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Abstract

We present a solution set description for systems of complex interval
equations, where complex intervals have a rectangular form. The solu-
tion set is described by a system of nonlinear inequalities, which can be
used to obtain a very accurate approximation of the interval hull of the
solution set. In our numerical experiments we exploit this approximation
to study overestimation for common complex interval equation solvers
(Gauss elimination, Hansen-Bliek-Rohn-Ning-Kearfott method).
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1 Introduction

Uncertainty which naturally appears in real-life problems can be treated in various
ways. In interval analysis models we suppose that the input data varies independently
in some (given) compact intervals. Solving interval systems of equations is a basic
problem of interval analysis. Sometimes in practical problems (e.g. electrical circuits
[9, 10]), complex variables can occur. Complex intervals can be defined as rectangles

(see e.g. [1])

a+bi5[a1+b1i7a2+bzi]
={a+bicClai <a<a b <b< b},

or as circles (see e.g. [1])
(m,ry={z€C||m—-z <r}

Polar form representation of complex intervals and its arithmetic can be found in [3].
In this paper we study complex interval equations for rectangular complex intervals.
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1.1 Notation

The vector e, = (1,..., 1)T is the n-dimensional vector of ones. An interval matrix is
defined as

A= [A17A2] = {A S Rmxn | A < A < AQ}7
where A; < Aj are fixed matrices. The set of all m x n real and complex matrices will
be denoted by TR™*™ and IC™*", respectively; n-dimensional interval vectors can be
regarded as interval matrices n x 1. By

.1 1
A°= (A1 + 4s), AAEE(A2—A1)

we denote the midpoint and radius of A, respectively. [0S stands for the interval hull
of the set S. An enclosure of a set S is any superset of S calculated by a particular
method. Inner and outer approximations of S are subsets and supersets, respectively,
of S. It is assumed that these approximations are close and determined by possibly
exhausting and time consuming computation. Inner and outer approximations serve
to show how tight their respective methods are and to measure overestimation of their
enclosures.

1.2 Complex interval equations

Let A,B € IR"™", ¢,d € TR". The complex interval system in question is the
following

(A+ Bi)z =c+di.
This can be rewritten with real variables x,y as
(A+ Bi)(z+yi) =c+di. (1)
The solution set of (1) is defined traditionally as

Y={o+yicC|IA€cAIBeB3cecIded:

(A+ Bi)(z +yi) = c+di}. (2)

The system (1) can be transformed into the real form of finding the set of variables
x,y € R" satisfying

Az — By = ¢,

_ ®3)
Bx+Ay=d

for certain A € A, B € B, ¢ € ¢, d € d. This is not a standard interval system
of equations due to dependences between the matrices A € A and B € B, but the
interval system

Az — By =c,
o (@)

r+Ay=d
can be used to obtain an outer estimate of X via various solvers such as Gaussian
elimination [1], the Hansen-Bliek-Rohn-Ning-Kearfott method [13] or the Householder
method [2] (see Example 1). Other enclosures of 7 can be also obtained directed by the
complex interval system solvers: Gaussian elimination [1] and the complex Householder
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method [4]. We should note that the complex Householder method described in [4] is
wrong, because of the missing the complex number ¢ (cf. [11]). One can easily see
this in their numerical experiments, where

[1,5]+[-1,1)i = A{} ¢ ~H{}.a =
= — [-0.4306, 0.1348].[25.0199, 25.5147] = [—3.4394, 10.9867].

2 Solution set characterization

In this section we derive a description of the solution set 2. We use the form (3) and
exhibit the following theorem from [6] dealing with dependences in interval systems.

Theorem 1. Let M € IR™*", P,Q € IR™*" b,c € IR™. Then for certain M € M,
PeP,QeQ,pep, q€q vectors u,v € R”, w e R" form a solution of the system

Mu + Pw = p, (5)
Mv+Quw=gq (6)

if and only if they satisfy the following system of inequalities

M= ful + P w| + p® 2 |ra], (7)
M= o] + Q% |w| +¢% = |ral, (8)
PRwllo" + Q% wllul” + p™ o]+

T —ou| > |riv” = rou”|,

+° ul" + M2 uw
where r1 = —M°u — P°w + p©, ro = —M°v — Q°w + ¢°.
Due to this theorem we can simply give a description of the solution set > By
setting M =(AB), P=Q=0,p=c,q=d,u= (27, -y, v =", 27)" we
immediately have the following corollary.

Corollary 1. The solution set Y is described by

A%z + B2yl + ¢ > |ru), (10)
ABy| + B2 x| +d® > |ral, (11)
Alyl" +d%a|" + A% ay" -y |+ 12
+B% —yy" —a2”| > riy” — oz,
AT+ d%ylT + A%z +yyT |+ (13)

+B%| =y’ +ay”| > |ra’ +ray’,
where r1 = —A°c + By + ¢, ro = —A°y — Bz + d°.

The solution set for real interval equations represents a polyhedral set, which is
convex in each orthant (see e.g. [5]). This is not generally true for complex interval
systems. The solution set 2. is neither a polyhedral set, nor necessarily convex in each
orthant, see Figure 2. Nevertheless, this is not surprising, cf. [12].

An approximation of Y can be obtained with an interval hull version of the
procedure SIVIA from [7], see Table 1. This branch & bound based algorithm computes
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approximations to the interval hull of the set described by the system of nonlinear
inequalities f(z) > 0; in our case the set 2 is described by (10)-(13). SIVIA returns
inner and outer approximations z, Z, respectively, such that z C 0 C z. The
parameter ¢ determines how tight the approximation will be. The functions I(z) and
r(z) divide the interval x into two parts along the widest components.

Table 1: Version of SIVIA for the set described by f(z) > 0.
Algorithm SIVIA(in: f,z,e, inout: z, %)
if f(z) > 0 then
z=0(zUz); Z=0(ZU z); return;
if 3i: f(2); < 0 return;
if 22 < ¢ then
z =0(Z U z); return;
if I(z) € z then SIVIA(f,l(2),, 2z, Z);

if r(z) € z then SIVIA(f,r(2),, 2z, Z);

Let z = z+yiand Z = T+7yi be (n-dimensional) inner and outer approximations
of O, respectively, and let z = x4y be an enclosure of o computed by a particular
method. The quality of the enclosure z can be measured by various enclosure ratios.
For the sake of this paper we introduce the following one; it is defined as an interval
instead of a real number, since the optimal interval hull of solutions is hardly known
exactly.
erA + efyA eZmA + ez:yA
€ZEA _,'_eZyA’ eZQA +6’1’ZEA

p(z) =

This enclosure ratio measures overestimation of the interval vector z to the optimal
one. It satisfies natural requirements on such ratios, that is, if z is optimal then
1 € p(z) (but not conversely), and the larger z is with respect to the optimum, the
larger the values p(z).

3 Numerical experiments

In this section, we measure overestimation of several complex interval equation solvers
on various examples.

Example 1. Let us consider the complex interval system from [1, 4]

1,5 + [-1,1]i 1 ‘ [~1,1]
( 25 [~1,1] +[~1,1]i )("”yz) = ( [~1,1] ) (14)

Hence
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We will compare diverse solvers and compute their enclosure ratios. The following
computations were carried out in MATLAB 7.0.4 (R14.2) with help of the interval
toolbox INTLAB v5.3 (see [14]). Solving (14) by the function verifylss leads to the
solution

' = ([~0.1453,0.1453], [~1.7646, 1.7646]) "
' = ([~0.1453,0.1453], [~1.7646, 1.7646]) "

while the function intgauss (interval Gaussian elimination with mignitude pivoting)
returns the enclosure

? = ([~0.1373,0.1373], [~1.7185,1.7185])"
= ([-0.1373,0.1373], [—1.7185, 1.7185])T

The Hansen-Bliek-Rohn-Ning-Kearfott method hsolve results in the same solution as
intgauss

# = ([-0.1373,0.1373], [~1.7185,1.7185])"
= ([-0.1373,0.1373], [—1.7185, 1.7185])T

All the functions intgauss, verifylss and hsolve applied on real interval system (4)
return the same intervals

* = ([~0.1354,0.1354], [~1.7724,1.7724]) "
* = ([~0.0954, 0.0954], [—0.612470.6124])T
The Householder method from [4] returns

@® = ([—0.2086, 0.2086], [—2.1663,2.1663])"
y® = ([~0.11,0.11], [~0.0607,0.0607])"

which is wrong (cf. Subsection 1.2), since the width of y® is too small. For instance
(—=0.01,0.1) ¢ y®, but

5—1 1 0.05-0.017 \ [/ —0.06
25 1-0.51 —-0.3+0.13 o 1 ’

In our implementation of the interval version of the complex Householder method, we
obtained % = R?, y% = R2, hence the direct use of this method is very ineffective.
Finding an effective implementation that produces narrower intervals is still open
problem.

What is the result for this example? The best functions are intgauss and hsolve,
but surprisingly the enclosures based of the real system (4) are worse in only one
variable and are better in three variables.

In the second part of this example we show how tight these enclosures are. We
implemented the algorithm SIVIA (Table 1) in the programming language C++, sup-
plemented by the C++ class library C-XSC 2.1.1 [8]. For ¢ = 0.0001, we obtained
inner and outer approximations

T

= ([-0.1010,0.1010], [—1.533871.5338])T
y = ([~0.0715,0.0715], [~0.4200,0.4200])"

T = ([~0.1012,0.1012], [-1.5363,1.5363])",
[~ | )

(
(
= ([~0.0718,0.0718], [—0.4221,0.4221]
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The interval enclosure ratio (as introduced in Section 2) applied on z® +y>iis
p° = [1.7415,1.7456],

and applied on * + y*i is as follows
p* = [1.2272,1.2301].

Hence solving the complex interval system (1) leads to the about 74% overestimation,
the real form (4) gives only about 23% overestimation.

One might think that we can apply the algorithm SIVIA directly to the complex
interval system (14). But due to the equations, SIVIA generally does not return
arbitrarily tight approximations. For our example with € = 0.001 and the starting
enclosure x*, y*, we obtain very wide approximation #* = z*, 7' = y*, 2* = y* = 0,
i.e., no improvement happened (especially due to the noninterval vector d). N

Example 2. Figure 1 shows real overestimation for four cases and selected methods.
Each case consists of seven computations. The horizontal axis represents each of the
seven individual cases, while the vertical axis represents the average of the individual
components of the solution vector

1 n
m Z (@i +y,;)
i=1

for that case. The vertical extent of the grey area represents an average solution
interval computed by SIVIA (Table 1) with accuracy e, the dark grey belongs to z,
and the light grey to Z. The difference between z and Z is indistinguishable on the
first two figures. The mark * signifies the bounds of the average interval solution
obtained by the Hansen-Bliek-Rohn-Ning-Kearfott method applied to the complex
interval system (1). The Hansen-Bliek-Rohn-Ning-Kearfott method applied to the
real interval system (4) results in an average interval solution the bounds of which are
marked by o. The corresponding average enclosure ratios are denoted by p* and p°,
respectively.

We denote the n x n matrix of all ones by E,, the identity matrix by I,, and
Random(n, n) stands for a random m X n matrix whose elements are uniformly dis-
tributed in the interval (0,1). Then the interval matrices A, B and interval vectors
¢, d are given in the following way:

1. n=2,0=001,
A° = Random(n, n) + 2E,, B° = Random(n, n) + 4E, — 2I,,
A® = B® = $E,,
c® = (A°— B en, d° = (A° + B) en, A =d? = ben;

2. Like situation 1., but § = 0.001.

3. n=4,6=0.1,
A° = Random(n, n) + En + 4I,, B = Random(n, n) + 51,
AA = BA = 5E7L7
¢ = (A° — B% ey, d° = (A° + B en, c® = d® = fen;

4. Like situation 3., but § = 0.01.

The results were computed on a PC with an AMD Athlon 64 Processor 4400+, 2.2
GHz, 834 MB RAM, GNU/Linux, and the source code was written again in C+-+
with C-XSC 2.1.1 [8]. In the first and second cases, each example took from one to five
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1051 1.0051

* *
104F 1,004
103f 1.003F
102 1,002}
101f 1001+
099 0999
098] 0998
097 0907
0961 0996
095 ; . . . . . . . 0995 ; . . . ud X
[} 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7
1. n=2, p* = [1.5318, 1.5321], 2. n=2, p* = [1.4633, 1.4658),
e=107%, p° = [1.1477, 1.1479). e =107, p° = [1.0782, 1.0800].
)
1 & » ® & ® ® 103 . N
A S TR S S
1 102}
w A/\.
-_— /\/\
11 101
09 099
- | -_—
] _
08 098l
o7 i v 5 S o o Q 097 : * * :
*
0 1 2 3 4 ‘5 ‘G 7 é 0 1 2 3 4 5 6 7
3. n=4, p* = [1.7538, 2.1997), 4. n =4, p* = [1.5751, 1.8886],
e =102, p° = [1.6974, 2.1290]. e =103, p° = [1.4552, 1.7448).

Figure 1: Overestimation of the Hansen-Bliek-Rohn-Ning-Kearfott method for
the complex (x) and the real (o) case.
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15 . . . . . . ,
15 -1 05 0 05 1 15 2 -1 -0.5 0 0.5 1 15 2

[1—i,5+i)z = [—i,1+ 2i].

~05 25 L L L L L ,
-15 -1 -0.5 0 05 1 15 2 -4 -3 -2 -1 0 1 2

(1,54 4]z = [-1+1i, 1+ 2i]. [1—i,5+iz=[-3—141+2i.

Figure 2: Solution set for 1 x 1 complex interval systems.
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hours of CPU time. The last two cases were much more time consuming, and we had
to do some improvements: We used the SIVIA method only to compute Z, while the
inner approximation z was obtained by a Monte Carlo method. Nevertheless, each
example took about ten days of CPU time (due to Z).

Example 3. Figure 2 shows solution set images for 1 X 1 complex interval systems.
The boundary of the solution set is always formed by lines and circular arcs. The
computations were carried out in MATLAB 7.0.4 (R14.2) with the toolbox INTLAB
v5.3 [14].

4 Conclusion

We have described the solution set for complex interval systems of equations (rectan-
gular case) and have shown how it can be used for checking algorithmic efficiency. We
have presented several examples which imply that overestimation for the best algo-
rithms is between 5% and 15% for the two dimensional cases, and between 50% and
110% for the four dimensional cases. In higher dimensions the overestimation will be
probably much higher, but such cases are intractable at the present time.

The numerical experiments have also shown that the SIVIA method is very time-
consuming. Developing more efficient approximation methods is a challenge for the
future.
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