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We consider the data fitting problem, that is, the problem of approximating a function of several variables, given by tabulated data,
and the corresponding problem for inconsistent (overdetermined) systems of linear algebraic equations. Such problems, connected
with measurement of physical quantities, arise, for example, in physics, engineering, and so forth. A traditional approach for
solving these two problems is the discrete least squares data fitting method, which is based on discrete £,-norm. In this paper,
an alternative approach is proposed: with each of these problems, we associate a nondifferentiable (nonsmooth) unconstrained
minimization problem with an objective function, based on discrete ¢, - and/or €. -norm, respectively; that is, these two norms are
used as proximity criteria. In other words, the problems under consideration are solved by minimizing the residual using these two
norms. Respective subgradients are calculated, and a subgradient method is used for solving these two problems. The emphasis is
on implementation of the proposed approach. Some computational results, obtained by an appropriate iterative method, are given
at the end of the paper. These results are compared with the results, obtained by the iterative gradient method for the corresponding
“differentiable” discrete least squares problems, that is, approximation problems based on discrete £,-norm.

1. Introduction: Statement of
Problems under Consideration

and weighted discrete £, -norm

LI Problem Number 1. Let f : R — R be a real-valued "f“eoo - li?fmwi |f (il €)
function in p real variables and let the following tabulated o

data be given:
& and, only for comparison, a weighted discrete £,-norm (“dis-
xeR?| x crete least squares norm”)

X, %, "
f&[f&x) fx) - fx,)

Find a generalized polynomial P,(x) = Z?:o a;p;(x), based

on the system of linearly independent functions {(pj(x)};.lzo,
that is, a polynomial of generalized degree n, which approx-
imates function f(x) with respect to some distance (norm).
Depending on the distance (norm) used, P,(x) is an optimal
solution to various problems. In this paper, we discuss the
approximation with respect to weighted discrete £, -norm

111, = Yl ) ®

" 1/2
1, - (Ber) n

where w; > 0, i = 1,...,m, are weights.

In order to ensure uniqueness of the solution to problems
under consideration, it is known that the following condition
must be satisfied: m > n + 1. This requirement means that we
must have at least n+ 1 values of f, where n+ 1 is the number
of the unknown coefficients ay, a,, ..., a, of the generalized
polynomial P, (x).



Thus, the polynomial P,(x) of best approximation to
function f(x) with respect to £;-norm is an optimal solution
to the minimization problem

m
min | @, (a) def |2, - f||e1 Zwi

>

Z“ﬂ’j (x) - f(x
j=0
5)

and the best approximation to f(x) with respect to £, -norm
is an optimal solution to the minimization problem

(6)

iaj(Pj (x) - f (%

1<i<

main{(b def||P - fll... = maxw,

The corresponding discrete least squares data fitting problem,
which can be associated with (1), is

mm D5 (a) &ef ||P f||€z

o\ 172
<Zw <Za,¢] (x;) - f(xl)> >

Here, a = (ay, ay,...,a,) € R™'. When the tabulated data is
given by the same confidence (reliability) foralli = 1,...,m,
then w; are chosen to be equal to 1 foralli = 1,...,m.

Recall that the system of functions {¢,, ..., ¢,} is said to
be linearly independent if whenever

7)

QP (X) + ¢y (X) + -+ +¢,9, (x) =0, (8)

then ¢y = ¢, = -+ = ¢, = 0. Otherwise, the set of functions is
said to be linearly dependent.

For the problems under consideration, the system
{o j(x)}?zo of linearly independent functions can be chosen as
follows:

L
9;(x)=Yx, j=0,1,...,m 9)
k=1

that is,
Pox)=1+1+---+1=p,
¢ (X) =X, + X5+ + X,

2, .2 2
<p2(x):x1+x2+---+xp, (10)

P (X) = X] + X5+ + X0

It is proved that functions {g; i ) =00 defined by (10), are

linearly independent (Theorem 1, Section 2.1).
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1.2. Problem Number 2. Given an inconsistent (overdeter-
mined) system of linear algebraic equations,

ZathJ =b,

This system does not have a solution in the general case when
m > n and all the equations are linearly independent.

We can associate the following minimization problems
with (11):

i=1,...,m m>n. 11)

min 4 O, (x)dl maxw; (12)

1<i<m

Z ij j_bi

=1
} ; (13)

wherex = (xy,...,x,) € R". The corresponding discrete least
squares data fitting problem, which can be associated with
(11), is

or
n

Z’Jl b

i=1

min {@5 (x) &« iw

1/2

2
min { O, (x) = « Zw <Z a;x; = ,) . (14)
i=1

Problem (12) is a special case of the problem of best Cheby-
shev approximation, based on £, -norm (3), and problem (13)
is based on ¢,-norm.

Approximations with respect to £, -norm are known as ¢, -
(or absolute deviation) approximations, and approximations
with respect to €, -norm, as Chebyshev, or minimax, or
uniform, approximations.

1.3. Bibliographical Notes and Organization of the Paper.
Problems like (1) and (11), connected with measurement of
physical quantities, arise, for example, in physics, engineer-
ing, and so forth. The weights w;, i = 1,...,m, mean the
reliability, with which each value (measurement, empirical
datum) f(x;) at x; for Problem Number 1, or each equation
for Problem Number 2, can be accepted.

Problems, discussed in this paper and related to them, are
considered in [1-32] and so forth.

The ¢,-approximation is considered, for example, in
papers of Barrodale and Roberts [2, 3] and Coleman and Li
[13], and the ¢,-solution to overdetermined linear systems
is discussed in Bartels et al. [4]. £,-approximations are
considered, for example, in papers of Calamai and Conn [9],
Fischer [15], Li [19], Merle and Spath [21], Watson [27], Wolfe
[28], and so forth. A global quadratically convergent method
for linear £, problems is suggested in the paper of Coleman
and Li [12].

Papers of Andersen [1], Calamai and Conn [8], Overton
[22], and Xue and Ye [29] consider minimization of sum of
Euclidean norms.

Books of Clarke [11] and Demyanov and Vasiliev [14]
are devoted to nondifferentiable optimization and book of
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Korneichuk [17] is devoted to optimization problems of the
approximation theory.

Numerical methods for best Chebyshev approximation
are suggested, for example, in the book of Remez [23].

A subgradient algorithm for certain minimax and min-
isum problems is suggested in the paper of Chatelon et al. [10].

Least squares approach is discussed by Bertsekas [6],
Bjorck [7], Lawson and Hanson [18], and so forth.

A quasi-Newton approach to nonsmooth convex opti-
mization problems in machine learning is considered in Yu
etal. [31]. Nonsmooth optimization methods in the problems
of constructing a linear classifier are proposed in Zhuravlev
et al. [32].

Polynomial algorithms for projecting a point onto a
region defined by a linear constraint and box constraints in
R" are proposed in Stefanov [25], and well-posedness and
primal-dual analysis of some convex separable optimization
problems is considered in Stefanov [26].

Rest of the paper is organized as follows. In Section 2,
some results for calculation of subgradients of particular
types of functions are formulated and proved, and solvability
of the problems under consideration is analyzed. In Section 3,
the iterative subgradient method for solving nondifferen-
tiable unconstrained optimization problems is formulated
and its convergence is proved. In Section 4, results of compu-
tational experiments are presented. In Section 5, Conclusions,
the proposed approach and the obtained computational
results are discussed. In the appendix, some known propo-
sitions, used in the paper, are formulated without proofs, and
only for comparison purposes, the iterative gradient method
for solving differentiable unconstrained optimization prob-
lems is presented and convergence theorem is formulated.

2. Preliminaries

2.1. Theoretical Matters. Some known results, called propo-
sitions, which are used in subsequent sections, are recalled
without proofs in Appendix A.1 at the end of the paper.

We prove below some results, which guarantee solv-
ability of considered problems (Theorem 1, combined with
Proposition A.11 of the appendix) and which are used for
calculating subgradients in Section 3.2 (Theorems 2 and 3).

Theorem 1 (linear independence of a system of multivariate
functions). If ¢;(x) is a polynomial of degree j for each j =

0,1,...,n, then the set of functions {@,,...,¢,} is linearly
independent.
Proof. Letc,...,c, be real numbers such that

P (x) &« chgoj (x) =0. (15)
=0

Since the generalized polynomial P(x) of degree n van-
ishes, the coefficients of x}, k = 1,..., p, are equal to zero.

Since ¢, ¢, (x) is the only term in P(x), containing x}, then ¢,
must be equal to zero. Therefore

n—1
P(x)= ) cip;(x). (16)
j=0

In this representation of P(x), the only term that contains
powers of x;" is ¢,_;¢,_; (x). Hence, we must have ¢,_, = 0,
and

n-2
P(x) =) cip;(x). (17)
j=0

Continuing in this way, we obtain that the remaining coef-
ficients ¢, ,,...,¢;, ¢, are also equal to zero. Therefore, the
functions {¢,,...,¢,} are linearly independent by defini-
tion. 0

The following two theorems give the rules for calculating
subgradients for some types of functions.

Theorem 2 (subgradient of a sum of univariate convex
functions). Let f(x,...,x,) Z;;l fix), fi(x;) be a

convex function of x; for each j = 1,...,n. Then fx) =

(fxl (x1)- -5 ﬁc" (x,), where

Fo (%) =267 (%)) + (1-45) f; (%))
(18)

fi ) =lim, fj’(zj+e), fi &) =lim, f;(zj—e) are the
derivatives of f; on the right and on the left at X, respectively,
and £(X) denotes the subgradient of function f at point X.

Proof. Since convex functions have derivatives on the right
and on the left at each interior feasible point, then we can
assume that f j+ (x;) and f; (x)) exist.

According to Proposition A.8 of the appendix, about the
vectors f*(x) and f™(x) of the right and the left derivatives of
f atx, respectively, we have

fFly)-f® = ®,y-x); (19)

that is, f*(x) € 9f(x) by the definition of subgradient.

Since the subdifferential df(x) of a convex function
f(x) is a nonempty, convex, and compact set, and since
];i .*(}j), f; (x;) € 9f(x;) according to the above discussion,
then

/\J'fj+ (EJ) + (1 - "j) fj_ (%) € afj (Xj), j=1...,n
(20)
Therefore

f®-f®= ifj (%)) - ifj (%;)

j=1 j=1

[ (=) - £ (%))]

1

n

J



v
M=

(17 &)+ (1-4) £; ()] (- %)
(X),X-X);

(

~.
)L

(21)

that is, f®) = (fy, (%1, fx, (%)) with f (%)), defined
above, is a subgradient of f(x,...,x,,) at X by definition. [J

Theorem 3 (subgradient of a function in two variables). Let
f(x, y) be a convex function of x for each y, let there exist a
y(x) such that

o)< I}La;cf (. y) = f(xy(x) (22)

and let the subgradient f,.(x, y) of f(x, y) with respect to x be
known for each y. Then

]?x (x) = fx (x, y)|y:y(x) : (23)

Proof. Since f(x, y) is a convex function of x for each y and
since y(x) is an optimal solution to problem max,y f(x, y),
then

f@-f)=f(zy@)-f(xyx)
> f(zy))-fley@) (24
> (fe (6 y(x),z-x).

Therefore fx(x) = fx(x, M=y (x) according to definition of
subgradient. O

2.2. Some Properties of Objective Functions and Solvability of
the Problems under Consideration. Functions Z?:o ajp;(x;) -
f(x;),i =1,...,m, are linear functions of a;, j = 0,1,...,m;
the “absolute value” function |f| = max{f,—f} is convex
(Proposition A.4 of the appendix) when f is a linear function
(and therefore, both f and —f are convex). Hence, ®,(a)
is a convex function of a as a linear combination with
nonnegative coefficients w;, i = 1,...,m, of convex functions
(Proposition A.3 of the appendix).

Using the same reasoning, we obtain that ®5(x) is a
convex function of x.

According to Proposition A.4 of the appendix, ®,(a) is a
convex function of a as maximum of the convex functions
w; Z?:O a;jp;(x;) - f(x;)|, where w; > 0, because functions
Z;’zo a;p;(x;) - f(x;) are both convex and concave as linear
functions of a;, i = 1,...,m; j = 0,...,n. Also, O (x) is a
convex function of x, j = 1,..., 1, because of similar reasons.

Function CDg (a) isa strictly convex function of a as a linear
combination with nonnegative coefficients w;,i = 1,...,m, of
the quadratic functions (Z?:o ajp;(x;) - fENi=1,...,m,
which, as it is known, are strictly convex.

Similarly, q)é (x) is a strictly convex function of x.

Functions @, (a), O, (a), ®,(x), and ®(x) are nondiffer-
entiable (nonsmooth) whereas functions @, (a) and ®4(x) are
differentiable.
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Functions @, (a), ®,(a), P;(a), ©,(x), P5(x), and D4(x)
are separable functions; that is, these functions can be
expressed as the sums of single-variable (univariate) func-
tions, which follows from definitions of these six functions.

2.2.1. On Problems Associated with Problem Number 1 (1).
Since (5) is a minimization problem, ®,(a) is a continuous
(and, therefore, both lower and upper semicontinuous) func-
tion, bounded from below from 0 as a sum of nonnegative
terms, and ®,(a) — +oo as [lal — o0, then problem
(5) has an optimal solution according to Corollary A.2 of the
appendix with X = R”.

Using the same reasoning, we can conclude that problems
(6) and (7) are also solvable.

Since min ®@5(a) and min d)g(a) are attained at the same
point (vector) a = (ay,a,,...,a,), we can consider problem

2
min <|F3 (@) = 0@ = Yu, <Zaj(Pj (x)-f (X:-)) }
i=1 j=0

(25)

instead of problem (7). Since <D§(a) is a strictly convex func-
tion, problem (25) has a unique solution (Proposition A.9
of the appendix).

Existence of solutions to these problems can also be
proved by using some general results.

As it is known, ¢,, ¢,, and £ are normed linear spaces;
they are Banach spaces with the norms (2), (4), and (3),
respectively; €, €, are separable spaces and ¢, is not a
separable space (see, e.g., [16, 30], etc.).

Linear independence of {; (X)};l:o,
guarantees the existence of an element of best approxima-
tion for problems (5), (6), and (7) (Proposition A.11 of the
appendix).

Furthermore, since ¢,,1 < p < oo, are strictly convex
spaces, then problem (7) (and problem (25)) has a unique
solution (Proposition A.12 of the appendix), and since ¢,
and €., are not strictly convex spaces, in the general case
we cannot conclude uniqueness of the optimal solution to
problems (5) and (6).

The n + 1-tuple a = (ag,ay,...,a,) € R"™, which is
obtained as an optimal solution to problem (5) (problem
(6), problem (25), resp.), gives coeflicients of the generalized
polynomial P, (x) of best approximation for f(x) (1),x € R?,
with respect to €,-norm (£, -norm, £,-norm, resp.).

When p = 1, that is, when f(x) is a single-variable
(univariate) function, the generalized polynomial P,(x) =
Z?:o a;p;(x) becomes an algebraic polynomial of degree n:

P (x)= z;‘:o ajxj and problem (7) (or equivalently (25)) with
p = 1is the well-known discrete least squares data fitting

problem.

proved in Theorem 1,

2.2.2. On Problems Associated with Problem Number 2 (11).
Solvability of problems (12), (13), and (14) follows from
Corollary A.2 of the appendix: using that @, (x) > 0, ®5(x) >
0 are continuous functions, a;, i = 1,...,m, j=1,...,n,and
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b,i = 1,...,m, are coeflicients given by (11), then it follows
that ®,(x) — +00, O5(x) — +0o when x| — oo.

In addition, using the same reasoning, the following
problem

min (Dé (x) (26)

has also an optimal solution and it is unique (Proposition A.9
of the appendix) because @7 (x) is a strictly convex function.
Existence and uniqueness of the optimal solution to problem
(2) can also be proved by using an approach, similar to the
alternative approach for problem (25).

Propositions A.7 and A.10 of the appendix imply that a*
is an optimal solution to problem (6) if and only if

0,,, €00, (a") =co{dF, (a):icI(a)}, (27)

where

F, (a) =w;

>

j;)aj(/)j (’9) -f (Xi) (28)

I(a):{iE {1,...,m}:F,-2(a)=(D2(a)}'

Similarly, x* is an optimal solution to problem (12) if and
only if
0, € 00, (x") = co{0F, (x) :i € I (x)}, (29)

where
n

Z“ijxj - b,

j=1

,m}: F, (x) = D, (X)} >

Fy (x) = w

>

(30)
I(x)={ie{l,...

and “co X” denotes the convex hull (convex envelope) of X.

3. Iterative Methods for Solving
Problems under Consideration

3.1. The Subgradient Method. Since ®,(a), ®,(a) and
®,(x), O5(x) are nondifferentiable convex functions, we use
the so-called subgradient (generalized gradient) method for
solving problems (5), (6), (12), and (13).

Let f(x) be a convex proper function defined on R".

The subgradient method for solving problem

min f (x) (31
can be defined as

X1 = X — pevf (x0), k=0,1,..., (32)
where x, € R” is an arbitrary initial guess (initial approx-
imation); p; is a step size, such that p — +0ask —
00, Y0Pk = +00, Yoo Pk < +00; Y is a norming
multiplier; usually y, = 1/ ||?(xk)|| or y = 1; f(xk) is a
subgradient of f at x;.

The following theorem guarantees convergence of the
subgradient method (32).

Theorem 4 (convergence of the subgradient method). If
pe — Owhenk — 00, p 20, Y2op = +00, ¥ = 1
for all k and ||?(xk)|| < C = const for all x, then there

exists a subsequence { f (xks)} of the sequence { f (x;)} such that

lim, oo f(x) = f(x*), wherex* € M*, M* = {x* ¢ R :

F&*) = inf g f (X))

Proof. By the assumptions of Theorem 4 we have that

X - Xk+1||2 = ”X* -+ pif (Xk)”2

= ”x* - ka2 + 2p <? (xk) X - xk>
+ i [

<" =il + 20 (F () x" = xe) + Cpf.

(33)

Choose some § > 0. For every k = 0, 1,.. ., there are two
possible cases:

(1) 2 <f(xk) X — xk> +C’p, < -9, (34)

() 2 <f(xk) X - xk> +Cp, > 0. (35)

It turns out that there exists a positive integer N such that
(35) is satisfied for k > N. Assume, on the contrary, that (34)
is satisfied and k > N. Then from (33) it follows that

X - Xk”2 - Opy

X - Xper1 "2 s

S ("X* - Xk—l"2 - 8Pk—1) - Opx (36)

k
<. < ||x*—xN||2—5Zp5.

s=N

The right-hand side of (36) tends to —co when k — oo
because Y ;2 pr = 00 by the assumption, which contradicts
[x* - %,,1> = 0. Therefore, there exist sufficiently large
numbers k, s = 1,2, ..., such that

2 <f (st) X" - ka> + Czpks > -6, (37)

which satisty (35). Since p, — 0, for any € > 0, a sequence
{k,} and a number S, can be found such that

<f (st) X - ka> > —¢ (38)

is satisfied for s > S,. Moreover, using the property of convex
functions (Proposition A.8 of the appendix), we have f(x*)-

f(xks) > (f(xks),x* _st> > —¢; that is, f(xks) - f(x") <e
However, x* = argmin f (x); therefore f (x) - f (x*) > 0.
Both inequalities imply lim, _, . f (st) = f(x"). ]

The subgradient method (32) can be modified for the case
of nondifferentiable constrained optimization as follows:

Xk+1 = HX (Xk—pkykf(xk)), k: 0, 1,..., (39)



where IIx(y) denotes the projection operation of y onto the
feasible region X. This modification is not considered here
because the optimization problems, considered in this paper,
are unconstrained.

3.2. Calculation of Subgradients. In order to apply the subgra-
dient method for solving the problems under consideration,
we have to calculate the corresponding subgradients.

Using that @, (a), ®,(a), ©,(x), ©5(x) are convex separa-
ble functions and statements of Propositions A.5, A.6,and A.7
of the appendix and statements of Theorems 2 and 3, we can
calculate corresponding subdifferentials (subgradient sets) at
iteration k as follows, respectively:

aq>(1") (a) = Zafj"’ (a,) e R™, (40)
i=1
where
afi(k) (ax)
w (P ()59, ()5 Ya9;(x,)
j=0

-f(x) >0,
w; - (9 (%), 59, (1))

-1 e,

(41)

Zﬂ%@

#@)
ZW%Q

#@R&

—w; - (Poy (%) 559 (X

i=1,...,m.
Let max, ;. w;| Z;l:o a;j9;(x;) — f(x;)| be attained fori =
i(x) € I(x). Then

Bd)gk) (a;) = co {(8fé§2x) (a;) ,affﬁgx) (a),..-»

(42)
it (@) i (x) € L)},
where
Of it (a)
Wix)P;j (Xi(x)) > ]Z_(:)a;k)(/)j (Xi(x))
) f (i) >0,
_ JWiw® (Xi)) - [-1,11, z)a;k)(Pj (Xi(x)) (43)
]n f (i) =0,
Wi P (X)) » ;)“;k)q’j (Xi(x))
] I (Xiy) <0,

j=0,1,...,n
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Let max, ;_,,,w;] Z;’:l a;x; — b| be attained for i = i(x) €
I(x). Then
9D (x;) =

{(af(lfzx (%) afn,(x (Xk)):

(44)
i(x) e I(x)},
where
Wi(x)Bi(x) j> Zalm j ] bix) > 0,
(k) _
af] i(x) (xk) = l(x)al(x [ 1 1] Z l(x)] j - bi(x) - 0’
~Wi(x) Gi(x) j» Z%c) j ] by <0,
(45)
J = 1) . > 1,
m
30" (x,) = Zafi(k) (%) € R, (46)
i1
where
afi(k) (Xk)
( n

w; - (ail’aiz""’ain)’

j=1
n
(k) _
= Jw; - (@, ap, > a,) - [1, 1], Zaijxj —b6=0,
=
"
—w; (@, G- > Gy) 5 Zaijx] -b <0,
L j=1
(47)
i=1,...,m

Obviously, elements of aq>§") (ag), a@;k)(ak), BQDik)(xk),
ad)ék) (x;) depend on the sign of the corresponding expression
from (41), (43), (45), and (47), respectively, and therefore

_ 0 a®
> ] - IRy (] i
, n, respectively.

they depend on the current Values a(

j=0,....,mx (.k) ,j=1,. ..,n;x ,] =1,...

We can choose, for example, p, = c/k,k=1,2,..5p, = 1;
¢ = const > 0. The requirements for the step size are satisfied
for this choice of py.

4. Computational Experiments

In this section, we present results of some computational
experiments, obtained by the subgradient method for prob-
lems (5), (6), (12), and (13). As it was pointed out, only for
comparison, we give results obtained by the gradient method
for solving the least squares problems (7) and (14). Each type
of problems was run 30 times. Parameters and data were
randomly generated. The computations were performed on
an Intel Pentium Dual-Core CPU E5800 3.20 GHz/2.00 GB
using RZTools interactive system.
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For both methods (32) and (A.15), two termination tests
are used: an “accuracy” stopping criterion

_ [lpenf® (x|
||Xk+1 - Xk” = 1 'Tp:fl (Xk)l'(' <s

where ¢ > 0is some given (or chosen) tolerance value, and an
upper limit criterion on the number of iterations.

(48)

Example 1 (for problem (1)). Consider problem with m =
300,n =5, p=10,and e = 10°.
Results: see Table 1.

Example 2 (for problem (1)). Consider problem with m =
300, =5, p=12,ande = 10"°,
Results: see Table 2.

Example 3 (for problem (1)). Consider problem with m =
300,n=4, p=15ande=10"°,
Results: see Table 3.

Example 4 (for problem (11)). Consider problem with m =
500,71 = 20,and ¢ = 107,
Results: see Table 4.

Example 5 (for problem (11)). Consider problem with m =
500, 7 = 22,and e = 10°°.
Results: see Table 5.

Example 6 (for problem (11)). Consider problem with m =
500,71 = 28,and e = 107,
Results: see Table 6.

Examples 7 and 8 below present results for simple partic-
ular problems of the forms (1) and (11), respectively.

Example 7 (problem (1)). Consider

xeR'[-2-10 1 23
fx) [-4 1511076

(49)

w;=1, i=1,...,6; n=2

Results: see Table 7.
Therefore, algebraic polynomials obtained by the two
methods are

PV (x) = —0.22x7 + 2.21x + 1.27, (50)
P (x) = —0.975x + 1.986x + 7.904, (51)
respectively.

Example 8 (Problem (11)). Consider the system of linear
equations

X tx,=1,
X, +x3=1,
X +x3=1,

X+ %, +x3 =1

Results: see Table 8.

7
TABLE 1
By method (32) By method (32) By method (A.15)
for problem (5) for problem (6) for problem (7)
Iterations 101 Iterations 98 Iterations 97
Run time 0.00045s  Run time 0.00055 s Run time 0.00035 s
TABLE 2
By method (32) By method (32) By method (A.15)
for problem (5) for problem (6) for problem (7)

Iterations 103

Iterations 103

Iterations 96

Run time 0.00037s  Run time 0.000375 s Run time 0.00038 s
TABLE 3

By method (32) By method (32) By method (A.15)

for problem (5) for problem (6) for problem (7)

Iterations 100 Iterations 105 Iterations 82

Run time 0.00015 s Run time 0.00017 s Run time 0.00006 s
TABLE 4

By method (32) By method (32) By method (A.15)

for problem (12) for problem (13) for problem (14)

Iterations 100 Iterations 104 Iterations 108

Run time 0.00065 s Run time 0.0018 s Run time 0.0019 s
TABLE 5

By method (32) By method (32) By method (A.15)

for problem (12) for problem (13) for problem (14)

Iterations 108 Iterations 118 Iterations 111

Run time 0.0048 s Run time 0.0051 s Run time 0.0049 s
TABLE 6

By method (32) By method (32) By method (A.15)

for problem (12) for problem (13) for problem (14)

Iterations 102 Iterations 119 Iterations 101

Run time 0.00375 s Run time 0.0039 s Run time 0.0037 s
TABLE 7

By method (32) By method (A.15)

for problem (5) for problem (7)

a; =127 a; =7.904

a; =221 a; =1.986

a, =-022 a, =-0.97

@, (a") =25.4635
Iterations 101
Run time 0.00135 s

D,(a") =12.9625
Iterations 106
Run time 0.0019 s

5. Conclusions

Computational experiments presented above, as well as many
other experiments, allow us to conclude that the subgradient
method (32), applied for minimizing the nondifferentiable
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TABLE 8
By method (32) By method (32) By method (A.15)
for problem (12) for problem (13) for problem (14)
X} = 03945 X} =0.4999 x} = 0.4261
X} =0.4016 X} =0.4999 X} =0.4261
x; =0.3946 x;‘ =0.4999 x;‘ =0.4261

D,(x") =0.2107
Iterations 101
Run time 0.0011 s

D, (x") =0.500
Iterations 84
Run time 0.0008 s

Dy (x") =0.3780
Iterations 18
Run time 0.00165 s

functions @, (a), O, (a) and ®,(x), O5(x), is computationally
comparable with the gradient method (A.15), applied to
the corresponding “differentiable” problems (25) and (26),
based on ¢,-norm, respectively. For some problems, the
gradient method gives better results with respect to number
of iterations and therefore with respect to run time. However,
in many cases it is preferable to approximate with respect to
either ¢,-norm (2) or £, -norm (3) instead of using the ¢,-
approximation.

Appendix

A. Review of Some Results

A.L Review of Some Known Results. In this section, some
known results, called propositions, used in this paper, are
recalled without proofs.

The following Weierstrass theorem and the corollary turn
out to be useful concerning solvability of the problems under
consideration.

Proposition A.1 (Weierstrass, e.g., [20, Theorem C.4.1]). A
lower (upper) semicontinuous function f, defined on a compact
set X in R", is bounded from below (above) and attains in X
the value

@ = inf f (x) [E = supf (x)] . (Ad)
x€X' xeX
Corollary A.2. Let X # 0 be a closed set in R" and let
function f : X — R be lower (upper) semicontinuous in X
and limy, _,  f(x;) = +oo (limy_, o, f(x;) = —00) for each
sequence {x; )0, € X such that lim _, |Ix|| = +oo. Then f
attains on X the value

o = inf f (x) [B =supf (x)] . (A.2)
x€X xeX
Proposition A.1and Corollary A.2 mean that, under their
assumptions, problem

minf (x max f (x A3
e/ @ [mpfw] @)
has a minimim [maximum] solution.

Since a continuous function is both lower and upper
semicontinuous, then Proposition A.1 and Corollary A.2 are

also valid for continuous functions.
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Proposition A.3 (nonnegative linear combinations of convex
and concave functions, [20, Theorem 4.1.6]). Let f;, i =
1,...,m, be numerical functions defined on X < R". If
f; are convex (concave), then each linear combination with
nonnegative coefficients of these functions

f®) défi(xifi(x), >0, i=1...,m  (A4)
i=1

is convex (concave).

If f; are convex (concave) and at least one of them is strictly
convex (strictly concave) and corresponding «; is positive, then
the function f(x) defined above is strictly convex (strictly
concave).

Proposition A.4 (convexity of the supremum of a family of
convex functions, [20, Theorem 4.1.13]). Let f; : X — R,
i € I, be convex functions which are bounded from above on
the convex set X in R". Then the function

def
f®) = supf; (%) (A5)
iel
is convex on X.
f isstrictly convex if each f; is strictly convex and I is finite.

Recall that a vector f(X) is said to be a subgradient or a

generalized gradient of f atXif
f®-f®=2{f®,x-%), (A.6)

for any x € R", where (x,y) denotes the inner (scalar)
product of x,y € R".

The set containing all subrgadients of f(x) at X is said to
be a subdifferential 0f (X) of f atX.

If f(x) is differentiable at X, then f(x) = f (%) and of (x) =
{f'X)}isa singleton, where f'(X) is the gradient of f(x) atX.

Proposition A.5 (subdifferential of a product of convex
function with a positive real number). Let f: R" — R be
a convex function. Then o(af)(x,) = «df (x,) for each scalar
a > 0.

Proposition A.6 (subdifferential of a sum of convex func-
tions, [24, Theorem 23.8]). Let f(x) = 221 fi(x), where f; are
proper convex functions on R", and the convex sets ri(dom f;),
i = 1,...,m, have a point in common, where “ri” stands for
relative interior of a set and “dom” stands for effective domain

of a function. Then 9f (x) = Y-, 0f;(x) for each x € R".

Proposition A.7 (subdifferential of a maximum of convex
functions, [14, Lemma 5.4]). Let f;(x),i = 1,...,m, be convex
functions on R" and

fx) = max £ (x). (A7)
Then
of (x) = co{df; (x) :i € I (x)}, (A.8)
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where

Ix)={ie{l,....m}: f;(x) = f (x)} (A9)

and co X denotes the convex hull of X.

Proposition A.8 (convexity, strict convexity, concavity, and
strict concavity of differentiable multivariate functions, [20,
Theorems 6.1.2and 6.2.2]). Let f be a numerical differentiable
function on an open convex set X in R". f is convex on X if and

only if
Fx)-f(x)= <f’ ()% ‘X2> , (A.10)

for each x,,x, € X. Similarly, f is concave on X if and only if,
for each x,,x, € X,

fx)-f(x)< <fl (%), % _X2>-

f is strictly convex (strictly concave) on X if and only if
these inequalities are strict, respectively, for each x,,x, € X,
X; # X,.

(A1)

Proposition A.9 (uniqueness of the optimal solution to a
strictly convex program, [20, Theorem 5.2.2]). Let X be a
convex set in R", let f be a strictly convex numerical function
on X, and let x* be a solution to the minimization problem
mingx f(x). Then x* is the unique solution to this problem.

Proposition A.10 (Fermat’s generalized rule). Let f: R" —

R be convex and let X be a nonempty convex set in R". The
point x* is an optimal solution to the minimization problem

min f (x) (A.12)

if and only if there exists a subgradient X € of (x*) such that for

each x € X the following inequality holds true:

(xx-x") 0. (A.13)

In particular, if X = R", x* is an optimal solution to the
minimization problem ming . f (x) if and only if 0 € of (x*).

Proposition A.11 (existence of element of best approxima-
tion, e.g., [17, Propositions 1.3.1 and 1.3.2]). Let L be a linear
subspace of the normed linear space X and let L be generated by
the linearly independent elements {(pj}?:O of X. Then for each
f € X there exists an element of best approximation in L.

Proposition A.12 (uniqueness of the element of best approx-
imation, e.g., [17, Proposition 1.3.3]). If X is a strictly convex
space, then the element of best approximation is unique.

A.2. The Gradient Method for Differentiable Functions. In
order to compare the results, obtained by the subgradient
method for nonsmooth optimization for problems (5) [(6)]
and (12) [(13)], with the corresponding results, obtained by
methods for “differentiable” optimization for problems (25)
and (26), respectively, consider the iterative gradient method

for solving the “differentiable” unconstrained minimization
problem
min f (x), (A.14)
where f: R" - R.
The gradient method for solving problem (A.14) is defined
through

k=0,1,..., (A.15)

X = X~ Pk (%)
where x, € R" is an arbitrary initial guess (initial approxima-
tion); p (= 0) is a step size; f ! (x;) is the unique gradient of the
differentiable function f(x) at x;.

We use, for example, a line search method for choosing
the step size p,. The gradient method with such a choice of
step size is known as the steepest descent method. The value
of py is an optimal solution to the following single-variable
problem of p:

min {f (xk - pf' (xk))} , (A.16)
subject to p > 0; that is,
S (xe=pef (%)) = minf (xe = pf (x0)). (A7)

An alternative way of choosing the step length p is the
so-called doubling method. Set, for example, p, = 1. Choose
Pr = Pr1- I f (X)) < f(xp), then py = 2p 1 IF f3,,) <
f(x;) again, then this doubling continues until f(x) stops to
decrease. If f(x;,,) > f(xp), then p, == (1/2)pe_;. If f(x; —
(1/2)p_, ' (x)) < f(xp), then x;,, == x, — (1/2)py_, f (x;);
go to iteration k + 2. If f(x; — (1/2)pe_, £ (x;)) = f(x;), then
Pr = (1/4)p_;> and so on.

The gradient method (A.15) can be considered as a special
case of subgradient method (32) (with y, = 1) when the
function f to be minimized is differentiable.

Gradients of ®§(a) and @é(x), respectively, at iteration k
are

17()
[(‘Di)] (@) = (fP @), [P (a)),  (AL8)
where
(k) =2m‘ "(‘k)' N ' 3.
7 (@) = 23w (Z () f(m>so, I
1=0,1,...,n,
17(k)
[(@Dﬁ) ] x) = (P (%), [P (%)), (A20)
where
fz(k) (%) = 2§:wia,-, <iaijx§k) - b,-) , 1=1,...,n
i=1 j=1
(A.21)
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Theorem A.13 (rate of convergence of the steepest descent
method, e.g., [5, Theorem 8.6.3]). Let f : R" — R, f €
C*(R™), let there exist positive constants m and M such that

mlyl* < (/" @y.y) <Myl (A22)
forany x € R" andy € R", and let sequence {x;} be
generated by the steepest descent method (method (A.15) with
P determined by a line search method).

Then f has a unique minimum solution x* € R" and for
each x € R" the following inequality holds true:

S m<l ; %) (f - f(x)). (A.23)

Further, there exist constants q and C: 0 < q < 1, C > 0 such
that

f () = F () < q" (f (%) - £ (x7)),

X X[ <Cq"% k=0,1,....
k q

(A.24)
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