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Abstract In this paper, we propose a new large-update interior point algorithm for the
Cartesian P, (k) linear complementarity problem over symmetric cones (SCLCP) based on
a parametric kernel function, which determines both search directions and the proximity
measure between the iterate and the p-center. Using Euclidean Jordan algebras, we derive
the iteration bound that match the currently best known iteration bound for large update
methods.
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1 Introduction

Recently, more and more attention has been focused on the optimization problems over
symmetric cones due to the Euclidean Jordan algebraic tool. In 1997, Faybusovich [1] made
the first attempt to extend an interior-point method (IPM) from semidefinite programming
(SDP) to the symmetric conic linear programming (SCLP). Consequently, several IPMs
for linear optimization (LO), second order cone optimization (SOCO) and SDP optimiza-
tion as special cases have been successfully extended to symmetric optimization using the
framework of Euclidean Jordan algebras in [2-5].

This paper is concerned with the Cartesian Py («)-SCLCP, which seeks vectors x,s € J
such that

xek, s=Ax)+q ek, (x,s)=0, (1
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where (x, s) = Tr(x os) denotes the Euclidean inner product, A : J — J is a linear
transformation, g € J,and J = J; X Ja X ... X Jn is the Cartesian product space with
its cone of squares IC = K1 x Ky x ... x Ky, where each space 7, is a simple Euclidean
Jordan algebra with dimensions n,, and ranks r,, and each /C, is the corresponding cone of
squares of 7,,. The dimension of [J isn = Z]]}V:l n, and the rank is r = 291:1 ry.

We call SCLCP the Cartesian Py («x)-SCLCP if linear transformation .4 has the Cartesian
Py (k) property for some nonnegative constant «, i.e.,

A(u) —v =0,
implies
A+40) > @™ ™)+ 3 @, v™) >0, Vu, ve J,
vel; vel_
where I = {v : (™, vy >0}and I_ = {v : @™, v™) < 0} are two index sets. If

A belongs to the class
Py = U >0 Pi (),

then SCLCP is said to be a Cartesian P,-SCLCP.

The concept of the Cartesian Py (x)-property was first introduced by Luo and Xiu [6]
in the general Euclidean Jordan algebra. Actually, it is a straightforward extension of the
P, (k)-matrix introduced by Kojima et al. [9], where they first proved the existence and
uniqueness of the central path for the P, (x)-LCPs and generalized the primal-dual interior
point algorithm for LO to the P, (x)-LCPs. The Cartesian P, (kx)-SCLCPs is a wide class
of problems that contains LCPs [7, 8], Cartesian P,(k)-LCPs [9, 10], Cartesian Pj (k)-
SOCLCPs [11] and Cartesian Py (x)-SDLCPs [12] as special cases.

Recently, Choi et al. [20] presented a new complexity analysis for primal-dual IPM for
SOP, using a proximity function defined by a new eligible kernel function as follows:

2—1 Pt
Y(t) = + , p>landg > 1fort > 0, 2)
2 P4
which was modified from the one in [13, 14]. A new class of eligible kernel functions was
defined by some simple conditions on the kernel function and its derivatives in [15]. From
[15] we recall that the kernel functions ¢ : (0, co) — [0, co) that satisfy in the following
conditions are called eligible kernel functions:

(@ Y1) =y (1)=0;

® Y1) >0;

©  lim_ g+ (1) =limy 0 ¥ (t) = 00;

@ tw'e+v'@)>0,t<1;

e) Y@ <0,1>0;

) 29" =Y OY" (1) > 0,1 < 1;

(e Y'Y — Y OY"(Bt) >0,t>1,8> 1.

Several IPMs have been provided for SCLCPs and Cartesian P, (x)-SCLCPs based on
the kernel functions, which determine both search directions and the proximity measure
between the iterates and the center path (see e.g., [16—19]). The purpose of the paper is
to extend the primal-dual IPM for SOP in [20] based on the kernel function (2) to the
Cartesian Py (k)-SCLCPs. We adopt the basic analysis used in [20] and revise them to be
suited for the Cartesian Py (x)-SCLCPs case. Finally, we derive the iteration bounds that
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match the currently best known iteration bounds for large-update methods by using the
analysis emphasized on the kernel function and the Euclidean Jordan algebraic techniques,
namely, O ((1+ 2«)+/rlogrlog?’).

2 Preliminaries
2.1 Euclidean Jordan Algebras and Symmetric Cones

Now, we recall some basic concepts and useful results of Euclidean Jordan algebras which
are found in [21]. To ease discussion, we assume that cone /C is defined with N = 1.

Definition 1 Let (7, (-, -)) be an n-dimensional inner product space over R endowed with
a bilinear mapping o : (x, y) — x oy from J x J to J. Then the triple (7, o, (-, -)) is
a Euclidean Jordan algebra if the following conditions hold:

(1) xoy=yoxforalx, yeJ;
2) xo(xzoy)=xzo(xoy)f0rallx,yej,wherex
B) (xoy,z)=(y,xoz)forallx, y, zeJ.

2.=xoux;

For any x, y € J we define the canonical inner product of x, y € J as follows:
(x, y) :==Tr(xoy),

and the Frobenius norm of x as follows

lxll == /(x, x).

An Euclidean Jordan algebra is called simple iff it cannot be represented as the orthogonal
direct sum of two Euclidean Jordan algebras. We assume that there exists an element e € 7,
which called the identity element, such that x o e = e o x = x for all x € J. Note
that the identity element e is unique. Denote the corresponding cone of squares by K :=
{x2 xeJ } K is indeed a symmetric cone (i.e., self-dual and homogeneous). Since J
is finite-dimensional, given x € J, there exists a minimal positive integer £ such that the

set {e, x, ..., xk } is linearly dependent. The rank of 7, denoted rank (7), is the largest
deg(x) of any element x € J.

Two idempotents ¢ and ¢y are orthogonal if ¢ o ¢ = 0. The set {c1, ¢2, ..., ¢k} is
called a complete system of orthogonal idempotents if all ¢;, i = 1, 2, ..., k are idempo-

tent, each two c;, ¢; are orthogonal and Z];:] ¢; = e. An idempotent element is said to be
primitive if it cannot be written as the sum of two other idempotents. A complete system of
orthogonal primitive idempotents forms a Jordan frame.

Theorem 1 (Theorem III.1.2 in [21]) Let J be a Euclidean Jordan algebra of rank r.

For any x € J, there exists a Jordan frame {c|(x), c2(x), ..., ¢, (x)} and real numbers
M(x), ..., Ar(x) such that
,
x=ZAj(x)cj(x). 3)
j=1
The numbers Aj(x), A2(x), ..., A-(x) (with their multiplicities) are called the eigen-

values of x and Eq. 3 is the spectral decomposition of x. Now, it is possible to extend the
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definition of any real-valued function v (-) to elements of the Euclidean Jordan algebra via
their eigenvalues:

Yic(x) == YA (x))e1(x) + ... + Y (x))er (x).
Furthermore, some functions in eigenvalues can be generated as follows: for any x € 7,

r r
Tr(x) = Y _Ai(x), and det(x) = [ [1:(x).
i=1 i=1
Let the interior of /C, denoted int/C. Moreover, we can easily verify that
xeK&srkx)=>0, xeintK & A(x)>0,i=1,2,...,r

Since “ o ” is bilinear for every x € J, the Lyapunov transformation L(x) : J — J is
defined as L(x)y := x o y. For each x € J, we define

P(x) :=2L(x)> — L(x?),
where L(x)2 = L(x)L(x). The map P(x) is called the quadratic representation of x in
J, which is an essential concept in the theory of Jordan algebras. In the following we first
recall some results from [5].
Proposition 1 Let x, s € intKC. Then P(x)s € intKC.
Lemma 1 Let x, s € intKC and w be invertible. Then x o s = pe if and only if

P(w)x o P(w_])s = ue.

In the following lemma, we give the so-called Nesterov-Todd scaling of 7, which plays
an important role in the design of an interior-point algorithm for Cartesian P, (k)-SCLCPs.

Lemma 2 (Lemma 3.2 in [22]) Let x, s € intKC. Then there exists a unique w € int IC such
that

x = P(w)s.

! (p ()s) [ () ((2)2) ]

The point w is called the scaling point of x and s (in this order).

Moreover,

Proposition 2 (Proposition 18 in [5]) Let x, s € intlC. Then
P(x)s € intK.
2.2 Back to the General Case
We proceed by adapting the definitions and properties stated so far in this section to the
general case, when the cone underlying the given Cartesian P, (k)-SCLCPs is the Cartesian

product of N symmetric cones /C,, where N > 1. As we mentioned in Section 1, we
assume that 7 = J; x J» X ... x Jy is the Cartesian product space with its cone of
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squares L = K1 x Ky x ... x Ky, where each space 7, is a simple Euclidean Jordan
algebra with ranks r,,. It has the following properties:

o Foranyz= (M7 27 ... Z(N)T)T € J, where ") € 7, we have
N
el = | D011, Amin(2) = min [rminc]
v=1
N N
Tr(z) = ZTI’ (Z(”)) , det(z) = Hdet (z(")> ;
v=1 v=1
¢ Foramyx = (VT kT 0Ty = (7SO0 ¢ 7 e
have

T T ™T
x”:(@m”m),@wowg,“”@wugm)),
N
(x,s) = Z<X(U)’ s(”)>;

v=1

o Ife ¢ Jy is the identity element in the Jordan algebra for the v-th cone, then vector

T
e = (e(l)T, e@T e(N)T)

is the identity element in ([, o);
e The Lyapunov transformation and the quadratic representation of 7 can be adjusted to

L(x) = diag (L (x(])> s .. L (x(N))) ,
P(x) = diag (P (x(l)> , ..., P (x(N))> ;

e Forany v = (U(I)T, v®T v(N)T)T € J we define the eligible kernel function
¥ (v) and the barrier function W (v) as follows:

b= (v () v ()

and

and
W) = Tr(y (1)) = in (v (»)) = i Sy ((vv). @
v=1 v=1i=1
where w (v™)(v =1, 2, ..., N) are defined by Eq. 2.

3 Interior-Point Algorithm for Cartesian P, (x)-SCLCPs

In this section we first introduce the concept of the central path for Cartesian Py (k)-
SCLCPs. Then we mainly derive new search directions for Cartesian Py (x)-SCLCPs based
on the eligible kernel function. A generic polynomial interior-point algorithm for Cartesian
P (k)-SCLCPs is also presented.
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3.1 Central Path for Cartesian Py (kx)-SCLCPs

Similarly, to the P.(«x)-LCPs case, the concept of the central path can also be extended
to the Cartesian Py (k)-SCLCPs. The existence and uniqueness of central path for
Cartesian P, (x)-SCLCPs was first established by Luo and Xiu [23]. Throughout the paper
we assume that the Cartesian P, (x)-SCLCPs satisfies the interior-point condition (IPC),
i.e., there exists x0, s° € intC such that s = A(xo) + ¢. Under the IPC condition, by
relaxing the complementarity slackness x o s = 0, we obtain

<.A(x)—s) = <_q>,x,seinth, ®)
xXos e

where > 0 is a parameter. Since linear transformation .4 has the Cartesian P, («)-property
and the IPC holds, the parameterized system (5) has a unique solution [23]. This solution
is denoted as (x(u), s(u)) and we call (x(u), s(u)) the u-center of the Cartesian Py (k)-
SCLCPs. The set of u-centers, that {(x(w), s(u)) | > 0}, is called the central path of
cartesian P, (x)-SCLCPs. Note that at -center we have

(x(u), s(u)) = Tr(x(u) o s(n)) = Tr(ue) = uTr(e) = rpu.

Therefore, if as u tends to zero, (x (i), s(u)) converges to an optimal solution for cartesian
P, (x)-SCLCPs [23].

3.2 New Search Directions for Cartesian P, (x)-SCLCPs

The basic idea of IPMs is to follow the central path and approach the optimal set of Cartesian
P, (k)-SCLCPs by letting 1 go to zero. To obtain the search directions for cartesian Py (k)-
SCLCPs a typical approach is to apply Newton’s method to system (5). For any strictly
feasible points x, s € intkC, we find displacements Ax and As such that

Ax+Ax) -G+ As)\ _ [ —¢q ©)
x+Ax)o(s+As) )] \pe )’

Neglecting the term Ax o As in the left-hand side expression of the second equation, we
obtain the following system:

AAx — As o 0 )
soAx+xoAs ) \pue—xos )’
By Lemma 1 and Lemma 2, we can replace the second equation of the system (7) by

Pu)(x 4+ Ax) o P(u)fl(s + As) = ue,

where P(u~") = P(u)~' and u = w—1/2 such that w is the Nesterov-Todd scaling point of
x and 5. Applying Newton’s method again, and neglecting the term P (u)Ax o P(u) ! As,
we get

AAx — As
Pw)~(s) o P(u)Ax + P(u)(x) o P(u)"!As ®
0
B <ue — Pu)(x)o P(u)~'(s) ) ‘
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To describe our new search directions, we define following notations:

AP , . Pox _ Pu™")s

A= C= = ,
Vi Vi Vi ©)
P(u)Ax P~ As
d.x = s ds L= .
VR I
After some elementary reductions, we obtain the system (8) which is equivalent to the scaled
Newton system as follows:
A(dx)—ds '\ _ 0
< dx+ds ) \v'i-v)" (10)

Since linear transformation A has the Cartesian P (k)-property, the system (10) has a
unique solution [23]. Replacing the right-hand side of the last equation in Eq. 10 by —v/(v),

we obtain:
A(dx) —ds '\ _ 0
< dx +ds )_(—1//’(1))>' an

The scaled search directions dx and ds are obtained by solving (11) so that Ax and As are
computed via (9). By taking a default step size o along the search directions, we get the new
iterates (x4, s4+) according to

Xt =X+ alAx, sy:=s5+aAs. (12)
3.3 Properties of the Kernel Function and the Proximity Function

In this section we present some useful properties of the kernel function (2) and the proximity
function W (v) as defined by Eq. 4 that are used in the analysis of interior-point algorithm
for Cartesian Py (k)-SCLCPs.

The eligible kernel function (2) satisfies

v (t) > 1, ¥"(t) < 0and fim (0 = Jim () = oo.
t—0+ —00

Note that ¥ (1) = ¥’(1) = 0. Then ¥ (¢) is determined:

t ré
v = [ [ viec ae.
By using the condition (a) of the eligible kernel functions, we can easily verify that
xos=pesv=eo Y (v)=0s V(@) =0.

Therefore, the value of W (v) can be considered as a measure for the distance between the
given iterate (x, s) and the p-center (x(u), s(u)). Hence, we call W (v) the proximity func-
tion for Cartesian P, (x)-SCLCP . Furthermore, we introduce the norm-based proximity
measure as follows:

N
o= lldx +ds| = [¥' @l = | lldx]2+ [lds]2 +2 Y (dx®, ds®).

v=1

One can easily verify that 0 > 0, and 0 = 0 if and only if ¥ (v) = 0. The following lemma
gives a lower bound of ¢ in terms of W (v).
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Lemma 3 For any v € intK,
o > /20 ().

Proof From definition of the kernel function (2), we obtain 2 (¢) < (' (1))? and

N
o2 =) "> W)
v=1i=1
therefore, we have
20 (v) <o’
This completes the proof.

Now, we present Theorem 4.9 in [24] where was assumed that cone /C is defined with
N=1.

Proposition 3 (Theorem 4.9 in [24]) Let W be the proximity function defined in Eq. 4, then

forany x, y € intlC,
v ((p (x%)sf) < ;(wx) +W(s)).

3.4 The Generic Large-Update Interior-Point Algorithm for Cartesian Py (x)-SCLCPs

The algorithm works as follows. We assume that there exists a strictly feasible point (x, s)
in a t-neighborhood of the given p-center (W (v) < 7). Then, we will go to the outer
“while loop”. If w satisfies riu > &, then we decrease u to uy = (1 — 0)u, for some fixed
6 € (0, 1). Then, we make use of the inner “while loop”, and the procedure is repeated until
we find a new iterate (x4, s4) thatis in a T-neighborhood of the j+ -center, i.e., ¥ (vy) < 1.
We enter an inner iteration by computing the search directions using Eqs. 9 and 11 at the
current iterates with respect to the current value of ¢ and apply (12) to get new iterates. This
process is repeated until p is small enough, say until rpu < €.

The large-update interior-point algorithm for the Cartesian P, (x)-SCLCP is presented in
Fig. 1.

4 Analysis and Complexity of the Algorithm

In this section, we first discuss the bound of the proximity function during an outer iteration.
Then we compute the default step size for the algorithm presented in Fig. 1. After that we
show that the default step size yields sufficient decrease of the proximity function value
during each inner iteration. Finally, we present the total number of iterations and complexity
of the algorithm.

4.1 Bound of the Proximity Function During an Outer Iteration
Note that at the start of each outer iteration of the algorithm, just before the update of u

with the factor 1 — 6, we have W(v) < 7. Due to the update of p vector v is multiplied by
factor J 117 0 with 0 < 6 < 1, which in general leads to an increase in value of W (v). Then

during the subsequent inner iterations, W (v) decreases until it passes the threshold value
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Large-update interior-point algorithm for the Cartesian
P,(k)-SCLCP

Inputs:

A proximity parameter 7 > 1;

an accuracy parameter € > 0;

a variable damping factor «;

a fixed barrier update parameter 6 € (0, 1);

(29, s%) and p® = 1 such that ¥U(v°) < 7.
begin

=20 s:= 5% p:=pu

while ru > ¢ do

begin
= (1—0)u;
while ¥(v) > 7 do
begin

solve the system (11) and use (9) to obtain Az and As;

Determine a step size «;

T =1+ alAux;
s:= 5+ aAs;
end
end
end

Fig. 1 Algorithm

T again, hence during the course of the algorithm presented in Fig. 1 the largest values of
W (v) occurs just after the update of . So next we derive an estimate for the effect of a
p-update on value of W(v) by using the following two lemmas, which are the same as
Lemma 3.1 and 3.2 in [20].

Lemma 4 (Lemma 3.1 in [20]) Let 8 > 1. Then

2 1
v <y + Ve

Lemma 5 For any v € intK, then
lol? < 2% (v) +2r).

-q_
Proof Since ep(qu s positive and pg > 1, the kernel function (2) has a lower bound as
follows:

| 1 12
Y(t) > 5 > =2
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This implies

N N

1

2R () =X 3w (v (<”>))+2er
This completes the proof.

The following theorem gives an upper bound for W ( J 117 p v), which plays an important

role in the analysis of the algorithm presented in Fig. 1.

Theorem 2 Let 6 be such that0 < 6 < 1 and v € intKC. If ¥ (v) < t, then

\IJ( ! v>< 2 (t+r)
Vi—-6) 7 1-6 ’

Proof From Lemma 4 with 8 = J 117 P > 1 and Lemma 5,

w( ) Zj:w( M{#ﬁ)sww+;@le—gww

v=1i=I
0 2
=V +, _,Ww+2n= W+ = T+
The proof is completed.
4.2 Computation of the Default Step Size

In this section, we compute feasible step size « such that the proximity function is
decreasing and is bounded for the decrease during inner iterations.

In each inner iteration after the default step, we have got new iterates (x4, s4+) according
to Eq. 12. We define v as follows:

Pluy)xy P (MJ:])S+

Y/ T

where u; = wjrl/ 2 such that wy is Nesterov-Todd scaling point of x4 and sy. Now, we
consider the decrease in W (v) during an inner iteration as a function of @ and define

f@) = V(o) — V().
At this stage, we invoke Proposition 3.1 in [20] where N = 1.

Proposition 4 (Proposition 5.6 in [24]) Let the proximity function be as defined in Eq. 4.
Then we have

W) =W ((P(v +adx)? (v +ads))2) .

@ Springer



J Math Model Algor (2014) 13:537-556

Proposition 3 and Proposition 4 imply that, foreach v, 1 <v < N,

1

1 2
W (v_@) =y (P (v(") +otdx("))2 (v(") + ads(")))

< ; <\IJ (v(") +otdx(")> + W (v(”) +otds(”))> .
Taking summation over all v, 1 <v < N, we get
1
Y(vy) < 5 (Y (v+adx)+ ¥(v+ ads)).
So, we have
1
flo) < fi(w) := 5 (W(v+adx)+ ¥+ ads)) —V(v).
Since the linear transformation .A has the Cartesian P, («)-property and
AAx — As =0,
from Eq. 7, we obtain

(1+40) Y (Ax®, As@) + 3 " (Ax™, AsY) > 0,

vely vel_
where I = {v : (Ax™, As) >0}, I_ ={v : (Ax™, AsM™) < 0}.
Since {dx, ds) = <A"I’LAS) , using Egs. 9, 13 can be rewritten as
A +46) Y (dx™, ds®)+ > (dx®, ds™) > 0.
vely vel_
In the sequel, we use the following notations:
oy = Z (dx™, ds™), ando_ = — Z(dx(”), ds™).
vely vel_
Lemma 6 One has

<152 and <1(1+4)2
o o°, ando_ < K)o~
Ty 4

Proof We have

1
0=, Z(dx(") —ds™W, dx™ — gs™)

vely

1
A D (dx® +ds™, dx +ds™) = 3 " (dx®, ds™).

vely vely
Hence, by Eq. 15, we have
1
oL = Z (dx™, dsM)y < 4 Z dx™ +ds™, dx™ + ds™)

vely vely
N

IA

v=1

1 1 1
4 Z(dx(”) +ds", dsx") 4+ ds™) = 4||dx +ds|*> = 402.

547

13)

(14)

s)
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It follows immediately from Eq. 14 that
(1+4k)oyr —o_ > 0.
Then
o_ < (1+4x)oy < ;(1 + 4k)o 2.
This proves the lemma.

Lemma 7 One has

ldx|1> + |ds]> < (1 4 2«)o>.

IA

Proof From Eq. 14, we have

8k
— o
1+ 4k

0% = |ldx + ds||* = |ldx|* + |ds|I* + 2(o4 —0_) > |ldx|* + ||ds|?
Thus by Lemma 6, we have

8k
ldx|? + |lds||> < 0% + |4 S (1 4 2k)o>.

The proof is completed.

The following lemma is derived from Lemma 14 in [5] and Lemma 7.

o w0 )
Amin(V + @dx) > Amin(v) — Ol«/l + 2k o,

Amin(V + &ds) > Amin(v) — @v/1 + 2k0.

Proof Choose a € (0, j;"_‘:;z)g) arbitrarily. From Lemma 14 in [5],
Amin(v + adx) = Amin(v) — alldx],
and
Amin(V + ads) > Amin(v) — alds||.
By Lemma 7, we have
ldx|l < ~/1+ 2xo, and ||ds|| < /1 + 2«o.
Thus
Amin(V + adx) > Apin(v) — a1+ 2k0o,
and
Amin(v + ads) > Anin(v) — a1+ 2ko.

The proof is completed.

In the same way as Proposition 3.2 in [20], we have the following result.
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Proposition 5 Suppose that the functions V(x) and V(x) are defined by Eqs. 2 and 4,

respectively. Then, for any o« € (0, jméz)a)’

fla) = ; XN: (e (v (v + edx®) 0 dx®) +Tr (' (v + ads®) 0 ds)),

e

fl@ < zmax [av (1 (30@). 2 (30@)) 1 sv =N 1 =i j =n ) dx)?

43 max[Aw’ ()\,- (ﬁgw(a)) A (a§“>(a))) l<v<N,1<i, j< ru} llds|>,

2
where 3 (@) = v® + adx®™ and 7 (@) = v® + ads®
v (A () L) = A0,
NV O WSTO)ER P /
i J 14 ()L)l”.(().;,)l{/jé.}gl( ) Ai() # )Lj(')-

The following lemma gives an upper bound for the second derivative of fi(«) in terms
of o and " (¢). This plays an important role in the analysis of the algorithm presented in
Fig. 1.

. Amin (V)
Proposition 6 For any « € (0, N +2m)’

NG ;(1 +26)0 %Y Omin (v) — /1 + 2«0).

Proof Since ¥ (¢) is a decreasing function on ¢ € (0, c0), using Lemma 8 and the mean
value theorem, we have

max{AW’ (A,- (v(") +otdx(")> A (v(”) —|—adx(”))> lv=1,...,N,i,j = 1,...,rv}
=W Gomin (v + @) =9 (hmin() = a/1 + 260 ).

and

max {At// (Ai (v(”) +ads(”)) Y (v(”) +ads(”))) lv=1,...,N,i,j= l,...,rv}
= ¥ Gumin (v + 0d5)) < " (Amin(v) — @/ + 2407 )

Thus, by Proposition 5 and Lemma 7,

IA

@ = ¥ Gnin(0) = av/1 +2¢0) (Ildx | + lds|)

3
2
2(1 +26)02 Y (Amin(v) — av/1 + 2k0),

IA

which completes the proof of the lemma.

Lemma 9 [f the step size o € (0, ;i"j:;z)a) satisfies

—¥ i (V) — /1 4 260) + ¥ (nin (v)) < (16)

o
31+ 2
then, f|(a) <O.
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Proof Proposition 5 gives, by Eq. 11,

1 1
1) = 2Tr(1ﬂ’(v) o (dx +ds)) = —2Tr(1ﬂ’(v) o ¥’ (v)
_ 1 , 2 o2
= — W IPr=-""
Thus, by Proposition 6, we have
Fl@ = fl0)+ fo £l(&)de
02 3 2 ¢ "
<7 04200 / U Gumin() — E3/1 + 260
0
2
= —2 — z\/l + 2ko (l/f/()\min(v) - Ul\/l + 2k0) — W/()\min(v)))
or 3 o
— 1+2 =
< -, TV REW T

This proves the lemma.

In the following lemma, we compute the feasible step size « such that the proximity
function is decreasing when we take a new iterate for fixed .

Lemma 10 Let p : [0, 00) — (0, 1] denote the inverse function of the restriction of —y'(t)
in interval (0, 1]. Then the largest step size « that satisfies (16) is given by

* _«/1—1—2/(0 <p(0) p(<1+3«/1+2x>6>>. a7

Proof We want to compute the step size « such that (16) holds with « as large as possible.
Since ¥”(¢) is monotonically decreasing, the derivative of the left hand side in Eq. 16 with
respect to « is

V1 4+ 20" (rmin(v) — av/1 + 2k0) > 0.

So the largest possible value of « satisfying (16) occurs when

— ¥ Omin(v) — /1 4 260) + ¥ (in(v)) = 18)

3V1+ 2
The derivative of the left hand side in Eq. 16 with respect to Amin(v) is
" min(v) — aV/1 4 2k0) + ¥ (Amin (v)) < 0.
This implies that with o fixed if Anin(v) gets smaller, then « gets smaller. Note that
o =¥ @I = 1Y Gmin(W)] = =¥ min (v)). 19)

The equality holds if and only if Ayin(v) is the only coordinate which is different from 1
and Apin(v) < 1, i.e., ¥ (Amin(v)) < 0. Hence, the worst situation for the largest step size
occurs when Ani, (v) satisfies

— ¥ (kmin(v)) = 0. (20)
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In the worst case by Eq. 20 and the definition of p,

Amin(v) = p(0). @n
From Egs. 18 and 20,
1
— ' min(V) — /1 + 2k0) = <1 + 31 +2K>0. (22)
Thus by the definition of p and Eq. 20, the largest step size « of the worse case is given as
follows:
N 1 1
T Vit (p(a)_p<<l+3dl+2x>°>>' 29

This completes the proof.

Let x, s € intKC and @ € (0, «*], we want to prove that xy € intkC and s € int/C
and Eq. 16 is satisfied for all @ € (0, «*]. We know that x; = JuP(u’l)(v + adx) and
s+ = /uPw)(v+ ads). By the definition of p and Eq. 19, we have

Amin(V) = p(0). (24)

So we obtain

G<at= | | <p(0) —p ((1 ¢! >a>> < Amin(V) 25)
- V1 + 2o 371+ 2k ~ V1420’

By Lemma 8 and Eq. 25, we have v+adx € intKC and v+ &ds € int/C. Thus by Proposition
2, we obtain x4 € intKC and s; € intK. Since the left-hand side of inequality (16) is
increasing in o and decreasing in Apin(v). Thus we obtain

— % Oemin (V) — &1 + 2k0) + ¥ (Amin(V))
<~ Oemin(v) — @*V1 4+ 2k0) + ¥ (Amin(v))
< —¥'(p(0) — a*V1+2k0) + ¥ (p(0))
(l + ! )0 —0 = 7 .
31+ 2 31+ 2

Now, we compute the lower bound for «* in Lemma 10. It can be easily obtained by
using the following result.

Lemma 11 (Lemma 3.6 in [20]) Let o > 1. Then, for0 <t < p <§U>,

q+1

1
V(1) < 1430(1 + pg +q) (1 +, 10g30> !

Theorem 3 Let o™ be as defined in Eq. 23, Then
1

- 314 26) 9" (p ((1 + 3¢11+2K> 0)) |

Proof Due to the definition of p, we have

—¥'(p(0)) = 0.

a*
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Taking the derivative of o at both sides, we get

1

'(6) = — 0
PO =" ooy =

Hence p is monotonically decreasing. Moreover, we have

“= i G| (inl 1
T Vit Joe )Gp = Jl+20 )y v (p(£))

+3¢|+2K
1
(1+3J1+2K)a
1 §

S Lo o((e ) ),
1

304 200" (p ((‘ + m]m)")) |

where the inequality follows from p and v are monotonically decreasing.

Since 1" (¢) is monotonically decreasing, Theorem 3 and Lemma 11 imply that

1

a*

g+1\
3(1 4 2) <1+30(1+pq+q)(1 +L10g30) ‘ )

In the sequel we define the o as follows:

- 1
@ = (26)

g+1\ ’
3(1 4 2) (1+30(1—|—pq+q) (1+ ;,1og3a) ‘ )

and we will use & as the default step size in the algorithm for the Cartesian P, (k)-SCLCPs.
4.3 Decrease of the Proximity Function During an Inner Iteration

In what follows, we will show that proximity function ¥ in each inner iteration with the
default step size &, as defined by Eq. 26, is decreasing. It can be easily established by using
the following technical result.

Lemma 12 (Lemma 3.12 in [25]) Let h(t) be a twice differentiable convex function with
h(0) =0, W' (0) < 0and let h(¢) attain its (global) minimum at t* > 0. If k" (¢) is increasing
fort € [0, t*], then

th'(0
h(t) < 2(), 0<rt<rt*

By Lemma 12, we have the following lemma, which gives an upper bound for the
decreasing value of the proximity function W in each inner iteration.
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Lemma 13 If the step size « is such that « < a*, then

f@) <=5 o

o —_ 4 .
Proof By Proposition 6, we have

o ré
fi@ = 7O+ fOa+ [ [ fiedcas
o Jo

< h(@) := f1(0) + f{(0)x

a &
+ 2(1 + 2K)O’2/ / U (rmin(V) — £/1 + 2k0)d ¢ dE.
0o Jo

We can easily verify that

o2

h(0) = f1(0) =0, h'(0) = f{(0) = — )

Taking o < o™, we derive

’ 02 3 ! !
W@ == = V1+2%o (¥ Cmin (@) = /1 4+ 260) = ¥/ Guin(0)))
o? 3 o
— 142 =
=< ) +2\/ + KU3«/1+2K 0

The last inequality holds due to the definition of o*, which guarantees that if « < o™ then
inequality (16) holds. Since ¥/ (t) < 0 for r > 0, h”(«) is increasing in «. Therefore i (a)
is satisfying assumptions of Lemma 12,

F@ < fi@) < hi@) < “hz(()) _ Y2

4

The result follows.
Theorem 4 With a being the default step size as given by Eq. 26, one has

q+1°

1 ) N4
143721+ pg +q) (1 n ]1,1og3\/2\p0) ‘

f@) = <_ 6(1 + 2)

where Vg is the value of V(@) after j-update in outer iteration.

Proof Using Lemma 13 with « = & and Eq. 26, we have

= 2
f(o_l)<—a o?=|- : 7 .
HO ==y 121 + 20) 1 st
1+30(1+ pg +q) <1+p10g30>
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Since the last expression is monotonically decreasing in o, we can express the decrease in
terms of W = W (v) by Lemma 3 as follows:

I v
fla) < (— )
6(1+2 a1
207 s wa +pg+q) (1 + LlogB«/Z\IJ) ‘

<_ 6(1 izm) e

q+1

VW +329(1 + pg +q) (1 +1 1og3¢2\p0) ‘

( 1 ) A
6(1 + 2) g+t
1 43v2(1 + pq +q) (1 +1 1og3J2w0) ‘

where the inequality follows from Wg > W > 7 > 1. The proof of the theorem is
completed.

4.4 Tteration Bound
For the analysis of the algorithm presented in Fig. 1, we need to count how many inner

iterations are required to return to the situation where W (v) < t after a yu-update. We denote
the value of W(v) < t after a u-update as Wy, the subsequent values in the same outer

iteration are denoted as W, k =1, 2, ..., K, where K denotes the total number of inner
iterations in the outer iteration. Then we have
2

‘Ifofl 9(T+r)=0(r), Vi1>1, 0S¥ <,

where the inequality and equality follow from Theorem 2 with T = O(r) and 8 = ©(1).
According to decrease of f(«) obtained in Theorem 4,

: NAS

Wit < Wy — -
(14 2k) (6 +18V2(1 4+ pg + q) (1 + }, 1og3¢2\y0) a )

At this stage, we invoke Lemma 14 in [25].
Lemma 14 (Lemma 14 in [25]) Let to, t1, ..., tx be a sequence of positive numbers such
that

tig1 ftk—ﬂt,:_y, k=0,1,..., K—1,

where 8 > 0and 0 < y < 1. Then

14

11
K< 9.

By

1

Letting #x = W, B = o4 and y = ;, we can

(14+2«) 6+18«/2(l+pq+q)(1+ ! log 3¢2w0) 4

get the following lemma from Lemma 4. This gives an upper bound for the number of
iterations of the algorithm presented in Fig. 1.
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Lemma 15 Let K be the total number of inner iterations in outer iteration. Then we have

g+1
q

1 1
K <2(1+2) | 6+18vV2(1 + pg + q) <1+ 10g3\/2\110) we,
p

where Wy is the value of V(@) after j-update in outer iteration.

After some elementary reductions, we have the following theorem, which yields the
iterations bound of the algorithm for the Cartesian P, («x)-SCLCPs.

Theorem 5 If 7 > 1 and 0 < 6 < 1, the total number of iterations is not more than

q+1

1 Ll
21+ 2i) [ 6+ 18v2(1 + pg +q) <1 + 10g3\/2\110) Tl [9 logr—‘.
P I

Remark 1 1f one takes p = logr and ¢ = 1 (when v = O(r) and 6 = ©(1)), it shows
clearly that gives the currently best known iteration bound for the large-update methods,
namely

(0] ((1 +2K)\/r10grlog< )) .

r
e
5 Concluding Remarks

In this paper we have extended a new complexity analysis of primal-dual interior-point
algorithms for SOP based on the parametric kernel function ¥ (¢) defined by Eq. 2 pro-
posed in [20] to Cartesian P, (x)-SCLCPs. By using Euclidean Jordan algebraic techniques,
we derived the iteration bound that match the currently best known iteration bound for
large-update methods. Some interesting topics remain for further research. First, the search
directions used, are all based on NT-symmetrization scheme. It may be possible to design
similar algorithms using other symmetrization schemes to obtain polynomial-time iteration
bounds. Second, the numerical test is an interesting topic for investigating the behavior of
the algorithm so as to be compared with other approaches.
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