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Summary

In this dissertation, we define a new way to view off-central path for semidefi-
nite linear complementarity problem (SDLCP) and second order cone program-
ming (SOCP). They are defined using a system of ordinary differential equations
(ODEs). Asymptotic behaviour of these off-central paths is directly related to the

local convergence behaviour of path-following interior point algorithm [26, 22].

In Chapter 2, we consider off-central path for SDLCP. We show the existence
of off-central path (starting from any interior point) for general direction for all
1> 0. Also, as is expected, any accumulation point of an off-central path is a
solution to the SDLCP. We then restrict our attention to the dual HKM direction
and show using a "nice” example that not all off-central paths are analytic w.r.t
V1t at the limit when = 0. We derive a simple necessary and sufficient condition
to when an off-central path is analytic w.r.t \/p at u = 0. It also turns out that
for this example, an off-central path is analytic w.r.t \/u at g = 0 if and only
if it is analytic w.r.t p at p = 0. Using the example on the predictor-corrector
algorithm, we show that if an iterate lies on an off-central path which is analytic
at u = 0, then after the predictor and corrector step, the next iterate will also
lie on an off-central path which is analytic at ¢ = 0. This implies that if we
have a suitably chosen initial iterate, then using the feasible predictor-corrector
algorithm, the iterates will converge superlinearly to the solution of SDLCP. Next,
we work on the general SDLCP. Assuming strict complementarity and carefully

transforming the system of ODEs defining the off-central path to an equivalent

il
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set of ODESs, we are able to extract more asymptotic properties of the off-central
path. More importantly, we give a necessary and sufficient condition to when an

off-central path in general is analytic w.r.t \/u at p = 0.

In Chapter 3, we consider off-central path for multiple cone SOCP. We first define
off-central path for SOCP for general direction and then restrict our attention to
the AHO direction. We show using an example that off-central path defined using
the AHO direction may not exist if we start from some interior point. Based
on this example, we then give a region, which is possibly the largest, in which
off-central path, starting from any point in this region, is well-defined for all
i > 0. By further restricting the region to a smaller one and assuming strict
complementarity, we are able to show that any off-central path in this smaller
region converges to a strictly complementary optimal solution. We prove this by
giving a characterization of the relative interior of the optimal solution set and
then relate it to the set of strict complementary optimal solutions. The usefulness
of strict complementarity on asymptotic analyticity of off-central path is shown

for 1-cone SOCP.



Chapter 1

Introduction

In path-following interior point algorithms, the central path plays an important
role. These algorithms (for example, the predictor-corrector algorithm) are such
that the iterates try to "follow” the central path closely. Ideally, we would want
the iterates to stay on the central path (which leads to the optimal solution of the
optimization problem under consideration). However, this is usually not practical.
Hence there arises a need to study "nearby” paths on which the iterates lie, besides
the central path, that also lead to the optimal solution. In this respect, there are
a number of papers in the literature, [17, 21, 9, 10, 24, 13, 5, 11, 12, 15] and the

references therein, that discuss these so-called off-central paths.

In [15], the authors considered the existence and uniqueness of off-central paths for
nonlinear semidefinite complementarity problems, which include the semidefinite
linear complementarity problem and semidefinite programming as special cases.

The nonlinear semidefinite complementarity problem that they considered is to

find a triple (X,Y, z) € ™ x S x R™ such that
F(X,Y,z)=0, XY =0, X, YeS

where F': ST x ST x ™ — S" x ™ is a continuous map. Here S™ stands for

the space of n x n symmetric matrices while S7 stands for the space of n x n
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symmetric positive semidefinite matrices.

By representing the complementarity condition, XY = 0,X,Y € S, in several
equivalent forms, the authors defined interior-point maps using which off-central
paths are defined. An example of an interior-point map considered in [15] is

H: 5% x 87 x R™ — S x R™ x " defined by

F(X,Y, z)

H(X,Y,z2) = :
X112y X1/2

Clearly, (X, Y, z) is a solution of the nonlinear semidefinite complementarity prob-
lem if and only if it satisfies H(X,Y,2) = 0. Under appropriate assumptions on
F (which we will not elaborate here), it was shown that, given M in a certain set
in S?,, H(X,Y,z) = (0,uM) has a unique solution for every p € (0,1]. These
solutions, as u varies, define an off-central path, which is based on the given
interior-point map H, for the nonlinear semidefinite complementarity problem.

In [17], the authors also considered the question of existence and uniqueness of

off-central paths, but for a more specified algebraic system:
AX)+B(Y) = q+pq

(XY +YX) = uM (1.1)
XY e Sn.

1
2

where M € S is fixed. Here A, B are linear operators from 5™ to R", where
~ _ n(n+l)

Their result about existence and uniqueness of the off-central path (X,Y)(.) as a
function of p > 0 is not new. It was proven in [12, 15] by means of deep results

from nonlinear analysis. However, the proof in [17] is more elementary, essentially

relying only on the Implicit Function Theorem.

The study of off-central paths is especially important in the limit as the paths
approach the optimal solution. For example, the analyticity of these paths at the

limit point, when 1 = 0, has an effect on the rate of convergence of path-following
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algorithms (See [26]). For linear programming and linear complementarity prob-
lem, the asymptotic behaviour of off-central paths is discussed in [21, 24, 13, 5].
As for second order cone programming (SOCP), as far as we know, there have not
been any discussion on the local behaviour of off-central path at the limit point
in the literature.

Here we will discuss, in more detail, the literature on the limiting behaviour
of off-central paths for semidefinite programming (SDP) and semidefinite linear
complementarity problem (SDLCP).

A semidefinite linear complementarity problem is to find a pair (X,Y) € S x S%

such that

XY =0

AX)+ B(Y) = ¢,

where A, B are linear operators from S™ to %%, 7 = 2t

As noted earlier, the complementarity condition, XY = 0, X,Y € S, can be rep-
resented in several equivalent forms. The reason we need to work on these equiva-
lent forms instead of the original complementarity condition, XY =0, X,Y € S%,
itself is because we have to ensure that the search directions in interior-point algo-
rithms are symmetric (see, for example, [25]). The common equivalent forms used
are (XY +YX)/2 =0, X2y X2 =0, Y'2XYY2 = 0 and W2XYW'/? =0
where W is such that W XW =Y. The first equivalent form results in the AHO
direction, while the second and third equivalent forms result in the HKM direction
and its dual and the last equivalent form results in the NT direction.

In [17], the authors considered off-central paths for SDLCP corresponding to the
AHO direction. To them, an off-central path is the solution to the following set
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of algebraic equations

AX)+BY) = q+puqg
1
XY +YX) = M

XY e S,

where M € S% is fixed and p > 0.

Assuming strict complementarity solution of the SDLCP, the authors were able
to show, in [17], that the off-central path is analytic at p = 0, with respect to p,
for any M € S%,. In the same spirit, the authors in [10] shows the same result,
but for the case of SDP and also assuming strict complementarity.

The authors of [10] also show in another paper, [9], the asymptotic behaviour of
off-central paths for SDP corresponding to another direction (the HKM direction),
different from the AHO direction. They considered an off-central path which is

the solution to the following system of algebraic equations

A(X) = b+ pulb
Ay+Y = C+puAC
XI/QYXI/Q — ,LLM

XY e S,

where M € S7,, Ab € R™ and AC € S" are fixed.

Assuming strict complementarity, the authors in [9] show that an off-central path,
as a function of /i, can be extended analytically beyond 0 and as a corollary,
they show that the path converges as u tends to zero.

There are also some work done in the literature that study the analyticity at
the limit point of off-central paths, without assuming strict complementarity, for
certain class of SDP. See, for example, [16]. However, it is generally believed that
it is difficult to analyse the analyticity of off-central paths at the limit point for
general SDLCP or SDP without assuming strict complementarity.
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In our current work, we have a different viewpoint to define off-central path for
SDLCP/SDP and SOCP. We use the concept of direction field. We will only
consider the 2-dimensional case to describe this concept, since higher dimensions
are similar. Let us consider the 2-dimensional plane. At each point on the plane or
an open subset of the plane, we can associated with it a 2-dimensional vector. The
set of such 2-dimensional vectors then constitutes a direction field on the plane or
open subset (One can similarly imagine a direction field defined in R"™ for general
n > 3). To be meaningful, however, the direction field must be such that we can
"draw” smooth curves on the plane or in the open subset with each element of a
direction field along the tangent line to a curve. An area of mathematics where
direction field arises naturally is in the area of differential equations. The solution
curves to a system of ordinary differential equations made up the smooth curves
that we are considering. The first derivatives of these curves are then elements of
a direction field.

The concept of direction field can be applied to the predictor-corrector algorithm
for SDLCP and SOCP. It induces a system of ordinary differential equations
(ODEs) whose solution is the off-central path for SDLCP and SOCP (Notice the
difference between our definition of off-central path as compared to that in the
literature described earlier where off-central path is the solution to an algebraic
system of equations. There are also works done in the literature concerning linear
programming where off-central path is defined as a solution of ODE system, see
for example, [24] and the references therein). We believe that our definition of
off-central path is more natural since it is directly derived from algorithmic aspect
of SDLCP and SOCP, that is, from the search directions in path-following interior

point algorithm.

In our current work, we are going to study the off-central paths defined in the
"ODE” way for SDLCP and SOCP. This study is directly related to the asymptotic

behaviour of path-following interior point algorithm.



1.1 Notations 6
1.1 Notations

The space of symmetric n x n matrices is denoted by S™. Given matrices X and Y
in 37>, the standard inner product is defined by X oY = Tr(X*Y"), where Tr(-)
denotes the trace of a matrix. If X € S™ is positive semidefinite (resp., definite),
we write X = 0 (resp., X > 0). The cone of positive semidefinite (resp., definite)
matrices is denoted by S% (resp., S%,). Either the identity matrix or operator
will be denoted by 1.

|| - || for a vector in R" refers the Euclidean norm and for a matrix in $P*7, it
refers to the maximum norm. | - ||r for a matrix in RP*? refers to the Frobenius
norm.

For a matrix X € RP*?, we denote its component at the i** row and j** column
by X;;. In case X is partitioned into blocks of submatrices, then X;; refers to the
submatrix in the corresponding (7, j) position.

Given a square matrix X with real eigenvalues, \;(X) refers to the i’ eigenvalue
of X arranged in decreasing order, Apq.(X) refers to the maximum eigenvalue of
X while A, (X) refers to the minimum eigenvalue of X.

Moo= 1,...,m, diag(Ay,...,Ay,) is a square

Given square matrices A; € R™
matrix with A; as its diagonal blocks arranged in accordance to the way they
are lined up in diag(Ay,...,A,,). All the other entries in diag(Ay,...,A,,) are

defined to be zero.

For a function, f(-), of one variable analytic at a point g, we denote its kth

derivative at po by f® (uo).

n
Also, . stands for ﬁl]{),

Given a differentiable function ® from an open set O in £ x ... x R x R™ to
R. Suppose (z1,..., 2k, w) € O where z; € R™, ..., z € R™ and w € R™. Then
Dq,.... - ® is the derivative row vector of ® w.r.t the component (zi,...,2;) of

(21,..., 2k, w). If the codomain of ® is R" for n > 2, then D(., . ., ® is defined
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in a similar manner.
Relative interior of a convex set C', denoted by riC, is defined as the interior which

results when C' is regarded as a subset of its affine hull.

Given function f: 2 — FE and g : ) — R, where () is an arbitrary set and
E is a normed vector space, and a subset €2 C Q. We write f(w) = O(g(w)) for
all w € Q to mean that || f(w)|| < Mg(w) for all w € Q and M > 0 is a constant;
Moreover, for a function U : Q — ST, we write U(w) = ©(g(w)) for all w € Q
if U(w) = O(g(w)) and U(w)™ = O(g(w)) for all w € Q. The latter condition is

equivalent to the existence of a constant M > 0 such that

1 1 N
—I<—Uw)<MI Ywec.
M~ g(w) (w)

If {u(v) : v > 0} and {v(v) : v > 0} are real sequences with v(v) > 0, then

u(v) = o(v(v)) means that lim, o % — 0. If u(v) is a matrix or vector, then
u(v) = o(v(v)) means that lim,_ % =0.



Chapter 2

Analysis of Off-Central Paths for
SDLCP

Using our definition of off-central path, (X (u),Y (1)), we show that this path is
well-behaved in the sense that it is well defined and analytic for all > 0 and any
of its acummulation point as 4 — 0 is a solution to the SDLCP. This is done in
Section 2.1. In Section 2.2, we show, using a simple example, that the off-central
paths are not analytic at © = 0 in general. In fact, we show a stronger result
that the off-central paths are not analytic w.r.t \/u at p = 0 in general. This
finding surprised us, because all off-central paths studied in the literature up to
date —[21] for LCP, [17, 10] for SDLCP/SDP with AHO direction, and [9] in
which off-central paths associated with HKM direction are defined by a system
of algebraic equations— are analytic w.r.t u or /i at p = 0. This observation
also unveils a substantial difference between AHO direction and other directions.
On the other hand, for the same example, there exists a subset of off-central
paths which are analytic at 4 = 0. These “nice” paths are characterized by
some algebraic equations. Then, in Section 2.2.1, we show that by applying the
predictor-corrector path-following algorithm to this example and starting from a

point on any such a “nice” path, superlinear convergence can be achieved. Finally,
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in Section 2.3, we give a necessary and sufficient condition for an off-central path of

a general SDLCP, satisfying the strict complementarity condition, to be analytic

w.r.t /pat p=0.

2.1 Off-Central Path for SDLCP

In this section, we define a direction field associated to the predictor-corrector
algorithm for semidefinite linear complementarity problem (SDLCP). This gives
rise to a system of ordinary differential equations (ODEs) whose solution is the

off-central path for SDLCP.

Let us consider the following SDLCP:

XY = 0
AX)+BY) = ¢ (2.1)
XY € 8"

where A, B : 8" — R" are linear operators mapping S™ to the space 2%, where
n:=n(n+1)/2. Hence A and B have the form A(X) = (A; e X,..., Az e X)7T
resp. B(Y) = (ByeY,...,B;eY)! where A;, B; € S" forall i =1,...,7.

We have the following assumption on SDLCP:

Assumption 2.1
(a) SDLCP is monotone, i.e. A(X)+B(Y) =0 for X,)Y € S"= XeY >0.
(b) There exists X', Y = 0 such that A(X') + B(Y!) = q.
(c) {A(X)+B(Y): X,Y € S"} =R"

In the predictor step of the predictor-corrector path-following algorithm, the algo-
rithm searches a new point in the affine direction, which is defined as the Newton

direction for the system XY = 0. Let (X,Y) be the current point and

(X*, Y1) = (X,Y) + (AX,AY). (2.2)
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From the equation XY™™ = 0, we obtain
XY + XAY + AXY + AXAY = 0.
The linear part is the Newton equation, i.e.,
XAY + AXY = —-XY.
For SDLCP, we make certain symmetrization [25]
Hp(XAY + AXY) = —Hp(XY). (2.3)

where Hp(U) := 3(PUP~ 4+ (PUP~')T) and P € R™*" is an invertible matrix.

(2.3) defines the affine direction (AX,AY) at (X,Y).

It then follows that the direction field comprises, at each point (X,Y) = 0, the
direction (AX, AY’) defined by (2.3).

A path in 87, x 8", passing through (X° Y?) and having its tangent vectors

elements of this direction field is then determined by

Hp(XY'+X'Y) = —Hp(XY), (2.4)

AKX+ B(Y') = 0 (2.5)

with the initial condition (X,Y)(0) = (X° Y°) where X° Y = 0. Here equation

(2.5) arises out of the feasibility equation in (2.1).

Without loss of generality, we can make a parameter transformation p = exp(—t),

where t is the parameter in (2.4)-(2.5). Then we have (we still use the notation
(X,Y) for the path with the new parameter p)
1

Hp(XY'+X'Y) = —Hp(XY), (2.6)
,u

0

AX') + B(Y") = (2.7)

with the initial condition (X,Y)(1) = (X°, Y?).
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We will now show that, given the initial condition (X,Y)(1) = (X° Y?), the
solution to (2.6)-(2.7), (X (n),Y (n)), X(u),Y (1) > 0, is unique, analytic and
exists over p € (0,00). We called this solution the off-central path for SDLCP.

Remark 2.1 The central path (X.(n), Ye()) for SDLCP, which satisfies (X.Y.)(u)
= pl, 1s a special example of off-central path for SDLCP. When p = 1, it satis-
fies Tr((X.Y.)(1)) = n. Therefore, we also require the initial data (X°,Y?) when
pw=11n (2.6)-(2.7) to satisfy Tr(X°Y?) =n.

As in [23], we only consider P such that PXY P! is symmetric. We also assume
P is an analytic function of X,Y = 0. Such P include the well-known directions

like the HKM and NT directions.
For the AHO direction, P = I. Hence (2.6) reduces to

1
(XY +YX) =—(XY +YX).
il

This and (2.7) with the initial condition at g = 1 yield the algebraic equations
(1.1). For other directions, such as HKM and NT directions, P is a function of
(X,Y), thus it is not possible to solve (2.6)-(2.7) to get an algebraic expression.
This is an aspect which distinguishes the other directions from the AHO direction.
Significant distinctions between off-central paths for AHO direction and for the

other directions can be observed by comparing results in [17] and this chapter.

We are going to use a result from ODE theory, taken from [2] pp. 100 and [3]
pp-196, and their theorem and corollary are combined as a theorem below for

completeness:

Theorem 2.1 Assume that a function f is continuously differentiable from J x D
to E, where J C R is an open interval, E is a finite dimensional Banach space
over R, D C E is open. Then for every (tyg,xo) € J X D, there exists a unique
nonextensible solution

u(+;to, o) : J(to, o) — D



2.1 Off-Central Path for SDLCP 12

of the IVP
= f(t,z), x(to) = xo.

The mazximal interval of existence J(to, xo) := (t~,t1) is open. We either have
t~ = inf J, resp. t™ = sup J,

or

lim  min{dist(u(t; t, zo), OD), |[u(t; to, z0)|| '} = 0.

t—tt(t—t™)
(We use the convention: dist(z, ) = cc.)
When f is analytic over J x D, where D C E = R", the solution u is analytic

over J(to, o).

In order to use Theorem 2.1, we need to express (2.6)-(2.7) in the form of IVP as

in the theorem.

Now, (2.6) can be written as

(PX ®, P~ ")svec(Y') + (P ®, P~1Y)svec(X') = %svec(Hp(XY))

Remark 2.2 Note that the operation ®, and the map svec are used extensively
in this chapter. For their definitions and properties, the reader can refer to pp.

775-776 and the appendiz of [23].

Writing (2.7) in a similar way using svec, we can rewrite (2.6)-(2.7) as

svec(A)T  svec(By)T

svec(X') _ 0 28)
svec(Ax)T svec(Bi)T svec(Y’) isvec(Hp(XY))
P, P71y PX®,P T

which is another form of (2.6)-(2.7).

In the following proposition, we show that the matrix in (2.8) is invertible for all
X,Y > 0 and hence, we can express (2.6)-(2.7) in the IVP form of Theorem 2.1

and the theorem is then applicable for our case.
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Proposition 2.1

svec(Ay)T svec(By)T

svec(Az)T svec(By)T
P®,PTY PX®,P T

1s nonsingular for all X, Y > 0.

Proof. Since the given matrix is square, it suffices to show that it is one-to-one.

Therefore, given the below matrix-vector equation,

svec(Ay)T svec(By)T

svec(Ax)T svec(Bi)T v 0

P®,P 1Y PXg,P 7T
we need to show that u =v = 0.
We have (P ®, P~TY)u + (PX ®, P T)v = 0 implies that (PX ®, P~ T)v =
(P®, P TY)u. But PX @, PT = (PXPT ©, ) (P®, P)"T and P, P-TY =
(I @, P"TY P71)(P ®, P). Therefore

(PX @, P Ty =—(Po, PTY)u
— v = (P&, PYI(PXP" ©, 1)1 @ PTYP)(P®, P)u

Note that (PXPT®@,I)~! and I®, P~7Y P~! are symmetric, positive definite and
they commute (since PXY P~! is symmetric). Therefore, (P ®, P)T(PXPT ®,
7Y @, P7TY P~ (P ®, P) is symmetric, positive definite.
Now, svec(A4;)Tu + svec(B;)Tv = 0 for i = 1,...,n implies that u’v > 0, by
Assumption 2.1(a). That is,

u'(P®, PY'(PXP" @, ) '(I®, PTYP ) (P ®, P)u<O0.

But with (P ®, P)T(PXPT @,1)"'(I ®, P"TY P~1)(P ®, P) symmetric, positive
definite, we must have © = 0. And hence, v = 0. QED
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Let the matrix in Proposition 2.1 be denoted by A(X,Y’). We have shown that
A(X,Y) is invertible for all X,Y > 0. Therefore, we can write (2.8) in the IVP

form as
svec(X')
svec(Y')

= F(u, X,Y) (2.9)

where

0

Flp, X,Y) = AHX,Y)
ﬁsvec(Hp(XY))

Hence, by Theorem 2.1, given (1, (X°,Y?)) € R4 x (87, xSt (where A(X?)+
B(Y?) = q), there exists a unique nonextensible solution X,Y : Jy — 87, xS",

of the IVP

svec(X')
svec(Y”")

=F(uX,Y) . X(1)=X° .,Y(1)=Y"

The maximal interval of existence Jy is open:

Jo = (/L_,[,L+>, (210)
where either we have

p- =0, resp. pm = +oo or

lim  min{dist((X (), Y (1)), (8%, % S%,)), | (svee(X (), svee(Y() | 1} = 0.

p—pt (p—p)
Also, since F(u, X,Y) is analytic over R, x (87, x 87, ), by the same theorem,

we have (X (u),Y (u)) is analytic over J.

We want to determine the value of = and pt in (2.10). We do this by stating

and proving the following theorem:

Theorem 2.2 For all 1 € Jo, Mnin (XY ) (1) = Anin (XY ) pr and Moo (XY ) (1) =
Amae (XY ) .
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Proof. Note that since A (XY)(p) is locally lipschitz continuous on Jy, by
Theorem 7.20 in [19], X/

min

that whenever it exists, X . (XY)(u) = Apin(XY) () /p for p € Jy. Hence,

min

(XY)(p) exists almost everywhere. We first show

Amin(XY ') (1) is monotonic on Jy.

Recall that P in (2.6) is invertible and an analytic function of X,Y. Therefore,
with X (), Y () analytic with respect to u, we have P = P(u) is analytic with
respect to p. Also, P(u) satisfies (PXYP7')(n) = (PXY P 1) (). We are

going to use the latter two facts in the proof here.
For € Jy. Let vg € R™, ||vg]| = 1, be such that
Hpy (XY)(1)vo = Amin(Hp (XY)(1)))vo
= Anin(XY) (1) vo

The last equality holds because (PXY P~1)(p) is symmetric.
Therefore, by (2.6) and this choice of vy, we have

ol Hpi (XY ()0 = %Ammxwm.

We now focus our attention on the left-hand expression of the above equality. We

have
v Hp (XY (11))vo
_ h,ri%ljp o (Hp(u)((XY)(M + h)})L - HP(M)((XY)(M))) “
=t sup(af i (XY )+ 1)t = A (X))
>l (0 Hpg (XY (1 1))t — v Hpgun (XY )1+ 1))
(e Higun (XY 110 = A (X))
> i inf(vg Hpgu (XY)(p + h))vo = vo Hegum (XY) (e + h))vo) [

+lim sup( min v7 Hp(em (XY) (i 4+ B0 = Amin (XY) (1)) /1

h—ot [lv[=1

= liminf(og Hpg ((XY) (1 + h))vo = vg Hpgurn (XY ) (1 + h))vo) /h

+1im sup (Amin (XY) (10 4 h) = Amin (XY ) (1)) /1

h—0+
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Let f(£) = vg P+ (XY) (1 + h)P~H(u+ vo.

Therefore,

i i (6 Hp(y (YY) (1 1) — 0 Hpun (XY ) s+ 1))/

in above is equal to

— lim inf 7f<h) — f(0)
h—0+ h

= —liminf /(&)
where the last equality follows from the Mean Value Theorem and 0 < &, < h.
Let us try to find the value of the last limit.
We have /() = d P’ (&) (XY) (1 h) P~ (s+ € )vio + o P+ &) (XY ) (s +
h)(P~) (1 + &n)vo.
Note that P(p + )P~ (u+ &) = I implies that P'(u+ )P (u+ &) + P(u +
P (k+8) =0
Hence (P71 (n+&) = =P~ pu + &P (1 + &P~ (1 +§).
Therefore, f'(€,) = v P (&) (XY) (p+h) P~ (u+&)vo—vf P(u+E) (XY ) (u+
W) P~ (1 + &) P (1 + &) P~ (1 + En)vo.

Hence,

lim inf f*(&5)
= vy P'()(XY) (1) P~ ()vo — vg P()(XY ) (1) P~ (1) P' (1) P~ (1) vo
= vy P'(p) P~ (1) (P(u) (XY ) (1) P~ (1)vo) — (P()(XY ) (1) P~ (1)vo) " P’ (1) P~ (1)vo
= Xnin(XY) (p)vg P’ (1) P~ (12)v0 = Apnin (XY ) ()0 P’ (1) P~ (1)
= 0,
where the second equality follows from (PXYP~1)(u) = (PXYP~Y)(u))T and

the third equality follows from (PXY P~1)(p)vg = Hp(u (XY (1)) vo = Amin (XY ) (1) 0.

Therefore,

1 Amin (XY B — M\ (XY
i (XY ) (1) > lim sup min (XY)(t 4 1) = Anin(XY) (1)
'LL h—0*+ h
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On the other hand, consider (in what follows, in order to make reading easier, we

suppress the dependence of P on p)

min v’ Hp((XY) (1))v

l[ofl=1

which is equal to
XY h) — (XY
lim (mm UTHP(( ) +h) —( )(u))v)'
h—0+ \ |jv]|=1 h

Let vy € ", ||v1|| = 1 be such that

Hp((XY) (1 + h))or = Ain(Hp((XY) (1 + 1)) o1

Therefore, we have

o7 (XY)(u+h) — (XY)(n)
\m\l:nlv Hp( N )v
T (XY)(u+h) — (XY)(n)

= (i (Hp((XY) (1 + 1)) — v Hp((XY)(1))v1) /D
< Qi (XY) (1 4 1) = Ain (XY) (1)) / 1

Taking limit infimum as A tends to 0" in above, we have

— : o - (XY)(p +h) = (XY)(p)
A 000 =tg  e b )"
< liminf Amin (XY ) (1 + h) = Apin (XY) (1)
- h—0t h ’

But

min o (XYY (10)0 = (XY 1),

foll=1
This implies that Xy, (XY)() < lim inf, s 2z 2nn (00,

h
/!
Hence A, ;,

(XY)(p) whenever it exists has

N (XY) (1) = w

Therefore, integrating with respect to p and using (X(1),Y (1)) = (X%, Y?), we
obtain A (XY) (1) = Apin (XY ) 1.

Similarly, we can show that A (XY) (1) = Mpaz (XY ). QED
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Remark 2.3 We can also see easily that Tr(XY)(p) = Tr(X°Y%)u = np for all
w € Jo, using (2.6). Here the last equality follows from Remark 2.1.

Also, we have the following remark which is used in the proofs of Corollaries 2.1

and 2.2.

Remark 2.4 On an off-central path, X (1), Y (u) are bounded near = 0. This
can be easily seen using Thereom 2.2 and from (X(u) — X*) e (Y(u) — Y1) >0,
which follows from Assumption 2.1(a) and (b).

As an immediate consequence of the above theorem, we have

Corollary 2.1 = =0, ut = +ooin (2.10). Therefore, the solution (X (u),Y (1))
to (2.6)-(2.7) in S, x ST is unique and analytic for p € (0,400).

Proof. By Theorem 2.2, it is clear that for all g > 0, X (pn),Y (1) € S7,. Hence

pw~ =0and ut = +o00. QED

We also state in the theorem below, using Theorem 2.2, the relationship between

any accumulation point of (X (u), Y (1)) as u tends to zero and the original SDLCP.

Theorem 2.3 Let (X*,Y*) be an accumulation point of the solution, (X (u),
Y (p)), to the system of ODEs (2.6)-(2.7) as u — 0. Then (X*,Y*) is a solution
to the SDLCP (2.1).

Proof. Let (X*,Y™*) be an accumulation point of (X (u),Y (1)) as p tends to zero.

Then, by Theorem 2.2, X\pin(X*Y*) = Moo (X*Y*) = 0, which implies that
X*Y* = 0. Together with A(X*)+ B(Y*) =¢q, X*,Y* € S7, we have (X*,Y") is
a solution to the SDLCP (2.1). QED

Corollary 2.2 [f the given SDLCP (2.1) has a unique solution, then every of its

off-central paths will converge to the unique solution as p approaches zero.

Remark 2.5 When the SDLCP (2.1) has multiple solutions, then whether an

off-central path converges is still an open question.
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2.2 Investigation of Asymptotic Analyticity of
Off-Central Path for SDLCP using a ”Nice”
Example

In this section, we show that an off-central path need not be analytic w.r.t |/u
at the limit point, even if it is close to the central path. We observe this fact
through an example. The example we choose has all nice properties (e.g. primal
and dual nondegeneracy) and thus is representative of the common SDP (which
is a special class of monotone SDLCP) encountered in practice. This observation
tells a bad news which is that interior point method with certain symmetrized
directions for SDP and SDLCP cannot have fast local convergence in general. On
a positive side, we will show, through the same example, that certain off-central
paths, characterized by a condition, are analytic at the limit point. Moreover,
this condition can be sustained by the predictor-corrector interior point method,
i.e., starting from a point satisfying this condition, after the predictor and cor-
rector step, the new point will also satisfy this condition. This means that if we
can choose a starting point satisfying this condition, then the predictor-corrector

algorithm will converge superlinearly /quadratically.

Consider the following primal-dual SDP pair:

00
(P) min o X
01
2 0 0 -1
subject to e X =2, e X =0, Xe5%
00 -1 2
and
(D) max 20y
2 0 0 -1 00
subject to vy + vy +Y = , Y e Si.
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This example is taken from [8]. Note that the example satisfies the standard

assumptions for SDP that appear in the literature.

10 0 0
It has an unique solution, , , which satisfies strict com-

0 0 01
plementarity and non-degeneracy (The concept of non-degeneracy is discussed for

example in [8] and is widely used in the literature). In this sense, the example is

a nice, typical SDLCP example.

We choose this example from [8] mainly because it is simple and its nice properties.
What we discussed below using this example, however, is not directly related to

its discussion in [8].

Written as a SDLCP, the example can be expressed as

XY =0
Asvec(X) + Bsvec(Y) = ¢
XY € 832,
2 0 0 0 0 O 2
where A= 0 0 0 |,B=]0 v2 1 |andg=| 1 |. Note that A
0 —v2 2 0 0 0 0

and B is the corresponding matrix representation of the linear operator A and B

in (2.1).

We are going to analyse the asymptotic behaviour of the off-central path (X (u), Y (1))
defined by the system of ODEs (2.8). We specialized to the case when P = Y'/2,
that is, the dual HKM direction. In this case, (2.8) can be written as

A B svec(X') 0

-, . (2.11)
I X®,Y! svec(Y") S svec(X)
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with the initial conditions: (X,Y)(1) = (X% Y?) where (X°,Y?) satisfies

Asvec(X°) + Bsvec(Y?) = ¢ (2.12)
Tr(X°Y?%) =2 (2.13)
X0y es?,, (2.14)

Note that we obtained (2.13) from Remark 2.1.

We are going to analyse the asymptotic behaviour of (X (u),Y (n)) w.r.t /i at
1 = 0. To make presentation easier, let us introduce the matrices X () and Y (t)

to be X (t?) and Y (#?) respectively.

Equations (2.11) and (2.12) imply that (X (), Y (u)) satisfies
Asvec(X) + Bsvec(Y) = q.

From this equality, we see that

z(p) z(p) Y2(p) 1 —2ya(p)

for some x(p), y1 (1), y2() € R

Now

10 00
Al X(w) - +B (Y- =0

0 0 0 1

implies that x(u)+y; (1) < Tr(XY)(n), by Assumption 2.1(a). But Tr(XY)(u) =
2u, by Remark 2.3 and (2.13). Hence, with x(u) and y;(u) positive for p > 0,
we have z(u) = O(p) and yi(u) = O(p). Also, determinant of Y'(u) positive
for all u > 0, 1 — 2y,(p) bounded above by 1 and y;(u) = O(p) implies that
y2(p) = O(\/1). Therefore, we can write X(t) and Y (t) as

- 1 22(t)

X(t) = and Y (1) = B 1)
() t°z(t) tya(t) 1 —2tya(t)
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where Z(t), 1(t) and y2(t) are bounded near p = 0.
Expressing the ODE system (2.11) in terms of X (¢) and Y (£), we have

B X' 0
A svec(X") _ | (2.15)

I X®,Y! svec(Y”) 2svec(X)
with initial conditions: (X,Y)(1) = (X°Y°) where (X°,V°) satisfies (2.12)-
(2.14).
Note that to investigate the asymptotic analyticity of (X (u), Y (n)) for the exam-

ple w.r.t \/iz at 1 = 0, we need only study the asymptotic property of (X (¢), Y (1))

First, we would like to simplify the above ODE system.

Proposition 2.2 (X(t),Y (t)) satisfies the system of ODEs (2.15) and the initial
conditions (2.12)-(2.14) if and only if

1 22— (1)) Py(t) ()
2 -(t) 22-n5n) tya(t) 1 — 2tya(t)

and (y1(t),y2(t)) satisfies the following equations:

(X(1),Y(t) =

1 —2ty, —Y2 + (2 — ) no\ o 1 —2 (Y2 + (2 — 1)) 2.16)
—0> + 12— ) 2 %)\ 2@ - 2@+ ) + )
with the initial condition on (y1(1),y2(1)) such that
1 2—u(1) n()  w(l) 2
N B | N €S,
2—y(1) 2-un() y2(1) 1 —2pp(1)

Proof. For the second equation in the system (2.15), we write explicitly

~ 1 B 1 1— 21&@2(2&) —tg2<t>
OG0T 2w B\ e e
e
1 — 2ty, \/Lg(t%(l — 2ty2) — Y2) —t3TY,
(=G + 31— 20))  SE(1-4R) +5)  LEth - R) |

— 1377, STt — Ba) 477,
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Note that the dependence of y; and 1, on t is omitted from the last expression
for easy readability.

Since Tr(XY)(p) = 2, that is, Tr(XY)(t) = 22, we have z(u) = 21— y1 () and
Z(t) = 2 — y1(t). Therefore,

X() = 1 20— y1(p) Y = y1(p) ya (1) (2.17)
2u—wyi(p) 2p—yi(p) y2(p) 1 —2ya(p)
and
(1) 1 (2 = 5(1)) T = Py(t)  ty(t) (2.18)
2 —n) #(2-n(t) tya(t) 1 —2tya(t)

With the above expression for (X ®, Y1) (t) and X (), Y(¢) in (2.18), we have
expressing (2.15) in terms of J1(t) and Ja(t) that (X (¢),Y(t)), of form (2.18),
satisfies (2.15) if and only if 73 (t) and yo(t) satisfy

(1 —=2t32)1) + (=02 + (2 = 01)0h = =122 + (2 — 1))/, (2.19)

(1= 2t52)(£(2 — 51) — (2ty1 +2))1n + 2(1 = 42 — 40) (ty1 + 42)) s =

(2.20)
—(2 = 11)(1 = 2t5a) (U2 + 2t71) /t + 1 Y2(1 4+ 262 (2 — 1)) /¢

and

(71(1 = 3tya) + 922t — 92))y; + (2 — 91) (th + U2) b =
—42(2 — 41) (% + 3ty1) /1.

(2.21)

Adding equation (2.20) to 2t of equation (2.21) and simplifying, we obtain the

following equation:
(2t =ty — P2)yh + 205 = 2((41 — 2)(ty + Y2) + 42) /2 (2.22)

From equations (2.19) and (2.22), we obtain the desired system (2.16).
The initial condition on (y;(1),y2(1)) can be easily seen from (2.14) and (2.18).
QED
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We want to write the system of ODEs (2.16) in IVP form, for analysis. In order
to do this, let us look at the determinant of the matrix on the extreme left in

(2.16).
We have the following technical proposition:

Proposition 2.3

1 — 2t5(t) —42(t) + 12 — (1))
—4(t) + 12 — i (t)) 2

det

is nonzero fort > 0. Herey,(t), y=(t) appear in Proposition 2.2 where ()?(t), Y (t))
is the solution to (2.15) fort > 0.

Proof. Now, Amin (XY ) (1) = Ain (XY )11 by Theorem 2.2. Hence A (XY)(t) =
Anin (XY 0)t2. Therefore,

Amin(X1Y1) (£) = Anin (X°Y°)
LR | g (RO RO

t2-u(t)  2-wn() ya(t) 1= 2tys(t)
We have det(X;(t)) and det(Y;(t)) are positive for t > 0. We are going to use this

where X (t) =

latter fact in the proof of the proposition.

We have

ot 1 — 2ty(t) —p(t) +t2-n(t) | _

~Ta(t) + (2 — Ti(t)) 2
2(1 = 2t (t)) — (—2a(t) + 12— 71 (2)))*.

Expressing the last expression in terms of det(X;(t)) and det(Y;(t)) , we have

. 1 — 2t(t) ~RO TR Y _ L R0) + det@(0)).

—y2(t) + (2 — () 2
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Now, we know that det(X;(t)) and det(Y;(t)) are positive for all ¢ > 0 by above.
Hence we are done. QED

Therefore, we can invert the matrix in (2.16) to obtain the following:

~
yl o 1
~ T t(det(X1)+det(Y1))
Ys
2 =2t +tyr + 4o —o(y2 +t(2—11))
=2t +ty + 42 1 — 2ty 2((h — 2) (Y2 + ty1) +42)

where X 1 and }N/l are defined in the proof of Proposition 2.3.
Upon simplifying the right-hand side of the ODEs, we have

~
Y1 1

T t(det(X1)+det(Y1)) %

s
2(th — 2)(ty (tyr — 2t + 292) + U3)
2002 (=2 + 2t — ty1) + (L + ¥2) (=5 + (2 — 1) (3t — 2)) + 202

(2.23)

Before analyzing the analyticity of off-central paths at the limit point, let us first

state and prove a lemma:

Lemma 2.1 Let f be a function defined on [0, 00). Suppose f is analytic at 0 and
f(0) is not a positive integer. Let z be a solution of z'(1) = %f(,u) for p >0
with z(0) = 0. If z is analytic at p = 0, then z(u) is identically equal to zero for
p=0.

Proof. Consider /(1) = 2% f(u). We will now show that z™(0) = 0 and

o

(n—1)
lim,, o <§> = 0 for all n > 1 by induction on n.

For n = 1. We have by L’'Hopital’s Rule that lim,_,, 2(5) = Z/(0). Therefore, from
2 () = %f(u), we obtained 2'(0) = 2/(0) f(0) by taking limit of u to zero. But
f(0) is not a positive integer implies that 2’(0) = 0. Hence induction hypothesis
is true for n = 1.

(k=1)
Now, suppose that z*)(0) = 0 and limy_.q <§) =0 for k <n.
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(n)
Consider 2" () = (#f(u)) :
We have

n )
= ") e (3)
k=0 k HJ

= (5)(n)f<u>+:§:§ : FUR () (E>(k)~

1t 1t

Note that the second equality in above follows from product rule for derivatives.

Now, by induction hypothesis and because f is analytic at u = 0,

n—1

n (k)
lim FR () (i) = 0.
k

N
0
. k=0 H

Therefore,
2\ ™
lim 2" () = lim (—) fp).

pn—0 p—0 \ 1
(n)

By applying product rule for derivatives repeatedly on (i) , we have

(n) n (k)
G -2l ) ()
K o \ k M

=3 ] (SR,

k=0 k

Applying L’Hopital’s Rule on the last expression, we have

" n —1)kk! [ no\ (=1)kk!
lim Z(nflc)('u) (( ) ) = lim ( ) Z(n+1)(M)
k k '

u—0 — Iuk-‘rl

= i " ﬂz(nﬂ)(o).

o k k+1
: n n (—1)* 1 .
Now since > 3}, =1 = g for all n > 0, we have that the last expression
z(n+1)(0)

in above is equal to — —
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Z(n+1) (0)
n+1

(n)
Substituting lim,, g (i) =

(n)
lim,, o (ﬁ) f(p). We have

and lim,, o f(1) = £(0) into lim,, o 2"V (u) =

Z(n+1)(0) _ f(()) Z(n+1)(0).

(n+1)
which implies that 2"+ (0) = 0 and lim, o (Z) ™ _ 0 since £(0) is not a positive
integer.
Hence, by induction, 2™ (0) = 0 and lim,, o (§>(n1) = 0 for all n > 1. Therefore,

with z(0) also equals to zero and z(u) is analytic at p = 0, we have z(u) is

identically zero. QED

Remark 2.6 Note that the result in Lemma 2.1 is a classical result and can be
found for example in [7]. We include its proof here because it is elementary and

does not require deep theoretical background to understand it.

We have the following main theorem for this section:

Theorem 2.4 Let X (t) and Y (), given by (2.18), be positive definite for t > 0.
Then (X (t),Y (1)) is a solution to (2.15) for t > 0 and is analytic at t =0 if and

only if yo(t) = —ty1(t) for all t > 0, where y1(t) satisfies ¥y = %

Proof. (=) Suppose (X(t),Y (t)) is a solution to (2.15) for ¢ > 0 and is analytic
at t = 0.

Then, from the first differential equation in (2.23), we see that y,(¢) must approach
zero as t — 0. Therefore, since y»(t) is analytic at t = 0, we have y5(t) = tw(t)
where w(t) is analytic at t = 0. We want to show that w(t) = —y1(t).

Now, from the first differential equation in (2.23), we have

7 = 2(th — 2)(tgr (tyr — 2t + 20) + U3)
P2 —m 22— )2+ (1 - 2t) — 33)

Substituting 7, = tw into the above equation and simplifying, we have

~ 2t(:7j1 — 2)(@1(@/1 — 2 + 2’11]) + 'U)2)
T T TR — g+ 2w+ w?)

(2.24)
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From the second differential equation in (2.23), we have

7 = 2002(—12 + 2t — th) + (tih + 52) (=5 + (2 — 11) (3ty2 — 2)) + 20
? t2—m —t22—1)? + (1 — 2tn) — 13) '

Substituting tw for ys and tw’ + w for ¥, into the above equation, we have, after
bringing w to the right hand side of the resulting equation, dividing throughout
by t and simplifying,

22 = g)((w+ 7)) (Pw = 1) + 2t20)
o t2 = t2((2 = 71)? + 2wy +w?)) (2.25)

Adding up equations (2.24) and (2.25) and upon simplifications, we obtain

202 — (1) (22 —71(t)) — 1)
2 —12((2 = wi(1)? + 2wys + w?))

(11 (1) + w(?)).

(gl + w)/(t> = t(

Let z(t) = 91(t) + w(t). Then z(t) is analytic at t = 0, since y;(t) and w(t) are
analytic at t = 0. We have the following differential equation:

A1) (2(2 — ()2 - 5() - 1>) , (2.26)

t \2-22(2-0(t)?2+ 22—

2 (t) =

— 2(9_7 — . .
Let f(t) = 22(32?4(1((;1)@(:(;2)2_?fz(zt)_)ﬁl)). Then f(t) is analytic at ¢t = 0. Also, f(0) =

—(2 = 7,(0)), which is strictly less than zero since X;(¢) and Y;(¢), in the proof of

Proposition 2.3, are positive definite even in the limit as ¢ approaches zero.

From (2.26), we see that in order for z/(t) to exist as ¢ approaches zero, which
should be the case since z(t) is analytic at ¢t = 0, we must have z(0) = 0, since f(0)
is nonzero. Now z(t), f(t) here satisfy the conditions in Lemma 2.1. Therefore,
by the lemma, z(¢) is identically equal to zero which implies that w(t) = —;(t).
Using w(t) = —uy1(t), expressing the differential equation (2.24) in terms of g, we
obtained the ODE of 7; in the theorem.

2ty1(2—y1)
221"

Then, since the right-hand side of the ODE of y; is analytic at ¢ = 0 and y; € R,

(<) Suppose yo(t) = —tyi(t) for all ¢ > 0, where y;(t) satisfies y; =

we have, by Theorem 2.1, that 7;(¢) is analytic at t = 0. Hence 3»(t) is also
analytic at ¢t = 0. These imply that X (), Y (¢) are analytic at ¢ = 0.
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With y5(t) related to i (t) by y2(t) = —tyi(t) where y;(t) satisfying the ODE in
the theorem, we can also check easily that 7;(¢) and y»(t) satisfy (2.16). Hence,

by Proposition 2.2, (X (t), Y (t)) satisfies (2.15) for ¢ > 0. QED
Using Theorem 2.4, we have the following interesting result:

Corollary 2.3 Let X(u), Y(u), given by (2.17), be positive definite for p > 0.
Suppose (X (u),Y (w)) is a solution to (2.11) for p > 0 with initial conditions
given by (2.12)-(2.14). Then (X (u),Y (1)) is analytic w.r.t u at p =0 if and only
if it is analytic w.r.t /i at p = 0.

Proof. (=) This is clear.

(<) Suppose (X (), Y (i) is analytic w.r.t /i at = 0.
Then (X (t),Y (t)) is analytic at ¢ = 0. Hence, by Thereom 2.4, we have g(t) =

—ty(t) for all t > 0, where y;(t) satisfies ¢} = %

It is clear that y(u) = pah (/i) and yo(p) = Vuy2(/i). Therefore yo(t) =

—ty,(t) implies that yo(p) = —y1(p). Letting 51 (1) to be yi(y/1), we see that
~ ~ . =~ T (2—7

() = pya(p) where gy(p) satisfies g, = 0=

%. Since the right-hand side of the ODE satisfied by Ayﬂ(u) is analytic

since y;(t) satisfies 3] =

at u = 0, we have, by Theorem 2.1, 51 (w) is also analytic at pu = 0. Therefore,
y1(p) and yo(p) are analytic at g = 0, which further implies that (X (u),Y (p)) is
analytic at y = 0. Hence, we are done. QED

Remark 2.7 From the proof of Corollary 2.3, we see that we have a result similar
to Theorem 2.4 which is that (X (u),Y (1)), given by (2.17), is a solution to (2.11)
for p > 0 and is analytic at p = 0 if and only if yo(pu) = —y1(u) for all p > 0,

1,(2-9))

= = . =~/
where yi(p) = pyr(p) and 7, (n) satisfies §y = 17 7=

We also have:

Remark 2.8 We see, from Theorem 2.4, that no matter how close we consider a

starting point (for the off-central path) to the central path of the SDP exzample, we
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can always start off with a point whose off-central path is not analytic w.r.t u or
VIt at = 0. On the other hand, if the initial point satisfies a certain condition,
its off-central path can be analytic at p = 0. In the next section, we will see how
this latter fact can be used to ensure superlinear convergence of the first-order

predictor-corrector algorithm.
To end this section, we have the below final remark:

Remark 2.9 If we consider P = X ~'/2, which corresponds to the so-called HKM
direction, then by performing manipulations similar to the above (and hence will
not be shown here), Theorem 2.4 also holds. In particular, we also have the
interesting relation yo = —y1, as in Remark 2.7. We do not know about the case
of NT direction since manipulations for NT direction on this example proved to
be too complicated. Finally, we remark that we choose the dual HKM direction
over the HKM direction to show the results above because it is computationally
advantageous to use this direction when we compute the iterates of path-following
algorithm in general (see [25]). Hence it is more meaningful to show results using

the dual HKM direction.

2.2.1 Implications to Predictor-Corrector Algorithm

From the previous section, Remark 2.7, we note that not all off-central paths of
the given example are analytic at the limit as p approaches zero. In fact, we see

that only if we start an off-central path, (X (u),Y (1)), at a point (Xo, Yy) with

1 20— Poow
X Hom¥r )y [ W0 %2 such that 39 = —y?, then
200 — Y 20 — Y v 12y

it is analytic at the limit as u — 0. This is a very restrictive condition for an
off-central path to be analytic at p = 0.
One may ask whether for other starting points, the off-central path may have at

least bounded first derivatives as p approaches zero. We have written codes in
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matlab to see how the first derivatives of y; (1) and yo (1) behave, as u approaches

zero, for different starting points. The results are shown in the figures below:

Initial pointy, (1) = 1.5, y,(1) = 0
Initial point y, (1) = 1.5, y,(1) = 0.25 pointy, (1) ¥,(1)
24 55
- T

T T
T * —
—y * Y1
Y % * Yy
A s /]
23t g

22F

e E *

16
0

. . .
2 4 6 0 2 4 6
H x10™ "

Initial point (1) = 1.5, y,(1) = -1 Initial point y, (1) = 1.5, y,(1) = -1.5
T T

T T T T
Y —
* Y, * Yy
0.6 B

150

100

****** * oxo

. | | ! f
0 05 1 15 2 25 0 05 1 15 2 25
" x10° " x10°

We see from these figures that indeed, without yo = —yy, the first derivatives of
the off-central path do not seems to be bounded in the limit as u approaches zero.
From [26], it then suggests that we cannot conclude superlinear convergence of the
predictor-corrector algorithm using this example, if we choose any point as the
initial iterate. However, in what follows, we will show that by choosing suitable

initial iterate, superlinear convergence of first-order predictor-corrector algorithm

on this example is still possible.

Let us first define a set §, for the given example, which is the collection of all

off-central paths in S%, x 53, which are analytic at their limit point as u — 0.
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We have the following observation on the structure of S:
Proposition 2.4

S={(X,Y) : X,Y €5%,, Asvec(X)+ Bsvec(Y) =¢q, Y12 = Y1}

Proof. (C) Let (X,Y) € S. Clearly (X,Y) € {(X,Y); X,Y € 5%, Asvec(X)+
Bsvec(Y) =q, Yio = Y11}

(D) Let (X,Y) € {(X,Y); X|Y € 52, Asvec(X) + Bsvec(Y) = ¢, Y12 =

1 2
—Y11}. Then Asvec(X) + Bsvec(Y) = ¢q, Yo = =Y = X = - Y =
20 =z
W
; ? ; for some 2%, 1%, 49 € R and y§ = —¢!. Define py = Tr(XY)/2.
Yo 1 —2y;

Then 2° = 245 — 3°. By Remark 2.7, the ODE of g, there has a solution with
initial point 51 (o) = ¥/ o and its resulting off-central path (X (u),Y (u)), using
the ODE solution g, (1), is analytic at = 0. This off-central path has (X,Y) as
the point at ug. Hence (X,Y) € S. QED

In the first-order predictor-corrector algorithm, the predictor and corrector steps

are obtained by solving the following system of equations:

Hp(XAY + AXY) = oul — Hp(XY)
A(AX)+ B(AY) = 0

where (X,Y) is the current iterate and for 0 = 0, (AX,AY) corresponds to
the predictor step, (A,X,A,Y), and for 0 = 1, (AX,AY) corresponds to the
corrector step, (A.X,AY). Also, u = Tr(XY')/n where n is the matrix size of
X (orY).

The intermediate iterate, (X7, Y?), after the predictor step, is obtained by adding
suitable scalar multiple of (A, X, A,Y) to (X,Y). The next iterate (X*,Y™) of
the algorithm is then obtained by adding (A.X, A.Y) to (X?,Y?).
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We want to show for the example that if (X,Y) € S, then the next iterate,
(X*,Y™), also belongs to S. It then follows that if our initial feasible iterate
(Xo,Yy) € S, then any iterate generated by the first-order predictor-corrector
algorithm lies on an off-central path which is analytic at the optimal solution
(since it also belongs to S) and hence, by [26], the iterates converge quadratically

to the optimal solution.

We have the following proposition:
Proposition 2.5 If (X,Y) € S, then (X?,Y?) € S.

Proof. We know that the derivative at the point where the off-central path
passes through (X,Y’) is along the same direction as (A,X,A,Y). Therefore,
(A, X, AY) has the form

0 2 — Apyl
AX =—p , A)Y = —p
2— Apyl 2— Apyl Apyz _2Apy2

Apyl Apy2

where Apys = —Apy;.

Therefore, (X?,Y?) = (X,Y) + a(A,X,A)Y) for some a > 0 implies that
(YP)1 = Y1 — aplAyy and (YP)12 = Yis — apl,ys. Clearly, (YP) = —(Y?);.
Also, since Asvec(XP?) + Bsvec(Y?) = ¢, we are done, by Proposition 2.4. QED

Next, we show that if (X?,Y?) € S, then (X*,Y ™) also belongs to S and we
would have shown that all iterates generated by the first-order predictor-corrector
algorithm, if suitably initialized, have the nice property as stated above.

We do this by studying the path corresponding to the corrector step, which is the
solution of the following system of ODEs:

Hp((XY)) = @I—HP(XY) (2.27)

AX)+BY') = 0 (2.28)

where P = Y1/2. We denote the parameter in (2.27)-(2.28) by the variable t. Note

that taking trace on both sides of (2.27) and integrating w.r.t ¢, we see that on
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a solution of the system of ODEs (2.27)-(2.28), Tr(XY)/2 is equal to a constant

p*t for all ¢. Therefore, we will write (2.27) as
Hp((XY)) = p*l— Hp(XY) (2.20)

from now onwards, where u™ is a constant.
For the solution curve of (2.28)-(2.29), (X (¢),Y(t)), passing through (X7, Y?)

(and hence satisfying Asvec(X) + Bsvec(Y) = g and Tr(XY) = u'), we see that

1 2ut — t t t
it is of the form s wi(?) , wi(t) wa(t) ,
2ut —wi(t) 2ut —wi(t) wa(t) 1 — 2wsy(t)

which satisfies (2.28) automatically.

We have the following proposition:

Proposition 2.6 Let

(X(t)) Y(t)) _ 1 2[L+ — W (t) ’ w1 (t) wg(t)

2ut —wi(t) 2ut —wi(t) wa(t) 1 — 2wsy(t)
where wy(t) = —wy(t) with wy(t) satisfying (1 4 2wy — 2uM)w] = pt + 2ut —
Dw; — w?, wi(0) = (YP)y;. Then (X(t),Y(t)) is the unique solution of (2.28)-

(2.29) passing through (X?,Y?).

Proof. Suppose (X (t),Y (t)) satisfies the conditions in the proposition.

Then we first observe that (X (¢), Y (t)) of the given form satisfies (2.28) automat-
ically. This is noted in the discussion before the proposition. Therefore, we only

need to show that (X (t),Y (¢)) satisfies (2.29) and then by Theorem 2.1, it is the
unique solution of (2.28)-(2.29) passing through (X7, Y?).

Note that (2.29) can be written as (Y/2®,YY/2)svec( X' )+((Y/2X)®,Y ~V/2)svec(Y') =
pFsvec(I) — (Y2 @, YV/?)svec(X) using svec and ®, notations. Taking the in-
verse of Y2 ®, Y/ on both sides of this equation and using the properties of

R, we get

svec(X) + (X ®, Y Hsvec(Y') = pTsvec(Y 1) — svec(X). (2.30)
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Substituting

1 2IU+ — W (t) w1 (t) U)Q(t)
(X(1),Y(t) = )
2ut —wi(t) 2ut —wi(t) wo(t) 1 — 2wsy(t)
and expressions for X', Y/, Y1 and X ®, Y ! (this expression in terms of w (¢)
and wsy(t) can be easily derived from a similar expression in Section 2.2) in terms

of wy(t) and wsy(t) into (2.30) and upon simplification, we get the following three

equations:

(1 = 2wp)wy + (25" — w1) — wo)wy = (1 = 2wy) (" —wr) +wy,  (2.31)

(1 = 2wq)(2u™ — 3wy — wo)w) + (2u™ — 2(2u™ — wq ) (wy + we))wh =

(2.32)
—2pTwy — 2(wi (1 — 2wy) — w2)(2u* — wy)

and

(wo(2u™ — wy — wq) + wi (1 — 2wg))wy + (2u™ — wy)(wy + wo)wh = (2.33)

—pwr + (wi (1 = 2ws) — w3)(2pF — wy).
We can easily check that if w;(¢) and ws(t) of (X(t),Y(t)) are given by the con-
ditions in the proposition, then they satisfy (2.31)-(2.33). Hence (X (¢),Y(¢)) in
the proposition satisfies (2.29). Therefore, we are done. QED

As in the proof of Proposition 2.5, we observe that the derivative of the solution
(X(t),Y(t)) to (2.28)-(2.29) passing through (X?, Y?) is along the same direction
as (A:.X,A.Y). Therefore, by Proposition 2.6, (A.X,A.Y') has the form

0 _Acwl Acu)l Acw2
ACX — s ACY =
—Acwl —Acwl Ac’wg —QAClUQ
where A ws = —A.w;. Adding this to (X?,Y?) (which satisfies (Y?)12 = —(Y?)13
and Asvec(XP) + Bsvec(Y?) = ¢), we see that (X1,Y ™) also satisfies (Y1)12 =

—(Y)11 and Asvec(X 1) + Bsvec(Y ™) = q. Therefore, (X7, Y1) € S.
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In conclusion, in this section, we show that for the example under consideration,
if the initial iterate for the first-order predictor-corrector algorithm lies on an off-
central path which is analytic at its limit point, then all iterates generated by
the algorithm also lies on some off-central path analytic at its limit point. Hence,

these iterates converge superlinearly to the optimal solution.

2.3 General Theory for Asymptotic Analyticity
of Off-Central Path for SDLCP

In Section 2.1, we shown that any accumulation point of (X (1), Y (1)), the solution
to (2.6)-(2.7) in ST, xS, is asolution to (2.1), as p1 tends to zero. In this section,
the asymptotic behaviour of (X (u),Y (1)) will be analysed. Instead of studying
the limiting behaviour of (X (u), Y (u)) for general P, which is too daunting a task,
we will do so only for the case when P = Y'/2, the so-called dual HKM direction.
Note that the case when P = [ has already been studied in [17] and hence will

not be discussed here.

We first make a few transformations to (2.8) which is an equivalent form of (2.6)-
(2.7). The system of ODEs obtained after these transformations allows us to give
a necessary and sufficient condition to when an off-central path (X (u),Y (u)) is
analytic at its limit point with respect to ¢ = /. We only attempt to study the
analyticity of the off-central path at its limit point with respect to ,/u instead of p
because ,/p naturally appears in the off diagonal entries of X (1), Y'(x), as shown
in (2.34) and (2.35) below. This leads us to naturally investigate asymptotic
behaviour of X (u),Y (1) w.r.t /.

In what follows, we occasionally suppress the dependence of a vector or matrix on
its parameter and whether these matrices or vectors are dependent on a parameter

should be clear from the context.
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We need an additional assumption besides Assumption 2.1 before we proceed. The
analysis of the asymptotic behaviour of an off-central path for a general SDLCP
is difficult without this assumption although there are some recent work done in
this area for special classes of SDLCP without the assumption. See for example

16].

Here, we will discuss the case of SDLCP (2.1) with the assumption (in addition

to Assumption 2.1), which is stated below.

Assumption 2.2 There exists a strictly complementary solution, (X*,Y*), to

SDLCP (2.1).

Since X* and Y* commutes, they are jointly diagonalizable by some orthogonal
matrix. So, using a suitable orthogonal similarity transformation of the matrices

in SDLCP (2.1), we may assume, without loss of generality, that

AL 0 0 0
Xt = Y=
0 0 0 AL
where Ay, = diag(A\},...,A\r) = 0 and A3, = diag(X\),.1,...,A;) > 0. Here

AL, ..., Ay are real numbers greater than zero.

Hereafter, whenever we partitioned a matrix S € S™, we do it in a similar way,

S Si2
i.e., S is always partitioned as ! , where S7; € 8™, S5 € "™ and

Sl Sy
512 c %mx(n—m)_

In order to transform the ODE system (2.8) into a more "manageable” system of

ODEs, we now claim that for (X (u),Y (¢)) on an off-central path, we have

X1 \//7)?12

X(p) = — =
ViIXy  pXa

(2.34)

and
N?n \/ﬁ?lz
v =| "1 (2.35)
ViYy, o Yo
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where X1, }/22,)?22 and Y;, are equal to ©(1) and ”)?12(#)“5’, "?12(M)HF are equal
to O(1). We proved this in a few propositions below. These propositions are

adapted from [17].

Proposition 2.7 (/17] Lemma 3.10) Y11(u) and Xoo(p) are equal to O(p) and
[ Xa2(p) || e and ([Yio(p)l[p are equal to O(/p).

Proof. Now, A(X(u) — X*) + B(Y () — Y*) = 0 implies, by Assumption 2.1(a),
that (X (u)—X*)e(Y(u)—Y*) > 0. Hence X (u)oY*+X*oY (1) < X(p)oY (u) =
Tr(XY)(p)-

Note that by Remark 2.3, Tr(XY)(u) = Tr(X°Y°%)u = nu. Hence, X (1) o
Y+ X oY () = Of). That is, S0, M) + 50 Xryi(e) = O(s), where

xii (1), yii(p) are the diagonal elements of X (1) and Y (i) respectively. This implies
that Xoo(p) = O(p) and Y11 (p) = O(p).

Also, we have || X12(p)||% < Tr(X11(p))Tr(Xaa(p)) (by Lemma 2.2 of [17]), to-
gether with the fact that X (u) is bounded near p equal to zero (by Remark 2.4)
and Xoo(p) = O(u), implies that || X12(p)[|r = O(/1).

Similarly, we can show that ||Yi2(u)||r = O(/i). QED

Proposition 2.8 ([17] Lemma 3.11) X11(p) and Yao(u) are equal to ©(1) and
Xoo(p) and Yi1(p) are equal to O(p).

=1 I

Proof. Now, det (W) = [, 20w > ) - (XOY0)" where the inequal-

ity follows from Theorem 2.2.

On the other hand, det (XU ) — Ldet(X () det(Y (1)) < det(Xya () det (X220 x
det(Yoo (1)) det <Y“ )> (where the inequality follows from Theorem 2.4 in [17]).
Therefore, we have A, (XY )" < det(X 11 (p))det <X22(“ ) det (Yoo (1)) det (YH )>.
Taking log on both sides of the inequality, we have

X
1108 Anin(X°Y?) < 1ogdet<xn<u>>+1ogdet( ”(W)Hogdetoaz(m)
i
Y]
+ log det (M>
L
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Since Xoo(p) and Yiq(p) are equal to O(u) (by the previous proposition) and
X (p),Y (p) are bounded (by Remark 2.4), we must have, from the above logarith-
mic inequality, that Xi;(p) and Yas(p) are equal to ©(1) and Xoo(p) and Yiq(p)
are equal to ©(u). QED

Therefore, our claim on (X (u),Y (1)) of an off-central path having form (2.34)
and (2.35) is true.

. ~ X11 X12 ~ 5}11 i>12 .
Letting X(p) = | _ _ and Y(pu) = _ , we can then write
Xng Xoao Ylg Yoo
I 0 ~ I 0
X(p) = X

0
0 al 0l

and

wl 0\ ~ ul 0
VIE O g [V
0 I 0 I

Y () =

Remark 2.10 [t can be seen easily that since Xpin(XY ) (1) = Anin (XY )0 and
Amaz (XYY (1) = Anaa (XY )i (Thereom 2.2), the above relationship between X,
X and YV, Y implies that Apin(XY)(1) = Amin(XOY0) and Apae(XY ) (1) =
Amaz(X0Y0). Hence X (1) and Y (1) are positive definite for all > 0 and any of

their accumulation points are also positive definite.

Let X1(t) = X (), Y1(t) = Y (¢2). Similarly, let X;(t) = X (¢2) and Yi(t) = Y (2).
Then X;, )21, Y1, 171 are related by

I 0 ~ I 0
Xi(t) = %) (2.36)
0 tI 0 tI

and

tI 0 ~ tI 0
Yi(t) = Yi(t) . (2.37)
0 I 0 I
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To study the analyticity of (X(u),Y(n)) wrt /i at g = 0, it is the same as
studying the analyticity of (Xi(t),Y1(t)) when ¢ = 0. The following proposition
shows that it suffices to do this by studying the analyticity of (X;(¢),Y:(t)) at
t=0.

Proposition 2.9 X;(t) is analytic at t = 0 if and only if )A(/l(t) is analytic at
t =0. Similarly, Y1(t) is analytic at t =0 if and only Zf)Nfl(t) is analytic at t = 0.

Proof. This is clear since by (2.36) and (2.37), (X1)11(t) = (X1)11(t), (X1)12(t) =

HX1)1a(t), (X1)ao(t) = 2(X1)22(t), (Y)u(t) = (Y1) (t), (Yi)ia(t) = t(Y)12(t)

and (Y1)a2(t) = (Y1)22(t). We also need the fact that X; and Y; are bounded near
= 0, which follows from Propositions 2.7 and 2.8. QED

Therefore, by this proposition, we need only study the analyticity of X, (t) and
Yi(t) at t = 0 to conclude the property for X;(t) and Y;(t). An advantage for
studying the asymptotic behaviour of X;(¢) and Y; () than that of X, (¢) and Y;(t)
is because their accumulation points are positive definite, by Remark 2.10 (which

is a desirable property), unlike that of X (¢) and Y7(¢).
Hence, we are going to express the system of ODEs (2.8) in terms of X; and V;.

First, we observe that by letting P = Y'/2 in (2.8), inverting P ®, P~7Y and
observing that (P ®, P1Y) " (PX @, P7T) = X ®, Y™! and (P ®, P~1TY)™!
svec(Hp(XY)) = svec(X) when P = Y2 (2.8) becomes

A B svec(X') 1 0
. (2.38)
I X, Y ! svec(Y") o\ svec(X)
svec(Ap)T svec(By)T
where A = : and B =

svec(Az)T svec(Bg)T
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In terms of X; and Yj, (2.38) becomes

1 A B svec(X7) 1 0 (2.39)

I X, @Y svec(YY) E\ svee(Xy)

If we consider X; and Y; to be on an off-central path, then the matrix on the
extreme left in (2.39) is not invertible and may not even be defined as ¢ tends to
zero (since Y, ™' may not exist in the limit) and hence it is not possible to analyse
the asymptotic behaviour of X (t) and Yi(¢) if we just use (2.39). By expressing

(2.39) in terms of X, and }71, we will see that further analysis is possible.

In what follows, as in Section 2.1, the properties of the operation ®, and the map
svec are used extensively. Also, following [23], the inverse map of svec is denoted

by smat.

Note that since

I 0 ~ I 0
Xl(t = Xl
0 tI 0 tI
we have
, 001\ ~ I 0 I 0 ~, I 0
0 I 0 tI 0 tI 0 tI
I 0 ~ 00
X (t)
0 tI 0 I
Therefore,
, 00 I 0 -
svec(X{(t)) = 2 ®s svec(Xq(t)) +
0 I 0 tI
I 0 I 0 ~
s svec(X(t)).

0 tf 0 tI
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Similarly,

Therefore,

- (2.40)
. svec(X)
7 I 0 I 0 ~ — M, - )
( ) ®s ( ) svec(Xy) svec(Y7)
0 tI 0 tI
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where
Ml =
I 0 I 0 tI 0 tI 0
A ®3 B ®S
0 tI 0 tI 0 I 0 I
I 0 I 0 ot o tr 0
®s (Xl ®s}/1 ) ®s
0 tf 0 tf 0 I 0 I
and
0 0 I 0 tI 0
A s
0 I 0 tI
0 0 I 0 I 0 tI 0
®s (Xl ®s ®s
0 I 0 tI 0 0 0 I

Let us look more closely at M;. We will show that it can be written as a product
of two matrices where one of the matrices is invertible for all ¢ > 0 and )?1, }71

positive definite.

First, consider the matrices A, B in M; (and also in M5). We have the following

lemma (note that the lemma is inspired by a similar result in [17], see also [9]):

Lemma 2.2 There exists an invertible matriz T such that

T(A,B) =
svec(Ay)T svec(By)T

svec(Az)T svec(Bi)"
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o (A)n (A ' e (B (Bi)is '
AL, (A (

~—~

. . T . . T
Ai1>11 (Ail)12 (Bi1>11 (311)12
svec - - svec - -
(Ai)ly (A2 (Bi))1a (Bi)22
. T o - T
0 (A7,1+1)12 (Bil—‘rl)ll (B’Ll—|—1)12
svec o _ svec _
(Ai41)1o (Aijg1)22 (Bii+1)12 0
T ' T
0 (Aiy1iz)12 (Biyin)1n (Bijgiz)12
Svec sSvec
(Bi1+i2){2 0

(Ail +ia ){2 (Ai1+i2 )22
0

0 (Biytirt1)11 0
Svec o Svec
0 (Aitirt1)22 0 0
T N T
0 0 (B;L)n 0
Svec . Svec
0 (An)2 0 0

where 0 < 11,19 < . - how i1 and iy are defined should be clear from the proof of

the lemma.

Proof. In order to prove this, imagine that svec(4;)? is written as (m m
@) where m is a row of vector corresponding to the upper left hand block
(Ai)11 of A, (/Az)\m corresponds to the upper right hand block (A;)12 of A; and

(A;)a2 corresponds to the lower right hand block (A;)go of A;. Similarly, svec(B;)T
is written as ((EZ)E (E;)\IZ (Ez)\m)

Let

11 = rank : : ,

(2.41)
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(A (A (B (Bi)a

19 = rank : : : : — 11,
(Aa)un (Aa)iz (Ba)iz (Ba)2
svec(Ay)T  svec(By)T

is = rank — (i1 + 12),

svec(Az)T  svec(Bg)T

where i1 +1iy +i3 = 1 (by Assumption 2.1(c)). Then the lemma holds by applying

block Gaussian elimination method to

svec(Ay)T  svec(By)T

svec(Az)T svec(Bi)T

QED

Remark 2.11 [t should be noted, by construction, that in the above

’il -
N T T
(A1)11 O 0 0
svec svec N
0 0 0 (Bi)2
rank : : ,
N T T
(Ai)nn O 0 0
svec svec N
0 0 0 (Bi)a2
?:2 -
—_ T —_—
0 (Ai41)12 0 (Biy+1)12
svec o svec o
(Ai1+1){2 0 (Bi1+1){2 0
rank : :
T
0 (A i )12 0 (Biyviz )12
svec svec
(Ail +i2 )?2 0 (Bil +i2 )?2 0
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?:3:
0 0 (Birtis+1)11 0
svec svec
0 (Aiyizr1)22 0 0
rank :
T L T
0 0 (Bi)ii 0
svec L svec
0 (An)a2 0 0

where 11 + io + 13 = N.

svec(A;)T
From now onwards, we can assume, without loss of generality, that A =
svec(Ax)T
svec(By)T
and B = are given by (2.41). In these forms, again, (A B) have
svec(Bg)T

full row rank and

Au+Bo=0 = u"v>0. (2.42)
Now, for each i = 1,...,n,
T
I 0 I 0 A; t(A;
svec( AT ®s = | svec (A HAds
0 tI 0 tI t(A)Ty *(Ai)2

Together with form (2.41) for A, we can see easily that

I 0 I 0
./4 ®5 -
0 tI 0 tI
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T
(A1) t(A1)e
Svec
t(A)ly (A1)
T
(Ai)un (A
Svec
t(Ai)Ty (Ai)2
T
0 (Ai1+1)12
Svec
(Ai11)y t(Ai41)22
diag(I,t1,t*1) :
T
0 (Aiy1iz)12
Svec
(Ai1+i2){2 t(Ai1+i2)22
T
0 0
Svec
0 (Aitirt1)22
T
0 0
SvecC
0 (An)2e

Let the matrix on the extreme right in the above expression be A(t).

Remark 2.12 Note that in this section, diag(I,tI,t*I) or diag(I,tI,t*I,C) where

C' is a matriz, whenever it appears, has its first diagonal block of dimension iy,

its second diagonal block of dimension 1o and its third diagonal block of dimension

ﬁ—il—iQZ’ig.

In a similar fashion, we have

tI 0
0 I

tI 0 )
®s = diag(1,t1,t°1)B(t),
0 I
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where

t2(B1)11
t(B1)1,

t*(Bi)un
SvecC
t(Bil >:1F2

t

t

cvec t(Biyy)u (
(Bi1+1)?2

(

B \ )
B

By \ )
B

Bi1+1 12 ) ) !
B 2 ) !

1)12

( 1)22
11)12

( i1)22
)

0
. )1

0

0

B(t) :=
t(Biy1in)11 i1+
Svec
(Bi1+i2 ){2
T
(Biytis+1)11
SvVecC

0 0

' T
(Bi)uu 0
svec
0 0
Therefore, we have the following lemma,

I 0 I 0

A (( ) ®s ( )) = diag(I,tI,t*1).A(t)
0 tI 0 tI
tI 0 tI 0

B (( ) ®s ( )) = diag(I,t1,1*1)B(t),
0 I 0 I

where A(t) and B(t) are defined as above.

Lemma 2.3

and

Proof. As above. QED

48
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Remark 2.13 Since Asvec(X;(t)) + Bsvec(Yi(t)) = q, we have

I 0 I 0 ~
A s svec( Xy (t))+
0 tI 0 tI
tl 0 tI 0 ~
®s svec(Yi(t)) = q.
0 I 0 I

Hence, by Lemma 2.3,
diag(1,t1,121) (A(t)svee(X (1)) + B(t)svee(Vi(1))) = .

This implies that q is equal to (qf,0,0)T where ¢ € R, which can be seen by

letting t tends to zero in above. Therefore,

41
A(t)svee( X1 (1)) + B(t)svee(Y1(t)) = | 0 |- (2.43)

By (2.36), (2.37) and using the properties of ®;, we have

[ tro tr 0 I 0 I 0 S
(X1®SY1 ) s - ®s (X1®3Y1 )
0 I 0 I 0 tI 0 tI

Therefore, we can write M as

My =
I 0 I 0 At B(t (2.44)
diag | I,t1,4°1, & ) ~ ()N .
0 tI 0 tI I X!

In a similar manner, we can express M, in terms of A(t), B(t), X; and Y; as

follows:
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Using Lemma 2.3, we have

diag(I,t1,t*T)A(t) ®s

S M~
S M~

I 0 o0 | ) 17 0
B ®s = diag(I,t1,t°I)B(t) ®s I
0 0 0 I 0 0

B 10 tI 0
(X1®SY1 ) Xs
0 0 0 I
I 0
0

I 0 I 0 ~ ~ 1
®s (Xl ®s Yli ) ®s I = Ms.
0 tI 0 tI 0

where the last expression follows from (2.36), (2.37) and using the properties of

o~ |=

®5-
We have
My =
, 0 0 , 0
diag(I,t1,t*I)A(t) Qs | | diag(I,tI,t>I)B(t) ®s I
0 11 0 0 (2.45)
0 0 I 0 '
®s MS
0 I 0 tI

Substituting (2.44) and (2.45) into the system of ODEs (2.40) and simplifying the
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right hand side of its equality sign, we have

I 0 I 0 Alt B(t svec( X!
Ldiag | I,t1,21, ®s ®) N ()~ (j) -
0 tf 0 tf I Xy, svec(Y)
B (2.46)
svec(X)
svec(f/l)
where
G =
, 0 0 , 17 0
—diag(I,tI,t21)A(t) ®s 1 —diag(I,tI,t21)B(t) R4 1
0 11 0 0
0 I 0
®5 _MS
0 O 0 ¢f

Taking the inverse of the matrix on the extreme left in (2.46) and simplifying, we

finally obtain

L A B(t) svec(X7])
3 ~ ~ ~ = (2.47)
I X;®:Y] svec(Y)
0 0 0
—A(t) ®s 1 —B(t) ®s I
0 11 0 0
X
i 0 =~ i 0
®5] _(Xl ®5 Yi_) ®s]
0 0 0 0
svec(X1)
svec(Y?)

Remark 2.14 Instead of inverting P ®, P~TY in (2.8) to obtain the system of
ODEs (2.38), we can also invert PX @, P~" in (2.8), when P = Y'/2, to obtain

A B svec(X') 1 0
(X @, Y H)= 1 T svec(Y") o\ svec(Y)

(2.48)
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Proceeding in a similar manner as what was described above to obtain (2.47) from

(2.38), we obtained from (2.48), the following system of ODEs,

B (e )
(X;@,Y7H™t 1 svec(YY)
0 0 0

—A(t) ®Rs [ —B(t) Qs 1
0 1r 0

svec(X)
svec(Y7) '
We have the following result by combining the systems of ODEs (2.47) and (2.49):

Proposition 2.10 Given (X(u),Y (1)), ¢ > 0, an off-central path of SDLCP
(2.1) with (X(1),Y (1)) = (X° Y. Let X;(t) = X(t*) and Y1(t) = Y (¢?). Then
(X1(t), Y1(t)) is a solution to the following system of ODEs

% Bt sueet X)) _ 0
X1 ®s Y, svec(YY)
00 I 0
—B(t) ®s I
0 I 0 0
X
I 0 - ({10
®s (Xl ®s le ) ®s [
0 -1 0 —I
svec(X1)
svec(Y})

Here X (), X1(t) and Y (n),Yi(t) are related by (2.36) and (2.37) respectively

where j = t2.

Proof. Suppose (X (u),Y (n)) is an off-central path of SDLCP (2.1), then it is
clear that (X;(t),Y1(t)), t > 0, is a solution to the systems of ODE (2.47) and
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(2.49). We have, from (2.49),
1
2

0
0 I

®s 1 | svee(X)) + (X, @, Y, ) ®s 1 | svec(Yr)

&=

(svec(X1) + (X1 @, Vi) svee(YY)) =
00
0 1
By adding this to a similar equation from (2.47) and keeping the other half of
the system of equalities in (2.47), (2.49) unchanged, we obtained the system of

ODEs (2.50). Clearly, from the way (2.50) is obtained from (2.47), (2.49), we have
(X1 (t), Y1 (t)) is also its solution. QED

Note that we will use (2.50) in the analysis that follows since it is more ”symmet-

ric” than (2.47) or (2.49).

We observe, in the following proposition, an important property of the matrix
At)  B(t) . .
_ ~ on the left hand side of equation (2.50).
I Xl ®s Yi_l

BAR)  BB(t)

I Xl ®s }/1_1
for allt >0 and )?1, }71 positive definite.

Proposition 2.11 , where B # 0, 8 € R, is invertible

Proof. To prove the proposition, it suffices to show that

BA(t)  BB(1) u
I XY v

for t > 0 and X 1, 371 positive definite.

A sufficient condition for this to hold is to show that
Au+Btv=0 = u'v>0 (2.51)

Now, for ¢ > 0, (2.51) is true by Lemma 2.3 and since (2.42) holds.

Therefore, we need only show (2.51) for the case t = 0.
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Suppose A(0)u + B(0)v = 0. We want to show that uTv > 0 (The idea to prove
this follows the proof of Theorem 3.13 in [17]).

U U Vii Vig
Let u = svec and v = svec
UiFQ Usa Vlg Voo
U11 0 0 0 .
We have A svec + B svec = 0 since A(0)u + B(0)v = 0.
0 O 0 Vo
Wi Z Vii 23
Also, A svec + B svec = 0 for some W; € S™,
ZT Uy zZI w,

Wy € S"™™ and 7y, Z, € R™ (=™ This is possible because A(0)u + B(0)v = 0
and by Remark 2.11.

. W1 Z1 U11 0 Vil Z2
Letting X(S) = + s and Y(S) = +
Z1 Uy 0 0 ZT Wy
0 0
s , we have A svec(X (s))+B svec(Y (s)) = 0 for all s € R. Therefore,
0 Vo

by (2.42), X(s) @ Y(s) > 0 for all s € R. Expanding X(s) e Y(s), we have
Wl.‘/i1+U22.W2+221.Z2+8(U11.‘/11+U22.‘/22> 2 0 for all s € . This
must imply that Uy @ Vi1 + Usg @ Voo = 0.

We are done if we can show that U;p e Viy > 0. This is true since there exist W5 €

B W3 Ui 0 Via
S™ and W, € S™ ™ such that A svec + B svec =0

Ufy 0 Vi, Wi
(the reason for this is because A(0)u+ B(0)v = 0 and by Remark 2.11.) and then

by (2.42).

Un U Vi Wi
Therefore, we have u’v = TR, TR S QED
Uly Us Vih Vi
[ Al 3B(®) . o
Note that the matrix ~ ~ in (2.50) is invertible at any ac-
I Xl ®s le_l

cumulation point of (X;(¢),Y;(¢)) (This follows from Proposition 2.11 since any
accumulation point of X (t) and Yi(¢) is positive definite, by Remark 2.10). This
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fact implies that we can invert the matrix at the limit as ¢ tends to zero and this

enables us to study the asymptotic behaviour of (X (t), Y1 (t)).

Using (2.50), we can give a necessary and sufficient condition for (X;(t), Y;(t)) of
an off-central path to be analytic at ¢ = 0.

First, we have the following technical proposition:

Proposition 2.12 Let (X7,Y;) be an accumulation point of (X:1(t),Y:(t)) of an

off-central path as t approaches zero. Then

v\ —1 I 0 Vo Yk RV I 0 Vo) —1 2(Xik)11 0
(Y1) YiXT + XY Yr)— = ~
0 —I 0 —I 0 —2(X7 )22
Proof. ( =) Clear.

( <= ) Suppose

vy —1 I 0 Uk Y * YA Va 1 0 vy —1 Q(Xik)ll 0
(Y1) YiXT+ X7y (Y7") = _
0 —I 0 I 0 —2(XP)as
Then we have
I 0 \e o — [T 0 ~ [ (XD 0 -
Y XY+ YEXTY =2V - Yy
0 -7 0 -7 0 —(X7)22
Now,
I 0 ~ o~ o~ -
Y XYy + Y XY,
0 —1 -1
2 ((571*)11()??)11(3/ )i+ (Y7 DL+
(V) (XD (V) + <Y*>12<X*>22<1q*>{2)
and
U * ()?ik)ll O U Uk vk Uk Uk vk U\ T
2 Y - Y] = 2(Y7) 1 (XT) 1 (Y7 )11 — 2(Y7)12( X7 )22 (Y] )1a-

0 —(X7)

11
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Equating them together, we have

(V)12(X) () + (V)1 (X)) 1Y)y + 2007 12(X])22(Y) T, = 0.

Hence,

(V7)12(X) T + ()1 (X)) 1Y) (V)T = =207 )12(X])aa (V) L (V7)1

Therefore, (V)12 @ (X{)12 = —Tr((¥;)12(X7)2(V7) (V7)) < 0.

On the other hand, consider X; (¢) and Y (£) where X (t), X1 (¢) and Y1 (¢), Yi(¢) are
related by (2.36) and (2.37) respectively. Let {tx} be a sequence tending to zero
such that (X;(t),Yi(tr)) approaches (X*,Y*) and (Xi(t),Y1(tx)) approaches
(X7,Y;7). Note that (X*,Y*) is a solution to SDLCP (2.1) (Hence X* @ Y* = 0).
Also, (X*)11 = (X711 and (Y*)a = (Y{")as.

Note also that since (Xi(t), Y1(tx)) and (X*, Y™*) satisfy A(X) + B(Y) = ¢, we
have, by Assumption 2.1(a), (X;(tx) — X*) e (Yi(tx) — Y™*) > 0.

Therefore, X (t;) oY (tx) > Xi(tx)oY *+ X" oY) (1), where we have used X*oY™* =
0.

Note that X;(tx) e Yi(tx) = ti)?1(tk) ] 371(7%), Xi(ty) o Y* = t%()a(tk))m i (1?1*)22
and X* o Yi(ty) = 2(X)u @ (Yi(tx))u by (2.36), (2.37) and (Y*)p = (¥/)a,
(X*)11 = (X7)22. Hence Xi(tx) @ Vi(tx) > (Xi(th))22 @ (Vi)o2+ (X7 )11 @ (Vi (ti))1.
Letting t;, tends to zero, we have )?f ) }71* > ()Z'f)gg o (}71*)22 + ()?f)n ) (}71*)11.
Since X; o Yy = (X{)11 @ (Y{)u + 2(X7)12 @ (V)12 + (X))o @ (¥1)22, we have
(XD 1o (V) u+2(X 100V )14 (X7 )20 (V)22 > (X7)200(V )+ (X7 110 (V7)1
This implies that (X;)1z e (Y7)12 > 0.

Combining with (Y;*)12 ® (X7)12 < 0 obtained earlier, we have Tr((Y;*)12(X})a2
(Y)L(Y7)1) = 0 which means that (Y;)12 = 0, since (X7)a2, (Y7)11 are sym-

metric, positive definite. Hence we are done. QED

With this technical proposition, the following proposition follows almost immedi-

ately.
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Proposition 2.13 Let (X,(t),Y1(t)) be a solution to the system of ODEs (2.50)
fort > 0. Suppose X1 (t) and Yy(t) converges as t — 0. Then limy_(Y1)12(t) =
0.

Proof. Suppose X; (t) and }71(t) converge as t — 0, then it is easy to see that
X|(t),Y{(t) =0 (1). Therefore, if X, (t) — X;,Y1(t) — Yy as t — 0, we must

have
00 I 0
—A(0) ®s I —B(0) ®s I
0 I 0 0 svec(
I 0 svec(
®s 1 (X* ®s ( Y* ®s 1
0 —I
is equal to zero. Therefore,
I 0 ~ -
@ 1 | svec(XH)—(Xi@,(Y;)~ ®s I | svec(Y]) = 0.
0 —1I
Using the properties of ®;, we have
X; 0 ~ (T 0 _
svec ( )11 — % X7 R, (Y7) 1+
X 0 —1I
I 0 ~ ~
(V7)™ ®s X7 | svec(Y)") =0,

which implies that

vy —1 I 0 Uk Yok | YRk 1 0 k) —1 2(Xf)11 0
7) VXK () = o
0 —1I 0 —1I 0 —2(X7)n

Hence (Y;")12 = 0, by Proposition 2.12. Therefore, lim,_o(Y1)12(t) = 0. QED

We are now ready to state a necessary and sufficient condition for X;(¢) and Y;(t)

to be analytic at t = 0. We have the following theorem:

Theorem 2.5 Let (X,(t),Y,(t)) be a solution to the system of ODEs (2.50) for
t > 0. Then Xi(t) and Yi(t) are analytic at t = 0 if and only if (Y1)12(t) is
analytic at t = 0 and (Y1)12(0) =

S tel
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Proof. (=) Suppose X;(t) and Y;(t) are analytic at ¢ = 0. Then they converge
to unique limit points as ¢ — 0. Therefore, by Proposition 2.13, (}71)12(0) =0.
This, together with the analyticity of (}71)12(75) at t = 0, implies our required

result.

(<) Suppose (Yi)12(t) = tWi(t) for ¢t (> 0) near 0, where W;(t) is analytic at
t=0.

From (2.50), we have

%)\ _ A0 FT)
svec(Y?) t |
where
1 1 -
- - TA(t S B(1
F1<t7X17}/1): 2 () ~2 (A)/ %
I Xy,
0 0 I 0
—A(D) @, I —~B(t) @ 1 %
0 1 0 0 svec(X)
I o N . I 0 svec(Yy)
®q 1 —(X1®:,Y7) ®s 1

Note that fl(t,)?l,?l) is analytic at (O,)?l,?l), where X;,Y; = 0. Therefore,
we can write J(t, )Afl, }Nﬁ) as y o, an()Nfl, }Nfl)t” where a,, is analytic at ()?1,}71),
)?1,371 > 0, for all n > 0.

Now, F1(0, X1, Y1) = ao(X1, V7).

We want to show that F1 (0, X (£), Yi(£)) = ao(X1(£), Yi(t)) = t ao(t, X1(t), (Y1)11(t),
(Y1)22(t)), where @y as a function of (¢, Xy, (Y1)11, (Y1)2) is analytic at (0, X,
(Y11, (Y1)22) where X, (Y1)11, (Y3)22 = 0.
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We have

10X, (0),T5(1)) = F1(0, T (1), Talt A[
_ Q1
0 I
Xl ®s
0o —1

Now, (2“4(0) N 58(0} ) is equal to Bo(t, X:1(t), (V)11 (t), (Y1) (1)),
I Xi(t) @, Y H(t)

where EO as a function of (¢, )?1, (}71)11, (}71)22) is analytic at (0, )?1, (371)11, (371)22)7
with )N(h (5}1)11, (171)22 > 0, since ()Nfl)lg(t) is analytic at t = 0 and (}?1)12(0) = 0.
Next, let us consider

i) () )

0

0

I 0
—(Xu(t) ®, Yy (1) ®; 1

0 -1 0 -1
svec(X1(t))
svec(Yy(t))
Let
0 0 ~ I 0 ~
c(t) := —A(0) (( ) ®s I) svee(X1(t)) — B(0) (( ) ®s I) svec(Yq(t)).
0 I 00
Therefore,

c(t) = —A(0)svec R 0 ()il)lz(t) _ B(0)svec 2(}”1)11(15) (Y1)12(t) |
(X1)15(t) 2(X1)aa(t) (Y1){5(t) 0
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By definition of .4(0) and B(0), we have for i = 1,... 14y, ¢(t); = 0. Also, for i =

Al
iv4is+1,..., 7, because A(t)svec(X,(t)) + B(t)svec(Yi(t)) = | 0 | (Remark
0
2.13) , we have ¢(t); = 0.
q1
Now, for i =iy +1, ..., +iy, using A(t)svec(X,(t)) + B(t)svec(Y1(t)) = | 0
0

again, we have

svec( OT (Aihe ) svec()Nﬁ(t))—i—svec ( t(Bi);l (B ) S?J@C()N/l(t)) = 0.
(Ai)ia t(Ai)a (Bi)dia 0

Therefore,
e [0 (A0 Tsvec 0 (X1 1a(t) N
(Az){z 0 . ()?1){2@) 2()?1)22@)
t svec svec _ +
( 0 (Az‘)QzT) ( 0 (X1)aa(t) )
svec 0 (Bihz svec 2(}71)22@) (371)12@) n
(B 0 FhO 0

t svec ( (B 0 ) svec ( (F)ult) 0 ) =0.
0 0 0 0

Hence, c(t); = ¢ & (¢, X1(t), (Y1)11(t), (Y1)22(t)) where & as a function of (¢, X1, (Y111,
(Y1)22) is analytic at (0, X1, (Yi)11, (Y1)22), with Xy, (Y1)u1, (Yi)a2 = 0, for i =
AR T A

I 0 ~
smat ®s I | svec(X:(t))—
0 -1
~ ~ I 0 ~
(X1(t) @5 Y1 (1)) (( ) ®s 1) SUBC(Yl(t)))
0 —1

Consider
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which is equal to

(X1)u () 0 B 2(X 1)1 (t) 0 N
0 —(X1)2(t) 0 —2(X1)as(1)

o (I O )N ' nor (I O )Nl )
Y () Yi(t)Xy(t) + Xa (D) Ya(t) Y () |-
0 —I 0 —I

=

0 —I 0 —I
2(X 1)1 (¢) 0
0 —2(X1)22(t)
We have
-~ ~ I 0 ~ ~ -
Yi(t)D()Yi(t) = ( - ) Yi() X (H)Ya(t)+
o (1 0 ) _ ((Xl)n@) 0 )~
Yi(t) X (H)Ya(t) — 2Yi(t) - Yi(t).
0 —I 0 —(X1)2a(t)

Let Y;(t) = Yi(t) + Y1 (t) where

i(t) (Y1)11(2) B 0 V() = R 0 (Y1)12(t) ‘
0 (Y1)22(t) (Y1)1a(t) 0

Then, noting that

(o 5 Jrosorosonenn ()
i) Xa(0)Yi(t) + Yi(t) X1 (8)Y1(t) =

0 —1
27, (1) (X1)u(t) ~O Vi (1),
0 —(X1)22(2)

we observe that every term in the above expression for Y (¢)D(t)Y;(t) involves
at least a (Y1)12(t). Therefore, with (Y1)12(t) = tWy(t) for ¢ (> 0) near 0 and
Wi (t) analytic at t = 0, we have D(t) = ¢ Do(t, X1(t), (Y1)11(t), (Y1)22(t)), where
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Dy as a function of (t, )?1, (}71)11, (571)22) is analytic at (O,)?l, (171)11, (171)22), with
)?1, (i}l)m (?1)22 = 0.

Hence, ao(X:(t), Yi(t)) = t ao(t, X1(t), (V1)1 (1), (Y1)22(t)), where @ as a function
of (t, X1, (Y1) 11, (Y1)22) is analytic at (0, X1, (Y1)11, (Y1)22), with X, (Y1)11, (Y1)22 >

0, is true.

Therefore, we have (£, X1(t), (Y1)11(t), (Y1)22(t)), for t (> 0) near 0, satisfies the
following system of ODEs,

svec(X)) =~ ~ - > YR > n—1

~ = ao(t, X1, (Y1)11, (Y1)22)+Z an((Y1)12(t), X1, (Y1)11, (Y1)22) t"77,
svec(YY) n=1

where its right-hand side is analytic at (0, )Z'l, (371)11, (571)22), where X], (ﬁ)u, (571)22 —

0.
Therefore, from Theorem 4.1 of [4], pp. 15 and Theorem 2.1 above, we have

(X1(t), (Y1)11(£), (Y1)22(t)) is analytic at ¢ = 0, which together with the analyticity
of (Y1)12(t) at ¢ = 0, implies our required result. QED

Using Theorem 2.5, we end this section by giving a necessary and sufficient con-
dition for (X (u),Y (1)) to be analytic with respect to t = /x at the limit point

when g tends to zero.

Theorem 2.6 Let (X (u),Y (w)) be an off central path of SDLCP (2.1) for u > 0.
Then X (), Y (p) are analytic with respect to t = \/j at the limit point as p — 0
if and only if Yia(p) = pW(p), where W(p) is analytic with respect to t = (/i at
the limit point as p — 0.

Proof. Using (2.36), (2.37) and Theorem 2.5. QED



Chapter 3

Analysis of Off-Central Paths for
SOCP

In this chapter, we consider off-central paths for second order cone programming
(SOCP). We consider the general case of multiple cone SOCP in most of our
discussions here. However, in the last part of the chapter, we will show asymptotic
analyticity of off-central path for the AHO direction only for single cone SOCP.
Although this is not interesting, since a closed form formula for the primal and
dual optimal solution for single cone SOCP is already known (see [1]), we still
state and prove the result here for the sake of completeness and also because the
result and its proof may shed some light in showing asymptotic analyticity of

off-central path for multiple cone SOCP, which is still an open question.

We first define off-central path for SOCP for a general direction. Then we restrict
our attention to the AHO direction. We show the existence of off-central paths for
possibly the largest domain for this direction. This is done in Section 3.1. Next,
in Section 3.2, we provide a condition when off-central path for SOCP defined
by the AHO direction will converge to a strictly complementary optimal solution.
Finally, we prove asymptotic analyticity of off-central path for the 1-cone SOCP
defined by the AHO direction.

63
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As far as we know, off-central path for SOCP defined by the AHO direction has
not been discussed in the literature and our discussions here make contributions

to this area.

3.1 Off-Central Path for SOCP

In this section, we define a direction field associated with the predictor-corrector
algorithm for second order cone programming (SOCP). This gives rise to a system
of ordinary differential equations (ODEs) whose solution is the off-central path

for SOCP.

Consider the following primal program (P)

min SN T
(P) subject to SN Ax; = b

|75 < (w3)0  i=1,...,N

Here €T, = ((xi)g,.%_iT>T c §Rki+1 and Az c \SRmX(kH-l).

Its dual program (D) is

max bly
(D) subject to ATy +s;=c¢; i=1,...,N
I5:]] < (s4)o 1=1,....N

where y € R™ and s; = ((s4)0,5;,7 )7 € RkifL,
(P)-(D) together formed a SOCP.
We have the following standard assumptions on (P)-(D):

Assumption 3.1
(a) There exists a strictly feasible solution to (P) and (D).

(b) (Ay,..., AN) has full row rank.
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Under Assumption 3.1, it is well known that there exists an optimal solution to
(P)-(D), the optimal solution set is bounded and (z7,..., 2%, y% s],...,sy) is an

optimal solution to (P)-(D) if and only if

Arw(zf)sf =0 fori=1,...,N
Z£1Aix§ =b

(3.1)
Aly* + st =¢; fori=1,...,N
71l < (27)o, IS} < (s7)o fori=1,....N.
=T
Ug U
Here, Arw(u) := where u = (ug,u”)? € RF.
u U()]

We will now define an off-central path for SOCP using the system of equations
(3.1). As in the case of SDLCP - in Section 2.1 - we consider the predictor step
of the predictor-corrector path-following algorithm for SOCP, which is based on
the linearization of (3.1), to define the off-central path. We will use the MZ-type

family of directions on the predictor step to define the path.

Define G; := {\T} : A > 0,7; € R*HDxGit) 7T 7 T — J (T}); > 0}, where
1 0

0 —I
It is well-known that G, is exactly the automorphism group of the second order

Jp, = e Rkit1)x(ki+1)

cone K; := {z = (z0,77)7 € Rki*! . ||7|| < 20}, namely, the set of all nonsingular
matrices G; such that KC; = G;(K;).

For different G; € G; applied to the predictor step of the predictor-corrector path-
following algorithm, we obtain the AHO direction, the HKM directions and the
NT direction. For more details on the MZ-type family of directions for SOCP,
please refer to [14].

As in the case of SDLCP in Section 2.1, starting from the system of equations

defining the predictor step of the predictor-corrector algorithm, we obtain the
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following system of ODEs for SOCP:

Arw(G; )Gl + Arw(GT ;)G sl = —Arw(GT )G ls; fori=1,...,N
S A =0 (3.2)
ATy +s,=0 fori=1,...,N.
where G; € G; and the initial point (z1(0),...,2x5(0), y(0),s1(0),...,sn5(0)) of

the ODE system (3.2) satisfies the primal and dual feasibility conditions.
The solution to the system of ODEs (3.2) is called the off-central path for SOCP.

In the discussions that follow, we concentrate on the case when G; = [ for all

i=1,..., N, which corresponds to the AHO direction. In this case, (3.2) becomes

Arw(x;)s; + Arw(s;)x; = —Arw(z;)s; fori=1,...,N
Zz’]\il Ajz; =0 (3.3)
ATy +s.=0 fori=1,...,N
with the initial point (x1(0),...,zx(0),4(0), s1(0),..., sx(0)) of the ODE system
(3.3) satisfying the primal and dual feasibility conditions.
Now the first equation in (3.3) can be written as (Arw(x;)s;) = —Arw(z;)s;. Let-
ting z;(t) = Arw(x;)s;. We have 2{(t) = —z;(t), from (Arw(z;)s;) = —Arw(z;)s;,
which implies that z;(t) = e 'm; for some m; € Rkt
By applying an appropriate change of variable from ¢ to u (to be precise, letting
i = exp(—t)), we have that any solution to (3.3) must satisfy the following

algebraic system of equations:

Arw(x;(p))s;(p) = pm; fori=1,... N
S Aii(p) = b (3.4)
ATy(u) + si(u) =¢; fori=1,....N
Remark 3.1 Note that if m; = (1,0,...,0)T, then (3.4), together with ||Z; ()| <
(x:)o(p) and ||55(p)|| < (si)o(p) fori=1,..., N, give rise to the equations defining
the central path for SOCP for > 0. Therefore, to be consistent with the way the
central path is related to (3.4), we require that Zi]\;(mi)o = N in (3.4).
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To be meaningful, we also require that an off-central path stays in the interior
of the second order cones for all u > 0. Therefore, besides satisfying (3.4), an

off-central path, (x1(u),...,zn(w), y(w), s1(p), ..., sy(p)), must also satisfy

[z ()l < (zi)o(p), Nsi(u)ll < (si)o(p) fori=1,...,N (3.5)

for p > 0.

A question therefore arises as to under what conditions does such off-central path
exists for all p > 0.

In the following, we give an example in which an off-central path does not exist

for all > 0. In particular, for this example, it does not satisfy (3.5) for all u > 0.

1 00 T
Example 3.1 Consider N =1. Let A = and let 20 = (1 \/Tg ?) ;
0 01
= (11 %)T, v’ = (1 1)T be a point that satisfied (3.4) when u = 1. Note that

20 and s° both lie in the interior of the second order cone. The solution to (3.4)

with these initial conditions is

2
(5 38) e iy (2 +2) = B0+ VB 2

1
_ 1 1 V3 1
w0 = | gt (3 8) i) |
V3
6
2— 50(#)
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T
When p = \/ig, s(p) = <‘/?§ : %) and we have so(p) = |[S(w)||. Therefore, s(%)
no longer lies in the interior of the second order cone. Hence, for this example, it

does not satisfy (3.5) for all pn > 0.

We observe that a property of the above example is that Arw(z%)s® does not lie
in the interior of the second order cone (in fact, it lies on the boundary of the
second order cone).

We may ask whether if Arw(z%)s® lies in the interior of the second order cone,
then the off-central path exists for all g > 0 with z(1) = 2° and s(1) = s°? The
answer is affirmative.

We have the following theorem:

Theorem 3.1 Let (29, ..., 2%,4°, 89, ..., s%) satisfies (5.4) and (3.5) with pp = 1.
Suppose that for all i = 1,...,N, Arw(z?)s) lies in the interior of each of its
second order cone, then there exists an unique analytic solution (x1(p), ..., xn (1),
y(p), s1(p), ..., sn(p)) to (3.4) and (3.5) for p > 0 such that (x1(1),...,zn(1),
y(1),s1(1),...,s5(1)) = (29, .., 2%, 4% 8%, ..., s%).

Note that in Thereom 3.1, we show for the first time the existence of off-central
path defined using the AHO direction, for, arguably, the largest domain possible.
This domain is analogous to the domain for the existence of AHO search direction

for SDP, as shown in [20].
In order to prove Theorem 3.1, we need to use the following two lemmas:

Lemma 3.1 Suppose X, S are symmetric matrices with S invertible. If XS+S5X
is positive definite, then WS XWT is invertible, where W has full row rank.

Proof. Let XS+ SX = C. Then WS'XWT + WXS™'WT = WS- 1CS—'WT.
Let v € Ker(WS™'XWT). Then WXS™'WTy = WS~1CS'WTw.
Therefore, WS'CS™'WTv € Range(WXS™'WT). But note that

Range(WXS™'W') = Ker(WXST'WH 1)+ = Ker(WS ' XWT)+
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Therefore, we must have v W S=!CS™'WTvy = 0. Since C is a symmetric positive
definite matrix, we have S™'W7"v = 0. This implies that v = 0 because W has
full row rank. Hence, W S™'XW7 is invertible and the lemma is proved. QED

Lemma 3.2 [f z,s, Arw(x)s are all in the interior of a second order cone, that
is, x, s, Arw(x)s € Int(K) where K is a second order cone, then Arw(x)Arw(s)+

Arw(s)Arw(x) is positive definite.

Proof. Suppose z, s, Arw(z)s € Int(K).
Let x = (29, 77)7, s = (s0,57)". Then

(Arw(@)Aru(s) + Arw(s) Aru(z)

xT's xOET + SoT

T
o5 + SoT %(ms + 370 + w801

It is easy to see that Arw(z)Arw(s) 4+ Arw(s)Arw(x) is positive definite if and

only if
%(SCS +sT ) + QZOSOI — ﬁ(mog —+ SOE)(QUOET + SOET) (3 6)
:(%—f;}so)(xs + 5T )+x0501_;_7§s§T_;_7§sﬁT .

is positive definite.

Therefore, to prove the lemma, it suffices to show that (3.6) is positive definite.
2

We need to show that miny,j—; v”[(3 — 222)(@s” + 5z7) + wosol — —4-55' —

2
2077l v > 0.
x-S

Now,

UTK% - 2080)(1'3 + sT ) + zosol — %QT . ;T(Q)SWT]U
= (vTT)(v73) + zosollv]]* — g5 (x0v"S + 500" T)*.

Therefore, to prove the lemma, it is enough to show that

Hrr‘l‘in ' s(v'T) (v1'3) — (20’5 4 590 F)? > —(wgs0)2” s,
v||=1
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given xz, s, Arw(z)s € Int(K).

However,
min, =1 27 s(0vT)(v73) — (20’5 + sv’T)?
> min{—z{f* — sjo’ + (z7s — 2x0s0)a3 5 ol < |7, 18] < |51,
|l‘0ﬁ + S()CY| < ||ZL'Q§ + Sof“}

Given that z, s, Arw(z)s € Int(K), the possible ”optimal value” candidates to the

latter minimization problem are

—zs||Z]|[I5]] — (zolIS[] — sol[Z])?,
— 20,757 + 22T || 205 + soZ|| — [|205 + s0Z|* and
— 200 Ts|5][2 + 2215|205 + 50T — ||z + soT|.

In all three cases, it can be shown easily that they are all greater than —(zgsg)x” s.

Hence the lemma is proved. QED

Proof of Theorem 3.1. To show this, we basically rely on the Implicit Function
Theorem.

First define a set O by

0 = {(x17”'7IN7y7817"'78N) : ye%m7(‘r2782)6 Int(KZ)X Int(KZ)a

Arw(z;)s; € Int(K;) fori=1,...,N}

where K; = {x; = ((7;)0,7i% )T € R¥*1 . ||75]| < (24)0}, which is a second order
cone.
We consider the map ® : O x R, —— R™ x (REFL x .. x RN x (RAFHL x

.. x RENFL) defined by
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SOV A — b
A{y—l—sl—cl
D(x1,. .., TN, Y, ST+ SNy L) 1= ALy + sy —en

Arw(zy)s; — pArw(x?)s?

Arw(zy)sy — pArw(z%)s%

® is clearly an analytic map and if we can show that for every (xi,...,zn,v, s1,
o8N, ) € O x Ry such that ®(zq,...,25,Y,81,-.-,8, 1) = 0, D, P(z, ),
where z = (z1,...,2N,Y,$81,...,SN), is nonsingular, then the theorem is proved

by applying the Implicit Function Theorem and a continuity argument.

Now,
W 0 0
D,®(z,p)=1 0 WT I
S 0 X

where W = (A4 ... An), X = diag(Arw(zy), ..., Arw(zy)) and S = diag(Arw(s;),

. Arw(sy)).
W 0 0 AX
Consider o WT 7T Ay =0.
S 0 X AS

If we can show that AX, Ay and AS are equal to zero, then we are done.

We have WST'XWTAy =0, AS = —-WTAy and AX = ST'XWTAy. There-
fore, if WS™'XWT is invertible, then (AX, Ay, AS) = 0 and hence D,®(z) is
nonsingular. However, by Lemma 3.2 and Lemma 3.1 with Assumption 3.1(b) ,
we know that for (z1,...,2y5,¥,51,..., sy) € O, WSTLXWT is invertible. Hence
we are done. QED

We have shown in Theorem 3.1 that for suitable initial point (29, ..., 2%, 4", s7,...,s%),
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an off-central path, passing through this point and satisfying (3.4)-(3.5), exists.
The region of initial points is, arguably, the largest possible, given Example 3.1.
It is clear that every accumulation point of such off-central path as p approaches
zero is an optimal solution to (P)-(D). In fact, by an analogous argument as in
6], the off-central path converges to an unique limit point, which is an optimal

solution to (P)-(D).

3.2 Asymptotic Properties of Off-Central Path
for SOCP

In this section, we again restrict our attention to AHO direction, that is, to off-
central path defined by (3.4) and (3.5).

We show that for off-central paths restricted to a neighbourhood of the central
path, they converge to strictly complementary optimal solutions of (P)— (D). We
then show that when we consider the 1-cone SOCP, for an off-central path in this
neighbourhood, it is analytic at the limit point when = 0. This has an impact

on the rate of convergence of path-following interior-point algorithms, see [22, 26].

Let us first define what we meant by strictly complementary optimal solutions:

Definition 3.1 Let (z7,...,2%,y", s5,...,s%) be an optimal solution to (P) —
(D). (x3,...,2%,y% 8T, ..., sN) is strictly complementary if and only if

(a) ()0 > [[27]| = s} =0,

(b) (s7)o > |Is7]| <= a7 =0,

(¢) 0# (x})o = [l47] <=0 # (s))o = [Is]]l.

We assume from now onwards that for the SOCP that we consider, there always

exists a strictly complementary optimal solution.

We know from the previous section that if (z1(u), ..., x5 (@), y(@), s1(p), ..., sn(p)),

1 > 0, is an off-central path, then it converges to an unique limit point. We are go-
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ing to show that if this off-central path is restricted to a certain neighbourhood of
the central path, then the unique limit point is actually a strictly complementary
optimal solution to (P) — (D).

The neighbourhood is derived from the following condition on the off-central path:

Assumption 3.2 Let m; = Arw(z?)s? fori=1,..., N, where (29,...,2%,1°,
sU 0 8%) = (21(1), ..., an(1),y(1),51(1),...,sn(1)). Then, we assume that
(mi)o > 3|yl fori=1,....N.

The "restricted” neighbourhood that we consider is defined by:
T L
N =< (21, .., 2N, Y, 81, .., 8N) ¢ ||Arw(x;)s; — x; siei]| < 3% Syt = 1,...,N ;.

Here ¢; = (1,0,...,0)T € ®F+L,

Therefore, an off-central path satisfies Assumption 3.2 if and only if it stays in N/
for all p > 0.

Note that the central path belongs to A. Hence N is a neighbourhood of the
central path. Also, note that the neighbourhood of the central path defined here
differs from the one defined in [14, 1].

We have the following theorem:

Theorem 3.2 Suppose Assumption 3.2 holds. Then (x1(n), ..., zx(w), y(n), s1(w),
...,sn(p)) converges to a strictly complementary optimal solution of (P)-(D)

where (z1(p), ..., xn (), y(), s1(p), - .., sn(p)) is the solution to (3.4) and (3.5)
for > 0.

We defer the proof of Theorem 3.2 as we need to use other results in its proof as

discussed below.

Let Op = primal optimal solution set to (P) and Op = dual optimal solution set
to (D).
Consider Op.
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Let Mp:={i€{l,...,N} : V (a%,...,2%) € Op, () = ||z},

My :={ieMp : 3 (z5,...,2%) € Op with zf =0 and 3 (73,...,7xn) € Op
with z; # 0},

M :={i€Mp : V(2f,...,2%) € Op, z} =0},

M} :={ieMp : VY (z3,...,2%) € Op, z} #0}.

Therefore, M& ={i € {1,...,N} : 3 (a},...,2%) € Op, (x})o > |lz7|}.

Note that if (z3,...,2%), (Z1,...,Zn) € Op, then for each i € Mp, T; = ax} for

some «; > 0, assuming x} # 0.
We have below a lemma that characterizes the relative interior of Op.

Lemma 3.3 1iOp = {(aF,...,25) € Op : (2})o > ||z}|| Vi € M§ and x} #

0VieMp}.

Proof. Let us denote the set on the right hand side of the equality sign in the
lemma by X. Therefore, we need to show that riOp = X.

() Let (z7,...,zy) € riOp.

3 (71,...,7N8) € Op such that V i € M, (z;)o > ||73]| (by taking convex combi-
nations).

3 (#1,...,2y) € Op such that Vi € Mg, 7; # 0 (again, by taking convex
combinations).

Let (21,...,2n5) = A1, ..., Z8) + (1 = N)(27,...,2x5) with 0 < A < 1.

Then (#1,...,2x) € Op and V i € M%, (2;)o > ||| and V i € M3, &; # 0.
Then, by Theorem 6.4 of [18], pp. 47, 3 u > 1 such that p(z,...,z%) + (1 —
w)(@1,...,xn) € Op, since (23, ...,2%) € riOp.

Therefore, (z7,...,2%) = a(@1,...,2n) + (1 —a)(v], ..., v}y) for some 0 < a < 1
and (vf,...,vy) € Op.

Hence, V i € M%, (x})o > ||zf|| and Vi € M}, x} # 0.

This implies that (z7,...,2%) € X.

(D) Let (z1,...,2%) € X.
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Given (Z1,...,7y) € Op.

Vie Mg, 3 p; > 1 such that ||pxf + (1 — )@l < (paxf + (1 — 1) Ti)o-
Vi € M}, we have x} # 0 and (2})o > 0. Hence, 3 p; > 1 such that

iy + (1= pa) @il = (g + (L= pa)Zi)o

with (pxf + (1 — p;);)o > 0.

Similarly for i € M3 and i € M3.

Let p = min{y;}. Then g > 1 and p(x}, ..., z%) + (1 — p) (71, ..., 7n8) € Op.
Therefore, again, by Theorem 6.4 of [18], pp. 47, (z},...,zy) € 1iOp. QED

Next, we consider Op. Again, we partition {1, ..., N} into disjoint sets as follows:
Mp:={ie{l,....N} + ¥ (y",s7,....sk) € Op, (s7)o = |I5}|},

Mph:={i€ Mp : 3 (y*,s},...,s5) € Op with s =0 and 3 (7, 51,...,5y) € Op
with §; # 0},

M3 :={i€ Mp : VY (y*,s},...,s%) € Op, si =0},

M3 ={ie€Mp : ¥V (ys,...,s%) € Op, s* 0}

Therefore, M ={i € {1,...,N} : 3 (y*,s},...,5%) € Op, (s1)o > |Is¢|I}.

We also have
1i0p = {(y*,s%,...,5%) €Op : (s7)o > |[s7|| Vi€ Mg and sf A0V i€ Mp}.

Remark 3.2 Without assuming strict complementarity, it is easy to see from
the above characterization of riOp and riOp that for the 2-cone SOCP under
Assumption 3.1, if the primal and dual optimal solutions are both mot unique,
then (P) — (D) always has a strictly complementary optimal solution. This is
analogous to the well-known existence result of strictly complementary optimal
solution for linear programming. It is still an open question whether for n—cone
SOCP, n > 3, when the primal and dual optimal solutions are both not unique,
there always exists strictly complementary optimal solutions under Assumption

3.1. In the case when the primal or dual optimal solution is unique, it is easy to



3.2 Asymptotic Properties of SOCP Off-Central Path 76

find an example to show that there does not exist a strictly complementary optimal
solution under Assumption 3.1 alone. For example, one may consider a SOCP
converted from a strongly convex quadratic programming problem whose unique

solution does not satisfy the strict complementarity condition.

We observe that if (P)— (D) has a strictly complementary optimal solution and by
the first equation in (3.1) (which is called the complementary slackness condition),

we have

Mp C Mp, Mp < Mp
M3 C Mp UM}, My C Mg UM}
My C Mp UM}, Mp C Mp UM}
Mjf C M3, Mg, € M3.

Therefore, M% = M3, MpU M3 = Mz, U M} and M3 = M§,.
We can easily see from these and the characterization of riOp and riOp above
that (z3,...,2%, v, s7,...,sy) € Op x Op is strictly complementary if and only
if (x3,...,28,9% 87, ..., siy) € 1i0p x 1i0p = 1i(Op x Op).
Using this latter fact, Theorem 3.2 can now be proved by showing that the limit
point of an off-central path in A lies in the relative interior of the optimal solution

set.

PTOOf Of Theorem 3.2. Let (1'1(,“),...,JIN(/L),y(/L>,81(M), "'7SN(:u)) - (xia"w
TN Y5, ST, o, SN)-
Consider any (£3,...,ZN,Y,51,.--,8n) € 1i0p X 1iOp.

We have
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Therefore,
N
0 = > (& —z(w) (5 - si(w)
i=1
N N N N
= S = ) B sip) =) 5 win) + Z wi(p) " si ().
i=1 i=1 i=1 i=1

Now, SN ai(p) T si(p) = u S°0  (my)o and S 7,75, = 0. Therefore,

N N N
S AT s + Y0 5wl = iy (i
=1 =1 =1

Note that for any i = 1,..., N, &7 s; (1), 5" 2;(p) > 0.
Hence
N
Bl si(p), & wi(p) < Y (ma)o foralli=1,...,N.
i=1
Consider @Tsi(u).

We have Arw(z;(u))si(p) = wm;. Therefore

(3.7)

_.I_
=
=
5
Z
=
||
=
E

(zi(p))osi(pe)

The second equation of (3.7) implies that

(), = ma)s = (silm)olwi(w);
i) i)o

Substituting this into the first equation of (3.7), we get after some manipulations,

(si(1))o = ’u(mi)O(xi(M))o - Ef;l(xl(,u))](ml)]
o @) — I

for j=1,... k.

from which,
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Now, 737 s:(11) < >0, (my)o implies that

| mao(@i()o— 5L (@i () (mi);
(#:)o { CAMIEEmIE } *

ki (= (m)e  (zi(p)e (ma)o (i ()o—350 (@i (1)) (mi);
2k (T { (i(w)o  (@i(w))o { (mi(#))g_J”zi(“”P

<3 (mao

Upon manipulations, we have
1— Sy (ma)s (@i (), | | @)oo= 5y (#); (@i (1)), <
(mi)o(zi(1))o (@i (1)) —llzi ()| -

S A (mk)o Z?i:l(mi)j(@)j

(m4)o (mi)o(zi(p))o

(3.8)

Now,

S (ma)i (@) ml Jima(w)|

3 _ I

(mi)o(xi())o  — (mai)o (zi(1))o ~ (mi)o

Also,

~

S ma); ()l |7 ]l (@3)o
(ma)o(@i(i))o — (mai)o (Ti(1))o — (ma)o (i(1))o

and

1)](551(”))]

(@)o(@i ()o—S 5L, (@), (wi(w); 1= oy LENGEG (o

(@i ()5 —llzi ()12 o (@i(w);  (zi(m))o
’ =255 P

2\ /2 1/2
- Z@i (T3] Zki (wl(u))
(#)o =1 @5 C (m)%
(zs())o ( ()7
- ZJ ! (u))E

v

> _(Zi)o 1
i . 1/2 1/2
(@i(#))o s @ / L) /
=1 @3 =1 Gy}

Therefore, we have from (3.8),

T milly @) _ e tmido | Imill (F)o
2(1 (mi)o) (%(M))OS (mi)o +(mi)0($i(ﬂ))o'

That is,

% (1 _ 3 ||Wz||) : (Z3)o < Z;ivzl(mk)o. (3.9)

(mi)o/ (x())o = (mi)o
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Now, if ¢ € M5, then (z;)o > 0. Hence by (3.9) and Assumption 3.2, (z})o > 0.
Also, since || Z;|| < (%3)o and ||75g]| < (m4)o, we have, by (3.8), ||zF]] < (z})o.

If i € M3, then (Z;)o > 0, (3.9) and Assumption 3.2 implies that (z})o > 0. Thus
x; # 0.

Hence (z7,...,2%) € riOp by the above characterization of riOp.

By similar argument, we also have (y*,s3,...,sy) € riOp.

Therefore, (x7,...,25,y% s5,...,sy) € 1i0p x 1iOp. That is, (z7,..., 2%, y",

S7,...,8y) is strictly complementary. QED

It is important to determine whether the limit point of an off-central path is
strictly complementary since we can then use it to analyze the analyticity of the
off-central path at the limit when p = 0. This has an impact on the rate of
convergence of interior-point algorithms, see [22, 26]. As an illustration of the
use of strict complementarity on asymptotic analyticity, we have the following

proposition:

Proposition 3.1 Consider N = 1, that is, a 1-cone SOCP. Assume that the
primal feasible set is not equal to the primal optimal solution set and the dual
feasible set is not equal to the dual optimal solution set. If Assumption 3.2 holds

for an off-central path (z(u),y(p), s(u)), then it is analytic at the limit point when

nw=0.

Proof. Suppose Assumption 3.2 holds for an off-central path (x(u), y(u), s(u)),
w>0.

Let (z(p), y(p), s(n)) — (", y", s*) as p — 0.

Since the primal feasible set is not equal to the primal optimal solution set, the
dual feasible set is not equal to the dual optimal solution set and (z*,y*, s*)
is strictly complementary (by Theorem 3.2), we must have 0 # (z%)y = |lz*|,
0 # (s")o = [I5*[-

We want to show that (x(u),y(u), s(p)) is analytic at g = 0.
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Consider the map W : RFFL x ™ x REFL x R — ™ x RFFL x REFL defined by

Az —b
U(z,y,s,p) = Aly+s—c
Arw(z)s — pArw(z®)s

If we can show that D,V (z*, y*, s*,0), where z = (z,y, s), is nonsingular, then we
are done by the Implicit Function Theorem, since W is analytic for all (z,y, s, u) €
RFHL ¢ B o R xR,

Now,

A 0 0
D,V (z*,y*, s, 0) = 0 AT I
Arw(s*) 0  Arw(z*)

Note that we can write Arw(s*) = QDQT and Arw(z*) = QD,QT where Q =

1 . 1 T
y @2 = 5 _ QR = 1), D; =

xT*

Sl

(@1, ¢ - Qey1), @1 = .
IE] ]

diag(0,2sg, So, --.,80) and Dy = diag(2x,0, zo, . .., xq). Therefore,

A 0 0
0 AT 1 =
Arw(s*) 0  Arw(z*)
AQ 0 0
diag(I1,1,Q) | 0 AT Q |diag(Q",1,Q")
Dy 0 Dy
A 0 0
Hence, to show that 0 AT I is nonsingular, we need only
Arw(s*) 0 Arw(z*)

AQ 0 O
show that 0 AT Q is nonsingular.

D,y 0 D,
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Consider
AQ 0 0 u
0 AT Q v | =0 (3.10)
Dl 0 DQ w
AQ 0 0
If we can show that u,v,w = 0, then 0 AT Q is nonsingular.
Dy 0 D,
From (3.10), we have
AQu =0
ATy + Quw =0 (3.11)
Dlu + DQ’UJ = 0.

Observe that, except for one entry, all the diagonal entries of D; and Dy are
nonzero. Using this fact, we have, from the last equation in (3.11), that u =
(u1,0,us, ..., ups1)’ and w = (0,wy,ws, ..., wpi1)?, where u; = —Bw;, 1 =
3,...,k + 1. Using the first two equations in (3.11) and QQT = I, we have
Zfisl w;w; = 0. Hence, with u; = —ﬁ—gwi,z’ =3,...,k+1, u, = w; = 0 for
i=3,.. . k+1.

From AQu = 0, with u = (u1,0,...,0)T, we have u; Aq; = 0. That is, %(;—I)OAZE* =
0. But Az* = b, therefore, (;‘Tl)ob = 0. Now, since the dual feasible set is not equal
to the dual optimal solution set, we must have b # 0. Therefore, u; = 0.
Similarly, the primal feasible set not equal to the primal optimal solution set
implies that wy = 0. Also, v = 0, since A has full row rank.

Therefore, we have u, v, w = 0 and we are done. QED

It should be noted that the above proposition is not interesting since a closed
form formula for the primal and dual optimal solution for 1-cone SOCP is already
known, see [1]. Since it is generally believed that without strict complementarity,

it is difficult to analyze the asymptotic analyticity behaviour of off-central path,
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we state this proposition here to illustrate that with only strict complementarity,
it is possible to derive asymptotic analyticity behaviour of off-central path. Also,

its proof is given since it is quite "neat”.



Chapter 4

Future Directions

The work done in this dissertation is not really complete. First of all, for the
asymptotic behaviour of off-central path for SDLCP, we have yet to show that it
has a unique limit point as p approaches zero under weak assumptions, although
we believe that this should be true. Also, we state in Chapter 2, Section 2.3, a
necessary and sufficient condition for an off-central path for SDLCP to be analytic
w.r.t /g at the limit when p = 0. This necessary and sufficient condition unfor-
tunately is not very practical and we would like to find a more practical condition
for analyticity of off-central path that can be ”"implemented”, like the example
that we analyzed in Section 2.2 and for which, we have an algebraic condition
yo = —y; for analyticity. This algebraic condition proves to be useful when we

consider local convergence behaviour of first-order predictor-corrector algorithm.

As for off-central path for SOCP, we only consider the existence of off-central path
for > 0 for the AHO direction. It would be interesting to consider this question
in general for other directions. We would also like to further investigate the con-
vergence to strictly complementary optimal solution and asymptotic analyticity
of off-central path for multiple cone SOCP, for the AHO or other directions, which
are still open questions. We believe that there are a lot more work that need to

be done in the area of SOCP, in particular, multiple cone SOCP in relation to

83



CHAPTER 4. FUTURE DIRECTIONS 84

interior point algorithm and its underlying paths, and the work presented in this

dissertation is only preliminary.
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