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Abstract

The optimality conditions of a nonlinear second-order cone program can be refor-
mulated as a nonsmooth system of equations using a projection mapping. This al-
lows the application of nonsmooth Newton methods for the solution of the nonlinear
second-order cone program. Conditions for the local quadratic convergence of these
nonsmooth Newton methods are investigated. Related conditions are also given for
the special case of a linear second-order cone program. An interesting and important
feature of these conditions is that they do not require strict complementarity of the
solution. Some numerical results are included in order to illustrate the theoretical
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1 Introduction

We consider both the linear second-order cone program (linear SOCP)

min ¢’z st. Ar=0b, r€K, (1)
and the nonlinear second-order cone program (nonlinear SOCP)

min f(x) st. Ax =0, x €K, (2)

where f : R” — R is a twice continuously differentiable function, A € R™*" is a given
matrix, b € R™ and ¢ € R™ are given vectors, and

IC:IC1><"'X]CT

is a Cartesian product of second-order cones K; C R",ny + --- 4+ n, = n. Recall that the
second-order cone (or ice-cream cone or Lorentz cone) of dimension n; is defined by

= {z; = (250, ;) E R X R" | ayo > ||z },

where || - || denotes the Euclidean norm. Observe the special notation that is used in the
definition of IC; and that will be applied throughout this manuscript: For a given vector
z € R* for some £ > 1, we write z = (20, Z), where z is the first component of the vector
z, and Z consists of the remaining ¢ — 1 components of z.

The linear SOCP has been investigated in many previous works, and we refer the
interested reader to the two survey papers [18, 1] and the books [2, 4] for many important
applications and theoretical properties. Software for the solution of linear SOCPs is also
available, see, for example, [17, 28, 24, 27]. In many cases, the linear SOCP may be viewed
as a special case of a (linear) semidefinite program (see [1] for a suitable reformulation).
However, we feel that the SOCP should be treated directly since the reformulation of a
second-order cone constraint as a semidefinite constraint increases the dimension of the
problem significantly and, therefore, decreases the efficiency of any solver. In fact, many
solvers for semidefinite programs (see, for example, the list given on Helmberg’s homepage
[14]) are able to deal with second-order cone constraints separately.

The treatment of the nonlinear SOCP is much more recent, and, in the moment, the
number of publications is rather limited, see [3, 5, 6, 7, 8, 12, 13, 16, 25, 26, 29]. These
papers deal with different topics; some of them investigate different kinds of solution meth-
ods (interior-point methods, smoothing methods, SQP-type methods, or methods based
on unconstrained optimization), while some of them consider certain theoretical properties
or suitable reformulations of the SOCP.

The method of choice for the solution of (at least) the linear SOCP is currently an
interior-point method. However, some recent preliminary tests indicate that the class of
smoothing or semismooth methods is sometimes superior to the class of interior-point



methods, especially for nonlinear problems, see [8, 13, 26]. On the other hand, the theo-
retical properties of interior-point methods are much better understood than those of the
smoothing and semismooth methods.

The aim of this paper is to provide some results which help to understand the theoretical
properties of semismooth methods being applied to both linear and nonlinear SOCPs. The
investigation here is of local nature, and we provide sufficient conditions for those methods
to be locally quadratically convergent. An interesting and important feature of those
sufficient conditions is that they do not require strict complementarity of the solution.
This is an advantage compared to interior-point methods where singular Jacobians occur
if strict complementarity is not satisfied. Similar results were recently obtained in [15]
(see also [11]) for linear semidefinite programs. In principle, these results can also be
applied to linear SOCPs, but this requires a reformulation of the SOCP as a semidefinite
program which, as mentioned above, is not necessarily the best approach, and therefore
motivates a direct treatment of SOCPs. In fact, to the best of our knowledge, the algorithm
investigated in this paper is currently the only one which deals with SOCPs directly and
has the property of local quadratic convergence in the absence of strict complementarity.

The paper is organized as follows: Section 2 states a number of preliminary results
for the projection mapping onto a second-order cone, which will later be used in order to
reformulate the optimality conditions of the SOCP as a system of equations. Section 3
then investigates conditions that ensure the nonsingularity of the generalized Jacobian of
this system, so that the nonsmooth Newton method is locally quadratically convergent.
Some preliminary numerical examples illustrating the local convergence properties of the
method are given in Section 4. We close with some final remarks in Section 5.

Most of our notation is standard. For a differentiable mapping GG : R — R™, we denote
by G'(z) € R™*™ the Jacobian of G at z. If G is locally Lipschitz continuous, the set
0pG(z) == {H e R™"|3{*} C Dg : 2* — 2,G'(z") — H}

is nonempty and called the B-subdifferential of G at z, where Dgs C R™ denotes the
set of points at which G is differentiable. The convex hull 0G(z) := convdgG(z) is the
generalized Jacobian of Clarke [9]. We assume that the reader is familiar with the concepts
of (strongly) semismooth functions, and refer to [23, 22, 20, 10] for details. The identity
matrix of order n is denoted by I,,.

2 Projection Mapping onto Second-Order Cone

Throughout this section, let IC be the single second-order cone
K:={z=(20,2) ERxR" |2 > ||z}

In the subsequent sections, K will be the Cartesian product of second-order cones. The
results of this section will later be applied componentwise to each of the second-order cones
IC; in the Cartesian product.



Recall that the second-order cone K is self-dual, i.e. K* = K, where £* := {d €
R x R"![27d > 0 Vz € K} denotes the dual cone of K, cf. [1, Lemma 1]. Hence the
following result holds, see, e.g., [12, Proposition 4.1].

Lemma 2.1 The following equivalence holds:
reK,yekK,2’y=0 < x— Pc(z—y) =0,
where Pxc(z) denotes the (Euclidean) projection of a vector z on K.

An explicit representation of the projection Pi(z) is given in the following result, see [12,
Proposition 3.3].

Lemma 2.2 For any given z = (29,2) € R x R"™ 1 we have

Pr(z) = max{0, nl}u(l) + max{0, 772}u(2),

where N1, Mo are the spectral values and uV, u® are the spectral vectors of z, respectively,
given by
m o=z — ||z, e = 2+ |2,
1 1 1 1
5(_4) if Z2 #0, 5(4) if 2 #0,
1zl [12]
1 1 _ 171 _
5(_11_]) if 2z =0, 5(@) if z=0,
where w is any vector in R*™1 with ||o|| = 1.

It is well-known that the projection mapping onto an arbitrary closed convex set is non-
expansive and hence is Lipschitz continuous. When the set is the second-order cone K, a
stronger smoothness property can be shown, see [5, Proposition 4.3], [7, Proposition 7], or
[13, Proposition 4.5].

Lemma 2.3 The projection mapping P is strongly semismooth.
We next characterize the points at which the projection mapping Py is differentiable.

Lemma 2.4 The projection mapping Px is differentiable at a point z = (2,2z) € R x R*~1
if and only if zy # £||Z|| holds. In fact, the projection mapping is continuously differentiable
at every z such that zo # £||Z|.

Proof. The statement can be derived directly from the representation of P (z) given in
Lemma 2.2. Alternatively, it can be derived as a special case of more general results stated
in [7], see, in particular, Propositions 4 and 5 in that reference. O
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We next calculate the Jacobian of the projection mapping P at a point where it is differ-
entiable. The proof is not difficult and therefore omitted.

Lemma 2.5 The Jacobian of Pc at a point z = (20,2z) € R x R"™! with zy # £|z|| is
given by

0 i 20 < ||
L, if z0 > +||Z]|,
Pl =4 1y ey TR
s(n ) o =lel <0 <4l
where E s s
Wi=—, H:= <1 + T(])In—l — Towa-
E| LS

(Note that the denominator is automatically nonzero in this case.)

Based on the above results, we give in the next lemma an expression for the elements
of the B-subdifferential 0pPic(z) at an arbitrary point z. A similar representation of the
elements of the Clarke generalized Jacobian 0Pk(z) is given in [13, Proposition 4.8] (see
also [19, Lemma 14] and [7, Lemma 4]), and hence we omit the proof of the lemma. Note
that we deal with the smaller set 0gPx(z) here, since this will simplify our subsequent
analysis to give sufficient conditions for the nonsingularity of all elements in dpPi(z). In
fact, the nonsingularity of all elements of the B-subdifferential usually holds under weaker
assumptions than the nonsingularity of all elements of the corresponding Clarke generalized
Jacobian.

Lemma 2.6 Given a general point z = (z9,2) € R x R"™! each element V € dpPx(z)
has the following representation:

(a) If zo # %||Z||, then Px is continuously differentiable at z and V = Py.(z) with the
Jacobian Py-(z) given in Lemma 2.5.

(b) If Z# 0 and zo = +||Z||, then

Ve {In,

N | =
VR
g
= 5
N———
—

where W = ﬁ and H := 21,1 — ww".

(¢) If 2# 0 and zy = —||Z||, then

where w = ﬁ and H := ww* .



(d) If z=0 and zy = 0, then either V.=0 or V =1, or V belongs to the set
Lt ’H = (14 p)L,—1 — pow” for some |p| <1 and ||w| = 1
2\ w H " - '

We can summarize Lemma 2.6 as follows: Any element V' € dgP(2) is equal to

1/1 o
V=0 or V=1I, or V_§(w H) (3)
for some vector w € R"™! with ||| = 1 and some matrix H € R™®=D*"=1 of the form

H = (14 p)I,_1 — pow! with some scalar p € R satisfying |p| < 1. Specifically, in cases
(a)—(c), we have w = Z/||Z||, whereas in case (d), w can be any vector of length one.
Moreover, we have p = zy/||Z|| in case (a), p = 1 in case (b), p = —1 in case (c), whereas
there is no further specification of p in case (d) (here the two simple cases V' = 0 and
V' = I, are always excluded).

Remark 2.7 The special cases of n = 1 and n = 2 are not excluded in the above and the
subsequent arguments. In fact, when n = 1, any element V € 9dpPx(z) is either of the
1 x 1 matrices V = (0) and V = (1). When n = 2, it is one of the following 2 x 2 matrices:

1711 1 1 -1
V=0 o V=1I or V—§(1 1) or V—§(_1 1 )

The eigenvalues and eigenvectors of any matrix V' € 0pPx(z) can be given explicitly,
as shown in the following result.

Lemma 2.8 Let z = (20,2) € RXR"™ and V € dpPx(z). Assume that V & {0,1,} so
that V' has the third representation in (3) with H = (1 + p)I,,_y — pww” for some scalar
p € [=1,+1] and some vector w € R"™! satisfying ||w|| = 1. Then V has the two single
eigenvalues 1 = 0 and n = 1 as well as the eigenvalue n = %(1 + p) with multiplicity
n — 2 (unless p = +1, where the multiplicities change in an obvious way). In particular,
when Py(z) ezists, i.e., in case (a) of Lemma 2.6, the multiple eigenvalue is given by
n= %(1 + ”ﬁgﬁ) Moreover, the eigenvectors of V' are given by

(;) (;),and<§j>,j:1,...,n—2, (4)

where Uy, . .., Un_o are arbitrary vectors that span the linear subspace {v € R* ! | 7w = 0},

Proof. By assumption, we have

1/1 w” . _
V_§<w H) with H = (1+ p)l,_1 — pww



for some p € [—1, +1] and some vector w satisfying ||w| = 1. Now take an arbitrary vector
v € R"! orthogonal to w, and let u = (0,97)”. Then an elementary calculation shows
that Vu = nu holds for n = 1(1 + p). Hence this n is an eigenvalue of V with multiplicity
n — 2 since we can choose n — 2 linearly independent vectors & € R"~! such that v"w = 0.
On the other hand, if n = 0, it is easy to see that Vu = nu holds with u = (=1, w?)7,
whereas for = 1 we have Vu = nu by taking v = (1,w”)”. The multiple eigenvalue of
P¢(2) (in the differentiable case) can be checked directly from the formula given in Lemma
2.5. This completes the proof. O

Note that Lemma 2.8 particularly implies n € [0,1] for all eigenvalues n of V. This
observation can alternatively be derived from the fact that Pg is a projection mapping,
without referring to the explicit representation of V' as given in Lemma 2.6.

We close this section by pointing out an interesting relation between the matrix V' €
OpPx(z) and the so-called arrow matrix

ST
Arw(z) = ( o ) e R™"

z ZOIn—l

associated with z = (29, z2) € R x R""!, which frequently occurs in the context of interior-
point methods and in the analysis of SOCPs, see, e.g., [1]. To this end, consider the
case where Py is differentiable at z, excluding the two trivial cases where Pi-(z) = 0 or
P{(z) = I, cf. Lemma 2.5. Then by Lemma 2.8, the eigenvalues of the matrix V' = Py.(2)
are given by n =0,n=1,and n = %(1 + ﬁ) with multiplicity n—2, and the corresponding
eigenvectors are given by

<|__1|> (u; ) and (1%),]':1,...,71—2, v

where ¥y, ..., 7,_5 comprise an orthogonal basis of the linear subspace {v € R" 1|01z =
0}. However, an elementary calculation shows that these are also the eigenvectors of the
arrow matrix Arw(z), with corresponding single eigenvalues 7, = zo — [|Z||, 72 = 20 + || Z||
and the multiple eigenvalues 7; = zg, ¢ = 3,...,n. Therefore, although the eigenvalues of
V = P{(z) and Arw(z) are different, both matrices have the same set of eigenvectors.

o

3 Second-Order Cone Programs
In this section, we consider the SOCP
min f(z) st. Az =0, v €K,

where f : R” — R is a twice continuously differentiable function, A € R™*"™ is a given
matrix, b € R™ is a given vector, and L = Iy x - - - X K. is the Cartesian product of second-
order cones K; C R™ with ny+---+n, = n. The vector z and the matrix A are partitioned
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as x = (r1,...,7,) and A = (Ay,..., A,), respectively, where z; = (2,7;) € R x R%™!
and A; € R™*™ 4 = 1,...,r. Thus the linear constraints Ar = b can alternatively be
written as Y. A;x; = b. Although the objective function f is supposed to be nonlinear
in general, we will particularly discuss the linear case as well.

Under certain conditions like convexity of f and a Slater-type constraint qualification
[4], solving the SOCP is equivalent to solving the corresponding KKT conditions, which
can be written as follows:

Vi) = ATp—x = 0,
Ax = b,
:EiGICi, )\Z'GICZ', Z’;F)\Z = O, izl,...,r.

Using Lemma 2.1, it follows that these KKT conditions are equivalent to the system of
equations M(z) = 0, where M : R" x R™ x R" — R"™ x R™ x R" is defined by

Vf(x)— AT — X
Az —b
M(z) = M(z,pu,\) = | @1—Pe(@—A) |, (6)

Ly — PICT(-IT - )\r)
Then we can apply the nonsmooth Newton method [22, 23, 20)]
U= WM (Y, Wy € 0sM(2Y), k=0,1,2,..., (7)

to the system of equations M(z) = 0 in order to solve the SOCP or, at least, the cor-
responding KKT conditions. Our aim is to show fast local convergence of this iterative
method. In view of the results in [23, 22|, we have to guarantee that, on the one hand, the
mapping M, though not differentiable everywhere, is still sufficiently ‘smooth’, and, on the
other hand, it satisfies a local nonsingularity condition under suitable assumptions.

The required smoothness property of M is summarized in the following result.

Theorem 3.1 The mapping M defined by (6) is semismooth. Moreover, if the Hessian
V2f is locally Lipschitz continuous, then the mapping M is strongly semismooth.

Proof. Note that a continuously differentiable mapping is semismooth. Moreover, if the
Jacobian of a differentiable mapping is locally Lipschitz continuous, then this mapping is
strongly semismooth. Now Lemma 2.3 and the fact that a given mapping is (strongly)
semismooth if and only if all component functions are (strongly) semismooth yield the
desired result. O

Our next step is to provide suitable conditions which guarantee the nonsingularity of
all elements of the B-subdifferential of M at a KKT point. This requires some more work,
and we begin with the following general result.
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Proposition 3.2 Let H € R™" be symmetric, and A € R™", Let V¢ V'’ € R™™ be two
symmetric positive semidefinite matrices such that their sum V® + V?° is positive definite
and V and V® have a common basis of eigenvectors, so that there exist an orthogonal
matrix Q € R™™ and diagonal matrices D* = diag(al, . ,an) and Db = diag(bl, e bn)
satisfying Ve = QD*QT,V® = QD*QT as well as a; > 0,b; > 0 and a; + b; > 0 for all
j=1,...,n. Let the index set {1,...,n} be partitioned as {1,...,n} = aUBUr~, where

a = {jla; >0,b; =0},

ﬁ = {j‘a]’ > O,bj > 0},

v = {jla; =0,b; >0},
and let Qq,Qp, and (), denote the submatrices of () consisting of the columns from @
corresponding to the index sets a, 3, and vy, respectively. Let us also partition the diagonal
matrices D* and D® into D* = diag(Dg, D3, D‘;) and D® = diag(DZ, D%, D,’;), respectively,

and let
Dy := (Dj})"' D, (8)

Assume that the following two conditions hold:
(a) The matriz (AQgs, AQ.,) € R™*USH1D has full row rank.

(b) The matrix
(Q%Hj@g + Dy QgHQ“/)  RUBIHADx (18I
Q HQs  Q HQ,

is positive definite on the subspace V := { (Zﬁ> € RIPFN | (AQs, AQ,) (flﬂ) =0}.
v v

Then the matrix

H AT —I,
W= A 0 0
ve 0 Vo

1s nonsingular. In particular, when H = 0, the matrix W is nonsingular if the following
condition holds together with (a):

(c) The matriz AQ~ has full column rank.

Proof. An elementary calculation shows that the matrix W is nonsingular if and only if

the matrix
QTHQ —(AQ)" -1,
W' .= AQ 0 0
De 0 Db

is nonsingular. Taking into account the definition of the three index sets «, 3, v, we obtain
D* = diag(DZ, Dg, Dz) = diag(DZ, Dg, 0),

9



D" = diag(D}, D}, DY) = diag(0,Dp, DY).
Using this structure and premultiplying the matrix W' by
I

I with D :=diag((D2)~", (D§) ", 11y)),
D

we see that the matrix W’ is nonsingular if and only if

QTHQ —(AQ)" —I,
= AQ 0 0
D 0 Db

is nonsingular, where D* and D are diagonal matrices given by
D* := diag(Iq, 1j5,0) and D’ :=diag(0, D;", D).

Note that the matrix Ds defined by (8) is a positive definite diagonal matrix. It then
follows that the matrix W” is a block upper triangular matrix with its lower right block
Dg being a nonsingular diagonal matrix. Therefore the matrix " is nonsingular if and
only if its upper left block

QTHQ —(AQ)" —I. —Ip

. AQ 0 0 0
W= 7 0 0 0 9)
-1
Iy 0 0 D

is nonsingular, where /,, Ig denote the matrices in R™*lel R*<I81 consisting of all columns
of the identity matrix corresponding to the index sets i € «,i € 3, respectively. (Note the
difference between I,, I3 and the square matrices /|4, Ij5.) In other words, the matrix W
is nonsingular if and only if W is nonsingular.

In order to show the nonsingularity of W, let Wy = 0 for a suitably partitioned vector
y = (d,p,qa;q5)" € R* x R™ x RI*l x RIFl. We will see that y = 0 under assumptions (a)
and (b). Using (9), we may write Wy = 0 as

Ga

QTHQd—Q"A'p— | q¢5 | = 0, (10)
0

AQd = 0, (11)

de = 0, (12)

ds+ Dg'qs = 0. (13)

Premultiplying (10) by d” and taking into account (11) and (12), we obtain
ds\" d
(dj) (@, Q)" H(Qg, Q) (dj> — djqs =0,
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which along with (13) yields

(dﬁ)T <QgHQﬁ+Dﬁ QgHQv) (d/g) —0
dy Q HQs  QTHQ,) \d, '

On the other hand, from (11) and (12), we have
d
(405 40,) () =0 (14)
gl

Then, by assumption (b), we obtain dg = 0 and d, = 0, which together with (13) implies
¢ = 0. Now it follows from (10) that

—QEATp— g =0 (15)
and 747
- (gg“AT> p=V. (16)

By assumption (a), (16) yields p = 0, which in turn implies g, = 0 from (15). Consequently,
we have y = 0. This shows W, and hence W, is nonsingular.
When H = 0, we obtain from (10)—(13)

ngBdg = —dgq,g =0.

Since Dg is positive definite, this implies dg = 0. Then by assumption (c), it follows from
(14) that d, = 0. The rest of the proof goes in the same manner as above. 0J

The two central assumptions (a) and (b) of Proposition 3.2 can also be formulated in a
different way: Using some elementary calculations, it is not difficult to see that assumption
(a) is equivalent to

(a’) The matrix (QT AT, I,) € R™*(m+laD) has full column rank;
whereas assumption (b) is equivalent to
(b") H + QsDpQf is positive definite on the subspace S := {veR" ’ Av=0,Q%v =0}.

At this point, let us examine how stringent the conditions in Proposition 3.2 are. In
view of the particular structure of the matrix W given in (9), we notice from condition (a’)
that (a) is also a necessary condition for the nonsingularity of the matrix W in Proposition
3.2. Furthermore, note that condition (b) obviously implies that the following implication

holds:
(Qgﬁngﬁ @gﬂczw)(dﬁ) _ 0
Q HQs  Q HQ, dy ’

(100 40) () = 0

11

:(flf)zo. (17)



We claim that this (slightly weaker and, for positive semidefinite H, actually equivalent)
condition is also necessary for the nonsingularity of W. To see this, suppose there is a
vector (dg,d,) # (0,0) such that

( Q3HQs + Dy QpHQ, ) ( ds ) =0 and (AQg, AQ,) ( g ) =0,

Q HQs  Q HQ, dy dy
and define
dy =0, p:=0, qo:=Q HQusds+QLHQ,d,,  qs:=—Dgdg.
A simple calculation then shows that we have Wy = 0 for the nonzero vector y :=

(d",p",q%,q5)". Hence W is singular, implying that W itself is singular.

Thus, condition (a) and the slightly relaxed version (17) of condition (b) are both
necessary for the nonsingularity of the matrix W in Proposition 3.2. This fact suggests
that it is not easy to weaken these conditions. We stress this point here because in the
following we will directly translate the conditions of Proposition 3.2 to the case of second-
order cone programs. These translations may look rather complicated, but they result
quite naturally from Proposition 3.2, and the above discussion shows that it is, in the
above sense, not easy to relax the assumptions.

Now let us go back to the mapping M defined by (6). In order to apply Proposition
3.2 to the (generalized) Jacobian of the mapping M at a KKT point, we first introduce
some more notation:

intk; = {@; |20 >|%} denotes the interior of K;,
bdC;, = {xl | Tip = H@H} denotes the boundary of K;, and
bd"K; = bdk;\ {0} is the boundary of K; excluding the origin.

We also call a KKT point z* = (z*, u*, \*) of the SOCP strictly complementary if xf + A} €
intKC; holds for all block components ¢ = 1,...,r. This notation enables us to restate the
following result from [1].

Lemma 3.3 Let z* = (2%, u*, \*) be a KKT point of the SOCP. Then precisely one of the

following siz cases holds for each block pair (xf,\f),i=1,... r:
x; A SC
rr € intk; Al = yes
xr =0 AF e intK; | yes
;€ bd"K; A € bdTK; | yes
i €bd K, A= no
z; =0 Af € bd*K; | no
x; =0 A= no

The last column in the table indicates whether or not strict complementarity (SC) holds.

12



We also need the following simple result which, in particular, shows that the projection
mapping Py, involved in the definition of the mapping M is continuously differentiable at
s; == xf — A} for any block component ¢ satisfying strict complementarity.

Lemma 3.4 Let z* = (z*, u*, \*) be a KKT point of the SOCP. Then the following state-
ments hold for each block pair (xf, \}):

(a) If f € intkC; and NI = 0, then Py, is continuously differentiable at s; := xf — A\ with
PE(s3) = I,

(b) Ifxf =0 and A\ € intkC;, then Py, is continuously differentiable at s; :== xf — X} with

(c) Ifzy € bd™K; and \; € bd" Ky, then P, is continuously differentiable at s; := x} — X}
1 wr i
; _ 1 i . — _Si — Si 830 o737
with P (s;) = 5 (wi Hi> , where w; = T and H; = (1 + ﬁ)[mfl — ||§?||wiwf.

Proof. Parts (a) and (b) immediately follow from Lemma 2.5. To prove part (c), write
x; = (250, 77), AT = (Njg, AY), and s; = (si0, 5i) == 27 — A7 = (@ — Ajp, Tf — 7). Since z7 # 0
and A # 0, we see from [1, Lemma 15] that there is a constant p > 0 such that A}, = pz},

*

and A = —pz}, implying s = (1 — p)zjy and ||sif| = (1+ p)||z}]|. Since 25, = ||z # 0

by assumption, we have s;y = %ZHSTZ»H. Hence we obtain s;o = ||5;]| — %H@-H < ||5;|| and
Si0 = %H@H — [|Si|l > —||S:||- The desired result then follows from Lemma 2.5. O

We are now almost in a position to apply Proposition 3.2 to the Jacobian of the mapping
M at a KKT point z* = (z*, u*, \*) provided that this KKT point satisfies strict com-
plementarity. This strict complementarity assumption will be removed later, but for the
moment it is quite convenient to assume this condition. For example, it then follows from
Lemma 3.3 that the three index sets

Jr o= {i|a] € intk;, A} =0},
Jp = {i|a} € bd"K;, Af € bdTK;}, (18)
Jo = {i ‘ xf =0,\] € intk;}

form a partition of the block indices ¢ = 1,...,r. Here, the subscripts I, B and 0 indicate

whether the block component z; belongs to the interior of the cone K;, or x} belongs to
the boundary of K; (excluding the zero vector), or z} is the zero vector.

Let Vi := Pg. (27 — A}). Then Lemma 3.4 implies that
Vi=1, YieJ; and V,=0VieJp (19)

To get a similar representation for indices ¢ € Jp, we need the spectral decompositions
Vi = Q:D;QT of the matrices V;. Since strict complementarity holds, it follows from
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Lemmas 2.8 and 3.4 that each V; has precisely one eigenvalue equal to zero and precisely
one eigenvalue equal to one, whereas all other eigenvalues are strictly between zero and
one. Without loss of generality, we can therefore assume that the eigenvalues of V; are
ordered in such a way that

D; = diag(0,m;,...,m:,1) Vi€ Jg, (20)

where 7; denotes the multiple eigenvalue that lies in the open interval (0,1). Correspond-
ingly we also partition the orthogonal matrices (); as

Qi = (¢, @i, q)) Vi€ Jp, (21)

where ¢; € R™ denotes the first column of @, ¢, € R™ is the last column of @);, and
Q); € R**("=2) contains the remaining n; — 2 middle columns of @Q;. We also use the
following partitionings of the matrices Q;:

Qi = (qi7 Qz) = (Quq;) Vi € Jp, (22)

where, again, ¢; € R" and ¢; € R™ are the first and the last columns of @);, respectively,
and Q; € R»*(=1 and @, € R**(™~1 contain the remaining n; — 1 columns of Q;. It is
worth noticing that, by (5), the vectors ¢; and ¢} are actually given by

]' _]; d ! 1 1_
Gi=—F7| zx and ¢/=—=| = |,
V2 \ o V2 \

where 1/4/2 is the normalizing coefficient. Also, by Lemma 2.8, the eigenvalue 7; in (20)
is given by

1 Tio — Aio
ni:_(l‘i‘ﬁ)- (23)
2 ||5Ez — A ||

(From [1, Lemma 15], we may easily deduce Z; — \* # 0 whenever 2T\ = 0, 2¥ € bd"k;,
Af € bd*K;.)

Consider the matrix Dy defined by (8). In the SOCP under consideration, for each
J € B, a; and b; are given by

1 Sio 1 Si0
3005 ne 300 )
% =5( AR T

with s; := 27 — A} corresponding to some index i belonging to Jp (cf. the proof of Theorem
3.5 below). For any such pair (xf,\}), i € Jg, we have

177"

v =11, Ao = IX]

and

14



where p; = x},/ N}, and R; = <(1) IO ), see [1, Lemma 15]. Hence we have
- Tli—l
— (PR — * _ (1_01')));(0
o= =i = = ([ 003).

which implies s;0/|5;]] = (1 — p;)/(1 + p;). Therefore we obtain

Pi 1 aj Tio
YT T Tx b P < A?o)

This indicates that Dg = (Dg)_ng is a block diagonal matrix with block components of
the form p;I, where p; and the size of the identity matrix I vary with blocks. The matrix
Dg contains the curvature information of the second-order cone at a boundary surface and
pi = xly/ N}y corresponds to the quantity that appears in the second-order condition given
by Bonnans and Ramirez [3, eq.(43)]. In fact, we may regard the conditions given in this
paper as a dual counterpart of those given in [3], since the problem studied in the present
paper corresponds to the primal problem and that of [3] corresponds to the dual problem
in the sense of [1].

We are now able to prove the following nonsingularity result under the assumption that
the given KKT point satisfies strict complementarity. In the theorem, the index sets 3 and
7 will be implicitly defined through AQ s and AQ).,, respectively, since it is more convenient
than stating their definitions explicitly. Indeed, as described in the proof of the theorem,
B is defined as the index set consisting of the middle (n; — 2) components of each block
component ¢ € Jg, while v consists of all components of each block component i € J; and
the last component of each block component ¢ € Jg. Incidentally, the index set «, which
does not appear in the conditions of the theorem, consists of all the remaining components,
that is, all components of each block component ¢ € Jy and the first component of each
block component i € Jg.

Theorem 3.5 Let z* = (x*, u*, \*) be a strictly complementary KKT point of the SOCP
(2), let H := V?*f(2*) with block components H; := V7, f(z*), and let the (block) index
sets Jr, Jg, Jo be defined by (18). Let

AQp = <(AiQi)ieJB> e R™I - AQ, = ((Ai)ier (Aiq;)ieJB> e R™M,

18] := Z(”z —2)= an —2[Jpl, | = an + |/5l,

i€Jp i€Jp 1€Jy
and i
Dg = diag( (pilni_Q)iGJB> e RSB with  p; = iio (i € Jp).
i0

Then the Jacobian M'(z*) exists and is nonsingular if the following conditions hold:

(a) The matriz (AQg, AQ.) € R™*UB+MD has full row rank.

15



(b) The matrix

Ci+Ds Gy (1B1+D) % 181+ 1)
( G 03> €R

is positive definite on the subspace V := { (Zﬁ) € RPN (AQgs, AQ,) (§6> =0},
ol vy

where
o, = ((QiTHZ.ij)MGJB) c RIAIXII.
Cy = ((QzTHz'j)iGJBJGJU (QiTHijq;)ieJB,jeJB> e RIAXPI,
Oy = ( (fz‘j)ier,jer (fijq})z'le,jeJB >€R|y|><|’y|.
(¢ Hij)icapjen (@ Hijq)icssjets

For the linear SOCP (1), the assertion holds with condition (b) replaced by the following
condition:

(¢) The matriz AQ. € R™N has full column rank.

Proof. The existence of the Jacobian M’(z*) follows immediately from the assumed strict
complementarity of the given KKT point together with Lemma 3.4. A simple calculation
shows that
H —AT I,
M'(z*) = A 0 0 ,
I,-V 0 V

where V' is the block diagonal matrix diag(V1,...,V;) with V; := P (z7 — A}). Therefore,
taking into account the fact that all eigenvalues of the matrix V' belong to the interval [0, 1]
by Lemma 2.8, we are able to apply Proposition 3.2 (with V% := I, —V and V? := V) as
soon as we identify the index sets a, 5,7 C {1,...,n} and the structure of the matrices @
and D from that result. To this end, we consider each block index i separately. Note that,
since the matrix V' has n columns j = 1,...,n, and since we only have r block indices

1=1,...,r, each block index 7 generally consists of several components j.

For each i € J;, we have V; = I, (see (19)) and, therefore, Q; = I,,, and D; = I,,,.
Hence all components j from the block components ¢ € J; belong to the index set ~.

On the other hand, for each i € Jy, we have V; = 0 (see (19)), and this corresponds to
Q; = I,, and D; = 0. Hence all components j from the block components ¢ € .J; belong to
the index set a.

Finally, let i € Jg. Then V; :AQiDiQZT with D; = diag(0,7;,...,m;, 1), where n; € (0,1)
is given by (23), and @Q; = (¢, @i, ¢;). Hence the first component for each block index
1 € Jp is an element of the index set «, the last component for each block index i € Jg
belongs to the index set v, and all the remaining middle components belong to the index
set 3.
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Taking into account that @ = diag(Q1,...,Q,) and D = diag(D;, ..., D,) with Q;, D;
as specified above, and using the partitioning

(Hij)iGJI,jEJ] (Hij>iEJ1,j€JB (Hij)iEJI,jEJO
(Hij)iEJB,jEJ] (Hij)iEJB,jEJB (Hij)iGJB,jGJO
(Hij)iGJo,jGJI (Hij)iGJo,jGJB (Hij>iEJo,j€J0

of the Hessian H = V?f(x*), it follows immediately from the above observations that
conditions (a), (b), and (c) correspond precisely to conditions (a), (b), and (c), respectively,
in Proposition 3.2. U

The following simple example illustrates the conditions in the above theorem.

Example 3.6 Consider the nonlinear SOCP

1 1 3
min ixf + 5(@ —2)% — §x§
st. x € K3,

where K? denotes the second-order cone in R? and ¢ is a scalar parameter. This problem
contains only one second-order cone constraint. (Here, unlike the rest of this section, x;
denotes the ith (scalar) component of the vector z.) Note that the objective function is
nonconvex for any € > 0. It is easy to see that the solution of this problem is given by
v* = (1,1,0)T € bd"K? together with the multiplier vector A\* = (1,—1,0)T € bd"K?,
which satisfies strict complementarity. Furthermore, we have

V = Bala — X) = QDO
where D = diag(0, 3, 1) and

L

A 1\/i 0 \?
0 1 0

Since there is no equality constraint, condition (a) in Theorem 3.5 is automatically satisfied.
Moreover, by direct calculation, we have C) = —¢, Uy =0, U5 = 1, Dg = 1, and hence

Ci+Dsg Co\ _ (—e+1 0
ct  o3) 0 1)’
for which condition (b) holds as long as ¢ < 1, since ¥V = R?. This example shows that

condition (b) may be secured with the aid of the curvature term Dy even if the Hessian of
the objective function fails to be positive definite in itself. O
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We now want to extend Theorem 3.5 to the case where strict complementarity is violated.
Let z* = (z*, u*, \*) be an arbitrary KKT point of the SOCP, and let J;, Jg, Jy denote the
index sets defined by (18). In view of Lemma 3.3, in addition to these sets, we also need
to consider the three index sets

Jpo = {i|a} € bd"IC;, A} =0},
Jop = {i|a} =0, € bd"K;}, (24)
J()() = {Z | .I':( = O, )\:( = O},

which correspond to the block indices where strict complementarity is violated. Note that
these index sets have double subscripts; the first (resp. second) subscript indicates whether

*

xf (resp. Af) is on the boundary of KC; (excluding zero) or equal to the zero vector. Note
that the index sets Jpo, Jog, as well as Jp are empty whenever n; = 1 since these cases

simply do not exist in the one-dimensional setting.

The following lemma summarizes the structure of the matrices V; € dp P, (xf — A\!) for
i € Jpo U Jop U Jyo, in which we use the same notations as those defined in (20)—(22) for
1 € Jp. Hence this lemma is the counterpart of Lemma 3.4 in the general case.

Lemma 3.7 Leti € JpoUJopUJy and V; € Op P, (xf—\!). Then the following statements
hold:

(a) Ifi € Jpo, then we have either V; = I, or V; = Q;D;QT with D; = diag(0,1,...,1)
and Q; = (qi, Qi)

(b) If i € Jog, then we have either V; = 0 or V; = Q:D;QT with D; = diag(0,...,0,1)
and Q; = (Qi, q;)-

(c) Ifi € Joo, then we have V; = I,. or V; = 0 or V; = Q;D;QT with D; and Q; given
by D; = diag(0,m;,...,m:,1) for some n; € (0,1) and Q; = (q;, Qi q;), or by D; =
diag(0,1,...,1) and Q; = (¢;, Q;), or by D; = diag(0,...,0,1) and Q; = (@, q.).

Proof. First let i € Jgy. Then s; := 2} — \f = 2¢ € bd"K;. Therefore, if we write
si = (840, 8i), it follows that s, = ||5;]| and 5; # 0. Statement (a) then follows immediately
from Lemma 2.6 (b) in combination with Lemma 2.8.

In a similar way, the other two statements can be derived by using Lemma 2.6 (c)
and (d), respectively, together with Lemma 2.8 in order to get the eigenvalues. Here the
five possible choices in statement (c) depend, in particular, on the value of the scalar p in
Lemma 2.6 (d) (namely p € (—1,1), p=1, and p = —1). O

Lemma 3.7 enables us to generalize Theorem 3.5 to the case where strict complementarity
does not hold. Note that we use the spectral decompositions V; = @Q;D;Q and the
associated partitionings (20)—(22) for all ¢ € Jp, as well as those specified in Lemma 3.7
for all indices i € Jpgg U Jyg U Jyg. Moreover, we will employ implicit definitions of the
index sets # and 7 as in Theorem 3.5; see the remark preceding Theorem 3.5.
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Theorem 3.8 Let z* = (x*,u*, \*) be a (not necessarily strictly complementary) KKT
point of the SOCP (2), let H := V?f(x*) with block components H;; := V7, f(x*), and let
the (block) index sets Jy, Jg, Jo, Jpo, Jos, Joo be defined by (18) and (24). Then all matrices
W € dpM (z*) are nonsingular if, for any partitioning Jpo = Jpo U J3o, any partitioning
Jop = JigUJ2y, and any partitioning Joo = JaoUJZU o UJ5 U such that J3, = Joy = 0
when n; <2 and J3, = ) when n; = 1, the following two conditions (a) and (b) hold with

AQp = ((AiQi)ieJBUJg()) e R0

AQy = <(Ai)ieJ1ng0ngo7 (Aiqg)ieJBngBngOngoa (AiQi)ieJ%OuJ;}O) € Rmxhl,
i€JpUJ3,
bl o= Y B UG UG U Rl + Y (1),
i€J1UJ5,UJd, i€J3,UJg,
Dﬁ = dl&g( (pi[ni—Q)iEJBUJgO ) c R|,6’|><\,8|
, T . ,
with  p; = )\Z*O (i€ Jp), pi>0(i€Jy):
i0

(a) The matriz (AQg, AQ.) € R™*UB+ND has full row rank.

(b) The matrix

Ci+Ds G (1B1+1)x 181+ 1)
( o 03> €R

is positive definite on the subspace V := { <Zﬂ) € RIBIHNI ’ (AQg, AQ-) (§5> =0},
v gl

where
Cl = ((Q;Hiij)iJeJBUJSO) c R‘MXW"
C, = (C3,C3, C3) e RN
oo op
Cy = (0312)T 03?2 C§3 e RIIxhl

() () P

with the submatrices

1 AT

Cy = < (Qi Hij)ieJBngO,jeJ,uJ}gouJOlO )v
2 AT ! .

¢y = < (Q; Hij‘]j)ieJBngo,jeJBngBngongo >,
3. AT 17 )

Cy = < (QF HijQj)icspuiiy, jert i, >

19



and

C3t = < (Hij)ie050008, 46 T10T50000 )’

C3? = ( (330} )ie 105,008, €T 50025 UT3,UI%, )’

Cc3 = < (Hz’j@j)ieJIngouJ&O,jeJ%OUJéo ) ’

CP = < (q;THijq;-)ieJBngBuJSOUJSO,jeJBuJSBuJSOUJSO ) ’
CP = < (q;THiij)iEJBUJgBUJSOUJgozj€J1230UJ§0 ) ’

CPH = ( (Q;Hz‘ij)ieJ%,OUJéO,jGJ?BOUJéo >

For the linear SOCP (1), the assertion holds with condition (b) replaced by the following
condition:

(¢) The matriz AQ., € R™* Nl has full column rank.

Proof. Choose W € 0pM(z*) arbitrarily. Then a simple calculation shows that

H AT —1I,
W = A 0 0
I,—-V 0 V

for a suitable block diagonal matrix V' = diag(Vi,...,V,) with V; € 0Pk, (z; — Af). In
principle, the proof is similar to the one of Theorem 3.5: We want to apply Proposition
3.2 (with V¢ := I —V and V® := V). To this end, we (once again) have to identify the
index sets «, 3,7 (and the corresponding matrices @), D). The statement itself then follows
immediately from Proposition 3.2.

Before identifying the index sets «, (3, v, we stress once more that we only have r block
indices 7, whereas there are n > r columns j in the matrix V. Hence each block index ¢
generally consists of several components j. If, for example, the block index ¢ consists of
the columns 7 = 5,6, 7,8, we call 7 = 5 the first component of the block index i, 7 = 8 the
last component of ¢, and j = 6,7 the middle components of 1.

The situation here is, unfortunately, much more complicated than in the proof of The-
orem 3.5, since the index sets «, 3,y may depend on the particular element W chosen from
the B-subdifferential dg M (z*). To identify these index sets, we need to take a closer look
especially at the index sets Jpgg, Jog, and Jyo. In view of Lemma 3.7, we further partition
these index sets into

Tpo = JpoU Jgo,
JOB = J(}B U J(?B?

_ 1 2 3 4 5
Joo = Joo U Joo YU Joo U Joo Y Joo
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with
J1130 = {Z ’ Vl = Ini}7 JJQBO = JBO \ J}BO?

’](}B = {Z ’ Vi= 0}7 JgB = Jos \ J&Ba

and
Joo = {ilVi=1.},
Joo = {i|Vi=0},
J3, = {i|Vi = Q:D;QF with D; and Q; given by (20) and (21), respectively},
Joo = {i|Vi=Q:D;Q; with D; = diag(0,1,...,1) and Q; = (¢;, Qs)},
Jo = {i|V; = Q;D;QT with D; = diag(0,...,0,1) and Q; = (Qs, ¢))}.

Using these definitions and Lemmas 3.4 and 3.7, we see that the following indices j belong
to the index set a in Proposition 3.2:

e All components j of the block indices i € Jy U Jig U JZ, with Q; = I,,. being the
corresponding orthogonal matrix.

e The first components j of the block indices i € Jg U Ji, U Jiy U Jgy, with ¢; being
the first column of the corresponding orthogonal matrix @);.

e The first n; — 1 components j of the block indices i € J25 U Jg,, with Q; consisting
of the first n; — 1 columns of the corresponding orthogonal matrix ;.

We next consider the index set ( in Proposition 3.2. In view of Lemmas 3.4 and 3.7, the
following indices j belong to this set:

e All middle components j of the block indices i € Jg U J3,, with (Q); consisting of the
middle n; — 2 columns of the corresponding orthogonal matrix @);.

Using Lemmas 3.4 and 3.7 again, we finally see that the following indices j belong to the
index set «y in Proposition 3.2:

e All components j of the block indices i € J;UJ5,UJ3,. The corresponding orthogonal
matrix is Q; = I,,,.

e The last components j of the block indices i € Jg U Jiz U J3, U J§,, with ¢; being the
last column of the corresponding orthogonal matrix @;.

e The last n; — 1 components j of the block indeces i € J3, U Ji, with Q; consisting
of the last n; — 1 columns of the corresponding orthogonal matrix @;.

The theorem then follows from Proposition 3.2 in a way similar to the proof of Theorem
3.5. O
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Note that the second-order condition (b) of Theorem 3.8 holds, in particular, if H =
V2 f(x*) is positive definite. This follows immediately from its derivation via Proposition
3.2 (see also condition (b’) given after the proof of Proposition 3.2).

Further note that, in the case of a strictly complementary KKT point, Theorem 3.8
reduces to Theorem 3.5. It may be worth noticing that, for interior-point methods of the
linear SOCP, we cannot expect to have a result corresponding to Theorem 3.8, since the
Jacobian matrices arising in that context are singular whenever the strict complementarity
fails to hold.

The next example, which is an instance of the linear SOCP and will also be used in
the numerical experiments (Example 4.3) in Section 4, illustrates how the conditions in
Theorem 3.8 can be verified when the strict complementarity is not satisfied.

Example 3.9 Consider the problem of minimizing the maximum distance to N points
b; (i=1,...,N) in the Euclidean space R":

min t st. |y—>b <t, i=1,...,N.
teR,yeRY

By translating the axes if necessary, we assume without loss of generality that b; = 0.
Then this problem can be rewritten as

minimize ¢
subject to x; —x; = ( [()) ), 1=2,...,N,
Ty = < ; ) ekt xe KV i=2,... N,
where K¥*T1 denotes the second-order cone in R**!. This is a linear SOCP of the standard

form

min f(x) st. Ar =0, x €Kk,

with the objective function f(x) := ¢z, the variables
= (2l,...,20)  €R", n:=(v+1)N,
and the data

= (1,0,...,0) e R,
= (0,0%,0,0F,...,0,60)T € RUFDIN-D),

Il/+1 _[I/+1 0
A ': _[V+1 _—[V+1 E R(V“rl)(N*l)Xn’
]V+1 0 _Iy+1
K = K" x . x K" C R™
N—;{mes
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To be more specific, let us consider the particular instance with v = 2, N = 3, and
by = (4,0)T, b3 = (4,4)T. The solution of this problem is given by z = (t*,y*1)T =

(2v2,2,2)", 25 = (2v2,-2,2)" and 25 = (2v/2,-2,-2)", i.e
ot = (a7, w3 2T = (2v2,2,2,2v2, -2,2,2v2, -2, —2) .

An elementary calculation then shows that the corresponding optimal multipliers are given

by p* = (0,0, %m’w) and
AT = (ATT’)‘;T7/\§T)T = (;7 2_\} 2_\/1570 0 O’ ;7 2\f 2\1f)T'

Looking at the pair (z*, \*), we find that the strict complementarity is violated in the
second block component.

To examine the conditions of Theorem 3.8, we need the orthogonal matrices Q;, i =
1,2,3, that appear in the spectral decompositions V; = QZD QT of V; € OBP;C.(:);;“ — Af).
For the first block component 7 = 1, we have 2] = (2\/_ 2 2) ( —L 1 ) which

27227 2v2
yield 51 := 27 — \f = (4\/5—1 V241 ava+1\T vz

S N s )" and @y = 31/||31|| = (E’TE)T‘ In view
of Lemma 2.8, the orthogonal matrix ¢); associated with the first block is obtained by
normalizing the vectors in (4) as

—1

Q1 = (a Q1 ¢) = (0 aq) = (25)

[N Nl
Y

Sl o
MIH[\N»—IEl»—A

Here, notice that we denote the middle component of ()1 by Ql = ¢, since it consists of
only one column. Similarly, for the other two block components, we have

L 0 4 L 0 4

\/% 1 \/% ! \/? 1 \/%

A / — — ~ — — _
Q=(ret)=|7 % 3| G=WGse)=|7 &% 7 (26)

1 1 1 —1 1 —1

5 5 2 vy

Now let us verify that the conditions in Theorem 3.8 (for the linear SOCP) hold for
this particular example. Note that, at the complementary pair (z*, A*), we have J; = Jy =
Jop = Joo = 0, Jp = {1,3} and Jpy = {2}. In particular, there exist only two possible
partitionings of the index set Jgg = Jjo U J3, i.e., (1) Jho = {2}, J3, = 0 and (ii) Jj, = 0,
Jho = {2}

Case (i). Noticing that the size of each block is n;, = v +1 = 3, we have |§| =
Dics,(ni—2) =2,y = Z@'GJ}BO n; +|Jg| =3+2=25, and

AQp = (AiGy Aszgs) € R™?, AQ, = (A Arg) Asgy) € RO, (27)

Since the matrix A is partitioned as A = (A1 Ay A3) with

A = G) L Ay = (_0]) , Ay = (_O]> e R®3, (28)
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we have from (27)
g 0 6x2 -1 ¢ 0) 6x5
AQzg= |7 . R AQ, = e R>*°,
@ (q1 —Cl3> @ (0 ¢ —d

where §1, q1, g3, ¢5 are given by (25) and (26). Notice that ¢; = ¢3. Then it is not difficult
to conclude that the condition (a) holds, since the matrix

0o L L
AR 23
A — =
(@ @) = o2 e R¥
v )

is nonsingular. Moreover, since vectors ¢; and ¢4 are linearly independent, the condition

(¢) holds.

Case (i1). We have |3] = >, ; (ni —2) =2, |y| = |Js| + ZieJ%O(ni —1)=2+2=4,
and

AQp = (A1¢1 Asgs) € RGXQ, AQ, = (A1Q/1 A3Q§ A2Q2) = (A1Q/1 A3Q§ Asdoy Asqy) € RO,

By (28), (25) and (26), we have

dloan—@z—%)
AQgs A = (% .

(Qﬂ Qv) <Q1 =G ¢ —q3 O 0
1 —1
00750075
' ERRED
Lo bods
- 1 =1 g

S0 e
z v 2 32 00
4 =1 1 1 5

Vi Vi o2 2

By elementary calculation, it is easy to check that this 6 x 6 matrix is nonsingular, from
which both conditions (a) and (c) immediately follow.

The above arguments suggest that, by virtue of the special structure of the matrix A,

there is a good chance that the conditions in Theorem 3.8 hold in many instances of this
application of SOCP. O

Using Theorems 3.1 and 3.8 along with [22], we get the following result.

Theorem 3.10 Let z* = (z*, u*, \*) be a (not necessarily strictly complementary) KKT
point of the SOCP (1), and suppose that the assumptions of Theorem 3.8 hold at this
KKT point. Then the nonsmooth Newton method (7) applied to the system of equations
M(z) = 0 is locally superlinearly convergent. If, in addition, f has a locally Lipschitz
continuous Hessian, then it is locally quadratically convergent.
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To conclude this section, let us consider the special case where K is the nonnegative orthant
R?,ie., n; = 1 forall i = 1,...,r, and see how the conditions in Theorem 3.8 can be
interpreted in this case. First notice that z;, A\; € R and A; € R™ for all .. Moreover, at
a KKT point z* = (z*, u*, \*) of the problem, there are only three cases among the six
cases shown in Lemma 3.3, that is, the index set {1,2,...,7} can be partitioned into the

following three subsets:

Jr o= {ilxf >0, \} =0},
Jo = {i|z; =0, \ > 0},
Joo = {i|zf =0, A =0}.

Accordingly we have Jp = Jgg = Jop = 0, which particularly implies that the (implicitly
defined) index set ( in Theorem 3.8 is empty. Therefore, the statement of Theorem 3.8
can be phrased as follows: All matrices W € dpM (z*) are nonsingular if, for any subset
J¢y € Joo, the following conditions (a) and (b) hold with

y=JUJY, A= ((AZ»)Z@) e RN

(a) The matrix A, has full row rank.

(b) The matrix V2_f(z*) is positive definite on the subspace {d, € R A,d, = 0},

where V2_ f(z*) is the submatrix of V?f(z*) with components %Zg:j) (i€,j€).

When the problem is a linear program, the condition (b) can be replaced by
(c) The matrix A, has full column rank.

By taking a closer look, we see that the above conditions can be replaced by the following
simpler conditions, where J; := J; U Joo = {i|\; =0} D Jr = {i|xf > 0}:

(a*) The matrix A, has full row rank.
(b*) The matrix V?,—Ijjf(:c*) is positive definite on the subspace {d;, € R Az dy = 0}.
(c*) The matrix Az, has full column rank.

Condition (a*) ensures the uniqueness of the Lagrange multiplier vector A*. Condition (b*)
is a second-order sufficient condition for optimality, which ensures the local uniqueness of
the primal solution z*. In the linear case, (a*) implies m < |J;|, while (¢*) implies |J;| < m.
However, since |J;| < |J;|, we must have m = |J;| = |J;|, and hence Jy is empty and A,
is square and nonsingular. In other words, z* is a nondegenerate basic solution. Thus the
conditions given in Theorem 3.8 reduce to familiar conditions in the special case K = R’,.
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Bl IMED] | 7y | 75 | 75 IV F(*) = A
0 [ 1.020784e+02 | 2.000000e+00 | 2.000000e+00 | 2.000000e+00 | 3.464102e+00
1 | 1.414214e+00 | 0.000000e-+00 | 2.000000e-+00 | 0.000000e+00 | 0.000000e+00
2 | 0.000000e+00 | 1.000000e+00 | 1.000000e+00 | 0.000000e+00 | 0.000000e+00

Table 1: Numerical results for the nonconvex SOCP of Example 4.1

4 Numerical Examples

In this section, we show some preliminary numerical results with the nonsmooth Newton
method tested on linear and nonlinear SOCPs. The main aim of our numerical experiments
is to demonstrate the theoretical results established in the previous section by examining
the local behaviour of the method, rather than making a comparison with existing solvers.
Note that the usage of symbols such as x and z; in this section is different from the previous
sections. However there should be no confusion since the meaning will be clear from the
context.

Example 4.1 We first consider the nonconvex SOCP of Example 3.6. Letting ¢ := %
and using the starting point z° := (2,2, 2)7 together with the multipliers \° := (2,2, 2)7,

we obtain the results shown in Table 1. Here we have very fast convergence in just two
iterations. O

Our next example is taken from [13].

Example 4.2 Consider the following nonlinear (convex) SOCP:

min exp(z1 — x3) + 3(221 — 22)* + /1 + (372 + Hx3)?

X1 x
s.t. (%)_(_1 . _5> To +(2)EIC, x| € K7,
I3 I3

where K" denotes the second-order cone in R”. This problem can be written in the standard
form

min f(z) st. Az=0b, x €K
with f(z) := exp(z1 — 23) + 3(221 — 22)* + /1 + (322 + 523)? and

. 4 6 3 -1 0 (1 3 9

Table 2 shows a sequence of the first three components of ¥ generated by the nonsmooth
Newton method with a starting point randomly chosen from the box [0,1]° C R?. We may
observe a typical feature of the local quadratic convergence. O
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1M (M)

k
L1

k
)

k
T3

| Az* — b

O© 00 1O Ul W~ O

1.273197e4-02
3.765549e+01
3.158146e+01
3.259677e+00
1.675676e+-00
3.516159e-01
4.875888e-02
1.511531e-04
7.295537e-10
1.102302e-15

9.501293¢-01
3.019551e-01
2.331042¢-01
1.196822¢-01
1.973609¢-01
2.357895e-01
2.325429¢-01
2.324026e-01
2.324025e-01
2.324025e-01

2.311385e-01
-5.312774e-01
-9.730924e-02
-9.886805e-02
-8.539481e-02
-9.820433e-02
-7.451132e-02
-7.308263e-02
-7.307928e-02
-7.307928e-02

6.068426¢-01
1.198684e-01
2.171462¢-01
3.688092e-02
2.409751e-01
2.153560e-01
2.203468e-01
2.206131e-01
2.206135e-01
2.206135e-01

5.663307e+00
6.280370e-16
1.110223e-15
0.000000e+00
4.440892¢-16
1.110223e-16
0.000000e+00
2.220446e-16
1.110223e-16
4.440892¢-16

Table 2: Numerical results for the nonlinear (convex) SOCP of Example 4.2

O 1O Ul W N~ O

1M (M) Gt x5 [Az* — b | [o(z* 9]
7.020663¢+00 | 8.121259¢-01 | 9.082626¢-01 | 6.393857e+00 | 1.769382¢+00
4.816071e-+01 | 4.094855e+00 | 2.944570e+00 | 1.297632¢-13 | 4.816071e-+01

3.107185e+01
2.109201e+00
9.107635e-01
4.255234e-02
5.825558e-04
4.474272e-08
7.675809e-15

1.971163e+-00
3.278852e+00
2.232357e+00
2.032107e+00
2.000563e+00
2.000000e+00
2.000000e+00

1.659028e+-00
9.489322¢-01

1.816440e4-00
1.967839¢e4-00
1.999989¢+-00
2.000000e+00
2.000000e+00

5.043708e-12
9.485085e-11
1.719429e-11
5.819005e-10
1.239050e-10
1.379164e-11
6.616780e-15

3.107185e+01
2.109201e+00
9.107635e-01
4.255234e-02
5.825558e-04
4.474272e-08
3.890536e-15

Table 3: Numerical results for the linear SOCP of Example 4.3

Example 4.3 We next consider the particular instance of the linear SOCP given in Ex-
ample 3.9. As shown there, this instance violates the strict complementarity but the
conditions in Theorem 3.8 are satisfied. We applied the nonsmooth Newton method to
this problem and the results are shown in Table 3, where the function ¢ in the last column
is defined by ¢(x,\) := x — Pc(z — X). We observe that the method is just a local one:
The residual ||M(2%)|| increases in the beginning. Fortunately, after a few steps, ||M(2%)||
starts to decrease, and eventually exhibits nice local quadratic convergence. O

We also applied the nonsmooth Newton method to the three SOCPs in the DIMACS library,
see [21]. Due to its local nature, the method sometimes failed to converge depending on the
choice of a starting point. Nevertheless, the asymptotic behaviour of the method applied
to problem nb_L1 from the DIMACS collection, as shown in Table 4, indicates that the
rate of convergence is at least superlinear for this problem. Whether the non-quadratic
convergence has to do with the fact that our assumptions are violated, or it is simply due
to the finite precision arithmetic of the computer, is currently not clear to us.

27



B IMENT | (1A= — b | [lo(*, A
34 | 2.397717e-03 | 7.130277e-13 | 2.397717¢-03
35 | 6.252936e-07 | 9.020000e-13 | 6.252936e-07
36 | 1.470491e-09 | 5.177835e-13 | 1.470491e-09
37 | 4.781069e-12 | 6.815003¢-13 | 4.732249¢-12

Table 4: Numerical results for the linear SOCP nb_L1 from the DIMACS collection

5 Final Remarks

We have investigated the local properties of a semismooth equation reformulation of both
the linear and the nonlinear SOCPs. In particular, we have shown nonsingularity results
that provide basic conditions for local quadratic convergence of a nonsmooth Newton
method. Strict complementarity of a solution is not needed in our nonsingularity results.
Apart from these local properties, it is certainly of interest to see how the local Newton
method can be globalized in a suitable way. We leave it as a future research topic.

Acknowledgment. The authors are grateful to the referees for their critical comments
that have led to a significant improvement of the paper.
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