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ERROR BOUNDS AND LIMITING BEHAVIOR OF WEIGHTED
PATHS ASSOCIATED WITH THE SDP MAP X1'/2§Xx1/2*

ZHAOSONG LU!T AND RENATO D. C. MONTEIROT

Abstract. This paper studies the limiting behavior of weighted infeasible central paths for
semidefinite programming (SDP) obtained from centrality equations of the form X1/28x1/2 = yWw,
where W is a fixed positive definite matrix and v > 0 is a parameter, under the assumption that
the problem has a strictly complementary primal-dual optimal solution. It is shown that a weighted
central path as a function of /v can be extended analytically beyond 0 and hence that the path
converges as v | 0. Characterization of the limit points of the path and its normalized first-order
derivatives are also provided. As a consequence, it is shown that a weighted central path can have
two types of behavior: it converges either as ©(v) or as ©(1/v) depending on whether the matrix
W on a certain scaled space is block diagonal or not, respectively. We also derive an error bound
on the distance between a point lying in a certain neighborhood of the central path and the set of
primal-dual optimal solutions. Finally, in light of the results of this paper, we give a characterization
of a sufficient condition proposed by Potra and Sheng which guarantees the superlinear convergence
of a class of primal-dual interior-point SDP algorithms.
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1. Introduction. Let 8™ denote the space of n X n real symmetric matrices.
We consider the semidefinite programming (SDP) problem

minimize C o X
(1) (P) subjectto AX =b,
X =0,

and its associated dual SDP problem

maximize b7y
(2) (D) subject to A*y+S=C,
S >0,

where the data consists of C € 8™, b € R™, and a linear operator A : S™ — R™, the
primal variable is X € 8", and the dual variable consists of (S,y) € 8™ x ™. For a
matrix V' € 8", the notation V' > 0 means that V is positive semidefinite. Given a
fixed positive definite matrix W € 8™, Ab € R, and AC € S8™, our interest in this
paper is to study the set of solutions of the following system of nonlinear equations
parametrized by the parameter v > 0:

(3) AX =b+vAb, X =0,
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(4) A*y+S=C+vAC, S>>0,
(5) XV2ex1?2 =y

Under suitable conditions on (W, AC,Ab), it has been shown in Monteiro and
Zanjacomo [31] that the above system has a unique solution, denoted by p(v) =
(X(v),S(v),y(v)) for every v € (0,1]. We refer to the path v € (0,1] — p(v) as the
(W, AC, Ab)-weighted central path associated with (P) and (D). The main objective
of this paper is to analyze the limiting behavior of this path as v | 0.

When (W, AC, Ab) = (I,0,0), the path v € (0,1] — p(v) is a part of the cen-
tral path associated with (P) and (D). Properties of the central path have been
extensively studied in several papers due to the important role it plays in the devel-
opment of interior-point algorithms for cone programming, nonlinear programming,
and complementarity problems. Early works dealing with the well-definedness, dif-
ferentiability, and limiting behavior of weighted central paths in the context of the
linear programming and monotone complementarity problems include [1, 2, 3, 8, 9,
10, 11, 16, 22, 23, 24, 26, 27, 29, 32, 36, 37, 38, 39, 40].

Using the fact that every real algebraic variety has a triangulation, Kojima et al.
[15] showed that the central path associated with a monotone linear complementarity
problem converges to a solution. In [19], Kojima, Shindoh, and Hara claim that similar
arguments as the ones used in [15] can also be used to show that the central path of a
monotone linear semidefinite complementarity problem (which is equivalent to SDP)
converges to a solution of the problem. More generally, Drummond and Peterzil
[8] established convergence of the central path for analytic convex nonlinear SDP
problems. An alternative proof based on a deep result from algebraic geometry (see,
for example, Lemma 3.1 of Milnor [25]) of the convergence of the central path for an
SDP problem was given by Halickd, de Klerk, and Roos [14]. Characterization of the
limit point of the central path has been obtained by De Klerk, Roos, and Terlaky [6]
and Luo, Sturm, and Zhang [21] for SDP problems possessing strictly complementary
primal-dual optimal solutions. Using an approach based on the implicit function
theorem described in Stoer and Wechs [37, 38], Halickd [12] showed that the central
path of an SDP problem possessing a strictly complementary primal-dual optimal
solution can be extended analytically as a function of ¥ > 0 to ¥ = 0. For more
general SDP problems, the above issues regarding the central path still remain open
but some advances have been made in a few papers. These include De Klerk, Roos, and
Terlaky [5] and Goldfarb and Scheinberg [7] who proved that any cluster point of the
central path must be a maximally complementary optimal solution. Also, Halickd, de
Klerk, and Roos [13] and Sporre and Forsgren [36] provided partial characterizations
of the limit point of the central path as being the analytic center of some convex
subset of the optimal solution set and the unique solution of a perturbed log barrier
problem over the optimal solution set, respectively. Finally, the recent paper by Cruz
Neto, Ferreira, and Monteiro [4], which appeared after the release of the first version
of the present work, establishes the convergence of the central path for a special class
of SDPs which do not satisfy the strict complementarity condition.

Generalization of the notion of weighted central paths from linear programming
to SDP problems is a delicate issue. While for linear programming a weighted central
path can be characterized as optimal solutions of certain weighted logarithmic barrier
problems, this characterization does not seem to be a good source for obtaining a
suitable notion of weighted central paths for SDP. Instead, Monteiro and Zanjacomo
[31] (see also Monteiro and Pang [28]) work directly with a system consisting of (3),
(4), and an equation of the form ®(X,S) = vW for some suitable map ® : D C
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8" x 8™ — 8™ and show that this system has a unique solution for every v € (0, 1].
Special instances of the map ® for which the above result applies include the maps
(X,8) — (XS +S8X)/2 and (X,S) — X1/28X1/2,

Independently of the present work, Preifl and Stoer [35] have proved that the
weighted central paths associated with the map (X, S) — (XS + SX)/2 are analyti-
cally extendible as functions of v € (0, 1] to v = 0 (see also Lu and Monteiro [20] for
another proof of this result). In this paper, we will be interested only in the second
map and its corresponding weighted central paths, i.e., the path of solutions of systems
of the form (3)—(5). More specifically, we will investigate the asymptotic properties of
the weighted central paths v € (0,1] — p(v) and their derivatives for the special class
of SDPs possessing strictly complementary primal-dual optimal solutions. Using a
suitable change of variables together with the technique described in [37, 38] based on
the implicit function theorem, we prove in section 3 that the path t € (0,1] — p(t?)
can be extended analytically to ¢ = 0, and we also characterize the limit point of
p(v) as v | 0. In section 4, we characterize the limit of the normalized derivative
P’ ()/|lp(v)| as v | 0. As a consequence, we show that a weighted central path can
have two types of behavior: it converges either as ©(v) or as ©(y/v), depending on
whether the matrix W on a certain scaled space is block diagonal or not, respectively.
Using these results, we derive in section 5 an error bound on the distance between a
point lying in a certain neighborhood of the central path and the set of primal-dual
optimal solutions. Finally, we consider in section 6 a sufficient condition proposed by
Potra and Sheng [33], which guarantees the superlinear convergence of a large class
of primal-dual interior-point SDP algorithms, and we obtain a characterization of it
in terms of the results obtained in this paper.

The organization of this paper is as follows. Section 2 introduces the assump-
tions made throughout the paper and discusses some preliminary known results about
weighted central paths. Sections 3-6 establish the results mentioned in the previous
paragraph. Finally, we end the paper by providing some concluding remarks in section
7.

1.1. Notation. The space of symmetric n x n matrices will be denoted by S™.
Given matrices X and Y in RP*9, the standard inner product is defined by X e Y =
tr(X7Y), where tr(-) denotes the trace of a matrix. The Euclidean norm and its
associated operator norm, i.e., the spectral norm, are both denoted by || - ||. The
Frobenius norm of a p x ¢ matrix X is defined as || X||r = VX e X. Given a point
f and a set F' in a finite dimensional normed vector space, the distance from f to
F'is defined as dist(f, F) = infz . [|f — fll. If X € 8" 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., ST, ). Either the identity matrix
or operator will be denoted by I. The image (or range) space of a linear operator A
will be denoted by Im(.A); the dimension of the subspace Im(A), referred to as the
rank of A, will be denoted by rank(.A). Given a linear operator F : E — F between
two finite dimensional inner product spaces (F, (-,-)g) and (F,(-,-)F), its adjoint is
the unique operator F* : F' — F satisfying (F(u),v)r = (u,F*(v))g for all u € E
and v € F.

Given functions f : Q@ — F and g : Q — R4, where Q is an arbitrary set and
E is a normed vector space, and a subset Q0 C Q, we write f(w) = O(g(w)) for all
w € ) to mean that there exists M > 0 such that ||f(w)| < Mg(w) for all w € €;
moreover, for a function U : Q — 87, we write U(w) = O(g(w)) for all w € Q if

U(w) = O(g(w)) and U(w)~' = O(1/g(w)) for all w € Q. The latter condition is
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equivalent to the existence of a constant M > 0 such that

1 1
MI = g(w)U(w) <MI VYweQ.

2. Preliminaries. In this section, we describe the assumptions that will be used
in our presentation. We also describe the weighted central path that will be the subject
of our study in this paper. Some preliminary results about this path are also stated
including conditions for its well-definedness.

Throughout this paper we will be dealing with the pair of dual SDPs (P) and (D)
(see (1) and (2), respectively). Denote the feasible sets of (P) and (D) by Fp and
Fp, respectively. Throughout our presentation we make the following assumptions
on the pair of problems (P) and (D).

Al. A:8"™ — R™ is an onto linear operator.

A.2. There exists a pair of strictly complementary primal-dual optimal solutions
for (P) and (D), that is, a triple (X*, S*, y*) € Fp x Fp satisfying X*S* =0
and X* + 5™ > 0.

We will assume that assumptions A.1 and A.2 are in force throughout our pre-
sentation. Hence, we will state our results without explicitly mentioning them.

Assumption A.1 is not really crucial for our analysis, but it is convenient to ensure
that the variables S and y are in one-to-one correspondence. We will see that the dual
weighted central path can always be defined in the S-space. The goal of assumption
A.1 is just to ensure that this path can also be extended to the y-space.

Assumption A.2 is the one that is commonly used in the analysis of superlinear
convergence of interior-point algorithms, and it plays an important role in our analysis.
In fact, it is a very challenging problem to generalize the analysis of this paper to the
case where assumption A.2 is dropped or simply relaxed.

By assumption A.2; since X*S5* = S*X* = 0, we can diagonalize X* and S*
simultaneously, i.e., find an orthonormal P € R"*™ such that PTX*P and PTS*P
are both diagonal. Performing the change of variables X = PTXP and (g,gj) =
(PTSP,y) on problems (P) and (D) yields another pair of primal and dual SDPs
which has a primal-dual optimal solution (X * S §*) such that X* and S* are both
diagonal. To simplify our notation, we will assume without loss of generality that the
original (P) and (D) already have a primal-dual optimal solution (X*,S*,y*) such
that

eo[t0] s[r 0]

where Ap = diag(\1, ..., k), Ay = diag(Axt1,...,\n) for some integer 0 < K < n
and some scalars \; > 0, ¢ = 1,2,...,n. Here the subscripts B and N signify the
“basic” and “nonbasic” subspaces (following the terminology of linear programming).
Throughout this paper, the decomposition of any n x n matrix V' is always made with
respect to the above partition B and N, namely,

V{ \%:] VBN}
Vap VN |’

so that Vpy and Vi p denote the off-diagonal block of V. If Vgy =0 and Vg =0,
V' is called block diagonal; otherwise, it is called non—block diagonal.

Notice that X € Fp is an optimal solution of (P) if and only if XS* = 0. Hence,
by assumption A.2, the primal optimal solution set F} is given by

f;—;E{XG]:piXBN:O,XNB:Q andXN:O}.
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Analogously, the dual optimal solution set F7, is given by

fB = {(S,y) € Fp: Sy = 0, SnB = 0, and Sp = 0}
Define the linear map G : 8™ x S™ x R™ — S™ x R by

(7) GX, Sy =A"y+S-C, AX —b)

and the sets G4, and W by

(8) Gt = G(STL x ST, x ™),

(9) WE{WGS_?_+Z ||W—1/I||<1//\/§forsomeu>0}.

Given (W, AC, Ab) € 8™ x 8™ x R™, in this paper we are interested in the solutions
of the system of nonlinear equations (3)—(5) parametrized by the parameter v > 0.
The following result gives a condition on (W, AC, Ab) for system (3)—(5) to have a
unique solution for each v € (0, 1].

PROPOSITION 2.1. Assume that (W,AC,Ab) € W x Gy. Then, for any v €
(0,1], system (3)—(5) has a unique solution, denoted by (X (v),S(v),y(v)). Moreover,
the path v € (0,1] — (X (v), S(v),y(v)) is analytic.

Proof. By A.2 and the assumption that (W, AC, Ab) € W x G, we easily see
that v(W, AC, Ab) € Wx G4, for all v € (0,1]. The first conclusion of the proposition
now follows from Theorem 1(b) of Monteiro and Zanjdcomo [31] by letting F', ®, and V
in that theorem be defined as F' = G, ®(X, S) = XY/25X /2 for all (X, S) € ST x ST,
and V = W. The second conclusion follows by applying the analytic version of the
implicit function theorem to system (3)—(5) viewed as a function of (X, S,y,v) and
using the fact that the assumption (W, AC, Ab) € W x G, implies that the Jacobian
of this system with respect to (X, S, y) is nonsingular at (X (v), S(v),y(v),v) for every

€ (0,1]. (See Theorem 2.4 of [30] and the paragraph following it.) O

For a given (W,AC,Ab) € W x G4, the path v € (0,1] — (X(v),S(v),y(v))
will be referred to as the (W, AC, Ab)-weighted central path. In view of the above
proposition, we will assume throughout sections 2—4 that the following condition is
true, without explicitly mentioning it in the statements of the results.

A3. (W,AC,Ab) e W x G4 .
The next result gives some estimates on the size of the blocks of X (v) and S(v).
LEMMA 2.2. For all v > 0 sufficiently small, we have

(10) Xp(v) =0(1), Sn(v) =0(1),
(11) Xn(v) =0(), Sp(v) = O(v),
(12) Xpn(v) =0(WV),  Spn(v)=0().

Proof. Assume that v > 0 is sufficiently small and, for notational convenience,
let X = X(v) and S = S(v). Also, let (X*,S* y*) be as in condition A.2. Since
(AC,Ab) € G14, we have (AC, Ab) = G(X°,5%,4°) for some (X°,5%,4°) € ST, x
St xR™. It is easy to see that A(X —vX?—(1-v)X*) =0and S—vS°—(1-v)S* €
Im(A*) and hence that

(13) (X —vX' -1 -v)X*) e (S—vS"—(1-1v)S*)=0

This equality together with (6) and the facts that X* e .S* =0, X ¢ S = vtr(W), and
all the quantities X, X9, X* S, 5% S5* are in 8 implies that

(14) X ¢5%+ X% e S <tr(W)+£(v)
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and

v(tr(W) +£(v))

(15) Xy oS+ XpeSp=X eS8 +X o5 DT

where £(v) = v(X° 0 %) 4+ (1 —v)(X? o S* + X* @ S%). The above two inequali-
ties together with the fact that the matrices X%, 8% X%, S%, Xn, Sp are all positive
definite clearly imply that (10) and (11) hold. Using the fact that X (v) > 0 and
S(v) > 0, we obtain that X7, (v) < Xy(v)X;;(v) and S3;(v) < Sis(v)S;;(v) for all 4, 5.
These inequalities together with (10) and (11) imply (12). o

The next result gives estimates on the size of the blocks of the matrix X/2(v) =
[X()]'/2.

LEMMA 2.3. LetU(v) = X/2(v) for allv € (0,1]. Then, for allv > 0 sufficiently
small, we have

CUs) Usv) ) ( 0) O(yD)
v = (20w ) = (ol 6 )

Proof. For notational convenience, let U = U(v). Since X = UU, we have
Xp=UpUp + UBNUEN and Xy = UnUn + UNBUJI\;B- Hence,

n||Xp| > t1Xp = tr (UpUg + UpnUjy)

= |UBl% + 1Usn | > max{[|Us|1?, |Usn]*},
n||XN|| >trXpy =tr (UNUN + UNBUEB)

= |UN[IF + 1UnBlF > max{[|Ux|?, [[Uxs]},

from which the result follows in view of (10) and (11). d

We end this section by stating a convergence result of the (W, AC, Ab)-weighted
central path to a primal-dual optimal solution of (1) and (2). We do not provide a
proof for it since it is similar to the one given in the appendix of Halicka, de Klerk,
and Roos [14].

PROPOSITION 2.4. There exist some € > 0 and an analytic function v : [0,€) —
(0,1) such that v(0) = 0 and the path t € (0,¢) — (X(v(t)),S(v(t)),y(w(t))) is
analytic at t = 0. In particular, (X (v(t)), S(v(t)),y(v(t))) converges to some primal-
dual optimal solution (X*,S*,y*) ast | 0.

We observe that Proposition 2.4 holds even without requiring assumption A.2.
As a consequence, its main advantage is that it holds for any SDP problem. Its main
drawbacks are that it neither gives a characterization of the limit point (X*, S* y*)
nor describes how fast v(t) converges to 0. These issues and others will be addressed

in the remaining sections of this paper in the context of SDPs satisfying assumption
A2

3. Analyticity of the weighted central path. In the parametrization in-
troduced in the previous section, the weighted central path in general cannot be
extended analytically to an interval of the form (—e, 00) for some € > 0 (see Corollary
4.3). However, in this section we will show that the reparametrized weighted central
path t — p(t?) can be extended analytically to an interval as above.

For the sake of brevity, it is convenient to introduce the following definition.

DEFINITION 3.1. Let w: (0,8) — E be a given function where § > 0 and E is a
finite dimensional normed vector space. The function w is said to be analytic at 0 if
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there exist € > 0 and an analytic function ¥ : (—e,€) — E such that w(t) = ¥(t) for
all t € (0,¢).

The basic result that we use to establish that a function w : (0,8) — E is analytic
at 0 is the following corollary of the analytic version of the implicit function theorem.

PROPOSITION 3.2. Let w : (0,6) — E be a given function where § >0 and E is a
finite dimensional normed vector space. Assume that there exists an analytic function
H: O x (—¢,¢) = E, where e > 0 and O is an open subset of E, such that w = w(t)
is the unique solution of H(w,t) = 0 in O for every t € (0,€). Assume also there
exists w € O such that H(w,0) = 0 and H,,(w,0) is nonsingular. Then,

(i) w = w is the unique solution of the system H(w,0) = 0;

(ii) w is analytic at 0 and, as a consequence, lim; o w(t) = @, and the limits of

all the derivatives of w(t) ast | 0 ewist.

The following theorem is one of the main results of this section. Its proof will be
given at the end of this section.

THEOREM 3.3. The reparametrized (W, AC, Ab)-weighted central patht € (0,1] —
(X (%), S(t?),y(t?)) is analytic and also analytic at t = 0. As a consequence, the
(W, AC, Ab)-weighted central path v € (0,1] — (X (v), S(v),y(v)) converges.

A key step toward showing the above result is a reformulation of the weighted
central path system (3)—(5) as we now discuss. First, observe that (3), (4), and the
equations

(16) USU = £2W,
(17) UU = X

have (U, X, S,y) = (U (2 ),

%), S(t?),y(t?)) as their unique solution in 8% x ST, x
ST, x R™, where U(t*) 2

[X (t?)]Y/2. Letting

e
=48] pao=[} 4]
) =

and noting that Dp(t)Dn(t) = I/t for every t € (0,1], we easily see that U, X, S €
S” satisfies (16) and (17) if and only if U, X = Dy ()X Dy (t), and S = Dp(t)SDg(t)
satisfy

(18)

(19) [UDN ()] S [Dn(8) U] = W,
(20) [Dn (@) U] [UDN(t)] = X.
Now, let

Z/[n:{UE%nxnlUBeslB‘, UNES‘N|, UNBZO},
ur, ={Ueu":Up >0, Uy >0},
and define £ : U™ — R™*" as

0 0 N
L(U)—[UgN 0} VU eU

It then follows that (U, X, S) satisfies (19) and (20) if and only if (U, X, S) with

7= ]
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satisfies the equations
- 7 o~ 1T
(21) [U + tE(U)] S [U + tc(U)] — W,
~ - 1T r~ ~ ~
(22) [U + tc(U)} [U + tc(U)} - X.
Indeed, the above claim follows from the identity

UDy(t) = H{VBB ({}jj/f ] = U+t L(D).

The above arguments establish the following key result.
PROPOSITION 3.4. Let (X*, 5% y*) € Fp x F}, be given. Then, for everyt €
(0,1], the system defined by (21), (22), and the linear equations

(23) A (DN(t)’lXDN(t)*l - X*) — 27D,
(24) Dp(t)"'S Dp(t)~' — S* € t*AC 4 Im(A*)

has a unique solution, denoted by (U(t), X (t), S(t)), in Uy, xSt x 8%, . Moreover,
the path t € (0,1] — (U(t), X (t), S(t)) is analytic and, for everyt € (0,1],

(25) X(t) = Dn(t)X(t*)Dn(t), S(t) = Dp(t)S(t*)Dp(t),
~ [ Us(t?) Upn(t?)/t
(26) o= "% e

The next result states some basic properties about the accumulation points of the
path ¢ € (0,1] — (U(t), X (), S(t)) as t approaches 0.

PROPOSITION 3.5. The path t € (0,1] — (U(t),X(t), S(t)) remains bounded as t
approaches 0, and any accumulation point (U* X* S*) of this path as t approaches 0

is in U x ST x 8T, and satisfies the equations

(27) UsoT =w,

(28) UTU = X.
Proof. By (18) and (25), we have

§ Xp(t?)  Xpn(2)/t ; Sp(t*)/t*  Spn(t*)/t
@ %0 =| o e | S0=[ Sl T ]

which, together with Lemma 2.2, imply that (X (t), ( )) remains bounded as t ap-
proaches 0. Relation (26) and Lemma 2.3 imply that U(t) also remains bounded as t
approaches 0.

Consider now an accumulation point (U*, X*, S*) of the path ¢t € (0,1] —
(U(t),X(t),S(t)) as t approaches 0. By (25) and (26), we see that (U(t ), X (1), S(t)) e
Z/l++><S +><S for all t € (0,1], and hence we must have U* € U™, X* = 0, S* = 0,
Uj, = 0, and Uf, = 0. Thus, to conclude that (U*, X*,5*) € U}, x ST, x Sty it
suffices to show that U*, X*, and S* are all invertible. Indeed, since (U(L‘)7 X(t),S(t)
satisfies (21) and (22), we conclude upon letting ¢ | 0 that (U* X*,5*) satisfies (27)
and (28). This conclusion together with the fact that W = 0 implies that U*, X*,
and S5* are all invertible. O
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Our next goal is to show that the path t € (0,1] — (U(t), X (t), S(t)) is analytic
at t = 0. The basic tool we use to establish this fact is the implicit function theorem
applied to a specific system of equations parametrized by the parameter ¢t € . A first
natural candidate for such a system seems to be the one given by (21), (22), (23), and
(24). However, the main drawback of this system is that its Jacobian with respect
to (U,X,S) is generally singular for t = 0 (even though for ¢ € (0,1) it is always
nonsingular). The main cause for this phenomenon is that the “rank” of the linear
equations (23) and (24) changes when ¢ becomes 0.

We will now show how the linear equations (23) and (24) can be reformulated into
equivalent linear equations for every ¢ € (0,1]. Moreover, the new linear equations
have the property that their rank remains constant for every ¢ € R. First note that
the linear operator A : 8™ — R™ can be expressed as

XB
(30) A(X) = Ap(Xp)+ Apn(XBN) + Av(XN) = (Ap Ay ANn) | XN
XN
for some linear operators Ag : SIBl — R™ Apy : RIBIXINI S pm and Ay : SV —
R
A well-known result from linear algebra says that any matrix can be put into
row-echelon form after a sequence of elementary row operations. A similar type of

argument allows one to establish the following result.
LEMMA 3.6. Let A:S™ — R™ be an onto linear operator. Assume that

il = I'&Ilk(.AB)7 ig = I‘&Ilk(AB .ABN) - il, ig = rank(.A) — (’Ll + 7,2) =m — (Zl +22)
Then there exists an isomorphism T : R™ — R™ such that

Aii(Xp) + A(Xpn) + Ais(Xw)

(ToA)(X) = Axa(Xpn) + A2(Xn)
Aszz(Xn)
A Az Ass XB
= 0 Ay A XBnN
0 0 A3z XN

for some linear operators

Agp 1 SIBL S i Ay RIBXINT i
Az SN R Agy - RIBIXINT iz
./423 : S‘N‘ — §Ri2, ./433 : SlN‘ — §Ri3
such that rank(Ay1) = i1, rank(Asg) = ia, rank(Ass) = is.
We can now reformulate the linear system (23) with the use of Lemma 3.6 as
follows. Using the fact that
o Xp— X5 tX
D 1XD 1 X* _ B~ B ?N
NN tXng XN
and Lemma 3.6, we easily see that (23) is equivalent to the linear system

Ain tAr 12 A5 XB~_ X5 gfh
0 tAy t2Ass XpN =2 Ab |,
0 0 t2u433 Xn A\b/g
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where Ab = T(Ab). Dividing the second and third blocks of rows in the above system
by t and t2, respectively, we obtain the system

A1 tA1s t2A13 XB~— X5 t2@
(31) 0 Azg tA2s AX:BN = tAby
0 0 Ass Xy Abs

Note that the linear system (31) is equivalent to (23) for every ¢ € (0,1]. Hence, X (t)
satisfies (31) for every t € (0,1]. A nice feature of (31) is that the operator on its
left-hand side does not lose full rankness as t becomes 0. We state this fact in the
following proposition.

PROPOSITION 3.7. Let A; : 8™ — R™ be the operator such that At(f() is defined
by the left-hand side of (31). Then, t € R — A; is a continuous map such that
rank(A;) = m for every t € R.

The linear system (24) can also be reformulated with the aid of Lemma 3.6 as
follows. First note that by Lemma 3.6 we have

A 0 0
In(A*) =Im[(To A =Im | | A7, A3 0
Alz Azz Az

t?A, 0 0

=Im t2A5, tA3, 0

P AL tAsy A%

for every ¢ € (0, 1]. Hence, for every t € (0, 1], (24) is equivalent to

t2Sp ACp A5, 0 0
~ tSBN S tQ ACBN + Im tQ.ATz tA;2 0
Sn — S% ACN ALy tA3 Al

Dividing the first and second block of rows in the above system by t? and t, respec-
tively, we obtain the system

S ACp 11 0 0
(32) _SpN € | tACpy | +Im tAT, As O ,
Sy — 8% t*ACy AL tAS Al

which is equivalent to (24) and hence is satisfied by S(t), for all ¢ € (0,1].
Using the definition of A; and the fact that X (¢) and S(t) satisfy (31) and (32),
respectively, for every t € (0,1], we conclude that there exists a function g : (0, 1]

R™ such that (X (¢), S(t),y(t)) satisfies

—

) t2Aby ) ACp
(33) .At(X_X*): tAbQ 5 A: :lj-i-(S—S*): tACBN
Eﬂ t2AC N

for every t € (0, 1]. Moreover, using Proposition 3.7 and the fact that {S(t) : t € (0, 1]}
is bounded, we easily see that {g(t) : t € (0,1]} is also bounded. We have thus
established the following result.
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PROPOSITION 3.8. There exists a curve§ : Ry — R™ such that (U(t), X (t), S(t),
4(t)) is the unique solution of (21), (22), and (33) in U xS}, x ST, xR™ for every
€ (0,1]. Moreover, the path t € (0,1] — (U(t), X (t), S(t),§(t)) remains bounded as
t approaches 0 and any of its accumulation points are in UY | x ST x ST, x R™.
The system formed by (21), (22), and (33) is the one which we will use to establish
that the path ¢t € (0,1] — (U(t), X (t), S(t),§(t)) is analytic at t = 0. This will follow
by Proposition 3.2 if we can establish that the Jacobian of this system with ¢ = 0 with
respect to (U X, S, 7) is nonsingular as long as (U, X, S) is well centered in the sense
that |USU — z/IH < v/v/2 for some v € (0,1]. The nonsmgularlty of this Jacobian
can be easily seen to be equivalent to showing that (AU AX,AS, Ay) (0,0,0,0) €
U™ x 8™ x 8™ x R™ is the only solution of the following hnear system:

AUSTT + UASUT + USAU. = o,
T ~ - —

AU U+UTAU
AyAX = 0,
AsAy+AS = 0.

I
>
S

(34)

Before establishing the above fact, we state and prove two technical results.
LEMMA 3.9. For any U € U, and H € 8", there exists a unique matriz V € U™
such that

(35) H=U"V+VTU.
Moreover,

U-THU Y
36 VU Y r < ”—
(36) | IF < 7

Proof. The first part of the lemma follows from the fact that the linear map
Uy U™ — 8™ defined by Uy (V) = UTV + VTU for all V € U™ is an isomorphism.
Indeed, since its domain and codomain have the same dimension, it suffices to show
that Uy is one-to-one or, equivalently, that U7V + VTU = 0 implies V = 0. In
turn, this last implication follows from the fact that any solution V of (35) satisfies
(36) (simply set H = 0 in (36) to conclude that V' = 0). To show the last claim, we
multiply both sides of (35) on the left by U7 and on the right by U~ to obtain

(37) U THU ' =vU~'+(vU HT.
Letting U = VU ! and squaring both sides of the above equation, we obtain
(38) IU"THU % = U + U7 (|% = 2|U1% + 262(U).
Since
5 -1 | VB VeN Ug' —Ug'UpnUy'
v=vur = [ 0 Vn 0 Uy'
[ veUg! —VRUZ'UpNUxN' + VanUy'
- 0 VNUN! ’

we have
tr(U?) = tr((VeUg")?) + tr(VaUxY)?),
~1/2 —1/2 —1/2 —1/2
(39) = HUB / VBUB / ||%“ + ||UN / VNUN / H% > 0.



LIMITING BEHAVIOR OF SDP WEIGHTED PATHS 359

Hence, by (38) and (39), we see that (36) holds. |
LEMMA 3.10. Suppose that y € [0,1/v/2) and that (U, S) € U, x S™ is such that
|{USUT —vI|| < yv for some v > 0. For some H € 8™, if (AU, AX,AS) satisfies

(40) AUSUT + UASUT +USAUT = H,
(41) AUTU + UTAU = AX,
(42) AX o AS =0,
then

_ _ H|p
43 max{v|U " TAXU Y |p, [UASUT||p} < ”7.
(43) vl (2 7} 1-v2y)

Proof. Multiply both sides of (41) on the left by U~T and on the right by U~!
to obtain

U TAUT + AUU Y =U"TAXU L.
By this equality and (40), we have
(44) vUTAXU'4UASUT = H-AUU Y (USUT —vI)—(USUT —v)U-TAUT.

Taking the Frobenius norm on both sides of this equality and using (36) and (42), we
obtain

max {v|U"TAXUY|p, |[UASUT ||}

< (PlUTTAXU G + [UASUT ()
= |H-AUU T (USUT —vI) - (USUT —v)U-TAUT |,
< |H|r + 20 AUV |p|USUT — w1

(45) < |Hlp+ V2llUTTAXU | p,

which clearly implies that

4 v _TAX -1 < ||HHF .
(46) U= AXU | < S
Using this last inequality to bound the right-hand side of (45), we obtain (43). ad

As an immediate consequence of the above lemma, we obtain the following corol-
lary.

COROLLARY 3.11. Assume that (U, S) € UL x 8™ is such that ||[USUT —vI|| <
v/\/2 for some v > 0. Then, system (34) has (K/U,K)/QE,&U) = (0,0,0,0) as its
unique solution. o

Proof. The last two equations of system (34) imply that AX e AS = 0. Using
this identity and the first two equations of (34), by Lemma 3.10 we easily obtain that
AX = 0 and AS = 0, which together with the second equation of (34) and Lemma
3.9 implies that AU = 0. Also, &; = 0 follows from the fact that A* is one-to-one
and from the last equation of (34). a

We are now ready to establish the analyticity of the path ¢t € (0,1] — (U(t), X(t),
3(6), 5(1).

THEOREM 3.12. Let (X*,S*,y*) € Fj x F} be given. The following hold:
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(i) the patht € (0,1] — p(t) = (U(t), X(t), S(t),§(t)), where (U(t), X (t), S(t), §(t))
is the unique solution of (21), (22), and (33) in UY, x ST, x ST, x N™, is
analytic and also analytic at 0; consequently, p(t) and all its kth-order deriva-
tives, k > 1, converge ast | 0;
(i) (U*, X*, 8%, %) = limyo(U(t), X(t), S(t),5(t)) is the unique solution of the
system defined by (27), (28), and

) 0 ) ACp
47 AX-XT)=| 0 |, Ag+E-5)=| 0 |;
Abs 0

(iii) (56*,5(*,5:/5’*,@*) = limtlo(f](t),j((t),é(t),ﬂ(t)) is the unique solution of
the linear system defined by

(48) SUSHUMT +U*S*6U + U*68 (U*)T

0
(50) AgbX = —BoX*+ | Aby |,
0
o 0
A35y + 68 = —BS?}* + ACpN ,
0
where
0 A, O
BO = 0 0 ./423
0 0 0

Proof. The proof of the theorem is based on Proposition 3.2. Indeed, let E =
U x S" x S" X R, O =UY, xS xSP, xR ™, §=€e=1w: (0,1) - E
denote the path t € (0,1) — (U(t), X(t), S(t), §(t)), and let H(w,t) = H(U, X, S,7,t)
be the map determined by system (21), (22), (33). By Proposition 3.8, the path
p(t) = (U(t), X(t),5(t),§(t)) has an accumulation point w* = (U*, X*, S* §*) in
O and, by Corollary 3.11, it follows that H/ (w*,0) is nonsingular since (27) with
(U,X,S) = (U*,X*,5%) implies that |U*S*(U*)T — vI|| = |[W — vI| < v/V2.
Hence, (i) and (ii) follow directly from Proposition 3.2. Differentiating the identity
H(p(t),t) = 0 with respect to t and letting ¢t | 0, we conclude that dw = dw* =
(6U*,(5X*,5S*,6y*) satisfies

H! (w*,0)6w = —Hj{(w*,0).

Statement (iii) now follows from the fact that H/ (w*,0) is nonsingular and the latter
system is equivalent to (48)—(50). 0

The proof of Theorem 3.3 is now obvious. Indeed, the analyticity of the map
t — (X(t?),S(t?)) follows from (29) and the analyticity of t — (X(t),S(t)). The
analyticity of t — y(t?) follows from the analyticity of t — S(¢?) and assumption A.1.
The last statement of the theorem is obvious.
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In the remainder of this paper, we will let (U*, X*, $*, §*) and (gﬁ*, 5(*, 58" , g&*)
denote the limits of (U (t), X (t), S(t),§(t)) and (U(t), X (t), S(t), §(t)), respectively, as
t | 0 (as in Theorem 3.12 above). Observe that Theorem 3.12 provides a characteriza-
tion of (U*, X*, S*,§*) as being the unique solution of a certain system of equations
which arises by first performing some transformations to the original weighted central
path system and then setting ¢ = 0 in the resulting system. Hence, it is reasonable
to expect that the linear equations (47) can be entirely described in terms of the
original data (W, A, C, AC,b, Ab). Indeed, the following result gives this alternative
description of (47).

THEOREM 3.13. (U*, X*,5*) is the unique solution of the system given by (27),
(28) and the linear equations

(51)
AB(XB) =, ABN(XBN) € Im(Ag), AN(XN) € Ab+Im(Ap Agn),

(52)

SpeACE+Tm(AL), (0 Vem|( B )|,
SBN Abn

0 A%
~0 € C+1Im N
Sn AN

Proof. From Theorem 3.12(ii), it suffices to show that (47) is equivalent to (51)
and (52). Since the first equation of (47) is the same as (31) with ¢ = 0, we have that
the first equation of (47) holds if and only if

(53) A (XB) = An(X3), An(Xpn) =0, As(Xy)= Abs.

By Lemma 3.6, the first identity in (53) can be written as

X5 X3
(ToA 0 =(ToA) 0 ,
0 0

and hence it is equivalent to Ap(Xp) = Ag(X}g) = b, in view of relation (30) and
the fact that 7" is an isomorphism. By Lemma 3.6 and the fact that Ay; is onto, the
second identity in (53) holds if and only if

S0\ (0
(ToA)| Xpy | =10
0 0

for some Xp € SIBl and hence it is equivalent to ABN(XBN) € Im(Ag), in view of
(30) and the fact that T is an isomorphism. Using Lemma 3.6 again and the fact that
A1 and Ayy are onto, we easily see that the last identity in (53) holds if and only if

%\ (&
(ToA) | Xan Aby | =T(Ab)
XN Abg
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for some (Xp, Xpn) € SIBl x RIBIXINI and hence it is equivalent to AN(XN) €
Ab+Im(Ap Apn), in view of (30) and the fact that T is an isomorphism. We have
thus shown that the first equation of (47) is equivalent to (51).

The fact that the second equation of (47) holds if and only if (52) holds can be
proved in a similar way as above. 0

The following result gives an alternative characterization of (cSAU *,5( *,5‘5’*) in-
volving the original data (W, A, C, AC, b, Ab).
THEOREM 3.14. (86U ,6X ,6S ) is the unique solution of the linear system of
equations (48), (49) and
5{BN
XN
AN(&N) S IHl(AB ABN)a

—~ Sx AC A
I * _“B B I B
(55) 65 € Im(AL), (wm)e(mm)m[( & )}

(59) [ Ap Apx }{gfi [ =0 [nx Ax 7] 5% | € b+ (),

0 Ap
5SN Ay

Proof. From Theorem 3.12(iii), it suffices to show that (50) is equivalent to (54)
and (55). Observe that the first equation of (50) can be written as

An(6Xp)  + An(Xpy) = 0
(56) Ax2(0XpN) +  As(Xy) = Ab,

As3(6Xy) = 0.

Using Lemma 3.6, the fact that A;; and Asy are onto, and the identities AQQXEN =0

and Aggf(j‘{, = K/bg which hold in view of Theorem 3.12(ii), we easily see that the above
three equations are, respectively, equivalent to

6/)2;3 0 XB évbl
(TOA) XEN = 0 ) (TOA) 6XBN = AbQ ’
0 0 X5 Abs
Xp 0
(ToA)| Xpny | =[ 0
§X N 0

for some XB,XB e SIBl and Xy € RIBIXINI, T}}S latter conditions in turn are
equivalent to (54) in view of (30) and the facts that Ab = T'(Ab) and T is an isomor-
phism.

Using similar arguments as to the ones used above, it can be shown that the
second equation of (50) holds if and only if (55) holds. O

4. Limiting behavior of the derivative of the weighted central path.
In this section, we will first characterize the limit of the normalized derivatives of a
weighted central path as v approaches 0. We then show that a weighted central path
can have two types of behavior: it converges either as ©(v) or as ©(y/v) depending on
whether the matrix W on a certain scaled space is block diagonal or not, respectively.
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THEOREM 4.1. lim, o /v (X(v),S(v),4(v)) exists and satisfies

im\v X(v) = 6/5(*/2 X /2 im v S(v) = 0 S\t*/2
(57) lulo Vr ) = [ X}(,}Z/2 B(I)V ]’ luw\fs( )= [ Sip/2 6?2/2 1

Proof. By (29), we have

o[ Xp(t) tXpn(D) o [ 2Se(t) tSpn(t)
(58)  X() = [ tX]]\j’B(t) t%?;vv(t) ] » S = [ tS’Ni(t) S?VIZt) ] '

Differentiating both sides with respect to ¢, letting ¢ | 0, and using Theorem 3.12, we
obtain (57) upon letting v = #2. 0

We establish one technical lemma as follows, which gives a characterization of
block diagonal weighted matrix W. This lemma will play a crucial role in further
analyzing the limiting behavior of derivatives of the weighted central path.

LEMMA 4.2. The following statements hold:

(i) Xpy ® Spy =0;

(il) X5y =55y =0 if and only if Wpn = 0.

Proof. Statement (i) follows from the fact that X%, and S%, satisfy the second
equations in (51) and (52), respectively, which can be easily seen to determine two
orthogonal complementary subspaces in RIZ/<IN1.

We now show (ii). Using the fact that (U*, X*, S*) satisfies (27) and (28), it is
easy to see that

(59)  Way = UpSpnUn +UpnSyUx, X5 =(Up)*, Xpy =UpUpn.

By Proposition 3.5, we know that (X*,S’*,ﬁ*) € St xSt x U}, and hence
X5 =0, Sy >0, Uy =0, Uy > 0. Thus, the last relation in (59) implies that

(60) Xpn=0 < Ujhy=0.

Assume first that X5, = S5y = 0. Then, (60) and the first equation in (59)
immediately imply that Wy = 0. Assume now that Wy = 0. Using (59), we
obtain

X5Shn + XpnSh = (U5)*Shn + UpUp NS
= U5 (055580 + Upn SO ) (03) !
= UpWan(U5)™t = 0.
Multiplying the above equation on the left by (X%)~'/? and on the right by (S%)~'/2,
squaring both sides of the resulting expression, and using (i), we conclude that
X5 2S5n (S3) T2 11% + 1(X5) ™2 X 5 (%) 2II% = 0,

from which it follows that X5, = Sy = 0. O

From Lemma 4.2 and Theorem 4.1, the following corollary follows.

COROLLARY 4.3. If Wpy # 0, then at least one of the limits in (57) is nonzero
and

(X (@), S(),y(v)) = (X*, 5%, y") | = O(VV).
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_Proof. Assume that Wpy # 0. By Lemma 4.2(ii), we have that either Xy #0
or Spy # 0, which together with (57) implies the first claim of the corollary. The
second claim follows directly from (57) and the equality

i (X50),5(0) = (X, 5%, )
v|0 \/;

which holds due to Theorem 3.3. |

From Corollary 4.3, we immediately see that the weighted central path as a func-
tion of v in general cannot be extended analytically to an interval of the form (—e¢, c0)
for some € > 0. Theorem 4.1 and Corollary 4.3 give a precise characterization of how
the primal-dual weighted central path approaches its limit (X*,S*,y*) for the case
when W is non—block diagonal, that is, Wy # 0. However, it is still possible for one
of the limits in (57) to be equal to zero in this situation. The following result claims
that in this case the corresponding primal or dual weighted central path converges
toward (X*,S*,y*) at a ©(v) rate of convergence.

THEOREM 4.4. The following statements hold:

(i) Iflim, 0 v X(v) =0, then X (v) — X* = O(v) and

= lim 2vo (X(0).50).90)).

(61) lim X (1) = [ 00X /2 Xy ]

(6Xpn)" X3
where 5(5\)/(§ = limy) 0 );(B(t);
(ii) Iflim, o+/v S(v) =0, then ||[(S(v),y(v)) — (S*,y")|| = ©(v) and

(62) lim $(v) =

638 5/2 555y 1
(6Smn)T  Sx

where 5(5)\3% = limy o §B (t).
Proof. To prove (i), assume that lim, o /7 X () = 0. By Theorem 4.1, we must

have 6X; = 0 and X}, = 0. Differentiating both sides of the first identity in (58)
with respect to ¢t and then dividing the resulting identity by 2t¢, we obtain that

X(12) = )?B(t)/(zt) Xan(t)/(2t) +,5(BN<t)/2 .
Xpn(®)T/(2t) + Xpn(t)T)/2 Xn(t) +tX n(t)/2

Using the fact that 5(}; =0 and X}, = 0 and using Theorem 3.12, we obtain (61)
upon letting v = ¢? | 0. The conclusion that X (v) — X* = O(v) follows immediately
from (61) and the fact that X’}(, > 0. Using the same arguments as above and
assumption A.1, we can similarly show (ii). 0

The remainder of this section considers the case when W is block diagonal, that is,
Wgpn = 0. We will show in this case that two limits in (57) are equal to zero and hence
that lim, |o(X (), S(v),9(v)) exists and ||(X(v), S(v),y(v)) — (X*,S*,y*)|| = O(v)
due to Theorem 4.4. .

Note that to establish the above claim, it suffices to show that Xz = 0 and

57/5';, = 0 in view of Lemma 4.2(ii). Before showing this fact, we state two technical
results from Monteiro and Tsuchiya [30].



LIMITING BEHAVIOR OF SDP WEIGHTED PATHS 365

LEMMA 4.5 (Lemma 2.1 of [30]). For every A € St and H € 8", the equation
AU +UA = H has a unique solution U € S8™. Moreover, this solution satisfies
|AU|lF < |H|r/V2.

LEMMA 4.6 (Lemma 2.3 of [30]). Suppose that v € [0,1/v/2) and that (U, S) €
St x 8t is such that |[USU — vI|| < yv for some v > 0. If (AX,AS,AU) €
S" x 8™ x 8™ is a solution of the system

AUSU + USAU + UASU = H,
AUU + UAU = AX,
AX ¢ AS=0

and H € 8™, then

_ _ H|p
UTAXU Y g, [UASU||F) < ”7.
max {v (28 Ir} < 1— )

We are now ready to show that 5(}; =0 and ggjv =0.
LemMmA 4.7. If Wy =0, then

6Xp =685 =080z =0,
Xy =85y =60y =0.
Proof. From Lemma 4.2(ii), we know that X5y = Siy = 0. Using this identity

and the fact that (55(;, 575'*3) and (6,\)/(;,, SAVS'TV) satisfy the first and third equations of
(54) and (55), respectively, we obtain that

(63) §X 5 068, =0, 68Xy e6Sy=0.

By (60), X5 = 0 implies Ug, = 0, and thus £(U*) = 0. Hence, by (48) and (49),
we have

SU ST + U8 (sU )T + U85 (U*)T =0,
U )TU* + (U760 =6X .

These equations together with the fact that Sj = 0 and Uj;y = 0 can be easily seen
to imply that

(64) SUy S5 Ul + U3 836U+ Upy 685 Ul =0,
(65) Uy Ul +Upy 8U 5 = 6X 5.

Moreover, by (27), (U, X,S) = (U*, X*,5*), and the fact that S5y = Uy = 0, we
have

UpSyU% = Wa,

which together with the assumption that ||[W —vI|| < v/ V2 for some v > 0 and the
fact that U* € U7, implies

1U5S505 —vIl| = [Wp —vI| <v/V2
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and (Uj;, Sg) € S‘Bl X S‘Bl Using the conclusions above, relations (64) and (65),
the first 1dent1ty in (63) together with Lemmas 4.5 and 4.6 with H = 0, we conclude
that 6XB = 553 = 5UB = 0. Using similar arguments, we can also show that
6XN—6SN—6UN—O a0

As a consequence of the results obtained above, we have the following theorem
when WBN =0.

THEOREM 4.8. IfWgy = 0, then the primal-dual weighted central path (X (v),y(v),
S(v)) satisfies

(i) lim, jo /v (X(v), S(v)) =

(i) [|(X (), S(v),y(¥)) —( 5*,y)|\— Ov);
(iit) lim, o(X (), S(v), y(v)) ewists and (61) and (62) hold.

Proof. Using Lemma 4. 2(11) Lemma 4 7, and the condition Wy = 0, we obtain

that X5 = Sy = 0, 5XB =0, and 5SN = 0. Consequently, by Theorem 4.1, (i)
immediately follows. Statements (ii) and (iii) follow directly from (i) and Theorem
4.4. O

5. Error bound analysis. By strengthening some of the results of the previous
sections, in this section we derive a new error bound on the distance of a point lying
in a certain neighborhood of the central path to the primal-dual optimal set.

For any given nonempty compact set K C G4 and constants v, 7 > 0, define

Ny, 7,K) ={(X,S,y) e ST, xSt xR :G(X,S,y) € 7K,
[XY28XY2 — 71| < A7},

where the map G and the set G4 are defined in (7) and (8), respectively.

Observe that the set U;~oN (7,7, K) forms a neighborhood of the primal-dual
central path. This neighborhood and related ones have been frequently used in the
development of primal-dual interior-point algorithms for SDP.

The following result gives a new error bound on the distance of a point lying in
N (v, 7,K) to the primal-dual optimal set Fj, x F},. Its proof will be given at the end
of this section after we have derived stronger versions of the results of the previous
sections.

THEOREM 5.1. Let v € (0,1/v/2) and any nonempty compact set K C G, be
given. Then, there exists a constant M = M (,K) > 0 such that

(66) dist((X, S,y), Fp x Fp) < M(r + V7[[Wpnl)

for every T € (0,1] and (X, S,y) € N(v,7,K), where W = W(X, S,7) = XV/28X1/2 /7.
In view of Proposition 2.1, for each (v, W, AC, Ab) € (0,1] x W x G4, the system
of nonlinear equations (3)—(5) has a unique solution, which in this section we denote
by (X (v, W,AC, Ab), S(v, W, AC, Ab),y(v, W, AC, Ab)) in order to emphasize and
study its dependence on (W, AC, Ab). Moreover, in view of Theorem 3.3, the limit

lyi%(X(z/, W, AC, Ab), S(v, W, AC, Ab),y(v, W, AC, Ab)),
denoted by (X (0, W, AC, Ab), S(0, W, AC, Ab), y(0, W, AC, Ab)), exists for every (W,
AC, Ab) € W x G4 . Hence, the functions X(-,-,-,+), S(-,-,+,-), and y(-, -, -, -) are well
defined in the set of points [0,1] x W x G, . In an obvious way, we can also define
the functions X(L W, AC, Ab), S'(t, W, AC, Ab), and §(t, W, AC, Ab) over the set of
points (¢, W, AC, Ab) € [0,1] x W x G4 4.
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It turns out that reparametrizations of the above functions are analytic according
to the following definition. We say that a function f : Q@ C EF — F, where E, F
are two finite dimensional normed vector spaces, is analytic if there exist an open set
O C E containing Q and an analytic function f : @ — F such that f restricted to Q
is equal to f.

THEOREM 5.2. The following hold:

(i) the map (t,W,AC, Ab) € [0,1]xWx Gy — (X(t, W, AC, Ab), S(t, W, AC, Ab),

g(t, W, AC, Ab)) is analytic;
(i) the map (t, W, AC, Ab) € [0,1]xWxG,, — (X (2, W, AC, Ab), S(t?, W, AC,
Ab), y(t2, W, AC, Ab)) is analytic.

Proof. The proof of the theorem is identical to the proof of Theorems 3.12
and 3.3, except that when invoking the implicit function theorem, we should view
(t, W, AC, Ab) as the parameter vector. O

Let

E{WEW : WBNZO},

where W is as defined in (9). One important result that we will establish next is that
the function (t, W, AC, Ab) € [0, 1]x WP x G,y — (X'(t2, W, AC, Ab), S'(t2, W, AC, Ab))
is analytic. We emphasize that this result holds only over the smaller set [0, 1] x W? x
G+ +. Note also that this result does not follow immediately from Theorem 5.2(ii) since
the derivative of the function in Theorem 5.2(ii) is not equal to the above function.

We now state a simple but crucial technical result needed to establish the result
stated in the previous paragraph.

PrOPOSITION 5.3. Let f: I x E — F be a given analytic function, where I C R
is an interval and E, F are two finite dimensional normed vector spaces. Then, for
any t* € I, the function g : I x E — F defined as

fEw)—ft ) *
swy={ , = Trr
G ift=1t,

is analytic.
We are now ready to establish the result alluded to just before Proposition 5.3.
LEMMA 5.4. The following hold:
(i) for any (W, AC,Ab) € W° x G4, we have

, X 95 2 B
lim (ta(t W.AC,Ab), 1 52 (1 W, AC, Ab)) =

(i) (t,W,AC,Ab) € [0,1] x WP x G, — (X'(t2, W, AC, Ab), S'(t*, W, AC, Ab))
s analytic.
Proof. In view of Theorem 4.8(i), we easily see that (i) holds. Since partial

derivatives of an analytic function are also analytic, it follows from Theorem 5.2(ii)
that the functions

(t, W,AC,Ab) € [0,1] x WP x G4y — (t X212, W, AC, Ab), t 25(12, W, AC, Ab))

(t, W,AC,Ab) € [0,1] x WP x G4y — (22 (12, W, AC, Ab), 23-(t2, W, AC, Ab))

are both analytic. Using (i) and Proposition 5.3, we conclude that the first function
above divided by ¢ is also analytic. We have thus shown that (ii) holds. O
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For v > 0, let
WH) = {WeSt, [W-1I|<~}, W'(y)={WeW(): Wy =0}.

We can easily see that if v < 1/1/2, then W(7) and W®(v) are convex compact subsets
of W and WP, respectively. For the remainder of this section, we let X C G, be any
given nonempty compact set.

The next two results provide estimates on the sizes of the blocks of the matrices
X (v, W, AC, Ab) and S(v, W, AC, Ab) first when (W, AC, Ab) € WP() x K and then
for a general (W, AC, Ab) € W(~v) x K.

LEMMA 5.5. Let v € (0,1/v/2) be given. Then, for all (v, W, AC,Ab) € [0,1] x
WP(y) x K, there holds

(X (v, W, AC, AD), S(v, W, AC, Ab)) — (X (0, W, AC, Ab), S(0, W, AC, Ab))|| = O(v).
Proof. By the mean value theorem, we have

< suppeoq) (X' (0v, W, AC, Ab), S (Ov, W, AC, Ab)) || v.

By Theorem 5.4(ii) and the fact that W’(vy) x K is compact, there exists a constant

M = M(v,K) > 0 such that ||(X'(6v, W, AC, Ab), S’ (0v, W, AC, Ab))|| < M for all

(0, v, W, AC, Ab) € [0,1] x [0,1] x WP(5) x K. Hence, the lemma follows. 0
LEMMA 5.6. For all (v, W, AC, Ab) € [0,1] x W(y) x K, there hold

(67) X (v, W,AC, Ab) — X(0,W°, AC, Ab)
O(|[Wanll)  OWV[Wgn||)

(ownWBNn) (v Wixl) )*OW’

(68) S(v, W, AC, Ab) — S(0, W®, AC, Ab)

OW|Wanl) OKVI[Wsnll)
<0<ﬁ||wBN||> O([Wanl) )*0(”)’

(69) Wbt = ( W(/)B VSN )

Proof. By Theorem 5.2(i), we know that ()N((t7 W, AC, Ab), S(t, W, AC, AD)) is an-
alytic over [0, 1]xWx K. Hence, its derivative function (X' (t, W, AC, Ab), S'(t, W, AC,
Ab)) is analytic, and hence continuous, over [0,1] x W x K. Since [0, 1] x W(y) x K is
compact, there exists a constant M = M, K) > 0such that ||(X'(v, W, AC, Ab), S'(v,
W, AC, Ab))|| < M for all (¢, W,AC, Ab) € [0,1] x W(~) x K. This together with (69)

and the mean value theorem implies

|X(t, W, AC, Ab) — X (¢, W", AC, Ab)|

= sup [[X'(t,0W + (1 - )W, AC, Ab)|| [W — W'
0€0,1]

< M||Wenll = O(|[Wan|)
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for all (t, W, AC, Ab) € [0,1] x W(7) x K. This estimate and the fact that X (¢, W, AC,
Ab) = Dy ()X (t2, W, AC, Ab) Dy (t) for all t € (0,1] and (W, AC, Ab) € W x K imply

X (12, W, AC, Ab) — X (12, Wb, AC, Ab)

(' (X(tWACAb)—f((thACAb)) b
0t T T 0t
:< O(|Wgnl))  O@|Wan|) )

Ot|Wan) O IWaNl) )

Noting that
X (2, W, AC, Ab) — X (0, Wb AC, Ab)

= (X (3, W, AC, Ab) — X (2, W, AC, Ab))
+ (X (82, WP, AC, Ab) — X (0, WP, AC, Ab))

and using the above estimate together with Lemma 5.5, we immediately obtain (67)
upon letting v = 2. The estimate (68) can be proved in a similar way. O

We are now ready to state and prove the main result of this section.

THEOREM 5.7. For all (v, W,AC,Ab) € [0,1] x W(v) x K, there hold

(70) X(v,W,AC, Ab) — X (0, W, AC, Ab)

_( OGWwvIWsnl) OWVIIWanN|)
- < OWv|Wenl) O@|Wasnl) )H?(V),

(71) S(v, W, AC, Ab) — S(0, W, AC, Ab)

_( owlWsxll)  OWVIWsnN|)
- ( OV |Wanll) OWY|[Wen) )+O(V)-

Proof. We will prove (70) only since the proof of (71) is similar. Since both
X(0,W,AC, Ab) and X (0, WP, AC, Ab) are in Fp, we have Xpn (0, W, AC, Ab) =
Xpn(0,WP, AC, Ab) = 0 and Xx (0, W, AC, Ab) = Xn(0, Wb, AC, Ab) = 0 for any
(W,AC, Ab) € W x K. Hence, in view of Lemma 5.6, it suffices to show that for all
(v, W, AC, Ab) € [0,1] x W(~) x K, we have

(72) XB(V, VV,AC,A()) - XB(O, W, AC, Ab) = O(WHWBNH + V).

Indeed, using the fact that XB(t, W, AC, Ab) is analytic over the compact set [0,1] x
W(v) x K due to Theorem 5.2(i), we conclude that

Xp(t2, W, AC, Ab) — Xp(0, W, AC, Ab) = Xp(t, W, AC, Ab) — X5 (0, W, AC, Ab)
0 ~

(73) = 5 XB(0,W,AC, Ab)t + o)
for every (¢, W, AC, Ab) € [0,1] x W(v) x K. Moreover, by Lemma 4.7, we have

X

a—B(o, WP AC,Ab) =0

ot
for any (W, AC,Ab) € W x K, where W? is as defined in (69). Hence, for every
(W, AC, Ab) € W(v) x K, we have

0

aX’B(Oa WP AC, Ab) +O(||W = W*||) = O(|Wgw]).

(74) %X’B(O, W, AC, Ab) =
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Combining (73) and (74), we obtain (72) upon letting v =¢2. O

The proof of Theorem 5.1 now follows from assumption A.1 and Theorem 5.7
with v =7, W = XV28XY2 /7 (X,S) = (X (v, W,AC, Ab), S(v, W, AC, Ab)), and
the fact that (X (0, W, AC, Ab), S(0, W, AC, Ab),y(0, W, AC, Ab)) € Fr x Fp.

6. Superlinear convergence criteria. In this section, we consider a sufficient
condition introduced by Potra and Sheng [33], which guarantees the superlinear con-
vergence of a class of primal-dual interior-point algorithms for SDP, and we show that
it is equivalent to a natural condition about the matrix W (X, S, 7) of Theorem 5.1.

For the sake of concreteness, we will focus our attention on the algorithm and
results obtained in Potra and Sheng (see Algorithm 3.1 in [34]), but we remark that
our discussion also applies to a broader class of algorithms. Potra and Sheng [34]
have developed a primal-dual infeasible-interior-point algorithm which, for some o €
(0,1/2], generates a sequence of iterates {(X*, S* y*)} C ST, x ST, x R™ satisfying
(75) IWE —I|r <a, vh="500 ok=TE0

p To p’ To

for some sequence {7} C R4 converging to 0 at least Q-linearly, where

(Xk)l/zsk(Xk)1/2

Tk

for all k > 0. The derived linear rate of convergence of the sequence {7} is sufficient
to guarantee polynomial convergence of their method under some suitable conditions
on the initial point (X©, S, 4%). Observe that the first condition in (75) implies that
7 = O(X* e 5% /n), and hence asymptotic convergence of { X* e S*/n} can be derived
from the one obtained for {7}.

Some sufficient conditions have been developed in the literature which guarantee
the @-superlinear convergence of {7} to zero. One such condition is the tangential
condition proposed by Kojima, Shida, and Shindoh [17], namely,

(76) lim W* = 1.

k—oo
Another such condition, and the one which will be the main subject of this section,
is the one that has been proposed by Potra and Sheng [33], namely,

(77) Jim Xksk )/ =0.

We remark that Potra and Sheng [33] have shown that the tangential condition (76)
implies their condition (77). Moreover, they have also established the following su-
perlinear convergence result.

PROPOSITION 6.1 (Theorem 6.1 of [33]). If (77) holds, then the sequence {7y}
generated by Algorithm 3.1 of [34] converges to zero Q-superlinearly. Moreover, if
XFkSk = O(1)°%7) for some constant o > 0, then {71} converges to zero with Q-
order at least 1 + min{o,0.5}.

A natural relaxation of the tangential condition (76) is the condition that

(78) Jim Why =0.
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Surprisingly, the following result shows that it is equivalent to Potra and Sheng’s
condition (77).
PROPOSITION 6.2. Let O = || X*S*||//Ti. Then, [WEx |+ = Ok +/Tr).
Proof. We first show that |WE | + /7k = O(k + /7). By Lemma 4.2 of [33],

we have

(e owm) (0w o)
2= (orm ooy ) = o &)

and hence

According to the definition of 6 , we then conclude that

XFSEO(yTE)  Oby)
(79) ﬁ%_(CWS ol )

By Lemma 4.5 of [33], we have

1/2 o(1) O(V7k) —1/2 o(1) 0(1)
w0 &9 = (ol o ) X7 =(00) ot ):

which together with (79) imply

p (XB)YRSR(XRVZ g, (XESE ky1/2
= B - e () o

:1<0(1) o(1) )(O(\/T?) O(6x) )( o(1) 0(@))
Ve \ O)  O(1/y/7) O(me)  O(V7x) O(vm) OWVT) )

Since the (B, N)-block of the matrix in the right-hand side of the above identity is
Ok + /7r), we conclude that |[WE | + 7k = O(0k + /Tk)-

Next we show that 0 + /7% = O(|WE x| + /7). By the first condition in (75),
we have

c (00 o(wEs
W_(OW%M) Oﬁv)’

which together with (80) implies that

X;ﬁk = v/ (X2 <<X’“>”25'“<X'“)”2> (X572 =y ()W ()
Tk Tk

_ \ﬁ< o(1) owa))( o(1) 0(|W}§N|>)<0<1> o(1) )
O(ym) O(ym) o(Whxl)  0() o) O(1/ym)
_ < O (Vi + v IWEvl) O (v + [Whxl) )
O(me+nlWhnll) O (v + v IWhnll) )
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This together with the definition of 6 implies that 0y + /7, = O(WE x +/Tk)- O

In view of the equivalence between (77) and (78), it follows that a sufficient
condition for the superlinear convergence of the path-following algorithm outlined
in this section is that the sequence of matrices {WW*} approaches the set of block
diagonal matrices. Clearly, this a much weaker condition than (76), which requires
this sequence to approach the identity matrix.

7. Concluding remarks. In this section we provide some final remarks related
to the results derived in this paper.

Under the assumptions of this paper, we have shown that the reparametrized
(W, AC, Ab)-weighted central path (X (t?), S(t?),y(t?)) is analytic at t = 0 and that
the condition Wpy = 0 implies that lim, o(X (v), S(v),§(v)) exists. Based on the
latter conclusion, it is natural to wonder whether the path (X (v),S(v),y(v)) is an-
alytic at ¥ = 0 when W is block diagonal. Note that the answer to this question is
affirmative when (W, AC, Ab) = (1,0, 0); i.e., the weighted central path is exactly the
central path (see Halicka [12]).

In this paper, we have proved that the rate of convergence of the (W, AC, Ab)-
weighted central path (X (v),S(v),y(v)) toward the optimal solution set is O(y/v)
(and O(v) when Wy = 0). In contrast, Preil and Stoer [35] have shown that the rate
of convergence of the weighted central paths associated with the map (XS + SX)/2
is always O(v)(see also Lu and Monteiro [20]). An error bound of this type has also
been shown by Kojima, Shida, and Shindoh [18], where it is shown that an interior-
point algorithm based on a centering condition associated with the (XS + SX)/2
map does not need to approach the central path tangentially in order to converge
superlinearly. On the other hand, the iterates of all superlinearly convergent interior-
point algorithms based on centering conditions associated with the map X/25X1/2
that have been proposed in the literature are required to approach the central path
tangentially. The latter requirement is natural in view of the fact that it forces
(X*)1/28k(X*)1/2 to approach a block diagonal matrix (the identity matrix), and
hence it reduces the bound on the distance of (X k gk, yk) to the optimal solution set
from the usual O(/fix) to o(\/px) (see Theorem 5.1).
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