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SEMISMOOTH MATRIX-VALUED FUNCTIONS

DEFENG SUN anp JIE SUN

Matrix-valued functions play an important role in the development of algorithms for semidefi-
nite programming problems. This paper studies generalized differential properties of such functions
related to nonsmooth-smoothing Newton methods. The first part of this paper discusses basic prop-
erties such as the generalized derivative, Rademacher’s theorem, %-derivative, directional deriva-
tive, and semismoothness. The second part shows that the matrix absolute-value function, the
matrix semidefinite-projection function, and the matrix projective residual function are strongly
semismooth.

1. Introduction. Let /,, and /,, be the spaces of m x n and p x g matrices, respec-
tively. Let /' be a subset of M,,,. A matrix-valued function (matrix function for short) is a
function that maps a matrix in /(' to a matrix in J/(,,. We are particularly concerned with
the case in which both ./, and /%M are real, symmetric, and of the same sizes, although
many of the results can be established for the general case.

The differential properties of F' are important in view of the recent research on semidef-
inite programs (SDP) and its generalization, the semidefinite complementarity problems
(SDCP). For instance, it is shown (Tseng 1998) that the solution of SDP and SDCP can be
reduced to solving a matrix equation F(X) =0, where F is a certain matrix merit function.
However, in order to develop Newton-type methods for such equations, some kind of semis-
moothness properties has to be established for F. Historically, vector-valued semismooth
functions played a crucial role in constructing high-order nonsmooth and smoothing Newton
methods (see e.g., Qi and Sun 1993, 2001) for nonlinear equations, complementarity prob-
lems, and variational inequality problems. There are computational evidences showing that
those methods are competitive compared with interior point methods in solving comple-
mentarity and variational inequality problems (Burke and Xu 1998, Facchinei and Kanzow
1997). In particular, the recent paper of Chen and Tseng (1999) provided promising results
in this type of methods for SDCP. In order to extend semismooth and smoothing Newton
methods to SDP, SDCP, and other problems involving the cone of positive semidefinite
matrices, the first goal in this direction naturally is to study the semismoothness of matrix
functions. In our research we find that this task is not trivial and is often difficult due to
the hardship of algebraically representing the constraint of positive semidefiniteness.

This paper is organized as follows. We study the Fréchet differentiability of matrix func-
tions in §2 by using an isometry between vector spaces and matrix spaces and by invoking
some results in matrix analysis. The semismoothness and related concepts are considered
in §3. Then we show that the absolute-value, the semidefinite projection, and the projective
residual matrix functions are strongly semismooth in §4.

Some notations to be used are as follows.

o Usually, calligraphic letters denote matrix sets. Capital letters represent matrices or
matrix-valued functions. Lowercase letters are for vectors or vector-valued functions. Greek
letters stand for scalars.
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e " is the space of real symmetric n X n matrices; &} is the subset of &" consisting
of positive semidefinite matrices.

e #(ny,...,n,) is the space of real symmetric n x n block-diagonal matrices with m
blocks of sizes ny,...,n,,.

e O is the set of all n x n orthogonal matrices.

e For matrices A, B € &", we define

(A,B) =(A,B); =AeB:=Trace (AB) = )  A,B,.

i j=1

e A superscript “T” represents the transpose of matrices and vectors.

e ||A|s, or simply ||A], is the Frobenius norm of matrix A : [|A| := (A, A)!/2.

e We write X >0 and X > 0 if X is positive definite and positive semidefinite, respec-
tively. For X > 0, we denote its symmetric square root by /X or X'/2.

e vec (A) is a column vector whose entries come from A by stacking up columns of A,
from the first to the nth column, on top of each other. The operator mat is the inverse of
vec; i.e., mat (vec(A)) = A.

o We write X = O(a) (respectively, o(«)) if || X||/|«] is uniformly bounded (respectively,
tends to zero) as a — O.

2. The differential properties of matrix functions.

2.1. Differentiability of functions.
DEFINITION 2.1. Let F: 5" — " and let X, H € ¥". If Fy, : " — 5" is a linear
operator that satisfies
NF(X+H)-F(X)—Fy(H)|| _

(1) lim =0,
H—0 1]

then F is said to be Fréchet differentiable (7 -differentiable) at X and Fy, is the F-derivative
of F at X.

EXAMPLE 2.2. Let F(X)= AXAT for any X € &", where A € R™". It is easy to verify
that | F(X +H) — F(X) — AHA" ||, = 0. Thus, F},(H) = AHA” .

Since &" and the inner product e form an Euclidean space, there is a natural isometry
identifying &" and R” where v := n(n+ 1)/2. We could formally define it as follows.

DEFINITION 2.3. If A € &, then svec(A) is a column vector of length v whose entries
come from A by stacking up the lower half of A, including the diagonal entries, in the order
of column 1, column 2,. . ., up to column n. The operator smat is the inverse of svec; i.e.,
smat(svec (A)) = A. The map svec and its inverse then define an isometry between " and
R” if the inner product of the latter space is defined as {a, b), := (smat(a), smat(b)).

EXAMPLE 2.4.

1
A= (5 §>, svee (4) = (g) . lsvee(A)], = V1227 32 = VI,

Under such an isometry, each matrix function F : % — %" will induce a vector function
f:U =svec(U) - R” by

) f(x) =svec[F(X)],

where x :=svec(X), X € U. Then F(X) and f(x) will have the same topological properties.
In particular, the following results are immediate.
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THEOREM 2.5. (i) F is (locally Lipschitz, respectively) continuous on U if and only if
f is (locally Lipschitz, respectively) continuous on U.

(if) If F has an F -derivative Fy, at X, then f also has an 7 -derivative f defined similarly
to (1) and vise versa. Moreover, f! is the Jacobian in the usual sense and there holds

3) Fy =smat o J(x)osvec,

af(x)
ax

where o represents the operator composition and J(x) :=

EXAMPLE 2.6. Let

X X h h
F(X) = X2, X=(11 12>, H:(” 12>'
(%) X1 X» hy  hyp

Then ) ,
Xy, + x5, 2x 2, 0
f) = x0x; +x0% |, J@)=| %  xnt+xn x|,
2 2
X5 + X3, 0 2xy, 2%y,
and

Fy(H) = smat o J(x)osvec (H)
2x;,  2xy 0 hy,
=smato | Xy X +Xp Xy hy,
0 2x,,  2xy hsy
2x11hyy 2%, hy,
= smat | Xy 7y + Xy )+ X0y + X517y,
2331y 42X 1y,

- ( 2x11hy 425, 1y Xorhyy 4 X110 hyy + x50 h +x21h22>
Xor g+ X1 hyy X oy + X1 7y 2x31hy1 4 2x0 05,
= XH+HX.

There are two important implications of Theorem 2.5, in which the second claim is a
direct extension of Rademacher’s Theorem from vector functions to matrix functions.

CorOLLARY 2.7. (i) The F-derivative of F at X is unique.

(ii) If F is locally Lipschitzian on $", then F is almost everywhere 7 -differentiable
on S".

ProOF. The first claim is due to the uniqueness of Jacobian J(x) and Theorem 2.5. The
second is obtained by combining Theorem 2.5 and Rademacher’s Theorem on R”. [

2.2. Extension to symmetric block-diagonal matrix functions. Some semidefinite
complementarity problems particularly involve symmetric block-diagonal matrix functions.
The results in the last subsection can be extended directly to those matrix functions. The
proofs are straightforward.

DEFINITION 2.8. For any X € #(n,,...,n,) let Vec(X) be a column vector with

Vee(X) := (vee(X,)", ... ,vec(Xm)T)T,

where X,,i=1,...,m is the ith block of X. The operator Mat is the inverse of Vec; i.e.,
Mat[Vec(X)] = X. The operator Svec is defined by

Svec(X) := (svee(X,)", ... ,svec(Xm)T)T

and Smatis the inverse of Svec.
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The matrix function F : #(n,,...,n,)— F(n,,...,n,) under Svec becomes a vector-
valued function f : R” — R” defined by
4) f(x) := Svec[F(X)],

where x =Svec(X) and ¥ = )", n;(n;+1)/2. Conversely, the vector valued f under Smat
turns to be a matrix function F : #(n,,...,n,) —> F(n,,...,n,) with

F(X) :=Smat[f(x)],

where X = Smat (x).
Parallel to Theorem 2.5 and Corollary 2.7, we have the following results.

THEOREM 2.9. 1. F is (locally Lipschitz) continuous on & (n,, ..., n,) if and only if
f is (locally Lipschitz) continuous on R”.

2. F(X) is F-differentiable at X if and only if f(x) is differentiable at x in the usual
Jacobian sense.

3. The F-derivative of F at X is unique.

4. If F is locally Lipschitzian on $(n,,...,n,), then F is almost everywhere
F -differentiable on ¥ (n,, . ..,n,,).

5. Let f :R” — R be defined and differentiable on an open subset U of R”. Let U =
Smat(U) and x = Svec(X). Then

af (x)
dx

if and only if Fy = Smat o J(x) oSvec.

=J(x) forxelU

3. Generalized derivative, directional derivative, Z3-derivative, and semismoothness
of matrix functions. Suppose that F : #" — F” is a locally Lipschitzian matrix function
and f :R” — R” is defined as in (2). According to Corollary 2.7, F is F -differentiable
almost everywhere on &". Denote the set of points at which F' is F -differentiable by D,.

DErFINITION 3.1.  The generalized derivative of F at X, denoted by dFy, is the set defined
as the following:

5) dFy :=co{limF, | Z — X,Z € D, },

where “co” stands for the convex hull in the usual sense of convex analysis (Rockafellar
1970).
This definition is an extension of the generalized (Clarke) Jacobian df (x) (Clarke 1983):

(6) df (x) =codgf(x) with dpf(x)={limJ(z) |z — x,z€ D},

where D, is the set of differentiable points of f in R” and J(z) is the Jacobian of f at
z € Dy It is easy to see by the differential correspondence that there is an isometry between
df(x) and dFy. Similar to (3), one can write

(7 dFy =smat o df(x)osvec.

The following topological properties of dFy can then be identified with the corresponding
properties of df(x).

THEOREM 3.2. Let F : " — " be locally Lipschitzian on an open neighborhood U
of X.
(a) dFy is nonempty, convex, and compact subset of (¥")*.
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(b) The mapping dFy is closed at X; that is, if Z — X, W € 0F,, W — V, then V € 0F.
(c) OF is upper-semicontinuous: For any € > 0 there is 6 > 0 such that, for all Y € X+ 6B
(B is the unit ball in "),
dF, C 0Fy +&B",

where B* is the unit ball in (5")*.
(d) If each entry F;; of F(X) is a; Lipschitzian at x(= svec (X)) in the sense that

[1F;(x) = F; (D) < allx =yl

then F(X) is a :=max(a;;) Lipschitzian at X.
(e) The mean value theorem holds:

(8) F(X)—F(Y) €co{dF, (X —Y)|Z € [X, Y]} =: 0Fx y,

where [X, Y] is the line segment connecting X and Y.

The directional derivative and 9-derivative of a matrix function can be defined in a
similar way to scalar or vector-valued functions.

DEerINITION 3.3. Let F: " — &" and X, H € &". The directional derivative of F at
X along H is the following limit (if it exists at all):

F(X+7H)—F(X)
- .

F'(X; H) =171ﬂ)1

F is said to be directionally differentiable at X if F'(X; H) exists for all H.
COROLLARY 3.4. [f F is F-differentiable at X, then for any H € &",

F'(X; H) = Fy(H).

DErFINITION 3.5. Let F: " — &" and X € &#". Then F is said to be Z-differentiable
at X if there exists a function BF (X) : " — &", called the %-derivative of F at X, which
is positively homogeneous of degree 1 (i.e., BF(X)(7H) =7BF(X)(H) for all H € 5" and
all 7 >0), such that for any H € " and H — 0,

©) F(X+H)—F(X)—BF(X)(H) = o(|H])).

It can easily be seen that there is also an isometry identifying the 93-differentiable of f
at x with 9-derivative of F at X.

Shapiro (1990) showed that a vector-valued locally Lipschitzian function f : R¥ — R”
is %B-differentiable at x if and only if it is directionally differentiable at x. Therefore, the
%-differentiability of matrix-valued locally Lipschitzian functions is also equivalent to their
directional differentiability.

In the case in which a function f : R” — R” is not differentiable, but locally Lipschitzian,
Mifflin (1977) and Qi and Sun (1993) introduced the concepts of semismoothness and
p-order semismoothness for vector-valued function f. The definition of semismoothness
implies that the function is directionally differentiable (hence is %-differentiable according
to Shapiro 1990) and that (Proposition 1 of Pang and Qi 1993) there exists € > 0 such that

(10) sup || f (x+h) = f(x) —vhl| = o([A]) V || 1]l < &.

vedf (x+h)

In the case of p-order semismooth the term o(||k||) is replaced by O(||k|'*?).

Equation (10) plays an important role in developing semismooth Newton methods and
smoothing methods for nonlinear equation systems and nonlinear programming problems.
We now extend the definition of semismoothness to matrix functions in terms of (10).
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DEFINITION 3.6. Suppose that F : " — " is a locally Lipschitzian matrix-valued
function. F is said to be semismooth at X € &” if F is directionally differentiable at X and
for any V € 0Fy_ 5 and H — 0,

F(X+H)—F(X)=V(H)=o(||H]).
F is said to be p-order (0 < p < o0) semismooth at X if F is semismooth at X and
(11) F(X+H)—F(X)—V(H)=O0(|H|"?).

In particular, F is called strongly semismooth at X if F is first-order semismooth at X.

We find it is convenient to establish an equivalent definition for the analysis of matrix
functions.

THEOREM 3.7. Suppose that F : S — F" is locally Lipschitzian and directionally dif-
ferentiable in a neighborhood of X. Then for any p € (0, o) the following two statements
are equivalent:

(a) forany Ve dF(X+H),H — 0,

F(X+H)—F(X)—V(H)=O(|H["*");
(b) for any X+ H € D, H— 0,
F(X+H)—F(X)—F'(X+H; H)=O(|H|'*").

Proor. From the differential correspondence between F and f the conclusion of this
theorem is valid if one can show that the following two statements are equivalent:
(a’) forany ve df(x+h),h— 0,

f(x+h)—f(x) —vh=O(|h|"*);
(b') for any x+h € Dy, h— 0,
f(x+h) = f(x) = f'(x+h; h) = O(||h[|'*7).

(a)=(b’) is obvious.

Next we prove (b')=-(a"): Assume by contradiction that (b’) holds while (a’) does not
hold. Then, there exists a sequence {h'}2, (h' # 0) converging to 0 and a corresponding
generalized Jacobian sequence v; € df (x + h') such that

Gt b —f @ =l
G

[ — oo.

(12)

By the Carathéodory theorem, any v, € df (x+ k') can be expressed as
V241

(13) v, = Z A v,
st b

where

241

(14) A €01] 3 =1
j=1
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and v, € dyf(x+h'). For each v, € dpf(x+ h'), by the definition of d,f(x + h'), there
exists y” € D, such that

(15) Iy = (4RO < [[R']I"™P
and
(16) oy, = F' I < A7

By (13)—(16), we obtain

ILf (e = £ (x) vl

241 241

<M R = F )= £ ORI+ A v, — 1 O]
j=1 Jj=1
V241

< 300 IF Gt ) = () = £/ GO R+ O | )

= 30 I Gt B = £ = (GO0 =)+ (o =y
+O(H' )
v2+1

< 3 PG = F )= (MO =)

j=1

(17)

V241

+ 2 A O R =y [+ O )
j=1

V241

< DA Nf AR = f () = f (O =)l +O(I ),

Jj=1

where in the last inequality we used the fact that {f’(y")} are uniformly bounded because
of the local Lipschitzian property of f. Relations (17), (14), and (15), together with the
Lipschitzian continuity of f, imply that

(18) [lf(x+h) = f(x) —vih'] < VZ A lF O = G = £ GG =)+ oA 7).

j=1

Thus, by (b"), (14), and (15), from (18) we obtain
If (x+ k) = f(x) = vl || < O(ly7 = x[7) + O([ W [*7) = O(| '] *7),

which contradicts (12). This contradiction shows that (b') = (a’). O

REMARK. Note that the result of Theorem 3.7 is also true if O(||H||'*?) is replaced by
o(IH).

We list below some properties of semismooth matrix functions involving components and
composition.

THEOREM 3.8. Suppose that F : " — F" is a locally Lipschitzian function. Let p €
(0, 00). If each entry of F, viewed as Fy; : &" — diag(R,0,...,0) C &", is (p-order
semismooth) semismooth at X, then F is (p-order semismooth) semismooth at X.
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Proor. For X+ H € D, H— 0,

IF(X+H)-F(X)—F(X+H; H)|

< 2 IFX+H))y — [FX)]y; = [(F)y] (X + H: H),

Jok=1

which completes the proof. [
The following result on semismoothness is due to Mifflin (1977) and the result on p-order
semismoothness is essentially due to Fischer (1997).

LEMMA 3.9. Let p € (0, 00). Suppose that f : R” — R" is (p-order semismooth) semi-
smooth at x € R” and g : R"" — R" is (p-order semismooth) semismooth at f(x). Then,
the composite function h:= go f is (p-order semismooth) semismooth at x.

The above lemma implies

THEOREM 3.10. Let p € (0, ). Suppose F : F"* — F? is (p-order semismooth) semis-
mooth at X and G : ¢ — F' is (p-order semismooth) semismooth at F(X). Then the
composite function G o F is (p-order semismooth) semismooth at X .

PrOOF. Define two vector-valued functions g and 4 by
g(y) :=svec[G(Y)],
where y :=svec(Y), Y € ¥ and
h(x) :=svec[G(F(X))],

where x :=svec(X), X € ¥”. Then, by Lemma 3.9 and the relationship smat o (go f)o
svec = G o F, the above result follows directly. [

We conclude this section by noting that all the results obtained in this section can be
analogously extended to block-diagonal matrix functions.

4. Some strongly semismooth matrix functions. The projective residual function r :
R” — R”

(19) r(x) := g(x) —max[0, g(x) — f ()],

is often used in continuation methods, QP-free methods, smoothing methods, and merit
function methods; see Qi and Sun (2001) for its applications. It is also closely related
to other merit functions. We will show that the corresponding matrix projective residual
function is locally Lipschitzian and strongly semismooth.

Let #(ny,...,n,), be the cone of symmetric block-diagonal positive semidefinite
matrices. Define the semidefinite projection matrix function [-], : F(n,...,n,) —
F(ny,...,n,), as the matrix-valued function that satisfies:

(l) [X]+ € ‘So(nl’ S (" +;

Q) IX-[X], I =IX-Z[VZeF(n,....n,),.

The following proposition means that we can focus our discussion on matrix projection
from " to &} rather than that from #(n,,...,n,) to £(n,,...,n,),.

ProrosITION 4.1.  For any X € F(n,,...,n,), we have

[Xl]+
[X], = ,
[Xm]+

where X; is the i-th block matrix of X.
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ProoF. Straightforward. O
Since (¥, (-,-)) is a Hilbert space, we have the following proposition (Zarantonello
1971).

PROPOSITION 4.2.  For the positive semidefinite projection function [-],, we have
(a) forany X e " and Z € 5}, Z=[X], ifand only if (X-Z,Y—-Z) <0V Y € F].
®) Y], —[X] I =Y =X VY XeF

Proposition 4.2(b) says that [-], is globally Lipschitz continuous with Lipschitz con-
stant 1.

DEFINITION 4.3. Let F,G : $(n,,...,n,) —> F(n,,...,n,). The matrix projective
residual function is defined as

R(X)=G(X)—-[G(X)—F(X)],, XeF(n,...,n,).

It is well known (Tseng 1998, Zarantonello 1971) that the root of the above function
satisfies G(X) > 0, F(X) = 0, and (G(X), F(X)) = 0. Thus, one can obtain a solution
to SDCP by solving R(X) = 0. Similarly to Proposition 4.1, we could focus on residual
functions from " to &” only. The strong semismoothness of such functions depends on
the strong semismoothness of [-], according to Theorem 3.10 if G and F are strongly
semismooth.

Note that function [-], can be expressed as the optimal solution of the parametric SDP

[X], = argmin{|[X — Y|[|Y > 0}.

Hence [-], is quite different from the vector function max(0, -). The vector case is always
strongly semismooth due to the piecewise linear structure of the function max. However,
the matrix case does not have a piecewise linear structure. This poses great difficulty in
proving the (strong) semismoothness of [-],.

We further reduce the problem to the strong semismoothness of the so-called absolute-
value function.

DEFINITION 4.4. Let A € #(ny,...,n,) be positive semidefinite. Then there exists a
unique symmetric positive semidefinite matrix B € ¥ (n,...,n,) such that B> = A. We
call B the square root of A and denote it by B = v/A. The matrix absolute value of A is
defined as |A| := VA2

The following proposition says that the three matrix functions—the absolute-value, the
semidefinite-projection, and the projective residual functions—will be all strongly semis-
mooth if one of them is.

PROPOSITION 4.5.  There hold |X| =[X], +[—X], and [X], = [X +|X]|]/2.
Proofr. Tseng (1998) showed that for any X € &,

[X], = Pdiag[max(O, Ay, ... ,max(0, /\n)]PT,
where P€ @ and A,,..., A, € R satisfy X = Pdiag[A,, ..., A,]PT. By definition we have
|X| = Pdiag[|A], ..., |A,|]PT.

The proposition follows. [
For any matrix X € 5", there exists P € @ such that

(20) X = P(Ig g) P,



SEMISMOOTH MATRIX-VALUED FUNCTIONS 159

where D is a nonsingular matrix. Let m denote the rank of X and let
K:={1,...,m}, J:={1,...,n}\K.
Let C := |D| and define the linear operator L. by
L.(Z):=CZ+ZcC, ZeS"

and L;!' its inverse operator (see Tseng 1998 for more discussions on the linear operator
L. and its inverse).

THEOREM 4.6. Denote |Y| by F(Y), Y € " If X € F" is nonsingular, then Fy exists
and satisfies

(21 Fy(H) =Ly, (XH+HX).

Moreover, for H— 0, H € 5", we have

(22) F(X+H)—F(X)—Fy(H) = O(|H|).
PrOOF. Let

T := F(X+H)—F(X) — Fy(H),
AF := F(X+H) —F(X).

We shall substitute (21) for Fy(H) to verify that T = O(||H||*), which will prove both (21)
and (22). Notice that from (21) we have

(23) |X|Fy(H)+Fy(H)|X|=XH+HX, He 5"
From the definition of 7,

(IX+H|+|XDT = (X+H)* =X —|X+H||X|+|X||X+H|— (X +H|+|X|)Fy(H)
= (X+H)—X*—AF|X|+|X|AF — (| X + H| + |X|)F{ (H).

That is,
[21X]+ O(IHI)IT = XH + HX + H? — AF|X| + |X|AF — [2|X] + O(| H )] Fy (H),
which implies that
(24)  2|X|AF —2|X|F}(H) = XH +HX — AF|X|+|X|AF —2|X|Fy(H) + O(|H|?)
because from the definitions of Fy(H) and AF it is clear that
IFx(H) || = O(IH|)) and [|AF| = O([|H]]).

Hence, from (23) and (24) we have

Ly (AF — Fy(H)) = O([|H|").
By observing that Ly, is invertible because |X| is positive definite, we have

T = AF — Fy(H) = O(|H).

The proof is complete. [
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THEOREM 4.7. Let F : " — S be defined by F(Y) :=|Y|, Y € &". Then F is direc-
tionally differentiable at any X € " and for any H € &",

F/(X; H) = P(LCI[DHKK+HKKD] CIDHKJ>PT’

H}(-JDCil |H]]|

D|, and H = PTHP.

where D is a nonsingular diagonal matrix defined in (20), C :=|

ProoF. For any H € S and 7 € [0, 00), let
A(T):=F(X+7H)—F(X)

and ~
A(7) :=PTA(T)P.

Then,

A(r) = PTF(X+7H)P — PTF(X)P
= |P"(X+1H)P|—|P"XP|
= [PTXP+7PTHP)*—/(PTXP)?,

—\/X-‘r-TH vz,
5:¢§;<g @.

A =yE+W-¢,

where X := PTXP. Define

Then,

where
W=1XH+THX+1°H".
After simple computations we have
- (DHy+HyD DH o(7?) 0(7?)
(25) W —r K[: KK KJ + _ N _ '
H},D 0 O(r*)  m*[Hg, Hy, +Hj)

By Lemma 6.2 in Tseng (1998), we have

(26) A(M)x = L&' (W) +o(IW]),
27) A(7)g; = C Wiy +o(IW]),

and

(28) W, =A(m)E,A(T), + A1),
Thus,

(29) A(7)g, = TC'DHy, +0(7).

Let

E:=C7'D.
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Then
Eo— 1 or—1ifj=i,
7710 otherwise.

Thus, from (29),

(30) A(T)E,A(T) g, = T2 HE E*Hy, + o(7%) = T HL Hy, + o(72).
According to (26) and (25),

(31 K(T)KK = TLEI(DﬁKK+ﬁKKD)+0(T).

Since _ o _
W, = 72[H1€JHKJ +HJ2]]’

from (28) and(30), we obtain

(32) A(r)3, = 7Hj, +o(7%).

Furthermore, since K(T) ;7 1s positive semidefinite (see the definition of Z('r)), from (32),
A(T),, satisfies

(33) K(r)y =/ 3 +o().
Then from (31), (29), and (33) we obtain

i Z(T) (LCI[DﬁKK J’_ﬁKKD] ClDﬁKj)
im = _ N ,
T Hg,DC™! |Hy

which proves the theorem. O

Theorem 4.7 says that the matrix absolute-value function is directionally differentiable
with the explicit formula given for the directional derivative. Theorem 4.6 says that the
function is F-differentiable at all nonsingular X. The following theorem says that the
7 -differentiability is lost elsewhere.

THEOREM 4.8. Let F : " — F" be defined by F(Y):=1Y|, Y € . Then for any
singular matrix X € S, F is not 7 -differentiable at X.

Proor. By Theorem 4.7, F is directionally differentiable at X. By contradiction, sup-
pose that F is F-differentiable at X. Then F'(X;-) = Fy(-) is a linear operator. But, let

H € §" be such that
f=prap=(""Y
T —\0 [

and G = —H, where [ is the identity matrix in R and r = n —rank(X) > 1. Then, by
Theorem 4.7, we should have

0=F(X;G+H)=F,(G+H)=F(G)+Fy(H)

=F(X;:G)+F(X:H) = 2P<g ?) rPr,
which is a contradiction. This contradiction shows that F' is not 7 -differentiable at X. The
proof is complete. [
An interesting implication of Theorems 4.6 and 4.8 is that the Lebesgue measure of
singular symmetric matrices is zero. This is almost intuitively obvious and is a useful fact
in our analysis later.
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COROLLARY 4.9. Matrices in " are almost everywhere nonsingular.

ProoF. By Theorems 4.6 and 4.8, F(Y) :=|Y|, Y € &" is F-differentiable at X € &"
if and only if X is nonsingular. Since F is Lipschitzian, F is F -differentiable almost every-
where in &” by Theorem 2.7. Thus, matrices in &” are almost everywhere nonsingular. [J

LEMMA 4.10. Let F : 5" — " be defined by F(Y) =|Y|, Y € S. Then for any nonsin-
gular matrix H € ", Fj,(-) exists and satisfies
(34) F(H)—F(0)—F,(H)=0.
ProoF. By Theorem 4.6, for any nonsingular H € ", F},(-) exists and satisfies
Fy(H)|H|+ |H|Fy(H) =2H?,

which implies that F,,(H) = |H| = F(H) because F},(H) is the unique Z € %" satisfy-
ing Z|H|+|H|Z = 2H* and Z = |H| satisfies this equation. This completes the proof by
observing F(0)=0. O

The following Weyl’s perturbation result for eigenvalues of symmetric matrices (see
Bhatia 1997, Corollary I11.2.6) is useful in proving the strong semismoothness of the abso-
lute value function.

LEmMmA 4.11. Let 0, > --- > 0, be the eigenvalues of any A€ " and \| > ---> A, be
the eigenvalues of A+ H for any H € S". Then

max [o; — A;| < || H]l.
<i<n

We now prove a main lemma that, together with Theorem 3.7, leads to the strong semi-
smoothness of the absolute-value function.

LEMMA 4.12. Let F : " — " be defined by F(Y) :=|Y|, Y € F". Assume that X €
S, X #0. Then, for any H € " such that X + H is nonsingular, F(-) is F -differentiable
at X+ H and
(35) F(X+H)—F(X)—Fy_,(H) =0(|H|".

Proor. For any H € 5" such that X 4+ H is nonsingular, denote

(36) AT :=F(X+H)—F(X) - Fy,,(H).

Then,

(37) |X +H|AT = (X +H)*— |X+H||X| - |X + H|Fy, ,(H)
and

(38) AT|X +H|=(X+H)*—|X||X+H|—Fy,,(H)|X+H|.

By (37), (38), and Theorem 4.6, we have

X +HIAT +AT|X +H|=2(X+H)*—[|X+H||X|+|X||X + H]|]
—[I1X+H|Fy,,(H)+ Fy 4 (H)|X + H|]
(39) =2(X+H)?—[|X+H||X|+|X||X+H|]
—[(X+H)H+H(X+H)]
=(X+H)X+XX+H)—[|X+H||X|+|X||X+H]|]
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Since 0 # X, there exists an orthogonal matrix Q € @ and a diagonal matrix 3 such that

0'XQ =3 =diag[o,,...,0,,0,...,0],
where oy > --->0,,0,#0,i=1,...,mand me {l,...,n—1}. Let
H=Q"HOQ.

Then, from (39), we have

IS4+ H|QTATQ+ QT ATQ|S + H|

40 ~ - - -
4 =(C+H)S+3(E+H) - [|Z+H|Z|+ 2|2+ H]]

It is noted that if X + H € &” is nonsingular, then S+H= QT(X + H)Q is also nonsingular
and H - 0 &= H — 0. Thus, for any H € &" such that X + H is nonsingular, there
exists an orthogonal matrix P € @ (depending on H) and a nonsingular diagonal matrix A
(depending on H) such that

(41) PT(S+H)P=A=diag[A, -, A Aprrs- - Ayl
where

A/ =--->A,, min|A|> min |A,], and A;#0, i=1,2,...,n.

m ; p
1<i<m m+1<i<n

Then, by Lemma 4.11,

(42) N=o,+O0(H|), i=1,....m
and
(43) X, =O(|H|), i=m+1,...,n.

Equations (40) and (41) imply

(44) |AJAT +AT|A| = A(PTSP) + (PTSP)A —[|A|PT|Z|P+ PT|3|PIA]],

where

(45) AT := PTQTATQP.

Therefore, from (44) we have in fact obtained for i, j=1,...,n that
~ A+A

46 ATI--:#U[-—V,--,

(40 = I Y

where U = PTSP and V = P7|3|P. Define a vector s € R™ by

s, =

1 if o, > 0,
—1 otherwise,

Then for i, j=1,...,n,

(47) Uj=_PuPyoy

k=1
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and

(48) ‘/z/ = ZPkiijUksk’

k=1
where P;; is the (i, j)-th entry of P. Hence, for i, j=1,...,n,

m

~ At A "
(49) ATU m(Z Pklija-k> —gpkipkj(fksk.

Next, we establish a relationship between P and d. Suppose ¢ is a nonnegative integer
such that

0>22>20,>0>0,,> >0,

Then, from (41), we have PA = (E+I—~I)P, which implies for i=1,...,n

Pl' (0-1+ﬁll)P1i+"'+ﬁquqi+“'+I’:jlum[+'“+ﬁlnPni
Pqi quP1i+"'+(o-q+qu)Pqi+”'+quPmi+'”+anPni
50 Af oz ]=
Pmi HlmPli+“'+qu qz+ +(0- +Hmm)sz+ +Hman
P,
" 1nP11+ +anqu+ +Hmanl+ +Hnan

Since P in an orthogonal matrix, for i, j=1,...,n,
(51) IPl,=1, PiP;=0, j#i,

where for any k =1, ..., n, P, denotes the k-th column of P. Thus, in terms of (42), (43),
(50), and (51), we have

Lap O(|H|)
(52) = , i=1,...,q,
Py O(|H]))
P, O(|H]))
P, o(lA]) .
53 qt = ~ s i=qg+1,---,m
(53) P o(|H|) 1
P, "
i o(H])
and
Py, O(|H]|)
(54) D= : , i=m+1,...,n

P O(|lH|)
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Then for i =1, ..., m, (50) and (52)—(54) give

P, (o+H,)P;+---+H,P,+---+H,P,+O0(H|)
Pqi quPli+' ' '+(O-q+qu)Pqi+" +quanl+0(||H||2)
65 AN ]= :
Pmi Fllmpli+ o '+ﬁquqi +ee +(0-m +ﬁmm)Pmi + O(Hﬁ”z)
[;ni :~
O(H1D)

In the following we will prove for i, j =1,.. ., n the following equation
(56) AT; = O(IIH|?)
holds. We analyze this in eight different cases.

Case 1.i,j=1,...,q. Then, by (49) and (52)—(54),

ATij =2 Z Py Po = 0(||H||2)
k=q+1

Hence, (56) holds for this case.
Case2.i=qg+1,...,mand j=1,...,q. Then, again, by (49),

~ A+A " 4 "
(57) ATij =—7 Zpkipkjo'k - ZPkiijUk + Z P Pioy.
1A+ |)‘j| k=1 k=1 k=q+1
Now we assume
01220, | >0, = =0,==0,,>0,,,=-20,>0
and
O>0-q+1 Z '“Za-i—a—l >0—i—a='“=o-i=“'= i+b>0-i+b+l Z '“Zo-m
for some nonnegative integers s, t, a, and b.
Then, by (42) and (55),
P, o(IHI)
(58) Pis—n; | _ | OUHID
(D)) O(||H])
P, g
m O(|lHl)
and
P, O(llH]))
P | _ | OUHD
59 (i—a—1)i — L
9) Pocwens | = | 001l
P, =
O(llH]))
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Then, by (52)—(54) and (57)—(59), we have

(60)
~ A +)\
ATij I\, + |/\ |[ (0 S)IP(] DA —{—P]IP]]O' +"'+P(j+f)iP(j+t)jUj
+P(z a)lP(l a)j0-1+ +Pu lj ++P(l+b)lp(l+b)/0-l+0(||H||2)]
[P(/ S)ZP(/ DA —i—P” bij /’+'"+P(j+t)iP(j+t)j0-j
—P_piPi—ayjoi— = PyPijo;— - = Py iPlisy) 0+ 0(||H||2)]
Let
(61) M= PPyt PPyt 4 PP,
and
(62) P(z a)LP(l a)j +- +P11PU +- +P(l+h)tP(t+h)j

Then, by (42), (60) becomes

T )‘f +)‘j 7112 711\ 2
(63) AT; = m[aﬂh +om,+O(|H|)’] - [0, — oimy + O(| H|))?]
i J
2 ~
= m[/\igjnl +)‘j0'i772] + O(HH”)Z»
J i
where we used the fact that when H — 0, /\j - 0> 0, and A, —» 0, < 0.
According to (55) and the fact that 0;,_=---=0,,=0;,and 0,_, =--- =0, = 07},
we have
Pi_y; ‘TjP(_f—s)_/ +O(||H])
(64) NPy =1 o JJ+0(||H||)
P, TP+ Fo(IA)
and
P(i—a)i UiP(ifa)i + O(HH“)
(65) )\i Pii = z u + O(HH”)
Posni) - \oPyp+ O

Equations (61), (62), (52)—(54), (58), (59), and (51) imply

(Py_g )2+ 4 (P = 1+ O(|H|P).

(66) 2 2 77112
(Pi—ay)” -+ (Pigpy)” = 1+ O(|H|")

and

(67) m=O0(H|), m=0(HI), m+n=0(H).
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Therefore, by (63), (67), and (42), we obtain

~ 2 _ B
AT, = o0 (m )40 o 2
T = o oqAD i M)+ OWH DM+ O ) m.]
2 7112 ~ ~
a O'j—g-i+0(||ﬁ”)[UiUJO(HH” )+O(|H))n, + O(|H|))n, ]
= O(|H|),

which proves (56).
Case 3.i=m+1,...,nand j=1,...,q. Then, by (49),

~ A=A [ p) WS WS W Iy A
AT, = P.P.o, |+ —L—"—"— P P.o, |,
] |/\i|+)\j<z kit kj~k |)‘i|+)‘j Z kit kj¥k

k=1 k=q+1

which, together with (52)—(54), implies

ey -
68 AT, = — : PPy O(||H|]7).
( ) ij |)\l| +)\ <l§ ki kjo-k + (” || )

By Equations (54) and (43), we have

q ~
/\,-<Z Pkiij‘Tk> =O0(|H|P),

k=1

which, together with (68), proves (56).

Case 4.i=1,...,q and j=¢g+1,...,m. By the symmetry of AT and Case 2, (56)
holds.

Case 5.i,j=gq+1,...,m. Similar to the discussion in Case 1, we can prove (56). We
omit the detail here.

Case 6.i=m+1,...,nand j=¢g+1,...,m. Similar to the discussion in Case 3, we
can prove (56). Again, we omit the detail here.

Case7.i=1,...,mand j=m+1,...,n Due to the symmetric property of AT we
can prove (56) according to Cases 3 and 6.

Case 8.i,j=m+1,...,n. Then, by (53), (54), and (49), we have

~ AtA

i = m[O(IlHllz)] —[O(IHIH] = O(IH|?).

which proves (56). _
Overall, we have proved that (56) holds for i, j=1,...,n. Since H = QHQT, we have
in fact proved

(69) IAT] = O(lH|7).

which, together with (45), proves (35). O

THEOREM 4.13.  Let F : " — S be defined by F(Y)=|Y|, Y € &#". Then F is strongly
semismooth at any X € .
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Proor. By Theorem 4.7, F is directionally differentiable at X. On the other hand, in
terms of Lemmas 4.10 and 4.12,

F(X+H)—F(X)—Fy,y,(H)=O(|H|*) YV X+H € D, H— 0.

Thus, according to Theorem 3.7, F is semismooth at X € &#".
By Theorem 3.7, Lemmas 4.10 and 4.12, and the semismoothness of F, F is strongly
semismooth at any X € &". O

CoOROLLARY 4.14. Let F : F#(n,,...,n,) = F(ny,...,n,) be defined by F(Y) =
Y], Y e FL(ny,...,n,). Then F is strongly semismooth at any X € F(n,,...,n,,).

COROLLARY 4.15. The function of semidefinite projection is strongly semismooth on
F(nyy...,ny,).

COROLLARY 4.16. The function of projective residual defined on F(n,,...,n,) is
strongly semismooth at X € $(n,,...,n,) if both F and G are strongly semismooth at
XeS(n,...,n,).

PrOOF. These are direct implications of Theorems 3.10 and 4.13. O

5. Final remarks. We have discussed some important differential properties of matrix-
valued functions. In particular, we have proved that the semidefinite-projection function,
the absolute-value function, and the projective residual function are strongly semismooth
on F(ny,...,n,). To use these properties to design semismooth Newton methods and
smoothing Newton methods for matrix-valued equations and the SDCP is a logical step in
future research.
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