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Abstract: In the present paper, the stability of Coalescence Hidden variable Fractal Interpolation Sur-
faces(CHFIS) is established. The estimates on error in approximation of the data generating function by
CHEFIS are found when there is a perturbation in independent, dependent and hidden variables. It is proved
that any small perturbation in any of the variables of generalized interpolation data results in only small per-
turbation of CHFIS. Our results are likely to be useful in investigations of texture of surfaces arising from
the simulation of surfaces of rocks, sea surfaces, clouds and similar natural objects wherein the generating
function depends on more than one variable.
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1 Introduction

The theory of fractal interpolation has become a powerful tool in applied science and engineering since Barnsley [1] in-
troduced Fractal Interpolation Function (FIF) using the theory of Iterated Function System (IFS). Massopust [8] extended
this concept to Fractal Interpolation Surface (FIS) using IFS wherein he assumed the surface as triangular simplex and
interpolation points on the boundary to be co-planar. In view of lack of flexibility in his construction, Geronimo and
Hardin [6] generalized the construction of FIS by allowing more general boundary data. Subsequently, Xie and Sun [10]
used bivariate functions on rectangular grids with arbitrary contraction factors and without any condition on boundary
points to construct Bivariate FIS. Dalla [5] improvised this construction by using collinear boundary points and proved
that the attractor is continuous FIS. However, all the constructions mentioned above lead to self-similar attractors.

A non-diagonal IFS that generates both self-affine and non-self-affine FIS simultaneously depending on the free vari-
ables and constrained variables on a general set of interpolation data is constructed in [2]. The attractor of such an IFS
is called Coalescence Hidden-variable Fractal Interpolation Surface (CHFIS). Since the CHFIS passes through the given
data points, any small perturbation in the data points results in the perturbation of the corresponding CHFIS.

The construction of a Coalescence Hidden-variable Fractal Interpolation Function (CHFIF) of one variable and in-
vestigation of its stability is studied in [3, 4]. A CHFIF is an important tool in the study of highly uneven curves like
fractures in rocks, seismic fracture, lightening, ECG, etc. However, it can not be applied for the study of highly uneven
surfaces such as surfaces of rocks [10], sea surfaces [9], clouds [11] and many other naturally occuring objects for which
the generating function depends on more than one variable. A CHFIS is a preferred choice for the study of these naturally
occurring objects. The quantification of smoothness of such surfaces in terms of Lipschitz exponent of its corresponding
CHFIS is investigated recently in [7]. The purpose of the present paper is to investigate the stability of such CHFIS.
The estimates on error in approximation of the data generating function by CHFIS are found individually when there is
a perturbation in independent, dependent or hidden variable. These estimates together give the total error estimate on
CHFIS when there is perturbation in all these variables simultaneously. It is proved that any small perturbation in any of
the variables of generalized interpolation data results in only small perturbation of CHFIS. Unlike the case of CHFIF, the
stability of CHFIS is studied with respect to Manhattan metric and requires the perturbations in generalized interpolation
data to be governed by an invariance of ratio condition. Our results are likely to find applications in texture of surfaces of
naturally occurring objects like surfaces of rocks, sea surfaces, clouds, etc..
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A brief introduction of CHFIS is given in Section 2. In Section 3, some auxiliary results that are needed to establish
the stability of CHFIS are derived. Our main stability result is established in Section 4 via stability results found individ-
ually for perturbation in independent variables, the dependent variable and the hidden variable. Finally, these results are
illustrated in Section 5 through simulation of a sample surface with given data as well as with perturbed data obtained by
small variations of concerned variables in the given data.

2 Preliminaries

For the given interpolation data {(x;,y;,%) : ¢ =0,1,...,Nand j = 0,1,..., M}, where, N, M € N, z; ; € (a,b)
and —oo < a < b < oo, consider the generalized interpolation data A = {(x;,y;, 2 j,ti;) : 4 =0,1,..., N and j =
0,1,...,M}, where t; ; € (¢,d) and —o0 < ¢ < d < oo. Set I = [zg,zn], J = [yo,ym], S =1 xJ, D =
(a,b) x (¢,d), Iy = [@n-1,Zn], Jm = [Ym—-1,Ym] and Sy, p, = I, X J, forn =1,...,Nandm =1,..., M. Let, the
mappings ¢y, : I = I, Y 0 J = Jpand F, ,, : S x D — D forn=1,...,N, andm = 1,..., M be defined as
follows:

Tn Tp—1
(bn(x) =Tp-1+ IN — o (1‘ Io),
Ym — Ym—1
¢m(y) = Ym-1+ = = (y_yO)»
Ym — Yo

Fn,m(xa Y, =, t) = (en,m T+ fn,m Yy + On,m 2 + ﬂn,m t+ In,m TY + kn,mv
én,m T+ fn,m Y+ Tn,m t+ gn,m Ty + ];n,m)-

Here, a;, m, and 7, ,, are free variables chosen such that |a, | < 1 and |y, | < 1. |Brn,m| is a constrained variable
chosen such that |3, | + |Yn,m| < 1. Let the function F,, ,, satisfy the following join-up condition:

From (20,90, 20,0,%0,0) = (Zn—1,m—1,tn—1,m—1)
Fn,m($N7yOvZN,O7tN,O) (an 1 nmfl) (1)
Fn,m(x07yMaZO,Mat07]W) = (zn lm; n— lm)
Fom(@n,ym, 2nnte) =
k

Zn,m nm)

Using the condition (1), the values of €, 1y, fn,ms 9nms Enm, €n.ms frm, Gn,m and ky, , are determined as follows:

o anl,mfl_anl,m_zn,mfl'f'zn,m_Q’n,mzeva_5n,mteva

Ynm = (@o—a) (vo—ynr)
e Zn—1,m—1—2n,m—1—0n,m(20,0—2N,0) —PBn,m(t0,0—tN,0) —gn,m (To—Z N ) Yo

m (zo—zN)
f _ Zn—1,m—1—Zn—1,m—%n m(20,0—20,M ) —Pn,m(to,0—to,p ) —Gn,m (Yo—yrr)To

nm. (yo—ynr)
kn,m = Znm — EamIN — fn,myM — O mZN.M — Bn,th,M — InmINYM
~ _ tn—1,m—1—tn—1,m—tn,m—1+ttn,m—Yn,m teva (2)
Ynm = (zo—zN)(yo—yar)
: _ tn—1,m—1—tn,m—1—"Yn,m(t0,0—tN,0) —Jn,m(To—T N )Yo

nm.o (zo—zN)
]Z _ tnimo1—tn1m—ym,m(to,0—t0, M) =Gn,m (Yo —yr)To

n,m (yo—yar)
kn,m = tn,m — EpmIN — fn,myM - ’Yn,th,M — InmINYM

where Zeyq = 2N, M —2N,0 —20,M +20,0 and tepq = tn 0 —tN,0 —to,a +10,0- Now define the functions G, (2, y, 2, 1)
and wy, (2,9, 2, 1) as

Fot1m(z0,9,2,t), z=2zy, n=1,...,.N—-1, m=1,.... M
Gnm(z,y,2,t) = ¢ Fomt1(x,v0,2,t), y=yn, n=1...,N m=1,...,M -1
F, (2., 2,t), otherwise.

and Wy, m (7,9, 2,t) = (G0 (2), Vi (¥), Gnom (2, Y, 2,1)). Then, {R*,wy, m :n =1,...N; m =1,... M} constitutes an
IFS for the generalized interpolation data /. It is known [2] that there exists a metric 7 on R*, equivalent to the Euclidean
metric, such that the IFS is hyperbolic with respect to 7 and there exists a unique non-empty compact set G C R* such

that G = U U wn,m (G). The set G is called the attractor of the IFS for the given interpolation data. Further, G is the

n=1m=1

graph of a continuous function F' : S — R? such that F'(z;,y;) = (2 j,t; ;) fori =0,1,...,Nandj = 0,1,..., M i.e.
G={(z,y,F(z,y)): (z,y) € Sand F(z,y) = (2(z,y),t(z,y))}.
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Definition 1 Ler F(x,y) be written component-wise as F(z,y) = (Fi(z,y),F2(x,y)). The Coalescence Hidden-
variable Fractal Interpolation Surface (CHFIS) for the given interpolation data {(x;,y;,2; ;) :i=0,1,...,Nand j =
0,1,..., M} is defined as the surface z = Fy(z,y) in R3.

It is easily seen that the function F'(x, y) described above satisfies

F($7y) = Gn,m(¢’r_zl(x)vw;zl(y)7F(¢r_zl(x)vwn_zl(y)))

for all (z,y) € Spm, n=1,2,...,Nand m = 1,2,..., M. Consequently, if the function G,, ,,,(x, ¥y, 2, t) is written
component-wise as Gy, i (2,9, 2,t) = (G}, (2, y), G3 . (2, y)), then

Fl((bn(x)vwm(y)) = G}L,m(l'vya Fl(l'vy)a FQ(xvy)) = Oén_’m Fl(l'vy) + ﬂn,m FQ(xvy) +pn,m($7y)
Fy(¢n(x), vm(y)) = G3 (2,9, Fi(2,y), F2(2,9)) = Ynm F2(2,9) + Gnm (2, y)

where

pn,m(x7 y) =enpmT+ ~fn,m Y+ Gnm TY +~kn,m } 3)

qn,m(xa y) = én,m T+ fn,m Y+ gn,m Ty + kn,m-

3 Some Auxiliary Results

In this section, we develop some results that are needed in the sequel for investigating the stability of CHFIS in Section 4.

Let —oo < zfy <z} < ... <z} and —oo < y5 < yi < ... < yy be abounded set of real numbers in x and y axis.
Denote I = [uf, 23], J* = [y, yi ). 5% = I x J* It = [ty 23], Ji = [y 5) and S5, = I x J7, for
n=1,...,Nandm =1,..., M.. Similar to ¢,, and v,,, in section 2, we construct homeomorphisms ¢}, and v;;, where
¢y, 1" — Iy and ¢y, 0 J* — J;,. Now, define the map Ry, 1, ¢ Snym — Sy, by

Ry m(z,y) = <ffn1 + I (= T), Yo o (Y — ym1)>
Tp — Tn-1 Ym — Ym—1

and the linear piecewise map R : S — S* as

R(z,y) = Ry m(z,y) forall x € I, and y € Jp, 4)
Similarly, the maps Ky, 1, : S, ,, — Sn,m and K : S — S are defined as
% Tn — Tp—1 * * Ym — Ym—1 % «
Kn,’rn .,y )= <an_1 + v o+ & Ty 1) Ym-1 + —~ Y —Yn- )
( ) .’E;’;—(Enil ( 1) y:n_ymfl ( 1>
and
K(z*,y*) = Kpm(z*,y") forall z* € I and y* € J},. ®)

It is easily seen that K = R™'. Set &, (7, y) = (¢n(2), ¥ (y)) and &, . (x,y) = (¢} (x), ¥}, (y)). We assume the
following invariance of ratio condition for any two sets A = {(x;,y;,2i j,ti;) :4=0,1,...,Nand j =0,1,..., M}
and A* = {(z}, Y5, Zigs tij):1=0,1,...,Nandj =0,1,..., M} of the generalized interpolation data points :

(l'g - Ii\/) _ (:C:_l - 33:) and (yi - yi\/l) _ (yT—l - yT) (6)
(x5 —an)  (zho—=3) Wo —var) W1 — Y
By (6), we observe that forn =1,2,..., Nandm =1,2,..., M,

;kz,m(x*7y*) = (Rogn,moK)(m*>y*)
F;,m(x*’y*7zﬁt) = Fn,m(K($*7 *),Z,t)

Thus, the dynamical systems {.5; &, } and {S*;&;; ., } are equivalent. Using this equivalence of dynamical systems, we
first prove the following proposition needed for establishing the smoothness of CHFIS in Proposition 2:

)
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Proposition 1 Let A = {(z;,y;,%5,ti;) :1=0,1,...,Nand j =0,1,... ,M} and N* =
=0,1

{(xj,y;,zi}j,ti’j) 1 =0,1,...,N and j ,1,..., M} be any two sets of generalized interpolation data for the
IFS {RY: wym (2, y,2,t),n = 1,...,N;m = 1,..., M} and {R4;w;"17m(:r*,y*,z7t),n =1,....Nym=1,...,M}

respectively, with the same choice of free variables and constrained variable. Let the points of /\ and /N\* satisfy the
invariance of ratio condition (6). Then, F, as defined in Section 2, is the CHFIS associated with {R*; Wnm (2, Y, 2,t), n=
L,....,N;m = 1,...,M} iff Fo R~ is the CHFIS associated with {R‘l;w;ﬁ)m(ﬂc*,y*,z,t), n=1...,N;m =
1,..., M}, where R is defined by (4).

Proof. Let F'(z, y) be the CHFIS associated with the IFS {R*; w,, (2,9, 2,t),n=1,...,N,m = 1,..., M}. It follows
from (7) that,

Ey o (G (25,9%), Fo RN (&1 (2%,y"))) = Fom (K 0 & (2%, y%), FoR™H& (2%, yY))
= Fpm (b 0 K(2*,y%), F(&, ), 0 K(z*,y")))
= Fpm (6,1 (2), ¥  (v), F(8," (), ¥, (1))
= F(z,y)

— FOR_l(x*,y*)

Thus, F' o R~ is the CHFIS associated with {R*;w?: , (¢*,y*,z,t),n=1,...,Nym=1,...,M}.
Conversely, assume that the above identity holds for CHFIS F o R~!. Then, for x € I,, and y € J,,,,

Fom (& (@), F(&n (@) = Fr o (K o &0 (2,y), F(6,,(2,y)))
=F; (&m0 R(z,y), FoR™ &1 o R(z,y)))
=F; . (6n71(@%), v M y®), Fo R (e M (@), vi ' (y™))
= FoR™'(z",y")
= F(x,y)

Hence, F(x, y) is the CHFIS associated with the IFS {R*; w,, n(2,9,2,¢), n=1,...,Nandm=1,..., M}. [ [
2
Let X = (z1,22),Y = (y1,92) € R? and dps(X,Y) = 3 |#; — vi| be the Manhattan metric on R?. A function
i=1
F : R? — R is said to be a Lipschitz function of order § (written as F' € Lip ) if it satisfies the condition |F(X) —
FY)| <c [du(X, Y)]’S , 0 € (0,1] and ¢ is a real number. The real number 0 is called the Lipschitz exponent and c is
called the Lipschitz constant.

Note that the definition of Lipschitz exponent depends a priori on Manhattan Metric. However, since on finite dimen-
sional vector space, all metrics are equivalent; the above definition of Lipschitz exponent agrees with the definition of
Lipschitz exponent with respect to Euclidean Metric. We also observe that the invariance of ratio conditions (6) are equiv-
alent to requiring the Lipschitz constants for functions ¢,, and ¢;, as well as those for 1,,, and ¢}, to be equal. This gives
another reason for the dynamical systems {.5; &, . } and {S*;&;; ., } to be equivalent as observed earlier. The dynamics
of {S;&nm} and {S*; &, .} is entirely determined by these Lipschitz constants.

Let Irl,...,'rn = ¢rn(0) + |Irn| Irl,...,rnfl = ¢Tn ©...0 (brl(—[) and Jsl,m,sn = ¢sn (0) + |an‘ Jsl,m,sn,l =
Vs, 0...01,, (J), where |I,,| and |.J,,| denote the length of the intervals I,., and J,, respectively. Let by, . r. s;.....s, =

i | Fi(z,y) dy d.

Loy Jy
Define
N N b
T yeens Ty s8] seens Sn
QR = 8 (s, ()
T1yesTn=1 81,...,8p=1 Lormtnosl "

17 X e ST T S S
where, Sy .rps1,sn = Lrisor, X Jops, and XSry 0 otherWi;;‘: S
, .

It is known [7] that Q,,(F1 (X)) converges to F; (X) uniformly with respect to Manhattan metric. Using this fact and
finding a bound on maximum distance between @Q,,(F1 (X)) and Q,,(F1(X)), the Lipschitz exponent of CHFIS F} is
found in the following proposition when p,, ,, and gy, .,,, given by (3), belong to Lip 1.

Proposition 2 Let Fy(z,y), 0 < z,y < 3, be the CHFIS for the interpolation data No = {(x;,y;, zij. tij) : i,j =
0,1,...,N} where, to = yo = 0and xn = yny = 1/2. Then, Fy € Lip § for some § € (0,1].
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Proof. Using the values of e, 1, frn.m, Inms Knoms €n,m, fn’m, Gn,m and lfcn,m as defined in (2), we find that, for
O<az<z<landO<y<y<i,

|pn,m($ay) —pn7m(§3,§)| <8-[(1+ ) Zaz + B Timaz| - [|* — 2| + |y — ]
|Qn,m(xvy) - Qn,m(fag” <8 [(1 + ’Y) Tmax] : “33 - i‘ + |Z/ - g”

where, Z,00 = max{|zl-7,j — 2| } and Tpep = max{|t; ; — tx| } ford,j,k,l =0,..., N. Therefore, the bound on
|Qn(F1(X)) — Qn(F1(X))] is obtained as

|Qn(F1(X)) = Qu(F1(X))]
< M[dM(X7X)]{[1 (D) +...+(Q)m )

+ 18- (D)1 4...+ (D)™ 4+ (D)?[14...4+ ()] +...+(r)m3]} (8)

n,m

where Q = max{"s mrlin,m=1,2,. . N}andT = max{’ﬂ"’”l‘ n,m =1,2,..., N}. The above inequality (8)

is similar to the Inequality 4.1 of [7] except that, in this case we have, = Q2 = © and I' = I'. By employing the same
technlque ofproofhere and using the inequalities 0 < —(|z| + |y|)" log(|z| + [y[) < £ and 0 < (|| + |y|)” (log(|=| +

— Te€

ly]))? < ==, we find that, for different magnitudes of Q andT' (2 > 1,0 =10orQ < 1; I' > 1,T =1or[ < 1), the
bound on |Q,,(F1 (X)) —Qn(Fi(X))] is obtained as |Q,, (F1(X) — Q. (F1(X))| < M[dM(X,)_()]é for some § € (0, 1].
Using the fact @, (F1 (X)) converges to F; (X) uniformly with respect to Manhattan metric, we get ', € Lip 4. L] ]
Corollary 3 Let Fy be the CHFIS for the generalized interpolation data A\ = {(zi,y;, i j tij) : 4,5 = 0,1,...,N}.
Then, there exist constants K and 0, independent of zy, y, and t, v, such that

= = 110

|Qn(F1(X)) — Qu(F1(X))| < MK [du (X, X)] ©)
where, X = (z,y) and X = (7,7).
Proof. Define a linear homeomorphism R : S — [0, 2] x [0, ] that transforms the given interpolation data A to the
data Aj = {(0,0, 20,0, t0,0), (7,0, 21,0,t1,0), - - -5 (3,0, N0, o)
(0,9%,20,1,%0,1); - - -, (0, %,zo NstoN)s - -, (% 2,,2N N tN .~N)}. Proposition (2) applied on the data A§ gives |Q, (F1 o
R7YX™) — Qu(Fy o RTY(X*))| < M[dpy(X*, X*) ] . Now, using Proposition (1) with A and A}, the corollary
follows. in

4 Stability of CHFIS

To prove the main stability result of CHFIS, we need to investigate its stability with respect to perturbations in independent
variables, the dependent variable and the hidden variable of the generalized interpolation data. We develop these results
first.

The following theorem gives the effect on stability of CHFIS due to perturbation in independent variables:

Theorem 4 Let Fy and G, with the same choice of free variables and constrained variable, be CHFIS respectively for
the generalized interpolation data N = {(z;,y;,zij,ti;) : 4,j = 0,1,..., N} and N = {(2], ], 2i 5, tij) 1 4,5 =

0,1,..., N} that satisfy the the invariance of ratio condition (6) and S* C S, where S* = [x§,z%] % [y5, yis] and
S = [x()»xN} X [y07yM] Then,
1= Gl
Y 20y 1+ a)} { 5 }
<M + max< (|x, — 25|+ lym — vy )’ :n,m=0,...,N (10)
I—a)l-7)  (1-a) (I |+ )

Proof. Let the function G(z,y) corresponding to the generalized interpolation points A* be defined as G(z,y) =
G (0371 (@), 057 (), G( ffl(x) m (W) forz € [z}, 2] and y € [y}, 1, y7,]- By (6) and (7), we observe,

G1 (R(¢n(2),¥m(y))) = Fy (2,4, G 0 R(z,y))
=anm (G1oR)(x,y) + Bnm (G20 R)(,Y) + €nm T+ fom U+ gnm TY + knm
G2 (R(¢n(2), ¥m(y)) = Frm (2., G o R(z,y))
= Ynm (G20 R)(@,Y) + Enm & + from Y + Gnom 7Y + kinm
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Thus, we have,

GL(R(Pn (), Y (y))) — FL(dn(x), om(y))]
< lanm| |Gro R(z,y) — Fi(z,y)| + |Bn.m| |Gz 0 R(z,y) — Fa(z, )]
< laf |Gy o R(z,y) — Fio R(z,y)| + |l [Fy o R(z,y) — Fi(z,y)| + [8] |Gz © R(z,y) — Fa(z,y)|
Using Proposition 2 and Corollary 3, it follows that there exist constants M and 0 which are independent of 2y, ,,, and
tnm such that |Fy(X) — F1(X)| < M dy (X, X)° where, X = (2,9) and X = (Z,9). Since (z,y) € S implies
(z,y) € Spm for some n,m = 1,..., N, it is easily seen that R(x,y) € Sy, ,, which in turn gives dps (X, R(X)) <
max{(|zn, — 25| + |Yym — ¥5|) : n,m = 0,1, ..., N}. Thus, the last inequality reduces to

|G1o R = Filleo < |af |G1 = Fillos + |B] |G2 0 R = F3[|os
+|a\Mmax{(|xn—x;|+|ym—y;|)5;n,m:o,l,...,N}

Now, [|G1 — Fi|l <||G1 — F1 0 R7Y|oo + || 1 0 R™! — F|| 0. Therefore,

B
1G1 = Filles < i—a) G20 R — Fsl
(1+Oé)  } * * o
+(1—oz) Mmax{(|xn—xn|+|ym—ym|) :n,sz,l,...,N} (11)

In order to find an upper bound of |Gz 0 R — Fi|| in (11) , we observe that,
G2 0 R(pn (), Y (y)) — F2(dn (), ¥m(y))]
< {1620 Rlop) - Fro RGap)| +|Feo Rlzu) ~ P}
The above inequality holds for alln,m = 1,2... N. So,

v, * * é
1G2 0 R = Falloc < 111 G2 = Balloo + |71 M max { (jz = @3 + lym — y3)° s sm = 0,... N |

Hence,
\ ] ]'+ * *
G2 — Pl < MEI - f';; max{(‘x" — |+ [ym — ym|)5 tn,m=0,... 7N}
Therefore,
/] (27) * * \O | —
||G20R—F2||00§M(1 ] max 3 (|zn — 25| + |Yym —yol) :n,m=0,1,...,N (12)
-7
Substituting inequality (12) in inequality (11), we get the required bounds. im

The following theorem gives stability of CHFIS when there is a perturbation in the dependent variable.

Theorem 5 Let Iy and G1, with the same choice of free variables and constrained variable, be CHFIS respectively for
the generalized interpolation data A\ = {(xi,yj, 2ij,tij) + 4,5 = 0,1,..., N} and &N = {(z;,y;, 2] j, tij) 4, =
0,1,...,N}. Then,

4(1
IF — G| LAdta) Znm — 25 | in,m=0,1,...,N (13)
o0 (1-a) ’ '
Proof. In view of Proposition 1, we may assume [zo,zn] X [y0,yn] = [0, 3] x [0, 1]. Since the independent variables

and hidden variable are same in both the interpolation data, the self affine FIS are the same i.e F(z,y) = G2(z,y). The
value of €, m, frnms Gn.ms kn,m differs fromey, ... fr ., 95 s K5 as the perturbation occurs in dependent variable.
Therefore, forn,m =1,2,..., N,

|F1 (00 (%), ¥m(y) — G1(on(2), ¥m(y))]
<ol |[Fi(z,y) — Gi(z,y)|

1 1 1
+(1+a) 2|x—2|+2|y—2|+4|xy—4+1} max{|zn’m—z:;’m :n,sz,l,...,N}
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Since [2|z — 1| + 2|y — | + 4]zy — | + 1] < 4, the required bounds for stability is obtained from the above inequality.
in

When the hidden variable is perturbed, both the self affine function F5 and CHFIS F} gets perturbed. Proposition 6
describes the stability of self affine function F» when the hidden variable is perturbed. Using this proposition, the stability
of CHEFIS is described in Theorem (7) when the hidden variable is perturbed.

Proposition 6 Let Fy and G, with the same choice of free variables and constrained variable, be CHFIS respectively
for the generalized interpolation data /N = {(4,Yj, 2ij, tij) 1 1,5 = 0,1,..., N} and N* = {(w4,y5, 21 5,17 ;) 11,5 =
0,1,...,N}. Then,

41+ )
(1—7)

Proof. By Proposition 1, we may assume [20, zn] X [yo, yn] = [0, 1] x [0, 1]. Hence,

[F2(n(2), P (y) = G2(Pn (), Y (y))]

1 1 1
< | | Fa(z, y) — Ga(z, y)| + | 2]z — §| +2ly — 5\ +4lry — Z' +1] x

[|Fo — Ga|| o < max{|ty m — )

in=0,1,...,Nym=0,1,...,N} (14)

7m|

x (14+7) {max{|tn7m —tfmn| :n,m=0,1,... 7N}}

The above inequality is true for all ¢,,(x) and ¥y, (y); n,m = 1,2,..., N giving the required bounds for || F, — G>|| .
[

Theorem 7 Let Fy and G, with the same choice of free variables and constrained variable, be CHFIS respectively for
the generalized interpolation data A\ = {(v,yj, zij,tij) : 1,5 = 0,1,..., N} and N = {(z:,Y;5, 25,17 ;) : 4, =
0,1,...,N}. Then,

8
|F1 — Gif o < b )max{|t7,,,m—tfl7m|:n,m—O,l,...,N} (15)

(1-a)(1-v

Proof. We may assume [z, 2] X [y, yn] = [0, 3] x [0, 3] by Proposition 1. Thus,

< lal[Fi(z,y) — Gi(z,y)| + Bl F2(z, y) — G2(x, y)|

1 1 1
+ ] 2x—2|+2|y—2|+4|xy—4+1} max{|tnm —t5 | :n,m=0,1,...,N}

Using equation(14) and since [2|z — 3|+ 2|y — 3| + 4|zy — 1| + 1] < 4, we get the desired bounds in (7). in
Theorems (4)-(7) suggest the following definition of a metric on a generalized interpolation data needed to formulate our
main result on stability for CHFIS.

Definition 2 Let S(A\) be the set of generalized interpolation data. The metric d(AY, A?) on the set S(A) C R* is
defined as:

_ 88
(1—a)(1—7)
A =l =01, )
28y 1+a)] -
M
" (1—04)(1—7)—'_(1_&) X

xmax{(|x}1—xi|+\y#—y?n\)5:n,m:O,l,...,N} (16)

d(AY, A?) = max{|t}hm—ti :n,m=0,1,...,N}

,m|

where A™ = {(x]",y7", 2%, 1"

" w')’ 14,7 =0,1,...,N} € S(A), m = 1,2 and satisfy invariance of ratio condition (6).

Using Theorems (4)-(7), the main stability result for CHFIS is now obtained as follows:
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Theorem 8 Let Iy and G1, with the same choice of free variables and constrained variable, be CHFIS respectively for
the generalized interpolation data I\ = {(x4,Y;,2ij,ti ;) : 4,5 = 0,1,..., N} and N* = {(z},y}, 2} ;,t7;) + i,] =
0,1,..., N} that satisfy the invariance of ratio condition (6). Then,

[F1 = Gilleo < d (D, A7).

Proof. Let A} = {(zi,yj, 25,17 ;) 4,7 = 0,1,..., N} and AF = {(@,y5, 2] ;,t7 ;) : 4,5 = 0,1,..., N} be two gen-
eralized interpolation data having CHFIS F}" and F|* respectively with the same choice of free variables and constrained
variable as for F} and G;. By considering the pairs (A, A}), (AF, AS) and (A3, A*) and applying Theorems (4)-(7)
for these sets of data with appropriate CHFIS, it follows that,

1F1 = Gilloo < [[F1 = Fi lloo + 17 = F{7 [loo + [ FT7 = Gilloo < d (D, A7) u

S Error bounds for a Sample Surface

Consider the sample CHFIS (c.f. Fig. 1) generated by the data in rows 1 — 3 of Table 1 with «,, ,,, = 0.7, By, ., = 0.4 and
Yn,m = 0.5. Perturbed values in independent variables x,, and y,,, are chosen such that the invariance of ratio condition (6)
is satisfied. However, perturbed values of dependent variable z,, ,,, and hidden variable ¢,, ,,, are randomly generated.

Figs. 2(a) and 2(b) are simulations of CHFIS generated corresponding to perturbations in independent variables x,,
and yp, (c.f. Table 1 Case (i(a)) and Case (i(b))). The bound on error ||F — G|« (c.f. Theorem 4) for these simulated
surfaces are found to be 0.0217 and 2.1667 when max { (|#,, — @] + [Ym — y}|) : n,m = 0,1,2} is 0.002 and 0.2
respectively (c.f. Table 2) .

Figs. 3(a) and 3(b) give simulations of CHFIS obtained by perturbing the values of dependent variable z,, ,, (c.f.
Table 1 Case (ii(a)) and Case (ii(b))). The bound on error |F' — G|« (c.f. Theorem 5) for these simulations are 0.0227
and 2.2667 when max{|z} , — 22, |:n,m =0,1,2} is 0.001 and 0.1 respectively (c.f. Table 2).

n,m n,m |

Figs. 4(a) and 4(b) demonstrate the effect of perturbations in hidden variable ¢,, ., (c.f. Table 1 Case (iii(a)) and
Case (iii(b) )). The bound on error ||F' — G|\ (c.f. Theorem 7) for these simulated surfaces equals 0.0213 and 2.1333
when max{|t), ,, —tZ .| : n,m = 0,1,2} is 0.001 and 0.1 respectively (c.f. Table 2).

Finally, Fig. 5(a) and 5(b) give the perturbed images that is simulated by simultaneously using perturbed independent
variable, perturbed dependent variable z;*hm and perturbed hidden variable (c.f. Table 1 Case (i(a)), (ii(a)), (iii(a)) and
Case (i(b)), (ii(b)), (iii(b)) respectively ) The computed bound on error | F— G ||« (c.f: Theorem 8) for these perturbations
in all the variables is found to be 0.0657 and 6.5667 when max { (|2, — 2| + [Yim — y5,|) : n,m = 0,1,2} is 0.002 and
0.2, max{|z,, ,, — 2 :n,m = 0,1,2} is 0.001 and 0.1 and max{|t}, ,, — 2 .| : n,m = 0,1,2} is 0.001 and 0.1
respectively.

7m|

nm|
n,m

Table 1: Data points and their perturbations for a sample surface

Data ©0,0) 0,0 02 1,0) @D 12 20) 2D 22
Points 03 035 0.6 0.7 04 0.6 03 035 0.6
03 0.4 035 0.7 03 05 0.6 038 09

Case()) (0.001,0000) | (0001,) | (0.01,1.999) | (1,0.000) | (LD | (,1.999) | (1.999,0.00) | (1.999,1) | (1.999,1.999)

0.1,0.0 0.0 0.1,1.9) 0D [ . | (L1Y) 19,0.0 9.0 19.1.9)
0301 0.501 0.601 0.699 | 0401 | 059 0.801 0.501 0.601

Case(ii) 04 04 0.7 0.6 03 0.7 09 04 035
_ 0.299 0.401 0.499 0701 | 0.801 | 0.501 0.601 0.801 09
Case(iii) [ ®): ¢, ,, 0.4 03 0.4 0.6 09 04 05 09 08
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Table 2: Error due to perturbation

Perturbation Maximum Manhattan Metric | Error

(a): Perturbed (x},, ym,) 0.002 0.0217

Case(i) | (b): Perturbed (x;,, y;,) 0.2 2.1667
(a): Perturbed z,, ,, 0.001 0.0227

Case(ii) (b): Perturbed z;, ,,, 0.1 2.2667
(a): Perturbed ¢, ,, 0.001 0.0213

Case(iii) (b): Perturbed ¢, ,, 0.1 2.1333

e b

1 . bbb, WM
PN 3 IR AR i,

(a) Simulated Surface due to perturbation in independent vari- (b) Simulated Surface due to perturbation in independent
ables (c.f. Case (i(a))) variables (c.f. Case (i(b)))

Figure 2: Simulated Surfaces due to perturbation in independent variables (c.f. Case (7))

6 Conclusion

The present paper explores the stability of CHFIS when there is a perturbation in independent variables, the dependent
variable and the hidden variable. The stability during the perturbations in all the variables simultaneously is observed to
be the combined individual effect of perturbations in each variable on the stability of CHFIS. The bound on error in the
approximation of the data generating function by CHFIS is

- L :
1, . R, sl

Figure 1: Original Surface
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(a) Simulated Surface due to perturbation in dependent vari- (b) Simulated Surface due to perturbation in dependent vari-
able (c.f. Case (ii(a))) able (c.f. Case (ii(b)))

Figure 3: Simulated Surfaces due to perturbation in dependent variable (c.f. Case (ii))

27t " gsa DA DB

o 2
(a) Simulated Surface due to perturbation in hidden variable (b) Simulated Surface due to perturbation in hidden variable
(cf. Case (iii(a)) (cf. Case (iii(b)))

Figure 4: Simulated Surfaces due to perturbation in hidden variable (c.f. Case (iii))
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e s 18 7 i : e T s 18 7

e SRR | 1z 14 i A ) 4 42 14

(a) Simulated Surface due to perturbation in all the variables (b) Simulated Surface due to perturbation in all the variables

(cf: Case (i(a)), (ii(a), (iii(a))) (c.f Case (i(b)), (ii(b)), (iii(b)))

Figure 5: Simulated Surfaces due to perturbation in all the variables
described individually for each case of perturbation in independent, dependent and hidden variables. These bounds to-
gether are employed to find the total error bound on CHFIS when there is perturbation in all the variables simultaneously.
The stability results found here are illustrated through a sample surface. Our results are likely to find applications in
investigations concerning texture of surfaces of naturally occurring objects like surfaces of rocks [10], sea surfaces [9],
clouds [11] etc.
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