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Abstract

In this paper, we are concerned with nonlinear minimization problems with sec-
ond order cone constraints. A primal-dual interior point method is proposed for
solving the problems. We also propose a new primal-dual merit function by com-
bining the barrier penalty function and the potential function within the framework
of the line search strategy, and show the global convergence property of our method.
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1 Introduction

In this paper, we consider the following constrained optimization problem with the second
order cone constraints:

(1)

where we assume that the functions f : R® — R and g : R" — R™ are sufficiently
smooth, and K is the Cartesian product of socond order cones: K = K! x K2 x -+ x K2,
and K’ is an n; dimensional second order cone which is define by

minimize  f(x), x € R,
subject to  g(x) =0, z €K,

= {(ah, 7)€ R™ | 2 > &), o) € R, o' € R™1},

and ny +mng + -+ - +mn, =n, and || - || denotes the I, vector norm. Let x = (z!, 2%, ... 2%)
where o' = (2, z')" € R™. By z € K, we mean

e KiCcR™, i=1,...,s.
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We denote the conditions 2t € K%, 2° € intKi, 2 € K,z € intK by 2¢ = 0,2° = 0,2 >
0,2 > 0, respectively. If there exists a constraint like h(z) = 0,h : R® — R™ in the
problem to be solved, we transform the constraint to h(z) —v = 0,v > 0 by introducing
a slack variable v € R™ which results in the above form (1).

Various examples of SOCP (second order cone programming) problems are described
in [10]. Examples in the paper are linear SOCPs, i.e., the functions f(z) and g(z) above
are linear. However it is easy to extend these examples to nonlinear cases. For example,
there is no reason that the robust optimization problem which is often referred to as a
typical example of linear SOCP should not include a nonlinear objective function.

It is known that linear SOCP problems include linear and convex quadratic program-
ming problems as special cases, and are special cases of SDP (semidefinite programming)
problems. Interior point methods for solving these problems have been studied by many
researchers in the past. On the other hand, some researchers have studied numerical
methods for solving nonlinear SOCP or SDP problems. For example, Kocvara and Stingl
[9] developed a computer program PENNON for solving nonlinear SDP, in which the
augmented Lagrangian function method was used. Correa and Ramirez [4] proposed an
algorithm for nonlinear SDP which modified the sequentially semidefinite programming
method by using a nondifferentiable merit function. Kato and Fukushima [8] proposed
an SQP-type algorithm for nonlinear SOCP problems. Related researches include Jarre
[7], Freund and Jarre [6] and Bonnans and Ramirez [2]. However, there are not so much
research has been done on interior point methods for solving nonlinear SOCP problems
yet.

In this paper, we propose a primal-dual interior point method for solving nonlinear
SOCP problems. The method is based on a line search algorithm in the primal-dual space.
We show its global convergence. The present paper is organized as follows. In Section
2, the optimality condition for problem (1) and basic Jordan algebra are introduced. In
Sections 3 and 4, our primal-dual interior point method is discussed. Specifically, in
Section 4.1, we describe the Newton method for solving nonlinear equations that are
obtained by modifying the optimality conditions given in Section 2. In Section 4.2, we
propose a new primal-dual merit function that consists of the barrier penalty function and
the potential function. Then Section 4.3 presents the algorithm called SOCPLS based on
the line search strategy, and Section 4.4 shows its global convergence property. Finally,
we give some concluding remarks in Section 5.

2 Optimality conditions and basic Jordan algebra
Let the Lagrangian function of problem (1) be defined by

L(w) = f(x) = y'g(z) — 2"z,

where w = (x,y,2)", and y € R™ and 2z € R" are the Lagrange multiplier vectors which
correspond to the equality and second order cone constraints respectively. Then Karush-
Kuhn-Tucker (KKT) conditions for optimality of problem (1) are given by the following



(see [3]):

V. L(w) 0
(2) ro(w) = 9(x) =10
oz 0
and
(3) x = 0, z = 0.

Here V,L(w) is given by

Vgi(z)!
Alx) = ; ,
vym(x)t
and the multiplication x o z is defined by
l’l o Zl
roz= : )
xS o ZS

where

iVt i
T (z*)'z
r oz = izio i |
ToZ + 25T

The Jordan algebra used in this paper is surveyed in the paper by Alizadeh and
Goldfarb [1] (see also [5]). We first define the following notations:

Arw(z) = Arw(zh) @ Arw(2?) @ - @ Arw(z®),

Arw(z') = (j’ $6[>€R ,
e = (e',... ),
e = (1,0)) ¢ R™ with 0 € R" 1,
det(a") = (2p)* — ||2'|I%,
1 0 0
0 -1 - 0
R, = | . . . . |eRwm™
0 0 - —1

Here det(z') is called the determinant of the vector . We note that det(z’) > 0 for
z' = 0. We also note that z* = 0 if and only if the matrix Arw(z?) is positive definite.
By using the notation above, the multiplication z° o 2* can be expressed as

(4) 7' o 2" = Arw(z")z" = Arw(a’)Arw(2')e.

The vector €' is the unique identity in the sense that v o e’ = v holds for any v € R™.
It is known that there exists a unique inverse (z°)~! for any z° > 0 in the sense that
xho ()7t =¢€'. Let



In this case,  and z* are said to be nonsingular. We note that the inverse of z* is written
as ,
¥
(2) ) = TH
det(z?)

In the following, we also use the relation

vt = Arw(z) e,

which can be proved by confirming Arw(z!)e = Arw(z) le.

We next introduce the so-called spectral decomposition of a vector ' € R™, which is
given by
x' = Nc] + Nych,
where A}, \ are called the eigenvalues and ci, ¢, are called the Jordan frame of the vector
2*, respectively. They are defined by

M=ap I Ay =g — |17

11 11
“Te\ g ) e\ )

We note that the Jordan frame {c!, c}} satisfies the relations

and

i P i G i i i i i p i _ poi
ciocy =0, cjoc)i=c], choc,=c,, c+cy=¢€", c]=LRic; and cy = Rici.
Eigenvalues have the properties A > 0, ) > 0 for z* = 0 and \{ > 0, \j > 0 for 2% = 0.
The inverse of a nonsingular vector x* can be written as

(@)= () + () e
Furthermore, for ' = 0, we can define
(@)% = ()26} + (3)"2
(@72 = )72+ (),
which satisfy the properties (%)% o (2%)'/2 = 2% and (2%)~"/? o (2)1/2 = (2%)~".
We call w = (z,y, z) satisfying = > 0 and z > 0 an interior point. The algorithm of
this paper will generate such interior points. To construct an interior point algorithm, we

introduce a positive parameter p, and try to find a point that satisfies the barrier KKT
(BKKT) conditions:

V. L(w) 0
(5) r(w, p) = g(x) =10
T 0oz — e 0
and
(6) x>~ 0, z > 0.



In applying the Newton method to the system of equations (5), we usually consider an
effective scaling of the primal-dual pair (z, z) (Tsuchiya [11]). For this purpose, we define
the transformations

Tp = Tpl EBsz @"'@Tps7
Ty = 2Arw*(p’) — Arw((p")?)

p

with respect to p* = 0, i = 1,...,s. The matrix T}, is nonsingular if and only if the inverse
of p exists. Using this transformation, we scale x and z by

z=T,x and z= Tp’lz.
Then we obtain (see Theorem 8 in [1])
(7) ' =T727" and Z'=T,z"

Throughout this paper, we choose the transformation 7}, such that the matrices Arw(z)
and Arw(Z) commute. In this case, the vectors Z* and z* share a Jordan frame {c},c},
that is, they can be represented by

=i i i yi_ i i
T' =Nl + Aycy, and 2" = T{c] + Tach,
where A}, \, and 7{, 75 are the eigenvalues of Z* and Z°, respectively.

As examples of the transformation that makes Arw(Z) and Arw(Z) commute, the
following choices of p are well known:

(8) p= 21/27 p= $_1/2
and ~1/2 ~1/2
(9) p= [TII/Q (Tx1/22)71/21| = [TZ71/2 (TZ1/2$)1/2} .

For the first two choices, we have
~ —1 . ~ .
z=Tz=€¢ and T =T, 1pr=c¢,

respectively. The third choice (9) is the Nesterov-Todd direction and this yields & = Z.
See the paper by Alizadeh and Goldfarb [1] for more detailed exposition and references.

3 A procedure for satisfying KKT conditions

We first describe a procedure for finding a KKT point using the BKKT conditions. In
this section, the subscript k denotes an iteration count of the outer iterations.

Algorithm SOCPIP

Step 0. (Initialize) Set ¢ > 0, M, > 0 and k = 0. Let a positive sequence {ug},ur | 0
be given.



Step 1. (Approximate BKKT point) Find an interior point wy; that satisfies

(10) Hr(warlnuk)H < Mcﬂkz

Step 2. (Termination) If ||7o(wk41)|| < €, then stop.

Step 3. (Update) Set k := k4 1 and go to Step 1. O

We note that the barrier parameter sequence {uy} in Algorithm SOCPIP needs not
be determined beforehand. The value of each p; may be set adaptively as the iteration
proceeds. We call condition (10) the approximate BKKT condition, and call a point that
satisfies this condition the approximate BKKT point.

The following theorem shows the convergence property of Algorithm SOCPIP.

Theorem 1 Assume that the functions f and g are continuously differentiable. Let {wy}
be an infinite sequence generated by Algorithm SOCPIP. Suppose that the sequences {xy}
and {yr} are bounded. Then {zy} is bounded, and any accumulation point of {wy.} satisfies
KKT conditions (2) and (3).

Proof. Assume that {z;} is not bounded, i.e., that there exists an i such that (z;); — oco.
Equation (10) yields

(Vf(zr) — Alzr)'yr)i Hi—1

The sequences {x;} and {y;} are bounded, and f and g are continuously differentiable,
and pr — 40 as & — oo. This implies that 1 < 0, which is a contradiction. Thus the
sequence {zx} is bounded.
Let w be any accumulation point of {wy}. Since the sequences {wy} and {uy} satisfy
(10) for each k and puy approaches zero, ro(w) = 0 follows from the definition of r(w, p).
Therefore the proof is complete. O

1| < M.

4 An algorithm for finding a barrier KKT point

Using the transformation 7}, described in Section 2, we replace the equation z o z = pe
by an equivalent form Z o Z = ue, and deal with the modified BKKT conditions

V.L(w) 0
(11) Fw, p) = 9(x) =10
TOoZ— e 0

instead of (5) to form Newton directions as described below.



4.1 The Newton method

In this subsection we consider a method for solving the BKKT conditions approximately
for a given p > 0 (Step 1 of Algorithm SOCPIP). Throughout this section, the index k
denotes the inner iteration count for a given p > 0. We note again that z; > 0 and z; > 0
for all k£ in the following.

For the above purpose, we apply a Newton-like method to the system of equations (11).
Let the Newton directions for the primal and dual variables by Az and Az, respectively.
Since #oZ = pe can be written as (Tpz) o (T, '2) = pe, the equation Tp,(z + Ax)o T, ! (z+
Az) = pe yields

(Tpx) o (Tp_lz) + (Tx) o (Tp_lAz) + (T,Az) o (Tp_lz) + (T,Az) o (Tp_lAz) = pe.
By neglecting the nonlinear part (7,Ax) o (TpflAz), we have the equation
(12) (Tpa) o (T, '2) + (Tyx) o (T, ' Az) + (T,Az) o (T, '2) = pe.

Then using (4), the Newton equations for solving (11) are defined by

(13) GAz — A(x)'Ay — Az = —V,L(w),
(14) Aw)As = —g().
(15) Arw(2)T,Ax + Arw(f)Tp_lAz = pe— Arw(Z)Arw(Z2)e,

or equivalently

where the matrix J(w) is given by
—A(z)! —1
Arw(2)T, 0 Arw(Z)T;"

and the matrix G is V2L(w) or an approximation to VZL(w). We recommend to use a
quasi-Newton approximation for G if V2 L(w) is indefinite, because we will assume positive
semidefiniteness of G in this paper. Since equation (15) was derived for a transformation
T, where p denpends on the current w at the k-th iteration, equations (16) are not the
Newton equations, strictly speaking. However, in this paper, we call (16) the Newton
equations for simplicity.

The following lemma gives a sufficient condition for equation (16) to be solvable.

Lemma 1 If the matriz G+T,Avrw(Z) ' Arw(2)T, is positive definite and the matriz A(z)
is of full rank, then the matriz J(w) is nonsingular.

Proof. Consider the equation

J(w) | v, | =0,



for (vg,vy,v,)" € R™ x R™ x R™. Since the equation above gives
v, = —T,Arw(%) " Arw(2) T,v,,
by eliminating v,, we have
v, = (G + T,Arw(Z) ' Arw(2)T,) ' A(x)"v,.
The condition A(x)v, = 0 yields
A(2)(G + T,Arw(7)Arw(2)T,) ' A(z) v, = 0.

Since the matrix G + T,Arw(z) ' Arw(2)T,, is positive definite and the matrix A(z) is of
full rank, we have v, = 0. This implies that v, = v, = 0. Therefore the proof is complete.
O

It is known that if py, is chosen to make Arw(zy) and Arw(Z;) commute, then the matrix
T, Arw(Zy) "t Arw(2,)T,, becomes symmetric positive definite. In this case, if we choose
a symmetric positive semidefinite matrix Gy, the matrix Gy + T, Arw(Z) "t Arw(Z;,) T, is
symmetric positive definite. This is true for the choices of p, = m,;l/ % and Pr = z,i/ 2, which
are introduced in Section 2. Furthermore, if p, is chosen to be the Nesterov-Todd direc-
tion (9), then we have Arw(Z;) *Arw(Z;) = I and the matrix T, Arw(Z;) tArw(Z)T,,
becomes the symmetric positive definite matrix Tpi. These facts justify the assumption
of the previous lemma.

The following lemma claims that a BKKT point is obtained if the Newton direction
satisfies Ax = 0.

Lemma 2 Assume that Aw solves (16). If Ax =0, then (z,y+ Ay, z+ Az) is a BKKT
point.

Proof. 1t follows from the Newton equations that

V(@) — A(@)(y + Ay) — (2 + Az) = 0,
g(x) = 0,
(Tpx) o (T,'Az) = pe— (Tpx)o (T, 2).

p

Since the last equation yields T,z o T, ' (z + Az) = pe, we have that x o (z + Az) = pe,
and then z + Az = pz~! = 0. Therefore the point (x,y+ Ay, z + Az) satisfies the BKKT
conditions. O

4.2 The primal-dual merit function

To force the global convergence of the algorithm described in this paper, we use a merit
function in the primal-dual space. For this purpose, we propose the following merit
function:

(17) F(z,2z) = Fgp(x) + vFp(x, 2),

8



where Fpp(x) and Fp(z,z) are the barrier penalty function and the potential function,
respectively, and they are given by

(18) Fgp(r) = Zlog (det(z*)) + pllg ()l

t

(19) Fp(xz,z) = (s+o0) log(x— + ]— —pl)—= Zlog (det(x")det(z")),

where v, p and o are positive parameters. The following lemma gives a lower bound on
the value of the potential function, and the behavior of the function when z'z | 0 and
2tz 1 oo.

Lemma 3 The potential function satisfies
(20) Fp(x,2) > olog p.

The equality holds in (20) if and only if the vectors x and z satisfies the relation roz = pe.
Furthermore
(21) lim Fp(z,2z) =00, lim Fp(z,z) =00

ztz|0 ztzToo

Proof. Noting that 7'Z = 2z and det(z")det(z%) = det(p’)*det(z’) - det(p’) 2det(z?) =
det(z ')det( ) (see Theorem 8 in [1]), we have Fp(Z,2) = Fp(x,z). Let the eigenvalues
of 7 and Z* be \i, A} and 7, 7%, respectively. Since = 0 and Z = 0 are satisfied and
Arw(Z) and Arw(Z) commute, these eigenvalues are positive and the Jordan frame of z*
and Z', ¢! and ¢} say, is shared as stated in Section 2. Then 7’ and ' are written as

=i i i yio_ i i
T' =Nl + Aycy, and 2" = T{C] + Tach,

and we have #'Z = Y7 | (2))'2' = £ 320 (Niri 4+ Ab7d), det(Z') = AAS and det(2') = 7i7s.

Thus it follows from the algebraic and geometrlc mean

1
2 N N ° N 2
34 ([t

i=1 i=1
that

xtz : - =
22 —_— > det(z")det (2" .
(22) 5_<Ee<x>e<z>>

The equality holds in (22) if and only if the equality holds in the algebraic and geometric
mean. This implies that

) Nk = Mk =+ = Airt = Xt

From (19) and (22), we have

t t t

(24) Fp(e,2) > (s + o) log(— +| = — i) = slog(~).



To see the behavior of the function in the right hand side, we introduce the variable
t = x'z/s, and define

o(t) = (s + o) log(t + [t — p|) — slogt, t>0.
For 0 <t < p, we have

(25) o(t) = (s +o0)logu — slogt.

In this region, ¢(t) is convex and monotonically decreasing. We note ¢(u) = o log u. For
t > u, we have
8(t) = (5 + o) log(2t — 1) — slog?,
and
2(s+0) s  20t+pus

¥(t) = = 1 t@i—p "

Thus ¢(t) is monotonically increasing in this region. Therefore ¢(t) attains its unique
minimum at ¢ = g, and the minimum value is ¢(u) = o log u. This means that

Fp(z,z) > olog p.

The equality holds if and only if 2'z/s = p and (23) hold. These two conditions are
equivalent to
20 Ar = M = = A = Ny =

The condition (26) means

oz = Nrichoch + Norach och = pu(ch +cb) = pe’
which implies that x o 2 = pe. Conversely, if we assume x o z = pue, then we have
7o Z' = pe’ for each i, i.e.,
Fo 2 = N 4+ Noach = e’ = p(ch + c),

and then (26).

The limits (21) are apparent, because of (25) for 0 < ¢ < u, and

o(t) = olog(2t — ) + slog(2 — %)

for t > p.
This completes the proof. O

It is known that
V.(logdet(v)) = 2v™  for v = 0.

Then we introduce the first order approximation F; of the merit function by

(27) Fi(z,z; Az, Az) = F(x,2) + AF(z, 2; Az, Az),

10



where
AF(z,z; Az, Az) = AFpp(z;Ax) + vAFp(x, z; Az, Az),
(28) AFgp(z;Az) = Vf(z)Ar—p(z™h) Az
+p (lg(z) + Alz) Az = llg()lh)
(29) AFpi(z, 2 Aw,Az) = (s+0) { (FAz+2Az) | |(@atAx+2Az)

s s
xtz
i i
s

G

— (@ H'Az+ (z71)'Az).

—

xtz

We now show that the search direction is a descent direction for both the barrier
penalty function and the potential function. We first give an estimate of AFgp(z; Ax)
for the barrier-penalty function.

Lemma 4 Assume that Aw solves (16). Then the following holds
(30) AFpp(z;Az) < —Az' (G + T,Arw(Z) 'Arw(2)T,) Az
—(p = lly + Ayllee) () 1
Proof. Tt is clear from (14) and (28) that
(31) AFppi(z; Ar) = Vf(2) Az — p(z") Az — pllg(x)]|s-
It follows from (13) that
Vf(z)Ar = —Ax'GAx + Az'A(z)' (y + Ay) + Az’ (z + Az).
Since T,Arw(z)'e = 27! holds from (7), equation (15) implies that

2+ Az = T,Arw(7) ' (ne — Arw(2)T,Ax)
= pz~' = T,Arw(3) ' Arw(2)T,Ax.

Then we have
Vf(z) Az = —Az" (G + T,Arw(z) " Arw(2)T,) Az — g(z)'(y + Ay) + pAz'z ™"
Therefore equation (31) yields

AFpp(z;Az) = —Az' (G + T,Arw(z)"Arw(2)T,) Az — g(z)'(y + Ay)
+plAats™ — p(a™h) Ax — pllg(2)[h
< —Az' (G + TyArw(z) 'Arw(2)T,) Az
—(p = lly + Ayllo) g (@)1
The proof is complete. O

Next we estimate the difference AFp;(z, z; Az, Az) for the potential function.

11



Lemma 5 Assume that Aw solves (16). Then the following holds
(32) AFp(x,z; Az, Az) < 0.
The equality holds in (32) if and only if the vectors x and z satisfies the relation xoz = pe.
Proof. Equation (12) yields
(T, 2) Ty Ax + (Tyx)' T, ' Az = ps — (T,a)'T, 'z

and
dAr + 2 A = pus — 2’z
Since matrices Arw(Z) and Arw(Z) commute, premultiplying (15) by e’ Arw(z) ™' Arw(z) ™!

implies
e'Arw(3) ' T,Az + ' Arw(2)” 1T "Az = pe' Arw(3) " 'Arw(Z) e — ele.
Using (7) this yields
(T, e )T Ax + (Tyz )T Az = —s + (T, a1 Ty,

and then
(™D Az + (27 Az = —s + p(x )27t

Thus from (29) we obtain

(—atz/s+ ) — o'z — g -
AF Az, Az) =
Pl(xaza Z, 2) <S+J> ZL’tZ/S—l— |£EtZ/S—IU| ( S_’_lj’( ) )
_ (s +o)p e
(33) B J+xtz/s+\:ctz/s—,u\ pla )=

We use the spectral decomposition of Z* and Z* as in the proof of Lemma 3. Then (7)™}
and (2')~! are written as

)7 = )+ ()M and (3)7 = (7)1 + ()

Therefore we obtain

S ()i i)—1 s —1/2s
_ Z (A171) ;;()‘27'2) (H AinAéTé)
i=1 i=1

2s S S

i Tty gty
S NTL NS T2 atz

v

12



Thus from (33)

2
AFp(z,z; Az, Az) < (s + o) _ s
xlz/s+ |xtz/s —p|  atz
—a—i—w—ﬁ, where t = 2'2/s > 0
t+t—pl ¢t
t— t— 1 1
_ = tft—p —us(———) <o
t+ |t — pf t ot |t —pl
The equalities hold if and only if Aj7{ = A7) = -+ = Xi7f = \§75 and 2'2/s = p as in
the proof of Lemma 3.
Therefore the proof is complete. O

Now we obtain the following theorem by using the two lemmas given above. This
theorem shows that the Newton direction Aw becomes a descent search direction for the
proposed primal-dual merit function in (17).

Theorem 2 Assume that Aw solves (16) and that the matriz G + T,Arw(z) ' Arw(2)T,

is positive definite. Suppose that the penalty parameter p satisfies p > ||y + Ay||oo. Then
the following hold:

(i) The direction Aw becomes a descent search direction for the primal-dual merit function
F(z,2), i.e. AF(x,z;Az,Az) <0.

(i) If Az # 0, then AF|(z, z; Az, Az) < 0.

(iii) AF(z, z; Az, Az) = 0 holds if and only if (z,y + Ay, 2) is a BKKT point.

Proof. (i) and (ii) : It follows directly from Lemmas 4 and 5 that
(34) AF(z,z; Az, Az) < —Az" (G + T,Arw(2)'Arw(2)T,) Az
—(p = lly + Aylleo) lg(z) 11
< 0.

The last inequality becomes a strict inequality if Az # 0. Therefore the results hold.
(iii) If AF)(x,z; Az, Az) = 0 holds, then AFpp(z; Az) = 0 and AFp(x, z; Ax,Az) =0
are satisfied, and equation (34) yields

(35) Az =0, g¢g(x)=0.

Since AFpj(x,z; Az, Az) = 0, Lemma 5 gives x o z = pe. Since equation (15) yields
Arw(Z)T,'Az = 0, we have Az = 0. Then equation (13) implies that V f(z) — A(z)"(y +
Ay) — z = 0. Hence (z,y + Ay, 2) is a BKKT point.

Conversely, suppose that (z,y+ Ay, z) is a BKKT point. The Newton equations imply
that

GAzr —Az=0, and Arw(Z)T,Az+ Arw(Z)T, 'Az = 0.

It follows that (G + T,Arw(z) 'Arw(2)T,)Axz = 0 holds, which yields Az = 0. Using
equation (31) and Lemma 5, we have

AFgp(z;Az) =0 and AFp(x,z; Az, Az) =0,

13



which implies AF;(z, z; Ax, Az) = 0. Therefore, the theorem is proved. O

We close this subsection by giving a lemma that gives a basis for Armijo’s line search
rule and its convergence described in the next section. This lemma corresponds to Lemma
2 and Lemma 3 of the paper by Yamashita [12], so we omit the proof.

Lemma 6 Let d, € R" and d, € R" be given. Define F'(x, z;d,,d,) by

F —F
F'(z,2dy,d.) = ltifél (v 4 td,, 2 —i—ttdz) (z, z)'

Then the following hold:
(i) The function F)(x, z; ad,, ad,) is convex with respect to the variable «.
(ii) The relation

F(z,2)+ F'(z,2;d,,d,) < Fy(z,2;dy,d,)

holds.
(iii) There exists a 6 € (0,1) such that

F(x+dg,z+d,) < F(x,2) + F(z+0d,, 2+ 0d.;d,,d.,),

whenever x + d, > 0 and z + d, > 0.
(iv) Let g9 € (0,1) be given. If AF(z,z;d,,d,) <0, then

F(z+ ady, z+ ad,) — F(z,2) < egaAF(z, z;d,, d,),

for sufficiently small o > 0. O

4.3 The line search algorithm

To obtain a globally convergent algorithm to a BKKT point for a fixed p > 0, we modify
the basic Newton iteration. Our iterations take the form

Th1 = T + ATy, 2pe1 = 2 + oAz, and Yy = Yp + Ay

where oy, is a step size determined by the line search procedure described below.

The main iteration is to decrease the value of the merit function F'(z,z) for fixed p.
Thus the step size is determined by the sufficient decrease rule of the merit function. We
adopt Armijo’s rule. At the point (zy, 2x), we calculate the maximum allowed step to the
boundary of the feasible region by

Olpkmax = argmin {det(x}; +alAzi) =0, (z})o +a(Az})o>0,i=1,...,5 a> O}
and

Oz hmax = argmin {det(z,iC +alz) =0, (z)o+a(Az)o>0,i=1,...,5 a> O} )
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Specifically, the equation det(zi + aAzi) = 0 implies the quadratic equation of «
det(Az})a? + 2(2h) Ry Azt a + det(z},) = 0.

Thus we can easily get aupmax, and we obtain a,pmay in a similar way. The step sizes are
set to be infinity if there is no step size that satisfies these conditions.
A step to the next iterate is given by

_ Al _ .
ap = apf*,  ap = min {YQkmax, YOzkmaxs 1},

where v € (0,1) and § € (0,1) are fixed constants and [ is the smallest nonnegative
integer such that

(36) F(xy, + apf*Azy, 21, + arpf*Azy) < F(an, 21) + c0tu S AF (g, 213 Azy, Az),

where g € (0,1).

Now we give a line search algorithm called Algorithm SOCPLS below. This algorithm
should be regarded as the inner iteration of Algorithm SOCPIP (see Step 1 of Algorithm
SOCPIP). We also note that & given below corresponds to M.u in Algorithm SOCPIP.

Algorithm SOCPLS

Step 0. (Initialize) Let wy € R" x R™ x R™ (g = 0,29 > 0), and > 0, p > 0, p’ > 0,
v>0.Sete >0,7v€(0,1), 3€(0,1) and gy € (0,1). Let k= 0.

Step 1. (Termination) If || (wy, p)|| < €', then stop.

Step 2. (Compute direction) Calculate the matrix G and the vector py. Determine the
direction Awy, by solving (16).

Step 3. (Step size) Find the smallest nonnegative integer [ that satisfies the criterion
(36), and calculate

A = C_‘ékﬁlk.

Step 4. (Update variables) Set

Th+1 Ty Az,
= +Oé s
(i) = (5 )+ (30
Yet1 = Yk + Ayg.

Step 5. Set k:=k + 1 and go to Step 1. O
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4.4 Global convergence

Now we prove global convergence of Algorithm SOCPLS. For this purpose, we make the
following assumptions.

Assumptions

(A1) The functions f and g;,i = 1,...,m, are twice continuously differentiable.

(A2) The sequence {xy} generated by Algorithm SOCPLS remains in a compact set (2
of R™.

(A3) The matrix A(zy) is of full rank for all xy in .
(A4) The matrix Gy, is positive semidefinite and uniformly bounded.

(A5) The vector py is so chosen that Arw(Zy) and Arw(Z;) commute. The sequence {py}
is bounded, and lim infy_, det(pg) > 0.

(A6) The penalty parameter p is sufficiently large so that p > ||yx + Ayl holds for all
k. O

Remarks (i) The compactness of the generated sequence {z} in (A2) is derived if we
assume the compactness of the level set of the function Fgp(x) at the initial point, for ex-
ample, because the iterates give decreasing merit function values, and Fp(z,z) > o log u.
Another case which automatically assures the compactness of {x)} is when all primal
variables have finite upper bounds. This is not so uncommon in practical applications.

(ii) We should note that if a quasi-Newton approximation is used for computing the
matrix G, then we only need the continuity of the first order derivatives of functions in
Assumption (Al).

(iii) It will be shown after Lemma 7 that Assumption (A5) is valid for well known
examples of py.

(iv) In practice, the value of p should be updated in the course of computation to
satisfy the condition in Assumption (A6). One such procedure is described in 5.1.7 of [14]
in which a primal-dual interior point method for general nonlinear optimization problems
is proposed and tested numerically. In this paper we assume the above for simplicity of
exposition. O

Lemma 7 Let an infinite sequence {wy} be generated by Algorithm SOCPLS. Suppose
that Assumptions (A1), (A2) and (A6) hold. Then the following hold.

(i) liminfy_ o det(xy) > 0 and liminfy_ . det(zg) > 0.

(ii) The sequence {wy} is bounded.

Suppose further that Assumptions (A3), (A4) and (A5) hold. Then the following hold.
(iii) There exists a positive constant M such that

1 . .
(37) 7V < (G + Ty Arw (@) Arw(Z) T o < Mo
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for any v € R".
(iv) The sequence {Awy} is bounded.

Proof. (i) Since {Fp(zg,2x)} is bounded below from Lemma 3, {Fpp(zx)} is bounded

above because of descent property of {F(xy,zx)}. Therefore det(xy) is bounded away

from zero because of the log barrier term in Fgp(x), and liminfy_, . det(x;) > 0. Then

we also have liminfy ., det(z;) > 0, because {Fp(zy, zx)} is bounded above and below.
(ii) Let the spectral decomposition of z be

i i
2l = Kp1Crp1 T KiaCr;

where %, kb, are the eigenvalues and ¢}, ¢i, are the Jordan frame of the vector z;. We
have

s

¢ - it it
Tpap = E (KR1TpCh1 T KhaTpCho)
=1

Ttz I Tz
(38) - Z”’“ (* ||k|k|) 22 "o (‘ ||§ﬁ)‘
k k

From Cauchy-Schwarz inequality, we have

As shown above, the right hand side of the above inequality is strictly bounded away from
zero. If limsup,_, . ||zk]| = oo, then limsup,_, . xi, = limsup,_ (25, + ||ZL]]) = oo for
some i. Then from (38), we have limsup,_,, #%z; — oo. This is impossible because the
merit function is decreasing and limsup,_,. F,(xk, zx) = oo from Lemma 3. Therefore
{llz&]|} is bounded. From Assumption (A6), the sequence {yx} is bounded, and therefore
the sequence {wy} is bounded.

(iii) From Assumption (A5), the bounded sequence {x;} implies the bounded sequence
{Zr}. Therefore the assertions similar to (i) and (ii) also hold for {#;} and {Z;}. Thus
there exists a positive constant M’ such that ||v|*/M’ < ! (T, Arw(zx) " Arw(Z) T, )v <
M'||v||? for any v € R™, because we have 1/My < ||T,, || < M, for a positive constant M,
from Assumption (A5). This implies (37) from Assumption (A4).

(iv) From Lemma 1, (ii) and (iii), the matrix J(wy) is nonsingular and ||Awy]| is
uniformly bounded. O

We now show that Assumption (A5) holds for the examples (8) and (9). Commutabil-
ity of Arw(z;) and Arw(Zy) for these examples is well known and does not need further
proof. The sequence {p;} is bounded and liminfy_, ., det(px) > 0, because {zx} and {z;}
are bounded, and liminf;_ . det(zy) > 0 and liminfy_. . det(zz) > 0 from Assumption
(A2) and Lemma 7.

The following theorem gives the global convergence of an infinite sequence generated
by Algorithm SOCPLS.
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Theorem 3 Suppose that Assumptions (A1) — (A6) hold. Let an infinite sequence {wy}
be generated by Algorithm SOCPLS. Then there exists at least one accumulation point of
{wy}, and any accumulation point of the sequence {wy} is an BKKT point.

Proof. In the proof, we define the following notations

A
uk:(ZZ) and Auk:(Aﬁ:)

for simplicity. In view of Lemma 2, we can assume Az # 0 for all k. By Lemma 7, the
sequence {wy} has at least one accumulation point. From Lemma 7, each component of
xp, and zi is bounded away from the boundary of the second order cone. Hence we have
liminf, .. a, > 0.

From (37) and (34), we have

2
(39) AF)(uy; Auy) < — | Az

< 0,

and from (36),

(40) Fugyr) — Fug)

IN

00 B AF (ug; Auy,)
| Az ||
M

IN

—eoay, 3™

0.

A\

Because the sequence {F'(uy)} is decreasing and bounded below, the left-hand side of (40)
converges to 0.

We will prove that
(41) kllqrgo AF(ug; Aug) =0,

by contradiction. Suppose that there exists an infinite subsequence K C {0,1,---} and a
0 such that
(42) |AF (ug; Aug)| > 0 >0, for all k € K.

Since the fact that the left most expression in (40) tends to zero yields 8% — 0, we have
ly, — 00,k € K, and therefore we can assume [, > 0 for sufficiently large £ € K without
loss of generality. In particular, the point uy + axAug /3 does not satisfy condition (36).
Thus, we get

(43) Fug + aAug/B) — Flug) > eoar AF) (ug; Aug) /5.

By Lemma 6, there exists a 0 € (0,1) such that for k € K,

F(Uk + akAuk/ﬁ) — F(uk)
< apF'(up, + OpapAuy/5; Aug) /B

Then, from (43) and (44), we see that

0 AF) (ug; Aug) < AF(ug + OparAug /55 Auyg).
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This inequality yields

> (50 — 1)AE(Uk, Auk) > 0.

Thus by the property I, — oo, we have ap — 0 and thus ||@rarAu,/Gl| — 0,k € K,
because ||Auy|| is uniformly bounded above. This implies that the left-hand side of (45)
and therefore AF)(uy; Aug) converges to zero when k& — oo,k € K. This contradicts
assumption (42). Therefore we have proved (41).

Since equation (41) implies that

AFpp(zr; Axy) — 0 and  AFp(zk, 2 Azg, Azg) — 0,
it follows from (34), (14) and Lemma 5 that
(46) Azp — 0, g(xg) =0, xzpoz — pe (TgoZp — pe).
Therefore, the third equation (15) of the Newton equations yields

klim ||Arw(fk)Tp;1Azk|| = klim |(pe — &y, 0 ) — Arw(2y,)T,, Azg|| = 0.

Since {Arw(Z;)} is uniformly positive definite and {7}, '} is uniformly bounded, we get
Azk — 0.
By equation (13), we have
Vi L(xg, yx + Ayg, 21) — 0,
which implies that
r(@k, Yo + Ak, 2k, 1) — 0.
Since Tp11 = T + Ay, 21 = 2k + Az, Axp — 0, Az — 0 and ypy1 = Y + Ay,

the result follows. Therefore, the theorem is proved. O

The preceding theorem guarantees that any accumulation point of the sequence {(xg, Y, zx) }
satisfies the BKKT conditions. If we adopt a common step size ay as wyy1 = wi + apAwy,
in Step 4 of Algorithm SOCPLS, where «y is determined in Step 3, then the result of
the theorem is replaced by the statement that any accumulation point of the sequence
{(zg, yx + Ayg, zx) } satisfies the BKKT conditions.

5 Concluding Remarks

In this paper, we have proposed a primal-dual interior point method for solving nonconvex
programming problems over second order cones. Within the line search strategy, we have
proposed the primal-dual merit function that consists of the barrier penalty function and
the potential function, and we have proved the global convergence property of our method.
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If we set s = n and n; = 1, i.e. K' = {x; > 0}, for i = 1,...,s, then problem (1)
reduces to the usual constrained optimization problem:

minimize  f(x), r € R",

(47) subject to g(x) =0, x>0.

In this case, the merit function reduces to
(48) F(z,z) = Fpp(x)+vFp(z,z),

Fpp(z) = f(z)—p Y logz; + pllg(x)|1.

i=1

Fp(z,z) = (n+o0)log(z'z/n+ |z'z/n — p|) — Zlog(xizi).

Therefore, as a special case, the results of the present paper include the global convergence
property of the usual primal-dual interior point method for solving problem (47) by using
the primal-dual merit function (48) within the framework of the line search strategy. This
relates to the convergence result by Yamashita and Yabe [13] in which the primal-dual
quadratic barrier penalty function was used in the whole space of (x,y, z). In this case,
the merit function (48) may be modified as

(a'2/n + |atz/n — p))™
H?leizi ’

=1

and gives a slightly different form from the one given in [13].

Analysis of the rate of convergence and numerical experiments of our method are under
further research. In addition, we plan to construct a method within the framework of the
trust region globalization strategy.
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