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Abstract

In this paper, we extend the Ai-Zhang direction to the class of semidefinite
optimization problems. We define a new wide neighborhood N (71, 72,7n) and, as
usual, we utilize symmetric directions by scaling the Newton equation with special
matrices. After defining the “positive part” and the “negative part” of a symmetric
matrix, we solve the Newton equation with its right hand side replaced first by its
positive part and then by its negative part, respectively. In this way, we obtain a
decomposition of the usual Newton direction and use different step lengths for each
of them.

Starting with a feasible point (X, 4°, 8% in N (71, 72,n), the algorithm ter-
minates in at most O(n,/keon log w) iterations, where ko, is a parameter
associated with the scaling matrix P and ¢ is the required precision. To our best
knowledge, when the parameter n is a constant, this is the first large neighbor-
hood path-following Interior Point Method (IPM) with the same complexity as
small neighborhood path-following IPMs for semidefinite optimization that use the
Nesterov-Todd direction. In the case when 7 is chosen to be in the order of \/n,
our result coincides with the results for the classical large neighborhood IPMs.
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1 Introduction

Semidefinite optimization (SDO) problems yield a generalization of linear optimization
(LO) problems. Since Alizadeh [3] explored various applications of SDO in combinatorial
optimization, SDO is applied in various areas, including control theory, probability and
signal processing [27].

Due to the success of Interior Point Methods (IPMs) in solving LO, most IPM variants
were extended to SDO. The first IPMs for SDO were independently developed by Alizadeh
[3] and Nesterov and Nemirovskii [20]. Alizadeh [3] applied Ye’s potential reduction idea
to SDO and showed how variants of dual IPMs could be extended to SDO. Almost at
the same time, in their milestone book [20], Nesterov and Nemirovskii proved that TPMs
are able to solve general conic optimization problems, in particular SDO problems, in
polynomial time.

The difficulty to extend primal-dual path-following IPMs from LO to SDO lies in
acquiring a symmetric search direction. The Newton method applied to the central path
equation XS = 7ul leads to the linear system

XAS+AXS =71ul — XS, (1.1)

which generally results in non-symmetric search directions. Over the years, people sug-
gested many strategies to deal with this problem. Alizadeh, Haeberly and Overton (AHO)
[5] suggested to symmetrize both sides of (1.1). Another possible alternative is to employ
a similarity transformation P(-)P~! on both sides of (1.1). This strategy was first inves-
tigated by Monteiro [16] for P = X~/2 and P = S¥/2. It turned out that the resulting
directions by this approach could be seen as two special cases of the class of directions
introduced earlier by Kojima, Shindoh and Hara [14]. At the same time, another mo-
tivation led Helmberg, Rendl, Vanderbei and Wolkowicz [10] to the direction given by
P = S'/2_ The search directions given by P = X~%/? and P = S'/? are usually referred to
as the H..K..M directions, respectively. Another very popular direction was introduced
by Nesterov and Todd [21, 22| in their attempt to generalize primal-dual TPMs beyond
SDO. In [31], based on Monteiro’s idea, Zhang generalized all the approaches to a unified
scheme parameterized by a nonsingular scaling matrix P. This family of search directions
is referred to as the Monterio-Zhang (MZ) family of search directions.

As in the case of LO, there is an intriguing fact about IPMs for SDO. Although their
theoretical complexity is worse, large neighborhood algorithms perform better in practice
than small neighborhood algorithms. Many efforts were spent to bridge this gap. In [23],
Peng, Roos and Terlaky established a new paradigm based on the class of the so-called
self-regular functions. Under their new paradigm, large neighborhood ITPMs can come
arbitrarily close to the best known iteration bounds of small neighborhood IPMs. Later,
based on Ai’s original idea [1|, an important result was given by Ai and Zhang [2] for
linear complementarity problems (LCP). Their algorithm uses a wide neighborhood and
decomposes the classical Newton direction into two orthogonal directions using different
step-length for each of them. They proved that the algorithm stops after at most O(y/nL)
iterations, where n is the number of variables and L is the input data length. This result
yields the first large neighborhood path-following algorithm having the same theoretical
complexity as a small neighborhood path-following algorithm for monotone LCPs.

In this paper, we extend the Ai-Zhang technique to SDO. We first define a new neigh-
borhood N (71, 72,7n), where 0 < 75 < 71 < 1 and n > 1 are given parameters. This
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new neighborhood is proved to be a wide neighborhood itself. Not surprisingly, the
neighborhood defined by Ai and Zhang [2] is a special case of our wide neighborhood.
Another important ingredient of our algorithm is the decomposition of the classical New-
ton method into two individual directions: one of them reduces the duality gap and the
other one keeps the iterates away from the boundary of the positive semidefinite cone.
We use different step lengths for each of the directions. Further, we derive a symmetric
direction by using scaling matrices P such that PXSP~! is symmetric for any iterate
(X,y,S). Such directions are referred to in the literature as the Monteiro-Zhang (MZ)
family. We prove that, given a feasible starting point (X°,¢°, S°) in N'(11, 79,7), our al-
gorithm terminates in at most O(n,/keon log TY(XTOSO)) iterations. Here n is the dimension
of the problem, k., is a parameter associated with the scaling matrix P, and ¢ is the
required precision. In other words, when the parameter is a fixed constant, our large
neighborhood path following algorithm has the same theoretical complexity as a small
neighborhood algorithm that uses N'T scaling, and when 7 is chosen to be in the order of
\/n, this complexity coincides with the known results for the classical large neighborhood
algorithms.

We organize our paper as follows. In Section 2, we introduce the primal-dual pair of
SDO problems and briefly explain how path-following interior point methods work. In
Section 3, we define the positive and negative part of a symmetric matrix, and prove
some of their intriguing properties. By using these new definitions, we introduce a new
neighborhood which is proved to be a large neighborhood. In Section 4, we explain
the way to decompose the classical Newton direction and present the framework of our
algorithm. In Section 5, the convergency analysis and the theoretical complexity bound
are presented. Finally, Section 6 consists of some conclusions and considerations about
future work.

1.1 Notations

Throughout the paper, we use the following notations:

R"™. the n-dimensional Euclidean space.

R™ ™. the set of all m x n matrices.
S™:  the set of all n X n symmetric matrices.
S%:  the set of all n X n symmetric positive semidefinite matrices.

ST, the set of all n x n symmetric positive definite matrices.
@ = 0: (@ is positive semidefinite, where ) € S".
Q = 0: (@ is positive definite, where ) € S™.

Tr(Q): the trace of a matrix @ € R™™, i.e., Tr(Q) := > Q.
i=1

Ai(Q):  the eigenvalues of Q € 8", i =1,2,... n.
Amin(@):  the smallest eigenvalue of Q) € S™.
Amax(Q):  the largest eigenvalue of ) € S™.

A(Q): the diagonal matrix with all the eigenvalues of @) as diagonal elements.
cond(@): the condition number of @, defined as cond(Q) = Apax(Q)/Amin(Q)-

|Q]l:  the Euclidean norm for @ € R™*", i.e., ||Q| = ”rle”a:X1 |Qu|.

|Q||z:  the Frobenius norm of @ € R™*", i.e., [|Q|; = V/Tr(QTQ).
vec(()): the vector obtained by stacking Q’s columns one by one. See Appendix A.
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2 Semidefinite Optimization Problem

We consider the following semidefinite optimization (SDO) problem

min  Tr(CX)
(P) s.t. TI'(AZX) = bi, 1= 1, .,
X = 0,

where C), X € 8", A; € 8", i =1,...,m are linearly independent and b = (by, ..., b,)T €
R™. We call problem (P) in the given form the primal problem, and X is the primal
matrix variable.

Corresponding to every primal problem (P), there exists a dual problem (D)

max by
(D) st. S yAi+S=C,
i=1
S0,

where y € R", S € 8" and (y, S) is the dual variable.
The primal-dual feasible set is defined as

TI‘I'(AAZ‘X'):Z)27 XtO, Z:]_,,m

F=<(X,9,5) e8! xR™ xS iyiAi+S:C;S>_'O :
i=1

and the relative interior of the primal-dual feasible set is

TI‘(AZX) :bz‘, X>'O, 1= 1,...,m
YyiAi+S=0C,5>0
i=1

F'=(X,y,9) €S xR" xS},

Under the assumptions that F° is nonempty and the matrices A4;, i = 1,2,...,m, are
linearly independent, then X* and (y*, S*) are optimal if and only if they satisfy the
optimality conditions [7],

TI'(AZX) = bz,XiO,Zzl,,m
Y yAi+S = C 8=0, (2.1)
=1

XS = 0.

In path-following Interior Point Methods (IPMs) one follows the central path that is
given as the set of solutions of the perturbed optimality conditions

Tr(A,X) = b, X>=0,i=1,....m
Y ydi+S = C 80, (2.2)
i=1

XS = ul.

It is proved in [14, 18, 20] that there is a unique solution (X (u),y(@), S(1)) to the central
path equations (2.2) for any barrier parameter p > 0, assuming that the F° is nonempty,
and the coefficient matrices A;, ¢ = 1, ..., m are linearly independent. Moreover, the limit
point (X*,y*, S*) as pu goes to 0 is a primal-dual optimal solution for the SDO problem.
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3 Neighborhood

Although path-following interior point algorithms follow the central path while the bar-
rier parameter p is decreasing to 0, they do not stay on the central path exactly. All
the iterates are required to reside in a neighborhood of the central path, while steadily
approaching the optimal set.

One of the popular neighborhoods is the so-called small neighborhood, defined as

n

1/2
Np(0) =S (X, y,5) € PO ||| X2SXY? — I, = [Z(Ai(XS)—Mg)zl < Opg ¢,

i=1

where 6 € (0,1) and p, := Tr(X.5)/n is associated with the actual duality gap. Another
one is the so-called negative infinity neighborhood that is a large neighborhood, defined as

N =7) == {(X,4,9) € F*| Auin(XS) = vp1 },

where v € (0,1).

In theory, IPMs based on the small neighborhood Nx(3), e.g., short step algorithms,
have a better iteration complexity bound than algorithms based on large neighborhoods,
e.g., large update algorithms. However, computational experiences shows that large up-
date IPMs perform much better in practice than short step algorithms.

In this paper we explore a variant of large neighborhood path-following IPMs and
prove that its iteration complexity is O(ny/kson log TT(XTOSO)), where n is the dimension of
the problem, k., is a parameter associated with the scaling matrix P and € is the required
precision. The new parameter 7 is used to defined our new neighborhood N (7, 72, 7).
In particular, when 7 is chosen to be a constant, our new algorithm will have the best
complexity result O(y/nlog TY(XTOSO)), which coincides with the complexity of short step
IPMs, when we use the Nesterov-Todd (NT) scaling.

In order to introduce the algorithm, we need to investigate a new neighborhood which
combines the classical small and large neighborhoods. Before doing so, we need to intro-
duce some notations.

Let M be a symmetric real matrix, i.e., M € 8", with the Eigenvalue Decomposition
M = QAQT = 5" Niqiq!, where A is a diagonal matrix with all the eigenvalues of M in

i=1
its diagonal, and @ is an orthonormal matrix, i.e., QQT = I, and each column ¢; of Q
is an eigenvector of M corresponding to the eigenvalue A\;. Then, we define the positive
part M™ and the negative part M~ of M as

Mt = Z Ngiql ., M= Z Nigiqr . (3.1)

Ai>0 A:<0

In particular, for a real number M € S', M™* denotes its nonnegative part, i.e., M+ =
max{M, 0}, and M~ denotes its nonpositive part, i.e., M~ = min{M,0}. Furthermore,
if M € 8" is a diagonal matrix, M and M~ could be easily constructed by taking the
positive and negative elements separately along the diagonal and leaving the zeros where
they are. Apparently, M = M+ + M.

In the next, we investigate some algebraic properties of M+ and M ~. These properties
paly a crucial role throughout the paper.

First, we show that the triangle inequality holds for the positive part.
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Proposition 3.1 Assume U,V € 8", then we have
@+ V)| < U]+ Ve
Proof. As we see,
U=Ut+U"=U"+ Y NU)a0)aU)”
Ai(U)<0

and
V=V itV =Vr+ 3 A(V)a(V)a(V)".
Ai(V)<0

According to Lemma B.2; we obtain
NU+V)<NUT+VH

fori=1,...,n.
Let Z denote the index set satisfying

T:={i|NU+V)>0}.
Then,
1/2
I+ V), = [;A?(Um}
S 1/2
< S v
€T
< 0%+ v,
< U IV

which completes the proof. [ |

The next lemma reveals that a unitary transformation preserves the Frobenius norm
over the positive part of a symmetric matrix.

Lemma 3.2 Let M € 8" and Q be a unitary matrixz. Then we have
1M = @M

Proof. Because M is similar to QM QT they have the same eigenvalues. Specially, they
have the same nonnegative eigenvalues. Then the result follows easily. [ |

The next paramount lemma reveals that the positive part of a symmetric matrix
doesn’t exceed, in the sense of Frobenius norm, its positive part after a similar transfor-
mation.

Lemma 3.3 Suppose that W € R" is a nonsingular matriz. Then, for any M € 8™, we
have

[pt, < % | s w17



To prove this result, first we need to verify an interesting fact about symmetric ma-
trices.

Lemma 3.4 Let M € 8" and )\; and m;; denote the i'" eigenvalue and the i*" diagonal
element of M, respectively. Then we have

Z)\? > Z mi.

Ai>0 m;; >0

Proof. If M is positive semidefinite, then for any eigenvalue of M, we have \; > 0 and
my; > 0. In this case,

DI P NIV IR SN
Ai(M)>0 i=1 =1

m;; >0
Let us consider the general case. For any symmetric matrix, there exists a spectral

decomposition such that M = QAQT = Z \iqiq! , where A is the diagonal matrix with
=1

all of the eigenvalues of M and Q is a unitary matrix, i.e., QQ7 = I, where ¢; is the
eigenvector of M corresponding to the eigenvalue \;.

Recall the definitions of M* and M~ as in (3.1), and let m;; and m;; denote the (i, j)
element for M+ and M~ respectively. By definition,

M=M"+M = Z Niqiq) + Z Niid;
Ai>0 Ai<0
and M* and M~ are positive and negative semidefinite, respectively. Note the fact that
for any 4, mj; > 0 and m;; <0, then we can define the set Z as

Z=A{i|mf+m; >0}

For any ¢ € Z, we have m;; > m + m; > 0, since m;; < 0. Further, we obtain
(m$)?* > (mf; + m;;)?, for all i € 7.

(22 —

The proof of the lemma follows by

E)‘Q_’|M+HF>Z( i) = 2 (myp)? = 3 (my; +my)? = 30 mi u

Ai>0 i€ 1€l m;; >0

Now, we are ready to prove Lemma 3.3.

Proof of Lemma 3.3. It is easy to see that || M*||3 = H[A(M)ﬁ”fp = Y A(M).
Ai(M)>0

Let us consider the right hand side. According to Theorem B.1, there exists a unitary
matrix U such that UWMW)UT = AWMW=') + N = A(M) + N, where N is a
strictly upper triangular matrix. The last equality is due to the similarity of W MW !
and M. From Lemma 3.2, we know that

1
2

(WMW! + (WMw—l)T]+HF = fowmw + (WMw—l)T)UT]+H

F
A(M) + N + A(M) +NT]+HF

N N

[U(
[A(

(A + 2axt]”

F



From Lemma 3.4, we claim

) N+ NT]F
Jisany ;< | [aon + 5
F
which implies | M*|, <1 H (WMW— + (WMW‘I)TrH : u

F

Proposition 3.1 and Lemmas 3.2 and 3.3 will play a crucial role in proving convergence
and complexity of our new large neighborhood IPM. Analogous to the neighborhood
introduced by Ai and Zhang [2], we define our neighborhood, using the positive part in
(3.1), as

N(11,72,1n) = ./\/'O;(l—ﬁ)ﬂ{(X,y,S) e FO. ||[Tl,ugf — X1/25X1/2]+HF <n(m — Tg)ug} ,
(3.2)
wheren > land 0 < <7 < 1.
The next proposition indicates that the neighborhood N (711, 72,7) is indeed a large
neighborhood.

Proposition 3.5 Ifn>1 and 0 < 7, < 1 < 1, then we have
Nl —=71) CN (71, 72,m) SN(1 = ).

Proof. From the definition of N (71, 72,7) it is obvious that N (7, 72,7) C N(1 — 7).
For the first inclusion, we need to prove that

No(l=m) C{(X,y,8) € F: ||[mupgl = XPSXYIH|| L < n(m = 7o)} -
Given that for (X,y,S) € N (1 — 7), one has
gl — XY2SX Y2 <0, (3.3)
which implies [ryp,] — X/2SXY2]* = 0, leading to the claimed relationship. |
Moreover, if the parameter 7 > /n, then the neighborhood N (7, 72, 7) is exactly the
negative infinity neighborhood N_(1 — 72).
Proposition 3.6 Ifn > \/n and 0 < 7 < 1, < 1, then we have
N(71,72,m) = No(1 — 72).

Proof. To complete the proof, it is sufficient to show that for any (X,y,S) € NZ(1—7),
we have

No(1—7) C{(X,y,5) € F*: ||[rpyl — X1/25X1/2]+HF <n(rn —m)ug).  (3.4)
Because (X,y,S) € N(1 — 1), it follows that
Amin(X2SX2) = Ain (X S) = Tapsy.

Therefore,
/\max([TlugI - X1/28X1/2]+) S (7-1 - 7—2):“9'

That implies
H [TllLLgI - Xl/QSXl/Q]-l—HF S \/E(Tl - 7—2)”97

which proves that (3.4) holds when n > /n. |



4 Search Direction

Given an iterate (X,y,S), path-following IPMs generate the next iterate by taking a
Newton step to system (2.2). Let target the point on the central path corresponding to
p = Ty, where 7 € [0, 1] is called centering parameter and p, = X e .S/n corresponds to
the actual duality gap. To move from the current point (X, y,S) towards the target on
the central path, we wish we could compute a symmetric search direction by solving the
following linear system

D> AyA;+AS = 0, (4.1)
=1

AXS+ XAS = tp,d - XS.

Although from the second equality we have that AS is symmetric, system (4.1) do not
allow a symmetric solution matrix AX. Various remedies are proposed since the middle
of 1990’s. The interested readers are referred to the papers [5, 10, 14, 21, 22, 16, 17| for
comprehensive discussions. We use the approach proposed by Zhang [31], who suggested
to replace the last equation in system (2.2) by

Hp(XS) = pl, (42)
where Hp(-) is a symmetrization transformation defined as

Hp(M) = % [PMP~' + (PMP "],

for a given matrix M and a given nonsingular matrix P. In particular, if P = I then for
any symmetric matrix M, H;(M) = M. In [31], Zhang observed that if P is nonsingular,
then

Hp(M)=pl & M = pul.

Therefore, the search direction is well defined by the following system

Tr(A;AX) = 0, (4.3a)
> AyiA;+AS = 0, (4.3b)
i=1

For the choices of P, when P = I, the direction obtained from (4.3) coincides with
the AHO direction [5]. If P = X~'/2 or S¥/2 then (4.3) gives the H..K..M directions
[10, 14, 16, 17|, respectively. Further, we obtain the NT direction when P = W];;/ 2, where
W is the solution of the system Wyt XWy1 = S. Nesterov and Todd [21, 22] prove
the existence and uniqueness of such a solution as Wyp = XY/2(X1/25X1/2)~1/2x1/2 We
refer to the directions derived from (4.3) as the Monteiro-Zhang (MZ) family.

In terms of Kronecker product!, equation (4.3c) can be expressed as

Evec(AX) + Fvec(AS) = vec(tu,I — Hp(XS)),

'For the definition and properties of Kronecker product, please refer to APPENDIX A.
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where 1 1
E=S(SoI+18S), F=3(Xel+IX). (4.4)

In [26], Todd, Toh and Titiincii proved that system (4.3) has a unique solution for
any (X,y,5) € ST, x R™ x 8" and for the scaling matrix P for which PXSP~! € S™.
Actually, this still holds under weaker conditions, as the authors show in their papers [18].
However, to investigate our new large neighborhood path-following algorithm, throughout
the paper, we restrict the scaling matrix P to the aforementioned specific class

P(X,S):={P e8!, | PXSP'eS&"}, (4.5)

where X, S € 8",. Apparently, P = X /2 S1/2 and W]{,/; belong to this specific class.
However, P = I does not. We should mention that this restriction on P is common
for large neighborhood path-following algorithms proposed in [19]. Furthermore, this
restriction on P does not lose any generality, in terms of the solution set of system (4.3),
as Monteiro indicates in [17].

After obtaining the search direction, most classic large neighborhood path-following
algorithms do a linear search to decide how far they move along the search direction while
they reduce the duality gap as much as possible within the neighborhood N_(1 — 73).

In our new algorithm, we decompose the Newton direction into two separate parts
according to the positive and negative parts of 7p,/ — Hp(XS). Thus, we need to solve
the following two systems:

Tr(AAX_) = 0, (4.6a)
i(Ayi)—Ai +AS_ =0, (4.6D)
H:EAX_S + XAS_) = [ru,d — Hp(XS)], (4.6¢)
and
Tr(AAX,) = 0, (4.7a)
i(AymAi +AS, = 0, (4.7D)
HZ:IAX+S + XAS) = [rp,d — Hp(X9)]*, (4.7¢)

where P € P(X,S) and (Ay;)—, AX_ AS_ denote the negative part of the search di-
rection, while (Ay;)y, AX,, AS, analogously denote the positive part of the search
direction. Again, equations (4.6¢) and (4.7c) could be written, in Kronecker product
form, as

Evec(AX_) + Fvec(AS_) = vec([tpugl — Hp(XS5)]7) (4.8)

and
Evec(AX,)+ Fvec(AS,) = vec([tu,d — Hp(XS)|1), (4.9)

respectively.
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Obviously, systems (4.6) and (4.7) are also well-defined and have a unique solution
because P € P(X,S). To get the best step lengths for both of the directions, we expect
to solve the following subproblem

€ (7—1,7'2,7”]) (410)

where a = (a_, ay) denotes the step lengths along the direction (AX_, Ay_,AS_) and
(AX,, Ay, AS,), respectively. Finally, the new iterate is given by

(X(a),y(a),S(a)) = (X,y,5)+ (AX(a), Ay(a), AS(a)) (4.11)
= (X,y,9)+a_(AX_ Ay ,AS )+ a (AX,, Ay, ,AS,).

So far, we have already introduced the most important ingredients of our new al-
gorithm: the newly-defined neighborhood N (71, 7, 7) given by (3.2) and the new search
directions based on systems (4.6) and (4.7). Now, we are ready to present a generic frame
for our algorithm.

Algorithm 1 Path-following IPM based on the N (7, 72, 7) neighborhood

Input:
required precision € > 0;
neighborhood parameters n > 1, 0 <7, < 7 < 1;
reference parameter 0 < 7 < 1;
an initial point (X°, 4%, 5°) € N (71, 72,m) with p) = Tr(X°S?) /n;
while u’g“ > e do
(1)  Compute the scaling matrix P* € P(X*, S¥).

(2)  Compute the directions
(AXE, Ayk, AS*) by (4.6) and (AXE, Ayk, ASY) by (4.7).

(3) Find a step length vector o = (a*,a%) > 0 giving a sufficient reduction of
the duality gap and assuring (X (a*), y(a¥), S(a¥)) € N (71,72, 7).
)

(4)  Set (XFHL yM, $8) = (X (o), y(a"), S(a¥)).

(5)  Set pit!l:=Tr(X*1S1Y) /n and k =k + 1.
end while

We have to remark three important facts about the presented algorithm. First of
all, although we suggest to solve problem (4.10) to decide the best step lengths, to solve
this problem is very expensive in general, and thus a ”sufficient” duality gap decrease
obtained for low computational cost is preferred against the "maximal possible” duality
gap decrease for high computational cost. Furthermore, solving problem (4.10) is also
unnecessary. Even if we do not use the optimal solution of problem (4.10) as the step
lengths, we are still able to achieve polynomial convergence, as it is discussed later.
Second, in spite of the fact that two linear systems (4.6) and (4.7) have to be solved,
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however, the additional cost is very marginal, since both of (4.6) and (4.7) have the same
coefficient matrix. At each iteration, the algorithm only needs to form and decompose
the Schur matrix once, both of which together usually take up 90% of the total running
time, then does the backsolve once for the two right-hand-sides simultaneously. Third, it
seems that it might be expensive to obtain the negative and positive parts in (4.6) and
(4.7). However, we can utilize the strategy, scaling X and S to the same diagonal matrix,
as proposed by Todd, Toh and Tiitiincii in [26] to obtain the negative and positive parts
cheaply as a byproduct when computing the N'T scaling matrix.

5 Complexity Analysis

In this part, we present the convergence and complexity proofs for Algorithm 1. Recall
that our algorithm is based on the MZ family, we scale problems (P) and (D) as Monteiro
and Todd proposed in [18] in order to analyze the algorithm in a unified way for the class
of matrices P € P(X,S). Furthermore, this scaling procedure simplifies the proofs of the
main results. At the end of this section, after proving some technical lemmas, we present
the most important result w.r.t. polynomial convergence.

5.1 Scaling Procedure

Scale the primal and dual variables in the following way,
X :=PXP, (3,5):=(y,P7'SP"). (5.1)
To keep consistency, we have to apply the same scaling to the other data as well, i.e.,
C = p-lcpt, (:4:, gz) = (P'A,P L), fori=1,...,m.

As mentioned, to investigate the new algorithm, we restrict the scaling matrix to P €
P(X,S) as defined by (4.5). It is easy to see that for X, S € S}, one has

P(X,S):={PeS8", | PXSP'e8"}={PcS", :XS=25X}, (5.2)

i.e., we require P to makeN)z and S to commute after scaling, implying that XS is sym-
metric, as long as X and S are both symmetric. This requirement on P also guarantees
that X and S can be simultaneously diagonalised (i.e., they have eigenvalue decomposi-
tions with the same @) according to Proposition B.6.

From now on, we use A to denote the diagonal matrix A = diag(Ay, Ag, ..., \,), where
A fori =1,..., n are the eigenvalues gfggvgith increasing order A\ < \p < --- < \,. We
should emphasize that the matrices XS, SX, XS, SX, X'/251/2X/2? and S1/2X1/281/?
have the same eigenvalues, since they are similar.

In the scaled space the primal and dual problems are equivalent to the following pair
of problems:

min  Tr(CX)
(P) s.t. TI'(AZX) = bi, 1= 1, .,y
X =0

12



and

max ngj
(D) st. S GiA+S=C,
i=1 .
S = 0.

The search direction (AX, Ay, AS) based on system (4.6) and (4.7) corresponds to the
scaled direction (AX, Ay, AS) defined as
AX_=PAX_P, Ay =Ay., AS_=PAS_P, (5.3)
AX,=PAX,P, Ay, =Ay,, AS,=PAS,P. (5.4)
The directions (AX _, Ay_,AS_) and (AX, &;+, AS,) are readily verified to be solu-

tions of the scaled Newton systems

Tr(A,AX_) = 0, (5.5a)
S (Ay) A +AS_ = o, (5.5b)

=1
H(AX_S+XAS_) = [rji,] — XS], (5.5¢)

and

Tr(4,AX,) = 0, (5.6a)
> (Ay) A+ AS, = 0, (5.6b)

=1
Hi(AX S+ XAS,) = [rfig] — XS], (5.6¢)

respectively. To simplify the notation, we use XS rather than H I()N( 5), since XS =
H;(XS) when the scaling matrix P € P(X,S). In terms of the Kronecker product,
equations (5.5¢) and (5.6¢) become

Evec(AX_) + Fvec(AS_) =vec([Tpg] — XS], (5.7a)

Evec(AX ) + Fvec(AS,) =vec([ru,l — XS], (5.7b)
respectively, where

~ 1 ~ ~ ~ 1 ~ ~

E:§(S®[+I®S), F:§(X®I—I—I®X). (5.8)

Having the search directions, and after deciding about the step lengths, the iterates are
updated as follows:

(X(a),7(@),S(@) = (X,3.9) + (AX(a), Ay(a), AS(a)) (5.9)
= ()?7§L§>+O‘*<§(*7Ay*7ﬁ*)+a+(§(+7&/+aﬁ+)'

The next proposition formalizes the equivalence between the original and the scaled
problems.
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Proposition 5.1 If (X,y, S) and (X,y, S) are related to each other as specified by (5.1),
(X(a),y(a),S()) and (X(a),y(a), S(a)) are defined by (4.11) and (5.9), respectively,
then we have

1. (X,y,S) € F if and only if ()?,’yv, g) is feasible for (ﬁ) and (5),
2. (X,y,S) € N(1m1,72,n) if and only if ()?,gj, §) € N(Tl,Tg,ﬁ), where N(Tl,TQ,U) is

the neighborhood corresponding to (P) and (D);

3. X(a) = PX(a)P, §(a) = y(a), S(a) = P7LS(a)P" and p(e) = fig(a), where

~ Tr(X (a)S(a
(o) = TE@5E)

5.2 Technical Results

Before proving the complexity of our algorithm, we have to prove some technical lemmas.
Throughout this section we fix the reference parameter to 7 = 7 and let:

Al (E)?_,Ky_,ﬁé_) and (E{+,&;+,Z§+) be the solutions of (5.5) and (5.6), re-
spectively;

A2 E((oz) = a_AX_+ a,AX, and Zg(a) = a_AS_ + a,AS,.

From the following lemma, we see that if current iterate is feasible, then the search
directions are orthogonal.

Lemma 5.2 Under A.1 and A.2, we have
Tr(AX (a)AS(q)) = 0.
Proof. The proof is straightforward by using (5.5a), (5.5b), (5.6a), and (5.6b). [ |

Lemma 5.3 If P € P(X,S), then we have

Tr(XAS_) + Tr(AX_S) = Tr([n i, ] — X5]7), (5.10)
and

Tr(XAS,) + Tr(AX_,S) = Tr([n i, — X S]F). (5.11)

Proof. Using the fact that Tr(M) = Tr(H;(M)) for any matrix M € R"*", it is easy to
see that

Tr(XAS_) +Tr(AX_S) = Tr(XAS_ +AX_S)
= Tr(H;(XAS_ 4+ AX_S))
= Tr([nfig] — XS]).

One can show (5.11) analogously. |

Intuitively, we wish to reduce the duality gap as much as possible in every iteration.
The next result, however, shows that Algorithm 1 holds a lower bound for duality gap
reduction. It will be seen in later discussions that this bound derives from feasibility
considerations.
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Lemma 5.4 Let (X,7,5) € F°, then for every a := (a_, o)) € [0, 1], we have

Tr(X (2)S(a)) = Tr(XS) + a_Tr([rfigl — XS]7) + ar Tr([rjigl — X S|F).

Furthermore,
Tr([rifigl — XS]7) Tr([rifigl — XS]T)

~ -7 3 > (1 — o).
fig(a) = fig + o " +ay " > (1—a-)i

Proof. Using Lemma 5.2 and Lemma 5.3, we have

Tr(X(a)S(a)) = Tr(X +a AX_ +a;AX ) (S+a AS_ +a;AS,))
= Tr(XS)+a_(Tr(AX_S) + Tr(XAS_)) + ay (Tr(AX . S) + Tr(XAS,))
+Tr(AX (a)AS(a))
= Tr(XS)+a_Tr([rfig — XS]7) + ay Te([rijigl — XS]).

Then, we have

~ Tr(X () S(a
fyla) = LE@S)
= DS DBl XS |, Trlin el XS
> iy — aﬁ%ﬁ@)
_ ~g o Tr(T):(g)
- (1 - a—)ﬁm

where the inequality is due to the fact that X , Se ST implies
Tr([rpgd — XS]7) > Tr(—XS). [ |

The next lemma shows that the negative part of 71,/ — XS is also bounded in terms
of the duality gap at this iteration.

Lemma 5.5 Let (X,7,5) € F°, then
Tr([nfl — XS]7) < —(1—7)Tx(XS9). (5.12)
Proof. It is easy to see that
[rifigl — X S|~ + [mfigl — XS]t = iyl — XS,
Taking the trace of both sides, we have

Tr([rfigd — XS]7) = (1 — DTe(XS) — Tr([rfiyd — XS]7)
< —(1—m)Tr(XS),

which completes the proof. [ |
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The next results, Proposition 5.6 and Corollary 5.7, imply that Algorithm 1 reduces
the duality gap steadily if the feasibility of the iterates can be preserved. From now on,
we introduce the notation 5 = (7 — 73)/7, then we have § € (0,1) and 7 = (1 — §)7y.
Further let us denote

o+
[l - X5
. F
7 = max - 1
ﬁTI/ng

It follows that if (X,S) € N'(r1,72,7), then 1 < 7 < 7.

Proposition 5.6 Let ()?, v, §) € ./,\V/’(Tl, T2,m). Then we have

- - ~ nomp
fig(a) < fig — a—(1 = 71)f1g + oy \/ﬁg-

Proof. Using Lemmas 5.3, 5.4 and 5.5, we see that

- N Tr([r7i, ] — XS]~ Tr([r i, ] — XS]+
Rw) = o ORI = XF) | (il = X5
SYal [7'1,[7 I—j\(/g]—i_
< ﬁg—oz_(l—Tl)Tr(XS)+oz+ nH ’ - HF
ﬁﬁﬁﬁg

< iy —a-(1—7)fiy +as

T

where the first inequality is due to the Cauchy-Schwarz inequality and the last inequality
derives from the assumption that (X,7,S) € N (1, 72,7) . [ |

When the parameters 7, and 3 are chosen appropriately and all the iterates reside in
the neighborhood N (71, 72, 7), we claim that the duality gap is decreasing in O(1—1/+/n).

Corollary 5.7 Let 7 < 5, f# < 1 and (X,7, §) e N(m,m,n). If a_ = ayiy /22, then

27?%) -
9\/5 H’g‘

we have

fig(a) < (1 oy

Proof. From Proposition 5.6, it follows that

- - - noTp
fgla) < g — (1= + oy \/%g
~ 5 77571/7
< ,Ug_ga—:ug‘{'a—&- \/ﬁg
~ 5 .~ \/67’1
= g —ax(y — VBT NG
<

Kg-
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Here the second inequality holds because 7 < g and the last inequality is due to the fact
that n < %. [ |

Subsequently, we show how to ensure that all the iterates remain in the neighborhood
N (11, 72,1n). Although we wish to decrease the duahty gap as much as possible, we still
need to control the smallest eigenvalue of X (a)S(av) in order to stay in the neighborhood

N(7'1,7'2777)-

Lemma 5.8 Suppose P € P(X,S) and x(a) = )?§+a,[71ﬁgf—)?§]_+a+ [Tlﬁg[—)?g]'i_.
If (X,y,S) € N(71,72,n), then we have

Amin(X(@)) = Tafig + oy (11 — T2) 1g- (5.13)

Proof. To prove this lemma, we first consider the situation when Ap, (7175 — XS ) >0
In this case, [11ft,] — XS]™ = 0. Then,

Amin (X (@0)) Amin (XS + ap[mipgl — X S]Y)
Auin X5 + s (mfig T — X3)
Amin((1 — a_) XS + a_7ifi,])
(1 — ) Ain (X S) + o Ty flg
(1 —a)mefiy + a_Tifi

Toflg + a—(T1 — T2) fig-

v Iv

The second inequality holds due to (X U, ) eN (11, 72,7).
When Tl,ug_f XS is negative semidefinite, i.e., [mp,] — XS|” = mp,l — XS and
[r1fig] — XS]T = 0, we have

Amin(X (@) min (XS + a_[rfi,] — XS]7)
mlﬂ(Q(A+a (Tlﬂ’gj A))Q )
minEA +a(Tipigl — A))

min A + (Tlﬂg[ A))

Lol
>,>,>,>,

vl

Toflg + (T1 — Ta) [l
Tallg + a4 (T1 — T2) Lhg-

AV

Now, let us consider the last case, when mpugsl — XS is indefinite. Recall that the
eigenvalues of X ~§ are ordered increasingly, i.e., Ay < ..., < \,. Assume )y is the first
eigenvalue of XS such that m, — Ay <0, eg., Tifiyg — Ay > -+ > Tyfig — Ay > 0 >
Tiflg — Ak = -+ 2> Tiflg — Ap. It is easy to see that

Amin(X ()

Amin (XS + a_[rifig] — XS|7) + ay[mfig] — XS|H)
Auin( QA + [, ] — A~ + a[rafiyl — AI)QT)
min{A; + oy (Tifly — M), A + a_(Tiftg — M) }
min{7afig + oy (11 — T2) g, T1flg }

Toflg + oy (T — T2) g

(AVARI

Taking all of the possible cases into account, we conclude that (5.13) is true. [
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To follow the central path, we also need to make sure that the iterates remain in the
prescribed neighborhood of the central path.

Lemma 5.9 Suppose P € P(X, S)and x(a) = X S+a_[rJig] —X S| +ay [rifigl — XS]
If (X,y,S) € N(71,72,n), then we have

175 ()] = x()]*]| < (1 = ap)ifnfig(@). (5.14)

Proof. Assume that the eigenvalues of XS are ordered so that
Tiflg — AL 2> Tiflyg — Ap 2> -0 2 Toflg — A1 2 02> Tifly — Mg 2> 00 > Tafig — Ap.

Now, let us consider the diagonal elements of A + a_[rigl — A]™ + ag[mfi,] — AT, For
1= 1, ey k — 1, >\Z + O-/—‘,—(Tlﬁg — )\1) = (1 — Ol+)>\7; + OZ+Tlﬁg, then

Tifig(@) — (A + ag (g — Ai)) < Tajig(r) — ﬁij_(;)()‘z + o (Tiflg — )

_ ug( )(7- g — (1—ap)\ — 06+71ﬁg)

— Bg(e)
= %g(

1—a)(nfl, — A
For ¢ = k’, e, /\z +O{_(’7'1[79 — )\7,) Z >\7, —{—7’1,[79 — )\z = ’7'1,[79 Z 0, then
Tifig(@) — (Ai + a— (g — Ai)) < Taplg — Tafig = 0.

For convenience, let (o) = [mifiy() ] —(A+a_[mpigl —A]"+ay [mpigl —A]1)]T. Therefore,
together with Lemma 3.2, we have

el < F220 —a) imd - A1l
- B o - AT, 519
) ~ Y Q1+
= (1—ay) H[ﬁug[ — XS] HF
< (1= ay)nBriig(e).

On the other hand, let ¢(a) = [mifiy()] — x ()], then we have
lo@)le = ||miis(@)] = (X5 +a_[nfi,l = X5+ aylnii,l - X59)]|
H[Tlﬁg(a)] - (QAQT + O‘—Q[Tl/jg] - A]_Q + a—&-Q[Tl,ug] - A]+Q )]+||F
= [|QInfig()] — (A +a—[nfigl — A]” + ay[nfiy] — AIF)"Q"|,.
= |Inmg(e)l = (A+a_[nal = A" —ay[nfgl — A"
< (1= aq)nfripg(c).

The proof is completed. [ |

e

The next two lemmas together bound the distance between the current iterate and
our reference point 7y/i,/ on the central path.
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Lemma 5.10 Let X,5 € 8, P € P(X,S), X and S are defined by (5.1), and E and
F are defined by (5.8). Then,

|(F By 2vee(nii,l - X8| < TH(X3) (5.16)

Proof. Using Equation (5.8) and Proposition B.6, we find the spectral decompositions
of E and F' to be

:%(§®I+[®§)__QK< (S)®I+1®AS))Qk,

ﬁ:%@@uz@%):—wu o I+1eAMX)Qk,

where Qg = Q ® @ is an n® x n* orthogonal matrix. Furthermore, because X and S
commute, from Proposition B.5, we have F'E € Sﬁ +- Then, we have

(FE)_ =4QkA® T+ 1A+ A(X) ® A(S) + A(S) ® A(X))_IQ};,

where the matrix in the middle is diagonal with the properties that the ((i — 1)n + )%
component is 1/(4);) and the largest component is 1/(4A;). On the other hand,

vec(mjigl — Xg) = vec(ri,l — QAQT)
= (Q®Q)vec(rijigl —A)
= QKVGC(’Tlﬁgl — A),

where vec(rul — A) is an n’vector with at most n nonzeros at the ((i — 1)n + 4)®
positions which are equal to 7111, — A;. Finally, we have

" = (vee(nfiy — X§])T(EF) 'vec([njiyl — X5])

= 2 (Infig = XN7)*/ N

i=1

= (VA = g/ VAT

i=1
< 3N

=1
= Tr(X5S),

H (FE)2vec([nji,] — XS]

which leads to inequality (5.16). [

Lemma 5.11 Let P € P(X,5), X and S be defined by (5.1), and E and F be defined
by (5.8). If (X,y,S) € N(m1,72,n) and 3 < 1/4, then

|(FB)2vec(iniiyl — X% < i omiy /3

Proof. Noticing that )\min(ﬁE) = A\ > Tufiy, it is easy to see that

2

H(ﬁ’E)1/2vec([7'1ﬁgl—)N(§]+)H2 < || EB2 |vec(ni, - X5)* )HQ

2

= B s - X5
< PP Ng/(TZMg)
< 2B7iRg/3.
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The last inequality follows from the fact that § < 1/4 implies /7 < 1/3. [ |

Now, we apply Lemmas 5.10 and 5.11, together with Lemma B.4, to conclude the
following result.

Lemma 5.12 Let P € P(X,S) and G = E-'F. If ()?,37, §) € N(Tl,TQ,U) and 3 < 1/4,
then

2 -
HG V2yvec(AX (a) H + HGI/Qvec(AS( NI +2AX o AS < o Tr(XS) + atn?Brifiy/3.

Proof. From (5.7), we have
Evec(AX(a)) + Fvec(AS(a)) = a_vec([riy] — XS]7) + ayvec([rijigd — XS]1).
Applying Lemma B.4 to this equality, we obtain

H(ﬁE) 12 Bvec(AX (o H +H (FE)Y2Fvec(AS(a) H +2AX ¢ AS
= |[(FE)2l0vee(Infiyl — X3]7) + awvee(Infiyl — X)) H2 .

The commutativity of E and F implies that
(ﬁE)—qu _ (E‘lF) 2 = g-1/2, (}FE)l/Qﬁ _ E—1}~7)1/2 — G2
Hence, to complete the proof, it is sufficient to show that
-~ o~ s 2
H(FE)—1/2[a vec([rjiy] — X3)7) + ayvec([nji,I — XS]+)]H

2
<a? H (FE)?vec([rfiy] — XS]~ H +a+H 1/2vec((7'1,flgl—XS]*)H

< a?Te(XS) + a2 726 ]y,

where the last inequality can be derived from Lemma 5.10 and 5.11. |

Using Lemma B.10, we can explore a bound for the second order term K)/((a)gg(a).

Lemma 5.13 Let P € P(X,S) and G = E7'F. If B < 1/4, a_ = ayiy/22 and
(f(,g, §) € /\7(7'1,72,77), then we have

HH[(E((OJ)E( H < Hvec (AX (« H Hvec (AS(« H < fma_i_n Brifig.  (5.17)
Proof. Noticing the last inequality in Lemma B.9, we have

|m@X(@aS@)|| | < |aX(@AS@)

F

< |Axl, [asw@],
< Hvec<§(<a))H Hvec(ZE(a))H .
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From Lemmas 5.2 and B.10, it follows that

HHI(E((Q)ZE(Q))HF < Hvec (AX(a)) ] ]vec@F(Q))H
foond(@) 2
< Cond HG 12vec(AX () H + HGl/Qvec(AS( D)
< VrlD (02 TH(XS) + a2 P Brafiy /3).
Substitute o with a7 % and apply Lemma 5.12, then we finally obtain
N s cond(G
“H;(AX(&)AS(@))“F = 5 ( )(oz+7]267'1nug/n+oz+n BTifty/3)
< % cond(G) a2 7? B 1y,
observing that Tr(XS) = Nflg. [

By the next proposition, we get one of the most important results in this paper, a
sufficient condition to keep all the iterates in the neighborhood N (71, 72,7).

Proposition 5.14 Let (X,y,5) € N(m,m2,m), 1 < 4/9, 8 < 1/4, P € P(X,S) and
G=FE'F. Ifa_=ayn\/B71/n and oy < 1/(y/cond(G)n?), then

(X(@),y(a), S(@)) € N (1, 72, 7).

Proof. By Corollary 5.7 we have ji,(a) < ji,. Further, using Lemmas 5.8, 5.13 and the
fact that Apin(+) is a homogeneous concave function on the space of symmetric matrices,
one has

Mo Hi(X(@)8(0))) 2 Auin(Hi(XS + a_[mfiy] = XS]+ [rafiy I = X5)7)
o HI(AX ()AS(@)
Auin(F(0)) = || Hr(BX ()5S @) |

> iy + as(r = )iy — || Hi(AX ()AS(0)|

v

v

F

One can derive from Lemma 5.13 that

Ain(H(R(@)F(0)) 2 iy + s (r — ), — 2 /eond( G2 i2m
> Tollg + ay BTijly — oy BTl
= Tallg
> Tofig(a)
> 0.

This implies that X (a)S(a) is nonsingular, implying that each of the factors X (a) and
S(«) are nonsiggular as well. By using continuity, it follows that X(a) and S(a) are also
in 87, since X and S are. Then, we may claim that

Ain (X (@)S(@)) 2 Ain (H1 (X (2)S(@))) = Toig (@) (5.18)
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Since # < 1/4 and 1 < 4/9, from Lemma 5.4, we have

fig(e) 2 (1= a)ig = (1= i\/Br/v/n)i — /By >

From Proposition 3.1, we have

. (5.19)

[GVIN )

va) = |Imfi(e)] = X12(0)S(@) X))

1500 ()1 —??”% )8 (@) X)) |

- Jtston - Frsenr],

IN

F

Because X (0)S(a) = (X + a_AX_ + a,AX,)(X + a_AX_ + a.AX,), we have

(o) < |[Hr(nfig(e)] = X5 = a-lriigl = XS] = as[riyl - X5]* = AX ()AS(@)] |
< [HI(W( )1_)25—@ iyl = X5)" — o [yl - XS+
R WA,
= |y (@) — X3 — a_[rfi,I — X5 — a[rfi,I — XS]t H +
[Hi(AX ()AS() | -
Using the fact that H[H,(E(@)Ké(a))} H HHI AX(a)AS(a H and Lemma 5.9,

we caln prove

W(@) < (1 — ap)ifnii,(a) + HHI(AX(Q)AS(a))H .

F
Further, from Lemma 5.13 and inequality (5.19), one has

v(e) < (1= a)iprig(a) + 3y/cond(G)od nbmi
(1 — ey )iBTifg () + /cond(G)al HB7fig(cv).

IA A

Since iy < 1/(y/cond(G)n?) and 77 > 1, we have y/cond(G)aZ N8 fig(a) < aynfmfy(a).
Thus,
(a) (1 = ap)nbnpg(a) + apibrjg(a)
NBT11Lg ()
nﬁTlﬁg(a)
(= 72) g ().
This, together with (5.18), implies that

[IAIIA

(X(a), (), S(a)) € N(71,72,1).

Consequently, according to Proposition (5.1), one has

(X(@),y(a), S(@)) € N (1, 72, 1). u
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5.3 Polynomial Complexity

In this section we present our main complexity result. The next theorem gives an
iteration-complexity bound for Algorithm 1 in terms of a parameter k., defined as

Koo = SUD {cond((ﬁk)’lﬁk) c k=0,1,... } : (5.20)
Obviously, ks > 1.

Theorem 5.15 Suppose that koo <00, n>1,0< 71 <7 <4/9, and f < 1/4 are fized
parameters. At each iteration, let P* € P(X*,S*). Then Algorithm 1 will terminate in

O(ny/Feon log Tr(XfOSO)) iterations with a solution Tr(XS) < e.

Proof. In every iteration, let & = (\/71/(koon) /%), 1/(\/Feof)?)). By Proposition 5.14,

we have

(X(&),y(@), S(a)) € N(m, 72, m).

Furthermore, from Lemma 5.7, we also conclude

ljg(a) < (1 - QM ) /79 < <1 - QM ) ﬁg < (1 - 2—\/%) ﬁga
9+/cond(G)n 9In+/cond(G)n M/ Koot

from which the statement of the theorem follows. [ |

From Theorem 5.15, it is easy to present various iteration complexities of Algorithm
1 in terms of some specific aforementioned scaling matrices P.

Corollary 5.16 If the parameter n is a constant, then for Algorithm 1, when it is based

on the NT direction, the iteration-complezity bound is O(y/nlog meOSO)) When the
H..K..M scaling is used, then Algorithm 1 terminates in at most O(nlog w)

tions.

itera-

Corollary 5.17 If the parameter n is in the order of \/n, then for Algorithm 1, when it

is based on the NT direction, the iteration-complezity bound is O(nlog Tr(XfOSO)) When
the H..K..M scaling is used, then Algorithm 1 terminates in at most O(n®?log w)

iterations.

From Lemma B.3, Corollaries 5.16 and 5.17 are readily achieved.

As we see, when 7 is a constant and the NT scaling is used, Algorithm 1 achieves
its best complexity bound which coincides with the best known complexity of IPMs for
SDO. When 7 is in the order of y/n, our complexity result is the same as the one for
classical large neighborhood IPMs, since we have shown in Proposition 3.6 that in that
case our neighborhood N (71, 72,7) is exactly the large neighborhood N (1 — 7).
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6 Conclusions and Further Works

As discussed previously, the contribution of this paper is a new large neighborhood path-
following algorithm having the same theoretical complexity bond as the best short-step
path-following algorithm. As usual, the next step would be to discuss issues related
to the implementation of the new algorithm. Notice that finding the step lengths in
(4.10) is relatively expensive. Although we proved the theoretical complexity for fixed
step lengths, looking for efficient heuristics to compute better step lengths in practice
deserves special attention. Another issue is how to efficiently compute the positive and
negative part of the right-hand-side in the Newton equation when not the NT scaling
is used. It is apparent that, due to the high computational cost, explicitly computing
them with eigenvalue decomposition is not desired. To develop computationally efficient
implementation strategies for our large neighborhood algorithm remains the subject of
further research.
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APPENDIX

A Some Properties of the Kronecker product

The Kronecker product of two matrices G € R™*" and K € RP*? is denote by G @ K
and is defined to be the block matrix

gukK - g K
Go K = € RmPxng

With each matrix @ € R™*", we associate the vector vec(Q)) € R™*™ defined by
vec(Q) = [qut, -+, Gmt, @12, 5 Gm2: Gty 5 Gun]

We present some useful properties of the Kronecker products.

1. (G® K)vec(H) = vec(KHGT).

2. ( GeK)'=G"® KT,

3. G ® I is symmetric if and only if G is.

4. (G K)'=G1teo K

5. (G K)(H®L)=GH® KL.

6. If A(G) = diag(\;) and A(K) = diag(y;), then A(G® K) = diag(\ip;). If ¢; and r;
are the eigenvectors corresponding to the eigenvalues A; and p; of G and K, then
vec(r;jq] ) is the eigenvector corresponding to the eigenvalue \;u; of G @ K.

7. vec(G)Tvec(K) = Tr(GK).

B Some Properties of Square and Symmetric Matri-
ces

Theorem B.1 (Schur Triangulation) Given Q € R"™ ", there is a unitary matriz
U € R" such that
UQUT = A(Q) + N,

where N 1s a strictly upper triangular matriz.

Proof. For the proof, see Horn and Johnson [11], page 79. [ |
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Lemma B.2 Suppose B = A+ tcc?', where A € 8™ and ¢ € R" is a unit vector. Let
M\i(A) and \;(B) denote the i'" largest eigenvalues of A and B, respectively, i.e.,

A(A) < Xp(A) < -2 <A (A) S \(A),
A(B) < X(B) < - < Xa(B) < M(B).
Then there exist nonnegative numbers 61, . ..,0, such that

with 6y + -+ + 6, = 1.

Proof. For the proof, see Golub and Van Loan [9], page 412. [

Lemma B.3 Let ko be defined by (5.20), then
e if for all k the scaling matriz P* = (WE)Y2, then ko = 1;
e if for all k the scaling matriz P* = (S*)'/2 then koo < =
o if for all k the scaling matriz P* = (X*)~Y2, then ks < =

Proof. For the proof of this lemma, we refer to Monteiro’s paper [19]. [

The following technical lemma was first introduced and proved in Zhang [31].

Lemma B.4 Let u,v,7 € R" and Q,R € R™" satisfying Qu+ Rv =r. If RQT € 8},
then

[(RQT)™2Qul[* + | (RQT) ™2 Ro||* + 2u™v = ||(RQT) /¢ ||". (B.1)
Proof. For the proof, we refer to Zhang’s paper [16]. [ |

To utilize Lemma B.4, we need to explore the conditions under which FET € S,
where F and E is defined by (5.8). In [26] and [16], the authors state the same necessary
and sufficient condition for FET € S, but in different formats. In our paper, we utilize
the proposition stated in [16]. For those who are interested in the proof, they are advised
to consult the paper by Monteiro [16].

Proposition B.5 Let X, 5 € ST, X and S be defined by (5.1), and E and F be defined
by (5.8). Then

(i) E,F € S™., and thus FET = FE;
(i) FE € 8™ if and only if XS € 8™;

(ili) FE € 8™ implies FE € ST

26



The following results and their proofs can be found in Monteiro [16]. We use his
results throughout this paper.

Proposition B.6 For any P € P(X,S), there exists an orthogonal matriz QQ and diag-

onal matrices A(X) and A(S) such that:
(i) X = PXP =QAX)QT;
(i) S =P LSP1 = QA(S)QT:
(i) A = A(X)A(S), and hence XS = SX = QAQ”.

Lemma B.7 For any (Q € 8", we have

Amax(Q) = max u Qu, (B.2)
Auin(Q) = min u' Qu, (B.3)
el = max QI (B4)
QI = iw@)ﬁ (B.5)
Lemma B.8 For any Q € R™ " the following relations hold:
max RAM(Q)] < JAun(@+Q7), (B.6)
min R((Q)] 2 SAun(@+ Q). (B.7)
S @F < 1l - 97 (B3)
M @7Q) = Q70 = 1Q1° = Q7] (B.9)
lQly = [@+a")/2]|,- (B.10)
Lemma B.9 Let W € R™" be a nonsingular matriz. Then, for any Q € S, we have
Mas(@) £ S (WQW ™+ (WQW ), (B1)
Amin(Q) > %/\min(WQW‘l +(Wwow-hT), (B.12)
QI < llovew" + wew 7, (B.13)
QU < & [(WQW + (wew )7, (B.14)

Lemma B.10 For any u,v € R" and G € S}, we have

Jul ol < Y24 (g2 1 ). (B.15)

2
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