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Abstract. Based on the Chen-Harker-Kanzow-Smale smoothing function, a smoothing method with a
smoothing variable is proposed for solving the second-order cone programming. Our algorithm needs to
solve only one linear system of equations and to perform only one line search at each iteration. Without
restrictions regarding its starting point, the algorithm is shown to be globally convergent.
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1. Introduction

The second-order cone programming (SOCP) problem is to minimize or maximize a linear function over
the intersection of an affine space with the Cartesian product of a finite number of second-order cones.
Consider the following SOCP problem

(P) min{icfxi:iAxi:b,xieKi,i:l,...,n}, 1)
i=1 i=1
or its dual problem [1]
(D) max{b'y:A'y+s =c,s €K, i=1..,n}. @)
Here A e R™, ¢, eR", i=1...,n,beRare the data, and x, e K,, s, € K,,i=1,...,n,ye R are
the variables. The set K, (i=1,...,n) is the second-order cone (SOC) of dimension k; defined by
K, = {xi = (X0, %;) € Rx R 1 x o=l x> O},
Where [l stands for the Euclidean norm. It is easy to see that the SOC K; is self-dual and its interior is
K? = {% = (X, %) € Rx R 150l /I > 0}
Let
k=k +---+k,, K=K x:xK,
A=(A,,A)eR™, c=(c,c,)eR,
X=(X,,%)eK, s=(s,-s,)ekK,

where we use X = (X,++, X, ) for the column vector x = (x{,---,x")". Thus, problems (1) and (2) can be
simply written as
(P) min{c"x: Ax=b,x e K},
(D) max{b'y:A'y+s=c,seK}.
The set of strictly feasible solutions of (1) and (2) are:
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F°(P) ={x:Ax=b,xe K°},
F°(D)={(y,s):A"y+s=c,seK’}
respectively, where
K®=K)xKJx---xK?.

0 0
Throughout this paper, we assume that F (P)xF (D)= <. Therefore it can be shown that both (1)
and (2) have optimal solutions and their optimal values are coincident [1].

Recently the SOCP problems have received considerable attention, since they have a wide range of
engineering applications [6] and include a large class of problems as special cases [5], such as linear
programs and convex quadratic programs. Without loss of generality, we focus on the SOCP problems (1)

and (2) with n=1and k =k in the following analysis.

As novel algorithms for solving optimization problems, smoothing methods (non-interior continuation
methods) [2, 7, 8] perform very well in both theory and practice. However, many existing algorithms [2, 8]
need to solve two linear systems of equations and to perform two or three line searches at each iteration.

Moreover, the smoothing methods available are mostly for solving complementarity problems [2, 8] and
variational inequality problems [7], whereas there is little work on smoothing methods for the SOCP.

In this paper, we present a smoothing method for the SOCP based on the Chen-Harker-Kanzow-Smale
(CHKS) smoothing function [4]. By introducing a smoothing variable, our algorithm reformulates the SOCP
as a nonlinear system of equations. Then we solve the system by using Newton's method. It is shown that our
algorithm has the following good features:

(i) unlike interior point methods, our algorithm does not have restrictions regarding its starting point;

(ii) the algorithm solves only one linear system of equations and performs only one line search at each
iteration;

(iii) if A has full row rank, then any accumulation point of the iteration sequence generated by our algorithm
is a solution of the SOCP.

This paper is organized as follows. In Section 2, we give some preliminary results for the SOC and
propose a smoothing method with a smoothing variable for the SOCP. In Section 3, we analyze the
convergence properties of our algorithm.

The following notations are used throughout this paper. The space of k -dimensional real column vectors
(respectively, real numbers) is denoted by R* (respectively, R ). The set of all mxk matrices with real entries
is denoted by R™*¥. The superscript T denotes the transpose. For convenience, we often write X = (X9, %)
instead of the column vector X = (X,, X/ )" € RxR*™. [}l denotes the Euclidean norm. For any «, >0,
a = 0(3) means that &/ 8 tends to zero as S — 0.

2. Preliminaries and Algorithm

In this section, we briefly review the Euclidean Jordan algebra associated with the SOC [1, 3], which
will play an important role in the design and analysis of our algorithm. Then we propose a smoothing method
with a smoothing variable for the SOCP based on the CHKS smoothing function. We show the well-
definedness of our algorithm and investigate some properties of the iteration sequence generated by our
algorithm.

The Euclidean Jordan algebra for the SOC K is the algebra defined by
Xos=(X"S, XS, +S,%), VX5eR",

with e =(1,0,---,0) € R* being its unit element. Given an element X € R¥, we define the symmetric
matrix

JIC email for contribution: editor@jic.org.uk



Journal of Information and Computing Science, 3 (2008) 2, pp 139-145 141

It is easy to verify that
Xxos=Ls=LX VseR"
Moreover, L, is positive semidefinite (positive definite) if and only if x e K (x € K®).

Spectral factorization is one of the basic concepts in the Euclidean Jordan algebra. For any
X = (X, %) € Rx R*™, its spectral factorization with respect to the SOC K is defined as

x=u®+4Lu?,

where 4, 4, and u®, u® are the spectral values and the associated spectral vectors given by
/11 =X+ (_1)i ||X1||'

1

-y
2(l,( 1) ||x1||)’ if x, #0

1
2

for i =1,2, with @ € R“* such that || =1. For any x € K, it is obvious that both spectral values of

g =
1 (-1)' w), otherwise

X are nonnegative. By using the spectral factorization, we may define the functions on R* associated with
the SOC K by

X2 =220 + 22uP vxeR,

= A 4 JZu®, vxeK,

Under the assumption that F°(P)x F°(D) # &, solving the SOCP problems (1) and (2) is equivalent to
[1] finding (X, y,s) € R* xR™x R* such that

Ax =D, xeK,
Aly+s=c, seKk, (3)
Xos=0.

Our smoothing method aims to reformulate the optimality conditions (3) as a nonlinear system of
equations, which does not contain any explicit inequality constraints like xe K,se K orxe K°, se K’,
By applying Newton's method to the system of equations, one can expect to find a solution of (1) and (2).

Our algorithm is based on the Chen-Harker-Kanzow-Smale (CHKS) smoothing function [4]
#:R*xR*xR — R" defined by

B(X,S, 1) = X+ S —+/(X—8)* +4u’€.
By Proposition 4.1 in [4], #(X,s,0) satisfies
#(x,5,00=0<= xo5=0,xeK,seK. 4)
Since ¢(X,s,0) is typically nonsmooth and ¢(X, s, &) is continuously differentiable for any x>0 [4],
the variable s is referred to as the smoothing variable. Let z:=(X,Y,S) € R¥xR™x R* and define

H, (2, 1) :{CD(;’!“ )j, (5)

Where o < (0,1] is the parameter and
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Ax-b
®(z,u)=| Aly+s—c|.
#(X,s, 1)
Let H(z, ) =H,(z, ). Since the system of equations H(z, «) = 0 automatically implies z =0, it
follows from (3), (4) and (5) that
7 =(x,y’,s")solves (3) & (z',0) solves H(z, u) = 0.
In this way, we obtain a reformulation of the optimality conditions (3) where x is viewed as an

independent variable.
Algorithm 2.1

Step 0 Choose &,8 €(0,1) and g, € (0,). Let (X,,Y,,S,) € R“ xR™xR* be an arbitrary point and
2, = (%, ¥y, S,)- Choose >0 such that | ©(z,, g,)Il < B, Set k:=0.

Step 1 If d(z,,0) =0, stop.

Step 2 Compute a solution (Az,, A, ) = (A%, ,AY,,As,, Au) € R xR™ x R xR of the linear system

Az
H'(Zk'ﬂk)[A’uj:_Ho—(zk’luk)' (6)

Step 3 Let 4, =max{s'|1=0,1,2,..} such that

| (I)(Zk +ZkAZk:(1_Jﬂ'k)/uk)”Sﬂ(l_o-ﬂk);uk- (7
Step 4 Set z,,, =2, + LAz, and g, =(1-04, )y, .Set K:=k+1 and go to Step 1.

Remark Many smoothing methods available [2, 8] view x as a smoothing parameter. Thus they [2, 8]
have to perform at least two line searches at each iteration to make both || ®(z, z)ll and u decrease
gradually. However, in Algorithm 2.1 we view g as a smoothing variable. Therefore we need to perform
only one line search at each iteration.

To analyze Algorithm 2.1, we study the Lipschitzian and differential properties of the function H (z, 1)

and derive the computable formula for its Jacobian. By using Corollary 5.3 in [4] and following the proof of
Proposition 6.2 in [4], it is not difficult to obtain the following properties of H(z, x).

Lemma 2.1 (i) The function H(z, z) is globally Lipschitz continuous in R™2**"*. For any x>0,
H (z, u) is continuously differentiable with its Jacobian

A 0 0 0
H'(z, 1) = S X ®)
oI M@y 0 N@w) Pl
0 0 0 1

where
M(z,p)=1- LgvlLv, N(z,u)=1+ L;vlLv, P(z, 1) :—4ngvle,

Vi=X—8, W=V +4u%.

(ii) If A has full row rank, H'(z, z) is nonsingular for any « > 0.

Theorem 2.2 If A has full row rank, Algorithm 2.1 is well-defined.

Proof Since g, >0 by the algorithm and A has full row rank, it follows from Lemma 2.1 (ii) that
H'(z,, 1) is nonsingular. This demonstrates the well-definedness of Step 2.
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Now we show that Step 3 is well-defined by induction.
Due to (5), (6) and (8), we have

, Az,
D'(z, 14) =-D(z,, 1), ©)]
Apty
Aty = —o,. (10)
Forany « € (0,1], let
' AZO
r(a) =0z, + alzy, py + aAuy) = (24, 1) — a@'(2q, 145) A | (11)
0
By Lemma 2.1 (i), ® is continuously differentiable around (z,, z4,). Then it follows from (11) that
I r(a)ll=o0(x). (12)

Taking into account the fact I| ®(z,, 1, < Bu, and using (9), (10), (11) and (12), we have
| ®(z, + aAzy, 1—oa) i)l =1l D(z, + @Az, p, + 2Ass,)l
<@A-a)ll @(z,, 1)+ r ()l (13)
< pl-a)u,+o(a).
(13) implies that there exists a constant & € (0,1] such that
| ©(z, + aAz,,(L— oa) w,)ll < B(l—oa) 14,
holds for any « € (0,&] and hence || ®(z,, 1)l < By, holds by Step 4.
Assume that (7) holds at the K -th iteration, i.e., there exists A, such that

H (D(Zk+11 :uk+1)|| < ﬂ:uk+11 (14)

2, =2, +A4AZ

where kand g, =1-0od) .

(k +1)

Then we consider the -st iteration. Using the same argument as above and (14), we obtain that

there exists A4, ,, such that
I ®(zy,y + 41870, L= 02 )t I S BL= Oy 1) -
Therefore by Step 4 we have
1 (2.5, i) < Bl
where z,., =2,., + 4 ,AZ,, and g, ., = (1—0oA,.,) 4, ,,. Hence Step 3 is well-defined.

This completes the proof.
From Theorem 2.2, Algorithm 2.1 generates an infinite sequence {(z,,z)}. A simple induction

argument allows us to state the following properties of {(z,, 4, )}, which are useful in analyzing the
convergence of our algorithm.
Lemma 2.3 Suppose that A has full row rank. Then we have

(i) Ax, —b=(@1-4,,)---(A1—4,)(AX,—b) > 0 as k — o;

(i) ATy, +s, —C=(1-4_,) A= 4)(A"Yy, +S,—C) = 0 as k — o;
(iii) g, =1-04, )~ (1—0A,) i, >0 forany k >0;

(iv) | ©(z,, u )< B, forany k >0.

JIC email for subscription: publishing@WAU.org.uk



144 X. N. Chi, et al: A Smoothing Method with a Smoothing Variable for Second-order Cone Programming

3. Convergence Analysis

In this section, we establish the global convergence of Algorithm 2.1. We show that the sequence {z }
converges to zero and that any accumulation point of the sequence {z,} is a solution of the SOCP problems
(1) and (2).

Theorem 3.1 Suppose that A has full row rank and that the iteration sequence {z,} generated by
Algorithm 2.1 has at least one accumulation point. Then the sequence {44 } converges to 0.

Proof Since the sequence {z } is monotonically decreasing and bounded from below by zero by

Lemma 2.3 (iii), it converges to a number £~ >0. If 1 =0, we obtain the desired result.

Assume that ,u* >0. Let z* be an accumulation point of the sequence {z,}. Without loss of generality,
we may assume that

l!iipo(zk’ﬂk) =(z', 1)
By Lemma 2.1 (i), ® is continuously differentiable around (z", zz°). Then
lmq)(zk’ﬂk) =02, 1), l!mq)'(zk’ﬂk) =0'(Z, 1)
Since w4, — 4 >0 by assumption, it follows from Lemma 2.3 (iii) that l!gr;lk =0. By Step 3, the
steplength /Tk =4, /J does not satisfy the line search criterion (7), i.e.,

I ©(z, + A Az, 1= 02 ) > BL— A - (15)
On the one hand, we get from (15) and Lemma 2.3 (iv) that

| ®(z, + A Az, ,(1— A ) ) > (L—0A,) Bu,

~ (16)
> (1- o)l (z,, 1)l
Since Ay, =—op, by (6), (16) implies that
|| (D(Zk +/11(Azk’/'lk +_21<A/Jk)||_|| q)(zk;ﬂk)” 2 —O'H ®(Zk’ﬂk)||.
A
Taking the limit kK — co in the last inequality and using /Tk — 0, we obtain
N B vy * 12
O, 1), 1) L |zl o, 1P (17)
Au
By (6), we have
12 * * AZ* * *
D'(z, )( *}—CD(Z )
Au
Substituting this relation into (17) and using the fact o € (0,1), we have
| d(z", 1)l =0. (18)

On the other hand, taking the limit k — oo in (15) and using Zk — 0 yield

| ©(z", I = B >0,
which contradicts (18).
This completes the proof.

As a consequence of Theorem 3.1, we have the following main global convergence result for Algorithm
2.1.
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Theorem 3.2 Suppose that A has full row rank. Then any accumulation point of the iteration sequence
{(z,, 1)} generated by Algorithm 2.1 is a solution of H(z, z) =0.

Proof Let (', ") be an accumulation point of the sequence {(z,, £, )}. Without loss of generality, we
may assume that

lim(z,, 4,) = (2", 1)
On account of Lemma 2.3 (iv), we obtain

I (2, 1)l < B (19)
It follows from Lemma 2.1 that @ is a continuous function in both z and . Then taking the limit
k — oo in (19) and using Theorem 3.1, we have

| d,0)l=Il &(z", )< pu” =0.
This completes the proof.
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