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Abstract

In this paper, we derive upper bounds and regularity for the heat
kernel from an elliptic regularity property. The operators studied
here are of order 2m, with complex coefficients and are elliptic in the
sense of the Garding inequality.
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FROM GENERALISED DE GIORGI ESTIMATES...

1 Introduction.

The aim of this paper is to establish a connection between an elliptic reg-
ularity property in terms of generalized Morrey-Campanato spaces and a
parabolic one characterized by upper gaussian bounds for the heat kernel of
a class of higher order operators in divergence form defined via sesquilinear
forms.

Let us start by recalling known results to put our work in perspective.
Regarding second order uniformly elliptic operators with real-valued mea-
surable bounded coefficients, in 1958 Nash [28] established his fundamen-
tal work on the Holder continuity of solutions of parabolic equations with
measurable coefficients. As a consequence of this result, he obtained the
Holder regularity for solutions of the associated elliptic problem. In 1967,
Aronson [3] established the link with the gaussian estimates for the heat
kernel. His idea relies on the parabolic Harnack inequality of Moser [27].
He gave gaussian bounds for the fundamental solution of the heat equation
% — div(A(z,t)Vu) =0,z € R*, 0 <t < T. More precisely, that solution,
denoted by I'y(z,y, 7), verifies the following estimates

L2 —y|? o —y 2
(t Co)n/z e < Tyfa,y, ) € s :
-7

forall 0 < 7 < t,z,y € R* and where ¢y, ¢1, a9 and a; are nonnegative con-
stants depending only on dimension and the ellipticity. Fabes and Strook [12]
used another approach relying on the original ideas of Nash which allowed
them to obtain the Harnack inequality. In fact, upper and lower bounds are
equivalent to Harnack’s inequality.

One may wonder what happens to (1) when the coefficients are complex-
valued functions regardless of time. In this case, I't(z,y,7) = K;—,(z,y) and
taking into account what we said before, we expect the estimates

C ey
|Kt(x’y)‘ S tn/2€ ty ) (2)
O (|ny¥
Kz + hyy) = Kilw,y)| + | Kila,y + ) = Kulay)| < 255 (575) )

where v € (0,1). The arguments of Nash-Aronson seem unusable in this case.

In order to overcome such problem, other arguments were developed. Re-
cently, Auscher, M¢Intosh and Tchamitchian [6] showed that the heat kernel
has gaussian estimates of type (2)-(3) if n = 1 or 2. On the other hand,

11
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Auscher, Coulhon and Tchamitchian showed in [5] that for n > 5, there ex-
ists an elliptic operator T' = —div(AV) with complex coefficients such that
the semigroup e™*" generated by (—7') is not bounded on L**(R") for all
t > 0. In particular, the associated kernel does not verify the gaussian esti-
mates. Note that cases n = 3 and 4 are still open.

Considering these counter-examples, it may be of interest to have a simple
and efficient criterion to decide if the heat kernel has upper gaussian bounds.
The criterion found by Auscher in [4] is an elliptic regularity condition which
we denote by (D) and concerns weak solutions u of the homogeneous equation
Tu = —div(AVu) = 0 on euclidean balls. That condition is an estimation of
type of De Giorgi:

n—2+2u
VeeR", Vr,R,0<r <R, / Vul? < c(£> ’ / \Vul?,
By (x) R Br(z)

for all weak solutions u on a ball Bg(x), with constants ¢ > 0 and g € (0, 1]
depending neither on u,x nor on R.

Recall that De Giorgi’s theorem [11] stipulates that, in the case of real coef-
ficients, weak solutions of Tu = 0 verify estimates of type (D). According to
Morrey theorem ([24], Theorem 3.5.2.) the latter estimates imply the Holder
regularity of the solutions. However, De Giorgi’s result is not always true
when the coefficients are complex-valued functions. Indeed, Maz’ya, Nazarov
et Plamenevskii [21] gave examples of equations 7'u = 0 whose solutions are
not locally bounded when the dimension n > 5. Note that these examples
were used in [5].

In [4], Auscher established the equivalence between (D) (i.e. De Giorgi
estimates) and ((2)-(3)) (i.e. Nash-Aronson estimates) when n > 2. The
literal idea of the implication (D) = ((2) — (3)) is to consider the parabolic
equation % 4+ Tu; = 0 as an elliptic equation with second member Tu; =
—% for every ¢ > 0. Suppose that an elliptic regularity theorem stipulates
that the solution of the equation Tu = f verifies ||ul|g, , < C, ||f||z, for all
v € I, where (E,),¢r is a familly of spaces defined for «y in an interval I and

g:1 — I. Then we get

aU/t aut
”t E”Eg(v) < C”ut”EQ(’y) < CC’Y ||§||E77
the first inequality being a consequence of the analyticity of the semigroup
e T, Therefore, we only have to iterate such inequality. In [4], E, is the

family of Morrey-Campanato spaces and we know that it is perfectly adapted
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to elliptic operators.

Now, let us come to our class of higher order operators. They are homo-
geneous of order 2m of the form

Ly = Z (—1)™ D%(aqsD?),
af=m,|8|=m
where a,5 € L*°(R*,C") and independent on time. In addition, we assume

that these operators are elliptic in the sense of the strong Garding inequality:
there exists a constant do > 0 such that for all w € H™(R"),

§Re/ Z aap(z) DPu(z) Dov(z) do > (50/ \V™u(z)|*dz. (4)
" Jal=|8]=m R
Davies showed in [10] that the kernel K;(z,y) of the semigroup e~*° always
has upper gaussian bounds when n < 2m. Auscher and Tchamitchian 8]
extended this result to the case n = 2m. For the remaining case, when
the dimension is bigger than the order of the operator, Davies gave counter-
examples in which upper bounds are not verified by the kernel [10].

In [7], we extended the equivalence between (D) and ((2)-(3)) to the class
of higher order operators L elliptic in the sense of the Garding inequality
without any condition on the dimension n and the order of the operator 2m.
More precisely, we showed that the following are equivalent:

(i) There exists a constant ¢y > 0 such that for all R > 0,29 € R” and
for all weak solution u of Tou = 0 on the ball Bg(z), one has for all
0<r<R,

n—2m+2u
/ |Vmu|2 < ¢ (L) / |Vmu|2,
B, (o) R B (o)

where p € (max(0,m —n/2), m] and Ty = Ly or L.

(ii) There exists [ € {0,1,--- ,m—1}, v € (0,1) and constants ¢ and a > 0
such that for all ¢ > 0 and all x,y, h € R", one has

|DYK(z,y)| + |DyKi(z,y)| < e eXp<_a( {1/2m ) )’

2m

for all multi-indices v € N* of length |y| <[ and

h v
DI + hyy) — DI(e.)| € o ()

= t%lnﬂ 1/2m

c Al \¥
|DgKt(x,y+h)—DgKt($:y)| < t%m (t1/2m> ’

13
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for all multi-indices v € N* of length |y| = I.
This extension to higher order operators is far from being obvious.
In this paper, our objective is to generalize the elliptic condition (i) by
introducing a function ¢ and from it to derive upper gaussian bounds and
the Holder regularity for the heat kernel according to the function ¢ which is

essentially nonnegative, almost increasing, satisfying the Dini condition and
the doubling property. This is the core of the following section.

2 From elliptic regularity to upper bounds of
the heat kernel.

Before stating the main result, let us give a few notations and definitions.

2.1. Notation.

For a multi-index o = (g, -, ) € N*, we set |a| = a1 + -+ - + . For
any = (x1,---,2,) € R" and any multi-index a = (aq,-- -, ay),
Da aal aan

T = Azt dgon

By V™u and |V™u|, we denote respectively the vector (D®u)q—m and its
length |V™u| = (Z‘M:m |Dau|2>1/2. The notation H™ stands for the
Sobolev space W™?2 m € Z. Norms in LP-spaces will be denoted by || ||,-

Now, let us introduce the class of operators used here and mention some
of their properties. Further details can be found in [1, 7, 29].

2.2. Higher order elliptic operators.

Let m € N*. Let a,p(x) be bounded measurable functions on R” where
«, B are multi-indices such that |«| = [3] = m. Set

Qo(u,v) = / Y aap(z)DPu(z)D(x)dx (5)
B a|=(p]=m

for all u,v € H™(R™). The form Q, is continuous on H™(R") and if one

defines M = H||(aa/3(x))||Hoo, where ||(aqs(x))|| is the norm of the matrix
(aap(x)), then for all u,v € H™(R"),
|Qo(u, v)| < My [[V™ullz [[V™0]]2. (6)

6
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Under these assumptions, by a variation on the Lax-Milgram lemma,
there exists a unique operator in divergence form L, : H™(R") — H-™(R"),
linear and continuous, such that for all u,v € H™(R"), (Lou,v) = Qo(u,v).
We write this operator as (—=1)™>_, _ 5 -, D%(aqpsDP). Tts adjoint L is as-
sociated with the coefficients @z,. Note that ( ,) stands for the usual scalar
product on L?.

We suppose that the class of operators Ly is elliptic in the sense of the
Garding inequality: there exist constants o > 0 and Ay > 0 such that for all
u e H™(R"),

Qo(u, u) > do|V™ull3 — Aollull; - (7
Set D(Ly) = {u € H™(R") , Lou € L*>(R")}. As a consequence of (7), the
operator Lg, restricted to D(Ly), is maximal accretive of type w < 5 and
(—Ly) is the generator of a contraction semigroup e~*L° on L?(R").

~—

Definitions. 1. For m > 1, 6g > 0, A\g > 0 and My, > 0, we denote by
Eom (00, Ao, Mp) the class of the operators associated with a sesquilinear form
satisfying (5), (6) and (7). The operators in this class are called homogeneous
elliptic operators of order 2m.

2. We denote by Lo, (00, Ao, Mo, M) the class of inhomogeneous elliptic op-
erators of order 2m of the form

L= Y (-1)"D%awD)

\al<m,|B|<m

whose leading part Loy belongs to Eop (0, Ao, My) and whose other coefficients
are bounded with M = Y22 M>™*  where

My = sup{[|aasllco ; lal, [B] < m, |af + |5 = 2m — k}.

The operators L also satisfy a Garding inequality as a consequence of the
one for their leading part Ly and there exists A > 0 such that the operator
L+ ), restricted to ©(L), is maximal accretive and —(L+ ) is the generator
of a contraction semigroup e *“+» on L?(R") that is analytic. In addition,
||€_tL||L2_>L2 < eM.

2.3. Generalized Morrey-Campanato and Holder space.

Let 0 < A < n and ¢ a nonnegative continuous function on [0, Ry]. Define

the generalized Morrey space Lz’)‘(R”) = Lé’)‘ as the space of functions u €

L? such that

loc
1/2
||U||L2,)\ = Sup L p)\/ |’l,L|2 < +OO
¢ z€R™,0<p<1 é(p) By(z)

7
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Note that L™ C L3 if 0 < A, < A; < n and L** will correspond to L3
when ¢ = 1.

Let 0 < A < n+ 2k, where k£ € N*. Define the generalized Campanato
space Ez;(R") = Ez; as the space of functions v € L7, such that

loc

1 B . 1/2
lellezy = 500 . 300) (p ' Pel%fl/B o P(y)‘Qdy) = e
»(z

zeR™ 0<p<1 ¢
where P, is the class of polynomials of degree less than or equal to [. The
spaces Lj;)‘ and Li’o N ,Ci’;, equipped with the norm |[u| 21 and ||u||L;,o +
: o
||ul| ;2.2 respectively, are Banach spaces. We give two useful properties for
k.

later use:

(a) Poincaré inequality (see Lemma 18 of [7]): There exists a constant
¢ > 0 such that for allu € H, A > 0 and 0 < s < m, we have

loc?

19°ull g2 2000 < ]V ull 25 (8)

(b) If 0 < A < n+2kand 0 < k < mthen L}’ N LYY ~ L° N LY.
The isomorphism remains true if one replaces LZ’O by L?. Note that

Eg:g = Li”\ and the symbol ~ means that the spaces are isomorphic as
normed spaces.

Let ¢ be a nonnegative function such that ¢(0) = 0. By C,(§2) we denote
the generalized homogeneous Holder space of continuous functions u such
that |u(z) — u(y)| < Co(|z — y|) for a constant C' and for z,y € Q, v # y.

2.4. Statement of the main result.

Let us give the elliptic and the parabolic properties.

Definition (Dirichlet property). Let Ly € Eyn(do, 0, My) and ¢ be a non-
negative function on (0, +o00). We say that L, verifies the property (Dy) if
there exists a constant c¢q > 0 such that for all R > 0,27 € R" and for all v
Ly-harmonic function (i.e. weak solution of Lou = 0) on Bg(zo),

" 7\ n—2mte 1/]2(7-)
/Br(ﬂiO) v U(x)|2 s o (ﬁ) P?(R)

for all 0 < » < R. The parameter € > 0 is assumed to be small enough.

[ wm@pds, (D)
Br(zo)
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In terms of regularity in the Morrey-Campanato spaces, if v verifies the
inequality (D,,) for all balls, then V™v belongs to the generalized Morrey
space Li’n*QmH. We will often omit the centre of balls which will be as-

sumed as co-centred.

Definition (Gaussian property). Let Ly € Eym(do, 0, My) and ¢ be a nonneg-
ative function on (0, 4o00) satisfying 1)(0) = 0. We say that Ly verifies the
property (Gy;) if there exist constants ¢ and a > 0 such that for all ¢ > 0 and
all x,y,h € R,

c |x—y| 2m/2m—1
|Kt($ay)‘ < {n/2m eXp<_a'( t1/2m ) ’

c ~( |h
Ko+ ) = Kule )] + Kol g+ 1) = Kl p)] < o ().

The main result of this paper is the following.

Theorem 2.1 (Main result). Let Ly € E9,(09,0, My), Ry € (0, +00) and
let 1 be a nonnegative function on (0, Ro] such that

(i) v is almost increasing: there exists a constant ¢y, > 0 such that if r < r'

then ¥(r) < cpp(r'),

(i1) 1 verifies the doubling condition: there exist two constants ¢y and cij}
such that cytp(r) < ¢(2r) < cyp(r) for all 0 <1 < Ry,

(iii) there exist € > 0 and ¢ > 0 such that for all 0 <1 < Ry, ¢(r) > cre,

(v) ¥ verifies the Dini condition:

/RO wdt < 400.
ot

Under these assumptions, if both Ly and Lf wverify the Dirichlet condition
(Dy) then Lo verifies the Gaussian property (G ;) with

0 = v + [ e,

It is worth noting that in the case of power functions one gets exactly the
result in [7].

17
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3 Proof of the main result.

In this section, we intend to prove the main theorem 2.1. The argument
will be divided into six steps: 1I- The Morrey-Campanato method consisting
in improving the regularity of weak solutions to the equation Lyu = f with
initial data in generalized Morrey-Campanato spaces, 2- A gain in regularity,
in terms of Morrey-Campanato spaces, for inhomogeneous elliptic operators
L whose leading part is Ly. This step is a consequence of the previous one,
3- Iteration of L via an elliptic equation, 4- The continuity of the semigroup
e *F from L'(R"™) into C; which involves estimates on kernels, 5- A variant
of perturbation method due to Davies to obtain the exponential decay, 6- A
scaling argument to get estimates on the heat kernel of e~*fo.

3.1 Regularity for solutions of inhomogeneous elliptic
equations.
Before giving a regularity result which is useful for our argument, let us state

a technical lemma which can be considered as a generalization of a result due
to Campanato.

Lemma 3.1. Let Ry € RT and H : [0, Ry] — R* be an almost increasing
function (i.e., 3Cy > 0 such that H(r) < CyH(R) forr < R). Let § and w
be two nonnegative functions on [0, Ry]. Assume that

1. there exist A > 1 and B > 0 such that for all 0 < r < R < Ry,

g9(r) .
H(r) < AQ(R)H(R) + Bg(R),

where g(r) = g(r)w(r),
2. § verifies the doubling property on [0, Ry),
3. there exist Cy, Cy, v and 6 > 0 such that for all 0 <r < R < Ry,

(i) OEEER(%) 75((;)) < ¢y,

o dt Cs
1 < .
(4) /T t10w(t) — rfw(r)
Then, there exists a constant C depending only on A, Cy, Ci and Cy such
that for all 0 < r < R < Ry,

H(r)y<C

H(R) + C By(r). 9)

10
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Proof. Let 0 < 7 <1 and 0 < R < Ry. By induction we show that for all
k e N*,

H(r*R) < A Q;IR?) H(R)+ B Ak—l—iigg(gf]%) §(r'R).  (10)

Now, using successively the monotonicity of H, the inequality (10) and the
doubling property of § we get for 7*"'R < r < 7*R (k > 0),

H(r) < CyH(T"R)

< Cx (Ak Q;TkR)H(R) + BZAk_l_i%g(riR»

R k-1 Ak 1—3 ( zR) f ok
) R) + BZ w(r1R) §( 7.1+1R)w(7- R)g(r R))
(

Now, to obtain (9) it suffices to have

kR)
priuc Y.
Wh w®) ! *)
k-1 ,
Ak Cs
, < .
w(r*IR) = w(r*R) (%)

Choose A¥ = 7*1¢-4 (r ~ 7*R) and t = 7"+ R (% = 7%717%) then (x) and
(%) become respectively

log, A
sup (£> w(r) S Cl ;
0<r<R R

i.e. there exists v > 0 such that sup (
0<r<R

R dt Cy too C,y
< = <
/,. 08 Ay (f) = 198 A7) ( o>0/ / i % >—r9w(r>>

k—1 ;
) Ak*l*’t R (,r/t)log,rA dt
since g m ~ / W?

Eventually, we conclude by choosing 0 < 7 < 1 such that log, A > —~ (resp.
log, A < —0) for (x) (resp. (*x)).

S 01 and

11
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[
Here and thereafter, we assume that L, verifies the property (D,) with
the constant cg.

Theorem 3.1. Let R < 1 and u € H™(Bgr) a weak solution on Bg to the
equation

Lou = gy + Z D%g, + Z D%h,, , (11)

0<|al<m |a|=m

where gy € pr’", Ja € pr”\ (0 < |la] < m), hy € Li’“ (la] = m) and 0 <
n, A\, < n. Then there exists a constant ¢ > 0 depending on cy, 6y, Mo, n, A
and p such that if v =1inf(n+2m A+ 2, p, n — 2m) then for all 0 < r < R,

/m V™ul? < ¢ (%)U;ﬁ;((;)) /BR V™ul> + cr” ¢¥3(r) X,

where X = ”gOHiiﬂi + Z ”ga“iik + Z ||ha||iin

0<|al<m |a|=m
Proof. The method applied here is a variation on [7|, Theorem 22. In this
1/2
argument, ||.||2 stands for <fBR ||2> .

Let 0 < r < R and u € H™(Bg) solution to (11). By Lax-Milgram
theorem, for all u € H™(Bg) there exists a unique function w € HJ'(Bg)
such that v = w + u is Lg-harmonic on By and

/ VTl < c/ vrf? (12)
Bg Bgr

where ¢ > 0 is a constant depending only on the ellipticity constant §, and
M. Applying (Dy) we get

/|Vmu|2§2(/ |va|2+/ V(= 0)]?)
T Br BT

<2a(p) " LE [ Pz [ -

and hence by virtue of (12)

/BT |V™ul? < 261(%)”—27"“522((;)) /BR (V™ul? + Q/BR V™2, (13)

12
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where z = u — v. One has Loz = Lou = gy + Z D%g, + Z D%h,, and

0<lal<m la|=m
Q(z,2) = (g0, 2) + D (=1)Nga, D?2) + (=1)™ D _ (hay D*2).
0<]aj<m |aj=m

By applying the strong version of Garding inequality (7) (i.e. Ap = 0) and
Cauchy-Schwarz inequality, we obtain

50/ V72 < lgollallzllz + D NgallziD2llz + Y Nlhallal D2l -
Br 0<|al<m |a|=m

By Poincaré inequality (in HJ*(Bg)), there exists a constant ¢ > 0 independ-
ing on R and u such that for all « € N*, 0 < |a| < m,

1Dzl < cR™ 11| V™2 2.

/ VP <
Bpr

(R0l V" 2le + D0 BTN galo] V22 + D IlhallollD?2]l2)

0<|al<m la|=m

/
< (AU el RISl S el 197l (3 hall) ),

0<|al<m la|=m

Therefore

where we have used the fact that R < 1. Simplifying by ||V™z||s, it follows

/
[ ovmap < (Rl + B Y loalla (30 ) )
Br

0<|al<m laj=m
< (B ol + 72 Y Mgal+ Y lhall3)
0<|al<m |a]=m

Since (recall that || = ( [, |- 1)), llgollz < BY*6(B)llgoll 20, llgall: <
RY2(R) gall 2 and s < R¥20(R) ol 3 Then

/ |Vm2|2 < 02 Rinf(n+2m,)\+2,u) ,¢)2 (R)X ’ (14)
Bg

where

X=lgoltso+ > NoalZan + 3 lhallZe

0<|al<m la|=m

13
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It then follows from (13) and (14) that

T\ 2mte 2(r) 2 inf (1+2m,A+2,11) 1,2
Vuf? < C(—) / V™2 4 O RBOH2mA2m) 2 (R
/;T R V*(R) Jpy

Eventually, we conclude by applying Lemma 3.1 to the inequality above to
obtain

/BT V< c(%)";f((;)) /BR V™l + Crg?(r) X

where v = inf(n 4+ 2m, A+ 2, u, n — 2m).

3.2 Regularity for inhomogeneous elliptic operators.

Let us consider the class Loy, (g, 0, My, M) of inhomogeneous operators
L= Z (=D)*D*(ansD? ),
|ee|<m,| B]<m

whose leading part Ly belongs to Es,(dg, 0, My). We can consider L as
L = Ly+ perturbation.

In the rest of our demonstration, we assume that Ly and Lj verify (D)
with the constant cg.

Theorem 3.2. Let u € Hj, ,..¢ solution to Lu = h. If h € L*n Lz’“
(0 <k < n) then V™u € Lff where T = inf(k + 2,n — 2m) and one has for
all 0 verifying2 <0 <,

197l 20 < e (Nl + lAll2)

where ¢ depends on ¢y, 09, M and k.

Proof. The argument is similar to the one used to prove Theorem 25 [7]. The
adaptation is easy and left to the reader. O

Now, to state the following result, suppose in addition that Reagy > A
for A > 0 large enough so that

L:H"(R") — H ™(R")
is an isomorphism. Theorem 3.2 yields

Corollary 3.1. Under the assumptions above, for all real § such that 0 <
0 <n,

V'L IPnLY — 0Ly,
where 7 = inf(d + 2,n — 2m) and T : A — B means that the operator T
extends to a bounded operator from A into B.

14
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3.3 Iteration

Now, we iterate the inhomogeneous operator L via the equation Lu, = _dszz

where u, = e *L'f for f € L2. For this purpose, we need the following lemma.

Lemma 3.2. Let T,y = {z € C, Rez > 0, |argz| < n,n € (0,5)} a sector
on which e *L is a contraction semigroup on L%. Let z — u, be an L*(R")-
valued holomorphic function on I'y and let E be a Banach space included in

12 (RY).

loc

Assume that for all z € Ty, u, € E with ||u,||g < ‘S—‘L where Cy and o are

nonnegative constants. Then for all sector T,y strictly included inT',, (' < n),
there exists a constant Cy = Ca(n,n, &) such that for all z € Ty, % € E

d
C
and ‘ < ‘z‘042+1 .

du,
dz

E

d(z, Ty).

Proof. Let C, be the circle of equation |w — z| = R, where R, = %

One has J .
u u
—=— [ ——dw, ely.
dz  2mi /cz (w — 2)? Wo 2E0m

The integral converges a priori in L?, thus in L? . On the other hand

loc*
e (w—2z)?

Since there exist constants C; and Cy depending only on 7 and 7’ such that
C1|z| < |w|] < Cylz| on C,,

[t ¢ 1

|dw] < |dw .

dw| <
E

¢, [w—z]? c, lwl|® |w— z[?

u C 1 c

[ 2] < s [ ot el = o

=2l ™ < GR ), e ColF T
Therefore / (wu_wz)2 dw converges in E and ) du .S % O

Now, let us begin the iteration of the inhomogeneous operator L using
the equation Lu, = —%= where u, = e™*/f for f € L. For this purpose let
us fix (I';);>0 a family of strictly decreasing embedded sectors with I'g = T',,.

* Let z € T, one has u, € L? with |Ju,|ls < ||f]|2 for all f € L?. Since
IV™u,lla < |2]72|Ju,0|l2 (see [8], Proposition 2) then V™u, € L? with
V™ u,ls < |2[72|| f]l2. It follows then by Lemma 3.2 that V™ (%) € L* C
L*0 with s

)

va( dz

L <Cl2Ifll,, ze T,

15
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Hence, Corollary 3.1 yields

du,
V™, =-V"L ! (dl) € LN L*™ where 1, = inf(2,n — 2m)
2z

and then V™u, € L*N Lffre since L>»™ C L;’“*E by condition (i) of The-
orem 2.1.

* We start again with 7 — . The same argument yields Vm(dd%) e L’n
pr’ﬁ_s and then V™u, € L?N Li’”, where 7 = inf(r, — € 4+ 2,n — 2m), and
so forth until the step kg characterized by 7, 1 = Tgy—2 + 2 (i.€. Thy—2+2 <
n —2m) and Tx, = n — 2m (i.e. Tgy—1 +2 > n — 2m) and then

V™, € L* N L™, (15)

3.4 Regularity of the semigroup e %"

Here, we intend to show that u, belongs to the generalized Holder space Cj.
For this purpose, we need the following result.

Proposition 3.1. Let ¢ : (0, Ry] — R™ be a function such that
1. ¢ s almost increasing,
2. ¢ verifies the doubling property,

Ro
4. / @dt < 00.
0 t
2,n—2

Under these assumptions, if Vu € Ly then u € C5 with

[u(@) — u(y)| < C[Vull 0= (12 — )
where

i) =o)+ [ A,

Proof. Let R € (0, Ry] and u, s = \B(x,s)\l/ u(y)dy. Writing

B(z,s)

lu(z) — u(y)| < |u(x) — uzor| + [Uz2r — Uyor| + [u(y) — uy2rl.

16
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« Step 1 (Estimation of |u(.) — u_2g|): Let 0 <7 < R. One has

")

|u£€0,R - Uwo,r|2 < 2(|’U,($) - IU’IO,R‘Q + |U,($) — Ugy,r

and

T Uy R — Usgr|” < 2(/ (u(x) — Ugy r|’dr +/ [u(x) = Ugg de).
B(zo,R) B(zo,r)

Through Poincaré inequality and the definition of L;’"_Q it follows that

‘U'wo,R - uwo,TF < 297" (RQ/

B(.’L‘o,R)

Vu(z) Pdz + 12 / Vu(o)Pdz)

B(zo,r)

< 4r " R? / \Vu(z)|?dx
B(.’[o,R)

< 47"_"R2R"_2¢2(R)||Vu||i;,n_2

and then Rn/z
0,0 = Uz | < 2(2)" S(R) [Vl g0 (16)

Now, let R; = 27R; it follows by (16) that
‘U’CL'O;Ri - uwo,R¢+1| < 21+n/2¢(27iR)”VU’”L?‘;"_2'
By the doubling property, one gets for £ < h that

[Uao, R = Uao,r | < C(M)@(BR)|[Vul| 202 < C(n)d(Bp)|[ V]| 22

Since limy 0 ¢(t) = 0, then (Uzo,Rh , is a Cauchy sequence. By u(zg) we
denote its limit (i.e. lim wug, g, = @(20)).
—+00

On the other hand,

o ' o(RY)
[tao,, ~thzo,r, | < C()|[Vull20-2 Y (27" R) & C(n)||Vul| 202 Al
=0

Thus
R o(t)
Uzo, Ry — Uzo,Ry,| < C(n)||Vu||Li,n_2 i " dt. (17)

Since lim, o+ Uy, = u in L'-norm, then @ = u.

17
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Eventually, by taking the limit in (17) (h — oo) and choosing k£ = 0, we get
R
4
) = ] < COITullzecs [ A (18)
0

* Step 2 (Estimation of [us2r — Uy2r|): Writing |uzor — tyor| < |usr —
u(z)| + |u(z) — uy2r| and integrating, on B(z,2R) N B(y,2R) := B; N By,
with respect to z, we get

|B1 N Bo|(Jugor — uyor|) < /

Bi1NBs

lu(z) — ugor|dz + / lu(z) — uy 2r|dz

Bi1NBsy

and then

aon — tyon] < (BBl ([ [u(2) = wapnldz+ | [u(2) — uyonldz).
B B>

Using successively Cauchy-Schwarz and Poincaré inequalities we obtain

1/2 1/2
\u(2) — ugor|dz < CR"/Z( lu(z) — U$,2R|2d2) < C'R"/2+1< \Vu|2dz>
B1

By B1

< CR*(2R)"T §(2R) ||V 2> = C(n) R"$(2R)|| V| 2=

Similarly,
[u(2) = uyprldz < C()R"GQ2R)[|Vul 202

Bj
Since B(z, R) C By N By then |B; N By| ™! < |B(z,R)|"! = R™™ and
[tspr = ty2r| < C(M)S2R)||Vul| 20—z
It follows by the doubling property that
[ta0n = uy2n| < C'()[|Vul| 2n-26(R).
Eventually, combining the previous steps and choosing R = |z — y| yield
[0(2) = u(y)| < CIIVull 202 31z — )

and Proposition 3.1 is proved. O

Now, we are able to state our result. Indeed, by applying Poincaré in-
equality (8), it follows from (15) that Vu, € L?* N Ef,’l"_fw ~ [’N pr’"ﬁ.
Therefore, u, € C& thanks to Proposition 3.1 and then e *% : L? — Cd'

18
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On the other hand, we have e *F : L? — L*®. To see that, consider the
equation (11) with gy € L?>", g, € L?>*, hy € L?* and follow the argument
in [7] since in the proof of Theorem 3.1, (13) yields

n—2m+e
/ |V™ul? < 2010<1) / (V™ u|* + 2/ V™2,
B, R Br Bpg

since v is almost increasing.
This is also true for L* (i.e. e *L" : [? — L*). It follows by duality that
e=*L : L' — L? and then

el Lt — L™ (19)
and

et L= ¢y (20)

3.5 Perturbation techniques

Let Fn = {¢ € CF(R",R) /| D*¢loc < 1,Va € N", 1 < |a] < m} and
consider the operator LY® = s2™T~1LyT. It is obvious to see that if Ly €
ggm(éo, 0, M()) then LSO € ng(é(), 0 Mo) for all sq > 0.

We apply the result of the previous step to the operator Lg%, = €% Lg’e™*? for
£ €R, 50 > 0and ¢ € Fp. Note that Lg%, € Lom(d, 0, Mo,c§2m) (indeed,
in general if L € Lg,(d0,0, My, M) and gb € Fn then Lgy = €%%Le™*? €
Lom (80,0, Mo, M+c£*™) for a constant ¢ depending on n and m). In addition,
by virtue of a result due to Davies ([10], Lemma 6),

Lemma 3.3. There exists a constant ¢; > 0 such that

—tL® c1€2m¢

bl

lle 0§¢||L2 2 < e

forallt>0,& €R, sg >0 and ¢ € F,,.

Combining Lemma 3.3 to the result of the previous step, we obtain

le™>" 0t |12 < C(€,m) €3€7

and
Cl ¢2m
le™2 °5¢||L1—>L2 < C(¢&m) et

Eventually, since the property (19) holds for Lg’, (i.e. e” Loes - [\ — L)
then we get by the semigroup property

le "o |pszoe <l 2500 I pas e fle 7 0|2 oo
< C’(&m) e,

19
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which is equivalent to
K ()] < CYEm) e
where K 1L oks (z,y) stands for the kernel of e Z0%s.
On the other hand, since
K508 (5 y) = 9@ K5 (g y) em600),
it follows then that
K (5,9)| < O (&m) exp( ™ + € (9(y) — 6(2)) )
for all z,y € R™.

Fixing z,y, choosing ¢ € F,, such that ¢(y) — ¢(z) = —i|z — y| and
minimizing with respect to £ yield

|K1L°0(x,y)\ < C exp( —a |x—y\2317@1 )

uniformly for all sq > 0.

3.6 Scaling argument

Formally

—tL30

e tho’ — o tsg™T 'LoT _ p—1,—tsg™ Lo

It then follows

L0
K[ (2,) = s§ Kl (507, 50y),
or

L n Ll (T Y
Ky =i K (£ 1)

S0
where K/°(x,y) and KtLO (z,y) are respectively the kernels of e ** and
e 'Lo’ . Therefore

o Lt1/2m T y
K{*(z,y) =t o K,° (tl/—Qm tl/—Qm) (21)

and afterwards

C x — T
Ko@) < o ew{ —a (E20)7 ]

1
2m t m

20
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3.7 Holder regularity
According to (20), we get in particular for L5’ that if & € R™ then

+11/2m 1/2m

KD (@ +hy) — Ko (2,9)] < Ci(|h]).

It then follows that

P+ hy) — K@) < o An)

$1/2m

t2m

thanks to (21). The regularity with respect to y is similar and Theorem 2.1
is proved.

4 Remarks

1. We can relax the ellipticity condition by replacing (4) by the one we
frequently meet in practice

%e/ Z aaﬂDﬂuDavdx > 50/ |V™ul? dz — )\0/ lul|® da.
n Rn n

B Ja/=Igl=m
In this case, the inequality of Lemma 3.3 becomes
—tLSO ()\0+01§2m)t
le™ 00|22 < e

and an adaptation of the argument used above gives us

c oyl 2
K[ (z,y)] < — exp{—ﬁ(u ly‘)z 1+Czt}.

t2m t2m

2. It seems possible to derive from (D,) upper gaussian bounds for higher
derivatives D"Ky(z,y) (v € N*, |y| < m) of the heat kernel. For the tech-
niques see [7] (resp. [29]) for derivatives taken with respect to = or y (resp.
z and y simultaneously).

3. According to the remark used in section 3.4 to derive e *F : L2 — L, we

can obtain from (Dy) the same estimates and regularity on higher derivatives
of the kernel as in [7] provided % is almost increasing.

21
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Abstract

We use the multi-dimensional polynomials considered by Hermite, and subse-
quently studied by P. Appell and J. Kampé de Fériet, in order to obtain explicit
solutions of pseudo-classical PDE problems in the half-plane y > 0. We consider
systems of PDE, including some problems with degeneration on the xz-axis.
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1 Introduction

In preceding articles [3], [4], [5], by using an operatorial approach, we showed that
the solution of many classical or pseudo-classical boudary value problems in the half
plane for PDE, (with constant coefficients and analytic boundary, or initial, data) can
be expressed in terms of the higher order Hermite-Kampé de Fériet (shortly H-KdF)
polynomials. The relevant results were extended to the multi-dimensional case in [13],
[14].

In this article we extend the results of our article [5] to the pseudo-classical case
too.

We start recalling properties of the H-KdF polynomials and extending technical
tools considered in [3], [4] to the case under examination.
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2 Hermite-Kampé de Fériet polynomials

2.1 Definitions

We recall the definitions of the H-KdF polynomials [1], [10], [16], in the two-dimensional
case.

Put D := £, and consider the shift operator
Pf(@) = flat9) =X U 1), 21)
=0

(see e.g. [17], p. 171), the second equation being meaningful for analytic functions.
Note that,

o if f(x)=2a™, then e'Pa™=(z+y™

o if f(x Z amz™, then e¥Pf(x Z (x4 7)™

m=0

Definition 2.1 The Hermite polynomials in two variables H()(z,y) are then defined

by
H (a,y) = (z +y)™ (2.2)
Consequently,
o if f(z Z apx™, then
VP f(x) Z amH (2.3)

Consider now the exponential containing the second derivative, defined for an an-
alytic function f, as follows:

6yD2 Z yil 2n (24)

Note that

o if f(x)=a™, then for n=0,1,... {%} we can write:

D¥a™ =m(m —1)---(m —2n+ 1)zm 2" (mi”;n)! ™" and therefore

[

SIS

Ly
yD? _m yf m m—2n 2.5
o7 On‘(m—Qn)!x (25)
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o if f(x Z ama™, then P’ f(x) = > am HP (2
m=0

Definition 2.2 The H-KdF polynomials in two variables H?(x,y) are then defined
by

[ n,.m—2n

HO(z,y) = m! vy 2.6
) Z nl(m — 2n)! (26)
Considering, in general, the exponential raised to the j-th derivative we have:

P fa) =3 %

|
n=0 n:

JU () (2.7)

and therefore:

o if f(x)=2a™, then for n=0,1,..., {?} it follows:

Ding™ =m(m —1)---(m — jn+ 1)a™ " = (mi”;.n)! ™" 5o that
o =] . s ml . .
Z n! (m — jn)! ‘ (28)

o if f(z Z amz™, then ev?’ f(x Z amH,

Definition 2.3 The H-KdF polynomials in two variables HY)(x,y) are then defined
by

[%] n . m—jn

HD (2,y) = n;) M (2.9)

2.2 Properties

In a number of articles by G. Dattoli et al., (see e.g. [6], [7], [8]), by using the so called
monomiality principle, the following properties for the two-variable H-KdF polynomials
HO(z,y), j > 2 have been recovered (the case when j = 1 reducing to results
about simple powers).

e Operational definition

() v m T
HY (z,y) =Yo7 g™ = | +]y8xj*1 (1). (2.10)
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e Generating function

) ) n i
S O a,9) b = e 211
n=0 :

In the case when j = 2, (see [18]), the H-KdF polynomials H?(z,y) admit the
following

e Integral representation

1 +oo _(@—8)?
() = 5= [ e g, (2.12)

which is a particular case of the so called Gauss-Weierstrass (or Poisson) transform.
For the case when j > 2 see [11], [12].

3 A decomposition theorem

In [15], in a general form, the following theorem was shown:

Theorem 3.1 Fix the integer r > 2, and denote by

2mih
r

Why 1= e:vp( ) : (h=0,1,...,7r—1), (3.1)

the complex roots of unity.
Consider an analytic function of the complex variable z, defined in a circular neigh-
borhood of the origin, by means of the series expansion

p(z) = ianzn, (3.2)

and the series

[e.e]

H[h,T]SO(Z) = (ph(zv T) = Z a’rn—i—hzrn—‘rha (33)

n=0

called the components of ¢ with respect to the cyclic group of order r, then the
representation formula

(3.4)

holds true.
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For r = 2 and h = 0 or h = 1 the functions (3.3) reduce to the even or odd
components, respectively, of the function p(z). In general, the ¢, (z;r) functions are
characterized by the symmetry property

on(zwi; 1) = why pn(z;T) (h=0,1,...,7r—1) (3.5)

with respect to the roots of unity (see also [2]).

In particular, assuming ¢(z) := e?, the well known decomposition of the ex-
ponential function in terms of the so called pseudo-hyperbolic functions appear (see
[9]). For shortness, omitting in the sequel the label r, ie. assuming wy = wp,,
on(2) = @n(z;r), and so on, we can write:

0o ZrnJrh

fu(z) =T e’ =3

n=0

Tt (3.6)

so that the exponential is decomposed as the sum:

e’ = Tz:: fn(2), (3.7)

and the following properties hold true:

fo(0) =1 fu(0)=0 (if 2 #0), (3.8)
fn(wiz) = wn fa(z),  (symmetry property), (3.9)
D.fn(2) = fno1(2), (differentiation rule), (3.10)

where the indices are assumed to be congruent (modr), so that, Vh, the pseudo-
hyperbolic functions are solutions of the differential equation:

w(2) —w(z) = 0. (3.11)

The pseudo-circular functions are obtained by introducing any complex r-th root
oo of the number —1, and putting:

gh(z) = O'O_hfh(do Z) (312)
The pseudo-circular functions are given by the series expansions:

Zrn+h

(2= 1; (3.13)

n=0 T+ h)' ’
and satisfy the following properties:

9(0) =1 g(0)=0 (f h#0), (3.14)
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gn(w12) = wp gn(2), (symmetry property), (3.15)
D.go(2) = =gr1(2),  Dagn(2) = gn1(2), (if h#0), (3.16)
(differentiation rule)
where the indices are assumed to be congruent (mod ), so that Vh, the pseudo-circular
functions are solutions of the differential equation:

w™ (2) + w(z) = 0. (3.17)

For further properties, generalizing the ordinary trigonometrical rules, see [15].

4 Pseudo-hyperbolic or pseudo-circular functions of the
derivative operator

The properties of the pseudo-hyperbolic or pseudo-circular functions of the derivative
operator (see [15]), can be easily extended to the operational case. We give in the
following a list of the relevant results, which can be deduced in the same way as in the
functional case, considering the commutative property of the powers of D.

The pseudo-hyperbolic functions of the derivative operator are defined by the series
expansions:

00 Dj(rn+h)

DY) =Ty pe? = ——— h=0,1,...,r—1 4.1
fh( ) [h, ]6 T;(T?’L+h)'7 ( PE) , T ) ( )

so that the exponential is decomposed as the sum:

) r—1 ]
e = th(DJ>7 (4'2)

h=0
and the following properties hold true:

fa(1D7) = wy fu(D7),  (symmetry property), (4.3)

Considering two independent variables  and y and denoting by D, and D, the
relevant differentiations, it follows:

D, fn(yD?) = D’ f, 1 (yD?), (differentiation rule), (4.4)

where the indices are assumed to be congruent (modr), so that, Vh, the pseudo-
hyperbolic functions are solutions of the abstract differential equation:

D; f4(yD3) — DY fu(yDi) = 0. (4.5)
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The pseudo-circular functions of the derivative operator are given by the series
expansions:

DY 3 D) 4
=3 ()= 6
aD) = X (1) (16)
and satisfy the following properties:

gn(@ D7) = wy gu(D7),  (symmetry property), (4.7)

Dygo(yD}) = =Digr1(yD3), Dygn(yD3) = Dign1(yD3), (if h#0),  (4.8)
(differentiation rule),

where the indices are assumed to be congruent (modr), so that Vh, the pseudo-circular
functions are solutions of the abstract differential equation:

D gn(yDL) + D gn(y D7) = 0. (4.9)

4.1 Connections with the H-KdF polynomials

Fixing the integer r, we consider now the action of the pseudo-hyperbolic and pseudo-
circular functions on analytic functions, showing relations with the H-KdF. polynomi-
als.

Theorem 4.1 For any real number £, for any h=0,1, ..., r-1, and for any positive
integer j, denoting by x and y (y > 0) independent variables, and by D := D,,
the action of the pseudo-hyperbolic function f,(y*D’) on the power z™ (m € N), is

given by

m—jh

=] e,
= (rm4+h)l(m—j(rn+h))

L(rn+h) .m—j(rn+h)

i (yZDj) ™ =m)l ' = H[hﬂ”]ye {H}g) (;13’ yf)] 7 (410)

where H[hﬂyg {K(:L‘, ye)}, (h=0,1,...,7 — 1), denote the components of the function

K with respect to the cyclic group of order r, and relevant to the variable v/,
(assuming x as a parameter).

o
Then, if g(z) = ) a,z™, we can write
m=0

fn (?JZD]) q(x) = i am i), [HT(,Z)(%?/E)} = (4.11)

m=0

[o.¢]
= Z m! a,,
m=0

For the pseudo-circular functions, using the above notations, we have:

m—jh
[ j ] E(rn+h)xm—j(rn+h)

. y
nz:% (rn+ h)!(m — j(rn+ h))!
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Theorem 4.2 For any real number £, for any h=0,1, ..., r-1, and for any positive
integer j, denoting by x and y (y > 0) independent variables, and by D := D,,
the action of the pseudo-circular function gn(y*D?) on the power z™ (m € N), is
given by

521

. Jr L(rn+h) .m—j(rn+h) 1 '
‘D) = n_ Y 7 _ ) ¢

D’ o : -1 = 11 T H ) )

(4.12)

and furthermore, if ¢(z) = ) ap2™, then
m=0
‘DI L 5 () ¢
o (v'D7) ale) = 2 G g, (H (x, 00y")] = (4.13)
0 m=0

e »
yf(rn—l—h) M (rn+h)

= X man 2 OV i e A

so that, if the considered coefficients a,, and variables x,y are real, the resulting
expansions are also real.

5 Convergence results

In this section we recall an uniform estimate, with respect to j, for the convergence
of series involving the H-KdF polynomials H)(x,%¢), for every real ¢ > 1:

> an HY (a,y). (5.1)
n=0

Theorem 5.1 For every real ¢ > 1, j > 2, —o0o < x < +00, —00 < Yy < 400,
n=20,1,2,..., the following estimate holds true:

[HD (2, 9")] < nl eap{|al + 1y} (5.2)

The proof is derived by the same method used in the book of Widder [18], p. 166,
for the case £ =1 j =2 (see [5]).

In the present article, we limit ourselves to consider, as boundary (or initial) data,
o0

analytic functions f(z) = Z anz" for which the coefficients a,, tend to zero sufficiently
n=0

fast, in order to guarantee the convergence of the series expansion (5.1). To this aim,

we only use the following theorem (see [5])
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Theorem 5.2 Suppose there exists a number « > 1, such that the coefficients a,
satisfy the following estimate:

1
n - O( ) ) 5-3
a =0 (1 (53)
then, for every real ¢ > 1 and integer j, the series expansion (5.1) is absolutely and
uniformly convergent in every bounded region of the (x,y) plane.

Remark 5.1 The condition (5.3) include analytic functions with polynomial growth
at infinity, but not the exponential function e”*, whereas, in the case ¢ =1 j = 2,
the book of Widder [18] include all functions belonging to the so called Huygens class
H° however, by the point of view of the Applied Analysis, the considered conditions
are sufficient to cover all realistic situations.

When the function f(z) = Z apx" is decomposed with respect to the cyclic group
=0

n=
of order r, the same estimate of Theorem 5.2 is sufficient to guarantee the convergence
of the relevant expansions, according to the property:

|H[h77q] <Z |an|a:”> |§ Z la,|x"
n=0 n=0

, (h=0,1,....,7—1).

6 Systems solved in terms of pseudo-hyperbolic operators

For introducing our subject in a more friendly way, we start considering the particular
case when r = 3.
Consider the system:

%Syh = 32};1 (h=0,1,2) in the half plane y > 0,

50(% 0) = CIO(@

ok (w.0) = (@) oy
O 0) = i)

where ¢o(x) is a given analytic function. We assume that the considered indices are
congruent mod. 3, so that S3=.5,.
By using the same technique developed in our article [5], we find
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Theorem 6.1 The operational solution of system (6.1) is given by the following func-
tions:

i
8
&
Il
SH
—~
<
S
[t
o
—~
=

Si(z,y) = fi (yD) qo(x) , (6.2)

Proof. A straightforward computation gives:

s 05
an = f2(yD)Dao(x) = Dz folyD)ao(x) = = .
o 0,
aT,l = fo(yD)Dao(x) = Dz foyD)ao(x) = 7> .
. 08
8@/2 = fi(yD)Dqo(x) = Dz f1(yD)go(x) = 8931 ’

and the boundary conditions are trivially satisfied.

Remark 6.1 Note that the given boundary conditions (6.1) can be essentially derived
from the first one: Sp(x,0) = qo(z), by extending the considered equations on the
boundary y = 0.

Remark 6.2 Note that the system (6.1) has connections with the similar one consid-
ered in [4] (egs. (7.1)-(7.2)), but there the boundary conditions were given by three
independent functions, whereas in (6.1) only the function ¢y appears.

A more general problem which can be solved is as follows:

05 _ 951 (h=0,1,2) in the half plane y > 0,
oy ox
So(,0) = qo() (6.3)

S1(z,0) = q1(x)
SZ(‘IaO) = CI2(SC) )
where gqn(z) (h = 0,1,2) are given analytic functions, assuming again that the

considered indices are congruent mod. 3.
In this case, we find

Theorem 6.2 The operational solution of system (6.3) is given by the following func-

tions:
So(x,y) = fo (YD) qo(z) + f1 (yD) g2(x) + fo (yD) qu () ,
Si(z,y) = fo(yD) qi(x) + f1 (yD) qo(x) + f2 (yD) q2() , (6.4)
Sa(w,y) = fo (yD) q2(x) + f1 (yD) q1(z) + fa (yD) qo()

8
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6.1 The case when r is an arbitrary integer

For any fixed integral r, consider the system

05k _ 051 . (k=0,1,...,7—1) in the half plane y > 0,
dy O (6.5)

Sk(2,0) = qi(x)

where qi(z), (k=0,1,...,7 — 1), are given analytic functions, assuming that the
considered indices are congruent mod. r, so that S, = 5.
By using the same technique, we find the general result:

Theorem 6.3 The operational solution of the system (6.5) is given by the following
r-tuples of functions:

r—1

Sk(z,y) = Z D) ¢r_pir(x) , (k=0,....,7—1) . (6.6)
h=0

7 Higher order pseudo-hyperbolic systems

For any real number ¢ > 1 and integer j > 1, we consider now the system:

J
95k :@f—l% , (k=0,1,...,r—=1) 1in the half plane y >0,
dy O’ (7.1)

Sk(x,0) = () ,

where the gi(x) are given analytic functions. We assume again that £k =0,1,...,r—1
and that the considered indices are congruent mod. r, so that S, = 5.

Note that equations in system (7.1), assuming ¢ > 1, degenerate on the boundary
when y — 0.

Theorem 7.1 The operational solution of system (7.1) is given by the following -
tuples of functions:

r—1

Se(@,y) = fa (V' D7) qrenn(e) . (k=0,...,r=1). (7.2)

h=0

Remark 7.1 Theorem 7.1 generalizes some results already obtained in [4]. More pre-
cisely, if ¢ =1,7 =1,r =3 we find eqs. (7.1)-(7.2),if ¢ =1,7 =1 we find egs.
(8.1)-(8.2) in ref. [4]. Furthermore, if ¢ =1, =s, we recover (9.1)-(9.2) of the same
reference.
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8 Pseudo-circular systems

For any fixed integral r, consider, in the half-plane y > 0, the system

08y 1S,
oy T e T

Sk 1Sk (8.1)
iy = k=1,2,....,r—1
ay y al’j ( Y ) 7T )7
Sk(x,0) = qi(x) (k=0,1,...,r—1),
where the gx(x) are given analytic functions. We assume again that £ =0,1,...,r—1

and that the considered indices are congruent mod. r.
By using same methods as in the preceding section, but relevant to pseudo-circular
operators, we find the result:

Theorem 8.1 The operational solution of system (8.1) is given by the following -
tuples of functions:

k r—1
Sk(z,y) = 2_: dn (ysz> Grri—n(T) — _Z: dn (yEDj) Grik—n (), (8.2)

(k=0,...,7m—1)

Remark 8.1 Theorem 8.1 generalizes some results already obtained in [4]. More pre-
cisely, assuming ¢ = 1,7 = 1,r =3 we find egs. (10.1)-(10.2) in ref. [4]. Furthermore,
if £=1,j=s, werecover (11.1)-(11.2) of the same reference.
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Abstract

By using a functional analytic method we evaluate the Newton sum rules of
the zeros of some classes of associated orthogonal g-polynomials, in terms of the
coefficients of the three-term recurrence relation, which they satisfy. As particular
cases we obtain the Newton sum rules of some associated orthogonal polynomials

found recently.
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1 Introduction

In the mathematical physics literature the moments of the distribution of zeros of
polynomials have received a great deal of attention [8]. In order to know the distribution
of zeros of polynomials, it is desirable to learn as much as possible about the density of
their zeros. This can be done by studying the moments around the origin of the density
of zeros of polynomials from which valuable information can be derived [5].

The evaluation of the moments of zero distribution or equivalently the Newton sum
rules of the zeros of classical orthogonal polynomials have been studied in [2, 7, 8, 9, 11,
12, 18, 21, 23, 28], of semiclassical orthogonal polynomials in [22, 32], of associated and
co-recursive associated orthogonal polynomials in [18, 24, 29], of the scaled co-recursive
associated orthogonal polynomials in [16, 25], of quasiorthogonal polynomials of the clas-
sical class in [34] and of relativistic polynomials in [26].

Lately there has been an increasing interest in the orthogonal g-polynomials due
to their applications in various areas of mathematics and physics (see [1] and the re-

ferences there in). The classical orthogonal g-polynomials were introduced by Hahn

4Partially supported by the Greek State Scholarships Foundation (I.K.Y.)
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in 1949 [10] when in analogy to the classical orthogonal polynomials he was interested
in finding all the orthogonal polynomial sequences, the g-derivatives of which, defined

by D, f(x) = %

hypergeometric series, after solving a Sturm-Liouville type equation in g-differences. In

, are also orthogonal. Hahn obtained the first results as g-

1985, Andrews and Askey [4] continued the work of Hahn from the hypergeometric point
of view. They showed that all the classical orthogonal polynomials can be obtained as
limit cases of the g-Racah or the Askey-Wilson polynomials which are defined in terms
of basic hypergeometric series 4¢3. For more information regarding the g-polynomials
see [3, 19]. Recently various results were derived in [20, 27, 30] concerning the mono-
tonicity and convexity properties, and various inequalities regarding the zeros of some
classes of associated orthogonal g-polynomials. We recall that the associated orthogonal
g-polynomials are obtained from the orthogonal g-polynomials after replacing n by n + ¢
in the coefficients of the recurrence relation that they satisfy. In [1] the authors study
the discrete density of zeros (i.e the number of zeros per unit of zero interval) of the
g-polynomials and its asymptotic limit.

As far as the classical orthogonal polynomials are concerned, it is known that they
satisfy a second order differential equation while the corresponding associated and the co-
recursive associated ones satisfy a fourth order differential equation [29, 33]. This property
has been be used in [6, 7, 8, 13, 22, 23, 28, 29, 33, 34] to evaluate the moments of zero
distribution of these polynomials, in terms of the coefficients of the differential equation
that they satisfy. However, the orthogonal g-polynomials do not satisfy a differential

equation but a g-difference equation of the following form
0(2)DgD1/qy(x) + 7(x) Day () + Agny(x) = 0,

where o(x) and 7(x) are polynomials of at most second and first degree respectively.
In the case of the associated orthogonal g-polynomials, a functional analytic method

based on the three term recurrence relation that they satisfy, can be used to determine the

N—1
Newton sum rules Y M(clg), k=1,2..., of the zeros \,(c|q) of the polynomials under
n=0

consideration. This method has been introduced in [16] to obtain the Newton sum rules

of the scaled co-recursive associated polynomials. In the present paper using this method
N—1
we give the explicit expressions for the Newton sum rules Y. A(c|q), k= 1,2,3,4 of the

n—=
zeros of some families of associated orthogonal g-polynomials. We mention that by use
of this method it is possible, although tedious, to calculate the Newton sum rules for any
desired k.
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In section 2 we describe briefly the method we use and in section 3 we determine
the Newton sum rules for the zeros of the associated g-Laguerre, associated g-Charlier,
associated continuous g-Ultraspherical, g-Lommel, associated g-Meixner, and associated
Al-Salam-Carlitz I, II polynomials. From these, if we let ¢ — 17, we obtain as particular
cases the Newton sum rules for the zeros of the associated Laguerre, associated Charlier,
associated Ultraspherical and associated Meixner polynomials found recently [2, 12, 16,
18, 24, 25]. Also, from the Newton sum rules for the zeros of the ¢-Lommel polynomials,
we obtain the corresponding results for the zeros of g-Bessel functions and from them the

known Rayleigh sums [31] for the zeros of Bessel functions.

2 Preliminaries

A sequence {Q,,(z]q)},—, of orthogonal g-polynomials satisfies a three term recurrence
relation of the form

an(q)Qn1(2lq) + Bn(q)Qn-1(2lg) + bn(q)Qn(]q) = 2Qn(zlg), 7 =0,1,2,..

Qfl(m‘q) = Oa Q0($‘q) = 17

with a,(q), 8n(q), bn(q) real sequences and ay,_1(q)5,(q) > 0. We will always assume that
0<qg<l1.

If we set P,(z|q) = U,Qn(x|q), where U, = ag;(lq()‘z) Up1, U1 =0,Uy =1, we
obtain the corresponding g-orthonormal polynomials P,(x|q) which satisfy the recurrence

relation
an(q) Por1(2|q) + an—1(q) Pu-1(z]q) + bu(q) Pu(x|q) = 2 P,(2]q), (2.1)
P_y(z]q) =0, Po(z]g) =1,

where a,,(q) = \/an(q)Bn+1(q). Obviously the polynomials P,(x|q) and @Q,(x|q) have the

same zeros.

The g-associated orthonormal polynomials pL (x|q) are obtained after replacing n by
n + ¢, for arbitrary real ¢ > 0 or ¢ > —1 in the coefficients a,(q) and b,(q) of (2.1), i.e.
they satisfy the following recurrence relation:

nse(q) P (219) + e (0) P (2]9) + buse(q) PO (x]q) = 2P (2]q), (2.2)

P9zlq) =0, P (z]q) = 1.

The functional analytic method that we use is, briefly, the following:

49
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Let e,, n =0,1,..., N —1 be an orthonormal base in a finite dimensional Hilbert space
Hy, V the truncated shift operator Ve, = ¢, 1, n =0,1,.... N —2 and Vey_; = 0 and
V* its adjoint V*e, = e,_1, n=1,2,..., N — 1, V*¢y = 0. Also let A)(q), B9 (q) be the
diagonal operators A (q)e, = anic(q)e, and B (q)e, = bn+c(q)en, n=20,1,...,N — 1.

According to [14, 15] the zeros A,(c|q) of the polynomials P, (I|q) defined by (2.2)

are the eigenvalues of the operator
TC)(q) = A (QV* + VA©(q) + B (q), (2.3)
le.
(AN Q)V* + VA (q) + B (q))zn(cla) =Anlcla)za(cla),

2.4
|lzn(clg)] =1, n=0,1,...,N —1, (24)

and vise versa.
In the following, we use an important result in the operator theory, for a symmetric

operator M in a finite dimensional real Hilbert space, e.g. the space Hy: “The sum
N-1
> (Mey,e,) is independent of the orthonormal base e,, n = 0,1,..N — 1.” As in [16] it
n=0
can be proved that, if x,(c|q), n = 0,1,..., N — 1, is the complete orthonormal system of

eigenvectors of the operator 79 (q) in Hy, then

=

-1

Z((T(c))k(Q)en en) = > (TN*(q)zn(clq), za(clq)) ZA’“ cdlg).  (25)

=

:
o

n=

From (2.5), we obtain for k = 1,2, 3, 4, correspondingly

S hlel) = 3 beela), 26)

N—-1
Z )\721 C|q - 2 Z an+c Z bn+c (27)
n=0
N-—1 N—-2 N—2
Z >‘§L<C|q) =3 a’727,+c(q>bn+c(q) +3 Z ai—&—c( n+c+1 + Z bn+c (28)
n=0 n=0 n=0
and
N-1 N-2
Z C’q Z bn+c + 2 Z ai+c + 4 Z anJrc n+c+1(q)+
n=0 n=0 (29)
N-—2 N-—2

+ 4 Z an—i—c b721+c + 4 Z a’n—i—c b721+c+1 + 4 Z an+c n+c )anrCJrl(CI)'

n=0 n=0
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3 Main results

3.1 Associated g-Laguerre polynomials

The associated g-Laguerre polynomials LY (x; alq) satisfy the recurrence relation (2.2)
with

(1 _ qn+c+1)(1 _ qn+c+a+1) 1 — qn+c+1 +q— qn+c+a+1
an—f—c(Q) = \/ q4n+4c+2a+3 ) bTH_C(Q) = q2n+20+a+1 ’

for 0 < ¢ < 1. From (2.6)-(2.9) we obtain, after some manipulations, the relations:
-1

=2

N—-1
Aa(clg) =(1+q)g >~ 12(1 —(L+qg ") "=
n=0

1— ¢ —(1+q ) N1 —¢N)
o q2c+2N+a—1<1 _ q) ’

i
o
—~
_C».')
—_
~—

N—-2
Z}\Q C|q _2q 4c—2a— 3ZQ 1_|_q)q—30—2a—2 q—3n+
n=0
N-—1
+ 2q—25—a—1 Z q—2n + (1 + q)Qq—4c—2a—2 q—4n+
= n=0
N-1 N-1
+ (1 +q )2 —2c—2a Z q—2n _ 2(1 + q)(l + qa)q—3c—2a—1 Z q—?m _ (32)
n=0 n=0

— (_q o 2(]2 + 2q4N + 2q1+c+N + 2q2+c+N + 2q1+a+c+N 4 2q2+a+c+N_
. q1+2c+2N . 2q1+a+2c+2N . 2q2+a+2c+2N . q1+2a+2c+2N 4 q1+4N_

- 2qc+4N . 2q1+c+4N a+c+4N 1+a+c+4N + q1+20+4N_'_

—2q —2q

+2qa+2c+4N + 2q1+a+20+4N + q1+2a+20+4N) / ((qQ . 1)q2a+40+4N—1)

Y

(3+3¢+3¢+¢%) | (1+3q+3¢°+3¢°)
Z (clg) = gbet3a (1 — ¢d) @ON+6e+3a=3(1 — ¢3)

31+ (T+q¢") 3(Q+qg(d+¢"
q5c+3a(1 _ q) q5N+5c+3a—3(1 _ q)
3(142¢+ ¢®* + ¢ 3(q+q* +2¢'T% + ¢ 29) (3.3)
@NHet3a3(1 — ) ¢et3e(1 — q) N
(1 +3qa +3q2a +q3a +3q1+a +3q2+a +3q1+2a +3q2+2a)
- @BNF3et3a=3 (1 — ¢3)
(q2 + 3qa + 3q2a + 3q1+a + 3q2+a + 3q1+2a + 3q2+2a +q2+3a)
+ g3ct3a—1 (1 _ q3) )

+

+

_|_
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and

N-—1

4+ 4q + 8¢% + 8¢° + 6¢* + 4¢° + ¢°
S A (elg) = — ¢ ),
n=0

q80+4a+2 (]_ _ q4)

(1+4q + 6¢* + 8¢* + 8¢* + 4¢° + 4¢°)
+ q8N+8c+4a—4(1 _ C]4)
4(1+2+¢°+¢)(1+4¢") 40 +q+2¢° +¢%) (1+¢")
q7N+7c+4a—4(1 _ q) q7c+4a+2(1 _ q)
4 (1 + qa) (q2 + qa + 2q1+a + 2q2+a + q2+2a)
q5c+4a+1(1 _ q>
q5N+50+4a74(1 _ Q)
2(3 4 6q + 4¢* + 2¢° + 6¢% + 3¢ + 14¢M T + 12¢*T)
q6N+66+4a—4 (1 _ q2)
2 (6q3+a + 2q4+a + 6q1+2a + 4q2+2a + 2q3+2a) (34)
@ONFoetda—1 (1 — ¢2) -
2(2q +4¢* +6¢° + 3¢* +2¢° + 64" + 124°+7)
q6c+4a+2 (1 _ q2>
2 (14q3+a + 6q4+a + 2q1+2a + 4q2+2a + 6q3+2a + 3q4+2a)
q60+4a+2 (1 _ q2)
q4N+4c+4a74 (1 _ q4) +
(1Oq2+2a + 8q3+2a +4q4+2a +4q1+3a +4q2+3a +4q3+3a)
q4N+4c+4a—4 (1 _ q4)
(q4 +4q2a _'_4q1+a +4q2+a +4q3+a +4q4+a 4 8q1+2a + 1Oq2+2a>
q4c+4a (1 _ (]4)
(8q3+2a _|_6q4+2a +4q1+3a + 4q2+3a _|_4q3+3a +4q4+3a +q4+4a)
q4c+4a (1 _ q4)

_|_

+

+

respectively.

Remark 3.1.1. If we divide (3.1) by 1 — ¢, (3.2) by (1 — ¢)?, (3.3) by (1 — ¢)?, (3.4) by
(1 —¢)* and let ¢ — 17, we obtain the Newton sum rules for the zeros of the associated
Laguerre polynomials, which have been found in [16, 24]. Also, for ¢ = 0 we obtain the

Newton sum rules for the Laguerre polynomials which were given in [2].
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3.2 Associated g-Charlier polynomials

The associated g-Charlier polynomials C’,(f)(q_x;a|q) and the associated g-Laguerre
(c)

polynomials Ly’ (x;a|q) are related in the following way

8 (—a; —q7q)
(4;q)n

L9 (x;alq) =

Hence, if A2(a, c|q) and A\Y(a, c|q) are the zeros of the associated g-Laguerre and asso-

ciated g-Charlier polynomials respectively, it holds

N-—1 In ( N-—1
L —)\C(a c| ) _
§:<A ng dq) E: NE k=1,2,.... (3.5)

n= n=

N-1

By using relation (3.5) we can find the following sums Z y¥(c; alq), were y,(c; alq) =
n=0

g~ (@al)) — 1 for the associated q-Charlier polynomials. From these, by setting a(l —q)

instead of a, dividing by (1 — ¢)* and taking the limit ¢ — 1~ we get the Newton sum

rules for the associated Charlier polynomials, which for k = 1,2, 3,4 are the following:

N-1
1
An(a,c) = §N (N +2c+2a—-1), (3.6)
n=0
N-1
N (1 —1)c—3N N +2N?
Z/\Q(ozc) _o2N 4+ (1+6(c—1)c—3N +6¢N + )+
n=0 6 (3.7)
+2a((N—=1)N+c(2N —-1)),
N-1
N(—=1+2 N)(2c24+2c(=1+N)+(-=1+N)N
5 M) oy ML 2 M@ 261 M)+ (L)),
-0
(3.8)

+3a ((—=1+ N)’N +(=2+3N) +c(=1+ N) (=1 +3N)) +
+3Mcu—y+Nﬂv+c@4+6N»
5 :

and
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Z)\i(oz,c) =a'N + ((0—1)202—%> N+ (c—1)c(2c—1) N*+
+ (1+6(C;1)C)N3 + (c—%) N4+N?5+4oz3(2(]\7—1)N+c(4N—3))+ (3.9)
+4a (N =1°N+ (4N = 3) + (N = 1)? (4N — 1) + ¢ (3 — 9N + 6N?)) +

+202 (=14 N) N (=T +6N) + 2 (=17 + 18N) + 2¢ (3 + N (—13 + 9N)))

Remark 3.2.1. For ¢ = 0, from relations (3.6)-(3.9) we obtain the Newton sum rules for

the zeros of Charlier polynomials, which were also given in [2].

3.3 Associated continuous g-Ultraspherical polynomials

The associated continuous g-Ultraspherical polynomials satisfy the recurrence relation

(2.2) with
1 (=gt (1 = A%gnte) _
an-i—c(Q) - 2\/<1 _ )\qn+c)(1 _ )\qn+c+l) bn-‘rc(Q) =0.

From (2.6) and (2.8) we have

=

A(ela) = 3 A(elg) =0

I
o

n

From (2.7) and (2.9), using the relation

(1=-¢™ A =N ¢ -NA-g) _
(L= Agnte) (L= Agntett) = 0 (1= Agnte)(1 — Agntett) (3.10)
L A=NA—q) - 1 '
A1 —q) 1—Mgvte 1 — \gntetl |’
after some manipulations we obtain:
~1
1 _ n+c+1 _ )\2 n—+c
Z )\2 C|q - 5 Z )\anrc )( )\qrgchrl)) -
n= (3.11)
_N—l (I=XN)(A=q) 1 1

2 IA1—¢q) |[1—A¢ 1—AgtV-1



NEWTON SUM RULES OF THE ZEROS... 55

N— 2
1 1—)@—@ 1 1
alclg) =2 1 —
Z )\ C|q 42 ZO { + 1 _ Q) 1 — )\qn+c 1 — )\anchrl +

+4AN‘3{1+<1—A><A—q>[ L ”

1— )\qn+c 1 — Aanchrl

0
" (I-=XN(A—q) 1 B 1 B
A1 —q) 1 — A\gntetl 1 — \gntet? -

1
_BN-5 (1-X*(\—q)? (3.12)
8 8A2(1 —q)?

1 B 1 2+ 1 B 1
1 — )\qc+N—2 1 — ch—l—N—l (]_ _ ch)Z (]_ _ ch—l—N—Z)Z

(I-=XN)(N—gq) 1 2 2 1
4N(1 —q) [1 — Al 1= AgetN-l * 1= 1-— )\qC+N—2]
(1=N*(A—q? q L 1 q
AN(1—q)2(1 - ¢?) L Y I iy + 1—M\getN=2 1 — )\qc+N1:| :

Remark 3.3.1. Setting in (3.11) and (3.12) ¢” instead of A and taking the limit ¢ — 1~
we find the Newton sum rules for the associated Ultraspherical polynomials, which can

also be obtained, as special cases (a = b = X\ — 1/2) from the corresponding formulas for

the associated Jacobi polynomials which are given in [16, 24, 25].

Remark 3.3.2. The associated continuous g-Legendre polynomials pL (x|q) are related to

the associated continuous g-Ultraspherical polynomials o) (x; A|q) in the following way
Ci(w:q2|q) = =" P (]q).

Therefore, the Newton sum rules for the zeros of the associated continuous g-Legendre
polynomials can be obtained from the corresponding Newton sum rules for the zeros of the
associated continuous g-Ultraspherical polynomials by setting A\ = q%. Moreover, taking
the limit ¢ — 1~ we get the Newton sum rules for the zeros of the associated Legendre

polynomials, which for ¢ = 0 (Legendre polynomials) were also given in [2].

Remark 3.3.3. The continuous associated g-Hermite polynomials can been obtained from
the continuous associated g-Ultraspherical polynomials, by setting A = 0. Thus the
Newton sum rules for the zeros of the continuous associated g-Hermite polynomials are
obtained from (3.11) and (3.12) for A = 0. From these, by setting x\/iq instead of x and

letting ¢ — 1~ we obtain the Newton sum rules for the associated Hermite polynomials
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found in [12, 16, 18, 24]. Moreover, for ¢ = 0 we find the Newton sum rules of the zeros

of Hermite polynomials which were also given in [2].

3.4 qg-Lommel polynomials

The g-Lommel polynomials satisfy the recurrence relation (2.2) with

an(vle) = 5 i bu(v]a) — 0.
n 9 (1 _ qu+n+1>(1 _ ql/+n>’ n

From (2.6) and (2.8) we obtain

N-1 N-1
> Mlvlg) =D Nvlg) =0.
n=0 n=0

Also, from (2.7), using the relation

(] o S 1o | T g ] gt | (3.13)
(1—q )(1 =g *m) q q q

we obtain
N-1
1 1 1 Y(1 — gVt
> vl = | S Ay 6
— 210-¢q) [1-¢» 1-¢" 21— g)(1 —g")(1 — g"tN=1)
Also, from (2.9) using (3.13) and the relations
1 1 1 q
(1 _ qu+n+1)(1 _ qu+n+2) - 1— q 1— qu+n+l 1— qu+n+2 )
1 1 1 q>
(1 _ qVJrn)(l _ qu+n+2) - 1— q2 1— qu+n 1— qy+n+2 ?
after some manipulations we obtain
N-1
1 q21/+2(N—2)
d Mg = +
n 3 _ qv+N-1)2 _ AU+ N—2)2
= 25 (1= g V=12 (1 = ¢ +h2)
1 NZ?’ { Qv+ 92 +n)+1 }
+ - - =
3 _ agv+n+1)2(1 _ 4v+n)2 _ aqv+tn _ agv+tn+1)2(1 _ qv+n+2
2L (L=t )21 —gtm)? (L= g ™) (1 — gt )2 (1 — ¢t t?)
1 w+2(N—2) 3.15
q N (3.15)

93 (1 — g/ N-1)2(1 — gvtN-2)2

n 1 1 1 n 2 1 1 n
23 (1 _ qu>2 (1 _ qzx+N72)2 1— q2 1 — qu+N72 1— qu

n 2q 1 1 1
1 — q2 1— qu—l—l 1 — qu+N—1 (]_ _ q>2
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Remark 3.4.1. It is known [17] that when N — oo then A, (v]q) — +-——7 - (q) where j,,(q)
are the zeros of the g-Bessel function. Thus, from (3.14) and (3.15) for N — oo we obtain

e 1 qV+1

; ]3,n<Q) - 4(1 — q)(l _ qy+1)a

(3.16)

o0

—1 = i 1 _ 2 1—g¢ 1
nzzojf,n(CI) 23 {(1 —qvt)?2 (1+q)(1—g"t)(1 —q"*2) + ] gt (3.17)

If we multiply (3.16) by (1 — ¢)?, (3.17) by (1 — ¢)* and let ¢ — 17, we obtain the
known [31] Rayleigh sums for the zeros j,,, of Bessel functions.

3.5 Associated q-Meixner polynomials

The associated g-Meixner polynomials satisfy the recurrence relation (2.2) for
r=q " —1and

1— n4c+1 n4c+1 1 — b n+c+1
an(r, b, clq) = \/r( ) E o)L - bgrer)

q4n+4c+3 ’

bu(r,b,clg) = 7" [l + g — (L+b)g" T g™ — 1,

where ¢ > —1, 7 > 0 and b < ¢~¢~!. Setting 3, (r, b, c|q) = ¢ 09 — 1 and after some

manipulations, from (2.6) - (2.8) we obtain

N-1 N-1 N-1 N-1
> ynlrboclg) =3 balrboclg) = D (<) +g7 Y g+
n=0 n=0 n=0 n=0

N-1 N-1 N-1

+ Tq—2c—1 Z q—2n + Tq—2c Z q—2n . (1 + b)q c Z q—n — (318)
n=0 n=0 n=0
q—c—N+1
:-N—i—Tq[(l—qN)(l—r—rb)—i—rq_C_ (1—¢*M],
N— N-1 N—2
Z (r,b,clq) =2 Z az(r, b, clq) + Z b2(r,b,c|q) = 2r2q 23 Z q "+
n= n=0 n=0
N-2 N-2 N-2

+ 27a(1 —r— 7Ab>q73072 q73n - 2T(1 +b— 7,,b>q72071 q72n + zrbqfc Z qfn_i_
n=0

3
Il
o
3
Il
=)
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N-1 N-1 N—-1
+ Y 1+ (14 q) ) g2l gL —r—rb)g Y g
n=0 n=0 n=0
N-1 N-1 N-1
+(L=r=rb)?g > g =214 q)g Y g2l —r—rb)g ) g "=
n=0 n=0 n=0
N q—4c+1<2 + q>,,,2 N q—4N—4c+2(1 + 2(])7’ B 2q—3c+1r(1 —r— T’b)+
1—¢? 1—¢? 1—q
2 3N=3cH2p(1 —p — b)) 21 —r —2rb
L 2y ), 2 )
l—g¢q 1—¢q
2 —N—c+1 1—r— _
2 (I—r—rb—rbg) (3.19)
l—g¢q
B q 2t (q — 4r — 2br — 4qr — 2bqr + 2br® + qr? + 2bgr? + b?r?q) N
1—¢q?
N q N2 (g — 214 q)(1 + g + bg)r + q((1 4 ) 4 2bg)r?)
1—¢q? ’
and
N-1
Z y2(r,b,clq) = A+ Br +Tr? + Ar?, (3.20)
n=0
where

l1—c _ ,—N 2—2c _ ,—2N 3—3c _ ,—3N
Ao _py_se =) 3¢ 4 ) @71 / ),
1—¢q (1-4¢?) (1-4¢?)

3q174cf4N

A =T T [B 0 — a2+ g+ b)) + Y [T g+

B =
+b(=1-20+3¢")] + 2N 1=31+b) ¢ +q2+b2+q)]}

3(1+q) 3375 N (14¢q)  3(b+ 3q+ 5bq + b*q)

- - + -
(—1+q) ¢ —1+¢q (=1+4q)g¢*
3¢ (3040 + g+ 3bg +20%q) 3"V (2420 + ¢ + 3bg + Vg + bg?)
(=1+¢) (1+4q) —lta

~ 3(L+b+5g + 3bg + 3¢° + 2bg?)
(—1+ag)g*(1+q)
372N (1 + 2b + b* + 3bg + b*q + bg® + b*¢?) N
(-1+¢q)(1+q)
3> 4N (1 4 4q + 2bq + 3% + 3bg® + ¢ + bg®)
(=1+4q)(1+q)

_I_

)
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and

(=1+q)q —14¢ —14¢
3(b+q+2bg+b%q) (14 b)qg 3 (3b+ 3bq + ¢* + 2bg* + b2q2)+

3140 (1+q) |, 3A+b) ¢ N (1+q) 3q3_4’3_4N(1+2b+62+bq)+

(=1+4q)q* =1+ (+q+¢)
@33N (14 3b + 3b% + b + 3bg + 3b%q + 3bg* + 3b%¢?)
(-14+¢)(1+q+¢*)

3+3q+3q2+q3 q3—6c—6N (1+3q+3q2+3q3)

(=149 ¢*(1+q+¢) (—1+¢)(1+q+¢?)

_I_

Remark 3.5.1. Setting ¢°~!, and 1L instead of b and r respectively and taking the limit

q — 17 in (3.18) - (3.20), we obtain the following Newton sum rules for the zeros of the
associated Meixner polynomials.

i  N(A-N—(N=1+28) p—2¢(1+p)

2 (B, 0) = D) , (3.21)
;An(ﬁ,ﬂ,c):m[N(1+6(—1+c)c—3N+6cN+2N) -
+2(6c2(2N —1) +6c2N —1) (N +8—1)+ (N —-1)N4N +65-5)pu

+N (146 +2N*+6(—1+ )3+ 6c(—1+ N +28)+ N (=3+683)) p*] ,
nz;)\i(ﬁ,u,c) = ﬁ [(N(2c+ N —1)(2¢° + 2¢(N — 1) + (N — 1)N)+

3(4¢3 (3N — 2) + 2¢3(3N — 2)(3N + 23 — 3) + (N — 1)’ N(3N + 46 — 4)+

(N —1)(2 =28+ 3N(2N +28—3)))u+ 3(4c*(—=2 + 3N) + 2¢*(—2 + 3N) (3.23)

x (3N +43—3)+ (N —1)N(4+ N3N —7) — 103 + 8N + 64%)+
2c(6N® + 63 — 2 — 46% + 3N?(46 — 5) + N(11 + 6(3 — 3)5))) >+
N(2c+ N +28—1)(2¢* + N* +2(8 — 1)3+
N(28—1) 4 2¢(N +268 — 1))i*)] .
Also, from the sum Afif(q”““”"‘” —1)*, which can be obtained in a similar way, but

n=0
which we omit due to its complexity and lack of space, we get the following Newton sum

rule of the fourth power of the zeros of the associated Meixner polynomials
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—— {A+Bpu+Tpu?+ Ap® + Ep'}, 3.24
30(_”“)4{ potTp” + Ap” + Ept} (3.24)

where

A =N (—=1+430c" +60c* (=1 + N) + 30¢(—1 + N)’N+
30¢* (=14 N) (=1 +2N) + N? (10 + 3N (=5 + 2N))) ,

B =4[30c* (=34 4N) 4+ 30¢’ (=3 + 4N) (-2 + 2N + 3) +
(—1+ N)N (=31 + 89N — 81N? + 24N* + 30(—1 + N)*3) +
30c(—1+ N)*(1 = B+ 2N (=3 + 2N +20)) +
30¢* (=14 N) (4 — 38+ N (—13+8N +60))],

[ =6{10c* (=17 4+ 18N) +20¢* (=17 4+ 18N) (=1 + N + 3) +
(=1+ N)N[-79+ N (181 + N (=139 + 36N)) + 1503+
10N (=23 4+ 9N) 8410 (=7 + 6N) 5°] + 10¢” [—25 + 36N>+
(40 — 178) B+ 6N (—4 + B) (=4 + 38) + 3N? (=35 + 188)] +
20c(—=1+ N+ 8) (=4 +38+ N (22— 133+ N (=26 + IN + 98)))},

A =4{30c* (=3 + 4N) + 30¢® (=3 + 4N) (=2 + 2N + 33) +
30c [(=1+ N)? (1 = 6N +4N?) +2(=1+ N) (2 — 9N + 6N?) 5+
6(—1+N)(=1+2N)B*+ (=3 +4N) 5] +30¢* [8N? — (2 — 38)*+
3N?(=7+68) + N (17463 (—=5+28))] + (=14 N) Nx
[—31+24N? + 9N? (=9 + 108) +
308 (4 + B (=5 +283)) + N (89 + 303 (=7 +43))]},

and

E =N [-1+10N? = 60cN? + 60c’N? — 15N° + 30cN® + 6N* — 60N + 120cN> 5+
30N33 + 60N23% + 30(—1 + ¢+ B)*(c + B)*+
30N (=1 +c+ B) (c+ B) (=1 +2c +283)] .

Moreover for ¢ = 0 from (3.21)-(3.24), we obtain the Newton sum rules for the Meixner

polynomials. The first three of them were also given in [2].
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Remark 3.5.2. The associated g-Charlier polynomials can be obtained from the associated
g-Meixner polynomials for b = 0 and r = a. Thus from (3.18)-(3.20) we immediately find
the corresponding formulas for the associated g-Charlier polynomials. Moreover, setting
a = ol — q) and taking the limit ¢ — 1~ we obtain the Newton sum rules for the

associated Charlier polynomials (see (3.6)-(3.9)).

Remark 3.5.3. The associated Al-Salam-Carlitz II polynomials can be obtained from the
associated g-Meixner polynomials by setting b = —t 'a and taking the limit ¢+ — 07.

Then from (3.18)-(3.20), after some manipulations, we find

N-1 N-1
_a+l _ (a+1)(1—¢")
An(a, clq qg "= , 3.25
nzg | qc nz% qc+N71(1 _ q) ( )
N-1 N-2 N-1
2a 1— qn+c+1 (CL + 1)2 Con
Z )‘721(OJ7C|Q) = 2¢+1 Z 2n + 2c Zq "=
n=0 q n=0 q q n=0 (326)
_ 2a(1 = ¢*?) —2a(1 +¢q)(1 — ¢V gV 4 (a+ 1)*(1 - ¢*N)g
B q2c+2N—3(1 _ qz) ’
N-1
3™ Xaclg) — 3a(1 + a) (1+a)((1+a)*+3ag(1+q)
G A =T ) @ res BN+3c=3(1 — ¢3)
n=0 4 1 1 (3.27)
(1 +a)Ba(l +g+¢"") +¢*(1 +a)* —3ag°(1 +q)?)
@M1 = ¢*) '
Also, from the formula of Z (g rbel) — 1)4 ) we find
n=0
(1 + a)4q4—4c—4N 1 — q4N 2aq_46_4N
Z A (a,clq) = =4 ( ) R {—aq® — 2a¢®+
+¢" (2a + ag®) +2(1+a)? (1+q+¢*) (—¢" + ")+ (3.28)
+ag® ™ (¢ +¢°) (@ 2+ ) = ¢* (1 +29)) + 20"V (1 + ¢) x

x (1+¢*) (—¢*N (a+(1+a)q) +¢* (1+a+a+q))}

3.6 Associated Al-Salam Carlitz I polynomials

The associated Al-Salam Carlitz I polynomials satisfy the recurrence relation (2.2)
with
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anye(alq) = /—a(l — g+ l)g+e, by io(alg) = (1+a)g"™, a<O0.

From equations (2.6)-(2.9) we find

i

¢“(1 +a)(1 —¢")
1—gq

An(a, clq) =

)

3
I
o

)

N-1 c C — c —

Y (I + a1 =) 2a*T(1—¢*N7?) 2a¢°(1— ¢
)‘n(a)c|q) - 2 + 2 -

o l—gq l—¢q l—¢q

l—q
GNea? —a+1)(a+1) N (1+a)g* [(1+ a)® + 3aq(l + q)]
1—¢3 1—¢3 ’

N—-1

3al(l 2¢c—2(,2 _ 2N 3N+-c
3 N, clg) = - O OCAC TR
n=0

and

1—¢q 1—¢?

N-1
4 3N+3c—4 2 2 9 2 2N+2c—3 2

S X (a,clg) = 1 (a+q+2ag+a’q) 2a’q 2+49)

=0

g' VeV [4a? + da(1 + a)’q + 2a (2 + a) (1 + 2a) ¢* + 4a(l + a)’¢* + (1 + a)'¢!] N

1—¢*
N ¢ lg* +a'q™ —dag(1+q) (1 +¢*) (1 —¢°) =4’ (1+q) (1 +¢*) (1 —¢°)]
1—q*
{22 (1+ ) (1= ¢) [1+29 - ¢°(3+2¢(2+9))]}
1—q¢* )
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Abstract

In this paper we formulate a version of the Kondurar theorem and
a generalization of the It6 formula for functions taking values in Riesz
spaces with respect to a convergence, satisfying suitable axioms. When

the involved space is the space of measurable functions, both convergence
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almost everywhere and convergence in probability are included. Finally

we present some comments and possible applications of the It6 formula.

2000 AMS Subject Classification: 28B15, 28B05, 28B10, 46G10.
Key words: Riesz spaces, convergence, Riemann-Stieltjes integration, Kon-

durar theorem, It6 formula.

1 Introduction

In this paper we establish the Kondurar theorem and the It6 formula in Riesz
spaces.

The classical (scalar) version of the Kondurar theorem ensures the ex-
istence of the Riemann-Stieltjes integral / b fdg, as soon as f and g are

a
Hoélder-continuous, of orders o and ( respectively, with oo + 3 > 1.

Here we chose [a, b] = [0, 1], and fixed the Riesz space setting as a product
triple (R1, Ro, R) such that f is Rj-valued, g is Ra-valued, and the integral
takes values in R.

More generally Riemann-Stieltjes integration is investigated also with re-
spect to an interval function ¢ in the place of g: we obtain meaningful exten-
sions of the Kondurar theorem, and deduce a version of the It6 formula for in-
tegrands in a Riesz space. The classical stochastic integrals (It6, Stratonovich,
Backward) and the classical 1t6 formula are included.

Finally, we present some examples in order to illustrate the possible appli-
cations.

Our warmest thanks to the referees for their helpful suggestions.
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2 Preliminaries

Definition 2.1 Throughout the paper, R will denote a Dedekind complete
Riesz space. An axiomatic notion of convergence in R is defined by choosing
a suitable order ideal N' (in the sense of [6], p. 93) on the Riesz product
space IR™. More precisely, this ideal A is assumed to satisfy the following

additional conditions:

a) Every element of NV is a bounded sequence.

b) Every sequence in R whose terms eventually vanish belongs to NV.

c) Every sequence of the form (%)n, with v € R and u > 0, belongs to N.

By means of the ideal N, it is possible to define the concept of convergence
for nets in the following manner. Let (7, >) be any directed set. Given any
bounded net ¥ : T — R, we say that it AN -converges to an element y of R
(or that it admits y as N-limit) if there exists a sequence (sy), of elements
of T' such that the sequence (pn), defined by p, = sup;er>s, V() — ¥
belongs to A. The ideal N then coincides with the space of all bounded
sequences in R which converge to zero. For A/-convergence all usual properties
of limits hold; in particular, uniqueness of the limit and Cauchy criterion for
convergence: a bounded net ¥ : T' — R converges if and only if there exists
a sequence (Sy), of elements of T' such that the sequence (gy), defined by
Gn = SUDg seT spr>s, |Y(s) —¥(t)| belongs to N. Moreover, for a fixed directed
set T, the space of all bounded nets of the form ¥ : T' — R for which the

limit exists is a Riesz subspace of R”, and the operator which assigns to each
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convergent net the corresponding limit is linear and order-preserving.

Now, let us denote by J the family of all (nontrivial) closed subintervals
of the interval [0, 1], and by D the family of all finite decompositions of [0, 1],
D={0=ty<t;<...<tp1<t,=1}, oralso D={IL,...,I,}, where
I; = [ti—1,t;] foreach i =1,...,n.

Given any decomposition D = {I3,...,I,}, the mesh of D is the number
0(D) = max{|L;| : ¢« = 1,...,n}, where |I| as usual denotes the length of
the interval I. Then the set D can be endowed with the mesh ordering:
Dy > Dyift §(D1) < 6(D32); this makes D a directed set, and, unless otherwise
specified, convergence of any net ¥ : D — R will be always related to this
order relation. However, besides this order relation, a weaker ordering will be
helpful: for any two decompositions, D1, Do, we say that Do is finer than D1,
and write Dy = Dy, if every interval from Dy is entirely contained in some
interval from D;. Moreover, we shall say that a decomposition D is rational if
all its endpoints are rational, and that a decomposition D is equidistributed if
all intervals in D have the same length. If D is equidistributed, and consists
of 2™ intervals, we say that D is dyadic of order n. Equidistributed and dyadic
decompositions of any interval [a,b] are similarly defined. In general, the
family of all decompositions of any interval [a,b] C [0, 1] will be denoted by
Dy p)-

From now on, we shall assume that an ideal N has been fixed, according
with Definition 2.1, and consequently all limits we shall introduce (unless oth-

erwise specified) are related to N -convergence, without a particular notation.
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Definition 2.2 Let ¢ : 7 — R be any interval function. We say that ¢ is

integrable, if the net S(D) = Z q(I) is convergent to some element Y := /q.
IeD

A very useful tool to prove integrability is the Cauchy property. We first

introduce a notation: for every interval function ¢ : J — R, we set

doal) - q(H)' :D,D eDI}.

JeD HeD’

OB(g)(I) = sup {

Now we have the following:

Theorem 2.3 Assume that q: J — R is any interval function. The following

three conditions are equivalent:
(i) q is integrable;
(ii) (rp)n € N, where

1
rp 1= Sup {|S(D) — S(Dy)| : D,Dg € D,§(Dy) < E’D - Do};

(iii) /OB(q) =0.

Proof. It is easy to prove that (i) implies (ii). To prove the implication (ii)=
(iii), one can proceed in a similar fashion as in the proof of Theorem 1.4 in [4].
So we only prove that (iii) implies (i). By supposition, we have (k,), € N,

1
where k, = sup {Z OB(q)(I): 0(D) < n} Let us fix n, and choose two
IeD

decompositions, Dy and D, such that §(Dg) < — and D = Dgy. From

S

S(Do) =S(D) = |a) = > a(J)

I1eDy JeD,JCcI

we obtain |S(Dp) — S(D)| < kp. From this one can easily deduce that

[S(D1) = S(D2)| < 2kn, (1)
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1
as soon as 0(D1) and §(Ds3) are less than —. Now define
n

M, — sup{S(D) . 5(D) < 1}, - inf{S(D) . 5(D) < 1}.

n
Of course, m,, < M,,. Moreover, thanks to (1), it follows easily that M, —m,, <
2ky. Then infye v My, = supye py M, and now we prove that the common value
L is the integral: L = [¢. For every integer n, and each decomposition Dy

1
with 6(Dp) < —, we have:
n
s(Do) = L < s(Do) — myp, < My, — my, < 26p;
L — s(Dg) < My, — s(Dg) < M, — my, < 2Ky,

Therefore |L — s(Dg)| < 2k, and this completes the proof, by arbitrariness of

Dyg. O
Our next goal is to prove that, if an interval function is integrable in [a, b],

then it is integrable in any subinterval, and the integral is an additive function.

Theorem 2.4 Let q : J — R be an integrable function. Then, for every
subinterval J C [0,1], the function q; is integrable, where q; is defined as
q;(I) = q(INJ), as soon as I N J is nondegenerate, and 0 otherwise. More-

over, if {J1,J2} is any decomposition of some interval J C [0,1], we have
/q :/ q+/ q. (Here, as usual, /q means the integral of q;)
J Ji Jo J

Proof. Fix any interval J C [0, 1], and, for every positive integer n, define

,0(Df) <

S|
S

on(J) :=sup{ [ Y q(I) = > q(H)|: D}, D € Dy, 6(Df) <
IeD), HeD']

It is easy to deduce that o,(J) < 0,([0,1]). As (0,([0,1])), € N, the same

holds for (o,,(J))n. Therefore, by Theorem 2.3, it follows that ¢ is integrable.
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To prove additivity, fix an interval J = [a, b], an integer n > 0, and a point
¢ €]a,b[. Now, choose any decomposition Dy of [a,b], such that 6(Dg) < %,
and such that c¢ is one of its intermediate points; next, denote by D’ the
decomposition consisting of the intervals from Dy that are contained in [a, c|
and by D” the decomposition consisting of the remaining intervals from Dj.

Clearly we have

[a-[ a-] q\ _
J [a,c] [e,b]

[a= S am+ > an- |

1€Dy IeD’ [a,

Zq(f)—/ q| < Y,

q+
g repr [e.b]

where (7y,)n, is a suitable element from N. By arbitrariness of n, we can infer

that

f fo Ly
J [a,c] [e,b]

A further consequence of the previous result is the following.

=0, i.e. additivity of the integral. O

Theorem 2.5 Let q: J — R be any integrable function, and let us denote by
Y its integral function, i.e. (1) = /q, I € J. Then the function |q — 1| has
I

null integral.

Proof. Let us denote by Z the function Z = |¢ — ¢)|. We must show that the

1
sequence (3,), belongs to N, where (3, = sup {Z Z(I):0(D) < n} For
IeD

S|

every n > 0, let us set o, := sup {Z OB(q)():0(D) <

}. Fix now an
IeD

integer n > 0, and a decomposition Dy, with §(Dy) < —. For every element

3=

I € Dy, we have ¢(I) —¢(I) = limpp (¢(I) — S(D)) (intended as N-limit of
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a net, depending on I), and therefore

Sz =Y | lim (¢(I) - S(D) )| < 3 OB()(I) < o

1€Dy lep, D€D: €Dy
according with all properties of convergence. But (0,,), € N by Theorem 2.3,
hence also (3,), € N, and the proof is finished. O

We now introduce some structural assumptions, which will be needed later.

Assumptions 2.6 Let Ry, Ry, R be three Dedekind complete Riesz spaces.
We say that (Ri, Re, R) is a product triple if there exists amap - : R; X Ry — R,

which we will call product, such that

2.6.1) (r1+s1)-1rg=1r1-12+ 5172,

2.6.2) 71 - (ro+s2) =71 -T2 + 171 - 82,

2.6.3) [r1 > 51,70 >0] = [r1-72 > 81 - 79],

2.6.4) [r1 >0,79 > s3] = [r1-1r9 >11-59] forallrj,s; € Rj,j=1,2;

2.6.5) if (a))rea is any net in Re and b € Ry, then [ay | 0, b > 0] = [b-ay | 0];

2.6.6) if (ax)xea is any net in Ry and b € Ry, then [ay | 0, b > 0] = [ax-b | 0].

A Dedekind complete Riesz space R is called an algebra if (R, R, R) is a product
triple.
Let now (R1, Rg, R) be a product triple of Riesz spaces. Given a bounded

function g : [0,1] — Rg, we can associate with ¢ its jump function A(g):
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A(g)([a,b]) := g(b) — g(a). Moreover, the interval function

w(g)(I) = sup{[A(g)([u, v])| : [u,v] C I}

is called the oscillation of g in the interval I.

Definition 2.7 Let f : [0,1] — R; and ¢ : J — Rz be two functions. In
order to properly define the Riemann-Stieltjes integral of f with respect to g,
we need a slight complication of the directed set D. In fact, we shall denote
by D the set of all pairs (D, 7), where D runs in D and 7 is a mapping which
associates to every element I € D an arbitrary point 7; € I. The set D will be
ordered according with the usual mesh ordering on D, i.e. (D,7) < (Dy,7) iff
§(Dy) < 6(D). Given an element (D,7) € D, we call Riemann-Sticltjes sum

of f with respect to q (and denote it by S(D, 7)) the following quantity:

S(D,7) =Y flr)a(l).

IeD

Definition 2.8 Assume that f : [0,1] — R; and ¢ : J — R are two func-
tions. We say that f is Riemann-Stieltjes integrable with respect to ¢, if the

net (S(D, 1)) is N-convergent, i.e. if there exists an element Y € R,

(D,7)eD
such that the sequence (7,), belongs to N, where

. =sup{\Y—S(DJ)| (D,7) e D,3(D) < 1}, ne .

n
If this is the case, the element Y € R is called the Riemann-Stieltjes integral
and denoted by Y := (RS) /01 f dq. When ¢ = A(g), for some suitable func-
tion g : [0,1] — Ra, integrability of f with respect to ¢ will be expressed by
saying that f is Riemann-Stieltjes integrable w.r.t. g, and its integral will be

1
denoted by (RS)/ f dg.
0
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3 The Kondurar theorem in Riesz spaces

Definition 3.1 Let f : [0,1] — Ry and ¢ : J — Ry be two fixed functions.
We say that f and g satisfy assumption (C) if the interval function ¢ : 7 — R,

defined as ¢(I) = w(f)(I)|g(I)|, is integrable, and its integral is 0.

The next result is easy.

Proposition 3.2 Let f : [0,1] — Ry and q¢ : J — Ry be two bounded func-
tions, satisfying assumption (C). Then the Riemann-Stieltjes integral

(RS) /01 f dq exists in R if and only if the interval function Q(I) = f(ar)q(I)
is integrable, where ay denotes the left endpoint of I: if this is the case, the

two integrals coincide.
In the next theorems, the concept of Holder-continuous function will be crucial:

Definition 3.3 Let R be an arbitrary Riesz space. We say that an interval
function ¢ is Hélder-continuous (of order 7) if there exist a unit u € R, that
is an element R > v > 0, u # 0, and a real constant v > 0, such that
lg(I)] < |I|"u for all I C [0,1]. As usual, a function ¢ : [0,1] — R is said to

be Hélder-continuous of order ~ if the function A(g) is.

We shall assume in addition that the interval function q is additive, i.e. q([a,b]) =
q([a,c])+q([e,b]) as soon as 0 < a < ¢ < b < 1. This means also that ¢ = A(g)
for some suitable bounded function g : [0, 1] — Rg2, but we shall mantain our
notation, without mentioning g.

The next step is the following result.
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Proposition 3.4 Assume that f : [0,1] — Ry and q¢ : J — Rz are two
Holder-continuous functions, for which assumption (C) is satisfied. Suppose

also that q is additive, and that (pp)n € N, where

pn = supd | Y flana(J) = Y flar)q(l)

JeD 1€Dg

1
D > Dy, D rational, 6(Dgy) < —, D > Do}
n
for every n € IN. Then, there exists in R the (RS)-integral of f w.r.t. q.

Proof. Since assumption (C) is satisfied, from Proposition 3.2 it’s enough to
prove that the R-valued interval function Q(I) := f(ar)q(I) is integrable. As
usual, for every decomposition D of [0,1], we write S(D) = >-;cp Q) =
> rep flar)q(I). By using Holder-continuity and boundedness of f and ¢
(which is a simple consequence), one can obtain the following key tool, which
is rather technical, but not difficult.

Key Tool: There exists a unit w € R such that, for every n € IN and
every D € D with §(D) < %, one can find a rational decomposition Dy such

1
that 0(Dp) < - and

Let us now turn to the proof that @ is integrable. We first observe that
. 1 1
sup {|S(D1) — S(D39)| : D1 and Dy rational ,0(D1) < —, 6(D2) < } < 2py,
n n
for every n; hence, using the key tool above, we see also that

sup {\S(D) _S(D)|:DeD, D eD,6(D) < L, 5(D') < % } <20, + 2%

n
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for every n. Now, the assertion follows from Theorem 2.3. O

Unless otherwise specified, we always assume that ¢ is additive, that f and
q are Holder-continuous of order « and (3 respectively, and related units u

and wueo respectively. Moreover, we shall require that v :=a + g > 1.

Lemma 3.5 Let [a,b] be any sub-interval of [0,1], and let us denote by c its

midpoint. Then

—a\”
Q0.8 - (@(fa.c) + Q(le )] < wrwn (P57

Proof. We have:

Q([a, b)) = (Q([a, c]) + Q([e, b])| = [f(a)q([a, b]) = f(a)g(a, c])
- f()q([e, 0)| = | f(a)q([e, b]) = f(c)a([c, b))

g\t
< \f(c)—f(aﬂq([c,bmgulug(b2 ) o

Proposition 3.6 Let [a,b] be any subinterval of [0, 1], and assume that D is a
dyadic decomposition of [a,b], of order n. Then there exists a positive element

v € R, independent of a,b and n, such that |Q([a,b]) — Z Q| <wv|b—a|.
IeD

Proof. Let us consider the dyadic decompositions of [a, b] of order 1,2,...,n

and denote them by D1, Ds, ..., D, = D respectively. Then we have

QU b) =Y QU < 1Q[a.b) = Y- QI+ 1Y QM) — Y QU
IeD IeDq =2 JeD; IeD;_4

Thanks to Lemma 3.5, the first summand in the right-hand side is less than

b—a\”
U1 U <2) . By the same Lemma, for every index ¢ from 2 to n, we have
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a\”
’ZQ(J)— Z ()|<’U,1U22Z 1<b2i ) , hence

JeD; IeD;_4
b—a\’
_ZQ(I)\§U1UQ< 5 >
IeD
L(b—a\" 1 1\
+ ZU1U22Z < o > :2u1u2(b—a)72<271>
1=
1 =01y 1
< = —_a) — —_q) )
< 2u1u2(b a) ;<27—1> ST (b—a)” uy ug
The assertion follows, by choosing v = uy ug. O

Proposition 3.7 Let [a,b] be any subinterval of [0,1], and assume that D is
an equidistributed decomposition of [a,b], consisting of N elements. Then
=Y QU <r(b—a)y
IeD

for some unit r € R, which does not depend on N, D and [a,b].

Proof. Of course, if N = 2" for some integer h, the result follows from
Proposition 3.6. So, let us assume that N is not a power of 2, and write N
in dyadic expansion, N = €p2° 4 12" + ... + ¢,2", where (eg,e1,...,ep) is a
suitable element of {0,1}"*! and h = [logy N]. Clearly then, e, = 1. Now let

us define, for j =1,2,... h:

b—a

J
to:=a, tpy1 =0, and tj:=a+ Zeifl 2"t N

=1

Let us denote by Dy the decomposition of [a, b] whose intermediate points are

to,t1,...,tpt1. From Proposition 3.6, it follows:

[S(Do) =S(D) < Y1)~ Y QU< D ol <

IeDg JeD, JCI IeDy
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h
b—a\” 9(h+1)y
iZ — @ _a) _ a2y
<w EO <2 N > <wv(b—a) N <wv(b—a)’27.

Thus, setting vy := 27v, we get |S(Dg) — S(D)| < vi(b—a)?.

Let us now evaluate |Q([a,b]) — S(Dyp)|. We find
Q([a, b]) = S(Do)| < [(f(a) = f(t1))q([t1, t2])+

+(f(a) = f(t2))a([t2, ta]) + ... + (f(a) — f(tn))q([tn, b]))] <

h h
Z JE) a([tj, tjea])] < Zul ug(ty — a)®(tjp1 — tj)ﬁ.
=1 =

For all j = 1,2,...,h we have easily t; —a < 27 "<, hence

|Q([a, b]) — S(Do)| < Zh:ul U2 <2jb]:7a> <2jb]_v ) < upu2?(b—a)’.

j=1
Thus, setting vy := uy u22?, we get |Q([a, b]) —S(Dp)| < v2(b—a)?, and finally
we obtain the assertion by setting r = v; +vo. O

We are now ready for the main result.

Theorem 3.8 (The Kondurar Theorem) Let f : [0,1] — Ry and ¢ : J — Ro
be Holder-continuous of order o and (3 respectively, with v = o+ (6 > 1, and

suppose that q is additive. Then f is (RS)-integrable w.r.t. q.

Proof. We first observe that the real valued interval function W(I) := |I|"
is integrable, and its integral is null. This immediately implies that f and
q satisfy assumption (C). Let r be the unit in R given by Proposition 3.7,

2r
and set b, := —. Fix n and choose any rational decomposition Dy such that
n

1 1

d(Do) < — and Z |J|7 < — for every decomposition D, finer than Dy. If D
" JeD "

is any rational decomposition, finer than Dy, then there exists an integer N
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such that the equidistributed decomposition D*, consisting of N subintervals,
is finer than D. Of course, D* is also finer than Dy, so we have, by Proposition

3.7:

1 1
|S(D*) — S(Do)| < g r|I|7 < T and |S(D*) — S(D)| < E r|J|7 < T
I€Dy JebD

Therefore, by axioms of 2.1, we obtain:
(sup{|S(D) — S(Dy)| : D, Dy arerational, (Do) < 1/n, D > Do}), € N,

and the theorem is proved, thanks to Proposition 3.4. O

More concretely, we have the following version of the previous theorem.

Theorem 3.9 Let f : [0,1] — Ry and g : [0,1] — Ry be two Hdlder-
continuous functions, of order a and (3 respectively, and assume that a+0 > 1.

Then f is (RS)-integrable with respect to g.
However, we can obtain a more general result.

Theorem 3.10 Assume that f : [0,1] — Ry is any Hélder-continuous func-

tion of order o, and q : J — Rz is any integrable interval function (not

necessarily additive). If the integral function ¥(I) = / q is Holder-continuous
T

of order B, and o+ 3 > 1, then f is (RS)-integrable with respect to q and to

¥, and the two integrals coincide.

Proof. In 2.4 we proved that ¢ is an additive function; hence, if it is Holder-
continuous of order 3, and a+ 3 > 1, we can deduce that f is (RS)-integrable
with respect to 1, thanks to 3.8. Moreover, we also know from 2.5 that

|¢g — | has null integral. This fact, together with boundedness of f, implies
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that / f d(g—1) =0, for every interval J C [0,1]. Now the conclusion is
J

obvious. O

Remark 3.11 Assume that W is the standard Brownian Motion, on a prob-
ability space (X,B,P), and g : [0,1] — L°(X,B, P) is the function which
associates to each t € [0,1] the random variable W, € LY. We can endow
the Riesz space L” with the convergence in probability (which satisfies all as-
sumptions in Definition 2.1); thus the interval function ¢(I) = (A(g)(1))? is
well-known (from the literature) to be integrable, and its integral function is
Y(I) = |I|. So, Theorem 3.10 implies integrability with respect to ¢ = A(g)?
of every function f which is Hélder continuous (of any order), and also of more

general continuous functions (but we shall not discuss this here).

Remark 3.12 The previous existence theorems remain true, if the defini-
tion 2.8 is modified, replacing the value f(77) with any element 6; such that
inf{f(z) : x € I} <0y <sup{f(z): z € I}. This mainly rests on Proposition

3.2 and on the fact that |07 — f(ar)| < w(f)(1).

4 The It6 formula in Riesz spaces

In [4] we can find some results about the It6 formula for Riesz space-valued
functions of one variable. Here we deal with functions of two variables; from
now on we shall assume that our Riesz space R is an algebra, hence the involved

functions and their integrals will take values in R.

Definition 4.1 Let R be an algebra, and f : [0,1] x R — R a fixed function.



KONDURAR THEOREM AND ITO FORMULA IN RIESZ SPACES

We say that f satisfies Taylor’s formula of order 1 if there exist two R-valued

of o
functions, defined on [0, 1] x R and denoted by a—{ a—f, such that for every

(t,z) € [0,1] x R, h € IR and k € R, such that ¢t + h € [0, 1], we have:

0 0
ft+hz+k)=f(t,z)+ <ha{ +k &Q (t,x) + (|h| + |k]) B(t,x,h,k),
where B is a suitable R-valued function, defined on all points of the type

(t,z,h, k) with t + h € [0, 1], and bounded on bounded sets.

Moreover, we say that f satisfies Taylor’s formula of order 2 if f satis-

fies Taylor’s formula of the first order, and moreover there exist three more
1 0 f
ot2’ otdx’ Ox?’
heRand k € R, (t+ h € [0,1]), we have

functions, denoted by such that for every (¢, ) in [0,1] x R,

of of

Ft+hw+k) = f(t,2) = hor(t2) + kg (4 @)
2 2 2
+ h2at§( )+2hk8taf( )+k28£( ) (3)

+  [n? + |nk| + [E?] B(t,x,h,k),

where B is a suitable function, bounded on bounded sets.

We now introduce a ”weaker” concept of integrability for Riesz space-valued

functions. As above, N will always denote any fixed ideal as in 2.1.

Definitions 4.2 Let F': [0,1] x R — R and g : [0,1] — R be two functions.
Following the Stratonovich approach ([8]), for every A\ € [0,1] we say that

F(-,9(-)) is (\)-integrable with respect to g (or to ¢(I) := A(g)(l)) if there

83
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exists an element Y, € R such that

o

5(D) < 1}>nefv,

Ya— > FQas + (1= Mwi, Ag(us) + (1= N g(vi))A(g) ()]
1eD

n

where D = {([u;,vi]) : ¢ = 1,..., N} is the involved decomposition of [0, 1].

We denote the (\)-integral of a function F' with respect to g by the symbol

(\) /01 Fdyg.

Similarly, we say that the function F'(-, g(-)) is (\)-integrable with respect to

q(I) := (A(g)(I))? if there exists an element Jy € R such that

(o

5(D) < 1}>n€N’

n

I =3 F Qi+ (1= Moy, Aglui) + (1= Ng(v:)) (A(g)(1)?] :
IeD

where D = {([us,v;]) : i = 1,..., N} is the involved decomposition of [0, 1].
1

In this case, we write ()\)/ F(s,9(s)) (dg)?(s) :== J\(F). We now prove the
0

following:

Proposition 4.3 Let R be an algebra, and f : [0,1]x R — R, (t,z) — f(t,x),
satisfy Taylor’s formula of order 1; suppose also that g : [0,1] — R is Hélder-
continuous of order (3, where 3 > % If f is (1)-integrable with respect to
q(I) == (A(g)(I))?, i.e. there exists the integral J1(f), then for every \ € [0,1]

the integral J\(f) exists in R, and J\(f) = Ji(f).

Proof. Let D = {[u;,v;],i =1,...,n} be a decomposition of the interval [0, 1]

and A € [0,1]. By hypotheses, we have:
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2im1 f i+ (1= Nwi, Ag (u) + (1= N)g(vi))-q([us, vi]) = 3250 f (i, g (ui))-
q([ui, vi])+

+ 200 [ g + (1= A)vi, Ag (wi) + (1= A) g (i) — f(ui, 9(wi)]-q([ui, vi]) =
S [ (g (i) + (1= N) (05 = ) 5 (i g (i) +

(1=X) (A(g)([uiaUi]))%(uiag(ui))] ~q([us; v]) + 32001 B[us, vil) v — wi| ™ =
Vi+ Vo + V3 + Vg, where B : {I} — R is a suitable interval function, bounded
on bounded sets (with bound independent on \), and 7 > 1 by virtue of
Holder-continuity of g (we denote the consecutive terms of the above sum by
Vi, Va, Va, Vy). The first part Vi tends to Ji(f) as (D) tends to 0. Now we
can conclude, observing that the expressions Va, V3, V, are negligible because
we can present them in the form En: Bo([us, vi]) |vi — ug), where By : J — R

=1

is bounded on bounded sets and ¢ > 1. O

We now prove our generalization of the It6 formula in the context of Riesz

spaces:

Theorem 4.4 Let R be an algebra, F : [0,1] x R — R satisfy Taylor’s for-

F °F
mula of order 2 and a@t :[0,1] x R — R, 0

92 [0,1] x R — R, satisfy Tay-

lor’s formula of order 1. Assume that g : [0,1] — R is Holder-continuous of
order 8 > . Assume also that q(I) = (A(g)(I))? is integrable and that its

integral function is Holder-continuous of order v > 1 — 3. Then

1 52
F
1) for every X € [0, 1] the integral Jy := (\) ?9? (s,9(s)) (dg)*(s) eists
0

in R, and is independent on A;

1
2) for every A € [0,1] the integral <)\>/ oF (s,9(s)) dg(s) exists in R;
0

Dz
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3) the following formula holds:

F(1,9(1) = F(0,9(0) =

LoF

1
- [ m(S,g(S))ds+<)\>/0 OF (a9 (=) dg (5) + £ (2A=1)

where J denotes any of the integrals Jy above.

2

Proof. The function t — W(t’ g(t)) is Holder-continuous of order 3, because
x

of Taylor’s formula and of Holder-continuity of g. Thus, using Theorem 3.10,

2

F
we deduce that the function t — 862(t’ g(t)) is (RS)-integrable with respect
x
2

to ¢, and thus by virtue of Proposition 4.3 (where f = el
T
Lo’F

0 81)2

), for every A € [0, 1]
the integral J := ()\) (s,9(s)) (dg)*(s) exists in R and is independent
on A. This shows the assertion 1).

Let now D = {[u;,vi],i = 1,...,n} be a decomposition of [0,1] and fix A €
[0,1]. We have:

F(1,9(1) = F(0,9(0) =

Dimy [F (viyg (v3)) = F (Aui + (1= M) i, Ag (us) + (1 = A) g (v3))] =

S IF (i g (u)) — F (g + (1= A) vy, Ag (wi) + (1 = A) g (v7))]. Now we shall
apply Taylor’s formula of order 2:

F(1,9(1) = F(0,9(0) =

{3200 B Qg + (1= N vi, Ag (wi) + (1= X) g (v3)) - [A (5 — wi)] +

Yottt G i+ (1= A) i, Ag () + (1= A) g (v3)) - A (A(g) ([wi, vi)))] +

Sy S (i + (1= M) vis Ag (w) + (1= A) g (00))

A% (vi = ) (A(g)([us; vi]))] +

Sy B Ot (1= A) s, Ag () + (1= A) g (40)) - [ 302 (05 — w:)?] +
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Doy G O (1= ) wi, Ag () + (1= N) g (v) - [5A% a([us vi])] +

iy B ([us, vi]) Jos — il 7}

[0 9 Qi+ (1= ) v, Ag () + (1= A g (v)) - [ = 1) (05 — wi)] +
ST G5 O+ (1= A) v, Ag () + (1= A) g (v)) - [N = 1) (Do) [y vi]))] +
ST G s + (L= X wi, Ag (u) + (1= M) g (40)

=N i = ) (A o) [us,vi]))| +

S G O+ (1= N wi, Ag () + (1= 2) g (vi)) - [ (1= 0 (05— i)?] +
ST 5 Ot (1= N i, Ag () + (1= A) g (00)) - [§ (1= 2 a(fus, wi) | +

> i1 Ba ([ug, vil) Jvi — wil '},

where By, By : {I} — R are suitable interval functions, bounded on bounded
sets (with bound independent on A), and v > 1. By collecting the similar

terms we obtain:

F(1,9(1)) = F(0,9(0) =

S g+ (1= N v, Ag (ws) + (1= A) g (07)) - (05 — ) +

>t G Qg+ (1= A) i, Ag (wg) + (1= X) g (1)) - (A(g)([ui, vi])) +

Sy S i+ (1= N vy, Ag () + (1= A) g (v3))

12X = 1) (vi — i) (Ag) ([ui, vi]))] +

Sy ZF Qi+ (1= ) v, Ag () + (1= X) g (o)) - [5 20 = 1) (05 — w)?] +
ST G (i (1= N i Ag (w) + (1= A) g (v0)) - [5 (2A = 1) g([ui, vi])] +
>oic1 (Bu ([uiy vi]) = Ba ([ug, vi])) vi — ui] " =

S+ S+ S34 S84+ S5+ Sg (where Sy, S, ..., Ss denote the consecutive terms
of the above sum, and the expressions S3, S, Sg are negligible, as previously

observed).
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. oF .
Moreover, since — satisfies Taylor’s formula of order 1, we have:

ot
St =311 98 (u;, g (w;)) - (v; — w;) + W, where W as usual is negligible.
LoF
The first summand, and hence S;, tends to e (s,g(s))ds as n tends to
0
F F

+o0o (the function %t (+,g(-)) is Holder-continuous, so a@t (,9(+) is (RS)-
integrable w.r.t. dt). Now,

~ O°F
Ss==(2\—1) Z e (Au; + (1= X)) v, Ag () + (1 = N) g (v5)) q([wg, vi])
i=1

N

1
tends to 3 (2\ — 1) J, as already observed. Hence it follows that

Sa=) gi (Aui + (1= X)vi, Ag (ui) + (1= A) g (v3)) - (Ag)([us, vi]))  (4)
=1

oF
converges, and its limit is the (\)-integral of a—(, g(+)) with respect to g, that
x
is the assertion 2). The formula in assertion 3) follows now easily. O
Remark 4.5
I) Sometimes, the (\)-integral exists, without assumptions on the function g.
1
For example, let F(t,z) = 22, and \ = o 80 we are looking for the integral
1

1
(§> / 2¢g(s)dg(s). By definition, this integral is the limit of
0

23 lgfussa) — g} | L2220 (5)

2
IeD

as 0(D) — 0, where D = {[u;, u;y1] : ¢ = 0,...,n}. But the quantity (5) always
coincides with g2(1) — ¢2(0), so we obtain <%> /01 2g(s)dg(s) = g*(1) — ¢*(0).
IT) On the other hand, once we have a function g satisfying the hypotheses of
Theorem 4.4, at least in particular spaces R it is possible to find many other
functions § with the same properties. For example, let R = LY(X, B, P) be as

in the Remark 3.11 and assume that ¢ : [0,1] — R is the standard Brownian
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Motion. Now, choose any C?-function ¢ : IR — IR and define, for every
t € [0,1): g(t)(z) = ¢(g(t)(z)) for almost all z € X. We shall see that A(g)?
is integrable, and its integral function is Lipschitz. Indeed, if 0 < u < v <1,

we get (a.e.)

(We remark here that (¢/(g(7)(z)))? is an element of R, between the extrema
of the function t — f(t) = ¢'(g(t))? in the interval [u,v]). Now consider the
function t — f(t) = ¢'(g(t))?, for all ¢t € [0,1]. This is a Holder-continuous
function, hence Riemann-Stieltjes integrable with respect to ¢ = A(g)? by The-
orem 3.10. From this, (6) and the Remark 3.12, we deduce that (A(g)([I))?
is integrable, and its integral function coincides with the Riemann integral
/[ #'(g(t))? dt (which can be computed pathwise), and this is clearly a Lips-

chitz function of interval.
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Abstract

There are many information and divergence measures exist in the literature on
information theory and statistics. The most famous among them are Kullback-
Leiber [15] relative information and Jeffreys [14] J-divergence. The measures like
Bhattacharya distance, Hellinger discrimination, Chi-square divergence, triangular
discrimination and harmonic mean divergence are also famous in the literature on
statistics. In this paper we have obtained bounds on triangular discrimination and
symmetric chi-square divergence in terms of relative information of type s using
Csiszar’s f-divergence. A relationship among triangular discrimination and har-
monic mean divergence is also given.

Key words: Relative information of type s; Harmonic mean divergence; Triangu-
lar discrimination; Symmetric Chi-square divergence; Csiszdr’s f-divergence; Information
inequalities.

1 Introduction

Let

Pi>0,ipi=1}, nz2,

i=1

Fn = {P = (plap27"'7pn)

be the set of all complete finite discrete probability distributions. For all P,@Q € I',,, the
following measures are well known in the literature on information theory and statistics:
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e Bhattacharya Distance (Bhattacharya [2])

n

B(P|Q) =) v/bidi- (1)
i=1
e Hellinger discrimination (Hellinger [13])
MPIQ) = 1- BPIQ) = + 3 (Vi — Vi) )
i=1
e y*—Divergence (Pearson [18])
C(PIIQ) = Z -y 7; - 3)
i=1 i=1
e Relative Information (Kullback and Leibler [15])

pz
K(P||Q) = sz 1n (4)
The above four measures can be obtained as particular or limiting case of the relative
information of type s. This measure is given by

e Relative Information of Type s

KAPIQ) =566 = D] [ Eat -] s 200
@,(PlIQ) = { K(QIIP) = S atn (). s=0 . ()
K(PIIQ) = X pitn ().

The measure (5) admits the following interesting particular cases
(i) @

~1(PlIQ) = 5x*(QlIP).

(i) ®o(P[|Q) = K(Q[|P).

(iif) ®12(Pl|Q) = 4[1 — B(P||Q)] = 4h(P|Q).
(iv) @1(Pl|Q) = K(P||Q).
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(v) ©2(PlIQ) = 3x°(PIIQ).

Thus we observe that ®5(P||Q) = ®_1(Q||P) and ®1(P||Q) = ®o(Q||P).

For more studies on the measure (5) refer to Liese and Vajda [16], Vajda [27], Tancja
[19], [20], [22] and Cerone et al. [4].

Recently Taneja [23] and Taneja and Kumar [25] studied the (5) and obtained bounds
in terms of the measures (1)-(4). Here we shall extend the our study for the other mea-
sures known in the literature as triangular discrimination, harmonic mean divergence and
symmetric chi-square divergence.

The triangular discrimination is given by

n

APlQ) =y L) (©)

= Pita
After simplification, we can write
A(P||Q) =2[1 = W(PlIQ)], (7)
where
—~ 2pig;
W(P||Q) = _ 8
(PliQ) = 3 ®

is the well known harmonic mean divergence.

We observe that the measures (3) and (4) are not symmetric with respect to probability
distributions. The symmetric version of the measure (4) famous as Jeffreys-Kullback-
Leiber J-divergence is given by

J(Pl|Q) = K(P[|Q) + K(Q|P). (9)

Let us consider the symmetric chi-square divergence given by

¥(PIQ) = C(PQ) + Q) = 3 L) (10

Dragomir [12] studied the measure (10) and obtained interesting result relating it to
triangular discrimination and J-divergence.

Some studies on the measures (6) and (8) can be seen in Dragomir [10], [11] and
Topsge [26]. Recently, Taneja [23] and Taneja and Kumar [25] studied the measure (5)
and obtained bounds in terms of the measures (1)-(4). Similar kind of bounds on the
measure (9) are recently obtained by Taneja [24]. In this paper, we shall extend the
our study for triangular discrimination and symmetric chi-square divergence. In order to
obtain bounds on these measures we make use of Csiszar’s [5] f-divergence.
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2 Csiszar’s f—Divergence and Its Particular Cases

Given a convex function f : [0,00) — R, the f—divergence measure introduced by Csiszar

[5] is given by
Cy(PIQ) =D aif (];—) (11)
i=1 !
where P,Q € T',,.

It is well known in the literature [5] that if f is conver and normalized, i.e., f(1) =0,
then the Csiszar’s function Cp(P||Q) is nonnegative and convex in the pair of probability
distribution (P, Q) € T',, x I',,.

Here below we shall give the measures (6) and (10) being examples of the measure (11).

Example 2.1. (Triangular discrimination). Let us consider

falz) = (5;111) e (0,00) (12)

in (11), we have

CH(PlIQ) = APlQ) = S Wim9)

= pbita
where A(P]|Q) is as given by (6).
Moreover,
, r—1)(z+3
o) = ) (13
and
" 8
alr) = CESE (14)

Thus we have fX(x) > 0 for all x > 0, and hence, fa(z) is strictly convez for all
x > 0. Also, we have fa(1) = 0. In view of this we can say that the triangular discrimi-
nation is nonnegative and convex in the pair of probability distributions (P, Q) € I', x T',,.

Example 2.2. (Symmetric chi-square divergence). Let us consider

folz) = EZ@EHD o) (15)

xz

in (11), we have

O (PlQ) = w(PlQ) =Y. q; q(p +4)

Y

where ¥ (P]|Q) is as given by (10).
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Moreover,
fo() = (z — 1)(252 +z+1) (16)
and
Yy = 2D, i

Thus we have fJ(z) > 0 for all x > 0, and hence, fy(z) is strictly convex for all
x > 0. Also, we have fy(1) = 0. In view of this we can say that the symmetric chi-square

divergence is nonnegative and convezr in the pair of probability distributions (P, Q) €
I, xTI,.

3 Csiszar’s f—Divergence and Relative Information
of Type s

During past years Dragomir done a lot of work giving bounds on Csiszar’s f—divergence.
Here below we shall summarize the some his results [6], [7], [9].

Theorem 3.1. Let f : Ry — [0, 00) be differentiable convex and normalized i.e., f(1) = 0.
If P,Q) € T',,, then we have

Cr(PlQ) < pe, (PllQ), (18)
where pc, (P||Q) is given by

n

pcf<P||@>=cff(%2HP) P =3 | (19)

=1 gi

If P,Q €T, are such that

0<r<P <R<oo, Vie{l,2,..n},
qi

for some r and R with 0 < r <1 < R < 00, then we have the following inequalities:

0 < Cp(Pl|Q) < ag, (1, R), (20)
0 < Cp(Pl|Q) < B, (r, R) (21)
and
0 < fe,(r, R) — Cy(P[|Q) (22)
< e, (r R) [(R—1)(1 = 1) = x*(Pl|Q)] < ag,(r, R),
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where
acy(r, R) = (R =1V 50,1, B), (23)
ey, ) = B2 DI0) £ 0= 00D 2
and
e, r, ) = TS (25)

The following proposition is due to Taneja [23] and Taneja and Kumar [25] and is a
consequence of the above theorem.

Proposition 3.1. Let P,Q € T',, and s € R, then we have

O,(P||Q) < pa.(PlIQ), (26)
where
P2
o (PIQ) = Co, (‘IP) = €t (Pl @
n s—1
(=D e (B) . s
i — i s=1 .
izZl (pi — @) In ( )
If there exists r, R (0 <r <1< R < o) such that
0<7’<%<R<oo Vi€ {1,2,..,n},
then we have the following inequalities
< (I)S(PHQ) < Oy, (Tv R), (28>
0 < 2(Pl|Q) < Po,(r, R) (29)
and
0 < fo,(r, R) — (P||Q) (30)
< e, (r R) [(R=1)(1 = 1) = x*(P|lQ)] < as,(r,R),
where
1
ag, (7", R) = Z(R - T)2 Yo, (T’ R)’ (31>
(R—1)(r*—1)+(1—r)(R*—1)
(R=—r)s(s—1) , s7#0,1
ﬁ@s (T, R) _ (Rfl) ln(ztil)fr) lnﬁ7 5 — 0 (32>
(R—1)rlnr+(1—r)RIn R s—1

(R—r) ’



BOUNDS ON TRIANGULAR DISCRIMINATION...

and

Rs_lfTs_l

ooy SFEL
Yo, (T7 R) = {I(I’IRR—)IEIT 2 )

"R s=1

We can also write yg,(r, R) as follows

LZ5(r R), s #1

7R - Y
. (r, B) {Lj(r, R) s=1

97

(33)

(34)

where L,(a,b) is the famous (Bullen, Mitrinovi¢ and Vasi¢ [3]) p-logarithmic power mean

given by
1
pp+l_gp+l | P
[(p—+1)<b_a)] , p#F L0
Ly(a,b) = § 3 ima: p=-1
L2 T =0

for all p € R, a # b.

The expression (27) admits the following particular cases:

() o1 (PIQ) = 30:(QIIP) = 13(QIIP).
(i) oo (PIIQ) = *(@QIIP).

(i) pa,(PIIQ) = J(PIQ).

() pon(PIQ) =23 (0~ p) /2

() poal(PIQ) = X*(PIIQ)

The expression (32) admits the following particular cases:

(i) Bo_, (PIlQ) = H525=2

.. R—1 lnl—‘,— 1—r)In &
(i) foy (r, R) = Lt n g

R—1)rlnr+(1—-r)RIn R
(111) 6‘1)1 (T7 R) = { ) Rt(r ) :

: (35)
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(iv) Bo,,(Pl|Q) = 00D,

(v) Boa(P|Q) = F=HE=1,

The following theorem is due to Taneja [23] and Taneja and Kumar [25].

Theorem 3.2. Let f : I C Ry — [0,00) the generating mapping is normalized, i.e.,
f(1) =0 and satisfy the assumptions:

(i) f is twice differentiable on (r, R), where 0 <r <1< R < oo;

(ii) there exists real constants m, M such that m < M and

> f"(2) < M, Vxe(r,R), scR. (36)

If P,Q € T',, are discrete probability distributions satisfying the assumption
pz

0<r< " < R < o0,
then we have the inequalities:
m®,(Pl|Q) < Cy(P[|Q) < M®,(P||Q), (37)
m [pe, (P||Q) — (P|Q)] (38)

< pey(PIIQ) — Cy(PIIQ)
< Mlpa, (P[|Q) — 0.(P|Q)]

and
< 50 ( R) — Cf(PIIQ)
< M [Bs, (1, R) — ®,(P||Q)],

where C;(P||Q), ®s(P||Q), pcf(P|\Q),pq>s(P||Q), ﬁcf(r, R) and B, (r, R) are as given by
(11), (5), (19), (27), (24) and (32) respectively.

The above theorem unifies some of the results studied by Dragomir [8], [10], [11].

In the papers Taneja [23] and Taneja and Kumar [25] considered the particular values
of s and &, by taking s = —1, s = 0, s = %, s =1 and s = 2. The aim here is to
obtain results by taking different values of f given by examples 2.1-2.2, and then obtain

particular cases for different values of s.

Remark 3.1. If is it not specified, from now onwards, it is understood that, if there are
T’Rthen0<r<pl < R<oo, Vie{l,2,..,n}, with0 <r <1< R < oo where

P = (P1>P2>-“'>Pn) e F and P = (Q1>Q2>-"'>C]n) € Fn
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4 Triangular Discrimination and Inequalities

99

In this section, we shall give bounds on triangular discrimination based on the Theorems

3.1 and 3.2.

Theorem 4.1. For all P,Q € T',,, we have the following inequalities

0 <A(P]|Q) < pa(Pl|Q),

where

REE N (= q) (01 4 30

7 \Pi T ¢

If there exists r, R (0 <r <1< R < o) such that

0<7“<p

Z<R<oo, Vie{l,2,...n}
qi

then we have the following inequalities:
0 <A(P||Q) < aalr, R),

0 < A(PI|Q) < Balr, R)

and
0 < Ba(r,R) — A(P[|Q)
<7a(r R) [(R—=1)(1 —7) = X*(P||Q)] < aa(r, R),
where
1 (R—1)(R+3) (1—r)(r+3)
aalr ) = 3(B=7) [ (R+1)? (r+1)2 ] ’
2(R—1)(1—r)
alr B) = Tp
and

T B) = (R — 1)) [(R— H((R+3) , (1 —7")(7“4—3)]

(R+1)2 (r+1)2

(42)

(43)

(44)

(47)

Proof. Follows from the Theorem 3.1 by considering f by fa and making necessary cal-

culations.

O

Theorem 4.2. Let P,QQ € I, and s € R. Let there exists ;R (0 <r <1< R < 00)

such that 0 <r < % <R<oo,Viedl,2,..,n}
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(a) For s < —1, we have the following inequalities:

8r2—s S8R?7*

o Q) < APIR) < g %(PlQ);

8r2—s
(r+1)3

[0, (PI|Q) — ®s(PlIQ)]

8R2—s

< AY(PllQ) < e [P, (P||Q) — ®s(PQ)]

and

82—

(S [Ba,(r, R) — ®4(P||Q)]

< Balr, R) = A(P||Q)

< (ZRTD Bo. (1, B) — .(PI|Q)].

(b) For s > 2, we have the following inequalities:

8R2~s 82 s

R+ 1)3<I)s(PHQ) SA(Pl|Q) < m@sUDHQ);
Gy e (PIIQ) = ®.(PlIQ)
. 8r?s
<APIQ) < (s e (PIIQ) = 2:(PIQ))
and
e e F) = (Pl

< 0l R) = A(PQ)

< G et ) = 2Pl
where

A'(PIQ) = pa(PlQ) - APIQ) =23 (fjj - Zj) -

Proof. Let us consider

2—s ¢l 8x2_8
ga(z) == (x) = T x € (0,00),

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)
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where fX(z) is as given by (14).

We have
8z [(s+ 1)z +(s—2)] [=20, s< -1
! =— ’ : 56
gA(x) (ZE + 1)4 < 07 s> 9 ( )
In view of (56), we conclude the followings:
8r2—s
s s 1
m= inf g¢g(x)= min g(z) = (TH)?;’ b 57
xE[r,R]g( ) J:E[nR}g( ) {%, s > 2 ( )
and ,
8R2=5 < -1
M = sup g(z) = max g(z) = (5;1—}23’ i . (58)
x€[r,R] z€[r,R] D% s =2
iFrom (57) and (58) and Theorem 3.2, we have the required proof. O
The following propositions are the particular cases of the above theorem.
Proposition 4.1. We have the following bounds in terms of x*— divergence:
43, 4R?
P) < A(P||Q) € ———=X*(Q||P), 59
T @IP) < APIQ) € @) (59)
L BeQIP) — (@IIP)] (60)
< A(PIQ) € s [304(@I1P) ~ X (@IIP)]
and
473 (R—1)(1—r) 9
— P 61
o | @i (61)

2R — 1)(1 — )
S (R+1D(1+r) —AlQ)
. 4R3 [(R—l)(l—r)
(R+ 1) 'R

-l

Proof. Take s = —1 in (48), (49) and (50) we get respectively (59), (60) and (61). O
Proposition 4.2. We have the following bounds in terms of x*— divergence:

4 4

(R+ 1)3X2(P||Q) SAPlQ) < o 1)3)(2(P||Q), (62)
4, ) 2
Gt PR < A(PIQ) < gy (PIQ) (63)
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and
4 2
RE1p [(R—1)(1—r) = x*(P|lQ)] (64)
2(R—1)(1 =)
SR+ APIQ)
4 2

< e [(R=1)(1—7r)=x*(PIQ)] -

Proof. Take s =2 in (51), (52) and (53) we get respectively (62), (63) and (64). O

We observe that the Theorem 4.2 is not valid for s = 0, % and 1. These particular

values of s we shall do separately. In these cases, we don’t have inequalities on both sides
as in the case of Propositions 4.1 and 4.2.

Proposition 4.3. The following inequalities hold:

0< APIIQ) < S K(QIIP) (65)
0< A(PIIQ) < 52 [ (@IIP) - K(QIIP)] (66)
and
32
0< SKQIP) - APlIR) (67)
<32(R—1)ln%+(1—r)ln% 2R—1)(1—r)
=27 R—r R+ +7)

Proof. For s =0 in (55), we have

8x?

ga(r) = (z+1)% (68)
This gives
8z(x—2) >0, x<2
/ _ ’ . 69
ga(z) (z+ 1) {go, z>2 (69)

Thus we conclude that the function gy (x) given by (68) is increasing in z € (0,2) and
decreasing in x € (2,00), and hence

M= sup ga(e)= max ga(z) =ga(2) = o2 (70)

z€(0,00) z€(0,00) N 2_7

Now (70) together with (37), (38) and (39) give respectively (65), (66) and (67). O
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Proposition 4.4. The following inequalities hold:

A(P[|Q) < 4 h(P|1Q), (71)

A*(PI|Q) < Z \f 1 1W(P|Q) (72)

and

0 <4 h(P||Q) — A(P||Q) (73)
CAVR-D0 -y 2AR= (=)

VE+ i (R+D(1+7)

Proof. For s = 3 in (55), we have

8$3/2
= ) 74
This gives
12z - 1) >0, z<1
! =_—YyY=v -/ . 75

Thus we conclude that the function ga(x) given by (74) is increasing in = € (0, 1) and
decreasing in x € (1, 00), and hence

M = sup ga(z) = max ga(z)=ga(l)=1. (76)

z€(0,00) z€(0,00)
Now (76) together with (37), (38) and (39) give respectively (71), (72) and (73). O

Proposition 4.5. We have following inequalities:

A(P||Q) £ - K(P]|Q), (77)
A*(PllQ) < 55 K(QI|P) (78)
and
32
0< 2 K(PQ) ~ APIIQ) (79)

o 2(R—1)rlnr+(1—=r)RInR 2(R—-1)(1—r)
o7 R—r R+ DHA 1)
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Proof. For s =1 in (55), we have

8z
95(0) = g (80)
This gives
, 8(2r — 1) >0, =<3
M= T <o, 0 H

Thus we conclude that the function ga(x) given by (80) is increasing in z € (0, 1) and
decreasing in = € (3, 00), and hence

32

)= 5 (82)

1
M = sup ga(r)= max ga(r)=g(5
z€(0,00) 2€(0,00) 2

Now (82) together with (37), (38) and (39) give respectively (77), (78) and (79). O

Remark 4.1. In view of relation (7) and Propositions 4.1-4.5, we have the following
main bounds on harmonic mean divergence:

SN @IP) < 1-W(PIQ) € A alip) )
ﬁf(PIIQ) <1-W(P||Q) < (Tfl)?)XQ(pHQ)’ (84)
0<1-W(PlIQ) < 1K (QIP), (%)

0<1-W(P|Q) <2 h(P||Q) (86)

" 0<1-W(PlIQ) < 1K (PlQ), 57)

The inequalities (84) were also studied by Dragomir [8]. The inequalities (87) can
be seen in Dragomir [10]. The inequalities (71) can be seen been in Dragomir [11] and
Topsge [26]. The inequalities (77) can be in and Dragomir [10].

5 Symmetric Chi-square Divergence and Inequalities

In this section, we shall give bounds on symmetric chi-square divergence based on the
Theorems 3.1 and 3.2.

Theorem 5.1. For all P,Q) € T',,, we have the following inequalities:

0 < U(P||Q) < pu(PlIQ), (88)
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where

pu(PlIQ) = U(P|IQ) + Z 2 qp’ 4 (89)

If there exists r, R (0 <r <1< R < 00) such that

0<7’<&<R<oo, Vie{l,2,...,n},
4q;

then we have the following inequalities:

<V(Pl|Q) < aw(r, R), (90)
0 < ¥(Pl|Q) < Pu(r, R) (91)
and
0 < Bu(r, R) —¥(P||Q) (92)
<ye(r,R) [(R=1)(1—7) = x*(Pl|Q)] < au(r, R),
where
ay(r,R) = E(R —7r)? [2L;"(r,R) — LT (r, R)] (93)
By(r,R)=(R—1)(1—=r)(R+7r) (94)
and
yo(r,R) = 2L, (r, R) — Ly (r, R). (95)

Proof. Follows from Theorem 3.1 by considering f by fgy and making necessary calcula-
tions. O

Theorem 5.2. Let P,Q € I';, and s € R. Let there exists , R (0 < r <1 < R < o0)
suchthatO<r<ZZ<R<oo Vie{l,2,..,n}.

(a) For s < —1, we have the following mequahtws
2(r* 4+ 1) 2(R*+1)
T 0u(PIQ) < U(PIIQ) < S au(PlQ), (96)
2 1
A o (PIQ) - @u(PlQ) (97)

2(R®+1)

<V(PIIQ) <

[pa. (P[|Q) — ©:(P|Q)]
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and

2D (5, (. 1) - 0,(P)Q)

2(R?+1
% B, (r, R) — B4(P|Q)]

(b) For s > 2, we have the following inequalities:
2(R*+1)
Rl+s

<

3
2,(PlQ) < v(PlQ) < 2 Ve o),

2D o (PlIQ) - 2.(PQ)

2(r3 + 1)

SUPNQ) < — 55— [pe.(PllQ) — ©s(P[|Q)]

and
2(R° +1
2D o, ) - (Pl
< Balr, ) — W(P)Q)
< 20 [ B) - (Pl

where
n

U(P||Q) = pu(PlIQ) — T(PI|Q) = Y _

=1

(pi —@:)*(P? + @7)
plg;

Proof. Let us consider
gu(z) = 2* = fl(x) =227 (2 + 1), =z € (0,00),

where fy(z) is as given by (17).

We have
o) = 2072 (s = 2)a° + (s + 1] {i o sy
¢From (104), we conclude the followings:
3
= inl gufr) = min gu(s) = {El .
z€(r,R] z€[r,R] B 5>2

and

M = sup gg(x) = max gy(zr) =

€lr,R] z€lr,R] 2r+1)

7.1+s Y S

2(R3+1
(le;)7 Sg_l
Z

In view of (105) and (106) and Theorem 3.2, we have the required proof.

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)
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Proposition 5.1. We have the following bounds in terms of x*—divergence:

(r* + Dx*(QIIP) < U (P||Q) < (B*+ 1)x*(QI|P), (107)

2(° +1) [305(QIIP) — x*(Q|P)] (108)
< U(PIQ) < 2(R°+1) [3,23(P||Q) — x*(Q|P)]

and

[0 -] (109)
< ( 1)(1—r)(R+r)—‘P(PIIQ)

<uﬁ+w{”“fé“‘”—x%@uﬂ.

Proof. Take s = —11in (96), (97) and (98) we get respectively (107), (108) and (109). O

Proposition 5.2. The following bounds on in terms of x*— divergence hold:

Trlerie) < wrle) < i), (110)

T PlQ) < v (PlIR) < 13 (PlQ) (1)
and

B[R -1)01 )~ (PIQ) (12)

< Bu(r, B) = ¥(P||Q)

TR - - 2P

r3

Proof. Take s = 2 in (99), (100) and (101) we get respectively (110), (111) and (112). O

<

~

We observe that the above two propositions follows from Theorem 5.2 immediately
by taking s = —1 and s = 2 respectively. But still there are another values of s such as
s=0,s=1and s= % for which we can obtain bounds. These values are studied below.

Proposition 5.3. We have following bounds in terms of relative information:

0<3V2 K(QI|P) < ¥(P||Q), (113)
0 < 3V2[\*(QIIP) — K(Q||P)] < ¥*(P||Q) (114)

and
U(P||Q) — 3V2K(Q||P) (115)

R—1)lni+(1—-r)lng

<(3_1)(1—r)(R+r)—3€/§( -
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Proof. For s =0 in (103), we have

2(x® + 1
gu(z) = %, (116)
This gives
2(223 — 1)
gy(r) = 22D (117)
2(V2ax —1)(VA 22+ V22 + 1) {20, TZ 95
- 2 1
Thus we conclude that the function gy (x) given by (116) is decreasing in = € (0, \%)
and increasing in = € (4= 7 00), and hence
= inf i = =3 118
m=_inf gu(r) = min gu(r)= 9@(\/—) V2. (118)
Now (118) together with (37), (38) and (39) give respectively (113), (114) and (115).
O
Proposition 5.4. We have following bounds in terms of Hellinger’s discrimination:
0 <16 A(P||Q) < Y (P||Q), (119)
1 ¢ o
0<16 52(6] pz),/p hQ[IP)| < ¥ (P[|Q) (120)
i=1 !
and
0 < W(P[|Q) —16 h(P||Q) (121)
16(vR—1)(1 —
<S(R-1)(1—-r)(R+r)— (VR —1)( \/?)
VR +\/r
Proof. For s = 1 in (103), we have
2(x% 4+ 1
This gives
, 323 —1) 3x—-D@*+z+1) |20, z>1
= = : 12
g‘ll(x) ZE5/2 5135/2 < 07 z < 1 ( 3)

Thus we conclude that the function gy (z) given by (122) is decreasing in x € (0, 1)
and increasing in x € (1,00), and hence

m= inf gg(r)= min gy(z) = ge(l) =4 (124)

x€(0,00) x€(0,00)
Now (124) together with (37), (38) and (39) give respectively (119), (120) and (121).
[l
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Proposition 5.5. We have the following bounds in terms of relative information:

0 <3V2 K(P||Q) < ¥(P||Q), (125)
0 <3V2 K(Q||P) < W*(P||Q) (126)
and
0 < U(P||Q) - 3V2 K(P||Q) (127)
<(R-1)1-r)(R+r)—302 (R — 1)rln7}"%+_(71‘—7“)RlnR'
Proof. For s =1 in (103), we have
3
gula) = XD, (125)
This gives
3 _
gola) = 22 2 (129
2= V2)(@P+V2a+ V) |20, 2=V2
B a3 <0, z<V2

Thus we conclude that the function gy (z) given by (128) is decreasing in = € (0, v/2)
and increasing in = € (V/2, 00), and hence

m=inf gy(z)= min gy(z) = ga(V2) =3V2, (130)

z€(0,00) xz€(0,00)
Now (130) together with (37), (38) and (39) give respectively (125), (126) and (127).
[
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Abstract

In a recent paper ([2]) the authors introduced and studied the main
properties of the cross product of fuzzy numbers. The aim of this
paper is to study power series with the cross product. The properties
of convergence and the expected value of fuzzy power series are mainly
approached. As an important application, a solution of the fuzzy
differential equation y/(z) = a®y(z) ®b(x), where a is a strict positive
fuzzy number and b is a continuous fuzzy number valued mapping, is
given.
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1 Introduction

Fuzzy numbers allow us to model the linguistic expressions appeared in dif-
ferent scientific areas mainly because of dependence on human judgement,
finite resolution of measuring instruments, finite representation of numbers
in computers. This explains the increasing interest on theoretical aspects
of fuzzy arithmetic in the last years, especially directed to: operations over
fuzzy numbers and properties ([4], [16], [19], [20], [22], [23], [24], [26], [27],
[30], [31]), ranking of fuzzy numbers ([6], [11], [13], [28], [36]), canonical
representation of fuzzy numbers ([8], [9], [12], [14], [17]).

Generally, the addition (or triangular norm-based addition) of fuzzy num-
bers and the scalar multiplication are considered. The operations of product
type of fuzzy numbers are few studied because the known definitions lead to
difficult handling.

The main disadvantage is that the shape of L — R type fuzzy numbers is
not preserved. In many papers (see e.g. [5], [33], [35]) approximative methods
are given to estimate the result of the product of two fuzzy numbers, but these
may lead to large computational errors after successive applications.

That is why in the paper [2] we introduced and studied a new product,
called cross product, over fuzzy numbers and explained the advantages of the
use of this one.

In this paper we prove that good results can be obtained on power series
of fuzzy numbers with cross product.

The paper is divided as follows. In Section 2 we present some necessary
basic concepts including the definition of a fuzzy number, addition and scalar
multiplication of fuzzy numbers, distance between fuzzy numbers, definition
and properties of the cross product of fuzzy numbers (proved in [2]). The
third section contains the definition of a fuzzy power series with cross product
as a particular fuzzy-number-valued function series, important examples and
results on convergence and expected value of a fuzzy power series. As an
application, in Section 4, the fuzzy differential equation y'(z) = a © y(z) @
b(x), where a is a strict positive fuzzy number and b is a continuous fuzzy-
number valued mapping with all the values strict positive or all strict negative
is studied. Finally, a consequence of the main result of this section and an
example are given.
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2 Basic concepts

Firstly, let us recall the following parametric definition of a fuzzy number
(see [10], [29]).

Definition 2.1. A fuzzy number is a pair (u, @) of functions ", @",0 <r <1
which satisfy the following requirements:

(1) u" is a bounded monotonic increasing left continuous function;

(#7) ©" is a bounded monotonic decreasing left continuous function;

(1ii) u" < @", for every r € [0, 1].

We denote by Rx the set of all fuzzy numbers. Obviously R C Rz (here
R is understood as R = {f = X{«}; T is usual real number}). For arbitrary
u=(u,u) € Rp,v=(v,7) € RF and k € R we define the addition of u and
v, u @ v, and the scalar multiplication of u by k, k- w or u - k, as

ok, itk >0,
<£ﬂ>_{kw,ﬁk<a

Pk, ik >0,
(ku)_{ky,ﬁk<0

We denote by Su = (—1) - u the symmetric of u € Rz and i -u by /% if
p# 0.

A fuzzy number u € Ry is said to be positive if u' > 0, strict positive if
u' > 0, negative if ! < 0 and strict negative if u* < 0. We say that u and v
have the same sign if they are both strict positive or both strict negative. If
u is positive (negative) then Su is negative (positive).

The following definitions and results are useful in the paper.

Definition 2.2. For arbitrary fuzzy numbers v = (u,u) and v = (v, ) the
quantity
D(u,v) = sup {max{|u" —"[,[a" = "[}}
0<r<1

is called the distance between u and v.
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It is well-known (see e.g. [7]) that (Rx, D) is a complete metric space and
D has the following properties:

(1) D(u®w,v®dw) =D (u,v), for all u,v,w € Ry;

(17) D (k- u,k-v) = |k| D (u,v), for all u,v € Rg and k € R;

(171) D(u @ v,wdt) < D (u,w)+ D (v,t), for all u,v,w,t € Rg.

If we denote ||u|| = D(u,0),Vu € Rz, where 0 = yjo) is the neutral
element with respect to @, then || - || has the properties of an usual norm
on Rz, ie., ||ull=0if and only if u =0, ||k - ul| = k| [|ull 5, |[u® || <
[lullz +1vllz, llullz = [[oll A < D(u, ).

Definition 2.3. (see [1]) A fuzzy-number-valued function f : [a,b] =Rz is
called Riemann integrable to I €Rg, if for any € > 0, there exists § > 0 such
that for any division P = {[u,v],&} of [a,b] with the norm A(P) < 6, we

have
D (Z@ (v—u)© f(é)J) <e,

P

where 3% is the addition with respect to @ in Rx.
We write [ = (FR) f:f(x)dx

Let x,y € Rg. If there exists z € Rz such that x = y ® z, then we call z
the H-difference of x and y, denoted by = — y.

Definition 2.4. ([18], [32]) A function f : A — Ry is said to be differentiable
at x € A if there exists f'(x) € Rz such that the limits lim,\ o w and
limy,\ o w exist and are equal to f'(z). We call f'(x) the derivative
of f at x. If f is differentiable at any z € A we call f differentiable.

Lemma 2.5. (i) Let f : [a,b] — Rz be differentiable at ¢ € |a,b]. Then f is
continuous at ¢ (see [1, Lemma 5, Section 1]).

(ii) Let f,g : (a,b) — Rx be continuous functions. If the H-difference
function f — g exists on (a,b) then f — g is continuous on (a,b) (see [1,
Lemma 1, Section 2]).

(iii) Let I be an open interval of R, and let f, g : I — Ry be differentiable
functions with the derivatives f', g'. Then (f&g) exists and (f®g) = f'®g
(see [1, Proposition 5, Section 2]).

The concept of expected value of a fuzzy number was introduced and
studied in [12]-[14] as a good representation of a fuzzy number as a crisp
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number. In our notations, if u is a fuzzy number then the expected value
EV (u) is given by (see Definition 2 and Lemma 3 in [12])

1

/u+u

0

l\DI»—

It is obvious that EV (6u) = —EV (u), for every fuzzy number u.
Let us denote R% = {u € Rz; w is strict positive or strict negative} and
let RS = R% U {0}.

Definition 2.6. ([2])The binary operation ® on RZ defined by w = u ®
v, [w]" = [w",w"], for every r € [0, 1], where

(uwot +ulvm —ulet, ifu! >0and v! >0
o = v +ulv —ute!, iful <0and vl <0
= ) v +ulv —u'vt, ifut <0ando! >0
| @T' +T'T —u'v!, ifu' <O0and T <0
and )
uvt +uto" —utet, ifu! >0and v! >0
) Tt — W', i >0and T <0
) wol +ute” —wtet, ifut < 0and vt >0
uvl +ulv” —ule!, if ' <0and T <0

\

for any u,v € R and u ® 0 =0
product of fuzzy numbers.

O]

=0 for any u € R} is called the cross

Remark 2.7. 1) Starting from the formulas of calculus in the case u and v
strict positive we can deduce: u® v = & (u©® (6v)) if u is strict positive
and v is strict negative, u ® v = & ((Su) ® v) if u is strict negative and v is
strict positive and u ® v = (Gu) ® (6©v) if w and v are strict negative. The
cross product u ® v is strict positive if u and v have the same sign and strict
negative contrariwise.
2) The cross product extends the scalar multiplication of fuzzy numbers
because R C RZ.
3) Similar operation can be defined on the set R# = {u € Ry; there exist
a unique o € R such that u(xg) = 1} as follows w = u © v, [w]|" = [w", W],
for every r € [0,1], where w" = u"v! +u'v" —u'v! and w" = W' +u'v" —u'v!
for every u,v positive fuzzy numbers. Let also, u @ v = & (u©® (6v)) if u
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is positive and v is negative, u ® v = & ((6Gu) ® v) if u is negative and v is
positive and u ® v = (6u) ® (6v) if u and v are negative. We observe that
the results of this paper hold with respect to this operation too. The main
algebraic properties of the cross product are given by the following.

Theorem 2.8. (/2])If u,v,w € RS then

(1) (Bu) Ov=u0O (6v) =6 (LOV);

() u@v=v0Ou

(1) (WEOV) QW =u® (VO w);

() If uw and v are strict positive or u and v are strict negative then
(udv)Ow=(uOw)® (vow).

We present other important properties of the cross product.
Theorem 2.9. (/2]) (i)If u,v have the same sign and w € RS then
D(w®uwov) < KD (uv).,

where K,, = max{|[w!|, |w!|} + w° — w’.

(i) If u,v € R% and we denote u' =" = u',

<
I
<
I
4
—
~
>
Q
3

EV (u®v) =u'EV (v) +v'EV (u) — u'v'.
(iii) If u € R then
EV (u®) =n (u))" EV(u) = (n — 1) (u")"

for every n € N*, where u®" =u ® ... ® u.
———

n times
(1) If (un) is a sequence of strict positive or strict negative fuzzy numbers

such that u, — u € RS then cOu,, — cOu, for every c € RS (the convergence
in the metric D is considered).

(v) If f, g : [a,b] — Rz are continuous at xo € [a,b] and f (zo), g (xo) are
strict positive or strict negative then f © g is continuous at xg.

(vi) If f,g : [a,b] — Rz are differentiable at xo € [a,b], f(z0),9g (xo)
are strict positive or strict negative and for sufficiently small h > 0 the H-
differences f(xo+ h) — f(xo) and f(zo) — f(xo — h) exist and have the same
sign as f(xg), the H-differences g(xo+h) — g(xo) and g(xo) — g(xo —h) exist
and have the same sign as g(zo), then f © g is differentiable at xo and

(f ©9)(x0) = [ (w0) © ¢'(w0) ® f'(20) © g(0).
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(vid) If f : [a,b] — R is differentiable at xoy € [a,b], f (zo) is strict
positive or strict negative and for sufficiently small h > 0 the H-differences
flzo+h)— f(zo) and f(xo)— f(xo—h) exist and have the same sign as f(xg)
then ¢ ® f is differentiable at xo for any ¢ € R and

(c® f)(x0) = cO f'(wo).

3 Power series with cross product

A series of fuzzy-number-valued functions is a function series Zf fn, where
fo: A(C R or Rg) — Ry, and Y% means the countable sum with respect
to the addition of fuzzy numbers. The concepts of convergence and uniform
convergence are considered in the metric space (Rgz, D). We say that the
series Y f, is absolutely (uniformly) convergent if >° || full - is (uniformly)
convergent. Because (Rz,®,-) is not a linear space over R, (Rx, ||-||z) is
not a normed space. We need to prove some lemmas which are analogous to
some classical results in normed spaces.

Lemma 3.1. (i) If the series fo fn is absolutely convergent on a set A then
it is convergent on A.

(i1) If the series 3 % f, is absolutely uniformly convergent on a set A then
it is uniformly convergent on A.

Proof. (i) Let x € A and ) ||fu(x)]|z be convergent. By [34, Theorem 1]

we have

7] - e - [ ater 37

n

Then

Dl @)l = ZD fal@),0) = i%%]max{lﬁm_@)rhlmq}-

For any r € [0, 1] we obtain

< Zlfn < Zan )7 -
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Since the last series converges, it follows that ) f,(z)" converges. The same

reasoning implies that > fo(z) converges.
(ii) For any € > 0 there exists N(¢) € N such that

[frn1(2) © o & frap(@)l| £ < [ i1 (@)l 2+ o+ | fnsp (@)l £ <&,

Vn > N(e),p > 1, Vo € A. The rest is obvious by Cauchy criterion and the
invariance to translation of the Hausdorff metric D. O

Lemma 3.2. If f, : A(C R or Rr) — Rx are continuous functions and if
the series of fuzzy-number-valued functions fo fn is uniformly convergent to
f:A— Rg then f is continuous.

Proof. By the properties of the distance D we have for n € N

for every z,y € A and n € N.
The property of uniform convergence applied to the first and the last term
and the continuity of each function fi, k = 0,...,n complete the proof. [

In what follows we study fuzzy power series as particular series of fuzzy-
number-valued functions by using the cross product of fuzzy numbers.

Definition 3.3. The function series fo:o@ an © ", where a,,z € RZ,
n € Nand 29" denotes  ® ... ©® z if n > 1 and by convention 2% = 1 = xq;,
—_—

n times

is called ®-power series.

The following theorem is an analogous of Abel’s first theorem.



POWER SERIES OF FUZZY NO...FUZZY DIFFERENTIAL EQUATIONS

Theorem 3.4. Let 3.2 % a, ©® 2" be a O-power series. Then there exist
Ri,Ry eR, Ri < Ry such that

(i) 3222, a, ©x®" converges on B(0, Ry)N(RE), where B(0, Ry) = {z €
Ry (o]l 7 < Ba};

(i1) 322, % a, © 29" converges uniformly on B(0, R) N (R$), VR < R,
(A means the closure of the set A);

(1ii) If a,, and x have the same sign then

every x with |T'| > Ry or |zt > Rs.

co D

on  J;
o Gn @ " diverges for

Proof. (i) For x € R%, by Theorem 2.9, (i) we have:

lan © 2°"|| - = D(an ©2°",0 © ") < K2 D(an,0) = K7 an]lz (1)

I
where K, = max{|7'|, |z'|} +7° — 2°. The case z = 0 is obvious. Let us de-
note by 71 the ray of convergence of the classical power series - ||ay|| - u™
Then the series Y, ||an || u™ converges for v € (—rq, ;) and converges uni-
formly on [—r,r] for all r < ry. Let Ry = %rl and = € B(0,R;) C R i.e.
||| < Ry. Then

sup max{|z"|, |Z"|} < Ry

re(0,1]
therefore
K, <max {|z'], |z'|} + |Z°] + |2°] < 3Ry =11.

By (1) and Lemma 3.1, (i) it follows that, for 2 € B(0,R;), the series
S 0 an ® 29" converges.

(ii) It follows from Lemma 3.1, (ii) and the above proof.

(iii) Let Ry be the ray of convergence of the series Y, @,u" and R, be the
ray of convergence of the series > alu™ . We denote Ry = max{Ry, R,}.
Let [7'] > Ry or |z'| > R, and let us suppose that the ®-power series
ZZO:OEB a, ® x°" converges. If a, and = are positive, then by [34, Theorem
1]

we have

= [Z ap(z)", > (@)

But at least one of the series Y >~ ah(z')” and Y 2 an,(z")" diverges, which
is a contradiction. As a conclusion ZZO:O@ a, ® x®" is divergent. O]

o @

n=0
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Remark 3.5. On Rﬁ a similar result can be obtained.

Corollary 3.6. If an € RZ, n € N and x € R then there exists Ry such
that the series ano a, - x" converges on (—Ry, Ry), converges uniformly

n [—R, R], VR < Ry and diverges on R\ [—Ry, Ry].

Proof. Since ||a, - 2"|| z = |z|" - ||an|| £, choosing R; the ray of convergence
of the crisp power series ) |lan||-u", we obtain the statement of the
corollary. O

Remark 3.7. If 2202069 an, ® 2" converges uniformly on a set A C RZ then
it is continuous on A. Indeed, by Theorem 2.9, (i) and (v) we obtain that
a, ® " is continuous as a function of z and by Lemma 3.2 it follows that
S ¥ a, © 2" is continuous.

Remark 3.8. It 3 ||, ||z u™ converges for any u € R then >°°° ¢ a, ®2®"
converges for all x € RZ and the convergence is uniform on any closed ball
in this set.

Theorem 3.9. If 3°°° © a,, @2 is a ®-power series with a, # 0, for every

n € N, then the number Ry in Theorem 3.4 is Ry = %limn_,oo(Haan)_% or

llanllz
lantillz

1 .
Ry = 3lim, .

Proof. Directly from Theorem 3.4
and Abel’s second Theorem for crisp series. O]

The following examples of ®-power series define some fuzzy analogous of
exponential, logarithmic, sine and cosine functions.

Example 3.10. (i) The series > oo -z converges for any x € R$

because the number Ry in Theorem 3.4 s R1 hm7HOO Mﬁ +00. We

denote its sum by eg.

g . _qyntl . »

(17) The series Zf;l@ ( 121 - 29" conwverges for any strict positive or

strict negative fuzzy number x € B(0, %) because lim,,_, Hgaﬂll =1. We
nt1llF

denote its sum by Ing (1 + x).
iii) The series S oo @ ED" 0@t conwerges for any © € R2 and
( ) (2n+1)! 9 Y F

we denote its sum by sm@
iv) The series S ® (&Y .29 converges for any x € RS and we
(1) n=0 (2n) 9 Yy F

denote its sum by cosg x.
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Similar results can be obtained for the operation ® defined on ]Rﬁ.
In the following theorem we compute the expected value of a ®-power
series.

Theorem 3.11. (i) If the power series ZZOZO® a, © x®" converges, where
Gn, T € ]ij_, then

EV (i an®x@”> EV (ag) —i—i (aln(z))" Y BV (2) — 2')

n=0

+ EV(an)(fEl)”);

(ii) If, in addition, a,, are symmetric fuzzy numbers (i.e. al —a,” = a," —al

for all r € ]0,1]) then

EV (Z an © x®”> = EV(ag)—i—Z EV(a,)[n(z")" ' EV (2)—(n—1)(2")"];

(i5i) If, in addition, x is a symmetric fuzzy number then

EV (Z n © x®”> = EV(a,)(EV(z))"

Proof. (i) We observe that if (u,) is a sequence of fuzzy numbers converging
to u then EV (u,) — EV (u). We get

oo @ n @
EV (Z an®x®”) = lim EV (Z ak®x®k> = lim ZEV (arOz%F).

n=0

Then by Theorem 2.9, (ii) we have

EV <Z an @JE@") = nh_)rgoz ap, BV (2°%) 4+ (EV (az) — ai)(xz")F).

n=0 k=0

By Theorem 2.9, (iii) we obtain

oo D
174 (Z an ® x®">
n=0
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= EV(ag)+ lim Z (DY EV (2) — (k—1)(2H*) 4+ (EV (ar) — ap ) (2'))

n—oo

= EV(ao) + lim Z(a;k(xl)k—l (EV(x) — ') + BV (ay,) (z")F),

which proves (i). For (ii) we observe that EV (a,) = al, ¥n € N, and for (iii)
we have EV (z) = 2. O

Example 3.12. We compute the expected values of the ®-power series in
Ezxample 3.10. We have

Ev<eg>:Ev(Z et )—Hzn, BV (@) — (0= ()]

n=0

14 EV(x )i (z)" iw

(n—1)! n!
= EV(2)e* —a'e” +¢* =¢* (1+ EV(z) —2Y),

n=1

#
for any x € R

We observe that if x is symmetric then EV (e%) = ePV(@).
Also,
- (_1)n+1 1yn—1 1\n
EV(lne(1+2)) = Z (@) EV(2) = (n = 1)()"]

= Z D™YEV(z) — 2 (@) + In(1 4 21)

EV(x) — ot
- % + 111(1 + 131),
for any x € Rﬁ N B (f), %) . In addition, if x is symmetric then EV (Ing (1 +
x)) =In(1+ EV(x)).
It is easy to check that

EV(sing ) = (EV(x) — ') cosx' + sinx'

and
EV(cosex) = (28 — EV(x))sinz' + cos 2,
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for every x € Rﬁ.

For almost symmetric fuzzy numbers, or fuzzy numbers with small sup-
port, the expected values of the power series presented in Example 3.10 are
near to e®V®@ In(1 + EV(z)), sin(EV (z)), cos(EV (x)), respectively. This
suggest us the possible use of these series as definitions for fuzzy exponential,
logarithmic, sine and cosine functions.

4 Application to fuzzy differential equations

In this section we study the fuzzy differential equation

y'(x) =aoy(r)®bx), (2)

where a is a strict positive fuzzy number and b : R — Rz is continuous and
all its values are strict positive or all are strict negative.
First we prove the following lemma on differentials of function sequences.

Lemma 4.1. Let (fu)nen, fn : [a,b] — Rz be a sequence of differentiable
functions converging uniformly to f : la,b] — Rg. If there exists > 0
such that the H-differences f,(x + h) — fu(z), fo(x) — fu(z — h) exist for
all0 < h < B and n € N and if f), is uniformly convergent to g then f is
differentiable and ' = g.

Proof. Let x € [a,b]. Since f, is differentiable, the H-differences f,(z + h) —
fa(x), n € N exist for sufficiently small h, i.e., there exists 3, € R such
that for 0 < h < 8, the H-differences f,(x + h) — f,(z), n € N exist. We
can choose (3, such that inf,cy (3, > (. Then for 0 < h < [ there exists
u,(h) such that u,(h) ® f.(z) = fu(x + h), for every n € N. We prove that
the function sequence (u,) is uniformly convergent on (0, 3). Indeed, by the
invariance to translation of the Hausdorft distance we obtain

fo(@ +h), um(h) ® folx))
fol@ +h) © fin(2), um(h) © fin(2) © fu())
fn@ + 1) ® frn(2), fn(x + D) & fulz)),

for every m,n € N and h € (0,3). Then by the property (iii) of D (see
Section 2) we obtain

D(un(h), um(h)) < D(fm (), fu()) + D(fa(z + h), f( + 1)),
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The uniform convergence of the sequence (f,) implies (u,) uniformly fun-
damental. Since (Rz, D) is complete it follows that (u,) is uniformly con-
vergent. Let us denote u the limit of the function sequence (u,), that is
limy, o0 un (h) = u(h) for every h € (0, 3). Since f,(z + h) = fu.(x) & u,(h)
for every n € N and h € (0, 3), we have

D(f(x+h), f(x) u(h)) <

D(f(z +h), fu(x + h)) + D(fu(x) ® un(h), f(x) ® u(h))
< D(f (@ +h), fulz + h)) + D(ful(2), f(2)) + D(un(h), u(h)),

for every n € N and h € (0, 3). Passing to limit with n — oo we obtain that
f(x)@®u(h) = f(x+ h) for 0 < h < f3, i.e., the H-difference f(z + h) — f(x)
exists for 0 < h < . Also, we get

0 (fof), B
(Bt o) Seth) - Jt)),

’ h

for every n € N and h € (0, 3). The properties of the Hausdorff distance
D in Section 2 imply

oz + 1) = fulx) flz+h) - f(z)
P )

_ %D(fn(x +h) = fulz), flz+h) — f(z)) =

_ %D (falx + ) @ f(@), f(z+h) & fulw)) <

1
< 3 (DUl + 1), £(x 4+ ) + D(fule). F())]. (1
for every n € N and h € (0, 3). Passing to limit with n — oo in (3) and
taking into account (4) we obtain

D <g(:v), flo + h])l - f(x)) < lim D <fé(a:)a fule ¥ h]i — fn(:r)>
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for every h € (0,3), and finally passing to limit with A \, 0 we obtain

fl@+h) = f(z) _fa(@+h) = fulz)
h ) T h )

D (g(x), lim

tim < lim D (f;(@

n—oo

i.e., the limit lim,\ o w

can be proved that limy\ o

exists and it is equal to g(x). Analogously

f(@)—f(z—=h)

- = g(z) and the proof is complete. [

Lemma 4.2. If a is a strict positive fuzzy number and eg(x_%) is defined by

a-(x—x0)

the power series in Ezample 3.10 then e 15 differentiable and

(ea.(x—xo))/ —a® eg(x—xo)’

for every x,x9 € R, x > xy.

Proof. Because (A4 p)-u=X-u® p-u for every A\, u € R, A\, > 0 and u
a fuzzy number, we get

1 1
H.GQk_(m_x0+h)k:H'CL@k_(x_xO)k‘ (5)

1
vl a™ - [(x — 20 + h)* — (z — 10)F],

forallh >0, k € Nand z,z9 € R, x > xg. Let n € N*. In the above relation
we obtain

n @ n @

1 1
> E'GQk'(SB—onrh)’“:Z E'&Gk'($—flfg)k (6)
k=0 k=0
n @
1
@Z g.a@c,[(x_$0+h>k_(x_x0>k]’
k=0

for all h > 0, x,29 € R, > x¢. Let us denote S, (z) = Sp_,° &ea® - (z —
79)*. Then the H-differences

n@l

Sp(x +h) — S,(z) = ] ~a®% (= 20+ h)F — (2 — 30)¥]

exist for all A > 0 (that is the first condition in Lemma 4.1
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is verified), x,zo € R, x > . Because
(z —x0)" = (x — 20 — h+ h)*" = (x — 20 — h)* + v,

with v > 0 for all h > 0, h < x — xy, we similarly obtain the existence of the
H-differences

1 1

H.a@'ﬁ.(x_xo)k—H-a@"’-(x—xo—h)kz (7)
:%~a®k-[(:L‘—xo)k—(x—xo—h)k]a

forall 0 < h < © — xg, x,x9 € R, > 3. The same reasoning as above
implies that

n @
Sp(x) — Sp(x —h) = % ca®% - [(z — 20)* — (z — 29 — h)"],

i.e., the H-differences S, (x) — S,(x — h) exist for all 0 < h < x — (. The
condition in Lemma 4.1

is satisfied with § = o — 29 > 0. Also, by (5) and the properties of the
metric D we get

Lol e k_ L ok ok
Hm {k! (x —x9+h) 1 (x — o)
1mll~a®k [(z —x —i—h)k—(a}—x)k]—l~a®k-k(:c—a:)k’1
N0 k] ’ Y ’
and by (7),
L Lo L ok
o h [k;v (= 20)" = g -a™ - (@ —z0—h)
1111ll a - [(z — z0)* — (x — o — h)¥] —i~a@k~k(m—x )t
AN ’ ’ k! v

for every x,z9 € R, x > x¢ and k € N*. We obtain

1 ’ 1
(— ca®% - (2 — xo)k) = = 1)1 ca®%(z —xo)Ft, VE € N
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(k—1) . (z—z0)"~!

Because the terms a® are strict positive for every £ € N*|

(F—1)!
Lemma 2.5, (iii) implies
n © 1
/ o ok k—1 __
Sn(fl?) = ; m'a (.Z'—I()) —CL@Sn—l(l’).
Because (S, )nen converges uniformly to eg(gc_m) and S, is a strict positive
fuzzy number for every n € N, it follows, by Theorem 2.9, (iv), that (S},),cx
converges uniformly to a ® eg(x_x"). Finally, Lemma 4.1 implies eg(x_xo) dif-
!/
ferentiable and <eg(r_x°)> —a®el" ™ for every z,10 €R, x> z9. [

Theorem 4.3. The fuzzy-number-valued function y : R — Rz given by

x

y(x) = co el @ (FR) / b(t) © eVt (8)

o

where a is a strict positive fuzzy number, is a solution of the equation (2) for
all x > xg and ¢ € RE having the same sign as b(t), t > xq (if ¢ #0).

Proof. First we observe that, by Remark 3.7, eg(x_t) is continuous for ¢ €

[0, z]. Then in Theorem 2.9, (v) it follows that b(t) ® e'é(m_t) is continuous
as a fuzzy-number-valued function of ¢, and by [7, Theorem 3.7]

it is integrable. So, we have proved that the function y is well defined. If
the last term in (8) is differentiable, then by Theorem 2.9, (vii), Lemma 2.5,
(iii) and Lemma 4.2

we get

y(@)=coams" g ((FR) / b(t) ® eg(x_t)dt) (9)

z0

Let us prove that (F'R) ffo b(t) ®€g(x_t) dt is differentiable and to compute
its derivative. We have

z+h .
(FR)/ b(t) ® eg(m-‘rh—t)dt _ (FR)/ b(t) o eg(a:—l—h—t)dt

o zo

z+h
@ (FR) / b(t) © €& gt
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Since the H-difference u(t) = %" — %" exists (by Lemma 4.2) and it

is continuous (by Lemma 2.5, (ii)) for any h > 0 and ¢ € [zo, z], it follows that
u(t)® el = % We observe that u(t) and e%“ ™" are strict positive
and by Theorem 2.8, (iv) we have b(t) ©u(t) &b(t) © %@ = b(t) @ L")
with all the terms continuous and so integrable (see [7, Theorem 3.7]). Then
we get [7, Theorem 2.5 and Theorem 2.6]

(FR) / ) b(t) © 5"t = (FR) / ) b(t) © u(t)dt

zo zo

&(FR) / b(t) © e& " dt

o

and it follows

(FR) / o b(t) © e2 Nt = (FR) / ' b(t) ® u(t)dt

xo o
z+h

& (FR) / b(t) © e2 "t @ (FR) / b(t) © eX T gt

) T

Then the H-difference (F'R) f”h b(t)G)eg(Hh*t)dt—(FR) f;; b@)@eg(%t)dt

T
exists and we have

1 z+h (ot T a(othe
lim ((FR) / b(t) ® 5D at — (FR) / b(t) © e2 " t)dt)
xo o

= lim % : <(FR) / ' b(t) ® u(t)dt & (FR) / o b(t) ® eg(“h‘“dt>

xg T

g (0 w0 e (e o)

z0

z+h
®(FR) / b(t)Qeg(”h‘”dt)

By [7, Theorem 2.5 and Theorem 2.6]
we obtain

1 * (z+h— a-(x—
lim ((FR)/ b(t) ® (eg( thet) _ gl t’) dt) _

AN) 20
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a-(z+h—t) ea-(a:ft)

T ’ €o — €6
= lim (FR) / b(t) © - dt

zo

Also, [7, Remark 3.1 and Remark 3.2]
and Theorem 2.9, (i) imply

a(z+h—t)  a(z—t)

D ((FR) / by o . ‘o __at,(FR) / ' b(t)@a@eg(“>dt> <

zo zo

x 6a~(:r;+h—t) _ ea-(x—t) .
/ Dbt ®-=2 - © __b(t)oaees" ) dt <
zo

P ea-(m+h—t) . ea-(m—t) .
/ Kb(t)D © 3 2 ,a®© eg(zf ) dt,
Zo

where Ky = supyc .o {max{[p(t)"], [5(t) [} +5(t) — b(t)"}. Lemma 4.2 im-

plies
a-(z+h—t)  a-(z—t)
lim D <e® el ,a® eg(z_t)> =0,

h

therefore

lim % : ((FR)/ b(t) ® (eg(cc—f—h—t) _ 6g(z—t)> dt) _

AN) 20

= (FR) / b(t) ©a® el Vdt.

o

In relation (10) we get

1 z+h . 3 T o
lim - ((FR) / b(t) © =t — (FR) / b(t) ® " t)dt) =

h\o x0 o)

z+h

: (- 1 a(obhe
= (FR)/ b(t) ©a® e%( Dt o }1}{% - (FR)/ b(t) ® e®( +h=t) gy

) T

Theorem 2.6, Remark 3.2 in [7]
and the properties of the distance D imply

b (o3 ) [ oo e ) =
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—D((FR 1 b(x)dt. S - (FR Mb a(@+h=1) 1y ) <
=D ( (FR) h~(w)t,h-( ) (t) © ey t) <

wth 1 1 a-(z+h—t)
< D (5 -b@)b(t) © 1 - dt

_ 1 HhD b(x), b(t) © X @D g
- L[ b (e o)

In addition,
D (b(x), b(t) © eg(:c—l—h—t)) < D (b(x),b(t)) + D (b(t), b(t) @ eg(x-s—h—t)) <
(Theorem 2.9, (i)) < w(b, h) + Kb(t)D(i, eg(x+h7t)) (11)

for every ¢ € [z, x + h], with w and K, as above. We get

D (b(x), % . (FR) / o b(t) ® eg(“’”‘”dt)

1 z+h 1 z+h 5 a-(gj+h7t)
< E/ w(b, h)dt+Kb(t)E/ DA, e )dt.

We also observe that

n—oo

T a(x+h— . T 7 1 1
D(l,eQ( o t)): hmD(1,1®ﬁa-(x—i—h—t)@...@acz@"-(a:+h—t)”>
(12)

~ 1 1
= limD<O,Fa-(x+h—t)@...@—'a®”-(x—I—h—t)”)
! n!
]-')

n—oo
)
f

n—oo

1
< lim (“Fa-(vah—t)

1
+ ..+ H—a@” (x+h—t)"
n!

].'

on

1
< lim (]az+h—t|Hﬂ-a a

+. . +lr+h—t"
]:

—
therefore

1 vth T a(z+h—t)
E/ D(]_,GQ )dt
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I
_-a

z+h
/ o h— |t + .
FJx

1 x+h
+||= - a®" / |x+h—t\"dt>
n!
FJzx
1 . h? |1 - R R
=—lm (—||="-a — :
h n—oo \ 2 ||1! F n+11|n! F
Passing to limit we obtain
i L [ D@, %Nt <
h\O h . O] =
1 /h?]1 1
< lim lim— | —||—=-al| +..+ — . a®" = 0.
n—oo h\,0 h 2 1! F n+1 n! F

Since b is continuous, w(b, h) — 0 for h \, 0 (see e.g. [21]). We obtain
D (v tm E - (Fr) [ b @ @04} — o 13
@) fim e (FR) [ @ - (13)

for every @ > xy, which means limy\ o + - (FR) fxﬁh b(t) © X" ar = b(x),
for every x > xg. Then in (10) we have

1 th (5+he e (o
lim - ((FR) / b(t) © =t — (FR) / b(t) ® " t)dt)

]’L\O xo o)

= (FR) /w b(t) ®a® sVt & b(x), (14)

zo

for every x > x.
For the symmetric case we observe that

v x—h
(FR)/ b(t) © €t Vdt = (FR) / b(t) © et dt

xo o

& (FR) / b(t) © e& " dt,
r—h

the H-difference v(t) = %" — ¢2@") oxists and it is continuous for
any t € [zg,x—h] and 0 < h < x —x¢ (see Lemma 2.5, (ii)). Also, by Lemma



146 B.BAN,B.BEDE

4.2, v(t) and eg(%h*t) are strict positive and we get

(FR) / ) © Vgt — (FR) / T © oyt

o o

z—h
& (FR) / b(t) © eS @ dt,

zo
for every 0 < h < & — =y, therefore

z—h

(FR) / ' b(t) © &t = (FR) / b(t) © v(t)dt

Zo Zo

z—h T
@ (FR) / b(t) © 2" dt @ (FR) / b(t) © €%t
xQ z—h

Then the H-difference (FR) [ b(t) @ e dt— (FR) [Z7" b(t) @@ " at
exists and similar to (10) we have

z—h

lim%- ((FR) / () © 2@ Dat — (FR) /

o o

b(t) ® eg(x_h_t)dt)

- lim% ((FR) / Hb(t) ® (eg@*” - eg@*h*t)) dt) (15)

xo
@ lim (FR) ’ b(t) © €%t
RO D o ©

xT

: = 1 a-(z—
~(FR) [ by a@ s arolim o (FR) [ bi)o e

s z—h

Similar to the symmetric case we get

D (b(x), % . (FR) / mhb(t) ® eg“‘”dt)

1 [" (o
<= [ Db),bt)©es" )t
z—h

for every 0 < h < & — xg. As in (11) we have

D (b(ff); b(t) ® eg(:c_t)) S W(b7 h) + Kb(t)D(17 eg(l‘—t)>
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for every t € [x — h,z], 0 < h < & — (. Similar to (12) we obtain

D(1,e5"™")
)

for every t € [x — h,x], 0 < h < & — x(. Similar to (13) we get

On

< lim <|x—t\ ’

n—oo

1
—_ a
n!

1
_ a
1!

+ ot |z —t"
]:

. 1 ‘ a-(z—t) .
}1}{1}) . (FR) /x_h b(t) ®eq " dt = b(z),

for every & > xg. Then in (15) we have

lim%- ((FR) / () © 2@ at — (FR) /

o o

z—h
b(t) ® eg(””‘h‘”dt)

= (FR) / ) b(t) ®a® sVt & b(x), (16)

zo

for every x > xo, and by (14) and (16) we obtain that

((FR) / $b(t) ® eg(x_t)dt)/ = (FR) / $b(t) ©ae el dt e b(z),

Zo o

for every x > x. In (9) we get

x

y(x)=cO®a® eg(x_xo) ® (FR) / b(t) ©a® eg(gj_t)dt @ b(z)
o
Because ¢ and b(t) have the same sign it is easy to prove that the fuzzy-
number-valued function given by (9) is a solution of the fuzzy differential
equation (2) and the proof is complete. ]

It is immediate the following result.

Corollary 4.4. The fuzzy-number-valued function y : R — Rg given by

y(z) =30 © ™) @ (FR) / b(t) © eV dt,
xo

where a 1s a strict positive fuzzy number, is a solution of the fuzzy initial
value problem

{ Y (r) =a0y(r) ®b(r) (17)

y(xo) = yo ’

for all x > xq, where yy € ]Rg)_-, b: ]R~—> Rz is continuous, yo and b(x) have
the same sign for all x > x¢ (if yo # 0).
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The following example gives the solution of a fuzzy initial value problem
with triangular fuzzy numbers as data. We recall that for a < b < ¢, a,b,c €
R the triangular fuzzy number u = (a,b,¢) determined by a,b,c is given
such that u" = a + (b — a)r and @" = ¢ — (c — b)r are the endpoints of the
r—level sets, for every r € [0,1]. If u; = (a;,b;,¢;), @ € {1,2} are triangular
fuzzy numbers then

Uy ® Uy = (a162 + a2b1 — blbg, blbg, Clbg + Cgbl - b1b2> (see [3])

and
uy ® ug = (ag + ag, by + ba, 1 + c2).

If u = (a,b,c) is a triangular fuzzy number and k € R then k-u = (ka, kb, kc)
if k is positive and k - u = (kc, kb, ka) if k is negative.

Example 4.5. Let a = (a(l —¢),a,a(l+¢€)),a,e > 0 and b = ({(1 —
e, B,6(1+¢€"), B, > 0, strict positive triangular fuzzy numbers and let us
consider the fuzzy initial value problem

Firstly, let us compute e%® for x > 0,2 € R. Because (see [3])

) =

(a-x (a"z"(1 — ne),a"a", a"z" (1 + ne)),

by direct computation we get

a-xr 1 n
el = Z ] (a-x)®
n=0 ’
x @ az" az" o"x"
= ( (1 —ne) : (1+n5)>
—~ n! n! n

(ii S

[z ‘”.72 Sy z)
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= (e*"(1 — eax), e, e (1 + cax)) .
It follows that

xT

(PR) [ b0 et = f2, Theorem 4.9, (i0)] =bo (FR) | ¢
0 0

=b® (FR) /w (ea(x’t)(l —ca(z — 1)),V @1 4 ca(z — t))) dt
0
= [7, Theorem 3.2/
— ’ alz—t) (1 _ _ ’ a(z—t) : a(z—t) .
b® (/0 e (1 —calx t))dt,/o e dt,/o e (1+ea(x t))dt)
=(B(1-¢),8,81+£))o

ar 1 ar __ 1 ar __
©) (e (1+4¢) —ecxe™®, ‘ , c (I1—¢)+ 5xeax)
« o a
ar 1 ar _ 1 ar __ 1
- 3. (6 (1+8—5')—5xe‘m,6 < (1—1—5’—5)—1—5&:6‘”)
a a
Then
y(x) =e* - (1 —cax, 1,1 +cax)®
ar 1 ar 1 ar __ 1
@B - (e (1—|—€—5’)—€:ce‘””,6 < (1—|—€'—8)+6xe”)
a « «

is the solution of the problem (18).
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Abstract

In this paper we obtain a numerical method for the solution of the
delay integral equation (1) which is known in some anterior given points.
In this purpose we construct a cubic fitting spline function through the
least squares method on the anterior interval which realize here a subop-
timal approximation of the solution. Afterwards, we use the successive
approximations method combined with a quadrature rule to approximate
the solution on [0,T].
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45D05.
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1 Introduction

The aim of this paper is to propose a numerical method for the approximation
of the smooth positive solution of the delay integral equation,

t

x(t) = f(s,2(s))ds. (1)

t—7

This integral equation has the origin in biomathematics where it models the
spread of certain infectious diseases with a contact rate that varies seasonally.
So that x(t) is the proportion of infectious in the population at the time ¢, 7 is
the lenght of time in which an individual remains infectious and f(¢,z(t)) is the
proportion of new infections on unit time.
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In [4], [14], [9] and [10] sufficient conditions for the existence of the positive
continuous solution of (1), which can be periodic, were given by D. Guo, V.
Laksmikantham, L.R. Williams, R.W. Legget and R. Precup. Using the Ba-
nach’s fixed point principle, I.A. Rus obtains existence and uniqueness results
of this solution in [11] and [12]. In [7] C. Iancu obtains a numerical method
for the approximation of the positive bounded solution of (1) using the Picard’s
technique of successive approximations and the trapezoidal quadrature rule. In
[2] we obtain some numerical methods for the approximation of the positive
smooth solution of (1) according to the properties of the function f , ( that is
Lipschitzian or of C', C? smoothness class ). Continuing our ideas, in this paper
we propose a numerical method using fitting spline functions and a pertubed
trapezoidal quadrature rule in C? smoothness case.

In this paper we consider 7 > 0, and T > 0 fixed, suppose that we know the
solution of the equation (1) in some p discrete points in the interval [—7, 0] and
we want to obtain an approximation of this solution for ¢ € [—7,T]. Firstly we
give sufficient conditions for the existence and uniqueness of a positive bounded
smooth solution of the equation (1). Using the above discrete values and the
Ichida-Yoshimoto-Kiyono’s method based on the least squares principle we con-
struct a fitting spline function which approximates the solution on [—7,0] (
[8] and [13] ). Afterwards, using the knots and the parameter values obtained
with this method we construct an approximation of the solution for ¢ € [0, T
based on the succesive approximations method and on a perturbed trapezoidal
quadrature rule ([1] and [3]).

2 The existence and the uniqueness of the pos-
itive smooth solution

Let T > 0 be a fixed real number. Considering the initial condition, x(t) = ®(t),
t € [—7,0], we have the initial value problem :

{ x(t) = [ f(s,x(s))ds,  Vtel[0,T] @
x(t) = (), Yt € [-T,0].
We suppose that ® € C[—7,0] satisfies the condition
0
®0)= [ [f(s®(s))ds. (3)

Supposing that f € C([-7,T] x R) and using the Leibniz’s formula of
derivation for an integral with parameters, we obtain the equivalence between
(2) and the following Cauchy problem for a delay differential equation

{ o/ (t) = f(t,z(t)) — f(t—T,2(t—7)),  Vtel[0,T] 1)
x(t) = ®(t), Yt € [-7,0].

To obtain the existence of an unique positive, bounded solution we consider
these assumptions :
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(i) Ja, 8 > 0 such that ® is continuous on [—7,0] and

0<a<®(t)<p,Vtel[-T,0]

(i) f e C([-7, T x [a,0]), f(t,x) > 0,¥t € [-7,T],Yz > 0 and IM > 0
such that f(t,y) < M,Vt € [-7,T],Vy € [a, 5];

(iii) ® € C'[—,0] satisfies the condition (3) and

2'(0) = f(0,0) = f(=7,2(-7))

where b = ®(0) ;
(iv) M7 < (3 and there is an integrable function g(¢) such that

flt,z) > g(t), Vtel[-7,T], Yz >a,

with .
/ g(s)ds > a, Vi€ [0,T];
t

(v) 3L > 0 such that |f(t,z) — f(t,y)| < L]z —y| for all t € [-7,T] and
2,y € [a, §).
Theorem 1 Suppose that assumptions (i)-(v) are satisfied. Then the equation
(1) has a unique continuous on [—7,T| solution x(t) , with a < z(t) < 8,
Yt € [—7,T] such that z(t) = ®(t) fort € [-7,0]. Moreover,
max {|z,(t) —z(¢)|: t € [0,T]} — 0

as n — oo where x,(t) = ®(t) fort € [-7,0] , n € N, zo(t) = b and z,(t) =
f:ﬁT f(s,2n-1(8))ds fort € [0,T] , n € N*. The solution x belongs to C*[—7,T].

Proof. In the functional space C[—7,T] we consider the Bielecki’s norm
2]l = max{|a(t)] - e 2 ¢ € [, T]}

for # > 0 and define the operator A : C[—7,T] — C[—7,T]

[l f(s,x(s))ds, te0,T]
A(‘T(t))_{ o(t), te[-1.0]

We have

[A(z1(2)) = Az2(1))] < /ti [ (s,21(s)) — f(s,2(s))| ds

t
L
< / L H331 - 332“3 . 69(S+T)ds < 5 ||x1 — 3;2HB . 69(t+'r)
t—7
for t € [0,7] and consequently

[A(21) — Alz2)|| <

|

|l — 22|
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for 21,29 € C[—7,T). This operator is contraction for § > L. Using the Banach’s
fixed point principle we obtain the existence of an unique continuous on [—7, 7T
solution for (1) such that x(t) = ®(t) for t € [-7.0] and

max {|z,(t) —z(¢)|: t € [0,T]} — 0
as n — oo . Using now the Chebyshev’s norm,
z]le = max{|z(?)] : t € [-7,T]}

we obtain
7_7an

1—7L

|zn(t) — 2(t)] < o = 21l VE € [0, T).

From (iv) we see that

t t

x(t) = f(s,z(s))ds > / g(s)ds > a

t—7 t—7

t t
z(t) = f(s,z(s))ds < Mds < 3,¥t € [0,T).

t—T1 t—r
Because a < ®(t) < 3,Vt € [—7,0] and z(t) = ®(t) for ¢ € [-7.0] we infer
that a < z(t) < B,Vt € [-7,T], and the solution is bounded. Since x is
solution for (1) and we have z(t) = ftiT f(s,2(s))ds, for all t € [0,T], and
because f € C([—7,T] x [a, 5]) we infer that x is derivable on [0,T] , with 2’
is continuous on [0, 7T]. From the condition (iii) follow that x is derivable with
2’ continuous on [—7,0] (including the continuity at the point ¢ = 0 ). Then
x € C'[—7,T] and the proof is complete. W

Corollary 2 In the conditions of Theorem 1, if f € C* ([~7,T] x [a,0]), ® €
C?[-7,0] and

#(0) = 20,6+ L 0.0)- (70.0) — f(r 2] -
of of /
—S (o, B(=7)) - ot (7, B(-7)) - ¥/ (=7)

then x € C*[—1,T).
Proof. Follows directly from the above theorem and from hypothesis. W
3 The construction of the fitting spline function

The initial condition in (2) means that the proportion ®(¢) of infectious in
population is known for ¢ € [—7,0].
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But in the real world this knowledge is incomplete, more exactly we can
know the function ® only in some discret moments when we make measure-
ments. For this reason we can consider many sufficient values of ®, fi, fa,..., fp
experimentally found at the moments u;,7 = 1,p such that

—T=u <uz <..<u,=0.

Because these values are affected by errors we have to find an adequate
fitting spline function which approximate the function ® on [—7,0], using the

least squares method combined with the algorithm of K. Ichida, F. Yoshimoto,
T. Kiyono (see [8] and [13]) and the spline function of C. Iancu (see [5] and [6]).

This algorithm have the knots as variables. Starting from three knots we
insert another knot successively until a certain criterion is satisfied. The es-
timator of the variance of errors (as well as in [8]) is used to determine if a
satisfactory fit is reached. Then we obtain the new knots u(?,i =T, n + 1. Let
hi = ultD — @ § =T n.

3.1 The cubic spline function

The spline function, above mentioned, is the following piecewise cubic polyno-
mial on [—7,0] (see [5] and [6]) for which if ¢ € [u?, (Y] we have :

Mi—l—l - M; . (t B u(z))d + % . (t _ u(i))2+ (5)

+m; - (t—uD) 4y, Vi=T,n—1.

From [5] and [6] we have,

Mi+1+2Mi:6.%{;mm
Migy + M, = 2 =T — 1.

From relation (6) we obtain the following recurrent relations

Mi+1:6-—yi+ﬁ;yi76h—n:i72Mi 7 i .
ey = 3. B1TY g Lpppo 0 T BT (7)
1+1 hi 1 2 (2L
and we can also obtain
mi = B ghi (M 420 gy (8)
O Fhi(AMiq + M;) ’

Replacing this value of m; in (5), we obtain a new expresion for s;(t).
If we denote, _
(t —u®)?  hy-(t—u®)

ai(t) = —g—~ 6

157
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(t—u®3  (t—u®)? k- (t—u®)

e 3
t—u® t—u®
(1) = L di(t)=1-
ci(t) 5 (t) W

then relation (5) becomes,

si(t) = Mij1ai(t) + Mibi(t) + yivrci(t) + yadi(t) - (9)

i S5 (1) i = T, n. The computing
algorithm may be summarized as follows ( [8] and [6] ):

Step 1 : Calculate least squares fitting for initial two intervals. Construct
the normal equation and go to step 4.

Step 2 : Determine the interval to divide and insert a new knot.

Step 3 : Construct the normal equation.

Step 4 : Solve the normal equation.

Step 5 : If the number of parameters (y; together M;,7 = 1,n) is greater than
that of data, then end. Else test the criterion. If the criterion is not satisfied,
go to step 2. If it is satisfied, then end.

The algorithm run if we choose a satisfactory € > 0 to test the criterion.

Here, y;, m;, M; are the values of s;, s, s/ on u

3.2 The algorithm

First we take three knots u™), u® u®) where u() = u; = —7,u® = up, =0
and ©? is determined in order that there are equal numbers of data u; in each
interval [u™), u(®] and [u®,u®)]. We have

M, = s (u(l)) , My = s (u@)) = sy (u(Q)) , M3 = s} (u(?’)) :

The values of parameters y1, y2, y3, M1, Mo, M3 will be determined by least
squares fitting. From (9) we have,

51<t) = Msay (t) + Miby (t) + y2C1 (t) + y1dy (t) (10)
s2(t) = Mzaa(t) + Maba(t) + yzca(t) + yada(?).

Let the least and the largest values u; of data in the interval [u™) u(®] be
respectively u,, = u; and ug,. Similarly we denote u,, and uq, = u, in the
interval [u(?), u(®]. The sum of squares of residuals is,

q1

R(y1, My, y2, M2, y3, M3) = Z [s1(ur) — fil* + Z s2(uk) - (11)

k=p1 k=p2
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We want to obtain the values of y; , M; i =1,3 which minimize R. Differ-
entiating this expresion with the 6 parameters y; , M; and setting to zero, that
is

OR  OR OR

— =V, — =0, — = 0
oy oM, 0y
OR OR OR
oM, " ags oy

we get a linear system in this 6 parameters, which can be written in the following
normal equation :

Asz3 = g3 (12)

where the subscripts denote the number of knots and,

23 = (y1, M1, 2, Mo, y3, M3) € RS (13)

Z di (ug) fr, Z bu(ur) frs Y cr(wr)fu+ D dao(u) fi,

k=p1 k=p1 k=p1 k=p>
a q2 q2 q2
Yo ar(w)fi+ Y bolwn)fi, Y ealun)fu, Y as(un)fi) €RS (14)
k=p1 k=p2 k=p2 k=p2

B LB LB LB o

BB BN o o
Tl IR T
Ay Qg0 Qu3 Quq  Qyq5 Qg (15)

i~ = Qg i,j = 176a iF]
afy = Z [y (ur)]*, aSy = Z b1 (ue))?, a3 = 251(%)611(%)

k k k

afy) =3 er(un)di(we), aff =" ar(ur)ds (ur) (16)
k k

aly) = Zbl up)er(ug), asy = Zal up)br (uk), Vk =D1,q1-

q1

q1
afy = > fer(un)) + Z lda (ui)]?, afy = > ar(un)en(we)+

k=p1 k=p2 k=p1

a
ZbQdegUk a44:Za1uk —|—Z bgUk . (17)

k=p2 k=p1 k=p2
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@—qu@mw@—z<wwm
az(l‘? = Zbg ug)ea(ug), a46 = Zag ug)ba(ug), (5) = Z [CQ(Uk)]2

k

afe =3 as(ur)ea(wi), afy) = laz(up)]®, V=T (18)
k k
Solving the equation (12) by the Gauss’s elimination method we obtain the
vector of parameters, z1 | and the minimal value of R.
We denote by Rl(yl,Ml,yQ,Mg) and RQ(yQ,MQ,yg,Mg) the first sum and
the second sum of R. We see that R; is associated to the interval [u)u(?)]
and Ry to the interval [u(2),u(3)]. We compute R; and Re and make compar-

ison between o j}lﬁl agd E }ZH , where ¢; — p; + 1 is the number of data
u; from the interval [u(®, u(+1]. If - jH is greater , j € {1,2} , then we

divide the interval [u(), u+1] and 1nsert here the new knot in order that the
two new subintervals have equal number of data u;. In this way we have four
new knots and three intervals, three cubic polynomial as new functions, and
eight parameters y;, M;,7 = 1,4. With the least squares method we minimize
R(y1, My,y2, Ma,y3, M3, y4, My), which is an expression with 3 sums as in (10)
and (11), obtaining the values of these eight parameters, as above. We com-

pute Ry (y1, M1, y2, M2) , Ra(y2, M2,y3, M3) , Rs(ys, M3, ys, My) and —pﬁ =

max{#,i =1,2,3¢ , in order to divide the interval [u¥), u7+1)] and to

insert a new knot. The procedure continue and comes up with n — 1 intervals.
Computing,
R, R; S
— _max{—l,i =1,n— 1}
a —pj+1 g —pi+1

we divide the interval [u), uU 1] and insert a new knot. We obtain n + 1 new
knots, u™, u®), .. u( ™D i =T n. Similarly, we have n cubic polynomial
functions s;,i = 1,n and 2(n + 1) parameters y;, M;,i = 1,n + 1,

y1 =51 (u(”) M, = s} ( « )) s Ynt1 = Sn (u("“))

My i1 = s, (U(n+1)> s Vi = s (uTY) = s (D)
M1 = Sg/(u(i—l—l)) — Sg:rl(u(iﬂ)), i=Tm=1

The values of the parameters were obtained by the least squares method,
minimizing the similar expression R(y1, M1, ..., Yn+1, Myp+1) and solving the nor-
mal equation A, {12p41 = gn+1 , where 2zl and gl are (n + 1)-vectors
analogous with (13) and (14), and A,4; is a symmetric matrix of dimension
(n+1) x (n+ 1) analogous with A3. The elements of A, have analogous
form with (16), (17) and (18). This matrix has a band structure ( [8] and
[13] ) and therefore we can apply the Householder reductions or the Gaussian
elimination method to solve the normal equation.
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In the following we present the criterion of convergence (as in [8] and [13]).
Let,

R(ylv Mla ey Ynt1, Mn+1>
p—2(n+1)
be the estimator of the variance of errors.

This estimator decrease when we insert a new knot. When 6(n+1)—6(n) < «,
for € > 0 choosen, we consider that we have reached the adequate fitting. Then
the number n + 1 is enough and we store the new knots u(V), ..., u(®™1 and the
new spline parameters y;, M;, 7 = 1,n + 1.

o(n+1)=

)

3.3 The fitting spline function

With the knots u(?) and the values v;, M;,i = 1,n + 1 we construct the fitting
spline function s : [—-7,0] — R, which has the restrictions s; ( as in (5 ))
on [u®, u(*D] for each i = T,n. With the relations (8) we obtain the values
m;,1,n+ 1 and then

s(u®) =y, 8" (W) = my, s" (D) = My; Vi =T,n + 1.
We have that s € C?[—7,0]. Indeed, from (5) we obtain that
si(u) = s (uY), Vi=Tn.
The relations (8) are equivalent with
(D) = s (W), i=Tw

and since
MHhJ St — )

we have s/ (u(FD) = s/, (u+D)), Vi=Tn .

si(t) = M; +

Remark 1 Unlike the papers [5] and [8], here we use only the parameters
yi, M;. Of course, the values m; are directly obtained from the relations (8).
In [5] the parameters are y;,m;, M; and the expression of the spline function is
the same (5). In [8] the parameters are y;,m;, but the expression of the spline
function is more complicated ( see expression (1) in [8] ). Because we choose at
the beginning of the algorithm v = —7 and u® = 0, then after the stop of
this algorithm we have u® = —7 and u™ ™Y = 0. The knots u®,i =T, n+ 1
are not equidistant in general. Since the positive values fi, fa, ..., fp are large
enough we can have s(t) > 0 fort € [—,0].

4 The approximation of the solution

From Theorem 1 it follows that the equation (1) has an unique positive,
bounded and smooth solution on [—7,T]. Let ¢ be this solution, which can be
obtained by successive approximations method on [0, T].
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So, we have :

@, (1) =®(t) , for te[-7,0], VmeN
olt) = <I><o>—b:f0 s, ®(s))ds

o1(t) = [;_ f(s,00(s))ds ,
............................. fOor te[0,7T]. (19)

— ' (s, omr(5))ds |

To obtain the sequence of successive approximations (19) we compute the
above integrals using a quadrature rule.

4.1 The quadrature rule

We have seen that the fitting spline function approximates the solution ¢ on
the interval [—7,0] if ¢ € C?[—7,0], and the knots u(),i = T,n + 1 cover this
interval. We choose T" > 0 such that 3 [ € N* with T' = I7, and we move by
translation the knots u(¥),i = T,n + 1 over the each subinterval of [0, T] having
the length 7. In this way we have ¢+1 = I-n+1 knots on [0, T]. We denote these
knots by to,t1,...,tq , and obtain a partition of [0,7], 0 =ty <t < ... <ty =T
with

to—7=—-1=u® . t,—7=u"TD =0

Let () = (D) — @) 4 =T nand h; =t; —t;_1,i =0, q.
We see that h; = h() Vi =T, n, and

hn =Y, By = B9, hg = ™,
Vi = I,n,Vk = 1,1 — 1. If we denote t;_, = u"t) Vi = 0,n then we have

th —T=1r_n szrq.
We apply the following quadrature rule from [1]:

/b F(t)dt = P,(F,I,) + R, (F, I,) , (20)

where I, is a division of [a,b] , [, :a =2 < 21 < 22 < ... < Tp_1 < Xy =,
with h; =241 — 24,1 =0,n — 1 and

L
—Z () + F (xiy1)] Zh2 (iv1) — F' ()]
=0

[\)

with the remainder’s estimation, in the case F' € C3[a, b]:

[Ra(F. 1) < 2o 1] Zh4 (21)
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For the integrals (19) we apply the rule (20) with the function F,,(t) =
ft,0,,_1(t)), and according to (21) we need to realize an estimation for F” (t) =

m
[f(t,x(t))]}", where z = @,,,_;.
After an elementary calculus we obtain :

¥y 2f oo 0
S (b ()’ () + 352 (4 () (22)

" v J
F7(t) = ot3

(t,z(t))+3

2 Of

WP+ 2L i

otox

(t,2(0)) [ (0)]” + 35— (8, w(0))a” (1) +

82f ! " af "
+3@(t,m(t))x t) x (t)+%(t,:c(t))x (t).

Remark 2 [f(t,z(t)]}" has 7 terms and [f(t,:r(t)]glv) has (after an elementary
calculus) 18 terms. For this reason the use of a remainder which contains the
fourth derivative is not efficient. Then we avoid the Simpson’s or Newton’s

quadrature formulas.

Let
Moy =M =max{|f(t,x)| : t € [-7,T], x € [a, 5]}

o 9 f(t,
Hatmaj;az aX{’Btjl—gxiz (@) € [=7,T] x [a, 7] }

fora=1,3, a1, =0,3, a1 +as =q,

M, :max{”% of

ox

Mo — 2L |22 |22
2B || || Btoz || || 922
B Bf| || 8f Bf || 6°f
MS_maX{ £ "8t28:c || otoa? "ﬁ }

Then from (22) we obtain :
|F ()] < M3(1+ Mo)® + 5Ma My (1 + Mo)*+

+2M2(1 4+ My) = M™, Yt € [-7,T).

4.2 The algorithm

For the relations (19) and adapting the quadrature rule (20) at the knots ¢;,7 =
0, ¢ we obtain for m € N* and k =1, ¢:

th 1 k
en(t)= [ fena@s =5 30 Blfen a0+ (23

k—T
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k
1 0
+f(tit1, @1 (tiv1))] — T R 8{( i1 Pmo1(tiv1))+
i=k—n

15) , 5]
+8_£(ti+1’ Om—1(tiv1)) - @1 (tizs) — 8—{(752', Om—1(ti))—

0 n
1 s (1) - s (1] )

Also, we have

( ) M/// k
" k=1q. 24
Tm k — 160 ; h v »q ( )

n

a,f]). In(23), ¢,,_1(ti—7) = s(t;i—7) and ¢, _(t;—7) =
,n. Here, the values of the first derivative of ¢,,_; are for

if feC?(-7,T]x
§'(t; — ), for i =
meN,m> 2,

Pr—1(t) = [t pra(t)) = f(t =T, 0ot — 7)), ¥t € [0,T]
and ¢ (t;) = @) (t:;) = §'(t;) for t; € [—7,0], ((t) =0, Vit € [0,T]. We see that

oy = [ S D) = fti—7ys(t), Vi=Tn
(Z)_ f(ti’b>_f(ti_7—ab)) v'L:n"‘].,(]

and ¢g(t;) = s(t;) for t; € [—7,0], po(t) = b, Vt € [0,T].

Using for the successive approximations (19) and the formulas (23) with
the remainder estimation (24), we can obtain an algorithm for the approximate
solution of (2).

So, we have for k =1, ¢

k
% Z hi - [f(ti, po(ti)) + f(tis1, po(titn))] —

k
1 0
2 Z (tiv1s po(tivr)) + a_ic(tleWo(ti-i—l))‘P()(ti-l—l)
i=k—

W(ti,@om))—gfj (6, 0lte)eb 6] + 73 (9)

s

that is ¢q (tx) = o1 (t) + g"k)(f) and

k
ST hlf (b Brlts) + () + F(tirn B (i) +
1=k

1 & of
N =15 D B [ teens Baltien) + iR (F)+
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of — n of ,, —
+oy i, o1 tin) + () - @l (tig) — 5¢ Lo or(t)+

) = 9,51 e) + D) - ] + )

With the Lipschitz’s property of f we have

k
et =53 Y0 i f B + St B (29

: 9 _ 9 _
5 D0 RS (e, Frlti) + ok (e, Falti)

(v @ultin)) = f (i oltisnn) = o (15 B1(02)) —

7% (ti’ @Nl(tz)) ’ (f (ti? @O(ti)) - f (ti—na Wo(ti—n)))]+

(D) = Bl + S0, Vh=Ta.

Let h = v(I,) = max{h i) ,i=T1,n}. Then, h = max {h;,i =1,¢ — 1}. With
these, from (24) and ( 5) we obtain for the remainders the estimation :

M//I }
] < At and

"

n2hd
3

<nh4 +n?h°L + M2> VEk=T,q (26)

Continuing by induction for m > 3, from (23), (25) and (26) we obtain for
meNm>2 k=1,q

k
ot =5 Y il (6) () + St B tin)

—_~—

k
e =5 3 WIS tirn, P (i) + i ()

—_~— —~—

0 n
P i, i ) + 150 a () b, Pt +

+T7(1?)72 z+1<f)) — f(tit1—n, Sg_m\_—/2(ti+lfn) + 7“7(:12,1'+17n<f))]_

9 n of , —— o
O 1, T (1) 475 ) St By ) )

Lty P () +7 5 i (F)) = (i Po—a(timn) + 7505 o0 (PN)Y]
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"‘7‘7(:;,)19(]0) =

-

1
2

i

> i

—n

n

—_~—

SlH
le\

3

—_~— —~—

{f (tiv1, @m_oltiz1)) = f (tis1—n @ _a(tiv1—n)) }—

k
O (b0 (1)) — 92 (11 Py () £ (16, malt))

—f (s Poa i) ]+ P04 ) = o (t) + 7).

4.3 Main result

We can obtain a concise estimation for

we have:

r(")k(f)‘ + Lnh -

r?ﬁl(f)' <

rf,?ll,k<f>\ n

1

0| = o]+

)
—_~—

1 n
HEnh+ g QROM -+ 1)+ D] ().

Enk)(f)’ < M/l,;.gh’4 ,Vk =1,q . Then we obtain

“(n) n h?
éa\<mg\ Lnh+ " (01 4 1) 201

" nh2 M///nh4
[P < A nh+ 2= (Ma(M + 1)+ ML) - T

and

) n h?
() ‘< [P0 + [Enh o+ S (Ma(M 41) + M D))
2

Té”k)(f) < [+ (Lnh+ %(Mz(M +1) + ML)+

M///nh4
160
By induction we obtain for m € Nym > 2, and k =1, ¢:

h2
+(th+%(M2(M+1)+M1L))2]- Yk =T,q.

n h?
Tfn,)k(f)‘ <[+ (Lnh+ %(MQ(M +1) 4+ MyL)) + .4

hi [f (tiy o1 () + f (tis1, Py (tis1))] —

—_ 8
(tivis P (tizr)) + 8—£ (tit1, @1 (tit1)) -

Tm)k(f)‘ .Indeed, form > 2and k =1,q
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M""nh?
160
1= [Lnh+ g -nh?*(Ma(M +1) + MyL)]™  M"'nh*
1 —[Lnh + - nh2(My(M +1) + MiL)] 160

1
+(Lnh + ¢ - nh*(My(M + 1) + My L)"') -

Since h = O(Z) we can consider p = 22 If Ly < 2 and n € N is such that
1
Lnh + G nh*(My(M +1) + ML) < 1,

then for m € N,m > 2, and k =1, ¢, we have the estimation

(28)

’(;)/ M///nh4
Trn,k:(f) < 1 2 '
160(1 — [Lnh + % - nh?(Ma(M + 1) + My L))

In this way we got the sequence (¢, (tx)),,cn-» Which approximates the
sequence of successive approximations (19) on the knots t;, k = 1, ¢, with the

error : |, (tk) — @, (tk)| = rg’)k(f)' which has the estimation (28).

Proposition 3 Consider the initial value problem (2) under the conditions of
Theorem 1 and of Corollary 2. If f € C*([-7,T] x [a,0]), ® € C3[—T,0],
Lut < 2 and the ezact solution ¢ is approzimated by the sequence (@, (tk))men- »
, on the knots ty, k = 1,q , through the successive approzimation method (19),
combined with the quadrature rule (20), then the following error estimation holds

_ Mt
Ut) = em )| < T T T2 B+ 1) < L))
T L™ _
+m o — 901Hc[o,T] , VmeN,Vk=1.q, (29)

for n € N large enough.

Proof. From Theorem 1, we have the estimation

mirm

TmL —
[p(tk) = o (te)] < 1—L lloo — ‘Pl”c[o,T] Yk =1,q,

i € . Since | (11) = ntn)| = [r(24(0)
the inequality (28), we get the estimation (29).

, from this estimation and from

Remark 3 In the equidistant case, h; = h = Z,Vi = 1,n, after analogous

calculus we obtain form € Ny, m > 2, and k = 1, q the estimation

1 —[7L + g (72 (Ma(M + 1)) + LMy))™ 74 M"™

6n2

1— [rL+ L5 (72(My(M + 1) + LM;))] 16003

6n2
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Finally, we obtain the main result of our paper :

Theorem 4 In the conditions of Proposition 3, if hy = L,Vi = T,n, 7L < %
and ne N is such that n > [%(Ma(M +1) +LM,)]? then for any m € N,m > 2

we have
m m

— T
‘Sp(tk) - <pnz(tk)| < 1—7L

7.4]\4///
T T60m7 (1= [rL + g5 (72(Mo(M + 1) + LMy))))

6n2

“Nleo — <P1||c[0,T] +

Vk=T.q.
Proof. Follows from Proposition 3 and previous remark. W
The above presented numerical method is also useful for first order ODE.

Remark 4 If we use the trapezoidal quadrature rule, then we obtain the values
O (tr) from the first sum in (28). The remainder estimation is

n 1— (Lnh)™ M"nh?
rof )’ ST T2
where, M” = MQ(MO =+ 1)2 + Ml(MO =+ 1)

4.4 An example

To illustrate the algorithm we give an example in the conditions of Theorem 4.
Here, 7=1,T =3, n =10, ¢ = 30 and

1
O(t) = Z[cos2 7wt 4 0.25 - sin” 27t] 4 0.1

1 ., dr +3
t,2) = — sin® 7t + — " 1 0.25832.
fta) = ogsinmt+ o s T

We have 3 =2, a=01,m=02 M =05, 00) =%, L=1=, M =
My = %71’2 and M < 24.
For given € > 0 we find the smallest m € N such that

| P (tk) = Pri(ti) [<e, V=T

In the following table there are the values ¢, (tx), for k = 1,30. For e = 10712
we get m = 8.

bt | P (tr) te | O (ti) te | P (i)

t1 0.34795627524 | t11 | 0.35207611617 | to1 | 0.35211158318
tz | 0.34816606071 | {12 | 0.35208360617 | 25 | 0.35211127612
ts | 0.34849749458 | t13 | 0.35209051377 | to3 | 0.36211086721
ts | 0.34906707741 | {14 | 0.35209665275 | 24 | 0.35211053170
ts | 0.34986045867 | t15 | 0.35210167720 | to5 | 0.35211041254
tg | 0.35065567756 | t16 | 0.35210539510 | to6 | 0.35211056646
tz | 0.35123022656 | t17 | 0.35210798938 | to7 | 0.35211094266
ts | 0.35156856971 | t15 | 0.35210979766 | tog | 0.35211140258
tg | 0.35178615824 | t19 | 0.35211100019 | to9 | 0.35211177352
ti0 | 0.35197711605 | tog | 0.35211158784 | t30 | 0.35211191551
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Abstract. In this paper, we study set-valued variational inclusions with fuzzy map-
pings in the setting of real Banach spaces. By using Nadler’s Theorem and the
resolvent operator technique for m-accretive mappings, we propose an iterative algo-
rithm for computing the approximate solutions of this class of set-valued variational
inclusions. We also discuss the existence of a solution of our problem without com-
pactness assumption and prove the convergence of the iterative sequences generated
by the proposed algorithm.

Keywords: Variational inclusion, Algorithm, Convergence, Resolvent operators,
m-accretive mappings.

2000 AMS subject Classification: 49J40, 47540, 47H06
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1. INTRODUCTION

The theory of variational inequalities have had a great impact and influence in
the development of almost all branches of pure and applied sciences. Variational
inequalities have been generalized and extended in different directions using novel
and innovative techniques. An important and useful generalization of variational
inequalities is called the variational inclusion, which is mainly due to Hassouni and
Moudafi [10]. Ansari [1] and Chang and Zhu [8], separately, introduced and studied
a class of variational inequalities for fuzzy mappings. Several classes of variational
and quasi-variational inequalities with fuzzy mappings are considered and studied by
Chang [3], Chang and Huang [7], Huang [11], Irfan [13] and Lee et al [14]. Recently,
Chang et al [5, 6] introduced and studied the following class of set-valued variational
inclusion problems in the setting of Banach space F.

For a given m-accretive mapping A : £ — 2%, a nonlinear mapping N : Ex E —
E, set-valued mappings T, F' : E — C'B(F) and a single-valued mapping g : £ — FE,
find z € E, w € T(z) and ¢ € F(z) such that

0 € N(w,q)+ Alg(x)), (1)

where C'B(E) denotes the family of all nonempty closed and bounded subsets of E.

The purpose of this paper is to study the set-valued variational inclusion (1)
with fuzzy mappings without compactness condition in real Banach spaces. By us-
ing the resolvent technique for m-accretive mappings, we establish the equivalence
between the set-valued variational inclusions with fuzzy mappings and the resolvent
equation in the setting of real Banach spaces. We use this equivalence and Nadler’s
Theorem [15] to propose an iterative algorithm for solving our class of set-valued
variational inclusions with fuzzy mappings in real Banach spaces. The inequality
of Petryshyn [16] is used to establish the existence of a solution of our inclusion
without compactness assumption and prove the convergence of iterative sequences
generated by the algorithm.

2. PRELIMINARIES

Throughout the paper, we assume that E is a real Banach space, E* is the
topological dual space of E, C'B(F) is the family of nonempty closed and bounded
subsets of £, D(.,.) is the Hausdorff metric on C'B(E) defined by

€A yeEB

D(A, B) = max {sup d(x, B),sup d(A,y)} , A,B € CB(E),

We denote by (.,.) the dual pairing between E and E* and by D(T') the domain of
T. We also assume that J : E — 2F" is the normalized duality mapping defined by

J@)={feE (@ f)=lz| I FI and [ fl=llz]}, z€cF
Definition 1. [2] A set-valued mapping A : D(A) C E — 2% is said to be
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(i) accretive if for any x,y € D(A) there exists j(x — y) € J(z — y) such that for
all u € Az and v € Ay,

(u—w,j(x—y) =0

(i) k-strongly accretive, k € (0,1), if for any z,y € D(A), there exists j(x — y) €
J(x — y) such that for all u € Az and v € Ay,

(w—v, jz—y) = klz—yl*

(iii) m-accretive if A is accretive and (I + pA)(D(A)) = E for every (equivalently,
for some) p > 0, where [ is the identity mapping, (equivalently, if A is accretive
and (I + A)(D(A)) = E).

Remark 1. If £ = E* = H is a Hilbert space, then A : D(A) ¢ H — 2 is an
m-accretive mapping if and only if A : D(A) € H — 2 is a maximal monotone
mapping, see for example [9].

Let E be a real Banach space. Let F(F) be a collection of fuzzy sets over E. A
mapping F : E — F(F) is said to be fuzzy mapping. For each x € E, F(x) (in the
sequel, it will be denoted by F,) is a fuzzy set on E and F,(y) is the membership
function of y in F(z).

A fuzzy mapping F : E — F(F) is said to be closed if for each x € E, the
function y — F,(y) is upper semicontinuous, that is, for any given net {y,} C £
satisfying y, — yo € E we have limsup,, F,(va) < F.(%o).

For B € F(E) and X € [0,1], the set (B)y = {x € F : B(z) > A} is called a
A-cut set of B.

A closed fuzzy mapping A : E — F(F) is said to satisfy condition (x):

if there exists a function a : E' — [0, 1] such that for each x € E, (A;)a(a)
is a nonempty bounded subset of E.

It is clear that if A is a closed fuzzy mapping satisfying condition (x), then for
each © € E, the set (A;)q) € CB(E).

In fact, let {yatacr C (Az)a(z) be anet and yo, — yo € E. Then (A;)(ya) > a(x)
for each o € I". Since A is closed, we have

Aa:(yO) > thllpr(ya) > CL(I’)
a€cl’

This implies that yo € (Az)q, and so (Ay)a@) € CB(E).

Let T,F : E — F(F) be two closed fuzzy mappings satisfying condition (x).
Then there exists two functions a,b : E — [0,1] such that for each © € E, we
have (1, )a(z), (Fz )by € CB(E). Therefore, we can define two set-valued mappings

T,F:E— CB(E) by

T(x) = (Th)a@ » F(x) = (Fi)pw), foreach z € E.
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In the sequel, T and F are called the set-valued mappings induced by fuzzy mappings
T and F', respectively.

Let N: ExXxXFE — FE and g : E — E be the single-valued mappings and let
T,F : E — F(F) be fuzzy mappings. Let a,b : E — [0,1] be given functions.
Suppose that A : E — 2F is an m-accretive mapping. We consider the following
set-valued variational inclusion problem with fuzzy mappings in Banach spaces.

Find z,w,q € F such that
(SVIPFM) T (w) > a(zx), F.(q) > b(x) and
0 € N(w,q) + Alg(x)).

If T)F : E — CB(FE) are classical set-valued mappings, we can define fuzzy
mappings T, F : E — F(FE) by

xr — XT($)7 T — XF($)7

where Xp(,) and Xp(,) are characteristic functions of T'(x) and F(z), respectively.

Taking a(x) = b(z) = 1 for all « € E, then (SVIPFM) is equivalent to problem
(1). For a suitable choice of mappings T', F, A, g, N and the space E, a number of
known and new classes of variational inequalities and variational inclusions studied
in [4, 5, 6, 13] can be obtained from (SVIPFM).

3. ITERATIVE ALGORITHM

Definition 2. Let A : D(A) C E — 2F be an m-accretive mapping. For any p > 0,
the mapping R? : B — D(A) associated with A defined by

R;‘(x) = (I +pA)Y2), z€E,

is called the resolvent operator.

Remark 2. We note that R;‘ is a single-valued and nonexpansive mapping, see for
example [2].

We first transfer (SVIPFM) into a fixed point problem.

Theorem 1. (z,w, q) is a solution of (SVIPFM) if and only if (z,w, ¢) satisfies the
following relation

g(z) = Rlg(x) — pN(w, q)], (2)
where w € T'(x), ¢ € F(z), and p > 0 is a constant.

Proof. By the definition of resolvent operator R;‘ associated with A, we have that
(2) holds if and only if w € T'(z) and ¢ € F(x) such that

g(x) — pN(w,q) € g(z) + pA(g(z))
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if and only if
0 € N(w,q) + Alg(x)).

Hence (z,w, q) is a solution of (SVIPFM) if and only if w € T'(z) and ¢ € F(z) are
such that (2) holds.

We also need the following lemma.

Lemma 1. [12] Let g : E — E be a continuous and k-strongly accretive mapping.
Then g maps E onto E.

We now invoke Theorem 1, Lemma 1 and Nadler’s Theorem [15] to propose the
following iterative algorithm.

Algorithm 1. Let T, F : E — F(FE) be two closed fuzzy mappings satisfying
condition (%) and T, F : E — CB(FE) be the set-valued mappings induced by the
fuzzy mappings T and F', respectively. Let N : £ x E — FE be a single-valued
bifunction and ¢ : F — FE a continuous and k-strongly accretive mapping. For
given xg € E, wy € T(xo) and gy € F(xo), let

g(x1) = Ry [g(z0) — pN(wo, qo)].

Since wy € T(x0) € CB(FE) and qo € F(xy) € CB(E), by Nadler [15], there exist
wy € T'(z1) and ¢; € F(x1) such that

lwo — w1 ||< (1+1)D(T(xo), T(21)),

a0 — g1 [I< (1 + 1)D(F (o), F(21)).
Let
g(x2) = R [g(x1) — pN(wy, ¢1)].
Continuing the above process inductively, we can obtain sequences {z,}, {w,} and
{qn} satisfying
9(Tpi1) = Rﬁ[g(xn) — pN (W, Gn)],

N 1 N N
wa € Tlan), || wo = wnrn 1< (14— =) DT (@) T(wann))

- 1 - -
tn € Fxn), | a0 — qnia [[< (1 + n+1> D(F(x,), F(ny1)),

foralln=20,1,2...

4. EXISTENCE AND CONVERGENCE RESULTS

In this section, we establish the existence of a solution of (SVIPFM) and prove
the convergence of iterative sequences generated by Algorithm 1.
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Definition 3. A set-valued mapping 7' : £ — CB(FE) is said to be {-Lipschitz
continuous if for any z,y € £

D(Tz,Ty) <&z —y |,

where £ > ( is a constant.

Definition 4. A mapping N : E x E — F is said to be Lipschitz continuous in the
first argument if there exists a constant o > 0 such that

|| N(x1,.) = N(zg,.) [|< || 21 — 22 ||, forall zy,z5 € E.

In a similar way, we can define the Lipschitz continuity of /V in the second argument.
The following lemma plays an important role to prove our main result.

Lemma 2. [16] Let E be a real Banach space and J : E — 2F" be the normalized
duality mapping. Then for any =,y € F,

| z+y [P<| z | +2(y, j(z +y)), forall j(z+y)eJ(z+y).

Theorem 2. Let E be a real Banach space. Let T, F : E — F(FE) be two closed
fuzzy mappings satisfying condition () and T, F : E — CB(E) the set-valued
mappings induced by the fuzzy mappings T, F, respectively. Let A : B — 2F
be an m-accretive mapping and ¢g : £ — E o-Lipschitz continuous and k-strongly
accretive. Assume that T is p-Lipschitz continuous, F is 4-Lipschitz continuous and
N : E x E — FE is Lipschitz continuous in both the arguments with constants «, 3,
respectively. If
2k — 1 — o2 1

< ., k>—=
P20y + ap) 2k — 1 2

then there exist # € E, w € T(x), ¢ € F(x) such that (z,w,q) is a solution of
(SVIPFM) and z,, — x, w, — w, ¢, — q as n — o0.

(3)

Proof. Since T is p-Lipschitz continuous and F' is y-Lipschitz continuous, it follows
from Algorithm 1 that

1 .. - 1
fwnmtnir | < (147 ) DA T@ner) < (14— )1 za—zasa ||

) DU @), Pl < (14— )7 =i |

(4)
for alln = 0,1,2---. Let 2,41 = g(x,) — p(N(wn, q,)) for all n =0,1,2,---. Since
g is o-Lipschitz continuous, N is Lipschitz continuous in both the arguments with
constants o and (3, respectively, and by using Lemma 2 and (4), we have

n ~— Un < 1
I =i | < (145

|| Zn+17%n ||2:” 9(1771)_9(1771—1)_:0 [N(wm Gn) — N(wn—la Qn—l)] H2
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< |l g(@n) = g(@a-1) I* =20 ((N(wn, gn) = N(w-1,¢0-1)), j (zn41, 20))
< 0 @ — @1 1P 420 || N(wn, @n) = N(wn-1,¢n-1) [l Zns1 — 2 ||
= 0% || 20 — 2 [P 420 || N(wn; ) = N(wn, go-1) + N(wn, gu-1)
=N (wn-1,¢n1) [l 201 = 2 |
< 0 [l@n — @ P +20{[| N(wn, qn) = N(wn, gs) |
+ | N(wn, gn1) = N(wn-1,Gn-1) I} | zn41 = 2n ||
< 0% | @n—zn [P 4208 | dn = Gnr | o [ wn —wns [} 1] 20s1—2n |

1 1
02 || =0y ||* +2p {m (1 4 n) +ap (1 + n)} | Zn—tns || Zos1—2n |

IN

1
— 0 llan =zt P +2p (14 ) 37+ ) =zt Znsa = 20 |
)

Since g is k-strongly accretive, R;‘ is non-expansive and from Lemma 2, it follows
that for any j(x, —x,_1) € J(z, — Tp_1),

H Tp — Tp-1 ||2:|| [R;‘(Zn) - R;‘(Zn—l)] - [g(:l?n) —Tp — (g(xn—l) - xn—l)] ||2

<]l R?(Zn)_Rﬁ(zn—l) ||2 —2(9(wn) — 2n — (9(Tn-1) = Tn1), J(Tn — Tp1))
<|| 20 — 2n—1 ”2 =2k || 2n — Tp H2 +2 [ 2n — Tn ”2

which implies that

1
| n = 2n [I< Vo S |20 = 21 || - (6)
iFrom (5) and (6), we have

o 2p(1 +1/n)(By + ap)

2 2
Zn+1"%n S Zn " Zn— + Zn " Zn— Zn+1"%n
| Zni=zn IP< 5 |l Zn=zn | e ] [ER Ry [
o’ p(L+ 1/n) (B + ap)
< T An— 2 n - An— 2 n — *n 2
< s I = [P+ T 2 = 2 2 o 2 = 20 ]

Finally, we have

| 211 — 20 1< 00 || 20 — 201 || (7)
where
o — [ o+ p(1+1/n)(By + au)v2k — 1 ]1/2
N2k = D[ = p(1+1/n)(By + ap)/V2k —1]
Let

g — [ %+ p(By + ap)V2k — 1 }1/2
(2k = D1 = p(By + ap)/V2k =11
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Then we know that 6, — 6 as n — oo. ;From condition (3) it follows that 6 < 1.
Hence 0,, < 1 for n sufficiently large. Therefore (7) implies that {z,} is a Cauchy
sequence in E. Since F is a Banach space, there exists z € E such that z, — z
as n — oo. From (4) and (6), we know that {z,}, {w,} and {g,} are also Cauchy
sequences in F. Therefore, there exist x € E, w € E and ¢ € F such that z, — =z,
w, — w and ¢, — ¢ as n — oo. Note that w, € T(z,), we have

d(w,T(z)) = f{||w—p| : peT(z)}

< fw=w, | +d(w,, T(z))
< Jw=w, | +D(T(x,), T(z))

< Jlw—wn [l +pll2n =2 [|=0, n— o0,

which implies that d(w, T(z)) = 0. Since T(z) € CB(E), it follows that w € T(z).
Similarly we can show that ¢ € F'(x). Since g, R;‘, N(.,.), T and F are continuous,
it follows from Algorithm 1 that

g(z) = Ry[g(z) — pN(w, q)]

By Theorem 1, we know that (x,w, q) is a solution of set-valued variational in-
clusions with fuzzy mappings (1) in real Banach spaces. This completes the proof.
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1 Introduction

Semilinear functional differential inclusions in a Banach space have been the object of in-
tensive study by many researchers in recent years (see, e.g. [7], [12], [13], [16], [17], [18],
[19]).

Several works related to this subject are concerned with the Cauchy problem

Y (t) € Ay(t) + F(t,y), t >0 Yo = @ € B

where y; represents the ”history” of the system, B is the abstract Hale-Kato phase space
(see, e.g. [8], [10]) and A is the densely defined linear operator infinitesimal generator of a
strongly continuous semigroup of linear operators et | ¢t > 0.

Notice that inclusions of that type appear in a very natural way in the description of processes
of controlled heat transfer (see, e.g. [2], [15]), in obstacle problems, in the study of hybrid
systems with dry friction, in the control of a transmission line process and other problems

(see [12] and references therein).

In this paper we prove the existence of local, global and periodic solutions for semilinear
differential inclusions with infinite delay in a Banach space.

Here we continue the study we began in [7], but in a slightly modified setting, more suitable



...SEMILINEAR FUNCTIONAL DIFFERENTIAL INCLUSIONS... 185

to deal with the periodic problem. In particular, the regularity conditions posed on the
right-hand side as well as the condensivity of integral and translation multioperators are

expressed in terms of the Kuratowski measure of noncompactness.

An analogous problem for differential equations was studied by H.Henriquez in [9] under
a stronger assumption of compactness on the semigroup generated from the linear part of

the equation and by using the quotient space of the phase space.

About the periodic problem for differential inclusions without delay, there exists a de-
scription in the recent book of M.Kamenskii, V.Obukhovskii, P.Zecca ([12]), where topolog-

ical methods in multivalued analysis are developed and applied.

The paper is organized as follows.

In Section 2, we give some definitions and preliminary results. Afterwards, in Section 3,
we provide local and global existence results for our abstract Cauchy problem. In Section
4, under some additional hypotheses, we study the upper semicontinuous dependence of
the solution set on the initial data as well as its topological properties. Further we apply
the properties of the translation multioperator along the trajectories of the solutions to the
study of the periodic problem. In particular, in order to use the corresponding topological
degree theory, we give a sufficient condition under which the translation multioperator is

condensing with respect to the Kuratowski measure of noncompactness of the phase space.

2 Preliminaries

Let X and Y be topological spaces and let us denote by P(Y) the collection of all

nonempty subsets of Y. A multivalued map (multimap) F : X — P(Y) is said to be:
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(i) upper semicontinuous (w.s.c) if F~ (V) ={x € X : F(z) CV} is an open subset of

X for every open V C Y

(ii) closed if its graph TI'p = {(z,y) : y € F(z)} 1is a closed subset of the space X xY .

Recall also the following notions (see, e.g. [1], [12]).

Let £ be a Banach space and (A, >) a (partially) ordered set. A function §: P(€) —

A is called a measure of noncompactness (MNC) in & if

B(eof?) = 6(Q)

for every Q € P(E).

A MNC is called:
i) monotone if Qgy, 2 € P(E), Qo C Q; implies [B(Qy) < B(Q1) ;
ii) nonsingular it G({a} UQ) = B(Q) for every a € £, Q € P(E);
iii) real if A = [0,400] with the natural ordering, and 5(2) < +oco for every bounded €.

If A is a cone in a Banach space we will say that the MNC (3 is regularif (5(2) =0 is

equivalent to the relative compactness of 2.

As the example of the MNC possessing all these properties, we may consider the Kura-

towskis MNC
a() = inf{d > 0 : Q has a partition into a finite number of sets with diameter less than }
and the Hausdorff MNC

x(2) = inf{e >0 :  has a finite € — net} .
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JFrom the definitions it follows that the Kuratowski and Hausdorff MNCs are connected by

the following relations:
X(2) < () <2x(Q) . (1)
By means of the Kuratowski MNC we can define some important characteristics of a
linear operator in a Banach space.

Definition 2.1. Let L : £ — £ be a bounded linear operator and B the unit ball of £.
The number

IL|[*) = o(LB)
is said to be the (a)-norm of the operator L.

It is easy to see that the following properties hold:

L)@ < L]

a(LQ)

IN

IZ) e () (2)
Let X be a closed subset of a Banach space £ and K (&) [Kv(€)] denote the collection
of all nonempty compact [compact convex| subsets of £.
Definition 2.2. Let 3 be a real MNC in £ and 0 < k < 1. A multimap F : X — K(&)
is said to be (k, 3)-condensing or simply (3-condensing if
B(F() < kB(Q)
for every 2 C X.

The following fixed point theorem (see [12], Corollary 3.2, Proposition 3.5.1) will be

useful in the forthcoming local existence result.
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Theorem 2.1. If M is a bounded closed convex subset of £, and F : M — Kv(M) is
a closed (B-condensing multimap, where 3 is a real nonsingular and reqular MNC' in &, then

the fized points set Fix F = {x:x € F(x)} is nonempty and compact.

Everywhere in the following F will denote a separable Banach space with the norm ||| .

Let us recall some notions (see, e.g. [5], [11], [12]).

A multifunction G : [¢,d] — K(E) is said to be strongly measurable if there exists a

sequence {G,}52 ; of step multifunctions such that
h(Gn(t),G(t)) — 0O

as n — oo for p-a.e. t € [c,d] where u denotes a Lebesgue measure on [c,d] and h is the
Hausdorff metric on K(FE). Every strongly measurable multifunction G admits a strongly
measurable selection g :[c,d] — E ,i.e., g(t) € G(t)for a.e.t € [c,d] .

By the symbol L!([c,d]; E) we will denote the space of all Bochner summable functions.

A multifunction G : [c,d] — K(F) is said to be:
i) integrable provided it has a summable selection g € L!([c,d]; E) ;

7

i) integrably bounded if there exists a summable function w(-) € L ([c,d]) such that
1G] := sup{llg]l = 9 €Gt)} <w(t)
for a.e. t € [c,d].

It is clear that strongly measurable and integrably bounded multifunction is integrable.

The set of all summable selections of the multifunction G will be denoted by Sé .
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Put ag the Kuratowski measure of noncompactness in the space F, the following result
about apg-estimates for a multivalued integral is the consequence of Theorem 4.2.3 of [12]

and the estimates (1):
Lemma 2.1. Let a multifunction G : [¢,d] — P(E) be integrable, integrably bounded and

ap(G(t) < q(t)

for a.e. t € [c,d], where g € LY [c,d].

Then

ap (/ctg(s)ds) < Q/th(s)ds

for allt € [c,d].

Consider an abstract operator S : L'([c,d]; E) — C([c,d]; E) satisfying the following

conditions (cf. [12]):
(S1) there exists ¢ > 0 such that
t
1SF(t) = Sgt)ll <¢ / 1f(s) = g(s)llds
for every f,g € L*([c,d]; E), c <t <d;
(82) for any compact K C E and sequence {f,,}32; C L'([c,d]; E) suchthat {f,(t)}>, C

K for a.e. t € [c,d] the weak convergence f, — fo implies Sf, — Sfo.

Of course, condition (S1) implies that the operator S satisfies the Lipschitz condition

(S1) ISf = Sglle < ClIf = gllrs

where the first norm is the usual sup-norm in the space C([c,d]; E) .
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In the following we will suppose that

(A) the linear operator A: D(A) C F — E is the densely defined infinitesimal generator
of a strongly continuous semigroup of linear operators et , ¢ > 0 which is immediately

At

norm continuous, i.e. the function ¢t — e** is norm continuous from (0, co) into L(E),

the space of bounded linear operators in E (see [6]).

Remark 2.1. Note that the Cauchy operator G : L*([c,d]; E) — C([c,d]; E) defined as

G0 = [ M f5)ds

[

satisfies properties (S1) and (S2) (see [12], Lemma 4.2.1).

The sequence {f,}5%, C L'([c,d]; E) is said to be semicompact if:

(i) it is integrably bounded: ||f,(¢)|| < w(t) for a.e. t € [¢,d] and every n > 1 where

w(+) € LY [e,d]
(ii) the set {fn(t)}>2, is relatively compact for a.e. ¢ € [c,d].

Let us mention the following important property of semicompact sequences (see, e.g.

[12], Proposition 4.2.1).
Lemma 2.2. Every semicompact sequence is weakly compact in the space L([c,d]; E).

In the sequel we will need also the following properties of the operator S satisfying

assumptions mentioned above (see [12], Theorem 5.1.1).

Lemma 2.3. Let S : L([e,d); E) — C([c,d]; E) be an operator satisfying the conditions
(S1') and (S2). Then for every semicompact sequence {fn}; C L*([c,d]; E) the sequence

{Sfn}>2 isrelatively compact in C([c,d]; E) and, moreover, if f, — fo then Sf, — Sfo.
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Now let o be a real number and a > 0 . For any function y: (—oco0,0 +a] — E and

for every t € (—oo,0+al, y+ represents the function from (—oo, 0] into E defined by
y(0)=y(t+0), —oc0<6<0.

Throughout this paper we will employ the axiomatic definition of the phase space B
introduced by Hale and Kato [8]. The space B will be considered as a linear topological
space of functions mapping (—oo, 0] into E endowed with a seminorm || - ||z. We will assume

that B satisfies the following set of axioms.

If y:(—o00,0+4a] — E is continuous on [0, 0 +a] and y, € B, then for every t € [0, 0 +a]

we have
(B1) y: € B;
(B2) the function ¢~ y; is continuous;

(B3) llyells < K(t = 0) supy< <y [y(T)| + M(t = 0)lyolls

where K, M : [0,400) — [0,400) are independent of y, K is strictly positive and

continuous, and M is locally bounded.

3 Existence results

We consider the following problem for systems governed by a semilinear functional differential

inclusion

y(t) € Ay(t) + Ft,y), t=>o (3)

ya:SOGB (4)
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where the multivalued nonlinearity F' : [o,0 + a] x B — Kv(E) will satisfy the following

hypotheses:

(F'1) for every fixed ¢ € B the multifunction F(-,v) : [0,0 +a] — Kv(E) admits a

strongly measurable selector;
(F2) for a.e. t € [0,0 + a| the multimap F(¢,-): B — Kv(E) is us.c;

(F'3) for every nonempty bounded set 2 C B there exists a number ug > 0 such that for

every ¢ € )

IE®E I < po

for a.e. t € [o,0+ al;
(F4) there exists a function k € L' ([0, 0 + a]) such that for every bounded D C B
ap(F(t, D)) < k(t)as(D)

for a.e. t € [0,0 4+ a] where ap is Kuratowski measure of noncompactness in the

space B generated by the seminorm || - ||5.

For 0 < b <a ,let us denote by the symbol C((—o0,0 + b]; E) the linear topological
space of functions y: (—o0,0 +b] — E such that y, € B and the restriction y(; 44 I8

continuous, endowed with a seminorm

”yHC = ||yU”B + ||y| [U,U—l—b}HC .

Definition 3.1. A function y € C((—o0,0+0b]; E) (0 < b < a) is a mild solution of (3),

(4) if
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() vo=¢

(i) y(t) = eAE=Dp(0) + [LeAt=5) f(s)ds, t€ [o,0+b], where f¢€ Sk

2Y())

Note that conditions under which a mild solution satisfies some regularity properties are

described in Section 5.2.1 of [12].

Let X be any set of functions z : (—00,0 + a] — E such that z, € B and 2|5 544 18

continuous for all z € X. We denote, for t € [0,0 + a],
Xi={x,eB : zeX}

X[U,t] = {$|[U,t] : QZEX}.

The main result of this section is an existence result for problem (3), (4). For the proof

we will need the following result of J.S.Shin ([20], Theorem 2.1):

Lemma 3.1. For any t € [0,0 + a] the following relation holds:

ap(Xy) < K(t—o)ac(X]o,t]) + M(t —o)ag(Xy) .

Let us also mention the following useful property (see, e.g. [3]).

Lemma 3.2. If A C C([c,d]; E) is a bounded equicontinuous set, then

ac(A) = sup ag(At)) .

c<t<d
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Theorem 3.1. Under assumptions (A), (B1)-(B3) and (F1)-(F4) there exist h €
(0,a] and a mild solution y. of (3), (4) on (—oo,0 + h].

Proof. The proof follows the lines of Theorem 2 in [7].

Let us take 7 >0 .

Since the semigroup e“? is strongly continuous, there exists hi € (0, a] such that

I = D) < 5, 0< 7 < by
and there exists C € IRT such that
le*|<C,0<6<a. (5)

Let us take the continuous function s:[0,a] — B defined as

o(t+6), —00 <6< —t
s(t)(0) =

©(0), —t<60<0,
and consider the set

Q = s([0,a]) C B,
which is compact.
Let K* > 0 be the value

K™ = max K(t) , (6)

where K (-) is the function introduced in the axiom (B3).

Then, taking the closure W of the rK*-neighbourhood of @,

W = QT’K*
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and the corresponding number uy (see condition (F'3)) we may choose hg € (0,a] so that

Cuwhsg < ..

[\

Moreover, there exists hs € (0,a] such that

o+hs
2K*C / K(r)dr < 1 (7)

o

where K* and C' are as above, and k(-) is from the condition (F'4).

We put
h = min{hy, ho, h3} . (8)
For ¢ € B given in (4), we consider
D(p;h) ={x € C(lo,0 + h; E) : 2(0) = ¢(0)}

which is a closed convex set.

Further, for any « € D(y, h), we consider the function z[¢] € C((—o0,0 + h]; E)

o(t — o) —o<t<o
zlp](t) = (9)
x(t) c<t<o+h.
Then, for any ¢ € [o,0 + hl,
ot —o+0) —o<f<o-—t
zleli(0) = (10)
z(t+6) o—-1<6<0.

We consider the map j: [0,0 4+ h] x D(p,h) — B defined by

J(tx) = xlels
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and recall ([7], Theorem 2) that j(-,z) is continuous and j(t,-) is Lipschitz continuous in

the seminorm || - ||g uniformly with respect to t € [o,0 + h] .
Now, we consider the multivalued superposition operator
Pr : D(p,h) — P(L'([0,0 + h]; E))
defined as
Pr(x) = Sp( j(.z)) =
={feL'[o,0 +h;E) : f(s) € F(s,j(s,x)) = F(s,z[p]s) for a.e. s € [o,0 + h]}.
Pr is correctly defined and, using Lemma 4 in [7], one may verify that it is weakly closed.

We consider the integral multioperator
I': D(p,h) — P(D(¢, h))
defined by

I(z) = {z (1) = M) (0) + / A=) £(5)ds, fEPF(m)} .

Of course, every mild solution y € C((—oo,0 + h]; E) of (3), (4) is determined by a fixed
point x of I' by means of
y(t) = z[e)(t).
The fact that I' is a closed multioperator with compact convex values and that it trans-
forms the ball B,(¢) into itself, where @(t) = ¢(0), t € [0,0 + h] , can be proved by the

same method as in [7].

To prove the a—condensivity of I' on bounded sets, we use the following important

property of the integral multioperator.
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Lemma 3.3. For any bounded 2 C D(p, h) the image I'(Q) is bounded equicontinuous.

Proof. Let Q2 be a bounded subset of D(¢, h) and let N be a positive number such that
|z|lc < N for any z € Q.

First of all, we prove that I'(2) is bounded.

Let y € T'(2). By means of the definition of I'(2), there exists x € 2 such that

y(t) = eA(t_U)go(O) + /t eA(t_s)f(s)ds, t € [0,0+ hj

g

where f € Pp(x), so, in particular, f(s) € F(s,z[p]s), a.e. s € [o,1].

Let Q be the set defined as
Q={z[gl;€B : z€Q, telo,0+h]}.
It is a bounded set. In fact, for any € Q and ¢ € [0, 0 + h], from (B3) we get

lzlellls < K sup [lz(r)[| + M"|ells <

o<7t<t

< K'zlle + M lells < K*N + M*|¢lls
where K* is from (6) and
M* = sup M(t). (11)
0<t<a
Therefore, by using (5) and by applying condition (F'3) with D = Q, for every t € [0, 0 + h]

we have the following estimation :

Iy < Cliw(0)]] +C/at 1F(8)llds < Clle(0)]| + Cpgh ,

where C' is from (5).
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To prove the equicontinuity of I'(Q2), for any ¢1,ts € [0,0 + h| with t; < t2, we consider
y(tQ) — y(tl) =J1+ Jo+ J3,

where

Jl _ (eA(tgfa') - eA(t170)> S0(0) 7

t
I, = / 1 (eA(tgfs) _ eA(tlfs)) £(s)ds

g

and

t
J3 = / ’ eA2=3) £ () ds .

t1

Given arbitrary € > 0, let us estimate every term .J;, i = 1,2,3. At first,
|1 = e || (A=) — T) p(0)]| < € (A7) — 1) p(0)]] < ¢

provided t9 —t1 < d1.
To estimate Jo we may assume w.l.o.g. that ¢; > o. Let us take x > 0 such that

2Cuak < 5 and Kk <ty — 0. By virtue of condition (A), there exists d2 > 0 such that

A(tzfs) —e

A(t1—s) H < €

e e

for to —t1 < da; s < t; — Kk, where h is from (8). Therefore

t1—K t1
1l < [ A A ) ds 4 [ At - A | p(s)] s
o t1—kK
S gt — K — o)+ 2Cugk <
QMQhMQ 1—K—0 pak < €.
At last, notice that [|.J3]| is obviously estimated by Cpug(t2 —t1). O

Lemma 3.4. T' is ac-condensing on bounded subsets of D(p,h).
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Proof. Let Q C D(y, h) be a bounded set and let ¢ € [0, 0 + h] be fixed.
Of course,
0
L@)(0) € AODp0) + [ A Bl (12)

First of all, we consider the MNC ap of the integrand in the right-hand side of the above

relation. From (5) and assumption (F'4), we have
ap(e I Qlplr)) < Cap(F(r,Qel) < Ch(r)as(©lel:) -

It is clear that Qp][o, 7] = Q[o, 7] and Q[p], = ¢, therefore, by applying Lemma 3.1, we

have the following estimate:

ap(e*IF(7,Qe)) < Ck(r) [K(7 = 0)ac(Qo,7]) + M(r — 0)as(p)] <

< CK'k(1)ac()
where K* is from (6).
Then, by means of Lemma 2.1 and by applying the above inequality, from (12) we have
0 0
ap(T(Q)0)) < ag / eA(G_T)F(T, Qlplr)dr | < ZC’K*aC(Q)/ k(r)dr .
Since the right-hand part does not depend on ¢, by using Lemma 3.2 we obtain

o+h
ac(P(@) = swp ap(T(@(®) < 2K°C [ k) drac(®).
o<t<o+h o

Afterwards, since h is small enough to provide 2K*C [7 k() dr < 1 (see (7)), we

conclude that I' is ac-condensing. O

As a direct consequence of Theorem 2.1, I' has a fixed point. O

199
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Under a condition stronger than (£'3), we can obtain a global existence result.

Theorem 3.2. Assume that conditions (A), (B1)-(B3), (F'1), (F2), (F4) are satisfied

and that

(F'3') there exists a number p > 0 such that for every 1 € B we have the estimate

IEE ) < (L + [[¥]ls)
for a.e. t € 0,0+ al.
Assume also that
(H1) 2K*C [JT"k(r)dr < 1 where K* C,k(-) are from (6), (5), (F4) respectively.

Then the set X, of all mild solutions of problem (3), (4) on (—o0,0 + a| is nonempty and

compact.

Proof. The proof is analogous to that of Theorem 3 in [7] by using the Kuratowski
MNC instead of the MNC adopted in the cited theorem. We just note that, by applying the
same arguments of Lemma 3.4 under the further assumption (H1), the multifunction I' is

ac-condensing on the whole interval [o,0 + a] . O

4 The translation multioperator and the periodic problem

In this section we study the periodic problem associated to (3), (4) by developing the method
of the translation multioperator along the trajectories of solutions.

To this end, we need to investigate on the a-condensivity of the translation multioperator.
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In fact, from the structure of the integral funnel and the theory of topological degree for con-
densing nonconvex-valued multimaps ([12], Section 3.4), the existence of periodic solutions

follows.

We need some additional hypotheses on the phase space B.

The first is the following:

(B4) there exists [ >0 such that

IO < el

for all ¢ € B.

Then, we need two hypotheses concerning continuous representatives in B5.

It is easy to see ([10], Proposition 1.2.1) that the space Cyy of all continuous functions

from (—o0,0] into E with compact support is a subset of any space B.

Our first assumption is nothing but hypothesis (C2) in [10]:

(D1) if a uniformly bounded sequence {,}>5 C Cpo converges to a function ¢ uniformly

on every compact subset of (—oo, 0], then ¢ € B and lim,, 4+~ ||¢n — ¢||g = 0.
The hypothesis (D1) yields that the Banach space BC((—o0,0]; E) of bounded continuous
functions is continuously imbedded into B (see [10], Proposition 7.1.1).

Our next assumption means that the seminorm || - |5 is sensitive enough to distinguish

continuous functions with compact support:
(D2) if x € Cyg and ||z||pc # 0, then ||z||z # 0.

This hypothesis implies that the space Cyp endowed by || - |5 is a normed space. We will

denote it as BCyo.
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We recall that, under assumptions of existence of solutions, the translation multioperator
maps every ¢ € B into the set X(¢)s+n C B (see (10)), where X(¢) is the set of all mild
solutions of (3), (4).

By the definition, if y : (—oc0,0 + h] — E is a mild solution of the problem (3),(4) with
the initial function ¢ in BCyg, then y,15 € BCoo; therefore, we may consider the translation

multioperator along the trajectories of the inclusion (3) as acting in the space BCyo:
Pyip : BCoo — P(BCy) -
Now, we assume that the multimap F' is T-periodic in the first argument:
(Fr) F(t+T,¢y)=F(t) for every (t,v)) € RT™ x B .

We consider on the space BCyy x C([|o,0 + T|; E) the subset

V={(p,z) : ¢(0) =xz(0)}

Glp,x)={z : z(t) = eA(t_U)tp(O) + /t eA(t_s)f(s)ds, feLl'o,0 +T};E),

(e

f(s) € F(s,z]p]s) for a.e. s}

where, as in Theorem 3.1,

o(s—o+0), —c0<f<o—s

z(s+0), c—s5<0<0.
It is clear that if x € G(g,x) , then the element z[p] € C((—o0,0 + T|; E) (see (9)) is a

mild solution of our Cauchy problem.
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In the forthcoming Lemmas, we assume that the hypotheses of Theorem 3.2 on the

interval [0, 0 + T'] and the further assumptions (B4), (D1), (D2) are fullfilled.
Lemma 4.1. The multimap 3 : BCop — K(C(|o,0 + T]; E)) defined as
X(p) ={z e D(p,T) : v € G(p, )}

1S upper semicontinuous.

Proof. Let us assume, to the contrary, that there exist ¢g > 0 and sequences {p,}52; C

BCoo, |lon — wolls — 0, {zn}o2, C C(lo,0 +T); E), x, € ¥7(¢n), such that

Tn & Weo(X7(p0)) , n 21 (13)

where W, denotes the open ep-neighborhood of X7 (o).

It is clear by definition that
Tn € G((,On,.fn) y T Z 17
i.e.
t
zn(t) = e, (0) +/ A3 1 (s)ds

where f,, € L'([o,0 + T); E), fu(s) € F(s,zu[@n]s), for ae. s € [o,t].

Further, the sequence {x,}52; is a priori bounded. In fact, for every n > 1, by applying

condition (F'3") and axiom (B3), we have the following estimations:
t
[zn(®) < Cllen (0)] + Cu/ (1 + [[znlenlslls)ds <

t
< Cllgn(O)ll + CuT + i [ (K sup ||xn<r>u+M*usonuB> ds <

o<1<

t
< Cllgn(O)ll + CuT (14 M alls) + CKp [ sup [lza(r)]|ds

o<7<s
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where C, K* and M* are defined by (5), (6) and (11) respectively.

Since the last expression does not decrease, we have

t
sup ||zn ()] < Cllen(0)]| + CuT (1 + M*|¢nlls) + CK | - sup |lza(7)||ds.

<7<t o 0<7<s
Applying to the function w,(t) = sup ||z,(7)|| the Gronwall-Bellmann inequality we
<7<t

obtain that

wp(t) < Ny, exp (CK* u(t — o))

where Ny, = Cl|pn(0)|| + CuT (1 + M*||pn5) -

From the convergence of the sequence {¢,}22; in the space BCyo, which is normed, it follows
that {¢n}o2; is bounded in BCy; therefore, by using (B4), the sequence {¢,(0)}>2, is also

bounded in E, implying the desired boundedness of sequence {z,,}22 ;.

Besides, the sequence {z,}°2; is equicontinuous. In fact, for any t¢1,ts € [0, 0 + T with

t1 <ty and for any n > 1, we have
xn(t2) - xn(tl) — Inl + In2 + In3;

where

Iy = (0277 = e417) 0, (0);

t
Lo={ (eA(tQ’S) - eA(t“s)) fn(5)ds;

g

and

t
o

t1

Given arbitrary € > 0 and taking into account, by (B4), that the sequence {¢,(0)}22, is

convergent and hence relatively compact, we conclude that the term I,; may be estimated
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uniformly with respect to n, i.e. there exists 6; > 0 such that ||I,1] < e, n = 1,2,...
provided to — t1 < 7.
Consider the sequence {z,[¢n]s}o2 . It is bounded in BCyo, in fact, by applying axiom

(B3), for every n > 1 the following estimation holds:

[2nen]slls < K™ sup [lzn ()] + M [lenls <

O"TS

< K [znlle + M lenlls
where K*, M* are as above. Bearing in mind that sequences {x,}52; and {p,}°, are
bounded in C([o,0 4+ T]; E) and BCy respectively, the conclusion follows.

Now, from (F'3') we have that

[fn($)l < p(1 + [lzn[en]slls) for a.e. s € [0,1]

and hence the sequence {f,,}>2; is bounded and we may apply the same arguments as while
the proof of Lemma 3.3 to obtain the estimates for I,,5, I,3 uniform with respect to n yielding

the equicontinuity of the sequence {x,}>>

Now, for any ¢ € [0,0 + T, it is easy to see that

(Eal®hs € A nONs + [ AIFGs, (aalinl i )ds

hence, by means of the properties of the MNC,

t

ap({za(t)}p21) < ap(e? ™ {pa(0)}172 +O‘E< AR (s, {zalpnls )iz )ds> '

ag
(From the relative compactness of the sequence {¢,(0)}>2, it follows that the first term of

the right hand side vanishes. Estimating, by means of (2), (F'4) and Lemma 3.1,

ap (I F (s, {ralpnls}i21)) < K°Ok(s) ac({anlil)
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and using Lemma 2.1 we get

aczaliz) = swp ap(an(®}iz) <2K°C [ k() drac({anbiy) -

o<t<o+T o
Now from hypothesis (H1) it follows that ac({z,}52;) = 0 and the sequence {z,}° is
relatively compact. We may assume, w.l.o.g., that x,, — z¢ € C([o,0 + T]; E).
Our aim is to show that zg € G(vo, o), i.e. xo € X7(p0), contrary to (13).

To this end, we consider the identity

zn(t) = A0 (0) + /t A3 1 (s)ds, fa(s) € F(s, xn[pnls) ae. s €[0,t]. (14)

(e

From the convergence of {¢,(0)}5%; to ¢o(0), we have
=70 (0) — =7 0(0).

Now, let us estimate the MNC of the sequence { f,(t)}52; for a.e. t € [0,0 +T].

By using assumption (F'4) and Lemma 3.1, we have
ap({fn(®)}n21) < ap(F(t {zalen]itnzi)) < kt)as({znlen]ilnz:) <

< k(1) [ K ac({an)pg }or) + M aseo ({ea}iiy)] -

Since the sequences {z,}22; and {p,}52; converge, the last expression is equal to zero,

therefore

ap({fu(t)}o2) =0 fora.e. te€o,0+1T]. (15)

Afterwards, by means of (F'3’) and (15), the sequence {f,,}>2, is semicompact. By applying

Lemma 2.2, we deduce that, w.l.o.g., {f,,}°; weakly converges to a function fo € L'([o, 0+

T); E).
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By using axiom (B3) and the assumptions on F, with the same arguments as in Lemma

5.1.1 in [12], we have
fo(t) € F(t,xo[polt), a.e. t.

Hence, by applying Remark 2.1 and Lemma 2.3, the integral term in (14) converges to

[LeAt=5) fo(s)ds, which concludes the proof. 0

To formulate the next statement, let us recall (see e.g. [12]) that a nonempty space is
said to be an Rs-set if it can be represented as the intersection of a decreasing sequence of

compact, contractible sets. It is clear that every Rs-set is acyclic.

Lemma 4.2. The set ¥7(p) is compact and, moreover, it is Rs.

Proof. For any ¢ € B the set ¥7(y) is a priori bounded and it can be seen as the set
Fix G(p,-).
As proved in Lemma 3.4, the integral multioperator G(y, ) is a-condensing, then the com-

pactness of ¥7(¢) follows from Proposition 3.5.1 of [12].
The fact that X7(p) is an Rg-set can be proved following the lines of Theorem 5.3.1 in

[12]. 0

Lemma 4.3. The translation multioperator Pr is quasi Rs-multimap, i.e. it can be

represented as a composition of an u.s.c. multimap with Rs values and a continuous map.

Proof. We consider the multimap II : BCogp — P(V') defined as

(p) = {¢} x (¢) .

A multimap ¥7(¢) can be regarded as a fixed point set of a condensing multioperator G(¢p, -)

depending on parameter and so it is u.s.c. by virtue of Proposition 3.5.2 of [12]. The set
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II(¢) is an Rs since so is 37 (¢). Further, the map & : V' — BCyo defined as

X(@vm) = :E[SD]CTJrT ’

is continuous from (B3).
The translation multioperator Pr can be regarded as the composition of Il and X, i.e.

Pr = X oIl, hence it is quasi Rg. O
We will find conditions under which Pr will be a-condensing.
First of all, we suppose the following additional hypothesis holds
(A1) the semigroup e is uniformly continuous and a-decreasing:
(@ < Cre
where v and C are positive constants (see Definition 2.1).

By agc,, we will denote the Kuratowski MNC generated in the space BCqp by the norm
-
Let Q C BCyo be a bounded set and t € [o,0 + 7.

We can apply Lemma 3.1 to the set X = ¥(Q2) and, bearing in mind that 3(Q); = P;(Q)

and X(Q), =, we obtain the following estimate:
apce (Fr(©)) < K(t — o)ac(B(Q)[o,1]) + M(E — a)asey, () - (16)

At first, let us estimate ac(X(Q2)[o, t]).

To this aim we need the following statement which may be verified using hypothesis (A1).

Lemma 4.4. For any bounded 2 C BCyo the set £()[o, t] is bounded equicontinuous.
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JFrom the Lemma above and Lemma 3.2, we get

ac(2(@Q)[o,]) = sup ap((Q)(0)) .

o<6<t

Moreover, from the definition of the integral multioperator, for 6 € [o,t] we have that

2(Q)(0) C eA0=)Q(0) + / ’ A=) F(s, Py(Q)) ds . (17)

o

The MNC of the first term of the previous sum may be estimated, by using (2) and (Al),

in the following way:

IN

ap(e!770(0)) e~ @ag(Q(0)) <

IN

Cre =) a5 (Q(0)) .
Moreover, from (B4) we obtain
ap(2(0)) < lapey, (2).
Therefore,
ap(e@=0(0)) < Cre™ " Dlage,, () . (18)

On the other hand, by applying (2), (A1) and (F'4), for the integrand we have the following

estimate:

IN

ap(@IF(s, P(Q) < [e*0 | @ag(F(s, P,(Q)) <
(19)

< Cre Ok (s) ey, (Ps(9)).
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Taking into account the fact that the space BCyy is separable, hypothesis (B2), and following
the lines of Theorem 4.2.4 in [12] we may demonstrate that the function s — apcy, (Ps(£2))
is summable. Therefore, by means of (17), (18), Lemma 2.1 and (19), we obtain

ap(2(Q)(0)) < Cre " lage,, () + C; / ’ e YO~k (s)aupey, (Ps()) ds .

[

Hence, taking the supremum for 6 € [0, ],

ac(E(Q)[o,t]) < Cilapey, () + Cre7? /t eV k(s)apey, (Ps(€2)) ds .

g

At last, from (16) we have

aBey (P(Q)) < K(t —o0)Cilape,, () + K(t —o0)Cre™7° /t e"k(s)apcy, (Ps(€2)) ds +

o

+M(t — U)QBCOO (Q) =
= [K(t—o0)Cil+ M(t —0)] apcy, () +

+K(t —o0)Cre 7 /t eV k(s)apcy, (Ps(2)) ds .

So, denoting u(t) = apey, (P:(2)) , we have the following integral inequality:

t

u(t) < R(t)u(o) + Q(t) / O k(s)u(s) ds

where
R(t) = C1lK(t — o) + M*, with M* as in (11);

Qt) = Cre K (t — o) .
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Finally, by applying Theorem 17.1 of [4], we get the following Gronwall-type inequality

for wu(t):

t

u(t) < R)u(o) + Q(t)u(o) / R(s)e"k(s)els QDR dr g

t T
N [R(w +Q(t) / R(s)e™k(s)els AT g (o).
Therefore, we obtain the following condition for the condensivity of Pr:

(H2)  L=R(T)+QT) [T R(s)ek(s)els ADTHNAr 4o -

Remark 4.1. In the particular case when F'(¢,1) is completely u.s.c. in the second

argument for a.e. ¢, i.e. k() =0, then condition (H2) reduces to
R(T)<1.
Now we may summarize our reasonings in the form of the following statement.

Theorem 4.1. Let us suppose that assumptions (Al), (B1)-(B4), (D1)-(D2), (F1)-(F2),
(F3'), (F4), (H1)-(H2) hold. Then the translation multioperator Pyyr : BCog — P(BCoo) is

a-condensing on bounded sets of BCop.

Since the translation multioperator Pr is quasi Ry (Lemma 4.3) the corresponding topo-
logical degree theory (see [14], [12]) may be applied to obtain fixed points of Pr which
obviously are initial values of T-periodic mild solutions of the inclusion (3). In fact, we have

the following general principle.

Theorem 4.2. Suppose that conditions of Theorem 4.1 hold. Let U C BCyy be an open
bounded set such that Fix PrNOU = () and deg(i — Pr,U) # 0 . Then the differential

inclusion (3) has a T-periodic mild solution.
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Corollary 4.1 Suppose that conditions of Theorem 4.1 hold. Let N C BCyp be a convex

bounded set such that Pr(N) C N . Then the differential inclusion (3) has a T-periodic

mald solution.

Notice that sufficient conditions for the existence of such invariant set N may be found,

e.g. in [9].
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Abstract : In this paper, we study a class of completely generalized nonlinear variational
inclusions for fuzzy setvalued mappings and construct some general iterative algorithms.
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sions for fuzzy setvalued mappings and the convergence of iterative sequences generated
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1. INTRODUCTION

In recent years, fuzzy set theory introduced by Zadeh [14] in 1965 has emerged as
an interesting and fascinating branch of pure and applied sciences. The applications of
fuzzy set theory can be found in many branches of regional, physical, mathematical and
engineering sciences including artificial intelligence, computer sciences, control engineer-
ing, management science, economics, transportation problems and operation research, see
[5,11,14,15] and references therein. The concept of variational inequalities and comple-
mentarity problem for fuzzy mappings were introduced and studied by many authors (see
[2,3,6,8,9,10,13,15]). Motivated and inspired by recent research in this field, in this paper
we consider a class of completely generalized nonlinear variational inclusions for fuzzy
set-valued mappings and its equivalence with a class of proximal operator equations for
fuzzy mappings will be shown. Using this equivalence, the iterative algorithms for the
class of inclusions will be developed and we will prove that the approximate solutions
obtained by this iterative algorithms, converge to the exact solutions of the variational
inclusion.

2. PRELIMINARIES

Let H be a real Hilbert space with inner product and norm define by (u,u) = |lul|?,
we denote the collection of all fuzzy sets on H by F(H) = {u: H — [0,1]}. A mapping
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F: H — F(H) is said to be a fuzzy mapping. For each x € H, F(z) (denote it by F}, in
the sequel) is a fuzzy set on H and F,(y) is the membership function of y in F.

A fuzzy mapping F' : H — F(H) is said to be closed, if for any = € H, the function
F,(y) is upper semicontinuous with respect to y, (i.e., for any given point yo € H and any
net {y,} C H, when y, — yo, we have F,(yo) > limsup F,(y,)).

Let E € F(H), q €[0,1]. Then the set
(E)y = {r€H:E(x)>q}

is called a g-cut set of F.
Let M,S,T : H— F(H) be closed fuzzy mappings satisfying the following condition:

Condition (I) : There exist functions a, b, c: H — [0, 1] such that for all z € H, we have
(M) a@), (ST)p@), (T7) ey € CB(H), where CB(H) denote the family of all nonempty
closed and bounded subsets of H. Therefore, we can define three multivalued mappings,
M,S,T:H — CB(H) by

M(CL’) - (Mr)a(x)’ 5’(1’) = (Sﬂﬂ)b(x)v T<x) = (TIE>C(SC)7

for each x € H. In the sequel M, S, T are called the multivalued mappings induced by the
fuzzy mappings M, S and T, respectively. More precisely, let ¢ denote the subdifferential
of a proper convex and lower semicontinuous function ¢ : H x H — R U {+o0}. Let
a,b,c : H — [0,1] be given functions and M,S,T : H — F(H) fuzzy mappings. Let
g, F,G,P : H — H be single-valued mappings with ImgN domd¢(.,v) # 0, and we
consider the following completely generalized nonlinear variational inclusion with fuzzy
setvalued mappings for finding u,x,y, 2z € H such that g(u)Ndomd¢ # () and M, (x) >

a(u), Su(y) = b(u), Tu(2) = c(u),
(P(r) = (Fy = Gz),0 = g(u) = ¢(g(u),u) = ¢(v,u), VveH (2.1)

Inequality (2.1) is called the completely generalized nonlinear variational inclusion for
fuzzy setvalued mappings.

It is clear that completely generalized nonlinear variational inclusions for fuzzy set-
valued mappings (2.1) includes many kinds of variational inclusions and inequalities as
special cases, such as those in [1,2,3,7,8,9,10,13].

Definition 2.1[5]. If G : H — 27 (2 denotes the power set of H) is a maximal
monotone multivalued mappings, then for any n > 0, the mapping JnG : H — H defined
by
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JS(u) = (I+nG)*(u), YueH,

is said to be the proximal operator of index n of GG, where [ is the identity mapping on
H. Furthermore, the proximal operator JnG is single-valued and nonexpansive i.e.,

1777 (w) = JF @) < llu—vll, ¥V u,veH.

Since the subdifferential 0¢ of a proper convex and lower semicontinuous function ¢ : H —
R U {+0o0} is a maximal monotone multivalued mappings, it follows that the proximal
operator J$¢ of index n of 0¢ is given by

JP(u) = (I+n0¢) " (u), VueH.

Lemma 2.1[5]. A given u,w € H satisfies the inequality
(u—w,v—u) +n¢(v) =nou) > 0, YVveH

if and only if
u = J(w),

where JO% = (I +nd¢)~" is the proximal operator and > 0 is a constant.

We now consider the problem of finding w, w, z,y, z € H, M,(z) > a(u),S,(y) > b(u),
Tu(2) > ¢(u) and

P(z) + n_led’("“) (w) = Fy— Gz, (2.2)

where R9® = I — J? I is the identity mapping and 7 > 0. Equation (2.2) is called the
proximal operator equation for fuzzy setvalued mappings.

3. EQUIVALENCE RELATION AND ITERATIVE ALGORITHMS

In this section, we establish the equivalence between (2.1) and (2.2), and we develop
the iterative algorithms.

Lemma 3.1. The set (u,,y, z) is the solution for (2.1) if and only if there exist z €
M(u), y € S(u), z € T(u) such that

g(u) = J2Vg(u) —n(P(z) — (Fy — G2))], (3.1)

where 1) > 0 is a constant and J*t*) = (I4+19¢) ™ (u) is the so-called proximal mapping
on H.
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Let u € H, v € M(u), y € S(u) z € T(u) and from the definition of the proximal
operator JP?t*) of index 1 of d¢(., u) and relation (3.1), we have

g(u) = JP9g(u) —n(P(z) — (Fy — G2))]
= (I +n0¢(.,u)" g(u) — n(P(z) — (Fy — Gz))]
and
g(u) = n(P(x) = (Fy = Gz)) € g(u) +n9(., u)(g(u)),

which gives

(Fy — Gz) = P(x) € 06(.,u)(g(u)).

From the definition of d¢(., u), we have
P(v,u) = d(g(u),u) +((Fy — Gz) — P(x), v—g(u)), YveH

Thus u, z,y and z are solutions of problem (2.1).

From Lemma 3.1, we conclude that (2.1) is equivalent to the fuzzy fixed point problem
u € N(u) (3.2)
where
N(u) = u — g(u) + Jy?g(u) — n(P(x) - (Fy — G2))].
Based on (3.1) and (3.2), we have the following iterative algorithm.

Algorithm 3.1. Suppose P, F,G,g: H — H are single-valued mappings. Let M, S, T :
H — F(H) be fuzzy mappings satisfying condition (I) and M,S,T : H — CB(H) the
fuzzy mappings induced by M, S, T respectively. For a given uy € H, we take zg € M (uq),
yo € S(up) and zy € T(up) and let

ur = up — g(ug) + J2U[g(ug) — n(P(x0) — (Fyo — G2))]
where 1 > 0 is a constant. Since zo € M(ug) € CB(H), yo € S(ug) € CB(H) and

20 € f(uo) € CB(H), by Nadler [12 pp.480], there exist 1 € M(u1), 11 € S(uy) and
21 € T'(uy) such that
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lzo =21l < (L4 1) H (M (uo), M(ur)),
lyo =l < (1+1)H(S(uo), S(w)),
o =zl < (L+ DH(T(uo), T(w)),
where H(.,.) is the Hausdorff metric on CB(H). Let
up = uy — g(wr) + JP0 D [g(ur) — n(P(21) — (Fyr — G1))].
By induction we can obtain sequences {u,}, {z,}, {y,} and {z,} such that
2n € M(un), g —@nmll < (L4 (n+1)7)H(M (un), M(upi)),
Yo € S(un)y llyn =yl < (L4 (4 1)7YH(S (), S(untn)),

o € Tlun), 20— zanall < (L (0 4+ D)) H(T (un), T ),

Unsr =t = g(un) + I3 [g(wn) = n(P(20) = (Fyn — Gza))), (3.3)

where n > 0 is a constant.

Now, we show that (2.1) is equivalent to (2.2).

Theorem 3.1. The problem (2.1) has a solution u € H such that x € Mu), y €
S(u), z € T(u) if and only if (2.2) has a solution set (u,x,y, z), where

g(u) = I (w) (3.4)

and
w = g(u) —n(P(z) — (Fy — Gz)), (3.5)

here n > 0 is a constant.

Proof. Let u € H, z € M(u), y € S(u), z € T(u) be a solution of (2.1), then by Lemma
3.1,

g(u) = T g(u) = n(P(z) — (Fy — Gz))]. (3.6)

Using R2¢("“) =1- J,?‘i’("“) and (3.6), we have
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Ry 9g(u) — n(P(z) - (Fy — G2))]
= lg(u) = n(P(z) = (Fy = G2))] = J*"[g(u) — n(P(x) — (Fy — G2))]

= [g(u) —=n(P(z) = (Fy — Gz))] — g(u) = —n[P(x) — (Fy — G2)],
which implies that
P(z) + n_lR2¢("u) (w) = Fy— Gz,

where w = g(u) — n(P(z) — (Fy — Gz)), here n > 0 is a constant.
Conversely, let v € H, x € M(u), y € S(u), z € T(u) be a solution of (2.2), then

—(Fy —Gz) +nP(z) = —R*(w)
= JP(w) —w,
glu) = O () (37)
Now from Lemma 2.1 and equation (3.7), we have
0 < (9(u) —w,v—g(u)) +né(v,u) —np(g(u), u)
= n{(P(z) = (Fy — Gz),v — g(u)) + é(v,u) — ¢(g(u),u)}.

Note that n > 0 is a constant, so the above relation implies v € H, = € M (u),
y € S(u), z € T'(u) a solution set of (2.1).

The (2.2) can be written as
0o(.,u _
RYY(w) = n(Fy—Gz) —nP(x),
from which it follows that
w = g(u) —n(P(z) - (Fy — Gz)), (3.8)

completing the proof of the Theorem 3.1.

This fixed point formulation for fuzzy mappings enables us to suggest the following
Algorithm.
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Algorithm 3.2. Let g, F,G,P,S,T and M be as in Algorithm 3.1. For any given
up € H, compute the sequences {u,}, {w,}, {z.}, {y.} and {z,} for fuzzy mappings by
the iteration method

2y € M(un), |20 —@nmll < (L4 (n+1)7)H(M (un), M(upi1)),
Yo € S(Wn)y Nlgn = yosrll < (14 (0 +1)7YH(S (n), S(uni)), (3.9)
€ T(Wwn), |za—zenll < (L4 (0 + 1) AT (un), T(unsa)), n >0,
Wnt1 = g(tn) = 1(P(xn) = (Fyn — Gza)), (3.10)
here i > 0 is a constant.

(ii) (2.2) may be written as

0= — n_leqﬁ("un)(wn) — (P(zn) = (Fyn — Gzy)),

which implies that
o (. un _ -1 ¢ (., un
R?Cu) (wy) = (1= Y RYYC ) (wy) = (P(an) = (Fyn — G20)),
that is

w, = J{)d)(.,un)(wn) _ (P(l’n) _ (Fyn _ GZn)) 4 (1 _ n—l)R2¢(~,un)(wn)

= g(un) = (P(an) = Fyn — Gz)) + (1 = 0~ YR (wy,). (3.11)

Using the fixed point formulation for fuzzy mappings, the following iterative algo-
rithm is proposed.

Algorithm 3.3. Let g, F,G,P,M,S and T be as in Algorithm 3.1. For any given
up € H, compute the sequences {u,}, {w,}, {z.}, {y.} and {z,} for fuzzy mappings by
the iterative schemes

glun) = T30 (wy), (3.12)
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2y € M(un), g —@amll < (L4 (n+ 1)) H (M (un), M(uni1)),

Yo € S(un)y Nyn =yl < (L4 (4 1)7YH(S (), S(unsa)),
2 € T(un), Now = 2zosall < (L4 (0 + 1)) H(T (un), T(uni1)),
W1 = g(un) = (P(2n) = (Fyn — Gza)) + (1= n )R (wy,), (3.13)

here n > 0 is a constant.

Now, we consider for each fixed u € H, the sequences {¢,} of proper convex lower
semicontinuous ¢, : H x H — R U {400}, approximating {¢}, then we have following
more general iterative algorithms for fuzzy set-valued mappings.

Algorithm 3.4. For any given ug € H, x¢ € M(uo), Yo € g(uo), 20 € T(uo), compute
the sequences {u,}, {w,}, {z.}, {yn} and {z,} for fuzzy mappings by iterative schemes

g(up) = JPLu) (w,), (3.14)

2y € M(un), Nt = @nall < (L4 (n+ 1)) H (M (wn), M(unsn)),

~ ~ ~

Un € S(un), Nyn —tnall < (14 (n+ 1) H(S(un), S(uns1)),
2 € T(wn), Nlzn—zomall < (14 (n+ 1)) H(T (un), T(un1)),
Wyt1 = g(un) = N(P(n) — (Fyn — G2,)), 1 >0, (3.15)

here n > 0 is a constant.

Algorithm 3.5. For any given ug € H, compute the sequences {u,}, {w.}, {z.}, {yn}
and {z,} for fuzzy mappings by iterative schemes

glun) = J0m) (w,), (3.16)

0 € M(un), g —@all < (14 (n+ 1)) H (M (un), M(uni1)),

Yo € S(un), Ny = ol < (L4 (0 + 1)) H(S (), S(unsr)),

2 € T(un), Nlow = 2osall < (L4 (n+ 1)7YH(T (un), T(uni1)),

W1 = g(un) = (P(n) = (Fyn — Gzn)) + (I =7 1) Ry 00 (wy), (3.17)
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here n > 0 is a constant and

8¢n S Un _ 6¢n Un
R, ( )(wn)—I—Jn Cun) (a,,), for each u € H.
4. MAIN RESULTS

In this section, we consider those conditions under which the solutions of (2.1) exists
and for which the sequences of approximate solutions obtained by our iterative algorithms
converge to the exact solution of (2.2). For this purpose, we need the following concepts.

Definition 4.1. A mapping g : H — H is said to be

(i) strongly monotone if there exists a constant r > 0 such that
(9(wr) = glus),ur —uz) > rlluy —uol*, Vur,up € H,
(ii) Lipschitz continuous if there exists a constant s > 0 such that

lg(u1) = g(ua)ll < sllur —uall, Vur,up € H.

Definition 4.2. Let S: H — CB(H) be a mapping

(i) S is said to be relaxed Lipschitz continuous with respect to a mapping F : H — H if
there exists a constant a > 0 such that

(Fyy — Fyg,us —ug) < — alluy —uoll?, Yu; € H, y; € S(u), i=1,2;

(ii) S is said to be relaxed monotone with respect to a mapping G : H — H if there
exists a constant 3 > 0 such that

(Gyr — Gyg,ur — ug) > — Blluy —usl|®, ¥ v eg(ui), u € H i=1,2.

Definition 4.3[11]. A sequence {¢,} of convex, proper, lower semicontinuous function
¢n: H— RU{+00} is said to be convergent to ¢ in the sense of Mosco if

(i) for every u € H, we have

o(u) < lim inf ¢, (uy,),

n—~o0

for every sequence {u,} in H which converges weakly to u, and

(ii) there exists a sequence {u,} in H which converges strongly to u and satisfies

P(u) > lim sup ¢y (uy).

n—~o0
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Lemma 4.1[4]. If the sequence {¢,} of convex, proper, lower semicontinuous function
¢n : H— RU{+0o0} converges to ¢ in the sense of Mosco, then

J,‘f”(u) — J,‘f(u) as n — oo, forany u € H,
where n > 0 is a constant.

Assumption 4.1. For each fixed v € H, let ¢(.,v) be a proper, convex and lower
semicontinuous function ¢ : H x H — RU{+4o0}. Then for each u,v,w € H, there exists
a coefficient p > 0 such that

0 (.u) _ J9o(.v) _
17,7 (w) = Jy? 2 (w)l] < plju = o],
where n > 0 is a constant.

Theorem 4.1. Let M, S, T : H — F(H) be the closed fuzzy mappings satisfying con-
dition (I) and M,S,T : H — CB(H) the multivalued mappings induced by the fuzzy
mappings M, S, T, respectively. Let M, S, T be é-Lipschitz continuous, v-Lipschitz contin-
uous, e-Lipschitz continuous, respectively. Let F,G, P : H — H be Lipschitz continuous
with corresponding coefficients &, p and o, respectively. Let ¢ : H — H be Lipschitz
continuous and strongly monotone with corresponding coefficients s > 0 and r» > 0, re-
spectively. Let S be a relaxed Lipschitz continuous with respect to F' with constant a > 0
and T be a relaxed monotone with respect to G with constant 3 > 0. Let the sequence
{¢n} of proper, convex and lower semicontinuous function ¢, : H x H — R U {400}
converges to ¢ in the sense of Mosco and assume Assumption 4.1 holds (for {¢,}).

Suppose that there exists a constant 1 > 0 such that

a—pF—0d(1—k—p)
(& +pe)? - 02

- V0= B—00(1—k—p)2— (& + pe)? — 0202)(k + p)(2 — k — )
(&7 + pe)* — 026° ’

a > BHod(1—k—p) +/(€y+p? =)k + )2 —k—p),  (41)

od < &y + pe,

where k = 2+/1 — 2r + s2.

Then there exists a set of elements u € H, x € M(u), y € S(u), z € T(u), which
satisfies (2.2) and the sequences {u,}, {w,}, {z,}, {yn} and {z,} generated by Algorithm
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3.4 converge to u,w,x,y and z strongly in H, respectively.

Proof. From Algorithm 3.4, we have
[wntr—wnll < (lg(un) —g(un—1)+0(FYn—Fyn-1)—0(Gzn—Gzn1)|[[+0]| P(2) — P(2n-1)||

< Jun =ty = (g(un) — g(un—1))[| + 0l P(zn) — P(2n-1)]|
+||un — Up—1 + U(F?Jn - Fyn—l) - U(Gzn - GZn—l)H' (42)

By Lipschitz continuity and the strong monotonicity of the operator g, we obtain

= ttn—1 = (g(un) = glun-a))I* < (1 =27+ %) — wna (4.3)

Again from the H ~Lipschitz continuity of the fuzzy operators M, S, T and the Lips-
chitz continuity of the operators P, F, G, we have

| P(zn) = P(xn-1)|| < ollzn — 20l
< o1+ (n+1)"Y H(Mu,), M(tu,_1))

< o6(1+n"Y|up — wn_1]], (4.4)

1E(n) = Flyn-Dll < Ellgn — ynll

€L+ (n+1)7") H(S(un), S(wn-1))

IN

< A+ |un — unall, (4.5)

1G(2n) — G(zn-1)l] < pllzn — 201

p (L4 (n+ 1)) H(T (wn), T(un1))

IN

< pe(l+n7)[[un — unal]. (4.6)

Further, since S is relaxed Lipschitz continuous with respect to the operator F and
the operator T is relaxed monotone with respect to the operator G, we have

||un — Up-1 + n(Fyn - Fyn—l) - n(GZn - Gzn—l)||2 S ||un - un—l||2
+277<Fyn - Fyn—la Up — un—l) - 277<Gzn - Gzn—la Up — un—1>
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+772||(Fyn — Py, 1) — (Gz, — Gzn_1)||2
< [1=2n(a = B) +n*(1+n"")2(Ey + pe)?][[un — up”. (4.7)

From (4.2)-(4.7), we obtain

|wni1—wy] < {V1—-2r+ 82+n05(1+n_1)+\/1 —2n(a— B) + (1 + n=1)2(&y + pe)?}
[t — tn|

= {5+ (1 + )+ T () — (1.8

where k = 2v/1 —2r 4+ s? and I1,,(n) = \/1 —2n(a— B) + (1 +n=1)2(&y + pe)?.
From(3.14) and (4.3), we have

ltun — tun_a|| = un — tn_1 — (g(un) — g(un_1)) + J$¢n(.,Un)(wn) _ J1?¢>n71(.,un71)(wn_1)||

< un = o1 = (9(un) = g(un-a)) | + 1720 () = T3P0 (w0 |
_'_||J7?¢7L(-7un)(wn_1> _ Jr?(bn(-,unfl)(wn_l)n + ||J7?¢7L(-7un—1)(wn_1> _ Jg%ﬂ(.,unq)(wn_l)n
k

< Sllun = upaa|l + [lwn = woall + pllun — wp—i || + 20,
since J5¢("“) is nonexpansive and Assumption 4.1 holds (with {¢,}), which implies that

1
||un - un—l“ < ﬁ [Hwn - wn—lH + 5n]7 (49)

2
where
e = 170 () = Pt ()

Combining (4.8)-(4.9), we have

Mw—wAn

n
s = < { T
2

< Opllwy, — w1l + Onen, (4.10)
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k 1
where 6,, = 2 +nod(l +ZL )+ H"(n). Let
1—3—p
2
k
E 4 oo +11
=217 %) ith () = /1 — 2n(a — B) + 12(& + pe)?.

Then 6, — 0 as n — oo. It follows from (4.1) that 6 < 1. Hence 6,, < 1 for n sufficiently
large. Since €, — 0 as n — oo, it follows from (4.10) that {w,} is a Cauchy sequence in
H, that is w, 1 — w € H as n — oo.

From (4.9), we see that {u,} is also Cauchy sequence in H, so there exists u € H, such
that u,,1 — u as n — oo.

Also from (4.4)-(4.6), we have

ltn = 2amall < (L0 Y H(M (up), M(un-1)) < (1407 )dllun — o],

lyn =yl < A+ Y HS (), Swa-1)) < (L0 yllun — waml),

lon =zl < (L Y HT (), T(wamr)) < (L4 ellun — wnoll.

It follows that {z,}, {y,} and {z,} are also Cauchy sequences in H. Since H is complete,
we may let z, — x, v, — v, 2, — 2 as n — co. Further we have

d(z, M(w)) < |z — @] + d(z, M(w))
< o — @l + H(M (un), M(u))
< Nz —zu|| +0||un —ul]| = 0 as n — oo,

where d(z, M (u)) = inf{|ju — p|| : p € M(u)}, and so we have d(z, M(u)) = 0. Hence we
must have x € M (u). In a similar way, we can show y € S(u) and z € T'(u).

Using the continuity of operators P, F, G, M, S, T, ¢, J7% and Algorithm 3.4, we have
w = g(u)—n(P(x) - (Fy—Gz))
— 0 (.,u _ _ _ 1
= JPUW(w) —n(P(x) — (Fy — Gz)) € H, n > 0 is a constant.
From Theorem 3.1, we see that u,w € H, such that z € M (u),y € S(u) and z € T(u)

are solution of (2.2) and consequently, w,.1 — W, Uy11 — U, Tpi1 — T, Ypr1 — y and
Zny1 — 2 strongly in H. This completes the proof.
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1 Introduction

The second kind beta operators L, associating for n € N = {1,2,...}, are defined
by

Lifia) = (Lf)e) = gt [T 50 a0

The operators ( 1 ) were introduced by D. D. Stancu [8]. Recently U. Abel [1]
estimated the complete asymptotic expansion for these operators. Another beta
approximating operators of second kind have been studied in [2], [3] and [4].

Alternatively we may rewrite (1) as

Lufa) = [T Kulae,t) £(2) at. @
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where . )
tTLCL’*
Kn )t - :
@8 = BomantD @3 e

It is easily verified the operators L, are linear positive operators and preserve the
linear functions : L,(1,z) = 1 and L,(t,x) = z. Therefore we can take the
iterative combinations of these operators easily.

It has been observed that the order of approximation by these operators
L, is O(n™), n — oo. On the other hand C. A. Micchelli [7] offered an approach
for improving the order of approximation of Bernstein polynomials. It is interesting
that by considering the iterative combinations due to C. A. Micchelli [7], the higher
order of approximation may be achieved.

We consider here the iterative combinations of the Stancu beta operators.
The iterative combinations L, x(f, x) of the operators L,, are defined as follows:

Losh2) = (Luaf)@) = U-(U-L)A)(foa) = 3 (—1)! (k) Li(f.2) (3)

r=1 r

where L7 denotes the r—th iterate ( superposition ) of the operator L,.

In the present paper we prove an asymptotic formula and an error estimate
in terms of higher order integral modulus of smoothness, for the iterative combina-
tions of these Stancu beta operators of second kind. Further, in the last section we
give global direct results in terms of Ditzian - Totik modulus of smoothness.

2 Lemmas

In this section we present certain lemmas which are necessary to prove the main
results of next two section.

Lemma 1 Let the function pi,m(x), m € N U{0}, be defined as

pnm (@) = La((t =)™, ).

Then
z(x+1)

tno(®) =1, ppa(x) =0,  ppa(z) = n—1



...SECOND KIND BETA OPERATORS 231

and
tnm(z) = O (n_[(mH)/Q]) ,  n—o00

where 0 <z < oo and m e N U{0}.

Proof. See [8, p. 234, Theorem 1 |.

For each m € N U {0} the m—th order moment ;{%} () for the operators
LY is defined by

i (@) = Li((t —2)", ) (4)
For ¢ =1, /’Liir}n(x) = /vbn,m(x)

Lemma 2 Let v and 0 be two positive numbers. Then for any m € N there exists
a constant Cy = C1(m) > 0 such that

§ Cl nm

H / Koz, 1) £ dt
[t—z|26 Cla,b]

Proof. Tt follows easily by using Lemma 1.

Lemma 3 There holds the following relation

m m—j 1 . . B d
e = 32 (1) S 5 P ) me. D=
Proof. By (4 ), we have
@) = Lo (LE((t—2)" w), )
= 57 m (- - w0 0)
7=0
= f: <7;1> L (m—J (u i?)lﬂ DZ(Miqr}n—g(l’))’x)
Jj=0 i=0 :

Now making use of Lemma 1, the conclusion of this lemma follows immediately.



232 Z.FINTA,V.GUPTA

Lemma 4 We have

W) = O (n ) g 5)
where 0 <z < oo and m € N U{0}.

Proof. For g = 1 the above result follows from Lemma 1. We shall prove the result
( 5 ) by the principle of mathematical induction. Let the result be true for ¢ and

we shall prove it for ¢ + 1. Because pt% _(z) = O (n [(m—=3+1) /2]) and ;19 (z)

n,m—j n,m—j
is a polynomial in x of degree < m — j, it is obviously seen that D° (/,Lqu,];b J(x)) =
@, (n_[(m_j“)/ﬂ) . Applying Lemma 3, we get

m— ] 1
7!

pi (@) = é ( Z:O
— (i mz:] n- [(m+i+1) /2])

jZO =0

[(m— J+1)/2]+[(2+J+1)/2]>

.

which implies equation ( 5 ). This completes the proof of lemma.
By direct application of Lemma 1, Lemma 3 and Lemma 4, we have
Lop((t—2)2) = O(n™), n — oo,

where L, j is the iterative combination defined by ( 3 ).

3 Local Approximation

In this section we present a Voronovskaja type asymptotic formula and an error
estimate in terms of higher order modulus of smoothness, using the technique of
linear approximating method, namely Steklov mean’s.

Throughout this section let

M,[0,00) = { f : f belocally integrable on (0, 00) and
f(t)=0(t"), t — oo for some v > 0 }.
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For f € M,[0,00) we define the norm | - ||, on M, [0, c0) by

Iy = sup [f(x)] 27"

0<xr<oo

Theorem 1 Let f € M,[0,00). If the 2k—th derivative of f exists at a fived point
x € [0,00) then

2k )
Jimy L) = f@)] = 3 Qb - T )

where Q(j, k, ) are certain polynomials in x. Further, if f**=V exists and is ab-
solutely continuous over [0,b] and f@*) € L,[0,b] then, for any [c,d] C (0,b), there
holds

Znsf = Flicea < Con™ {Ifly + 1F* o } (7)

where Cy is a constant independent of f and n.

Proof. First by Taylor’s expansion, we have

n*[Lni(f,2) = f(2)] =
2k f(ﬂ

= Z

= E1+E27

R W (L WU

where e(t,x) — 0 as t — x and |e(t,z)| < Mt7, M > 0. Using ( 5 ), we have

j

2% 10 (p 2k
Ey = nfy fj!< >L w((t — ), z_: Q. k,x) + o(1).

=2
If ¢5(t) denotes the characteristic function of the interval (x — §, 2 + §) then
ok
Bl <t X (B) B (el oont.0) +

+ "y <T> L ((t—x)%(l—%(t)),x) = [3+ E,.
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Now we estimate Fj. Since €(t,2) — 0 as t — x therefore for given € > 0 there
exists a 6 > 0 such that |e(t, x)| < e whenever |t — x| < J. Using Lemma 4, we get

E; < ( sup |8(t,x)|>nk Ek: <];> L'((t—x)*,2) < ¢-C4

[t—x|<d

Next applying Lemma 2, for arbitrary p > 0, we obtain

E, < nF i(qu) LT (Mt (t —2)*(1 — ¢s(t),7) < Cyn? = ofl)

r=1
Due to the arbitrariness of € > 0 we conclude that Fy — 0 as n — oo.
Combining the estimates of Ey, Fy, we get the required estimate ( 6 ).

To prove ( 7 ), we may write

Ln,k<f7 .Z‘) - f(x) - Ln,k(f(t>7x) - f(x)
Ly (o(t)(f(t) — f(2)),2) + Lax((1 — @) (f(t) — f(2)),2)
= F5+ Eg,

where ¢(t) denotes the characteristic function of the closed interval [0, b]. Proceeding
along the lines of the proof of Ey, for all x € [¢, d], we have

Es < Csn™ | fll,-

Again, for t € [0,b] and x € [c,d], we have, by given hypothesis

2k—1  r(3) T ) t
s =16 = X H e g [ w) d

Thus
2k—1 (4) T '
Bo= Y D0 - a0 +
" (2]<:1—1)' Lo (¢(t) / (= )P ) dw,x)

B 2k—1 f(i)(x) Y B o
= 2 T L@ —2)2) + Lg((6() = Dt = 2)',2)} +

i=1

1

T CON A Sl OR TR

2%k—1 (i)
-y ! @) (B, 4 B} + B,

A
- v
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By (6 ), we get By = O(n~"), uniformly for x € [c,d]. Also as in the estimate of
E4, we have Fg = O(n~%). Finally, by ( 6 ) and Lemma 4, we get

By = £ paos - O(n™")
Combining the estimates F7, Fg, Ey, we obtain

2k—1
1Bsllcea < Co {z ||f<2>|rqc,d]+Hf<%>|er[o,b]}.

=1

Finally, using the interpolation property due to S. Goldberg and V. Meir [6], we
obtain the required result ( 7 ), which completes the proof of the theorem.

We now define the linear approximating function viz. Steklov’s mean, which
is the main tool to prove our next theorem.

Let f € M,[0,00), m € N. Then the Steklov’s mean f,,, of m—th order
corresponding to f, for sufficiently small n > 0 is defined by

fom = 07" /n/2 L {FO) + ()" 1A ()} dhdty .. dty,

-n/2 J-n/2 -n/2

where u = 331, ¢;, t € [a,b] and AT f(t) is the m—th forward difference with step
length n. We assume throughout this section that 0 < a; < ay < by < by < 00. It is
casily verified ( see e.g. [9] ) that :

1. f,m has continuous derivatives up to order m on [ay, b;]

2. Hf?STT)nHC[al,bl] < Crn" we(f,ma1,b1), r=1,2,....m
3. f = fomllclanp < Cs wn(f,n,a1,b1)

4. | fomllclaze < Co lIflly

5. 015 clages) < Cro 11l

where C;’ s , 1 € {7,8,...,10} are certain constants independent of f and 7 and
W (f,m,a,b) is the modulus of smoothness of order m corresponding to f :

wi(f,m,a,) = sup  sup AR f(z)].

a1<z<b; 0<h<n
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Theorem 2 Let f € M,[0,00). Then, for sufficiently large n, there holds

HLn,kf - f”C[az,bz} S Cll { w2k(f7 n_l/zaalabl) + n_kaH’Y } )
where Cyq s an absolute constant.

Proof. By linearity property, we have

| Lnxf = fllciasps) < I Lnk(f = fo2e)lClazpe) + | Lngfoore — ookl Class) +
+ | fo2e = fllclasps) = Hi+ Hy + Hs.

Applying property 3. of Steklov’s mean, we get

H; < Cig wor(f,m,a1,b1)

Making use of Theorem 1, we have

2k
_ j 2k
Hy < 07 Cis Y 1l cmpn < Cua { [ fn2nllcmms b + [ 5okl classn |

i=2

where we have used the interpolation property due to S. Goldberg and V. Meir [6].
Now, by using properties 4. and 5. of Steklov’s mean, we get

Hy < Cis || fll-

Setting a*, b* satisfying a; < a* < ay < by < b* < by and let £(¢) be the characteristic
function of the closed interval [a*, b*], then, by Lemma 2 and property 3. of Steklov’s
mean, we obtain

[ Ly (f () = f.20) | Clas o)

[ L (€(@) (f () = fa2u))lctasba) + ([ Lns (1 = E@))(f () = faon)) lclaz,bal
Cis ||f = fozrllcfa e + Ciz 2" fl4

Crg wor(f,m,a1,b1) + Chg || f1]5-

H,

INIAIA

1/2

Choosing m > k and 7 = n~ /% in the above estimate we get the required result.
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4 Global Approximation

In this section we establish direct global approximation theorems for Stancu beta
operators. Let C'g[0, 00) be the space of all real valued continuous bounded functions
f on [0,00) endowed with the norm ||f|| = supy< <o |f(2)|. Our results are given
with the aid of Ditzian - Totik modulus of smoothness of second order defined by

GAf.0) = s sup [fa+ hele) — 2 (x) + flx — he(x),

0<h<d z+hp(z)€[0,00)

where p(z) = y/z(1 4+ z), 0 < x < oo. The corresponding K —functional is

Kouo(£,0%) = it {1If =g+ l*"] }.

where W2 (p) ={ g € Cp[0,0) : ¢ € AC,[0,), ¢*¢” € Cp[0,00) } denote the
weighted Sobolev space.

Our first theorem in this section is :

Theorem 3 Let f € Cgl0,00). Then

1
||Ln.f_f|| S CQOUJ?D(f,\/m), n:273,...

where Cyy > 0 is an absolute constant.

Proof. Let g € W2 (). By Taylor’s formula, we have

g(t) = g(x) +d'(x) (t — ) +/ (t —u) ) du.

In view of Lemma 1, we get

L(g:2) = g(a) = Lo ([ (¢~ ) g"(w) du.x)

Hence

g -] < 1| [ 2o aul)

d . 2 1
Lo (| [ it aue) 1

IN
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Furthermore, in view of [5, p. 141, ( 9.6.2 ) | and Lemma 1, we have

o) —aol < L (Y2 (e ) o) e

T 14+ 1+t

- L nte- e+ L (220 e

z(l+ ) 141
o A | R

By direct computation we obtain

t—ux)? 12 t 1
L, (t—2) x| = L, — 2z + 22 , T
1+ 1+1¢ 1+1¢ 1+t

zr(nx + 1) n s n+1
= —2x +rt—
nr+n-+1 nr+mn-+1 nr+mn-+1
 x(l+2x)
 onz+n+1

Hence, by ( 8 ), we have

1 1 z(1+x) 5
L.(g,z) — < e Sl 720 "
|Ln(g,2) — g(z)] < (n_1+n m+n+1) le"g" |l

= (o) I
n—1 nzx+n+1

1 1 2
< - 2.1 < 2//'
< (c=+5) 91 < = I

Also, L, is a contraction, i.e.

[LofII < Wl f € CB[0,00). (9)

Thus

IN

1Ln(f = g,2) = (f = 9)(z)| + [Ln(g,2) — g(z)|
2 2 1
< 20f =l + —7 le'dl

| Ln(f, ) = f ()]

Taking the infimum on the right - hand side over all g € W2 (), we get

La(f,0) = f@)] < 2 Koy (=) (10)
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By [5, p. 11, Theorem 2.1.1 |, there exists an absolute constant Cy; > 0 such that

1 1
KQ,(,O <f7 n—l) < 021 WZ, (f, \/m) s n > 1.

Hence, by ( 10 )

1
ILuf — 1]l < czow;<f,m>, n=23.. .

which was to be proved.

The next theorem is :

Theorem 4 Let f € Cg[0,00). Then

1
||Ln,k‘f_fH < 2kkK2,<p<f7n_1>, n=223,...

Proof. We have

Li(f,2) = f(x) =

= > o () e - s+ X o () s - s
- e () moe - s+ X c (1) s
_ Ei: r+1<:‘f) (L (f,z) — f(z)]. (11)

On the other hand, by ( 9 ), we obtain

Hence, by ( 11 ) and ( 10 ),

Luatfin) - 1@ < 3 (5] 1w - ol < 3 () wr-n

r=1

- i:( ) |Laf = fIl = |Laf — flé ( 1)

1
— ok | Lf — fI| < 2¢. kKw(f, _1).
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This completes the proof of Theorem 4 .

Corollary 1 There ezists an absolute constant Cos = Coa(k) > 0 such that

ILoad =11 < Cu i (1. ).

for all f € Cpl0,00) and n=2,3,...

Proof. Tt follows from Theorem 4 and [5, p. 11, Theorem 2.1.1].
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1 Introduction

Over the past ten years, the asymptotic theory of linear evolution equations
in Banach spaces has witnessed an explosive development. A number of
long-standing open problems have recently been solved and the theory seems
to have obtained a certain degree of maturity. An important role in the
early development of qualitative theory of differential systems, was played by
the paper ”Die stabilitatsfrage bei differentialgeighungen” [13],where Perron
gave a characterization of exponential stability of the solutions to the linear
differential equations

d
d—:tc — At)z, te0,+00), z€R"

where A(t) is a matrix bounded continuous function , in terms of the ex-

d
istence of bounded solutions of the equations d—f = A(t)z + f(t), where f

is a continuous bounded function on IR,. After these seminal researches of
O. Perron, relevant results concerning the extension of Perron’s problem in
the more general framework of infinite-dimensional Banach spaces were ob-
tained, in their pioneering monographs, by M. G. Krein, J. L. Daleckij, J. L.
Massera and J. J. Schaffer. In the present there are different important char-
acterizations of exponential stability or dichotomy for a strongly continuous,
exponentially bounded evolution family, which can be found for instance in
the papers due to N. van Minh [11,12], Y. Latushkin|[2,7,8], P. Randolph [8],
P. Preda[10,15], R. Schnaubelt [11,17], S. Montgomery -Smith[7]. For the
case of discrete-time systems analogous results were firstly obtained by Ta Li
in 1934 [see 18]. In Ta Li’s paper, can be found the same principal concern
as in Perron’s work, but using discrete arguments. This approach was later
developed for the discrete-time systems in the infinite-dimensional case by
Ch.V. Coffman and J.J. Schéffer in 1967 [3] and D. Henry in 1981[5]. More
recently we refer the reader to the the papers due to A. Ben-Artzi[2], I. Go-
hberg[2], M. Pinto[19], J. P. La Salle[8]. Applications of this ”discrete-time
theory” to stability theory of linear infinite-dimensional continuous-time sys-
tems have been presented by Przyluski and Rolewicz in [16]. The first aim
of this paper is to give a characterization of the exponential stability for
an abstract evolution family (not necessary provided by a differential sys-
tem) in terms of the admissibility of a Orlicz sequence space, so this work
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fit into the context initiated by Ta Li. Roughly speaking, this means that
an evolution family, acting on a Banach space X, is uniformly exponentially
stable if and only if the corresponding inhomogeneous difference equation
with the inhomogeneous term from [®(X) admits a solution in I®(X), where
(X)) ={f:INw— X :(||f(n)||)new is in the Orlicz sequence space [®}.
Also, we note that the technique used in this work does not require any
continuity hypothesis about the evolution families (as the strongly continu-
ity or partial strongly continuity, assumptions required in most of the above
cited works ). Classical examples of Orlicz sequence spaces are [P-spaces,
p € [1,00), and there is also presented in the paper other example of a Orlicz
sequence spaces which is not [? (also, for well-chosen Young functions ® other
various examples of Orlicz sequence space can be found). So, this approach
generalize the equivalence between ({7, [?)-admissibility and the exponential
stability of evolution families using the admissibility of a Orlicz sequence
space. Also, roughly speaking, we note that using this discrete-time the-
ory we obtain here the uniform exponential stability of the continuous-time
evolution families , fact which is very useful. Moreover, this approach does
break a new ground and it can bring other useful situations (as Example 2.2),
adding some nice twist to the subject concerning the connection between ad-
missibility and exponential stability of evolution families.

2 Preliminaries

First, let us fix some standard notation. For X a Banach space we will denote
by (P(X) and [*°(X) the normed spaces,

P(X)={f N X: f: LFm)IP < oo}, pe L o00),

(X)) ={f:N—-X: ilellgllf(n)ll < oo}

We note that 1P(X),[*°(X) are Banach spaces endowed with the respectively
noms

I = (5 1) "

[ fllec = sup [ f(n)]].
neN
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For the simplicity of notations we denote by I? = [?(R),[* = [*(R).
For more convenience we will list in the next the definition of a Orlicz se-

quence space. Let ¢ : IRy — IR, be a function which is non-decreasing, with
©(t) > 0, for each ¢t > 0. Define

O(t) = /tgo(s)ds

A function @ of this form is called an Young function. For
f:IN — IR a real sequence and the Young function ® we define

m®(f) = ki@ﬂf(k)\).

The set [® of all f for which there exists a j > 0 that m®(jf) < oo is easily
checked to be a linear space. Equipped with the Luxemburg norm

1l :inf{j 0 me (;f> - 1}

the space (I?,] - ||¢) becomes a Banach space.

Remark 2.1. It is easy to check that x{o, .} € {* and ||x{o, .n}||e = @,

n+1
for all n € IN, where in general y4 denotes the characteristic (indicator)
function of the set A.

Example 2.1. Classical examples of Orlicz sequence spaces are the well-
known [P-spaces, for all p € [1,00), (i.e. [* =P if B(t) = tP).

Remark 2.2 If (1", || - ) = (27, | - [}) then lim %2 = 1.

..........

which is equivalent with:

L1 1 \#
o ( ):( ) . forall nelV.
n+1 n+1

Let z € (0,1] and m = B} € N*, where [a] denotes the greatest integer

which is less or equal than a. Using the fact that ®~! is nondecreasing we
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have that

() = ) s ()= (3]

which implies that

1 vt 1|7
n l(x) < - , for all z € (0,1].
(E+)=] = = 7 la[d]
Hence
(I>_1
i 2@
z—0 TP
and
) 1
tim 2 iy =1
w0 w0 [@%@@))]
1
(®(u))P
Example 2.2. Consider ¢, ®: IR, — IR,
[e%) % t 00 t1+%
TS S Ay (R PR
o= 3 5 0 = [elds = 3 s

We pretend that [® #£ [P, for all p € [1,00). Indeed, yn%% = 0 and

111101% = oo, for all p € (1,00) and using the above remark, our claim

follows easily.
In what follows, if I® is a Orlicz sequence space we denote by

PX)={f: N =X :([[f())ne isin 1"}
Remark 2.3. [?(X) is a Banach space endowed with the norm

[l cxy = [T ILFOI e

Remark 2.4. For any Orlicz sequence space [® we have that:
i) 1% C I
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i)l flloe < o 1/ lle

HX{O}||<1>
Proposition 2.1. If ® is an Young function of the Orlicz sequence space 1®
then the followings statements hold:
i) The map ap : IN — IR, given by as(n) = (n + 1)<I>_1(n%r1) is a
nondecreasing one.

i) 3 1F(K)] < aw()l|flla. for allt > 0.5 € I*.
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Proof.
i) First let us prove that the map b : IR} — IR, given by b(u) =
nondecreasing. If 0 < u; < us then

1 1
= — [(s)ds = — [ o(-20)=av =
U1 0 (51 0

Uq Uz U2
1 17 ®

= — [o(Pv)dv < — [ p(v)dv = )
U2 Uz Uz U2

In order to prove that ae is nondecreasing let n € IN. It follows that 0 <

wy = &1 (n+2) < ¢~ (n+1) = w; and so b(wy) < b(w;). Having in mind
that
1 1
b =— d b =
W)= oy ™ ) =Ly

it results that ag is a nondecreasing function.
ii) Consider f € I*,n € IN*,c > 0 such that m®(2 f) < 1. Then we have
that

k=0 ¢

and so

o< (11):

which implies that

1

S 1F09) < (04097 () Il = a1 o

for allm € IN, f € 1%.
Remark 2.5. Using a simple translation argument we may state that

no+n

2 (0] < as(n)l|f]]e,

k=ng
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for all ng,n € IN, f € L?.

Definition 2.1. A family of bounded linear operators acting on X denoted
by U = {U(t, s) }+>s>0 is called an evolution family if the following statements
hold:

e1) U(t,t) = I (where I is the identity operator on X), for all ¢ > 0;

er) U(t,s) =U(t,r)U(r,s), forallt >r >s>0;

e3) there exist M > 0,w > 0 such that

|U(t, s)|| < Me*=*) forall t>s>0.
Definition 2.2. The evolution family U = {U(t, s) }+>s>0 is called uniformly

exponentially stable (u.e.s) if there exist two strictly positive constants N, v
such that the following statement hold:

|U(t,s)] < Ne V(=3

If I% is a Orlicz sequence space we give the following:

Definition 2.3. [? is said to be admissible to the evolution family ¢/ if for
all f € [*(X) the application z; : IN — X defined by

n

xf(n):];U(n,k)f(k;) lies in  1%(X).

3. The main result

Let [® be a Orlicz sequence space.

Lemma 3.1. If 1% is admissible to U then there is K > 0 such that

g lliex) < K| flliex)

Proof. We define the linear operator, acting on [*(X), denoted by
T:1%(X) — (*(X), and given by

m

(Tf)(m) =>_U(m, k) f (k).

k=0



ON THE UNIFORM EXPONENTIAL...

Consider {g, tnenv C1%(X), g € I*(X), h € I*(X) such that

P P
In ) g9, Tgn GO

Then

[(T'gn)(m) = (Tg)(m)|| < kf: U (m, k) (gn (k) = g(K))]| <

<3 Mg (k) — g(h)]| < Mean(m)llgn — alliox.
k=0

for all m,n € IN.

It follows, using again the Remark 2.4 | that T'g = h, and hence T is closed
and so, by the Closed-Graph Theorem it is also bounded.

So we obtain that

HIsz@(X) = ]|Tf||lq>(X) < ||| ||f||lq>(X), for all f € lq)(X) as required.

Lemma 3.2. Let g : {(t,ty) € R*: t >t > 0} — R, be a function such
that the following properties hold.
1) g(t, to) < g(t,s)g(s,to) , forall t>s>ty>0;

2) sup g(tvtO) < 00y

0<to<t<to+1
3) there exist a sequence h : IN — IR, lim h(n) =0 and g(m+n,n) <

h(m) , forall m,n € N.
Then there exist two constants N, v > 0 such that

g(t,tg) < Ne#t=0) = forall t>ty>0

o |-

Proof. Let a=  sup  ¢(t, to), mo = min {m € N*: h(m) <
0<to<t<to+1

Conditions 1) and 2) imply that sup g(t,ty) < a?mo.
0<to<t<to+2mo

Fix tg > 0,t > to + 2mg, m = [m%)} n = [7’%} where [s] is the largest integer

261
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equal or less than s € R. One can see that mom < t < mgo(m + 1), mon <
to < mo(n+1),m >n+ 2, and so,

g(t,to) < g(t,mem)g(mem, mo(n + 1))g(mo(n +1),ty) <

atmo ﬁ g(mok, mo(k — 1)) < a*™ ﬁ h(mg)

k=n+2 k=n+2

IN

< a4m067(m7n71) < a4moe—%+2.
If we note that

t—1tg

g(t, to) < a*™ < a®™e?e” 7m0 | forall ty>0,t € [to,to + 2my)
we obtain easily that

glt,tg) < Ne7’(t=0) = forall t>t,>0 , where

1
N = maz{a*™e* a*™e*}, v = —.
Mo

Theorem 3.1. U is u.e.s. if and only if there exists a Orlicz sequence space
I1* admissible to U.

Proof.

Necessity. It follows easily from (Definition 2.3) that the space I' is admissible
to U.

Sufficiency. Let m € N,z € X, and f: N — X, f = xpyz. It is easy to

verify that f € [*(X) and || f]le = [|x{0}le|/z] and

k

(xg)(k) =D Uk, 5)f(5) =

J=0

Uk,m)x , k>m
0 , k<m

and so [U(km)e]| < lofle < ptrlerle < Kptilfle = Kol
for all k£ > m.
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Let ng,me N,z € X, f: N — X, given by

fn) = Un,ng)z , n € {ng,....,no+m}
10 , né&{ng,....,ng +m}
Then f € I*(X), || fllizx) < K@—I(L) ||z||. It follows that
m—+1
n 0 , n<ng
(xf)(n) = Z U(n7 k>f<k) = (n — N+ 1)U<n7 77,0>$ ; NE {n(b s Mo + m}
k=0 (m+ 1)U(m,ng)z , n>ng+m+1
and so
m+1)(m+2 notm
( )2( )HU(m—i-no,no)xH = > (n—no+1)||U(m + ng, no)z||
n=ng
no+m no+m
< K Y (n—no+1)|Un,no)zl| = K Y |lag(n)]| < Kag(m)l|asllex)
n=ngo n=no

< Kag(m)| flliwx) < K[| (m +1).
We obtain that

2K3
|U(m + ng,no)|| <

_m+2||x|| , forall m,nyeN

By Lemma 3.2 it results that there exist two constants N, > 0 such that

|U(t,to)|] < Ne7tt) | forall t>t,>0
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Abstract

The generalized quasilinearization method for a second order nonlinear
differential equation with general type of boundary conditions is developed. A
monotone sequence of approximate solutions converging uniformly and rapidly
to a solution of the problem is obtained. Some special cases have also been
discussed.
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1. Introduction

The method of generalized quasilinearization introduced by Lakshmikantham [4,5]
has been effectively applied to find a sequence of approximate solutions of the
nonlinear initial and boundary value problems, see, for example, [ 6-9]. In reference
2], the generalized quasilinearization method was discussed for a nonlinear Robin
problem.

In this paper, we develop a generalized quasilinearization technique for a second or-
der nonlinear differential equation subject to general mixed boundary conditions and
obtain a sequence of approximate solutions converging monotonically and rapidly
to a solution of the problem. Some interesting observations have also been presented.

2. Some Basic Results

Consider the nonlinear problem

—u"(t) = f(t,u), t € J=10,7], (1)
Pott(0) — gou'(0) = c1, Pot(T) + gou(m) = ca,
where f € C[J X R, R], po, Go, €1, c2 € R with p,,q, >0 (2p, > ¢,) and ¢, ¢ > 0.
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We know that the linear problem
—u"(t) = Au(t), t € J,

pou(0) — gou'(0) = 0, pou(T) + gou’ () = 0,

has a trivial solution for all real values of A\ except for those values of A which are
the roots of the equation

2v/Apoto
tan\/_ ( 2\ _ po)

Consequently, for all such values of A for which the homogeneous linear problem has
a trivial solution, the corresponding non homogeneous problem

() = Mu(t) = o(t), t e J,

pou(0) — qou'(0) = ¢, pou(m) + qou' (7) = ca,

has a unique solution
d
/ G)\ t S d8+02 G)\<t,8)|s:7r—61dfG)\(t, S)|s:0,
S

where G (t, s) is the Green’s function of the associated homogeneous problem and

is given by
1
Gy(t,s) =
(t:9) 2oGo 08 VAT + (p2v/ X — qu\%) sin vV Am
(po sin VAt+go VA cos ﬁt) . <t < <
% [qo\/x(cos \/X\(%—s)—l—]\y;;in\/\%n)_s)]—la fo<t<s< T,
Do SIn VAS+qo cos S . < <t <
[g0V/A cos VA(1—t)+po sin ﬁ(w—t)}_h if 0 Sssism ()\ = 0)’
G (t S)_ 1 (QO+pot)(QO+po(7r_5)v ifogtﬂséﬂ',
A Po(200 + pom) | (@0 + Po5)(qo + po(m —1t), if0<s<t <7 (X=0),
-1
G)\<t7 3) = 3
2p0qo(—A) cosh V=T + (p2v/ =X + ¢2(— )2 sinh v/ — A7
(po sinh vV —=At+qov/—X cosh \/?)\t) . <t < <
> [90v/— X cosh v/=X(7—s)+p, sinh \/—7>\(7r—s)]717 it 0 Stsss (y
(po sinh v=As-+go V= cosh v=)s) fo<s<t<m(\<DO).

[go/—X cosh /= X(7—t)+p, sinh \/j)\(wft)rl ’

We observe that G > 0 for A < 1/4. Now, we state the following lemma ( for proof,
see [2]).
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Lemma 2.1. (Comparison Result) Let A < 1/4, o(t) > 0 and v € C*(J). Then
the nonhomogeneous problem

() = Mu(t) = o(t), t e J,

pou(0) — qou'(0) = ¢, pou(m) + qou' (7) = ca,

has a nonnegative solution.
We shall say that a(t) € C%(J) is a lower solution of (1) if

—a(t) < f(t,a(t), t € J,

poa(O) - qué/(O) < C1, poa(w) + QOO/(W) < Ca.
Similarly, 3 € C?(J) is an upper solution of (1) if

=6"(t) > f(t,8(t)), t € J,

PoB(0) = 4o3'(0) = c1, PoB(m) + o' () = ca.

Now, we state some theorems (without proof) which can be proved using the stan-
dard arguments [2, 9].

Theorem 2.2. Let f € C?[J x R, R] be nonincreasing in u for each t € J and «, 3
are lower and upper solutions of (1) respectively. Further, there exists a constant
L > 0 such that

f(t,ur) — f(t,ug) < L(ur — ug),

whenever u; > uy. Then a(t) < S(t) on J.

Theorem 2.3. Let «, 3 be lower and upper solutions of (1) respectively such that
a(t) < B(t) on J and f € C?*[J x R, R]. Then there exists a solution u(t) of (1)
such that a(t) < u(t) < 5(t), t € J.

3. Generalized Quasilinearization Technique

Theorem 3.1. Assume that

(A1) a and 8 € C?(J) are lower and upper solutions of (1) respectively such that
a(t) < B(t) on J.
82

(A2) %(t,u), Té(t,u) exist and are continuous such that %(t,u) < 1/4 and

D (f(t,u) + 6(t,u)) > 0, where ¢ € C[J x R, R] such that 22(t,u) > 0

for every (t,u) € J x R.

Then there exists a monotone sequence {w, } of solutions converging uniformly and
quadratically to the unique solution of the problem.
Proof. We define

F(t,u) = f(t,u) + o(t,u), te .l
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Clearly F(t,u) € C[J x R, R]. In view of (Ay) and the generalized mean value
theorem, we have

F(t,u) > F(t,v) + F,(t,v)(u —v) — ¢(t, u),
where a <v<u<fBonJ (u,vER). Define

g(t,u,v) = F(t,v) + F,(t,v)(u —v) — ¢(t, u), (2)
and observe that

g(t,u,v) < F(t,u), g(t,u,u) = F(t,u). (3)

Also, it can easily be seen that g(t,u,v) is nonincreasing in u for each fixed (t,v).
Further, using the mean value theorem repeatedly, we have
82
g<t7 u, Ul) - g(ta u, U2) > wF(ta 51)(5 - UZ)(Ul - 1)2),
(vg <& <& vy <& <y, t €J), which in view of (Ay) implies that g(¢,u,v) is
nondecreasing in v for each fixed (¢, u). Also, g(t,u,v) satisfies Lipschitz condition:

g(t, u,v1) = g(t, u,v2) = (Fu(t,v) = du(t, n)) (ur —u2) < fult,w)(ur —ua) < L(us —ug),

where L > 0, and uq; > us.
Now, we set w, = a and consider

—u"(t) = gz, u(t), w,(t)), t € J, (4)

pou(0) — qou/(0) = ¢y, Pott(T) + qou’ () = co.
Using (A1), (3) and the nondecreasing nature of g(t,u,v) in v, we get

—w,(t) < f(t,wo(t)) = g(t, wo(t), wo(t)), t € J,

powo(o) - QOw;(O) S Cy, powo(’n) + QOw:}(ﬂ-) § Ca,

and

—0"(t) > f(t, B(t)) > g(t,w,, B), t € J

poﬁ(o) - QO/B/(O) Z C1, poﬁ(”) + QOﬁ/<7T) Z Ca,

which imply that w, and 3 are lower and upper solution of (4) respectively. Hence,
by Theorem 2.3, there exists a solution w; of (4) such that w, < w; < 3 on J.
Now, consider the problem

_u”(t) = g(t7u(t)>w1(t))7 teJ (5)

Pou(0) — gt/ (0) = ¢4, Pott(T) + qou' (1) = co.
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From
—w{(t) = g(t, w1 (t), we(t)) < g(t,wy,wy), t € J,
Pows(0) — gow} (0) = ¢4, Pow () + gow (m) = ¢2,

and

=3"(t) = f(t,B(t) = g(t, w,, B), t € J,
pDﬁ(O) - QOﬁ/(O) 2 C1, poﬁ<7r) + QOﬁl(ﬂ) 2 Co,

it follows that w; and ( are lower and upper solutions of (5) respectively. Again,
by Theorem 2.3, there exists a solution wy of (5) such that w; < wy < § on
J. Continuing this process successively, we obtain a monotone sequence {w,} of
solutions on J satisfying

Wo < wy; < wy <wz <L wp Swy, <G,
where the element w,, of the sequence is the solution of the problem
—u"(t) = gz, u(t), w,_1(t)), t € J,

pou(0) — qou/(o) = (1, pou(m) + QOU,(TF) = Ca.
Since the sequence {w,} is monotone, it has a pointwise limit w. To show that w is

in fact a solution of (1), we note that

d

® d
wn(t) = /0 Golt, $)7a(s)ds + 2 -Gl 5) = — e17-Giolt:8) =0,

(Go(t, s) is given in section 2) is a solution of the following problem
—u"(t) = ou(t), t € J,

Pou(0) — gou'(0) = e, pou(m) + gott' () = c3,
where
Un(t) = F(tawnfl) + Fu(uwnfl)(wn - wn71> - ¢(t7 wn)
Since o, is continuous for each n € N and a < w,, < # (n = 1,2, 3...), it follows that
{0} is bounded in C(J). Also, limy,_.0,(t) = f(t,w). Thus, the sequence {w, }
is bounded in C?(J) and hence {w,} /" w uniformly on J. Passing onto the limit
n — 00, we get

w = /O7T Go(t, s)f(s,u)ds + (ca + 01)(2(103_%.

This shows that w is a solution of (1).
Now we show that the convergence is quadratic. For that, we set e, = u —w,, n =



272 AHMAD,KHAN

1,2,3... and note that e, > 0, p,e,(0) — g.€,,(0) = 0 and pye,(7) + goe,(7) = 0.
Using the definition of g(¢,u,v) and the generalized mean value theorem, we get

—e,(t) = —u'(t) +wy(t)

= )~ Ot )l )

- @ﬁsaw—uw+95aﬂ%qxu—%>

ou
?*F oF
= 2. =5 (&) (& — up—1)(u — up—1) + [%(t,,un_l) — Gu(t, &2)](u — uy)
< C’ei_1 + gi(t, JUp—1)€n < C’efb_l + a,(t)e,,

where w, 1(z) < & < & < w, u, < & < wand a, = %(t,un,l). Since
limy—ootn(t) = fu(t,w) < 1/4, therefore we can choose A < 1/4 and n, € N
such that for n > n,, a,(t) < A, ¢t € J. Thus, for some b,(t) < 0, the error function
en(t) satisfies the problem

—e!(t) — Mt)en(t) = (an(t) — Nen(t) +ce2_| +b,(t), t € J,

Poen(0) — goe;,(0) = 0, Poen () + go€y, () = 0,
whose solution is
en(t) = /O "Gt 8)[(an(s) — Nen(s) + ce2_y + ba(s)]ds, t € J.
Since a,(t) — A <0, e, =w —w, >0, b, <0, therefore
(an(t) — Nen(t) + by(t) +ce? | <ce? ;.

Consequently, we have
t) < c/oﬂ Gi(t,s)e_,(s)ds, n > n,,
which, on taking the maximum, can be written as
lleall < dflen—1]P?,
where § provides a bound on ¢ [ G\(t, s)ds and

[ull = max{[u(t)],t € J}

Theorem 3.2. (Rapid Convergence) Assume that

(B1) «,3 € C?*(J) are lower and upper solutions of (1) respectively such that a < 3
on J.
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(Bs) gxf (t,u), i =1,2,3, ..., k exist and are continuous on Q = {(¢,u) € J x R} such

that 2L (t,u) < 1, 2 (f(t,u) + é(t,u)) > 0 for some function ¢ € CH*-D[J x

R, R] such that 9 (¢, u) > 0.

Ouk

Then there exists a monotone sequence {w,} of solutions converging uniformly and
rapidly with the order of convergence k (k > 2) to a solution of (1).
Proof. Define

F(t,u) = f(t,u) + o(t,u), te

Using (Bs) and generalized mean value theorem, we have

LR (u —v)

> — .
) 2 3 ) = ot
Now, we set
k=1 i (u — v)i
Kt o) = 3 5rbo) =5 — o)
Lo o) 9o (u— o)
where v < ¢ <wanda<v<u<fon.J
Observe that
K(tuo) < F(tu),  K(tuu) = F(t,u). (6)
Fix w, = a and consider the problem
—u"(t) = K(t,u(t), w,(t)), t € J, (7)
pott(0) — qou'(0) = ¢, Pott(m) + qot/ () = ca.

Using (B;) and (6), we get
—wg(t) < f(t,wo(t)) = K(t, wo(t), wo(t)), t € J,

powo(o) - QOw;(O) S C1, powo(ﬂ-) + QOw:}(ﬂ-) S Ca,

and

=3"(t) = f(t, B(t) = K(t, wo, B), t € J,
pDﬁ(O) - QOﬁ/(O) 2 C1, poﬁ<7r) + QOBI(W) 2 Co,

which imply that w, and 3 are lower and upper solution of (7) respectively. Hence,
by Theorem 2.3, there exists a solution w; of (7) such that w, < w; < ( on J.
Similarly, we can show that the following problem

—d"(t) = K(t,u(t), w (), t € J, (8)

pou(0) — qou'(0) = ¢, pot(m) + qou' (7) = ca,
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has a solution wy such that w; < wy < § on J, where wy and (3 are lower and upper
solution of (8) respectively.
Continuing this process successively, we obtain a monotone sequence {w,} of solu-
tions satisfying

wo <wy Kwy <wyg <L wp Sw, <G

on J, where the element w,, of the sequence is the solution of the problem
_u//(t) = K(ta u(t)v wnfl(t)% te Jv

Pou(0) — gt/ (0) = ¢4, Pott(T) + qou' (1) = co.
Employing the procedure used in the preceding theorem, we can show that the
sequence {w, } converges to the unique solution w of the boundary value problem (1).

To show that the convergence of the sequence is of order k (k > 2), we set e, = w —
Wy, Gp = Wpi1 — Wy, 1= 1,2 3.... Clearly, a, >0, e, >0, e, —a, =e,11, a, < e,
and a® < eF. Using the mean value theorem repeatedly, we have

_61/ (t) — w// (t) o w//(t)

n n

k—1 azf (6%_1 - a;_l)
= ; au’l (t, wn_l)(i—)!
o' f eno1 0% ak_,
+ o) = + S (1) =
k—1 @zf 1 i—1 - o
< _ j—1 i—j—1
+ [6kf o* en1

Ot ¢+ 220, e
< qu(t)e, + NeF

n—1»

where
0= 2 ftw Sl
gn(t) = f(twp—1)— D _en 1 a1,
= ou’ (0)! = ! !
and N > 0 provides bound for g%{:(zﬁ,wn,l(t)) on Q. As limy_0oqn(t) = fu(t,w) <
1/4, we can choose A < 1/4 and n, € N such that for n > n,, ¢,(t) < A, we have

—en(t) = A(t)en(t) < (gu(t) — Men(t) + Ne,y < Ney,

n n—1»

Poen(0) — goe;,(0) = 0, Potn(T) + qoey, (1) = 0,
whose solution is

en(t) :/ Gi(t,s)Nel_ds, t € J.
0
Taking maximum over [0, 7], we obtain

leall < Cllenll,
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where C' provides a bound on N [;f G\(t, s)ds.

4. Concluding Remarks

In this paper, we have developed a generalized quasilinearization method with rapid
convergence for a somewhat more general type of boundary value problem. Some
interesting cases can be obtained by assigning particular values to the parameters
involved in the boundary conditions and these are given below:

(i) The results of references [10] and [3] can be recorded as a special case by taking

Po=1, ¢ =0, ct =0, co =0 for ¢ = Mu? and ¢ = Mu* respectively.

(ii) For p, = 0, ¢ob = 1, ¢4 = 0, ¢ = 0, we recover the results presented in

reference [1].

(iii) The results of reference [2] appear as a special case by taking p, = 1, ¢, =

17 01:0, CQZO.
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Abstract

The space of finite tight frames of M vectors in R with prescribed
norms {b;}}, and frame constant A corresponds to the first N columns
of matrices in O(M) (the orthogonal group) with the property that the
norms of the first N elements of their rows equal the values a; = b; /v/A.

j=M
Then a?- <land ) a]z = N.
j=1
For any sequence {a; };‘il of positive real numbers such that a? <1

j=M

and > aj = N, correspond to the first N rows of matrices in O(M) (the
j=1

orthogonal group) with the property that the norms of the first N elements

of their rows equal the values a;. we prove existence of such frames. The

proof is constructive, giving an embedding of O(N) x O(M) into the

space of such frames. In addition, for any such {aj}é'vil, all solutions
Mx(M—1) _ Nx(N—1)
2 2

can be factorised into parameters and one matrix
RNy € O(N), and each different solution provides a different embedding of
O(N) into the space of such frames. Replacing Ry by any other element
of O(M), W different solutions are obtained. A simple and fast
algorithm providing particular solutions is given. In particular, Parseval

frames correspond to sequences {a; }fil such that a; = % The results

provide an independent proof of some of the existence results in [CKLT02].
All proofs are constructive. A MATLAB toolbox implementing all results
is freely distributed by the authors.

*P.G. Casazza and M. T. Leon were supported by NSF DMS 0102686
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1 Introduction

Frames for Hilbert spaces play a fundamental role in a variety of importatnt ar-
eas including signal /image processing [Cas00], multiple antenna coding [GKV9§],
perfect reconstruction filter banks [DGKO02], quantum theory [EF01], [S] and
much more. For applications, tight frames are preferred since they alow simple
reconstruction formulas. A common problem in applications of frames is to find
a tight frame {p;}77, for an N-dimensional Hilbert space Hy with {[l¢;[|}}1,
prescribed in advance. In [CKLTO02] the authors give necessary and sifficient
conditions on {a;}}L, so that there exists a tight frame {p;}}L, for Hy with
llojll = aj, for all j =1,..., M. The main tool used in [CKLT02] is the notion
of frame potentials introduced by Benedetto and Fickus [BF02]. However, this
is an existence proof while for applications we need an exact representation for
the frame. In this paper we will give an algorithm for constructing a family of
tight frame vectors {@;}}2, for Hy with |l¢;|| = a;, for all j =1,..., M. This
provides an independent proof of some of the results in [CKLT02] while at the
same time allowing exact constructions for the necessary frames. A MATLAB
toolbox implementing all these results is freely distributed by the authors.

2 Definitions

Througout the paper we let N < M be fixed positive integers. First we recall
the well known fact that finite normalized tight frames correspond to the first N
columns of matrices in O(M), the M x M orthonormal matrices. Background
definitions and a detailed proof of this fact is found in [GKO01] and [BF02].

For the purposes of this paper it suffices to recall that {¢, }Jl‘il is a (finite)
tight frame in R with frame constant A if for every vector y € RV

Sy =Y _(y,¢)p; = Ay

The ”analysis frame operator” L of the frame is given by

Ly = {{y, o)}/

with adjoint operator L* given by
j=M
j=M
{an}i2)" — D ases -
j=1

We have the diagram

RY L 2(0) L5 RM L 2(an)
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Then the frame operator S and grammian operator G equal S = L*L and
G = LL*, where L is an M x N matrix and L* is an N x M matrix given by

h
L=| : |, L*= (¢1]...|enm)

*

Pm

where 7 are row vectors and ; are column vectors. The tight frame condition

gives L*L = Ay y and the diagonal of the grammian is {|j¢1 |, ..., [lenm]*}.
Now extend ﬁ to a matrix U € O(M),

£L |
= 1.
U={: |t
M |
=1
- =M
In [CKLT02] it is proved that for {a; > 0}Z" the condition 3 a? > Na?
j=1
suppose aj is the largest a;) is sufficient for the existence of a tight frame
(supp gest a; g
{p; gzi\/[ with |¢;|| = a;. The associated matrix U € O(M) satisfies the
condition
j=M 0 2 y 2
N = LI and ||ZL] <1,
Al |l =

Jj=1

where A is the tight frame bound of {¢; };ii\/l
The main result in this paper is then:

Theorem 2.1. For a sequence {a; }]J‘il of positive real numbers such that a? <1
j=M

and Y a? = N a matrizx U € O(M) exists such that, in squared norms, the
j=1

first N columns are

ai; |-
We proceed to obtain such matrices. Their construction provides an inde-
pendent proof of some of the results on existence of tight frames in [CKLT02].
j=M
Any sequence {a; }]M:1 of positive real numbers such that a? < 1land Zl a? =
J:

N will be called admissible. For Ry; € O(M) let 75, ; denote the first N terms

j=M
of its jth row. Then > || rleft’j||2 = N. We will say that R,/ is a solution for
j=1

the admissible sequence {a;}}L, if ||riepe ;|| = aj for j=1,..., M.

279
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3 Factorisation of O(M)

The following factorisation is similar, with minor changes, to that described in
[Vai93], p. 747. Every matrix in O(M) is obtained as a product of Givens
rotations 0(t, j,k) € O(M),

j < k, where
L1 0 0 0 0
0 cos(t) 0 sin(t) 0
0(t, j, k) = 0 0 Ing—jp—o2m—j-r—2 O 0
0 — sin(t) 0 cos(t) 0
0 0 0 R

It is clear that
G(tajv k)_l = 9(_t7ja k‘l)
To begin with, every Ry € O(2) is obtained as

_( cos(t) sin(t)\ (p 0 I
Ry = ( sin(t) cos(t)) \01 ==l
and thus can be stored with one parameter ¢ and a sign ©1 (taking account of

the determinant ).
Let Ry € O(M), and we will see how to factor Rys. Let

M=t =7/2 if Ry (M, M) =0,
and
t%‘l =arg(Ry (M, M) — iRy (M — 1,M)) otherwise. (1)

Then, if T = 0(t}2 ', M — 1, M)Ry;, we have that T(M — 1, M) = 0 and
T(M,M) > 0. That is,

| T@A,M)
]
T=1|... | T(M-2M)
| 0
| T(M,M)

Now repeat the process on the M — 2 term of Mth column of T, thus obtaining
t%_Q. The matrix

S =02 M —2,M)T = 0(t3} 2, M — 2, M)o(t3i~, M — 1, M)Ry,
is such that S(M —2,M)=S(M —1,M) =0 and S(M,M) > 0.
| S(1,M)
|
| S(M—3,M)
| 0
| 0
| S(M, M)
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Iterating the process we obtain t},, ... ,t%fl such that if
Qun = 0(thy, 1, M)O(t3,,2, M) ... 032 M — 2, M)O(tXE = M — 1, M)Ry,
then
Qu(L,M)=Qu(2,M) =" =Qu(M—-1,M)=0

and Qu (M, M) > 0. Since Qpr € O(M), we now have Qp (M, M) = 1. Also
and since Q (M, M) =1, it follows that

This means that
_ (Ry-1 0
for some matrix Rys—1, and since Qpr € O(M), we have Ry—1 € O(M —1).

Therefore,

Rar = 0(—t3; 71 M — 1, M)O(—ty; 2, M — 1, M) ... 0(—t3;,2, M)O(—t}y, 1, M)Qrs

for some matrix Qp asin ( 2).
Any choice of M — 1 parameters t}, ... ,t%‘l will induce embeddings

0 M-1: O(M — 1) — O(M) (3)

1
t M

Mot

taking Ra—1 € O(M — 1) into
O M — 1, M)O(ty; 2, M — 1, M) ... 0(t3;,2, M)O(ti;, 1, M)Qur

for Qpr as in (2 ). Multiplication by any of the matrices (¢, j, k) will only
introduce changes in rows j and k. Parameters defined in ( 1 ) are defined up
to integer multiples of 27r. Therefore for different (up to integer multiples of 27)
M — 1 parameters s}, ..., 5%71 we obtain different embeddings 6.,

The process can be iterated for Rp;—1. And composing such embeddings
( 3) we obtain embeddings

O(N) — O(N +1) — ...O(M — 1) — O(M)

The resulting parametrisation and the embeddings of O(N) into O(M) will
play a significant role and we record them as follows.

Lemma 3.1. If N < M, then

(a) Every matriz in O(M) is parametrised by (M — 1)+ (M —2) +--- +
_ M@-1) .
2 + 1= —5—= paramelers and one sign.

very matrix in 18 parametrised by —-1)+ —2)4+---+
b) E iz in O(M) i ised by (M — 1 M -2
(N+1): ]W(]\gfl) _ N(]\Qf*l)

parameters and a matriz Ry € O(N).

281
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(¢) Both of these parametrisations are unique (up to integer multiples of
27 for the real parameters).

Proof. Parts (a) and (b) are the well known representation of matrices in O(M)
described above. For part (c¢), the sign of the decomposition is the determinant
of the matrix. The real parameters ¢t in ( 3 ) are defined up to integer multiples
of 2. O

The factorisation reformulates, for storage and computation purposes, the
well known fact that as a Lie Group, O(M) has dimension W and two
components, corresponding to the two possible values of the determinant.

Whenever we refer to a matrix in O(M) by giving the M x (M — 1)/2 pa-
rameters and a sign we refer to the decomposition of the Lemma 3.1 . For later
reference we now record both factorisations of arbitrary Ry; € O(M).

Ry = 0t~ M — 1, MO 2, M — 1, M) ... 0(t3,,2, M)O(th,, 1, M)
O =2 M—2, M—1)0(t =3 M—2, M—1)...0(t3,_,,2, M—1)0(t5,;_,, 1, M—1)

cos(t)  sin(d) p 0
L 0(t2,2,3)0(t5,1,3) | —sin(td)  cos(td) 0 1

Inr—o pr—2 Ing—2, 02
p==1 (4)

and if any Qn € O(M) is given by

Qn =0(tN "N —1,N)O(tN "2 N —2,N)...0(t%,2, N)o(ty,1,N — 1)

cos(td)  sin(td) w0

. 0(t2,2,3)0(t3,1,3) [ —sin(td)  cos(td) 0 1
Inr—2,m—2 Ing—2 m—2
p=r1

then
Ry 0

= )
@n <0 IM—N7M—N) (5)

where Ry € O(N), and
Ry = 0(t~ Y M — 1, MO 2 M — 1, M) ... 0(t3,,2, M)O(th,, 1, M) ...
O(tN41, N, N+ 10N, N =1L, N +1) 0ty g, LN +1)Qn = ¥Qn - (6)
where

U =0t M — 1, M0ty 2, M — 2, M) ... 0(t3;,2, M)O(th;, 1, M)
BN NN+ DOtV N — LN +1) ... 0ty LN + 1)
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4 Existence and Construction Results

Lemma 4.1. Let Ry; € O(M) be a solution for the admissible sequence {a; }jA/il,
M(M-1)  N(N-1)
2 2

and let Rys be factorised as in (6 ) by means of parameters
and a matrix Ry € O(N) asin (5 ). For any matriz Sy € O(N), let

SN 0
Py =
N ( 0 IMN,MN)

Then

Sar =0t M — 1, M)O(t3E 2, M — 2, M) ...0(t3,,2, M)O(th,;, 1, M) . ..
O(tN+1, NN+ 1)0(tN 1, N —1,N +1)...0(ty41, 1, N +1)Py = TPy

is a solution for the admissible sequence {aj}j”il. This provides an embedding
of O(N) into the space of solutions for the admissible sequence {aj}j]vil

Proof. We will show that the values {a]} ~, depend on the parameters

Lt s (7)
and are independent of the particular choice of Ry € O(N).

Let r; be the ith row of Ry for [ =1,...,N. Then (r;,r;) = 0; . Let z; be
the first IV terms of the jth row of Ry, for j = 1,..., M. Multiplication by a
Givens rotation will replace the first N terms of any row by a linear combination
of {r;}M,. At the end of the process

I=N
_ J
T = E Ay T
1=1

where the coefficients \; depend only on the M(Ag_l) — N(A;_l) parameters in

( 7 ) and are independent of the r; given by Ry. Since the vectors r; are
orthonormal,

i
J=

Iz 1? = (x5, 25) ZA rl,ZA ) (A)?

1

Thus under replacement of Ry by another matrix in O(N) the values of ||z; 12
do not change. Again from ( 6 ) it follows that the parameters in ( 7 ) induce
an embedding of O(N) into the space of solutions for the admissible sequence

{aj}jM=1~ O

Remark 4.2. The equations giving /\{ in terms of ( 7 ) are in practical terms

unmanageable. They are given in terms of the M(Agfl) — N(]\Ql*l)

parameters.

Theorem 4.3. Let N < M be fized. If {a]} 7, s an admissible sequence, then
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(a) There is a solution for {a;}}L,
(b) Moreover, there is an embedding from O(N) x O(M — N)
O(N) x O(M — N)

into the space of all solutions for {aj}jM:l. The embedding will take the
pair of matrices Ry € O(N) and Ry—n € O(M — M) into

Ry 0
g
< 0 RM-N,M-N)

where the matrix ¥ is determined by the admissible sequence {a;}}7;.

Proof. The proof is just an algorithm. Let ¥ = I 5; We start with the matrix
O € O(M) given by
(RN 0
o=(% mi)

where Ry and Rj—n are arbitrary matrices in O(N) and O(M — N) respec-
tively. The fact that there is no other requirement on Ry and Ry;_pn will
provide the clue for the proof of the second claim of the lemma. We will con-
struct matrices O™ € O(M) forn=1,..., M — 1. We will denote

0left,; = first N terms of jth row of O™ and

0yight,; = last M — N terms of jth row of O"

Once the values a?,...,a3, ; have been attained the problem is solved since
each O™ is an orthogonal matrix. The solution will be OM~1. Let

t1 = arg(ar +14y/1 —ai)

and rename

U =0(t;,1, M)U.
Let

O' =0(t1,1, M)O
Then O' = ¥O, and

Holleft,lu2 =aj, and Holleft,M||2 =1-dl.

1 : 1 ; 1 ;
Also Ol ft,p Temains orthogonal to op. s, 5 for j > 2 and o), remains or-

1

thogonal to 0, ; for j < M — 1. The values of the squared norms of ollefm-
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and o}night, ; are described by the diagram:
a? | 1-a?
1 | 0
1 | 0
S
1 | 0
R | [
0 | 1
E
0 | 1
1—a? | a?

Now one of the following applies:
(CASE 1) 1 < a? + a3, or
(CASEII) 1 > a? + a3

In CASE I, take t5 a solution of

. 2 1_‘13 2 1
sin(t2) = p and O = 0(t2,2, M)O
1
Then
0% reall” = [[cos(ta)o oz + sin(ta)ob soac||” E [[cos(ta)ob ool

+ Hsin(tg)olleft)MH2 = cos(ty)? HOllemeQ + sin(t2)? || og yo s || @ cos(ts)?
1—a3
ai

2
Qg

+sin(ty)?(1 — a?) = 1 —sin(t2)?(a?) =1 — al =

where equality (1) holds because o], 1.2 and o], Ft,00 Ar€ orthogonal and equality
(2) holds because o, s, , is a unitary vector (in Ry). The values of the squared

norms of ol2e 7e; and ofight, ; are described by the diagram:
a? | 1—a?
a3 | 1— a3
1 | 0
| :
1 | 0
_____ | -
0 | 1
1 |
0 | 1

285
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Now for j =3,..., N, we have O%eftvj = ollefw» (they come from Ry ) so they
are unitary and they remain orthogonal to Olzeft, u Since the latter has been
obtained as a linear combination of oj, iy for j < 2.

Similarly, for j = N +1,...,M — 1, we have ozighm»

from Rjs) so they are unitary and remain orthogonal to 0?; ght

= o}night,j (they come
s Since the latter

is just a scalar multiple of 0}, 4 rr-
In CASE II, take t5 a solution of

2

sin(ty)? = % and let O% = 0(ty, M — 1, M)O*
1

Then

QLI) 2

|‘072~zght,M—1||2 = ||Cos(t2)071”z'ght,M—1 +Sin(t2)071”ight,M|| = ||Cos(t2)071~£ght,M—1||
+ ||Sin(t2)0}*ight,M||2 = cos(tz)” ||071"ight,M—1||2 + sin(t2)? Hoiight,MH

@ cos(t2)? +sin(ts)?at = 1 — sin(ty)? + sin(tz)%a?
2
= 1+sin(t2)2(af = 1) = 1+ % _(a2-1)=1-a?
— a2

where equality (1) holds because oiight7 M—p and oiight, a are orthogonal and
equality (2) holds since oiight’Mﬂ is a unitary vector (in Rp;—n). The values

of the squared norms of o7, ft,; and 0? are described by the diagram:

right,j

af | 1-af

1 | 0

1 | 0

1 | 0
_____ | o

0 | 1

|

0 | 1

a3 | 1— a3
l-af-d} | af+aj

Now for j = 2,..., N, we have O?eftyj = olleft,j (they come from Ry y).

Hence, they are unitary and they remain orthogonal to 012e ¢, Since the latter
has been obtained as a linear combination of oj, iy for j < 2.

Similarly, for j = N +1,..., M — 2, we have ozighm
from Rjps). So they are unitary and remain orthogonal to o

= 0}i,nt,; (they come
fight)M since the
latter has been obtained as a linear combination of o} for j > M — 2.

right,j
In either case, by renaming

U= H(tg,m,M)\I'
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where m is given by the CASE used, we have
0? =Y0

After k applications of CASE I and [ applications of CASE II we obtain

the matrix OF++1 The values of the squared norms of of;}?gl and of:;l};flj are
described (up to reordering of {a; }jj\il) by the diagram:
ai | 1—aj
a3 | 1—a3
2 2
At1 | I —aj,y
1 |
1 | 0
0 | 1
0 | 1
2 2
Aptiv1 } L—ap i1
2 2
a12€+3 | 1- al2€+3
zak+2 2 | 2 b agﬁ
k+l—af— - —ag 4 | af+-+agq—k

Now the two cases correspond to :
(CASED) k+1<af+---4ai, 4 +ai o Or
(CASEI) k+1>af+ - +aj, 11+ 05,40
In CASE I, take tj4;42 a solution of

: (t )2 L - a%+l+2
SIN(Tk4-14-2 = 5 2
ay +-tag g —k

and
Ok+l+2 _ g(tk+l+2a kE+ Q,M)Ok+l+1
In CASE 11, take tyy;42 a solution of

2

_ Ati42

= 2 2
ktl—ay—-—ap

sin(tpii12)?

and

OFH2 = G(typ1q0, M — 1 — 1, M)OFHHH!
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In either case, by renaming
U = O(tktita, m, M)¥
where m is given by the CASE used, we have
O'+i+2 = ().

Now it remains to prove that CASE I eventually takes place whenever k <
N —1 and when £k = N — 1 only CASE II can apply.
Suppose kK < N — 1. Then k+1 < N — 1. At the same time

@i+ o+ ity 2 N—1
giving
k+1<N—-1<af+ - +aj,4 +ai_,

so CASE I will eventually apply .
If k= N — 1 and CASE I applies at some step,

k+1:N§a%+-~-+ai+l+2§N

This could only happen if N = a% + --- + ai+l+2’ SO Qpqi+s = -+ = Apf—1 =
apr = 0. In this case OF+t+1 is a solution for {aj}jM:l. It is possible to reorder
the sequence {a,;} so that in the algorithm first take place N —1 times CASE I
and then It is clear from the construction that

oM~ =vo.
Finally, the parameters t1,...,t3/—1 and the matrix ¥ were determined by
the norms a?,...,a3, ; and so is ¥. Replacement of O by any other

R 0
o= n)
0 Ry

would have lead to another solution
oMt = w0

It is clear that multiplication by a unitary matrix is an injection. The claim is
thus proved. O

It must be pointed out that the embedding of O(N) x O(M — M) into O(M)
does not fill out the space of solutions. Using alternative algorithms it is possible
to construct solutions which do not belong to the image of the embedding, that

is, can not be factorised as
_ Ry 0
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Abstract

In this article we start from a model presented in [5], [16] and in [21,
Introduction]. We explain why this model is unrealistic and propose a sys-
tem of modified equations. Our approach to the study of these equations
is based on semigroup techniques. In particular we use the theory devel-
oped in [9] and [10]. The basic idea is to rewrite the equations that express
the biological model as a delay equation with nonautonomous past on a
suitable state space and then to study their well-posedness and stability.

2000 Mathematics Subject Classification:34G10, 35B40, 47A10, 47D06, 47N60.
Key words and phrases: Genetic repression, partial differential equations, semi-
groups, stability.

1 Introduction

Systems of delayed reaction diffusion equations have been used frequently in
modeling genetic repression, (see, e.g., J. Wu [21, Introduction]). The study
of these equations goes back to the 60’s with B.C. Goodwin, F. Jacob and J.
Monod (see, e.g.,[12], [13] or [14]).

In particular, Goodwin suggested that time delays caused by the processes
of transcription and translation as well as spatial diffusion of reactants could
play a role in the behavior of this system. The later studies of these models
included either time delays (see, e.g., [2], [15] or [20]) or the spatial diffusion
(see, e.g. [17]).

In this paper we study the one-dimensional model presented, e.g., in [5],
[16], and in [21, Introduction] which includes spatial diffusion and time delay.
According to this model the repressor in the cytoplasm at time ¢ and position
x depends on the mRNA (messenger ribo nuclein acid) that was at time ¢ — r
at the same position x, where r > 0. This assumption, however, is unrealistic.
For this reason we present a system of modified equations, which take into
account the diffusion in the past of the mRNA contained in the cytoplasm. In
particular we modify the equations associated to this genetic repression in such
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a way and then study them with the theory developed in [9] and in [10]. In
particular in Section 2 we explain this model following [16] or [21, Introduction]
and then justify the modifications of these equations. In Section 3 we consider
the model without delay. In Section 4 we rewrite the biological model as a
delay equation with nonautonomous past, studying its well-posedness. The last
section is dedicated to a stability analysis.

2 The Biological Model

2.1 The Classical Equations

In this section we briefly explain the biological model and rewrite it as a system
of equations following, e.g., [5], [16] and [21, Introduction].

The eucharyotic cell € consists of two compartments where the most im-
portant chemical reactions happen. Such compartments are enclosed within
the cell wall, unpermeable to the mRNA and to the repressor, and separated
by the permeable nuclear membrane. The first compartment w is the nucleus
where mRNA is produced. The second compartment, denoted by Q \ w, is
the cytoplasm in which the ribosomes are randomly dispersed. The process of
translation and the production of the repressor occurs here.

We denote by u; and v; the concentrations of mRNA and of the repressor,
respectively, in w if ¢ = 1 and in Q \ w if ¢ = 2. These two species interact
to control each other’s production. In the nucleus w, mRNA is transcribed
from the gene at a rate depending on the concentration of the repressor v;. The
mRNA leaves w and enters the cytoplasm Q\ w where it diffuses and reacts with
ribosomes. Through the delayed process of translation, a sequence of enzymes
is produced which in turn produce a repressor vo. This repressor comes back to
w where it inhibits the production of u;. This process can be written, in one
dimension, as the following system of equations.

du;t(t) = h(vi(t +71)) — brus(t) + a1 (ua(t,0) —ui(t)), t >0,

dv;t(t) = —bov1(t) + az(va(t,0) — vi(t)), t>0,

Ous(t, x) D?uy(t, )

ouz(t, r) _  O7U2(l, ) -

) ?f ) Dla? 8@2 ) et o) t=0, ze(0,1],
v , L v , T
287t:Dzﬁ7b2v2(t7$)+60u2(t+7”2,’1:), t>0, LIL’E(O71],

with boundary conditions

Quslt.0) _ g, (un(t,0) - ur(8)), ¢ >0,

= B (va2(t,0) — w1 (t), t>0, (2)

oulli.1)  Ouy(t, 1)
ox - ox

p)
dus(t, 0)

=0, t>0,
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and initial conditions

v1(s) = 91(5),
( 3

for x € (0,1] and s € [-7;,0], i = 1, 2. As in [16], the interval (0, 1] corresponds
to the cytoplasm 2\ w and the nucleus w is localized in 0. The constants b;
are kinetic rates of decay, a; are rates of transfer between w and 2\ w and
are directly proportional to the concentration gradient. The constants D; are
the diffusivity coefficients, and the constant ¢y is the production rate for the
repressor. The function h is a decreasing function and represents the production
of mRNA. It is of the form h(x) = ————,

1+ kar
is the Hill coefficient. The delay —r; > 0 is the transcription time, i.e., the time
necessary to the transcription reaction, and —ry > 0 is the translation time. The
constants 7 and (7 are the constants of Fick’s law (see, e.g., [1, Chapter VI|

or [19, Chapter V]). We have to underline the fact that all biological constants
are positive.

where k is a kinetic constant and p

2.2 A better model

According to model (1), the variation of the repressor vs(t,z) at time ¢ and
position = depends on the mRNA which was at time ¢+ ro at the same position
x. Clearly, this is unrealistic because the mRNA is subject to a diffusion process
in the time interval [t + 72, t], where we recall that ro < 0.

To include such a phenomenon in our model, we suppose, for simplicity, that
this migration is given by a diffusion of the form 2P, where Ap := j—; is the
Laplacian with Dirichlet boundary conditions.

To be more precise, we take the Laplacian Ap with domain
D(Ap) = {f e W>[0,1] : f(0) = f(1) = 0}

on the Banach space L'[0, 1].
Then the evolution family U :=(U(t, s))—1<i<s<o solving the corresponding
Cauchy problem (see [9, Example 6.1]) is

Ut,s):=T(s—1t), -1 <t<s<0, (4)

where (T'(t))i>0 = (e!2P);>¢ is the heat semigroup on L'[0,1]. Observe that
the growth bound of the evolution family (U(t,s))—1<i<s<o and of the heat
semigroup (T'(t));>o coincide and are negative, i.e.

—m% = wo(U) = wo(T(-)) < 0. (5)

Thus, assuming that the mRNA in the cytoplasm is subject to a diffusion
in the past of the form e*P, the term wusy(t + 72, 2) must be modified. Let
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Ug(t + 72, ) be the modification of ua(t + 72, x) governed by (U(t,s))_1<i<s<os
i.e.

~ . U(’I”Q,O)Ug(t‘i"l"g,l‘), 0 S T2+t7
u2(t—|—7‘2,x) L= U(Tg,t+7‘2)f2(t+r2,x), o+t <0, (6)
_ J T(=ro)ua(t +ra, z), 0<ry+t,
T T fa(t + 2, @), o+t < 0.

Then, the system (1) becomes

du;t(t) =h(vi(t +71)) — brus(t) + a1 (u2(t,0) — usr(t)), t>0,

dv;t(t) = —bowy (t) + az(va(t,0) — vy (1)), >0,

Aus(t, x) O%uy(t, )

OQua(t, ) ) Ous(t,z) N

) ?f ) Dla? 6%;52 ) el t>0, z e (0,1],
ST DT 0 byt 3) + eolia(t 4+ 72,7), £ 0, 7 € (0,1]

(7)

Remark 2.1. If Ap is substituted by Ay, i.e. the Neumann Laplacian with
domain

D(An) ={feW*![0,1]: f'(0) = f'(1) = 0},

then for the growth bound of the associated heat semigroup (7'(¢));>0 we only
have wo(7) < 0.

3 Semigroup without Delay

We want to study the system (7) with the theory developed in [9] and [10]. To
this aim we have to rewrite the genetic repression as a delay equation of the
form ~
W(t) =BW(t)+dW;, t>0
(NDE) W) =yeX
WO :fng([*laoLX)v

on some Banach space X, where (B, D(B)) is the generator of a strongly continu-
ous semigroup (S(t))¢>0 on X, the delay operator ® : W?([-1,0], X) — X is
a linear operator, p > 1 and the modified history function W, : [-1,0] —» X
(see [9, Definition 3.2]) is given by

— U <

Wi(r) = { U(r,0)W(t+7) for 0 <t+m,

Ulr,t+7)f(t+7) fort+7<0 (8)

for some evolution family (ﬁ(t, $))—1<t<s<0-

In the definition of the modified history function Wt two time variables ¢
and 7 appear. The variable ¢t can be interpreted as the absolute time and 7 as
the relative time. The meaning of (NDE) is that if we start with the history
function f, this function is shifted to the left by —¢, and for values greater than
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—t the value of the solution is given by the delay operator ® applied to the
shifted function.

In order to rewrite (7) as a delay equation with nonautonomous past we
proceed as follows.

As a first step we ignore the terms with delay, i.e. we consider the system

du#p = —blul(t) + CL1(U2(L‘7O) — Ul(t)), t>0,
dvcllt(t) = —bov1(t) + az(va(t,0) —v1(¢)), t >0, o
9
Qua(t, ) %us(t, )
- - >
o ?f ) D132 a%tQ ) brup(tye),  t20.2€ (0]
V2\l, T va(t,
ove(t,z) _ , 0702, %) N
ot D, 02 bava(t, x), t>0,z € (0,1],

with initial conditions (3).

To rewrite (9) as an ordinary differential equation of the form
W(t)=BW(t), t>0, (10)
W) =yeX,

for a linear operator (B, D(B)) on a Banach space X, we take as X the space
X :=R? x (L[0,1])? and as B the operator

—bl —a 0 a1(50 0
R 0 —b2 — a2 0 a250
B:= 0 0 DiA-b 0 ’ (11)
0 0 0 Dy A — by

with domain

D(B) = {(;) € R? x (W2[0,1])2: L(J;) - (y) and f'(1) = ¢'(1) = o}

where dof := f(0) for f € C[0,1], A := j—; and the operator L : (W?21[0,1])? —

R2? is defined by ,
L<f>:<f,ﬁ(§)+f(0)>. a2)
g 32 +9(0)
Remark 3.1. The Laplacian A in the definition of the operator matrix B has

"maximal” domain W?21[0, 1] and thus is different from the Dirichlet Laplacian
Ap that governs the diffusion in the past.

Let now
W(t) := (u); (H)vr(t)uz(t)va(t). (13)

Then the ordinary differential equation (10) and the system (9) are ”equivalent”.
Thus, to prove the existence of a solution of (9) is sufficient to prove that
(B,D(B)) is the generator of a strongly continuous semigroup (S(t));>o . In
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this case the solution of (10) is given by W (t) = S(¢)y. To this aim we rewrite
B in the form

00 0 0 0 0 aydy 0

B oo 0o o 00 0 ax

B=Bo+O-1l =15 5 pa o |Tloo o o
00 0 DA 00 0 0
bi+a;, 0O 0 0

0 b 07
0 0 b

with domains D(By) = D(B), D(0) = R? x (W1[0,1])? and II € £(X).

Proposition 3.2. The operator (By, D(By)) generates an analytic semigroup.

(DA 0
Bm'< 0 DQA)

with the maximal domain D(D,,) = (W%0,1])? and By := Bm\Ker ' Then,

by [8, Chapter VI, Section 4], By generates an analytic positive semigroup
(So(t))e=0-

Applying [6, Corollary 2.8] to the operator (By, D(By)), the assertion follows.

O

Proof. Let

The next definition will be needed to state Lemma 3.4.

Definition 3.3 (see [8], Definition III.2.1). Let A: D(A) C X — X be a linear
operator on the Banach space X. An operator B : D(B) C X — X is called
A—bounded if D(A) C D(B) and if there exist constants a,b € Ry such that

[Bz|| < al|Az|| + bl|«| (14)
for all x € D(A). The A — bound of B is
ap := inf{a > 0 : there exists b € Ry such that (14) holds}.

Lemma 3.4. The operator © is By—bounded with By—bound ag = 0.
Proof. Obviously, D(By) C D(©) and for

v- () e o

a1 f(0)

jovl = ||| 9 ||| < llar £l + llazgO)].

0

we have
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Since

0
f// )
g
it suffices to prove that for arbitrary small a,b > 0 there exist constants ¢, d €
Ry, such that [|f(0)[| < allf"[lx + 6]l f]lx and [[g(0)]| < e[l [lx + dl[ f]]x-
Using the fundamental theorem of calculus and the fact that the operator
d d? d?
— is —= —bounded with W—bound 0 (see [8, Example II1.2.2]), the assertion
x x
follows. O

0
1BoV|| =
1

The following proposition is an easy consequence of Proposition 3.2 and
Lemma 3.4.

Proposition 3.5. The operator (B, D(B)) generates a positive analytic semi-
group (S(t))e>0 on X.

Proof. By the previous proposition, the operator ©® and hence also © + I is
By—bounded with By—bound ag = 0. Using [8, Theorem III.2.10], one has that
By + © + 11 generates an analytic semigroup. Moreover, by [6, Proposition 5.2],
this semigroup is positive as well. O

4 The Genetic Repression as a Delay Equation
with Nonautonomous Past
As we mentioned at the beginning of Section 3, we want to rewrite (7) as a delay

equation with nonautonomous past, i.e. in the form (NDE) (see the previous
section). To this end and for the sake of simplicity, assume r; = 7o = —1 and,

instead of h(x) = ﬁ, consider its linearization, i.e. the function h : R — R
given by
}}( ) = M cR (15)
T W ke

Here v¢ is such that (u$, v¢, u§, v§)T is one of the steady-state solutions of (7) (see

[16, Section 5]). Hence, instead of (7) we consider the simplified and linearized
system

du;t(t) = cvr(t — 1) — bruy (1) + ar (ua(t,0) —ur(t)), ¢ >0,

dv;t(t) = —bov1(t) + az(v2(t,0) — v1 (1)), t>0,

Qua(t, ) D?us(t, x)

Jua(t, ) _  O"ua(t,z) N

B ?f ) Dla2 5%t2 ) el t>0,z € (0,1],
v2(l, T v2(l, 2 "

—gr = Drp a —bova(t,2) +ootiz(t — L,2), ¢20,2€(0,1],

(16)
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where ¢ := — 2800 Let ® : W'#([~1,0], X) — X be the delay operator
given by 0 0 .
CO—1
0 0 0 0
=19 0o o ol (17)
0 0 coé,l 0
where 0_1 f = f(—1) for f € WhP([-1,0],R) — R and take

Ul(t,s) :=(I)dIdU(t,s)Id = (I1)dIdT(s—t)Id for —1<t<s<0. (18)

Recall that (T'(t));>0 denotes the heat semigroup on L'[—1,0]. Then it is easy
to prove that the system (16) is equivalent to

W(t) =BW(t)+0W, t>0

W) =yex, (19)
Wo = fe LP([-1,0], X),
where
f= (1)1 911292, (20)
W (t) is as in (13) and the modified history function W, : [-1,0] — X is defined
by

W, (1) = U(r,0)W(t +7) for 0 <t+r,
ST Ut ) ft 1) fort4+7<0.

Here U := (U(t, s))—1<t<s<o is the evolution family defined in (18). Thanks to
the equivalence between (16) and (19), to prove the existence of a solution of
(16) it is sufficient to study the well-posedness of (NDE).

Definition 4.1. 1. We call a function W : R — X a classical solution of
(NDE) if
(1) We C(R7X) n Cl(R+aX)7
(ii) W(t) € D(B), W, € D(®), t >0
(iii) W satisfies (NDE) for all ¢t > 0.

2. We call (NDE) well-posed if

(i) for every (?) in a dense subspace S C X x LP(R_, X) there is a

unique (classical) solution u(y, f,-) of (NDFE) and
(ii) the solutions depend continuously on the initial values, i.e., if a se-
quence (?") in S converges to (?) € S, then u(yy,, fn,t) converges

to u(y, f,t) uniformly for ¢ in compact intervals of R_.
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The next two results are concerned with the well-posedness of (19) and as a
consequence the existence of the solutions of (16).

Take 5
i)
C:= (O g) , (21)

D(C):={(}) € D(B) x D(@) : £(0) = y} (22)
on the product space £ := X x LP([—1,0], X). Here the operator G is the matrix

with domain

o o of~
o of o
oo o
§roc o o

with domain
D(G) = (W'?[~1,0])* x D(G) x W'¥([~1,0], L'[0, 1]),
% is the weak derivative and (G, D(G)) is the closure of
Af =+ 1", (23)

for f in an appropriate subspace of D(G) (for details see [11, Proposition 3.1]).
The following theorem follows by [9, Theorem 4.3].

Theorem 4.2. For the function h given by (15), the operator (C, D(C)) gener-
ates a strongly continuous semigroup (7 (t))i>0 -

As an immediate consequence of [9, Theorem 4.5], we obtain the next theo-
rem.

Theorem 4.3. If the function h is given by (15), then the delay equation (19)
is well-posed. Thus the classical solutions u of (16) are given by

u(t) { T (T(t)<?>)7 t>0,

f), t<0,

for every (?) € D(C). Here my is the projection onto the first component X of
E.

5 Stability

In this section our goal is to study the stability of the solutions of the system
(16), in particular we want to find conditions such that the solutions decay
exponentially. In this context positivity will be very helpful. First of all we have
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to observe that the function A in (15) is negative, which implies that the delay
operator ® is negative. Then we consider the system

du;t(t) = —cv(t — 1) — byuy (t) + a1 (uz(t,0) —uq(t)), t>0,

dvy(t

Usﬁf ) = —bov1(t) + az(v2(t,0) — v1 (1)), t>0,

8’&2(75’,1‘ 82’(L2(t,1‘)

oua(l, ) o O"u2(t, ) N

d é()f ) Dlaz 3:&2 ) el t20, ze€(0,1],
v y L (% , _
28775=D2#—bzvz(t,x)+cou2(t—1,x), t>0, z e (0,1],

(24)
where c is the constant in (16). Let ®* be the delay operator associated to this
modified system, i.e.

705_1 0
0 0
0 0
0 005,

ot = (25)

o O OO
o O OO

1

Hence &% is positive, thus also the semigroup 7 :=(7 " (¢));>0 generated by

B oF

+._

ct = (0 ; ) ,
with D(C*) = D(C) is positive (see [7, Theorem 3.2]).

Observe that
T(t) <TH()

for all t > 0 and hence
17O < 17 @)

for all ¢ > 0 (see [18, Proposition I1.4.1]). Thus, if we want to find conditions
implying the exponential decay of the semigroup (7 (¢))¢>0 , it is sufficient to find
these conditions for the semigroup (7 (¢));>0 . To this aim we first estimate
the spectral bound of C.

For each A € C with A > wo(Uf), where U denotes the evolution family
associated to the heat semigroup (see (4)), we consider the bounded operator
Ey: X — LP([-1,0], X) defined as

ex 0 0 0

o ex 0 0
Ex=19 o )
0 0 0 &

Here the bounded operators €y : R — WP([—1,0], L'[0,1]), €\ : L'[0,1] —
LP([-1,0], L*[0,1]) and € : L'[0,1] — LP([-1,0], L'[0,1]) are defined as

(exx)(s) := ez, forse [-1,0],z € R,
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(exf)(s) == e f, forse[~1,0], f € L'0,1],

and
(Exf)(s) == eMU(5,0)f = eMT(—s)f, forse[-1,0],f¢c L'0,1],

respectively, for (T'(t))¢>0 as in (4).
The following corollary follows by the positivity of (77 (t))¢>0 and by [7,
Theorem 4.1].

Corollary 5.1. For the spectral bounds of G, B+®* Eq and CT the next relation
holds
if 5(G) and s(B+ ®TEy) <0, then s(CT) < 0. (26)

For the proof of this corollary it is sufficient to observe (see [7, Theorem 4.1])
that we can rewrite C* as

. (B 0 Id 0 0 &+
= (5 6) (5 )+ (0 %)

where the operator G is the following matrix

Go =

o o ofa
o ofa o
fro o o

0
0
Go
0
with domain

D(Go) := (WHP[—1,0])? x D(Go) x WhP([-1,0], L*[0,1]).
Here (Go, D(Gp)) is the operator defined by

Gof = Gf and D(Go) == D(G) N {(0) = 0},

where (G, D(G)) is given by (23).

Remark 5.2. The negativity of the spectral bound of G, s(G), follows by (5)
and by the fact that % is the generator of the nilpotent translation semigroup
(T;(t))e>0 on LY[0,1] (see, e.g., [3, Lemma 1.1.12]).

Thus the problem reduces to find conditions such that s(B+®*Ej) < 0. To
this purpose, we firse calculate

7b1 — a1 —C a150 0
0 —by—a 0 ao0
+ 2 2 200
B+®7E = 0 0  DiA—b 0 ’
0 0 cpd_1€0 DyA — by

D(B + " Ey) = D(B),
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where we recall

D(B) = {(;) € R? x (W2[0,1]) : L(fg”) - (;) and f'(1) = ¢'(1) o}.

g9

Hence the matrix B + ®* Ej is of the form

(6 2.)

on X. The operator B is a diagonal matrix and A and D,, are triangular

matrices, i.e.
L a150 O
B = < 0 0250) ’
L —b1 —ai —C
A T ( 0 71)2 - 112> ’

DA —b 0
Dm = ( 61)(5_1&)1 DQA — bg)
with D(B) := (W21[0,1])2, D(A) := R? and D(D,,) := {(f) e (W21[0,1])? :

9
/(1) = ¢'(1) = 0}, respectively.
Now let D C D,,, with D(D) = KerL, where, as above, L : (W21[0,1])? —

R? is defined by
f'(0)
L(f):: 53(10)"_f(0) .
J 457 +9(0)

h

A B
ui= (4 1)

with domain D(D,,) = R? x D(D,,,) we have

and

Then for the matrix

B+ ®TE, C D,

and the operator B + ®1Ey is one-sided coupled (see [7, Definition 1.1]). For
the spectral buond of B + ®* Ej the following proposition holds.

Proposition 5.3. The spectral bounds of the operators B+ ®TEy, D and A +
BLg satisfy

s(B+®TEy) <0« s(D) <0 and s(A+ BLg) <0,
)71 R? — ker(D,,) C (L'[0,1])%.

where Lg := (L‘kchm
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The proof of this proposition follows again by [7, Theorem 4.1], rewriting
B+ ®tE as

A 0 Id 0 0 B
+m .
srecm= (o p) (5 0)+ (0 §)-

Now, let C'; be the operator C; C D1 A — b; with domain
D(Cy) :={f € (W>'0,1],R) : f'(1) = 0 and f'(0) = =31 £(0)}
and C5 the operator Cy C Dy A — by with domain
D(Cy) :={f € (W>'0,1],R) : f'(1) = 0 and f'(0) = =3 f(0)}.

Proposition 5.4. The spectral bound of the operator D satisfies the following

property
s(D) <0< s(C1) <0 and s(Cy) < 0.

The next theorem gives a stability result for (7 (t));>0 . It follows by [10,
Theorem 4.1] and by Corollary 5.1.

Theorem 5.5. Assume that s(C1), s(Cs), and s(A+ BLg) are negative. Then
(TH(t))e>0 and hence (T (t))e>o0 as well are uniformly exponentially stable.

5.1 A Non Constant Diffusion in the Past

Assume now that the diffusion in the past of the mRNA presented in the cyto-
plasm is not constant, but is governed by the operators A(t) := a(t)Ap, where
0 < a(-) € C(R_) and Ap is the Dirichlet Laplacian on L'[0, 1] as before. In
this case the evolution family associated to these operators is given by

Ul(t,s) = elJi alo)do)Ap (27)
Since the norm of the evolution family is
U2, 5)|| = U elrddo)ro, (28)

where \g denotes the largest eigenvalue of Ap, we can compute directly the
growth bound of (U(¢, s))i<s<o-

Proposition 5.6 (see [4], Example 5). The growth bound of the evolution family
(U(t,s))—1<t<s<o 15 given by

1 s+h
woU) = *lbggsililgo E/s a(o)do | Ao,

By Theorem 4.2 one has again that there exists a solution of (NDE), but
in this case the operator G defined in (23) is

Gf:=f+a()f", ae. (29)

for appropriate f. For the stability, proceeding as before, we can find sufficient
conditions in order to obtain that the solutions of (4.2) decay exponentially.
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Abstract

This paper introduces a new geometrical method for a general two-dimensional
irregular nesting problem; an efficient algorithm is derived. The validity of this algo-
rithm is testified by several statistical tests, whose results include a numerical estimate
of the asymptotic performance bound and the percentage of wastage of area utilization.
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1 Introduction

Cutting and Packing problems have applications accross the whole business activity, from
design to manifacturing and distribution. These problems have a common logical structure
that can be synthetized as follows. There are two groups of basic data, whose elements
define geometric bodies in one or more dimensions: the stock of large objects, and the
list of small items; the cutting and packing processes realize patterns being geometric
combinations of small items assigned to large objects without overlaps. The residual
pieces, that means figures occurring in patterns not belonging to small items, are usually
treated as trim loss. The objective of most solution techniques is to minimize the wasted
material.

The great majority of researchers have focused their attention on the case where both
the objects and the items are rectangular and the orientation of the items is restricted
(orthogonally oriented). Many of these papers are surveyed in Dyckhoff and Finke [10]
and Dowsland and Dowsland [8]; for a wide discussion about the state of the research see
also Faina [12] for the two-dimensional case and Faina [13] for the three-dimensional case.

However, there are many situations where either the pieces or the containing region are
irregular in shape (see, for instance, textile, metal, or footwear industry). Problems involv-
ing irregular pieces comprise the most difficult class of packing problems (see Dowsland
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and Dowsland [7] for a survey). Human intelligence is very able to face these problems.
Indeed, it has been proved by several studies comparing layouts obtained by automatic
processes with those produced by a human expert that the computer generated solutions
are inferior in terms of minimizing the waste. However, in some industry the expertise
required to beat the best packages often takes several years to acquire and in others the
time required to produce a manual solution may be many times that of the automatic
process.

Although the primary objective is to minimize the waste, often the cutting time or
other constraints like minimizing the movements of the cutter between the cutting opera-
tions have a great relevance. Therefore good automatic computerised solutions are always
welcome.

1.1 State of the research

There are two main approaches for facing the irregular nesting problem. The first produces
one or a series of different layouts based on piece orderings and placement polices where
the algorithm optimizes locally by means of shifts and rotations (see, for instance, Terno
et al. [32]). The second approach is to produce an initial layout, which may be feasible
but non-optimal or infeasible, and then to use small changes in order to improve it. This
second approach may incorporate a metaheuristic technique such as simulated annealing
or tabu search in order to allow non-improving moves (see, for instance, Reeves [29]).

In the spirit of first approach, the method developped by Amaral et al. [2] is notewor-
thy. Their method is based on a sophisticated process in order to find a suitable position
for the next piece. Pieces are ordered in decreasing order of their areas and two different
placement policies are used for large and small pieces, the rationale being that small pieces
are used to fill holes left between the larger pieces in the layout. This reflects the strategy
used by experts working on the problem manually.

Stoyan and Pankratov [31] find a way of packing identical copies of a polygon in a
rectangular sheet using regular patterns allowing just two orientations.

Some researchers have considered an interesting alternative in which the irregular
pieces are nested inside other more regular shapes, and these simpler shapes are then
packed into the available area. The most popular shape for nesting is the rectangle.
Freeman and Shapira [15] studied the problem of enclosing a piece, whose orientation is
not restricted, in a rectangle of minimal area.

If many of the pieces are far from rectangular in shape a more effective option is to
nest more than one piece together, as was developped by Adamowics and Albano [1].

An alternative to the use of rectangles is to nest all the pieces into identical polygons
which can be used to tile the plane. Dori and Ben-Bassat [6] and Karoupi and Loftus [21]
based their packing algorithms on tessellations using hexagons.

In the spirit of second approach, Ismail and Hon [18] studied the blanks nesting prob-
lem, but using only two pieces and allowing 180° degree of rotation only, using a genetic
algorithm. Jain et al. [20], using simulated annealing, studied the same problem but
where more than two pieces are involved, and these may take on any orientation. In both
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these methods, the fitness value of each solution is a combination of the area utilisation
and an overlap penalty.

Many other authors used simulated annealing, genetic algorithm or tabu search for
facing the irregular nesting problem. We quote Lutfiyya et al. [23], Marques et al. [24],
Oliveira and Ferreira [26], Dowsland and Dowsland [9], Blazewicz et al. [4], George et al.
[17], Jacobs [19].

Milenkovic et al. [25] and Li and Milenkovic [22] considered the problem of planning
motions of the pieces in an already existing layout to improve the layout in some fashion:
increase efficiency by shortening the length, open space for new pieces without increasing
the length, or eliminate overlap among pieces in an overlapping layout. This type of
improvement strategy is also used by Stoyan et al. [30].

The method used to determine the geometry of the situation is essential in order to
implement any of these algorithms. Depending on the strategy used, it is necessary to
find the distance between two pieces along a given vector, the set of feasible positions
for one piece with respect to another, or the existence of an area of overlap between any
two pieces. The complexity of the calculations involved depends on the types of pieces
considered and on the accuracy required.

For Qu and Sanders [28] pieces are approximated by unit squares on a rectangular grid.
Preparata and Shamos [27] used basic trigonometric formulae to do these calculations, like
the intersection of two lines or intersection of two polygons.

Things are even worse when non-convex shapes are involved. One possibility is to cut
the shape into a number of convex pieces, as suggested by Cuninghame-Green [5].

One of the most used concepts in determining the interaction between two pieces is
the concept of the no-fit polygon. This was first introduced by [1] as an efficient way of
determining the minimum enclosure for a cluster of two or more pieces.

An important practical problem linked to the irregular cutting problem is to cut out a
given shape or design from a given piece of parent material. Bhadury and Chandrasekaran
[3] studied the problem to find a sequence of guillottine cuts to cut out a convex polygon
P, from a convex polygon P,,; D P;,, such that the total length of the cutting sequence
is minimized.

1.2 The aim of this paper

We study the problem of nesting triangles and rectangles on a strip with a fixed width
and virtually infinite length, minimizing the length required. This is the first stage of a
study whose goals is to nest convex polygons of any number of edges.

The limited number of sides permitted here is motivated by the exceptional accuracy
of the calculations which allows us, in some cases, to get an optimal solution. Indeed, a
peculiar characteristic of our algorithm conesyq is the capability to solve puzzles and this
gives many assurances on the validity of the algorithm.

We use a strategy which is an evolution of the geometrical method introduced in
[12, 13, 14] for rectangular pieces, and that has been theoretically proved to lead to an
optimal solution. This new geometrical procedure generates a particular finite class of
placings to which a statistical global optimization algorithm, based on simulated annealing,
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is applied. In some relevant cases, this reduction scheme is proved to lead to an optimal
solution (see Section 3.1).

The pieces are considered one at a time and no overlap is tolerated in any stage of the
process. In each stage of the allocation process, there are some free zones of conical shape
where the pieces can be nested in such a way that no check for overlapping is necessary
(with great saving of time!).

We consider any number of different pieces, and these may take any orientation; no a
priori ranking rule is necessary.

After generating a starting feasible layout, the algorithm conesy uses small changes in
order to improve it, incorporating a fully statistical technique based on simulated anneal-
ing.

We do not have a mathematical proof for the optimality of this algorithm except for
the capability to solve puzzles. However, we believe that there is a substantial difference,
on a principle level, between developping an algorithm whose layout is as close as possible
to an optimal solution (and the capability to solve puzzles is the minimum request in this
sense) and the description of a mere heuristic procedure which, at most, incorporates some
metaheuristic technique, but having no care at all of the theoretical validity of the used
algorithms. For instance, simulated annealing is an algorithm which has deep theoretical
foundations, but in most of the papers quoted in the reference section which assert to
use simulated annealing we see no traces of a proof or, at least, a discussion about the
convergence of the algorithm presented and/or any relations with an optimal solution.

For sure it is difficult to prove the asymptotic convergence of simulated annealing to
an optimal solution of an irregular nesting problem. Indeed we did not get it; but, at
least, we prove the asymptotic convergence of the algorithm conesgy to an optimal solution
each time the items involved form a perfect puzzle.

In experimental sciences, the results, for being valid, should be at least reproducible;
in mathematics, the results should be at least theoretically proved; operational research
is in between these two philosophiae, and we believe that it is our duty to prove as much
as possible, giving motivations for the unproved and reasons for the conjectures.

We will show the validity of the algorithm conesq by reporting the results of many tests
based on randomly generated initial set of conditions, valuated with several parameters like
the worst-case performance ratio, the asymptotic performance bound and the percentage
of wastage of area utilisation. In some cases, a graphic representation of the solution is
also presented, in order to show the difficult link between the parameters and the validity
of the algorithm conesq (see figure 9).

2 Statement of the Problem

Let S be a rectangular strip, with a fixed width w and unbounded length; consider S
embedded into a two dimensional Cartesian frame, in such a way that the lower left side
corner of S coincides with the origin and each side of S is parallel to a reference frame
axis, i.e. S ={(z,y):0<y<w,z >0}

Let @ be the set of all closed triangular and rectangular items contained in S. Given
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Figure 1: A bit of notations about the items.

an item ¢ € @, we denote by ly(q) and l1(q) its width and length respectively, and by
l2(q) its diagonal, if ¢ is a rectangle; otherwise, we denote by lo(q),l1(q),l2(gq) the three
edge lengths of ¢ and by ag(q),a1(q),az2(q) the angles opposed to ly(q),l1(q), and l2(q)
respectively. For the sake of shortness, when there will be no risk of confusion, we will
write l;, a; instead of 1;(q), a;(q) (see figure 1).

Let L ={q1, --,qn} C @ be alist of n items. A geometrical combination of the items
of L is called a feasible placing P if the interior of the items do not overlap.

Let II(L, S) be the set of all the feasible placings P of L contained in S. If P € II(L, S),
then the length of the strip S containing P is called the length of the placing P, and it is
denoted by len(P).

The two-dimensional irregular nesting problem consists in finding a feasible placing

P(ﬁ,t € II(L, S) which has the minimal length, i.e.
(2.1) len(PO];) )= min len(P).

Pell(L,S)

Clearly, this is a natural generalization of the regular two dimensional nesting problem
involving only rectangles, and therefore it is NP-hard (see [16]); this means that, in general,
optimal solution s are not known . From the statement of the problem (2.1) we derive
that no restrictions are made neither on the orientation of the items nor on the number
of different items.

2.1 The Method of the Cones

For placing an item, any nesting algorithm, sooner or later, should face the following
questions: Which are the possible positions where the item could be located? Does the
item fit into the strip? Is the item overlapped to the already placed items?

Mainly, there are two leading strategies: to store a lot of informations about some
special positions on the strip, which permit to reduce the problem of overlapping; or to
locate approximately an initial position of the item and then to apply some strategy for
eliminating the possible overlaps. Both the strategies have their strenghts and weaknesses:
the first strategy implies the storage of a lot of positions to avoid the penalty of a poor
placement, but every position implies a lot of computations to do; the second strategy
has the heavy duty to check and eliminate the possible overlaps; but even a simple good
routine for checking the overlapping between two triangles is everything except easy.
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Figure 2: left: Description of a conical zone; right: Placement of an item into a conical
zone.

Figure 3: The conical zone used for the placing of an item is replaced with two new conical
zones: case of a triangular item.

We cannot say that one strategy is better than the other. In the papers [12, 13], we
developped algorithms for the regular cutting and packing problems in the spirit of the
first strategy. We operate this choice also in the present two dimensional irregular nesting
problem.

The strategy of our method is to determine a certain number of zones where it is
possible to place an item without troubling about overlaps. Since these zones will have a
conical shape, we will call this geometrical method the method of the cones. The method
of the cones develops through three stages: the generation of the conical zones; the de-
scription of the strategy for placing an item inside such conical zones; and, each time a
new item is placed, a reset policy for revising all the conical zones in order to preserve
their properties.

Assume to have stored some conical zones; we describe now what happens when an
item is placed in a particular conical zone. Suppose first to have a triangular item. Let C
be the vertex and a be the amplitude of the conical zone (see figure 2-left), and suppose
that the angle as of the triangle ¢ is smaller than a. Then, it is possible to place the
triangle in the conical zone; we put the corner relative to the angle as on the point C' and
lean the side Iy on the lower side (with respect to the clockwise orientation) of the cone
(see figure 2-right). If the triangle remains into the strip, we find an admissible placing
for the triangular item gq. Now two new conical zones are naturally determined: the first
conical zone has the vertex in C' and amplitude equal to a’ = a — as (see figure 3-left); the
second conical zone has the vertex in D and amplitude equal to a” (see figure 3-centre).
It is to underline that the amplitude of the second conical zone is, in general, smaller than
T — a1, because we should guarantee that no other items occupy that conical zone. In the
case G = ag, the first conical zone has vertex in F and amplitude equal to a’ (see figure
3-right). In the same spirit, figure 4 indicate how to operate with a rectangular item.

Since the conical zones have to be truncated for fitting into the strip S, some tuning
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Figure 5: The amplitude of the new conical zones has to be tuned when their vertices lie
on the border of the strip.

is necessary when the vertices of the new conical zones lie on the border of the strip (see
figure 5).

Clearly each time we introduce a new item, all the conical zones already stored should
be revised; first we check if the new item intersects the interior of a conical zone and, in
the positive case, we reduce the amplitude of that conical zone in the spirit of figure 6.

Since for the choice of the sequence of conical zones where to check for the placing of
the current item the algorithm conesy uses a metaheuristic technique, we postpone the
complete description of the method of the cones to the subsection 3.1.

3 The base of the nesting algorithm: the simulated anneal-
ing

Simulated annealing algorithms are based on the analogy between the simulation of the
annealing of solids and the problem of solving large combinatorial optimization problems.

These algorithms continuously transform the current configuration into another one
by a small perturbation. The new proposed c_onﬁguration called transition, is accepted

Figure 6: Reduction of the amplitude of the other conical zones after the placing of a new
item.

THE IRREGULAR NESTING...
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criterion is strongly guided by a control parameter which is lowered step by step, and which
reduces the number of transitions accepted as the algorithm proceeds.

It can be proved (see for example Faina [12] for an essential bibliography) that if any
new transition from a starting configuration has the same probability to be generated then
this process leads to an optimal solution with probability 1 as the control parameter goes
to zero. It is important to underline that the solution obtained by simulated annealing
does not depend on the initial configuration.

This framework solves the problem from a theoretical point of view; but asymptotic
convergence is attained possibly in infinite time. Therefore, in any implementation of
simulated annealing, asymptotic convergence can be only approximated, and the simulated
annealing turns into a heuristic algorithm.

Indeed, the number of transitions for each value ¢ of the control parameter, for in-
stance, must be finite and limy_, o, cx can only be approximated in a finite number of
values cp. Due to these approximations the algorithm is not guaranteed to find a global
minimum with probability 1.

3.1 The nesting algorithm coneyy

In the notation introduced in this section, a feasible placing P € II(L, S) is considered a
configuration and the length of the placing P, len(P), is the cost functional.

Given a list L, the items are placed one by one following a certain order that could be
as simple as that in which the items appear in the list (the initial ordering of the list is
not important, since simulated annealing does not depend on the initial configuration).

At the very beginning, we have only one conical zone with vertex in the origin and
amplitude equal to 5. In general, we have to consider six different positions for valuating
the possibility to locate a triangular item into a conical zone, and two different positions
in the case of a rectangular item. Note that an item having at least a side not greater that
w can be always placed into a conical zone with vertex lying on the z-axis and amplitude
equal to 3.

The first item is located, choosing randomly one among all the feasible positions of
the item inside the initial conical zone. Then, two new conical zones are generated; we
introduce always an additional conical zone with vertex in (hqz,0) and amplitude equal
to 5, where hyq, is the length reached by the items already placed. This is a safety zone,
which prevents the halt of the algorithm (see, for example, figure 7).

By induction, suppose to have located the i-th item; the geometrical method of the
cones locates at most (n 4+ 1) conical zones where the (i + 1)-th item could be located and
a conical zone is choosen at random, until the (i + 1)-th item is placed; then we reduce
the already stored conical zones in order to eliminate overlaps with the (i + 1)-th item;
and so on.

In this way we obtain the initial configuration. Then, we operate a small perturbation
to this initial configuration by modifying a little the order of the items, for instance by
changing the position of any two items -at random- and by constructing a new configura-
tion as shown above. Let IT*(L,S) C TI(L, S) be the set of all the finite feasible placings
that can be obtained from the method of the cones. Since the transition mechanism de-
pends only on the order of the items, and this order is perturbed at random, any new
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Figure 7: This is a simple case showing the necessity of the safety zone. The only two
available conical zones (the shadowed areas) have the amplitude smaller than 7, and
therefore no rectangle can be placed at this stage.

configuration has the same probability of being generated. This property guarantees that
simulated annealing will converge to a global optimal solution of the problem
(3.2) PEII'IH*I(III/,S) len(P).
In general, an optimal solution of (3.2) has a length bigger than an optimal solution of
(2.1). It has proven difficult to find a relation between problem (3.2) and (2.1). However,
if the items of L form a perfect puzzle, then it is always possible to find a suitable order
for the items in such a way that the items’ puzzle is represented by a placing of I1*(L, S).
This property holds because, in the case of a puzzle, the items are located in the positions
and with the orientations which are peculiar of the method of the cones.

Thus, in these particular but relevant cases, the two problems are equivalent, and
therefore our algorithm converges asymptotically to an optimal solution of problem (2.1).

3.2 The implementation of the algorithm conesy

For the implementation of the algorithm we should specify the following parameters:
e the initial value of the control parameter, cg;
e the final value of the control parameter, c; (stop criterion);
e the number of new transitions generated for each value of the control parameter;

e a rule for changing the current value of the control parameter, ¢y, into the next one,
Cl41-

A choice for these parameters is referred to as a ‘ cooling schedule ’.

The initial value ¢y is determined in such a way that virtually all transitions are
accepted. The stop criterion which determines the final value of the control parameter,
consists in fixing the number of values of cg, say it Fy, for which the algorithm can be
executed, or by terminating if consecutive decrements of the control parameter are identical
for a given number of times, (a ¢ stalemate > condition), whichever occur first.

For controlling the number of transitions generated, we have to face two conflicting
requirements: the first is that for each value of the control parameter a minimal number
of transitions should be accepted; the second is that, since transitions are accepted with
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decreasing probability as ¢, — 0, we should aim to prevent the generation of large numbers
of transitions for low values of ¢i. A good compromise is to keep fixed the number of
transitions generated, say it Lj, choosing a quite big number depending on the size of the
problem, and to fix a maximum number of accepted transitions for each value of ¢y, say it
M. In this way, for values of ¢; quite far from 0, the number of transitions generated will
probably be much smaller than Ly, (since a lot of transitions are accepted), while for small
value of ¢; this number will more likely be closer to Lj, assuring that a sufficient number
of transitions are accepted. Thus, the number of accepted transitions is substantial for
each value of ¢, and there is little waste of computational time for the initial steps.
For decrementing the control parameter, we use the rule

Ch+1 = QC for k£ > 0,

where « is a constant smaller than but close to 1.

The cooling schedules depends on the number of items to place and on the objective
to achieve. Indeed, heavier cooling schedules (this means that co, Fy,Li,M} are big) gives
better and almost optimal solutions of problem (3.2) but with a larger computational
time, and vice versa. The aim of the following tests was to present cooling schedules
which guarantee a good quality of the solutions in a reasonable computational time.

4 Numerical Tests

The computer codes for the algorithm conesy is written in the programming language
C, under the LINUX operative system. The computational time is computed through a
virtual timer counter, which increments both when the routine executes and when the
system is executing on behalf of the routine. This choice means that the computational
time measures the time spent by the routine both in user and kernel space. The platform
used is a PENTIUM III 450 MHz.

The evaluation of the algorithm conesy was performed by means of a self-comparison
test on the basis of randomly generated initial set of conditions. Let conegy(L) be the
final placing obtained by the algorithm conesy for a given list of items L. The main
performance measure of the nesting algorithm is the asymptotic performance bound, which
characterizes the behaviour of the ratio of len(conesq(L)) over len(Pk,); if there are
constants « and (3 such that for any list of items L,

(4.3) len(conesq(L)) < o - len(POI}’,t) + ﬂD#m,
where DL . == max, ¢ L{len(Po{I?Z})}, then « is called an asymptotic performance bound

for the algorithm coneog.

The number DZ . represents the minimal length necessary for placing each single item;
it represents a necessary correction to the formula (4.3) in the case of relatively small lists
of items, for avoiding an unfair big value of « even in the case of quasi-optimal solutions
(see, for example, figure 8).
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Figure 8: Optimal solution with a big percentage of wastage of area utilization.

Actually, since we do not have an estimate of len(POI;Dt), we use a different form of
formula (4.3) in the numerical estimations

len(conesq(L)) < a* - len(A(L)) + DE

man>s

where A(L) is the lower bound of len(Pé,t), equal to the length such that A(L) - w =
> nert area of b;} (B = 1); therefore o* is called an approximate asymptotic performance
bound.

We introduce another two parameters for a more complete evaluation: the worst-case

performance ratio r,
_len(conezq(L))

" T T en(A(L))

and the percentage of wastage of area utilization Ag,

Ag = len(conesq (L)) — len(A(L))

0

- 100.

len(conesy(L))

A comparison between 7, and o* explains better the role of DX .

get closer as soon as the list of items becomes larger and larger.

Furthermore, it is to underline that Ay, does not coincide with the true wastage of area
in comparison with the optimal solution, but it is, in general, much bigger. This means
that a small value of Ag implies a good performance of the algorithm; but a relatively
big value of Ay, (or r,) should not be necessarily interpreted as a failure of the algorithm.
Some example reported in figure 9 help understanding better this situation.

Clearly, the two value

The numerical tests have been performed as follows:
e each test has been executed on the basis of 100 runs;
e in each test, we have:

— a fixed number of items (between 8 and 1000) whose parameters are uniformly
generated random numbers: in the case of a rectangle, the two sides are between

16 and w; in the case of a triangle, one side is between 15 and w, another side
is between {3 and 2w and the angle between them has an amplitude between
0.2 and F;

— a fixed percentage of triangles and rectangles in the list of items;

— each run has as output the numbers a*, r,,, Ay, and the computational time
needed t;
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»

items=16, % triang=100, o™ = 0.65, 1, = 1.42, Ay, = 29

Figure 9: Some outputs of the algorithm conesy; the big values of Ag and r, do not
correctly express the quality of the solution obtained.
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Table 1: Codes for cooling schedules used in numerical tests.

319
Test | Number | ¢ | « Max n. conf. Max n. conf. Max n. decr. Stalemate
type | of runs generated (L) | accepted (M}) | control param. (Fy)
A 100 50 | 0.7 16000 1000 30 20
B 100 10 | 0.9 12000 1000 20 10
C 100 10 | 0.9 16000 1000 30 20
D 100 10 | 0.9 12000 1000 30 10
E 100 10 | 0.9 12000 1000 20 10
F 100 50 | 0.7 12000 800 10 10
G 100 1109 100 10 1 1
P 1 10 | 0.8 20000 1000 20

e the output of each test returns the average value of a*,ry, Ay and t, plus their
best/worst performances.

The Table 1 contains the cooling schedules of all the test performed.

5 Remarks on the Numerical Tests

The tests have the purpose to valuate the algorithm coneyy with respect to very general
conditions, where the lists of items contain every kind of pieces, from that very big,
through that very thin and long, to that very small. These conditions are very difficult;
the algorithm conesy has no shortcuts of any kind.

The complexity of these problems, mainly measured by the number of stored positions
and feasible placings for each item, start to become uncontrollable as soon as the number
of items exceeds 16; notwithstanding the results up to 128 items are still reasonable from
all points of view (see Table 2).

Concerning numerical results for instances with many triangles, it should be said that
the number of triangles influences the size of feasible region, since for each triangle and for
each cone there are six possible placements. Therefore such instances are more difficult to
be solved compared to instances with the same number of items but more rectangles, and
this fact may explain the reduced performance of the algorithm. In the case of assence
of triangles, the algorithm coneyy is compared with the algorithm zonesy developped by
the author in [14]; zoneyy treats only rectangles, therefore it is an important comparison
for conegy. These results are shown in Table 4 (see [14] for the values related to zonesg);
clearly, zonesy is better than conesy, but conesy is not that bad. The results for 64 and
128 items show better the penalization of conesy that ”does not know it has no triangles!”.

Figure 10 shows an example of perfect puzzle solved by conesy; from the dimensions
of the items involved, one can extrapolate the complexity of the puzzle, even in this case
of 9 items only.

Finally, Table 3 reports the results of coneyy stopped after very few iterations; this
separate test shows the quality of the initial placings of the algorithm and the quality’s
limitations of the final placings of coneyy in the case of very large list of items (within a
computational time of few seconds).
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Table 2: Tests for the algorithm coneog.

Number % of Test o Perf. Ratio Ag, Comp. Time in sec.
of items | Triangles | type | mean | min/max | mean | min/max | mean | min/max | mean | min/max
8 100 C 0.65 | 0.10/1.08 | 1.51 | 1.26/2.60 | 33.05 | 21.09/61.59 | 9.18 6.32/11.80
50 A 0.78 | 0.43/1.03 | 1.26 | 1.06/1.59 | 20.69 | 6.26/37.09 | 46.17 | 8.59/72.04
50 B 0.81 | 0.45/1.12 | 1.30 | 1.10/1.59 | 22.74 | 9.16/37.30 | 5.23 3.06/6.80
0 C 0.79 | 0.64/1.02 | 1.10 | 1.06/1.25 | 9.82 | 6.15/20.32 7.26 5.26/8.67
16 100 C 1.00 | 0.59/1.56 | 1.52 | 1.27/2.10 | 33.76 | 21.61/52.46 | 22.29 | 18.26/29.25
100 D 1.03 | 0.71/1.67 | 1.55 | 1.32/2.10 | 35.39 | 24.62/52.42 | 11.35 | 8.39/14.23
50 D 1.01 | 0.79/1.26 | 1.31 | 1.12/1.55 | 23.49 | 11.07/35.86 | 11.9 8.28/17.55
0 D 0.94 | 0.84/1.06 | 1.11 | 1.06/1.21 | 10.64 | 6.45/17.47 | 10.32 | 8.19/12.86
32 100 C 1.17 | 0.98/1.30 | 1.44 | 1.30/1.56 | 30.81 | 23.08/36.14 | 37.42 | 30.42/47.37
100 F 1.20 | 1.05/1.37 | 1.46 | 1.34/1.68 | 31.87 | 25.56/41.56 | 20.94 | 16.10/24.89
50 B 1.10 | 0.99/1.24 | 1.27 | 1.13/1.42 | 21.57 | 11.82/29.57 | 42.21 | 31.21/54.83
0 E 1.03 | 0.98/1.08 | 1.12 | 1.07/1.17 | 10.87 | 7.29/15.08 | 38.30 | 29.84/49.41
64 100 B 1.30 | 1.17/1.45 | 1.44 | 1.32/1.58 | 30.72 | 24.28/36.99 | 116.6 | 91.9/144.3
50 E 1.17 | 1.07/1.28 | 1.27 | 1.18/1.39 | 21.31 | 5.25/28.47 | 148.1 | 107.2/190.7
50 F 1.19 | 1.11/1.30 | 1.28 | 1.20/1.40 | 22.39 | 16.96/28.63 | 99.8 | 77.98/127.0
0 E 1.08 | 1.05/1.12 | 1.13 | 1.10/1.17 | 11.84 | 9.25/14.80 | 137.2 | 108.0/159.8
128 100 B 1.36 | 1.29/1.46 | 1.44 | 1.36/1.54 | 30.66 | 26.83/35.11 | 415.6 | 356.2/490.4
50 E 1.22 | 1.17/1.28 | 1.27 | 1.22/1.34 | 21.50 | 18.25/25.56 | 568.6 | 466.4/698.6
50 F 1.23 | 1.17/1.32 | 1.28 | 1.22/1.36 | 22.38 | 18.33/26.94 | 332.9 | 285.0/392.0
0 E 1.12 | 1.09/1.16 | 1.44 | 1.12/1.18 | 12.99 | 10.61/15.81 | 533.7 | 452.9/612.9
Table 3: Tests for the algorithm coneyy stopped after few iterations.
Number % of Test o Perf. Ratio Ao Comp. Time in sec.
of items | Triangles | type | mean | min/max | mean | min/max | mean | min/max | mean | min/max
32 100 G 1.71 | 1.38/2.24 | 1.99 | 1.66/2.59 | 49.52 | 39.93/61.46 | 0.02 0.02/0.04
50 G 1.42 | 1.14/1.79 | 1.59 | 1.30/1.98 | 36.95 | 23.21/49.63 | 0.03 0.02/0.04
0 G 1.18 | 1.08/1.29 | 1.26 | 1.16/1.39 | 21.13 | 14.25/28.35 | 0.02 0.02/0.04
64 100 G 1.80 | 1.58/2.39 | 1.94 | 1.71/2.50 | 48.29 | 41.63/60.78 | 0.08 0.07/0.11
50 G 1.48 | 1.30/1.68 | 1.57 | 1.40/1.77 | 36.46 | 28.72/43.57 | 0.11 0.09/0.14
0 G 1.24 | 1.16/1.42 | 1.29 | 1.20/1.48 | 22.78 | 17.08/32.59 | 0.09 0.08/0.11
128 100 G 1.86 | 1.67/2.20 | 1.93 | 1.75/2.28 | 48.24 | 43.00/56.21 | 0.29 0.24/0.36
50 G 1.51 | 1.38/1.69 | 1.57 | 1.43/1.75 | 36.32 | 30.11/43.05 | 0.39 0.35/0.46
0 G 1.28 | 1.21/1.35 | 1.30 | 1.24/1.38 | 23.45 | 19.36/27.62 | 0.34 0.31/0.39
1000 100 G 1.85 | 1.77/1.92 | 1.86 | 1.78/1.93 | 46.50 | 43.89/48.28 | 15.91 | 14.85/17.21
50 G 1.50 | 1.44/1.57 | 1.51 | 1.45/1.58 | 34.08 | 31.08/36.91 | 21.30 | 20.02/22.76
0 G 1.32 | 1.29/1.37 | 1.33 | 1.30/1.37 | 24.95 | 23.12/27.25 | 19.46 | 18.63/20.66
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Figure 10: Example of perfect puzzle solved by coneqy in 30 seconds. We use the cooling
schedule P.

Table 4: Comparison between zonesgy and conesy (only rectangular items!). We report
just the mean values of the parameter measured; the first value is referred to zonesy and
the second to conesyy.

Number o Ag, Comp. Time in sec.
of items mean mean mean
8 0.74/0.79 | 9.69/9.82 5.34/7.26
16 0.87/0.94 | 6.74/10.64 9.13/10.32
32 0.95/1.03 | 5.32/10.87 18.75/38.30
64 1.00/1.08 | 5.96/11.84 40.10/137.2
128 1.03/1.12 | 5.95/12.99 91.28/533.7

THE IRREGULAR NESTING...
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6

Conclusions

In this paper we propose a new geometrical method which reduces, in some cases, the
two dimensional irregular nesting problem (involving triangles and rectangles) to a finite
reduction scheme. The algorithm derived, conesq, is able to solve puzzles. In the case of
absence of triangles, conesy is compared with a fully regular algorithm (only for rectangular
items), zoneyy, developped by the author in [14]. This comparison gives a "lower bound”
for the algorithm conesq; the reasonable gap between each couple of parameter in Table 4
denotes that the increased complexity of the strategy for the algorithm conesy due to the
addition of triangles does not affect too much the quality of its final solutions, except for
the computational time.
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We prove the sufficient part of Prokhorov’s Theorem in the vector setting.
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1 Introduction

As it is well known the Prokhorov’s Theorem has a very important role in the study of cylin-
drical measures and in general in probability theory ([14]).

Vector versions of the Prokhorov’s Theorem have been studied in the literature ([5], [7], [13],
[14], [18]) in relation to several problems and applications (marginal problem, existence of
the projective limit). However the authors either consider vector measures ranging in the
positive cone of a Banach lattice or, even in the case of more general target spaces (as in

[13], [14]), deal with special families of Radon measures.
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In this paper we shall achieve one implication of Prokhorov’s Theorem for a sequence of
abstract measures in bv(£2, X, X), where X is a general Banach space, along the ideas of
Billingsley [2]. Indeed, we consider weak convergence in terms of the integral of continuous
functions. The integral that is usually considered in the classic case ([2]), can be lifted to
the vector case, since only continuous bounded integrands are taken into consideration (see
for instance [18]).

In [4] Brooks and Martellotti show that in this particular class of integrands, the integral
can be equivalently defined in the monotone sense, according to the scalar definition due to
De Giorgi and Letta ([9]): this equivalence easily yields the validity of the vector version of
Alexandroff Theorem ([12] IV.9.15).

The proof is rather long and elaborated, and goes along the scalar one as given in [2]: how-
ever one has to replace upper and lower limits by Cauchy nets, and also needs suitable
extension results in the vector setting as those given by [17] [20].

The author whishes to thank Professor Anna Martellotti for the interesting and useful sug-

gestions and the referees for their valuable suggestions.

2 Notations and Preliminaries

Let € be a separable metric space, > the Borel o-algebra of 2. Let d be the metric on €.
We denote by Cp(€2) the set of all continuous and bounded functions f : Q — IR.
If P, and P are finite real measures, we say that P, weakly converges to P, and we write

P, — Pif for every f € Cy(Q)

lim /Q fdP, = /Q fdPp.
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A set A € ¥ whose boundary 0A satisfies P(0A) = 0 is called a P-continuity set.
Let X be a Banach space, X* its dual and X7 the unit ball of X*. Let m : ¥ — X be a

finitely additive measure, or simply a vector measure.

Definition 2.1 A vector measure m is said to be strongly bounded whenever given a se-

quence (Ay), of pairwise disjoint members of ¥ the limit lim,, m(A,,) is zero.
Theorem 2.2 ([16]) A strongly bounded vector measure m is bounded.

From Theorem 2.2 it follows that all countably additive measures, defined on o-algebras,

are strongly bounded.

Definition 2.3 The variation of m is the set function | m |: 3 — [0, +o00] defined by

[m | (E) = sup > [lm(A)]

Aerm
where the supremum is taken over all partitions m of E into a finite number of pairwise

disjoint elements of X..

If | m | (2) < +oo, then m is of bounded variation (b.v.).
We denote by ca(£2, 3, X) the set of all countably additive measures m : ¥ — X and by

buca (), ¥, X) the subset of all countably additive measures of bounded variation.
Definition 2.4 The semivariation of m is the function ||m|| : ¥ — [0, +o0] defined by
Im[[(E) = sup{| «"m | (E) : 2" € X7, |27| <1}

If ||m]|(©2) < +o0, then m is of bounded semivariation.
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One can easily prove the following relationship:

[m(E)|| < [lm[l(E) <|m | (E), (1)

for every E € X.

Definition 2.5 A set A € ¥ will be called an m-continuity set if |m|/(0A) = 0.

Definition 2.6 A finitely additive bounded measure m is regular if for every F € ¥ and
for every € > 0 there exist an open set G and a closed set F' with FF C E C G such that

Im[[(G\ F) <e.

Lemma 2.7 ([8]) Since Q is a metrizable space, every countably additive measure is reqular.

Definition 2.8 Let m and v : ¥ — [0, 400] be positive subadditive functions. We say that
m is absolutely continuous with respect to v, and we write m < v, if for every € > 0 there

exists d(e) > 0 such that for every E € ¥ with v(E) < ¢ it is m(E) < €.

Definition 2.9 Let m and v : ¥ — [0, +00] be positive subadditive functions. We say that

m is equivalent to v if they are absolutely continuous with respect to each other.

Definition 2.10 A positive subadditive function A : ¥ — [0, +00] is a control measure for

m if X is equivalent to ||m]|.

Theorem 2.11 ([3]) If m is a strongly bounded vector measure, then m admits a control

measure, which is finitely additive.

Theorem 2.12 ([11]) If m is a strongly bounded vector measure then there exists x* € X*

with ||x*|| = 1 such that | x*m | is a control measure for m.
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In this case we say that A =| x*m | is a Rybakov control for m.

Definition 2.13 ([4]) Let f: Q — [0, +00] be a measurable function.
f is (O)-integrable with respect to m if ||m||({w € Q: f(w) > t}) is Lebesgue integrable. In
this case, as it is shown in [4], the X-valued vector function

t— m(w € Q: f(w) > t) turns out to be Bochner integrable on [0, 4o00]. In this case we set

_ N
[ sdimll = [ Imli(w € 2 ) > thde,
Q 0

and

o~

+oo
/fdm:/ m{w € Q: flw) > t)dt.
Q 0

Also in [4] it is proved that if f is (7)-integrable then, for every A € ¥, f14 is (")-integrable.

Therefore we can set

Zfdm = szlAdm,

and

J faimll = [ Fiadiml.

These integrals satisfy the following properties:
(2.13.1) / Fdm = /fdm + / fdm, where A,B€ Y, ANB=0:
AUB A B

(2.13.2) If f =k in A then / fdm =k -m(A);
A

(2.13.3) If f ggthen/fdnmn < /gd||m||;
Q Q

(2.13.4) IfACBthen/demH g/fdumu.
A B

If f takes values in IR we say that f is (O)-integrable if f* and f~ are (")-integrable and we

set

szdm = //;erdm — //\Qf_dm,
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and

Zfd“m|| = sz+deH — sz_deH

Theorem 3.2 in [4] shows that every bounded function is (7)-integrable.

Definition 2.14 Let mj; and m be countably additive vector measures. We say that my
weakly converges to m, and we write my — m, if for every f € Cy(Q2) and for every z* € X*
it is
lim a:*(//\fdmk) = a:*(//\fdm)
k Q Q

If A is an algebra, we denote by o(A) the o-algebra generated by A.

Theorem 2.15 ([20]) Let pn: A — X be a countably additive set function, where A is an
algebra, such that for every monotone sequence (Ay), € A there exists limy, u(Ay,). Then p

can be extended to o(A) in a countably additive way.

Definition 2.16 A family of sets L is a lattice if L is closed under finite joints and meets,

and ) € L.

Let £ be a lattice and A : £ — X be a function. We say that A is strongly additive if the

following hold:
1) MA)+ANB)=AMAUB)+ AXANB) with A, B € L;

2) A(0) =0.

Theorem 2.17 ([17]) Every strongly additive set function X on L has a unique extension

to an additive set function defined on the ring generated by L.
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We recall that a subnet of a net g : A — X is the composition g o ¢, where M is directed
and ¢ : M — A is increasing and cofinal in A (i.e. for each A € A, there is some p € M such

that A < p(p)).

3 The Prokhorov’s Theorem for tight families in bvca(€2, 3, X)

According to [2] we set the following definition:

Definition 3.1 A family II C bvca(Q2, 3, X) is weakly sequentially compact if for every
sequence (my)r C II there exists a subsequence (my;); and a countably additive vector

measure ( such that mg, — (.

Definition 3.2 A family IT C buca(Q2, X, X) is uniformly tight if for every ¢ > 0 there exists

a compact set K. C {2 such that
| m | (Ke) > m|(Q)—e,
for every m € II.

Definition 3.3 A family II C bvca(2, %, X) is uniformly sequentially tight if for every

(mg)r C II there exists a subsequence (my;); uniformly tight.

Theorem 3.4 (Prokhorov) Let II C bvea($2, X, X) be a family of measures such that
1) II is equibounded in the sense of the variations;

2) II is uniformly sequentially tight;

3) for every compact subset S of Q there exists a weakly sequentially compact set Wg in X

such that {m(S) : m € 11} C Ws.
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Then 11 is weakly sequentially compact.

Proof: Step 1 Fix (mg)y in II. We shall construct the weak limit 3 on .
In order to do this, first we shall define a subsequence of indexes for which the measures and
their variations simultaneously converge. This construction will coincide with that in [2] for
the sequence (| my |)g.
Since II is uniformly sequentially tight, there exists a sequence of compact sets K, with

K1 C K3 C - and a subsequence (my;); such that
1
e, | @\ Ku) < T

for every u € IN and j € IN. We will continue to denote (my;) by (my).

Let D = {z; : j € IN} be dense in Q and let S be the family {B(z;,p) : j € IN,p € Q*}.
Let H consist of () and of the finite unions of sets of the form AN K,, for A € S and u > 1.
‘H is at most countable and closed with respect to the finite unions and every set of H is
compact. We set

H ={H,NHy, H; € H,i=1,2}.

We define the function ¢ : HxH — H by W(Hy, Hy) = HiNHjy. Then v is onto and so H s
countable. Let H € H'. Then H is compact and by assumption {my(H),k € IN} ¢ Wy, for
some relatively compact set Wy. Therefore there exists a subsequence of (my(H))y which
weakly converges to an element of X. By a diagonal argument we can determine indexes k;

such that the following two limits exist:
a(H) = (w) ~ limmy, (H); @

o(H) = lim | my, | (1) (3)



333

Weak convergence

We assume that the subsequence (my;); is weakly convergent.
We have
lo(H) || < Yim [ 1my,; | (H) = o(H) (4)
Claim 1) Let G C 2 be an open set. Then {a(H) : H € H,H C G} is a strongly Cauchy
net.

Proof: Fix G open in (2. We set
A¢={H e H:HCG}.

The set Ag is non empty by definition of H and it is directed with respect to the inclusion.

Define

P(G) = Sup o(H) (5)

for every open set GG, and for M € ¥ set
v(M) = inf{P(G),G open and M C G}. (6)

As in the proof of Prokhorov’s Theorem ([2]), one proves that P = 7 on the open sets and
that it is countably additive on 3.

Let € > 0 be fixed; for every H € 'H, there exists an open set Gg D H such that
P(Go) <v(H) +e,
and so from (6) we have

v(H) > P(Gp) —e = ngg o(T)—e>0o(H)—e.

By the arbitrariness of €, ¥ > ¢ on H. Moreover, for every open set G, there exists Hy C

G, Hy € H, such that

0 < P(G) —o(Hpy) <

| M
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Let H; € Ag with H; D Hy, ¢ = 1,2. Then we have

OSO‘(Hl)—FO‘(HQ) —QU(HlﬂHg) <

< y(H1) +~(H2) — 20(Hy) < 2[P(G) — o(Hp)| <e.
Since Hy, Hy and Hy N Hy € H, from (3) it follows that there exists j* such that for j > j*
O'(Hl) + O'(HQ) — 20(H1 N HQ)— ’ m; | (Hl A HQ) < €.

Therefore | my; | (H1 A Ha) < 2¢, for j > j*.
So, for every z* € X7, it is

a:*mkj | (Hl A Hg) < 2e,

for every 5 > j*.

Then we have

| z*a(Hy) — 2" a(Hs) |= lijm | 2" my; (H1) — 2"my; (Hz) [<

<limsup | z*my; | (H1 & Hy) < 2¢.
j

Hence the net {«(H),H € H,H C G} is strongly Cauchy. a

Now for every open set G we can define

B(G) = Jim a(H) (7)

Claim 2) The set function defined in (7) is finitely additive.
Proof: We observe first that « is finitely additive on H. In fact if Hy, Ho € H, for every

x* e X{ it is

z*a(Hy U Hy) = li§nx*mkj(H1 UH;y) =
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= li]m r*my,; (Hy) + li}Il.fL'*mkj(HQ) - li]rn x my,; (Hy N Hp) =

=z a(H1) + a(H2) — a(Hy N Hy).
By the arbitrariness of * we obtain
la(Hy U Hy) — [a(H1) + a(Hy) — o(H1 N Hy)]|| = 0,
namely
a(Hy U He) = a(Hy) + a(H2) — a(Hy N Hy). (8)
Note that, if H; N Hy = ), then from (8)
a(Hy U Hy) = a(Hy) 4+ a(Hs).

Now we prove that ( is finitely additive.
By definition of 8 we have 3(0) = 0.

Let G1, G2 be two disjoint open sets. We define the family
HG1UG2 = {Hl UHs:H; e H,H; C Gj,i = 1,2}.

We want to prove that {«(H; U Hy) : H; € H,H; C G;,i = 1,2} is a subnet of the net
{a(H): H € H,H C G1UG>}. Obviously Hg,uq, is directed with respect to the inclusion.
Let ¢ : Ha,ua, — {H € H: H C G1 U G2} be the identity function. ¢ is clearly monotone
with respect to the inclusion. It remains to prove that ¢ is cofinal. Let H € Ag,ug,. Then

H can be written as

p
H = U(§<mjapj) mKu]) C G1 U GQ,
7j=1

where B(z;, p;) € S, the countable basis fixed in the beginning.
Define

F={weH:dw,G]) >dw,G5)}
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F={weH :dw,GS) > dw,GY)}

As in the proof of Prokhorov’s Theorem [2], it follows that F; C G; and F» C G5. Moreover
H=F UF,. Let j € {1,---,p} be fixed. The set Fy N B(zj,p;) N K., is compact in Gy,
and so there exist y1, -y, € D and r1,---7r, € QT such that
p— n p—
Fin B(l‘j,pj) N Ku]. C U B(yi,ri) N Kuj C Gi.
i=1

Set Hy; = UL, B(wi,pi) N K.;. Obviously Hy; € Ag,. lterating this construction for
je{l,---p}, we have

p
FF=FNHC U Hl,j-
j=1

Since H is closed under finite unions and every Hy ; C G, setting Hy = U§:1 H, j, we obtain
Fy C Hy C G1, where H; € 'H. So we have proved that for every H € Ag,ug, there exist
Hy, € Ag,,Hs € Ag, such that H C H; U Hy, namely ¢ is cofinal. (Note that ¢ is cofinal

even if G1, Gy are not disjoint sets). Then, by e) pag. 75 of [21], it is

lim a(Hy U Hy) = lim a(H),
H1UH2€AG‘1UG2 HCG1UG2,HEH
and so
B(G1UGe) = lim (a(H1) + a(H?2)).

H1UH2€AG UG,
By definition of 3 it follows that for every ¢ > o there exist H; and Hs such that for every

H, D H;, with H, € Ag,, i = 1,2,

18(Gr U Go) — a(H U Hy)|| <

)

w| ™

)

18(G1) — a(Hy)|| <

w| ™

18(G2) — a(H,)|| <

W m
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Thus S is finitely additive on open sets. O

By (7) it follows that for every open set A in € there exists H € H such that ||5(A) —
a(H)|| < §, for every H € H with Hy C H C A.

Define Al, = {H' € H' : H' C G}. We shall show that

Claim 3) ( can be equivalently defined as

B(G) = Jim, a(H))

Proof: Let the open set G and ¢ > 0 be fixed. It is enough to show that there exists
¢ € Ag such that for every H € 'H and H' € H with Hi C HCGand Hi C H cGit
is ||a(H') — a(H)|| < e. Let G be an open set of Q, and let & > 0 be fixed. From (5) there

exists Hy, C G, Hg € H, such that

0< P(G) — o(HE) <

IS

Let H € 'H' be a subset of G. We will prove that there exists Hy € H such that H c Hy C
G.

Since H' € Hl, there exist Hy, Hy € ‘H such that H = HyNHy. So H' is the finite union of
sets of the form 4; N B; N K, N K,,, where 4;, B, € S, u;,v; > 1 and 1 <[ <t, for some
t € IN. Since H C G and G is open, for every compact set A, N B; N K., N K,, there exists
a finite family {D!}1<;<,, C S such that

ANBNK,NnK,c |J Dic |J D ca,

1<i<ny 1<i<ny



338

M.C. Isidori

and therefore

A4NBNK,NEK,c |J Dink,cq.

1<i<ny

It follows that

! A AN -l
H=|J) AnBnK,nK,c |J(J DinkKy).
1<i<t 1<i<t 1<i<my;

Then, Setting H(] = Ulglﬁt,lgiﬁnl (ﬁi N K’”l)’ we find that
HyeH, H C Hy CG. (9)

If He H and H € M are such that H;, C HN H', and Hy € H is obtained from (9), we

have that

and for every z* € X7,
| z*a(H) — z*a(H') |=| limz*m;(H) — limx*mj(H,) |=
J J

=| li}n(x*mj(H) —*m;(H)) |< limsup(| *m; | (H — H N H)+
J

+|a*m; | (H —HNH)] =limsup | z*m; | (HAH ) =
J

= lim supf| 2%m; | (H)+ | 2"m | (H)—=2|a*m; |(HNH)| =
= tim(| &*m; | (H)+ [ @*m; | (H) =2 | *m; | (HOH )] =
—o(H)+o(H)—20(HNH') <
<|o(H)—P(G)|+|o(H)~P(G)|+2| P(G) —a(HNH') |=
= (P(G) — o(H)) + (P(G) = o(H') +2(P(G) —o(HN H)) <

< 4| P(G) - o(HE) |< e.
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It follows that

la(H) = a(H)| <.

Claim 4) Let G be the family of the open sets of Q. Then the set function [ defined on
G is strongly additive and it has a unique countably additive extension to 3.
Proof: The family G is a lattice of sets because it is closed under finite joints and meets
and () € G. Obviously 3(0) = 0.
We will prove that

B(A)+B(B) = B(AUB) + (AN B), (10)

for every A, B € G.

Let A, B € G be fixed. We consider the collection
Ha®Hp = {H1UH2 cHiCAHCBH, eH,i= 1,2}.

Obviously ‘H 4 @ Hp is directed by inclusion.

Let o : Ha®Hp — {H € H: H C AUB} be the identity. Clearly ¢ is monotone. Moreover
as in the proof of Claim 2) ¢ is cofinal.

Let € > 0 be fixed. From the definition of § and from Claim 3) there exist H§ 5 €

AauB, Hi\ﬂB € Aanp, Hi € Ay, H% € Ap such that
16(AUB) —a(H)| <,
if He€Hand Hy ,p C HC AUDB;

IB(ANB) —a(H)| <e,
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if He€Hand Hyp C HC AN B;

15(A) = a(H)| <&,
if He Hand Hy C H C A;

18(B) — a(HE)| <,

and
la(H') — a(Hp)| <,

if H ¢ H and Hy C H C B.
Since ¢ is cofinal there exist Hy, Hy € ‘H with Hy C A, Hy C B such that H} 5 C H; U
Hy C AUB. Weset H = HyUH, C Aand H = H5 U H, C B; so it follows that
HY, 5 CH UH" C AUB. Set Hf = H4 g UH and Hj = H5 g UH' . Then it follows
that H{ D HS, Hs D Hy, H{ UHs D Hy g, ANB D Hf N H; O Hj~p. Remind that,
since H; € H,i=1,2, Hf NHj € H'. Therefore we have

le(HAnp) — o(H N Hy)|| <e,
hence, clearly

I1B(AN B) — a(H{ N Hy)|| < 2e.
Moreover, observing that H C H , from (&)

la(HY U Hy) + a(Hy N Hy) — a(H7) — a(Hy)|| = 0.
Therefore we easily find

|B(AU B) 4+ B(ANB) — B(A) — B(B)]| < 5e.

By the arbitrariness of ¢, (10) is proved.

By Theorem 2.17 3 has a unique finitely additive extension defined on the algebra R
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generated by G.

Moreover, by (4) we have, for every G € G

5@ = Jim lla(H)] < Jim o(H) = sup o(H) <(G); (11)

since ) is a metrizable space, the result is true also for every G € R (see [2]), and so [
is countably additive and strongly bounded on R, since 7 is (see [2]). By Theorem 2.15,
since strong boundedness implies that for every monotone sequence (4,), lim, 5(4,) ex-
ists, there exists a unique countably additive extension of 3 to X. Without loss of generality

we will continue to denote with § this extension. O

Step 2) We will prove that my; converges weakly to 3.

Claim 1) For every open set G of y-continuity it is

Al (H) = my,(G) (12)

uniformly in k;.
Proof: Let (my;), be the subsequence chosen in the proof of Step 1 (at the beginning).
Fix kj; since my; is regular (by Lemma 2.7), for every € > 0 there exists a compact set

F.k; C G such that

[me, (G \ Fex,;) <&,

1
being F; y, = F'N Ky, where ' C G is closed, u € IN  and |[my, [[(Q\ Ky) < 2 [ [[ (G

F) < % and so there are B(:n(f’k”),rf’kﬂ))’ . ’B(x;57ka)77n£€aky)) € S such that

Fop, C U E(xgg’kj),r§€’kj)) C G.
i=1
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Let H =, E(mgg’kj), rgs’kj)) NK, € Ag. By inclusion, ||my,||(G\ H) < e. Hence for every
HeAg,H D H itis |my,||(G\ H) <e, and a fortiori [[my, (G \ H)|| < e.
This proves that

A (H) = my, (G). (13)

We want to show now that the limit in (13) is uniform with respect to j.

Let v be the measure defined in (6) (see [2]) and let G be an open set such that v(0G) = 0.

Then by Portmanteau’s Theorem [2] it is

P(G)=~(G) > hmjsup | my; | (G).

By definition of P, for every € > 0 there exists Hy € Ag such that
P(G) —o(Hp) < e.

So it follows that

limjsup{\ my, | (G)— | my; | (Ho)} <

< limjsup | mu; | (G) — lijm | mg; | (Ho) <
< P(G) —o(Hy) < e.
Thus there exists j* such that for H D Hy, H C G,
|y | (G)—= |, | (H) <e,
for every j > j*. Thus

[, (G\ H)|| <[ g, | (G H) =] ma; | (G)—= [ m; | (H) <e,

for every j > j*. Since limpen, my,; (H) = my, (G) for each k;, we can determine Hf, - - -, H;. € Ag
such that

[, (G) — i, (H)|| < e,
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for every H D H,, and for every p =1,---j%.

We set H = HyU Hf U---U H5. with H € Aq. Let H D H. Then we have
[lmi; (G) — mu, (H)| < e,

for every j € IN. O

Now we can apply Lemma 1.7.6 of [12] and we obtain

B(G) = Jim a(H) = Jin [(w) ~ lmmy, (H)] =

= (w) ~ ln[ Jim g, (H)] = () ~ limmy, (G)

Therefore, for every open set G of y-continuity, we have

B(G) = (w) —limmy, (G) (14)

J
By complementation (14) is true also for every closed set of «-continuity.
Let A be the algebra of y-continuity sets: we want to prove that the equality (14) is verified
for every M € A.

Let z* € X{ and € > 0 be fixed. Then we want to find a j € IN such that for each j > j

| 2" [B(M) — my, (M)] [<e. (15)

7

Observe that

| 2my, (M) — 2" 3(M) [<
<| @ my, (M) — &*my,, (M) | + | a*my, (M°) — 2*B(M°) | +
+ 2" B(M°) — 2 B(M) [<] w*my, (M \ M°) | +

+ | @ [my, (M) = BMO)] | +[|B(M \ MO)].
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By (11) it is [ 3(M \ MO)|| < (M \ M©) = 0.
Moreover, since MV is a -continuity open set, from (14) there exists j* € IN such that for
every j > j* it is
| w*my, (MO) — 2*B(M°) |< g
Since | my, |[— 7 (see [2]), from the Portmanteau’s Theorem it follows that there exists

j** € IN such that for every j > j**
— — €
| V(M) — [ | (M) |< 7,
€
| P(MP)= [y | (M?) |< 4.
Since M € A, we have v(M) = P(M?). Therefore it is

| &y, (M O\ M) < my, |(M\ M?) <
<[y | (M M) <[y, | (W M°) < 2.

Hence (15) is proved.

The next step will be finally to prove weak convergence.

Let A€ Aandlet f e Cy(Q). Weset H={t:~(f=1t)>0}. Since 7 is bounded, H is at
most countable. We observe that for every ¢t ¢ H it is (f =t) € A. Since ||3(o)| < (o), if

t ¢ H then the set (f > t) is a [-continuity set. Let * € X* be fixed and assume f to be

positive. Since f is bounded, then

x*];fdmkj — :U*Z)fd,é" = ‘/Qfd(x*mk]) — /Qfd(x*ﬂ)‘ =
_ '/m g (f > £)dt — /+°° ZB(f > t)dt’ _
0 0

<

/ W, (f > 1) — 2*B(f > 1)]dt
0,5up FI\H

</ | i, (f > 1) — 2*B(f > 1) | dt.
(0,sup fI\H
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By (15)

| 2*B(f > t) —a"my,(f > 1) [—=0
in [0,sup f] \ H. Moreover it is

| 2 my, (f > 8) = 2"B(f > t) |[<[276(f > t) | + | a"my, (f > ) [<

< 2N - [l [1(62) + 11811 (2)] < oo
By the Dominated Convergence Theorem the assertion follows.

Remark 3.5 For an m € ca(, %, X), and A € ¥ we denote by m? the induced measure
mA(E) = m(AN E). Then from Prokhorov’s Theorem it follows that for every A € A,
mfj — B4, Tt suffices to observe that, for A € A and B € ¥ fixed, B is a f4-continuity

set if BN A is a [-continuity set.
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Abstract.

In this paper we develop B-spline collocation method for solving a class of singularly
perturbed reaction diffusion equations given by

—eu” +a(z)u(z) = f(x), a(x)>a" >0
w(0)=a, u(l)=p

Here we use the fitted mesh technique to generate piecewise uniform mesh. Our scheme
leads to a tridiagonal linear system. The convergence analysis is given and the method
is shown to have uniform convergence of second order. Numerical illustrations are
given in the end to demonstrate the efficiency of our method.

Key words: Singularly perturbed boundary value problems, B-spline collocation
method, fitted mesh method, boundary layers, uniform convergence.

(0.1)

1 Introduction

We consider the following class of singularly perturbed two-point boundary
value problems

(1.1) Lu=—eu(x) + a(z)u(x) = f(r) where0 <z <1
subject to
(1.2) u@0)=a wu(l)=p, o feR

where € is a small positive parameter and a(z) and f(z) are bounded con-
tinuous functions. For a(z) > 0, Most the equations of type, (1.1) possesses
boundary layers [1], i.e regions of rapid change in the solution near the end-
points, at the both of the end points. Due to this unique characteristic, these
type of problems are very important in application point of view. These class
of problems arises in various fields of science and engineering, for instance, fluid
mechanics, quantum mechanics, optimal control, chemical-reactor theory, aero-
dynamics, reaction-diffusion process, geophysics etc.

There are three principal approaches to solve numerically these type of prob-
lems, namely, the Finite Difference methods [2] and [3], the Finite Element
methods [4] and the Spline Approximation methods . First two methods have
been used by numerous researchers. Enright [5] reported on an ongoing investi-
gation into the performance of numerical methods for two-point boundary value
problems. He outlined how methods based on multiple shooting, collocation
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and other discretizations can share a common structure. Surla and Jerkovic [6]
considered the singularly perturbed boundary value problem using spline collo-
cation method. Sakai and Usmani [7] gave a new concept of B-spline in term
of hyperbolic and trigonometric splines which are different from earlier ones. It
is proved that the hyperbolic and trigonometric B-spline are characterized by a
convolution of some special exponential functions and a characteristic function
on the interval [0,1].

In this paper we use the third approach, namely, B-Spline collocation method
[8], [9] and [10], to solve the problems of above type. In section 2 we have given
the derivation for the B-spline method and mesh strategy . Uniform convergence
for the method have been discussed in section 3. In sections 4 and 5 we have
solved some problems using the method and the results and graphs have also
been shown.

2 B-spline collocation method

We subdivide the interval [0, 1], and we choose piecewise uniform mesh points
represented by m = {xg, x1,x2, ........ N}, such that o = 0 and xy = 1 and h
(Discussed in the next section) is the piecewise uniform spacing. We define
L5[0,1] is a vector space of all the square integrable function on [0,1], and X be
the linear subspace of L]0, 1]. Now we define for ¢ = 0,1,2,....N.

(2.1)

(:v — l‘i_g)g, ifx e [,Ti_g, LL‘i_l]
. ]:7,3+3EL2(.’L'—£CZ'_1)+3§L(?L'—$Z'_1)2—3($—$i_1)3, if x € [mi_1, 4]
Bi(z) = 3 h3 4+ 3h%(zi41 — @) + 3h(zi1 — 2)2 — 3(xiy1 — 2)3, if 2 € [, 2i11]
(Tiro — )3, if © € [Ti41, Tita]
0, otherwise.

We introduce four additional knots as 9 < x_1 < g and Ty42 > TN41 > TN
From the above equation (2.1) we can simply check that each of the functions
B;(z) is twice continuously differentiable on the entire real line, Also

4, ifi=j
(2.2) Bi(x;) =41, ifi—j=+1
0, ifi—j=+2.

and that B;(z) =0 for > 2,49 and z < z;_».
Similarly we can show that

0, ifi=j
(2.3) Bi(zj) = q+2, ifi—j==1
0, ifi—j==2.
and
;;2, ifi=j
(2.4) B(x;) =%, ifi—j=+1
0, ifi—j==+2
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Each B;(z) is also a piece-wise cubic with knots at 7, and B;(z) € X. Let
Q = {B_1, By, By, ...... Bpyy1} and let ®3(m) = span . The functions Q are
linearly independent on [0, 1], thus ®3(r) is (N + 3) -dimensional. Even one can
show that ®3(m) Csp X. Let L be a linear operator whose domain is X and
whose range is also in X. Now we define

(2.5) S(x) =c_1B_1(x)+coBo(x)+c1B1i(x)+........ +cenBn(z)+en+1 By ()

Then force S(x) to satisfy the collocation equations plus the boundary conditions.
We have

and
(2.7) S0)=a, SQ)=p

On solving the equation (2.6) we get
(2.8)
cim1(—€ B’ 1(%:) + ai Bi—1(2:)) + ci(—€ B (i) + aiBi(x;))
+cip1(—€ Bl (i) + a;Bip1 (i) = fi Vi=0,1,2...N
where a(x;) = a; and f(z;) = f;. Solving equation (2.8) we get
(2.9) (—6e+aih?)ci1+(12e+4a:h?)ci+(—6e+aih?)cir = h2f;, Yi=0,1,..N

The given boundary conditions (2.7) becomes

(2.10) c_1+4cg+ 1 =«
and
(211) cN—1+4eny +eny1 = I6]

Equations (2.9),(2.10) and (2.11) lead to a (N +3) x (N + 3) tridiagonal system
with (N+3) unknowns Cy = (c_1, o, -....cn+1)" ( where ¢ stands for transpose).
Now eliminating c_; from first equation of (2.9) and (2.10):

we find

(2.12) 36€ co = foh? — a(—6€ + agh?)

Similarly, eliminating cy4+1 from the last equation of (2.9) and from (2.11), we
find

(2.13) 36e cy = fnh? — B(—6¢e + anh?)

Coupling equations (2.12) and (2.13) with the second through (N-1)st equations
of (2.9), we are lead to the system of (N+1) linear equations Txy = dy in the

(N+1) unknowns zx = (co, .....cy)! with right-hand side dy = (foh? — a(—6e +
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aoil2), iLQfl, B2f2 ............ i~L2fN,1, fNiLQ — B(—6e+ aNiLQ)) and the coefficient ma-
trix is
(2.14)
r 36¢€ 3 0 } 0 3 0 0
—6e+a1h? 12¢+4a1h? —6e + ayh? 0 0
0 : D L 0
0 0 —6e+ a;h?  12e + 4a;h? —6€ + a;h?
0 0 —6e +an_1h% 12¢ +4an_1h? —6e+an_1h?
0 0 0 0 36¢€

Since a(x) > 0, it is easily seen that the matrix T is strictly diagonally dominant
and hence nonsingular. Since T is nonsingular, we can solve the system Tz =
dy for cg,cq,........ ¢y and substitute into the boundary equations (2.10) and
(2.11) to obtain ¢_; and e¢y41. Hence this method of collocation applied to
(1.1) using a basis of cubic B-spline has a unique solution S(z) .

2.1 Mesh selection strategy

We form the piecewise -uniform grid in such a way that more pts are generated
in the boundary layers region than outside of it.

we divide the interval [0,1] into three sub-intervals (0, k), (k, 1—k) and (1—x, 1),
where

(2.15) k =min{1/4,c\/e InN}; cis a constant.

Assuming N = 2" with » > 3 be the total no. of subintervals in the partitions
of [0,1].

we divide the intervals (0, k) and (1 — &, 1) each into N/4 equal mesh elements,
while the interval (k,1 — k) is divided into N/2 equal mesh elements. The
resulting piecewise mesh depends upon just one parameter k. Obviously Now
we consider

h = h; in the interval [0, £]

4k
(2.16) h = N

xi:$i,1+h1 fOI‘Z:1,2,3N/4

where g = 0. Also

h = hg in the interval [k, 1 — K]
2(1 -2k
(2.17) hy — (T)
Ii:xi71+h2 fOI‘Z:N/4—|—1, ..... 3N/4

Similarly
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h = hs in the interval [1 — &, 1]

4K
(2.18) hg = ~

T; = Ti—1 + h3 fOYiZ3N/4+1, ........ N.

3 Derivation for Uniform Convergence

First we prove the following lemma
LEMMA 3.1. The B-splines {B_1, By, ....... Bn+41} defined in equation (2.1),
satisfy the inequality

PRrOOF. We know that

N+1 N+1

At any ith nodal point x;, we have

N+1
Z |Bl| = |Bi_1| + |Bl| + |Bi+1| =6<10

i=—1
Also we have
|BZ($)| <4 and |BZ,1(I)| <4 forx € [Iifl,Ii]

similarly
|Bi—2(z)| <1 and |Biy1(z)| <1 for z € [xi—1, x4

Now for any point z € [z;—_1, z;] we have

N+1
> IBi(x)| = [Bi-a| + [Bi-1| + |Bi| + |Bis1| < 10

1=—1

Hence this proves the lemma. O

Now to estimate the error ||u(x) — S(z)| s, let ¥, be the unique spline interpo-
late from ®3() to the solution u(z) of our boundary value problem (1.1)-(1.2).
If f(x) € C?[0,1], and u(z) € C*[0,1], and it follows from the De Boor-Hall
error estimates that

3.1 Di(u(x) = Yp)|loo < ;b2 9, j=0,1,2.
1'%
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where h, = max{hi, ho, hs} and ~;’s are independent of h. and N. Let

N+1
(3.2) Yo(z) = > biBi(x)
1=—1
Where
N+1
=D B
i=—1

is our collocation solution. It is clear that from equation (3.1) that
(3.3) |LS(z:) — LY, ()| = |f(z:) — LYy (2:) + Lu(x;) — Lu(z;)| < Ah?

where A = [€ 72 +70/[a(2)]| h?]. Also LS(x;) = Lu(x;) = f(x;). Let LY, (x;) =

) =
Fulzi) Vi, and f* = (fu(20), fu(@1), .. fa(zn))t. Now from the system
Txn = dN and equatl ( 3) that the ith coordinate [T'(xny — y™)]; of T(xn —
y™), Y™ = (boy b1y eeeeenn bn)t, satisfy the inequality

(3.4) [T(xn —y™)]i| = h2|f; — fil < Ab?
since (Tzy); = h2f; and (Ty"); = h2 f(x;) for i =1,2,3..N — 1. Also

(3.5) (Tan)o = h2 fo—a(—6etagh. ), and (Ty™)o = h2fn(zo)—a(—6e+aghe. )

similarly
(3.6)

(Tan)n = B2 f — B(~6e +anh. ), and (Ty")y = h2fulen) — B(—6e+anhe.)
But the ith coordinate of [T'(zxy — y™)] is the ith equation

((?:?e—l—aihg)él 1+ (12 + 4a;h2)6; + (—6¢ + a;h?)di1 = & Vi=1,2,...N — 1.
where §; = b; —¢;, —1<i< N + l,and

(3.8) & = B2[f(x:) — fulas)] Vi=1,2,3,...N — 1.

Obviously from equation (3.3)

(3.9) & <

Let £ = maxi<z<n-—1|&|. Also consider § = (6—1, 80, v.e... dn11)t, then we define
e; = |0;], and € = max;<;<n—_1 |e;]. Now equation (3.7) becomes

Taking absolute values with sufficiently small h.. We have

(3.11) (12¢ + 4a;h?) e; < € + 26(6e — a;h?)
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Also 0 < a* < a(x) for all z. We get

(3.12) (12¢ + 4a*h?) e; < &+ 26(6€ — a*h?) < & + 26(6¢ + a*h?)
In particularly

(3.13) (12¢ + 4a*h?) & < & + 2¢(6e + a*h?)

which gives

2

A
(3.14) 2a*h%é < &€ < Ah? implies é < o
a

To estimate e_1, eg,en and ey41, first we observe that the first equation of the
system T'(zy — y™) = h2[Fy — f"] (where Fx = (fo, f1,.....fn)) gives

(3.15) 36€ 6o = hZ[fo — fol

which gives

AR
3.16 < ¢
(8.16) 0= 36e
similarly we can calculate

BN
3.17 < ¢
(8:17) N = 36¢

Now e_; and en41 can be calculated using equations (2.10) and (2.11) as 6_1 =
(—450 — 61) and 5]\] +1= (—46]\[ — 5]\]_1)

ARY AR2
<foey

3.18 _
( ) €1 = ¢ 2a*
also
ALY MR2
. < & €
(3.19) EN+1 = ¢ 2a*

using value A = [e 2 + Yol|a()| o h?], we get

3.20 - ; < wh?
(320) = max {e}= c<wh?

2 6
where w = wghc + 5= where (% ~0).
The above inequality enables us to estimate ||.S(z) — Y, (2)]| s, and hence ||u(x)—

S(2)]|co- In particular

N+1

(3.21) S(x) = Yu(x) = > (ci — bi)Bi(x).

i=—1
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thus
N+1
(3.22) |S(z) — Yo (2)] < max|c; — by Z | Bi(z)].
i=—1
But
N+1
(3.23) Z |B;(z)| <10, 0< 2 <1 (usinglemma 1).

1=—1
Combining equations (3.20) (3.22) and (3.23), we see that
(3.24) 1S — Villoo < 10wh?.
But ||u — Yo lleo < y0hi. Since ||[u— S|oo < ||t — Yalloo + || Vs — Slloo, We see that
(3.25) lu— S|l < MAZ
Where M = 10w + yoh?. Combining the results we have proved.

THEOREM 3.2. The collocation approximation S(z) from the space ®g(m)
to the solution u(x) of the boundary value problem (1.1) with (1.2) exists. If
f € C?0,1], then

[u(z) = S(@)]|oc < MR
for h? sufficiently small and M is a positive constant (independent of €).
4 Numerical Results

In this section the numerical results of some model problems are presented.

Problem 1.: We take

(4.1) e +u =1+ 2y/eexp(—a/v/E) + exp((@ — 1)/v/a)],
subject to
(4.2) u(0) =0and wu(l)=0

which has the exact solution

u(z) =1 — (1 =) exp(—z/ve) — wexp[(x — 1)/ V.

Problem 2. : We solve [11]
(4.3) —eu” +u = — cos?(mx) — 2en? cos(2m),
subject to

(4.4) u(0) =0and wu(l)=0
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which has the exact solution

u(@) = [exp(=1(1 = 2)/v/€) + exp(~z/v/€)]/[1 + exp(=1/V/e)] — cos® ().

Problem 3.: We consider

(4.5) —eu” +u=ux,
subject to
(4.6) w(0) =1 and u(l) =1+ exp(—1/v).

which has the exact solution

u() = exp(—z/V/e) + .

Problem 4.: We solve [12]

(4.7 —eu” + (1 + 2)u = —40[z(z* — 1) — 2¢],
subject to
(4.8) u(0)=0and wu(l)=0

which has the exact solution
u(z) = 40z(1 — x).

The maximum error for problem 1 for different values of e¢(uniform mesh) and
grid points N is presented in Table 1.

TABLE 1

Maximum error for Problem 1

Uniform Mesh

e=2"F [ N=16 N=32 N=64 N=128 N=256 N=512 N=1024
k =2 9.424E-04 | 2.352E-04 | 5.879E-05 | 1.469E-05 | 3.674E-06 | 2.175E-06 | 2.296E-07
4 2.240E-03 | 5.576E-04 | 1.392E-04 | 3.480E-05 | 8.700E-06 | 5.203E-06 | 5.437E-07
6 5.462E-03 | 1.339E-03 | 3.333E-04 | 8.325E-05 | 2.081E-05 | 1.778E-05 | 1.300E-06
8 2.015E-02 | 4.663E-03 | 1.146E-03 | 2.848E-04 | 7.113E-05 | 6.551E-05 | 4.445E-06
10 6.921E-02 | 1.851E-02 | 4.292E-03 | 1.0564E-03 | 2.623E-04 | 2.510E-04 | 1.637E-05
12 1.582E-01 | 6.637E-02 | 1.769E-02 | 4.107E-03 | 1.008E-03 | 9.861E-04 | 6.270E-05
14 2.318E-01 | 1.552E-01 | 6.495E-02 | 1.728E-02 | 4.014E-03 | 3.968E-03 | 2.454E-04
16 2.593E-01 | 2.299E-01 | 1.537E-01 | 6.424E-02 | 1.708E-02 | 1.698E-02 | 9.748E-04
18 2.662E-01 | 2.583E-01 | 2.289E-01 | 1.530E-01 | 6.389E-02 | 6.371E-02 | 3.941E-03
20 2.677E-01 | 2.657E-01 | 2.578E-01 | 2.284E-01 | 1.526E-01 | 2.471E-01 | 1.693E-02
25 2.680E-01 | 2.679E-01 | 2.677E-01 | 2.666E-01 | 2.626E-01 | 2.471E-01 | 1.961E-01
30 2.679E-01 | 2.679E-01 | 2.679E-01 | 2.679E-01 | 2.677E-01 | 2.672E-01 | 2.652E-01
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The maximum error for problem 1 for different values of ¢(piecewise uniform
mesh) and grid points N is presented in Table 2.

TABLE 2
Maximum error for Problem 1
Using Fitting Mesh

e=2"% [ N=16 N=32 N=64 N=128 N=256 N=512 N=1024
k =2 | 9.424F-04 | 2.352E-04 | 5.879E-05 | 1.469E-05 | 3.674E-06 | 9.043E-07 | 2.296E-07
4 2.240E-03 | 5.576E-04 | 1.392E-04 | 3.480E-05 | 8.700E-06 | 2.141E-06 | 5.437E-07
6 5.462E-03 | 1.339E-03 | 3.333E-04 | 8.325E-05 | 2.081E-05 | 5.123E-06 | 1.300E-06
8 2.866E-02 | 5.755E-03 | 1.144E-03 | 2.848E-04 | 7.113E-05 | 1.750E-05 | 4.445E-06
10 5.226E-02 | 2.152E-02 | 8.340E-03 | 3.114E-03 | 1.122E-03 | 3.737E-04 | 1.094E-04
12 5.962E-02 | 2.811E-02 | 1.283E-02 | 5.743E-03 | 2.559E-03 | 1.136E-03 | 5.159E-04
14 6.162E-02 | 3.028E-02 | 1.469E-02 | 7.019E-03 | 3.322E-03 | 1.560E-03 | 7.484E-04
16 6.219E-02 | 3.092E-02 | 1.531E-02 | 7.540E-03 | 3.681E-03 | 1.775E-03 | 8.706E-04
18 6.237E-02 | 3.112E-02 | 1.551E-02 | 7.720E-03 | 3.828E-03 | 1.875E-03 | 9.312E-04
20 6.244E-02 | 3.119E-02 | 1.558E-02 | 7.778E-03 | 3.879E-03 | 1.915E-03 | 9.590E-04
25 6.249E-02 | 3.124E-02 | 1.561E-02 | 7.808E-03 | 3.903E-03 | 1.936E-03 | 9.752E-04
30 6.249E-02 | 3.124E-02 | 1.562E-02 | 7.811E-03 | 3.903E-03 | 1.937E-03 | 9.763E-04
The maximum error for problem 2 for different values of € and grid points N
is presented in Table 3.
TABLE 3
Maximum error for Problem 2
Using Fitting Mesh
e=2"F ] N=16 N=32 N=64 N=128 N=256 N=512 N=1024
k=4 7.098E-03 | 1.779E-03 | 4.450E-04 | 1.112E-04 | 2.782E-05 | 6.955E-06 | 1.738E-06
6 4.073E-03 | 1.016E-03 | 2.541E-04 | 6.353E-05 | 1.588E-05 | 3.970E-06 | 9.926E-07
8 6.305E-02 | 2.441E-03 | 9.336E-04 | 2.323E-04 | 5.803E-05 | 1.450E-05 | 3.626E-06
10 7.752E-02 | 5.022E-02 | 3.928E-03 | 9.612E-04 | 2.392E-04 | 5.028E-05 | 1.276E-05
12 6.341E-02 | 3.066E-02 | 2.021E-02 | 3.803E-03 | 9.633E-04 | 2.768E-04 | 5.988E-05
14 6.237E-02 | 3.174E-02 | 1.576E-02 | 6.303E-03 | 5.367E-03 | 9.917E-04 | 2.398E-04
16 6.251E-02 | 3.119E-02 | 1.581E-02 | 7.909E-03 | 3.468E-03 | 9.731E-04 | 9.635E-04
18 6.250E-02 | 3.124E-02 | 1.560E-02 | 7.871E-03 | 3.940E-03 | 1.826E-03 | 6.840E-04
20 6.250E-02 | 3.125E-02 | 1.562E-02 | 7.804E-03 | 3.921E-03 | 1.963E-03 | 9.404E-04
25 6.250E-02 | 3.125E-02 | 1.562E-02 | 7.812E-03 | 3.906E-03 | 1.952E-03 | 9.759E-04
30 6.250E-02 | 3.125E-02 | 1.562E-02 | 7.812E-03 | 3.906E-03 | 1.953E-03 | 9.765E-04

The maximum error for problem 3 for different values of € and grid points N

is presented in Table 4.

TABLE 4
Maximum error for Problem 3
Using Fitting Mesh
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e=2"F ] N=16 N=32 N=64 N=128 N=256 N=512 N=1024
k =2 1.910E-04 | 4.771E-05 | 1.193E-05 | 2.983E-06 | 7.458E-07 | 1.864E-07 | 4.661E-08
4 9.553E-04 | 2.337E-04 | 5.938E-05 | 1.484E-05 | 3.710E-06 | 9.276E-07 | 2.319E-07
6 3.921E-03 | 9.635E-04 | 2.398E-04 | 5.989E-05 | 1.497E-05 | 3.742E-06 | 9.355E-07
8 1.465E-02 | 7.796E-03 | 9.635E-04 | 2.398E-04 | 5.989E-05 | 1.497E-05 | 3.742E-06
10 2.208E-02 | 1.507E-02 | 3.921E-03 | 9.635E-04 | 2.398E-04 | 2.989E-05 | 1.256E-05
12 2.761E-02 | 1.581E-02 | 4.842E-03 | 7.921E-03 | 9.635E-04 | 7.118E-04 | 5.269E-05
14 3.133E-02 | 1.670E-02 | 9.525E-03 | 6.947E-03 | 6.252E-03 | 9.074E-04 | 5.977E-04
16 3.353E-02 | 1.774E-02 | 9.125E-03 | 5.266E-03 | 3.898E-03 | 3.522E-03 | 3.432E-03
18 3.472E-02 | 1.848E-02 | 9.279E-03 | 4.747E-03 | 2.783E-03 | 2.080E-03 | 1.879E-03
20 3.534E-02 | 1.890E-02 | 9.476E-03 | 4.683E-03 | 2.416E-03 | 1.435E-03 | 1.078E-03
25 3.586E-02 | 1.928E-02 | 9.703E-03 | 4.763E-03 | 2.334E-03 | 1.156E-03 | 1.374E-03
30 3.595E-02 | 1.935E-02 | 9.749E-03 | 4.790E-03 | 2.346E-03 | 1.154E-03 | 1.381E-03

The comparison Table for problem 4 with the existing methods for different
values of € and grid points N is presented in Tables 5 and 6.

TABLE 5

Maximum error for Problem 4

Fitted Mesh: N=16

€ Miller [13] Niijima [14] Niijima [12] Our method
(Unif. Mesh)
0.1E-03 | 0.25E-01 0.26E-01 0.65E-04 1.776E-15
0.1E-04 | 0.21E-01 0.24E-01 0.36E-04 1.776E-15
0.1E-05 | 0.70E-02 0.17E-01 0.33E-04 1.776E-15
0.1E-06 | 0.75E-03 0.69E-02 0.26E-04 1.776E-15
0.1E-07 | 0.74E-04 0.23E-02 0.20E-04 1.783E-15
0.1E-08 | 0.67E-05 0.76E-03 0.20E-04 1.783E-15
0.1E-09 | 0.00E+00 0.24E-03 0.11E-04 1.784E-15
TABLE 6
Maximum error for Problem 4
Fitted Mesh : N=32
€ Miller [13] Niijima [14] Niijima [12] Our method
(Unif. Mesh)
0.1E-03 | 0.64E-02 0.65E-02 0.59E-04 1.776E-15
0.1E-04 | 0.61E-02 0.64E-02 0.21E-04 1.776E-15
0.1E-05 | 0.41E-02 0.56E-02 0.35E-04 1.776E-15
0.1E-06 | 0.77E-03 0.31E-02 0.39E-04 1.776E-15
0.1E-07 | 0.76E-04 0.12E-02 0.21E-04 1.776E-15
0.1E-08 | 0.67E-05 0.38E-03 0.21E-04 1.788E-15
0.1E-09 | 0.00E+00 0.13E-03 0.14E-04 1.789E-15
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Figure 4.1: Problem 1. with uniform mesh for e = 1073
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14

12F

Y-axis

061

0.4

0.2

S(x)=Appro. sol u
u(x)=Exact sol.

0.2 03 0.4 0.5 0.6 0.7 0.8
X-axis

bt
©
-

N=128

12p

Y-axis

061

0.4

0.2

S(x)=Appro. sol.
u(x)=Exact sol.

Figure 4.2:

03 0.4 05

X-axis

0.6 0.7 0.8 0.9 1
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Figure 4.3: Problem 2. with Fitted mesh for e = 1073
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Figure 4.4: Problem 3. with Fitted mesh for e = 1073
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5 Discussion

We have described a B-spline collocation method for solving singularly per-
turbed problems using fitted mesh technique. We have applied this method for
problems having second derivative term and function term. These type of prob-
lems are very important physically and difficult to solve because of two boundary
layers at both of the end points. In Table 1, we have shown the maximum error
for the problem 1 using B-spline collocation method with uniform mesh. It is
very clear from the Table that for large value of ¢ we have better results but
as we decrease the value of €, the accuracy decreases rapidly. So we conclude
that uniform mesh is not a good technique for such kind of problems, because
number of mesh points in the boundary layer region should be much more than
that from the outer region. In Tables 2,3 and 4 we have shown that maximum
error for problems 2,3 and 4 using fitted mesh technique (piecewise -uniform
mesh) respectively. For

1
N > exp e

our mesh behaves as uniform mesh. It can be seen from the respective Tables that
if we take more points in the boundary layer region then we obtain better results
which implies that the use of piecewise-uniform mesh is quite advantageous. In
Tables 5 and 6, we have given the comparison with the different methods applied
to the same kind of problems.

To further corroborate the applicability of the proposed method, graphs have
been plotted for problems for x € [0, 1] versus the computed solution obtained
at different values of z for a fixed e.

6 Conclusion

As is evident from the numerical results, this method gives O(h?) accuracy.
The results obtained using this method are better than using the stated existing
methods with the same no. of knots. Also this method produce a spline function
which may be used to obtain the solution at any point in the range, whereas the
finite-difference methods [12]-[14], gives the solution only at the chosen knots.
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Abstract

In this paper a procedure is proposed to improve the shape pre-
serving quasi-interpolant scheme defined by positive quadratic splines
with local support proposed in [3]. In fact, starting from that quasi-
interpolant, a new shape preserving quasi-interpolant is defined by
quasi-interpolating the weighted error obtained at the previous step.
This strategy provides an error reduction at the data points and guar-
antees the IP-reproduction property as well as the end point interpo-
lation condition.

Keywords: Quasi-interpolation, Convexity preservation.

1 Introduction

The problem of constructing a quasi-interpolant shape preserving function fit-
ting a data set {(xz;, f;)}I; is known to be of great interest in the application
to graphical problems and in the construction of functions and curves follow-
ing the shape suggested by the data (see for instance [2], [4] and references
therein). In particular, a shape preserving quasi-interpolant in its simplest
form, ie. expressed as o(r) = Y1) f;Ci(z) for x € [r1,1,], was defined
in [1], [5] and in [3] by using multiquadric functions and natural quadratic
splines with local support, respectively. Here, dealing with convexity preser-
vation, an improving procedure based on a more general quasi-interpolation
scheme is proposed. The procedure defines a new quasi-interpolant function,
namely &, of the more general type
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where {A}!1} are suitable functionals and {C;}?%) are positive quadratic
splines with local support. The quasi-interpolant is obtained by quasi- inter-
polating the error function, that is

n+1

o(z) =o(x)+ ; wie(x;)Ci(x), x € [11, Ty

with {w;}) suitably chosen weights, 2o, Tpy1, fo, for1 additional data and
6(:1,’1) = fz —0'(‘7}1), 1= O,n—l— 1.

This strategy provides the convexity preservation, the error reduction at the
data points, the IP;-reproduction and the end point interpolation.

The outline of the paper is as follows. In section 2 some background informa-
tion is given and in section 3 the strategy for improving the quasi-interpolant
is presented. Also the reduction of the error at the data points is investigated
together with the shape preservation properties. Finally, in section 4 some
pictures are given to illustrate the good performance of the method.

2 Preliminaries

As we refer to the quasi-interpolant scheme given in [3], we start by recalling
it shortly. We also include in this section two new theorems useful for further
discussions. We begin by recalling the following

Definition 2.1 A set of real values {(z;, fi)}iz1,.n with 1 < ... < Ty,
is called monotone increasing (decreasing) if f; < fix1, ¢t = 1,...,n—1
(fi > fix1, i=1,...,n—1) and convex (concave) if N;_1 < A; < Ajyq, i =
Loo.on—=2 (A1 > A > A, i=1,...,n—2), where A; = SEESE) (R g

Tip1—T;’
1,...,.n—1.

Given the data set { f;, z; }I; we define h; = x;11—x;, i = 1,...,n—1 and the

extra knots ry_; =x1—1-hy, 1 =1,2,3and xpyy = v 1+0-hp1, 1 =1,2,3.

Then, we approximate the first derivatives of any function g at the point z;

by D3 ;9(%)|s=a, = Xhe_1749(xitk), where the coefficients {7} }r——1,0,1 are
i hi—hi_1 i hi—1

. .y B B _
YA = gm0 = ik N T R It is easy to show that

D3 ;9()|s=z, is a Py-exact approximation of the first derivative of g at ;,
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ie. it is exact for every polynomial of degree two. Next, we define the
functions

Cl(x) = 1 Dlz 1U( y)|y=$i—1 - MDl ( y)|y:Ii

. » hih;_1 (1)

+hiD2,z+1v<x y)‘y:mi+17 ? _07---7n+ 17
where the discrete derivatives of v(z —y) = —1|z — y|(z — y) are done with
respect to the y variable at the specified points. To be more specific, the
functions C;, i =0,...,n+ 1 are

Cile) = syt~ Ti2) + o v(E — @)+
1 1
( hi—1(hi—2+h;—1) + hi(hi71+hi))v(x o xi>+ (2)

i V(T = Tin) + o V@ — Ti),

that is quadratic splines. These functions are used to define the quasi-
interpolant o (z) := X f;Ci(x) where the extra values are fy == 2f; — fa
and f,1 :=2f, — fn—1- The properties of o are summarized in the following
theorem whose proof is given in [3].

Theorem 2.1 The functions {C;},_ 77 defined in (2) are piecewise quadratic
positive functions with local support on |[x;_o,x;y0], for i € Z. The quasi-
interpolant o(z) = Y144 fiCi(x) is IPy-reproducing and interpolating the end
points (x4, f1), (xn,fn). Furthermore, if the data set is monotone and/or
convez (concave), so is the quasi-interpolant o.

The second theorem is about derivative interpolation at the end points. This
can be useful when dealing with locally monotone and locally convex/concave
data. The proof easily follows from the C; definition by differentiation.

Theorem 2.2 The quasi-interpolant o(z) = Y1) f,Ci(x) is such that o’ (x,) =

Ay and o' (x,) = Ap_q.

We conclude this section with a theorem discussing the error behaviour at
the data points ie. e(x;) = f; —o(z;), 1 <i<n.

Theorem 2.3 The sign of the error at the data points depends on the con-
vexity/concavity of the data.
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Proof. For 1 < i < n, we have C;_q(z;) = m, Ci(z;) = 3 and
Civi(x;) = ﬁ Thus, the error at the knots can be written as

6(%‘) = fi— fz‘—lCi—1($i) - szv:(Iz') - fi+lci+1<xi>

hi hi*
= %fl - fi*l 2(hi_1+hy) - fi+1 2(hi,1-1‘rhi) (3)

hi—1h; .
ZM(A,_l—AZ),ISZSTL |

3 Improving the convexity preserving quasi-
interpolation

In this section we present a strategy to define a new convexity preserving
quasi-interpolant method. Without loss of generality, convex data is as-
sumed. The concave case can be treated similarly.

Based on the properties of o, the idea is to define a new quasi-interpolant &
by quasi-interpolating the error at the data points, i.e. by considering

n+1

o(x) :=o(x)+ ; wie(z;)Ci(x) , (4)

with e(x;) := fi—o(z;), 0 < i < n and the weights w;, 0 < ¢ < n positive real
values. The extra values are defined as e(xg) := —e(z3), e(Tn11) == —e(x,_1).
Obviously, the quasi-interpolant & can be also written as 374} ﬁ»C’i(x), hav-
ing set {ﬁ = fi +wie(r;) }4). A lemma states the properties of 4.

Lemma 3.1 The quasi-interpolant & defined in (4) is IPy-reproducing. Fur-
thermore, setting wy = wy and W,y = w,_1 the end point interpola-
tion is kept. Last, defining the new error at the data points as é(z;) :=
flx;) —a(x;), i =1,...,n, then the following holds for i =1,...,n,

~ . hie(xi_l) 6(1‘,) €($i+1)hi_1
é(z;) = e(x;) wz_12(hi_1 T h) wi—g wz+12(hi_1 h)

Proof. The first statement obviously follows from the IP;-reproduction of o,
while the second one is just a matter of computation. The last one is the
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consequence of the local support of C; and their values at the knots being
i _ _ hi—
Ci1(x;) = 2(hi_hl+hi)’ Ci(w;) = % and Cjyq(7;) = g(hi_lihi)- u

3.1 Error reduction

Let us now investigate the error behaviour of the proposed procedure and the
influence of the weight choice. First, we give the following theorem whose
proof is trivial.

Theorem 3.1 Let {w;}!2 be equal to a given positive constant less or equal
to 2. Then |é(x;)| < max;—i__,|e(z;)], for 1 <i<n.

Figure 3.1. shows the behaviour of the quasi-interpolants and of piecewise
linear functions interpolating the error at the knots. The graphs are obtained
by iterating three times the procedure (4) assuming w; =1, 1 =0,...,n+1.

14

12r

L L L L L L L L L L L L L L L L L
-1 -08 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 -1 -08  -06 -04  -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 3.1. Quasi-interpolants (left) and errors (right)

Next, we discuss the case of non-uniform weights. In particular, Theorem
3.2. analyzes the influence of the weights determined by the algorithm below.
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Algorithm 3.1

1. Set w; =0 fori=0,...,n+1
2. If e(x2) # 0&e(x3) #0, set wy :=C - min{1, hQ}:;Z?iZ()IB)}
3. Fori=3,...,n—2

3.1. If e(xi—1) # 0 &e(x;) # 0 &e(xip1) #0

set w; := min{a;, b;, ¢; }

wi—1hie(zi—1) . Clhithit1)e(ziy1)
with a; ‘= C(h (_iz 11)+h, )e(xl) i = thel(.;pi)hfl ( .(Msd
C = 7}“_1262(%)1 [(wi—1 — C)e(xi1) + —wl@i_g’j;:a’)z ]

" If (0 2) # 0 &e(wn 1) 0

set wy—1 = min{a,_1,b,_1}

. L Wp—2hn_16(Tn_2)

with Ap_1 = ?(; (hizzj‘hsl—ll)e(l’niﬂ’ . ( :

and b,_q = 7,171::(1”’:)2 [(wp—o — C)e(xy—o) + wn@igfhenaizf ]
9. set wy := wsq
6. S€t Wpa1 1= Wp_1

Theorem 3.2 Let {w;}!y non negative real values defined by means of the
Algorithm 3.1, assuming C < 4. If{fi}", is a convez data set, then |é(x;)| <
le(x;)| for 1 <i <mn. Furthermore, if C < 2 it also follows that é(x;) <0 for
1<t <n.

Proof. Assuming |é(x;)| < |e(z;)| for i =2,...,n — 2 leads to

hie(xi_l) 6(1‘,) 1w e(l‘i—i-l)hi—l

- e AVl I
2(hz‘_1 + hi) + W 2 l+12(hi_1 + hi) <0

The inequality on the right hand side is always satisfied. For the inequality
on the left hand side the following six cases are possible:

If e(x;) =0, then w;_; :==0, w;; :=0.
If e(x;) # 0, then
if e(z;—1) =0 & e(w;41) = 0, then w; <C,
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if e(wi1) =0 & e(ziy1) # 0, then w; < C, wiy < (hiflji[l(;;:fl))em)],
if e(x;—1) # 0 & e(z;41) = 0, then
< C(hi_l + hz)€(l’z)

Wiy < <C— wz‘—1hz‘6($z’—1)

he(ri) =TT (i + hyela)
if e(w;—1) # 0 & e(w;41) # 0, then

C(hi—1+hi)e(zs) ] _ wi—thie(zi—i1)
Wi-1 S hie(xri—1) w; <C (hi—1+hi)e(zs)

w;_1hje(z; _
(hi—1+hi)[(wi—Ceas)+ imttiszi=L]

Wit S — hi—1e(wiy1)
Combining all the previous conditions on w;, we conclude that the choice
C < 4 implies |é(z;)| < le(z;)|, i=1,...,n.
Moreover, if we also require the non-positivity of é(x;), then
hie(:ci,l) 6(33‘1) 6(3714,1)}12',1
+ w; FWip1 7 > e(x;) .
2(hi_1 + hy) 2 2y + hy) (@)

This is true whenever {w;}?4) are set as in Algorithm 3.1 with C <2. m

Wi;—1

3.2 Convexity preservation

To keep convexity, it is convenient to set the weights w; in such a way that
the new data set {f; = f; + wie(z;)}14) is convex as well. Thus, let us

consider the quantities A; = w, t = 0,...,n. It is easy to see that
A1 - AO = A1 - Ao, An - An—l = An - A’n,—l and

AZ - A1 =(Ay— Ay) + wse(xs),;we(m) - w22(1m2) )
Ai—i—l - Az = (Ai—i—l - Ai) + wi+2€(zi+2}2_wi+1e(zi+l)
i+1
—weelr)weln) G _ 9 p -3, (5)
Anfl - An72 = (Anfl - An72) - %(_wlnil)
_ wnp—16(Tp—1)—Wn—26(Tn—2) '

hn—?
The following algorithm can be used for choosing the weights in order to
preserve convexity.
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Algorithm 3.2

1. Setw;:==0,i=0,...n+1

2. Ife(xy) #0, set
Wy = h2(eAé;)A3)

3. Fori=3,...,.n—2
3.1. Ife(x;) A0 set

h;_1+h; e(z;_—
A(A—Aii1) hic1(Aio—Ai 14w re(wi1)5— (©;-2)

h;_1h; —Wi-2 h;_o }

. (h

w; := min{ AR men

4. Ife(x,—1) #0, set
hn72(An737A'VL72+wnf2e(1‘n72)

e(xn—1)

hn72+hn737 E(mn73))
hp—2hn_3 " hp_3

Wp—1 =
D. set wy = wsq
6. Set Wpt1 1= Wp_1

Theorem 3.3 Let {w;}"=y non negative real values defined via Algorithm
3.2 and {f;}1, be a convexr data set. Then the new data set {f;}, is also
conver.

The proof of this result based on (5) is along the same lines as the proof of
Theorem 3.2. W

3.3 Monotonicity preservation

Now, assuming the data set is convex and monotone, the combination of the
following algorithms with the previous one guarantees the convexity and the
monotonicity preservation. The first algorithm is related to the monotone
increasing case, while the second one to the monotone decreasing case.
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Algorithm 3.3

1. For i=2,...,n—1, setw; :==C
2. For i=2,...,n—1
if €(Il'i+1) 7’é 0 set wiyq 1= %ﬁf)@(fm
3. set wp = wy
4. set Wpi1 = Wp_y

Algorithm 3.4

1. For i=2,...,n—1, setw; :=C
2. For i=n—-1,...,2
if e(x;) #0, set w; == 4hiAsz;1)e(wi+1)
3. set wo := wa
4. set Wpi1 = Wp_1

Theorem 3.4 Let {w;}!y non negative real values defined via the previous
algorithms where C is any non-negative real value. Let {fi}i, be conver and
monotone data. Then, the new data set {f;}!=; is monotone as well.

Now, as the reduction of the error is obviously desirable, in case convex
data or convex and monotone data are given, the combination of the above
algorithms (3.1, 3.2, 3.3 or 3.4) yields an improved shape preserving quasi-
interpolant. Here, combination means that the final set of weights is defined
by taking, elementwise, the minumun among the set produced by the algo-
rithms.

Remarks. It is important to note that, due to the non symmetry of the
proposed algorithms, even in case of symmetric data the improved quasi-
interpolant & given in (4) turns out to be non symmetric. A trivial solution
of this drawback is the weight “symmetrization” by taking the minimum be-
tween the corresponding weights. In addition, we could performe algorithms
analogous to the one discussed above also in a converse way (i.e. checking
the inequality from right to left). After symmetrization of this second sweep
the highest symmetric weights (between the two sweeps) can be used in (4)
to reduce the error as much as possible.

According to the results given in Theorem 3.2, the choice C < 2 in Algorithm
3.1 allows us to iterate the procedure until an index ¢, such that both w; #£ 0
and e(z;) # 0, is found. Furthermore, locally convex and monotone data can
be handled taking into consideration the results of Theorem 2.2.
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4 Examples

We conclude this paper by showing some applications of the described pro-
cedure. Three examples are given to put in evidence its effectiveness. For
each of them two pictures are presented. The ones on the left display the
shape preserving quasi-interpolants ¢ (—-) and ¢ (—) and the ones on the
right the piecewise linear functions interpolating the values of the error at the
knots, ie. e(z;),1=1...,n (—) and é(z;), ¢ = 1...,n (=), respectively.
In the pictures on the left the data sets {f;}", and {f;}"_, are denoted by
the symbols ‘+” and ‘+’, respectively. In all the examples the constant is set
as C = 2.

The first example is related to data coming from the function f(z) = —log(x)
when evaluated at the abscissae {0.01, 0.7, 3.6, 8, 13.4, 17}. This set of
data is convex and monotone decreasing. Thus, the weights are obtained
combining algorithms 3.1, 3.2, 3.4.

The second one concerns the function f(z) = z — (/2?/2 — x — 4 and the
points {4.1, 4.8, 14 32, 5.9, 6.4, 7, 7.5}. Here we combine algorithms
3.1, 3.2 as we deal with convex data.

The last example deals with concave data taken by evaluating the function
f(z) = V1 —2?% at the points {—1, —0.75, —0.35, 0, .5, .75, 1}. The
concave quasi-interpolant is performed via algorithm 3.1 and the analogous
to algorithm 3.2 for concave data.

~ L L L L L L L L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Fig. 4.1. Quasi-interpolants (left) and errors (right)
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L L L L L L — L L L L L L
45 5 5.5 6 65 7 75 Ta 45 5 55 6 6.5 7 75

Fig. 4.2. Quasi-interpolants (left) and errors (right)

¥
\

Fig. 4.3. Quasi-interpolants (left) and errors (right)
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Preface

This special issue contains invited research papers on “Wavelets and Applications.” Results in wavelets,
frames, subdivision schemes, spline wavelets, and wavelet applications in statistics/bio-statistics were among
the areas discussed.

The paper by Bruce Kessler, following a macroelement approach, deals with construction of an orthogonal
scaling vector of differentiable fractal interpolation functions, with symmetry properties, that generates a
space including C! cubic splines.

In his paper, Qun Mo shows that normalized tight multiwavelet frames with highest possible order of van-
ishing moments can be derived from refinable functions under the multiwavelet settings.

The paper by Bin Han and Thomas P.-Y. Yu, entitled Face-Based Hermite Subdivision Schemes , studies
the symmetry and structure of the vectors for the sum rule orders of the refinement mask for a type of vector
Hermite subdivision scheme, called “face-based Hermite subdivision scheme by the authors. Examples of
the refinement masks with the quincunx dilation matrix and 2/, are constructed.

In the paper by Don Hong and Qingbo Xue, piecewise linear prewavelets over a bounded domain with regular
triangulation are constructed by investigating the orthogonal conditions directly.

The contribution by Lutai Guan and Tan Yang gives results on spline-wavelets on refined grids and appli-
cations. So-called addition spline-wavelets are constructed using natural spline interpolation skills. Applica-

tions in image compression are also included.

The following two papers are on wavelet applications in statistics/bio-statistics. In the paper by Jianzhong
Wang, the author first gives a brief review of wavelet shrinkage and then applies the variational method for
wavelet regression and shows the relation between the variational method and the wavelet shrinkage.

In the paper by Don Hong and Yu Shyr, many applications of wavelets in cancer study are reviewed,
in particular, in medical imaging such as in detection of microcalcifications in digital mammography and
functional magnetic resonance imaging, and molecular biology area such as in genome sequence analysis,
protein structure investigation, and gene expression data analysis. Wavelet-based method for MALDI-TOF
mass spectrometry data analysis is also reviewed.

We are grateful to all the authors who contributed to the special issue. We appreciate all the referees who
reviewed the submitted papers. Their efforts and suggestions made it possible to publish scientific papers
of high quality. We would like to express our special thanks to George Anastassiou for his patience and
support and to Benedict Bobga, Shuo Chen, Yuannan Diao, Brad Dyer, Qingtang Jiang, David Roach,
Bashar Shakhtour, Wasin So, and Qiyu Sun for their assistance in the editing of this special issue. Last
but not least we also thank the support of the Department of Biostatistics and Ingram Cancer Center of
Vanderbilt University, and the Department of Mathematics, Middle Tennessee State University.

Don Hong
Middle Tennessee State University
Murfreesboro, TN, USA

Yu Shyr
Vanderbilt University
Nashville, TN, USA
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An Orthogonal Scaling Vector Generating a Space
of C'' Cubic Splines Using Macroelements

Bruce Kessler
Department of Mathematics
Western Kentucky University

Bowling Green, KY, USA
bruce.kessler@wku.edu

Abstract

The main result of this paper is the creation of an orthogonal scaling vector of four
differentiable functions, two supported on [—1, 1] and two supported on [0, 1], that gen-
erates a space containing the classical spline space S% (Z) of piecewise cubic polynomials
on integer knots with one derivative at each knot. The author uses a macroelement
approach to the construction, using differentiable fractal function elements defined on
[0,1] to construct the scaling vector. An application of this new basis in an image
compression example is provided.

AMS Subject Classification Numbers: 42C40, 65D15
Keywords: orthogonal bases, scaling vectors, spline spaces, macroelements, wavelets, multi-
wavelets

1 Introduction

Orthogonal scaling vectors have numerous applications in signal and image processing, in-
cluding image compression, denoising, and edge detection. Geronimo, Hardin, and Masso-
pust were among the first to use more than one scaling function, in their construction of
the GHM orthogonal scaling vector in [7]. The space generated by the GHM functions and
their integer translates had approximation order 2, like the space generated by the single
compactly-supported D4 orthogonal scaling function constructed by Daubechies in [3], but
also contained the space of continuous piecewise linear polynomials on integer knots. Also,
by using more than one function, they were able to build scaling functions and wavelets
with symmetry properties. The only single compactly-supported scaling function with sym-
metry properties is the characteristic function on [0,1), known as the Haar basis. Other
types of orthogonal scaling vectors have been constructed in [4], [8], [11], and [13] that have
compactly-supported elements that lack continuous derivatives. Han and Jiang constructed a
length-4 scaling vector in [9] that has approximation order 4 and two continuous derivatives.

Hardin and Kessler put the constructions of Geronimo and Hardin from [7] (with Mas-
sopust) and [4] (with Donovan) into a macroelement framework in [10]. The construction of
scaling vectors from a single macroelement supported on [0, 1] is important, since these types
of scaling functions will be orthogonal interval-by-interval, and the intervals over which the
basis is defined need not be of uniform length. This adaptability to an arbitrary partition of
R promises to give greater flexibility to the use of these types of bases in applications. While
building bases on variable length intervals is outside the scope of this paper, we should keep
in mind that most of the results here can be easily adapted to intervals of arbitrary length.
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The main result in this paper is the creation of a orthogonal scaling vector of length 4 of
compactly-supported, differentiable piecewise fractal interpolation functions, with symmetry
properties, that generates a space including the classical spline space S3(Z) of differentiable
cubic polynomials on integer knots. This scaling vector has a symmetric/antisymmetric
pair supported on [—1,1] and a symmetric/antisymmetric pair supported on [0,1]. The
construction will follow a macroelement approach; that is, we construct a macroelement
with the desirable properties using fractal functions and then construct a scaling vector
from the macroelement. Fractal functions have been used previously in [4], [6], [7], and [11]
to construct orthogonal scaling vectors. We show that a shorter-length scaling vector can
not be found with the same properties, and then show this new basis in use in an image
compression example. We believe this to be the first scaling vector to be constructed with
all of the above-mentioned properties.

1.1 Scaling Vectors
A vector ® = (¢1, ¢y, ..., ¢,)T of functions defined on RF is said to be refinable if

®=NzY g®(N - —i) (1)

for some integer dilation N > 1, i € Z*, and for some sequence of r x r matrices g;. (The
normalization factor N* can be dropped, but is convenient for applications.) A scaling vector
is a refinable vector ® of square-integrable functions where the set of the components of ®
and their integer tranlates are linearly independent. An orthogonal scaling vector ® is a
scaling vector where the functions ¢4, ..., ¢, are compactly supported and satisfy

<¢Z7¢j( - TL)> = 5i,j50,n7 Za] € {1a s 7T}7 n e Zka

where the inner product is the standard L?(RF) integral inner product

(f.9) = . f(@)g(z)dx

and ¢ is Kronecker’s delta (1 if indices are equal, 0 otherwise.) A scaling vector @ is said to
generate a closed linear space denoted by

S(®) = closgz span {¢;(-—j): i=1,...,r, j € Z}.

Two scaling vectors ® and ® are equivalent if S(®) = S(®). The scaling vector ® is said to
extend ®, or be an extension of @, if S(®) C S(P).

Scaling vectors are important because they provide a framework for analyzing functions
in L2(R¥). A multiresolution analysis (MRA) of L?(R¥) of multiplicity r is a set of closed
linear spaces (V},) such that

1. .- DVLDV4uDVeyDVi DV
2. UpGZV}?:Lz(Rk)?

3. r]pez V;? = {0}7
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4. feVyiff f(NI) €V}, and

5. there exists a set of functions ¢1, ..., ¢, whose integer translates form a Riesz basis of
Vo.

From the above definitions, it is clear that scaling vectors can be used to generate MRA'’s,
with V5 = S(®). Jia and Shen proved in [15] that if the components of a scaling vector
® are compactly-supported, then ® will always generate an MRA. All the scaling vectors
discussed in this paper will consist of compactly-supported functions, and therefore, will
generate MRA’s. A function vector U = (1, ... ,¢T(Nk_1))T, such that ¢; € V_; for i =
L,...,7(N* —1) (see [14]) and such that S(¥) = V_; © Vp, is called a multiwavelet, and the
individual v; are called wawvelets.

1.2 Macroelements on [0, 1]

We will use the notation £ (x) to denote the jth derivative of f(z), with the convention
fO(z) = f(z). As a convenience, we will use the notation f)(0) and fU)(1) to denote
lim+ f9(z) and lim fY9(z), respectively, although the notation may not always be mathe-
z—0 z—1-

matically rigorous.

A C? macroelement defined on [0, 1] is a vector of the form (Iy, ..., g, 71, ..., Thy M, .oy my) T
where the set of elements are linearly independent functions supported on [0, 1] with p con-
tinuous derivatives such that

1L 190)=rP1) =0fori=1,...,k

o m(j)<0) _ ml(-j)(l) =0fori=1,...,n, and

7

3. 190 =rP0) fori=1,... k

(2

for j =0,...,p. A macroelement is orthonormal if (I;,r;) = 0fori,j € {1,...,k}, (li,m;) =
(riymj) =0forie {1,...,k} and j € {1,...,n}, and each element is normalized.

A macroelement A is refinable if there are (2k +n) x (2k +n) matrices po, ..., py_1 such
that
, v i+ 1)
A(f):\/ﬁpiA(Nx—l)foer{N,T},ZZO,...,N—L (2)

Because of the linear independence of the components of A, the matrix coefficients will be
unique if they exist. Note that a refinable C° macroelement by necessity has [;(1) = r;(0) # 0
for some i, since if all elements were 0 at x = 0, 1, then each element would be 0 at N7-adic
points on [0, 1] as j — oo. Hence, each element would be 0, a contradiction. Likewise, note
that a refinable C' macroelement by necessity has I{(1) = r}(0) # 0 for some 4, since if all
elements had a zero derivative at x = 0, 1, then each element would be a constant function,
also a contradiction.

Lemma 1. A refinable CP? macroelement A = (Iy, ..., lp, 71, ., Thyma, . ..,my,) T defined
on [0,1] has an associated scaling vector ® of length k + n and support [—1,1]. If the
macroelement A is orthonormal, then the scaling vector ® is equivalent to an orthogonal
scaling vector.
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Proof. Let I = (Iy,....l;.)Y, r = (ri,...,m)T, and m = (my,...,m,)T. Let d!, a7, and a™
be the k x k, k x k, and k X n matrices, respectively, such that

1+ 1
N N

[al af aﬂA(Qx—i)—l(x)ifxel ],i_o,...,N—l.

Likewise, let bl, b7, and b" be the k x k, k x k, and k x n matrices, respectively, such that
[0 i+ 1]

! T m _ ) — : _ - _
(oL b7 b] A2z — ) T(x)leEE-N, N | 0,...,N—1

and let ¢!, ¢/, and ¢ be the n x k, n x k, and n x n matrices, respectively, such that
[0 i+ 1]

— —,t=0,...,N -1
_N’ N 77’ 07 Y

(b e A2z —i) =m(z) ifx e

7 K3 7

Then the matrix coefficients in (2) can be written in block-matrix form

l r m
_ T m
d oo

Note that many of the block matrices are redundant: a! | = a7, b} | = b, and ¢}, = ¢

for i =0,..., N — 1 since the macroelement components are continuous, and al,_, = bj; due
to the endpoint conditions of the macroelement. Also, many of the block matrices are zero
matrices: aj = blN_1 = Ogxr and ¢ = cﬁ\,_l = 0,x% due to the endpoint conditions of the

macroelement.
Define

Ji=1,....k and (3)

bu(x) = 1 { li(x + 1) for z € [-1,0]

V2 | ri(z) for x € [0,1]
Or+i(x) = my(x) for x € [0,1], i =1,...,n. (4)
Then the function vector ® = (¢y, ..., prpyn)? satisfies (1), with

gi = {gg:k SS:J i=-N,...,—1land g; = [ﬁ b%’} i=0,...,N—1.
Hence, @ is refinable, and supported completely in [—1, 1].

If A is orthonormal, then by definition, ® meets the criteria of an orthogonal scal-
ing vector, except that possibly (¢;,¢;) # 0 for 4,5 € {1,...,k}, ¢ # j, and for i,j €
{k+1,....,k 4+ n}, i # j. However, we may replace {¢1,...,¢r} with an orthonormal
set {@1,...,¢p} and {Gpi1s ..., Gepnt with an orthonormal set {@gi1,...,Ppin}, so that
{(51, e Dl Pty s (EH,L} is an orthogonal scaling vector. O

Let spanA refer to the span of the elements of A. Two macroelements A and A are
equivalent if span A = span A. The macroelement A is said to eztend A, or be an extension
of A, if spanA C spanA. In this paper, we will extend macroelements for the purpose of
extending scaling vectors, using the following lemma. We use the notation x5 to be the
characteristic function defined by

[ 1for z € a,b],
Xlatl = (0 otherwise.



AN ORTHOGONAL SCALING... 397

Lemma 2. Let A be a refinable C? macroelement defined on [0,1], and let ® be the associated
scaling vector as defined in (3) and (4), for p=0,1. If A is a C? macroelement extension
of A, then the associated scaling vector ® as defined in (3) and (4) is an extension of ®.

Proof. Let A = {ly,...,l,r1, ..., Tk, M1, ..., mp}yand A = {l~1,...,l~k/,f17...,fk/,fnl,...,mn/},
where A is an extension of A, so k < K and n < n/. Consider a basis element ¢ €
{6i(- —j) : ¢ € ®,0 € {1,...,k+n},j € Z}. If supp¢ C [j,j + 1] for some j € Z,
then ¢(z + j) € span{mi,...,m,} C span{my,..., M, }. From the definition of ® in (4),
then ¢ € S(®).

Otherwise, supp¢ C [j,j + 2| for some j € Z. Let | = ¢xij 41 and 7 = dx[j41,j+2-

Then I(x + j) € span{ly,... I, my,...,m,} C span{l},...,lk/,ml,...,mn/} and r(x +

j+1) € span{ry,...,rp,my,...,mu} C span{Fy,...,Tp,M1,. .., My} From the match-
up conditions in the definition of the macroelement and the definition of ® in (3), then
¢ € S(®). Thus, S(P) C S(P) and P is an extension of P. O

In the following example, we show a simple way to extend a macroelement, and hence, a

scaling vector.
Example 1. Let [; = xxjo1 and 71 = (1 —2)x[01. Then A = ({4, r1)T is a CY macroelement.
It is also refinable, since

A(2z) if z € [0, 1]
Az) =2

=8k g5
-4 o

no
,_.S
no

Az —1)ifz e [5,1].

S

—~

Therefore, we have the scaling vector ® = (¢;) given in (3) and (4), with

1 1 1
O(r) = V2 | —=P(2x +1) + —=P(22) + —=P(2z — 1)| .
(1) = VB | 55020+ 1) + 50(20) + =20 - 1
Then @ is the linear B-spline, and generates S(®) = SY(Z), the spline space of continuous

piecewise linear polynomials on integer knots.
Both A and @ can be extended by the addition of the function m,(r) = ¢ = 4z (1 —
z)X[o,1]- Then A = (Iy,71,m1)" is refinable, since

ror

1
G 1
?ﬁ VG (1) A(Qx) if x € [0, 5}
: L0 L
Ma)=v2Q PV
soas O
0 55 0 [AQz—-1)ifze[5,1],
i 1
[ LY 5wl
and, by Lemma 1, we have the scaling vector ® = (¢, ¢2)7, with
- L 0] . L 0. L0 |-
d(z) = V2 {2\/5 ] O(2x+1)+ ‘65 L PR+ |2 | [Pz —1) .
00 NG G
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2

-1 -0.5 0.5 1

Figure 1: The scaling functions ¢; and ¢ from Example 1.

By Lemma 2, ® is an extension of ®. In fact, S(®) = SY(Z) D SY(Z). Both functions are
illustrated in Figure 1.

1.3 Fractal Interpolation Functions

Let Cy([0, 1]) denote the space of continuous functions defined over [0, 1] that are 0 at = = 0, 1.
Let C1([0,1]) denote the subspace of differentiable functions in Cy([0,1]) whose derivatives
are 0 at x = 0,1. Let A be a refinable macroelement of length n, and let Il be a function
vector of length k defined by

v 1+1

11 = AN(Nx —1) f —, —  =0,.... N—1
(x) = piA(Nz — 1) oer{N, N]’Z 0,..., ,

for some k x n matrices p; such that I1(z) € Cy([0, 1])*. Then a vector I' of the form

N-1
D(z) =I(z) + Y _ siT(Na — i) € Co([0, 1)), (5)

i=0
where each s; is a £ X k matrix and max ||s;||.c < 1, is a vector of fractal interpolation

functions (FIF’s). (See [1] and [2] for a more detailed introduction to FIF’s.) By definition,
the vector A = (AT, I'T)T is a refinable C° macroelement that extends A.

Lemma 3. Let I' be a FIF satisfying (5). If Il(x) € C1([0,1])* and _ax B
then T € C1([0,1])*.
Proof. Since I satisfies (5), then

N-1
['(x) =I'(z) + > NsI'(Nx —i).
i=0
: ' k i . 1_ o)
Since Il'(z) € Cy([0, 1])* and _ax IV si]| o Niima%_1 |5illcc < N& =1, then I'(x) is

IR R

by definition a FIF, and I'(z) € Cy([0, 1])*. Therefore, I'(x) € C1([0, 1])*. O
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Consider a CY or C! macroelement A = (I1,...,lp,71,..., 7%, m1,...,my,)" defined on
[0,1] that is not orthogonal. We can not simply apply the Gram-Schmidt process to the
components of A to obtain an orthonormal macroelement, since the resulting functions will
not satisfy the endpoint criteria. In fact, we can not apply the process to any subset of
elements that includes a [; and r; and still have the same type of macroelement. (We could
go from a C' macroelement to a C° macroelement, but the associated scaling vector would
not be an extension of the original.) However, we can apply the Gram-Schmidt process to
the set of functions M = {m4,...,m,} to get M = {mi,...,m,}, and then subtract Py,
the orthogonal projection onto the space spanned by M, from each of the other elements,
giving the equivalent macroelement

A= (I-Pyh,....,(I = Pas)ly, (I — Pap)ry, ..., (I — Pyp)re, g, ... )T

If
<(I—PM)ZZ,<[—PM)7"]>:OfOI"Z,j:L,k, (6)

(and each element is normalized), then A is an orthonormal macroelement. This is the
fractal function approach for extending a macroelement: add FIF’s to the set M, hence
the macroelement, so that (6) is satisfied. (See [5] for a broader discussion on constructing
intertwined MRA’s.)
Example 2. The scaling vector shown in this example was originally constructed by Geron-
imo, Hardin, and Massopust in [7], although not in the macroelement context, and is recon-
structed by Hardin and Kessler in detail using macroelements in [10]. It is widely known as
the GHM scaling vector.

Consider from Example 1 the C° macroelement A and the scaling vector ® = (¢1) that
generates SY(Z). In order to extend A to an orthonormal C° macroelement, we construct a
FIF satisfying

uw(x) = ¢1(2x — 1) + sou(2x) + syu(2z — 1), max lsi] <1,

such that ((I — P,)l1,(I — P,)r1) = 0. It was shown in [7] and [10] that the orthogonality
condition is satisfied by sp = s; = —%. By letting
. (I — P, 3 (I — P,)r 3 u
S0 R [V oY e 7
we have the orthonormal C° macroelement A = (Iy,7,71)7, equivalent to (I;,71,u)” and
an extension of A. The associated scaling vector ® = (¢, )T defined in (3) and (4) is the
orthogonal GHM scaling vector, and is illustrated in Figure 2.
Example 3. The scaling vector shown in this example was originally constructed by Dono-
van, Geronimo, and Hardin in [4], although not in the macroelement context, and again by
Hardin and Kessler in detail in [10] using a macroelement approach.

Consider from Example 1 the C° macroelement A and the scaling vector o = (1, )T
that generates S(Z). In order to extend A to an orthonormal C° macroelement, we construct
a FIF satisfying

w(x) = ¢p2(2x) — p2(22 — 1) + su(2z) + su(2z — 1) for |s| < 1,
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Figure 2: The orthogonal GHM scaling vector ® from Example 2.

such that ((I — Py)ly, (I — Py)ri) = 0, where M = {¢9,u}. (Note that (po,u) = 0, since
¢ and u are symmetric and antisymmetric, respectively, about = = %) It was shown in [4]
and [10] that the orthogonality condition is satisfied by s = 2’%@ ~ —0.1937. By letting

7 (]_PM)ll A (]_PM)Tl . ma U

h=rr—F 1 "= p o ™= , and 1y = —,
(1 = Par)la| I(Z = Par)ra [l lul

we have the orthonormal C° macroelement A = (lAl, F1, 1, ﬁ}g),AequAivalent to (Iy, 71, my, mg)T
and an extension of A. The associated scaling vector ® = (¢, ¢2, ¢3)” defined in (3) and (4)
is an orthogonal scaling vector, and is illustrated in Figure 3.

Figure 3: The orthogonal scaling vector ® from Example 3.

2 Main Results

In this section, we will construct a refinable C* macroelement on [0, 1] which, in turn, provides
a scaling vector ® that generates Si(Z). We will show that two additional functions are
needed to extend that macroelement to an orthonormal macroelement that is refinable with
dilation 2, and an explicit construction of that macroelement and the associated orthogonal
scaling vector will be provided. Lastly, although general methods are available for finding a



AN ORTHOGONAL SCALING... 401

multiwavelet associated with an orthogonal scaling vector (see [10], [16], and [17]), we will
show an equivalent macroelement approach to constructing the wavelets.

2.1 Scaling Vector Generating S;(Z)

Consider the following basis for cubic polynomials defined on [0, 1] and 0 elsewhere:
hiz) = (=22° +32%)xp,  lao(2) = (7 = 2%)xq0,1),

ri(z) = (2a73 — 322 +1 X[0,1, and ro(z) = (x3 — 2% + m)x[(m.

)
One may verify that A = (I1,ly,71,72)7 is a C! macroelement. It is also refinable, since

([ _1 3
-1 1 0 0
3R | Ao itee(od].
A 1 g _L

R ST "
o L. -1 __1
o 0 W A2 -Difee [51].
22 42

0 0 1 1

L 8v2 8v2 ]

From direct computation, we know that

13 13 1

9
<ll,7“1> = — and <lg,7’2> = —m,

70’ <1177’2> = EO’ <lz77”1> = —ma

so A is not an orthonormal macroelement. As in (3), we define

i=1,2,

oule) — { Lz +1)ifz <0

V2 | ri(z)ifz >0 ’

so that we have the scaling vector ® = (¢, )7 satisfying

1
0 33

o(z) =2 < % _ﬁﬁ] (21 — 1)) ,

8

‘/Li 0 ] O (2z) +

1 3
V2 V2 P20+ 1) +
C8V2 82

5
5

where S(®) = S83(Z). Both functions are illustrated in Figure 4.

2.2  An Orthogonal, Refinable Extension

We may extend ® to a refinable vector of length 3 by adding a single m; or by adding /3 and
r3 functions to the macroelement A. However, as we show in the following theorem, neither
method will produce an orthogonal extension. Finding a length-4 orthogonal extension of
® is nontrivial. The proof of the following theorem gives a construction of one such scaling
vector using the fractal function idea on the C! macroelement A defined above.
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b1

2

Figure 4: The scaling vector ® generating S3(Z).

Theorem 1. The orthogonal scaling vector of least length that extends the length-2 scaling
vector which generates S3(Z) has length 4.

Proof. There are two parts to the proof: we first show that a single m; or I3-r3 pair added
to the macroelement, thereby adding one function to the scaling vector, can not be found
such that all of the necessary orthogonality conditions are satisfied, and then we show that
a 2-vector of fractal functions (with symmetry properties, no less) can be found so that the
necessary conditions are satisfied.

Suppose that the single normalized function m; added to the macroelement A gives a C*
extension of the macroelement. Since we are assuming no symmetry properties for my, we
have four orthogonality conditions from (6), which reduce to the the four equations

<li’rj> = <liam1><rj7m1>v i,] € {LQ}'

The system of four equations with the unknowns (I3, m1), (lo,m1), (r1,mq), and (ry,my) is
inconsistent, so no single function m; can satisfy all of the necessary conditions.

Now suppose that two orthonormal functions I3 and r3 added to the macroelement A give
a C' extension of the macroelement. To be an orthogonal extension, I3 and rs will need to
satisfy the four orthogonality conditions

<lz - <lza l3>l37 ry — <Tj7T3>T3> =0 lv] € {17 2}a
while satisfying the endpoint conditions
lz(]_) — <ll, l3>l3(1) = T,(O) - <Ti7T3>T3(0) 1= 1, 2.

The endpoint conditions force (ly,13) = (r1,73) and (ls,l3) = (re,r3), the values of which we
will denote v and 3, respectively. Then the four orthogonality conditions become

a((ly,rs) + (ri,ls)) = =5
a(ry,ls) + B(l,73) = 355
ally,rs) + B(r1,ls) = —3%
B({la,rs) + (ra, 1)) = —135
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with unknowns (ly,73), (la,r3), (r1,13), and (rqe,l3). Again, the system is inconsistent, so no
pair of functions /3 and r3 can satisfy all of the necessary conditions.

To show that a length-4 orthogonal scaling vector is possible, we will actually construct
one by adding two functions m; and ms to the macroelement A. Consider two FIF m; and
my and function vector I' = (my, my)T satisfying

a 0 0 ¢q

I(z) = {0 ﬁ} B2 — 1) + [S t] F(2r) + [0 —q

e ¢ ] ['(2z —1)

where the maximum oo-norm of the matrix coefficients of I'(2z) and I'(2z—1) is 1 and «, 3 #
0 are chosen so that ||mq|| = ||me|| = 1. The extended macroelement A = (I, ly, 71, 72, M1, M2)
is refinable, with

T

( r _1 3 q
i i 0 0 0 0
5 &z 0 0 00
1 S Lo 0 01l .
f jfi \(/)5 10 0 A(2z) itz € [0,3] ,
sgi 82 2v/2 .
NG 0 0 0 0 %
) 0 L 0 0 = L
Az) = V2 -1 0 V2 1 3 \/% \/5-0 - (8)
V2 . Wli Uli
0 5 &% a3 0 0
0 0 Lf if 0 0 | - _ .
0o o X ™M, [AMe-Difze(31].
8/2 82 .
0 0 % 2 0 %
(L0 00 F - sl

Let M = {my,ms}. In order to construct an orthonormal macroelement equivalent to A,
the elements of M must satisfy the following conditions:

(I — Py)li, (I — Py)r;) =0, 4,5 € {1,2}.

One can verify that m; and my are symmetric and antisymmetric, respectively, about

=1 so that (my, my) = 0. Also, due to symmetry,

r =3,

<T1,m1> - <l17m1>7 <T17m2> = _<ll7m2>7 <T2,m1> = _<l27m1>7 and <T27m2> - <127m2>-
Thus, the four orthogonality conditions reduce to the three equations

% — (r1,ma)? + (ri,mg)* = 0
1o — (rasma)® + (r2,ma)? =0 (9)
% — (r1,ma)(ra, my) + (11, ma)(r2, ma) =0

Using direct computation, we know that

13 1 11
<T1,T1> — <l17ll> - %7 <T27T2> — <l27l2> - ﬁ7 and <T17T2> - _<l17l2> - m
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Using the coefficients in (8), we may expand and solve for (ry,my), (ri,ms), (re,m;), and
(rg,mo) in the following system:

2(r1,m1) = %
2(ra,ma) = —iq(m,mz) — 2(ra,ma)) + 135 s (10)
2(r1,ma) = s(ri,m1) + 32 (ra, ml) + t(ry, ma) — 3 (ry, ma) — 155
2<T2,m2> = %<T27m1> + 4<7’2,m2> %
The systems (9) and (10) have the solutions
« 1 72 1 72
(ri,my) = R (r1,mg) = 1 o? — 35 (ra,mq) = 316 (1304 —\/ 7 = 3) ;

1 7 260 — 204/7a? — 2
<T2,m2>:T Via—131/a2 - =], ¢= ,
0 35 5v/Ta + 70, /a? — 22

13104 — 612502 + 35ary/Ta? — 2 4+ 51V/Taf + 1478 /a? — 2
s = , and

V7(504 4 14002 4 29v/5av/3502 — 72)
_ 35280 — TV/5v/35a? — T2(1465a — 9v/Tf) + 5a(8575a — 9V'T 7).
35(504 + 14002 + 29v/5a4/3502 — 72)
Again using the coefficients in (8), we may expand (mj,m1) and (msy, ms) and numerically

solve for o and 3. After substituting the above results into the initial expansions

13 2
¢ — 2qa(ry, mo) + ga =1 and s + t* — 253(ry, my) + 2tB(ry, my) + % =1,

we find the approximate solutions a =~ 1.63240645 and [ ~ 14.19575451, so that

(r1,m1) ~ 0.40810161, (ry,ms) ~ —0.19487303, (rs,m;) ~ 0.08869880,
(ra,ms) ~ —0.02691878, ¢~ 0.01570030, s~ 0.45783086, and ¢~ —0.03034240.

Since )
{ ] H H { 1 ‘ ~ 0.48817326 < —,
—5 - 2
then by Lemma 3, m;, my € C( ). By setting
T ([_PM)ll 7 (I—PM)ZQ _— ([_PM)rl _— ([—PM)TQ
1= lbh=—" 7§ =——"" and ry = ——
|(I = Par)la || |(I = Par)la| |(I — Par)ri]| |(I — Par)ro|
we have the orthonormal, refinable C!' macroelement A = (51,52,7“1,7’2,m1,m2) that is

equivalent to A and an extension of A. By Lemma 2, we have the scaling vector d of
length 4 as defined in (3) and (4) that is an extension of ®. Since (¢, ds) = 0 due to their
symmetry-antisymmetry about z = 0, ® is an orthogonal scaling vector. [

The elements of the orthogonal scaling vector constructed in the above proof are illus-
trated in Figure 5.
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1.5 b2
1
A 0.5
-1 \0/5 "1 -1 2.5 W 1
-0
1l
-1.5 /5
s o 15 P4
1 10
0.5 0.5
1 0.5 0.5 1 -1 0.5 0/5 1
0.5 0.5
-1 1
-1.5} 1.5}

Figure 5: The orthogonal scaling vector ® = (¢1, ¢o, ¢, @)T, where S(®) D S3(Z).

2.3 The Associated Multiwavelets

A general construction for a multiwavelet associated with a scaling vector defined on R was
found in [16] (see also [10]), and that technique could be used here. However, I will use an
equivalent approach that will produce wavelets with symmetry properties. From Jia in [14],
we know that, since ® was of length 4, then ¥ will also have length 4(2 — 1) = 4.

Define the 6-dimensional space V = {f : f € V_;, supp f C [0,1]} and let Py denote
the orthogonal projection onto V. Note that, in this construction, V N Vgt = ), since
there are 6 independent orthogonality conditions affecting elements of V. Recall the original
macroelement A = (ll, ly, Py, Ty, My, ms)T. Let

li(x) = Pyly(z) + a;r (N — N) + bigo(Nz — N) for i = 1,2,

where a; and b; are chosen so that ([;(z), ¢1(z — 1)) = 0 and {l;(x), ¢o(x — 1)) = 0. Likewise,
let
7i(w) = Pyiy(x) + cion (N) + digo(N) for i = 1,2,
where ¢; and d; are chosen so that (7;(z), ¢;(x)) = 0. Note that the properties (;,7;) = 0,
(li;m;) =0, and (7;, m;) = 0for 4, j € {1,2} are maintained from the original macroelement,
and that a1 = ¢y, by = —dy, as = —cg, and by = dy due to symmetry properties.
We may construct functions
filr) =Lz +1)+7(z) and ¢ (z) = —lp(x + 1) + 7a(2)
that are symmetric with respect to x = 0, and

fa(z) = —li(x + 1)+ 7 () and g3(x) = lo(x + 1) + 7a(2)
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that are antisymmetric with respect to x = 0, such that all are orthogonal to V(. Set

<91,f1> <g37f3>
— and =03 —
f2 g <f17f1>f1 f4 g3 <f3,f3>f3
to handle the last remaining orthogonalities, and set 1; = ﬁ for i+ = 1,...,4. Then

U = (@51, o, 13, @ZQT is a multiwavelet that generates W, and is illustrated in Figure 6.

2 . 2 .
.5 wl 1.5 ¢2
1 1
05 /\ 0.5 /\
-1 -0. 5 0. 1 -1 -0.5 0. 1
K\J -0.\5 vs .5
- -1
-1, -1.5
-2 -2
2 i 2 i
1. V3 1.5 (o
1
0.5 0\ 5
1 o/;\ \_o/5 1 -1 5 0 é\ 1
® 14 | NP Lo '
-1 -1
1.5 -1.5
-2 -2
Figure 6: The multiwavelet U = (121, Vo, 13, 7,24)T, where S(\T/) = W.

3 An Application of the Bases

One possible use for this smoother scaling vector is in image compression applications. The
original version of JPEG used the discrete cosine transform, a non-wavelet technique, on
disjoint 8 x 8 blocks of pixels to decompose the image data. This caused noticable distor-
tions, or “artifacts,” to appear in the reconstructed image at higher compression ratios. The
discontinuous Haar wavelet basis can also be used to decompose the image data, but with
similar results at higher compression ratios. Even continuous bases like Daubechies’s D4
scaling function or the GHM scaling vector constructed in Example 2, which are not differ-
entiable everywhere, leave sharp distortions in the image at higher compression ratios. We
would expect that by using a smoother, differentiable basis like we have constructed in this
paper, we should be able to produce a smoother compressed image with no sharp artifacts.

Let ¢; denote the sequence of scaling function coefficients in V;, and let d; denote the
sequence of wavelet coefficients in W;. The wavelet approach to producing a compressed
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image is to take a signal (or function) in V4 and find its best approximation in the smoother,
nested function space Vi, keeping the error in the wavelet space W;. If the function is close
to being in Vi, then the wavelet coefficients will be very small (close to zero). We may then
repeat this process with the function in V;, and then V5, etc. The process is illustrated in Fig-
ure 7 for a decomposition to the fourth level. The image may be reconstructed exactly from
Cn, Where n is the last level of decomposition, and from the wavelet coefficients d,...,d,.
However, wavelet schemes typically trade accuracy of the image for more efficient storage

Cp—>C——>Cg——>C3——(C4 Cy 7037 027 0170

Figure 7: The decomposition of the signal ¢y and the reconstruction of ¢.

and /or transmission of the image. In order to achieve compression of the signal, we quantize
the wavelet coeflicients, replacing coefficients with values in a certain range with a central
value. This creates a signal with lower entropy, a measure of the smallest average bits per
character needed to store a signal without losing information. This measure is quantifiable,
using the formula

E ==Y p(i) log, (i),

where N is the number of distinct characters in the signal, and p(i) is the relative frequency

of the i character. The altered signal is then stored near this bit-rate using an entropy
encoder. This is called lossless compression. A less accurate version of the original image
can then be reconstructed from the quantized wavelet coefficients, as illustrated in Figure 7.
This is called lossy compression.

3.1 Prefiltering

The process of turning discrete data into a function in Vj is called prefiltering. Ideally, a
prefilter (usually a set of matrices) should be orthogonal (norm-preserving) and send data
sampled from a polynomial of degree n to a multiple of the same polynomial in Vj, up to
the approximation order of V{, using as few matrices in the prefilter as possible. Prefiltering
is not an issue when using a single scaling function, as using the raw data as the basis
coefficients (the identity prefilter) accomplishes each of these goals. However, prefiltering
becomes vitally important when using multiple scaling functions: the best basis will perform
poorly in applications if the data is not prefiltered efficiently. See [12] for a more thorough
discussion on prefiltering.

Multiple-matrix prefilters that accomplish all of the above goals can be difficult to find.
We may always find an orthogonal single-matrix prefilter that preserves constant data by
using the following method. Consider a scaling vector ® of length r that generates the
function space V of approximation order n < r. Let a; be the r-vector of function values
sampled uniformly over [0,1] from fi(z) = 2%, k=0,...,n — 1, and let a; fill out the space
of r-vectors for k =n,...,r—1. Likewise, let ay, be the r-vector of basis coefficients of ®(x)
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needed to construct fx(z), k = 0,...,n — 1, and let a4 fill out the space of r-vectors for
k=mn,...,r — 1. Then use the Gram-Schmidt process on {ay,...,a,_1} and {ag,..., 1}
in increasing order of degrees, and normalize to get {ao,...,a,—1} and {&o, ..., 0,1} We

may then construct the orthogonal, single-matrix prefilter

~
Qg

iy

which maps a; to a,. While the prefilter () does not preserve polynomial order above
constants, it gets fairly close, and has the advantages of having very short support and being
orthogonal. We have observed that this type of prefilter works well in applications, and so,
we will use this type of prefilter for the GHM scaling vector and the new scaling vector in the
following example. We concede that better prefilters may be found for both scaling vectors.
(In fact, see [12] for more elaborate prefilters for the GHM scaling vector.)

Postfiltering, turning the basis coefficients back into discrete data, is usually just an
inversion of the prefiltering process. For the prefilter () described above, we use the postfilter

QT since QTQ = 1.

3.2 Comparison of Reconstructed Images

In this section, we consider a digital 512 x 512 grayscale image called “Zelda,” basically a
rectangular data set ranging in value from 0 to 255, requiring 256 Kb of memory (1 byte per
pixel) for storage as raw data. The original image is shown in Figure 8. We decompose the
image using three different bases: the single D4 scaling function, the GHM scaling vector
constructed in Example 2 from a C° macroelement, and the scaling vector from Theorem 1
constructed from a C! macroelement. We quantize the wavelet coefficients uniformly, with
0 at the center of the zero-bin, to achieve a moderate 25:1 compressed image (file size
10.24 Kb) and an extreme 50:1 compressed image (file size 5.12 Kb), based on the entropy
of the quantized signal. Particularly in the 50:1 compressed images, the reader will detect
distortions specific to the basis being used. The error in the images will be measured visually
by the reader and with the root mean square error (RMSE), defined by

- 2
RUSE — \/Z” (original, ; — new; ;) |

rows X columns

Reconstructions from the quantized data are shown in Figure 9 for the D4 basis, in
Figure 10 for the GHM scaling vector, and in Figure 11 for the new scaling vector constructed
in this paper. The reconstructions for the smooth scaling vector constructed in this paper
have the lowest RM S E’s of the three methods. Hopefully, the reader also finds the artifacts
are less noticeable in the images where the new basis is used.
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Figure 8: The original image 512 x 512 grayscale image Zelda.

RMSE ~ 4.88688 RMSFE =~ 6.88849

Figure 9: A 25:1 and 50:1 compression using the D4 scaling function.

4 Appendix

4.1 Scaling Vector Coefficients

The matrix coefficients of the scaling vector constructed in Section 2.2 satisfying

B(r) = V2 Y (20 i)

i=—2
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RMSE =~ 4.37044 RMSE =~ 6.23848

Figure 10: A 25:1 and 50:1 compression using the GHM scaling vector.

RMSE ~ 4.13475 RMSE =~ 5.84525

Figure 11: A 25:1 and 50:1 compression using the new scaling vector.

are given below.

0 0.02669163201881291  0.026188780570349884
0 —0.03940748766209954 —0.040769035522339014
0 0 0

0 0 0

o O OO
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[—0.1175124743509559 —0.10652668959666897  0.30676124077120465  0.35964167838854366

| 0.18731879383595215  0.18181954032277048  —0.4224381824999862  —0.433225475337907
9-1= 0 0 0 0
0 0 0 0

[0.7071067811865841 0 0.3067612407712861  —0.3596416783882024

B 0 0.35355339059336993  0.42243818250022613  —0.43322547533688205

9o = 0 0 0.47106586494422936  0.23604093395898632

0 0 —0.5666158791523569  —0.2916640296146426

—0.11751247435904282 0.10652668958949803 0.026691633234707347 —0.026188779541901065

| —0.1873187938600181  0.18181954030143205 0.03940749128037211 —0.040769032461869345
91 = | 0.6669057455800359 0 0.47106586494422936  —0.23604093395898632
0 0.4333094490577162  0.5666158791523569 —0.2916640296146426

4.2 Multiwavelet Coefficients
The matrix coefficients of the multiwavelet constructed in Section 2.3 satisfying
~ 1 ~
U(z) =v2 Y hd(2x — i)
i=—2
are given below.

0.0266916313500821 0.02618877991421749
0.04374365300600389 0.06435982959198171
—0.013410540810749855 —0.013157895717088848
—0.04006995259666773  —0.06065185761803572

h_g =

o O OO
o O OO

—0.11751247140680435 —0.10652668692775463  0.3067612330856239 0.3596416693780991
ho.— —0.3334538093583893  —0.42469284946317537  0.19229779050087667  —0.40670678109361624
—1 7 0.05904119433180234  0.053521662417019424  —0.15412448873935367 —0.18069293784197155

0.3166000901995356 0.40882389594960616  —0.15157506646288127  0.4513983241700974

—0.7071067870918081 0 0.30676123308570535  —0.3596416693777578

B — 0 0 0.19229779050222978  0.40670678109948577
0= 0 —0.9347644627208598  0.15412448873939458 —0.18069293784180007
0 —0.034862829700229456 0.15157506646421717  0.45139832417589415

—0.11751247141489118 0.10652668692058369  0.02669163256597651 —0.026188778885768697
hy — —0.3334538094952175  0.424692849341863  0.043743673577174125 —0.06435981219212034
L™ 1 —0.05904119433586537  0.05352166241341656  0.013410541421645506  —0.013157895200370542
—0.31660009033465436 0.40882389582980966  0.04006997291081938 —0.060651840435570266

4.3 Prefilter Matrices

The prefilter used in the GHM scaling vector image compression examples in Section 3.2 is
given below. This prefilter originally appeared in [12].

1 1 1 1
Q- BTG AT
B A S IS
V3 V6 V3 V6
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The prefilter used in the new scaling vector image compression examples in Section 3.2 is
given below.

0.843806675746766 0.48588947587427395  —0.22260947332787062 0.04844309635543219

| —0.5359722073168798 0.7840831502767046  —0.30731469556949864 0.05920375260967379
Q= 0.015288019449165685  0.26864647184429297 0.7701708393722542 0.5783011566714802
—0.022144150703698316 —0.27740602706575324 —0.5126788258279672  0.8122290035974187

Acknowledgements: Research was supported by the Kentucky Science and Engineering Foun-
dation, Grant KSEF-148-502-03-57.
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Abstract

We shall prove that under a mild assumption, we can construct tight
multiwavelet frames with the highest possible order of vanishing moments
from any given refinable function vector. This paper generalizes Chui, He
and Stockler’s work for dilation 2 and Chui, He, Stéckler and Sun’s work
for any integer dilation larger than 2 on the existence of tight wavelet
frames derived from any given refinable function.
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the canonical form of a matrix mask, matrix-valued Fejér-Riesz Lemma, matrix
approximation.
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1 Introduction

Wavelet frames are proved to be a very useful tool in signal denoising and
are being explored in other applications. Usually we derive wavelet frames
from refinable functions. Thus the property of a wavelet frame derived from
a refinable function is highly related to the property of the refinable function.
However, some desirable properties cannot coexist very well at any refinable
function. For instance, high smoothness and short support are two desirable
properties of a refinable function. But the smoothness of a refinable function
is restricted by its support. On the other hand, refinable function vectors, as
generalizations of refinable functions, may have higher smoothness than those
refinable functions with the same length limit of their support. Therefore, it
is interesting to construct multiwavelet frames, especially tight multiwavelet
frames, from refinable function vectors.

In literature, Daubechies, Han, Ron and Shen ([6]) and Chui, He and St6ckler
([2]) independently discovered a way to derive wavelet frames from refinable
functions. There are many papers inspired by their results. For instance, Han
and Mo have generalized their results on the construction of pairs of dual wavelet
frames from the classical wavelet setting to the multiwavelet setting ([12]), have
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given a general construction of tight wavelet frames with three (anti)symmetric
generators derived from B-splines ([13]), and have given a characterization of
tight wavelet frames with two (anti)symmetric generators derived from any given
refinable function ([14]). Also, Chui, He, Stockler and Sun ([3]) have generalized
Chui, He and Stockler’s result ([2]) on the existence of tight wavelet frames
from dilation 2 to any integer dilation larger than 2. We can see there is an
interesting problem left unknown: wunder a mild assumption, can we always
derive tight multiwavelet frames with the highest possible vanishing moments
from any given refinable function vector? In this paper, we shall give a positive
answer to the above question.

Before proceeding further, let us give some definitions first. From now on,
by d we denote a dilation factor which is an integer such that |d| > 1. For a
function f € Lo(R), we define

fig = dP2f(d - —k),  jkeZ
Define
= /R fa®dt  Vf.g € Io(R)

and || f||? := (f, f). Let {¢!,... %L} be a finite set of functions in Ls(R), we
say that {1, ... 9} generates a wavelet frame {wf,k}j,keZ;le,... 1 in Ly(R)
if there exist positive constants C; and Cs such that

L
CilFIP <Y Y D KA P < CallfIP YV feL(R). (1)

(=1 jET ke

In particular, when C; = Co (= 1) in (1.1), we say that {w,... %} generates
a (normalized) tight wavelet frame in Lo(R). We shall assume that every
tight wavelet frame is normalized in this paper.

A tight wavelet frame {1/)J i} .keZe=1,... .1 can represent a function f € Lo(R)
as

L
ZZ (fs 05 08

(=1 j,kEZ

Furthermore, if a tight wavelet frame {wj)k}j,kez;gzlw ., is linearly independent,
then it is an orthonormal wavelet basis. In wavelet applications, wavelet frames
have already been proved to be very useful for signal denoising and currently
are being explored for image compression. It is of interest in both theory and
applications to construct wavelet frames with certain properties.

An important property of a wavelet frame is its order of vanishing moments.
A function f with enough decay is said to have vanishing moments of order
m if

/tkf(t)dt:o Vk=0,...,m— 1.
R

A wavelet frame {wfyk}j,keZ;le,... .1, has vanishing moments of order m if all
its generators ¢!, ... 1’ have vanishing moments of order m. The order of



THE EXISTENCE OF TIGHT MRA...

vanishing moments of a wavelet frame has a great impact on how efficient the
wavelet frame is in representing a function.

We can construct the generators of a wavelet frame from refinable function
vectors. In this case, the wavelet frame is called an “MRA multiwavelet
frame”. An r x 1 function vector ¢ = (¢1,...,¢,.)T € (L2(R))" is a refinable
function vector, where r is called the “multiplicity”, if ¢ satisfies the following
refinement equation,

¢=1d > ar(d- —k), (1.2)

keZ

where «a is a finitely supported sequence of r x r complex-valued matrices on
Z, called the “matrix mask” for ¢. Under an appropriate mild condition (see
[1, 5, 16, 20, 18, 22, 23]) on the matrix mask a, there exists a unique normalized
distributional solution of the refinement equation (1.2). The refinement equation
as well as the various properties of its refinable function vector has been well
studied in the literature. To name a few, please see [1, 5, 7, 8, 10, 16, 18, 20, 21,
22, 23, 26, 27, 28] and the references therein. A refinable function vector with
the multiplicity » = 1 is a scalar refinable function.

The remaining part of this paper is as follows. In Section 2, we shall give
more definitions and discuss some properties of the transition operator T,. In
Section 3, we shall build some lemmas for matrix inequalities. In Section 4, we
shall prove the existence of tight MRA multiwavelet frames with the maximal
possible vanishing moments. In Section 5, we shall show one example of tight
multiwavelet frames for the case r =2 and d = 2.

2 The transition operator T,

Let ¢ = (¢1,...,¢-)T € (L2(R))" be a refinable function vector and let a be the
matrix mask of ¢. We say that a mask a with multiplicity r satisfies the sum
rules of order m with respect to the lattice dZ if there exists a 1 x r row vector
y(&) of 2m-periodic trigonometric polynomials such that y(0) # 0 (we assume
y(0)¢(0) # 0 in this paper) and for k =0,...,|d| — 1,

[y(d)a()](J) (27Tk/d) = 6ky(j)(0)7 J=0,...,m—1, (21)

where ¢ is the Dirac sequence such that dop =1 and d; = 0 for all k € Z\{0},
and y¥) (€) denotes the jth derivative of y(€) for all j € Z. As discussed in [12,
Theorem 2.3], if a matrix mask a satisfies the summer rule of order m, we can
assume that a takes the canonical form

afe) = [ e 4+ e MDD () (1= eI Py (g)
(1= e~ )Py (€) Py 5(8) ’

where P; 1, P12, P51 and Py o are some 1 X 1,1 x (r—1),(r —1) x 1 and (r —
1) x (r — 1) matrices of 2r-periodic trigonometric polynomials respectively and
Py 1(0) = |d|~™. We shall keep this assumption from now on.

(2.2)

417
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Define T := R/27R. Denote P(T)"*" the space of r x r matrices of 27-
periodic trigonometric polynomials, C°°(T)"*" the space of r X r matrices of
2m-periodic C*°-functions and C(T)"*" the space of r x r matrices of 27-periodic
continuous functions. Given a matrix A, we denote A7 the transpose of A, A*
the transpose of the complex conjugate of A, A2d] the adjoint matrix of A, and
A; j the (i, j)-entry of A. For any A € C(T)"*", we say A > 0 (or A > 0) if for
all £ € T, A(§) > 0 which means A(§) is positive definite (or A(¢) > 0 which
means A(§) is positive semi-definite).

The transition operator T, is defined by

|d|—1

(T.F)(d€) == Y a(€ +2mj/d)F(§ + 2mj/d)a(é + 2mj/d)*  VF € C(T)™".
j=0
(2.3)

By the definition, we know that 77, is well defined and T, maps C(T)"*" and
P(T)"*" into C(T)"*" and P(T) T, respectively. A special eigenfunction of T,
is @, the bracket product of (;5 and gb For f,g € (L2(R))", define the bracket
product (see [19]) as

[£,9)(€) == > f(E+2mj)g(&+2mj)"  VEET.

JEZ

Since f,g € (L2(R))", [f,g] is an 7 x 7 matrix of functions in L (T). Define

P .= {(ﬁ a}
Then we can verify that ® is an eigenfunction of T, as follows.
|d|—1
O(dg) = Y a6+ 2mj/d)D(E + 2mj/d)a(é + 27j /d)*
§=0
|d|—1
21y 21y ~ 21y
= §+— §+—+27rk¢§+—+27rk E+—
=2 2 e(er ) Joler 3 +am) a(ex )
|d|—1
=" > 6de + 2mj + 2mdk)$(dE + 2 + 2mdk)”
j=0 keZ
=P (dE).

Thus we have T,® = ®.

Moreover, we have the following lemma.
Lemma 2.1 Let ¢ = (¢1,...,¢,)7 € (LQ(R))T be a refinable function vector
with matric mask a. Define ® = [5, (Z} It is evident that ®* = ®. If the

matriz mask a takes the canonical form (2.2), then we have

(L= e )™ D)1y =B gy J=2.eeor
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and ) i
(1—e )™ | 00(g), ; = padie)

IEL j=2,...,m

Moreover, if ® > 0, then we have
A=) [ (1, =), J=2,...,7

and

(L—e )™ [ [@71(6) — a(&) @~} (dE)a(§)], ;-
Proof: By assumption, we have

_ efidf m _ e*i{ my _ efidf my
atg) = [ s e T e

where * denotes some 1 x 1,1 x (r—1), (r—1)x 1l and (r —1) x (r— 1) matrices
of trigonometric polynomials. Since ¢ is refinable, we have

o~ ~

¢(d€) = a(§)e(§)-

Taking the Oth, ..., (m — 1)th derivatives at £ = 0 from both sides of the
equation above, since a(£) has the canonical form (2.4), we have

»0) =0, j=2,...,m£=0,1,...,m—1.

Notice that ¢; is a superfunction. We have for £ =0,1,... ;m — 1,
S Ko+ k) = pelw),
kEZ

where p; is a polynomial with degree at most ¢. Notice

GINEDS [/Qﬁ(w + k)aj(w)dfl e =Y b e
kEZ keZ
and for / =0,... m—1,7=2,...,r,

> W = [ Worle+ Blo; o)z

kEZ kEZ
~ [n@es(a)da
= (pe(=iD)4; ) (0) = 0.

Therefore we have

=)™ [ @)1, =), J=2,...,7 (2.5)
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By the definition of adjoint matrices, (—1)j+1<1>i(}J, j=2,...,r, is the determi-
nant of a sub-matrix of ®. Since the first row of this sub-matrix has a common
factor (1 — e~%)™, we have

(1—e | 2di(g), ; = padi(g)

i =2 (2.6)

Moreover, if ® > 0, then det®(§) > 0 for all £ € T. Therefore, det®(0) # 0. By
the matrix identity A~! = A3d] /detA and (2.6), we have

L—e )" [0 M1 = 1E);0,  F=2,... .7 (2.7)
As proved before, T, = @, i.e.,
|d]—1
O(d¢) = Y a(§+2mj/d)B(E + 2mj /d)a(§ + 2mj/d)*.
§=0

By (2.4), we have
(1—e %)™ | [a(& + 27 /d)® (¢ + 2mj /d)a(€ + 2mj/d) ], G =2
Therefore,
@(d)11 = [al§)P(€)a(€) ], ;+O(E*™) as € — 0.
Combining the equality above with (2.4) and (2.5), we have
D(d&)11 = [a(€)1,117®(&)1,1 + O(IEP™) as € — 0.
Hence
(@(©)11) "= a(©) 1) P (@(d)11) +O(EP™) as € — 0. (2.8)
y (2.5), (2.7) and ®(£)®~1(¢) = I,., we have
1=0(£)119 (&)1 + O(JE*™) as £ — 0.
Therefore,
(@(©)11) =27 HE)11 + O(E[*™) as £ — 0. (2.9)
By (2.4), (2.7), (2.8) and (2.9), we have
(€11 = (B(E)1a) +O(EP™)
= |a(€)1a[* (®(d€)11) " +O(g[*™)
= la(¢)

1,17 (dE)11 + O(lE*™)
= [a(€)* @7 (dg)a(8)], .+ O(|¢P™) as £ — 0.

S

Therefore ,
(L= e 27 | [871() — a(€) @ (d9)a(s)]
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Now let us consider the eigenvectors of T,,. As been proved, we have T,® =
®. Moreover, if the integer shifts of ¢ are stable, then the cascade algorithm
associated with the mask a converges in Ls. Hence, we have that T, has a
simple eigenvalue 1 and all other eigenvalues of T, are less than 1 in modulus
(see [26]). Thus under the condition the integer shifts of ¢ are stable, we have
that @ is the unique 1-eigenfunction of T, and for all £ € T, ®(£) > 0. Define a

T e om0 g [0 0

By our assumption, a is of the form (2.4). Therefore @ is an r x r matrix of

trigonometric polynomials. Define a new operator Tz mapping C(T)"*" into
C(’]I‘)T‘X’I‘ by
ld| -1
Tz F(d€) = Z a(&+ 2jm/d)F (€ + 25m/d)a(§ + 257 /d)*. (2.10)
j=0

Since @ is an r X r matrix of trigonometric polynomials, we denote Pz(T)"*"
a subspace containing all r x r matrices of trigonometric polynomials up to
a finite degree determined by @ such that it is an invariant subspace of Ty
and p(Tz) = p(Ts|p,r)==~) (see [11]). Similarly, since a is an r x r matrix
of trigonometric polynomials, denote P,(T)"*" a subspace containing all 7 x r
matrices of trigonometric polynomials up to a finite degree determined by a
such that it is an invariant subspace of T, and p(T.) = p(Talp, (ryrxr). It is
obvious that _ _
TF = F = T,F = \F,

where F is derived from F by

— e*iE m ~ _ 671’5 m *
re =" 0 ) Irol] F(€) {(1 0 ) Iﬁl VEeT. (2.11)
Therefore, we have
p(1z) < p(Ta). (2.12)

Now we are in the position to prove the following theorem.

Theorem 2.2 Let ¢ and a be defined as in Lemma 2.1. If ¢ has stable integer
shifts, then there exist a positive number p < 1 and some F € P(T)"*" such that
F >0 and T, F < pF where F is derived from F by (2.11).

Proof: Since T; is a linear operator acting on Pz(T)"*" which is a finite
dimensional space, by the definition of spectrum, we know that there exists
0 # G(§) € Pa(T)™*" such that T3G = \G and |Xo| = p(Tg|p,(1)r=~). Define

CJa—em 0] 5, - 0 ]
G(f) - O Ir1:| |: 0 Irfl )
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then it is evident to see that we have T,G = A\G.

Since ®(0)1,1 = [¢1(0)]* # 0, ®(0)1,1 # 0 and G(0)1,1 = 0 by the definition
of G. Thus for all A\ € C, we have ® # AG. Notice that ® is the unique 1-
eigenfunction of Ty, we have |A\g| = p(T%) # 1. Since ¢ has stable integer shifts,
T, has a simple eigenvalue 1 and all other eigenvalues of T, are less than 1 in
modulus (see [26]). By (2.12), we have p(T5) < 1. Combining the fact that
p(Tz) # 1, we have |\o| = p(T7) < 1.

Choose p1 := [1 + p(T%)]/2. Then we have p(Tz) < p1 < 1. Borrowing the
idea from the proof of [24, Theorem 3], since p(T5/p1) < 1, (Id —T5/p1) ! is a
well defined operator acting on P5(T)"*" and

(Id = Tz/p1) ™" =Id+Ta/pr + TZ/pT + -+,

where Id denotes the identity operator. Define F = (Id — Tx/py)~'1,, then
F=1,+Tsl./pi +---. Thus F € Pz(T)"*" and F > 0. By the definition of
F, we have (Id — T5/p1)F > 0. Therefore, T;F < p1F. Let F be derived from
F by (2.11), then we have T,F < p1 F. [ ]

After Theorem 2.2, our next major step will be proving that there exist a
positive number € and some © € P(T)"*" such that for all £ € T,

1 1

(®(&) +eF(§)) <O < (R(E) +epF(8))

Before going to this step, we need some lemmas to build up matrix approxima-
tion first.

3 Matrix approximation

Lemma 3.1 If A,B € C(T)"*" such that A* = A, B* = B and A < B. Then
there exists some P € P(T)"*" such that A < P < B.

Proof: For every £ € T, suppose A1(§), ..., Ar(§) are all the eigenvalues of
(B — A)(&) and we have M\ (§) = -+ = A\.(§). Thus B(&) — A(&) = A\ (§)1..
Since B(&) — A(§) > 0, we have

Hence we have, for all £ € T,

_ det(B(&) — A(9)) det(B(¢) — A(§))
MO = RO © [trace(B(€) — A(€))]

—1 2 C1,

where c; is a suitable positive constant number we choose to satisfy the above
inequality. Therefore, for all u € C", u*(B — A)u > cyu*u. Then we can get a
trigonometric polynomial P, € P(T)"*" such that for 1 < ¢,5 < r and for all
§eT,

[P1 = (A+ B)/2](€)i] < c1/(4r7).
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Define P := (P, + P;)/2, then we have P* = P and for all u € C",

uw (P —Au=u"[(A+ B)/2 — Alu+ u*[P, — (A+ B)/2]u/2
+u [P —(A+ B)*/2]u/2
> cutu/2 — cqutu/4/2 — cutu/4/2
= cu*u/4.

Thus P—A > %Ir > (. Similarly, we have B—P > %IT > 0. Thus B < P < A.
| ]

Lemma 3.2 Let A, B € C(T)"*" be such that A* = A, B* =B and B—A=
P\ FPf, where P, € P(T)"*", detP; £ 0 and F € C(T)"*", F > 0. Then there
exists some P € P(T)"*" such that A < P < B.

Proof: For all £ € T, define p1(§) := detPi(€). Since P, € P(T)™*" and
detP; # 0, py is a non-zero 2w-periodic trigonometric polynomial. Therefore,

|p1]? has finitely many roots in T. Suppose all the roots of |p;1|? in T are
—T<H <. <Ev<T
with multiplicities a1, ..., axy, respectively. Then we have |p;|? = pap3, where

p2 and p3 are two 2m-periodic trigonometric polynomials such that py(§) # 0
for all £ € T and _ _

p3(€) = IRL (6% — 7o),
By the Lagrange Interpolation Theorem, for 1 < 4,5 < 7, there exist unique
pi; € P(T)1*! such that degp; ; < degps and

P&y =AE),  £=0,...,a-1 k=1,.. N

Define A, ; := [p1|(Asj — pij), Po = [pijlicijor and A = [Aijhcijor It
is obvious that Py € P(T)"*" and A = Py + p1Ap;. Also, by the definition of
p;; and the fact that A;; is a C°°-function, it is evident to see that A;; =

1A —ps . . . . . .
Dy 1,,]pr is a continuous function on T. Since A* = A and P, is uniquely

determined by A, we have Py = Py and A*=A By F>0,A¢cC(T)™" and
Lemma 3.1, there exists some P € P(T)"*" such that

Pz prdye < p, < prAigpadiye 4 g
Let P := Py + P P,P;. We have
P—a=pp - PPYAEMY) P >0
Similarly B— P > 0. Thus A < P < B. [ |

~
)

Recall ¢ := {(E, gb] now we can prove the following proposition.
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Proposition 3.3 Suppose 0 < p < 1, & > 0, F € C(T) =", F >0, F is
derived from F by (2.11), then there exist € > 0 and © € P(T)™*" such that

(P+eF) <O (P +epF) L.
Proof: For a constant r» x r matrix A > 0, we have
(I4+A) P =T-A+A2(T+A) ' =T-A+ AT +A) A

Hence we have
(I+A)'t>1-A when A > 0.

Moreover for a given positive number A\, if 0 < A < Al,., we have
(T4+A) V=T —A+ AT+ A)TAKT - A+ A2 <T— A+ )\A.

Hence

(I+A)'<T—-A+)A when 0 < A < A, (3.1)
Since ® > 0, we have ®; := ®'/2 > 0. Thus we have
O I +ep@y O] 0T
> O I — ep® T FOTO T =7 —p@ 1RO
i.e.,

(®+epF) P >0 —epd 1FO L, (3.2)

Choose € > 0 small enough such that eF < (1 — p)®/2 since & > cl, for some
positive number ¢. By inequality (3.1), choosing A = (1 — p)/2, similarly to the
proof of inequality (3.2), we have

(@+eF) ' <P —e(14p)d ' FO )2, (3.3)
Define
Ap(€) := diag[(1 — e %),1,... ,1] (3.4)

and _
® = Ay AR
By Lemma 2.1 we know that ® € C°°(T)™". By ® > 0 we know that the
determinant of ® is positive. By the definition of ®, we have
(B! —epd LFO Y — @7 — (1 4+ p)@ LFP1/2]
=e(1—p)o 'Fe—1)2
(1= p)AG (@A™ F(Ag™)" @7|(AG")" /2
€(1 - p) AR [BF ") (AF)" /2.

(3.5)
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It is obvious that ®F®* > 0. By Lemma 3.2, there exists some P € P(T)r>r
such that

O —e(14+p) 0 'FO 12K PP —epd FOL (3.6)
Applying inequalities (3.2) and (3.3), we have

(@+eF) ' <P (P+epl)

Now we can prove the following proposition.

Proposition 3.4 Let ¢ and a be defined as in Theorem 2.2. If ¢ has stable
integer shifts, then there exists © € P(T)"*" such that ©(0)11 =1, © > 0 and

e l-T1,067h >0. (3.7)

Proof: By Theorem 2.2, there exists some positive number p < 1 and F>0
such that T, F < pF where F is defined as in (2.11). As we discussed before,
® satisfies T,® = ¢ > 0. Hence by Proposition 3.3, there exist € > 0 and some
P € P(T)"*" such that

0<(@+eF) ' <P (P+epF) T,
i.e.
O +epF <P LD+ eF (3.8)
Let © := P > 0, then by inequality (3.8) we have ©(0);; = 1 and
O T, (07 2 (®+epF) —T,(071) = (D + epF) — To(® +€F) > 0.

4 The existence of tight multiwavelet frames de-
rived from refinable function vectors

Our final major step will be proving the main theorem in this paper. We shall
go through the following well-known lemmas first.

Lemma 4.1 Suppose A is an m X n matrix and B is an n X m matriz. Then
we have
Adet(Al,, — AB) = \™det(\, — BA).

Proof: We have the following identities:

L, Al[AL, 0] [Mn.-AB A
B A,||-B I, ~ 0 M,
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and
I, A |M, A  |My 0
B A, 0 I.| |AB \,—BA|"
Taking the determinants of the matrices in the above two equations, we have
A"det(Al,, — AB) = \"det(\,, — BA).
|

Lemma 4.2 Let A be an m x n matriz and B be an n x m matriz. If (AB)* =
AB and (BA)* = BA, then we have

Iy, —AB>0<«<=1,— BA>0.

Proof: Suppose I, — AB > 0. Then all the eigenvalues of (I,,, — AB) are
nonnegative. Hence

det[\,,, — (I,, — AB)] = ﬁ(A =),

where for j = 1,...,m, A; is nonnegative. By Lemma 4.1, we have

(A — 1) =" det[\,, — (I, — BA)] = (A — 1)™ "det[(\ — 1)I,, + BA)]
= det[(A — 1)1, + AB] = ﬁ()\ — )

j=1

*

Thus all the eigenvalues of (I, — BA) are nonnegative. Combining that (BA)
BA, we know that I, — BA > 0. Therefore, I,,, — AB > 0 implies I, — BA >
Similarly, I,, — BA > 0 implies I,,, — AB > 0.

Finally, we are in the position to state the main theorem in this paper.

m=

Theorem 4.3 Let ¢ € (LQ(R))T be a refinable function vector. If the integer
shifts of ¢ are stable and the matriz mask a of ¢ satisfies sum rules of order m,
then there exists a tight multiwavelet frame derived from ¢ and it has vanishing
moments of order m.

Proof: By assumption, the matrix mask a takes the canonical form (2.4). By
Proposition 3.4, there exist © € P(T)"*" such that ©(0);; = 1, ©® > 0 and
e l-T, (0 hH >0.

First we want to prove that M > 0, where M is defined by

a(é)* a(§)”
() a(¢+2) a(€+2)
M) = - z oldt) 2
9(5 + %) a(§ N 2w<|2\71>)* a(§+ 2w(|2\71>)*

(4.1)

*
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By the fact © > 0 we have ©; := ©1/2 > 0. Therefore, by the definition of M
in (4.1), we have

-1 -1

©1(¢) ©1(¢)
M(¢)
0y (¢ + 2d=1) 01 (¢ + 2241
(a@ H*(€)e1(de) (aO11)*(£)O5(d¢) "
(a0 (€+ 25)01(d¢) (a©71)* (¢ + 2) O3 (de)
= ljgr —

(a©7")*(©)O1(d€) (a®7 ") (©)O5(df)
(@07 ) (€ + 22)04(d€) (@07 ) (€ + )O3 (d€)

(@07 ") (¢ + U= 01(dg) | [ (007" (¢ + IR )05 (a)
By Lemma 4.2, for all £ € T, we have that

M) =0
(a@ (e )07 (d) " (@07 )*(£)O1 (df)
(@7 h)* (¢ + &) o7 (d¢ (a7 ( + 27”)91
— I, — > 0.

(07" (6 + ”“‘;‘— Hoi(s)| (o7 (¢+ M) 1(d)
By © = 0%, we have
M(€) 2 0 I, — 0,(d)To(07)(dE) (d€) > 0 O~ (d8) > To(07")(d),

ie.,

M>0=0"1'>T,(07".
Thus by inequality (3.7), we know M > 0.

Secondly, we want to prove that we can derive a tight wavelet frame from the
given ©. As a special case of [12, Theorem 3.1], to derive a tight wavelet frame
from the given ©, we need to find r x r matrices a'(£),..., a”(€) of trigonometric
polynomials such that

N AN A
Ay o el | [

a1(§+@)* CJ‘(&—I—@)* aL:(g)



428

MO

where

M (€) =

Recall M is defined as

a(§)” a(§)”
() 7\ ¥ T\ *
© of6+%) of6+%)
M(§) = - : O(d¢) -
2m(|d]—1) ’ " ’ "
@(5 +=—3 ) a(§ i zﬂ(\cgfl)) a(5 i 2w(|z\71))
It is evident to see that (4.2) is equivalent to
A(E)TA() = M(9), (4.3)
where
al(¢) - al(f-i-W)
AQ) =1 - :
al(g) - aL(g_i_MJ—l))
Define
I, e %], e e~ildl=1)¢
I e—i&r2m/d) e e—i(ldl=1)(E+2m/d)
BE©=|. . . .
fr e—i(£+27r(|'d\—1)/d)[T e e—i(ld\—1)(£+§w(\d|—1)/d)jr

To solve (4.3), using the polyphase decomposition, define

A(dg) = A(E(€)
and .
M(d§) := E(§)*M(§)E(E).
By direct calculation, we can verify that

M(&) € P(T)ldIrxldlr s N1 (¢) € P(T)ldlrxldlr

and
al(¢),...,a" (&) € P(T)™*" = K(Q c 'P(']T)LTX'd‘T,

It is evident to see that (4.3) is equivalent to

A(E)TA(E) = M(E). (4.4)

*
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We are especially interested in the case L = |d|. In this case, A(£) is a |d|r x
|d|r matrix. Since M(§) € P(T )‘d“X‘d'T we know that M(¢) € P(T)ldr>ldlr,
Moreover, by M > 0, we have M 0. Hence by the matrix-valued Fejér-Riesz
Lemma([9] [15], [17] [25]), there ex1stsA € P(T)ldIm<ldI" such that A(¢)*A() =
M (¢). Therefore we can obtain trigonometric polynomial matrices a'(¢), ...,
al?l(€) by the relation A(¢) = A(d€)E(€)~'. Moreover, by the choice of al,
oy ¥ we know that a'(€), ..., al¥l(¢) are r x r matrices of trigonometric
polynomials and satisfy (4.2). Hence by [12, Theorem 3.1] we can derive a tight

wavelet frame with generators {t', ..., 9!} such that ¥', .., ¥4 are r x 1
function vectors and

I (de) = (©)9(E),  j=1,...,[d|.

Finally we want to prove that ¢!, ..., 1! all have vanishing moments of
order m. By [12, Theorem 2.3] and a direct computation, we only need to prove
that

(1—e )™ | a?(&)ka, E=1,...,m5=1,...,]d|.
By (4.2), we have that

[d r

S 1@ ©nal? = [O(6) — () O(dE)a(0)],

j=1k=1
= [271(§) + AT ()G AT (€)" — a(§)" @™ (d€)a(€)
— a(§)" Ay (d€)G(d§) AT (d€) a(€)] |
= [71(&) —a(§) @ (d€)a(§)], ;+ O(IE*™) as € — 0.

By Lemma 2.1, we have

(1- efiE)Qm | [(I)fl - a(f)*q)il(dg)a(g)] 1,1

Hence

=
S

la? (§)r1]* = O(|E]*™) as € — 0.

<
Il
-
£
Il
-

Therefore,

=
5

| a? (&)1 /E™|? < 400 as € — 0.

HM

1k=

Noticing the fact that the summation of nonnegative numbers is still nonnega-
tive, we have

7(€)ea /€7 < 400 as € =0,  k=1,...,r5j=1,....|d.

Thus, _ _
(1—e )™ | a?(E)pa, k=1,...,m5=1,...,/d|.

Hence 1!, ..., 99 all have vanishing moments of order m. ]
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5 An example

Figure 1: Generators for the tight multiwavelet frame in Example 5.1: (a) 3?
and 9?2 (b) ¢® and *. Functions ¢!, 92, ¥ and ¥* are either symmetric or
antisymmetric about the origin and have vanishing moments of order 1.

Example 5.1 Define a function vector ¢ := (¢1, ¢2)T where
¢1 = (1) (=2t 1)x 1,0+ (E=1)* 1) x10,0)5 G2 = t{t+H1)*x(—1,0)+E(E=1)X[0,1)-

The function vector ¢ is the well known Hermite cubics and it satisfies the
following refinement equation

o= Mk s+l 0, e+ Ve e ]ee -

The refinable function vector ¢ has the following interpolation property: ¢1(0) =
1, ¢4(0) =0, ¢2(0) = 0 and ¢5(0) = 1. For further discussion on the Hermite
interpolants, please see [10] and the references therein.

The mask of the Hermite cubics ¢ is given by

(e +24e7%)/4 3(e —e7i)/8 } '

al¢) :—{ (—e +e7%)/16  (—e +4—e)/16 (5-1)

We can check out that a satisfies the sum rules of order 4 with a row vector
y(&) =[1,e%/3+1/2 — e~ + 72 /6]. Take m = 1. Define U(§) := I. Then
U(28)a(&)U(&)~! takes the form of (2.2) with m = 1. Define

() = [ (1) 15 +09\/§ }

and

Ly g (2—e ™ —eX)/4 3(e~ — ¢i6)/8
GO =] (o9 4 16y (e — ei€)/784 (20 + 1166 4 116%)/112 |
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a*(€) :==d [ 0 (3\/64- 4\/3)(e_i5 —e%)/8 }
= dg (6 - 5\/5)(6*1'5 — eiE)/196 3(2 _ e _ 6i£)/28 ,

where
dy := diag [1,\/105+63\/§ . do = diag [1,\/70+42\/§ .

Define functions 9!, 1?2, 3 and ¥* by

[01(26), 92 (26)]T = a(€)p(€), [7(2€), 9 (26)]7 := a®(€)e(6).

By a direct computation based on [12, Theorem 3.1], one can verify that {11, 1?2 13 4}
generates a tight multiwavelet frame. Moreover, functions ¢!, 1%, 3 and ¢4

are real-valued and symmetric, and all of them have vanishing moments of order

1. For their graphs, see Figure 1.

Remark: Recently, Chui and Stockler ([4]) have constructed another tight
multiwavelet frame derived from the Hermite cubics. Their example has five
(anti)symmetric generators with vanishing moments of order 4.

Acknowledgements: The autor would like to thank the anonymous referees
for their reports to improve the presentation of this paper.

References

[1] C. Cabrelli, C. Heil, and U. Molter, Accuracy of lattice translates of
several multidimensional refinable functions, J. Approz. Theory 95, 5—
52, (1998).

[2] C. K. Chui, W. He, and J. Stockler, Compactly supported tight and
sibling frames with maximum vanishing moments, Appl. Comput. Har-

mon. Anal. 13, 224-262, (2002).

[3] C. K. Chui, W. He, J. Stockler, and Q. Y. Sun, Compactly supported
tight affine frames with integer dilations and maximum vanishing mo-
ments, Adv. Comput. Math. 18, 159-187, (2003).

[4] C. K. Chui and J. Stockler, Recent development of spline wavelet
frames with compact support, preprint, 2002.

[5] W. Dahmen and C. A. Micchelli, Biorthogonal wavelet expansions,
Constr. Approzx. 13, 293-328, (1997).

[6] I. Daubechies, B. Han, A. Ron, and Z. W. Shen, Framelets: MRA-
based constructions of wavelet frames, Appl. Comput. Harmon. Anal.
14, 1-46, (2003).



432

MO

[7] G. C. Donovan, J. S. Geronimo, and D. P. Hardin, Intertwining
multiresolution analyses and the construction of piecewise-polynomial
wavelets, STAM J. Math. Anal. 27, 1791-1815, (1996).

[8] G. C. Donovan, J. S. Geronimo, D. P. Hardin, and P. Massopust, Con-
struction of orthogonal wavelets using fractal interpolation function,
SIAM J. Math. Anal. 27, 1158-1192, (1996).

[9] I. Gohberg, S. Goldberg, and M. A. Kaashoek, Classes of Linear Op-
erators, Birkhauser Verlag, Boston, 1993.

[10] B. Han, Approximation properties and construction of Hermite inter-
polants and biorthogonal multiwavelets, J. Approx. Theory 110, 18-53,
(2001).

[11] B. Han and R. Q. Jia, Multivariate refinement equations and conver-
gence of subdivision schemes, SIAM J. Math. Anal. 29, 1177-1199,
(1998).

[12] B. Han and Q. Mo, Multiwavelet frames from refinable function vec-
tors, Adv. Comput. Math. 18, 211-245, (2003).

[13] B. Han and Q. Mo, Tight wavelet frames generated by three symmetric
B-spline functions with high vanishing moments, Proc. Amer. Math.
Soc. 132, 77-86, (2004).

[14] B. Han and Q. Mo, Splitting a matrix of Laurent polynomials with
symmetry and its application to symmetric framelet filter banks,
SIAM, J. Matriz Anal. Appl., to appear.

[15] D. P. Hardin, T. A. Hogan, and Q. Y. Sun, The matrix-valued Riesz
lemma and local orthonormal bases in shift-invariant spaces, preprint.

[16] C. Heil, G. Strang, and V. Strela, Approximation by translates of
refinable functions, Numer. Math. 73, 75-94, (1996).

[17] H. Helson and D. Lowdenslager, Prediction theory and Fourier series
in several variables, Acta Math. 99, 165-201, (1958).

[18] R. Q. Jia and Q. Jiang, Approximation power of refinable vectors
of functions, Wavelet analysis and applications (Guangzhou, 1999),
AMS/IP Stud. Adv. Math., 25, Amer. Math. Soc., Providence, RI,
2002, pp. 155-178.

[19] R. Q. Jia and C. A. Micchelli, Using the refinement equations for the
construction of pre-wavelets. II. Powers of two, Curves and surfaces
(Chamoniz-Mont-Blanc, 1990), Academic Press, Boston, MA, 1991,
pp- 209-246.



[20]

21]

22]

23]

[24]

[25]

[26]

[27]

(28]

THE EXISTENCE OF TIGHT MRA...

R. Q. Jia, S. Riemenschneider, and D. X. Zhou, Approximation by
multiple refinable functions and multiple functions, Canadian J. Math.
49, 944-962, (1997).

Q. Jiang and Z. Shen, On the existence and weak stability of matrix
refinable functions, Constr. Apporz. 15, 337-353, (1999).

G. Plonka, Approximation order provided by refinable function vectors,
Constr. Approzx. 13, 221-244, (1997).

G. Plonka and A. Ron, A new factorization technique of the matrix
mask of univariate refinable functions, Numer. Math. 87, 555-595,
(2001).

W. C. Rheinboldt and J. S. Vandergraft, A Simple approach to the
Perron-Frobenius theory for positive operators on general partially-
ordered finite-dimensional linear spaces, Math. Compu. 121(27), 139—
145, (1973).

M. Rosenblatt, A multi-dimensional prediction problem, Arkiv Math.
3, 407-424, (1958).

7. Shen, Refinable function vectors, SIAM J. Math. Anal. 29, 235-250,
(1998).

Q. Sun, Compactly supported distributional solutions of nonstation-
ary nonhomogeneous refinement equation, Acta Math. Sinica 17, 1-14,
(2001).

D. X. Zhou, Existence of multiple refinable distribution, Michigan
Math. J. 44, 317-329, (1997).

433






JOURNAL OF CONCRETE AND APPLICABLE MATHEMATICS,VOL.4,NO.4,435-450,
2006,COPYRIGHT 2006 EUDOXUS PRESS,LLC

Face-based Hermite Subdivision Schemes

Bin Han
Department of Mathematical and Statistical Sciences
University of Alberta
Edmonton, Alberta, Canada T6G 2G1
and
Thomas P.-Y. Yu
Department of Mathematical Science

Rensselaer Polytechnic Institute
Troy, New York 12180-3590

Abstract

Interpolatory and non-interpolatory multivariate Hermite type subdi-
vision schemes are introduced in [8, 7]. In their applications in free-form
surfaces, symmetry properties play a fundamental role: one can essentially
argue that a subdivision scheme without a symmetry property simply can-
not be used for the purpose of modelling free-form surfaces. The symmetry
properties defined in the article [8] are formulated based on an underly-
ing conception that Hermite data produced by the subdivision process
is attached exactly to the wvertices of the subsequently refined tessella-
tions of the FEuclidean space. As such, certain interesting possibilities of
symmetric Hermite subdivision schemes are disallowed under our vertex-
based symmetry definition. In this article, we formulate new symmetry
conditions based on the conception that Hermite data produced in the
subdivision process is attached to the faces instead of vertices of the sub-
sequently refined tessellations. New examples of symmetric faced-based
schemes are then constructed.

Similar to our earlier work in vertex-based interpolatory and non-
interpolatory Hermite subdivision schemes, a key step in our analysis is
that we make use of the strong convergence theory of refinement equation
to convert a prescribed geometric condition on the subdivision scheme —
namely, the subdivision scheme is of Hermite type — to an algebraic con-
dition on the subdivision mask. Our quest for face-based schemes in this
article leads also to a refined result in this direction.
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1 Introduction

Subdivision schemes are used in both curve and surface design as well as wavelet
construction. Because of the two different applications, there comes also a
certain degree of confusion in what subdivision is supposed to mean even in the
most standard linear, stationary and shift-invariant case:

e [Geo| To a number of geometric modelling and computer graphics scien-
tists, subdivision, in their so-called regular setting, typically consists of
the following 4 components:

[T1] a choice of isohedral tiling of R¥;

[T2] a refinement rule that is used to transform the tiling to a similar tiling
but with a smaller tile size; this refinement rule is used repeatedly in
the subdivision process to create finer and finer tilings of R?;

[G1] a specification of how data (measuring geometric positions) is at-
tached to the individual tiles; in 2-D this comes with the choice of
attaching positional data to vertex and/or edge and/or face;

[G2] a fixed linear rule for how data attached to any specific tile is deter-
mined from the data attached to the coarser scale tiles.

[T1]-[T2] are typically referred to as the “topological” part of the sub-
division scheme. So far the main application of subdivision is in surface
modelling, in which s = 2 and the isohedral tiling is usually based on
equilateral triangles or squares.

(In the setting of free-form subdivision surfaces, the above is the so-called
regular part of a subdivision scheme, one needs also extraordinary and
boundary subdivision rules for producing a free-form surface. We do not
discuss the latter in this article.)

e [Wav] To a number of mathematicians working in wavelet analysis, sub-
division is defined as a linear operator S := S, ps of the form:

Sv(a) =Y v(B)ala — Mp), (1.1)
BEZs

where a is the mask and M is a so-called isotropic dilation matrix. See
[8, 7] and the references therein. This operator has a very close connection
to the refinement equation

$(x) =Y a(B) p(Mz — ), (1.2)
B8

which is directly related to wavelet construction under the MRA frame-
work of Mallet and Meyer. Iteratively applying S to a sequence of initial
data v produces the data S™v, n=0,1,2,..., with

(S™v)(a) = f(M™"a), n large, (1.3)



FACE-BASED HERMITE...

where f is the limit function — exists for a “good” mask a — of the subdi-
vision process.

The geometric entities that underly (1.3) are, of course, the successively
refined lattices

°° dense
zPcM'zPc Mz C--C | Mz T COR (1.4)

n=0

Most subdivision schemes we are aware of can be described under both
settings. However, it seems unclear whether the two settings are exactly the
same in general. In (1.4) only discrete points are involved, these points are not
connected and hence there is no edge or face, and consequently no concept of
tiling/graph/tessellation is directly involved in setting [Wav], so in this sense
one may think that [Wav] is more general than [Geo]. On the other hand,
the lattices in (1.4) are all isomorphic to Z*, whereas the isohedral tiling [T1]
involved in [Geo] may have no structural similarity whatsoever with Z°* — so
from this point of view [Geo] is perhaps more general than [Wav].

At the analysis level, the setting [Wav] is very well-understood: there is by
now an extensive collection of analytical and computational tools available for
the analysis of (1.1)-(1.2).

In this paper, we propose face-based Hermite subdivision schemes which
we first describe under the setting [Geo], we then translate them back to the
form (1.1) and analyze them using the general theory available. To this end,
we reuse the main ideas mutatis mutandis developed in [8]; see Section 2. We
follow closely the notations and vocabularies in [8].

We recall here a couple of notations from [8] that will be used very often
in the rest of the paper: A, is the set of s-tuples of non-negative integers with
sum no greater than r, ordered by the lexicographic ordering. S(E,A,;) is the
#A,. x #A,. matrix that measures how Hermite data of a function changes upon
a linear change of variable by £ € R**%: let 9" f := [DY fl,en, € RY>¥#Ar
then

fECT(RY), g=f(E)=0%"g=0f(E)S(E,A). (1.5)

Why face-based Hermite schemes? Besides theoretical motivations, some
vertex-based schemes are simply unnecessarily smooth for our purposes. We
have been considering applications of symmetric Hermite subdivision schemes
in free-form surfaces [13], in which we are primarily interested in schemes that
are C? and have very small supports. For 2-D Hermite schemes with quincunx
refinement, if we insist on using vertex-based scheme then the smallest meaning-
ful support is [—1,1]? and the resulted order 1 Hermite scheme is C7 [8, Section
3.5]; in fact even the scalar counterpart of this scheme is much smoother than the
desired C?: the scalar quincunx scheme used in [12] (derived from the Zwart-
Powell box spline) has the same [—1,1]? support, is a vertex-based scheme and
is C*. If one wants to use the smaller support [0,1]? and still obtain schemes
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with a meaningful symmetry property then a natural approach is to change
from vertex- to face-based scheme.

At the initial phase of the research work of this article, we speculated that
there existed a C? face-based Hermite subdivision scheme with the mask support
[0,1])? (which corresponds to the stencil in Figure 2(a)) and is based on quincunx
refinement, as one could already obtain a C' scheme in the scalar case. See
Section 3.1. To our surprise, it does not seem to be case. Despite such a “bad
news”, we shall discover in Section 3.2 a C? Hermite face-based subdivision
scheme based on quadrisection refinement (i.e. M = 2I3) and the subdivision
stencil depicted in Figure 2(a)). The scalar counterpart of this scheme is the
regular part of what Peters and Reif called “the simplest subdivision scheme
(for smoothing polyhedra)” [11].

From experience it is almost always possible to gain smoothness by increas-
ing support size or by increasing multiplicity — with our experience in Section
3.1 as a rare exception. For application in free-form subdivision surfaces, the
latter approach may have an advantage because of the inevitable presence of
extraordinary vertices in free-form surfaces.

Figure 1: Two topological refinement schemes based on the square tiling

2 Face-based Hermite Subdivision Schemes

In this paper, we consider subdivision schemes based on the following specifica-
tions:
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[T1] The isohedral tiling of R® is chosen to be the straightforward tiling by
hypercubes:
R* = ] a+[0,1".
acZs

[T2] Let M be an s x s integer matrix such that M = UDU?T where U is
unitary and D is diagonal with diagonal entries with the same modulus o > 1.
In the rest of the paper we simply call any such matrix a dilation matriz.! Then
M~1[0,1]* is similar to [0, 1]°. The successively refined tilings are then given by
R* = Upezs M~ (a +[0,1]%). In dimension 2, two well-known examples of M
are:

2 0 1 1
2I2 - |:0 2:| ’ MQuincunx - |:1 _1:| .

See Figure 1.
[G1] Subdivision data is a “jet” of Hermite data of order r at the center of
each cube; conceptually, we have

RY>#Ar 54, () = data attached to the tile M~"([0,1]* + «)
O f(M (e +[1/2,...,1/2]")) S(M™, A,). (2.1)

See [8] for the exact definition of the notations above; the vector on the right-
hand side of (2.1) consists precisely of all the mixed directional derivatives of f
of order up to r at the point M ~"(a + [3,...,3]7) and in directions M ~"e;,
j=1,...,s.

The informally described concept here will be made precise in definition 2.1
below.

[G2] With the choice of [T1], [T2], [G1] above, there are still many choices of
subdivision rules. We are interested in those with small supports, smooth limits
and symmetry, see the formal definitions below.

In each case above the subdivision scheme can be equivalently defined by a
subdivision operator S = S, js of the form (1.1), i.e. there exists a subdivision
operator S such that v, := S™vg, V n > 0, is precisely what [T1]-[T2] & [G1]-
[G2] above would produce. Notice that S is a so-called stationary subdivision
operator — the subdivision data v, is generated by a fixed subdivision mask a
at all levels n; we mention without a rigorous justification that if we want the
data v, = S™vy produced by a stationary subdivision process to also enjoy a
natural Hermite type convergence property (c.f. Definition 2.1 below), then the
scaling by S(M™, A,.) introduced in (2.1) is essentially the only sensible choice.

In 2-D, here are some subdivision stencils that we are particularly interested
in:

1. When M = Mgquincunx, the Hermite data associated with any level n +
1 square is determined from a linear combination of the Hermite data
associated with the two level n squares containing the level n 4+ 1 square.
See Figure 2(a). In this case, supp(a) = [0,1] x [—1,0].

1 Notice that this is more restrictive than what is usually called an isotropic dilation matrix
in the literature.
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2. When M = 215, the Hermite data associated with any level n+ 1 square is
determined from a linear combination of the Hermite data associated with
the 3 or 4 level n squares closest to the level n+1 square. Figure 2(b)&(c).
In this case, supp(a) = [-1,2]2 — {(-1,-1),(-1,2),(2,-1),(2,2)} or
[—1,2]?, respectively.

(a) (b) (©)
Figure 2: Subdivision Stencils for quincunx (a) and quadrisection (b)&(c) re-
finement

Following the geometric intuition we have so far, we are led to the following
definition: Let M be a dilation matrix with the property described in [T2]
above. An order r face-based Hermite subdivision operator S := S, y/
is a subdivision operator with multiplicity m = #A,. such that (i) for any initial
sequence v € [[9(Z%)]1*™ there exists f, € C"(R®) such that

lim H[8§va]|M—n(Zs+[%7m7%]T) - ’UnS(Mn,AT

n—oo

)H[loo(zs)]lxm =0, (22)
where v, = S™v, (ii) f, # 0 for some v # 0. For notational convenience, we
write

SCv = fy.

We now recall from [8] the following definition, proposed originally for the
study of what we now call vertex-based Hermite subdivision scheme.

Definition 2.1 ([8, Definition 1.1]) A subdivision operator S := Sanr is of
Hermite type of order r if (i) m = #A, for some r > 0, and for any initial
sequence v € [I°(Z%)]1*™ there exists f, € C"(R®) such that

nll_)H;o ||[6STfU]|M7nZS — ’UnS(Mn, AT)H[P"(ZS)]D“" = O, (23)

where vy, = S™v, (i) f, # 0 for some v # 0.

The two definitions are clearly equivalent. Comparing (2.2) and (2.3),
of course the only difference is that the latter involves sampling of Hermite data
of at the lattices M ~"Z?, whereas the former involves sampling of Hermite data

at the shifted lattices M~"(Z* + [5,... ,3]"). However, the two convergence
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definitions involve n tending to infinity, and the difference induced by the shift
in (2.2) becomes negligible for large n. An obvious application of triangle in-
equality, combined with the assumption that f, € C” in both (2.2) and (2.3),
shows that the definition of order r face-based Hermite subdivision operator
above is identical to Definition 2.1.

So what is the real difference between vertex-based and face-based subdivi-
sion schemes then? For the setup in this paper, we address only sum-rule and
symmetry conditions, as these are the two conditions we use for determining a
subdivision mask a. We do not address, for instance, data-structure issues for
computer implementation.

At first glance,

e Symmetry conditions must be different between vertex- and face-based
schemes. As expounded in the introductory section of our earlier paper
[8], the meaning of symmetry relies completely on the geometric meaning
of subdivision data v, («); as the “geometric meaning” of v,(«) has been
changed from

Op (@) = 05" f(M ") S(M™, A,)

in vertex-based scheme to (2.1) in face-based scheme, it should be hardly
surprising that symmetry properties for vertex- and face-based Hermite
subdivision schemes have to be somewhat different.

As expected, this is exactly the case. See Section 2.2.

e Sum rule conditions, derived independently of symmetry conditions, are
the same for vertex- and face-based Hermite subdivision schemes, because
of the equivalence of (2.2) and (2.3).

As it turns out, this is not the case because of a technical loophole in a
result in our earlier paper [8]. See Section 2.1.

2.1 Sum rules and the spectral quantity v, (a, M)

Since a subdivision mask uniquely specifies a subdivision operator, sum rules
— algebraic relations necessarily satisfied by the mask of any smooth subdivision
process — are very useful for construction of subdivision schemes.

In the following, let us recall the definitions of sum rules in [2, 5] and the
important spectral quantity v,(a, M) in [5] in the setting of Hermite subdivision
schemes.

For a given sequence u € (1°(Z%))™*", its Fourier series @ is defined to be

a€) =Y u(Be 7, geR.
BeZs

Let a be a matrix mask with multiplicity m. We say that a satisfies the sum
rules of order k + 1 with respect to the dilation matrix M (see [5, Page 51]) if
there exists a sequence y € (19(Z%))1*™ such that §(0) # 0,

D (M T )a(-)](0) = [det M|D*§(0) and  D*[(MT)a(-)](275) =0, (2.4)
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for all |u| < k,B € (MT)"1Z5\Z5.

The quantity v,(a, M), which is defined in [5, Page 61], plays a very im-
portant role in the study of convergence of vector subdivision schemes and the
characterization of smoothness of refinable function vectors. For the convenience
of the reader, let us recall the definition of the quantity v,(a, M) from [5, Page
61] as follows. The convolution of two sequences is defined to be

[wso)(@) = Y u@Bola—p),  ue(Z))™ " ve (1°2°)".

BELs

In terms of the Fourier series, we have w0 = 0. Let y be a sequence in
(19(z#))>™. We define the space Vy ,, associated with the sequence y by

Viy = {ve (@°Z°)™" + D"[G)o())0) =0 V|| <k} (2.5)
Let 1 <p < oco. For any y € (1°(Z*))*™ such that §(0) # 0, we define
o . 1/n
pr(a, M,p,y) i=sup { Tim [la, < 0)[{/"lg) s s 0EViy b (26)
where a,, is defined to be &, (¢) = a(MT)"~1¢)---a(MT¢)a(€). Define

p(a, M, p) := inf{pr(a, M,p,y) : (2.4) holds for some k € Ny

and some y € (19(Z%))1*™ with §(0) # 0}.
We define the following quantity:

vp(a, M) := —log,pp || det M|~YPp(a, M7p)} , 1 <p < oo, (2.7)

where p(M) denotes the spectral radius of the matrix M. The above quantity
vp(a, M) plays a key role in characterizing the convergence of a vector cascade
algorithm in a Sobolev space and in characterizing the L, smoothness of a
refinable function vector. For example, it has showed in [5, Theorem 4.3] that
a vector subdivision scheme associated with mask a and dilation matrix M
converges in the Sobolev space W} (R?) if and only if v,(a, M) > k.

Since the convergence condition (2.2) for face-based Hermite subdivision
operator turns out to be exactly the same as Definition 2.1 drawn from [§],
in deriving sum rule conditions for face-based Hermite subdivision operator,
one can presumably simply reuse the result from [8] pertaining to sum rule
conditions, which we now recall:

Theorem 2.2 ([8, Theorem 2.2]) Let M be an isotropic dilation matriz and
a be a mask with multiplicity m = #A,. Suppose that ve(a, M) > r. Then
Sa,m 18 o subdivision operator of Hermite type of order r if a satisfies the sum
rules of order r + 1 with a sequence y € [1°(Z*)]**#2 such that

(=iD)" .

o 9(0) = e;‘f, e A (2.8)
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At the time article [8] was written, the authors questioned whether the
sufficient condition (2.8) is also necessary. If the answer of this open question
were affirmative, then, in virtue of the equivalence of (2.2) and (2.3), sum rule
conditions for vertex- and face-based Hermite subdivision schemes would be
exactly the same. However, at the level of generality of Theorem 2.2, (2.8)
is not necessary for an order r Hermite type subdivision operator:
Theorem 2.3 below on the one hand generalizes Theorem 2.2 and on the other
hand answers the above-mentioned open question negatively.

Recall that the cascade operator (Ja as associated with mask a and dilation
matrix M is defined to be

Qanfi= > a(B)f(M-—p).

BEZs

A fixed point of this operator is a solution of the refinement equation (1.2). This
observation is the starting point of the so-called strong convergence theory of
refinement equation.

Theorem 2.3 Let M be an isotropic dilation matrix and a be a mask with
multiplicity m = #A,. Suppose that veo(a, M) > r. Then Sa nr s a subdivision
operator of Hermite type of order r if a satisfies the sum rules of order r + 1
with a sequence y € [I°(Z*)]**#A such that

(C_uillp)ug(()) =T e A, (2.9)

ll, )
where ¢ € R® is an arbitrary but fived vector.

Proof: The proof follows essentially the same line of argument as in the proof
of Theorem 2.2, the main new ingredient is the following observation: Let 1) be
a Hermite interpolant of order » with accuracy order r + 1, then

e 1= "/J( - C)

satisfies moment conditions with respect to a y € [I°(Z*)]'*#A+ that satisfies
(2.9).

By assumption, a satisfies sum rules of order r + 1 with a y that also sat-
isfies (2.9), and also that v (a, M) > r, then the strong convergence theory of
refinement equation [5, Theorem 4.3] says that

Jim [|Q5 pte — ¢llior@eymxr =0

for some ¢ € [C"(R®)]™*!; note that ¢ must be a solution of the refinement
equation (1.2).

Now we show that S, as satisfies the Hermite property in Definition 2.1. Let
v € [19(Z°))*#A  and v, = S™v. We can also write v,, = > s v(Ban(-—M"p)
where a,, = S™(0]nxm ), m = #A,; on the other hand, we have

Qe =Y an(@)pe(M" - —a).
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Then
Fai= Y (@ (M™ - =) = Y > " v(B)an(a — M"B)ge(M" - —a)
a€Z® a€’Zs BELS
= > u(BQ" L) — B).
BEL®

Therefore, if f := > v(a)p(- — @), then lim, . || fn — fllcr@s) = 0 and
limy, o0 |[D* frn — DF fllLe =0,V p € A,

If we denote by 0<"9.(x) the #A, x #A, matrix with the u-th row equals
to O=" (1), (), then since ¢ is a Hermite interpolant,

O e+ ¢) = Iyn, xpa, (), YVac€Z.
By (1.5), we have

O fu(M ™" (ate)) = Y 0n(B)(0%" ) (atc=B)S(M™, Ar) = vn(@)S(M™, Ay).
BEZ®

But then

max 07 F(M " (=) = va(@)S(M", A |oc

= max|[l9="f(M (=€) = 0% fu(M " (@ = 0))[|oc

< max||D*f, — D" f||L~ — 0, as n — oc.
HEA,

So a satisfies condition (i) of Definition 2.1 in virtue of the fact that f €
[CT‘(RS)]MXI and

10="F(M ") = v (@)S(M™ Ar)lle < [[0=7f(M ™) = 05" (M ™" (a =€)l

+ o= F(M " (a =€) = v (@)S(M™, Ar)||oo
N

0+0, asn — oo.

The condition v (a, M) > r implies, by [5, Theorem 4.3], that span{¢(-—0) :
B € Z*} D II,., which implies ¢ # 0. Thus condition (ii) of Definition 2.1 is also
satisfied by a. ]

Theorem 2.3 does not directly tell how to choose the shift vector c. From
the proof, however, it seems the most reasonable to choose

¢c=10,...,0] and c=][1/2,...,1/2]

for vertex and face-based schemes, respectively. We speculate that after one fixes
the symmetry condition on mask a — the topic of the next section — then there
corresponds a unique shift vector ¢ such that condition (2.9) is both necessary
and sufficient for S, ps being a Hermite type subdivision operator.
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2.2 Symmetry

Let G be a finite group of linear maps leaving the cube tiling of R*® invariant.
For a technical reason, we assume also that G is compatible to dilation matrix
M in the following sense ([3]):

MEM™'eG, V E€G. (2.10)

In our bivariate examples, we use exclusively the following symmetry group:

ey o Sl A<p ) e

Note that Dy is compatible to either 215 or Mquincunx-

Definition 2.4 Let G be a symmetry group compatible with dilation matriz M.
An order r Hermite subdivision operator has a face-based symmetry property
with respect to G if the following condition is satisfied: ¥ f € CT(R®) and
E e G, Zf’U = [aSTfHan(ZS_,_[%’m7%]'1‘), w = [6STg]|M7n(ZS+[%7“.7%]’1-') where
g:= f(E"), then S®w = (S*°v)(E").

Theorem 2.5 An order r Hermite subdivision operator Sa ar has a face-based
symmetry property with respect to G if

1. 1 is a simple and dominant eigenvalue of the matrix

Jo =Y _ a(B)/|det M|

BEZ*

and the first entry of its nonzero eigenvector for the eigenvalue 1 is nonzero;

2. The following symmetry condition on the mask a holds

a(B(a—Ca) + Ca) = S(M*EM,A,)a(a) S(E™Y,A,), VEEG

(2.12)

where e :=[5,..., 3|7 and
Ca:=(M—1I)e. (2.13)
Proof: 1If ¢ = [¢1,...,b44,]7 is the “impulse response” of Sa s, then ¢

satisfies the refinement equation (1.2) (that is, Qa m¢ = ¢) and
S®v = Z v(a)p(- — ).
a€Zs

We first show that the symmetry condition on S, s is implied by the following
condition on ¢:

é(x) =S(E7Y A) ¢(E(x —e) +e). (2.14)

445



446 HAN,YU

(The converse implication is also true and can be easily obtained by adapting
part of the proof of [8, Proposition 2.3].)
Assume (2.14). Let f, E, g, v and w be as in Definition 2.4. Then

s*w = S 05glate)é(—a) Z 305 f(Ela+e) S(EA,) ¢ —a)

= D OTS(B+e)SEBA) G — (BT (B+e)—e))
B

PSS (B+ ) (B - =) = 5u(E).
B

Therefore, the order » Hermite subdivision operator S, as has a face-based
symmetry property with respect to G.

Below we show that (2.14) follows from the assumptions of the theorem; the
argument is essentially a time-domain version of the frequency-domain proof of
[4, Proposition 2.1].

Let ¢p := S(E7L, A)O(E(- —e) +e), E € G. Tt follows from (2.12) and the
definition of ¢p;gar—1 that

QaMOMEM-1 = Z a(@)oyem-1 (M- —a)
a€Zs
=S(E"LA) Y S(E,A)a(a)S(ME™' M~ A )p(MEM ™ (M - —a — €) +¢)
aEeZs
=S(EA) > a(MEM (o - Ca) + Ca)$(ME - —MEM 'a — MEM e +¢)
aEeZs
=S(ETA) Y ala)¢(ME - —a+Ca— MEM ™ 'Ca — MEM e +¢)
€S
=S(ELA) Y al@)¢(M(E-+M'Ca— EM™'Ca— EM e+ M~ 'e) — a)
€S
=S(E" N A)G(E-+M1Cy — EM™'Cq — EM e + M~ te).
By Ca = (M — I,)e, we deduce that
M 'Cy —EM 'Co —EM e+ M te= (I, -~ EYM'Ca — EM e+ M e
=, —EYM (M —1I,)e— EM 'e+ M e
(I, —E)I, — M Ye—-EM e+ M 'e
—~Ee—M'e+ EM e —EM e+ M e
— Fe.

e
e

We conclude that
QamOrErv-1 = S(E" L, A)G(E(-—e) +e) = dp VEeG.

In other words, we have Qamdr = dpy-1py for all B € G. Therefore,
QZ7]\/[¢E = QSanEMn for all n S N and F S G.
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Since G is a finite group and M~"EM"™ € G for all n € N, there must
exist a positive integer ¢ such that M *EM? = E. Consequently, we have
Qﬁ)MqﬁE = ¢p-cpme = ¢p for some positive integer . Since 1 is a simple
dominant eigenvalue of the matrix Jy, the same can be said to Jg for all n € N.
It is known ([10] and references therein) that if JJ has 1 as a simple dominant
eigenvalue, then ¢ is the unique solution, up to a scalar multiplicative constant,
to the refinement equation Q p,¢ = ¢.

On the other hand, it follows from the refinement equation that ¢(0) and
&E(o) are eigenvectors of the matrices Jyo and J§, respectively. Since 1 is a
simple eigenvalue of J¢, we must have ¢7~\E(O) = ¢¢(0) for some complex number
¢ € C since Jg@(O) = Q/SE(O) and J2$(0) = $(0). By the definition of ¢z,
we have ¢ (0) = S(E~1, A,)$(0) by |det E| = 1. By our assumption, the first
entry in the vector ¢(0) is nonzero; that is, e7$(0) # 0. Note that the the
first row of the matrix S(E~1, A,) is eI'. We see that efgg;(O) = eT$(0) # 0.
Therefore, it follows from @TE(O) = ¢¢(0) that ¢ must be 1. Hence, we conclude
that we must have ¢ = ¢ by Q% ;65 = ¢x and ¢p(0) = $(0). In other words,
(2.14) holds. [ |

3 Examples

In this section, we explore examples in the three cases depicted in Figure 2. In
each case, we are interested in bivariate Hermite schemes of order r = 1, and we
reuse exactly the computational framework developed in [8, Section 3] and the
associated MAPLE based solver together with the smoothness optimization code
developed in [6]. Underlying this smoothness optimization code is a method by
Jia and Jiang [9] which gives the critical L? regularity of the refinable function
vector ¢ associated with a subdivision mask in the case when ¢ has stable shifts,
and a lower bound for the critical L? regularity in the absence of stability.

The definition of sum rules, which is given in (2.4) from the frequency do-
main, can be equivalently rewritten in the time domain as follows: There exists
aset of m x 1 vectors {Y,, : p € N§, |p| <k} with Y # 0 (see [2, Page 22] and
[8, Equation (3.9), Section 3]) such that

S (=)A= Y S(MTLAWY, V€ M € 27,

0<v<pu veEAy

where (v1,...,vs) < (p1,...,4s) means v; < p; for all j = 1,...,s, and

JaW) =Y geps ala+MB)(B+M ') /vl with (&1, .., &) v i gV gYs,

The precise relation between the above definition and the definition of sum rules
in (2.4) is
(=iD)"§(0)
! '
For face-based Hermite subdivision schemes of order r = 1 in dimension
§=2:

Y =
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e The sum rules are now with respect to a y that satisfies (2.8) with ¢ = [%, %]T

For s =2, r=1and c = [3, 1]7, (2.8) is equivalent to

Y(O,O) = [17 0, 0]7 Y(LO) = [1/27 1, 0]7 Y(O.,l) = [1/27 0, 1]-
e Symmetry conditions are those in (2.12)-(2.13).

3.1 M= MQuincunxa Supp(a) = [O> 1] X [—1,0], G=D,

The highest order of sum rule achievable in this case is 3, and the mask we
found by our solver has one degree of freedom:

>
a(0,0)=1| 0
_1
8
and a(0,—-1), a(1,-1), a(1,0) are given by symmetry conditions (2.12)-(2.13).
We found, first by empirical observation and then by an explicit calculation,
that when t = —1/4, the refinable function vector has L? smoothness equals to
2.5 and consists of piecewise quadratic C' spline functions. By optimizing the
L? smoothness over the parameter ¢, we found that when ¢t = —0.1875, the L?
smoothness of the subdivision scheme is 2.57793, only slightly higher than that
of the spline scheme.

From a smoothness point of view, one gains almost nothing by going from
scalar scheme r = 0 to Hermite scheme r = 1 — this is atypical when compared
to all the examples obtained in [7, 6, 8]. When we choose r = 0 with the support
size and symmetry group unchanged, the only mask that satisfies the first sum
rule is

a(0,0) = a(1,0) = a(0,—1) = a(1,—1) = 1/2, (3.1)

its refinable function is a box-spline by Zwart and Powell which is a piecewise
quadratic C' spline function — same as what the above vector scheme gives
when ¢t = —1/4. A major difference is that the ZP element has unstable shifts
whereas, from various observations, we believe that the refinable function vector
of the above spline scheme has stable shifts.

Despite the bad news, we seem to be saved by the good news below.

3.2 M =2I,, supp(a) C [-1,2]*, G = D,

While (the regular part of) Peters and Reif’s mid-edge scheme [11] is essen-
tially the quincunx subdivision scheme (3.1), their scheme actually operates
based on quadrisection refinement instead of quincunx refinement; this is made
possible by the following observation: notice that Méuimunx =25, s0if b =
SQ

ayMQuincunx67 then, in our notations, we have

2 —
SayMQuincunx - Sb>212'
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Notice also that supp(b) = [-1,2]%> — {(—=1,-1),(=1,2),(2,-1),(2,2)}. This
scheme is C' but not C2. Here, we construct a Hermite version of Sb,21, which
turns out to be C2.

Using our solver, we found the following 3-parameter mask with the same
support as b above which satisfies sum rules of order 4:

3/4 —4cs —c1 4+ 2¢o —c1 + 2¢o
a(0,0)= | —3/32+c¢3 c¢1/24+5/16 —ca—1/16 |,
—-3/324c¢3 —ca—1/16 ¢1/2+5/16

1/8 4 2¢;3 a1 —2c
a(2,0) = 3 1/84c1/2 —co (3.2)
~1/32 /16 1/16

with the other entries given by symmetry conditions. By our smoothness op-
timization code, the L? smoothness of this scheme occurs to be the highest
when (c1,c¢2,¢3) ~ (=7/16,—3/32,3/64), at which the L? smoothness is 3.5,
thus the Holder smoothness is at least 2.5, meaning that the scheme is C2. The
associated refinable function vector ¢ is depicted in Figure 3.

support | order of sum rules # free parameters | highest L? Smoothness
12 points | 4 (highest possible) 3 3.5
16 points | 4 7 3.5
16 points | 5 (highest possible) 2 3.0

Table 1: Sum Rules and smoothness attained by some small support face-based
Hermite subdivision schemes with M = 21,

The now-classical Doo-Sabin scheme [1] is based on the tensor product
quadratic B-spline, which the latter can be viewed as a face-based scalar subdi-
vision scheme with the 16 point support [—1,2]2. We have explored symmetric
face-based Hermite schemes with the same support, which corresponds to the
stencil in Figure 2(c). A higher order of sum rules — but not higher smoothness
— can be achieved when compared to the 12 point support. See Table 1.

%00 %0 ‘o

Figure 3: Refinable ¢ = [¢(0,0), $(1,0) ¢(0,1)]T associated with the subdivision
mask in (3.2)
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Abstract

In this article, all the possible semi-prewavelets over uniform refine-
ments of a regular triangulation are constructed. A corresponding theorem
is given to ensure the linear independence of a set of different pre-wavelets
obtained by summing pairs of these semi-prewavelets. This provides effi-
cient multiresolution decompositions of the spaces of functions over vari-
ous regular triangulation domains since the bases of the orthogonal com-
plements of the coarse spaces can be constructed very easily.

AMS 2000 Classifications: 41A15, 41A63, 65D07, 68U05.
Key Words: Multiresolution analysis, pre-wavelets, regular trangulations,
splines.

1 Introduction

Piecewise linear prewavelets with small support are useful tools in approxima-
tion theory and in the numerical solution of partial differential equations as
well as in the computer graphics and practical largescale data representations.
Basically speaking, a multiresolution is a decomposition of a function space into
mutually orthogonal subspaces, each of which is endowed with a basis. The
basis functions of each subspace are called wavelets if they are mutually orthog-
onal and prewavelets otherwise. The subspaces are called wavelet spaces and
prewavelet spaces accordingly.

Kotyczka and Oswald [10] constructed piecewise linear prewavelets with
small support in 1995. Floater and Quak [7] published their results on piecewise
linear prewavelets with small support on arbitrary triangulations in 1999. Later
on, they simplified the above results by introducing the idea of semi-wavelets,
which can be used to construct wavelets (these semi-wavelets and wavelets are
actually semi-prewavelets and prewavelets). Using this idea, Floater and Quak
investigated the Type-1 triangulation in [8] and Type-2 in [7] respectively. Hong



452

HONG,XUE

and Mu [6] have discussed the piecewise linear prewavelets with minimal support
over Type-1 trangulation. Some recent results on piecewise linear pre-wavelets
and orthogonal wavelets can be found in [1] and [4]. Very recently, a hierarchical
basis for C'! cubic bivariate splines is used for surface compression in [5].

In this article, we study all the possible semi-prewavelets over uniform re-
finements of a regular triangulation. A corresponding theorem is given to ensure
the linear independence of any set of different pre-wavelets obtained by sum-
ming pairs of these semi-prewavelets. This means that the multiresolutions of
the linear function spaces over various regular triangulation domains can be
done conveniently, since the bases of the orthogonal complements of the coarse
spaces can be constructed very easily.

If not clearly claimed, we shall only consider the dyadic refinement. The
reader will find that most symbols in this paper have commonly been used in
related monographs. The paper is organized as follows. Preliminaries are intro-
duced in Section 2. In Section 3, we construct the semi-prewavelets and obtain
the main theorem on the construction of prewavelets over a regular triangulation

2 Multiresolution of Linear Spline Spaces over
r-Triangulations

From a mathematical point of view, a computer graphic is nothing else but a
function defined on a given region. On the other hand, a graphic on a domain
) can be represented by functions in different level of function spaces S7 (j =
0,1,2,--+). The difference between them is that the function from a fine space
gives more detail of the original graphic than the one from a coarse space does.
In an ideal situation, we can easily “switch” a function from one space into
another when it is necessary. The key to choosing another function space is
to use a different basis of functions. Surprisingly, in a multivariate setting,
the relation between the bases of these nested spaces makes it difficult to do so.
Even the case of continues piecewise linear wavelets construction is unexpectedly
complicated, see [3]-[4] and [6]-[10] and the references therein.

In the following we shall discuss the multiresolution of the linear spline func-
tion space defined on any r-triangulation.

Definition 2.1 A set of triangles T = {T1,...,Tn} is called a triangulation
of some subset Q of R? if @ = UM, T; and

(i) T; NT; is either empty or a common vertex or a common edge, i # j,

(ii) the number of boundary edges incident on a boundary vertez is two,

(iii) Q is simply connected.

A triangulation T® = {T1,...,Tas} over some domain Q is a regular triangu-
lation or simply an r-triangulation if all the elements of T° are equilateral
triangles.

Figure 1 gives an example of an r-triangulation over a triangle shaped region.
We denote by V' the set of all vertices v € R? of triangles in 7 and by E the set



ON THE CONSTRUCTION OF LINEAR
PREWAVELTS...

Figure 1: An r-triangulation

of all edges e = [v, w] of triangles in 7. By a boundary vertex or boundary edge
we mean a vertex or edge contained in the boundary of €2. All other vertices
and edges will be called interior vertices and interior edges. A boundary edge
belongs to only one triangle, and an interior edge to two.

For a vertex v € V, the set of neighbours of v in V is

Vo={weV:[vw] € FE}.

Suppose 7 is a triangulation. Given data values f, € R for v € V, there
is a unique function f : € — R which is linear on each triangle in 7 and
interpolates the data: f(v) = f,, v € V. The function f is piecewise linear and
the set of all such f constitute a linear space S with dimension |V|. For each
veV, let ¢, :  — R be the unique ‘hat’ or nodal function in S such that for
allw eV,

w = v;

(w) = { 0, otherwise.

The set of functions ® = {¢, },cv is a basis for the space S and for any function
fes,
fl@) = fw)du(2), z€Q (2.1)
veV

The support of ¢, is the union of all triangles which contain v:

Supp(¢v> = UUGTGTT~

For a given triangulation 7° = {T1,--- ,Ti}, a refined triangulation is a
triangulation 7' such that every triangle in 7° is the union of some triangles
in 7'. The result of this process is called a refinement of 7°.

Obviously, there are various kinds of refinements. If not clearly claimed, we
shall only consider the following uniform or dyadic refinement. We shall use
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AVAVAVAVAVAVAVA
VAVAVAVAVAVAVAVAVAN
\VAVAVAVAVAVAVAVAV

Figure 2: The first refinement of the r-triangulation in Figure 1

[u,v] to denote the edge incident to two vertices u,v. A triangle with vertices
u, v, w will be denoted as [u, v, w].

For a given triangle T' = [x1, x2, x3], let y1 = (x2 + x3)/2,y2 = (x1 + 23)/2,
and y3 = (x1 + x2)/2 denote the midpoints of its edges. Then the set of four
triangles

Tr = {[z1,y2, 93], [y1, 22, y3], [y1, y2, 23], [Y1, Y2, y3]}
is a triangulation and a refinement of the coarse triangle T'. The set of triangles
T! = UperoTr is evidently a triangulation and a refinement of 7°. Similarly, a
whole sequence of triangulations 77,5 = 0,1,---, can be generated by further
refinement steps. Let V7 be the set of vertices in 77, and define E7, 87, ¢J, V.J,
and supp(¢/) accordingly. A straightforward calculation shows that

. 1 , .
J—1 _ - j—1
O =t 5D S weEVIT (22)
weV]
and therefore we obtain a nested sequence of spaces
SOcstcs?c.--. (2.3)

Clearly, a refinement 7' of 79 is still an r-triangulation (see Figure 2).
Continuing the refinement process on {2 leads us to a nested sequence of spaces
of linear splines defined on the domain 2 with r-triangulations.

As usual, we use the following standard definition of the inner product of
two continuous functions on 79,

o)=Y % /T f(@)g(@)dz,  f.g€CQ),

TeTO

where a(T) is the area of the triangle 7.
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Let ¢ be the area of any triangle in the r-triangulation 7°. Since all the
triangles are congruent, the inner product reduces to the scaled Lo inner product

)= ¢ [ f@ata)d (24)

With this inner-product, the spaces S7 become inner-product spaces. Let W7~!
denote the relative orthogonal complement of the coarse space S?~! in the fine
space S7, so that

SI =8It g Wit (2.5)

We have the following decomposition:
sT=8oWleowre. .. .own! (2.6)

and the dimension of W/~ is |VI| — |[VI~Y = |EI7L].

In the following, we shall try to construct a basis for the unique orthog-
onal complement W7~1 of §7=1 in S7. Each of these basis functions will be
called a prewavelet and the space W7~! a prewavelets space. By combining
prewavelet bases of the spaces W* with the nodal bases for the spaces S*, we
obtain the framework for a multiresolution analysis (MRA). Thus any function
f™in S™ can be decomposed into its n + 1 mutually orthogonal components:

Mf=redodo a4 (2.7)

where f0 € S° and ¢ € W7 (j = 0,1,...,n — 1). We shall restrict our work
for the construction of bases of W* to the first refinement level since uniform
refinement has been used.

Let b be any given non-zero real number, a; and as be two neighboring
vertices in V°, and denote by u € V! \ V? their midpoint. We define the semi-
prewavelet o,, , € S! as the element with support contained in the support of

21 and having the property that, for all v € VY,
—b, ifv=a;
(0%, 00y u) = b, ifv = as; (2.8)
0, otherwise

where

Oar,u(T) = Z Tv¢11;(x)

vENg,

and
1 1
]\/va1 = {al} U Va1

denotes the fine neighborhood of a;. The only nontrivial inner products be-
tween 0, , and coarse nodal functions ¢{ occur when v belongs to the coarse
neighborhood of ay:

N ={ai}uV?.
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Thus the number of coefficients and conditions are the same and, as we will
subsequently establish, the element o, , is uniquely determined for any given
non-zero value of b in (2.8).

Since the dimension of W° is equal to the number of fine vertices in V1,
ie. |V — |V, it is natural to associate one prewavelet 1, per fine vertex
u € V1\ V0. Since each u is the midpoint of some edge in E° connecting two
coarse vertices a; and as in VO, the element of ST,

Yy = 0ay,u+ Oau (2'9)

is a prewavelet since it is orthogonal to all nodal functions ¢!, v € V°.

The following theorem gives a sufficient condition that all the different pre-
wavelets obtained in this way are linearly independent and hence form a basis
of W0.

Theorem 2.2 The set of prewavelets {1y fyevi\vo defined by (2.9) is a linearly
independent set if

Yu(u) > Z [Yu(w)|, Vue vt \ Ve

weVI\VO w#u
Proof: Let
VO =m, [VI\V°=n,
and
UL, U2y * 5y Umy U415 " * 5 Um4n

be any permutation of all the vertices in V' such that u; € Vo1 <y <
m) and wu; € VI\ VY (m+1 < j < m + n). The corresponding nodal
functions are

¢j(x) = du,(x), j=1,2,--- ,m+n.
Then the prewavelets in {1, },ev1\vo can be written as

m-+n

Yi(@) = Yupyi (@) = ) rigdy(e), (1< i <)

j=1

where r;; = ¢;(u;) (1 <i<n,1<j<m+n). Consider the matrix

11 Ti2  Tim+4n
R — T21 T22 tee r2,m+n
Tni Tn2 rn,m—i—n
and its sub matrix
Tl,m+1 Tl,m+2 Tl,m+n
T2,m+1 T2,m+2 T2,m+n
R =
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We claim that R; is diagonally dominant. Actually, keeping in mind that
Tiomtj = Vi(Umtj) = Yupys (Umaj) (1 < 4,7 < n), we know that

Pimti > > [rimegl, (1<i<n)
1<j<n,j#i

is equivalent to

wumﬂ' (Um-i-i) > Z |1/1u7n+i (um+j)|7 (1 <i< TL)

1<j<n,j#i

y(u) > Z [ (w)], Yu e VI\ VO,

wEVI\VO w#u

This completes the proof of the theorem.

3 Semi-prewavelets

We are going to establish the uniqueness of the semi-prewavelets for W with
regard to (2.8) and to find their coefficients. To simplify our calculation, Floater
and Quak’s result on inner products of nodal functions [7], which we state here
as a Lemma, will be used.

Lemma 3.1 Let t(e) denote the number of triangles (one or two) in T° con-
taining the edge e € E° and t(v) the number of triangles (at least one) containing

the vertex v € VO, If v € VO and w € V! are contained in the same triangle in
TO then

6t(v), if v=w;
o .1y _ ) 10t(e), if w is the midpoint of e;
W00 0u) =\ 4e), i e = fo,ul (3-1)
4, if otherwise.

Let 0g4, . be a semi-prewavelet where the fine vertex u is the midpoint of
a1 and another coarse vertex as. We call a; the center (vertex) of the semi-
prewavelet. The degree of a vertex in a triangulation is the number of neighbor
vertices of the vertex in that triangulation. Trivially, every coarse vertex is also
a vertex in the fine triangulation and it has the same degree in both coarse and
fine r-triangulations. Let k = |V2| = |V}| be the degree of a;. If a; is an
interior vertex then k = 6. If a; is a boundary vertex then the value of k could
range from 2 to 6. Hence there are six possible topological structures of the
support of 04, 4, which are identical to the support of ¢ .-

For convenience, in the later steps to construct semi-prewavelets, we shall
use the following permutations of the vertices in the coarse neighborhood Ngl
and the fine neighborhood N, of a;:

0 . _
Na1 DU = QA1,V2, 00, Uk,
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Figure 3: Interior vertex a; and its support

Figure 4: Boundary vertices and their supports
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T
Ny, o ur =ar,ug, -+ ug,

where vy through vy are all the neighbor vertices of a1 in the coarse space labeled
consecutively in the counterclockwise order, and u; is the midpoint of the edge
[al,vj],j = 2, 3, ceey k.

Let us simply rewrite gbij (x) as gbé—(x), where 7 = 1,2,...,k and [ = 0, 1.
Then,

k
Oayu(T) = erqﬁ (x). (3.2)
j=1

Let A = (a;;) be the k x k matrix such that a;; = 96(¢Y, ¢}). We have

k
< ?7ZTJ'¢§> = ri(4?,¢)

j=1 j=1

( ?70Uhu>

5 | I
- — AT = —|Q41,Aq2, 5 QT
25 96 317 T g i T2 k

where
7= [r1,ro, - 1T

Therefore, the “semi-orthogonal condition” (2.8) is equivalent to

A7 = b, (3.3)
where 7= [r1,79,- -+ ,73]T,
a1  aie a1k
A | @2 a2 - a2k ,
ag1 Qg2 Akk
and

b= [b1 = —b,0,...,0,b; = b,0, ..0]" (here j satisfying u = uj).
Thus, if A is invertible then (3.3) has a unique solution of the coefficients. Fig-
ure 3 and Figure 4 give all the cases of the supports of possible semi-prewavelets
up to a symmetric permutation.

Using Lemma 1, we can verify that A is invertible in every case. We choose
the value of b in (2.8) as 66240 so that we can get integer coefficients r; for all
the semi-prewavelets, except the boundary one with the center vertex of degree
6.

Case 1, a; is an interior vertex, SPW(I6) We obtain that

(36 20 20 20 20 20 20
20 4 0 0 0 4

4 20 4 0 0
0 4 20 4 0
0 0 4 20 4
0 0 0 4 20
4 0 0 0 4 20 |

0
0
0
4

NN NN NN
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Figure 5: Semi-prewavelet SPW(I6)

A is non-singular with the inverse

[ 42
-3
-3
Al =— | =3
-3
-3
-3

Letb=[-b b 0 0 0 0 0]

=

—-30
65
—11
)

1

)
—11

—-30 —-30
—-11 5
656 —11
—11 65
5 —11

1 5

5 1
T Then

-30 —30 —30 ]
1 5 —11
5 1 5

—11 5 1
65 —11 5

—-11 65 —11
5 —11 65

— A5 =] 4140 3910 —460 460 230 460 —460 | .

Thus, a semi-prewavelet with its center a; as an interior vertex has been uniquely
determined as shown in Figure 5.

Simply, by turning Figure 5 around its center in the counterclockwise di-
rection step-by-step, we can obtain all the other symmetric semi-prewavelets
which share the same center a;. We shall see this effect in the following case

from another point of view.

Case 2, a1 is a boundary vertex with degree 2, SPW(B2)

In this case,

and thus,
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3EED

Figure 6: Semi-prewavelet SPW(B2)

‘We obtain

A= [ —24840 9660 —1380 |

7

for b = [ -b b 0 }T,and

A7l = [ 24840 —1380 9660 |"

,r_.’
}T

for b = [ —b 0 b |, respectively.

As we can see in Figure 6, the two subcases of SPW(B2) are symmetric.
Note that they are the same up to symmetry. In the following cases of other

boundary semi-prewavelets we shall not mention this repeatly.
Case 3, a is a boundary vertex with degree 3, SPW(B3)
We have

12 10 20 10
1 10 4 0
4= 2 4 20 4
1 0 4 10
and
210 —150 —150 —150
1 —-15 221 =35 29
T 1920 | —-15 =35 125 =35
-15 29  —35 221
Therefore,

F= A5 =[ —12420 8142 —690 1518 "
it6=[-b b 0 0], and
F=A"'5 = ~12420 —690 4830 —690 "

itb=[-b 0 b 0]".
Case 4, a; is a boundary vertex with degree 4, SPW(B4)

0 -1380

\

-24840)
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Figure 7: Semi-prewavelet SPW(B3[1]), SPW(B3[2])

In this case,
10 20 20 10

10 4 0 0

and thus,

42 -30 —-30 -—-30 -—-30
-3 65 —11 5 1
-3 -11 35 =5 5
-3 5 =5 35 —11
-3 1 5 —11 65

o b
576

Therefore, 7 = [ —8280 7820 —920 920 460 |*
and 7 = [ —8280 —920 4370 —-230 920 } for b
correspondingly.
Case 5, a1 is a boundary vertex with degree 5, SPW(B5)
We have

forb=[-b b 0 0 0]",
[ b 0b o0 0],

24 10 20 20 20 10

1 10 4 0 0 O
4 20 4 0 O
0 4 20 4 O
0 0 4 20 4
0 0 0 4 10

NN N
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Figure 8: Semi-prewavelet SPW(B4[1]), SPW(B4[2])

and

4830 —3450 —3450 —3450 —3450 —3450

—345 9883 —1765 667 155 283

1 —-345 -—1765 5275 —805 475 155
© 88320 | —345 667 —805 5083 —805 667
—345 155 475  —805 59275 —1765

—345 283 155 667 —1765 9883

Accordingly, we obtain 7 = [ —6210 7671 —1065 759 375 471 ]T ifb=

b b 0 0 0 0], 7=[—6210 759 —345 4071 —345 759 ] if
—[=b 0 0 b 0 0] ,andi"= —6210 —1065 4215 —345 615 375

itb=[-b 0 b 0 0 0]

Case 6, a; is a boundary vertex with degree 6, SPW(B6)

In the final case, we have

}T

[30 10 20 20 20 20 10
110 4 0 0 0 O
2 4 20 4 0 0 O
A= 2 0 4 20 4 0 O
2 0 0 4 20 4 O
2 0 0 0 4 20 4

. 1 0 0 0 0 4 10 |
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Figure 9: Semi-prewavelet SPW(B5[1]), SPW(B5[2]), and SPW(B5[3])
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A is non-singular with the inverse

r_7 =1 =1 =1 =1 =1 =17
160 32 32 32 32 32 32
—1 11779 —2173 739 131 259 227

320 105792 105792 105792 105792 105792 105792

=1 —2173 6259 —1021 499 179 259
320 105792 105792 105792 105792 105792 105792

-1 _ 1 =1 739 —1021 6019 —973 499 131
- 192 320 105792 105792 105792 105792 105792 105792

=1 131 499 —973 6019 —1021 739
320 105792 105792 105792 105792 105792 105792

=1 259 179 499 —1021 6259 —2173
320 105792 105792 105792 105792 105792 105792

=1 227 259 131 739 —2173 11779
L 320 105792 105792 105792 105792 105792 105792 U

We can solve for the vectors of coeflicients as the following.

52
F:A‘lbzg[—%m 15137 —2303 1337 577 737 697 "
for . .
b=[-b b 0 0 0 0 0],
Ly 276 T
F=ATlb= [ —9918 —2303 8237 —863 1037 637 737 ]
for . .
b=[-b 0 b 0 0 0 0],
and
S 2
f:A*lb:5—Z(15[—9918 1337 —863 7937 —803 1037 577 "
for

b=[-b 00 b 00 0],

Now we can get any possible prewavelets of an r-triangulation, since the
above semi-prewavelets included all the possible semi-prewavelets with the ex-
ception of symmetries. By (2.9), to get a prewavelet, we only need to “sum”
two semi-prewavelets together in such a way that the fine vertex u (which has
been circled in each figure of the semi-prewavelet) is the midpoint of the centers
of these two semi-prewavelets. Some prewavelets which could be often used are
given by Figure 11 through Figure 17. In these figures we denote the prewavelet
obtained by summing an interior semi-prewavelet, SPW(I6), and a boundary
one, say SPW(Bj), by PW(I6, Bj). We denote the prewavelet obtained by
summing two boundary semi-prewavelets, SPW(Bi) and SPW(Bj), by PW(Bi,
Bj).

With the above results on semi-prewavelets, we are now ready to state our
main result on r-triangulations.
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Figure 10: Semi-prewavelet SPW(B6[1]), SPW(B6[2]) and SPW(B6[3]) (¢ =
&)
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460 -AED 690

230

Figure 11: Pre-wavelet PW(16,B3)
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Figure 12: Pre-wavelet PW(B4,B2)
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Figure 13: Pre-wavelet PW(B4,B4)
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Figure 14: Pre-wavelet PW(16,B4)

Figure 15: Pre-wavelet PW(B5,B2)
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Figure 16: Pre-wavelet PW(B5,B3)

AAYA

ak0 -4k0 759

AVAYAY,
AT AYA

460 733

AVALVARN

Figure 17: Pre-wavelet PW(16,B5)
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Theorem 3.2 For any level of the refinements of any an r-triangulation, all
the possible prewavelets can be constructed by simply summing up the two semi-
prewavelets illustrated in Figure 5 through Figure 10.

Proof: Each semi-prewavelet o,, () illustrated in Figure 5 through Fig-
ure 10, which are all the possible cases of semi-prewavelets in r-triangulations,
satisfies

Oay ul(w) > Z |Cay w(w)], YueVI\VO.
weVI\VO w#u

A prewavelet is the sum of two semi-prewavelets as expressed in (2.9). The
sum can be done in such a way that the fine vertex u (which has been circled
in each figure of semi-prewavelets) is the midpoint of the centers, a; and as, of
these two semi-prewavelets in (2.9). Since the intersection of N} and N, is
the single element set {u}, the only overlapped values are the values of the two
semi-prewavelets functions at vertex u. Therefore, the condition of Theorem 2.1
is satisfied and this completes the proof.

Theorem 3.2 can be used on various shaped domains and all the possible
prewavelets can be found easily by simply checking if any figure in Figure 3 and
Figure 4 is a subset of the given refined r-triangulation.

Acknowledgments: This work was supported in part by NSF-IGMS 0408086
and 0552377 for Hong.
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Abstract
In this paper, one kind of new spline-wavelets on refined grids is con-
structed. The scale functions are natural splines on refined grids that
were studied by authors for interpolation surfaces recently. Because of
the advantages of these splines to describe details well in some areas, the
spline-wavelets on refined grids will be applied in image compression and
information processing.
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1 Introduction

Wavelets play an important role in quite different fields of science and technol-
ogy. There are many wavelets books available now, some of them are destined
to be classics in the field, for example, [2], [4], and [9]. Image or surface com-
pression is one of the most active fields in the applications of wavelets (see [§],
[10], [11)).

In general, wavelets need a uniform grid subdivision, but for image process-
ing, sometimes we only need detail information in some given regions and for
other parts of the image we could represent them in a rough scale.

In [7], a method for compressing surfaces associated with C* cubic splines
defined on triangulated quadrangulations is described. The refinement method
for triangular regions is efficient for some applications in surface compression.

Classical natural spline interpolation can be found in [1]. Some recent re-
search work on natural spline interpolation for scattered data has been done in
[3], [5], and [6]. In [6], one kind of surface design called natural splines over
refined grid points is given. The method is simple and easy to be implemented
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in computers. The designed surfaces have no gaps in the connecting patches
and are smoother. A change of only one de Boor point in refined grid will affect
the surface in a very small region.

In this paper, based on the spline interpolation over refined grid points,
we consider a new kind of wavelets called addition spline-wavelets correspond-
ing to the splines over refined grid points, and discuss their vanishing moment
properties and give algorithms for their application in image compression.

2 Compactly Supported Spline over Refined Grids

Following the notion of [6], we first define the refined grids and interpolating
natural spline.

Definition 2.1 For given partitions m 1 a = x9g < 1 < -+ < xp4+1 = b and
maic=Yyo <Y1 < -+ <Y1 =d, and subdivisions w3 : x; = T 0 < T4 < -+ <
i+l = Tit1 ond T4 2 Y; = Y0 < Yj1 < -+ < Yjs41 = Yj+1, the grid points:

{zp,yq}, P=1,---,k;q=1,--- ¢,
and the sub-grid points:
{Zipyin}, p=1, =15
are called the refined grid points (or for short, refined grids).

Definition 2.2 The function o(z,y) € H™"(R) is called the interpolating nat-
ural spline if it satisfies

ITol? = _min_ {|Tuf?),

eX,Au
where
n—1 b m—1 d
I7ul = [ [ @ o) 2aodyr Y [ epder [ a2y,
R v=0"2 p=0 "¢
and (;,9:,2i),4 = 1,--- , N are given scattered data for z = (z1, -+ ,zn) and a

linear operator A : H™"™(R) — RY defined as

Au = (u(z1,y1), -, u(zN, yn)).

When the scattered data are over the refined grid points {xp, yq}, {Zi u, ¥jv },
w=1,- rv=1,---,8; p=1,--+ k;q=1,--- ¢, we call o(x,y) an interpo-
lating spline over refined grid points. We can write the data over refined grid as
{xzﬂquzpﬂl}? {xi#?yj;l/? ziJ}N,V}? p=1- mrv=1--,8 p=1---,kqg=
1, 0.

The following result on bivariate natural local basis interpolation over refined
grid points is given in [6].
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Lemma 2.3 The natural spline o(x,y) over refined grid points has the expres-
sion:

ofx,y) = Z Z A By (x B, (y) + Z Z ’7H>VBi7M(‘T)Bj7V(y)7
p=1lv=1 p=1lv=1
where B, (z), B,(y), Biu(z), and Bj,(y) are B-splines of order 2m — 1 for x
and of order 2n — 1 for y.

Similar to B-spline interpolation, we can add the boundary knots for the con-
struction of natural B-splines, and the invariable natural B-spline interpolation
satisfying

c®(a) =) =0, L=mm+1,---,2m—1.

3 Spline-wavelet on Refined Grids

It is not trivial at all to select the compactly supported splines over refined grids
mentioned in last section as the scaling functions for constructing wavelets. For
this purpose, we apply the tensor product method.

First, we notice that the basis of a sphne space over refined grids can be
divided into two sets: {B,,(z )B, (y)}Ye_y L and {B; . (z )B v(Y) =121 Sec-
ond, for equal division (unlform grid) the basis of a spline space can be grouped

as {B(z — p)B(y — v)}h_y 41 and {Bj(z — )§ (Y =)} =1,,21- They are two
sets of tensor product spline scaling functions.

Definition 3.1 (Addition Wavelet Space) If Vo = Vi |UVE and there exists
wavelet spaces Wi and W satisfying:

Vo =V e WL VG =VZ e WY,
then we call WE|UW2 an addition wavelet space, and VUV an addition

scaling space.

Theorem 3.2 For a function fo € Vo, we can find a decomposition fo = fi +
2+ g + g% where fi € Vi, gt € Wi i=1,2, and f} is orthogonal to g1 and f}
orthogonal to g3.
Proof. Since Vo = V3 UVE, fo € Vo, there exist f} and f2 satisfying
fo="fo + 13
By the wavelet decomposition:
Vo =V oWl Ve =V oW}

We can find f] € V! and g} € W}, such that f3 = f{ + gi and f{ is orthogonal

to gi.
There also exist f7 € ViZ and g7 € W, such that f§ = f7 + ¢f and f{ is
orthogonal to ¢g?. Hence,

fo=fo+fi=H+F+9+4

475
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Definition 3.3 (Addition Wavelet Decomposition) To an addition wavelet space
WEUW2 and an addition scaling space Vi* UV, if for fo € Vo, there exist
fieViand gt € Wi,i=1,2 such that

fo=f+ [ +g1+d,
Then this equation is called an addition wavelet decomposition.

For an addition space Vy = Vi [J Vi, if there exits wavelet decompositions
for Vb and Vi@, respectively, then there exists addition wavelet decomposition
for Vj and the decomposition is the sum of two decompositions.

Theorem 3.4 (Vanishing Moments Property) For an addition wavelet space
W1 = WL W2, let 41 (x) be the wavelet function of Wi having Ny vanishing
moments and 12 (z) the wavelet function of W having Ny vanishing moments.
Then (x) € W1 has N vanishing moments:

/ 2"P(x)dr = 0,0 <m < N := min{Ny, Na}.
R
Proof. Assume that
/xmd)j,i(az)daj =0,0<m<N;,j=1,2, i€,
R
where the functions t;,,7 € Z are basis functions of the wavelet spaces W7/,
j=12

By the definition of addition wavelet spaces, for any function ¢ (x) € Wh,
there exist coefficients {\;} and {u;} satisfying:

bl) = D Aithra(@) + 3 pithza(a)
Hence, for 0 < m < min{Ny, N2}
/Rx Y(z)dx /Rl’ (21: Xit1,i(x) + ;Hﬂ/&,i(z)) dx
; /\i/R:E P1i(x)de + ;,ui/Rx o i(x)dx

= 0

Let scaling spaces Vi, Vg, Vi, and Vi, be generated by the scaling functions

¢'(z) = B(z), ¢*(y) = B(y), ¢*(z) = Bi(z), and ¢*(y) = B;(y), respectively.
For one dimension spaces, we have wavelet space decompositions:

Vo, =Vi, @ Wi, Vi, =V, eW, i=1.2

The wavelet functions are: ¥ (z), ¢ (y) for W}, and W, scaling functions are:

Pi (), &1 (y) for V{, and V{,,i = 1,2 correspondingly.
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For two dimensional spaces, there exist tensor production wavelet decompo-
sitions:

Vi = Vo ®Vy = Vi eW,)e Ve W)
= VieW] i=1,2

Definition 3.5 (Spline—wavelets on Refined Grids) For uniform B-spline, the

basis of a spline space over refined grids can be divided into two sets { B, (z)B, (y)}ukzlﬂj:l

and { B, (%) Bju(y)} /=1 01 let
Vo1 = Spa'n{B#(x)BV(y)}p,k:l,ll/:1
V02 = Span{Bi,#(:Z:)Bj,l,(y)}lejzl.

The addition wavelet space for Vo = Vit |J Vi@ is called a spline-wavelet space on
refined grids.

Theorem 3.6 (Spline—wavelet Space Decomposition on Refined Grids) The spline-

wavelet space on refined grids is an addition wavelet space:
Wy o= wi{Jw?
= (Vi ewl)e (Wi, o) e W, e Wi)IJIVE e Wi)e
(W, ® Vi) @ (Wi, @ Wi)]
The corresponding addition scaling space is:
i=V U Vi = (Vi @ Vi) U (Vi oV).
Proof. By the definition of a spline-wavelet space on refined grids:
Vo=V UWo
and using the tensor product wavelet decompositions, we have
%::W@MUW@W
= (VibeoVl)e (VieW)e (W,eV,)e (W, W)
Ui evi)e (Viewi)e (W e V) e (W, e Wr)

UL ewi) e (W o Vi) & (Wi, o W,)]
(v Uw)U (i Uwi)

:mUm.

l

{(Vllz ® Vi) J (V@ ny)} Ul ewl) e (W, o Vi) e (W, e W},)]

477
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Theorem 3.7 (Spline—wavelet Decomposition on Refined Grids) If ¥i(z) €
Wi, and 1])\{ (y) € Wi, are wavelet functions and ¢} (x) € Vy, and (Ezl (y) € Vi,
are scaling functions for i = 1,2, then for f(x,y) € Vo, we have spline-wavelet
decomposition on refined grids:

2
f(z,y) = Zzaméf’{z(l’)ﬁu(y)‘F

i j=1

2
> (Z Nl @), () + Y il (@), () + Y v () A{,xy)) :
j=1 i i i

where the coefficients {ai; }, {\i; }, {psj}, {vij} are determined in the tensor prod-
uct wavelet decompositions.

Proof. By the definition of splines over refined grids,
fa,y) = ) + Pay), Moy eV, Py eV

From the tensor product wavelet decomposition, there exist coefficients {w;;},
{/\ij}v {Hij}, {Vij} such that

fj(%y) = Zagj ]11(x)Ajlz(y) +
Z Xij &) ()], (y) + Z w01 (y) + Z vig ] ()0 (y),

for j = 1,2. The conclusion follows from Theorem 3.6.

Corollary 3.8 For a function f(xz,y) € Vb, there exists a spline-wavelet de-
composition on refined grids:

f(x,y) = (I)(xvy) + \IJ(Ivy)

where ®(x,y) is the scaling approximation part of f(x,y) and ¥(x,y) is the
wavelet detail part of f(x,y). That is, there exist coefficients {cau;}, {N\ij},
{1}, {vi;} such that

O(r,y) = 3> aiyd] (2)6] (1),

i j=1
2

U(a,y) = DO Mol (@] ,(v) + > wigt] j(@)dh (v) + > vigd (@9, ().
j=1 i i i

Theorem 3.9 (Vanishing Moments Property of Spline-wavelet on the Refined
Grids) For any function ¥(x,y) € W1, the spline-wavelet space on refined grids,
we have the following vanishing moments property:

// 2"y (z,y)dady =0, 0 < m < min{My, M1},0 < n < min{Ny, Na},
RxR
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where the wavelet functions ¥i(x) € Wi, and @{(y) e Wi, have vanishing
moments M; and N;, 1 = 1,2 respectively.

Proof. For i (z) € Wi, and ¢ (y) € W, we have
/xmwi)k(x)dx = 0,0<m<M;,i=1,2k=0,+1,42,---
R
R

By Corollary 3.8 there exists coefficients {\;;}, {:,;},{vi;}, such that

2
¢($ay) = Z (Z )\’Ljd)‘{)q,(x + Z:LLZJ’L/)I 3 + lemwl 4 K )) .
j=1 i

Hence

//RXRw’"ywx,y)dmy

//my 2 (Z Ny ] @) ()

j=1

+ Zﬂwwiz(ﬂc) Zyl]w >‘| dl'dy
= Y [ @y

]11

Y / / (2)) ,(y)dady

glz

Y / / ey ()8 (y)dady

j=1 1

- Fn (o) ([t

j=1 =

i) ([0

j=1 1

E e (forstaom) ([raiom)

j=1 1
= 0.



480 GUAN,YANG

4 Image Compression of Spline-wavelets on Re-
fined Grids

There are many applications of wavelets in image compression. The goal of
image compression is to take advantage of proper structures in the image to
reduce image storages. There usually are three steps in the process: (1) the
transform step, (2) the quantization step, and (3) the coding step. Symmetry,
vanishing moments and size of the filters are three things to be considered with
choosing a filter for the transform step.

Because of the high vanishing moments of the spline-wavelets on refined
grids, we try to choose them as filters. Using spline interpolation, we can extract
the part of smooth image easily. And by coding technique, we can get the non-
smooth details using wavelets. Adding these two parts, we can reach the goal
of compression of the images. We provide the following algorithm to show the
whole process.

algorithm 4.1 1. Input data of an image.

2. Design a basic grid (rough grid) for the image and select some regions in
the image that need to have more details, then apply some refined grids on
those regions.

3. To the rough grid, use the tensor product spline-wavelet decomposition to
get coeﬂicients {ail}, {Nir} {pan} and {vii}, such that:

Zamlz 2)o1(y +Zw“ )o1.(y)
Z/L11¢11 (blz +ZV111/}11 1/)1 z( )

4. Let f2(z,y) = f(x,y) — f(x,y). On refined grids, use the tensor prod-
uct spline—wavelet decomposition to get coefficients {2}, { N2}, {12} and
{vi2}, such that

ZOZZQ(bl i + Z)\12¢1 7 1/)1 7,( )
+ZN12¢11 ¢11 +ZU12¢11 1/’11( )

5. Choose a coding technique to find the wavelet detail part:

COEDD (Z N (@) i) + D migd ()6 5) + D wig] () A{;(y>>

Jj=1

and the scaling approzimation part of the image/sub-image:

2
Py =3 el i (@)6] ().
j=1 1
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6 If the approzimation and compression meet the criteria, stop; else, return
to step 2.

5 General Cases and Image Compression Exam-
ple

In the following, we show an example of image compression using spline-wavelet
on refined grids, for a woman face image in high resolution (1600 x 1200 pixels).
First, we build a rough grid and on this grid we get a low resolution image
shown in Figure 1 (a) (200 x 150 pixels). In the “Face Recognition”, the eyes
and mouth are important parts which should be described in details, specially
at canthus and the corners of the mouth. We put our six refined grids on those
parts (Figure 1 (b)) which uniformly refine those regions to 32 x 32 grids.

Figure 1: The woman face image with a rough grid (a) and refined grids (b).

On refined grids, we sample the original image and obtain details using
spline-wavelet on refined grids. The two sets of data combined together form a
new image file with compression.

In this example, there are six parts that need to be refined. We apply the
algorithm and finish them one by one.

Only the necessary details have been reserved. So the image’s storage space
is observably reduced.

We can compare the details in rough grids (Figure 2 (a)) and in refined grids
(Figure 2 (b)) for the woman’s right eye’s outboard canthus (marked in Figure 1
(b)). The information brought in by addition spline-wavelet improves local
image quality and the two sets of data can be quantized in different resolutions,
respectively.
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Figure 2: Details over rough grids (a) and details over refined grids (b).

Research Center, Hong Kong. The authors would like to thank the editors,
professors Don Hong and Yu Shyr of this special issue, and anonymous referees
for a number of comments which led to important improvements to this paper.

References

[1]

2]
[3]

C. de Boor, A Practical Guide in Splines(second edition). Springer, New
York, 2002.

C.K. Chui, An Introduction to Wavelets, Academic Press, Boston, 1992.

C.K. Chui and Lutai Guan, Multivariate polynomial natural splines for
interpolation of scattered data and other application, in Workshop on
Computational Geometry (A.Conte et al. eds.), World Scientific, Singa-
pore, (1993).

1. Daubechies, Ten Lectures on Wawvelets, Philadelphia, CBMS—-NSF Series
in Appl.Math. (STAM), 1991.

Lutai Guan, Bivariate polynomial natural spline interpolation algorithms
with local basis for scattered data, J. of Computational Analysis and
Appl., 5 (2003), 77-100.

Lutai Guan and Bin Liu, On Bivariate N-spline Interpolation Local Ba-
sis for Scattered Data over Refined Grid Points, Mathematica Numerica
Sinica 25 (2003), 375-384.

D. Hong and L.L. Schumaker, Surface Compression Using a Space of C*
Cubic Splines with a Hierarchical Basis, Computing, 72 (2004), 79-92.



SPLINE WAVELETS... 483

[8] S. Mallat, A Wavelet Tour of Signal Processing (Second Edition), Acad-
emic Press, Boston, 1999.

[9] Y. Meyer, Wavelets and Operators, Cambridge University Press, 1992.

[10] N.T. PanKaj, Wavelets Image and Compression, Boston, Klumer Acad-
emic Publisher, 1998.

[11] D.F. Walnut, An Introduction to Wavelet Analysis, Boston, Birkhauser,
2002.






JOURNAL OF CONCRETE AND APPLICABLE MATHEMATICS,VOL.4,NO.4,485-503,
2006,COPYRIGHT 2006 EUDOXUS PRESS,LLC

Variational method and Wavelet Regression

Jianzhong Wang
Department of Mathematics and Statistics
Sam Houston State University
Huntsville, TX 77341
email: mth_jxw@shsu.edu

Abstract

Wavelet regression is a new nonparametric regression approach. Com-
pared with traditional methods, wavelet regression has the advantages of
ideal minimax property, spatial inhomogeneous adaptivity, high dimen-
sion expansibility and fast algorithm. In this paper, we provide a brief
review of wavelet shrinkage. We also apply the variational method for
wavelet regression and show the relation between the variational method
and wavelet shrinkage.

Keywords. Wavelets, Orthonormal wavelets, Wavelet regression, Varia-
tional Methods.

1 Introduction

Regression analysis is an important statistical technique for investigating and
modeling the relationship between variables. The goal of regression is to get
a model of the relationship between one variable y and one or more variables
t. Let y = f(t) be the observation (also called the observed function), which
responds to the regressor ¢ :

yii= f(t:)) = f(t)) +e; i=1,2,..,N (1)

where t;,7 = 1,2,---, N, are sampling points, f(¢;) are values of an unknown
function f(t) (called the underlying function), and €; are the statistical errors
(called noise), which are often formulated as independent random variables. In
this paper, we assume the sampling points are equal-spaced between 0 and 1.
The goal of a regression is to estimate the underlying function f(¢) from the
sampling data (¢;,y;)7_; (called the observed data), i.e., to establish a method
to find the estimator f , which achieves the minimal risk

R(f,f)=N"E|f - fl}}x.

The classical nonparametric regression methods mainly include orthogonal se-
ries estimators, kernel estimators and smoothing splines. Theoretical discus-
sions about these methods can be found in [17] and [35]. Recently, a variety
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of spatially adaptive methods has been developed in the statistical literature.
Among them, wavelet adaptive methods have received great attention. Refer-
ences are given in Bock and Pliego [5], Vidakovic [36], Ogden [33] , Donoho and
Johnstone [13], [14], [15], [16], and their references. In wavelet regression, an
important issue is to select a subset of wavelet coefficients, which well represent
the underlying function f while removing most of noise.

Since 1980s, developing numerical methods for removing noise from an image
while preserving edge also became an active research area. Mumford and Shah
[28] proposed an energy functional for images so that the image processing such
as noise removal and image segmentation can be formulated as a variational
problem associated with the functional. Perona and Malik [34] proposed an
anisotropic diffusion model for removing noise while enhancing edge. It is proven
that the anisotropic diffusion equation in [34] was the steepest decent method
for solving the variational problem associated with a certain energy functional
[38]. References in this aspect can be found in the book [3].

The goal of this paper is to apply the variational method in the wavelet
regression. The main idea is the following. Since the underlying function f is
unknown, we cannot obtain the formula for R( f , /). Hence to directly minimize
R( f , f) is impossible. We shall create a substitution of the risk functional, say
GR(f, f), in which the underlying function is not involved. Thus, we can use
variational method to find f . The wavelet representation of data will enable us to
establish the variational problems with a very simple structure. We outline the
paper as follows. In Section 2, we briefly introduce orthonormal wavelet bases
and adaptive wavelet regression (also called wavelet shrinkage). In Section 3, we
describe the variational model for wavelet regression and establish the relation
between it and wavelet shrinkages. In Section 4, we give some examples.

2 Preliminarily

2.1 Orthonormal Wavelet Bases

The regular orthonormal wavelet basis of L?(R) is constructed from a multires-
olution analysis (MRA) (see [24], [25], [26], [22], and [23]).

Definition 1 A multiresolution analysis of L?(R) is a sequence (V;);jez of
closed subspaces of L*>(R) such that the followings hold:

() VicVin jeZ

(2) UjezV; = L*(R) and NjezV; = {0}

(3) fla) € V; <=> f(20) € Vi1

(4) @) eV, => flz—27K) eV, jheZ

(5) There exists a function ¢ € Vo such that {¢p(x —n)}nez forms an un-
conditional basis of Vi, i.e., {d(x — n)}nez is a basis of Vy and there exist two
constants, A, B > 0 such that, ¥(c,) € 12, the following inequality holds

AY lenl® <UD endl- = n)l[P < BY fenl.




VARIATIONAL METHOD...

The function ¢ in Definition 1 is called an MRA generator. Furthermore,
if {¢(z — n)}nez is an orthonormal basis of Vj, then ¢ is called an orthonor-
mal MRA generator (also called an orthonormal scaling function). Assume ¢
satisfies the two-scale equation

=2 h(k)¢2z —k), (h(k))rez € 1°. (2)

keZ

Define the wavelet function 1 by

(x) =2 (-1)Fn(1 - k)¢(2z — k). (3)

keZ

For a function f, we write

finla) =28 (2w —k), j ke (4)

Then {¢;x}rez forms an orthonormal basis of V;. Let W; C L?*(R) be the
subspace spanned by {1, x }kez. Then W is called the wavelet subspace at level
j. Tt is clear that W; LV; and W; ® V; = Vjy1. Hence, 32 W; = L*(R) and
{4k }j.kez forms an orthonormal basis of L(R), called a standard orthonormal
wavelet basis. Recall that we also have

L*(R) =V, @ (®j21,W;) .

Hence, {¢., k}kez U {%jk}j>10,kcz also forms an orthonormal basis of L?(R),
which is called a hybrid orthonormal wavelet basis. Using this basis we can
decompose a function f € L?(R) into the following form

f="Frn+ Y9 Ffn€Vi.g €W,

ji=Jo
Jo = ZaJ07k¢Jo,ku g; = ij,k¢j,k-

Particularly, a function f € V; has the decomposition

J—1

F=Fn+Y_ 9 f1n€Vi.g €W,
j=Jo

Hybrid orthonormal wavelet bases are very useful in many applications be-
cause in the decomposition above fj, provides an estimator of f while g;,j =
Jo, -+ ,J — 1, preserve the details of f at different levels (see Figures 1-3). For
more discussions of wavelet bases, we refer to [12] and [24].

Daubechies ([11], [12]) created compactly supported orthonormal wavelets
bases, which are very useful in wavelet regression. In regression the sample data
are finite. In order to deal with finite data, we need the multiresolution analysis,
scaling functions, wavelets, and wavelet bases on intervals. The details of these
modifications can be found in [10]. In wavelet regression, the wavelet bases on
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final intervals are used in the following way. Let {V;}22, be the MRA defined
on the interval [0, 1] and {W;}32, be the corresponding wavelet subspaces. For
a fixed J, we assume (¢ ) forms an orthonormal basis of Vj, where ¢ has
been modified from its original version 27/2¢(27x — k) as in [10],[13]. After
the modification, the subscript (J, k) indicates the spatial location of ¢ . A
function f € V; is now decomposed to

fi(t) = Z&J,k@i},k(t), ajr =< f, o5 > . (5)

where the sum in (5) is a finite one. Similarly, we have V; = Vj, @j:_}o W; and

J—1 J-1
Fr) = Fr@®) + D git) =D anxbni®) + > Y wistik(t),  (6)

j=Jo Jj=Jo

where aj, . =< f7, 050,k > and wj =< f ;5 > .

For convenience, we write aj=(aj),as, = (aj k), W; = (Wjk), Vo =
[ajy, Wiy, -+, Wy1], and denote the transform from a; to v, by W :
v, = Waj.

We call W the discrete wavelet transform (DWT) and call its inverse W1 the
inverse discrete wavelet transform (IDWT). It is easy to see that when ¢ is an
orthonormal MRA generator and 1 is the corresponding orthonormal wavelet,
W is an orthonormal matrix. It follows that W—! = W7, Without loss of
generality, later we shall always assume Jy = 0.

Based on pyramidal algorithms, Mallat in [18] developed fast algorithms for
computing DWT and IDWT, which are also called Mallat’s algorithms. They
have the computational complexity of O(nlogn), where n =length(ay).

2.2 Adaptive Wavelet Regression

We now return to the model (1). Since the sample data are finite, without loss
of generality, we assume N in (1) is equal to the dimension of the space V;
for a certain level J. (If it is not, we can extend the sample data to let it be.)
Then we can identify the data in (1) to a function of the space V;. Wavelet
regression adopts a wavelet estimator to estimate the underlying function . The
estimator is select from a subspace of V; and the selection is dependent on the
sample data. Hence, wavelet regression usually is a nonlinear regression. For the
given sample data in (1), the wavelet regression can be outlined in the following
diagram.

. Adaptive
Sample Data — — Wavelet Coefficients — Operation —

Modified Coefficients — | IDWT | — Wavelet Estimator
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Let W be the DWT. Let T, : R® — R" be the adaptive operator, which
changes wavelet coefficients for a certain purpose. Then the algorithm that
performs wavelet regression can be written as follows.

vy, = Wy,
vy = Tovy,
y=W1v,
We write
w=wIT,w.

Then W denotes the wavelet regression operator. If the adaptive operator T, is

a compression one, then the adaptive wavelet regression is a wavelet shrinkage

since the number of non-vanished entries of ¥, is smaller than that one of v,,.
The wavelet regression is based on the following facts.

e The orthonormal transform of white noise ~ N (0, 02) is still a white noise.
~ N(0,0?). (See [13].)

e If f is a noise-free function, then most of its wavelet coefficients vanish,
only a very few of them have non-neglected values, which represent the
details of the function.

e If a function f carries noise, then its smooth component f,(¢) in (6) is not
influenced by noise very much, while the wavelet components keep noise.

Figures 1 and 2 show the wavelet decompositions of noise-free functions, and
Figures 3 and 4 show them of noisy functions.

By these properties, in wavelet regression, the adaptive operator T, is se-
lected so that it does not change ag, i.e.,

I 0
.l
where T is the operator on W := 693]:_01 Wj. Let w = [wg,--- ,w;_1] and assume
the length of w is n. We simply denote w = (w;)?_;. Thus,
w=0+z w =0,+z, (7)

where 0; is the wavelet coeflicient of the underlying function f and z; is the
wavelet transform of ¢;. If ¢; is assumed to be the white noise ~ N(0, 0?), so is
zi- Then the wavelet regression is essentially to find a w that minimizes the risk

R(w, ) = E(||w — 0][*). (®)

Since small wavelet coefficients mostly contribute to noise while large ones to
signal, wavelet regression removes the small wavelet coefficients from w.
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Donaho and Johnstone in [13] used two different shrinkages to design T. For
a given threshold A > 0, the hard threshold function is

0, |z] <A
nh(x;/\):{ T, {x{>)\ ’ (9)

and the soft threshold function is

) — 0, lz] < A
6N = { gl — 0, 1o 10)
For a vector w, we write 0, (w; A) = (nn(w;; A)) and ng(w; A) = (ns(wy; A)) re-
spectively. Then the adaptive operators corresponding to 7, (w; A) and ns(w; A)
are T"w =np,(w; \) and T*w =n,(w;)\) respectively.

The choice of the threshold A is a fundamental issue in wavelet shrinkage. A
large threshold cuts too many coefficients and will result in an oversmoothing
estimator. Conversely, a small threshold does not remove noise well and will
produce a wiggly, undersmoothing estimator. The proper threshold ought to
take a careful balance. A lot of work have been done in this aspect. (See [1],
(2], [7], [12],[13], [14], [15], [16], [29], [30], [31], and [32].)

Blocks Wavelet level 1
15 4
10 2
5 [0}
o) -2
5 -4
[0} 500 1000 1500 [0} 500 1000 1500
Wavelet level 2 Wavelet level 3
4 4
2 2
[0} [0}
-2 -2
—4 -4
[0} 500 1000 1500 [0} 500 1000 1500
Wavelet level 4 Smooth level
4 15
2 10
(o) 5
-2 [0}
-4 -5
(o) 500 1000 1500 (o) 500 1000 1500

Figure 1. Wavelet decomposition of Block. Up to Level 4.
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Bumps Wavelet level 1
30 0.2
0.1 1
20 1
0 ]
10 1
—0.1 ]
0o -0.2
(0] 500 1000 1500 (0] 500 1000 1500
Wavelet level 2 Wavelet level 3
2 2
1 1 1 1
(0] 1 (0] 1
-1 -1
0 500 1000 1500 0 500 1000 1500
Wavelet level 4 Smooth level
2 20
1 | wM |
0 1 0 1
-1 -10
(0] 500 1000 1500 [0] 500 1000 1500
Figure 2. The wavelet decomposition of Bumps.
Blocks SNR=5 Wavelet level 1
30 5
20
(0]
-5
(0]
-10 -10
(o] 500 1000 1500 [0] 500 1000 1500
Wavelet level 2 Wavelet level 3
5 5
-5 -5
(o] 500 1000 1500 [0] 500 1000 1500
Wavelet level 4 Smooth level
5 30
20
(0] 10
o
-5 -10
(0] 500 1000 1500 (0] 500 1000 1500

Figure 3. Wavelet decomposition of Blocks with noise.
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Bumps SNR=5 Wavelet level 1
20 4
2
10
(0]
(0]
-2
-10 -4
o] 500 1000 1500 o 500 1000 1500
Wavelet level 2 Wavelet level 3
2 2
1 1

o] 500 1000 1500 o 500 1000 1500
Wavelet level 4 Smooth level
2 20
(0]
-2 -10
o] 500 1000 1500 o 500 1000 1500

Figure 4. Wavelet decomposition of Bumps with noise.

3 Variational Method for Wavelet Regression

Wavelet shrinkage is based on the principle that each wavelet coefficient whose
absolute value is smaller than the threshold contributes to noise; otherwise it
contributes to the signal. The threshold in wavelet shrinkage is used to bal-
ance the oversmoothing and undersmoothing. The value of the threshold is
dependent of the noise level, the size of the sampling data, and the smoothness
required by the regression. The authors of [13] and [14] established several rules
for determining thresholds, including Universal thresholding, MiniMax thresh-
olding, SureShrink, Heursure and so on. (See also [15], [16], [29], [30].) These
methods are very effective when noise is white and its level is known. How-
ever, in many applications, the noise type is unknown and the noise level is not
uniform over all sampling areas. It is necessary to study wavelet regression in
a general framework. By definition, regression is the minimization of the risk
function, where the key issue is to remove noise while keeping the features of
the data. Hence, we discuss the variational method for wavelet regression and
reveal the relation between the variational method and the wavelet shrinkage.
Following the idea of [28], to balance the smoothness and the sharpness of
an estimator, we introduce two energy functions. The first energy measures
the distance between the estimator and the sampling data. It is clear that the
estimator should be close to the sample data. Recall that in wavelet regression,
we do not change the function fj, € Vj,. Hence, the distance can be measured
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by the following wavelet deviation energy
Aw) =[fu—w’|P?, (11)

where w® represents the vector of wavelet coefficients of the observation. By
the properties of wavelets, A(u) controls the undersmoothing. Since w" car-
ries noise, the estimator will be undersmoothing if A(u) is close to 0. On the
other hand, the wavelet components of a function represent its wiggle and noise.
Therefore, we can create a weighted wavelet energy to measure the wiggle to-

gether with the noise for data u:
F(u)=u’Gu, (12)

where G(u) is a positive definite (or semi-definite) matrix. Under the assump-
tion that noises are independent random variables, we may assume G is a diago-
nal matrix, in which each entry on the diagonal is a weight function of u;. Recall
that small wavelet coefficients contribute to noise, and large ones contribute to
signal. For the purpose of regression, large weights ought to assign to small
coefficients and vice versa. Hence, we have the following.

Definition 2 Let G be a nonnegative diagonal matriz defined by
G=diag(c;(ui))iz; - (13)

where each ¢; is an even function satisfying the conditions: (1) ¢;(s) > 0 and
lims_so0 ¢i(s) = 0; (2) ¢i(]s|) is decreasing on [0,00). Then

F(u)=u"G,u
1s called the weighted wavelet energy and G is called the weight matrix.

Since G is a diagonal matrix, F'(u) can be simplified to the quadratic form
St s%ci(s). Write gi(s) = s2c¢;(s). Then (gi(s)) is the energy density. The
weighted wavelet energy controls oversmoothing. If F'(u) = 0, then all wavelet
components vanish, which indicates that the estimator is in V}, i.e., the regres-
sion will cause oversmoothing.

We now combine G(u) and A(u) to make an energy function

T'(u) = G(u) + A(u), (14)

where X is the parameter used to balance oversmoothing and undersmoothing.
Thus, wavelet regression can be formulated to the following variational problem:
Find w such that

w =arg(minT'(u)). (15)

Assume each ¢;(s) is differentiable. Then the solution of (15) satisfies the Euler-
Lagrangian equation

g (w) +2\(w —w") =0,
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where g'(w) = (g}(w;)). It follows that
22w + g’ (w) = 2aw?, (16)
ie.
20 w; + ¢’ (wi, wd) = 20w), i=1,---n. (17)

If the matrix G is not a diagonal one, then a nonlinear matrix equation will
replace (17).

We now establish the relation between the variational method and the wavelet
shrinkage. A general linear wavelet shrinkage is formulated as

Tps(wi,6;) = (dwi)iy, 6 €[0,1].

We show that if in F'(u) =Y ¢;(u), each density g; is linear on [0, 0c0), then the
solution of the variational problem (15) leads to a linear shrinkage.

Theorem 3 If a variational problem (15) satisfies

9i(s) = pils|, pi =0 (18)
then it yields a linear wavelet shrinkage.

Proof. Without loss of generality, we can assume the balance parameter A
in I'(u) is 1/2. Otherwise, we use Au;/2 to replace p;. We have

pi(s) = pisgn(s),
which leads to the Euler-Lagrangian equation
s+pisgn(s) =wd, i=1,---,n. (19)

Since p}(0) does not exist, 0 is also a critical point. When |w{| < p;, the equation
(19) has no solution; and when |w?| > p;, the equation has the unique solution

s = sgn(w)) (‘wﬂ — Ni) . (20)

Then it is easy to verify that the vector w = (w;) with

0

o] _ .
wi:sgn(w?)ﬂwi (|w1| ul)Jr zo

n

} - 'ul)-i- = ) (21)

’u)0 — i
%. Then ¢; € [0,1].

i

The theorem is proven. 0.
As applications of Theorem 3, we discuss the wavelet shrinkages by using
hard threshold and soft threshold respectively.
Ezample 1. [Hard thresholding] Let 6 be a given threshold. We assume
in w® each sample value whose absolute value is less than & represents noise.

minimizes I'(u), where z; = max(z,0). Let §; =
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Otherwise it does not carry on noise. The assumption suggests the following

weight:
_ [ o/lsl, |w?| <9,
Cz(s) - { O, U)? > 5’ (22)
which leads
() = dlsl, |w| <4,
pis) = 0, |wd| >4.
and
Ssgnls|, |w? <4
/ — ’ | =
pils) = { 0, w?| > 4.
By (20), the solution w of the variational problem (15) is
R (1 - %)4_10?, wZO S 5;
Wi = { w, w?| > 4. (23)

Hence, when A < %, the solution provides the wavelet shrinkage using the hard
threshold 4.

Example 2. [Soft thresholding] We now assume in w® each sample value
carries on noise~ N (0, 0?).. Hence, we adopt the following weight

ci(s) =6/ s,
which leads p;(s) = d|s| and therefore

pi(s) = dsgn(s).

By (21), the solution w of the variational problem (15) is

which provides the wavelet shrinkage using the soft threshold §/(2)).

4 Examples

In this section, we give several examples to illustrate the function of A in the
wavelet regression. We select four functions to test the regression: “Blocks”is
a step function, which has several step jumps. According to [20] and [21], Lip-
schitz order of a step jump is 0. “Heavy Sine”is a broken sine wave, which has
two jumps. “Bumps”is a continuous function but has a lot of non-differentiable
points, which are classified to be with Lipschitz orders in (0,1). “Doppler”is
smooth everywhere except at the origin, where the function has infinite oscilla-
tions. The white noise is added to the sample data of them. Let o(f) and o(n)
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denote the standard deviation of the function and the noise respectively. In

Figure 5 — Figure 8, we set % = 5. In the regression, we set § = \/20(n)In N,

where N is the size of the data. We also set A =2,1,1/2,1/4,1/10, which yield
the thresholds 6/2, 4, 26,406,100 respectively. In Figure 9, we choose A = 2,
which yield the threshold 40. The results show that the regression is not very
sensitive to small A\, say A < 1/2, but sensitive to A > 1. To regress the func-
tions with singularity as in “Doppler”, a larger A should be chosen. Other tests
show that the regression does not very much rely on the choices of particular
wavelets. ( The figures are not included in this paper.) Using different wavelets
in a regression causes little differences, provided that the size of sampling data
is large (say > 210 when wavelet level is < 4).

When the sampling data carry on the noise with uniform distribution, the
wavelet regression still works well. Figure 10 — Figure 13 show the wavelet
regression of the four functions with uniform noise. Again, the estimator of
“Doppler” produces a larger error.

Acknowledgment. The author thanks the referees for their valuable com-
ments.

Blocks SNR=5
20 20
10 10
(0] o
—-10 -10
[0} 500 1000 1500 (o) 500 1000 1500
A=1 A=1/2
20 20
10 10
(0] o
-10 -10
(0] 500 1000 1500 [0} 500 1000 1500
A=1/4 A=1/10
20 20
10 10
(0] (o]
-10 -10
(o] 500 1000 1500 [0} 500 1000 1500

Figure 5. Wavelet regression for Blocks.
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Heavy Sine SNR=5
10 10
0 0
-10 -10
-20 -20
0 500 1000 1500 (0] 500 1000 1500
A=1 A=1/2
10 10
0 0 M
-10 -10
—-20 -20
0 500 1000 1500 (0] 500 1000 1500
A=1/4 A=1/10
10 10
0 0 M
-10 -10
-20 -20
0 500 1000 1500 (0] 500 1000 1500
Figure 6. Wavelet regression for Heavy Sine.
Bumps SNR=5
20 20
15 1
10 1
10 1
0 ]
5 ]
(] -10
500 1000 1500 (0] 500 1000 1500
A=1 A=1/2
20 20
10 1 10 1
0 1 (0] 1
-10 -10
(0] 500 1000 1500 (0] 500 1500
A=1/4 A=1/10
20 20
10 1 10 1
0 1 0] 1
~10 -10
[0} 500 1000 1500 [0} 500 1000 1500

Figure 7. Wavelet regression for Bumps.
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Doppler SNR=5
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Figure 8. Wavelet regression for Doppler.
Blocks Bumps
20 20
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10
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5
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5 o
—10 -5
o 500 1000 1500 o 500 1000 1500
Heavy Sine Doppler
10 10
5
5
o
o
-5
-5
—10
—-15 —-10
o 500 1000 1500 o 500 1000 1500
. . I
Figure 9. Wavelet regression for A = 2, with % = 5.
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Blocks SNR=5

10 10

5 5 1

(0] [0} 1
-5 -5

(0] 500 1000 1500 [0} 500 1000 1500
A=1 A=1/2

10 10

5 5 1

[«]
o

0o 500 1000 1500 (0] 500 1000 1500
A=1/4 A=0.1
10 10
5 5 1
0 (0] 1
-5 -5
0 500 1000 1500 (o] 500 1000 1500

Figure 10. Wavelet regression of Block with uniform noise.

Heavy Sine SNR=5
5 5
(0] (0] 1
-5 -5 ]
-10 -10
500 1000 1500 o 500 1000 1500
A=1 A=1/2
5 5
(0] (0] 1
-5 -5 ]
-10 -10
(] 500 1000 1500 o 500 1000 1500
A=1/4 A=0.1
5 5
(0] (0] 1
-5 -5 ]
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Figure 11. Wavelet regression of Heavy Sine with uniform noise.



500

WANG
Bumps SNR=5
6 6
4 ]
al
> ]
2l
0 ]
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(0] 500 1000 1500 0 500 1000 1500
A=1 A=1/2
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4t 4 1
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(0] o 1
-2 -2
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Figure 12. Wavelet regression of Bumps with uniform noise.
Doppler SNR=5
0.5 1
0.5 1
(0] 1 (0] 1
-0.5 1
-0.5 -1
(0] 500 1000 1500 0 500 1000 1500
A=1 A=1/2
1 1
0.5 1 0.5 1
(0] 1 (0] 1
-0.5 1 -0.5 1
-1 -1
(0] 500 1000 1500 0 500 1000 1500
A=1/4 A=0.1
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0.5 1 0.5 1
(0] 1 (0] 1
-0.5 1 -0.5 1
-1 -1
(0] 500 1000 1500 0 500 1000 1500

Figure 13. Wavelet regression of Doppler with uniform noise.
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Abstract

In this survey article, we review wavelet methodology in many biosta-
tistical applications of cancer study: microcalcifications in digital mam-
mography, functional MRI data analysis, genome sequence, protein struc-
ture and microarray data analysis, and MALDI-TOF MS data analysis.
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1 Introduction

Wavelet theory has developed now into a methodology used in many disciplines:
mathematics, physics, engineering, signal processing and image compression,
numerical analysis, and statistics, to list a few. Wavelets are providing a rich
source of useful tools for applications in time-scale types of problems. Wavelets
based methods are developed in statistics in areas such as regression, density
and function estimation, modeling and forecasting in time series analysis, and
spatial analysis. The attention of wavelets was attracted by statisticians when
Mallat (see [35] and [36]) established a connection between wavelets and sig-
nal processing and Donoho and Johnstone (see [11] — [13]) found that wavelet
thresholding has desirable statistical optimality properties. Since then, wavelets
have proved very useful in nonparametric statistics, and time series analysis.
Wavelets based Bayesian concepts and modeling approaches have wide applica-
tions in data denoising. Wang [51] in this special issue presents a brief review
of wavelet shrinkage and the application of the variational method for wavelet
regression and shows the relation between the variational method and wavelet
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shrinkage. In recently years, wavelets have been applied to a large variety of
biomedical signals (see [1], [33] for example) and there is a growing interest in
using wavelets in the analysis of sequence and functional genomics data. It is
important to point out that wavelets are very useful, but of course are not, and
will never be a panacea. However, in many statistical data analyses, wavelet
methods can be tried and tested in practice. In the following, we first give an
introduction to wavelets in a relatively accessible format, then briefly mention
techniques of wavelets in medical imaging and signal processing such as in de-
tection of microcalcifications in digital mammography and functional Magnetic
Resonance Imaging (fMRI), and biostatistical applications in molecular biol-
ogy areas such as in genome sequence analysis, protein structure investigation,
and gene expression data analysis. Finally, we present matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) data
analysis using wavelet-based methods.

2 Wavelets

In the following, we review some essential concepts of wavelets and describe the
method of wavelet analysis for statistical data analysis. Roughly speaking, a
wavelet is a little wavy function with certain useful properties. A set of wavelets,
usually is constructed through a single “mother” wavelet, to form a basis of L2
space and provide “building blocks” that can be used to describe any function
in L2. A simple example of wavelets is the Haar function and Haar wavelets
[17]:
Haar began with the function

1, z€[0,1/2);
h(z) =< -1, z€[1/2,1);
0, otherwise.
Forn>1,let n=2"4+k,j>0,0<k< 2 and define
ho(x) = 29/20(27 2 — k) = ;4 ().
It is easy to see that

E k+1
2i" 2i

]

supp () = [

Let
1, =z€]0,1
0, otherwise.

Then the Haar wavelets
hOahla"' 7hn7"'

form an orthonormal basis for L2[0, 1].
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The uniform approximation of f by

is nothing but the classical approximation of a continuous function by step
functions. Clearly, Haar wavelets are not continuous. However, Haar wavelets
allow information to be encoded according to “levels of detail.”

In general, wavelets construction starts with a function equation:

2N-1

¢()= > peod(2-—k) (2.1)
k=0

The equation (2.1) is called the two-scale equation and the function ¢ is called a
scaling function (also referred to as a “father” wavelet). Under some restrictions
(multiresolution analysis conditions), a “mother” wavelet 1) can be obtained by
using the scaling function:

2N—-1

P(@) = Y (=D)Fprrd(2z — k). (22)

k=0

In the late 1980s, Daubechies constructed a family of wavelets, now called
Daubechies wavelets. The easiest example is

3
¢p2(z) = Zpkw(% — k),
k=0

g

where py = 1+4 3.p1 = %g,m = 3+4\/§, and p3 = 1%4‘/; Correspondingly,

the Daubechies wavelet ¥py is the solution of the equation (2.1) determined
by these coefficients (see [9] for details and more orthonormal wavelets). From
Haar wavelets to continuous wavelets took about 80 years!

A wavelet must be localized in time, in the sense that ¢ (t) — 0 quickly as
[t| — oo. The wavelet should be also oscillating about zero so that ffooo Y(t)dt =

0 and even the first m moments are also zero: ffooo thp(t)dt = 0 for k =
0,1,---,m — 1. The oscillation property makes the function a wave. Together
the localized feature, the function i becomes a wavelet. Semi-orthonormal
spline wavelets, often called Chui-Wang wavelets were introduced by Charles
K. Chui and Jianzhong Wang (See [6] for details). These wavelets trade the
translation orthogonality with an explicit expression of the wavelets in terms
of B-spline functions. These wavelets are compactly supported. They are very
easy to compute and to work with.

In some applications, we need to use wavelets with symmetry, orthogonality,
compact support, and high approximation order, simultaneously. This is impos-
sible to achieve according to the above construction scheme. When the coeffi-
cients in the scaling equation (2.1) and wavelet equation (2.2) are matrices and
¢ and v are vectors, then there are two or more scaling functions and an equal
number of wavelets. We call them multi-scaling functions and multiwavelets,
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respectively. These multiwavelets open new possibilities for wavelets to possess
those properties simultaneously. In [24], a set of orthogonal multiwavelets of
multiplicity four was constructed. More recent discussion on multiwavelets can
be found in [28] and [18] and the references therein.

The continuous wavelet transform (CWT) is a linear signal transformation
that uses templates 1q,, = a'/2¢(=2) which are shifted (index b) and dilated
(index a) of a given wavelet function using the mother wavelet function ¥(z).
The wavelet transform of a signal f can be written as

wa(a7 b) = <f7 z/]a,b>'

The CWT maps a one-dimensional signal to a two-dimensional time-scale joint
representation. The resulting wavelet coefficients are highly redundant.

A basic requirement is that the transform is reversible, i.e., the signal f
can be reconstructed from its wavelet coefficients. The distinction between the
various types of wavelet transforms depends on the way in which the dilation
and shift parameters are discretized. This is more desirable in molecular biology
and genetics.

A discrete wavelet transform (DWT) decomposes a signal into several vectors
of wavelet coefficients. Different coefficient vectors contain information about
the signal function at different scales. Coeflicients at coarse scale capture gross
and global features of the signal while coefficients at fine scale contain detailed
information. In practice, it is often more convenient to consider the wavelet
transform for some discretized values of a = 27 (the dyadic scales) and b = k (the
integer shifts). The transform is reversible if and only if the wavelet coefficients
define a wavelet frame A f||> < 3, , [(f,%ap)|> < BJ|f]|?, where A and B are
called bounds of wavelet frame. In particular, if A = B = 1, the set of templates
defines an orthogonal wavelet basis. The important point is that the wavelet
decomposition provides a one-to-one representation of the signal in terms of its
wavelet coefficients. This makes a wavelet basis well suited for any tasks for
which block transforms (Fourier, Discrete Cosine Transform, etc.) have been
used traditionally.

In statistical practice, the discrete wavelet transform plays a role analogous
to the fast Fourier transform in conventional frequency-domain analysis. Unlike
their Fourier cousins, wavelet methods make no assumptions concerning peri-
odicity of the data at hand. As a result, wavelets are particularly suitable for
studying data exhibiting sharp changes or even discontinuities.

Recognize that the wavelet transform on a finite sequence of data points
provides a linear mapping to the wavelet coefficients: w, = W f,,, where the
matrix W = W, «,, is orthogonal and w,, and f,, are n-dimensional vectors. The
wavelet approximation to a signal function f is built up over multiple scales and
many localized positions. For the given family

_ t i t .
(bJ,k:(t) =2 J/2¢(2_J - k)7 wj,k =2 ]/2¢(27 - k)? J= 1727 e 7J'
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The coefficients are given by the projections:

57k :/f(t)QbJ,k(t)dtv dj x :/f(tﬁ/fj,k(t)dt

so that

7
f(t) :Zsjk%k +ZZ dj ¥k (t)

k k j=1

The large J refers to the relatively small number of coeflicients for the low
frequency, smooth variation of f, the small j refers to the high frequency detail
coefficients.

When the sample size n, the number of observations, is divisible by 2, say
n = 27, then the number of coefficients, n can be grouped as, n/2 coefficients
di at the finest level, n/4 coefficients da ) at the next finest level, ---, n/27
coefficients d s and n/ 27 coefficients s 7,k at the coarsest level. In the following,
we demonstrate this by using Haar wavelet, the simplest and crudest member
of a large class of wavelet functions.

We describe a scheme for transforming large arrays of numbers into arrays
that can be stored and transmitted more efficiently. For this purpose, we de-
scribe a method for transforming stings of data using Haar wavelets, called
averaging and differencing. For instance, let us start with a row vector

(2854, 6334, 3226, 2277, 2030, 1323, 367, 2890).

Table 1 shows the results of three steps in the transform process respectively.
The first row in the table is the original data string, which consists of four pairs
of numbers. The first four numbers in the second row are the averages of these
pairs. Similarly, the first two numbers in the third row are the averages of those
four averages, taken two at a time, and the first entry in the fourth and last row
is the average of the preceding two computed averages. The remaining numbers
measure deviations from the various averages. For example, the first four entries
in the second half of the second row are the result of subtracting the first four
averages from the first elements of the pairs that generate them: 2854 — 4594 =
—1740,3226 — 2751.5 = 474.5,2030 — 1676.5 = 353.5,367 — 1628.5 = —1261.5.
These are called detail coefficients, they are repeated in each subsequent row of
the table. The following matrix representation illustrates this three-step process
clearly and precisely.

The first step involved averaging and differencing four pairs of numbers and
it can be expressed as the matrix equation

(4594, 2751.5,1676.5, 1628.5, —1740,474.5, 353.5, —1261.5)
= (2854,6334,3226,2277,2030, 1323, 367,2890) H,
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| 2854 | 6334 | 3226 [ 2277 | 2030 | 1323 | 367 | 2890 |

| 4594 | 2751.5 | 1676.5 [ 1628.5 | -1740 | 474.5 | 353.5 | -1261.5 |

| 3672.8 | 1652.5 | 921.3 |

24

| -1740 | 4745 | 353.5 | -1261.5 |

[2662.6 [ 1010.1 | 921.3 |

24

| -1740 | 4745 | 353.5 | -1261.5 |

Table 1: Results of a vector after three steps of Haar wavelet transformation.

where H;j is the matrix

[1/2
1/2

0

oo o oo

0
0
1/2
1/2
0
0
0
0

0
0
0
0
1/2
1/2
0
0

0
0
0
0
0
0

1/2
1/2

1/2
_/2
0

0
0
0
0
0

0
0

1/2

~1/2

0

0
0
0

o O O

0
1/2
~1/2
0
0

OO O OO

0
1/2

~1/2]

The transitions of the second step and the third step are equivalent to the matrix
equations

and

(3672.8,1652.5,921.3, 24, —1740, 474.5, 353.5, —1261.5)
(4594, 2751.5,1676.5, 1628.5, —1740, 474.5, 353.5, —1261.5) H,

(2662.6,1010.1,921.3, 24, —1740, 474.5, 353.5, —1261.5)
(3672.8,1652.5,921.3, 24, —1740, 474.5, 353.5, —1261.5) Hs,

where Hs and Hj, respectively are the matrices

[1/2
1/2

0

OO O OO

0
0
1/2
1/2
0
0
0
0

1/2
—/2

0

0
0
0
0
0

0
0
1/2
~1/2
0

0
0
0

with the single equation:

(2662.6,1010.1,921.3, 24, —1740, 474.5, 353.5, —1261.5)

O OO+ OO OO

S o, O OO oo

O R OO oo oo

_ O OO0 oo oo

1/2
1/2
0

OO O OO

1/2
—/2
0

o O o oo

0
0
1
0
0
0
0
0

SO oo OO O

(2854, 6334, 3226, 2277, 2030, 1323, 367, 2890) W,

OO O OO OO

OO OO O OO

O R OO oo oo

—_— 0 O O oo oo

Thus, the combined effect of the Haar wavelet transform can be achieved
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where W = HiHsHs. Noticing that the columns of H;’s are orthogonal, each
of these matrices are invertible. The inverses simply reverse the three averaging
and differencing steps. In any case, we can recover the original string from the
transformed version by means of the inverse Haar wavelet transform:

(2854, 6334, 3226, 2277, 2030, 1323, 367, 2890)
= (2662.6,1010.1,921.3,24, —1740, 474.5, 353.5, —1261.5)W

where W~ = Hy'Hy;'H;'. Tt becomes a routine matter to construct the
corresponding 2™ x 2™ matrices H;, ¢ = 1,--- ,n needed to work with strings
of length 2™. In general, there is no loss of generality in assuming that each
string’s length is a power of 2.

In image compression, not only the row transformations but also column
transformations are applied to image matrices (see [16] and [22] for example).

Applications of wavelets in statistics can be found in [3], [39], [45], and the
references therein. In the following, we only emphasize to review biostatistical
wavelet applications of medical science, particularly in cancer study.

3 Wavelet-Based Detection of Microcalcifications

in Digital Mammography

There are many applications of wavelets in medical image analysis. For example,
quantitative neuroimaging by position emission tomography (PET) is a major
research tool to investigate functional brain activity in vivo dynamic processes
occurring in discrete brain region. The main difficulty with the analysis of
PET data is the absence of reliable anatomical markers and the fact that the
shape and size of the brain may very substantially from one subject to another.
In [49], the authors proposed an image-based statistical method for detecting
differences between subject groups. The two important processing steps in their
methodology are (i) the registration of the individual brain images, and (ii) the
subsequent statistical analysis in order to detect differences in functional activity
between subject groups. Wavelet transform plays an important role in each step,
but for different reasons. In [30], wavelet compression technique is used for the
low-dose chest CT data analysis. Wavelet image decomposition for the detection
of myocardial viability in the early postinfarction period with the wavelet-based
method for texture characterization is discussed in [40]. Ultrasonic liver tissues
classification by fractal feature vector based on M-band wavelet transform can
be found in [31].

Breast cancer is the main cause of death for women between the ages of 35
and 55. It has been shown that early detection and treatment of breast cancer
are the most effective methods of reducing mortality. The detection of micro-
calcifications plays a very important role in breast cancer detection because
these microcalcifications can be the only mammographic sign of nonpalpable
breast disease. Screen-film mammography is widely recognized as being the
only effective imaging modality for early detection of breast cancer. Though
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advances in screen-film mammographical technology have resulted in significant
improvements in image resolution and film contrast, images provided by screen-
film mammography remain very difficult to interpret. Mammograms are of low
contrast, and features in mammograms indicative of breast disease, such as the
microcalcifications, are often very small. The theory of wavelets provides a com-
mon framework for numerous techniques developed independently for various
signal and image processing applications. For example, multiresolution image
processing, subband coding, and wavelet series expansions are the different views
of this theory. In [52], an approach is presented for detecting microcalcifications
in digital mammograms employing wavelet-based subband image decomposition.
The authors proposed a system for microcalcification detection under the hy-
pothesis that the microcalcifications present in mammograms can be preserved
under a transform which can localize the signal characteristics in the original
and the transform domain. Therefore, microcalcifications can be extracted from
mammograms by suppressing the subband of the wavelets-decomposed image
that carries the lowest frequencies and contains smooth background information,
before the reconstruction of the image. Multiresolution-based segmentation for
the detection and enhancement of the microcalcifications is also presented in
[42]. Very recently, the authors in [26] present the implementation and evalu-
ation of a novel enhancement technique for improved interpretation of digital
mammography with wavelet processing. A new algorithm for enhancement of
microcalcifications in mammograms is given in [20] and highly regular wavelets
are used for the detection of clustered microcalcifications in mammograms in
[32]. More wavelet applications of medical imaging can be found in [48].

4 Wavelet-Based Functional MRI Data Analysis

Functional Magnetic Resonance Imaging (fMRI) is a technique for determining
which part of the brain are activated by different types of physical sensation or
activity, such as light, sound or the movement of a subject’s fingers. This “brain
mapping” is achieved by setting up an advanced MRI scanner in a special way
so that the increased blood flow to the activated areas of the brain shows up on
functional MRI scans. Functional MRI is based on the increase in blood flow to
the local vasculature that accompanies neural activity in the brain. This results
in a corresponding local reduction in deoxyhemoglobin because the increase in
blood flow occurs without an increase of similar magnitude in oxygen extraction.
Since deoxyhemoglobin is paramagnetic, it alters the T2* weighted magnetic
resonance image signal. Thus, deoxyhemoglobin is sometimes referred to as an
endogenous contrast enhancing agent, and serves as the source of the signal
for fMRI. Using an appropriate imaging sequence, human cortical functions
can be observed without the use of exogenous contrast enhancing agents on a
clinical strength (1.5 T) scanner. Functional activity of the brain determined
from the magnetic resonance signal has confirmed known anatomically distinct
processing areas in the visual cortex, the motor cortex, and Broca’s area of
speech and language-related activities. Further, a rapidly emerging body of
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literature documents corresponding findings between fMRI and conventional
electrophysiological techniques to localize specific functions of the human brain.
Consequently, the number of medical and research centers with fMRI capabilities
and investigational programs continues to escalate.

The main advantages to fMRI as a technique to image brain activity re-
lated to a specific task or sensory process include 1) the signal does not require
injections of radioactive isotopes, 2) the total scan time required can be very
short, i.e., on the order of 1.5 to 2.0 min per run (depending on the para-
digm), and 3) the in-plane resolution of the functional image is generally about
1.5 x 1.5 mm although resolutions less than 1 mm are possible. To put these
advantages in perspective, functional images obtained by the earlier method of
positron emission tomography, PET, require injections of radioactive isotopes,
multiple acquisitions, and, therefore, extended imaging times. Further, the ex-
pected resolution of PET images is much larger than the usual fMRI pixel size.
Additionally, PET usually requires that multiple individual brain images are
combined in order to obtain a reliable signal. Consequently, information on a
single patient is compromised and limited to a finite number of imaging ses-
sions. Although these limitations may serve many neuroscience applications,
they are not optimally suitable to assist in a neurosurgical or treatment plan
for a specific individual.

Wavelet transformation is a time-frequency representation which decomposes
the signal according to a set of functions through translation and dilation op-
erations. Such a time-frequency representation could provide a more efficient
solution than the usual Fourier-transform or other methods presently available
to process MRI data. One of the first application of wavelet transform in med-
ical imaging was for noise reduction in MRI [53]. The approach proposed there
was to compute an orthogonal wavelet decomposition of the image and apply
the following soft thresholding rule on the wavelet coefficients ¢; i, = (f, s x):

Cik —tiy Cik 2> ti,
cik =10, lei k| < ti,
Cikk iy Cip < —t,

where t; is a threshold that depends on the noise level at the ith scale. The
image is then reconstructed by the inverse wavelet transform of the ¢;’s.
Ruttimann et al. [41] have proposed to use the wavelet transform for the
detection and localization of activation patterns in fMRI. The idea is to ap-
ply a statistical test in the wavelet domain to detect the coefficients that are
significantly different from zero. In [14], the authors improved the method by
replacing the original z-test by a t-test that takes into account the variability of
each wavelet coefficient separately. A key issue is to find out which wavelet and
which type of decomposition is best suited for the detection of a given activation
pattern. Various brands of fractional spline wavelets are applied and an exten-
sive series of tests using simulated data are performed. An interesting practical
finding is that performance is strongly correlated with the number of coefficients
detected in the wavelet domain, at least in the orthonormal and B-spline cases.
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Therefore, it is possible to optimize the structural wavelet parameters simply
by maximizing the number of wavelet counts, without any prior knowledge of
the activation pattern.

A new method is proposed in [25] for activation detection in event-related
fMRI. The method is based on the analysis of selected resolution levels in trans-
lation invariant wavelet transform domain. The power in different resolution
levels in wavelet domain is analyzed and an optimal set of resolution levels is
selected. A randomization-based statistical test is then applied in wavelet do-
main for activation detection. The problem of detecting significant changes in
fMRI time series that are correlated to a stimulus time course is addressed in
[37]. The fMRI signal is described as the sum of two effects: a smooth trend
and the response to the stimulus. The trend belongs to a subspace spanned by
large scale wavelets. The wavelet transform provides an approximation to the
Karhunen-Loeve transform for the long memory noise. A scale space regression
is developed that permits carrying out the regression in the wavelet domain
while omitting the scales that are contaminated by the trend.

In [43], two iterative procedures obtained from the application of wavelet
transform to noise-free magnetic resonance spectroscopy (MRS) signals com-
posed of one and two resonances, respectively, are tested on simulated and real
biomedical MRS data.

5 Wavelet-Based Molecular Biology Data Analy-
sis

In this section, we briefly review the most interesting applications of wavelets in
genome sequence analysis, protein structure investigation, and gene expression
data analysis.

The Human Genome Project (HGP) was one of the great feats of exploration
in history, an inward voyage of discovery rather than an outward exploration of
the planet or the cosmos. An international research effort to sequence and map
all of the genes - together known as the genome - of members of our species,
Homo sapiens, the HGP was completed in April 2003. Now we can, for the first
time, read nature’s complete genetic blueprint for building a human being.

Integral to the HGP are similar efforts to understand the genome of various
organisms commonly used in biomedical research, such as mice, fruit flies and
roundworms. Such organisms are called "model organisms,” because they can
often serve as research models for how the human organism behaves.

In order to fully understand these genomes, the HGP also develops technolo-
gies for genomic analysis, and trains scientists who will be able to use the tools
and resources created by the HGP to perform research that will improve human
health. Recognizing the profound importance and seriousness of this venture,
another mission of the HGP - and NHGRI - is to examine the ethical, legal and
social implications of human genetic research.

Wavelets can be useful in detecting patterns in DNA sequences. In [34], it
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was shown that wavelet variance decomposition of bacterial genome sequences
can reveal the location of pathogenicity islands. The findings show that wavelet
smoothing and scalogram are powerful tools to detect differences within and
between genomes and to separate small (gene level) and large (putative patho-
genicity islands) genomic regions that have different composition characteristics.
An optimization procedure improving upon traditional Fourier analysis perfor-
mance in distinguishing coding from noncoding regions in DNA sequences was
introduced in [2]. The approach can be taken one step further by applying
wavelet transforms.

Proteins are macromolecules (heteropolymers) made up from 20 different
L-a-amino acids, also referred to as residues. A certain number of residues
is necessary to perform a particular biochemical function, and around 40-50
residues appears to be the lower limit for a functional domain size. Protein
sizes range from this lower limit to several hundred residues in multi-functional
proteins. Very large aggregates can be formed from protein subunits, for ex-
ample many thousand actin molecules assemble into a an actin filament. Large
protein complexes with RNA are found in the ribosome particles, which are in
fact 'ribozymes’.

To find the similarities between two or more protein sequences is of great
importance for protein sequence analysis. In [10], a comparison method based
on wavelet decomposition of protein sequences and a cross-correlation study was
devised that is capable of analyzing a protein sequence “hierarchically”, i.e., it
can examine a protein sequence at different spatial resolutions. A sequence-
scale similarity vector is generated for the comparison of two sequences feasible
at different spatial resolutions (scales).

In the process of protein construction, buried hydrophobic residues tend to
assemble in a core of a protein. Methods used to predict these cores involve use
or no use of sequential alignment. In the case of a close homology, prediction
was more accurate if sequential alignment was used. If the homology was weak,
prediction would be unreliable. A hydrophobicity plot involving the hydropathy
index is useful for purposes of prediction. In [21], wavelet analysis is used for
hydrophobicity plots to quantitatively decompose to high and low frequencies.
The prediction of hydrophobic cores of proteins was made with low frequency
extracted from the hydrophobicity plot.

The cosine Fourier series and discrete wavelet transforms are applied in [38]
for describing replacement rate variation in genes and proteins, in which the
profile of relative replacement rates along the length of a given sequence is
defined as a function of the site number. The new models are applicable to
testing biological hypotheses such as the statistical identity of rate variation
profiles among homologous protein families.

Microarray technology allows us to analyze the expression pattern of hun-
dreds of genes. The use of statistics is the key to extracting useful information
from this technology. Recently, “False Discovery Rate” (FDR) becomes a very
useful inferential approach in the analysis of microarray data [47]. The FDR is
the expected proportion of rejected hypotheses that are falsely rejected. When
the model is sparse, FDR-like selection yields estimators with strong large sam-
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ple adaptivity properties. One natural application of FDR is threshold selection
in wavelet denoising. In wavelets thresholding, FDR is the proportion of wavelet
coefficients erroneously included in the reconstruction among those included.
This approach might lead to other applications of wavelets in microarray data
analysis.

6 Wavelet Applications in MALDI-TOF MS Data
Analysis

In recent years there has been a great amount of interest in investigating the
biochemical events involved in the metabolism of peptides, primarily in the
brain and gut of mammals, encompassing the enzymatic breakdown of these
peptides, their production from peptide and protein precursors, and the dis-
ruption of these processes by certain xenobiotics. Modern mass spectrometric
techniques are used in these studies, including electrospray and matrix-assisted
laser desorption-ionization mass spectrometry (MALDI MS) (for example, [5],
[29], [50], and the references therein).

Matrix-assisted laser desorption-ionization, time-of-flight (MALDI-TOF) mass
spectrometry (MS) is emerging as a leading technology in the proteomics revolu-
tion. Indeed, the Nobel prize in chemistry in 2002 recognized MALDTI’s ability to
analyze intact biological macromolecules. Though MALDI-TOF MS allows di-
rect measurement of the protein “signature” of tissue, blood, or other biological
samples, and holds tremendous potential for disease diagnosis and treatment,
key challenges remain in signal normalization and quantitation (for example,
see [4], [7], [19], [46], and the references therein). Wavelet methods promise a
principled approach for evaluating these complicated biological signals.

Mass spectrometry, especially surface enhanced laser desorption and ion-
ization (SELDI), is increasingly being used to find disease-related proteomic
patterns in complex mixtures of proteins derived from tissue samples or from
easily obtained biological fluids. In [8], a wavelet-based method was proposed to
the low-level processing of SELDI spectra data. This method was motivated by
the idea that the total ion current is a surrogate for the total amount of protein
in the sample being measured. If the baseline correction algorithm starts with
the raw spectrum and ensures that the corrected signal never becomes negative,
then electronic noise contributes a substantial portion of the total ion current,
and one normalizes, in part, to the noise. Statistically, the low-level processing
of mass spectra reduces to decomposing the observed signal into three compo-
nents: true signal, baseline, and noise:

f(t) =B(t)+ N -S(t) +€(t),

where, f(t) is the observed signal, B(t) is the baseline, S(t) is the true signal,
N is the normalization factor, and €(t) is the noise. It has been shown that the
nonorthogonal discrete wavelet transform can be used to denoise MS SELDI data
and the peaks in the intensity can be rapidly identified and precisely quantified.



WAVELET APPLICATIONS...

Lung cancer kills more Americans each year than the next four leading cancer
killers— cancers of the colon, breast, prostate and pancreas — combined.

What eludes medical science is a reliable method to screen those high-risk
people for lung cancer so that the disease is caught early enough to make a
difference in survival. Proteomics-based approaches complement the genome
initiatives and may be the next step in attempts to understand the biology of
cancer. It is now clear that the behavior of individual non-small cell lung can-
cer tumors cannot be understood through the analysis of individual or small
number of genes, so cDNA microarray analysis has been employed with some
success to simultaneously investigate thousands of RNA expression levels and
begin to identify patterns associated with biology. However, mRNA expressions
are poorly correlated with protein expression levels, and it cannot detect im-
portant post-translation modifications of proteins, all very important processes
in determining protein function. Accordingly, comprehensive analysis of pro-
tein expression patterns in tissues might improve our ability to understand the
molecular complexities of tumor cells.

MALDI-TOF MS can profile proteins up to 50 kDa in size in tissue. This
technology can not only directly assess peptides and proteins in sections of tumor
tissue, but also can be used for high resolution image of individual biomolecules
present in tissue sections. The protein profiles obtained can contain thousands
of data points, necessitating sophisticated data analysis algorithms.

Wavelets are providing a rich source of useful tools for applications in time-
scale types of problems. In analysis of signals, the wavelet representations allow
us to view a time-domain evolution in terms of scale components. The adaptivity
property of wavelets certainly can help us to determine the location of peak
difference(s) of MALDI-TOF MS protein expressions between cancerous and
normal tissues in terms of molecular weights.

Wavelets, as building blocks of models, are well localized in both time and
scale (frequency). Signals with rapid local changes (signals with discontinu-
ities, cusps, sharp spikes, etc) can be precisely represented with just a few
wavelet coefficients. In [23], we apply wavelet transform together with cluster-
ing techniques [15] and weighted flexible compound covariate method [44] to
the MALDI-TOF MS data from lung cancer patients. Class-prediction models
based on wavelet coeflicients were found to classify lung cancer histologies and
distinguish primary tumors.

Very recently, wavelets are used for neural classification of lung sounds analy-
sis in [27].
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