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Abstract. In this paper, we consider the shifted barrier KKT conditions for
nonlinear optimization. We propose a primal-dual interior point method based
on these conditions. By choosing suitable parameters used in our method, we
prove local and g-quadratic convergence of the Newton interior point method,
and local and g-superlinear convergence of the quasi-Newton interior point
method.

AMS 2000 Mathematics Subject Classification. 90C30, 90C51, 90C53.

Key words and phrases. Constrained optimization, primal-dual interior point
method, local convergence property.

81. Introduction

In this paper, we consider the following constrained optimization problem:

minimize  f(z), zeR”
subject to  g(z) =0, h(xz) >0,

(1.1)

where we assume that the functions f : R® — R, g : R* — R™ and h :
R" — R! are twice continuously differentiable. By introducing slack variables
$; >0, i=1,...,1, problem (1.1) is written as:

minimize  f(z), reR”

(1.2) subject to  g(z) =0, h(z)—s=0, s>0.

Define the Lagrangian function of the above problem by
L(x,y,u, S, Z) = f(x) - yTg(x) - uT(h(x) - S) - ZTS’
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where y € R™,u € R! are Lagrange multiplier vectors corresponding to the
equality constraints, and z € R! is a Lagrange multiplier vector corresponding
to the inequality constraint. Then Karush-Kuhn-Tucker (KKT) conditions for
optimality of the above problem are given by

Vf(z)— A(x)'y — B(x)Tu 0
g(x) 0
h(z) —s = 0], s>0, z>0,
uU—z 0
SZe 0
where
A(w) - (v.ql(x)v"' 7v9m(x))T7
B(z) = (Vhi(z),...,Viy(z))T,
S = diag(si,...,s),
Z = diag(z1,...,21),
e = (1,...,DT eR.

Since the fourth equation of the above conditions implies u = z, the Lagrangian
function can be rewritten as

and the KKT conditions reduce to

V. L(w) 0
ro(w) = h(‘i()xzs = 8 , §>0, 2>0,
SZe 0
where
w=(z,y,25)"
and

V.L(w) = Vf(z) - A(z)Ty — B(z)T 2.

We note that the Jacobian matrix of ro(w) is represented by

V2L(w) —A(z)T —-B(@)T 0
P A
0 0 S A
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To solve problem (1.2) by a primal-dual interior point method, some re-
searchers have considered the barrier function minimization problem:

minimize  f(z) — p Y.\, log s;, (z,s) € R" x RY,
subject to g(z) =0, h(x)—s=0,

where p > 0 is a barrier parameter and
Ry ={veR'| v;>0,i=1,...,1}

The first order necessary conditions for optimality of this minimization prob-
lem are given by the following equations:

V() = A(x)"y — B(x)" 2

g(x)
h(z) —s
z—puS~lte

, SGRIJF.

|
cooo

By noting z = uS~'e (> 0), these equations are written as
V. L(w)

= 9(x)
(14) Tl(wa :U‘) = h(l’) — s
SZe — e

l l
, (s,2) e Ry xR/

o O O O

We call these conditions as the barrier KKT conditions. When we apply
the Newton method to the nomlinear equations, the Newton step Aw =
(Az, Ay, Az, As)T is defined by a solution to the Newton equation

r1(w; ) Aw = —ry (w; ),

where 7] (w; ) coincides with r{(w) in (1.3).
To globalize Newton-like methods, Yamashita [13] introduced the following
barrier penalty function as a merit function:

l m l
(1.5) Fu(x,80,0,p) = f(x) —p Y logsi+a Y |gi(x)|+pd |hi(z) —si,
=1 =1 i=1

where p > 0 is a barrier parameter, and ¢ > 0 and p > 0 are penalty param-
eters. The above function is called the li-type barrier penalty function. We
should note that this function is nondifferentiable. Yamashita showed that if
o and p are sufficiently large, the necessary conditions for optimality of the
l1-type barrier penalty function minimization problem for a given p > 0 can
be represented by the barrier KKT conditions (1.4). Convergence properties
of primal-dual interior point methods based on (1.4) have been studied by
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many authors. Byrd, Liu and Nocedal [4], El-Bakry, Tapia, Tsuchiya and
Zhang [7], Martinez, Parada and Tapia [11], Yabe and Yamashita [12], and
Yamashita and Yabe [14] analyzed rate of convergence of these methods, for
example. Global convergence properties were also studied by Byrd, Gilbert
and Nocedal [2], Byrd, Hribar and Nocedal [3], El-Bakry, Tapia, Tsuchiya and
Zhang [7], Yamashita [13], and Yamashita, Yabe and Tanabe [16], for example.
See also Forsgren, Gill and Wright [10] as a comprehensive review of recent
studies of interior point methods for nonlinear optimization.

In this paper, we consider the following differentiable barrier penalty func-
tion instead of (1.5):

l m l

(1.6) Fy(x,s;0,0,p) = f(x) —uZlogsz'Jr% Z(gi(x>)2+2—1p > (hi(z)—s;)?

i=1 i=1 i=1

which is extensively described in the book by Fiacco and McCormick [8].
We call this function the quadratic barrier penalty function. The necessary
conditions for optimality of the minimization problem

minimize Fy(z,s;p1,0,p), (2,5) € R" x RL

are given by the following:

m

1 1<
Vf(x — i(2)Vg;(x — hi(z) — s;)Vh;(x
op | TI@+ 5 @V + 2 S 0n(a) = ) Vil :<0>

1
—uS~le+ =(s — h(z))
p
and s € Rl+. As in [8, 9, 15], we introduce the variables y and z by

(h(x) = s).

1 1
y=——g(z) and z=-—-
o p

Since V,F, = 0 implies z = uS~'e, the above conditions are written as

V.L(w)

, _| 9@ toy | _

(17) 7’2(10,,11,,0', p) = h(CL‘) — s+ pz -
SZe — ue

l l
. (s,2) e R xR

o O O O

We call these conditions the shifted barrier KKT conditions. It should be
noted that we treat x, y, 2z and s as independent variables. These conditions
are also considered by Forsgren and Gill [9], and Yamashita and Yabe [15].
Based on these conditions, they proposed a differentiable primal-dual merit
function in order to obtain global convergence properties.
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We are interested in condition (1.7), because the parameters o and p sta-
bilize the Jacobian matrix r5(w; u, o, p) defined below. In fact, the regularity
condition is necessary for the Jacobian matrix 7} (w;u) to be nonsingular at
the solution, while the Jacobian matrix 74 (w; i, o, p) becomes nonsingular at
the solution by means of the existence of the fixed positive parameters o and
p even if the rank of A(x) or B(z) is deficient. This property is important in
the global convergence analysis for fixed positive parameters u, o and p.

In this paper, we will analyze local behavior of primal-dual interior point
methods based on (1.7) instead of (1.4). Yamashita and Yabe [15] showed ¢-
superlinear convergence property of the method in the case where the iterates
move along the central path near a solution. On the other hand, this paper
shows the fast rate of convergence in the case where the iterates are in the
neighborhood of a solution without considering central paths. Convergence
results of this paper are closely related with those given by Yamashita and
Yabe [14] for the barrier KKT conditions (1.4).

This paper is organized as follows. Section 2 will describe an algorithm
of our method. In Section 3, we will present some useful lemmas in prov-
ing convergence properties. In Section 4, we will show local and g-quadratic
convergence of the primal-dual interior point method based on the Newton
method. In Sections 5, we will show local and g-superlinear convergence of
the primal-dual interior point method based on the quasi-Newton method.
Finally, Section 6 will give concluding remarks.

Throughout this paper, we call w satisfying s > 0 and z > 0 an interior
point. The algorithm in this paper will generate such interior points. In
what follows, the subscript k denotes an iteration count. Let (wy); be the ith
element of the kth iterate wy.

82. Algorithm of primal-dual interior point methods

We consider the shifted barrier KKT conditions (1.7). Then the Jacobian
matrix of ro is represented by

V2L(w) —A(z)T —B(x)T 0
P (w: 1, 0, p) = A(z) ol 0 0
2 Y, O0,P) = B(Q?) 0 p[ T
0 0 S Z
We note that
0
oy R . .
r2(w; p, 0, p) = ro(w) + s = ro(w) — pé + oy + pz,

_He
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where

>

Il
o o O O
o ow O
oS O O

Now we give an algorithm of our method as follows.

Algorithm IP

Given an initial point wy = (zo, Yo, 20, So) with so > 0 and zp > 0 and an
initial matrix Gy, for kK =0,1,2,..., do

(1) Choose the parameter pp > 0, o > 0, pr > 0 and v, € (0,1).

(2) Solve the following system for Awy, = (Axy, Ay, Azg, Asp)

(2.1) JeAwy, = —r2(Wk; fks Tk, Pk)
where
Gk —A(a;k)T —B(a;k)T 0
| Alzk) ol 0 0
(2.2) Jk - B(l‘k) 0 ka —1I
0 0 Sk Z,

and G} is the Hessian matrix V2L(wy,) of the Lagrangian function or its ap-
proximation.
(3) Compute the step size

(51)i
(Ask)i

o <.

(2.3) o = min{l,yk min{—
1

(Asg); < 0} ,

(4) Update:
Wg4+1 = WE, + o Awy.

If the matrix G}, is the true Hessian matrix V2 L(wy) of the Lagrangian func-
tion, then Algorithm IP becomes the primal-dual interior point method based
on the Newton method, which is called the Newton interior point method.
If the matrix G is an approximation to the Hessian matrix ViL(wk), then
Algorithm IP becomes the primal-dual interior point method based on quasi-
Newton methods, which is called the quasi-Newton interior point method.
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§3. Basic properties

In this section, we analyze the behavior of iteration vectors and step sizes given
in Algorithm IP near a solution. Let w* = (z*,3*,2*,5*)7 be a KKT point,
e, ro(w*) = 0, and let I(z*) = {i | hiy(z*) = 0}. We assume the following
conditions:

(A1) The second derivatives of the functions f, g and h are Lipschitz contin-
uous at x*.

(A2) The point z* satisfies the regularity condition, i.e., the vectors Vg;(z*),
i=1,...,mand Vh;(z*), i € I(z*) are linearly independent.

(A3) The strict complementarity of w* is satisfied, i.e., (2*); > 0 for i € { ¢ |
(8*)i = 0}.

(A4) The second order sufficiency condition for optimality is satisfied at the
point w*, i.e., for all v # 0 satisfying Vg;(z*)Tv = 0, i = 1,...,m and
Vh;(z*)Tv =0, i € I(z*), vI VZL(w*)v > 0 holds.

Let || - || denote the I3 norm for vectors and matrices, and let || - ||as and
| - || be a matrix norm and the Frobenius norm for matrices, respectively.
Then, by the norm equivalence, there is a positive constant 7 such that, for
any matrix C,

%HCHF <[[CI<nlCllr and [[Cllr <nllCllar-
Under assumption (A1), there exist a positive constant £ and open convex sets
Di(Cc R") and D(C R™ x R™ x R! x R!) such that z* € D; and w* € D,
[A(x) = A@@")|| < &llz — 2™ and [|B(z) = B(«")[| < [z — 27
for Vo € D1,
Iro(w) = ro(w")[| < &flw —w™|| and [[Vro(w) = Vro(w®)|| < &flw — w||
and

Iro(w) = ro(w) — ro(w™)(w — @) < %S(Hw — W[ + [l — w|)Jw — ]

for Yw,w € D. The last inequality is given by [6], for example.

In the subsequent sections, we will prove local convergence properties of
primal-dual interior point methods that use Newton and quasi-Newton meth-
ods. For this purpose, we present some lemmas. The following lemma cor-
responds to Proposition 4.1 in [7] and guarantees the nonsingularity of the
matrix 7((w*). This is an essential result for showing the fast rate of conver-
gence of Newton-like methods.
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Lemma 1. Under assumptions (A1)—(A4), the matriz ri(w*) is nonsingular.

Proof. Though another proof was shown by El-Bakry et al. [7], we give a
direct proof.

Let v = (v1,v9,v3,v4)T € R"xR™xR!xR!. We will show that ) (w*)v = 0
implies v = 0. Assume that rj(w*)v = 0. The equations are represented by

V2L(w*)vy — A(z*)Tvg — B(x*)Tv3 =0
A(z*)v1 =0
B(z*)v; —v4 =0
S*Ug + Z*U4 =0.

(3.1)

With respect to active sets and inactive sets, we define I* = {i | (s*); = 0}

and J* = {j | (s*); > 0}, and we denote s = zl* ,B(z*) = < B
J*

without loss of generality. The fourth equation of (3.1) yields
(8M)i(v3)i + (2%)i(va)i =0, i=1,...,1
By using the strict complementarity condition, we have
(v4); =0, € I* and (v3); =0, jeJ,

and we have Br«v; = 0 by the third equation of (3.1). Thus we have

V2L(w*)v, — A(z*)Tvs — (BL|BT.) ( (“30)” ) =0

and then
vaiL(w*)vl — (A(m*)vl)Tvg — (prl)T(v?))I* =0,

which implies v{ V2 L(w*)v; = 0, because A(z*)v; = 0 and Br+v; = 0. Since
assumption (A4) yields v; = 0, it follows from the first and third equations of
(3.1) that vy = 0 and

m
A(z*)Tvg + B(x*)Tvg = Z(vg)ngi(a:*) + Z (v3);Vhi(z*) = 0.
1=1 el
Furthermore, the regularity condition implies

ve=0 and (v3);- =0.

Therefore we obtain v = 0. O
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We note that the Newton iteration for the modified complementarity con-
dition yields
(3.2) SI;IAS]C + Z;lAZk = ,uk(S’ka)_le —e.

The following lemma is very helpful for the convergence analysis and is essen-
tially the same lemma as Lemma 3 in [14].

Lemma 2. Let assumption (A3) hold. Define

K = 2max {max{
K3

(s); > 0} ,miax{

() > o}}

1 1
(s*)i (2%)i
There exists a positive number €y such that, if

[[wr — w*[| < eo,

and if Awy, satisfies (3.2), then for each i such that (s*); =0,

(AS}C)Z _

+ r)ir  |(pr)il < K[ Awg,

Az ‘
\( Ril < e Ay,

2k)i

and for each i such that (s*); > 0,

(24)i G T Nl < s flAw]

The next lemma corresponds to Lemma 4 in [14].
Lemma 3. Let the assumptions of Lemma 2 hold. If
K || Awg|| < vk,
then

(3.3) 1 Zak zfyk—/{HAwkH.

The following lemma estimates the matrix Ji in (2.2) and the step size ay
in (2.3) near the point w*.
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Lemma 4. Suppose that assumptions (A1)—(A4) hold and that the sequence
{wy} is generated by Algorithm IP. Then there exist e >0, § >0, > 0 and
p > 0 such that, if ||wy — w*|| < e, |Gy — VEL(w*)|[,; <6, 0 < o, <5 and
0 < px < p, then

(34) |[Jk —ro(w®)|| < nQ\/52 + &2+ 0l +p2 < n2\/52 +&2e2 4+ 52 4 p2,

and HJ,;lH < ( for some positive constant .

Furthermore, there exists i > 0 such that if, in addition, 0 < ui < fi, then
the following holds:

(35) 0<1—ap < (L—m)+O(ro(wk)ll) + Olpr) + Oow) + O(p),
provided that 0 <5 < v, < 1 where ¥ is a constant.

Proof. Since

i — 7o (w*)
Gy — V2L(w*) A(x*)T — A(zp)T B(x*)T — B(xp)T 0
_ A(zg) — A(z*) ol 0 0
N B(xzy) — B(x*) 0 ol 0 '
0 0 Sy — S* Ly —2*
we have

1T — 76 (w*)|[3
< |Gy = VEL(w*)|F + o |5 + okl 117 + |16 (wr) — ro(w®) |1 F
< PG — VL") |3 + il + R T 1I7 + n?(lrh (w) — ro(w*)|1?
<’0% + nop + 17 pf + 07 lw — w*||?
<P (6% + 2% + 5% + 7).

Thus

1Tk = 7o (W) < nll i = ro(w")llF < 772\/52 +8%e2 0% + P2

This proves inequality (3.4).
By choosing ¢, §, 6 and p such that

*\ — * — — *\ — 1
7 (w*) = (T = rp(w*))|| < 772\/52 +&22 452 + p? [|ro(w) 7 < 3

it follows from the Banach perturbation lemma that J; is nonsingular and

r()(w*)le.

e I (w) | <=2
R N R R TORT
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Thus we have

(36)  NAwl = [ ra(wis e on o)
<[5 o)l + e llell + ol + pxllze )
< ClroCwm)ll + el + onllwnl + prllwill))

To prove (3.5), we note that if €, d, i, & and p are sufficiently small, then
from the conditions for the parameters and (3.6), the assumption of Lemma 3
is satisfied. It follows from (3.3) that

0 < 1—0%
< (1 =) + wf Awg
< (L =) + wC(llro(wr) | + prllell + onllwill + prllwel])-

Therefore, from the boundedness of {wy}, we obtain (3.5). O

84. Local and quadratic convergence of the Newton interior point
method

In this section, we pay our attention to the local and quadratic convergence
property of the Newton interior point method. Letting Gy = V2L(wy,) in (2.2)
of Algorithm IP in Section 2, we have Ji = r(wk; pig, Ok, Pk)-

Theorem 1. Suppose that assumptions (A1)-(A4) hold. Let Gy = V2L(wy).
Let {wy} be generated by Algorithm IP. Choose the parameters such that

0 < pe = O([ro(wp)?), 0 < or = O(||ro(wp)|?),
0 < pr = O(ro(we)[?) and 0<1 = =O([ro(ws)l]).

Then there exists a positive constant € such that for
lwo — w*|| < e, wo € D,
then the sequence {wy} is well defined and converges q-quadratically to w*.

Proof. Assume that
Jwp —w*| < e

for e sufficiently small. Since, by Lemma 4, r)(wy; pg, ok, px) is nonsingular
and

(174 (Wi poks o6, 1) | < €
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we have
wpr1 —w' = (wp —w") + apAwg
= (1 - ap)(wgp — w*) — agrh(wi; pr, or, o)~ H{ro(wy) — ro(w*)
0 0
I
—rp(w) (wy, — w*) — Tk wg, — w*
o(wk) (wg ) ool (wg )
0 0

— k€ + okUk + Puii}s

and hence it follows from Lemma 4 that, for ¢ sufficiently small,

|wig1 — w”||
< (1 — og)[fwg — w|
g || (ks gk s px) I (lro (wr) — ro(w*) — 7 (w*) (wy, — w*)|
+(ro(wr) — ro(w*)) (wy, — w*) || + (0% + pr) [wy — w||
+uxllell + oxllyell + pxllzkl)
<A =) + O([[ro(wi)|) + O(pr) + O(ok) + O(pr) }Hlwg — w*||
+O([wi — w*|1?) + O(ur) + O(ok) + O(py).

In the last inequality, the boundedness of {y} and {z;} are used. Thus there
exists a positive constant v such that

|wps1 — w*|| < v]jwy —w*|* < ve® <.

Thus, by using mathematical induction, it is easy to show that the sequence
{wy} converges to w* and the rate of convergence is quadratic. Therefore the
proof is complete. O

85. Local and superlinear convergence of the quasi-Newton
interior point method

By letting the matrix G, be an approximation to the Hessian matrix V2 L(wy,),
Algorithm IP given in Section 2 can be regarded as the quasi-Newton method.
In this section, we show the local and superlinear convergence property of the
quasi-Newton interior point method. The next theorem gives local and linear
convergence of the quasi-Newton method. This theorem corresponds to the
bounded deterioration theorem for unconstrained optimization by Broyden,
Dennis, and Moré [1].
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Theorem 2. Let {wy} be generated by Algorithm IP. Suppose that assump-
tions (A1)—(A4) hold. Choose the parameters such that

0 <y = O(|lro(wi)['F7), 0 < o = O(||ro(wy)|'*7)
0 < pr=O(ro(we)|'™) and 0<4 <y <1

for constants T > 0 and 5 € (0,1). Assume that the sequence of matrices {Gy}
satisfies the bounded deterioration property

1Grr1 = ViL(w)lar < (14 B1oop) |Gy — VAL(w*) || + Batr,
where (31 and Py are positive constants, and
Yr = max([|wpr — w*, [wp —w)).

Then for each v € (1 — #4,1), there exist positive constants € = €(v) and
d = 0(v) such that if

lwo — w*|| < e, wo € D

and 5
IGo = V2Ll < 5,

then the sequence {wy} is well defined and converges to w*. Furthermore,
[wpg1 — w*]| < vllwy, — w||

for each k > 0.
Proof. By induction on k, we will prove that

w1 — | < vijwy —wl| < and  ||Gyer = VL") ar <6
for all £ > 0. For this purpose, we show that if, for ¢ =0,1,...,k,

|w; —w*| < vl|wi—1 —w*|| <e and ||G; — VEL(w*)|[p < 6,

then

w1 — w*|| < vljwy —w*| <e and [|Grer = VIL(w")|lar < 6.

If € and 0 are sufficiently small, it follows from Lemma 4 that J; is nonsingular
and ||J, || < ¢. (From the linear system (2.1), we have

wpr1 —w' = (wp —w") + apAwyg
= (1—oag)(wg —w*) — angl{ro(wk) — ro(w™)
—rp(w*)(wy, — w*) = (Ji — ro(w”))(wy, — w*)
— k€ + ok Gk + prix}
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and hence, for some ¢,

lwper — | < (1= ag)flwg — |
+agll Ty {0 (wi) — ro(w*) — r(w*) (wy, — w*)|
1Tk = () lwn — w*ll + prllel + ollyill + pellzxll}
< {1 =) + O(lIro(we) I Hlews — w*|
+¢{O(Jwy, — w*[[?) + O(uy,) + O(o)
+O0(pr) + 772\/52 + &2e2 + 02 + p2 |Jwr — w¥||}
< {1 =) + O(fJwg — w]]) + Oy, — w*|")

/9 + €287 + 0wy, — w 2047wy — o |
< {1 =4) + ¢ (0T 4 V/62 + 22 Y H|wy, — w*||.
Choosing € and § such that
(1=4) + (0D + Vo2 +e2) <,
we obtain
|lwer1 — w*|| < v]jwgp —w*|| < e.

Moreover, by using the same technique as in Broyden, Dennis and Moré [1],
we can show that

|Gr1 = VEL(w*)|[ar < 6.

We can prove the case of kK = 0 in the same way as above. Therefore the proof
is complete. O

Now we give necessary and sufficient conditions for superlinear convergence
of our method.

Theorem 3. Suppose that assumptions (A1)—(A4) hold and that the sequence
{wg} generated by Algorithm IP converges linearly to w*. Choose the param-
eters such that

0 < g = o([[ro(wi)[), 0 < ox = o([[ro(wk)|]),

0 < pi = olllro(wy)) and 0 <17 = o(L).

Then the following four conditions are equivalent.
(a) The sequence {G}y} satisfies

(5.1) lim (G, = VEL(w*)) (zy1 — a1)|

=0.
k—o0 lwg 1 — wg |
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(b) The sequence {Jy} satisfies
J _ * _
52 U = ) g — ]
k=00 [whs1 — wil]
(¢) The sequence {ro(wg)} satisfies
5 N L
koo [|wp 1 — wl|
(d) The sequence {wy} converges superlinearly to w*, i.e.,
_ *
lim Lee =l
Proof. First we note that linear convergence implies, for some v € (0, 1),
lwr —w*| < flwepr — w || + [Jwgrr — wil]
< vllwk — w + [Jwker — wel),
so we have i
(5.4) hoe —w'] 1
w1 —wil ~ 1—v
(a) = (b): Since
(I = ro(w")) (w1 — wi)
Gp — V2L(w*) A(x*)T — A(zp)T B(2*)T — B(zp)T 0
_ A(xy) — A(z*) orl 0 0 .
N B(xy) — B(x™) 0 pil 0
0 0 S — S* Iy — 2%
(W41 — wg)
(Gh — V2L(w")) (511 — o)
0
= 0
0
0
(A(z") = Az)" (Y1 — i) (B(z*) = B(wx))" (2h41 — 2)
+ (A(zk) — A(#"))(Tpt1 — 1) ok (Yrt+1 — Yk)
(B(xy) — B(2")) (w1 — k) Pr(Zkt1 — 21)
Zy = Z7)(sk41 — k) (Sk = 5™)(Zht1 — 2)
we have

(T = 76 (w"))(wet1 — wi)|
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< (G — VZL(w*))( xk+1 — )|

(A(x™) - A( yk—i—l - yk
n (A(wy) — Az karl — Ty)
(B(z) — B(x*)) (k1 — xk)

(Zy — Z7) 3k+1 — 5p,)

(B(z*) — Zk+1 — 21)
+ O'k(yk—i-l
Pk(szrl - Zk

(Sg — S*)(zkx1 — 2k)

< Gk = VAL(w")) (@1 — )| + O(|wg — w*|[[|wpr1 — wgl).
Thus the following holds
[(Je — 7o (w")) (Whs1 — wi)|

lim
k—o0 |wi1 — w|
2T _
< lim [(Gr — VaL(w*))(zpy1 — o) || o,
k—o0 lwg 1 — wg |

which implies (b).
(b) = (a): Since
Gy = VEL(w*)) (x1 — )|
< (Gr = VL") (@1 — ar) + (—A(zr) + A=) (1 — vr)
+(=B(ax) + B@)" (zh41 — 2|
(= Aler) + A@ ) (1 — ww) + (=Blax) + B(@™) (211 — 2)|
< Ik = ro(w")) (wrs1 — wi) | + [ Alzk) — A@) Y41 — vl
+1B(xr) = Bz") | ze+1 — 2]l
we have

[(Gr = VEL(W*)) (@41 — ) |

lwrg1 — wl|
Ji — rh(w*)) (w —w
|wg1 — wi| w1 WkH
|21 — 2|l
HIB(x 1RR+1 = k]l
B - By =2l
Thus (b) implies (a).
(b) = (c): Since
ro(wis1) = ro(wryr) — Jk(Wrp1 — wi) — ag(ro(we) — pré + oxUr + prie)
= ro(wry1) — ro(wy) — 7o(w*) (e 1 — we)
(5.5) —(Jk = ro(w*)) (wr 1 — wi) + (1 — ag) (ro(wy) — ro(w™))

—ap(—pké + orUk + prie),
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we have

IN

70 (wk41) — ro(wk) — 16 (w") (wrp1 — wy) |
(T — 7o (w*)) (wr g1 — wi) || + (1 — ag)|lro(wr) — ro(w™)|
+ag(pxllell + oxllyll + prll2x )
= O(wr — w*Nlwk1 — will + 1(Jx — r6(w™)) (wr 1 — wg) |
+{(1 =) + O([lro(wi) ) }O([Jwy — w™|])
+O(ux) + O(ox) + O(pr)
= O(Jlwy, — w')wry1 — will + | (Jx — ro(w*)) (wrt1 — wy)]]
+o(1)O([|wg — w*||) + o(|Jwg — w*|).

70 (wi+1)ll

Therefore the above and expression (5.4) yield (c).
(¢) = (b): Since it follows directly from (5.5) that

(Je = ro(w")) (wpr1 — wg)
= ro(wrr1) — ro(wr) — ro(w) (w1 — wi) + (1 — ag)(ro(wy) — ro(w™))
—op (=Rl + oG + prii) — ro(Wig1),

we can obtain (b) in the same way as above.
(¢) <= (d): The result follows directly from the same argument as in Dennis
and Moré [5].

Therefore the theorem is proved. O

Note that (5.1) or (5.2) corresponds to the Dennis-Moré condition [5] in
the case of unconstrained optimization. We also note that condition (5.3) is
observable. Thus by observing the sequence {||ro(wi11)||/||wkr1 — wi||}, we
can investigate whether the sequence {wy} converges g-superlinearly to a KKT
point.

§6. Concluding remarks

In this paper, we have considered the shifted barrier KKT conditions (1.7)
that arise from minimizing (1.6), and we have proposed primal-dual interior
point methods based on the Newton method and the quasi-Newton method.
The shifted barrier KKT conditions are interesting, because the parameters
o and p stabilize the Jacobian matrix r5(w;u, o, p) even if the rank of A(x)
or B(x) is deficient. Under standard assumptions, we have proved local and
quadratic convergence of the Newton interior point method, and local and
g-superlinear convergence of the quasi-Newton interior point method. These
are closely related with convergence results by Yamashita and Yabe [14] for
the barrier KKT conditions.
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In [14], they dealt with three kinds of step size rules that include the fol-
lowing two rules in addition to (2.3):
Step size rule A

sk — 17 - A
QgL min { Yk Hliln { ( Sk:)i

(Asg)i < 0}} ,

and (2)
. . 2k )i
— 1 _
Oy = min { Vi ml_m { (Do)

where v, € (0,1). Step sizes for the other variables are chosen as 1, or ag, or a.
Step size rule B

(Azg); < 0}} )

sk = 17 - A
Qgl min { Yk Hlill'l { ( Sk)i

where 5 € (0,1). The step size a, is the largest step that satisfies

(Asg); < 0}} ;

Azk < 17
min{ K ; (Zk)z} < (2k)i +azk(Aze);
Mprr((sk)i + sk (Asy)i)
My o
< max , (28 )4
{ (s1)i + asp(As)); (a1)s
fori=1,...,n, where pur > 0, and where My and My are positive numbers

that satisfy

24y,
My, > max {1’ (1 =) rniin{(sk)z’(zk)i} }

and

M

{ 3mZaX{(5k)i(Zk)i}}
My, > max < 3, :

Step sizes of the other variables are chosen as 1, or oy, or a,.

For Algorithm IP with step size rule A or B, similar convergence results to
Theorems 1, 2 and 3 of the present paper can be obtained.

Acknowledgments. The authors appreciate the valuable comments from an
anonymous referee.
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