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Summary

The smoothing functions of nonsmooth matrix valued functions play an important
role in the smoothing Newton method. Recently the smoothing Newton method
has been extensively studied to solve the semidefinite complementarity problems.
In this thesis, we introduce a generalized smoothing function of the nonsmooth
matrix valued function on the base of the smoothing function of the scalar valued
function. The existence of such smoothing function can be obtained via convolu-
tion.

In Chapter 2, we first study the properties of the smoothing function of the
vector valued function defined via convolution. We discuss the directional differen-
tiability, semismoothness and strong semismoothness of the smoothing function of
the vector valued function. Though we cannot prove that the smoothing function
of the vector valued function inherits the strong semismoothness from the non-
smooth vector valued function corresponding to it, we can show that, under some
conditions, the smoothing function corresponding to the piecewise LC! function is
strongly semismooth.

The smoothing function of the scalar valued function is the one dimension case

of the vector valued function function. By the results obtained in Chapter 2,




Summary

vi

we know that the smoothing function of the scalar valued function can have the
properties of locally Lipschitz continuity, continuous differentiability, directional
differentiability, semismoothness and strong semismoothness. Based on the rela-
tionship between the generalized smoothing function of the matrix valued function
and the scalar valued function, we show in Chapter 3 and Chapter 4 that the
smoothing function of the matrix valued function inherits the properties of the
corresponding smoothing function of the scalar valued function.

We also extend the smoothing function for the second order cone complementar-
ity problems and the matrix valued function defined by singular values in Chapter

d.



IChapter 1

Introduction

Let 8™ denote the linear space of n x n symmetric matrices. Let O, denote
the set of n x n orthogonal matrices. For a matrix X € S§", its eigenvalues are

A (X)), ...; Ap(X) and it admits a spectral decomposition of the form:
X = Q(X)diag[A (X), ..., A (X)]Q(X)",

where Q(X) € O,. For a continuous function f : R +— R, we can define a

corresponding matrix valued function F : 8" — S", by

F(X) = Q(X)diag[f (M (X)), ., f(Au(X))IQ(X)". (1.1)

F is well defined (see [16, Sec. 6.2].) It is known that F' inherits many properties
from f (see [5],[7].) In particular, if f is a nonsmooth function, then F' is also
nonsmooth. The nonsmooth matrix valued function often arises from the semi-
definite programs (SDP) and the semidefinite complementarity problems (SDCP),
which include the nonlinear complementarity problems (NCP) as a special case.
The smoothing Newton method based on the smoothing function has been widely
investigated for NCP. See [24] and the references therein. In [7], Chen and Tseng
extended the smoothing Newton method to SDCP. See [5], [19], [41] and the ref-

erences therein for more discussion.



In [7], [40], [41], some specific smoothing functions of the matrix valued function
F(X) = X have been studied. However, in this thesis, we will focus on the study
of the generalized smoothing functions of the nonsmooth matrix valued functions.
In particular, we are interested in this kind of smoothing functions: G(e, X) :
R x 8" — 8™ such that G is continuously differentiable on R x 8™ unless € = 0

and ( Z}irr(l . G(e, Z) = F(X). We define a smoothing function of F' by
e,2)—(0,

G(e, X) = Q(X)diag[g(e, M(X)), ..., g (e, M(X))]Q(X)T, (1.2)

where g : R X R is a smoothing function of f. For convenience of discussion,
we always define G(0,X) = F(X) and for any ¢ < 0 and X € §", G(¢,X) =
G(—¢, X).

Consider the locally Lipschitz continuous function F : R"” — R™. Let ¢ : R —

R+ be a kernel function, i.e., ¢ is Lebesgue integrable and

/Rab(y) du(y) = 1. (1.3)

Here p is Lebesgue measure (see [33, p.61] for the definition of Lebesgue measure.)
Define supp(¢) := {y € R|o(y) > 0}. Define ® : R™ — R, by

n

O(x) = H o(z;),x € R™.
i=1
Define 6 : R,y x R — Ry by
O(c,z) = tp(c'2), (e,2) € Roy x R.
Let ©: Ry X R"+— Ry,

O(e,r) = "®(c'z), (e,7) € Ryy x R™

Then the smoothing function G : R xR"™ — R™ corresponding to the vector valued



function F can be defined by
Gle,x) = | Flz—ey)P(y)duly)
RTL

-/ Flx —y)O(e, y)du(y) (1.4)

= [ Fy)O(e,x —y)duly),

R”n
where (g,2) € Ryy x R", G(0,z2) = F(z) and for e < 0, G(e,z) = G(—¢, ).

In [38], Sun and Qi investigated some properties, such as Lipschitz continuity,
continuous differentiability, etc. of G. Motivated by their results, the smoothing
function g : R X R — R corresponding to the nonsmooth function f : R — R,

which is used in (1.2), can be defined by

o(e,z) = /R f(x — ey)d(y)duly)
z/Rf(x—y)@(&,y)du(y) (1.5)
_ /R F)0(e, = — y)du(y),

where (g,2) € R4+ X R, g(0,2) = f(z) and for € <0, g(e,z) = g(—¢, x).

In this thesis, before we discuss the smoothing function G, we first study the
properties of G defined by (1.4) under two cases: supp(¢) is infinite and supp(¢)
is bounded. We show that for a general vector valued function F, under some
conditions, the smoothing function G inherits the properties such as directional
differentiability and semismoothness from F. When supp(¢) is bounded, we can
show that if F is strongly semismooth function, then so is the smoothing function
G. However, when supp(¢) is infinite, we have not obtained the analogous result
for any strongly semismooth function F. Fortunately, we can verify that if F is
a piecewise LC' function, under some conditions, then G is strongly semismooth.
These results are the main contributions of this thesis. Therefore, our study com-

pletes the analysis of the smoothing function of the vector valued function in [38].



Based on the study of the smoothing function of the vector valued function, we will
show that the properties of Lipschitz continuity, continuous differentiability, direc-
tional differentiability and (strong) semismoothness are also inherited by G from g.
Especially, the property of (strong) semismoothness of the matrix valued function
plays an important role in the (quadratic) superlinear convergence analysis of the
smoothing Newton method.

The organization of this thesis is as follows. In Subchapter 2.1, when supp(¢)
is infinite, we prove the directional differentiability and semismoothness of the
smoothing function of vector valued function. We also verify that the smooth-
ing function of the piecewise LC' function is strongly semismooth under some
conditions. In Subchapter 2.2, when supp(¢) is bounded, we do some analogous
analysis of the vector valued smoothing function. These results are essential for
establishing some properties of GG. In Chapter 3, we will show that GG inherits the
properties of Lipschitz continuity, continuous differentiability and directional dif-
ferentiability from g. In Chapter 4, we prove that if ¢ is (strongly) semismooth, so
is G. In Chapter 5, we apply our smoothing function to the vector valued function
associated with the second order cone and extend the smoothing function to the
matrix valued function over nonsymmetric matrices. The final remarks are stated

in Chapter 6.



IChapter 2

Properties of the Smoothing
Function ¢

In this chapter, we will focus on the smoothing function G defined by (1.4). Some
assumptions will be stated in the following subsections to make (1.4) well defined.
Also see [25], [34], [36], [38] etc. for some discussion about G. The following

examples are three well-known smoothing functions of plus function f(x) = z.

Example 2.1. The neural networks smoothing function ([2], [3])

Let ¢(z) = x € R. Then the smoothing function of f(z) = x is

(14 )2’

gle,x) =z +eln(l+e <), where (¢,2) € R4y X R.

Example 2.2. The uniform smoothing function ([10], [14], [44])

1l if—5<z<3,

Let ¢(z) = x € R. Then the smoothing function of

0 otherwise,

f(z) = x4 is

v fa>,
gle,x) =8 L@+5)? if S <<k, (2.1)
0 if v < -5,

where (e,x) € R+ X R.



Example 2.3. The Chen-Harker-Kanzow-Smale (CHKS) smoothing function ([1],

[20], [37])

Let ¢(z) = x € R. Then the smoothing function of f(x) = x is

2
(22 + 4)372°

Vae? + 22 + o
2

g(e,x) = , where (e,x) € Ryy X R.

In the next example, we use the Weierstrass kernel function as ¢.

1 2
Example 2.4. Let ¢(x) = —=e~% Then the smoothing function of f(x) = xy is
T € z?

LS

glez) = Su(S)+ L4 e, (2.2)

2 e’ 2 T ayr

where (¢,x) € R4+ X R and

u(z) = % /O et

We name this new smoothing function the Weierstrass smoothing function.

The smoothing function of the plus function f(z) = =, defined via convolution
has been extensively studied recently. Based on the work of Chen and Mangasarian
([2], [3]), Tseng [43] introduced the CM function p(x) : R +— R, which is a smooth
convex function and satisfies xE{nOO (x) =0, xlglg@ p(x) —z=0and 0 < p'(z) < 1,
for all z € R; and approximated the plus function f(z) = z; by the smoothing
function ep(z/e) where ¢ > 0. When p is twice continuous differentiable, ep(x/¢)
can be written in the convolution form ep(z/e) = /00 (x — t)+§¢(£)dt, where

—00

¢ = p”, which is actually a special case of the smoothing function defined in (1.4).
Also see [7].

The smoothing function of the projection function, which is a more general case
of the plus function was introduced in [13]. Qi, Sun and Zhou [27] discussed the
strong semismoothness of this group of smoothing function. Also see [6].

In [29], Qi and Tseng studied the (strong) semismoothness of the recession

function, which in fact is a kind of convolution (see [31].) Then the recession



function is a smoothing function. But this recession function cannot cover the
generalized smoothing function defined by (1.4).

Consider p(z) := /b[v(:p,t)]+u(t)dt, where u(t) > 0 for ¢t € [a,b]. [9], [26],
[29], [30] studied the prgperties of differentiability and (strong) semismoothness of
o(x).

However, all of these investigations are based on the explicit forms of the
smoothing functions. In this chapter, we will generalize the results discussed in the
above papers from a specific smoothing function to a general smoothing function.
We will discuss the directional differentiability and (strong) semismoothness of G
in this chapter, which complete the analysis of the smoothing function in [38].

For a general vector valued function ¥ : R™ +— R™, denote the set of points
at which ¥ is differentiable by Dy. Let dpW(x) be the B-subdifferential of ¥ at
x € R" defined by

05 () = { lim W'(s*)}.

szDq,

The generalized Jacobian 0¥(z) of ¥ at x € R™ (in Clarke’s sense) is defined as
the convex hull of dgW(z). These notions also hold for the matrix valued function.

The vector norm of z € R" is denoted by ||z||. For any n-by-n matrix X, || X||
is the Frobenius norm of X. We denote the norm of the operator M : §" — S™ by
1M = max |MX].

X1=1

(Strong) semismoothness plays an important role in the analysis of the (quadratic)

superlinear convergence of generalized Newton methods for nonsmooth equations.

Mifflin [23] and Qi and Sun [28] introduced the semismoothness and strong semi-

smoothness for the vector valued function.

Definition 2.5. Suppose that ¥ : R™ — R™ is locally Lipschitz continuous around
r € R™ W is said to be semismooth at z if ¥ is directionally differentiable at x

and for any V' € 0¥(z + Azx),

U(r+ Azx) — ¥(x) — V(Az) = o(||Ax|).



2.1 supp(¢) is infinite

U is said to be strongly semismooth at x if ¥ is semismooth at z and
U(z + Ax) — U(x) — V(Az) = O(|| Az|]?).

We also use the following lemma to prove the semismoothness and strong semi-

smoothness. This result was obtained in [40, Proposition 2.3].

Lemma 2.6. Suppose that ¥ : R™ +— R™ is locally Lipschitz continuous around

x € R". Then the following two statements are equivalent:
(i) for any V € 0¥ (zx + Ax),

U(z + Az) — U(x) — V(Az) = of||Az||)( respectively, O(||A]|*));

(ii) for any v + Az € Dy,

V(x4 Az) — U(x) — V(2 + Ax)(Ax) = o ||Az||)( respectively, O(||Al]*)).

2.1 supp(¢) is infinite

Suppose that F : R" — R™ is a locally Lipschitz continuous function. In this
subchapter, we study the properties of the smoothing function G defined in (1.4),
when supp(¢) is infinite. In order to guarantee some properties of G such as
Lipschitz continuity and continuous differentiability, we introduce the following

assumption in this subsection:

Assumption 2.7. (i) F is globally Lipschitz continuous with Lipschitz constant
Lr.

(i) [ Iol9)dnt) < .



2.1 supp(¢) is infinite

(iii) ® is continuously differentiable on R™, with / Iy II219" (y) || dp(y) < oo,
Rn

for any h € R", sup / ly[l|®"(y + th) — &(y)lldu(y) = O(]]) and

te[0,1] JR

1+7
for any T € Ry, sup / Iy 11711 2"( y) — ' (y)lldp(y) = O(71).
te[oyl] n 1 +t7-

(i) sup |y;[’d(y:) < o0, i=1,....,n.

Yi€ER

Here Assumption 2.7 (i) and (ii) are used to make G well defined. Assumption
2.7 (iii) is utilized to establish the continuous differentiability of G. Since we need
some results obtained in [38] in the following discussion, Lemma 2.10 shows that
Assumption 2.7 can imply the assumptions used in [38, Theorem 3.7], which is

stated by Assumption 2.8 and Assumption 2.9.
Assumption 2.8. ([38, Assumption 3.4])

(i) F s globally Lipschitz continuous with Lipschitz constant L.

(i) = [ l)duty) < .

(iii) ® is continuously differentiable and for any e > 0 and x € R", the following

integral:

F(y)OL(e,x —y)dy
Rn

erists.
(iv) For any e >0, x € R™ and h — 0, it holds that

sup / l©4(e, @ + th —y) — ©L(e,x — y)hlldy = o(|h])-

t€[0,1]
Assumption 2.9. (/38, Assumption 3.6])

(i) For any e >0 and x € R", the following integral:

F(y)OLle,z —y)dy
Rn

exists.



2.1 supp(¢) is infinite

(i) For anye >0, x € R" and 7 € R with 7 — 0, we have

s%pu/ lylI1[O%(e + tm, 2 —y) — OL(e + 7,2 — y)l7|dy = o(|7]).
tel0, m

(i1i) For any e >0 and x € R™, we have

lim lyll1O%(T, 2 —y) — ©(e, & — y)|dy = 0.
Rn

The following lemma shows the relationship between Assumption 2.7 and As-
sumption 2.8, Assumption 2.9.
Lemma 2.10. (i) Assumption 2.7 (i), (ii) and (iit) imply Assumption 2.8.
(ii) Assumption 2.7 (i), (ii) and (iii) imply Assumption 2.9 (i) and (ii).

(iii) Under Assumption 2.7 (i), (ii) and (iii), we have that G (¢, ) and G.(c,x)

are locally Lipschitz continuous on Ry X R™.

Proof. (i) For any € > 0 and = € R", by the assumption / ylI21®' (y) || du(y) <
RTL
0o, the integral

F(y)Oy (e, v —y)duly) = F(y)gnlﬂqﬂ(x —Y

R™ R™

exists. For any h € R" with h — 0,

. )dp(y).

sup [ ull€} (e + th — )~ ©Lfe.x ~ )b du(y

te[0,1] J R

1 xr+th—y 1 T—y
= sup [l ) - S (Y blduty)

te€(0,1]

: / YT (Y ety (B
= sup — =@ PO ()l
o [ = SN D) = ) llau(w) ]
<—— sup L L@ d L

ot S Rﬁ|H (— =) = ¥ )duy)lin]

L Ty wy the o w—y
A e [ O R e L

=o([[Al]),



2.1 supp(¢) is infinite

where the last equation is followed by the assumption sup / lylll|®'(y + th) —
t€[0,1] n

' (y)||du(y) = O(||h||). Then Assumption 2.8 holds.

(ii) For any € > 0 and € R", by the assumption / y|I* 19 (y) |dp(y) < oo,
Rn
the following integral

F(y)OLe,r —y)du(y)

Rn

-1 _z—y

= | Fo)Zm® ) + | F) ¥ daty).

exists. For any 7 € R, with 7 — 0, obviously,

-1 T —y -1 T —y
P — P d = .
o [ Iy ) ~ ey o () = of17)
Moreover, we have

y—x =Y y—x p =Y
su d — d d
tE[OIi] /Rn ||y|||[(5+t7)”+2 (5+t7) (e + T)nt2 (€‘|—T)]T| Hy)

(e+7)2% _, e+ (e+7)% _,
< - i) S SRR A d
_tiﬁ]/n [B: (6JrT)ylll[((HtT)n+2 (v T (W)]7ldp(y)
<||z[lle + 7[* sup / [l ! (L ly) - S — @' (y)]7 | dp(y)
1 eE+T 1
+le+7)? 2 @’ R — d
e+ 7] tim/n 1yl ||[(8+t7)n+2 St Cr W7 lldp(y)

=o(|71),

1
where the last equality is followed by the assumption sup / ]| @' ( T y)—

te[0,1] JR L+17
' (y)||du(y) = O(|7|). Therefore, we have

sup [ ullI€Le + triz ) = ©X(e + 7o~ y)irldu(y) = of|7).

tel0,1] J R
Then Assumption 2.9 (i) and (ii) follow.

(iii) By [38, Proposition 3.5], we have for ¢ > 0 and = € R",

Gu(e.r) = | Flu)om @ Huts) = 5 [ Fla - ep)@@)auty).



2.1 supp(¢) is infinite 12

For (e1,x1), (€2, 22) € B(e, x),

I Flzr—eay)®(y)duly) — | Flzz — )@ (y)du(y)]
Rn R

< [ 1F @ - ) - Fa - 1 @)duty)

<t [ 1@ @ldutln = ol + L [ Il @)~

SK”(gl —€&2,T1 — x2)”7

1

where K is a constant. Together with the locally lipschitz continuity of —, G (¢, x)
gn

is locally Lipschitz continuous on R, x R". By using the same way, we can also

show that G(e, ) is locally Lipschitz continuous on R, x R™. O

There are lots of kernel functions satisfying these assumptions. For instance,
the ones mentioned in Examples 2.1, 2.3 and 2.4. Next proposition shows the

directional differentiability of G.

Proposition 2.11. Suppose that F s directionally differentiable at x € R™ and
Assumption 2.7 (i) and (ii) are satisfied. Then the directional derivative of G at
(0,z) exists and is given by
G'((0,2); (r,h) = | Flw;h—|7ly)®(y)du(y) (2.3)
RTL

for any (1,h) € R x R™.

Proof. For any (1,h) € R x R", let

t|T], z +th) — G(0, )
t
F(x +th —t|t]y) — F(z)

=/ " (y)du(y).

AG(0, 2); (r, ) =2

By Assumption 2.7 (i), we have

F(x+th—t|r|y) — ]:(x)q)
t

W)l < LiiAll®(y) + Lir(llyl[®(y), vt >0.
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Assumption 2.7 (ii) implies that L||h||®(y) + L|7|||y||®(y) is Lebesgue integrable.

Thus by Lebesgue’s Dominated Convergence Theorem, we have

F(z +th —t|r|y) — F(x)

ltil%l AG((0,2); (T, h)) = ltilrgl - : P (y)du(y)
= [ T @k = Irly)e@)duty).

which, by the definition of directional derivative, proves (2.3).
O

Based on the results obtained in [38], the following two theorems show two im-
portant properties of G, semismoothness and strong semismoothness, which haven’t

been proven completely in [38].

Theorem 2.12. Suppose that Assumption 2.7 (i), (ii) and (iii) hold. If F is

semismooth on R"™, then G is semismooth on R, X R™.

Proof. By [38, Theorem 3.7 (i)], G is continuously differentiable on R, x R".
Then it implies that G is semismooth on R, x R". Thus, we only need to show
that G is semismooth at (0,z), x € R". By [38, Theorem 3.7 (vii)], we have for
any (g,d) € Ry x R™ with (g,d) — 0,

€

G+ @)~ 60.2) ~ G e+ o) (5) = olllc. ),

It has been proved in [28] that F is semismooth at x if and only if all its component

functions are. Then we have for Vo, € 0F;(x), i =1,...,m,
Fi(z +d) = Fi(z) — cud = o(||d]])-

Furthermore, by [22] and [38, Theorem 3.7 (iv)], we have m,0G;(0,z+d) C 0F;(x+
d), where

7:0G;(0, ) := {a € R"| There exists § € R such that (8, a) € 0G;(0,x)}.
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Therefore, for any V; = (8;, s) € 9G;(0, z + d), we have o; € 0F;(x + d), then

Gi(0,2 + d) — Gi(0, ) — v;-(o

d) = Fi(z + d) — Fi(x) — cud = o(||d]|).

Therefore, G is semismooth at (0, ). Our result follows. U

Next, we discuss the strong semismoothness of G, when F is a piecewise LC!
function. Before we prove the proposition, we review some properties of the piece-

wise LC! function.

Definition 2.13. A continuous function F : R™ — R™ is called piecewise LC!
function, if there exist finitely many continuously differentiable functions L; : R™ +—
R™, whose derivatives are locally Lipschitz continuous, ¢ = 1,...,k, such that
F(x) € {Li(x), ..., Ly(z)} holds for every x € R™. L;, i = 1,...,k are called the

selection functions for F.
The concept of the essentially active indices was introduced by Scholtes in [42].

Definition 2.14. The set of essentially active indices of piecewise LC' function

F at xq is defined by
I (xg) = {i € {1,...,k}|zo € cl(int{z € R"|F(x) = Li(x)})}.
A selection function L; is called essentially active at xg if i € I%(zo).

Let ¥; := {z € R"|F(z) = Li(x)} CR", i=1,..,k. Since F is continuous,
i, ¢ = 1,....,k are closed sets. Lemma 2.15 shows the covering property of the

union of ¥;, 1 =1, ..., k.

Lemma 2.15. If we remove those sets ¥; with empty interior from ¥2;, i =1, .., k,

then the remaining collection of sets X; still covers R™.

Proof. By [42, Proposition 4.1.1], we know that for any zo € R", there exists

a collection of selection functions for F at xy, which are all essentially active,
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i.e. there exists igp € {1,...,k}, such that the interior of ¥;, is nonempty and

Xo € Zio- O

Without loss of generality, in this thesis, we assume that the interior of each
Y, t =1, ..., k is nonempty.

Next proposition discusses the strong semismoothness of G.

Theorem 2.16. Suppose that Assumption 2.7 holds. Assume that F is a piecewise
LCY function and there exist K > 0 and k > 0, such that

(i) |Li(z) = Li(z + )| < Kllyl|*", V 2, y e R, i =1, k,

(i) K [ Iyl 0w)dn(y) < oc.
Rn
Then G is strongly semismooth on R, x R™.

Proof. Since F is piecewise LC! function, F is strongly semismooth on R™. Then,
by Proposition 2.12; G is semismooth on Ry x R". Lemma 2.10 (iii) implies that G’
is locally Lipschitz continuous around any (¢,z) € Ry X R™. Then G is strongly
semismooth on R x R"™. Next, we will focus on the strong semismoothness of G

at (0,z), z € R™. For any (g,d) € Ry, x R™ with (g,d) — 0, we have

1G(e,z +d) = G(0,2) = G'((e, 2 + d); (¢, d))|

=|| - [Fle+d—cy) = Flx) = Fx+ d —ey;d — ey)|(y)dp(y) |

: Z1 /:erdsyEZi |7z +d —ey) = Fla) = Flo+d —eysd —ey) | 2(y)dply),

where the last equality is followed by the covering property of the union of 3;,
1=1,..., k. First, let us fix € and d. Define H: R" — R, by

H(y) = IF(x+d—ey) = F(z) = Fx +d—ey;d —ey)[®(y), yeR"



2.1 supp(¢) is infinite

Then H(-) is an integrable function. By (i) of Assumption 2.7,
(H(y)l < 2L#(|ld]| +elly[HP(y), vy € R™,

which, together with (ii) of Assumption 2.7 and (1.3), implies that there exists
M > 0 such that
(Hy)l < M(|ld]| +¢), vy eR"

For each i, let

(e, d) = / L MO

Then ||G(g, 2+d)—G(0,2)—G'((g, x+d); i . Since intY; is open,
by [18, p.50, M7], int%; is measurable. Then for e;ch i€ {l,....k}, by [18, p.50,
M9], for any given 6 > 0, there exists a closed set A;(d), such that A;(J) C int>;
and p(%; — A;(5)) < 0. Let

moed) = | H)u(y), =1,k
z+d—eycA;(6)

Therefore, we have

[1Li(e,d) — mi(0;€,d)| =| H(y)du(y)|
z+d—eyeX; —A;(6)
M(||d|| + ¢
MDD (5, a,0)
M+ 25

Hence, (lsin%m(é;g,d) = II;(g,d). For any x € R", there exists j € {1,...,k} such
that F(x) = L;(x). Let i be an arbitrary index in {1, ..., k}. Then by the definition

J

of F, for v +d —ey € A;(6) Cint,,
Fllx+d—cey;d—ey) = L(x+d—ey)(d—ey)

and

m;(0; ¢, d)

B /+d cagy 1@ A=) = L) = Lifw + d = ey)(d = ey) |2 duly)
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We consider the following two cases.

Case i): i = j. Then z € ¥;. Thus, we have
|mi(8;€,d)|
_ / |Lie +d — ey) — Ly(x) — Li(x + d — ey)(d — en)|| () dpu(y)
z+d—eycA;(9)
</ |Li(z 4+ d — cy) — Li(z) — Li(x + d — ey)(d — ey) || 2(y)du(y)
r+d—eyeR™

= [ [ ot = )~ o+ 0= el - o)ty

<K | |ld—eyll"*®(y)du(y)
Rn

<Ko /R max{[|d]*2, &2y |20 (y)du(y)

<O(max{||d||"**,&"})

=0(||(e,d)|1*),
where the second equality is followed by the Mean Value Theorem and the second
inequality is followed by the condition (i). By the condition (ii), we get the last
inequality:.

Case ii): 4 # j. Then x ¢ ¥,. Since X¢ is open, there exists an open ball
B(z,r), such that B(z,r) C 3¢. We can find a rectangle I = [ay,b1] X ... X [ay, by]
with diameter less than 2r, such that x € I C B(z,r). Then A;(§) C ¥; C I
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Hence, we have

/ ®(y)dpu(y)
r+d—eyel®
1= [ ) om)dnty)
r+d—eyel
=1 — (/ qﬁ(yl)du(yl) s / gb(yn—l)dﬂ(yn—l))
x1+d1—ey1€la1,b1] Tp—1Fdn—1—Yn—1€[an—1,bn-1]
(- o))
xn+dn7€yn€[foo,an]u[bn,00]

a-(f () | 1))
z1+d1—ey1€[a1,b1] Tpn—1+dn—1—eyn—1€[an—1,bn—1]
In‘f’dgn*bn 1 -‘rOO 1
+ sup [y o(yn) ( / o) + | |3du<yn>>

yn€R 50 [Yn? antdn=an [y

- (f St [ -1 )dn(n) )
x1+d1—ey1€[a1,b1] Tn—1+dn—1—€Yn—1€[an—1,bn—1]
+O(le?),

(2.4)

where the inequality is implied by (1.3) and Assumption 2.7 (iv). Since we have

/ o)duty) - S{yn1)da(ya—1)
z1+d1—ey1€la1,b1] Tn—1+dn—1—€Yn—1€[an—1,bn—1]

:/ qﬁ(yl)du(yl) tee / ¢(yn—2)du(yn—2)
x1+d1—ey1€[a1,b1]

xn—2+dn—2*5yn—2€[an—ben—Q}

(1 —/ (b(ynl)d,u(ynl)) )
In—1+dn—1—€yn—16[—00,an—1}U[bn—1,00}

by repeating (2.4), we obtain that

/+d e cb(y)d/l(y) < ZO(|6|2) = O(|g|2) (25)
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Thus, we obtain that
|mi(0; e, d)|
=/ ILi(z +d —ey) = Lj(z) — Li(z + d — egy)(d — ey) |2 (y)du(y)
z+d—eyeA;(0)

= /+d_ gy @A) — Lif@) = Li(w +d —ey)(d — ey)||®(y)dp(y)

+ [ Li(x) — Ls()]] . EICCI’(y)du(y)
=0(ll(e, d)*) + | Li(=) — L;(@)l| ZO(\€\2)
=O0(|l(=. d)|I),

where the second equality is followed by the result obtained in the case (i) and
(2.5). Hence, we have II;(e,d) = O(||(g,d)||*), which implies that G(e,z + d) —
G(0,2) =G ((e,z+d); (g,d)) = O(||(g,d)||*). When & = 0, similar to the discussion
in Proposition 2.12, for any V; = (8;, ;) € 9G;(0,z + d), i = 1,...,m, we have
a; € 0F;(x +d). Then

G:(0, 2 + d) — G:(0, ) — w(o

1) = Fila+ ) = Flo) - aud = Oa]P)

if F is strongly semismooth on R". Consequently, G is strongly semismooth on
(0,z), x € R™
O

Remark: in Theorem 2.16, whenever each L; is a linear function, condition (i)

and (ii) are not required.

2.2 supp(¢) is bounded

In this subchapter, we assume that supp(¢) is bounded. We can get some results

analogous to those in Subchapter 2.1.
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Proposition 2.17. If F s directionally differentiable at x € R", then G is direc-
tionally differentiable at (0,z) and for any (1,h) € R x R",
G'((0,2); (r,h)) = | F'(xsh — |7ly)(y)du(y).
RTL

The proof is similar to the proof of Proposition 2.11.

Theorem 2.18. Suppose that ® is continuously differentiable on R™. If F is

semismooth on R™, then G 1s semismooth on R, X R".
The proof is similar to the proof of Theorem 2.12.

Theorem 2.19. Suppose that ® is continuously differentiable on R™. If F is

strongly semismooth on R"™, then G is strongly semismooth on R, X R".

Proof. Since G is continuously differentiable on Ry x R" and G'(e, z) is locally
Lipschitz continuous on R, X R", G is strongly semismooth on R, x R™. Then
we only need to show that G is strongly semismooth at (0,z), z € R". By [38,
Theorem 3.3 (vii)], for any (e,d) € Ry4 x R" with (¢,d) — 0, we have

, £
G+ d) = 610.0) - (e + ) () = ol P
Moreover, for any V; = (6;, ;) € 0G;(0,z + d), i = 1,...,m, by [38, Theorem 3.3
(iv)], we have a; € 0F;(z + d). Then

Gi(0,2 + d) — Gi(0,z) — v;-(o

1) = Fila +d) = Flo) - aud = Oa]P)

if F is strongly semismooth on R". Therefore, G is strongly semismooth on (0, z),

x € R™. Then our result follows.



'Chapter 3

Lipschitz Continuity, Continuous
Differentiability and Directional
Differentiability

In this chapter, we study locally Lipschitz continuity, continuous differentiabil-
ity and directional differentiability of the smoothing function G defined by (1.2).
Recall that

G(e, X) = Q(X)diag[g(e, M(X)), ..., g(e, M(X))]Q(X)T,

where g : R X R — R is a smoothing function corresponding to f : R — R.
The existence of such a smoothing function ¢ for the locally Lipschitz continuous
function f can be obtained via convolution, which has been discussed in Chapter
2.

It was shown in [5] that the matrix valued function F' defined by (1.1) inher-
its many properties from the scalar valued function f. Shaprio [35] also obtained
the similar results in a concise method. In this thesis, we will make an analogous
study of the properties of G. According to the results obtained in Chapter 2, we

know that under some conditions, the smoothing function g can have the properties

21
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of locally Lipschitz continuity, continuous differentiability, directional differentia-
bility, semismoothness and strong semismoothness. We will prove that if g has
these properties, then so does G. In particular, we will show that G inherits the
properties of Lipschitz continuity, continuous differentiability and directional dif-
ferentiability from ¢ in this chapter. The properties of semismoothness and strong
semismoothness of G will be discussed in the next chapter. Before we begin our
discussion, let us first introduce some notations and review some properties.

For a matrix X € 8", denote by ¢;(X),...,¢,(X) a set of the orthonormal
eigenvectors corresponding to the eigenvalues A\ (X), ..., A, (X). For a given matrix
X € 8", we denote the multiplicities by 71, ey Tge H1 > o >
values of the eigenvalues A;(X),..., \y(X), ie. gy = Ay, 11(X) = ... = A4, (X),

{tq are the distinct

Jj=1,..,q, where s1 := 0,55 :=11,..., 5 : = 11+...4+74_1. Q;(X) is the nxr; matrix
whose columns are formed by the eigenvectors gy, +1(X), ..., ¢4, (X), 7 = 1,...,q,

and define

Pi(X) = Q;(X)Q;(X)". (3.1)
In particular, denote g; := ¢;(X), Q; := Q;(X) and P; := P;(X). Obviously,
PP, =0ifi # j, P2 = P and 23:1]5]- = [,. Then the smoothing function
G(g, X) defined in (1.2), can be written as

Gle, X) = Zg(&‘,uj)Pj-

It is known that the function P;(-) defined by (3.1) is analytic in a neighborhood

of X € 8", which is given as the following lemma.

Lemma 3.1. (Shapiro [35]) The mapping X — P;(X) for any j € {1,...,q} is
analytic in a neighborhood of X and for any H € 8",

PIX)H = Zq: (1; — )" (P, H Py, + P.HP;). (3.2)

k#j
k=1
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The next proposition shows that \;(X), ¢ = 1,...,n are directionally differen-

tiable, which is a particular case of [21, Theorem 7].

Proposition 3.2. Given X € S", for any H € S", the directional derivatives
)\;j+i(X3 H),i=1,..,r;, exist and coincide with the corresponding eigenvalues of

the matriz Q?HQ]- arranged in the decreasing order.

The following proposition shows the locally Lipschitz continuity of G. The
conclusion of this proposition can be obtained by combining the techniques used

in [5, Proposition 4.6] and [41, Lemma 2.3].

Proposition 3.3. If g is locally Lipschitz continuous on R X R, then G is locally

Lipschitz continuous on R x S™.

Proof. Consider (£, X) € R xS™. Since g is locally Lipschitz continuous on R x R,
by [32, Theorem 9.67], there exist continuously differentiable function g, : RXR

R, n=1,2, ..., converging uniformly to g and satisfying
g, (e, Ol <k, V(e,€) €C, (3.3)

where x > 0 is a constant and C' := U [\i(X) — 8, \i(X) + ] x [6 —n, & +1n], for
some 0; >0,i=1,....,n and n > 0.

Let Gu(e, X) := Q(X)diag[gn(e, M (X)), ..., gule, Ma(X))]Q(X)".

Obviously, {G,}>° | converges uniformly to G on B(&, X). Fix (1,Y), (v, Z) €
B(&, X). Therefore, for any M > 0, there exists N > 0 such that for n > N, we

have
[Gn(e, X) = G(e, X)|| < M||(1,Y) — (v, Z)||, for all (¢,X) € B(g, X).

By Proposition 3.4, for any (¢, X) € B(g, X) with € # 0, G,,(g, X) is contin-
uously differentiable for all n. Moreover, because of (3.3), there exists a scalar L

such that |||G),(e, X)||| < L, for all n.
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Then we have, for any (7,Y), (v, Z) € B(&, X), where 7 # 0 and v # 0,
IG(r.Y) - G, 2)]
=|G(1,Y) = Gu(1,Y) + G, (1,Y) — G, (v, Z) + Gp(v, Z) — G(v, Z) ||
SNGEY) = Gu(m V)| + [Gu(7,Y) = Gulw, Z)|| + [|Gu(v, Z2) = G(v, Z)|
LM|(1,Y) — (v, Z)|| + || /01 G (v+tir—v),Z+t(Y —=2))(r—v,Y — Z)dt|
<@2M + L)|[(tr = v, Y = Z)||.
By a limiting process, the above inequality also holds for 7v = 0. Hence, G is

locally Lipschitz continuous on R x S™.

0

By [38, Theorem 3.3 (i) and Theorem 3.7 (i)], we know that under some as-
sumptions, the smoothing function ¢ is continuously differentiable around (e, x) €
R4+ x R. Based on this fact, we will prove the continuous differentiability of G
in the following proposition. Our proof uses the idea from Shapiro [35], in which

the derivative of matrix valued function was given in a nice form.

Proposition 3.4. Given (¢, X) € Ry, x 8", if g is continuously differentiable
around (g,p45), j = 1,...,q, then G is continuously differentiable around (e, X).
Moreover, for any (1, H) € Ryy x 8", the derivative of G is given by

6/ J;) = Cxle XM + Glle, X)r
=A(e,X,H)+B(e, X,H)+ C(e, X, 7),

where

Ale, X, H) =) gle,pu;)Pj(X)H
i \ (3.4)
9 1) =9 m) 5 5 B os
5 E i (P;HP, + P.HP;),

- — Mk
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q
B(e, X, H) =Y gi(e, ;) P;HP;, (3.5)
j=1
and .
Cle, X,7) =) g(e, )P (3.6)
j=1

Proof. First fix ¢ > 0. By using [35, Proposition 4.2], we know that G(e,-) is

continuously differentiable around X € S" and for any H € S,
G (e, X)H = A(e, X, H) + B(¢, X, H),

where A(e, X, H) and B(g, X, H) are given by (3.4) and (3.5) respectively.
For fixed X € 8", since g(-, (7)), 7 = 1,...,q, are continuously differentiable

on Ry, G(+, X) is continuously differentiable on R, and for any 7 € R, we have

Gl(e, X)1 =C(e, X, 7),

where C(e, X, 7) is given by (3.6).
By Lemma 2.10 (iii) and locally Lipschitz continuity of \;, we can show that
9L, \i(2)) = gile, Mi(X)), as v — &, Z — X. Then [[|GL(v, Z) = GL(e, X) ||| — O,

as v — ¢, Z — X. Hence, by the definition, we can get
Gle+7.X + H) = G(e, X) — Gi(e, X)T — G (e, X)H = o(||(7, H)|))-

Thus, the derivative of G exists at (¢, X) € R, x S". The continuity of G'(g, X)
follows from the continuity of G’ (e, ) and GL(-, X). Therefore, G is continuously
differentiable on Ry x S™. O

Proposition 3.4 not only verifies the continuous differentiability of G, but gives
us the form of the derivative of G' as well.
The following proposition shows that if g is directionally differentiable, so is G.

Moreover, it also provides the explicit form of this directional derivative.
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Proposition 3.5. Given (¢, X) € Ry x 8", if g is directionally differentiable at
(g,2(X)), 5 =1,...,n, then the directional derivative of G at (¢, X) exists and is
given by

G'((e,X);(,H)) =Ale, X, H)+D(g, X, 7, H),

for any (1, H) € R x 8" and where A(e, X, H) is given by (3.4) and D(e, X, 7, H)
15 defined by

D(e, X, H) ==Y ¢ ((e. ;(X)): (7. Ny(X: H))) ;. (3.7)
j=1
Proof. For any (v, X) € R, x 8", consider the decomposition,

q

G(v, X) = ZQ(& 1) P (X) + Z (9(v. \(X)) = g(e. (X)) 5 (X) g5 (X) "

(3.8)
Then for any t > 0, (1, H) € R x 8", we have

(Gt +e, X +tH) — G(e, X)) =S+T,

where

and

T=t"! i (gt + &, M\ (X +tH)) — g(e, \j(X))) ¢;(X + tH)q;(X +tH)".

j=1

By Lemma 3.1, ltilrng = A(e, X, H), where A(e, X, H) is defined by (3.4).
Since g is directionally differentiable at (g, ;(X)), 7 = 1,...,n, together with

the directional differentiability of A\;(X), j =1,...,n, we obtain that for each j,
lir 7 (g(tlT] + &, A(X +tH)) — g(e, X5(X)))

=g’ (e, ;(X)); (7, N;(X; H))) -
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Thus,

limT =D(e, X, 7, H).
t10

Hence, G is directionally differentiable at (¢, X) and the directional derivative of

G is given by

G ((e,X); (1, H)) = A(e, X, H) + D(e, X, 7, H).



IChapter 4

Semismoothness and Strong

Semismoothness

In Theorem 2.12, Theorem 2.16, Theorem 2.18 and Theorem 2.19, we have proved
that the smoothing function g can be semismooth (strongly semismooth) on R xR
under some conditions. In this chapter, we will show that semismoothness and

strong semismoothness are inherited by G from g.

Theorem 4.1. Given (,X) € R, x 8", if g is semismooth at (g, 11;), j = 1, ..., p,

then G is semismooth at (¢, X).

The proof of the semismoothness of GG is quite similar to the proof of strong
semismoothness. We omit the detail here. Please refer to the proof of Theorem

4.2.

Theorem 4.2. Given (¢,X) € Ry x 8", if g is strongly semismooth at (e, ji),
j=1,..,p, then G is strongly semismooth at (g, X).

Proof. Since g is strongly semismooth at (e,p;), 7 = 1,...,p, by the definition,
we know that g is locally Lipschitz continuous in the neighborhood of (e, y;),
j = 1,..,p and g is directionally differentiable at (e, p;), 7 = 1,...,p. Then by

Proposition 3.3 and Proposition 3.5, G is locally Lipschitz continuous around (g, X)

28
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and G is directionally differentiable at (¢, X). Next, we will show that for any
(1,H) € Ry x 8" with (1,H) — 0,

Ge+nX+H) -G, X)-G((c+7,X+H);(r,H))=O(|(r, H)||*).

By the decomposition as (3.8), we have
Gle+7,X+H)— G X)

ZZQ(&M]‘)(P]'(X +H) - P))

+Z e+ 70X+ H)) — g(5, (X)) ¢;(X + H)g;(X + H)T.

Since P;, j = 1,..., ¢, are twice continuously differentiable at X, we have
P(X+H)—P=P(X+HH+O(|H|P), j=1..n

Since ¢ is strongly semismoonth at (e, u;), 7 = 1,...,p, together with the strong
semismoothness of A;, j = 1,...,n, the composition functions g(e, \;(X)), j =
1,...,n are also strongly semismooth at (g, X) (see [11] and [23, Theorem 5 ].)
Then

g+ 70X+ H)) —g (e, (X))

=g’ (e + 7 N(X + H)); (1, X(X + H; H))) + O(|[(r, H)|]?).

By noticing the fact that ||q;(X + H)g;(X + H)T|| are uniformly bounded, we get
Gle+7mX+H)—G(eX)

:Zg(&ﬂj)Pf(XJrH)H
+ igl ((e+7 XX + H)); (1, Xj(X + H; H))) g;(X + H)g;(X + H)"

j=1

+O(ll(m 2D)]1%).
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According to Proposition 3.5, we have
G'((5+T,X+H);(T,H)) =Ae+7X+HH) +DEe+7,X+H, 1, H),

where A(e +7,X + H,H) and D(¢ + 7, X + H, 7, H) are given by (3.4) and (3.7)

respectively. Moreover, it is known that
S gle ) RS + H)H = Ale+ 7% + H, )+ O((r H)),
j=1
and
S0 (67 A (X 4 H)): (r X, (X H: 1)) (X + H)a (X + H)T
j=1
=D(e+7,X +H,7,H).
Then it follows that

Gle+1,X+H)-G(Ee,X)-G ((e+7,X+H);(r,H)) = O(||(, H)|]”).

The proof is completed. O
2
Example 4.3. For the CHKS smoothing function, ¢(x) = Tk r € R.
x
Vaerl + X2+ X
Then we have G(e,X) = < +2 i , (6,X) € Ryy x 8™, with infinity

supp(¢). Obuviously, f and ¢ satisfy the assumptions and the conditions in Theorem
2.16. Then g corresponding to f(x) = x is strongly semismooth on Ry XR. Thus,
by Theorem 4.2, G(e, X) is strongly semismooth on Ry x S8™. Sun, Sun and Qi
[41] have used another method to prove the strong semismoothness of this smoothing

function. Also see [7], [40].

1
Example 4.4. For the extreme value smoothing function, since ¢(x) = Te_mg,
T
1 2
x €R, forany (,X) € Ry xS, we have G(¢,X) = =X + C e +U(e, X),
2 2/
2 2
where ¢ <% is the matriz exponential of —— and
€

v x) = 30 M A g0

i=1
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where u is defined by (2.4). Here supp(¢) is also infinity. Since f and ¢ satisfy
the assumptions and conditions in Theorem 4.2, g corresponding to f(x) = x4
s strongly semismooth on Ry X R. Then by using Theorem 4.2, G 1is strongly

semismooth on Ry x S™.



'Chapter 5

Some Applications of the
Smoothing Function

In this chapter, we will extend the smoothing function to the vector valued function
with second order cone and the matrix valued function over nonsymmetric matrices.
The second order cone (SOC), also called the Lorentz cone, in R", is defined
by
K" = {(zy,20)" |2, € R,y € R"and 1y > ||z}

T, Denote e =

For convenience, we write z = (x1,z3) instead of x = (71,3
(1,0,...,0)T € R™.

Any z = (z1,73) € R x R™! can be decomposed as
z = Ap + xop?,

where A, Ay and p™, 4@ are spectral values and the associated spectral vectors

of z, with respect to K", given by
X =z + (= 1)

and

1, (—1)il|§zl|) if xo # 0
(1,(=1)'w)  otherwise

32
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for i = 1,2 and w is any vector in R"!, satisfying [|w| = 1. In [12], for any
function f : R — R, the following vector valued function associated with K" is

introduced:
o) = FO)pM + ().

The interest of this function is stemmed from the second-order-cone complemen-
tarity problem (SOCCP). See [4], [8], [12], [15] and the references therein for the
study of the smoothing method for solving SOCCP. Analogous to the matrix valued
function, we will construct a smoothing function of f**¢(x).
Assume that f is locally Lipschitz continuous. Let e = (1,0,...,0)T € R. For
any = (z1, 1) € R x R, we define L(z) and L(x,) by
T
r T
Lz)=| "= ™
) 171]
- 0 0"
L) = T 2
0 I —xomy /]|

In [4, Lemma 4.1], Chen, Chen and Tseng showed that for any t € R,
fo°(w) = F(L(w) + tL(ws))e,

where F' is the matrix valued function defined by (1.1) and the eigenvalues of
L(x) 4 tL(xy) are Ay, Ay and z; + t of multiplicity n — 2. This result is the key
to relating f*°° to F. [4] showed that f*°°(z) inherits from f the properties of
Lipschitz continuity, continuous differentiability, (strong) semismoothness etc. We
define the smoothing function ¢**°(e,x) : Riy X R™ — R™ corresponding to f*°
by

soc

g*(e, x) := G(e, L(x) + tL(x,))e, (5.1)

where G is the smoothing function of F' defined by (1.2), ¢°*°(0,z) = f**°(z), for
any £ < 0, ¢°*(e,z) = g°°°(—e,x). Chapter 3 and Chapter 4 have shown that the
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properties of locally Lipschitz continuity , continuous differentiability, directional
differentiability, semismoothness and strong semismoothness are inherited by G
from g. Based on the relationship between G and ¢*°“, Theorem 5.1 proves that

g°°¢ also inherits these properties from g.

Theorem 5.1. (a) If g is locally Lipschitz continuous on R X R, then g% is

locally Lipschitz continuous on R X R"™;

(b) If g is continuously differentiable on R, X R, then ¢g°°° is continuously

differentiable on Ry, x R"™;

(c) If g is directionally differentiable at (e,)\1), (g, A2) with € > 0, then g*°¢ is
directionally differentiable at (e,x) € Ry X R";

(d) If g is semismooth on Ry X R, then g*°° is semismooth on R, X R™;

C

(e) If g is strongly semismooth on Ry X R, then g°°¢ is strongly semismooth on

Ry X R".

Proof. (a) Let t = 0. By Proposition 3.3, G is locally Lipschitz continuous around
(e, L(x)) with (e,2) € R x R. Since L(x) is locally Lipschitz continuous around z,
the relationship (5.1) yields that ¢*°° is locally Lipschitz continuous on R x R™.

(b) Let ¢ = 0. Analogous to the proof of (a), this result follows directly form
Proposition 3.4, the fact that L(x) is continuously differentiable at € R"™ and
the relationship (5.1) .

(c) Let t = ||z2||. Then by [4, Lemma 4.1 (a)], for any 2 € R", the eigenvalues
of L(z) + ||lz2||L(z3) is Ay and Ay of multiplicity n — 1. Then by proposition 3.5,
G is directionally differentiable at (e, L(z) + ||za||L(z2)) with (¢,2) € Ry x R,
if ¢ is directionally differentiable at (g, ;) and (g, A). Since L(z) + |lza|| L(z2) is

continuously differentiable at x, the result follows.
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(d)-(e) Let t = 0. By (Theorem 4.2) Theorem 4.1, G is (strongly) semismooth
at (e, L(z)) with (e,2) € Ry x R™ Since L(x) is (strongly) semismooth, by
23, Theorem 5] and [11], the composite function ¢**“(e,z) = G(e, L(x))e is still
(strongly) semismooth.

O

Let M,, ,, be the space of n x m real matrices. Without loss of generality,
we assume n < m. For any scalar valued function f : R +— R, in [40], Sun and
Sun introduced a matrix valued function over nonsymmetric matrices defined by

singular values. N : M, ,, — 8" is defined by
N(A) := Udiag(f(o1(4)), ..., f(o,(A))UT, A€ My,
where 01(A) > 02(A) > ... > 0,(A) > 0 are the singular values of A, and
Uldiag(oi(A), ..., 0,(A)) 0]V

is the singular value decomposition of A, where V € O,,, U € O, (see [17, p 415].)
In [40], Sun and Sun obtained the relationship between the matrix valued func-
tion N defined over nonsymmetric matrices and the matrix valued function F

defined over symmetric matrices:
N(A) = n(F(E(4))),

where 7 : S — S" is defined by (7(X));; == Xij, 4,5 = 1,..,n, X € S
0 A

and = : M, , — 8™ is defined by Z(A) = . , A e M, Byll7,
A0

Theorem 7.3.7], we know that the eigenvalues of Z(A) are +0;(A), i = 1,...,n and

0 of multiplicity m — n.

Then the smoothing function of NV can be constructed as M : R x M,, ,,, — S"

M(z, A) = n(G(e,2(A))), (6, 4) € Ry x My, (5.2)



36

where G is the smoothing function corresponding to F' defined by (1.2), M (0, A) =
N(A), for any € <0, M(e, X) = M(—¢, X).

We combine the relationship (5.2) between M and G and the relationship be-
tween g and G discussed in Chapter 3 and Chapter 4. Then in the following

theorem, we make an analogous study for the smoothing function M.

Theorem 5.2. (a) If g is locally Lipschitz continuous on R x R, then M is

locally Lipschitz continuous on R X M, ;s

(b) If g is continuously differentiable on Ry, X R, then M is continuously dif-

ferentiable on Ryt X My m;
(c) If g is directionally differentiable at (¢,+0;(A)), i = 1,...,n and (¢,0) with

e > 0, then M is directionally differentiable at (¢, A) with (¢,A) € R4 X
Mn,m;

(d) If g is semismooth on Ry X R, then M is semismooth on Ry X My m;

(e) If g is strongly semismooth on R, X R, then M is strongly semismooth on

Ry X My .

Proof. (a)For (7, B) and (i, C) in the neighborhood of B(e, A) € R x M,, ,,. Then
we have
1M (7, B) = M(p, CO)|| =[G (7, =(B)) = G(w, Z(O))]]]
<IG(m E(B)) — G, E(C))||
<L(Jr = u[ + 2(B) = =(O)])
=L(|7 — pl+2(B = C[?)
<2L(|7 — pl + B = Cl)),
where the second inequality is followed by the locally Lipschitz continuity of G (see
Proposition 3.3.) Then the result follows.
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(b) By Proposition 3.4, G is continuously differentiable at (g, =(A)), with € > 0
and A € M,,,,. Since the linear mapping is continuously differentiable, by the
relationship (5.2), M is continuously differentiable around (¢, A) € R4y X M, .

(c) For any (e,A) € Ry X My, it is known that the eigenvalues of =(A)
are +o;(A), i = 1,...,n and 0 of multiplicity m — n. By Proposition 3.5, G is
directionally differentiable at (¢,=(A)). By relationship (5.2), M is directionally
differentiable at (0, A).

(d)-(e) By (Theorem 4.2) Theorem 4.1, G is (strongly) semismooth on R, X
M,,.m. By using the fact that linear mapping is (strongly) semismooth, the compo-
sition function M (e, A) = w(G(e,=(A))) is (strongly) semismooth on R x M,, ..

U



'Chapter 6

Final Remarks

We have completed the analysis of the properties of the generalized smoothing
function of the vector valued function. In particular, we studied the (strong)
semismoothness of the smoothing function. Based on theses properties, we studied
the smoothing function of the matrix valued function. We found out that the
smoothing function of the matrix valued function inherits some properties from the
scalar valued function corresponding to it. With these useful results, we extend
the smoothing function to the vector valued function with second order cone and
matrix valued function over nonsymmetric matrices. However, in this thesis, we
cannot prove that when supp(¢) is infinite, G can inherit the strong semismoothness

from F, if F is strongly semismooth. Further study can be done in this aspect.
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