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Solving Nonlinear Absolute Value Equations

ARIS DANIILIDIS, MOUNIR HADDOU, TRf MINH LE, OLIVIER LEY

Abstract. In this work we show that several problems naturally modeled as Nonlinear Absolute
Value Equations (NAVE), can be restated as Nonlinear Complementarity Problems (NCP) and
solved efficiently using smoothing regularizing techniques under mild assumptions. Applications
include ridge optimization and resolution of nonlinear ordinary differential equations.

Keywords: Nonlinear Absolute Value Equality, Complementarity problem, Py-map, Numerical
methods

AMS Classification: Primary: 90C33, 65K10 ; Secondary: 15B48, 656K15, 90C59.

1 Introduction

The last two decades, absolute value equation problems (in short, AVE problems) have been ex-
tensively studied in the literature. This interest is justified by the fact that this class of problems
already covers a wide spectrum of applications: indeed, numerous problems stemming from real-life
applications, as for instance all mixed integer linear programming problems, can be reformulated
as AVE problems. It is also well-known, see [24,32] e.g., that AVE problems admit an equivalent
description as Linear Complementarity problems (in short, LCP). The exact definitions of an AVE
problem and a LCP are recalled below. Dealing efficiently with these problems is thus paramount.

The literature on this subject contains several theoretical results for existence as well as conditions
guaranteeing uniqueness of the solution [22,23,34,35]. Concurrently, there are also various nu-
merical approaches to solve an AVE problem. Generally speaking, these methods can be divided
into at least three categories [3] : iterative linear algebra based methods (also known as projective
methods), semi-smooth Newton-like methods and smoothing methods. The aforementioned meth-
ods generally require some assumption on the matrix involved in the AVE problem. In particular,
the classes of Py-matrices and P-matrices (recalled below) turn out to be particularly relevant in
this study [1].

In this work, we consider a natural generalization of (linear) AVE problems to nonlinear ones,
known as Nonlinear Absolute Value Equations (in short, NAVE). This more general framework
encompasses new applications including ridge regression models, bounded constrained nonlinear
systems of equations, and stiff Ordinary Differential Equations (in short, stiff ODE). This approach
to deal with the aforementioned problems, based on NAVE, is to the best of our knowledge, com-
pletely new in the literature.

Our main contribution is the following: we first show that similarly to the way that an AVE problem
is linked to a LCP, nonlinear absolute value equations can also be associated to nonlinear comple-
mentarity problems (in short, NCP). Indeed, any NCP can be reformulated as NAVE. The converse
is also true, but the association is generally given in an implicit way. Then, taking profit from the
huge literature concerning existence, uniqueness and numerical resolution of NCP (see [9,23,35,37]
e.g.), we propose a new method to solve a NAVE problem, based on the smoothing technique



proposed in [10] and further developments in the follow-up work [30]. The proposed approach is
explained in Section 2, while in Section 3 we discuss applications.

To ease the reading we start with some definitions and settings. The Absolute Value Fquality
problem (in short, AVE) is defined as follows:

find z € R¢ : Az — |z| = b, (AVE)
where A is a (d x d)-matrix and b € RY. Throughout this work, given = = (z!,...,2%)7 € R?, we
use the notation |z| := (|z!|,...,|z¢])T componentwise to denote a vector in R%.

Denoting by I the identity matrix of R¢ and assuming that either A — I or A + I is invertible, the
(AVE) problem can be transformed to a Linear Complementarity Problem (in short, LCP). Indeed,
setting (coordinate by coordinate)

y=at =max{ z,0} )
z =2 :max{_xjo} .
and performing the transformation x = y — z and |z| = y + z we obtain:
(A-DNy—(A+1)z=b.
Therefore for
M= A+ D) AT Mi=(A-I)yYA+1
( _)1 ( ) or respectively - ( ) (A+) (1.2)
q:=(A+1)"'(-D) T=(A-Db
we obtain B
=My + By
: yrd or respectively y Z+q (LCP)
0<ylz>0 0<ylz>0

The above problem can be solved provided M (respectively M ) is a P-matrix (see below for details).
It is important to notice that this property can be traced back to the matrix A; in particular, the
property is ensured whenever the singular values of A are all greater than 1. Notice that this
condition guarantees invertibility of both A — I and A + 1.

Solving (LCP) under the assumption that M (respectively M) is a P-matrix has been treated in
several works (see [4]). In this case, it can be shown that the problem has a unique solution (g, z)
yielding that z := § — Z is the (unique) solution of (AVE). Moreover, this solution can be obtained
numerically, via smoothing regularization techniques (see [1,10,30] and Section 2.3 below).

In this work, we propose a new method of solving a nonlinear generalization of (AVE), namely the
following Nonlinear Absolute Value Equality problem (in short, NAVE)

Find z € R? : F(x) —|z| =0 (coordinatewise), (NAVE)

where F' : R — R? is a (nonlinear) mapping. By introducing new variables y = 2+ and z = 2~
(cf. (1.1)) so that z =y — z and |z| = y + 2z, (NAVE) becomes

Fly—z)—(y+2)=0.



By setting z = H(y) (which is possible under regularity assumptions on F', see Lemma 2.5), we can
transform (NAVE) to a Nonlinear Complementarity Problem (NCP):

{ H(y) = F(y— H(y)) —y

0<y.l H(y)>0. (1)

As we shall see in Section 2.3, even though the function H is only defined implicitly, it is still possible
to solve (1.3) numerically provided we are able to guarantee that H is a Py-map (see Definition 2.2),
a notion which generalizes Py—matrices (c.f. Lemma 2.7).

2 Setting of the problem and description of the method

2.1 Definitions and preliminaries

Given a (d x d) matrix A and I C {1,2,---,d}, we denote by A;; the submatrix made up of the
rows and columns of I.

Definition 2.1 (FPy-matrix and P-matrix). A matrix A is called a Py—matrix (respectively, P—
matrix) if one of the following equivalent properties holds

(i) for every I C {1,2,---,d}, det(Asr) > 0 (respectively det(Arr) > 0);

(ii) for every x = (x1,--- ,24)7 € RY x #0,
Az)izd >0 tivel Az)z? >0);
1I£jagxd( x) ! > <respec ively 11r£1jgxd( x)x ) ;
(iii) for every I C {1,2,---,d}, the real eigenvalues of Ar; are nonnegative (respectively strictly
positive).

The notion of P-matrix can be generalized to general nonlinear maps H : R — R? as follows:

Definition 2.2 (Py-map and P-map). A mapping H : R? — R? is called Py-map (respectively,
P-map), if for every =,y € R? x # y, it holds:

‘max  (H(y) — H(z)?) (y —27) >0 (respectively, 1121a<xd(A$)jxj > O) :
<<

If H is of the form H(z) = Az + b for some (d x d) matrix A and vector b € R%, then it follows
directly that H is a Pp—map (respectively, a P-map) if and only if A is a Py—matrix (respectively,
a P-matrix). More generally, we have the following result:

Lemma 2.3 ([27, Corollary 5.3, Theorem 5.8]). Let H : R? — R? be C'. Then H is a Py-map if
and only if, for every x € R%, VH(x) is a Py-matriz.

We refer the reader to [8,27] for further results about Py— and P—matrices and maps. We finish this
section with the following useful lemma.

Lemma 2.4 (A characterization of Py—matrices). Let A be a (d x d) matriz. Then A is a Py-matrix
if and only if, for every diagonal matriz Ay with strictly positive entries and for every nonnegative
diagonal matrixz As, the matrix A1 + Ao A is invertible.



Proof. Let A be a Py-matrix. Then for every diagonal matrix Ay with nonnegative entries, the
matrix AsA is also Py, while for every diagonal matrix A; with strictly positive entries, the matrix
A1 + A A is a P-matrix, therefore, in particular, it is invertible.

Conversely, let us assume that A is not a Py-matrix. Then there exists v € R%, v # 0 such that
(Av)'v' <0, for every i € {1,--- ,d}. (2.1)
Let Ay = diag(d],---,0¢%) and Ay = diag(1,---,1). Then
(A1 + AgA)v = (010 + (Av)', -+, 6T + (Av)H)T,

and by setting, for every i, 6} := —(Av)?/v’ (which is well-defined and strictly positive thanks
to (2.1)) we deduce that (A + Ay A)v = 0 and therefore A; + Ag A is not invertible. 0
2.2 Transforming a (NAVE) problem to a (NCP) problem
Given a nonlinear mapping F : R? — R%, we consider the (NAVE) problem

Find z € R? : F(zx) — |z| = 0.

By introducing new variables y = 2" and z = 2z~ so that 1 =y — z, |z| = y + 2, y L 2, the (NAVE)
problem becomes

Fly—z)—(y+2)=0. (2.2)

The following lemma gives conditions under which (2.2) may be written as a (NCP) problem by
setting y = H(z) or z = H(y) for some suitable maps H or H.

Lemma 2.5. Assume that the mapping F is C' in a neighborhood of the point x* = y* — z* € R?
which is assumed to be solution of (2.2). Then it holds:

(i). If F—1 is a Py-map, then there exists a C' map H : R? — R? defined in a neighborhood of y*
such that z* = H(y*) and y* is a solution to the following (NCP) problem:

{ H(y) = F(y— H(y)) —y

0<y Ll H(y) >0. (2:3)

(id). If —(F +1) is a Po-map, then there exists a C! map H : RY — R? defined in a neighborhood
of z* such that y* = H(z*) and z* is a solution to the following (NCP) problem:

H(z) = Ii(f](z) —2)—z 2.0
0<zlH(z)>0.
Proof. We consider the C! map F : R?¢ — R defined by

Fly,2) = Fly—2) = (y +2).
We are going to apply the implicit function theorem at the point (y*,z*) € R??. Notice that

(VyF(y", 2"), Vo F(y", 2") = (VE(y" = 2°) = I, =VF(y" — 27) = I).
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If F—1is a Py-map, then VF(z*) — I is a Pyp-matrix by Lemma 2.3. Applying Lemma 2.4, we
obtain that 2] + VF(z*) — I = VF(z*) + [ is invertible. Therefore V,F(y*, z*) is invertible and,
by the implicit function theorem, we obtain a map H such that (i) holds. Similarly, if —(F+1) is a
Po-map, then 21 — (VF(2*)+ 1) =1 — VF(z*) = =V, F(y*, 2*) is invertible and we obtain a map
H such that (ii) holds. O

Remark 2.6. (i) The condition F' — I (respectively, —(F + I)) being a Py-map is actually quite
natural since it is exactly the requested assumptions to solve the (NCP) problem, see Section 2.3.

(ii) (NAVE vs AVE). At this stage, the reader may have already noticed an analogy with the (LCP)
reformulation of (AVE). Indeed, if F'(x) = Az —b, then (NAVE) coincides with (AVE), and if either
A—1Tor —(A+1) is a Pp-matrix (which is automatically satisfied if, e.g., the singular values of the
matrix A are greater than 1), then the functions H and H are explicitly given by the formulae

H(y)=My+q and  H(y)= Mz+4,

where M, M, ¢ and § appear in (1.2). Consequently, in this case it is possible to solve (AVE) as
explained in the introduction.

2.3 Smoothing techniques to solve (NCP)

As already mentioned, even though the functions H and H are only implicitly defined, we can
still solve (2.3)—(2.4) numerically (we shall do so below), whenever it is guaranteed that H, H are
Py-maps. This is the aim of the following lemma, yielding a criterium based on F.

Lemma 2.7 (Guaranteeing Py-property for H, H )
(i). If F —1I is a Py-map, then so is H.
(ii). If —(F + 1) is a Py-map, then so is H.

Proof. We now focus on the case of (2.3), the case of (2.4) can be adapted accordingly. Let
y1,y2 € R with y; # yo. We infer from (2.3) that

2H(yr) = F (yx — H(yr)) — (e — H(yx)), k€ {1,2}.
Setting ty, := yr — H(yx), it follows
2H (y) = (F — I)(tx)-

Using the fact that F'—I is a Py-map, we deduce that for some coordinate j = j(t1,t2) € {1,...,d},
we have

2 (H(y1)’ — H(y2)’) (] — 1) >0,
from which we infer
(H(Y = H(y)) (0] =) = (H@) = H))) =0,
yielding ‘ '
(H(n) — H(y2)) (i —v8) > (H(n) — H(ya)))* > 0.
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This is the desired property for the map H. a

To solve (2.3), we will apply the smoothing approach proposed in [10] and more precisely the
non-parametric technique introduced in [30]. The overall approach of [10] is based on functions 6
satisfying the following properties:

e the function 6 : R — (—o0, 1) is concave, continuous and nondecreasing;

e 0(t) <0, forall t € (—00,0), #(0) =0 and lim 6(t) =1.

t—+o00

These functions are used as certificate of positivity, that is, they “detect” whether t = 0 or ¢t > 0
holds in a “continuous way”, in the sense of the following characterization:

t>0 <— lim0<t>:1.

r—=0 \ 1
The authors in [10] used these functions to regularize the (nonsmooth) (NCP)
0<zl H(x)>0, (2.5)
by means of a sequence of smoothing systems (indexed by r > 0) of the form
Grlo, H(2) = (Colw H@)' - G H@)) = (0. .0)". (2.6)
where

H(z)'

r

Gz, H(z))" == rp? (w(f) +4( )) with 1 :=1—0.

Then they eventually take the limit as r tends to 0.

Several convergence results have been established under the assumption that the problem has at
least one solution and H is a Pp—map. Although this approach is efficient numerically, it suffers
from two drawbacks:

e There is no clear or optimal strategy to drive the parameter r to 0.

e The following ad hoc technical assumption on the function 1 has been used without rigorous
explanation:

t 1
there exist a € (0,1) and R, > 0 such that: wg) > (at>, for all t € (Rq,+00). (2.7)

The first drawback has been addressed in [30] by considering a larger system of equations

Gy(z, H(z)) = (0,---,0)7T,
{ Hz= |2+ L H@)" |2+ 2 +er =0, (2.8)

where € > 0 is some positive parameter. The second drawback will be the subject of the following
result which proves that this technical assumption (2.7) corresponds to a well-known property.



Theorem 2.8 (asymptotic behavior). Let ¢ : (0,00) — (0,00) be a convex decreasing function
satisfying
lim ¢(x) = infy = 0.

T—00

The following assertions are equivalent:

(7). (Lojasiewicz inequality at infinity) There exists ¢ > 0 such that

/
T Ll Gl B

z—o0  P(x)
(i7). There exist m,n > 1 and R > 0 such that:

vi@)

> (nx), for all x € (R, +00) (2.9)

(731). For every m > 1 there exist n > 1 and R > 0 such that:

1/;(:) > 1p(nzx), for all z € (R,+00)

Notice that the technical assumption (2.7) corresponds to (ii). Therefore, the above result shows
that it is equivalent to assume that 1 satisfies the Lojasiewicz inequality at infinity. This latter
condition is always satisfied if the function v is semialgebraic: Indeed, in this case, the correspond-
ing Hardy field (that is, the field of germs of real semialgebraic functions at infinity) has rank one,
and consequently, for any non-ultimately zero semi-algebraic function v in the single variable x,
the function x — z¢'(x)/1(z) has a non-zero limit as = goes to infinity (see [7, Remark 2.9]). The
same argument applies also for the more general case of functions v that are definable in some
polynomially bounded o-minimal structure (we refer to [6] for the corresponding definitions).

Proof. (i)=-(ii). Let us assume that (ii) fails. We define inductively a sequence {y,}, C [1,+00)

such that ,
lim y, = +00 and lim M
n—oo n—o0o w(yn)

To this end, we set x1 = y1 = 1. From the contradiction argument, for every n > 2, taking m = 1+%
and R = y,_1 we obtain the existence of some x,, > R such that for y,, := nx, it holds

w(;;") < (y,) yielding ZSZ;

=0.

1
—l<m—1=—. (2.10)

S

Using convexity we also deduce that

P(en) = lyn) _ < n > <w(wn) —¢(yn)) ’

Yn — T n—1 Yn

[0 (yn)| <

whence, from (2.10),

o< < ) () <



Taking the limit as n — oo we conclude that (i) also fails to hold, which establishes the desired
implication.

(ii)=-(iii). Assume that (2.9) holds for some mgy > 1, ng and Ry > 1, that is, for all x > Ry we have
Y(x) > mop(nox). Then since ngx > = > R we also have:

Y(ngx) > myo w(n(%:r:) yielding (z) > m%w(ngx).

We conclude that (2.9) also holds for m; = m3 (under the choice of ny = n and Ry = Ryp).
Repeating this argument we deduce that (2.9) holds for all my = mk, k > 1 (taking ny = nf§ and
Ry = Ry). Since my — oo, in order to establish (iii) it is sufficient to observe that if (2.9) holds for
some m > 1 (together with some 7 > 1 and R > 0) then it also holds for all m € (1,m], since

P(z) _ ()

s T
m m

(iii)=(i). Fix m > 1, n > 1 and R > 0 such that (2.9) holds and set

() ) o

Using convexity of ¢ and (2.9), we deduce that for all x > R we have:

/ (@) — y(nx) |y’ (x)] 1 P(nz)
Volz = = W Z(n—1><k‘w@)>zc‘
This establishes (i) and finishes the proof. O

Remark 2.9. As already mentioned, assertion (i) (Lojasiewicz inequality at infinity) holds true
whenever the function 1 is semialgebraic (or more generally, definable in a polynomially bounded
o-minimal structure). This already provides a broad assembly of examples of functions satisfy-
ing (i), together with straightforward criteria to detect easily whether the property holds, based on
certificates of semialgebricity or o-minimality (see [6, Theorem 1.13] e.g.).

This being said, let us draw reader’s attention to the fact that besides what is asserted in [7, Propo-
sition 2.7], the assumption of polynomial boundedness is essential for the validity of (i). Indeed,
as shown in [21, Remark 8], the convex function 1 (x) = (log(1 4+ z)) ' is definable in the log-exp
o-minimal structure but fails to satisfy (i).

2.4 Algorithm and numerical results

To solve the system of equation (2.8), we will apply the Newton-like method proposed in [30].
However, since H is defined implicitly, we first need to reformulate the problem as follows:

z—Fly—2)+y=0
=1 (w(y?’) —Hb('%l)) =0 1=1...d, (2.11)
ally™IP + glle7IP 47 e =0,

where the variable z plays the role of H(y).



Remark 2.10. In this new system of equations we assume that case (i) of Lemma 2.5 holds. (One
can proceed in a similar way if (ii) holds.)

In the definition of the following algorithm, we set X := (y, z,7)’ and

- F(y -
¢ 1(¢ ) i=1...d, (2.12)
sy~ 17 + QHZ ||2+7“ +er

<

H(X) :=

so that (2.11) is reduced to H(X) = 0. This algorithm corresponds to a Newton method under a
standard Armijo line search.

Algorithm

1. Chose X? = (X% %), XV e =, 9 = (y°,2% /n, 7€ (0,1/2), 0 € (0,1). Set k = 0.
2. If H(X*) = 0, stop.
3. Find a direction d* € R?"*+! such that

H(XF) + VxH(X*)d* = 0.
4. Choose (¥ = ¢/* € (0,1), where j; € N is the smallest integer such that
O(XF 4 g/kd?) — O(XF) < 1o7* VO(XF)TdF,
5. Set Xkt = XF 4 ¢kd* and k < k + 1. Go to step 2.

The merit function used in the line search corresponds to the square of the global error:
1 2
O(X) = 5 IHX)".

To get a well defined algorithm, the initial point (y°, 2°)” must be an interior point, and the initial
value for » must be positive 70 > 0.

3 Applications

In this section we show that several problems, which can be naturally restated as (NAVE) and
can be solved efficiently thanks to the above transformation. We present in this section numerical
experiments, in which the smoothing functions are restricted to two specific cases

Lj t>0 .
O1(t):=<¢t+1 and Oa(t):=1—e"".
t t<0

The numerical experiments are conducted in an ordinary computer. All program codes are written



and executed in MATLAB R2023a. In Subsection 3.1 and 3.3, we employ a similar stopping criterion
for every numerical method, by using a tolerance Tol = le — 10 and fixing the maximum number of
iterations to Npyax = 2000. Since the NAVE problems may have multiple solutions, in the following,
the error will be computed by Error = | F(Zapproximate) — |ZTapproximate||| in Subsection 3.1 and
respectively by Error = || F(Zapproximate) — |Tapproximate| — 0||) in Subsection 3.3).

3.1 Ridge Regression

Ridge regression adds to the loss function £(x), 2 € R? a penalty term in order to avoid overfitting:
historical development and the applications in data science of ridge regression can be found e.g.
in [12,14]. This penalty term usually consists of adding the squared magnitude of the coefficients
(traditionally denoted by w).

We hereby consider an asymmetric ridge regression of the form:

d

min ¢ L(z) + Z (A max{z7,0}* + p; max{—27,0}?) 5, (3.1)

z€R4 =
where the penalization parameters A\; and p; satisfy A; — p; # 0 for all j € {1,--- ,d}. The case
Aj = p;j = X for every j corresponds to the classical ridge regression, which will not be considered
here. On the other hand, the case A\; = 0 for all j and p; > 0, corresponds to a penalization of the
negativity of the coefficients, promoting solutions with positive coefficients. The necessary condition
for optimality reads as follows:

VL(z) + 2Amax{x,0} — 2umax{—=z,0} =0,

where the two vectors A max{x,0} and pmax{—=z,0} are to be understood componentwise. Noticing
that 2 max{z,0} = |z|+z and 2 max{—=z,0} = |z|—x, we end up with the following (NAVE) problem

F(z)—1|z|=0 with F(z) = <Ml>\) VL(z) + (LH—;) x  (coordinatewise)

Therefore, one can solve the previous problem if either F' — I or —(F + I) is a Pp—map, that is
cither (—A)"N(VL+2X) or —(u— A" (VL+2ul) isa Py map.

To illustrate for asymmetric ridge regression, we consider the loss function
1
L(w) = ;| Az — b,  where A€ R™¢ and be R% (3.2)

We performed numerical experiments, fixing A\; = X and u; = ji for every j € {1,---,d}. These
parameters, matrix A € R™*% and vector b € R? were randomly generated with values in [—5, 5].

As shown in Table 1, considering the average number of iterations with similar tolerance, using
the function 6 is better, while in an exceptional case m = 20 > d = 10 and (), 1) = (0, 100),
6-smoothing performs worse. On the other hand, while the parameters A and i become greater,
which can be compared to the ascent of the (classical) ridge parameter, fs—smoothing performs
within a better tolerance in a small number of iterations.
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Table 1: Comparing (asymmetric) ridge regression with different smoothing functions

Error Iterations Running time(xe — 2(s))
(X\,ﬁ) (m, d) 01 02 01 02 01 02

(0,100) _ (3,10) 19¢_11 73c_15 1s 21 481 3.96
(5,10) 58e—11 13e—16 17 71 4.78 6.26

(10,10) 5.4e—11 19e—16 18 24 5.78 3.45

(20,10) 3.8¢— 11 3.5e—3 17 2000 4.94 819

(200,1000) (3,10) 89e —11 1lde 17 18 23 5.2 2.99
(5,10) 2.7e—11 3.6e—18 19 22 512 2.9

(10,10) 6e—11 27e—17 18 33  4.93 3.87

(20,10) 4.18¢e—11 1.2e—10 18 40 5.41 4.17

To end this part, we give a heuristic observation on a sparse optimization problem (see e.g. [13,36]).
Let us consider the following problem

min £(z) + Allz1. (33)

The first order optimality condition for (3.3) has the form
0eVL(x) + A - [1(z), (3.4)
where the subdifferential of /1 norm can be written explicitly as

gi = sign(z;), if z; #0,

€ o - if and only if
7€ Ot it Onyl{ gl<1 ifm=0

Using the fact that asign(a) = |a| for every a € R, the inclusion (3.4) can be transformed into
xVL(x) + A|z| =0 (coordinatewise).

The above equation just provides a necessary condition for optimal solution. In the following, we
give a short numerical observation to guarantee its potential utility in sparse optimization. In order
to apply results from previous sections, it is necessary to ensure that one of the following maps is
a Py-map

7% xVL(x)—1T and %x VL(x)— 1.

In the following figures, we use the same quadratic loss function (3.2), where matrix A and vector b
are randomly generated ranging from —1 to 1 and —0,05 to 0, respectively. Figure 1 shows the
behavior of each coefficient while increasing the tuning parameter A > 0.
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coefficient
coefficient

(a) 1—smoothing (b) #3—smoothing.

Figure 1: Problem in dimension m = 20 and d = 40.

3.2 Nonlinear ordinary differential equations

A NAVE problem also naturally arises when we deal with a discretization of a nonlinear ordinary
differential equation (ODE, for short) involving rough velocity, for example 4(t) = /|v(t)| as well
as an ODE of the form

S(XCR x 1) X)) = |X]|

In this subsection we provide two examples (one being a stiff ODE) to illustrate the effectiveness of
smoothing techniques when using finite difference schemes for ODEs.

Example 3.1. We consider a stiff ODE with initial value as follows

i + 1001 — 1000|z| =0, t > 0
2(0) = z9 < 0, &(0) = 0,

whose exact solution is

1 _ 1000 _ _
Texact (t) = To <—9996 10002 . @e t) ~ xpe” "

Let us consider problem (3.5) in time domain I = [0,7]. We use a uniform mesh t = (¢;), where
t; = ih for ¢ € {0,--- ,N} and h = T'/N, and the approximation solution will be & = (z;) where
x; &~ x(t;). For the first and the second derivative, we use the 2nd—order approximation

o Ti—2 — 2Ti—1 + X o Tit1l — Ti—1

Remarkably, at the final time, the first derivative (¢ ) will be computed via the 2nd-order backward
formula @(ty) = (xny—2 — 4xn—_1 + 3zn)/2h. Since the initial velocity is zero, using lst—order
backward approximation, we note that z_; = . The discretization of (3.5) can be written as

1 1001

- By | =
100042 T 10008% ~ =1 =5,
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where A, B € RV*¥ is determined by

1 0 0 0 0 0 1 0 0 0
—2 1 0 0 0 0 ~1 1 0 0 0
L2100 0 Lo —1oo 0 0 0
0O 0 0 -~ 1 0 0 0 0 0 -~ 0 1
0 0 0 -+ —2 1 0 0 0 0 -~ -1 0 1
0 0 0 -~ 1 -2 1 0O 0 0 -~ 1 —4 3
(3.6)

Here, vector b = (b;) € RY is defined by b; = 0 for i > 2, by = 2¢(1/(1000h?) + 1001/(2000A)) and
by = —x/(1000h?).

In Figure 2.(a), we approximate the solution of equation (3.5) with initial condition g = —1 and
time interval I = [0,5]. The finite difference scheme was computed with mesh size h = 0.05 and
the error is 9.22e — 4 when applying 6; and 63 smoothing funtions. To get convergence rate in
Figure 2.(b), we apply difference mesh sizes in the same time interval I = [0, 1] and intial condition
g = —2.

Approximate soluti Convergence rate

—a—0.5%g,,(h}
—=—log, (e}
5 1099(¢5 )

\:)g1 D(ermr)

]
o

o 05 1 15 2 25 3 35 4 45 5 2.4 2.2 2 -1.8 1.6 1.4 1.2 -1
time: \ngm(h)

(a) Approximate solutions. (b) Convergence rate O(h'/?).

Figure 2: Solving equation 3.5

Let us now make some comments on the utility of NAVE for boundary value problems: we consider
a boundary value problem related to (3.5)

{g‘c’ + 1001 — 1000|z| = 0, t € (0,T), (3.7)

z(0) =20 <0, z(T) =y € R.

In order to illustrate this case, we consider the time interval I = [0, 2] and exact solution is deter-
mined by Zexact- Using similar time mesh as above, the first and second derivatives are approximate
as follows

Ti—1 — 2% + T
72

Tj — Ti—1

and @(t;) ~

Figure 3 shows the convergence rate for the boundary value problem (3.7). The smoothing technique
used in this problem presents a better accuracy compared to the above initial value problem, which

13



seems to be natural because of the stiffness of the problem (3.5). It is noteworthy that Figure 3
also depicts an expected convergence rate since we have used a first order approximation for .

Convergence rate

log, (error)

22

24

—a—log ()

26
—s—log (e )

-2.8, lﬂ\amle%)

-3
-2 -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3

10g ,5(h)

Figure 3: Convergence rate O(h) for a boundary value problem

Example 3.2. For a continuous function f : [0, +00) — R, we consider an ODE

z(0) =z € R, #(0) = 0. (3.8)

{;’1& + arctan(z) — |x| = f(t), t > 0,

Using a similar discretization as in Example 3.1, the unknown variable & ~ z(t) solves a NAVE
problem as follows

Az + arctan(z) — |z| = b, (3.9)

where the matrix A is determined as in Example 3.1 and the vector b € RY is defined by b; = f(t;)
for ¢ > 2 and

Lo

by = f(tl) + o and by = f(tg) — ﬁ

h2
To illustrate for this example, we consider problem (3.8) with source term
f(t) = arctan(cos(nt)) — | cos(nt)| — 72 cos(mt),

whose exact solution is Zegqct(t) = cos(mt). Figure 4.(a) shows the approximate solution on the
time interval I = [0, 1] with mesh size h = 0.0125. The error between 6, (resp. 62) approximation
and exact solution is 0.06 (resp. 0.0725). Besides, Figure 4.(b) displays convergence rate of the
combination of finite difference scheme and the f—smoothing applying for the associated NAVE
problem.
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Approximate solutions Convergence rate

1 08
08
El
08
1.2
0.4 5 log ()
02 = 14 ——log (e}
= H Iog (e, )
P g 0l
> 2 16
0.2 - .
04 1.8 _—
0.6 o
2 -
0.8 o
A L . . . . . L L saand Py - . . . . . .
o 01 0.2 03 0.4 05 0.6 07 0.8 09 1 22 -2 -2 1.9 -1.8 A7 -1.6
time log, ,(h)
(a) Approximate solutions. (b) Convergence rate O(h).

Figure 4: Solving equation 3.8.

3.3 Comparison of methods for NAVE

Instead of smoothing procedure considered in Section 2, one can solve a NCP via other numerical
methods. In this subsection we give examples to compare the efficiency of four methods

e Newton-like method with smoothing functions 6; and 6s;

e approximating by Soft-Max function, in which the main idea is to approximate the comple-
mentarity condition via the limit

max x; = hmrlo /"

s = s ().

which have been widely used in many optimization problems, for example [31, Example 1.30],
(19,20, 28];

e using interior point method, for example, one can find the use of interior point method for
complementarity problems in [11,15,17,29].

Now, in the following examples, we solve the system F(z) — |x| = b, especially, Example 3.4 and 3.5
can be found in [2,18].

Example 3.3. We consider F(z) = Az, where
A = tridiag(—1,4, —1) € R4 z* ¢ RY, b= Az* — |27, (3.10)
Example 3.4. [ : R? — R3 is defined by

2I1—2
F(z):=| 229+ 23 —x3+3
x2+2x3+2x§—3
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Example 3.5. I : R* — R* is defined by

Sx% + 21+ 2x129 + 2x% + x3 4+ 324
F(x) :: 230% + a1+ 1’% + x9 + 10x3 4+ 224
31:% + x1x9 + 2:1:% + 3x3 + 924
z? + 323 + 223 + 424

Table 2 compares the four methods: smoothing method with ; and 03, Soft Max (denoted SM) and
Interior Point (denoted IP) method on the NAVE problem associated to Example 3.3-3.5. In the
first example, the vector b is randomly generated with values in [—5, 5] and the problem is considered
in dimensions d = 10, 50,200. In Example 3.4 and 3.5, we respectively consider b; = (-1, —5,10)7,
by = (9,-100,10)T, b3 = (200,0,900)T, b7 = (10,10, -12,0)T, b5 = (20,-100,—12,1)T and b} =
(200,10, —5, —5). We observe that the smoothing method (especially with §,-smoothing function)
is the most robust among the considered methods. In connection with convergence speed, the
interior point method performs much less competitively than the others, while it only reaches le — 2
after N = 2000 iterations. Another point that can be recognized from Table 2 is that the Soft Max
method could only solve problems with small size, for example for problems in dimension N = 50
and N = 200 the singularities appear after less than 100 iterations.

Table 2: Several methods to solve NAVE

Error Iterations
Example Vector b 01 0 SM 1P 01 0 SM 1P
3.3 d=10 93¢—-11 15e—11 55e—12 16e—2 20 13 173 2000

d=50 1l4e—-11 53e—15 NaN 8.96e—3 29 41 41 2000
d=200 83% —11 1.32e—14 NaN 9.55e—-3 45 76 96 2000

3.4 b1 4.7¢e —11 1.7e—11 Te — 14 5.5e—2 14 9 8 2000
ba 1.7¢e =11  3.6e—11 1.8e—12 4e —1 22 16 15 2000
bs 9.3e—11 14e—-13 14e—-13 2e 42 211 205 205 2000
3.5 b 5.e—11 1.3e—14 2e — 14 Te —2 16 12 12 2000
b5 5.be—11 22e—14 47e—14 91le—1 26 22 16 2000
b3 6.1e—11 1.4e —10 3e+1 3.8¢—0 50 43 2000 2000

Figure 5(a) and 5(b) display the performance time between different methods for Example 3.3
with the size n = 20 and Example 3.4, respectively. We did the observation with 50 samples and
the vector b is randomly generated with values in [—10,10]. At a first sight, the interior point
method appears to be the slowest one in comparison with the other three methods. As shown in
Figure 5(a), the #;—smoothing performs the best choice among all the methods. If we look carefully,
in lower dimension as Example 3.4, the Soft Max and #3—smoothing performs slightly better than
f1—smoothing method.
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Figure 5: Performance time.
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