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ALTERNATIVE PROOFS FOR SOME RESULTS OF
VECTOR-VALUED FUNCTIONS ASSOCIATED WITH
SECOND-ORDER CONE

JEIN-SHAN CHEN

ABSTRACT. Let K™ be the Lorentz/second-order cone in IR". For any function
f from IR to IR, one can define a corresponding vector-valued function £ (z) on
IR™ by applying f to the spectral values of the spectral decomposition of z € IR"™
with respect to K". It was shown by J.-S. Chen, X. Chen and P. Tseng that
this vector-valued function inherits from f the properties of continuity, Lipschitz
continuity, directional differentiability, Fréchet differentiability, continuous dif-
ferentiability, as well as semismoothness. It was also proved by D. Sun and J.
Sun that the vector-valued Fischer-Burmeister function associated with second-
order cone is strongly semismooth. All proofs for the above results are based
on a special relation between the vector-valued function and the matrix-valued
function over symmetric matrices. In this paper, we provide a straightforward
and intuitive way to prove all the above results by using the simple structure of
second-order cone and spectral decomposition.

1. INTRODUCTION

The second-order cone (SOC) in IR™, also called the Lorentz cone, is defined to

be
K™ = {(z1,22) € R x R" ! | ||lz2]| < 21},

where || - | denotes the Euclidean norm. If n = 1, K! is the set of nonnegative reals
IR+. Recently, there have been much study on second-order cone in optimization,
particularly in the context of applications and solution methods for second-order
cone program (SOCP) [1, 2, 9, 12, 14, 18, 22]. For any z = (z1,72) € R x R"1,
we can decompose T as

(1) z = A\uld + )\gu(z),

where A1, A and v(Y), u(?) are the spectral values and the associated spectral vectors
of x, with respect to K™, given by

(2) Ai = 21 + (—1)||lz2ll,
1 _1yi %2 if z

) o 2 [HBEY ) i o
%(1,(-1)%), if 2g=0,

for i = 1,2, with w being any vector in IR"™! satisfying |w| = 1. If z3 # 0, the
decomposition (1) is unique. With this spectral decomposition, for any function
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[+ IR — IR, the following vector-valued function associated with K™ (n > 1) was
considered (see [9]):

(4) £ @) = fO)u + fFOu® Vo = (21,25) e R x R*.,

If f is defined only on a subset of IR, then f*° is defined on the corresponding
subset of IR". The definition (4) is unambiguous whether x5 # 0 or 9 = 0. The
above definition (4) is analogous to one associated with the semidefinite cone S™,
see [20, 21].

The study of this function is motivated by second-order cone complementarity
problem (SOCCP), see [3, 4] and references therein. In fact, in the paper [4], it
studied the continuity and differentiability properties of the vector-valued function
f°°. In particular, it showed that the properties of continuity, strict continuity,
Lipschitz continuity, directional differentiability, differentiability, continuous differ-
entiability, and (p-order) semismoothness are each inherited by f*° from f. These
results parallel those obtained recently in [5] for matrix-valued functions and are
useful in the design and analysis of smoothing and nonsmooth methods for solv-
ing SOCP and SOCCP. The proofs are based on an elegant relation between the
vector-valued function f*° and its matrix-valued counterpart (see Lemma 4.1 of
[4]). This relation enables applying the results from [5] for matrix-valued functions
to the vector-valued function f*°. In this paper, we study an intuitive way to prove
all the aforementioned results without using the relation as will be seen in Sec. 3.

A popular approach to solving SOCCP is to reformulate it as an unconstrained
minimization problem. Specifically, it is to find a smooth (continuously differen-
tiable) function ¢ : R™ x R™ — IR such that

(5) Y(z,y) =0 <<= (z,9)=0, ze€Kk", yek"

which yields that the SOCCP can be expressed as an unconstrained smooth (contin-
uously differentiable) minimization problem: leiF{l f(€) == ¥(F({),G(C)), for some
E n

F and G. For detailed reformulation, please refer to [3]. Such a % is usually called
a merit function. A popular choice of v is

1
(6) V(@ y) =sl¢vI*  zyeR,
where
(7) ¢(z,y) = (@ +y)2 -z —y.

Here (-)? and (-)'/2 are well-defined via the Jordan product as will be explained
in Sec. 2. The function ¢ is called Fischer-Burmeister function. It is the natural
extension of Fischer-Burmeister function over IR to K. D. Sun and J. Sun proved
that ¢ is strongly semismooth in [19], while ¢ was proved smooth (continuously
differentiable) everywhere by J.-S. Chen and P. Tseng in [3]. In this paper, we also
provide an alternative proof for property of strong semismoothness of ¢ in Sec. 4.

In what follows, for any differentiable (in the Fréchet sense) mapping F' : IR" —
IR™, we denote its Jacobian(not transposed) at z € IR" by VF(z) € R™ ", i.e.,
(F(z +u) — F(z) — VF(z)u)/||ul| = 0 as u — 0. “:=" means “define”. We write
z = O(a) (respectively, z = o(a)), with & € IR and z € IR, to mean ||z||/|a] is
uniformly bounded (respectively, tends to zero) as a — 0.
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2. Basic CONCEPTS AND KNOWN RESULTS

In this section, we review some basic materials regarding vector-valued functions.
These contain continuity, (local) Lipschitz continuity, directional differentiability,
differentiability, continuous differentiability, as well as (p-order) semismoothness.
We also recall some known results for vector-valued functions for which we will
provide alternative proofs later.

Let the mapping F' : R™ — IR™. Then F is continuous at z € R"™ if F(y) — F(x)
as y — x; and F' is continuous if F' is continuous at every x € IR". We say F' is
strictly continuous (also called ‘locally Lipschitz continuous’) at z € IR™ if there
exist scalars k > 0 and d > 0 such that

1F(y) = F()l < &lly — 2l Vy,z € R" with [ly — || <6, ||lz — =] <

and F is strictly continuous if F' is strictly continuous at every x € IR". We say F
is directionally differentiable at z € IR™ if

F'(z;h) := lim Flz+th) - Flz)
t—0+ t

exists Vh € R

and F' is directionally differentiable if F' is directionally differentiable at every = €
IR™. F is differentiable (in the Fréchet sense) at z € IR™ if there exists a linear
mapping VF(z) : IR™ — IR™ such that

F(z+h) — F(z) — VF()h = of||h]]).

If F is differentiable at every z € IR™ and VF' is continuous, then F' is continuously
differentiable. We notice that, in the above expression about strict continuity of
F', if § can be taken to be oo, then F' is called Lipschitz continuous with Lipschitz
constant s.

It is well-known that if F' is strictly continuous, then F' is almost everywhere
differentiable by Rademacher’s Theorem-see [6] and [17, Sec. 9J]. In this case, the
generalized Jacobian OF (z) of F' at z (in the Clarke sense) can be defined as the
convex hull of the generalized Jacobian dpF'(z), where

OpF(z) := { lim VF(:cj)lF is differentiable at z’ € IR”} .
zl —x ;
The notation dp is adopted from [15]. In [17, Chap. 9], the case of m = 1 is
considered and the notations “V” and “0” are used instead of, respectively, “Op”
and “0”. Assume F' : R™ — IR™ is strictly continuous, then F' is said to be
semismooth at x if F' is directionally differentiable at = and, for any V' € 0F (z+ h),
we have
F(z+ h) — F(z) — Vh = o(||h]])-
Moreover, F' is called p-order semismooth at z (0 < p < 00) if F' is semismooth at
x and, for any V € 90F (x + h), we have

F(z+h) — F(z) — Vh = O(]|h|*+*).

The following lemma, proven by D. Sun and J. Sun [20, Thm. 3.6] using the
definition of generalized Jacobian, enables one to study the semismooth property
of f*° by examining only those points = € IR™ where f™° is differentiable and thus
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work only with the Jacobian of f*°, rather than the generalized Jacobian. It is a
very useful working lemma for verifying semismoothness property.

Lemma 2.1. Suppose F : IR™ — R" is strictly continuous and directionally differ-
entiable in a neighborhood of x € R™. Then, for any 0 < p < oo, the following two
statements are equivalent:

(a) For any v € OF (x + h) and h — 0,
F(z+h) — F(z) — vh = o(||h||) (respectively, O([|r)tt#).
(b) For any h — 0 such that F is differentiable at x + h,
F(z +h)— F(z) — VF(z + h)h = o(||h]|) (respectively, O([|h)**).

We say F is semismooth (respectively, p-order semismooth) if F' is semismooth
(respectively, p-order semismooth) at every z € R™. We say F'is strongly semis-
mooth if it is 1-order semismooth. Convex functions and piecewise continuously
differentiable functions are examples of semismooth functions. The composition
of two (respectively, p-order) semismooth functions is also a (respectively, p-order)
semismooth function. The property of semismoothness, as introduced by Mifflin
[13] for functionals and scalar-valued functions and further extended by L. Qi and
J. Sun [16] for vector-valued functions, is of particular interest due to the key role it
plays in the superlinear convergence analysis of certain generalized Newton methods
[10, 11, 15, 16, 23]. For extensive discussions of semismooth functions, see [8, 13, 16].

For any x = (z1,22) e R x R" ! and y = (¥1,y2) € IR x R* !, we define their
Jordan product as

(8) Toy= (xTy, Y172 + wlyz) .

We write 22 to mean zoz and write Z+y to mean the usual componentwise addition
of vectors. Then, o, +, together with e = (1,0,...,0) € IR™, give rise to a Jordan
algebra associated with K™ [7, Chap. II]. If z € K™, then there exists a unique
vector in K™, which we denote by z!/2, such that (21/2)? = 4120 21/2 = 3. For any
z = (z1,22) € R x R™ !, we also define the symmetric matrix

T CL‘g
(9) Lz - [CL‘Q .’L‘l.[:, ’
viewed as a linear mapping from IR™ to IR"*™, The matrix L has various interesting
properties that were studied in [9]. Especially, we have L, - y = z oy for any
z,y € R™.
Now, we summarize the results shown in [4] for which we will provide alternative
proofs that are straightforward and intuitive in the subsequent sections.

Proposition 2.2. For any f : IR — IR, the following results hold:

(a) £ is continuous at an z € R™ with eigenvalues A1, Ay if and only if f is
continuous at A1, As.

(b) f° is directionally differentiable at an z € IR™ with eigenvalues Ay, Ay if
and only if f is directionally differentiable at Ay, Ay

(c) f°° is differentiable at an x € R™ with eigenvalues A1, Ay if and only if f is
differentiable at A1, \g.
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(d) £ is continuously differentiable at an x € IR™ with eigenvalues A1, A2 if
and only if f is continuously differentiable at A1, Ag.

(e) f*° is strictly continuous at an x € IR™ with eigenvalues A1, A2 if and only
if [ is strictly continuous at A1, Ag.

(f) f*° is Lipschitz continuous (with respect to ||-||) with constant « if and only
if f is Lipschitz continuous with constant k.

(g) f°° is semismooth if and only if f is semismooth.

Proposition 2.3. The vector-valued Fischer-Burmeister function associated with
second-order cone defined as (7) is strongly semismooth.

3. ALTERNATIVE PROOFS OF CONTINUITY AND DIFFERENTIABILITY

In this section, we present alternative proofs for Prop. 2.2 of Sec. 2 which is
one of the main purposes of this paper. Unlike the existing proofs which employed
an elegant lemma ([4, Lem. 4.1]), our arguments come from an intuitive way only
using the simple structure of second-order cone and basic definitions. We need some
technical lemmas before starting the alternative proofs.

Lemma 3.1. Let A\ < Ay be the spectral values of x € IR™ and m; < mqy be the
spectral values of y € IR™. Then we have

(10) M —maf? + Do —mof? <2 [l —y)?
and hence, |N\; —mg| < V2 |z -y, Vi=1,2.
Proof. The proof follows from a direct computation. ]

Lemma 3.2. Let z = (z1,22) € RXx R ! and y = (y1,32) € R x R* L.
(a) If zg # 0,y # 0, then we have

(11) [u® — @ < |l —yll, Vi=1,2,

1
|[2]]

where u® v are the unique spectral vectors of z and y, respectively.
(b) If either x5 = 0 or ya = 0, then we can choose u® v such that the left
hand side of inequality (11) is zero.

Proof. (a) From the spectral factorization (1)-(3), we know that

(i) — _(1 i 1_2> (1) — _<1 -1 lﬁ)
U 9 b v bl )
g\!» (1) &2 g\ (1) 1y

where u?), v are unique. Thus, we have u(d — ¢ = %(0 , (—I)Z(W%” - ﬂ-yL;"))
Then

”u(i) _ U(i)” _ 1 T2 Y2 || _ 1 z2 —y2 | (llvall = llz2l)y2

2 \Teal ™ Toalll = 2| el T Mol el
1 < 1 1

<2 L gyl + ——|||y2| ~ o )
2\ Tlzal Tl | 1221
1 ( 1 1 1

< | —|lz2 — yo|| + ——||z2 — y2 > L —llz=y
2\ Tleal a2~ V2l ) < gl = vl
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where the first inequality follows from the triangle inequality.
(b) We can choose the same spectral vectors for z and y by the spectral factorization
(1)-(3) since either 3 = 0 or yg = 0. Then, it is obvious. O

1 1
Lemma 3.3. For any w # 0 € IR®, we have Vw<”:z“> = Tl (I — 60;1;'2)

Proof. The verification is routine, so we omit it. |

Now, we are ready to present our alternative proofs for Prop. 2.2. As mentioned,
all of our proofs are from intuitive definitions as well as the structure of second-
order cone. Some portion of the proofs are similar to the original ones, we omit
them when there is the case.

Proof. (a) “<” Suppose f is continuous at A;, Ay. For any fixed z € IR and Yy — T,
let the spectral factorizations of z,y be z = Aju!) + Agu(® and y = mivM) +mav@,
Then, we discuss two cases.

Case (i): If 23 # 0, then we have

(2) )= 1) = fm) (o) ~u)+(fm) - 100 Juth
 ma) (0 = )4 o) - £0) )

Since f is continuous at Aj, Ag, and from Lemma 3.1, |m; — \;| < v/2 2 |ly — z||, we
obtain f(m;) — f(\;) asy — z. Also by Lemma 3.2, we know that [|v® —u® | —
0 as y — z. Thus, equation (12) ylelds fscc( ) — f°(z) as y — , since both
f(m;) and ||u®|| are bounded. Hence, f*° is continuous at & € IR”™ .

Case (ii): If zo = 0, no matter ys is zero or not, we can arrange that z,y have the

same spectral vectors. Thus, f~ (y) — f*"(z) = (f(ml) - f()q)) u) 4 (f(mg) -

f(A2) Ju® . Then, f*° is continuous at z € IR™ by similar arguments.

“=" The proof for this direction is straightforward and similar to the arguments in
[4, Prop. 5.2]. O

Proof. (b) “«” Suppose [ is directionally differentiable at \;, Ay. Fix any x =
(z1,22) € R x R™ !, then we discuss two cases as below

Case (i): If zo # 0, then we have f*°(z) = f(A)u® + f(A)u® where \; =

) ; 1
z1 + (—1)*||z2|| and u® = 5(1 (-1) B Il) for all i = 1,2. From Lemma 3.3, we

know that u(¥ is Fréchet-differentiable with respect to x, with

0 0
Toxd | Vi=1,2.
[|z2]|2

) —1)t
1 (@) — (
) Y ol | 0 1-
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Also by the expression of \;, we know that A; is Fréchet-differentiable with respect
to x, with
(14) Vaki =(1 , (—1)1‘—””2—) =2u® | Vi=1,2.

2

Since f is directionally differentiable at A1, A2, then the chain rule and product rule
for directional differentiation give

(F°Y (z;h) = FO)VeuDh +u® f' (A h) (Vade)T
+ FO2)Vou@h +u® f'(Ag; h) (Vzro)T

0 0
_ f(2) = fF(\) =zl | h
T 2|y 0 I— 272

L l|z2|? |

+2f' (s h)u® (@) + 2/ (g5 R)ul® (u®)T

0 0
_ f(x2) = f(A1) gn | B
Ao — A 0o I-——~
2 l|lz2]?

+ 2f (s Ryu® (@) 4 2 (g Ryu® ()7,

where the second equality uses equations (13) and (14), and the last equality employs
the fact that Ao — A1 = 2||@2||. Notice that we can obtain u®(u®)T as follows by
direct computation :

1 ’i
NG 1 .
uOWO)T = 7 e xﬂgfz” . Yi=1,2.
lzall  [lz2]?
Now let
(15) &= F2) —fM), 5 f'(Ag;h) + f'(A1; ) - f'(A2; h) — f'(A1;h) _

Xg — X e = 2 ’ 2

Then, we can rewrite the previous expression of (f*°)'(x; h) as

cT
0 0 2
16 s0C ;h — T xT + B ”.'172”
(15} (F Y (mih)=a |: 0 I- —H3322H22 :l Cxo bm2m2
EIER
= | |2l
2 zzm
_”552” aI+( a)—zgz f

This enables that f  is directionally differentiable at =z when zo # 0 with
() (z; h) being in form of (16).

Case (ii): If zg = 0, we compute the directional derivative (f*°)'(x;h) at = for any
direction h by definition. Let h = (h1,hs) € IR x IR®~1. We have two subcases.
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First, consider the subcase of hy # 0. From the spectral factorization, we can choose

u® = %(1 , (—1)1ﬂ2‘—§”) for all i = 1,2, such that

Fo@+th) = O+ AM)u® + F(A+ Adg)u®
{ () = fN)uW + F\)u®,

where A = 27 and A); = t<h1 + (—1)i||h2“> for all 4 = 1,2. Thus, we obtain

7+ th) — £ () = (f()\ LN - f(/\)> o (f(A M) f(A)) )
The fact that

FO+ M) = fQ) _ o FO+ R — [Iha])) — £(N)

tl—igl+ t - tl—i>0+ t = fl()‘; h1 — ||h2]) ,
and
lim LAT X)) = FQ) o FOA t(ha + [[Ro]) = £ _ Osha + [hal),
t—0+ t t—0+ t
yields
(17) hm fsoc (:C g th) _ fsoc (,’L‘)
t—0+ t
~ iy SO AN - AN 4 i SO B — fO) o
t—0+ t t—0t t

= F'Oha = 12 l)u + /(X b + [[ha ) )u®

1 h2 1 h2 soc . .
where v = = (1,——), u? = —(1, —) Hence, (f)'(z;h) exists with
2 [zl 2\ [|he2fl V@)

form of (17).
Secondly, for the subcase of hy = 0, the same argument applies except hy/| ko]
is replaced by any w € R™! with ||w|| = 1, i.e., choosing u(® = =(1,(=1)'w), for

2
all i = 1,2. Analogously,

(18) lim fsoc (‘T + th) B fsoc (x)
t—0+t t

= f'sha)ul + /(X hy)u®.

Hence, (f*°)!(x; h) exists with form of (18). From the above, it shows that f*° is di-
rectionally differentiable at  when 2o = 0 and its directional derivative (f) (3 h)
is either in form of (17) or (18).

“=” Suppose 7 is directionally differentiable at x € IR"™ with spectral values
A1, A2, we will prove that f is directionally differentiable at A1, Ay. For A\; € IR and
any direction d; € R, let h := dju® + 0u® where z — Au® + Aou?@. Then,
T+ th = (A1 + td)u® + Au®, and

F7@+th) — (@) f(A +tdy) — FA1), )

t t
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Since f*° is directionally differentiable at x, the above equation yields that
AL+ tdy) — f(A
fl()\l;dl): ].im f( 1+ 1) f( 1)
t—0+ t

This means f is directionally differentiable at A;. Similarly, f is also directionally
differentiable at Ag. O

exists.

Proof. (c) “<” The proof of this direction is identical to the proof shown as in (b),
but with “directionally differentiable” replaced by “differentiable”. We omit the
proof and only present the formula of f°(x) as below. For zg # 0, we have

b L
(19) V@ = el o1,
Tell e

where

_ f(A2) = f(A1) _ ) + () _ ') = f'()
(20) a = —XQTAl— ; b = 2 y CcC= ——T—“
If o = 0, then
(21) V(@) = VL

“=” Let f° be Fréchet-differentiable at z € IR™ with spectral eigenvalues A1, Ag,
we will show that f is Fréchet-differentiable at Aj, Aa. Suppose not, then f is not
Fréchet-differentiable at \; for some ¢ € {1,2}. Thus, either f is not directionally
differentiable at \; or, if it is, the right- and left-directional derivatives of f at A;
are unequal. In either case, this implies that there exist two sequences of non-zero

scalars t¥ and 7%, v = 1,2, ..., converging to zero, such that the limits
A +tY)— f( ; V)= ;
lim fu+t7) = f( z), T fOa+7) = f(N)
V—00 tv V—00 TV

exist (possible co or —o0) and either are unequal or both equal to co or are both
equal to —oo. Now for any z = Mu® + Aou®@ let hi=1-u 40 u® = o),
Then, z + th = (A1 + )u® 4+ Au®@ and f°°(z + th) = f(O1 + t)u® + FO2)u®?.
Thus,

P ) = @) L O ) = )

lim
V—00 tv v—00 tv
socC v _ soc soc v _ 80C
i 4@ +Th) — f @) _ oy L Q™) =)y
v—00 TV v—00 TV

It follows that these two limits either are unequal or are both non-finite. This
implies that f~° is not Fréchet-differentiable at x where is a contradiction. a

Proof. (d) “«<” Suppose f is continuously differentiable. From equation (19), it
can been seen that V£ is continuous at every z with x5 # 0. It remains to show
that V£ is continuous at every x with x5 = 0. Fix any z = (z1,0) € R", so
A1 = A2 = z1. Then, from equation (20), we have

f()‘2)_f()‘)_ !
—X;_—‘)\l—l——f(wl)

lim a = lim
y—u y—z
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lim b = lim 2(//(%2) + £/(\) = f'(ex)

Yy—x Yy
lim ¢ = lim =(f'(Aa) — /(A1) = 0.
y—u y—z 2

Taking the limit in equation (19) as y — 2 yields lim V™ (y) = flx)I =

¥z
V**(z), which says V™ is continuous at every z € R" .
“=" The proof for this direction is similar to the original proof of [4, Prop. 5.4], so
we omit it. a

Proof. (e) and (f) The original proofs in [4] use the working Lemma 2.1 directly
which is the same idea as the one used for the whole paper, so the proofs for part(e)
and (f) are identical to theirs. We therefore omit them. (]

Proof. (g) “=" Suppose f*° is semismooth, then [ is strictly continuous and
directionally differentiable. By part (b) and (e), f is strictly continuous and di-
rectionally differentiable. Now, for any o € IR and any 5 € IR such that fis
differentiable at o + 7, part (c) yields that f*° is differentiable at z + h, where
¢ := (2,0) € R x R" ! and h := (5,0) € R x R"1, Hence, we can choose the
same spectral vectors for  + h and z such that

{ [ @+ h) = fla+nu® + fla+nu®,
() = f(@)u® + f(a)u®.

Since f™° is semismooth, by Lemma 2.1, we have

(22) f () — Vf

SOcC soc soc

(z+h)—f (@ + h)h = o([[A]).

On the other hand, (21) says Vf™°(z + Mh = f'la+n)Ih = f'(a + nn ,0).

Plugging this into equation (22), it yields that fletn) = f(@) = f'(a+n)n = o|n)).
Thus, by Lemma 2.1 again, it says that f is semismooth at a. Since a is arbitrary,
f is semismooth.

“«<" Suppose f is semismooth, then f is strictly continuous and directionally dif-
ferentiable. By part (b) and (c), f*° is strictly continuous and directionally differ-
entiable. For any z € IR and h € IR™ such that f° is differentiable at z + h, we
will verify that

soc soc

F@+h) =7 (2) = VI (2 + h)h = o||h])).

Case (i): If z3 # 0, let \; be the spectral eigenvalues of z and u be the associated
vectors. We denote z + h by z for convenience, i.e., z := z + h and let m; be the
spectral values of z with the associated vectors v(®). Hence, we have

{ @) = FO0u® £ fFg)u®,
@+ h) = Flm)v® + f(mg)v®.
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In addition, from (19), we know

Vi (@+h) = &2y . A||22]A| zzd |
Teall al —(b— a)w
where
o= fma) = flm) 5 filma) + f'(ma) . f'(mg) — f'(ma)
me —my ’ 2 ’ 2

With this, we can write out /" (z + h) — f°°(z) — VF°(z + h)h := (E1,E3) where
E1 € R and E; € R™ . Since the expansion is very long, for simplicity, we denote
E1 be the first component and Z3 be the second component of the expansion. We
will show that Z; and =y are both o(||A]|).
First, we compute the first component =y:

1

= =2 d fm) — _ 23 hy
1= g { £m) = F00) = ) - 222}

1{f<> £ %) = F(ma) (e +Tff”2>}

2
= % { = f'(m) <h1 = (22l = chall)) + O(IIhH)}

s {f(mz) $0) = £/tma) (b -+ (lzll = ol ) + o) }

+

= o = Glzll = ) )+ o41) + o + (il — ) + o1
In the above expression of Z1, the third equality holds since the following:

23 hy 23 (20— m3) llz2[lllz2l
= = ||22| — g
[l 2] [|z2]] el

ezl - Jlzz (1 ; ow%) = llza] = Jlz2] (1 T O(thl2)>

= llz2]l - fla2] (1 T o(nhm),

where 6 is the angle between x5 and 22 and note that z9 — x9 = hy gives 08} =
O(||A]|?). Also the last equality in expression of 2 holds since f is semismooth and

mi = A = by + (=1)' (|22l — l|z2]))-

On the other hand, due to A1+ (—1)*(||z2|| — ||z2]|) < h1+ |22 — 22| = k1 + llhall , we
observe that when [|A|| — 0 then hy + (—1)*(||z2|| — ||z2]]) — 0 and hy + (=1)(]|22|| —

llz2]) = O(||A]]). Thus, 0<h1 + (=1)¥(]|22]| = szﬂ)) = o(||h||), which yields the first

component =Z; is o(||hl]).
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Now consider the second component Zo:

Sy = — 1 flmy)2 4 & = L rig)-Z2
=2 =~ Hm) 2+ ) 2 4 SO0 = SOy
1 ‘ zh1  f(ma) — f(m1)
=3 (110w = s ) 25 - HE =L
e o) - T
___l P Z2h1_ 2f(m1)
- 2{“ Ol F O~ F T~
+ (f'(ml) + if(inrlrzl) Zﬁjjn}f}
! 2 )2 2t 2f(ma)
T\ J M, —f Qg — F ey — o e
" 2f(mg) \ 2024 h
- (f )+ e —fnl> |Tz§u22}

where Egl) denotes the first half part while Egz) denotes the second half part. We

will show that both = H(l) and 2 ”(2) are o(||h||). For symmetry, it is enough to show
that :.gl) is o(||A|])- From the observations that

zZ9 =z + h27
mg —my = 2|z,
mi —Ai = hi+ (=1)"(||z2l| = [lz2]]) = O([IAl]),

we have the following:

Zzhl _ 2f(m1)

=0 _ 1 2 T2
= z{f i, = SO = I~ =™
/ 2f(m1) Z92 hz
4 (f (1) + mz—m1> P }

z—%”ﬁ—ﬁu{ﬂ) fOn) = ’<m1)(hl‘i—fll2)}

1 ho z2z2h2
3 (f (m1) = (*1)) <|| 2l T TelF )
T9 _ hz 2222h2
30 )<uz2|| ool el F an||3>'

Following the same arguments as in the first component =1, it can be seen that

ZT 2
f(ml)—ful)—f'(ml)(m ”2h“> o([14]).
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Since m1 — A1 = h1 — (||22]| — ||z2]]) = O(||h||) and f is strictly continuous, then
f(m1) — f(A1) = O(||h|)). In addition, —hg/||22|| + 2222 ha/||22||* = O(||h|]). Hence,

—h2 ZQZThQ . — &
(f(ml) - f(Al)) (m " W) — O(I4]) = o(|IAll)

Therefore, it remains to show that the last part of Egl) is o(]|h||). Now, note that

z9 o hg Zgzghg ( 1 1 Z;hz > 2
— — = - + + O(||h||%) -
Teal Tzl " Teall T Te2lF ~ “*\Tall ™ Tall T Treal?) T CUAID)
-1 2z 29
Let 0(zg) := —1/||22]|, then VO(z9) = — . This implies that
1 1 23 hg "
- = 0(z2) — 0(z2) — VO(22) (3 — 22) = O(||h]|*),

where the last equality is from first Taylor approximation. Thus, we obtain
29 T ha 2223 ha
f\ ( = = 4 = o(||A|]) .
CO\Teall ™ Tl ~ Tall ¥ o ) = 0P

From all the above, we therefore verified that (22) is satisfied which says f*° is
semismooth under the case (i).
Case (ii): If 29 = 0, we need to discuss two subcases. First subcase, consider hy # 0.

Then z = (z1,0) and = + h = (1 + k1, hy). We can choose u(¥) = %(1, (—1)¢ ”221 )

such that z = )\u(l)‘ + 2@ and z + h = mu® + mou® where A = x; and
mi = 1 + h1 + (—1)*||hg]|, ¢ = 1, 2. Hence,

{ () = flz)u® + f(z1)u®?,
Foa+h) = fim)u® + fmg)u®,

Also from part (c), we know

0 0
Vi (o + by = {2 = F(m) [ hah} }

. 0 J— =2
e B

+ 2" (ma)u® ()T + 2f (ma)u® (@),

D (T = 1 {( 1)1 (1)1'4‘7%!} , Vi=1,2.

where

4 i_ho hah

haha
[lh2 llh2]1?

Therefore, by direct computations, we have

socC

V7 Gt = 37 m)hs = el s (1= o )

1, u
+< g/ (ma)(ha+lih2ll) (14 )b )
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Combining all of these, we obtain that

f-leled

@t h) = 7 (2) = VI (z + h)h
= { e + flmau® § - { sy + fayu}
1, hy '
~{ (3 omhs = el 1= oy
n (;f (ma) . + Wil 1+ Titoke) |
+ 5 {f(ma) — f(z1) — f'(m2)(h1 + ||h2])}
ha

%{ (m1) = f(z1) = f'(ma) (b1 — ”hZH)}(_m)

{f(mz) ~ fl@) — F/(ma) (b + uhzn)}<”;§—j“) )
= o(h1 — [[hal)u™ + o(hy + [|ha))ul®.

(m1) = f(z1) = f'(m1)(ha — [lhal)) }

| ‘\3"—‘

—+

N —

The third equality holds since f is semismooth and Lemma 2.1. When A goes to
zero, both hy — ||h2|| and h1 + ||h2]| go to zero, so the above expression yields that
(22) is satisfied. Hence, f™° is semismooth under this subcase.

Secondly, for the subcase of hy = 0, then z = (21,0) and z + h = (z1 + hq,0).

We can choose u() = (1, (—1)iw> with ||w|| = 1 such that z = Au(® + M\ and

z 4+ h=mu® + mu®, where \ = z1 and m = x1 + h;. Hence,

{ @) = fla)u® + fz)u®
F(@+h) = f(m + h)u® + flzr + h)u® |

Also (21) says Vf**(z + h) = f'(z1 + h1)I. Therefore, V(@ +h)h = (f'(z1 +
h1)h1,0). Combining all of these, we obtain that

F @+ h) = (@) = V™ @+ h)h
= {f(an + h)u® + fzy + h1)u (2)}

f@)u® + f(z1)u (2)}—(f'(931+h1)h1 : 0)

Il

(f(il?l + k1) = f(z1) — f'(z1 + h1)hy 0)

(omab 0).
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where the third equality holds since f is semismooth and Lemma 2.1. When h
goes to zero, it implies k1 goes to zero, so the above expression implies that (22) is
satisfied which says f* is semismooth in this subcase.

From all the above, we proved that if f is semismooth then f*° is semismooth. [

4. SEMISMOOTHNESS PROPERTY OF ¢

It was shown by L. Qi and J. Sun in [16] that for NCP case a key to superlinear
convergence is a certain semismoothness property of ¢. Indeed, the property of
semismoothness of ¢ is of some interest since it leads to investigation of nonsmooth
methods. In this section, we will also give an alternative proof for this property. The
idea is straightforward though it involves more algebraic computations. This kind
of nonlinear analysis would help understanding and analyzing other merit functions.
Let p: IR™ x IR™ — IR™ be defined by

(23) plz,y) = (@ +y*)"/2

To prove ¢ is strongly semismooth, it is enough to show that p is strongly semis-
mooth. In other words, we will show that p is strictly continuous, directionally
differentiable and satisfies conditions of Lemma 2.1, hence it is strongly semis-
mooth. Before the long proof, we need some technical lemmas that will be used
very often for the analysis of semismoothness of vector-valued Fischer-Burmeister
function associated with second-order cone.

Lemma 4.1. [3, Lem. 3.2] For any = = (z1,%2),y = (¥1,¥2) € RXR"! with 224y
on the boundary of K", we have 3 = ||z2||?, v} = |lval?, 191 = 2L y2, T1y2 = y172.

Lemma 4.2. [3, Lem. 3.3] For any = = (z1,22) and y = (y1,¥2) € R x R""! with
x1x9 + y1y2 # 0, we have

(:m _ (mz2 y1y2)Twz>2
lz122 + y1ye2|| -

T1Z2 + Y192
] s

lz122 + y192||
< lel® + lyll* — 2l|lz1z2 + yayall-

Lemma 4.3. Ifz = (z1,22) € RXxIR" ! and y = (y1,92) € R x R with 2+ y?
on the boundary of K™, then for any h = (h1,hg) € R x R"! and k = (k1,k2) €
R x R™ ! we have

(a) (z1z9 + Y1Y2, T1h2 + h1T2 + y1ke + k1y2) = (22 + y?) ((x, h) + (y, k>>,
(b) (o h+yoka? +y2) = @ﬁmn@ B+ mm)

Proof. (a) By direct computation and applying Lemma 4.1 in the first equality, we
obtain

Ty =

(z122 + Y1y2, T1he + hizo + y1ke + k1y2)
== .’L'%(:Bg, h2) + yf (.’1:2, h2> + a:?hl + yfa:lhl
+ ztyiks + yikt + 23 (y2, ko) + 3 (y2, k)

= @+ ) ({1 + k)
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(b) This is a consequence of part (a), since

(zoh+yoka®+y?)

=2(z? +9d) <<xa h) + (y, k‘)) + 2(z122 + Y1y, T1ho + hyzy + yiky + k1y2)

=t +d)((@ 1)+ ),
where the first equality holds because 22 + y2 = (222 + 2y3, 22129 + 2y192). O

Lemma 4.4. For z = (z1,27) € R x R"! gnd y = (y1,92) € R x R with
Izl + llyll? = 2|lz122 + y1yal| > 0, let u:= 22 + 42 and 2 := (z + h)2 + (y + k)?
where h = (hy,hy) E R x IR" ! and k = (k1,k2) € R x R™ L. If we denote mi,mo
as the spectral values of z while i, As the spectral values of u, then we have

mi = A= O([(h,K)[I%),  ma — Ao = O(||(h, )|).
Proof. Since my, my are the spectral values of z, we know that
m1 = |z RIE + fly + k17 = 20| (21 + ba) (w2 + ha) + (g1 + ka)(v2 + ko),
ma = ||z -+ hI* + lly + kI2 + 20| (1 + ba) (w2 + ha) + (g1 + kr) (w2 + k).
Also A1, Ay are spectral values of u, we have
M= [zl + llyll? = 2llz1z2 + yrya|,
Yo = [l + g1 + 2llerza + puyl. |
We denote z = (21,2) € IR x R"! and u = (u1,u2) € R x R™ 1, then we obtain

m1 — A1
=Qm+mP+M+mﬁme—mW)—Qmu—Mﬂ)
=2O%M+@$0+<MW+MW)—@%WWWD

= 2(<x, h) + (y, k))

_ Al A Pa) (@2 + ho) + (y1 + k1) (a2 + ko)1 — 4lle1 2 + y1ys|?
ll22]| + [Juz]l

+O(I(h B)I)
=2O%h%+@w0

+ommww0+omeﬁ

8

_ m ((mwz + y1y2, T1ho + hixo + Y1k + k1y2)

) 4wy
‘ZO%“+@$O Teall + Tl
_ 2o, k) + k)

Teall F Trua]

(mm+@w0+owmwﬁ
Qmwwm0+omeW
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(z,h) + (y,k))
|22l + lluzll)?
(z, h) + (y,k))
[l22] + lluz|))?
+ O(|I(h, K)II?)
2
- mﬂ—@w (<w, h) + (y, k)) + O(||(h, K)||?)
= O(||(h, K)|1?),

2

QmW—wmﬁ+ommwm
2

(8(331962 + y1y2, T1ho + hize + y1ks + k1ya) + O(||(h, k)||2)>

where the fifth and ninth equalities hold due to the following (by applying Lemma
4.3):

(24)  (z1z2+ y1y2, T1ho + hama +y1ka + k1y2) = Lu22_|| ((m, h) + {(y, k))
Using the same ideas as above, we also obtain

mg — A

= 2((:0, h) + (y, k))

5 4)|(z1 + k) (@2 + ho) + (y1 + k1) (y2 + ko) ||? — 4l|z122 + y192l
l|z2]| + [luzll

+O0(ll(h, B)1?)

= 2((m, h) + (y,k>> + i

|22 + [luz]l (<m1x2 + 192, €1hy + hazy + Y1k + kiya)

+O([l(h, k)||2)> +O(lI(h, K)II*)

ol ool (. ;
= 2((eh) + 0)) + et (o) + ) ) + O R
= Ol B
Thus, we complete the proof. O

It can be verified that the vector-valued function p given as (23) is strictly con-
tinuous and directionally differentiable by following the similar arguments as in the
original proof in [19] by D. Sun and J. Sun. Therefore, to prove p is strongly semis-
mooth, it is enough to verify that p satisfies the condition in Lemma 2.1(b). We
show the detailed verifications in the following proposition which is another main
work of this paper.

Proposition 4.5. The vector-valued function p given as (23) is strongly semis-
mooth. Hence, the vector-valued function ¢ defined as (7) is strongly semismooth.

Proof. We will have to discuss three cases to complete the proof.
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Case (1): If (x,y) = (0,0), to show p is strongly semismooth at (0,0), we need to
verify the condition of Lemma 2.1, that is,

h
(25) Pl ) = (0,0) = Vol ) (1) = Olh, 1P
for any (h, k) — (0,0) such that p is differentiable at (h, k). Since p is differentiable
at (h, k) and Vp(h, k) = [Vzp(h’ k) Vyp(h, k)] = [L(—;L12+k2)1/2Lh L(_hlz_}_kz)usz]

(see [3, Prop. 3.1(b)] or [9, Cor. 5.2]), we have

p(h, k) = p(0,0) — Vp(h, k) - ( . )

= (h2 + K212 _ L(_hl'b’+k2)1/2Lh ' B L(_,le+kz)1/sz -k

= Ly Lssoprn - (P4 K2 — Lok o W= DL L 2
= Lz oo ((fﬂ + kY20 (h + k?)l/Z) ~ Loz - (B +K7)
=Ly 42120

= O(lI(h, B)|I).

Hence (25) is satisfied, which means p is semismooth at (0,0)

Case (2): If (z,y) # (0,0) with z2 + y2 lying in the interior of K", it was already
known (see [9]) that p is differentiable at such (z,y). Hence, it is strongly semis-
mooth at such (z,y).

Case (3): If (z,y) # (0,0) with z2+y2 on the boundary of K", that is, ||z||2+||y||* =
2|lw122 + y1yal| > 0 (Note that 22 + 2 = (|lz||2 + |ly||2, 22129 + 291y2) ). Let
u = x? + y? with spectral values A1, A9, then we have

u'’? = p(z,y) = (22 + y?)1/?

_ paT> 2 Z1Z2 + Y192
(VP2 N /2)

172 + Y1Yo
= ( iyl e /ﬁ)
z1 +yi
where the third and fourth equalities is true due to Lemma 4.1. Now, by Lemma

2.1 again, we need to verify, for any (h, k) — (0,0) such that p is differentiable at
(x+ h,y + k), that

@) oot by = o) = Vola+hy+R) () = 00lhBIP),

Since p is differentiable at (z + h,y + k), we know
Vo(@ +hy+k)=[Vop(z +hy+k) Vyo(x+hy+ k)]

— 1
N {L((w+h)2+(y+k)2)1/2Lz+h L((m+h)2+(y+k)2)1/2Ly+k]'
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Let z := (z + h)? + (y + k)2 with spectral values m1, ms, we have

22 = p(z + h,y + k)
_ (\/_+\/_ Ve —/mi (z1+ hi)(zg + hy) + (y1 + k1) (y2 + ko) )
2 (1 + h1) (@2 + ha) + (y1 + k1) (y2 + k2) ||
(\/_-h/_ Wf_\/m_z[(wl+h1)(w2+h2)+(y1+k1)(y2+k2)]),
where

= ||z + hl* + lly + &|* = 2||(z1 + h1)(z2 + h2) + (y1 + k1) (y2 + ko),
= llz + Bl + lly + EI? + 2l|(z1 + h1) (@2 + ha) + (v1 + k1) (g2 + k2)||.

Now let f: IR} — IR, denote the function f(-) = 1/(:), we have V (2) = 1L_1 2
(This is a result in the proof of [9, Cor. 5.2]). It together with part (c) of Prop. 2.2
gives

% ﬁczQIT,
L_x/z - vasoc( ) 2622 2 2 T )
2al + 2(b — q) 2222
Teall 2 T2
where
o= Lma) = flma) —p fllma) + f'(ma) — _ f'(ma) — f/(m)

mo —my 2 ’ 2

In summary, up to here, we have

S1/2 — [ fm2)+f(m1)  f(ma)—f(m1) 2
2 ! 2 22l )
ul/? — [ fQ2)+f1)  FO2)—F(M1) uy
2 ’ 2 lluzll )

Vp(z+hy+k)= [Lz_ll/zL:Hh L;11/2Ly+k} .

Thus, we obtain

)

>

plz+hy+k) = p(z,y) — Vp(z +h,y + k) - (
T I S

=z1/2-ul/z—L;ll/z(:coh+yo/c+h2+k2>
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(f(mz)'*'f(ml) f(ma) — f(m1) 2 )

2 [l 22l
( }\1 f(X2) = f(A1) e >
2 [[uzll
Zng
v [|22]l
_I 2al +2(b — a) |T2Z|2|2
(z,h) + (y, k) + |B]I* + [IK]°
$1h2 + hlwz + ylkz + k1yo + 2h1hg + 2k1 ko

= (\31’ E‘?) )

where Z; € IR denotes the first component while Zy € IR""! represents the second
component. We will show that Z; and Ey are both O(||(h,k)||?). First of all, we
compute the first component =;:

1=§

1
m<22, 2x1ho + 2h1T9 + 2y1 ko + 2k1y2 + 4hihg + 4k1k2>:|
2

(
[( ) = Fa) — £/(m >(2<x B + 20y, >+2nh||2+2||kn2)
(

— f'(m2) (29,2x1hg + 2h1z2 + 2y1kg + 2k1y2 + 4h1ho + 4161162)]

R

[| 22l
!/ ]' !

=z {f(m1) = f(\) = f (ml)Al] t3 [f(m2) —fo)— f (mz)Az]y

Aq = 2(z, h) + 2(y, k) + 2||R|* + 2|k||®
1
o m(zz, 2z1hg + 2h 2o + 2y1ke + 2k1y2 + 4h1hg + 4k1k2),
Dg = 2(z, h) + 2(y, k) + 2||]|* + 2|k|?

+ <Z2, 2z1hg + 2h1xo + 2y1ks + 2k1y2 + 4h1he + 4k1k2).

I
[l 22|l
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We further observe that

1
Do = 2(z, h) + 2(y, k) + 2||h]|* + 2||k[|® + — (22, 20 — ug + 21 hy + 2k1ksy)

[l 22|l
= 2(z, k) + 2(y, k) + 2[|A]* + 2||k||?
1
+ m (”232”2 — <Zz,’U,2> + (22, 2h1h2 + 2k1k2>>

— 2z, k) + 2(y, k) + 2Bl + 26| + [120]) — M”;,“z—'l'l—e +O(l(h, B)|?)

= 2z, h) + 2{y, k) + 2/hl|* + 2[k|* + (HZ2H = [Jual|(1 + 0(92)) + O([l(h, K)II?)

— 2z, h) + 2(y, k) + 2] + 20[k] + <||22H - ||u2|r) Lol B
= (ma = 2a) + O(|(h, K)IP),

where 0 is the angle between 2 and ug and O(62) = O(||(h, k)||?) due to ||z2 —us|| =

O(||(h, k)|)). In addition, the last equality holds by the following equation in proof
of Lemma 4.4:

(27) ma = A2 = 2(z, k) + 2(y, k) + [|Al* + [|K]1 + [l22]l = Jluz].
Hence, we have

% [f(m2) — f(A2) — f’(mz)AzJ

= 2 [ 509~ ) ((m2 =) + 011 oP) |

= O(Im2 = A2|*) + O(|(h, K)|1?)
= O(|I(h, K)I1*),

where the second equality is true since f is strongly semismooth at Ay and fl(Ag) is
bounded, while the last equality holds due to Lemma 4.4. Therefore, it remains to
show that the other term about A; in the expression of Z; is O(||(k, k)||?). However,
we can not use the same idea as above to prove it since f is not strongly semismooth
at A1 = 0. Our approach way is as below. We rewrite Ay as

1

Aq = 2(z, BY + 2y, k) + 2||h|[2 + 2||k||2 - T2l

(22, 22 — ug + 2h1 hg + 2k1 ko)
= 2(z, h) + 2(y, k) + 2||n||* + 2| k||

1

_ —”22” (HZ2||2 — (22,u2) + (22, 2h1 hy + 2k1k2)>

= 2(z, h) + 2(y, k) + 2|[A]* + 2| k|*
1

1
— 22|l + 7 (22, u2) — ——(22, 2h1 ko + 2k1 ks
Teal T2l )
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[1z2][ ||| cos @

= 2(z, h) + 2{y, k) + 20 + 2k|* = llz2ll + ==

” 2“ (22, 2h1hg + 2k1k2>

— 2(a, h) + 20y, k) + 20|AIP + 2] - (||z2|| a1 - 67/2 + 0<94>)

H H <22, 2h1hg + 2k1k'2>

- (nzZn = ||U2H> - 2(<x, B + (o, k>) T luzll(—6%/2)
” “ <22, 2h1hg + 2]{31]{}2) + 0(94)
= 2m1 + Al + 0(94),

where 6 is the angle between z; and up and the last equality holds due to Lemma
4.4. We will show that A1 is actually O(||(h, k)||®) in the following.

Bi = (Jall = Jual) - 2@, + )

1
+ [Jua|(—6°/2) — mw, 2hy hy + 2k1kg)

el =l o,
= el T 2(< o ’“>)

+ fluall(—6%/2) -

B 4
llz2l + [luzll

T luall (s B + (s ) + 0(||<h,k>||3>) - 2(<x, B + (v, k>)

+uall(-6%/2) - T
= bl (1) + 0,0)) =2 + )

llz2l + lluz
4||z1he + hize + y1ke + k1ya||?
[l 22|l + [Juall
4 2
+ - u 7h/ ho + k1ko) + O(]|(h, k 3
(ToTaat ~ Ty ) (oo e+ k) + O( )
(z,h) + (y, k)< )
= ol il \ ¥ 20|l + [Ju
Teal +uap \ Azl = 2(lzzll + fruzl)
4||x1he + hizo + y1ka + k1ya||?
llz2l + lluz

Tzl <Zz, 2h1hg + 2k1 ko)

<||$1h2 + hama + yiks + k1ye||® + (u2, hihg + kika)

(z2,2h1hg + 2k1kg)

+ [luzl|(—6%/2)

+ llual|(=6%/2) + O(lI(h, K)I%)
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2@ R (o
(Tl Tual? (“ "= 2”)

4||lw1hg + hiza + yiks + kiya|? 2 3
hen Tzl (~6%/2) + O(I (R B)I)
8@ W)+ k) (o
(el + Tzl (” 2l k) + ’“”)
Al + Iua tyiks t vl |y -67/2) + (1, MIP)
Teall + Tz ’
_ Bl (. ’
= Weall + Tuzl)? (“ B+ o ’“”)

8lluz| - [[z1ha + hize + y1ks + k1yal|?
(llz2]l + [luz2ll)?
8||uzl|

= W (||a:1h2 + hixo + y1ko + k1y2||2 _ ((:c, h) + (y, k))2>
+ [luzl|(—62/2) + O(l|(h, K)[1?),

+ lJuall(—6%/2) + O(lI(h, k) II%)

where the fifth equality is true since the following equation:

1 - 2 U — 3
(||z2||+||u2|| ||z2”)< 2, hihg + k1ka) = O(|(h, k)|[°)-

On the other hand, the first two terms in the last equality of expression of gl could
be cancelled as shown below:

%I)—2 (““’1"2 + hyzz + yika + kayal® — ((z, h) + (v, k))?) + [Jug||(—62/2)
= (28||'|u2””) (Hxlhz + hyzg + yiks + kaye|® — ((z, h) + (y, k))z)
4 S ua) — flual -flall ol &)

Tl
R (nxlh2+h1xz+y1k2+k1yz|| (k) + k>>2)

(ug + da, ug) — |Jug|| - |luz + da|
[EA

(||m1h2+h1z2+y1k2+k1y2|| (k) + k>>2)

O(lI(h, k)II)

~ Tl

((uz, d))? — (ual] - dal)? .
- STl +0(I(h, B)IP)

<||331h2 4 haa + yika + ryall? — (@, b + 3, k>>2)

1
2||uz||3

T ([4(331332 + y1Y2, Trhe + hixo + y1k2 + k1y2)
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2
+ 4(z122 + y1y2, hrho + k1/€2)}
~ gl [4na:1h2 T haa + yika + kysl® + O(|(h k)||3>]) Lotk BIF)

2
= Taal (“’”1’” + hazs + yiks + k1|2 — ((z, B) + <y,k>>2>

4 _ 9
+ W <”u2” . [((:E, h) + (y, k) + (ug, h1hg + k1k2>}

el llzrh + hiws + yiks + klyguz) +O(I(h k)

2

= g (st + aza + yuks + buaal® — (o, 1)+ 1))

+ ”Tiﬂ (((:E, Ry + (y,k))* — ||lz1ha + hizo + y1ks + k1y2]]2> +O(ll(h, k)|1?)
= O(ll(h, k)II?),

where we denote dy := 29 — uy and equation (24) is applied in the sixth equality.

Thus, we proved A is O(|l(h, k)[I*), which implies that A; = 2mq + Aq is 2my +
O(||(h, k)||?). Then, we obtain

3 |m) = £ = 7 Gma)(3)]

= 370m) = £ = £6m) (2 + 0101 |
= f'(m1) - O(ll(h, B)II°)
= O(lI(h, B)|1?),
where the second equality holds since f/(m;) = Tlm_l’ f(A1) = 0 and the third

equality is true because f'(m;) = O(Tl'(if‘k)ﬂ) (by applying Lemma 4.2 and 4.4).

Therefore, we completed proving that the first component = is O(||(h, k)||?).
Now, we move onto the second component Z5. Recall that we have 29 = Uy + do
and mg — my = 2||23||. Thus, we can simplify =5 as below:

=2 = 5 (#tma) ) ) 12 = 3 (100 - 000 ) 2

( fua]
i

((1mg) — f’(ml)) (<x, B) + (o, &) + |AJ + nku?) &
B 2(f(mz) — f(m1)

[l z2]]
) ($1h2 + hizo + y1ke + kiya + 2h1hy + 2191/92)
mo — mq

Z
— (f/(m2) + f'(ml)) ”222”2 (22, x1hg + hiwz + y1ka + k1ys + 2hiho + 2k ko)
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+ 2<f(m2) — f(m1)> Z2 5 <22,£C1h2 + h1332 + y1k2 + k1y2 + 2h1h2 + 2k)1k2>
Mg — 1 [|22]]

1 u9

.- 2 Y2

[[uzll

_ pitmo) (20 2 ¢ g2 22
) (34,0 + 20041+ 20002 201 ) 2

(Z2 — ug + 2h1hg + 2k21k‘2>

V4
+ f’(ml)—;'?@z, 22 — g + 2hy hy + 2Ky ko)

2

+ f(ml)ﬁ—(zm zg — ug + 2h1hy + 2k1/€2)]

l|22]1
+%PW@ﬁﬁ—f@ﬂﬁﬁ
— 10ma) (2 1) + 20 5)+ 2000 + 24P ) 12
= f(m2)H712n (ZQ — ug + 2hihg + 2/€1k2>
- f’(mg)ﬁ“—g<z2, 2y — ug + 2hahy + 2k1k)
+ f(mQ)W;l“g(zQ, 23— ug + 2hihy + 2k,1k2>]
=g +8°,

where Egl) denotes the first half part of the above expression while 5(22) denotes the

second part. We will show that both Egl) and Egz) are O(||(h,k)|?). We look at
=(2) Grak:
el first:

=@ _ L[y 22 U2
= ’2{f (o) gl ~ TP g

~ F/(my) (2<m, ) + 2y, k) + 2] + zukw) £ 3
By

1
— f(mz)m <22 —ug + 2h1ho + 2k1k2>
fl(mZ)WZZ_;lF<22’ 29 — ug + 2h1ho + 2k1k2>
+ f(ma) ”2222”3 (22,22 —ug + 2h1ho + 2k1k2>}

- l{i : [f(m2) — F(x2) — f'(ma) (2(w, hy + 2(y, k) + 2[|h]1% + 2|| &1



322 JEIN-SHAN CHEN

= 22 U9
* e 72— v 2k 2k )|+ 100 (2 - )
+ F(ma) ( (m—ug ﬁ::“hz + 2k1ks)

+ ”z—z;”g(zz, 23 — ug + 2h1hy + 2k11€2))}

Y O PN 2
= ol [ = 00— ¢ 2)(ma =+ 0l I |
22 Uy (22 —us+2hihy + 2kiky)

Izl [luell 2]

+f(>\2)(

+ @(22, 23 —ug + 2h1hy + 2/{11]62))

+ (f(mz) - f()\2)) ( _ (22 = up + 2y + 2kiky)

[l22|l

- “:#(22, 29 — ug + 2h1hy + 2/€1k2>) }a

where we add and subtract f (/\z)ﬂj_ZI[ in the second equality; we also add and sub-
tract

1 = 2h1h 2k1k
=f)| - (22 = ua + 2y + 2k k) I (22,22 — ug + 2h1hg + 2k ky)
2 [|22]] [|z2]|3

in the third equality. In addition, the equation (27) is also used in the last equality.
Since f is strongly semismooth at Ao, by the same arguments as in the first
component =1, we have

f(ma) = f(A2) = f'(my) <m2 = A2+ O(||(h, k)llz)> = O(lI(h, k)|1?).

Note that f(mz) — f(A2) = O(||(h, k)||) because mg — Ay = O(||(h, k)|) as well as f
is strictly continuous at Ay. On the other hand, it is not hard to verify that

23 — ug + 2hohg + 2k 1k z
e et Pt D)) = 001 ),

Hence, we obtain that the third term of Eg) is O(||(h, k)|)), i-e.,
(#m) - r0) (- ract 2hata t sk

122l

+ ”722”_3<z2,z2 —ug + 2h1hy + 2/€1k2>> = O(ll(h, k) |I?).

Thus, it remains to show that the second term of EgQ) is O(||(h, k)||?). Note that

22 up (22— ug + 2hihy + 2kiky) 2
B - + 29, 2 — Uy + 2R hg + 2k1k
22l llusl Il22]| ”22”3< 2,22 2 1hg 1k2)

_ugtdy uy (do+2hihg +2kiky)  ug + dy
= el Tl Tea] ool (72092 F 2hihz + 2kaky)
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~ath W & |722“32<z2,d2>+0<||<h,/c>u2)

ol lluall 22l
1 1 <z2)d2>) 9
= - — 22220 ) 4 O(|| (R, K)).
“2(||z2|| w T el ) T OURRIT)
If we let 6(22) := —1/||22||, then a previous technique leads to
1 1 <227d2>
Tl Tl * Jealp - 0(2) — 0(22) = V8(22) (uz - 22) = O(l(h, )II*),

where the last equality is from Taylor approximation. Thus, we obtain

29 U9 (Z2 —ug + 2h1hg + 2k)1k‘2)
0 (725 - 12 -
OO\ Tl ™ Traal 2]

s len 2 =+ 2k + 2k ) = O(1 (A BIP)

So far, we therefore proved that = ”‘(2) is O(||(h, k)||?)
Finally, we will go back to show Hg ) is O(||(h, k) ||? ) Again, the idea used for = ”(2)

can not be applied to _él) since f is not semismooth at A\; = 0. However, ugl) can
be rewritten as below.

=0 = _1 e,
=2 2{“ O~ T

- £m) (20, + 20, ) + 2001+ 201?22
~ Flmy) ”:2” <z2 — g+ 2hihy + 2k1k2)
+ f’(TM)ﬁ(zg, 23 — g + 2hyhg + 2k ks)
() ”3<z2,22 uQ+2h1h2+2k1k2)}
%{,— ) = 00 = ) (2,0 + 200,80 + 20007 + 208
gt +2hlh2+2’“k2>ﬂ + 100 (125~ o)
] < (m-—wmt ﬁ:;“hQ + 2k ky)

| + 2 (29,29 — U + Zhy kg + 2k ky)
| |22

=—3{ 2 [fom) = 500 = 76 (21 +ol, 01|

— ug + 2h1 hy + 2k1k
+f(m1>(—(z2 = ||zglu2 )
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+ ”;#(22, 29 — ug + 2h1hg + 2k1k2)) }

Then follow the same arguments as in the first component =, we can obtain

flma) = f(n) = f' (A1 + O(ll(R, k)ll‘q’)) = O(ll(h, K)I1*).

On the other hand, it is not hard to show that

( (Zz — ug + 2h1hg + 2/61]{:2) 29
[l 2] [

and f(m1) = O(||(h,k)||) by Lemma 4.4. Thus, we obtain that the second term

of expression of Egl) is O(||(h,k)||?). With this, we therefore complete that Egl)
is O(||(h, k)||?). From all the above, we proved that (21, Zs) is O(||(h, k)||?) which
implies p is strongly semismooth in Case (3). O

<z2,z2—u2+2h1h2+zklk2>) = o(ll(h, B,

5. CONCLUSION

We have provided alternative proofs for some results of vector-valued functions
associated with second-order cone, which are useful for designing and analyzing
smoothing and nonsmooth methods for solving SOCP and SOCCP. Our proofs in-
volve more algebraic computations than existing proofs do, in general. Nonetheless,
our proofs come from the straightforward, intuitive thinking and basic definitions
as well as the simple structure of second-order cone. We believe that the intuitive
way we presented here would be helpful for analysis of other merit functions used
for solving SOCP and SOCCP that is one of our future research interests.

Acknowledgement. The author thanks for the referees for their careful reading
of the paper and helpful suggestions.
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