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Chapter

Introduction

1.1 Introduction

A linear optimization (LO) problem is a problem of minimizing or maximizing a
linear function in the presence of linear constraints of the inequality and /or the
equality type. The first method to solve LO problems was the simplex method
developed by George Dantzig in 1947 [16]. This algorithm explores the combina-
torial structure of the feasible set to identify a solution by moving from a vertex
of the feasible region to an adjacent vertex while improving the value of the ob-
jective function. Not only did the simplex method prove to be very efficient in
practice but it also facilitated the development of duality theory.

The simplex method remained the champion for solving LO problems even after
Klee and Minty [43] established its non-polynomiality. They showed that the
simplex method has exponential complexity in the worst case. This means that it
is impossible to bound the computational time required for the simplex method
to solve any given LO problem by a polynomial function of the “input size” of a
given problem.! For LO, the first polynomial-time algorithm is due to Khachiyan
in 1979 [42]. His approach is based on the ellipsoid method for nonlinear optimiza-
tion, developed by Shor [87]. With this technique, Khachiyan proved that LO is in
the class of polynomially solvable problems. In spite of having a polynomial-time
worst-case complexity, Khachiyan’s method fell far short of the expectation that
it would be faster than the simplex method in practice.

A more important development was the publication of Karmarkar’s paper in 1984
[41], describing a new polynomial-time interior-point method (IPM). After the
publication of Karmarkar’s algorithm, researchers developed many algorithms in-
spired by different features of that algorithm and its analysis. Gill et al. [24]

IThe input size of a problem (denoted by L) indicates the length of a binary coding of the
input data.
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observed that some simple variants of Karmarkar’s algorithm could be traced
back to a very old algorithm in nonlinear optimization, namely, the logarithmic
barrier method of Frisch [22] and Fiacco and McCormick [20], and the method
of centers of Huard [36, 37]. Roos and Vial [85] proved that the basic logarith-
mic barrier method for LO has polynomial complexity. Renegar [80] proposed
to use an upper bound on the optimal value of the objective function to form
successively smaller subsets of the feasible region, and employ Newton’s method
to follow the so-called analytic centers of these subsets to get a primal optimal
solution. Another very important concept in the IPM literature is the central
path, which was first recognized by Sonnevend [88] and Meggido [57]. Almost
all known polynomial-time variants of IPMs use the central path as a guideline
to the optimal set and some variant of Newton’s method to follow the central
path approximately. These Newton-type methods fall into different groups with
respect to the strategies used in the algorithms to follow the central path. For
more details see [29, 33].

Besides having polynomial complexity, IPMs are also highly efficient in practice.
One may distinguish between IPMs according to wether they are primal-only,
dual-only or primal-dual, and whether they are feasible IPMs or infeasible IPMs
(ITPMs). Primal IPMs are called primal because they keep track only of the pri-
mal variables. These methods do not give any information about the solution of
the dual problem nor the duality gap. Dual IPMs keep track only of the dual
variables and they do not give any information about the solution of the primal
problem. Primal-dual IPMs iterate on both the primal and dual variables and find
a primal-dual solution (z*, y*, s*) such that z* and (y*, s*) are optimal solutions
of the primal and dual problem, respectively. Primal-dual IPMs have proven to
be among the most efficient methods for linear optimization, and many polyno-
miality results exist for these methods. The first primal-dual IPM for LO was
constructed by Kojima et al. [45] based on the work of Megiddo [57]. See also
[62, 92].

Feasible IPMs start with a strictly feasible point and maintain feasibility during
the solution process. For feasible IPMs, it is not at all trivial how to find an
initial feasible interior point. One strategy to overcome this problem is to use the
homogeneous embedding model as introduced first by Ye et al. [106] for LO, and
further developed in [4, 84, 104]. On the other hand ITPMs start with an arbitrary
positive point and feasibility is reached as optimality is approached. The choice
of the starting point in ITPMs is crucial for the performance. Lustig [52] and
Tanabe [93] were the first to present ITPMs for LO. The first theoretical result
on primal-dual ITPMs was obtained by Kojima, Meggido and Mizuno [44]. They
showed that an infeasible-interior-point variant of the primal-dual feasible IPM
studied in [59] is globally convergent. The first polynomial-complexity result was
obtained by Zhang [107] who proved that, with proper initialization, an ITPM has
O (n?log 1)-iteration complexity. Shortly after that, Mizuno [58] proved that the
Kojima-Meggido-Mizuno algorithm also has O (n2 log %)—iteration complexity. In
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[58, 78], two predictor-corrector IIPMs with O (n log %)—iteration complexity are
proposed. Several other authors tried to improve the complexity bounds and re-
lax some of the assumptions on the initial point used by the algorithm. See, e.g.,
[12, 13, 21, 46, 60, 67, 68, 77, 86, 95, 101, 102]. More details on IIPMs can be
found in the books by Vanderbei [97], Wright [103] and Ye [105].

1.2 Preliminaries

This section is introductory in its nature. Its purpose is to provide the background
material needed in the rest of this thesis as well as to introduce the notations used
throughout this work. The development of most of the basic concepts of this chap-
ter is based on [10, 76, 84, 105].

1.2.1 Primal-dual model for LO and duality theory

There are many different ways to present the LO problem. One particular formu-
lation of the linear optimization problem, the standard form, is frequently used
to describe and analyze algorithms. This form is

min Tz
(P) st Az = b,
z > 0,
where ¢ and x are vectors in R™, b is a vector in R™, and A is an m X n matrix,
where m < n. Without loss of generality we assume that A has full row rank.

We can convert any LO problem into standard form by introducing additional
variables, as slack variables and other artificial variables, into its formulation [27].

Associated with any linear optimization problem is another linear optimization
problem called the dual problem, which consists of the same data objects arranged
in a different way. The dual of (P) is

max bTy

(D) st ATy+s = ¢
s > 0,
where y is a vector in R™ and s is a vector in R™. We call the components of y
the dual variables, while s is the vector of dual slacks. The dual problem could be
stated more compactly by eliminating s from (D) and rewriting the constraints
as ATy < c. However, in many cases it turns out to be expedient for the analysis

and implementation of IPMs to include the slack vector s.
The linear optimization problem (P) is often called the primal problem, and (D)
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the dual problem, and together the two problems are referred to as the primal-
dual pair.

Definition 1.2.1. If x satisfies the constraints Ax =b, x > 0 (or z > 0), we call
it a feasible (or strictly feasible) point for (P). A pair (y, s) is feasible (or strictly
feasible) for (D), if ATy +s =cand s >0 (or s > 0). The triple (z, y, s) is
primal-dual feasible (or strictly feasible) if x and (y, s) are feasible (or strictly
feasible) for the primal and dual problems, respectively.

A duality theory exists that explains the relationship between the two prob-
lems (P) and (D). We recall below the main results of this theory.

Theorem 1.2.2 (Weak Duality Theorem). If z is feasible for (P) and (y, s) is
feasible for (D), then

T T

cx>by.

Proof. By the construction of the primal and dual, we immediately get
T
o —vTy= (ATy + s) z—bly=yTAc+sTe—bTy=sTe >0, (1.1)
where the inequality comes from the non-negativity of x, s. O

Theorem 1.2.3 (Strong Duality Theorem). If (P) has an optimal solution then
so does its dual. Furthermore, then their optimal values are equal.

By Theorem 1.2.2, if (x, y, s) is a primal-dual feasible pair then b7y < cTz.
In other words, the objective value in (D) gives a lower bound for the objective
in (P), and the objective in (P) provides an upper bound for that in (D). Using
Theorem 1.2.2 and Theorem 1.2.3, the main duality results can be summarized
by the following theorem [38, 84].

Theorem 1.2.4. For (P) and (D) one of the following holds:

(i) (P) and (D) are feasible and there exists a primal-dual feasible pair (z*, y*, s*)
such that

(i1) (P) is infeasible and (D) is unbounded.
(iii) (D) is infeasible and (P) is unbounded.
(iv) Both (P) and (D) are infeasible.

Hence, solving LO amounts to detecting which of these four cases holds, and
in case (4) an optimal solution (z*, y*, s*) must be found. Note that in case (7),
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the two objective values in (P) and (D) coincide with each other at the solution
(z*, y*, %), that is ¢T2* = bTy*, which implies by (1.1) that

(s 2* =0.
Observe that since z*, s* > 0, the above equality can also be written as
xisi =0, i=1,.. n

An intrinsic property of LO is given by the following result first established by
Goldman and Tuker [28]. This theorem plays an important role in the design and
analysis of IPMs [84, 105].

Theorem 1.2.5. Suppose that both (P) and (D) are feasible. Then there exists a
primal-dual pair (z*, y*, s*) such that (z*)" s* = 0 and z* + s* > 0. A solution
(x*, s*) with this property is called strictly complementary.

1.3 Primal-dual IPMs for LO

In this section we proceed by describing primal-dual IPMs for LO. All these
methods start from an initial point (z°, 3%, s°) with 20, s° > 0 and generate
a sequence of positive points such that the sequence converges to the optimal
solution. If, at each iteration, the point also satisfies the linear equality constraints
for the primal and dual problem (P) and (D), then the algorithm is called a
feasible interior-point algorithm. Otherwise, it is called an infeasible interior-
point algorithm.

1.3.1 Feasible primal-dual IPMs for LO

Feasible primal-dual IPMs start with a strictly feasible interior point and main-
tain feasibility during the solution process. As mentioned in Section 1.1 for LO
problems we can assume, without loss of generality, that both (P) and (D) satisfy
the interior-point condition (IPC). That is, there exists a triple (xo, Y, so) such
that

Az =b, 2°>0, ATy +s"=¢, sO>0. (1.2)
By using the self-dual embedding model, we can further assume that 2° = s = e.
Under the IPC, we are in case () of Theorem 1.2.4 which implies that there exists
an optimal solution pair. Hence Theorem 1.2.4 states that finding an optimal
solution of (P) and (D) is equivalent to solving the following system:
Az = b, (Primal feasibility)
ATy + s =¢, (Dual feasibility) (1.3)
zs = 0, (Complementary slackness)
>0, s>0.
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Here xs denotes the coordinatewise product of the vectors x and s, i.e.,

xs = (x181; ...} TnSn)-
We also use the notation
r (7 Ty
s \s1' 7 sp /)’
for each vector z and s such that s; #£ 0, foralli =1, ..., n.

The basic idea of primal-dual interior-point methods is to replace the third equa-
tion (which is nonlinear), called the complementary slackness condition, in (1.3)
by the nonlinear equation xs = pe, where e is the all-one vector, and ¢ > 0. Thus
we consider the following system

Ar =b, >0
ATy+s=c¢, s>0 (1.4)

Ts = [e.

The existence of a unique solution to the above system is well-known (see [30, 45,
56]). We denote the unique solution of system (1.4) by (x (u), y (1), s(u)) for
each p > 0; z (u) is called the p-center of (P) and (y (u), s (u)) is the u-center of
(D). The set of u-centers (with g > 0) defines a homotopy path, which is called
the central path of (P) and (D) [57, 88]. If u goes to zero then the limit of the
central path exists. This limit satisfies the complementarity condition, and hence
yields optimal solutions for (P) and (D) [84].

IPMs follow the central path approximately. Let us briefly indicate how this goes.
Without loss of generality, we assume that (x (1), y (), s (@) is known for some
positive p. As already mentioned, without loss of generality we can assume that
2% = 5% = e. Since then 2°5° = 1.e, we see that system (1.4) holds with p° = 1.
We now update p by setting p := (1 — 6) p, for some 8 € (0, 1). Then we solve
the following well-known Newton system, which is obtained by linearizing (1.4),

AAx = 0,
ATAy + As =0, (1.5)
SAx + xAs = pe — zs.

Because A has full row rank, the above system uniquely defines a search direction
(Az, Ay, As) for any x > 0 and s > 0; this is the so-called Newton direction
and this direction is used in all existing implementations of (feasible) primal-dual
methods. By taking a step along the search direction where the step size “a” is
defined by some line search rules, one constructs a new triple (x*, y*, s7), with
positive 7 and sT. If necessary, we repeat the procedure until we find the iterates

(z*, y*, sT) that are close enough to (z (1), v (1), s(1)). The new iterates are
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given by
T =z + aAx,
yt =y +aly, (1.6)
st = s+ als.

Then g is again reduced by the factor 1 — 6 and we apply Newton’s method
targeting at the new p-centers, and so on. This process is repeated until p is
small enough, say until nu < €; at this stage we have found e-solutions of the
problems (P) and (D).

For notational convenience, and as in [8, 72, 73, 84, 105], we define

vi= E, vli= [PE (1.7)
1 \V s

vAx vAs
o= —.
T s

(1.8)

Note that (1.7) implies that if x is primal feasible and s is dual feasible then the

pair (z, s) coincides with the u-center (z (1), s (u)) if and only if v = v~ =e.

Using this notation, the system (1.5) can be rewritten as follows:
Ad, =0,
ATAy +d, =0, (1.9)
dy +ds = v_l—v,

where A = AV~'X and V := diag (v), X := diag (). Note that since d, belongs
to the null space of the matrix A and d, to its row space, it follows that d, and
ds are orthogonal vectors, i.e.,

dfd, = 0.

In the same way, it follows from (1.5) that Az and As are orthogonal,
(Az)" As = 0.
Using the third equation in (1.9) we obtain
2 _ 2
lda 1 + [lds|I* = l|de + dsl|* = [Jo™" =]

Note that d, = ds = 0 if and only if Hv_l — v|| = 0. In this case, v = e and hence
x and s satisfy s = pe, which implies that x, s are on the p-center (z (1), s (1)).
Thus, we can use ||v - v_1|| as a quantity to measure closeness to the pair of
p~centers. Following [84], we therefore define

§(z, s;p) =0(v):==|v—v". (1.10)
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General Feasible Primal-Dual IPM for LO

Input:

Accuracy parameter € > 0;

a threshold parameter 7 > 0;

barrier update parameter 6, 0 < 6 < 1.
begin

ri=e; S:=e; p=1;

while 27s > ¢ do

begin
= (1= 0)u;
vi=, /%,
o
while 6(v) > 7 do
begin
=z + aAuw;
y =y +aly;
s := s+ aAs;
vi=, /L,
o
end
end

end

Figure 1.1: General Feasible Primal-Dual IPM for LO

Using this proximity measure a generic primal-dual IPM is described in Figure
1.1. The parameters 6§ and « are very important both in theory and practice of
IPMs. Usually, if 6 is a constant independent of n, for instance § = 0.9, then we
call the algorithm a large-update (or long-step) method. If # depends on n, such as

=06 (ﬁ), then the algorithm is called a small-update (or short-step) method.

The choice of the step size & (0 < a < 1) is another crucial issue in the analysis
of the algorithm. It has to be taken such that the closeness of the iterates to
the current u-center improves by a sufficient amount. In the theoretical analysis
the step size « is usually given a default value that depends on the closeness of
the current iterates to the p-center. It is now known that small-update methods
have an O (y/nlog (n/e€)) iteration bound and that large-update methods have an
O (nlog(n/e)) iteration bound [84, 103, 105].

In this thesis, we focus on so-called full-Newton step IPMs. In these algorithms
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the new iterates are given by

zt =2+ Az,
T =y+ Ay, (1.11)
st = s+ As.

So the step size a equals 1 in each iteration. As we will see below we then need
to take 6 = © (\/LH), which means that full-Newton step methods belong to the

class of small-update methods. A generic primal-dual IPM with full-Newton steps
is described in Figure 1.2. Before proceeding with the analysis of this algorithm

Primal-Dual IPM with full-Newton steps for LO

Input:

Accuracy parameter € > 0;

a threshold parameter 7 > 0;

barrier update parameter 6, 0 < 6 < 1.
begin

Ti=e€; s:=e¢€; p=1;

while zTs > e do

begin
o= (1= 0)u;
r:=1x+ A
Y=y + Ay;
s:= s+ As;
end
end

Figure 1.2: Primal-Dual IPM with full-Newton steps for LO

we present a graphical illustration. We consider the problem with A, b and ¢ as

follows
1
2 1
A= 3 , ¢c=111, b= 0 .
4 5 2 ) 11

Figures 1.3 and 1.4 show the behavior of IPMs in the xs-space, with full Newton
steps and large updates, respectively. In both figures the scale of the axes is
logarithmic and the xs-space is projected onto its first two coordinates. In the
xs-space the central path is represented by the half-line pe, p > 0. As starting
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10 ¢

10° |
107
107}
o
i
10°
107
6=0.4082
1=0.7071
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10’5 i i i i
10° 10° 107" 10° 107 107 10° 10"

Figure 1.3: Performance of the primal-dual IPM with full Newton steps

point we use the vectors x = s = (1; 1; 1) and y = (0; 0) and we take the initial
value of the barrier parameter p equal to 1. Since xs = (1; 1; 1) = 1-e¢, it follows
that the starting point is the p-center for u = 1. In these figures we have drawn
the iterates for the given problem and the level curves for § (v) < 7 around the
target points on the central path that are used during the algorithm.

We now recall some lemmas that are crucial in the analysis of the algorithm in
Figure 1.2.

Lemma 1.3.1 (Lemma I1.47 in [84]). After a primal-dual full-Newton step one
has (zH)" st = np.

Proof. Using (1.11) and the fact that the vectors Az and As are orthogonal, the
duality gap after the Newton step can be written as follows:

(x*)T sT =€l ((z + Az) (s + As))
= e (x5 4 (xAs + sAzx) + AzAs)
= e (x5 + (ue — xs) + AzAs)

= pee=mny,

where we used the third equation in (1.5) for the third equality. This proves the
lemma. o
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Figure 1.4: Performance of a large-update primal-dual IPM

Lemma 1.3.2 (Lemma I1.54 in [84)). Let (z, s) be a positive primal-dual pair and
p > 0 such that x7s = nu. Moreover, let § := § (z, s;pu) and let ut = (1 —6) p.
Then

6%n

5(x, s;,u+)2= (1—0)52+m.

Proof. We may write, using (1.10) and (1.7),

2

48 (, s %)" = Hﬂvl - \/1070 C_ HM(Ul ) \/%

From 27's = pn it follows that ||v]|* = n. Since v (vP—v)=n-— |v]|* = 0 the
vectors v and v~! — v are orthogonal. Therefore,

T

o e Ol
46 (z, s;pu) = (1 —=0) [|[o~" — 0| +ﬁ'
Finally, since ||v=! — v|| = 2 and ||v||* = n the result follows. O
From (1.11) and the third equation in (1.5) we have
28T = pe+ AzAs = p (e +dydy), (1.12)

where for the last equality we used (1.7) and (1.8). In the following we recall two
lemmas, which are essential for our main Lemma 1.3.5.
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Lemma 1.3.3 (Lemma I1.48 in [84]). The primal-dual Newton step is feasible if
and only if
e+dyds >0

and strictly feasible if and only if
e+ d;ds > 0.

Lemma 1.3.4 (Lemma I1.49 in [84]). Let (z, s) be any positive primal-dual pair
and suppose > 0. If § := 6 (z, s; ), then ||dyds||,, < 6% and ||d.ds| < V262

Lemma 1.3.5 (Theorem I1.50 in [84]). If 6 (z, s;pu) < 1, then the primal-dual
full-Newton step is feasible, i.e., z* and s* are nonnegative. Moreover, if § < 1,
then ™ and sT are positive and

52
Nl

Proof. Lemma 1.3.3 and Lemma 1.3.4 imply the first part of the lemma. Now we
want to prove the second statement. Let 67 :=  (z T, sT; pu) and

5 (2%, 5tim) <

rtst

I

Then by using ¢ (v) as defined in (1.10) we have

2t =)™ =t = o)™ (o= o))
Moreover, (1.7) and (1.12) imply that

vt =+/e+ dyds.

Substitution gives

+ dyds ||ddeH
26T = < .
ve+duds|| T /1~ [ldeds]
Now using the bounds in Lemma 1.3.4 we obtain
2
25t < M
V1 — 42
Dividing the both sides of the last inequality by 2 gives the result in the lemma.

O

Corollary 1.3.6. If§ := 6 (z, s; pu) < %’ then § (T, sT;pu) < 2.
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This corollary makes clear that if , s and p are such that 6 (z, s; p) < %

then the Newton process converges quadratically fast to the p-center. We say then
that the pair (z; s) lies in the region of quadratic convergence of the p-center.

Theorem 1.3.7 (Theorem IL.53 in [84]). If 7 = % and 6 = \/%, then the

primal-dual full-Newton IPM requires at most
V2nlog n
€

iterations. The output is a primal-dual pair (x; s) such that x7s < e.

Proof. At the start of the algorithm we have d (z, s; p) <71 = % and the duality

gap corresponding to the starting point is n u® = n. After the primal-dual Newton
step to the y-center we have, by Lemma 1.3.5, § (z*, s*; ) < 72 = 1. Also, from
Lemma 1.3.1, (z+)" sT = nu. Then, after the barrier parameter is updated to
pt = (1—0)pu, with 0 = \/L— Lemma 1.3.2 yields the following upper bound for

2n’
§(xt, st ut):
1-6 1

+ o+ H) < <§
e TS

Assuming n > 2, the last inequality follows since its left hand side is a convex
function of 8, whose value is 3/8 both in § = 0 and # = 1/2. Since 6 € [0, 1/2], the
left hand side does not exceed 3/8. Since 3/8 < 1/2, we obtain § (x*, sT; ut) <

% = 7. Thus, after each iteration of the algorithm the property -

0(z, s p) <7

is maintained, and hence the algorithm is well defined. At the start of the algo-
rithm duality gap is n and in each iteration duality gap is reduced by the factor
1 — 6. Therefore, the duality gap, given by z7's = np, is smaller than, or equal to
€ if
(1-0Ffn<e
taking logarithms, this becomes
klog (1 —6)+log(n) <loge.
Since —log (1 — @) > 6, this certainly holds if
n
k6 > log (n) — loge = log —.
€

Substituting 6 = \/L?fn the theorem follows. O
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1.3.2 Infeasible Primal-dual IPMs for LO

So far, we have assumed that the starting point (xo, Y0, so) is strictly feasible
and, in particular, that it satisfies the linear equations Az® = b, ATy? + 50 = ¢.
All subsequent iterates also respect these constraints, because of the zero right-
hand side terms in (1.5). In general, however, no strictly feasible starting point
is known for a given primal-dual pair of problems (P) and (D). In such cases one
might consider to use a so-called infeasible IPM (ITPM). In this section we briefly
survey the ideas underlying ITPMs and we present the main complexity results
for such methods.

ITPMs start at (mo, Y, 50) with 2° > 0, s° > 0 and usually y° = 0, but z° and
(y°, %) are not feasible for (P) and (D), respectively. This means that the initial
primal and dual residual vectors, defined by

) =b— Az, (1.13)
) =c— ATy" — 0, (1.14)

are nonzero. As we will see, the iterates will be infeasible as well, but during the
course of the algorithm the residual vectors converge to zero, so that the final
iterates are "almost” feasible. In case of IIPMs we call the triple (z, y, s) an
e-solution of (P) and (D) if the norms of the residual vectors do not exceed ¢,
and also z7s < e.

As mentioned in Section 1.1 the first theoretical result on primal-dual ITPMs
was obtained by Kojima et al. [44]. Then Zhang [107] for first time designed
a primal-dual IIPM for complementary problems with polynomial complexity.
In [58, 78, 103, 105], the authors also presented some primal-dual IIPMs with
polynomial-complexity. In all algorithms with polynomial complexity the starting
point is chosen as

(J;Ov y07 SO) = C(ea 07 6) (115)
with ¢ > 0 such that
2" + 5%l < ¢ (1.16)

for some optimal solution z* of (P) and (y*, s*) of (D).

Now let us briefly describe the IIPM algorithms mentioned above. We first con-
sider Wright’s algorithm because it looks simpler than the others.

1.3.3 The IIPM of Wright

In this subsection we briefly describe Wright’s algorithm [103]. In his algorithm
he uses some constants Oumin, Tmax, 7 and § such that 0 < omin < Omax < 3, 7 €
(0, 1) and B > 1. This algorithm works with a neighborhood of the central path
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that is defined as follows:

TO,TS
Nooo (v, B) := {(x, y,s) Lzl < 3 I e W, w5 > pee, (a3 5) > 0},
where

T T .o
zts )" s

p=—, u°=L, (1.17)
n n

and 7, and r. denote the residual vectors for the primal and dual problem, re-
spectively:
ry, = b— Ax, (1.18)
re =c— ATy —s. (1.19)
Recall that ) and r? are the initial primal and dual residual vectors as defined in
(1.13) and (1.14). Without loss of generality, we suppose that the current point

(%, y, s) is in the neighborhood N_ (7, 8) and p is as defined in (1.17). Note
that since § > 1, at the start of the first iteration this is certainly true.

The search directions are designed in such a way that they target at the opu-centers
of (P) and (D), where o is an arbitrary number in [omin, Omax]- Ideally Az, Ay
and As would satisfy the following system,

A(x + Ax)

AT (y+ Ay) + s+ As = ¢, (1.20)
(z+ Azx) (s + As) = ope.

Il
o

Since the third equation is nonlinear it is linearized, which leads to the following
linear system of equations in Az, Ay and As :

AAzx = b — Az,
ATAy+ As = c— ATy — s, (1.21)
xAs+ sAx = ope — xs.
Using (1.18) and (1.19), the system (1.21) can be rewritten as follows
AAx =1y,

AT Ay + As =7, (1.22)
xAs + sAx = ope — xs.

Since the coefficient matrix in the linear system (1.22) is the same as in (1.5) and
nonsingular, this system uniquely defines Az, Ay and As. Using these search
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directions, the new iterates are given by

rT =2+ alun, (1.23)
=y +aly, (1.24)
sT = s+ als, (1.25)

where the step length & is the largest value of « in [0, 1], such that the relations

(2, y, 8) +a(Az, Ay, As) € N_oo (v, 0),
(z +aAz)” (s +als) < (1—0.01a)z"s

hold for every o € [0, @]. Wright shows [103, Lemma 6.7] that the value & is
always positive. Then he computes p by using the new iterates and repeats this
process until he obtains an e-solution for the primal and the dual problems. From
the definition of the neighborhood N_, (7, 3) it is clear that for all points in the
neighborhood, the norms of the residual vectors r, and r. are uniformly bounded
by some multiple of the p. This implies that when p goes to zero then the residual
vectors 1, and 7. also go to zero. Wright’s algorithm is described more formally
in Figure 1.5. According to [103, Theorem 6.2] the complexity of the algorithm is

Primal-Dual Infeasible IPM for LO

Input:
Accuracy parameter € > 0;
parameters opmin and omax; 0 < Omin < Omax < %;
parameters v € (0, 1) and 8 > 1;
parameter ¢ > 0;
begin
x:=C(e,s:=Ce,y:=0;
while z7s > e do

begin
choose o € [omin, Tmax)
T :=x + alux;
y =y + aly;
s := s+ alAs;
end
end

Figure 1.5: Primal-dual IIPM algorithm
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Figure 1.6: One iteration of Wright’s algorithm

mae { («)" 5, [Irg]]. 2]}

€

(1.26)

O | n?log

Figure 1.6 shows one iteration of Wright’s algorithm. In this figure the zs-space is
projected onto its first two coordinates. In the xs-space the central path of primal-
dual pair of problems is a straight line consisting of ue, for 4 > 0 as defined in
this algorithm. The shaded region in the figure is denoted the neighborhood of
the central path N_o (7, 3). In this algorithm he starts from a point z = xs in
the shaded region and computes the search directions (Az, Ay, As) from system
(1.22). By using these search directions he obtains the new point z* = zts* in
this region again. The algorithms in [44, 58, 78, 105, 107] are almost the same as
Wright’s algorithm [103]. The differences between the algorithms are due to the
use of different neighborhoods of the central path and the step lengths. By using
the description of Wright’s algorithm we now briefly describe the other algorithms.

1.3.4 ThellPM of Ye

In this subsection we briefly describe the IIPM algorithm presented by Ye in
[105]. In this algorithm he uses two constants o and 7 such that o € (0, 1) and
1 € (0, 1). The neighborhood of the central path is defined as follows :

T

co

Ni={ (o 0) 9> 0, i < o foih < o, o > e

where p, u°, rd, 7%, r, and r. have the same meaning as before. He uses the
search directions (1.22) to obtain new iterates as defined in (1.23)-(1.25), and as
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step length & the largest value of « in [0, 1] such that the following relations

(z,y, s) + a(Ax, Ay, As) € N (n)
(z+aAz)" (s +alds) < (1—a(l—0))z"s,

hold for all « € [0, @]. He also shows [105, Lemma 5.15] that the value & is always
positive. He proved that the complexity of his algorithm is polynomial and the
same as (1.26).

1.3.5 The IIPM of Kojima et al.

In this subsection we study Kojima et al.’s algorithm [44]. In this algorithm they
use some constants 7y, vp, Yp, 0, 2 and (3 such that 0 <~y <1, vp >0, vp >0
and 0 < 0 < B2 < (B3 < 1. The neighborhood of the central path used in this
algorithm is defined as follows :

N = {(z, y, 8) : s = p|Irp]| or [Ire]| < ep,
als > yp||rell or |rell < ep,
(z; 8) >0, x5 > yue},

where ep and ep are accuracy parameters for the primal and dual problems,
respectively. An iteration in Kojima et al.’s algorithm goes as follows. Given
a triple (x, y, s) € N, they compute search directions from (1.22) and find the
largest step length & such that the relations

(z,y, s) +a(Ax, Ay, As) € N
(z+alAz)’ (s+als) < (1—a(l—pB))aTs,

hold for every a € [0, &]. They show [44, Section 3] that the value & is always
positive. But the actual step length in the algorithm is not &, since they use
different step length ap and ap for the primal and the dual problem, respectively.
These step lengths are such that

(x*, yT, sT) = (z + apAx, y + apAy, s + apAs) e N

. (1.27)

(xH) st < (1 —a(l-33))aTs.
In principle they take for ap a fixed fraction (0.9995) of the maximal primal step
length, and for ap the same fraction of the maximal dual step length. But they
do this only if ap and ap satisfy (1.27). Otherwise they take ap = ap = a.
They proved that their algorithm is globally convergent. This result was the first
theoretical result on primal-dual ITPMs.
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1.3.6 The IIPM of Zhang

The algorithm proposed by Zhang is a modification of Kojima et al.’s algorithm. It
is designed for solving the wider class of linear complementarity problems. In the
description we restrict ourselves to LO problem. He uses a decreasing parameter
v and a constant y. At the start of the first iteration v = 1, and v € (0, 1) satisfies

min (moso)
YSE—05
I

The main difference with Kojima et al.’s algorithm is that the primal and dual
step lengths are always equal to @, which is the largest value of a in (0, 1] such
that for all a € (0, @]

Az)" A
(m+an)(s+aAs)27(m+a x)n(8—|—0¢ S)e,

(z + aAz)" (s + als) > v (xO)T s,

where v updated after each iteration according to v := (1 — @) v. In this algorithm
the size of the residual vectors controls by the second inequality above by using
parameter v. He shows [107, Lemma 5.1] that & is positive. The complexity of
the algorithm is polynomial, and the same as (1.26).

1.3.7 The first lIPM of Mizuno

Shortly after Zhang’s paper, Mizuno proposed two different algorithms in [58]. In
this subsection we briefly describe the first algorithm, which is a modification of
Kojima et al.’s algorithm. He changed the neighborhood of the central path as
follows :

N(y) = {<x, vr8) ¢ (@5 8) > 0, i < i, i) <, ws > we},

where 7 is a constant such that 0 < v < 1. This neighborhood was used later also
by Ye in [105]. In each iteration of the algorithm he finds a positive step length &
in the same way as in Kojima et al.’s algorithm. He proved that the complexity
of his algorithm is the same as (1.26).

1.3.8 The second IIPM of Mizuno

In this subsection we want to describe the second algorithm in [58], which was
a breakthrough since it improved the complexity with a factor n, which gives
currently the best known iteration bound for IIPMs (see (1.29)). This algorithm
is predictor-corrector IIPM which based on Kojima et al.’s algorithm [44] and
Mizuno-Todd-Ye [59]. The algorithm uses some constants 71, 2 and ¢ and a
parameter v such that y; = i and 0 < 0 < B2 < 1 and v as in Zhang’s algorithm.
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Mizuno works with a new neighborhood of the central path that has become very
popular since then, namely
< 71} .

From this definition it is clear that N3 (1) C N2 (2v1). These two neighborhoods
play a crucial role in the algorithm. Each iteration in Mizuno’s algorithm consists
of two steps. The first step starts from a triple (x, y, s) € Na (y1). Using search
directions from (1.22) he moves along these directions and finds iterates (z', ¢, s’)
as defined for (2, y*, s7) in (1.23)-(1.25). The step length @ is the largest value
of a in [0, 1], such that the following relations hold for every « € [0, @] :

(%, y, s) + a(Ax, Ay, As) € Ny (2v),
(2 +alAz)" (s +als) < (1 —a(l—B))aTs,
(z +alAz)’ (s+als) > (1—a)v (mO)T s,

xs
——e

N (1) = {@c, b s) ¢ () >0,

Again it is shown [58, Lemma 4.3] that & is positive. Moreover, the new iterates
belong to N (271). To understand the second step we need to refer to Subsection
1.3.1, where we described the Newton step targeting at the p-center of a primal-
dual problem pair. Mizuno’s second step is a Newton step of this form for the
primal-dual problem pair given by (A, ¥, ¢') with

A = A
W — Ax, (1.28)
d=ATy +¢.

He shows that after such a “centering” step the iterates again belong to the
neighborhood N (71) (see Lemma 4.2 in [58]). He repeats this process until he
obtains an e-solution for the primal and dual problems. The resulting complexity
is

max { (20)" s,

€

2l 2}

O | nlog (1.29)

We conclude this subsection with a graphical illustration of one iteration of the
algorithm, in Figure 1.7. This figure is drawn in xs-space. In this figure the
xs-space is projected onto its first two coordinates. In the zs-space the central
path is represented by half line ue, for p > 0 as defined in this algorithm. The
neighborhoods A (v1) and N3 (27;) are denoted by shaded regions. In this al-
gorithm he starts from a point z = zs in the inner neighborhood N3 (1), and
calculates the search directions (Az, Ay, As) from the system (1.22). He moves
along these directions until he finds a point 2’ = z’s’ in the outer neighborhood
N5 (271). After the second step of the algorithm he has a point 2! inside the inner
neighborhood N2 (71).
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Figure 1.7: One iteration of the second IIPM of Mizuno

1.3.9 The IIPM of Potra

Potra [78] also presented a predictor-corrector IIPM. This algorithm is based on
Mizuno-Todd-Ye [59]. In this algorithm he uses two constants v and 3 such that

7 €(0,1) (he takes y = 3) and 0 < y < B < 29 < 1;/\5/5. The neighborhood of
the central path is the same as the neighborhood in Mizuno’s second algorithm,
which is now denoted by A (7). He also uses a second neighborhood N (3) with
v < . This implies NV () C N (3). Each iteration of Potra’s algorithm consists
of two steps. The first step starts from a triple (z, y, s) € N (y) and it serves
to get iterates that are in the neighborhood A (3). In this step he obtains the
affine-scaling directions (Az®, Ay®, As®) that are the solution of the following

system:

AAz® =0,
ATAy“ + As® =0,
TAs* + sAz® = —xs.

He also computes search directions (Az, Ay, As), by solving

AAx = 1,
ATAy + As =7,
zAs + sAx = 0.

Now he moves along these directions and finds the iterates (z’, y', s’) as follows:
2 =1+ a1 Az + asAx,

Y+ a1 Ay® + Ay,
s = s+ a1 As? + asAs,
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where the step lengths a; and «q are in (0, 1] such that (2/, v/, s') € N (3) (see
[78, Section 2]). The second step is a centering step, just as the second step of
Mizuno’s second algorithm, which finds the iterates again belong to the neighbor-
hood N (7). He repeats this process until he obtains an e-solution for primal and
dual problems. He proved that the complexity of his algorithm coincides with
iteration bound (1.29).

1.4 The scope of this thesis

As mentioned in Subsection 1.3.1, small-update IPMs theoretically have the best
iteration bound and IPMs with full-Newton step belong to this class of methods.
Recently, Roos [82] designed the first primal-dual IIPM with full Newton steps
for LO problems. In his algorithm the starting point is chosen as in (1.15) and
u® = ¢%. As established in [82] if ¢ is chosen large enough (e.g., ¢ = 2%), where
L is the input size of the problem, the algorithm finds an e-solution or detects
that the primal and dual problems (P) and (D) are infeasible or unbounded. He
also proved that the complexity of his algorithm coincides with the best iteration
bound for the IIPM algorithms as given in (1.29). In the next two chapters
of this thesis we further explore the algorithm [82]. In Chapter 2, we present an
algorithm obtained by slightly changing the definition of the search direction used
in [82]. Compared with the algorithm in [82], the analysis of the new algorithm
is simpler, whereas the iteration bound of the algorithm is the same as before.
This chapter is based on [55]. In Chapter 3, we investigate the generalization to
semidefinite optimization (SDO) of the IIPM algorithm presented in [82]. The
chapter is based on [54].

In Chapter 4 we change topic by considering full-Newton step primal-dual IPMs
that are defined by barrier functions based on kernel functions. As mentioned
in Subsection 1.3.1 the theoretical iteration bound for large-update methods is
O (nlog 2), where n denotes the number of inequalities in the problem and e is the
desired accuracy of the solution. In practice, large-update methods are much more
efficient than small-update methods for which the theoretical iteration bound is
only O (y/nlog2). So the theoretical bounds differ by a factor \/n, in favor of
the small-update methods. This significant gap between theory and practice has
been referred to as the irony of IPMs [81]. Some progress has recently been made
in this respect by Peng et al. [74, 76] and Bai et al. [6-9]. In these results they
introduced a class of new barrier functions that are defined by univariate functions,
so-called kernel functions. In these results the “gap factor” was reduced from /n
to logn. But the iteration bounds for small-update methods based on these barrier
functions always were O (y/nlog ), which is the best known bound for IPMs for
LO. In Chapter 4, we prove that the class of barrier functions introduced in [6-
9, 74, 76] are locally self-concordant. By using the properties of self-concordance
functions we show why all the small-update methods have the iteration bound
O (y/nlog ). This chapter is based on [83].

Finally, Chapter 5 contains some conclusions and comments on further research.



Chapter

A full-Newton step primal-dual IIPM
for LO

2.1 Introduction

As pointed out in Section 1.4, the algorithm presented in [82] is a primal-dual
ITPM that uses full-Newton steps to solve LO problems. In this chapter we use
a slightly different algorithm which is obtained by changing the definition of the
search direction in the algorithm [82]. As we show, the analysis of our algorithm
is easier than the analysis of the algorithm in [82] at some places, whereas the
iteration bound essentially remains the same.

In the sections to follow we assume that (P) and (D) are feasible. Only at the end,
in Section 2.4, we will discuss how our algorithm can be used to detect infeasibility
or unboundedness of (P) and (D).

2.2 A primal-dual lIPM for LO
As usual for ITPMs, we use the starting point as in (1.15). So,
(xo, y°, so) =((e, 0,¢) (2.1)
with ¢ > 0 such that
27+ 5% < ¢ (2.2)

for some optimal solution z* of (P) and (y*, s*) of (D). Our aim is to show that,
under this assumption, our algorithm obtains an e-solution.

23
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The initial residual vectors are denoted by 7Y and r?, as defined in (1.13) and
(1.14). So we have

) =b— Az® =b— CAe (2.3)
0 =c— ATy" — 50 = ¢ — Ce. (2.4)
We start by recalling the main ideas underlying the algorithm in [82]. After that,

in Subsection 2.2.3, we point out where our algorithm differs from the algorithm
in [82].

2.2.1 The perturbed problems

Let (2%, 4%, s%) be as defined in (2.1). For any v with 0 < v < 1 we consider the
perturbed problem (P, ), defined by

(P) min{(c—l/rg)Tx:Ax:b—l/rg, xZO},
and its dual problem (D, ), which is given by
(D) max{(b—urg)Ty:ATy—i—s:c—m"g, SZO},

where r) and r0 are the initial residual vectors as defined in (2.3) and (2.4).
Note that if v = 1 then x = 2° yields a strictly feasible solution of (P,), and
(y,s) = (y°,s°) a strictly feasible solution of (D,). Due to the choice of the
initial iterates we may conclude that if v = 1 then (P,) and (D,) each have a
strictly feasible solution, which means that both perturbed problems satisfy the
IPC. More generally one has the following lemma (see also [82, Lemma 3.1]).

Lemma 2.2.1 (Theorem 5.13 in [105)). The original problems, (P) and (D), are
feasible if and only if for each v satisfying 0 < v <1 the perturbed problems (P,)
and (D,) satisfy the IPC.

Proof. Suppose that (P) and (D) are feasible. Let Z be feasible solution of (P)
and (7,35) a feasible solution of (D). Then A% = b and ATy + 5 = ¢, with # > 0
and § > 0. Now let 0 < v < 1, and consider

r=01-v)z+va® y=0-v)g+vy’, s=1-v)s+vs'
One has

Az = A((1-v) z+vaP)
= (1 —v) Az + vAz°
=(1-v)b+vAz®=b—v(b— A2"),
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showing that z is feasible for (P,). Similarly,

Aty+s=01-v)(ATg+3) +v (ATy" +5°)
= (1—u)c—|—y(ATy0+so)=c—u(c—ATy0—50),

showing that (y,s) is feasible for (D,). Since v > 0, x and s are positive, thus
proving that (P,) and (D,) satisfy the IPC.

To prove the inverse implication, suppose that (P,) and (D, ) satisfy the IPC
for each v satisfying 0 < v < 1. Obviously, then (P,) and (D,) are feasible for
these values of v. Letting v go to zero it follows that (P) and (D) are feasible. O

2.2.2 Central path of the perturbed problems

We assumed that (P) and (D) are feasible. Letting 0 < v < 1, Lemma 2.2.1
implies that the problems (P,) and (D,) satisfy the IPC, and hence their central
paths exist. This means that the system

Az =b—vr), x>0 (2.5)
ATy—l—s:c—z/rg, s> 0.
xs = e,

has a unique solution, for every p > 0. We denote this unique solution as
(x(u, v), y(u, v), s(u, v)). These are the p-centers of the perturbed problems
(P,) and (D,).

Note that since 2°5° = p% with u° = ¢2, 20 is the u°-center of the perturbed
problem (P;) and (y°, %) the u%-center of (D;). In other words,

(x(:uoa 1)7 y(:uoa 1)7 S(ILLO’ 1)) = (xO’yO’ 50)' (28)

In the sequel we will always have u = v pu’, and we will accordingly denote
(@(p, v), y(, v), 5(p, v)) simply as (z(v), y(v), s(v)).

2.2.3 An iteration of our algorithm

We just established that if v = 1 and u = u°, then x = 2° and (y, s) = (yo, so)
are the p-centers of (P,) and (D, ) respectively. These are our initial iterates.
We measure proximity to the u-center of the perturbed problems by the quantity
0 (z, s; p) as defined in (1.10). So, initially we have § (z, s; u) = 0, due to (2.8).
In the sequel we assume that at the start of each iteration, just before a p-update,
0 (x, s; p) is smaller than or equal to a (small) threshold value 7 > 0. So this is
certainly true at the start of the first iteration.

Now we describe one iteration of our algorithm. Suppose that for some p € (0, u°]
we have z, y and s satisfying the feasibility conditions (2.5) and (2.6) for v = uﬂﬂ’
and such that 27s = nu and § (z, s; p) < 7. We reduce p to u* = (1 —0) p,
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with 6 € (0, 1), and find new iterates 2T, y* and s* that satisfy (2.5) and (2.6),
with v replaced by v = ’;—z, and such that 27s = nu™ and § (zF, st; pt) < 7.
Note that v = (1 —6) v.

To be more precise, this is achieved as follows. Each main iteration consists of
a feasibility step and a few centering steps. The feasibility step serves to get
iterates (zf, y/, s7) that are strictly feasible for (P,+) and (D,+), and close to
their p-centers (z (v1), y (v"), s (v1)) such that 6 («/, s7; pt) < % Since the
triple (27, y/, s7) is strictly feasible for (P,+) and (D,+), we can perform a few
centering steps starting at (=7, y/, s/), targeting at the p*-centers of (P,+) and
(D,+), and obtain iterates (z, yT, s7) that are feasible for (P,+) and (D,+)
and such that § (¥, s7; pu*) < 7. For the analysis of the centering steps we can
just use the theory presented in Section 1.3.1 of Chapter 1, since the iterates are
feasible for the current pair of the perturbed problems. For the analysis of the
feasibility step, which we define below, much more work is needed.

From the definition of the perturbed problems (P,) and (D, ), it is clear that the
feasibility equations for these problems are:

Ax =b—vr), x>0, (2.9)
ATy+s=c—vr?, s>0, (2.10)
and those of (P,+) and (D,+):
Az =b—vr), x>0, (2.11)
ATyt s=c—vtr? s>0. (2.12)

So, assuming that x, y and s satisfy (2.9) and (2.10), to get iterates that are
feasible for (P,+) and (D,+) we need search directions Az, Afy and Afs such
that

A+ Afz) =b—vTr),
AT (y+ATy) + (s+ Afs) = c—vtrld.

Since x is feasible for (P,) and (y, s) is feasible for (D, ), it follows that Afz, Afy
and A s should satisfy

ANz = (b— Az) —vTr) = vrd — vl = Gur),
and
ATA y + ATs = (c— ATy —s) —vtrd = v — 70 = gur?.
In [82] the following system is used to define Afz, Afy and Afs:
ANz = vl
ATATy + Afs = ovr? (2.13)

sAfx + A s = pe — xs.
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Since matrix A is full row rank, the system (2.13) uniquely defines (Afz, Afy,
A's) for any > 0 and s > 0.

We follow a different approach and replace the third equation in (2.13) by the
equation

sAx +xATs = 0. (2.14)

This leads to the following system

AN 2 = v (2.15)
ATA y + Als = gur® (2.16)
Az +aA's =0, (2.17)

which, by the same arguments as before, also has a unique solution. After the
feasibility step the iterates are given by

Z‘f =+ Afx, (218)
yf =y+ Afy7 (219)
sf =s+ Afs. (2.20)

We conclude that after the feasibility step we have iterates (z/, y7, s/) that sat-
isfy the affine equations of the new perturbed problem pair (P,+) and (D,+). In
the analysis we should also guarantee that 2 and s/ are positive and moreover
belong to the region of quadratic convergence of their u*-centers (z(v™), y(¥™),
s(v1)). In other words, we must have § (z/, s/; pt) < % Proving this is the
crucial part in the analysis of the algorithm.

After the feasibility step we perform centering steps in order to get iterates
(x*, yT, sT) that satisfy z+Tst = nut and §(xt, sty ut) < 7, where 7 > 0.
By using Corollary 1.3.6, the required number of centering steps can easily be
obtained. Indeed, assuming § = ¢ (xf, st ;ﬁ) < %, after k centering steps we
will have iterates (z 1, y*, s7) that are still feasible for (P,+) and (D,+) and that
satisfy

Therefore, § (x1, sT; pu™) < 7 will hold if k satisfies
1\*
N < 7-,
(ﬁ ) B

1
k > log, (log2 —2> . (2.21)
T

which gives
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We conclude this section with a graphical illustration of one iteration of the al-
gorithm, in Figure 2.1. This figure is drawn in zs-space. In the zs-space the
central path of primal-dual pair of problems is a straight line consisting of pe, for
> 0. Hence, the central paths of the perturbed problem pair (P,) and (D,)
and also (P,+) and (D,+) are represented by two straight lines. We have drawn
the level curves for § (v) = 7 around target points on the central paths that are
used during the algorithm. The starting point z° = xs of an inner iteration is
close to the p-center pe of the perturbed problem pair (P,) and (D,). After the
feasibility step we have a feasible point for the new perturbed problem pair (P, +)
and (D,+), which is denoted by z' = zfs/ in the figure, and which lies in the
region of quadratic convergence of their uT-centers. This is the shaded region
in the figure. By performing centering steps, starting at z', we obtain iterates,
which are denoted by 22, 23 and z* in xs-space, that are still feasible for the
new perturbed problem pair (P,+) and (D,+) and 2% is sufficiently close to their
T -center.

0
o2
S < L ¢ e
( ) 5 \/5 1 ‘o\\‘\’d 2
2! &ez“x =g
X
122 '&\) &O\’,\)
firsg Centering step “‘ko /
. >
Q
y >
3 5 %
2 8
o@
24
+
ute e

Figure 2.1: Performance of one iteration of primal-dual IIPM

2.2.4 The algorithm

A more formal description of the algorithm is given in Figure 2.2. Note that since
in each iteration p and v are reduced by the factor 1 — 6, it follows that after
each iteration the residuals and the duality gap are also reduced by the factor
1 — 0. The algorithm stops if the norms of the residuals and the duality gap are
less than the accuracy parameter e.
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Primal-Dual Infeasible IPM

Input:
Accuracy parameter € > 0;
barrier update parameter 6, 0 < 6 < 1;
threshold parameter 7 > 0;
parameter ¢ > 0.
begin
20 := (e, s¥ :=Ce, y° = 0; pu¥ = (Z
while max (z7's, [|rc||, ||[rs]]) > € do
begin
feasibility step:
(z,y, s):=(z,y, )+ (Afa:, Afy, Afs);
p-update:
pi=(1—0)u;
centering steps:
while §(x, s, p) > 7 do
begin
(z, vy, s):= (z, y, s) + (Azx, Ay, As);
end

end
end

Figure 2.2: Infeasible full-Newton-step algorithm

2.3 Analysis of the feasibility step

Let z, y and s denote the iterates at the start of an iteration, and assume
0(x,s; ) < 7. Recall that at the start of the first iteration this is certainly
true, because then 6(z, s; u) = 0.

2.3.1 The feasibility step; choice of 6 and

As we established in Section 2.2.3, the feasibility step generates new iterates /),
yf and s/ that satisfy the feasibility conditions for (P,+) and (D,+). A crucial
element in the analysis is to show that after the feasibility step we have that
§(zf, sl ut) < 1/v/2, i.e., that the new iterates are within the region where the
Newton process, targeting at the uT-centers of (P,+) and (D,+), is quadratically
convergent.
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We define ; ;
gf = VAT g VAT (2.22)
T s

with v as defined in (1.7). Now, by (1.7) we have xs = pv?. Hence we may write

ddf — v2AfzATs _ Afofs.
s s 1

Using this and (2.17) we may write

ofsh =as+ (sAfx—i—fos)+Afofs:uv2+Afofs:u(vz+d£df).
(2.23)

Lemma 2.3.1. The iterates (mf, yf, sf) are strictly feasible if and only if v* +
didf > 0.

Proof. Note that if 2/ and s/ are positive then (2.23) makes clear that v2+dfd{ >
0, proving the ’only if’ part of the statement in the lemma. For the proof of the
converse implication we introduce a step length « € [0, 1], and define

z(a)=z+alAfz, yla)=y+aAly, s(a)=s+aAls.

We then have x (0) = 2, x (1) = 2 and similar relations for y and s. Hence we
have z (0) s (0) = s > 0. We write

z(a)s(a)=(z+ aAfx) (s+ aAfs) =zs+a« (SAfx + fos) +a?AfxA s,
Using (2.23) and sAfz + 2Afs = 0 and xs = pv?, we obtain
z(a)s(a) = as+ ?AlaA s = + o?pdld! = p (v + o*dldl) .
Now suppose that v? 4+ dfd! > 0. Then dfd] > —v?, so we get
z(a)s(a)>p(?—a®v®)=p(l-a?)v®*=(1-a?)as, a€l0,1].

Since (1 —a?) zs > 0 it follows that z (&) s (a) > 0 for 0 < o < 1. Hence, none
of the entries of x («) and s («) vanishes for 0 < a < 1. Since z (0) and s (0) are
positive, and z () and s («) depend linearly on «, this implies that x () > 0 and
s(a) >0 for all 0 < o < 1. Hence, z (1) and s (1) must be positive, proving the
'if” part of the statement in the lemma. O

Using (2.22) we may also write

df
xfzx—l—Afx:x—va—w:%(v—i—di) (2.24)

daf
sf:s—i—Afs:s—i—s—S:f(v—l—d{). (2.25)
v v

To simplify the presentation we will denote §(z, s; 1) below simply as §. Recall
that we assume that before the feasibility step one has § < 7.
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Lemma 2.3.2. The new iterates are certainly strictly feasible if

1 1
Al < — and ||d|| < —=, 2.26
ot < o and il < o (226)
where
p(6) :=0+/1+62 (2.27)
Proof. Tt is clear from (2.24) that x/ is strictly feasible if and only if v + df > 0.
This certainly holds if ||df|| < min(v). Since 26 = ||v —v™!||, the minimal value ¢

that an entry of v can attain will satisfy ¢ < 1 and 1/t —t = 2J. The last equation
implies t? + 2§t — 1 = 0, which gives t = —§ + /1 + §2 = 1/p(8). This proves the
first inequality in (2.26). The second inequality is obtained in the same way. [

The above proof makes clear that the elements of the vector v satisfy
i<v»<p(5) i=1 n (2.28)

o) SUis , ) ey M .
One may easily check that the system (2.15)—(2.17), which defines the search

directions Afz, Afy and Afs, can be expressed in terms of the scaled search
directions df and df as follows.

Ad! = v, (2.29)
ATATfy +df = vvs~1r?, (2.30)
df +df =0, (2.31)
where
A=AVTIX. (2.32)

Hence, due to (2.31), we have df = —dZ, and therefore

2= —dld! = (d])”. (2.33)
Assuming v? + dfdf = v? — (dg;)2 > 0, which according to Lemma 2.3.1 holds if
and only if the iterates (xf cyf, st ) are strictly feasible, we proceed by deriving

an upper bound for § (xf, st ;ﬁ). According to definition (1.10) it holds that

o st
pt

5(xf,3@”+)::l‘hf__ji

5 7 , where of =
v

In the sequel we denote & (z/, s/; ) also shortly by & (v/). We need to find an
upper bound for & (vf ) To this end, we need the following technical lemma.
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Lemma 2.3.3. Fori=1,...,m, let f; : Ry — R denote a convex function.
Then we have for any nonzero vector z € R} the following inequality:

Proof. We define the function F' : R’} — R by

n

F(z)=> fi(z), z>0.

i=1

Letting e; denote the j-th unit vector in R", we may write z as a convex combi-
nation of the vectors (e’z) e;, as follows.

",

=> 7 (
eze

elz 7

j=1

Indeed, ZJ 1 eT =1 and z;/eTz > 0 for each j. Since F(z) is a sum of convex
functions, F'(z) is convex in z, and hence we have

P <Y o |6 (eT2) + Z £i(0)
Jj=1 i#]
Hence the inequality in the lemma follows O

Lemma 2.3.4. Assuming v? — (d{;)z > 0, one has

o)* flaf|

2 afll?
iyt < o=l 2
diH

_ 2
S g (1= 457+

1—p(0)?

with p as defined in (2.27).
Proof. After division of both sides in (2.23) by u™ we get, using (2.33),

(f)Q_mfsf_u(v2+d£d£)_v2—|—d£d£_v2—z
v)= ut o wt o 1-6 1-06




2.3 ANALYSIS OF THE FEASIBILITY STEP 33

Hence we have

4avm2=:§:((ﬁ)2+(u

n
=1

S
~——
|
N
I
[N}
N—
Il
(7=
7N
<
==
[
D N
A
S —
[ |1
N D
A
I
[\
N~~~

For each ¢ we define the function

v?—zi 1-6

2
v — &

Due to hypothesis in the lemma we have v? — 2z; > 0, for each i. Using this one

may easily verify that f;(z;) is convex in z;. We therefore may apply Lemma
2.3.3. A direct application, also using z; = (d!;)f and eTz = ||d£||2, gives

46(v7)? < (2.34)
n (a2 [ 02 = |af ) _ 2 _

§:( k QQ1H;H_% 1-0 2_2+§:<Jf9+lpﬁ—2)

j=1 Hdﬁ;” v? — df i#j g

From Lemma 1.3.2 we know that

” v? 1-6 5  0*n
}:(1_0+—E——2)_4u—9w +1 4

=1

Hence, the last term in the right-hand side of (2.34) can be rewritten as

2 1—-40 "2 1-46 v? 14
S (e ) -5 () - (e 5

i#] i=1

2 2 _
41— )52+ 2 —( . 29—2)
v

-0 \1-0" o

Substituting this in the right-hand side of (2.34) gives the following upper bound
for 46 (vf )2:

6°n
1-06

N e A

R T

j=1

f2—2+M1—®#+
dz

2 _
o? |
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This expression can be simplified to
0%n
1-6

z”: Hd||jL 1-9 [ 1-0
2 0, o \ime T ) )
7 xr

_ ‘ J

4(1-6)6%+

which can be further reduced to

2, On -~ (an? [ 21 IFo1i- 11—
41 =000 + T z:: 0o =5 -
92 d!c‘ 2 1-6 n df; 2
:4(1—9)62+1_n0—”1‘_”9+ - (dﬁ)j 44 _
a3 oz (o1 - ]
2 df|? n dl)?
:4(1—9)52+—19_"0—H1i”9+(1—9)Z ( )J ~
j=1 Uj2- <v2—‘d£ )

From (2.28) we know that v; > —4. Using this we get

0% —||af]” (1 =0)p(0)"||af|*

46(v1)? < 4(1 - 6)6% + > (5)2}
—p

1

This implies the lemma. O

We conclude this section by presenting a value that we do not allow de || to
exceed. It may be worth noting that df is dependent on the value of , as is clear
from (2.29) - (2.31). This fact will be explored later on. Recall that we want
§(v!) <1/4/2, and observe that Lemma 2.3.4 implies that this holds if

2 _ df 2 4 df 2
0t gy (s o1
- L plo il
At this stage we decide to choose
1 o
8 V2n ( )
Then, for n > 1 and § < 7, one may easily verify that
1 1
dl<s = 0)<—. 2.36

We proceed by considering the vector df more in detail.
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2.3.2  Upper bound for ||d? ||
Using (2.31), we can rewrite (2.29)-(2.30) simply as

Adf = Our),

2.37
ATA—fy —df = Qvvs— 170, ( )
W z c

Now let us denote the null space of the matrix A as £. So,
L:={(eR" : AL =0}.

Then the affine space {£ € R" : A = 0ur)} equals df + L. Note that due to a
well-known result from linear algebra the row space of A equals the orthogonal
complement £t of £. Therefore, the second equation in (2.37) shows that the
affine space {—frvs~1r0 + AT¢ : ¢ € R™} equals df + £L*. Since LN L+ = {0},
it follows that the affine spaces df + £ and d] + £ meet in a unique point.
Therefore, system (2.37) determines d/ uniquely. Now using similar arguments
as in [82, Section 4.4] we can prove the following lemma.

Lemma 2.3.5 (Lemma 4.7 in [82]). One has

Vi [[df] v fer (24 2). (2.38)

Proof. From the definition (2.32) we deduce that A = \/uAD, where

D = diag (”3;) _ diag (\E) = diag (y/ivs~").

To simplify notations, let us write

ry=0vr), r.=0vr? and q= —d’.

Then the system defining ¢ is equivalent to

\/ﬁADq = —Tb,
1
MDATS +q = _DrCa
Vi 7
where ¢ = ATfy. This implies

pAD?ATE = AD*r. + 1y,

whence 1
€= (AD?AT) ™ (AD*ro + 1) .
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Substitution gives

q= % (Dre = DAT (AD2AT) " (AD*r +13) ).

Observe that
a1 == Dro = DAT (AD?AT) " AD*, = (I = DAT (AD*AT) " AD) Dr.
is the orthogonal projection of Dr. onto the null space of AD. Let (§, 5) be such
that ATy + 5 = ¢. Then we may write
re = 0ur’ = Qv (C—ATyO —so) = 91/(AT (gj—yo) —|—§—so).

Since DAT (g - yo) belongs to the row space of AD, which is orthogonal to the
null space of AD, we obtain

Jarll < 6D (s )]
On the other hand, let Z be such that AZ = b. Then
ry, = Our) = Qv (b— Axo) =0vA(z— xo) ,
and the vector
g2 := Ov DA™ (AD*AT) "' AD (D™ (z — 2°))
is the orthogonal projection of fvD~! (z — 2°) onto the row space of AD. Hence

it follows that
lgal| < v || D7 (z = 2°) .-

Since (/fig = q1 — q2 and ¢; and ¢y are orthogonal, we may conclude that

VEllall = v/ llar]* + llal|* < HV\/IID (5= O + 1D~ (z = 29)|*, (2:39)

where, as always, 1 = plv. We are still free to choose Z and 3, subject to
constraints AZ = b and ATy + 5 = ¢. Taking Z = 2* > 0 and 5 = s* > 0, where
z* and (y*, s*) are optimal solutions for (P) and (D), respectively and satisfy
(1.16). This implies that the entries of the vectors z° — z and s° — 5 satisfy

ngo—@gge, OSSO—ES@.

Thus it follows that

VID (= O +1D71 (2 = 0|2 < G/ I1Del + D16 = ¢y fe7 (£ 4+ 2).

Substitution into (2.39) gives

S

VIl < 0vy/eT (% + _).

T

Since ¢ = —d/, this completes the proof. O
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To proceed we need upper and lower bounds for the elements of the vectors
x/s and s/x.

2.3.3 Bounds for /s and s/« and the choice of o

Let x be feasible for (P,) and (y,s) for (D,) and, moreover 0(z,s;u) < 7, i.e.,
these iterates are close to the p-centers of (P,) and (D, ). Based on this informa-
tion we need to estimate the sizes of the entries of the vectors z/s and s/x. To
this end we recall some lemmas from [82]. Let

n

O (ws;p) = V(v) ==Y _P(vi), vi= /=, P(t) =

i=1

(t2 —-1- loth) ,

=
N =

where p = p’v = v(?. It is well known that 1 (¢) is the kernel function of
the primal-dual logarithmic barrier function, which, up to some constant, is the
function ® (zs; u) (see, e.g., [8]).

Lemma 2.3.6. One has

P (ws;p) = @ (zs(v); p) + @ (x(v)s; ) -
Proof. The equality in the lemma is equivalent to
> (g ) < 3o (0 _bgw)
H — H

i=1 i=1

+ i (Z‘isi _ log misl(u)> .
=1 2
Since
—log — 2 —log —T 4 log —— = log zisi(v) + log L(V)Sia
z;(v)s;(v) z;(v) si(v) 1 "

the lemma holds if and only if

2ls —np = (sz(u) —np) + (sT2(v) - np) .

Using that z(v)s(v) = pe, whence z(v)Ts(v) = nu, this can be written as (z —
2(v))T (s—s(v)) = 0, which holds if the vectors z—z () and s—s(v) are orthogonal.
This is indeed the case, because  — () belongs to the null space and s — s(v)
to the row space of A. This proves the lemma. O

Lemma 2.3.7. One has
w( i ) < U(v), w( o ) <UW), i=1,...,n

Z; (l/)
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Proof. By Lemma 2.3.6 we have ® (zs;p) = @ (xs(v);
® (xs; p) is always nonnegative, also @ (zs(v); u) and @ (z
Thus it follows that @ (zs(v); u) < ¥(v) and @ (z(v)s

these two inequalities gives
Zw (\/ Zitaly ) < U(v).

Since 9 (t) > 0, for every t > 0, it follows that

Lsi(y) v 1= n
w( . )sm(), 1,...,n.

w) + @ (x(v)s;v). Since
(v)s; ) are nonnegative.
i) < U(v). The first of

Due to z(v)s(v) = pe, we have

risi(v)  xisi(v) T;

po z)siv)  m(v)’

whence we obtain the first inequality in the lemma. The second inequality follows
in the same way. O

Note that 1(t) is monotonically decreasing for ¢ < 1 and monotonically in-
creasing for ¢ > 1. In the sequel we denote by ¢ : [0,00) — [1,00) the inverse
function of ¢ (t) for ¢ > 1 and by x : [0,00) — (0, 1] the inverse function of ¥(t)
for t < 1. So we have

os) =t < s=¢t), s>0,t>1 (2.40)

and
x(s)=t & s=u¢), s>0,0<t<1. (2.41)

Lemma 2.3.8. lett > 0 and ¢¥(t) <s. Then x(s) <t < o(s).

Proof. This is almost obvious. Since 1 (t) is strictly convex and minimal at ¢t = 1,

with ¢(1) = 0, ¥(t) < s implies that ¢ belongs to a closed interval whose extremal

points are x(s) and o(s). O
The above lemma is illustrated in Figure 2.3.

Corollary 2.3.9. One has

S S o), x(¥) £,/

Proof. This is immediate from Lemma 2.3.8 and Lemma 2.3.7. o

X (¥(v)) <

<o(¥(v)).
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x(s) 1

Figure 2.3: Graphical illustration of the functions x(s) and o(s).

Lemma 2.3.10. One has

\/§< 0(¥(v)) z(v)
s~ x(¥(v) Vi
s o 0(¥() s(v)
z = x (W) Vi

Proof. Using that z;(v)s;(v) = p, for each ¢, Corollary 2.3.9 implies

zi _ oY) _o(¥() [zl

si — x(T(v)si(v)  x(¥(v) | si(v)

_ o) (i) _ e(¥(v)) wi(v)

X (¥(v)) X (¥() i’
which implies the first inequality. The second inequality is obtained in the same
way. O

Lemma 2.3.11. Lett > 1. Then ¢ (t) — ¢ (%) > 0.
Proof. Define f (t) := 1 (t) — ¢ (7) for t > 0. Then

et () () () -

It follows that f (¢) is monotonically increasing for ¢ > 0. Since f (1) = 0 this
proves that f (¢) > 0 for ¢ > 1, and hence the lemma follows. O

Theorem 2.3.12. Let §(v) be as defined in (1.10) and p(0) as in (2.27). Then
U(v) <4 (p(6(v))) -
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Proof. The statement in the lemma is obvious if v = e since then 6(v) = ¥(v) =0
and since p(0) = 1 and (1) = 0. Otherwise we have §(v) > 0 and ¥(v) > 0. To
deal with the nontrivial case we consider, for 7 > 0, the problem

v

=1 i=1

Z; = max {\I'(v) = Zw(vl) P o) =1) Y(v)?= 7-2} .

The first order optimality conditions are

w’(vi) = )\1#’(111)1&”(%), = 1, e, Ny

where A € R. From this we conclude that we have either ¥’(v;) = 0 or A" (v;) =
1, for each ¢. Since ¥ (t) is monotonically decreasing, this implies that all v;’s for
which A" (v;) = 1 have the same value. Denoting this value as ¢, and observing
that all other coordinates have value 1 (since 9’(v;) = 0 for these coordinates),
we conclude that for some k, and after reordering the coordinates, v has the form

v="_(~t ..., ¢t 1,...,1).
——— ——
k times n—k times
Since ¥/(1) = 0, 8(v) = 7 implies k¢’ (£)° = 472. Since ¢/ (t) = ¢ — 1/t, it follows
that

= :I:—7
Vk

which gives t = p(7/Vk) or t = 1/p(7/vk). By Lemma 2.3.11, the first value,
which is greater than 1, gives the largest value of ¢ (t). This follows because

¢(t>—w<%>:%<t2—ti2>zo, t>1.

Since we are maximizing ¥(v), we conclude that t = p(7/vk), whence we have

o5 (o(30)

The question remains which value of k£ maximizes ¥(v). To investigate this we
take the derivative of W(v) with respect to k. To simplify the notation we write

1 2T
t__
t

Uw)=ky (), t=p(s), s= 7

The definition of ¢ implies t = s + /1 + s2. This gives (¢t — s)? = 1+ s%, or
t? — 1 = 2st, whence we have

2s =1t — % ='(t).
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Some straightforward computations now yield

V(o) Sols)
G = v - L = ),

We consider this derivative as a function of 7, as indicated. One may easily verify
that f(0) = 0. We proceed by computing the derivative with respect to 7. This
gives

1 52

VE(1+52) VIt s

This proves that f'(7) < 0. Since f(0) = 0, it follows that f(7) < 0, for each
7 > 0. Hence we conclude that ¥(v) is decreasing in k. So ¥(v) is maximal when
k = 1, which gives the result in the theorem. O

7' =~

Corollary 2.3.13. Let 7 > 0,6(v) < 7 and p(d) as defined in (2.27). Then
U(v) < 7', where

=1 (p(7)). (2.42)

Proof. Since p(s) is monotonically increasing in s, and p(s) > 1 for all s > 0,
and, moreover, ¥(t) is monotonically increasing if ¢ > 1, the function 9 (p(4)) is
increasing in §, for § > 0. Thus the result is immediate from Theorem 2.3.12. [

Theorem 2.3.14. Let 7 > 0 and §(v) < 7 and 7’ as defined in (2.42). Then

() =

—~

v

s
~—

<

5

T

=
q

N~—
Vo)

—~
]

S~—

(
( /

™

>
S

Proof. Since p(t) is monotonically increasing and x(¢) monotonically decreasing
this is an immediate consequence of Lemma 2.3.10 and Corollary 2.3.13. O

Corollary 2.3.15. Let 7 = 5, 6 (v) < 7 and p(6) as defined in (2.27). Then

fomtd, (fisat

Proof. If 7 = %, then 7/ =~ 0.016921, o(7') ~ 1.13278 and x (7') ~ 0.872865,
whence
o(r')

(')

Thus the result follows. O

~ 1.29777 < V2.

=<
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Based on the above analysis we choose

T=2. (2.43)

Substitution into (2.38) gives

—~

v) s
[ [

Vi ||l < 6v ¢, | 2eT <x

N
_|_
S
N
N——

This implies

([l < 8ucvB\ e@) + s

Therefore, also using p = v¢? and § = \/%, we obtain the following upper bound
for HdﬁH

I < 2=\ le@)|? + lls)].
4]l < 5= VI + (0]

We define

VIle@) 2 + ls@))
H(Q,V): (\/% y O0<v<l1.

Now we may write

|df|| < a®(Q)V2  where R(() = max ((v).

Note that since z(1) = s(1) = (e, we have k({,1) = 1. Hence it follows that
%(¢) > 1. We found in (2.36) that in order to have §(v/) < 1/4/2, we should have
2 ||d£|| < 1. This certainly holds if 2« R(C)\/i < 1. We conclude that if we take

a1 (2.44)
2aR(0)

then we will certainly have 6(v/) < 1/v/2. In the next section we will find an
upper bound for % (¢). The next section is based on Section 4.6 in [82].
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2.3.4 Bound for & (¢).

Due to the choice of the vectors Z, g, 5§ and the number ¢ we have

A
Ang +

Kl

Il

S]]
INIA

0
0

V)]

I
I
IN A

b, Ce
c, Ce
0.

w
|

43

To simplify notation in the rest of this section, we denote z = x (v),y = y (v)

and s = s (v). Then z, y and s are uniquely determined by the system

b— Az =v(b—Ale), x>0
c—Aly —s=v(c—Ce), s2>0
zs = v(2e.
Hence we have
AT — Az = v (AZ — (Ae), x>0
AT§—|—§—ATy—5:u(ATg+§—(e), s>0
zs = v(ze.
We rewrite this system as
A(@—x—vZ+wvie) =0, x>0
AT (j—y—vp) =s—5+v5—vie, s>0
zs = v(2e.

By using again orthogonality of the row space of a matrix and its null space, we

get
(Z— 2 —vi+uvie) (s—5+vs—wvie)=0.

Defining
=(1-v)Z+vC, b:=(1-v)5+ e,

we have (a — z)" (b—s) = 0. This gives
alv+a2Ts =as+ bl .

T

Since 275 =0,  + 5 < Ce and xs = v(%e, we may have

aTo+aTs = ((1=v)z+vce)" (1-v)5+vCe) +v(n
=v(1-v)(@+5)" Ce+12Cn+vCn
< v (1= ) ()" Ce+ 2+ 1(n
v(l-

V) Cn+ 120 + vePn = 20¢n.
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Moreover, also using a > v(e, b > v(e, we get
aTs+bTe=((1=-v)z+vce) s+ (1-v)s+vce)
=1 -v)(s"z+2"35) +v¢e” (z+5)
v¢e® (z+s) = v¢ (2], + s],)-

v

Hence we obtain [z, + [|s, < 2¢n. Since 2]® + [ls|* < (lall, + s],)?, it
follows that

ll® + Usl® flally +llsl, _ 2¢n
S o S

thus proving

7(¢) <V2n.

Substitution of the upper bound for £(¢) in (2.44) we obtain that we certainly
have §(vt) < 1/v/2 if
1

o= N (2.45)
According to (2.35) this gives the following value for 0:
o— 1 (2.46)
Any/2

2.4 lteration bound

In the previous sections we have found that if at the start of an iteration the

iterates satisfy 0(z, s; ) < 7, with 7 as defined in (2.35), and € as in (2.46), then

after the feasibility step and the p-update the iterates satisfy d(x, s; u) < 1/v/2.
According to (2.21), at most

1
log, <1og2 z) = log, (log,64) <3

centering steps suffice to get iterates that satisfy 6(z, s;u) < 7. So each iteration
consists of one feasibility step and at most 3 centering steps. In each iteration
both the duality gap and the norms of the residual vectors are reduced by the
factor 1 — 6. Hence, using 20750 = n(?, the total number of iterations is bounded

above by
1 ot Il 2]}

0 €
Hence, due to (2.46) the total number of inner iterations is bounded above by
3100 M 6% LBl 21}
€

Thus we may state without further proof our main result as follows.
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Theorem 2.4.1. If (P) and (D) are feasible and ¢ > 0 is such that ||z* + s*|| . <
¢ for some optimal solutions x* of (P) and (y*, s*) of (D) then after at most

max {n¢?, |||, Hr?H}
€

16.v2log

inner iterations the algorithm finds an e-solution of (P) and (D).

Note that the order of this bound is exactly the same as the order of the
bound in (1.29). A basic question is of course how to choose the number ¢, which
determines the initial iterates and has to be fixed before starting the algorithm.
A related question that we did not yet deal with is wether or not our algorithm
can detect infeasibility (or unboundedness) of (P) and (D). These issues can be
dealt with if the data A, b and c are integral (or rational). In that case it is
well known that if (P) and (D) are feasible then there exist optimal solutions
z* and (y*,s*) of (P) and (D) such that |jz* + s*|| < 2L, where L denotes
the binary input size of (P) and (D) (See, e.g., [103]). The number L can be
computed straightforwardly from the input data A, b and ¢. Thus, when starting
the algorithm with ¢ = 2%, after at most

max {n4L, ||b — 2LA€|| , ||c — 2Le||}
- .

16n.v2log

iterations the algorithm finds an e-solution if it exists. Otherwise we must decide
that (P) and (D) are infeasible or unbounded. Working with the number L may
not be possible in practice, however, since this number can be very large. For such
cases it may be worth noting that if (P) and (D) are infeasible or unbounded then
Lemma 2.2.1 implies that P, and D, do not satisfy the IPC for all v € (0, 7] for
some v € (0,1). If the iterates after the feasibility step satisfy § (xf, sf;;ﬁ) <
1/+/2 we are sure that the perturbed problems corresponding to v = ut /u satisfy
the TPC, and hence are strictly feasible. So we then have v > ©. On the other
hand, if v < U the algorithm will find that § (xf, st ;ﬁ) > 1/+/2, which implies
that there are no optimal solutions z* and (y*, s*) such that ¢ > |lz* + s*|| _.
We can then run the algorithm again with ¢ = 2. If necessary this can be
repeated. When starting with ¢ = 1, after doubling the value of ¢ at most L
times the algorithm must have found optimal solutions of (P) and (D) if these
exist. Otherwise (P) and (D) are infeasible or unbounded.

Remark 2.4.2. It may be worthwhile to point out that we used our algorithm to
solve 10° instances. Each instance consisted of a primal-dual pair of randomly
generated problems with known optimal solutions x* and (y*, s*). We ran the
algorithm for each problem pair with ( = ||x* + s*|| . To our surprise we found
in all cases that & ({) < 1. If one could prove that k() < 1 holds for all LO
problems it would reduce the currently best iteration bound for IIPMs (1.29) by a

factor \/2n.






Chapter

A full-Newton step primal-dual lIPM
for SDO

3.1 Introduction

Semidefinite optimization (SDO) problems are convex optimization problems over
the intersection of an affine set and the cone of positive semidefinite matrices.
SDO arises in many scientific and engineering fields. For applications in system
and control theory we refer to [11, 14, 15] and for applications in statistics and
combinatorial optimization to [2, 26, 40, 50, 51, 71, 91]. SDO also has been
utilized in solving polynomial optimization problems [19, 49, 70].

In this chapter we consider the standard form of the SDO problem:

min Tr (CX)

(SDP)
S.t'I‘I‘(AZ‘X)Zbi, i:1,2,...,m7 XtO,

and its dual:

max bTy

(SDD)
sty y Ai+S=C, S=0,

where each 4; € S, b € R™, and C € S™. Recall that Tr (CX) is the inner
product of the matrices C' and X. Without loss of generality we assume that the
matrices A; are linearly independent.

Interior-point methods provide a powerful approach for solving SDO problems.
Most IPMs for SDO can be viewed as natural extensions of IPMs for LO, and
have similar polynomial complexity results. For example Nesterov and Todd [66]

47
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showed that the primal-dual algorithm for LO maintains its theoretical efficiency
when the nonnegativity constraints in LO are replaced by constraints that restrict
the variables to a convex cone, provided that the cone is homogeneous and self-
dual, or in the terminology of Nesterov and Todd, the cone is self-scaled. The
non-negative orthant and the cone of positive semidefinite matrices are special
cases of such cones. Many other IPMs for solving SDO problems exist. See, e.g.,
[1, 48, 61, 96, 100].

In the case of IIPMs, as mentioned in Chapter 1, Zhang [107] was the first who
obtained polynomial iteration complexity for LO. Later he extended his algorithm
to SDO [108]. In his algorithm, the starting point is chosen as

(X%, 4%, 8°) =¢(1,0,1) (3.1)
with ¢ > 0 such that
[X*<¢ IS <¢ (32)

for some optimal solution X* of (SDP) and (y*, S*) of (SDD).

Kojima et al. [47] and Potra and Sheng [79] independently analyzed a generaliza-
tion to SDO of the Mizuno-Todd-Ye algorithm [59] for infeasible starting points
and they proved that the complexity of their algorithm is

; (mog ma {Tr (X05°) || 2] Hrsn}) | s

€

Here X and S° are as defined in (3.1) and (3.2) and R? and 7 denote the initial
values of the primal and dual residuals:

(rd); = bi = Tr (AiX%), i=1,....,m, (3.4)
RY=C =) ylA; - 5" (3.5)
=1

In this chapter we undertake the task of generalizing the algorithm for solving
LO that was presented in the previous chapter to the case of SDO. We show that
the iteration bound of our algorithm is the same as the best iteration bound for
ITPMs, as given in (3.3). However, to obtain this complexity result is much more
difficult than in the LO case. The main differences occur in the analysis of the
feasibility step. Below we present our algorithm for SDO and its analysis. In
Section 3.4 we present the analysis of the feasibility step.

3.2 Preliminaries

3.2.1 Duality theory and assumption

In this section we first introduce the duality theory for SDO problem and the
assumption that will be used in the chapter. It is worth noting that the duality
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theory of SDO is weaker than that of LO. Like in LO we have the weak duality
property (see, Theorem 1.2.2): for any (X, y, S) € P x D, where P and D denote
the feasible sets of the problems (SDP) and (SDD), respectively, we have

Tr (CX) — b7y = Tr <<S + f:yiAZ) X) - f:ym (A;X) = Tr (SX) > 0,

where the inequality follows from X > 0 and S = 0 (see Lemma A.3.3). In other
words, the duality gap is nonnegative for any feasible primal-dual pair. As a
consequence, feasible solutions (X, y, S) with zero duality gap are optimal. Let p*
and d* denote the optimal value of the primal and the dual problem respectively.
The optimal sets for (SDP) and (SDD) are denoted as follows:

P ={X€e€P|Tr(CX)=p"} and D*:={(y, S) €D | bTy=d"}.

A problem (SDP) (resp. (SDD)) is called solvable if P* (resp. D*) is nonempty.

The duality properties in SDO are less simple than LO. Recall that an LO problem
may be feasible or infeasible. If it is feasible then it is either unbounded or
bounded. In case it is bounded it is solvable and the dual problem is solvable as
well, with zero duality gap. If it is infeasible then its dual is either unbounded or
infeasible . So, for a single problem there are 3 possibilities: a problem is either
solvable, unbounded or infeasible (see Theorem 1.2.4).

For an SDO problem, however, the situation is less simple, since a problem that
is feasible and bounded is not necessarily solvable. So for a single problem there
are now four cases: a problem is solvable, feasible and not solvable, unbounded
or infeasible. As a consequence, for a primal-dual pair of SDO problems there are
much more possible situations than in the LO case. For example, a problem may
be solvable, whereas its dual is not solvable. Also both problems can be solvable
but with positive duality gap. In this chapter we assume that there exist optimal
solutions with zero duality gap, i.e., we assume that the set

F*={(X,y,S)ePxD: Tr(XS)=0},

is nonempty.
Following the same outline as in the LO case we first present a feasible IPM that
uses full-Newton steps.

3.2.2 The central path and feasible full-Newton IPM for SDO

In this section we assume that (SDP) and (SDD) satisfy the IPC, i.e., there exist
X eP, S eDwith X >0, 5 > 0. Under this assumption both problems are
solvable and the optimality conditions for (SDP) and (SDD) can be written as
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follows.
’I}I‘(AlX)Zb“ i:1,2,...,m,XiO

=1
XS =0.

The basic idea of primal-dual IPMs for SDO is to replace the above complemen-
tarity condition XS = 0 by the parameterized equation XS = pl. Then we get
the following system:

'I‘I‘(AZX):I)“ i=1,2,...,m,XtO,

i=1
XS =ul,

where I denotes the n x n identity matrix and p > 0. It is well known that the sys-
tem (3.7) has a unique solution for every p > 0, denoted as (X (1), y (1), S (u)),
and that the limit lim,, o (X (1), y (1), S (1)) exists and is a solution of system
(3.6) (see e.g., [31, 48]). The set of all solutions (X (u), y (u), S (u)) with >0
is known as the central path [17, 75, 76]. The principal idea of (feasible) IPMs is
to follow this central path and approach the optimal set of (SDP) as u goes to
Z€ro.

To obtain a search direction for IPMs an ordinary method is to follow an idea of
Newton method and to linearize (3.7). Thus we have the following system

Tr (4LAX) =0, i=1,2, ..., m,

S yidi +AS =0, (3.8)
i=1

XAS+AXS = ul — X8.

However, this system may yield as a solution a search direction AX which is
not symmetric (AS is automatically symmetric!). Since we want AX to be a
symmetric matrix, one must “symmetrize” the linearization of the complementary
equation. Based on different symmetrization schemes, several search directions
have been proposed, as presented in [48, 66, 90, 94, 108]. In this thesis, we use
Zhang’s direction [108] which is obtained by the following system:

Tr (4L,AX) =0, i=1,2,...,m,

> AyiAi + AS =0, (3.9)
=1

AX + PASPT = uS™! — X,
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where P is a symmetric nonsingular matrix. The system (3.9) has a unique
solution for each P [100]. Now AX obtained from this system is automatically a
symmetric matrix. Some choices for the matrix P are listed in Table 3.1.

P References
X3 (X%SX%)%X% [65]
X7 and S (48, 61]
I 3]

Table 3.1: Choices for the scaling matrixz P.

In this thesis we use the matrix P proposed by Nesterov and Todd [65], which is
as follows:

1
2

P.=X? (X%SX%) X% =93 (S%XS%)%S*%. (3.10)

The corresponding solution (AX, Ay, AS) of system (3.8) is called NT-direction
(also Newton-direction, see [94]). Let D = P~z, where P2 denotes the inverse
symmetric square root of P. Then D can be used to scale X and S to the same
matrix V', namely [18, 90, 98]:

1 1
V:i=—D1'XD'=_—"—DSD. 3.11
Vi Nz (311
It follows that
V2= lD*1XSD. (3.12)
7

Note that the matrices D and V are symmetric and positive definite. Let us
further define
A L DA;D =1,2
i= T = i/, =1, 4 ..., M
Vi

and

1 1
Dx = —D'AXD™';, Dg:=—DASD. (3.13)
VI N
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Then (3.9) can be written as follows

'I‘I‘(Ali):O, i:1,2,...7m,

> Ayidi + Ds =0, (3.14)
=1
Dx + Dg = vl_v.

The first two equations in the system (3.9) imply that AX and AS are orthogonal,
ie.,

Tr (AXAS) =0.
This implies that the directions Dx and Dg are also orthogonal:
Tr (DxDg) =0. (3.15)

Hence, using the third equation in (3.14) and the Frobenius matrix norm we
obtain

IDx|* + 1Ds|l* = [V - V. (3.16)

This implies that Dx and Dg are both zero if and only if V~! — V = 0. In this
case, X and S satisfy X.S = ul, which indicates that X and S are the p-centers.
Thus, we can use ||V_1 — V|| as a quantity to measure closeness to p-centers. We
define

5@;&My:5w):%nv4—vw (3.17)

Note that for the special case of LO, V is a diagonal matrix and this proximity
measure becomes the same as (1.10). It was used first in [39].

A feasible full-Newton step IPM for SDO is described in Figure 3.1. This is an
extension of the algorithm in Figure 1.2 for LO.

Below the new iterates are denoted as X, y™ and ST, so we have

Xt = X + AKX, (3.18)
y"=y+ Ay,
S* = S+ AS. (3.19)

We continue this section by recalling some lemmas that are crucial in the analysis
of the algorithm in Figure 3.1. Before doing this we first mention that by using
(3.11), (3.13), (3.18) and (3.19) we have

Xt =X+AX=uD(V+Dx)D,
St =8+AS=uD " (V+Ds)D .
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Primal-Dual Feasible IPM for SDO

Input:
Accuracy parameter € > 0;
threshold parameter 7 < 1;
barrier update parameter 6, 0 < 6 < 1;
feasible pair (XO, SO) and p° > 0 such that § (XO, S0, uo) <.
begin
X :=X% §:=8% p:=pub
while Tr(XS) > e do
begin
update of pu:
= (1= 0)u;
centering step:
(X, 8) = (X, §) + (AX, AS);
end
end

Figure 3.1: Feasible full-Newton-step algorithm for SDO

Therefore, we have
X*tSt =uD(V+ Dx)(V+Ds)Dt,

which makes clear that the eigenvalues of two matrices X *S* and u(V+Dx)(V +
Dg) are equal. In other words, these matrices are similar,

XTS5t ~ (V4 Dx)(V + Dg). (3.20)

To simplify the notation we introduce

1
Dxgs = 5 (DxDS + DsDx) , (3.21)
and
1
H = (va—VDx)+§(DxDs—DsDx). (322)

Note that the matrix Dxg is symmetric and H is skew-symmetric. By multiplying
both sides of the third equation in (3.14) from the left with matrix V' we obtain

VDx +VDg=1-V2
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Using this we may write,

(V+ Dx)(V+Ds) =V?+ DxV +VDg+ DxDs
=1-VDx+DxV +DxDg.

By subtracting and adding %DSD x to the last expression we obtain

1
(V+Dx)(V+Dg)=1+ 3 (DxDgs+ DsDx)
1
+ (DXV - VDx) + 5 (DxDS - DsDx)
=1+ Dxs+ H,

where the last equality follows by using (3.21) and (3.22). Using (3.20) we thus
obtain

XTST ~u(I+Dxs+ H). (3.23)

Lemma 3.2.1 (Cf. Corollary 7.1 in [18]). Let (X, S) € relint (P x D) and p > 0.
Then

Tr (X+S+) = npy.
Proof. Due to (3.23) we have
Tr (X7ST) = yTr (I + Dxs + H) = pTr (I) = np,

where the second equality follows since Tr (Dxg) = 0, by (3.15), and Tr (H) =0
since matrix H is skew-symmetric. This proves the lemma. O

Lemma 3.2.2 (Lemma 7.5 in [18]). Let (X, S) € relint (P x D), Tr (XS) = nu
and § :=6(X, S; p). If u™ = (1 —0)p for 0 <0 < 1, then one has

nb?
O(X, 8 1) = gy T (109

Proof. Let matrix V be as defined in (3.11). Then, by using the definition of
d (V) in (3.17), we may write

2

14
16 (X, 53 ut)’ = H\/1 —ov! -
VI—0
oV ?
=|l=-vi-oe(Wv'-v
o=y

From Tr (X S) = nyu it follows that ||V||* = n. This implies that V and V=1 — V/
are orthogonal:
Te (V (V' =V)) =n—|V|* =0,
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Therefore,
2 2
46 (X, S; ut)* = % +(1-0|[vr-v|.
Finally, since |[V~! — V|| = 26 and V|| = n the result follows. O

Based on Lemma 7.1 in [18] we have the following lemma which gives a suffi-
cient condition for feasibility of the new iterates (X, y*, ST).

Lemma 3.2.3. Let (X, S) € relint (P xD) and p > 0. Then the iterates
(XT, yt, ST) are strictly feasible if

I+ Dxg 0.
Proof. For the proof we consider a step length « € [0, 1], and we define
X (o) =X +aAX, y(a)=y+aldy, S(a)=S5+aAS.

We then have X (0) = X, X (1) = X and similar relations for y and S. Hence
we have det (X (0) S (0)) = det (u°I) = (uo)n > 0. We want to prove that the
determinant of X («) S (o) is positive for all a < 1. We write

X (@) 5(a)

. ~ (V+aDx)(V+aDg)

=V?+a(DxV +VDgs) +a*DxDsg
=V?+a(VDx +VDs)+a(DxV —VDx)+a?DxDs.

By using (3.21) and (3.23), and subtracting and adding 1a?DsDx and o?I to
the right hand side of the above equality we obtain

M —(1-0)V2+a(l-a)]+a <I+%(DXDS+DSDX))
+ Baz (DxDs — DsDx) +a(DxV — VDX)}
=(1-a)V?+a(l-—a)Il+a®(I+ Dxs)

1
+ [5& (DxDs — DsDx) + a(DxV — VDX)} .
The matrix in brackets in the last expression is skew-symmetric. Therefore due

to Lemma A.3.1 the determinant of X () S (o) will be positive if the symmetric
matrix

(1-—a)V?+a(l—a)l+ao*(I+ Dxs) (3.24)

is positive definite. The latter is true for 0 < a < 1. Hence, the symmetric
matrix in (3.24) is positive definite for o € [0, 1]. This implies that X (a) .S («)
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has positive determinant for o € [0, 1]. Since X (0) and S (0) are positive definite
and since X («) and S () depend continuously on «, it follows that X (1) and
S (1) are also positive definite. This completes the proof. O

Corollary 3.2.4. The iterates (X, y*, ST) are strictly feasible if
|Ai (Dxs)| <1, for i=1,...,n.

Proof. By Lemma 3.2.3 X+ and S* are strictly feasible if I + Dxg = 0. Since
the last inequality certainly holds if |\; (Dxs)| < 1, for i =1, ... n, the corollary
follows. O

Lemma 3.2.5. One has
|Xi (Dxs)| < 6%, for i=1,... n,

where Dxg is as defined in (3.21) and § is as in (3.17).

Proof. 1t is trivial to verify that

1
B (DxDs + DsDx) =

Dxgs = [(DX + Ds)* — (Dx — Dg)? (3.25)

R

which implies
—i (Dx — Ds)* < Dxs = i (Dx + Ds)*.
It follows that
1 2 1 9
—7IPx = Ds|" 1 = Dxs = 7 |Dx + Ds|"I.

Since Tr (Dx Dg) = 0, the matrices Dx + Dg and Dx — Dg have the same norm.
Consequently

L Dx + DsIPT = Dxs < & |Dx + D I
These inequalities and the definition of § in (3.17) imply the lemma. O
Lemma 3.2.6 (Lemma 7.2 in [18]). One has
Muin (V4)*) 2 1= 8%,

where Apin denotes the smallest eigenvalue.
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Proof. From (3.23) it follows that
Amin ((v+)2) = Amin (I + Dxs + H).

Since X and ST are symmetric and positive semidefinite, Lemma A.3.3 implies
that the eigenvalues of matrix (VJr)2 ~ X;f+ are real and nonnegative. So
the equality above shows that Amin (I + Dxs + H) is also real and nonnegative.
Since matrix H is skew-symmetric and Apin (I + Dxs + H) is real, Lemma A.3.1

implies

Amin (V)?) 2 Amin (T + Dxs) = 1+ Amin (Dxs) = 1= Amin (Dxs)].
Substitution of the bound for |Amin (Dxs)| from Lemma 3.2.5 now yields:
Muin (V5)?) 21— 62
This proves the lemma. |
Lemma 3.2.7 (Lemma 7.3 in [18]). One has
|Dxs||” < 264,

Proof. Let Dy := Dx+Dg and Qv := Dx—Dg. Since Tr (Dx Dg) = 0, it follows
that the matrices Dy and @)y have the same norm. Moreover, since matrices D‘Q/
and Q%, are positive semidefinite, Lemma A.3.3 implies that the eigenvalues of

the matrix D Q3% are nonnegative. So it follows that Tr (D%/Q%,) > 0. Now by
using this and (3.25) we obtain

1
IDxs]* = 75 (Dx + Ds) = (Dx = Ds)|*
1 2 2 112
= 15 1PV - @v
1
= 15T (Dv + Qv — 2D7.07)

1

< 1 (IDEIP + @3 17)
1 4 4

< 2 (IDvl* + Qv
1

) Dy |* = 26%,

where the last equality follows from the definition of § in (3.17). This proves the
lemma. O
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Lemma 3.2.8 (Quadratic convergence, Lemma 7.4 in [18]). If0:= 4§ (X, S; p) <
1, then the full NT step is feasible, i.c., X+ and ST are feasible. Moreover, if
d <1, then XT and ST are positive definite and

52

)
Proof. Since § < 1, Lemma 3.2.5 implies that |\; (Dxs)| < 1, which guarantees
feasibility of the iterates (X, y*, S*) (see Corollary 3.2.4). This implies the

first part of the lemma. For the proof of the second part of the lemma, by using
(3.17) we may write

5(XF, 5% p) <

@ =3l -

o™ (ur- )|

b (1 - 7 = 5 - -

We now substitute the bound from Lemma 3.2.6 to obtain

IN

(67)° < _ HI - (V*)QHQ. (3.26)
~—4(1-4?)
Moreover, from (3.23) we have
X+Ss+
(V+)2N 5 ~I+Dxs+ H.

Using (3.23) and definition of the Frobenius norm for symmetric matrix as defined
n (A.6), we have

= 2 = Y s+ s 10 <1

%

3

= ZA‘(st+H)2

ﬁauw+ﬂn

Since the matrices HDyxg + DxsH and H are skew-symmetric and HH7T is
positive semidefinite we obtain

Tr ((Dxs+ H)?) = Tr (Dig + HDxs + DxsH + H?)
= Tr (Dig + H?) = Tr (D% s — HH")
< Tr (D%s) = |[Dxsll”
< 264

)
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where the last inequality follows from Lemma 3.2.7. Substitution in (3.26) gives

2 5
O Sy

which implies the lemma. O

Corollary 3.2.9 (Corollary 7.21in [18]). Ifé (X, S; u) < %, then § (X, ST u) <
§(X, 8; w)?.

This corollary implies that the Newton-process is quadratically convergent when
started close to the u-center.

Lemma 3.2.2 and Lemma 3.2.8 show that the behavior of the Newton-process and
the feasibility condition for the new iterates (X, yT, ST) are exactly the same as
in the LO case. We therefore have the following result for SDO which establishes
a polynomial iteration bound for the algorithm in Figure 3.1. The proof is exactly
the same as the proof of Theorem 1.3.7 and is therefore omitted.

Theorem 3.2.10 (Theorem 7.1 in [18]). If 7 = % and § = —, then the

4

algorithm in Figure 3.1 requires at most

0
V2nlog 2
€

iterations. The output is a primal-dual pair (X, S) such that Tr (XS) <e.

3.3 Infeasible full-Newton step IPM for SDO

In this section we present an extension of the IIPM for LO in Figure 2.2 to
SDO. We follow the same outline as in the LO case. So we start by introducing
perturbed primal-dual problem pairs and their central paths.

3.3.1 The perturbed problems for SDO

Let X° and ¢°, S° be as in (3.1) and u® = ¢2. The initial values of the primal
and dual residuals are denoted by r) and R?, as defined in (3.4) and (3.5). So we
have

(ry), = bi = Tr (4;X°), i=1,...,m, (3.27)
R)=C =) ylA; - 5" (3.28)
=1

By these notations, for any v with 0 < v < 1 we consider the perturbed problem
(SDP,), defined by

(SDP,) min {Tr ((C —vRY) X) : Tr (A, X) =b; —v (r)),, X = 0},

i
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and its dual problem (SDD, ), which is given by

m

(SDD,)  max {Z (bi—v (), vi: > _viAi+S=C—vR, S 0} :

=1 i=1

It is easy to see that if v = 1, then X = X? and (y, S) = (yo, SO) are strictly
feasible for (SDP,) and (SDD,), respectively. We conclude that if v = 1 then
(SDP,) and (SDD,) satisfy the IPC.

Lemma 3.3.1. Let the original problems, (SDP) and (SDD), be feasible. Then
for each v satisfying 0 < v < 1 the perturbed problems (SDP,) and (SDD,)
satisfy the IPC.

Proof. Suppose that (SDP) and (SDD) are feasible. Let X be feasible solution of
(SDP) and (3, S) a feasible solution of (SDD). Then Tr (A4;X) =b; i =1,...,m
and 221 7 A;+5 =C, with X = 0and S > 0. Now let 0 < v < 1, and consider
X=01-v)X+vX’ y=01-v)g+rvy’, S=(0-v)S+vSs°
One has, for each i =1, ..., m,
Tr (A;X) = Tr (4; (1 —v) X + v X?))

= (1-v)Tr (AX) 4+ vTr (A, X°)

=b;—v (b —Tr (4,X°)),
showing that X is feasible for (P, ). Similarly,

> yidi+S=(1-v) <Zy¢Ai+S> +v (Zy?AmSO)
=1

=1 =1
=(1-v)C+v <Zy?Ai+SO> =C-v <C—Zy?Ai—SO> :
i=1 =1

showing that (y,.S) is feasible for (SDD,). Since v > 0, X and S are positive
definite. This proves that (SDP,) and (SDD, ) satisfy the IPC. O

3.3.2 Central path of the perturbed problems for SDO

Since we assumed that (SDP) and (SDD) are feasible, Lemma 3.3.1 implies that
for any 0 < v < 1, the perturbed problems (SDP,) and (SDD,) satisfy the IPC,
and hence their central paths exist. This means that the following system has a
unique solution, for every p > 0,

bi — Tr (4;X) = v (r)) i=1,2,...,m, X=0 (3.29)

i)

C—> yidi—S =vR, S=0 (3.30)
=1

XS = pul. (3.31)
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We denote this unique solution as (X (i, v), y(u, v), S(p, v)). These are the pu-
centers of the perturbed problems (SDP,) and (SDD,), respectively.

Since X°SY = 1°T, XO is the pu%-center of the perturbed problem (SDP;) and
(y°,5°) the pl-center of (SDD1). In the sequel we will always have
p=vp’=ve,

and to simplify notations we denote (X (p, v), y(u, v), S(u, v)) shortly as (X (v),
y(v), Sv)).

3.3.3 An iteration of our algorithm

In this subsection we describe one iteration of our algorithm. Each main iteration
starts with a triple (X, y, S) that is feasible for (SDP,) and (SDD, ), such that

6(X, S p) <, Tr (X5) = np,

where = v(?, 0 < v < 1. Then we reduce p to u™ = (1 — ) pu, with 6 € (0, 1).

Just as in the case of LO each main iteration of our algorithm consists of a
feasibility step and a few centering steps. The feasibility step serves to get iterates
(X7, y?, ST) that are strictly feasible for (SDP,+) and (SDD,+), where v =
(1 —6) v, and such that & (X7, S7; pT) < % Since the triple (X7, y/, S7) is
strictly feasible for (SDP,+) and (SDD,+), we can perform a few centering steps
starting at (X7, y/, S/) targeting at the pT-centers of (SDP,+) and (SDD,+)
and obtain iterates (X, y*, ST) that are still feasible for (SDP,+) and (SDD,+)
such that
5(X*H, St pt)y < T (XTSY) = npt

We now describe each main iteration in more detail. Due to the definition of the
perturbed problem pair the feasibility conditions for (SDP,) and (SDD,) are

Tr (AiX)=b—v(r)),, i=1,...,m, X=0,

S yidi+S=C-vR, S»0.

For finding iterates that are feasible for (SDP,+) and (SDD,+) we need search
directions Af X, Afy and AfS such that

Tr (4; (X + ATX)) =b¢—1/+(r2)i, i=1,...,m,

> (wi+Aly) A+ (S+ATS) =C— VTR
=1

Since X and (y, S) are feasible for (SDP,) and (SDD,) respectively, it follows
that A X, ATy and A7S should satisfy
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Tr (AiAfX) = (b; — Tr (4; X)) — vt (rg)i =v (rg)i —vt (rg)i =0y (rg)i,

> AlyAi+ATS = (C =Y widi - S) v RS =vR? — v RY = 0vR?.

i=1 i=1

Therefore, Af X, Afy and A/S need to satisfy

Tr (LA X) =0v(r)),, i=1,...,m, (3.32)
> ATy A+ AS = vR.. (3.33)
i=1
We add to this system the equation
AT X + PATSPT = S — X, (3.34)

where P is as defined in (3.10). The system (3.32)-(3.34) has a unique solution
[100] and A/ X and A7S are symmetric. After the feasibility step the iterates are
given by

X/ =X+ ATX, (3.35)
y! =y + Ay,
ST =S+ ASS. (3.36)

By definition, after the feasibility step the iterates satisfy the affine equations in
(3.29) and (3.30), with v = v*. The main part in the analysis will be to guarantee
that X/ and S/ are positive definite and satisfy 6 (X/, §/; pT) < %
After the feasibility step, in order to get iterates (X*, y™, ST) that satisfy

Tr (XTST) =nu®, 6(X*, St ut) <,

we perform centering steps. Just as in the LO case, the required number of
centering steps is at most

1
log, <10g2 ﬁ) , (3.37)

due to the quadratic behavior of the Newton process.

3.3.4 The algorithm

A more formal description of the algorithm is given in Figure 3.2. Like in LO,
one may easily verify after each iteration the residuals and the duality gap are
reduced by a factor 1 — 6. The algorithm stops if the norms of residuals and the
duality gap are less than the accuracy parameter e.
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Primal-Dual Infeasible IPM for SDO

Input:
Accuracy parameter € > 0;
barrier update parameter 6, 0 < 6 < 1;
threshold parameter 7 > 0;
parameter ¢ > 0.
begin
X0 :=(I, 8% := I, 90 :=0; u° =%
while max (Tr (XS), |||, ||Rc||) > ¢ do
begin
feasibility step:
(X, y, 5):=(X,y, )+ (ATX, ATy, ATS);
p-update:

= (1= 0)u;
centering steps:
while (X, S; p) > 7 do
begin
(X, 9, 9) =(X,y, S)+ (AX, Ay, AS);
end

end
end

Figure 3.2: Infeasible full-Newton-step algorithm for SDO

3.4 An analysis of the algorithm

As before, X, y and S denote the iterates at the start of an iteration and are such
that Tr (XS) = np and § (X, S; p) < 7. Recall that we have this situation in
the first iteration since Tr (XOSO) =nu’ and § (XO, SO MO) =0.

3.41 The effect of the feasibility step and the choice of 6

As we established in Section 3.3.3, in the feasibility step we obtain new iterates
X7, yf and S/ that satisfy the affine equations for (SDP,+) and (SDD,+). The
main part in the analysis is to show that X7 and S/ are positive semidefinite
and 6 (X7, 87 puT) < \%, i.e., that the new iterates are in the region where

the Newton process targeting at the ut-centers of (SDP,+) and (SDD,+) is
quadratically convergent.
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We define

Dl = %DlAfXDl, D = %DAfSD, (v)? = Lpixssip,

W
(3.38)
with D as defined in Section 3.2.2. We can now rewrite (3.32)-(3.34) as follows.

Tr(DAiDDQ) Lo (1), i=1,...,m,

Vi

— Ay; f 1 0
DA;D + DL = ——6vDR°D, 3.39
; vz TV (339

Di+DL=v'-V

From the third equation in (3.39) we obtain, by multiplying both sides from the
left with V/,

VDL +VDL=1-Vv2 (3.40)
Using (3.11),(3.35), (3.36) and (3.38), we obtain
X! = X +A7X = iD (v + D%) D,
s/ =s+als=up~" (v+DL) D",

Therefore
x'sf = up (v+DL) (v+DL) D

The last equality shows that the matrix X /S is similar to p (V + Dﬁ;) (V + Df;) .

This means that we have

x7s ~u(v+D%) (v+Df). (3.41)
To simplify the notation in the sequel we introduce
1
Dhs =3 (pkpi+DLDL), (3.42)
and
1
M= (Dkv -vD{) + 5 (pkpL-DpiDL). (3.43)

Note that Df( g is symmetric and M is skew-symmetric.

Now we may write, using (3.40),
(v+D%) (v+DE) = v2+vDl+ DLv + DkD]
= [ - VD% + D4V + D{ DL
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By subtracting and adding %DgD_J;( to the last expression we get
1 1
1+ (D§pf+DiDL) + (PLv -vDL) + 5 (DipL - DEDY).
Using (3.42) and (3.43) we obtain
X7s! o (1+ Dl + M). (3.44)

Lemma 3.4.1. Let X > 0 and S = 0. Then the iterates (Xf, yf, Sf) are strictly
feasible if
I+ D)y = 0.
Proof. For the proof we introduce a step length « € [0, 1], and we define
X (a)=X+aATX, y/(a)=y+aAly, S/ (a)=S5+aAls.

We then have X7 (0) = X, X/ (1) = X/ and similar relations for y and S.
Obviously det (X7 (0) S/ (0)) = det (1) = (uo)n > 0. Our aim is to show that
the determinant of X/ (a)S? (a) remains positive for all a < 1. For proving this
we continue in exactly the same way as in the proof of the Lemma 3.2.3. By using
similar arguments as there, we conclude that under the assumption in the lemma
the (symmetric) matrix

Q-a)V2+a(l-a)l+a? (D{;S+I)
is positive definite for all @ < 1. This implies the lemma. O

Corollary 3.4.2. The iterates (Xf, yf, Sf) are certainly strictly feasible if

/\i(Df(S)‘<1, for i=1,... n.

Proof. The proof is similar to the proof of Corollary 3.2.4, and is therefore omitted.

O
In the sequel we denote
1 2 2
)= o4+ ot (3.5
which implies HDQH < 2w (V) and HD{;H <2w(V).
By using (A.6), (A.7) and (3.45) we have
1 2 2
[oks] < ol gl < 5 (Jo4] + i) =202 a0

)\i(Df(S)‘ < HD;}SH <2w(V)?, i=1,....n (347)
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Lemma 3.4.3. Ifw (V) < % then the iterates (Xf, yf, Sf) are strictly feasible.

7
Proof. Let w(V) < \/Li Then (3.47) implies that |A; (fos)’ < 1,for i =
1, ..., n. By Corollary 3.4.2 this implies the statement in the lemma. O

Assuming w (V) < \/Li’ which guarantees strict feasibility of the iterates (X7, yf,

Sf), we proceed by deriving an upper bound for § (Xf, St ;ﬁ). Recall from
definition (3.17) that

1 -1
5 (X7, 875 i) =5 v =

, (3.48)

with (Vf)2 as defined in (3.38). In the sequel we denote § (X7, S/; u't) also
shortly as § (Vf ) We need some technical results which give information on the
eigenvalues and the norm of V7.

Lemma 3.4.4. One has, for eachi =1, ..., n,

(V1)) = ﬁ (1-20(v)).

Proof. Using (3.44), after division of both sides by u™ = (1 — ) . we get

n? o

V') p " (3.49)

It follows that )
2
(V1)) = =5 (T4 Dk + 1),
Since M is skew-symmetric, Lemma A.3.1 implies
(v > ), r Yy b (p!
(V1)) 2 =50 (14 Dhs) = =5 (140 (PLs) ).
Substitution of the bound for |\; (Df( S) in (3.47) yields
() > L (1= 2
N((V)) 2 =5 (120 (v)?).

which completes the proof. O

Lemma 3.4.5. One has

- )< 2



3.4 AN ANALYSIS OF THE ALGORITHM 67

Proof. Using (3.49) and properties of the Frobenius norm we have

Y f ’
HI_ (Vf)QHQ ) Z A (I+1D_XZ+M) »

=1

_ ﬁzﬂ:@ (I+D§(S+M)—1+t9)2
=1

7 2 (v (D 20) 40).

=1

The right hand-side of the last equality can be rewritten as
1 n 2 n
— = (¥ (Ai (Df +M)) 1205\ (Df +M) .
( 1— 9)2 ( ; XS ; XS

Since (/\i (Df(s + M))2 =X\ ((Dét(s + M) 2), for each 7, we obtain

2 1 2
=) = T <nt92 +Tr ((D;;S + M) ) +20Tr (D{ g+ M)) .
(3.50)
Using the skew-symmetry of M we obtain Tr (Df(s + M) =Tr (D;;S) and
2 2
Tr <(D§(S + M) ) ~ Tr <(D§S) + MDY g+ Dl gM — MMT) .
Since M D_J;( g+ fo oM is skew-symmetric we obtain
2 2 2 2
Tr ((Dg‘(s + M) ) ~Tr ((Dg‘(s) - MMT> <Tr ((DQS) ) = |p&s|-

where the inequality follows since the matrix M M7 is positive semidefinite. Sub-
stitution in (3.50) gives

= (vf)QH2 < ﬁ <nt92 + HD§(5H2 +20Tr (D{,}S)) .

Now let A (DQS) be the vector consisting of the eigenvalues of DQS. Using the
Cauchy-Schwartz inequality and (3.46) we get

Tr (D{;S) - zn: by (D{;S) — T (D;;S)
=1

< llell A (s || = llell [ s || = 2vmew ).
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Substitution gives, also using (3.47),

—_

1= (Vf)2H2 = (n6* + 40 (V) + 40V w (V)?)

ST N A
N 1-0 ’

which implies the lemma. |

Lemma 3.4.6. Let w (V) < % Then one has

25 (V1) < 2w (V) +6n

\/(1 ) (1 ~ 2w (V)Q) |

Proof. We may write, using (3.48),

2 (V) = v/ = 097 =0 (1= )|
n- N2 = _(v! 2H
< e (V7)1 = V| = 5 7= 0]
Using the bounds in Lemma 3.4.4 and Lemma 3.4.5 the lemma follows. O

Recall from Section 3.3.3 that we need to have § (V) < \/Li By Lemma 3.4.6
it suffices for this that

WV H6VR (3.51)
\/(1 —9) (1 ~ 2w (V)Q)
Lemma 3.4.7. Let w (V) < 5 and
=5y 0Sest (3.52)

Then the iterates (Xf yf, Sf) are strictly feasible and § (Vf) < %

Proof. Due to Lemma 3.4.3 and w (V) < %, the iterates (Xf, yf, Sf) are strictly

feasible. We just established that if inequality (3.51) is satisfied then § (Vf ) < %

The left hand side in this inequality is monotonically increasing in w (V). By
substituting w (V') = 3, the inequality (3.51) reduces to

1
MS\/Z
3(1-0)
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which is equivalent to
4n* +4 (Vn+1)0—-3<0.

The largest possible value of 6 satisfing this inequality is given by
3

2(ﬁ+1+ (\/ﬁ+1)2+3n>
3 1
> = )
2(\/ﬁ+1+\/(\/ﬁ+1)2+3(\/ﬁ+1)2> 2(vr+1)

9:

which is in agreement with (3.52). Thus the lemma has been proved. O

3.4.2 An upper bound for w (V')

As became clear in (3.39), the system (3.32)-(3.34), which defines the search
directions A X, Afy and A/S, can be expressed in terms of the scaled search
directions fo and Dg. We define the linear space N as follows:

N:={T'eS": Tr(DA;DT)=0, i=1,..., m}.
Using the linear space A, it is clear from the first equation in (3.39) that the
affine space

{resn : Tr(DAiDF):#GV(rg)i, i=1, m}

equals Df( + N. From linear algebra we also know that the affine space

i=1

is the orthogonal complement of A/, denoted by AN'-. By the second equation in
system (3.39), we conclude that the affine space

1 m
—O0vDRYD + Y ¥,DA;D : 9 €R™
equals Df; + NL. Since NN NL = {0}, the spaces D% + A and Df; + N+ meet
in a unique matrix. This matrix is denoted below by Q.

Lemma 3.4.8. Let Q be the (unique) matriz in the intersection of the affine
spaces DY + N and DL+ N*-. Then

2w (V) < \/HQH2 + (lQI +26 (V)™
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Proof. The proof resembles the proof of Lemma 4.6 in [82] for the LO case. To
simplify notation in this proof we denote R = V' — V. Since N' + N+ = 8",
there exist Q1, R1 € N and Q2, Ry € N+ such that

Q=01+ Q2, R =Ry + Rs.

On the other hand, since Df( —Q € N and Dé —Q € Nt there must exist L; € N/
and Ly € N'- such that

DL =Q+ L, D£=Q+L2-

Due to the third equation in system (3.39) it follows that R = 2Q + L1 + Lo,
which implies
(2Q1 + L1) + (2Q2 + L2) = R1 + Ro.

Since the decomposition '+ A+ = 8™ is unique, we conclude that
=R —2Q, Ly = Ry — 2Q)s.
Hence we obtain
Dﬁcg =Q+ R —20Q1= (R — Q1)+ Q2,
DL =Q+ Ry —2Qs= Q1+ (R — Q2).
Since the spaces N and N are orthogonal we conclude from this that
w0 =k + led]
= Ry = Qu|* + | Qal* + | @ulI* + [ B2 — Q2
= Q- RI” +llQl*.

As&uming Q # 0, since |R|| = 2§ (V) the right-hand side is maximal if R =

7ﬁ5 Q, and thus we obtain

H(”W)Q2

which implies the inequality in the lemma if Q # 0. Since the inequality in the
lemma holds with equality if @) = 0, this completes the proof. O

+ QI = Q17 + (IRl +25 (V)

because then

(SIS

From Lemma 3.4.7 we know that we want to have w (V) <

§(V7) < % Due to Lemma 3.4.8 this will hold if ||Q]| satisfies

QI + (IQI +26 (V))* < 1. (3.53)
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3.4.3 An upper bound for || Q||

Recall from Lemma 3.4.8 that @ is the unique solution of the system

Tr (DA;DQ) = #91/ (rg)i, i1=1,...,m,

P %DAiD +Q = #HVDRSD.

(3.54)

We proceed to finding an upper bound for ||Q]|. Before doing this we choose the
initial iterates (X©, 40, S°) as follows:

X0=98%Y=¢1, =0, ul=¢2 (3.55)
where ¢ > 0 is such that
X* 48" <¢1, (3.56)
for some (X*, y*, S*) € F*. For the moment, let us write
(1), = Ov (rg)i, i=1,2,...,m, R.=0vRY,
and let ry be the vector ((rp);; (T6)g: ---5 (T6),,)-

Below we use the Kronecker product of two matrices and the vec operator on
matrices. Their properties are given in Appendix A. The system (3.54) can be
rewritten as follows:

vec (A;)" (D ® D) vec =L (), i=1,...,m,
(4" (D& D)vee (@) = % (), -
> \’/’;7 (D ® D) vec (4;) +vec (Q) = \/Lﬁ (D ® D) vec (R.).
Let AT = [vec(A;) vec(As) ... vec(An) andn = (n1; m2; -..; ). One
may easily verify that we can rewrite the system (3.57) as follows:
A (D ® D) vec = Lo,
(D ® D) AT% +vec (Q) = ﬁ (D ® D) vec(R,).

Lemma 3.4.9. With (X°, y°, S°) as defined in (3.55) and (3.56), we have

Q| < 6+/v Tr (P?+ P~2), (3.59)
where P is as defined in (3.10).

Proof. Replacing A, D ® D and vec (Q) in system (3.58) by A, D and ¢, respec-
tively, yields exactly the same system as in the proof of Lemma 2.3.5 in Chapter
2. By using similar arguments as there, we obtain the following result:

Viillvee (Q)] < /| vee (D (50 — §) D)|[* + ||vec (D=1 (X° — X) D-1)]%,
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where X, 7 and S are arbitrary solutions of the system

Avec (X) = b,

. i (3.60)
ATy + vec () = vec(C).

Using that ||vec (U)|| = ||U]|| holds for any matrix U, we obtain

ViRl < 0m/[[(D (59— 8) D)|P + D1 (X0 - X) D1, (361

We are still free to choose X and S, such that (3.60) is satisfied. We use X = X*
and S = S*, with X* and S* as in (3.56). Then we have

02X -X=X"-X"=<¢I, 0=<8°-8=¢8%-8"<(I
It follows that
1D (s° = 8) D" < ¢ |0?|]° = ¢ | P|* = e ().
where we used Lemma A.3.2 and D = PZ. In the same way it follows that
D71 (x° = X) D" < e (P72).
Substitution the last inequalities and pu = vu® = v¢? into (3.61) gives
QI <0/ vTr (P?+ P2),
proving the lemma. O
Lemma 3.4.10. With (X°, y°, SY) as defined in (3.55) and (3.56), we have

0

QI < a7 )

Tr (X +9). (3.62)
Proof. Using (3.10) and Lemma A.3.2 we have

Tr (P%) = Tr (X% xtsxh)

< ! —Tr ( X? (XéSX%)21>
Amin <(X%SX%) )
_ . Tr(X?) Tr (X*)
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1.1
where for the last equality we used V2 ~ )(2/# ~ XTS In the same way we get
Tr (5?)
Tr (P7?) < ———~_.
(F7) = e 7
Thus we obtain
1 Tr (X2 4 S2)
VTIr (P2 +P2) < . (3.63)
Amin (V) H

Moreover, by the positive definiteness of X and S and Lemma A.3.3 it follows
that

Tr (X2 4 $2) gTr(X2+52+XS+Sx):Tr((X+S)2) < Tr (X +5)2.

(3.64)
Substituting (3.63) and (3.64) in (3.59) gives
QI < 5o [ 2 (X + 5
" Amin (V) 1% .
Since u = vu® = v(¢?, the lemma follows. O

3.44 Bounds for Tr (X + S) and A, (V). The choice of 7 and o
Let X be feasible for (SDP,) and (y, S) for (SDD,,), we need to find an upper
bound for Tr (X +5) and lower bound on the eigenvalues of V' as defined in
(3.12). We can rewrite 6 (V') in (3.17) as follows:
B = V- v
= ((V-v ) (v-v)
=Tr(V?-2I+V7?)

n

= (Al W=ty <V>2>

- nl ()\i V-5 %V))Q . (3.65)

Using this we may state the following result.

Lemma 3.4.11 (Cf. Lemma II.60 in [84]). Let § = § (V) be given by (3.65).
Then

<A (V) <p(9), (3.66)
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where

p(6) =6+ /1+62, (3.67)

Proof. The proof is exactly the same as the proof given in Lemma II.60 in [84].
We will repeat it here to make our presentation self contained. Since A; (V) is
positive for each i =1, ..., n, we know by (3.65) that

—260; (V) <1 =X (V)? <260 (V).
This implies that
N (V)2 =200 (V) =1<0< X (V)2 426\ (V) — 1.
Rewriting this as
M (V)=6)2=1-62<0< (N (V)+0)> —1— 62

we obtain
N (V) =6)? <1482 < (M (V) +0)°,

which implies

A (V) =8 <X (V) =8| S V1+382 <\ (V) +6.
Thus we arrive at

S+ V1I+2 <N (V) <5+VT1+62=p(6).

For the left-hand expression we write

1 1
-0+ V14462 = = .
§+V1i+o62  p(9)

This proves the theorem. O

Lemma 3.4.12. Let X and (y, S) be feasible for the perturbed problems (SDP,)
and (SDD,) respectively and (X°, y°, S°) as defined in (3.55). Then for any
(X*, y*, S*) € F*, we have
VTr (S°X + X°5) = Tr (SX) + 12 Tr (S°X©)
41— v) Tr (SOX* 4+ X0§%) — (1 — ) Tr (SX* + S*X).
Proof. Let
X =X -vX°—(1-v)X*,

v =y—vy’ —(1-v)y",
S =8—-vS"—(1-v)s*
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From (3.27), (3.28) and the definitions of the perturbed problems (SDP,) and
(SDD,), it is easily seen that (X', y’, S’) satisfies

Tr(AX')=0, i=1,...,m,
> yiAi+ 5 =0,
i=1
which implies Tr (X'S") = 0. i.e.,
Tr (X —vX°—(1-v)X*) (S—vS’—(1-v)S5%)) =0.

By expanding the last equality and using the fact that Tr (X*S*) = 0 we obtain
the desired result. O

Lemma 3.4.13. Let X and (y, S) be feasible for the perturbed problems (SDP,)
and (SDD,)) respectively and § (V) as defined in (3.65) and X° = S° = (I, where
¢ > 0 is a constant such that X* + S* < (I for some (X*, y*, S*) € F*. Then
we have

Tr (X + 5) < (p () + 1) nc, (3.68)
where p (0) as defined in (3.67).

Proof. Since X, S, X* and S* are positive semidefinite, Lemma A.3.3 implies that
Tr (SX*) and Tr (XS*) are nonnegative. Therefore Lemma 3.4.12 implies

Tr (S°X + X°S5) < w +vTr (S°X°) + (1 —v) Tr (S°X* + X°5%).
Since X0 = 8§ = (I and X* + S* < (I, we have
Tr (SOX* + X°5%) = (Tr (X" +5%) < Tr (1) =nc>.
Also Tr (X°S%) = n¢?. Hence we get

2
+n¢? = Lry(v ) b ne® = Tx (V2) 4 02,

Tr (5°X + X°9) < w

where the last equality follows because of v = 15 and p” = ¢*. Using Lemma
3.4.11 we obtain
Tr (S°X + X°8) < (p(6)" +1) n¢?
Since X = SY = (I we have
Tr (S°X + X°S) =(Tr (X + 5).
Hence it follows that
Tr (X +5) < (p(8)° +1) nc,

which proves the lemma. O
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By substituting (3.66) and (3.68) into (3.62) we get

1QIl < n0p () (1+p(6)%).

At this stage we choose

T=3 (3.69)

Since § < 7 = £ and p (0) is monotonically increasing in 8, we have

QI < nbp(d) (1 + p(5)2) < nfp (é) <1 +p (%)2> = 2.586 6.

(e

By using 6 = o] (see Lemma 3.4.7) we obtain the following upper bound

for the norm of Q:

Q| < 2.586n o
~2(vn+1)
In (3.53) we found that in order to have & (V/) < %, we should have ||Q|* +

(1Q]l + 25 (V))* < 1. Therefore, since (V) < 7 = 1, it suffices if Q satisfies

IQI° + (IRl +4)* < 1. So we have & (V/) < L if Q|| < 0.57097. Since

QI < %, the latter inequality is satisfied if we take
2 1
o (\/557;L ) (3.70)
because 1.14194 2
; =0.442 > —.
2.586 5

3.5 Complexity

As already showed for LO in Section 2.4 of Chapter 2, with 7 as defined in (3.69)
according to (3.37), we need at most

1
log, <1og2 z) = log, (log,64) <3

centering steps to get iterates that satisfy §(X,S;u*) < 7. So each iteration
consists of one feasibility step and at most 3 centering steps. In each iteration
both the duality gap and the norms of the residual vectors are reduced by the
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factor 1 — 6. Hence, using Tr (XOSO) = n(?, the total number of iterations is
bounded above by

L mas (. [ogl R}
0 €
Due to (3.52) and (3.70) we have

g — o 1

2(yn+1) 5n’

Hence the total number of inner iterations is bounded above by

rell}

max {n¢?, ||r}

)

20n log

€

Note that the order of this bound is the same as the bound in (1.29) for LO. We
may state without further proof our main result.

Theorem 3.5.1. If (SDP) and (SDD) have optimal solutions (X*, y*, S*) € F*
such that X* + S* < (I, then after at most

max {n¢?, ||r)]| . ||REH}
€

20n log

iterations the algorithm finds an e-solution of (SDP) and (SDD).

The above theorem gives a convergence result under the assumption (3.56).
One might ask what if this condition is not satisfied. From Lemma 3.4.10 under
conditions (3.55) and (3.56) we know that during the course of the algorithm the
matrix @ satisfies ||Q|| < 0.57097. So, if during the execution of the algorithm
Q| > 0.57097, then we may conclude that there exist no optimal solutions
(X*, y*, S*) with zero duality gap such that

X*+8* < (1.






Chapter

Full-Newton step primal-dual IPMs
for LO based on locally SCB
functions

4.1 Introduction

As discussed in Chapter 1 after the seminal work of Karmarkar [41], many re-
searchers have proposed and analyzed various IPMs for LO and a large amount
of results have been reported. IPMs are among the most effective methods for
solving wide classes of linear and nonlinear optimization problems. At present
there is still a gap between the practical behavior of the algorithms and the the-
oretical performance results, in favor of the practical behavior. This is especially
true for so-called large-update methods, which are the most efficient methods in
practice (see, e.g. Andersen et al. [5]). Until very recently, the theoretical iter-
ation bound for all large-update methods was O(nlog ), where n denotes the
number of inequalities in the problem, and e the desired accuracy in terms of the
objective value. The best known iteration bound has been derived for so-called
small-update IPMs and is given by O(y/nlog2); small-update IPMs, however,
are very inefficient in practice. This phenomenon is known as the gap between
theory and practice, also called the irony of IPMs [81, page 51]. Tt is summarized
in the following table:

Large-update methods | Small-update methods
Tteration bound O(n)log 2 O(y/n)log 2

Practical performance Highly efficient Very poor

79
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Recently some progress has been made by introducing a wide class of new barrier
functions that are defined by univariate functions, so-called kernel functions. As
a result the ‘gap factor’ was reduced from /n to logn. See [6-9, 74, 76]. The goal
of these papers was to investigate large-update methods, and to improve their
iteration bounds.

A surprising result in these works is that the iteration bounds for small-update
methods based on these barrier functions always turned out to be O(y/nlog %)
(see, e.g., [23]), which is the best known bound for IPMs for LO. It is the aim of
this chapter to explain this surprising phenomenon by using the powerful results
from the theory of self-concordant functions. The theory of self-concordant (SC)
functions was developed by Nesterov and Nemirovski [64] and is generally consid-
ered to be a milestone in the theory of IPMs for linear and convex optimization.
As we will see this theory does not directly apply to the new barrier functions,
since these functions are not SC. The main purpose of this chapter is to show that
the new barrier functions are ‘locally SC’ in a neighborhood of the central path.
As we show this observation explains why under very weak conditions on the
kernel function all small-update methods have the iteration bound O(y/nlog Z).

4.2 Self-concordancy

We start this section with a definition and some examples of self-concordant func-
tions.

4.2.1 Definition and examples

We start by considering the case where ¢ is a univariate function. We assume for
the moment that n = 1, and the domain D of ¢ : D — R is just an open interval
in R. One calls ¢ a k-SC function if x is a nonnegative number and

3
2

|0 (z)] < 2k (¢"(x))?, forall xeD. (4.1)

Note that this definition implies that ¢”(x) is nonnegative, whence ¢ is convex,
and that ¢ is three times continuously differentiable. Obviously, linear and convex
quadratic functions are 0-SC, because their third derivatives are zero. We proceed
by presenting a well-known example of SC function on R.

Example 4.2.1. Consider the function
f(z) = —logx, D=R;,.

Then
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Therefore,
@) 2/t
217 (@)% 2(1/2%)*"
This implies that f (x) is a 1-SC function. O

Now suppose that n > 1, so ¢ is a multivariate function. Then ¢ is called a
k-SC function if its restriction to an arbitrary line in its domain is k-SC. In other
words, ¢ is a k-SC if and only if ¢(t) = ¢(x + th) is k-SC for all x € D and for
all h € R™. The domain of ¢(t) is defined in the natural way: given x and h
it consists of all ¢t such that x 4+ th € D. For notational convenience and as in
[11, 15, 63, 64] we define:

¢'(t) = ()[]=<V¢() h),

¢" (t) = V¢ () [h, h] = (V¢ (2) h, h),

¢" (t) = V3¢ (2) [h, h, h] = (V26 (z) [hh, h).
By these notations we can give the following definition for SC-functions on R™.

Definition 4.2.2. We call a function k-SC' if the inequality
3
V3¢ () [h, h, h]| < 2k (V2 (2) [k, h])?, (4.2)
holds for any x € D and h € R™.
Example 4.2.3. Consider the function

= — Zn:logxi,
i=1

with 0 < x € R™. Then

-2 =2 -2
VB =d 3 5 s T g
f@ 1ag<x? 3 x%)
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where the second inequality comes from the well-known relation ||-||; < ||-||, applied

to vector £ € R™. Hence, taking &; := Z_, we get

V3£ (2) [, by B]| <2 (V2F () by )2,

proving that f is 1-SC. |

4.2.2 Newton step and proximity measure

We assume henceforth that ¢ is a k-SC function and D C R™. The Newton step
at x is defined by
Az = —H(z) g(a), (4.3)

where g(z) and H(x) denote the gradient and the Hessian of ¢ (z) at z, respec-
tively. So,
g(z) =Ve(z), H(z)=V?¢(z), VzxeD.

An important feature is that if ¢(z) is strictly convex then H(x) is positive definite
everywhere on its domain; * ¢(x) is certainly strictly convex if it is coercive and
its domain does not contain a (complete) straight line (see Theorem 4.3.7 in [63]).
In the sequel we always assume that ¢ is strictly convex. As a consequence, the

quantity
Az) = /AT H(2) Az = || Az ) = \/9(2)T H(z)Lg(z).

i.e., the length of the Newton step with respect to the norm induced by the
(local) Hessian matrix H(x), can be used as a measure for the ‘distance’ of z
to the minimizer of ¢(z) (if it exists). This quantity plays a crucial role in the
analysis of Newton’s method for minimizing ¢(x).

In the sequel we consider only barrier functions that have a minimizer, and
for which the minimal value of ¢ on its domain D equals 0. Moreover, we have
to deal only with points x that are close to the minimizer, in the sense that A\(x)
is small. For such a point the quadratic convergence of Newton’s method to the
minimizer is very nicely expressed by the following lemma.

Lemma 4.2.4 (Theorem 2.2.2 in [69]). If A(z) < % then x + Az is feasible.
Moreover,
Aw)
A Azx) < — ] .
a0 < (750 )
Corollary 4.2.5. If A(z) < 3= then x + Az is feasible and \(z+ Az) <
2
(A () VR

1This is not obvious! E.g., z* (z € R) is strictly convex, but its second derivative vanishes
at z = 0.
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One other result that we need estimates the value of ¢ at € D in terms of A(z).
It makes use of the univariate (nonnegative) function w(t) defined by

w(t)=t—log(l+1t), t>-1. (4.4)

We recall the following result.

Lemma 4.2.6 (Section 9.6.3 in [15]). Let ¢ be k-self-concordant on D, x € D
and A = Nz) < L. Then

b(z) < _KA(z) + lnﬁ(Ql — kA (7)) _ w(;f)\) (4.5)

Hence, since w(t) is monotonically decreasing if ¢ € (—1, 0], we obtain

_1
L o) < w(-7) _ 0.0376821 _ 1

1
A < — .
(z) = 4K K2 K2 — 26K2

(4.6)

4.2.3 Minimization of a linear function over a convex domain

We now consider the problem of minimizing a linear function over the closure D
of the domain D of a k-SC function ¢ : D — R. So D = int D, and the given
problem has the form

(P) min {c"z : z € D}.

We assume that H(x) = V2¢(z) is positive definite for every z € D. For u > 0

we define

CT{L'

ou(z) = 7 +¢(z), x2z€D

and we consider the problem (P,) defined by

(P.) inf {¢,(z) : = € D}.

We now have

gu(z) =V, (z) = ; + Voé(z) =

Hy(z) = V2¢u(z) = V2¢(x) = H(x)
Viou(z) = V2¢(x).

Note that the two higher derivatives do not depend on . It follows that ¢, (x)
is also k-SC. The minimizer of ¢, (x), if it exists, is denoted as x(p). When p
runs through all positive numbers then x(u) runs through the central path of
(P). When pu approaches 0 then z(u) converges to an optimal solution of (P).
Therefore, in IPMs the central path is used as a guideline to the set of optimal
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solutions of (P). This approach is likely to be feasible because since ¢, (z) is
self-concordant, its minimizer can be computed efficiently.

The Newton step at x € D with respect to ¢, (x) is given by
Az = —H(x) g, (x)

and the distance of = to the p-center x(u) is measured by the quantity

Au(z) = \/AxTH(x)Ax = \/gu(w)TH(x)flgu(x) = ||9u(x)||H(m)—1 ‘

A major question is what the effect is on A, (z) when p is reduced to ™ = (1—6) .
Let A = A\, (x) and pt = (1 — §)p. We then have

gu+(x) = F + Vo(z) = m
1

=1-3 <£ + Voé(z) — 9V¢>(x)> = Tlo (gu(x) — OV () .

+ Vo(x)

Hence, denoting H (x) shortly as H,
At (2) = 155 g (@) = 0V (@) -
< 25 (l9u@) g+ +0llg(@)] 1)
= 125 Q@) +0l9(@)] g
= 5 (@) +0A(@)) - (4.7)

Definition 4.2.7. Let v > 0. The self-concordant function ¢ is called a (k,v)-
self-concordant barrier (SCB) function if ¢ is k-SC and

Mz)? <v, VYzeD. (4.8)

An immediate consequence of (4.7) and this definition is the following lemma.

Lemma 4.2.8. If ¢ is a (k, v)-SCB then
Aule) + 0y

Aur(@) £ =25

For future use we recall the following result.

Lemma 4.2.9 (Theorem 2.2 in [25]). If ¢ is k-SC then ¢ is a (k, v)-SCB if and
only if

(Vo(z)[h)? < vV2¢(z)[h, h], Yz e D,VYheR" (4.9)
The algorithm used in this chapter can now be presented, see Figure 4.1 (see
[25]). For the purpose of this chapter the following convergence result is of utmost
importance. We include part of the proof, as given in [25].
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Primal-Dual IPM with Full-Newton step

Input:
Accuracy parameter € > 0;
proximity parameter 7 > 0;

update parameter 6, 0 < 6 < 1;

z=2"€Dand p=p® >0 such that A, (z) <7< L.
begin
while p (l/—|— W) >edo
begin
pi=(1—0)u;
x:=x+ Ax;
end
end

Figure 4.1: Full-Newton step algorithm.

Theorem 4.2.10. If 7 = 5~ and § = —9+3§Kﬁ,

Newton steps requires not more than

then the algorithm with full

{2 (14 45v7) In 2“:”}

iterations. The output is a point x € D such that 'z < cT'z* + €, where x*
denotes an optimal solution of (P).

Proof. At the start of the first iteration we have z € D and pu = u° such that
Au(z) < 7. When the barrier parameter is updated to p* = (1 — 0)u, Lemma
4.2.8 gives

)\M(xl) +09ﬁ <7 ;_ 9;/;. (4.10)

Then after the Newton step, the new iterate is +* = x+ Ax and, by Lemma 4.2.4,

)\m— (z) <

A () < (%) (411)
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The algorithm is well defined if we choose 7 and 6 such that A+ (z*) < 7. To get
the lowest iteration bound, we need at the same time to maximize 6. From (4.11)
we deduce that A+ (") < 7 certainly holds if

At ()

SV
L— R+ (2) —

SIS

Whlch 1S equl\/alellt tO
< \/F

According to (4.10) this will hold if Z7%¢¥ < —¥T——. This leads to the following

At ()

condition on 8:

1 — kT — /KT
Ny Y T ey

Since 7 = &, this upper bound for 6 gets the value 9+365n\/3 < 2+81/{\/D' This
justifies the choice of the value of 7 and 6 in the theorem. The rest of the proof
is not relevant for the purpose of this chapter, and is therefore omitted. We refer
the interested reader to the relevant references, e.g., [25]. (|

Note that the order of magnitude of the above iteration bound is dominated
by the quantity k+/v. Following [25], we call this number the complezity number
of ¢.

It follows easily from the above proof that after the p-update we have

At () < i. (4.12)

Since the Newton step decreases the proximity value, we may conclude that the
following holds.

Lemma 4.2.11. During the course of the algorithm, the iterates x always satisfy

1

Az) < i

The above analysis is based on the fact that the logarithmic barrier function
is SC in interior of R . After all it turns out that the iterates occur only in
a small part of interior of R}, namely in a narrow neighborhood of the central
path. Therefore it suffices to know the behavior of the barrier function in this
narrow neighborhood, instead of the whole interior of R’}. In the next subsection
we introduce the concept of locally self-concordance.
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4.2.4 Locally self-concordant barrier functions

Let D be an open convex subset of R" and ¢ : D — R three times continuously
differentiable.

Definition 4.2.12. The local k-value at x € D 1is defined by

3
2

K(z) = min{ﬁ L V3g(@)[h, by h] < 26 (V2(@)[h, B])?,  Vhe R"} (4.13)

and the local v-value by
v(z) == min {u L (Vo(2)[h])? < vV2e(2)[h, h], Vhe R"} . (4.14)

Clearly ¢ is SC if x(x) is bounded above by some (finite) constant on the
domain of ¢. Furthermore, ¢ is a barrier function if moreover v(z) is bounded
above by some (finite) constant on the domain.

We define the local complexity number at x as

Definition 4.2.13. Let S be a nonempty subset of D. Then we say that ¢ is
locally k-SC on S if

k(z) <k, VzesS. (4.15)

If ¢ is locally k-SC on S then we call ¢ a local (k,v)-barrier on S if moreover

viz) <v, VzeS. (4.16)

4.2.5 Composition rules

In Subsection 4.2.3 it has been made clear that we can find an e-solution of (P)
in polynomial time if we have a self-concordant barrier function for the interior of
the domain. But how do we recognize, or obtain such functions. For this purpose
we have some so-called composition rules.

First we recall that self-concordancy is preserved under scaling by a positive factor.
This follows from the following lemma.

Lemma 4.2.14. Let ¢ be k-SC v barrier (or shortly (k,v)-SCB) and \ € R,
A>0. Then \¢ is a (%,/\V)—SCB.

Self-concordancy is also preserved under addition.

Lemma 4.2.15. Let ¢; be (ki,v;)-SCB’s on D;, for i =1,2. Then ¢1 + ¢2 is a
(k,v)-SCB for D1 N Dy, where k = max{k1, ka} and v = vy + va.
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4.3 Linear optimization based on kernel functions

It is well known that every linear optimization problem can be solved efficiently
(i.e., in polynomial time) if we can find in polynomial time an optimal solution of
problems of the form

(SP) min{q’x : Mz > —q,2 > 0},

where the matrix M is skew-symmetric (i.e., M7 = —M) and the vector ¢ is
nonnegative (entry-wise) and nonzero. This can be achieved by embedding a
given linear optimization problem and its dual problem in a problem of the above
form. This embedding technique is due to [106] and described in detail in [84,
Part I]. The problem (SP) is trivial in the sense that it has a trivial optimal
solution, namely x = 0 which yields the objective value 0; this is optimal because
x>0 and ¢ > 0 imply ¢"x > 0 for every feasible solution. But this observation
is not sufficient for our goal, since we need a strictly complementary solution of
(SP). What this means requires some explanation.
We associate to any vector x € R its slack vector s(x) according to

s(x) = Mx +q.

In the sequel we simply denote s(x) as s. Observe that since M is skew-symmetric
we have zT Mz = 0 for every vector z € R", where n denotes the order of M.
Hence we have

Fr=(-Mz) z=5s"z+2" Mz = 5"z

Therefore, if z is feasible, then x is optimal if and only if s”2 = 0. Since = and
s are nonnegative this holds if and only if z;s; = 0 for each 7. This shows that
x is optimal if and only if the vectors z and s are complementary vectors. As
discussed in Section 1.2.1 in Chapter 1 we say that z is a strictly complementary
solution if moreover x; +s; > 0 for each 7. Summarizing these facts, we have that
x is feasible if z > 0 and s > 0. A feasible = is optimal if xs = 0, and z is a
strictly complementary solution if moreover = + s > 0.

4.3.1 The central path of (SP)

In this subsection we study the central path of the problem (SP). We already
introduced central path in Section 4.2.3 as the set of minimizers of a barrier
function.

Using the vector s = s(x), the problem (SP) can be written as
min{qTx:s—Mx:q,sz,SEO}.

So the feasible region is the intersection of the affine space {(z,s) : s — Mz = ¢}
with the cone {(m, s) : x€RY, s€ R’j_} = R’ xR". Example 4.2.3 and Lemma
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4.2.15 imply that
—Zloga:i — Zlogsi
i=1 i=1

is a SC function on the interior of the cone R’} x R'. According to Subsection
4.2.3 the function

T n n
Srp(z, s, p) = %—Zlogwi—Zbgsi (4.17)
i=1 i=1

is a SC barrier function for (SP). This is the so-called logarithmic barrier function.
The p-center of (SP) is obtained by minimizing this function subject to the affine
constraint s — Mx = ¢q. The p-center is (uniquely!) determined by the equations
(84]

s=Mzx+q, z2>0,5>0,
(4.18)

TS = pe.

Clearly, any solution (x,s) of (4.18) will satisfy > 0 and s > 0. So a solution
exists only if (SP) satisfies the IPC, i.e., if the affine space {(z,s) : s — Mz = ¢}
has nonempty intersection with the interior of the cone R’} x R . Surprisingly
enough, if the IPC is satisfied then a solution of (4.18) exists, for each p > 0, and
this solution is unique since the logarithmic barrier function is strictly convex.
We denote it as z(u) and call z(u) the p-center of (SP); s(u) is the correspond-
ing slack vector. The set of p-centers (with p running through all positive real
numbers) gives a homotopy path, which is called the central path of (SP).2 If
it — 0 then the limit of the central path exists and since the limit point satis-
fies the complementarity condition, the limit yields an optimal solution for (SP).
Moreover, this solution can be shown to be strictly complementary.

Without loss of generality we may assume that (SP) satisfies the IPC. In fact we
may, and will assume that « = e is feasible for (SP) and s(z) = e. So, we can
start the algorithm with z = e, s = e and p = 1. For this and other properties
mentioned above we refer to [84].

In this section we discussed the logarithmic barrier function for (SP). As dis-
cussed in Section 4.1, small-update methods theoretically have the best iteration
bound, whereas large-update methods are in practice much more efficient than
small-update methods. As we mentioned in Section 4.1 the iteration bound for
large-update methods was recently improved by using a class of barrier functions.
We continue this chapter by introducing this class of barrier functions.

2Note that the word ‘central path’ here has precisely the same meaning as in Section 4.2.
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4.3.2 Kernel-function-based barrier functions
Kernel function of the logarithmic barrier function

For any = that is strictly feasible for (SP) we have x > 0 and also s(z) > 0. We
define the vector v as in (1.7):

TS

V= o s=s(x). (4.19)

Note that if x is the p-center xz(u) then v = e and vice versa. The logarithmic
barrier function, given by (4.17) can be nicely expressed in terms of v, by using
that ¢7o = sTx—uZ

111

‘ >-Q

Srp(z,s, 1) = Zlogwlsl

n

v — Z log ;w

=1

I
M3 =

s
Il
-

|

Il
-

(v. -1 —logvf) +n—nlogpu

K3

= 2wa<vi) +n —nlogp, (4.20)
i=1

where ¢ p denotes the univariate function defined by
1
Yrp(t) = 3 (t*—1) —logt, t>0. (4.21)

Note that the above term n —nlog i disappears when taking (partial) derivatives
to z and s. So, when p is fixed, which is the case when we apply Newton’s method
in the algorithm of Figure 4.1, this term is not relevant. We call the univariate
function g the kernel function of the logarithmic barrier function. It is clear
from (4.20) that the logarithmic barrier function is based on the kernel function
Y. As mentioned in Section 4.1 this idea has recently been used to define a new
class of barrier functions based on other kernel functions. In the next subsection
we will discuss this phenomenon in more detail.

Barrier functions based on other kernel functions

In the kernel-function-based approach we let ¥ (¢) be any univariate function 1 :
(0,00) — [0, 00) that has the following properties in common with 1 p: ¥ (t) must
be strictly convex, minimal at ¢ = 1, and (1) = 0. Any such function is called a
kernel function, and gives rise to a barrier function ¢, (z, s) in the following way:

n

Gu(x,s) =20() =2 ¢(v;), >0,5>0. (4.22)

i=1
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So the domain of ¢ is the interior of R x R’. It is called the barrier function
based on the kernel function v (t). Note that if x = x(u) then v = e, and hence
¥(v;) = (1) = 0, which implies ¢, (z,s) = 0. Since ¢, (x,s) > 0 for every pair
(x, s) of positive vectors x and s, we see that ¢, is minimal if and only if x = z(u)
and s = s(p).

Let us write ¢ (t) as follows:

P(t) = % (t* = 1) + ¢ (t). (4.23)

We call 1 (t) the barrier term of (¢). Recall that if x is strictly feasible for (SP)
and s = s(z), then g7z = 2Ts = p Y"1 | v?. Hence if s = s (z) with z feasible for
(SP), then we have

n n T{I? n
Sl s) =23 W (v) =3 (07 — 1+ 24y (v7)) = qT > 24 (vr).

i=1 i=1 i=1
We denote this function as ®,(z, s). So,

Ty

O, (z, 5) = QT > 20 (v). (4.24)

Obviously, ®,(z, s) and ¢,(x,s) coincide if z is strictly feasible for (SP) and
s = s(zx), but otherwise their values may differ. The reason why we use ®,(z, s)
instead of ¢, (x, s) is because the barrier function ®,(z, s) is strictly convex on
the interior of R} x R, as is shown in the next section, whereas one easily may
verify that ¢, (x, s) is in general not convex on the interior of R’ x R’_ﬁ.?’

For proving that the barrier function ®,(z, s) is convex and self-concordant, we

require that the barrier term of the kernel function 1 (t) satisfies the following
three conditions:

Py (t) <0 t>0, (4.25)
p(t) >0,  t>0, (4.26)
wy'(t) <0 t>0. (4.27)

Since the barrier term of v p(t) is —logt, one easily understands that these
conditions are satisfied by ¥, pg(t).

4.3.3 Convexity of ®,, (x, s)

In this subsection we show that under conditions (4.25) and (4.26) the barrier
function ®,, (x, s) is strictly convex on interior R’} x R’. Since the sum of

3
3If n=1 the.determin.ant of V2¢,(x, s). is equal to —4;252 (v + Y () (1+ 11),')'('0)), as one
may verify. Obviously this not always positive, even not if ¥(¢) is the kernel function of the
logarithmic barrier function. This implies that ¢, (z,s) is not convex on interior of R} x RY.
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convex function is convex, it suffices to show that each term of the barrier function
®, (x, s) is convex. Since g7z is linear, it is convex. Hence it suffices if v, (v;) is
convex, for each 4. Since ¥y, (v;) depends only on z; and s;, it is enough if ¢, (v;)
is convex in z; and s;. To simplify notation we drop the subscript i. Then it
remains to show that

flx,s) =2y (v), where v= %, (4.28)

is convex in x and s, where the variables x and s are positive scalars. One has

ov s v ov v

or  2mv 2z’ Os  2s

Using this it follows that

0 0
0 gt 20y, (4.29)
and
82 ) 1 " /
TIES) ) )~ uf0) o = 5o (h 00— Uh0)).
82 ) 1 /
TIB) o iy — vho) (4.30)
82f($,8) o _ v " /
“onds b (v )2% AT )2% = %( b (V)0 + (V) .
Hence the Hessian matrix is given by
v " / v " /
V2, 5) = 2—£2( b (V)v — ¥ (v)) 2_:55( b (V)V + 1y (v)) . (431)

S (W) + i) 5 (W ()0 — Y (0))
The conditions (4.25) and (4.26) imply that the diagonal elements are positive.
The determinant is given by

U2

42252

(600 — 4(0))* — (W00 + 6h(0)?) = s ) (o)

x252
which by the same reason is also positive. Thus we have shown that the Hessian
matrix is positive definite, which implies that the barrier function ®, (z, s) is
strictly convex. Therefore, we can state the following lemma without further
proof.

Lemma 4.3.1. If¢(t) satisfies the conditions (4.25) and (4.26) then ®,(x, s) is
strictly conver.
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We now have to deal with the crucial question whether or not ®,(z, s) is self-
concordant and if so, if it is a v-barrier for some appropriate value of v. Because
then we can use it in our generic algorithm, to solve (SP) in polynomial time.
The disappointing answer to this question is ‘no’, with the logarithmic barrier
function being the only (positive) exception. But this is not the end of our story.
As we show in the next section, when applying our generic algorithm with one
of the new barrier functions, then in the region where the iterates live, which
is a rather small neighborhood of the central path, the new barrier functions are
locally self-concordant. In the next two subsections we compute the local values of
 and v for the kernel-function-based barrier function ®,(z, s) as given by (4.24).
Because of the composition rules in Lemma 4.2.15 we may start by considering
the case where n = 1, and then apply these rules to obtain results for higher
dimensions.

4.3.4 Computationof v (x, s)

In this subsection we compute the local value v (z, s). We start with considering
the function f(z,s) given by (4.28). We can easily compute the value of v(z, s),
since we already computed the first and second derivatives of f(z, s). From (4.29)
we deduce that the gradient is given by

AQ)
Up(v)

Vf(x,s)=

wle 8
|

1
— i | T | (4.32)
5

and the Hessian by (4.31). According to (4.14) in Definition 4.2.12 the value of
v(z, s) is given by
(Vf(x,5)Th)*
V(. 8) = M LT sy
where h = (hq, he) and hi, he € R. Using the expressions (4.32) and (4.31) it
follows that

Vi(x,s)'h =), (v <% + @>

S

and

1 h?  hZ hih

AT (o = o 5000 = 5 0) (1 + 22 ) 0 0+ v o) P2
1 (, i he\® hi  ho\’
- 511( pow (2 +22) o (2-2) )
Denoting
gl (4.33)
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we thus obtain

v(z,s) = max (Yh(v)v (o + 7)? .
" Lo () (0 + 1) = P (o) (0 7))

Changing to new variables y =0 + 7 and z = 0 — 7 we get

- 20 (1) 20y
V(2 8) = WA ey — g ()22

Since 9} (v) < 0 the maximum occurs for z = 0. Therefore, we immediately obtain
that

243, (v)°

b(v)

Thus we have found the local value v(x, s) if n = 1. Now using Lemma 4.2.15 we
can state the next lemma without further proof.

v(z,s) =

Lemma 4.3.2. The local value v (x, s) is given by

n

vir,s) = 1%7(1)1)2
( ’ ) ;2,(%/(%)

4.3.5 Computation of x (x, s)

In this subsection we compute the local value k(z,s). For this we first need to
find the third order derivatives of f(x,s). Straightforward computations yield the
following expressions:

63 9 / " "
TI3) _ U [3u(0) — 300 () + 02 (0)],
63 9 / " m
D) O b ) + o ) + o (o)
an(:E, 5) v / " 2. .1
02025 Ars? [—p(v) + vy (v) + 0?0y (v)],
63 9 / 1 n
TI@3) _ U Tauhw) — 300 (o) + 004/ ()]

It will be convenient to use the following short hand notation:

&(t) = vy (t) — @ t>0. (4.34)
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Then we may write these derivatives as follows.

% _ 4L [—3v26(v) + v*4y (v)]
6;{53388) _ 433125 [0%6(0) + vPf (v)],
621;(;2’;) _ 43:152 [0%6(0) + V20 (v)],
% _ 413 [—30%€,(v) + v} (v)] .

Therefore, using the variables o and 7 introduced in (4.33), we may write
AV f(x, 8)[h, b, h) = [=30%6(v) + 0%y (v)] (0% +7°)
3 [v &(v) + 03 (v )] (O’ T—|—U7‘2)
= [—31}2&,( )+ vy (v } (0 —oT+T ) (c+71)
3 [vsz( ) + v (v )} ot (0 +7)
= [ 3y (v) (0 —oT+T ) + 303y} (v)o } (c+71)
[ 3v2&,(v) (O’ —oT+T ) + 31}2&,(0)07] (c+71)

= [’ @) 0?0+ 1) = 3&(0)v(e =) v (o +7).

Hence, according to (4.13) in Definition 4.2.12 the value of x(x, s) satisfies
L @) ? 0+ 1) =360)v(e 1) v(o+7)
2k(z, s) = max .

o (%v [ Y (v)v (o + )% - Py (v) (0 — 7')2} )%
Changing again to variables y = 0 + 7 and z = 0 — 7 we get

2k(x, s) = max % [ b () vy = 36(v) UZQ]S’Uy.
Y7 (g [y (v)oy? — Yy (v)22])?

The last expression is homogeneous in (y, z) and the denominator is positive. It
follows that

8k(z,s) = max {1y’ (v) v’y® — 3& (V) vV*yz? + Yy (v) v7y? — ¥ (v) vz =2} .
(4.35)
The optimality conditions for this problem are, for some suitable Lagrange mul-

tiplier ~,

3y (v)vPy? = 3&(v)v32? = 2y (v) vy,
—6&(v) vPyz = =279, (v) vz
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Replacing « by 3, this simplifies to

b (W) vy® = &(v) 2% = 2297 () w, (4.36)
&) vyz = Ay (v) 2. (4.37)

From (4.37) we see that either z =0 or
&(v) vy = Ay (v), (4.38)

If 2 = 0 then the constraint in (4.35) implies that ¥} (v)v?y? = 2. Since we are
maximizing, and ;' (v) > 0 and ¢}’ (v) < 0, the maximal value of 8«(z, s) is in
this case given by
"
VA H0N (4.39)
(vy (v))?

Next we deal with the case where z # 0. It is convenient to introduce two new
functions, namely

RAOLA0
AOIACK

Note that p(t) € (0,2]. We can eliminate A from (4.36) by using (4.38), which
gives

p(t) p(t) = min [2, p(t)] . (4.40)

Uy (v) [V (v) vy = &(v) 2°] = 20, (v) ¥} (v) y = 2& (V) (v) vy®.

Rearranging the terms, and using (4.40) we obtain

— 0y (0)&(v) 2% = [2&(V)¥} (v) = ¥y (V)Y (v)] vy® = [2 = p(v)] & (v)Vy () vy?,
yielding
—tp (v) 2% = (2 = p(v)) ¥y (v) vy, (4.41)

Since — (v) > 0 and ¥} (v) > 0, this equation has no nonzero solution if p(v) >
2, and hence the maximal value is then given by (4.39).

We proceed by assuming p(v) < 2. The optimality condition (4.41) together
with the constraint of (4.35) yields the following system:

[2 = p(v)] ¥ (v) *y* + 3 (V)v2* = 0,
b (0)v*y? = (v) v2® = 2.

We may consider this as a linear system in the unknowns v?y? and vz2. By solving
this system we obtain

vy = 2 v = 2[p(v) — 2]
3= p()] 4} (v)
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Substitution of these values yields:

8k(x,s) = oy (v)v3y® — 3&(v) v?yz?
= vy (¥ (v) v°y? = 3&(v) v2?)

= e 2 _ v 2 [p(’U) — 2]

- y<l’(>m—pwn T e T gv)
w2 6 20w~ 2]

y( T B-pw)] U0 B p(ﬂ)

Now using the definition of p(v), we obtain

W@ 2 ) 20 -2
Bn(a, ) y( o) B 0] 3pw>gu»[3—mm])

W) el
- yB—pwnwgw><2 6 2wy P ﬂ)
W) 2p(0) —6[p(v) 2]

4y (v)
Yooy (v)°

Since we are maximizing, and ¢;” (v) < 0, we have y < 0. Thus we obtain
¢///( ) _4\/5 ¢///( )
P8 ()~ \B= p)/af () p0)E] (v)
_4\/— w/// (U)
0)V/3 = p(v) gy (v)F

Note that for p(v) = 2 this gives precisely the same value as in (4.39).

8k(x,s) = vy

97

Hence,

also using Lemma 4.2.15 we may state without further proof the following result.

Lemma 4.3.3. The local value k(x,s) is given by

_1 ///( )
k(z,s) = max % .

i p(vi)\/3 — p(vi)

4.3.6 Application to barrier functions

In this subsection we use Lemmas 4.3.2 and 4.3.3 to compute the local values of
x and v for some barrier functions induced by some well-known kernel functions.
See Table 4.1. The second line in Table 4.1 establishes the well-known fact that
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Pp(t) Yo (t) |[¥p(B)wy (1] ¥ () || &) |p@)||  w(z,s) v(z,s) |y (@(n), s(w)
21 1 1 2 2
5— — logt —logt| —¢ =z -3 = 1 1 2n V2n
1 1)2 t—21 1 3 12 4 2 2 —2 2
3 (t—1) 3 —m| a | —E | ||| Flvlle |31y zV2n
s S A Bt U | R e 1 q a(g+1) || _g+1 q+1 % 2 1—q atl . /on
T || || T | | e |[rerr | L ([Bvellvile” (G 5oy, g Van

Table 4.1: Local values of k and v for some well-known kernel functions.

the logarithmic barrier function is a (1,2n)-SCB on the cone R’} x R’l. One may
easily understand that the logarithmic barrier function is also a (1,2n)-SCB for
the feasible region of (SP), which is the intersection of this cone with the affine
space {(z,8) : s = Mz + q}. Hence, by Theorem 4.2.10, the generic algorithm
of Figure 4.1 will solve (SP) in at most

[2 (1+4\/%) ln%—‘ :O(\/ﬁln%)

iterations.

For the other two kernel functions the situation is quite different. Their values
of k are not bounded above if v runs through R"™. Hence the corresponding barrier
functions are not self-concordant. Note, however, that if v is the all-one vector,
ie., if x = z(u) and s = Mz + ¢, then, e.g., for the third kernel function the local
complexity number is given by

1 2 1 1
so4att o jen_atrl oso a4t o5
2\/q q 2q 2q

So for ¢ > 1 the local complexity number « (x(u), s()) of this barrier function
on the central path is even smaller than that for the logarithmic barrier function.

Since x and v depend continuously on v, and since during the algorithm the
iterates stay very close to the central path, we can exploit this fact as we show in
the next section.

4.4 Exploiting locally self-concordance

In the previous sections we found expressions for the local k and v values of the
barrier function determined by a given kernel function ¢ under the assumption
that the conditions (4.25)—(4.27) are satisfied. Let us point out the surprising fact
that these values depend only on the variance vector v at x. In this section we
want to show that such a barrier function is locally self-concordant in the region
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where the iterates of the algorithm occur. In other words, we need to obtain
upper bounds for the local x and v values in these iterates.

First we recall from Lemma 4.2.11 that during the course of the algorithm we
have

1
Au(z,s) < s (4.42)
According to (4.6) and (4.22) this implies

n w-1) 00376821 1
bu(z,s) = 2;¢(”¢) ST2 T T 2 S

(4.43)

where we used that w(t) is monotonically decreasing on (—1, 0] as defined in (4.4).
Since 9 (t) is nonnegative for all ¢ > 0 it follows that

¥(v;) i=1,...,n (4.44)

< -
= 52K2’
Let us define

vy (t) = 721%(75)2 Ky (t) = 1 —U (t)
N NF N ORTInE

By Lemmas 4.3.2 and 4.3.3 the local values of x and v at the pair (z,s) are then
given by

k(z,s) = maxky(v;), v(z,s)= Z vy (v5) -
! i1
We need to find values of x and v such that
k(x,8) <k, wv(z,s)<v (4.45)

for all iterates z and s that occur during the course of the algorithm. This
certainly holds if x and v are such that

n

= 1
Ou(z,8) = 22¢(Ui) < %2 = m?xnw(vi) <K, ZVw(Ui) <.
i=1 i=1

The left-hand side of this implication implies

1
52k2’

i=1,...,n.

P(vi) <

Therefore, it suffices if k and v are such that

¢(t)g52lﬁ2 S ket <k, mv(t) <. (4.46)
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According to Lemma 2.3.8 we have

1 1 1
< ) <t< -
< 5m & X (5%2) stze (5252) ’

where the functions x and g are as in Chapter 2. So, g : [0,00) — [1,00) is the
inverse function of ¢(¢t) for t > 1 and x : [0,00) — (0, 1] the inverse function of
Y(t) for t < 1.

If we choose x such that

(t) : L <t< L <
e et s X2 ) ==\ ha2 ) [ =5

then the barrier function is locally x-self concordant in each of the iterates of the
algorithm. The above inequality certainly has a solution, because if k¥ goes to
infinity then the left-hand side in the last inequality approaches (1), which is
finite, whereas the right-hand side goes to infinity. Let & be not smaller than the
smallest solution of the above inequality:

om0 (o) <020 (o) Voo,

Finally, given &, if we take ¥ such that

om0 (o) < r2e (o))

then the barrier function ®,(z, s) is locally (%, 7)-self concordant barrier function
in the region where the iterates generated by the algorithm occur. Substitution
of these values, also using that u° = 1, yields the following iteration bound for
the algorithm:

{2 (1 + 4rm/5) In 2—5} .

Note that apart from the factor n in the expression for v this expression depends
only on the kernel function . Thus we may safely state that for every kernel
function satisfying our conditions the iteration bound is

O(\/ﬁlog%).

We conclude this section by illustrating the use of the above analysis for the
kernel functions in Table 4.1.

Example: ) (t) = t22_1 — log t

We deduce from Table 4.1 that k(z,s) = 1 and v(x,s) = 2n. Therefore, we may
use simply K = 1 and ¥ = 2n in this case, which yields the well-known iteration
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bound for IPMs based on the logarithmic barrier function, namely

[2 (1+4v20) In 2?”} .

2
Example: +(t) = 1 (t — %)

We need to compute the inverse functions of ¥(t) for ¢ > 1 and for ¢ < 1. One

has )
_1(, 1
T3 t

2 =1+s+ 52+ 2s.

if and only if

Hence we have

= \/1+s—\/32—|—2s,
= \/1+s+\/32—|—2s.

Moreover, from Table 4.1 we deduce that

I/w(t) = @, Kw(t) = \2/—%

Hence, by (4.47), & should be taken such that
wo (1) - L
o B2z ) == 2 (B2
: 1 <t< L
min ax F X\ 522 ) == 0 Bok2 "
The inequality f (k) :=

1
< .
: (w) <}
4.2). Hence we may take

| \/

=
E

0 (552) — K < 0 is satisfied if £ = 1.24892 (see Figure
= 1.24892. Then

e {010 (1) <02 (15
{— () <t=o(a)}

2n ( 1 )2<n2
:72:— ) _—/{7
3x (e ) 3 92K 2

2
V3
R
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(k)

15-

051

-0.5-

Figure 4.2: Graphical illustration of the function f (k)

where we used that x(s)o(s) = 1. The complexity number satisfies
RV < Ry SR = 177 Va0 ~ 0779901 V2.

Note that this is about 22% smaller than the complexity number of the logarithmic
barrier function, which is v/2n.

t2 —1 ti—1 -1
Example: ¢ (t) = + ,q>3
2 q—1
To obtain the inverse functions of 1(t) for ¢ > 1 and for t < 1 we need to solve ¢
from the equation

t?—1 tlm1-1

2 + g—1 "~
For general values of ¢ > 1 it is hard to find a closed form solution of this equation.
At this stage the following lemmas are useful.

S =

Lemma 4.4.1 (cf. Lemma 6.1 in [8]). For each kernel function (t) satisfying
(4.25) one has

\/1+28§Q(s)§\/1+8+\/52+25§1+\/%.

Proof. The inverse function o (s) of t(t) for ¢t € [1,00) is obtained by solving ¢
from the equation ¢(t) = s, for ¢ > 1. Since ¥3(1) = 0, and ¢;(t) < 0 for all
t > 0, we have ¢(t) <0 for t > 1. Hence, if ¢ > 1 then

2 -1 2 —1

s=y(t) = —5— + () < ——
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It follows that

t=o0(s) >V1+2s.

For the second inequality we use that ¢ (t) = 1+ ¢¢t=97! > 1. Since (1) =
¥'(1) = 0 it follows that

- [ [ (s ) e

b e

R e S
which, since t > 1, implies

t=o0(s \/1+S+\/82+28

Since the last inequality in the lemma easily follows, this proves the lemma. O

Lemma 4.4.2. If ¢ > 3 and t € (0,1] then

Y(t) =9 (%) :
Proof. Consider
sy = v - 1)
One has
1 1 1 1

l _ = - q—3 _ 2
f(t)_t3+t ta tq72 ta (t 1) (1+t )
Since f(1) =0 and f'(t) < 0 for ¢t € (0,1], the lemma follows. O
Lemma 4.4.3. If ¢ > 3 then

x(s)e(s) = 1.

Proof. Let t = x(s), for some s > 0. Then s = ¢(t) and ¢t < 1. By Lemma 4.4.2
this implies s > ¥ (%) Since p is monotonically increasing it follows that
1 1 1
> — = - = —
0224 (7)) =1 =5
proving the lemma. O
From Table 4.1 we deduce that
2 (¢ + 1)t'T
t) i = —— t) i = ~— 2
nult) 1= s melt) =
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Hence, by (4.47), % should be taken such that

qg—1
1o
k> min< k : max M:X 1 <t<op ! <k
2,/q 52k2 52k2
g—1
=min<{ K : q+1 ! T</<a
- “ayg C\m2e2) =T

By Lemma 4.4.1, the inequality

qg+1 1\
277 ° (5252) = (4.49)

is satisfied if

q+1 < 1 )
— 14+ —= < K.
2\/q K26 B

This is equivalent to
q—1

1 I 2
()7,
/26 g+1

which gives, by taking logarithms at both sides,

qg—1 2./q
S < .
5 log <1 + H\/—) log( 1 n)

Since log(1 + z) < z, this certainly holds if

q—1 2./q
— < .
2 \/_ Og( +1”>
Putting
Lo 4t (1+0)
2./q

this leads to the inequality
q—1 1
2 g+l
NG (14+0)v26

<log(l+o0),

which gives

| Ve
—_— = 14+o)log(l1+0o
P o <(1+o)log(1+o0).
Since (1 + o0)log (1 + o) > o this inequality is satisfied if
-1
o=1"" V4
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and hence

q+1< q—lx/ﬁ>
K = 14
2,/7 q+1/26

satisfies the inequality (4.49). Let K be given this value. Then, using Lemma
4.4.3, we may write

2 1 1

on 2n 1\ 20 4¢ sn
—0 — K K™
52k2

\N|

ax (5252)

q_l - q
Hence, the complexity number satisfies

2i21m: 2 (q+1<1+q—1 \/cj)>2m

RVUV =

q g+1\2/q q+1+/26
2
g+1 qg—1 \/6_1) —
2q ( qg+1./26

The smallest value is obtained for ¢ ~ 2.13136, and then the coefficient of v/2n
equals 0.89443. For g = 3 the coefficient of v/2n equals 0.912353, and this coeffi-
cient becomes 1 for g =~ 5.






Chapter

Conclusions

5.1 Conclusions and remarks

In [82], a new primal-dual infeasible interior-point algorithm was presented that
uses full-Newton steps. Each iteration of his algorithm consists of a step that
restores the feasibility for an intermediate problem (the so-called feasibility step)
and few (usual) centering steps. He proved that no more than O (nlog 2) itera-
tions are required for getting an e-solution of the problem at hand, which coincides
with the best-known bound for infeasible interior-point algorithms.

In Chapter 2, a slightly different infeasible primal-dual interior-point algorithm is
presented for linear optimization problems. This algorithm is obtained by chang-
ing the definition of the search directions in the feasibility step in the algorithm
[82]. We show that the same complexity result can be obtained with a relatively
simpler analysis.

The results of the Chapter 2 for LO can be extended to other conic optimization
problem classes like second order cone and semidefinite optimization. We show
this in Chapter 3, where we deal with semidefinite optimization and show that
the iteration bound of the algorithm has the same order as in [55, 82].

It looks that similar results hold for the case of second order cone optimization
(SOCO), but this is not considered in this thesis.

Chapter 4 was inspired by recent work on so-called kernel function based barrier
function for linear optimization [6-9, 74, 76]. These barrier functions have been
used to improve the iteration bound for large-update IPMs from O (n log %) to
(0] (\/ﬁ (logn)log %) It was observed that the iteration bounds for small-update
methods based on these barrier functions were always O (y/nlog 2). In this chap-
ter we explained this phenomenon. This is achieved by using the powerful tools for
analyzing Newton’s method provided by the theory of self-concordant functions.

107
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It is shown that barrier functions based on kernel functions are self-concordant
in the region where the iterates of a full-Newton step algorithm occur. We called
these functions locally self-concordant because they are not self-concordant on the
whole domain of the problem under consideration. A surprising result is that the
complexity number for the kernel functions analyzed in this chapter are smaller
than the complexity number for logarithmic barrier method. This is quite surpris-
ing, because it gives evidence to the claim that the classical logarithmic barrier
function may not always be the best barrier function to use, at least not from a
theoretical point of view.

5.2 Further research

We mention some interesting research topics related to the work presented in this
thesis.

e Let us recall from Chapter 2 that based on extensive computational evi-
dence, we conjecture that if ¢ is large enough, then % (¢) = 1. How can we
prove that this conjecture is true or not?

e By modifying the algorithm in Chapter 2, how we can design a large-update
ITPM for LO problems?

e How can we extend the algorithms in Chapter 2 and 3 to other symmetric
optimization problems?

e It is possible to design primal (or dual) ITPMs using full-Newton steps for
LO? If the result is positive, how we can extend these results to SDO and
SOCO problems?

e Can we design primal-dual ITPMs for SDO based on scaling techniques other
than the Nesterov-Todd scaling?

e Is it possible to extend the algorithm in Chapter 2 to more general nonlinear
optimization problems?

e How can we generalize the results of Chapter 4 to other (symmetric) cone
optimization problems, like SOCO and SDO?

e Can we use the approach presented in Chapter 4 to obtain the improved
bounds as mentioned in this chapter for large-update methods?



Appendix

Some concepts in linear algebra

In this appendix we recall some concepts in linear algebra that are used in this
thesis. The sources of this appendix are [18, 32, 34, 35, 53, 89].

A.1 Vectors

A vector z is always a column vector, denoted as © = (x1; ...; z,) € R™. Cor-
responding to each vector x, there exists a row vector called the transpose of the
vector x denoted by 27 = (x1, ..., zy).

Definition A.1.1 (Norm). A norm ||-|| on a vector space L over R is a real-
valued function with the following properties:

(1) |lex|| = || |||  forall a€eR,zeL,
(2) lz+yll < llzll + 1yl foral =z, yeL,
(3) ||lz|]| >0 for all nonzero x € L and ||0|| = 0.

Definition A.1.2 (Inner product). Let L be a vector space over R. An inner
product on L is a real-valued function (-, -) defined on L x L with the following
properties:

(1) {x+y, z) = {(z, 2)+{y, z) and {azx, y) = a(z, y) for alla e R and x, y, z €
L

)

(2) (x,y) =y, x) for all x, y € L,

(3) (x, x) >0 for all x € L and (x, z) = 0 implies that v = 0.

109
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If (-, ) is an inner product on £ then ||-|, defined by ||z = (z, z)%, is a norm on
L.

A very useful relation between the norm and the inner product is the Cauchy-
Schwartz inequality,

[z, )| < =[] ly]l- (A1)
For all z, y € R™,
(@, y) =y = Zyixi (A.2)
i=1

defines the standard inner product on R™. This inner product induces the well-
known Euclidean norm on R"™:

1
]| = (z, z)=.
Definition A.1.3. Two vectors x, y € R™ are orthogonal if (z, y) = 0. A vector
x is called normal or unitary if ||z|| = 1.

We denote by Ry the set of nonnegative real numbers and by R the set
of positive real numbers. In R"™ there exists a standard partial ordering. Take
x € R™ and y € R"™, then this partial ordering is defined by

r<y <+ y—-xzecR}.
By e; we denote the i-th standard basis element of R, that is,
e;=(0;...;0; 1,05 ...; 0),

where 1 is in the i-th position. By e € R™ we denote the all one vector of length
n, that is,
e=(1;1; ...51).

A.2 Matrices

We usually denote matrices by capital letters. Let A be an m x n matrix. Then
AT the transpose of A, is the matrix obtained by interchanging the rows and
columns of the matrix A.

A symmetric matrix is a matrix that equals its own transpose, i.e. AT = A.

Definition A.2.1. If
Az = Az,

where A € R™ ™ x € R"™ and \ is a number, then the number A and vector x are
called an eigenvalue and an eigenvector of the matriz A, respectively.
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Definition A.2.2. A matriz A is called nonsingular or invertible if and only if
there exists a matriz B such that

AB =1,

where I is the identity matriz. The matriz B is called the inverse matriz of A
and denoted by A™1.

Definition A.2.3. Two n X n matrices A and B are similar, if there exists a
non-singular n X n matriz P such that

B=Pr AP

The trace of a square n x n matrix A is defined to be the sum of the elements
on the main diagonal (diagonal from the upper left to the lower right) of A4, i.e.

Tr (A) = > Ay, (A.3)

where A;; represents the (i, j)-entry of A.

The trace is clearly a linear operator and has the following properties.
Theorem A.2.4. Let A, B € R"*™. Then the following holds:

(i) Tr (A) =37, X (A), where \; (A) is the i-th eigenvalue of matriz A;

(ii) Tr () = Tr (AT);

(ii) Tr (AB) = Tr (BA).

(iv) If A and B are similar. Then, Tr (A) = Tr (B).

Let R™*™ be the space of all square n X n matrices with real entries and let
S":={XeR"": X" =X}

be the space of symmetric matrices. A matrix X € S™ is positive definite, denoted
by X = 0, if for all nonzero z € R™ we have 27 Xz > 0, and positive semidefinite
if for all z, 27Xz > 0. We use the notations S% and S| to denote the sets of
positive semidefinite and positive definite matrices, respectively, i.e.,

ST ={XeS": X =0},
ST, ={XeS": X >0}.

X > Y and X > Y are used to denote the facts X —Y = 0and X — Y > 0,
respectively.
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Given two matrices A = (A;;), B = (By;) in R™*", the standard inner product
for matrices is defined by

AeB = En: i Ai;B;j = Tr (A" B). (A4)

j=1i=1
The norm associated with this inner product is the Frobenius norm,
2
JAI* =" A7 =Tr (A" 4). (A.5)
i=1 j=1

Obviously one has for any symmetric matrix A € S™

n n

JAI* = Tr (4%) =Y x (4%) =D M (4)%. (A.6)

i=1 i=1
We recall from [99] that this norm is sub-multiplicative, i.e.
JAB| < |AIIB], forany A, BeR™" (A7)

We conclude this section with a well-known lemma from linear algebra. That
provide several useful characterizations of positive semidefinite matrices.

Lemma A.2.5 (Characterizations of positive semidefinte matrices). The follow-
ing statements are equivalent for a symmetric matrix X € S™:

(1) X is positive semidefinite.
(2) The eigenvalues of X are nonnegative.
(8) There exists a matriz C such that X = CTC.

(4) X can be represented as X = QAQT, where Q is an orthogonal matriz i.e.,
QQT = QTQ = I, where I is identity matriz, and A is a diagonal matriz
with nonnegative entries on the diagonal.

Also, matrix X is positive definite if and only if all its eigenvalues are positive.

We continue by recalling some useful lemmas from linear algebra.

A.3 Linear algebra lemmas

Lemma A.3.1 (Lemma A.1 in [18]). Let Q € S, and let M € R™*™ be skew-
symmetric (M = —M7). One has det (Q + M) > 0. Moreover, if A\; (Q + M) €
R, (i=1,...,n), then

0<)\min (Q) S )\min (Q+M) S )\max(Q+M) S)\max (Q)
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Proof. First note that @@ + M is nonsingular since for all nonzero x € R"
2T (Q+ M)xr =2"Qx >0,

where for equality we use the skew symmetry of M. Since matrix tM remains
skew symmetric for all ¢ € R, we have

P(t):=det (Q+tM)#0 VteR.
One may easily see that ¢ (¢) is a continuous function which is nowhere zero and
strictly positive for ¢ = 0 as det (@) > 0. This shows that det (Q + M) > 0.

To prove the second part of the lemma, assume A > 0 is such that A > Apax (Q).
It then follows that @ — AI < 0. By the same argument as above we then have
(Q + M) — AI nonsingular, or

det ((Q+ M) — \I) #0.

Which implies that A cannot be an eigenvalue of @Q + M. In the same way we can
prove that @ + M cannot have an eigenvalue smaller than Ay, (Q). This gives
the required result. O

Lemma A.3.2 (Lemma 1.2.4 in [32]). Let A, B € S".. Then we have following
inequalities
Amin (4) Amax (B) < Amin (A) Tr (B) < Tr (AB) < Apax (A) Tr (B)
< NAmax (A) Amax (B) -
Proof. Since matrix A is positive semidefinite, Lemma A.2.5 implies that there
exists an orthonormal matrix P such that A = PAPT. Then
Tr (AB) = Tr (PAPT B)

= Tr (AP"BP)

> Amin (4) Tr (P"BP) = Ain (4) Tr (B)

Z )\min (A) )\max (B) .

Which proves the two left hand side inequalities and the proof of the inequalities
in the right hand side is the same. O

Lemma A.3.3 (Theorem A.4in [18]). Let X € S, and S € St . Then all the
eigenvalues of XS are real and positive.

Proof. Since
XS ~ (X%)_lxs (X%) — X35X3 » 0,

the lemma immediately proved. O
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A.4 The vec operator and the Kronecker product

Definition A.4.1 (vec Operator). . The vec operator maps an m X n matric
into an mn x 1 vector. The vec of matriz A (m x n), denoted by vec (A), is the
vector formed by stacking the columns of A into an mn x 1 vector.

vec (A) = (A11; .oo; Am; Ar2; ooy Amas s Arng s Amn)

Definition A.4.2 (The Kronecker product). The Kronecker product of A (m X n)
and B (p x q) is denoted by A® B and is defined to be the (mp x nq) block matriz

AllB AlnB
A®B=
AmB -+ ApnB

Notice that A® B # B ® A in general.

A.4.1 Properties of the Kronecker product and the vec operator

In the following it is assumed that A, B, C and D are real valued matrices. Some
identities only hold for appropriately dimensioned matrices.

(1) For any a € R
(0A)@B=A®(aB)=a(A®B).

(2) The Kronecker product distributes over addition

(A+B)@C=(A®C)+(BC(C)
A (B4+4C)=(A®B)+(A®C).

(3) The Kronecker product is associative:
(AB)@C=A® (Ba().
(4) Transpose distributes over the Kronecker product (does not invert order)
(AeB)" =A" 2 B".
(5) Matrix multiplication, when dimensions are appropriate,
(A®B)(C® D)= (AC® BD).
(6) When A and B are square and full rank

(A9B) '=A'9B
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(7) For any two matrices A (m x m) and B (n X n)
det (A® B) =det (A)™ .det (B)".

(8) The trace of a Kronecker product is

Tr (A® B) = Tr (A) . Tr (B).

(9) vec of a matrix product ABC, when dimensions are appropriate for the
product to be well defined, is given by

vec (ABC) = (CT ® A) vec (B).

(10) Tr (AB) = vec (A)" vec (B).
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Summary

Full-Newton Step Interior-Point Methods for Conic Optimization

In the theory of polynomial-time interior-point methods (IPMs) two important
classes of methods are distinguished: small-update and large-update methods,
respectively. Small-update IPMs have the best theoretical iteration bound and
IPMs with full-Newton steps belong to this class of methods. Within each of
these classes one has feasible and infeasible interior-point methods (ITPMs). In
this thesis we first deal with full-Newton step ITPMs (Chapter 2 and Chapter 3),
and in Chapter 4 we consider feasible full-Newton step IPMs.

In [82] Roos designed a primal-dual ITPM with full-Newton steps for linear op-
timization (LO) problems. The algorithm constructs strictly feasible iterates for
a sequence of perturbations of the given problem and its dual problem, close to
their central paths. Two types of full-Newton steps are used, feasibility steps and
(ordinary) centering steps, respectively. In each iteration the algorithm starts
with strictly feasible iterates of a perturbed primal-dual pair, on (or close to) its
central path, and feasibility steps are used to find strictly feasible iterates for the
next perturbed pair. By using centering steps for the new perturbed pair, strictly
feasible iterates close to the central path of the new perturbed pair are obtained.
During this both the duality gap and the infeasibility are reduced by the same
factor. By repeating the same procedure the algorithm terminates in at most
O(nlog ) steps either by finding an e-solution for the given primal-dual pair, or
detecting infeasibility or unboundedness of the given problem.

In Chapter 2, we present a slightly different ITPM for linear optimization. This
algorithm is obtained by slightly changing the search direction for the feasibility
step as used in [82]. Due to this the analysis of our algorithm is slightly easier
than the analysis of the algorithm in [82] at some places, whereas the iteration
bound is the same. This means that the iteration bound of our algorithm coin-
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cides with the best known iteration bound for IIPMs for LO.

The results of Chapter 2 are extended to semidefinite optimization (SDO) in
Chapter 3, where we also obtain an iteration bound that coincides with the best
known iteration bound for ITPMs for SDO.

In Chapter 4 we consider (feasible) full-Newton step IPMs that are defined by
barrier functions based on so-called kernel functions. Until very recently the the-
oretical iteration bound for all large-update methods was a factor /n worse than
the bound for small-update methods, where n denotes the number of inequalities
in the problem. In practice the situation is opposite: in practice large-update
methods are much more efficient than small-update methods. This is called the
‘gap between theory and practice’, also called the ‘irony of TPMs’ [80]. Some
progress has recently been made in this respect by Peng et al. [74, 76] and Bai et
al. [6-9]. They introduced a wide class of new barrier functions that are defined
by univariate functions, called kernel functions. In these results the gap factor v/n
was reduced to log n. Remarkably enough, small-update versions of these methods
all share the same iteration bound, namely O(y/nlog 2), which is the best known
iteration bound for IPMs for LO. We show that the barrier functions underlying
these methods are self-concordant in the region where the iterates of a full-Newton
step algorithm occur. We therefore call these functions locally self-concordant.
Using properties of (locally) self-concordant functions we find an explanation for
the fact that these small-update methods have the iteration bound O(y/nlog 2).



Samenvatting

Inwendige Punt Methoden met volle Newton stappen voor Kegeloptimaliser-
ing

In de theorie van polynomiale inwendige punt methoden (IPMs) worden twee
klassen van methoden onderscheiden: methoden met kleine en methoden met
grote herzieningnen (van de barriére parameter). Methoden met kleine herzienin-
gen hebben de beste iteratiegrens, en methoden met volle Newton stappen zijn
van deze soort. Binnen beide klassen heeft men respectievelijk ‘toelaatbare’ en
‘ontoelaatbare’ methoden (ITPMs). In dit proefschrift kijken we eerst naar on-
toelaatbare methoden met volle Newton stappen (in de hoofdstukken 2 en 3) en
daarna, in Hoofdstuk 4, naar toelaatbare methoden met volle Newton stappen.
In [82] ontwierp Roos een primaal-duale ontoelaatbare methode met volle New-
ton stappen voor het oplossen van lineaire optimaliseringsproblemen. Het algo-
ritme construeert strict toelaatbare oplossingen voor een rij van perturbaties van
het gegeven probleem en het duale probleem, dichtbij hun centrale paden. Twee
typen van volle Newton stappen worden gebruikt, achtereenvolgens toelaatbaar
makende stappen en (gewone) centreerstappen. In elke iteratie begint het algo-
ritme met een strict toelaatbare oplossing van een geperturbeerd primaal-duaal
paar, op (of bijna op) het centrale pad van dit paar, en een toelaatbaar makende
stap genereert een strict toelaatbare oplossing van het volgende geperturbeerde
primaal-duale paar, voldoende dicht bij het centrale pad van dit nieuwe paar.
Door middel van centreerstappen met betrekking tot het nieuwe geperturbeerde
primaal-duale paar wordt een strict toelaatbare oplossing van het nieuwe geper-
turbeerde primaal-duale paar geconstrueerd op (of bijna op) het centrale pad van
dit nieuwe paar. In elke iteratie worden zowel het dualiteitsgat als de primale
en duale restvectoren gereduceerd met dezelfde factor. Door dezelfde procedure
herhaald uit te voeren genereert het algoritme in ten hoogste O(nlog 2) iteraties
een e-oplossing voor het gegeven primaal-duale paar, of kan worden vastgesteld
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dat een van beide problemen onbegrensd dan wel ontoelaatbaar is.

In Hoofdstuk 2 presenteren we een variant van het hierboven beschreven al-
goritme voor lineaire optimalisering. Dit algoritme ontstaat door de zoekrichting
in de toelaatbaar makende stap enigszins te wijzigen ten opzichte van [82]. Het
gevolg is dat de analyse iets eenvoudiger wordt dan in [82], terwijl de iteratiegrens
dezelfde is. Dit betekent dat de iteratiegrens van het algoritme samenvalt met
de best bekende iteratiegrens voor ontoelaatbare inwendige punt methoden voor
lineaire optimalisering.

De in Hoofdstuk 2 gepresenteerde resultaten worden in Hoofdstuk 3 gegen-
eraliseerd naar semidefiniete optimalisering; de verkregen iteratiegrens valt ook
hier samen met de best bekende iteratiegrens voor ontoelaatbare inwendige punt
methoden voor semidefiniete optimalisering.

In Hoofdstuk 4 beschouwen we (toelaatbare) inwendige punt methoden, met
volle Newton stappen, die zijn gebaseerd op zogenaamde kernfuncties. Tot nog
maar kort geleden was de theoretische iteratiegrens voor methoden met grote
(of gulzige) herzieningen een factor /n slechter dan de iteratiegrens voor meth-
oden met kleine herzieningen, waarbij n het aantal ongelijkheden voorstelt in
het gegeven probleem. In de praktijk treedt het omgekeerde op: methoden met
gulzige herzieningen zijn veel efficiénter dan methoden met kleine herzieningen.
Dit verschijnsel staat bekend als ‘de kloof tussen theorie en praktijk’, en is ook
wel de ‘ironie van inwendige punt methoden’ genoemd [80]. Enige vooruitgang
in dit opzicht werd onlangs gemaakt door Peng et al. [74, 76] and Bai et al.
[6-9]. Zij introduceerden een grote klasse van nieuwe barriére functies die worden
gedefinieerd met behulp van functies met één variabele, kernfunctions genoemd.
In deze resultaten werd de ‘kloof factor’ \/n vekleind tot logn. Opvallend genoeg
is de iteratiegrens voor methoden met kleine herzieningen altijd O(y/nlog 2); dit
is de best bekende iteratiegrens voor inwendige punt methoden voor lineaire opti-
malisering. Wij tonen aan dat de nieuwe barriére functies ‘zelf-gelijkvormig’ zijn
in het gebied waar de iteranden van een volle Newton stap optreden. We noe-
men deze functies daarom ‘lokaal zelf-gelijkvormig’. Door gebruik te maken van
eigenschappen van lokaal zelf-gelijkvormige functies vinden we een verklaring voor
het feit dat deze methoden allemaal de best mogelijke iteratiegrens, O(y/nlog %),
hebben.
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