), 2, 20+ w(z) —|—)\z),z)d/\
it follows immediately that f satisfies hypotheses (H1) and (H4) with
ala, z9) = /KgiZ (B(z), z, 20 + w(z))da.

Hypothesis (H5) gives the lower bound for f(-, zp) and hypothesis (H7) gives the bound-
edness of the sets 2(z) B

< hs(x) + c3l2|
< ([hs(@)] + eslz0))7(l2])

Remark 2. We do not impose here the most general conditions on the integrands
g. For instance, one can consider the spaces LP(K,R") with 1 < p < oo instead of
p = 2 or the weaker growth conditions.
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3. Continuous differentiability of functions F; and Fp

We first recall the following definition of A-quasiconvexity from Fonseca and Miiller (see
3]):

Definition 3. A function f: RY — R is said to be A-quasiconvez if

z)ﬁ/Kf(z—i—w(:L’))dx

for all z € RY and all K-periodic w € C*°(K,R") such that Aw =0 and [}, w(z)dz =
0.

By A we denote a vectorial linear partial differential operator with constant coeffi-
cients (cf. the notion of compensated compactness [7, 12]). Typically A is a first order
differential operator like curl or div.

Definition 4. Let f be a Borel function from RY to R. Its A-quasiconvezx envelope
is defined by

Quaf(z 1nf{/fz—|—w

The following result holds.

w e C™(K,RY) Nker A
w is K-periodic, [,w(z)dr =0 |

Proposition 1 [3: Propsition 3.4]. If A has constant rank and if f : RY — R is
upper semicontinuous, then Qa f is A-quasiconver and upper semicontinuous. Moreover,
the restriction of Quf to each cone z + A (z € RY) is convez, i.e.

Quaf(ty+ (1 —1)z) <tQaf(y) + (1 —t)Qaf(2)

for allt € (0,1) and y,z € RN such that y — z € A where A = Uwern,jw|=1ker A(w).

Let us return to our problem. First we justify that Fj is a A- quasiconvex envelope
of the function

fo(&,---yﬁnmagl,- 7§nm = lIlf Z{ Aéugz A CZaC’L)}

which is the infimum over A € M of the integrand in (2). For this case the differential
operator A is (curl,div)™*™™ and A has constant rank. For the sake of simplicity of
expressions only, we assume that N = 2nm and £, € R™. Then A = (curl,div)™ and

F0:F0(£7C)
=gt [ {(A@0+9.0+ ) + (A @+ + Q) e

AeEM vev#
neN#

fo=Fo(&,Q) = inf {(46,0)+(47¢,0}.

()
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The matrices A € M are uniformly positive definite and the set M is bounded,
hence the function fj is continuous with quadratic growth. In its turn, the set M is
decomposable, i.e. if Ay, A2 € M, then for every measurable £ C Q@ (E C K) the
matrix Ay defined by

Ao(x) = xp(2)AL(r) + (1 - xe(2))A2(2)

belongs to M, too (here xg is the characteristic function of E).These properties are
sufficient for the equalities

inf [ {(A@)(0(@) +6),0(x) +€) + (A @) () +O,nx) + )

AEM [

:/K inf {(A(x)(v(a;)+g),u(:z:)+§)+(,4—1(;1;)(77(:1:)+C),n(m)+C)}d;r,

AeM

:/ fov(@)+&m(x)+()de  YveV# vne N¥#
K

veVH#
neN#

Fo,¢) = inf /Kfo(v+§,n+c)d:c.

Indeed, the first equality is obvious for piecewise constant (v,n) € V# x N#. Since
piecewise constant elements are dense in V# x N#, then a simple continuity argument
gives that this equality holds for all (v,7) € V# x N#. From this the second equality
also follows.

The characteristic cone A for A is (see, e.g., Dagorogna [2] or Fonseca and Miiller

31)

¢ =aw, (F,w) =0, €R (i,j =

A= U {zz(g,oeRN

wERM
lw]=1

£= (€ €™), ¢ = (¢ C™)
1,..m) |

From [14] it follows that
L*(K,R"™) = V# & N* ¢ R™™
and that
(V# @ R"™) x (N# @ R"™) = ker A

in the sense of distributions. Then by Definition 4 the function Fj is the A-quasiconvex
envelope of fy and by Proposition 1 it is A-quasiconvex and A-convex. Because A
contains all canonical basis vectors e of R™™, the function Fj is also separately convex.

Next we show that Fj is upper semidifferentiable. Indeed, using the notations of
Lemma 2 we have B = M, a = (A4,v,n), V. = V# x N# and

Then, because obviously ¢ satisfies hypotheses (H5) - (H7), Lemmas 1 and 2 imply
that F{y is upper semidifferentiable. Finally, due to Corollary 1 the functional Fj is
continuously differentiable on RY.
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For the function Fy the corresponding procedure is not so straightforward, because
now it is not possible (by virtue of the integral restrictions in (3)) to bring the infimum
over A € My inside the integral. Again, for the sake of simplicity of expressions only,
we suppose that N = 2nm and

F9:F9(§7§)
— inf inf L{(A(x)(wg),wg)ﬂft1(x)(n+c),n+<)}dx. (6)

AeEMyg vev#
neN#

The upper semidifferentiability of Fp follows in a similar way as for F;. The only
difference is that now B = M. But for the separate convexity (or the A-quasiconvexity)
we can not apply Proposition 1. Below we present a direct proof for the separate
convexity.

Let e be a given basis vector in R"Y. There are two cases: The first one where the
non-zero entry of e corresponds to some entry of &, the second one where the non-zero
entry of e corresponds to some entry of (. Both cases can be treated analogously, hence
we will consider only one of them, say the case where the non-zero entry corresponds
to the first entry of (.

Let (o = (1,0, ...,0) € R". We must show that

F9(€a<+ )‘CO) + F@(Sag_ )‘CO) > 29(§7C)

for every fixed pair (£,¢) € RY and A € R, which is equal to the convexity of Fy in the
direction e. It is clear that the element 7,

X fO0<a<i
muﬂ_{—xg ifl<a <1

belongs to N# (here z = (21, ..., 2,) € R"). Indeed, since
L*(K,R"™) =V# g N* g R™

then it is sufficient to show that
/ (no,v)dx =0 Vv € V#,
K

By the construction of 1y and by definition of V#

Mg, (z)  f0<zo< 3
—Auig, (z) if i <zp<1

(m0) ) = {

with some u; € H}

Let € > 0 be given and let Ay € My, vy € V# and ny € N# be such that
Fp(&,¢ £ A6po) >
[ {4 s +80s+€) + (AT @) 0s + 6% Xo)ma +C£AG) p —<
K

(R™), u; K-periodic, which gives the needed relationship.

(7)
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In the first step we will show that estimates (7) hold for some v+ € V° and ny € N°,
too. Extend the functions A4, v+ and ny via K-periodicity to the whole R™ and define

Ai(x) = Ap(sz) (s eN),

and in a similar way A%, v] and n%. By construction, AT € My, vi € V# ni € N#
and

Fp(€,¢ £ A&o) =

J AL @08 4903+ + (A @0 +C£AG) L+ 64260 } -
®)

From the definition of the space V# we see that the element vy € V# has the repre-
sentation v, () = Vu, (z) for some uy € H} (R™,R™), u;, K-periodic. We have

loc

R 1
vi(2) = V(cui(s)) @)
and by using standard cut-off functions ¢ € HJ(K) with |Vp| < /s we obtain that
there exists an element 05 € V' such that

~ _1
ij— - Ui”ﬂ(K,an) <cs 2

where ¢ does not depend on s. Analogous reasoning is valid for v® and n7. Since the
integrals in (8) are continuous with respect to v,n € L?(K,R™™), then estimates (7)
are valid for some Ay € My, v+ € VY and n4 € NV,

Extend again the functions AL, vy and ny via K-periodicity to the whole R™ (now
vy € VO and ne € N9). Define on

2K:{m€R”

r=(T1,..,2,) With0 < x; <2 (i=1, ,n)}
the matrix A and elements 0,7, 7jy as

A(z) = A, (22), A (z) = jJrgu’C) if0<mze <1

() ifl<azs<?2

{

o) =uze), wt = {0 RIS
e
n

vo(z) ifl<zg<2
SN Cny(x) f0<ao <1
- x
fio () = mo(), o (@) = mo (5 ).

By construction, A € My, © € V#, ij, 7y € N# and

Fp(&, ¢+ Ao) + Fy(€,¢ — Ao)
> % {(A*(:c)(v* +8),0s + &) + (AT @) (e + C 4 M0w)s me + ¢+ no*)}dx — 2
2 2K

- 2/K {(A(x)(ﬁ +8),54 &) + (AN (@) (7 + 70 + &), 7+ flo + g)}daz — 2
Z 2F9(f, () — 2e.
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Since € > 0 is arbitrary, then

Fo(&,C 4+ Xo) + Fo(€,C— M) > 2F(€,0)  VYAER.

Thus, the function Fy is separately convex and from Corollary 1 it follows that Fy is
continuously differentiable.

It is clear that the same reasoning is valid for the functions Fjy and Fy defined by
(2) and (3), respectively. Therefore, we have proved the following main result of this

paper:

Theorem 3. The functions Fy and Fy defined by (2) and (3) are continuously
differentiable.

Remark 3. Instead of integrands of the type (A&, &)+ (A7, €) in (2) and (3) one
can consider more general integrands ¢g : RV "x RN — R which satisfy hypotheses (H5)
- (H7) and the following additional hypothesis:

(H8) For every 3y € B and every integer s € N there exists 5; € B such that

9(Bs(x), 2) = g(Bo(sz), 2)

for all (z,2) € K x RN where By is the K-periodic extension of 3 to the whole
R™.

For simplicity of expressions only, we take N = 2nm. Then the function

P60 = int int [ g(Ba).é+o(a).C+n(a))da 9

is upper semidifferentiable due to Lemmas 1 and 2. The proof of separate convexity of
F' is exactly the same as for Fy. Moreover, this proof gives that in the definition of F
by (9) (or in the definition of Fy and Fp by (2) and (3), respectively) the spaces V#
and N# can be replaced by V? and N©, respectively.

Acknowledgements. The authors would like to express their gratitude to the un-
known referee for helping to improve the paper essentially. The authors acknowledge
the support of the grants #38962 and #41933 from the Academy of Finland. The re-
search was partially done during the second author’s visit at the University of Jyvaskyla
(November, 1999).



214

M. Miettinen and U. Raitums

References

[

Ball, J., Kirchheim, B. and J. Kristensen: Regularity of quasiconvexr envelopes. Preprint.
Leipzig: Max-Planck-Institute fiir Mathematik in der Naturwissenschaften, Preprint No.
72/1999.

Dacorogna, B.: Weak Continuity and Weak Lower Semicontinuity of Non-Linear Func-
tionals. Berlin - Heidelberg: Springer 1982.

Fonseca, I. and S. Miiller: A-quasiconvezity, lower semicontinuity, and Young measures.
SIAM J. Math. Anal. 30 (1999), 1355 — 1390.

Kohn, R. and G. Strang: Optimal design and relaxation of variational problems, Parts I -
ITI. Comm. Pure Appl. Math. 39 (1986), 113 — 137, 139 — 182 and 353 — 377.

Lurie, K. and A. Cherkaev: G-closure of a set of anisotropic conducting media in the case
of two dimensions (in Russian). Dokl. Akad. Nauk SSSR 259 (1981), 328 — 331.

Murat, F. and L. Tartar: Calcul des variations et homogénéisation. In: Les Méthodes de
I’Homogénéisation: Théorie et Applications en Physique (ed.: D. Bergman et al.). Paris:
Eyrolles 1985, pp. 319 — 369.

Murat, F.: A survey on compensated compactness. In: Contributions to the Modern
Calculus of Variations (ed.: L. Cesari). Harlow: Pitman 1987, pp. 145 — 183.

Raitums, U.: On the local representation of G-closure. Preprint. Jyvéskylad (Finland):
University of Jyvéskyla 1999.

Raitums, U.: On description of extensions for optimal material layout problems. Preprint
1999.

Raitums, U.: Properties of optimal control problems for elliptic equations. In: Partial
Differential Equations. Theory and Numerical Solutions (Chapman & Hall/CRC Research
Notes in Mathematics: Vol. 406; eds.: W. Jager et al.). Boca-Raton: CRC Press 2000,
pp. 290 — 297.

Tartar, L.: Cours Peccot. Paris: Collége de France 1977.

Tartar, L.: Compensated compactness and applications to partial differential equations. In:
Nonlinear Analysis and Mechanics: Heriot-Watt Symposium, Vol. IV (ed.: R. Knops).
London: Pitman 1979, pp. 136 — 212.

Tartar, L.: Remarks on optimal design problems. In: Calculus of Variations, Homogeniza-
tion and Continuum Mechanics (eds.: G. Buttazzo et al.). Singapore: World Scientific
1994, pp. 279 — 296.

Zhikov, V., Kozlov, S. and O. Oleinik: Homogenization of Differential Operators and
Integral Functionals. Berlin - Heidelberg: Springer-Verlag 1994.

Received 07.03.2000; in revised form 01.11.2000



