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Abstract In this paper, an improved Interior-Point Method (IPM) for solving symmetric optimization problems is
presented. Symmetric optimization (SO) problems are linear optimization problems over symmetric cones. In particular, the
method can be efficiently applied to an important instance of SO, a Controlled Tabular Adjustment (CTA) problem which
is a method used for Statistical Disclosure Limitation (SDL) of tabular data. The presented method is a full Nesterov-Todd
step infeasible IPM for SO. The algorithm converges to e-approximate solution from any starting point whether feasible or
infeasible. Each iteration consists of the feasibility step and several centering steps, however, the iterates are obtained in the
wider neighborhood of the central path in comparison to the similar algorithms of this type which is the main improvement
of the method. However, the currently best known iteration bound known for infeasible short-step methods is still achieved.
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1. Introduction

Interior-Point Methods (IPMs) are theoretically powerful and numerically efficient iterative methods that are
based on Newton’s method. However, unlike Newton’s method, IPMs guarantee convergence to the e-approximate
solution of a problem in a polynomial number of iterations. It would be ambitious to claim such a result for
any optimization problem, however, this is the case for quite a large class of optimization problems that include
well known and important optimization problems such as linear optimization (LO), quadratic optimization (QO),
semidefinite optimization (SDO), conic optimization problems and many others. There is extensive literature on
IPMs. The following references [21, 26] and the references therein may serve as a good start.

IPMs have shown to be a good alternative to the classic simplex method and they can solve efficiently LO
problems of large size. Moreover, they can be applied to important optimization problems not previously accessible
by simplex-type methods such as conic optimization problems. The development of IPM presented in this paper
was motivated by the desire to provide a theoretical foundation for the efficient solution of the conic formulation
of the Controlled Tabular Adjustment (CTA) problem [13].
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The CTA is a method of Statistical Disclosure Limitation (SDL) that was first introduced in [2, 6]. SDL is an
increasingly important area of research and practice for the statistical agencies that collect data from individuals
or enterprises and then release it to the public, researchers, and policymakers for statistical analysis and research.
Prior to such a release, the collected data have to undergo some SDL procedure in order to guarantee the privacy
and confidentiality of data providers. The goals of such procedures are two-fold: minimize the risk of disclosure of
confidential information about data providers and, at the same time, maximize the amount of released information,
that is, maximize the utility of the data for the legitimate data users. These are conflicting goals and therefore
SDL practice as a whole can be thought of as a search for the solution of complex and multifaceted optimization
problem: maximize the utility of the released data subject to some upper bound on disclosure risk. The way how
utility and risk are formulated depends on the scenario of data release and on the data format.

Data can be released in two basic formats: microdata - a collection of individual records, and tabular data - a
table of cumulative data that is obtained from cross-tabulations of attributes from microdata. CTA is a perturbative
method of protecting tabular data when a specified subset of its cells, called sensitive cells, must be modified
to avoid re-identification of an individual respondent. The goal of CTA is to guarantee that the modified value
of a sensitive cell is outside of the disclosure- an interval that is determined by the data protector (usually a
statistical agency). The remaining cells are minimally adjusted to satisfy table equations which usually represent
the requirement that the sum of elements in each row and column should be constant and remain unchanged.
Hence, the goal of the CTA is to find the closest safe table to the original table with respect to the constraints
outlined above. The closeness of the original and modified table is measured by the weighted distance between the
tables with respect to a certain norm. Most commonly used norms are ¢; and ¢ norms. Thus, the problem can be
formulated as a minimization problem with the objective function being a particular weighted distance function
and constraints being table equations and lower and upper bounds on the cell values.

£5-CTA reduces to a QO problem while ¢;-CTA is a convex but nonsmooth problem that can be reformulated
as LO problem, however, the number of variables and inequality constraints doubles. Alternatively, in [13] a novel
second-order cone (SOC) reformulation of ¢;-CTA is proposed that does not increase the dimension of the problem
as much. As it is shown in [13], conic reformulation of ¢,;-CTA is a viable alternative to LO reformulation of the
problem.

Our motivation was to design an IPM to solve conic ¢;-CTA that has good theoretical convergence properties
and it is practical to implement which includes the fact that the method can start with any starting point, feasible or
infeasible. However, the method is more general, that is, it is designed to solve a more general class of problems, a
class of LO problems over symmetric cones of which conic ¢1-CTA is just one instance. Nevertheless, the general
formulations of CTA and conic reformulation will be listed in the next section as examples of problems to which the
proposed method can be applied. These problems are called symmetric optimization (SO) problems. The paper is
entirely devoted to the design and analysis of the method, including convergence and complexity analysis because
these results are important in their own right. Implementation, numerical testing, and application to conic ¢;-CTA
and other conic problems will be the subject of a separate paper.

Symmetric cones (SC) is an important class of cones that has been known for quite some time, however, more in
the field of algebraic geometry than in the field of optimization. They can be defined in different ways but the one
that has shown to be useful in optimization is that symmetric cones are cones consisting of squares of elements of
the related Euclidean Jordan Algebras (EJAs). The basic definitions and concepts related to EJAs and corresponding
SC that are pertinent to the development of the method in the paper are listed in the next section. Additionally, the
classical monograph of Faraut and Korany [7] provides a wealth of information on Jordan algebras, SCs, and
related topics.

Giiler [12] was first to realize that symmetric cones, serve as a unifying framework to which the important types
of cones used in optimization, such as non-negative orthant, second-order cone, and cone of positive semidefinite
matrices belong. That opened a whole new field of research of designing and analyzing optimization algorithms
for the SO problems which is still very active today. Faybusovich [8] was the first to generalize IPMs from LO to
SO by using EJAs, and associated SC. Subsequently, different versions of IPMs for SO and related optimization
problems on SC have been developed (see, e.g., [11, 16, 19, 22, 24]). For an overview of the relevant results, we
refer a reader to the monograph on this subject [1] and the references therein.
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A full Newton-step infeasible IPM for LO was first analyzed by Roos [20]. The method was generalized by
Gu et al. [11] to SO by using the full Nesterov-Todd (NT) direction as a search direction. The obtained iteration
bound coincides with the one derived for LO, where n is replaced by r, the rank of EJAs, and matches currently
best-known iteration bounds for infeasible IPMs for SO.

In this paper, we present an infeasible full NT-step IPM for SO that is a generalization of the feasible [IPM
discussed in [25]. In particular, Lemma 2.3 and Lemma 2.5 from [25] were used to obtained convergence of the
method in the wider neighborhood of the central path while still maintaining the best iteration bound known for
these types of methods.

The outline of the paper is as follows. In Section 2 we briefly recall some important definitions and results on
EJAs and symmetric cones that are needed in the paper. In addition, we give a brief description and formulation
of CTA problem. In Section 3, we briefly recall the framework of the full-NT step feasible IPM for SO with its
improved convergence and complexity analysis. The full-NT step infeasible IPM for SO with its convergence and
complexity analysis is presented in Section 4. Finally, some concluding remarks follow in Section 5.

2. Preliminaries

2.1. Euclidean Jordan Algebras and Symmetric Cones

In this section, we recall some important definitions and results on EJAs and associated symmetric cones that will
be used in the rest of the paper.

A comprehensive treatment of EJAs and SCs can be found in the monograph [7] and in [1, 8, 9, 11, 22, 24] as it
relates to optimization.

Definition 1

Let (V, {-,-)) be an n-dimensional inner product space over R and o : (x,y) — x o y be a bilinear map from V x V
to V. Then (V, o, (-, -)) (denoted by V) is an EJA, if it satisfies the following conditions:

(i) x oy =youxforall z,y € V (Commutativity).

(ii) wo (22 oy) =2%0 (zoy)forall z,y € V, where 22 = x o x (Jordan’s Axiom).

(7ii) (xoy,z) = (x,yoz) forall z,y,z € V.

The operation, x o y is called the Jordan product of x and y. Moreover, we always assume that there exists an
identity element e € V suchthateox =xoe =z forallxz € V.
For any element = € V, the Lyapunov transformation L(x) : V — V is given by

L(z)y:=zoy, VyeV. (1)
Furthermore, we define the quadratic representation of x in ) as follows
P(x) :=2L(z)* — L (2?), (2)

where L(x)? = L(x)L(x).

In what follows we list some basic facts about symmetric cones.

Let V be a finite dimensional real Euclidean space. A nonempty subset KC of V is aconeif x € L and A > 0
imply Ax € K. Cone K is a convex cone iff it is a cone and a convex set. The dual cone of a cone K is defined as
aset K* ={yecv : Vrek, (z,y) > 0}. Itis straightforward to see that £* is a closed convex cone. If K = K*,
then K is a self-dual cone. Cone K is pointed cone if £ N —/C = {0}. In what follows we consider, convex, pointed
cone K. The interior of K is denoted as intkC.

A cone K is a SC if it is homogeneous and self-dual. A cone K is homogeneous if an automorphism group
Aut(K) of K acts transitively on interior int/C of a cone IC, that is, for all x, y € intK there exists g € Aut(K) such
that g(z) = y. Automorphism group is defined as Aut(K) = {g € GL(V) : g(K) = K} where GL(V) is a set of
all invertible linear maps g : V — V

Let’s consider EJA V, and a corresponding set of squares

KW):={a*: 2z €V} 3)
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It can be shown that (V) is a SC (see, e.g., [7, 23]). This is the form of SC that will be used throughout the rest of
the paper.

The importance of SC for optimization lays in the fact that common and frequently used cones used in
optimization, such as non-negative orthant, SOC (ice cream cone), and semidefinite cone, the definitions of which
are listed below, are all instances of SC.

1. The linear cone or non-negative orthant:
K=R} :={xeR":x32>0,i=1,...,n}.

2. The positive semidefinite cone:
K=8}:={XeS": X >0},

where = means that X is positive semidefinite matrix and S™ is a set of symmetric n-dimensional matrices.
3. The quadratic cone or SOC:

K=L"={zeR": x> X%—|—~-—i—)<12_1—|—xi2+1—|—---—|—X12l .

In what follows we define an important concept of a rank of EJA and describe two important decompositions of
EJA, a spectral decomposition of an element in EJA and a Peirce decomposition of an EJA.

For any x € V, let r be the smallest integer such that the set {e, z,..., 2"} is linearly dependent. Then r is the
degree of x which is denoted as deg(z). Clearly, this degree of x is bounded by the dimension of the vector space
V. Furthermore, there exist a polynomial p # 0 such that p(x) = 0. If this polynomial has a leading coefficient one
(monic polynomial) and the polynomial is of the minimal degree, then it is called minimal polynomial of element x.
The rank of V, denoted by rank()), is the largest deg(x) of any element x € V. An element z € V is called regular
if its degree equals the rank of V. In the sequel, V denotes an EJA with rank()) = r, unless stated otherwise.

For a regular element x € V), since {e,z,x?, -, 2"} is linearly dependent, there are real numbers a;(z),- -
-, a,-(z) such that the minimal polynomial of x is given by
Fim) = X" = ay (@A 4 (<) a (@), @

Hence f(x;2) = 0. The polynomial f(); z) is called a characteristic polynomial of a regular element z.. Hence, for
regular elements, the minimal and characteristic polynomial coincide, however, for elements that are not regular,
that may not be the case. Additionally, it can be proved that if regular element = vary, then a4 (z),- - -, a,(x) are
polynomials in 2 (Proposition I1.2.1 in [7]). The coefficient a; () is called the trace of x, denoted as tr(z). And
the coefficient a,.(x) is called the determinant of x, denoted as det(z).

An element ¢ € V is said to be an idempotent if ¢? = ¢. Two idempotents c; and ¢y are said to be orthogonal
if ¢; o ca = 0. Moreover, an idempotent is primitive if it is non-zero and cannot be written as the sum of two
(necessarily orthogonal) non-zero idempotents. We say that {c;,...,c.} is a complete system of orthogonal
primitive idempotents, or Jordan frame, if each ¢; is a primitive idempotent, ¢; o ¢; = 0,4 # j, and Y ;_, ¢; = e.
The Lowner partial ordering “>x” of V defined by a cone K is defined by « = sif v — s € K. Likewise, x > s
if v — s € intk.

The following theorem describes a spectral decomposition of elements of EJA V, which plays an important role
in the analysis of the IPMs for SO and other optimization problems.

Theorem 1
(Theorem II.1.2 in [7]) Let « € V. Then there exist a Jordan frame {cy, . .., ¢, } and real numbers Ay (z), ..., A (x)
such that

T = Z)\q(x)cZ (%)
i=1

The numbers A;(x) (with their multiplicities) are the eigenvalues of x. Furthermore, the trace and the determinant
of x are given by

tr(z) = Z Ai(z) and det(z) = H Ni(z), (6)

Stat., Optim. Inf. Comput. Vol. 9, June 2021



254 A FULL NT-STEP INFEASIBLE IPM FOR SO

respectively.
For a fixed Jordan frame {ci,ca,...,¢,} in a EJA V and for i,j5 € {1,2,...,r}, we define the following
eigenspaces

1
Vii={zxeV:zo¢ =z} =Rq, Vjj={xeV: Xocizix:xocj}, i].

The theorem below provides another important decomposition, the Peirce decomposition, of the space V.

Theorem 2
(Theorem IV.2.1 in [7]) The space V is the orthogonal direct sum of the spaces V;; (¢ < j), i.e.,

V=V

i<j
Furthermore,
Vij o Viz C Vi + Vi, Vij o Vji C Vi, if ¢ # K,
Vij o Vk:l = {0}7 1f{7’a¢7} N {kal} = @
Thus, the Peirce decomposition of « € V with respect to the Jordan frame {ci, ..., ¢} is given by
i=1 i<j

withz; € R,i = 1,...,randx¢j Gvij,1§i<j <r.
As a consequence of Theorem 2, we have the following corollary.

Corollary 1
(Lemma 12 in [22]) Let 2 € V and its spectral decomposition with respect to the Jordan frame {c;, ..., ¢, } is given
by (5). Then the following statements hold.

(i) The matrices, L(xz) and P(x) commute and thus share a common system of eigenvectors; in fact the
¢;, 1 <1 < r are among their common eigenvectors.
(1) The eigenvalues of L(x) have the form ’\Z;i’\’, 1<i<j<r
(t4i) The eigenvalues of P(x) have the form A;A;, 1 <i<j <.

As already indicated, for any x, s € V, the trace inner product is given by
(x,8) :==tr(zos). (8)
Thus, tr(z) = (z, e). Hence, it is easy to verify that
tr(z + s) = tr(x) + tr(s) and z <k s = tr(z) < tr(s). )
The Frobenius norm induced by this trace inner product is then defined by
lzllr = /(). (10)

It follows from Theorem 1 that

lzlr = Ver(@?) = | D A2(2). (11)
i=1
One can easily verify that
Amin(@)| < [[2]lr and [Amaz(2)] < ||2]/p- (12)
Furthermore, we have
22| < Nl (13)

In the following lemmas, we recall several important inequalities used later in the paper.
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Lemma 1
(Lemma 2.13in [11]) Let 2, s € V and (x, s) = 0. Then

1 2 1 2
fZHersHFej;Cxosj;C 1||:C+S||F e.

Lemma 2
(Lemma 2.16 in [11]) Let z, s € V. Then

1
oo sl < 5l + 5]

Next lemma provides an important inequality connecting eigenvalues of = o s with the sum of Frobenius norms
of x and s.

Lemma 3
(Lemma 2.3 in [25]) Let «, s € V. Then

Y Pilzos)| <
i=1

If (z,s) = 0, then ||z + s||% = ||z||% + ||s||%. Thus, the following corollary follows immediately from Lemma

(Il + lsll) -

DO =

3.

Corollary 2
Letz,s € V and (z, s) = 0. Then

- 1
Z [Ai(zos)| < §|Iaj + 5|7
=1

Lemma 4
(Lemma 2.5 in [25]) Let u, v € V and {(u,v) = 0, and suppose ||u 4+ v||r = 2a with a < 1. Then

2 4
{e,(e+uov)™" —e) < 1_aa4'
Lemmas 3 and 4 are crucial in developing the improved complexity analysis of the algorithm presented in the
next Section 3.

2.2. Continuous Tabular Adjustment Problem

In this subsection we provide the formulation of CTA problem as an important example of the conic problem to
which the IPM developed in this paper can be efficiently applied.
The following CTA formulation is given in [13] and several other papers: Given the following set of parameters:

(i) A set of cells a;,i € N = {1,...,n}. The vector a = (ay,...,a,)" satisfies certain linear system Aa = b
where A € R™*™ is an m x n matrix and and b € R™ is m-vector. The system usually decribes the fact that
sum of elements in each row and column should remain unchanged, i.e. constant.

(ii) A lower, and upper bound for each cell, I,, < a; < u,, for i € N, which are considered known by any
attacker.

(iii) A set of indices of sensitive cells, S = {i1,42,...,is} CN.

(iv) A lower and upper protection level for each sensitive cell i € S respectively, Ipl; and upl;, such that the
released values must be outside of the interval (a; — Ipl;, a; + upl;).

(V) A set of weights, w;,7 € N used in measuring the deviation of the released data values from the original data
values.
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256 A FULL NT-STEP INFEASIBLE IPM FOR SO

A CTA problem is a problem of finding values z;, ¢ € A/, such that z;, 7 € S are safe values and the weighted
distance between released values z; and original values a;, denoted as ||z — a||l( is minimized, which leads to
solving the following optimization problem

w)?

min 2 — a”l(w)
st. Az=b
’ 14
laigziguaiaiENv ( )
z;, © € S are safe values.

As indicated in the assumption (iv) above, safe values are the values that satisfy
zi <a; —Ipl;or z; > a; +upl;, i € S. (15)
By introducing a vector of binary variables y € {0, 1}° the constraint (15) can be written as

zi > —M(1—y)+ (a; +upli)y;, €S, (16)

zi < My;+ (a; —Ipl;) (1 —yi) €S,
where M > 0 is a large positive number. Constraints (16) enforce the upper safe value if y; = 1 or the lower safe
value if y; = 0.

Replacing the last constraint in the CTA model (14) with (16) leads to a mixed integer convex optimization
problem (MIOP) which is, in general, a difficult problem to solve; however, it provides solutions with high data
utility [3]. The alternative approach is to fix binary variables up front, which leads to a CTA that is a continuous
convex optimization problem because all binary variables are replaced with values 0 or 1. The continuous CTA is
easier to solve; however, the obtained solution may have a lower data utility because the optimal solution of the
continuous CTA is either feasible or infeasible solution of the corresponding MIOP depending on the values that
were assigned to the binary variables. The strategies on how to avoid a wrong assignment of binary variables that
may result in the MIOP being infeasible are discussed in [4, 5].

In what follows, we consider a continuous CTA where binary variables in MIOP are fixed with certain values
of 0 or 1, and vector z is replaced by the vector of cell deviations x = z — a. Then, the CTA (14) reduces to the
following convex optimization problem:

mén Hle(w)

st. Ax =0, (I7)
[<zx<u,

where upper and lover bounds for z;, i € A are defined as follows:

I upl; ifieSandy, =1 (18)
) le, —a; if (ieN\S) or (ieSandy; =0)
—Ipl: if i -
v = Ipl; fzIESandyl O’ (19)
Ug; —a; if (i€ N\S)or (ieSandy, =1).

The two most commonly used norms in problem (17) are the ¢; and ¢5 norms. For the ¢5-norm the problem, (17)
reduces to the following ¢5-CTA model:
min Z w;x?
i=1

st. Ax =0,
[ <zx<u.

(20)

The above problem is a standard QO problem that can be efficiently solved using IPM or other methods.
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For the /1-norm the problem, (17) reduces to the following ¢;-CTA model:

n
T

i=1 21
st. Ax =0,
[ <z<u.

The above ¢;-CTA model (21) is a convex optimization problem; however, the objective function is not
differentiable at = = 0. Since most of the algorithms, including IPMs, require differentiability of the objective
function, problem (21) needs to be reformulated.

The standard reformulation is the transformation of a model (21) to the following LO model:

n
min g w; (Ij‘ + m:)
r—,xt  “ 7

i—

s.1. zéf(xjfx;):o, (22)
It <zt <aut,
Im <z~ <u",
where
ot T ?foO - 0 ?fa?>0 23)
0 ifz <0, —x ifx <0,

The drawback of the above LO reformulation is that number of variables and inequality constraints doubles.
In [13] an alternative SOC reformulation of ¢;-CTA is proposed where the dimension of the problem does not
increases as much. It is based on the fact that absolute value has an obvious SOC representation since the epigraph
of the absolute value function is exactly SOC, that is,

t,’=|£(,‘i| — ’Ci:{(l‘i,ti)ER2 : tiZ\/Xiz}.

A SOC formulation of the [1-CTA (21) is given below

min Z?:lwiti

xT

st. Ax =0,
(i, t;) €Kiy i=1,...,n,
[ <zx<u.

(24)

The above conic formulation of continuous CTA problem is an important example of the conic problem to which
the IPM developed and analyzed in the rest this paper can be efficiently applied.

3. A Brief Outline of the Full NT-Step Feasible IPM

In this section, a brief outline of the feasible algorithm presented in [25] is given.

Let (V, o) be an n-dimensional EJA with rank r equipped with the standard inner product {x, s) = tr(x o s) and
IC be the corresponding symmetric cone. Moreover, we always assume that there exists an identity element e € V
such that e o x = « for all x € V. Additional facts regarding EJAs and SCs are listed in the previous Section 2 and
references cited in that section.

We consider the LO problem over symmetric cones, or shortly, the SO problem given in the standard form

(SOP) min {c,x)
s.t. Axr=0b, z €K,
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and its dual problem

(SOD) max by
s.t. ATy+s=¢ sek,

where A is a linear operator from V to R, ¢ and the rows of A liein V, b € R™, and AT is the adjoint of A. Let
a; € V be the ith row of A, then Az = b means that (a;, z) = b;, foreachi = 1,...,m, while ATy + s = ¢ means
that Y7 | y;a; + s = c. Without loss of generality, we assume that the rows of A are linearly independent.

Additionally, without loss of generality we can assume that both (SOP) and (SOD) satisfy the interior-point
condition (IPC) [22], i.e., there exists (2°, ¢, s") such that

Az = b, 2° e intK, ATy 4+ 5% = ¢, $° € intK.
The perturbed Karush-Kuhn-Tucker (KKT) conditions for (SOP) and (SOD) are given by

Axr = b,z ek,
ATy +s c, s €K, (25)

Tos = pue.

The parameterized system (25) has a unique solution (z (), y(u), s(u)) for each p > 0. The set of p-centers forms
a homotopy path with p running through all positive real numbers, which is called the central path. If 4 — 0, then
the limit of the central path exists and since the limit points satisfy the complementarity condition, i.e., x o s = 0,
it naturally yields an optimal solution for (SOP) and (SOD) (see, e.g., [8, 22]).

IPMs follow the central path approximately and find an approximate solution of the underlying problems (P)
and (D) as p gradually decreases to zero. Just like the case of a linear SDO, linearizing the third equation in (25)
may not lead to an unique element in V. Thus, it is necessary to symmetrize that equation before linearizing it.
To overcome this difficulty, the third equation of the system (25) is replaced by the following equivalent scaled
equation (Lemma 28 in [22])

P(u)x o P(u™')s = pe,

where v is a scaling point from the interior of the cone /C (i.e., int/C).
Applying Newton’s method, we have

AAx = 0,
ATAy+As = 0, (26)
P(u)z o P(u™')As+ P(u™Y)so P(u)Az = pe— P(u)zo Pu™!)s.

The appropriate choices of u that lead to obtaining the unique search directions from the above system are called
commutative class of search directions (see, e.g., [22]). In this paper, we consider the so-called NT-scaling scheme,
the resulting direction is called NT search direction. This scaling scheme was first proposed by Nesterov and Todd
[17, 18] for self-scaled cones and then adapted by Faybusovich [8, 9] for symmetric cones.

Lemma 5 (Lemma 3.2 in [9])
Let z, s € intK. Then there exists a unique w € intK such that

Moreover,
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The point w is called the scaling point of = and s (in this order). Let u = w™2, where w is the NT-scaling point
of x and s. Introducing the variance vector

_1 1
Y P(w) zx _ P(w)zs ) @7
NG NG
and the scaled search directions
P(w)"2A P(w)zA
dy = M and d, = M’ (28)
Vi Vi
the system (26) is further simplified
Ad, = 0,
A Ay+d, = 0, (29)
dy +ds = v ' —uw,

where A := #AP(’LU) 2. This system has a unique solution (d,, Ay, d,). The original search directions can then be
obtained through (28). If (z,y, s) # (x(n), y(r), s(u)), then (Az, Ay, As) is nonzero. The new iterate is obtained
by taking full NT-steps

st =2+ Az, yT =y + Ay, and st := s+ As. 30)

From the first two equations of the system (29), one can easily verify that the scaled search directions d, and
ds are orthogonal with respect to the trace inner product, i.e., (d,, ds)=0. This implies that Az and As also are
orthogonal, i.e., (Ax, As)=0. As a consequence, we have the important property that, after a full NT-step, the
duality gap assumes the same value as at the p-centers, namely 7.

Lemma 6 (Lemma 3.4 in [11])
After a full NT-step, the duality gap is given by

<x+, s+> =ru.

To measure the distance of an iterate to the corresponding u-center, a norm-based proximity measure 6(x, s; )
is introduced

1
5(v) :=6(x, s; ) := 3 Hv_1 - ’UHF. 3D

One can easily verify that
dv)=00v=esd,=ds =0 z05=pe, (32)

which implies that the value of §(v) can indeed be considered as a measure of the distance between the given iterate
and the corresponding p-center.

It is crucial for us to investigate the effect on the proximity measure §(x, s; 1) of a full NT-step to the target point
(x(w),y(u), s(w)). For this purpose, Wang et al. [25] established a sharper quadratic convergence result than the
one mentioned in [11]. Their derivation is based on the generalization of Theorem I1.52 in [21] for LO. This leads
to a wider quadratic convergence neighborhood of the central path for the algorithm than the one used in [11].

Theorem 3 (Theorem 3.2 in [25])
Let § := 6(x, s; 1) < 1. Then, the full NT-step is strictly feasible and

62
RN =

The following corollary shows the quadratic convergence of the full NT-step to the target u-center
(x(p),y(1), s(11)) in the wider neighborhood determined by 1/+/2 as opposed to 1/4/2 in [11].

S(xt,sT;
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Corollary 3
Let § := 6(z,s; 1) < -=. Then the full NT-step is strictly feasible and

72
Szt s ) < 62
The following theorem investigates the effect on the proximity measure when (z,y, s) is kept fixed and p is
updated to ™ = (1 — 0)p.

Theorem 4 (Theorem 3.3 in [25])
Letd :=d(x,s;0) < land pt = (1 —60)p with0 < § < 1. Then

S(z,s;u™)? = (1—0)6% + ro” .
o 4(1-0)
As a consequence of Theorem 3 and Theorem 4, the following corollary readily follows.
Corollary 4
Let 6 := 6(z,s; 1) < -= and § = —— with r > 2. Then

V2 Var

1
Sz, stut) < —.
( p) < 7

The following theorem provides an upper bound for the total number of the iterations produced by the full-NT
step feasible [IPM.

Theorem 5 (Theorem 3.4 in [25])
LetT = % and = \/% with 7 > 2. Then the feasible algorithm requires

0 40
0] <\/;10g <x,s>>
€
iterations to obtain an iterate (z,y, s) satisfying (z, s) < e which is an e-approximate optimal solution of (SOP)
and (SOD,).

Thus, the feasible algorithm is well defined, globally convergent, and achieves quadratic convergence of full
NT-steps in the wider neighborhood while still maintaining the best known iteration bound known for these types
of methods, namely

0 (ﬁlog Tgﬂ) .

4. Full NT-Step Infeasible IPM

It is well known fact that finding strictly feasible starting point may be difficult. Thus, an infeasible IPM that
does not require feasible starting point may be a good alternative. First, a brief outline of the infeasible algorithm
is presented. Next, we concentrate on the convergence and complexity analysis of the algorithm. The method
is similar to IPM presented in [11], however, with wider neighborhood and larger steps which impacts the
convergence and complexity analysis. Allowing larger steps at each iteration while still maintaining the best known
iteration bound for these types of methods and having a quadratic local convergence of the proximity measure at
each iteration are another advantages of the method presented in this paper.

4.1. An Outline of the Full NT-Step Infeasible IPM

In what follows, we assume that the SO problem has an optimal solution (z*, s*) with vanishing duality gap, i.e.,
(x*,s*) = 0. Furthermore, we choose arbitrarily (2, s°) € intK and u° > 0 such that

2% =C(e, y° =0, s°=(e, and p® = (% (33)
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as the starting point of the algorithm, where ( is a (positive) number such that
¥ + 8" <k Ce. (34)
The initial values of the primal and dual residual vectors are denoted as
rg =b— Az° and 1"2 =c— ATy" — &0, (35)

respectively. In general, we have rg # 0 and rg # 0, i.e., the initial iterate is not feasible for SO. However, a
sequence of perturbed problems is constructed below in a such a way that the initial iterate is strictly feasible for
the first perturbed problem in the sequence.

For any v with 0 < v < 1, the perturbed problems of SO given in the standard form

(SOP,) min (c—vry,z)
s.t. b—Az:Vrg, z e,
and its dual problem
(SOD,) max (b— Vrg)T y
s.t. c—ATy—s=uvr) sck.

It is obvious that z =2 is a strictly feasible solution of (SOP,), and (y,s) = (y°,s°) is a strictly
feasible solution of (SOD,) when v =1, that is, (SOP,) and (SOD, ) satisfy the IPC for ¥ = 1 which then
straightforwardly leads to the following lemma.

Lemma 7 (Lemma 4.1 in [11])
Let (SOP) and (SOD) be feasible and 0 < v < 1. Then, the perturbed problems (SOP,) and (SOD, ) satisfy the
IPC.

Let (SOP) and (SOD) be feasible and 0 < v < 1. Then Lemma 7 implies that the perturbed problems (SOP,)
and (SOD,) satisfy the IPC, and therefore the following system

b—Ax = 1/7'2, z ek,
c— ATy -5 = 1/7“2, seK, (36)
ros = e,

has a unique solution (x(u, v),y(u, v), s(u, v)), for every u > 0 that is called a u-center of the perturbed problems
(SOP,) and (SOD,). Hence, the central paths of (SOP,) and (SOD,) exist.
The main idea of the infeasible algorithm is to simultaneously improve feasibility by reducing v and optimality
by reducing p while keeping the iterates in the certain neighborhood of the central paths of (SOP,) and (SOD,,).
Thus, it make sense to link the parameters p and v according to the following formula p = vu® = v¢2. Itis also
worth noting that, according to (33) , 2° 0 s = p%¢; hence, z" is the u°-center of the perturbed problem (SOP,),
and (y, s°) is the u°-center of the perturbed problem (SOD,) for v = 1. In other words,

(x(:uoa 1)7y(luov 1)7 S(/’Lov 1)) = ('roayov SO)

and the algorithm can easily be started since we have initial starting point that is by construction exactly on the
central path of (SOP,) and (SOD,)) forv = 1.

The outline of one iteration of the infeasible algorithm is as follows. Suppose that for some v € (0, 1] we have
an iterate (z,y, s) satisfying the feasibility condition, i.e., the first two equations of the system (36) for p = vu°,
and such that tr(xz o s) = rp and é(x, s; u) < 7. Thus, we start with the iterate in the 7-neighborhood of the central
path of (SOP,) and (SOD,) that targets the p-center on that central path . The goal is to obtain a new iterate
(zt,y™, sT) in the 7-neighborhood of the central path of the new pair of problems (SOP,) and (SOD;}") where
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both v and p are reduced by a barrier parameter § € (0,1),i.e.,v" = (1 —@)vand u* = (1 — 0)u = v+ u°. Hence,
(x*,y™, sT) should satisfy the first two equations of the system (36), with v replaced by v+ and p by p*, and such
that tr(z™,sT) = rp™ and 6(zT, sy put) < 7.

The calculation of the new iterate is achieved in two phases, a feasibility phase where one feasibility step is
taken and a centering phase where a few centering steps are performed. The feasibility step serves to get an
iterate (zf,y”, s/) that is strictly feasible for (SOP,+) and (SOD,,+ ), and belongs to the quadratic convergence
neighborhood with respect to the y+-center of (SOP,+) and (SOD,+). However, (zf,y/, s/) may not be in the
7-neighborhood of the p-center; therefore, several centering steps may need to be performed to get inside the
T-neighborhood.

Note that after each iteration the residuals and the duality gap are reduced by the factor (1 — ). The algorithm
stops when we obtain an iterate for which the norm of the residuals and the duality gap do not exceed the accuracy
parameter . This iterate is called an e-approximate optimal solution for (SOP) and (SOD).

The feasibility step is obtained by taking full steps

osf:::chAfx, yf::y+Afy, andsf:szrAfs, 37
with NT-search directions (A/x, ATy, A/s) that are calculated from the following Newton system

ANz = 91/7"2,

ATATy + ATs = Gurl, (38)
P(w)_%wOP(w)%Afs—&—P(w)%SOP(w)_%Afx = (1—9)ue—P(w)_%acOP(w)%s.

One may easily verify that (27, y/, s7) satisfies the first two equations of the system (36), with v replaced by v+

and ;1 by pt. The third equation indicates that the p+-center of (SOP;F) and (SOD]) is targeted. Targeting p™ -

center rather than p-center contributes to the efficiency of the algorithm. The system (38) defines the feasibility

step uniquely since the coefficient matrix of the resulting system is exactly the same as in the feasible case.
Similarly to the feasible case, given the variance vector v defined by (27) and scaled search directions

~IAS LAS
d£ — M and d£ - M, (39)
Vi VH
the system (38) is reduced to the following form
D of 1,
Adl, = ﬁeurp,
_ 1 1
ATATy+adf = —ovP(w)zry, (40)
dl+d = (1-0)v -
Hence, ) )
el =2+ Ale = /pP(w)z(v+dl) and s/ = s+ Als = /uP(w) 2 (v + d?). 41)

Since it will be shown that (xf,y/,s’) is strictly feasible and moreover in the quadratic convergence
neighborhood of the pt-center of (SOP,+) and (SOD,+), it is possible to take few centering steps to get the
new iteration in the desired 7-neighborhood of the u™-center. The centering steps are obtained by taking full steps
with N'T-search directions calculated from the Newton system that is the same as in the feasible case, (26), or in
the scaled form, (29).

The above outline is summarized in the Fig. 1, that describes a generic full NT-step infeasible IPM.

4.2. Analysis of the Full-NT Step Infeasible IPM

The analysis of the infeasible algorithm is more complicated and more involved than in the feasible case. The main
reason for this is that the scaled search directions d/ and d are not (necessarily) orthogonal with respect to the
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Full NT-Step Infeasible IPM

Input:
A threshold parameter 0 < 7 < 1;
an accuracy parameter € > 0;
a fixed barrier update parameter 0 < 6 < 1;
an initialization parameter ¢ > 0.
begin
20 = Ce; 0 :=0; 89 := Ce; p0 := (2% 0 =
while max((z,s),[|b— Az| s, ||c — ATy — s||r) > e do
begin
feasibility step:
calculate (Afz, Afy, Afs) using (40) and (39);
update (z,y,s) := (z,9,5) + (Afz, Afy, Afs);
centering steps:
while 6(z,s;u) > 7 do
begin
calculate (Axz, Ay, As) using (29) and (28);
update (z,y,s) := (z,y,s) + (Az, Ay, As).
end
update of p and v:

wi=1—=-0)u;v:=(1-0).

end
end

Figure 1. Algorithm I

trace inner product. We omit most parts of the analysis that are unchanged from the one presented in [11] and
emphasize the parts where there are differences. It is shown that the feasibility steps can be taken in the wider
quadratic convergence neighborhood of the central path developed in the feasible case.

Feasibility Step. The lemma below provides the sufficient condition for the strict feasibility of the feasibility
step (zf,y7, s7).

Lemma 8 (Lemma 4.2 in [11])
The feasibility step (z/, yf, s/) is strictly feasible if (1 — 0)e + df o df € intK.

Thus, the feasibility of the (27,37, s7) highly depends on the eigenvalues of the vector d/, o df. More specifically,
(zf,yf, s7) is strictly feasible if | A(df o df)||oc <1 — 6.

In order to measure the distance from the (z/,yf, s/) to the u*-center we need an upper bound on the proximity
measure §(x/, s7; u*) which is for simplicity denoted also as §(v7), where v is a variance vector defined by (27).

The following lemma provides an upper bound for §(v/).

Lemma 9 (Lemma 4.4 in [11])
Let ||\(df o df)|lo < 1 — 6. Then

|5,
45 (v

H ,\(dfodf
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The following lemma gives an important relationship between the infinite norm of the vector of eigenvalues of
dg o ds and the Frobenius norms of d;, and d.

Lemma 10
One has

HMWoﬂWmSM“MWF<(MWF+MWﬁ

Proof
We have the following derivation:

1
1M o df)]| 4} o dlllr < 51I(d])* + (d

IN

1)?
Loos !
5 (lldz 17+ lldl]1%).

IN

*Il(df) ||F+*H( D2 <

The first inequality follows from the definitions of the infinite norm for vectors and the Frobenius norm for the
element of V. The second inequality follows from Lemma 2.16 in [11], the third inequality follows from the triangle
inequality for the Frobenius norm, and the last inequality follows from Lemma 2.12 in [11]. This completes the

proof of the lemma. O
Substitution of the two inequalities in Lemma 10 into the inequality in Lemma 9 yields the following upper
bound
dfocéf <|\deF+udqu>
i -0
46(v')? £ < , 42
H 1 _ 1hadiz+adi “2)
2 1-6

Thus, a task of finding an upper bound of §(v/) reduces to ﬁnding an upper bound of ||dZ||% + ||d{||%.
After careful and somewhat involved analysis, details of which are omitted and can be found in [11], the
following upper bound is derived:

IdL)1% + L] < 2 (4(1 — 0)6 + 6%r) + 1261 p(5)?, (43)

where ¢ := 6(v) and p(d) := § + /1 + 62. Thus, the upper bound essentially depends on the barrier parameter 0
and the proximity measure 0 of the old iterate (x,y, s), which is a desired result since we want to connect new
proximity measure with the old one.

In what follows, we want to choose 6, 0 < 6 < 1, as large as possible, and such that (xf , yf L8l ) lies in the
quadratic convergence neighborhood with respect to the pt-center of the perturbed problems (SOP,+) and
(SOD,+). As it was shown in the feasible case, this neighborhood can be extended to §(v') < 1/+/2 as opposed
to §(vf) < 1/v/2in[11].

From (42), we know that §(v¥) < 1/+v/2 holds if

2
1 (\|d£\|%+ud£u%)
4 1-6
<2V2 44
o lddiz el z ’ “@4)

2 -6
which leads to the following inequality
df df
% <22 (\/ V2 1) ~ 1.566. (45)

Substituting (43) into the above inequality (45) we obtain
2 (4(1 — 0)%62 + 0%r) + 120%r2p(5) < 2V2 (\/1 +v2 - 1) (1-0). (46)
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One can easily verify that the largest values of # and 7 for which inequality (45) holds are

1 1
T—TG and@—ﬂ. (47)
Furthermore, from Lemma 10 and (45) we obtain
1
IA@ 0 dflloe < SUIaLIE + d13) < V2 (VI+V2=1) 1 =0) <1-0. (48)

Lemma 8 then implies that with the above choice of parameters 6 and 7, (27,37, s¥) is indeed strictly feasible.

Centering Steps. After the feasibility step we perform centering steps in order to get an iterate (z+,y™, s™)
that is in the 7-neighborhood of the uT-center, i.e. satisfies tr(z* o s7) = ru* and §(a*,sT;u™) < 7. Using
Corollary 3, the required number of centering steps can easily be obtained. Indeed, since (z/,yf,s/) is in the
quadratic convergence neighborhood of the pt-center, i.e. § = 6(zf, sf; u™) < 1/+v/2, after k centering steps we
will have an iterate (z+,y™, sT) that is still feasible for (SOP,+) and (SOD,+ ) and satisfies

2k
S(at, s+ ut) < (\}5) .

Hence, §(z T,y ™, sT) < 7 is satisfied if k satisfies

() =

Thus, §(2+, sT; u™) < 7 will be obtained after at most

1
24 [mgQ (10g2 ﬂ (49)
T
centering steps.

Substituting 7 = 1/16 into the above expression leads to

2+ fos (e (1)) =2 ot 61 = 0

Hence, at most four centering steps are needed to get the iterate (z T,y ™, sT) that satisfies §(z T, s*; u™) < 7, i.e.,
the iterate that is in the 7-neighborhood of the ;1 -center again.

Iteration Bound. To summarize, each main iteration consists of at most five inner iterations, one feasibility step,
and at most four centering steps. In each main iteration both the duality gap and the norms of the residual vectors
are reduced by the factor (1 — 6). Hence, using tr(z° o s%) = r(?, the total number of main iterations is bounded
above by

1. max{r¢? [[npllF, 73l r}
—log
0 €

Since 0 = ﬁ and at most five inner iterations per the main iteration are needed, the main result can be stated in

the following theorem.

Theorem 6

Suppose (SOP) has an optimal solution z* and (SOD) has an optimal solution (y*, s*), which satisfy tr(z* o
s*) = 0and z* 4+ s* <k (e for some ¢ > 0. If the values of parameters 7 and 6 are chosen as 7 = %6 and 0 = ﬁ,
then at most

max{r¢?, |[rplle, [Irgll -}
3

inner iterations of the algorithm in Fig. 1, are needed to find an e-approximate optimal solution of (SOP) and
(SOD,).

207 log
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In conclusion, the infeasible algorithm in Fig 1 is well defined, globally convergent, and achieves quadratic
convergence of full NT-feasibility steps in the wider neighborhood of the central path while still maintaining the
best-known iteration bound known for these types of methods, namely

maxy 7 2, TO s TO
0 (riog T Iln rlle)

9

Remark 1

Similarly to LO, the iteration bound in Theorem 6 is derived under the assumption that there exists an optimal
solution pair (z*,y*, s*) of (SOP) and (SOD) with vanishing duality gap and satisfying z* + s* <x (e. During
the course of the algorithm, if at some main iteration, the proximity measure § after the feasibility step exceeds
1/+/2, then it tells us that the above assumption does not hold. It may happen that the value of ¢ has been chosen
too small. In this case, one might run the algorithm once more with a larger value of (. If this does not help, then
eventually one should realize that (SO P) and/or (SOD) do not have optimal solutions at all, or they have optimal
solutions with a positive duality gap.

Remark 2

In [11] the number of centering steps per the main iteration is three. In our paper, the ‘price to pay for expanding
the quadratic convergence neighborhood of the central path is a possible additional centering step which slightly
increases the constant in the upper bound on the total number of inner iterations from 16 to 20; however, that does
not change the order of magnitude of the required number of iterations, it still matches the best-known iteration
bound for the infeasible algorithms mentioned above. It is also worth mentioning that in practice all four centering
steps may not always be needed, very often only one or two suffice.

5. Concluding remarks

In this paper, an infeasible version of the full NT-step IPM for SO in a wider neighborhood of the central path
than the one in [11] is presented and convergence analysis is given. Wider quadratic convergence neighborhood of
the central path characterized by 1/+/2 is carried over from the feasible case and applied to the feasibility steps of
the infeasible algorithm resulting in larger steps. However, despite full NT-steps in the wider neighborhood of the
central path, the best complexity known for the infeasible algorithm is still maintained.

Future research is planned in two directions. The first direction is implementation and numerical testing of the
method on a set of conic CTA problems as well as other conic problems. The second direction is theoretical and
involves the generalization of this IPM to other optimization problems such as Linear Complementarity Problems
over symmetric cones.
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