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ABSTRACT

An efficient algorithm is proposed for finding all so-
lutions of systems of nonlinear equations using lin-
ear programming (LP). This algorithm is based on
a simple test (termed the LP test) for nonexistence
of a solution to a system of nonlinear equations in a
given region. In the LP test, the system of nonlin-
ear equations is transformed into an LP problem, to
which the simplex method is applied. Such an LP
problem is obtained by surrounding the nonlinear
functions by rectangles using interval extensions. In
this paper, we introduce the dual simplex method
to the LP test, which makes the average number of
pivotings per region much smaller (less than one, for
example) and makes the algorithm very efficient.-

I. INTRODUCTION

Finding all solutions of nonlinear equations is an
important problem which is widely encountered in
science and engineering. In this paper, we consider
the problem of finding all solutions of a system of
n nonlinear equations:

fl(xla'z'Za'”yxn) = 0
fz(z17x27'-',$n) =0

(1)
fn(m171’.27-"a$n) = 0

contained in a bounded rectangular region (box) D
in R™, where f1, f2,..., fn are real-valued nonlinear
functions. In vector notation the system (1) will be
written as f(z) = 0.

As a computational method to find all solutions
of nonlinear equations, interval analysis is well-
known, and various algorithms based on interval
analysis techniques have been developed. Using the
interval analysis, all solutions of (1) contained in
D C R™ can be found with mathematical certainty.
However, the computation time of the interval anal-
ysis tends to grow exponentially with the dimension
n.

In order to improve the computational efficiency
of interval analysis, it is necessary to develop a pow-

erful test for nonexistence of a solution to (1) in a
given box so that we can exclude many boxes con-
taining no solution at an early stage of the algo-
rithm [1]-[3]. However, the test which was used in
the conventional interval analysis is not necessarily
a powerful test for excluding boxes.

Recently, a new computational test has been pro-
posed for nonexistence of a solution to the system
of nonlinear equations (1) in a region X C D [1].
This test is termed the LP test. The basic idea of
this test is to formulate a linear programming (LP)
problem whose feasible region contains all solutions
in X. Hence, if the feasible region is empty (which
can be easily checked by the simplex method), then
X contains no solution, and we can exclude it from
further consideration. The LP problem is formu-
lated by replacing the component nonlinear func-
tions in (1) with auxiliary variables and linear in-
equalities which are obtained by interval extensions.
This test is much more powerful than the conven-
tional nonexistence test if the system of nonlinear
equations consists of many linear terms and a rel-
atively small number of nonlinear terms. By in-
troducing the LP test to the interval analysis, all
solutions of nonlinear equations can be found very
efficiently.

However, the computational complexity of LP is
generally much larger than that of the conventional
test. Although the test is powerful, the algorithm
does not become efficient if the computational cost
of the test is very large. Therefore, it is impor-
tant to consider not only the powerfulness of the
nonexistence test but also its computational cost
to improve the overall efficiency.

In this paper, we propose an efficient algorithm
for finding all solutions of systems of nonlinear
equations using the dual simplex method. By using
the dual simplex method, the number of pivotings
needed in the LP test becomes much smaller, which
makes the algorithm very efficient.

II. INTERVAL ANALYSIS

In this section, we first summarize the basic proce-
dures of interval analysis.



Intervals will be denoted by capital letters. An n-
dimensional interval vector with components X; =
[a;, ;] (: =1,2,...,n) is denoted by

X =(X1,Xs,..., X)T. (2)

Geometrically, X is an n-dimensional box.

In interval analysis, the following procedure is
performed recursively, beginning with the initial
box X = D. At each level, we analyze the box X.
If there is no solution of (1) in X, then we exclude
it from further consideration. If there is a unique
solution of (1) in X, then we compute it by some
iterative method. In the field of interval analysis,
computationally verifiable sufficient conditions for
nonexistence, existence and uniqueness of a solution
in X have been developed. If these conditions are
not satisfied and the existence or nonexistence of a
solution in X cannot be checked, then split X in
some appropriately chosen coordinate direction(s)
to form two (or more) new boxes; we then continue
the above procedure with one of these boxes, and
put the other one(s) on a stack for later considera-
tion. Thus, we can find all solutions of (1) contained
in D C R™ with mathematical certainty.

The nonexistence of a solution in X can be
checked by using interval extensions. If in
f(z1,2,...,2,) the variables z; are replaced by
intervals X; and the arithmetic operations are re-
placed by the corresponding interval operations (for
example, T, + x5 is replaced by X1 + Xo = [a; +
a3, by +bs]), then an interval-valued vector function
F(X) is obtained which is called the interval exten-
sion of f(z). It is known that F(X) contains the
range of f(z) over X. Hence, if

0 ¢ F(X) ()

holds, then there is no solution of (1) in X. This is
the computationally verifiable sufficient condition
for nonexistence of a solution to (1) in X, which is
used as the nonexistence test in conventional inter-
val analysis 1.

However, (3) is not necessarily a powerful test for
excluding boxes. In order to improve the computa-
tional efficiency of interval analysis, it is necessary
to develop a powerful test which can exclude many
boxes containing no solution at an early stage.

In practical problems, the system of nonlinear
equations often consists of many linear terms and
a relatively small number of nonlinear terms. For
such systems, the LP test is much more powerful
than the conventional test (3).

1As another computationally verifiable sufficient condi-
tion for nonexistence of a solution to (1) in X, K(X)NX = ¢
is known where K(X) is the Krawczyk operator.
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Fig. 1 In the LP test, nonlinear functions are
surrounded by rectangles.

III. LP TEST

In this section, we review the LP test proposed in
[1]. Consider a system of n nonlinear equations:

f(z) 2 Pg(a) +Qz —s =0 (4)

where & = (z1,%3,...,Z,)T € R™ is a variable vec-
tor, s = (s1,52,...,5,)7 € R™ is a constant vec-
tor, P and QQ are n X m constant matrices, and
g(z) = [g1(z1),92(x2), -, gn(zs)]T is a continu-
ous nonlinear function with component functions
gi(z;) : R* - R' (i = 1,2,...,n). Note that the
discussion of this paper is easily extended to more
general cases (e.g., the case where f(z) contains
nonseparable functions of more than one variable).
As for details, see [1].

In the LP test, we first compute the interval ex-
tensions of g;(z;) over [a;,b;] (1 = 1,2,...,n). Let
the interval extension be [c;,d;]. Then, we intro-
duce auxiliary variables y; (¢ = 1,2,...,n) and
put y; = gi(z:). If a; < x; < by, then ¢; < y; < d;.

Now we replace each nonlinear function g;(x;) in
(4) by the auxiliary variable y; and the linear in-
equality ¢; < y; < d;, and consider the LP problem:

max (arbitrary constant)

subject to
Py+Qr—s=0 (5)
a; <z;<b, 1=1,2,...,n
¢ <y; <d, 1=1,2,...,n

where y = (y1,%2,-.-,%n)T € R™. Geometrically,
the inequality constraints in (5) imply that the com-
ponent nonlinear functions g;(z;) are surrounded by
rectangles as shown in Fig. 1. Then, we apply the
simplex method to (5).

As is well-known, the simplex method consists of
Phase I and Phase II. In Phase I, we find a basic
feasible solution using artificial variables. In Phase
I1, we optimize the objective function starting with
the basic feasible solution obtained by Phase I. If



there is no feasible solution, then Phase I terminates
with that information.

If the feasible region of (5) is empty, then we can
conclude that there is no solution of (5) in X be-
cause all solutions of (4) which exist in X satisfy the
constraints in (5). This test is called the LP test.
Since there is much good software for the simplex
method, the implementation of the LP test is very
easy. It has been shown that the interval algorithm
using the LP test (which will be called the LP test
algorithm for short) is much more efficient than the
original interval algorithm [1],[2].

Now let us examine the size of the tableau in
the LP test. In the implementation of the simplex
method to (5), we apply the variable transformation
Z; = z; —a; and §; = y; —¢; so that the LP problem
becomes the form with non-negativity constraints:

max (arbitrary constant)

subject to
Pj+Qi—5=0 ©
Z; < by — aq, 1=1,2,...,n
7; < d; — ¢, 1=1,2,...,n
>0, >0, i=12,...,n
where = (%, %2,...,%,)’ € R™ and § = (91, 72,

..,%n)T € R™. This LP problem has n equality
constraints and 2n inequality constraints (exclud-
ing the non-negativity constraints). Introducing
the slack variables A; and g; (¢ =1,2,...,n), (6) is
transformed into a standard form:

max (arbitrary constant)

subject to

Pj+Qz—35=0

i‘i+;\i=bi—ai, 1=1,2,...,n
Jitpi=di—c,
zZ; 20, Ui > 0, xi >0, J75 > 0, 1= 1,2,...,TL.
(7
In Phase I, we introduce artificial variables to ob-
tain an initial basic feasible solution. Since b;—a; >
Oand d; —¢; >0 (¢ =1,2,...,n) hold, we only
need to introduce n artificial variables for the first n
equality constraints. Hence, the size of the tableau
is (3n+1) x (2n + 1).

1=1,2,...,n

IV. LP TEesT UsING THE DUAL SIMPLEX
METHOD

In the LP test algorithm, the simplex method is
performed on many regions. If we start the simplex
method always from the beginning of Phase I, then
the total number of pivotings becomes very large
because the simplex method requires many pivot-
ings for large scale problems. In this section, we
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Fig. 2 The LP test can be performed by the dual
simplex method from the second region.

show that the LP test can be performed very effi-
ciently in a small number of pivotings by using the
dual simplex method.

Consider that we have performed the LP test on
a box X where the feasible region is not empty and
have obtained an optimal (in the sense of Phase I)
feasible tableau for (7). Then, we divide X into
two boxes X' and X" that are adjacent to each
other in the zi-direction as shown in Fig. 2. Then,
we perform the LP test for X’ and X". However,
for these boxes, we need not perform the simplex
method from the beginning of Phase I. Instead, we
perform the following procedure. v

We first perform the LP test for X'. Let [c,d}]
be the interval extension of gi(zr) over [aj,b}].
Note that ¢}, > ¢; and d}, < di hold. In the LP test,
we introduce auxiliary variables y; (1 =1,2,...,n)
and consider the LP problem:

max (arbitrary constant)

subject to
Py+Qr—-—s=0
a; < z; < b;, 1=1,2,...,n,i#k (8)
a, <z < b
¢; <y <d; t=1,2,...,n, i1 #k

¢, < yk < dy.

Applying the variable transformation Z; = z; — a;
(i # k), Zx = zx —ay, §i = yi — ¢ (i # k), and
¥k = Yr — Cj, and introducing the slack variables,
(8) is transformed into a standard form:
max (arbitrary constant)
subject to
Pj+Qi—3=0
Ei+h=b—a, i=12,...,n,i#k (9)
ik + ;\k = b;c - a}s
:l,"li—f-ﬁi:di—c,-, i=1,2,...,n,i;ék
i + ik = dj, — ¢



where 7 = (571, PN )i‘k—la«i'k,i'k+17 e ,J—?n)T € R
and g = (:’717 e agk—lygknﬁk-‘l-ly tee 7g‘n)T € R". In
(9), the non-negativity constraints are omitted. No-
tice that the constraints in (9) and those in (7) are
different only in the constant terms.

From the relations % = Zx, Ak = Ak — (bx — %),
Gr = G ~ (¢} — ck), and fix = fix — (di — d}.), the
dual feasible tableau for (9) is easily obtained by
modifying the final (optimal in the sense of Phase
I) feasible tableau for (7) a little. For example, if
the optimal feasible tableau for (7) is

| B
I a ¥
Xk ,3 e -y

g lde—cx |0...0 <1 o0...0

then the dual feasible tableau for (9) is
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Table 1: Computation time T and the average num-
ber of pivotings per region P (Example 1).

Ref.[5] Ref.[4] Proposed
n L S T (s) T (s) P T (s) P
10 [ 1010 7 46 0.7 10 01] 05
12 | 1012 5 1423 1.8 13 02| 05
14 | 1014 5 | 98378 4.0 16 04 | 04
20 | 102 7 oo 31 24 2104
30 | 1030 7 %) 334 37 13| 0.4
40 | 1040 7 0o 859 48 27 1 0.4
50 | 10%° 9 o 4776 66 110 | 0.4
60 | 1060 9 oo 11824 80 224 | 0.4
70 | 1070 9 oo 24554 | 95 398 | 0.4
80 | 1080 7 ) 28168 | 101 451 | 0.5
90 | 10°° 7 oo 115376 | 124 1433 | 0.4
100 | 10100 | 9 00 o) - 2166 | 0.4
110 | 10110 | 9 oo 0o - 3860 | 0.5
120 | 10120 | 9 %) 00 - 5551 | 0.5
130 | 10130 | 9 00 00 ~ 7694 | 0.5
140 | 10140 | 9 ) 00 - | 10994 | 0.5
150 | 10150 | 11 oo 0o - | 14584 | 0.5

| B
Ep a+y(dy — dy) ¥
Ai || B = (b — b)) — v(dx —d) -y
o - 0...0 -1 0...0

that differs from the previous tableau only in the
constant column (leftmost column).

Starting from this tableau (that may be feasi-
ble or infeasible), we can perform the dual simplex
method and check the existence of the feasible re-
gion of (9). In general, this dual simplex method
requires only a few pivotings (often no pivoting) per
region. The same procedure is possible also for X"'.
Hence, the number of pivotings is substantially de-
creased from the second region.

V. NUMERICAL EXAMPLES

We introduced the LP test using the dual sim-
plex method to the piecewise-linear (PWL) version
of the LP test algorithm proposed in [4] and im-
plemented the new algorithm using the program-
ming language C on a Sun Ultra Enterprise 3000
(248MHz). We applied the algorithm to the sys-
tems of PWL equations discussed in the numerical
examples of [4]. In this section, we show the com-
putational results. We will denote the total number
of linear regions as L, the number of solutions ob-
tained by the algorithm as S, the computation time

as T, and the average number of pivotings per re-
gion as P. We used the same initial regions as those
used in [4].

Ezample 1: We first consider a system of n non-
linear equations:

glz))+zy+z2+...+x,—1=0, i=12,...,n

where
g(z;) = 2.523 — 10.522 + 11.8x;

which describes a nonlinear resistive circuit contain-
ing n tunnel diodes [4]. The number of variables is
n, which is changed from n = 10 to n = 150. The
nonlinear function g(z;) is approximated by a PWL
function with ten segments. Hence, the number of
linear regions L is 10!1°-1015°,

Table 1 compares the computation time of the
sign test algorithm in [5], the original LP test al-
gorithm in [4], and the proposed algorithm, where
oo denotes that it could not be computed in prac-
tical computation time. Table 1 also compares the
average number of pivotings per region of the origi-
nal LP test algorithm and the proposed algorithm.
It is seen that the average number of pivotings per
region is less than one in the proposed algorithm,
which makes the algorithm about n times faster
than the original algorithm.

Ezample 2: We next consider a system of n non-
linear equations:

n

1 . .
xi_%(za:?+z) =0, i=12,...,n

=1



Table 2: Computation time 7" and the average num-
ber of pivotings per region P (Example 2).

Ref.[5] Ref.[4] Proposed
n L S T (s) T (s) P | T(s) P
10 | 1010 3 154 0.8 11 01705
12 | 1012 3 5031 1.9 14 02| 05
14 | 1014 3 | 174757 4.0 17 04 | 06
20 | 1020 3 00 25 | 25 2105
30 | 1030 3 o0 205 40 8|06
40 | 1040 3 ) 843 53 26 | 0.6
50 | 10%0 3 oo 2579 67 63 | 0.6
60 | 1090 3 oo 6350 82 133 | 0.6
70 | 1070 3 0o 13684 | 98 255 | 0.7
80 | 1080 3 o 26508 | 109 431 | 0.6
90 | 10%° 3 1) 48433 | 127 702 | 0.7
100 | 10100 | 3 ) 82974 | 137 | 1073 | 0.7
110 | 10110 [ 3 o0 134388 | 155 | 1597 | 0.7
120 | 10120 | 3 oo oo - | 2254 | 0.7
130 | 10130 | 3 ) 0o - | 3013 | 0.7
140 | 10140 | 3 o) oo - | 4184 | 0.7
150 | 101%0 | 3 ) oo - | 5401 | 0.7
Table 3: Computation time of the algorithms
(transistor circuits).
Ref.[4] Proposed
Circuit | n | L S| T(G) P |T(s) P
Fig. 3 8 | 108 9 | 048 | 20| 0.13 | 3.5
Fig. 4 9 | 10° 3 (032 (16| 0.11 | 2.8
Fig. 5 15 | 1015 | 11 | 39.0 | 28 | 5.40 | 1.8

discussed in Example 3 of [4]. The initial region is
([-2.5,2.5],...,[-2.5,2.5])T. The nonlinear func-
tion xf is approximated by a PWL function with
ten segments. Table 2 shows the result of compu-
tation.

Ezample 3: We finally consider systems of non-
linear equations which describe the transistor cir-
cuits shown in Figs. 3-5 [4]. These circuits are de-
scribed by systems of 8, 9, 15 (resp.) nonlinear
equations of the form (4). Table 3 shows the result
of computation.

VI. CONCLUSION

In this paper, an efficient algorithm has been pro-
posed for finding all solutions of nonlinear equations
using the dual simplex method. The proposed test
is not only very powerful but also efficient and re-
quires only a few pivotings per region. Therefore,
it will be of great use in practical applications.
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