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CHAPTER 1

Introduction

1.1 Motivation and goals

Optimization is the field of applied mathematics where one wants to minimize or
maximize an objective function in several variables. In real-life applications the
variables correspond to parameters that have to be chosen within some range.
The set of all combinations of these parameter choices is called the set of feasible
solutions or feasible set. For example a variable could be the thickness of a bar
in a mechanical construction, or the amount of money invested in a certain asset
of a portfolio. Our goal is to find an optimal choice of the variables in the set
of feasible solutions in the sense that it optimizes the objective function. The
objective could be for example a measure of stability of a construction or the
return of an investment.

These three ingredients — variables, feasible set and objective function — deter-
mine a generic optimization problem. Unfortunately, general optimization prob-
lems are difficult to solve. For almost all problem classes it is impossible to write
down analytically a closed-form optimal solution. Instead, iterative methods have
to be employed in order to generate a sequence of iterates that eventually converge
to an optimal solution. Since the algorithm should stop after a finite amount of
time, it typically only provides an approxrimation for an optimal solution. But
even worse, that approach of approximating an optimal solution might fail. In
fact, it can be shown (see [46]) that even for rather well-behaved problem classes
(with an objective that is Lipschitz continuous and a feasible set that is the n-
dimensional unit box), any method that makes only use of function values (no
derivatives) has an exponential worst-case complexity. For example if the number
of variables is n = 10 (which is rather small for applications), the objective has a
Lipschitz constant of L = 2 and we require a low absolute accuracy in terms of the
objective value of € = 0.01, then using a computer that can evaluate 10'° times
the objective function per second, it could still take more than 300 years to solve
the problem. Similar results hold when derivatives are available.

Of course, this result is of worst-case nature. Very often methods are much
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faster on many instances than predicted by their worst-case complexity bounds,
like for example the simplex method for linear programming. However, the exam-
ple illustrates that too few assumptions in terms of the formulation of the problem
and too little information used in the design of the algorithm might result in bad
performance for some optimization problems. On the other hand, if we provide
more information about the concrete problem (like for example derivatives of an
objective function), we implicitly restrict ourselves to a smaller, less general, class
of problems (such as the class of problems with differentiable objective) and ex-
pect better algorithms to become available. In other words, there is a trade-off
between generality and theoretical and/or practical performance. Unfortunately,
in some situations we might not have much choice when it comes to the methods,
because the problem is extremely large or the function values are the output of
some numerical simulation. In these cases first- and second-order methods are
either not practical or simply not applicable because we have only very limited
information available about the problem. As a consequence we cannot expect a
method for these problems to give a solution with high accuracy in a reasonable
amount of time.

In this thesis we follow the opposite approach: we consider the class of second-
order methods, because up to now these methods have the best known theoretical
properties. Within this class we focus on interior-point methods which are nat-
urally defined for convex optimization problems. We argue that the restriction
to these problems is rewarding. Indeed, there is a huge amount of literature on
convex optimization (see e.g. [3],[6],[5],19],[24],[15],[66]) showing the great scope
of potential applications, ranging from mechanical and electrical engineering, to
finance, network design, location problems and many more. Moreover, even if the
original problem might not be convex, often it is possible to approximate it well
by some convex problem (see e.g. [64],[45],[25]).

The main objective of this thesis is to establish a unified algorithmic framework
for a principal problem class with the following three properties: 1) any instance of
the chosen problem class should be solvable with a complexity that is polynomial
in the problem size, 2) the chosen problem class should be sufficiently general in
the sense that many sets and functions are representable in terms of that basic
formulation, and 3) the framework should exploit structure to overcome the two
main drawbacks which are inherent to the class of interior-point methods: its
high memory storage and the high cost per iteration, due to the evaluation and
storage of the gradient and Hessian of a multivariate nonlinear function, and the
computation of search directions by solving a linear system at each iteration.

1.2 Some historical remarks

As we outlined above, optimization can be applied in a multitude of areas in every
day’s life. This fact has been known now for a long time. The beginning of the
20th century saw increasing research activity mainly on the theoretical side of
optimization (see e.g. [32],[38],[60]) like duality theory and optimality conditions.

In the late 1940’s, research activity on algorithms for optimization problems
became stronger, driven by an increasing interest from the side of applications.
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In 1947 Dantzig ([13, 14]) proposed the simplex method for solving linear opti-
mization problems. At that time the main criteria for evaluating the quality of
algorithms were the convergence to an optimal solution and finiteness of the al-
gorithm. The simplex method goes from one vertex of the polyhedron of feasible
solutions to a neighbor that improves the objective function. As there is a finite
number of vertices on the boundary of the feasible set and because an optimal
solution must be situated on one of them, it is clear that both above conditions
are satisfied by the algorithm. That is why this method is popular and still very
successfully used today.

In the late 60’s and early 70’s a new concept for evaluating algorithms has
been introduced: the complezity of an algorithm does not only take into account
the convergence to an optimal solution and its finiteness, but it also shows how
the number of iterations depends on the size of the problem. In 1972 Klee and
Minty ([34]) showed by an example that the worst-case complexity of the simplex
method is in fact exponential in the size of the problem. Already in the 1950’s an
increased activity started in the area of nonlinear optimization ([21],[29]) which
culminated in the seminal work of Fiacco and McCormick ([17]). They proposed
in 1968 the method of sequential unconstrained minimization as a technique to
tackle nonlinear constrained problems. Later ([1]) their method was even shown
to be polynomial for linear programming problems. In 1970 Shor ([59]) proposed
the ellipsoid method, used later by Khachiyan in 1979 ([33]) to prove for the first
time polynomial complexity of a method for solving linear programs. In the same
year Nemirovski and Yudin ([43]) proposed a framework for solving the general
class of convex optimization. Among others, they showed that the complexity of
solving this class is in the best case O(nlog(1/e)), where n is the number of the
variables and € the desired accuracy. This result is the main tool for showing
optimality of a method for convexr optimization problems.

In 1984 started the interior-point revolution with the seminal work of Kar-
markar ([31]) who proposed another practically efficient polynomial-time interior-
point method for linear programming. In 1994 Nesterov and Nemirovski ([52])
generalized this result to convex optimization problems. They introduced the no-
tion of self-concordant functions and barriers. In 1997 and 1998 Nesterov and
Todd ([53],[54]) extended the framework of polynomial interior-point methods to
the conic setting and proposed symmetric primal-dual interior-point methods for a
class of convex problems that nicely generalizes the previously known primal-dual
methods for linear programming to the convex case. Since the polynomial interior-
point breakthrough during the 1990’s there have been thousands of publications
on interior-point methods for specific classes of convex optimization problems and
improvements or extensions of the original results [52, 53, 54].

During the 90’s started some further research activity on the field of interior-
point methods for general nonlinear (and nonconvex) optimization problems (see
e.g. [18], [65]). These methods share similar ideas with the methods from the
convex optimization community, in particular the use of barrier and/or penalty
functions to treat nonlinear constraints and the use of primal-dual optimality
conditions.
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1.3 Thesis overview and main contributions

This thesis is organized as follows. Chapter 2 provides the necessary background
on convex optimization and in particular conic optimization. We present the
key results about path-following interior-point methods to solve generic convex
optimization problems.

One contribution in this chapter is the less commonly encountered generaliza-
tion of known results for convex optimization to the situation where linear equality
constraints are present (Sections 2.3 - 2.5). It is known that the presence of linear
equalities can always be circumvented by removing some of the variables. How-
ever, we kept the original formulations with equality constraints and gave insight
on the overall effect on Newton’s method (in Section 2.3) and on path-following
methods (in Section 2.4 and Section 2.5). Furthermore, with the aim to make
the primal-dual conic frameworks accessible for a large class of convex problems
we propose and analyze a primal-dual predictor-corrector method that exhibits
a polynomial algorithmic complexity. We stress here that this method does not
make use of a pair of barriers for the primal and dual cone that are conjugate to
each other. For that reason this nonsymmetric primal-dual method is applicable
whenever there is a self-concordant barrier for the dual cone at hand®.

The main contribution of Chapter 3 is the proof of self-concordance of a new
barrier for the power cone with parameter v = 3. As a direct consequence of
this result we obtain a self-concordant barrier for the epigraph of convex power
functions with an improved self-concordance parameter. The previously known
barrier had a parameter that was clearly non-optimal, which was stated already
by Nesterov in [46, Section 4.3.5.4] (however, the obtained parameter value is still
not optimal, e.g. for the power cone with @ = %) In view of that observation
we mention numerical tests which suggest that a scaling of the barrier for the
power cone is possible which results in a self-concordance parameter between 2
and 3. In a similar vein we compute numerically the universal barrier for the
three-dimensional p-cone. Our numerical tests suggest that the self-concordance
parameter is situated between 2 and 3. The self-concordance proof for the new
barrier for the power cone and its generalizations as well as its direct implications
(improved self-concordance parameter of convex powers) can be found in [10], a
paper entitled New self-concordant barriers for the power cone.

The third chapter provides the stepping stone for the rest of the thesis, in that
we give in Chapter 4 a clear description of the scope of the power cone by listing
power cone representable sets and functions. It turns out that many convex con-
straints involving powers, exponentials and logarithms are representable using the
power cone. The conic reformulation has the advantage that it allows the design
of polynomial-time interior-point methods. In order to benefit additionally from
the primal-dual framework, we compute the dual cones of the power cone itself
and of a limit of the power cone. Knowledge of these dual cones is essential when
one wants to use the primal-dual predictor-corrector method proposed earlier in
Section 2.5. We present two important problem classes (that is, generalized loca-
tion problems and geometric programs) that can be cast in conic form using power

IThe primal variant of the proposed method has been presented earlier by Nesterov [49] for
the case where the primal cone is proper, i.e. where there are no primal free variables present.
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cones, with numerical results that compare the dual and primal-dual interior-point
methods to other solvers for these problem classes. We show that the dual and
primal-dual interior-point method are competitive with respect to the number of
iterations and reliability, but not with respect to the overall computation time.
This relatively disappointing result can be partially explained by the fact that
the other compared solvers do not rely on methods with polynomial complexity.
Instead, they solve directly the original problem which has the effect that the cost
of one single iteration is much lower compared to the conic reformulation, where
many artificial variables have to be introduced. On the other hand, there are
situations where nonlinear solvers fail even for tiny instances, as we show at the
end of the fourth chapter for problems involving mixed powers. The results from
Section 4.4.1 and Section 4.5.1 in combination with a complete complexity proof
of the proposed path-following method have been published in a paper entitled
An interior-point method for the location problem with mized norms using a conic
formulation in [9].

Based on the numerical results in Chapter 4 we present in Chapter 5 a new
framework that can be embedded in interior-point methods with the aim to re-
duce the cost per iteration. The underlying motivation is a result which says
that the partial minimization of a self-concordant barrier preserves the property
of self-concordance. Based on this result we propose a two-level interior-point
scheme where in each outer iteration we solve the partial minimization subprob-
lem approximately. Using this approximate solution we compute a direction that
can be thought of as a Newton direction in an affine subspace that is approxi-
mately tangent to the surface of partial minimizers. We show that this sequence
of approximately tangent subspaces approaches the minimizer of the current cen-
tering problem. Eventually, as soon as the Newton decrement for both the partial
minimization subproblem and the outer problems in the sequence of subspaces
are small, we can conclude that the current iterate is a good approximation for
the overall minimizer. We show that polynomial complexity is preserved when
embedding partial minimization into an interior-point scheme, even if the partial
minimization can only be done approximately. In this sense the partial minimiza-
tion framework benefits from the self-concordance of the barrier for the extended
reformulation and the reduction of the problem size by restricting to the sub-
spaces. Moreover, we demonstrate that this new technique also works in practical
implementations, where we observe a reduction in the cost per iteration, and also
in the total number of iterations. The results on partial minimization from Chap-
ter 5 are contained in [11], which covers the generalized implicit barrier theorem,
the entire framework of approximate partial minimization, examples of potential
applications and the numerical results.
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CHAPTER 2

Convex optimization

In this chapter we consider convex optimization problems. We start with the basic
concepts of convexity for sets and functions (Section 2.1). Later we present dif-
ferent classes of convex optimization problems, first convex problems without any
constraints (Section 2.2), then convex problems with linear equality constraints
(Section 2.3), which turns out to be essentially equivalent to the class of uncon-
strained problems. In Section 2.4 we consider convex problems with inequality
constraints. Finally, in Section 2.5 we present a unified format for convex opti-
mization problems: convex problems in conic form.

The first two sections are to a large extent a collection of known results that
can be found in the standard literature on convex optimization (e.g. [56],[6],[2])
and on interior-point methods (e.g. [52],[46],[55]). The results in Sections 2.3 - 2.5
are generalizations of previously known results to the case where linear equality
constraints are present in the model. Instead of removing these constraints (e.g.
by Gaussian elimination) we explicitly keep them in the model and phrase all the
results and their proofs in terms of the original problem. In Section 2.5 we present
a nonsymmetric primal-dual predictor-corrector method, whose primal variant has
been proposed earlier by Nesterov [49]. Our extension is formulated for dual conic
problems with linear equality constrains. Moreover, we give an explicit description
of a safe step length for the primal-dual affine-scaling direction.

2.1 Convexity

In order to analyze convex optimization problems, we need to fix the concepts of
conver sets and conver functions.

2.1.1 Convex sets

Let £ be an n-dimensional vector space. Its dual space £* is the space of linear
functionals mapping from £ to R. Most of the results in this thesis are valid for

7
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general vector spaces £. However, if nothing else is specified, we consider the
special case £ =" = R".

Definition 2.1.1. A set C C & is said to be convex if for any pair of points
x € C and y € C the whole line segment between these two points belongs to C, i.e.
VA € [0,1]

z:=Ar+(1-NyeC.

Examples
e C=&C=0,

e C is a half-space (for a # 0 we have C = {x : aT2 < b}) or a hyperplane
(C ={z: a¥x = b}, where a # 0),

e C is an ellipsoid around some point zg € £, C = {z : (v —20)TS(z—1x0) < 1},
where S is a positive definite matrix,

e C is the set of positive semidefinite matrices (here & = S™ the set of sym-
metric matrices).

Operations that preserve convexity

In order to check whether a given set C is convex, one can directly try to verify
Definition 2.1.1. Another way is to show that C is in fact the image of another set
C (which is known to be convex) under a transformation that preserves convexity.
Some of these convexity-preserving operations are listed below. Their proofs can

be found e.g. in [56], [6] or[2].

1. Intersection.
Let C; C & and Co C & be convex sets. Then C;()C2 is convex. This
generalizes to any family of convex sets {C; } ¢ for some index set I. Note
that I can have infinite cardinality.

2. Direct product.
Let C; C &; and Cy; C & be convex, where &; are two vector spaces. Then
the direct product (Cartesian product) of C; and Cs is defined as

C1 xCoy={(z,y): x €Cy,y € Ca}.
It turns out that C; x Ca is convex.

3. Compositions with affine function.
Let C C R™ be convex and A : R™ — R™ such that A(z) = Az + b for some
A€ R™™ and b € R™. Then
A(C) .= {A(z),z €C} CR™

is convex.
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4. Inverse image of affine function.
Let C C R™ be convex and A : RP — R™ such that A(y) = By + ¢ for some
B € R™? and ¢ € R". Then

ATHC) = {y: Aly) €C} CRP
is convex.

5. Conic hull.
Let C C &€ be convex. Then its conic hull

cone(C) := {(x,t) eEXRyq: % € C}

is convex.

6. Polar set.
Let C C &€ be convex. Then its polar set C° C £*

Co:={se& :(s,2) <1,Vxe(C}
is convex.

7. Minkowski sum.
Let C; C € and Cy C &€ be convex sets. Then the Minkowski sum

Ci+Co:={x+y,xzeC,ycls}

is convex.

2.1.2 Convex functions

Definition 2.1.2. A function F': C C & — R is said to be convex if its domain C
is convex and for any x € C,y € C and X € [0,1] we have

FAx 4+ (1=XNy) <AF(z)+ (1= NF(y).
A function F': C C & — R is said to be concave if —F is convex.

If F is differentiable, then we implicitly assume that C = dom F' is an open
set. In that case we have an alternative definition: F' is convex if and only if C is
convex and for any = € C and y € C it holds

F(y) > F(z) + VF(2)" (y - ). (2.1)

If F is twice differentiable, then we have that F' is convex if and only if C is convex
and
V2F(z) = 0, V2 €C,

that is, the Hessian of F' must be positive semidefinite on C.

Definition 2.1.3. A function F : C C £ — R is said to be strictly convex if C is
convex and for any x € C,y € C, x #y and A € (0,1) we have

FAz + (1= ANy) < AF(z) + (1 — N)F(y).



10 CHAPTER 2. CONVEX OPTIMIZATION

Just like in the case of convexity (as opposed to strict convexity) we can phrase
Definition 2.1.3 in terms of the derivatives of F' (provided that F' is differentiable,
of course). If F' is differentiable, then we have that F is strictly convex if and only
if C is convex and for any z € C,y € C, x # y we have

F(y) > F(z) + VF(z)" (y — ).
Similarly, if F' is twice differentiable then we have that if
V2F(z) =0,V €C

then F is strictly convex. Note that the condition V2F(z) = 0,Vx € C is not
necessary for strict convexity of F. For example F(z) = 2? is strictly convex but

1"

F"'(0) =0.

Examples of convex functions
e quadratic functions F(z) = 27 Az + aT2 + o, where A € St, dom F' = R",
e exponential F(z) = exp(x), dom F = R,
e logarithm F(x) = —log(x), dom F = R4 4,

e entropy function F(z) = zlog(z), dom F' = R, (note that we can include
the point = 0 in the domain by defining F'(0) = 0),

o F(z)=|z|P,forp>1orp <0 (withdomF =R, ifp>1landdomF =R,
if p <0),

o F(z) = ||z||, where || - || is any norm on &, dom F' = &,

e F(x) = max;—1. n{z;}, dom F =R".

Operations that preserve convexity

Similar to the case of convex sets there are certain operations that preserve con-
vexity of functions. This means that in order to show that a given function F is
convex it suffices to show that F' is the image of a convex function under one of
these transformations. We list some of these transformations below. Their proof
can be found e.g. in [56] or [6].

1. Nonnegative weighted sum.

Let F; : C; C £ — R,i = 1,...,m be convex functions and a; > 0,7 =
1,...,m. Then

F(z) = Z o Fy(z)

is convex on (-, C;.
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. Nonnegative weighted sum of separable convex functions.

Let F; : C; C & — R,i = 1,...,m be convex functions and «; > 0,7 =
1,...,m. Then

F(z) = Z ;i Fy(x;)

is convex on C1 X ... X Cpp.

. Composition with affine function.

Let F:C CR™ — R be convex, B € R™P and ¢ € R®. Then
F(y) = F(By +¢)
is convex on dom F' = {y e R? : By + c € C}.

Restriction to affine subspace.

Let FF: C C R"” — R be convex, and £ = {x € R" : Az = b} an affine
subspace, where A € R™" and b € R™ for m < n. Then the restriction of
FtoL, Flg: (CNL) — R such that

Flz(z) = F(x), forz e L

is convex.

. Perspective.

Let F:C C £ — R be convex. Then
G(z,t) = tF(z/t)

is convex on dom G = {(x,t) € E x R4y 1 x/t € C}.

. Pointwise supremum.

Let F; : C; C £ — R with 7 € I, for some index set I, be a family of convex
functions. Then
F(x) = max F,(z)
TE

is convex with domain (__;C;. Note that I can have infinite cardinality.

Tel

Conjugate function.
Let F': C C £ — R (not necessarily convex). Then its conjugate

Fuls) = sup{(s,z) — F()}

is convex on dom Fy, which is the set of all points s € £* such that the
supremum above is finite.

. Partial minimization.

Let F: C C R"™ — R, such that (z,y) — F(x,y), be convex and bounded
from below. Then the partial minimization of F' with respect to y

G(z) = inf Fl(x,y),
(z) L (2,y)

where Q(x) = {y : (z,y) € C}, is convex on dom G = {z : Q(z) # 0}.
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9. Composition with non-decreasing convex functions.
Let F; : C1 € R — R be nondecreasing and convex, F» : C2 C R” — R be
convex. Then

F(,CE) = Fl(FQ(ZE))
is convex on dom F = {x € Cy : Fy(x) € C1}.

There are strong links between convex sets and convex functions, relying on
the notion of epigraphs.

Definition 2.1.4. The epigraph of a function F' : C C R™ — R is defined as the
set
epi(F) :={(z,t) e R" xR : 2 €C and F(z) < t}.

A function F' is convex if and only if its epigraph is convex:

F convex < epi(F) convex.

2.1.3 Convex optimization

Convex optimization problems consist in the minimization of a convex objective
function F over a convex set C. There are immediately two advantages of convex
optimization problems over general nonlinear problems.

1. Any locally optimal solution is also globally optimal, i.e. if
F(xz*) < F(x)Vx € domFﬂCﬂN(m*)
holds for some neighborhood N (z*) around z* € C then
F(z*) < F(z) Yo € dom F[)C.

Therefore for convex optimization problems we do not have to distinguish
between local and global solutions. A globally optimal solution for a convex
problem will be simply called optimal solution.

2. The Karush-Kuhn-Tucker optimality conditions for a local (and thus global)
optimal solution are not only necessary (under the hypothesis that some
constraint qualification is satisfied), but also sufficient. This fact will be
essentially used in Sections 2.2 and 2.3, where we describe algorithms that
directly strive for points satisfying these optimality conditions.

The proofs for the above statements can be found in the standard references for
convex optimization, such as [56] or [6].

We discuss in this chapter the following hierarchy of convex optimization prob-
lems.

1. Unconstrained optimization problems.

2. Equality-constrained optimization problems.
3. Constrained optimization problems.
4

. Conic optimization problems.
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2.2 Unconstrained optimization

2.2.1 Problem statement

Let us consider the following unconstrained convex problem with a convex objec-
tive F':dom F C £ — R,
i F(x). 2.2
L e ) 22
Note that dom F' might be different from R™, hence (2.2) might have some implicit
constraints. For example the function

F(z) = —log(z) —log(l — x)

is only defined on the open interval dom F' = (0,1). Throughout this chapter we
implicity assume that (2.2) (and the subsequent principal problems, i.e. (2.18) in
Section 2.3, (2.32) in Section 2.4 and the pair (P), (D) in Section 2.5) are solvable.

Optimality conditions and Newton direction

Let F' be continuously differentiable on its domain. We implicitly assume here
that dom F is open (and hence full-dimensional). The point * is optimal for (2.2)
if and only if

VF(z*)=0. (2.3)

The aim is to find a point z* that satisfies the optimality conditions. However,
these conditions are usually nonlinear in z* and therefore it is typically difficult
to find analytically a solution for (2.3). One way to compute a point that at least
approximately satisfies (2.3) is the use of iterative methods that start at some
initial guess xp and move along a search direction i that reduces the function
value. Let « € dom F. Then we wish to find h € £ such that x + h € dom F' and

Fz +h) < F(z).

Definition 2.2.1. Let x € dom F and h € £. The direction h is called a direction
of descent if and only if
VE(z)"h <. (2.4)

The name ”direction of descent” is justified in view of the following arguments.
Let 2 € dom F and h such that (z + h) € dom F. If VF(2z)"h > 0, then we have
according to (2.1)

F(z+h)>F(z)+VF(z) h > F(z),

which means that the function value at (x 4+ h) is higher than the one at . This
is why we have to enforce VF (J:)Th < 0 if we want to achieve a decrease in the
function value of F.

The geometric interpretation of a descent direction is that A must make an
acute angle with the negative gradient of F' at . In that sense —VF(z) (which is
known to be the direction of steepest descent with respect to the Euclidean norm)
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behaves as a direction of reference. However, note that (2.4) does not guarantee a
decrease when going from = to z+ h. In fact, it does not even guarantee feasibility
of z 4+ h. It only indicates that h is a good direction.

However, we see that it is possible to find a step size & such that F'(z 4+ ah) <

F(z). Since VF(z)"h < 0 and F is continuously differentiable, it is possible to
find a parameter & > 0 such that

(VF(z 4+ ah))Th <0

holds for all 0 < a < @. On the other hand, according to the mean value theorem,
we have that
F(x +ah) = F(z) + (VF(z + 0ah))'h

for some 6 € (0, 1), which means the coefficient « := 0@ is situated between 0 and
&. Therefore we conclude that

F(x +ah) = F(z) + (VF(z + ah))'h < F(x).
<0

Newton’s method

Newton’s method is an iterative method for finding a solution to a nonlinear system

of equations
G(z) =0,

where G : C¢ € R™ — R™ is a nonlinear function in z, defined on some domain
Cqg. Newton’s method linearizes G

G(r + Az) = G(x) + J(x) Aw,
where J(z) denotes the Jacobian of G, and computes a step Az such that
G(z) + J(z) Az = 0.

We can use Newton’s method to solve the system of equations that is given by
the optimality conditions (2.3) in order to find an optimal solution for (2.2). We
get G(x) = VF(z) and J(x) = V2F(x). The Newton direction is therefore the
solution to the linear system

V2F(x) Az = —VF(x). (2.5)
Similarly, we can consider directly the Taylor model of F' at x € dom F, i.e.
f(Az) := F(2) + VF(z)" Az + %AxTVQF(:c)A:c.
The optimality conditions for the quadratic function f are
Vi(Az) =0,

(see (2.3)), where
Vf(Az) = VF(z) + V*F(z)Az.

We see that this leads exactly to (2.5).



2.2. UNCONSTRAINED OPTIMIZATION 15

Properties of the Newton direction

Let F' be convex and x € dom F such that VF(z) # 0 and V2F(z) is nonsingular.
That means z is not optimal for (2.2) and the Newton direction Az # 0 is defined
according to (2.5). Moreover, Az is a direction of descent, because

VE ()T Az = —AzTV?F(z)Az < 0.

We have used here convexity of F' implying V2F(zx) > 0.

A very important property of the Newton direction is its affine invariance.
Suppose we have a nonsingular matrix S and a constant vector ¢. Let us apply an
affine change of variables (for example a scaling and translation of the variables)
x = Sy +t. Then we can consider the Newton direction for the new (convex)
function

F(y) :== F(Sy+1).

It is clear that VE(y) = ST VF(Sy+t) and V2F(y) = ST V2F(Sy+t) S. There-
fore the Newton direction for F' in terms of y becomes

Ay = — {VQF(y)} - VFE(y)
= — [STV2F(Sy+1)S] " STVF(Sy +1)
= —S7'V2F(z)  VF(2)
=S 1Az,

where Az is the Newton direction for F' in terms of . This means that if x = Sy+t,
then also 1 and yT are related in the same affine way, i.e.

T =x+Ar=Sy+t+SAy=S({y+Ay)+t=Sy"t +t.

In other words, the Newton directions are independent of the choice of the coor-
dinate system.

Closely related to the above observation is the fact that the Newton direction
is also invariant under a change of the inner product. Indeed, if the inner product
is changed from (z,y) to (z,y)s := (Sz,y), where S is a positive definite matrix,
then the gradient of F at x changes from VF(z) to ST'VF(x) and the Hessian
changes from V2F(z) to ST'V2F(x) (for a reference, see [55, Theorems 1.2.1 and
1.3.1]). As a consequence we get as the "new” Newton direction in terms of the
inner product (-, -)s:

—[$7'V2F(x)] " STIVF(x) = —V2F(2) ' VF(a),

which is exactly the Newton direction Az in terms of the inner product (-, ).
The following theorem provides the standard result of quadratic convergence
of Newton’s method in close proximity to an optimal solution z*.

Theorem 2.2.2. Let F be twice continuously differentiable. We assume that there
exist an optimal solution * such that VF(x*) =0 and a constant I > 0 such that
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V2F(z*) = 1-I (where I denotes the identity matriz) and that the Hessian of F
is Lipschitz continuous with constant M, i.e.

IV2F(2) = VF(y)|| < M|z — yll, Yo,y € dom F.
Let x such that

. 21
[|lx — 2*|] < M
Then the full Newton step
2t =z + Az,

where Ax is the solution of (2.5), is feasible, i.e. 7 € dom F. Moreover, the
method converges quadratically:

Mlla — z*||”
(I = Mllz —==|])
Proof. e.g. [46, Theorem 1.2.5]. O

T || <
o —a%l] < 5

Since ||z — 2*|| < & (< &), it follows 3M ||z — 2*||* < 2I||z — z*|| (by mul-
tiplying both sides with the positive number 3M ||z — z*||), which is equivalent
to
Mllz —2*|* <2 (I = Mllz — 2”|]) [lo — 2*|I.
>0
Dividing both sides of the inequality by the positive number 2(I — M|z — z*||)
yields
M|z — =

2(1 = M|z — a*[])
In view of Theorem 2.2.2 we see that as soon as x is close enough to an optimal
solution x*, then the method converges monotonically towards z*. Moreover, the
method converges quadratically, since

M|z — x*|? <3M||
— ||z — =
Il — M|z — z*|]) 21

< ||z —x*|].

—+ * * 12
e~ < g7 P,
That means if we have in the current iteration an optimality gap of € = ||z — z*||,
then the optimality gap in the the next iteration will be O(e?).

However, Theorem 2.2.2 can only be applied in a rather small neighborhood
around the optimal solution. On the other hand, since the Newton direction Ax
is a direction of descent, by introducing a step size parameter « that is sufficiently
small, we can always guarantee an actual decrease in the function value when going
from x to = 4+ aAx.

Another drawback of Theorem 2.2.2 is that the region of quadratic convergence
seems to depend on the choice of the norm ||-|| (or underlying inner product (-, -)).
However, we have shown before that the Newton directions are invariant under
a change of the inner product, and therefore the region of quadratic convergence
should not depend on the chosen inner product (for a thorough discussion we refer
the reader to [46, Section 4.1.2]).

Let us summarize the damped Newton method for minimizing a convex func-
tion F' (Algorithm 1).

At this moment there are some issues that are still unclear for Algorithm 1.
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Algorithm 1 Standard damped Newton method for minimizing a convex function
repeat
1) solve (2.5) to get the Newton direction Az,
2) update z7 = z+ Az, where « is a suitable stepsize such that F' decreases,
until stopping criterion is met

1. What is a good stopping criterion that guarantees proximity to an optimal
solution?

2. How to choose the step size parameter a so that the iterates form a sequence
that converges to an optimal solution?

3. Can we find a closed form description of the region of quadratic convergence?

We answer these three questions in Section 2.2.3.

2.2.2 Self-concordant functions

We present now a family of convex functions that are particularly well-suited
for Newton’s method. Recall that the third assumption on F' in Theorem 2.2.2
requires a uniform absolute bound on the variation of the Hessian of F'. In fact,
this assumption becomes the defining property of self-concordant functions, and
it can be viewed as a relative bound of the third derivative of F' in terms of the
second derivative of F', at any point z € dom F', in any direction h € R™. For a
detailed discussion, read [46, Section 4.1.2].

Definition 2.2.3. A closed convex function F € C3® (three times continuously
differentiable) with open domain C is called self-concordant if

\D*F () [h, b h]| < 2D2F(«)[h, h]*"*, (2.6)
for all x € dom F' and for all h € R™.

A self-concordant function F is called nondegenerate if its Hessian V2F is non-
singular for all x € dom F'.

Theorem 2.2.4. If I is self-concordant and its domain does not contain a straight
line, then F' is nondegenerate.

Assumption:

In the rest of this chapter when we speak of self-concordant functions we
implicitly assume that they are nondegenerate.

The assumption of nondegeneracy guarantees that the Newton directions are de-
fined everywhere. Moreover, since the Hessian is nonsingular and positive semidef-
inite it must be positive definite and therefore F is strictly convex. It follows that
if * is a minimizer of the nondegenerate self-concordant function F', then it is in
fact unique.
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Examples of self-concordant functions

e Affine functions F(x) = a”z + b are self-concordant (since their second and
third derivatives are constant and equal to 0), but not nondegenerate,

e Convex quadratic functions F(z) = 27 Ax + aT2 + o, where A = 0, are
self-concordant because D?F(x) = A = 0, D3F(z) = 0. If A = 0, then F is
even nondegenerate.

e F(x) = —log(x), because D*F(x)[h,h] = Z—z, D3F(x)[h,h,h] = —2};—2.

Operations that preserve self-concordance

Similar to the class of convex functions, we have operations that preserve the
property of self-concordance (compare to Section 2.1.2). The operations listed
below can be found for example in [46]. Since a self-concordant function F' has to
be differentiable, we implicitly always assume that its domain is open.

1. Weighted sum.
Let F; : C; € £ — R,i = 1,...,m be self-concordant functions and «; >
1,:=1,...,m. Then

m

F(z) =Y o;Fi(x)

i=1

is self-concordant on dom F' = (\}_, C;. Note that the coefficients have to be
greater than or equal to 1, as opposed to 0 in Section 2.1.2 (Proof, see [52,
Proposition 2.1.1(ii)]).

2. Weighted sum of separable functions.
Let F; : C; C & — R,i = 1,...,m be self-concordant functions and a; >
1,2=1,...,m. Then

F(z) = Z ;i Fy(x;)
i=1
is self-concordant on C; X ... X Cy, (Proof, see [52, Proposition 2.1.1(iii)]).

3. Composition with affine function.
Let F : C C R® — R be self-concordant, A : RP — R™ such that A(y) =
By + ¢ for B € R™P and ¢ € R". Assume A(R?)(C # 0. Define

Ct=A"YC)={y e RP: A(y) € C} C RP.
Then F: C* — R defined as
F(y) = F(A®y))
is self-concordant on dom F' = C* (Proof, see [52, Proposition 2.1.1(1)]).

4. Restriction to affine subspace.
Let F : C C R™ — R be self-concordant and £ = {z € R" : Az = b} an
affine subspace, where A € R™" b € R™ and m < n. Then the restriction
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of F to £, which we denote by F|., is self-concordant on its domain. We
define dom F'|z = ri(C () £), where ri(-) denotes the relative interior of a set.
Note that we consider dom F|. as a full-dimensional object in the lower-
dimensional space R"~™, embedded in R™. This ensures that dom F|. is an
open set which we need in order to make sure that the derivatives of F|.
are well defined. We discuss this operation of restricting a self-concordant
function in more detail below.

5. Partial minimization.
Let F : C C R™ — R, such that (x,y) — F(x,y), be self-concordant and
bounded from below. We assume that C does not contain a straight line.
Then the partial minimization of F' with respect to y

G(zx) = inf F(x,y),
() = dnf F(z,y)
where Q(z) = {y : (z,y) € C}, is self-concordant on dom G = {z : Q(z) # 0}
(Proof, see [50, Theorem 3]).

Note that 4. is in fact a consequence of 3. In order to see that, let us define
p=n—m. Let B € R™P be any matrix such that such that range(B) = null(A4)
and let T be any particular solution to the linear system Ax = b, i.e. T € L. Define
¢ = Z. Then we can parametrize £ in the following way:

L={zeR": Az =b}={By+c:yeRP} CR".

The parametrization of £ corresponds to the elimination of m = n — p variables
x;. Using this definition, we get that

Ct={yeRP:By+ceC}CR".
In view of 3. we have that F : CT — R, defined as
F(y) = F(By +¢),

is self-concordant on C*, which is open because C is open.

Let us give an interpretation of the set CT in our case. For y € R? we define the
point £, = By + ¢ € R". Then y € C* if and only if 2, € C. The latter condition
is the same as x,, — ¢ = By, or equivalently x, — ¢ € range(B). By assumption, we
have range(B) = null(4), so we get z, — ¢ € null(4) which means A(z, —c) = 0.
Since T = c € L, it follows

Alzy —¢) = Azy — Ac = Az, — b =0,

or Az, = b. In other words, z, € £. From above we have additionally that x, € C.
It follows that y € C* if and only if z, = By + ¢ € C( L.

Note that we have to be careful when speaking about restrictions of self-
concordant functions to affine subspaces. Even though C* is open (in R™) the
set C(NL C R™ is not open (neither is its relative interior ri(C () L)). Strictly
speaking functions defined on ri(C () £) cannot be differentiable, as differentiabil-
ity implicitly assumes that the domain is open.
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Therefore, when we speak of the restriction of a self-concordant function F' to
the affine subspace £ = {z : Az = b}, we understand it in the following way: find a
matrix B such that range(B) = null(A4) and ¢ € L. The restriction F|: Ct — R
is defined as

Fle(y) = F(By +¢)
ondomF|,=Ct:={y:By+ceC} CRP.

Example 2.2.5. Let F : C C R3 — R be self-concordant with C = int{zx € R3 :

l|z||2 < 1}. Let £L = {x € R® : 21 + 29 +x3 = 1}. We see that C( L is the unit ball

intersected with some hyperplane. In the above notation we have that A =[1,1,1]

and b= 1. Moreover, null(A) = {z = (v1,22,73) : Az = 21 + 22 + 23 = 0} C R3.
If we define now

0
B=|0 1], c= (0],
1

we can check that range(B) = {x € R3 : x = By = (y1,y1, —Y1—y2), for some y €
R2}. We see immediately that null(A) = range(B). Furthermore, we can check
that c € L.

By virtue of the above arguments, we have that the restriction of F to L is in
fact given by F(A(y)), where A(y) = By + ¢, that is

Fle(y) = F(y1, 92,1 —y1 — y2)
with dom F|. = {y € R* : A(y) € C}.

Properties of self-concordant functions

For the rest of this section, when we say that F' is self-concordant, we mean that
F :C C & — R is a nondegenerate self-concordant function with open domain C.

The following theorem states that every self-concordant function is in fact a
barrier for its domain.

Theorem 2.2.6. Let F be self-concordant. For any sequence {xy} C C converging

towards cl(C)\C we have
F(zy) — +oc.

Proof. [46, Theorem 4.1.4]. O

Any (nondegenerate) self-concordant function F' induces a family of intrinsic
inner products in £: for any x € C, hy, hy € £ we define

<h,1, h2>x = <V2F($)h1, h,2> .

Analogously, we can define the intrinsic inner product in the dual space £*: for
x €C and g1,92 € £* we define

(91, 92)c = <g1,V2F(z)_1g2> .

Using the intrinsic inner products, we can define a so-called local norm in £ and
E* with respect to x € C.
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Definition 2.2.7. Let F' be self-concordant, x € C. We define the local norm of
hef& as
1hlle = (h,h)e'? he €

and the (dual) local norm of g € £* as

1/2 "
Nallz = (g,9).""%, g € €.

One can verify that || - ||% is indeed the norm which is dual to || - ||, i.e.

¥ = max h).
gz Hh“m§1<g, )
As || -||z and || - ||% are dual to each other, we automatically have the Holder
inequality with respect to the reference point x € C, for any h € £ and any g € £*,
i.e.

{g: )] < llgllz - [Pl

If we use the local norms to measure the size of a point h € £ (or g € £%)
then these values depend obviously on the choice of the reference point z € C. For
the same reason the neighborhoods around a fixed point h € £ (with respect to
the local norm) are dependent on the reference point € C. If we consider the
neighborhood around =z € C measured with the local norm with respect to the
same point x, we get the so-called Dikin ellipsoids. They are important objects to
describe the topology of F', as we will see later.

Definition 2.2.8. Let F' be self-concordant. For given x € C the Dikin ellipsoid
with radius v > 0 is defined as

D(z,r) ={y:ly —=ll. <7}
We denote the interior of the Dikin ellipsoid by Do(z,T), i.e.

Do(a,r) ={y : [ly — [l <r}.

The following result is essential for the analysis of the behavior of self-concordant
functions inside C. It says that the Dikin ellipsoid is always contained in C.

Lemma 2.2.9. Let F' be self-concordant. For any x € C and 0 < r < 1 we have
D(z,r) CC =domF.
Proof. [46, Theorem 4.1.5]. O

For the next theorem, let us introduce some piece of notation. Let A € S™,
B € 8™. Then we denote
A-B

if and only if A — B > 0, that is the difference A — B is positive semidefinite.
Analogously, we write A > B if and only if A — B > 0.

Inside the Dikin ellipsoid self-concordant functions are well-behaved. The fol-
lowing theorem states that the Hessian of a self-concordant function (and hence
the local norm) does not vary too much inside D(z,r).
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Theorem 2.2.10. Let F be self-concordant, x € C, y € D(z,r), r <1 and h € €.

Then
1

(L=7)-[lhllz < ||Ally < =)

IRl
or equivalently

(1—7)>V?F(z) < V2F(y) =< V2F(z).

1
(1-1r)2
Proof. [46, Theorem 4.1.6]. O

We have the following two bounds on the variation of the gradient of F' inside
D(x,7).

Lemma 2.2.11. Let F be self-concordant, x € C, y € D(x,r), r < 1. Then it
holds

7“2

1—7

IVF(y) — VF(z) = V2F(z)(y — 2)||}; <
Proof. [49, Lemma 1]. 0

For the following theorem we need to introduce the local norm of a linear
operator.

Definition 2.2.12. Let M : £ — £* be a linear operator, F self-concordant and
x € C. Then we define the local norm of M as

[Mlly:= sup [[M hl[;.
el Bl <1

Theorem 2.2.13. Let F be self-concordant, x € C, y € D(x,r), r < 1. Then it
holds

% r
IVF(y) - VF@)I; < .

Proof. Let us define y(0) = .+ 0(y — ) for 6 € [0,1]. Then we have
1
VF() - V@) = [ V@) (- o),
0
Using the above representation and subadditivity of norms, we get
1

IVF(y) = VF(2)l]; = ||/O V2F(y(9)) (y — x)dd|[;
1

< [ 19w - ol

In other words, the norm of the integral is less than or equal to the integral of the
norm. A formal proof of the inequality that we have used above, can be found for
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example in [55, Theorem 1.5.4]. In view of Definition 2.2.12, and using the fact
that y € D(z,r) means ||y — z||, <7 < 1, we obtain

/ IV2F(y(0))do (y —2)||2 < sup / IV2F(y(6))d6 (y — )]
0

yilly—=||<1

:/0 sup  ||V2F(y(0))do (y — z)|[%

y:|ly—x|].<1
1
- / IV2E((0)]12dd - Iy — -

Further, since 6 € [0, 1], we have that y(0) € D(z, ), where 7 = 0r < r < 1. Using
Theorem 2.2.10, it follows

1
2F(y(0)) = ———V?F
V() 2 gy V),
which implies
1
2E(y(O)], < ———||V2F o
[[V=F(y(0))]] _(1_9r)2||V (@)l
But since
V2F . = max ||V?F hl[> = max ||hllz =1,
[[VZF(2)]| max NIVEE(2) Al [ IRl

we conclude

O

Let us define the following convex functions that will be useful in the analysis
of self-concordant functions.

w(tl) =1t — log(l +t1), t1 > —1, w*(tg) = —1y — 10g(1 — tg), to < 1.

Lemma 2.2.14. We have for 0 <t; and 0 <ty <1

(1) = 7 i) = T (27)
wi (W' (t1)) = t, w'(w(t2)) = ta, (2.8)

wi(t2) = taw, (t2) — w(wi(t2)), w(ty) = t1w'(t) —wi(W'(t1)).  (2.9)
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Figure 2.1: solid: w(t), dashed: w.(t).
Proof. [46, Lemma 4.1.4]. O

Note that w and w, are in fact conjugate to each other (see [46, Lemma 4.1.4]),
that is

wa(t2) = tsu>1c;{t1t2 —w(t1)},
1=

w(tl) = sup{tltg — w*(tg)}.
to<1

Moreover, in view of (2.8) we have that w’ and w, are inverse to each other.
We have for 0 < tq,t5
w(tl) + w(tg) S w(tl + tg), (210)

Indeed

w(tl) + w(tg) = tt — IOg(l + tl) + t2 — IOg(l + tg)
= tl + tQ — IOg((l + tl)(l + tg))
=11 +to —log(l+t1 +ta+ tita)
~~
>0
<ty 4ty —log(l+t1 +ta)
zw(t1 —l—tz).

With the same arguments we get for 0 < t1,¢s such that ¢; +t2 < 1
w*(t1)+w*(t2) Sw*(t1+t2). (211)

The following two theorems give convex lower and upper bounds on both the
function value of F' and the variation of the gradient of F' around a point x € C.
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Theorem 2.2.15. Let F be self-concordant, © € C and y € C. Denote r =
|ly — x||. Then

F(y) > F(z) + (VF(2),y — z) + w(r), (2.12)

7,2

1+7°

(VF(y) = VF(2),y —x) = (2.13)

Reversely, let (2.12) or (2.13) be true for any v € C and y € C. Then F is
self-concordant.

Proof. [46, Theorem 4.1.7 and 4.1.9]. O

Theorem 2.2.16. Let F be self-concordant, x € C and y € D(x,r), r < 1. Then

Fly) < F(z) +(VF(z),y — ) + w(r), (2.14)

7“2

(VE(y) = VF(@),y —) < T—

(2.15)

Reversely, let (2.14) or (2.15) be true for any x € C and y € D(z,r), r < 1. Then
F is self-concordant.

Proof. [46, Theorem 4.1.8 and 4.1.9]. O

2.2.3 Newton’s method for minimizing self-concordant func-
tions

We have mentioned above that the class of self-concordant functions is particularly
well-suited for Newton’s method. We are going to demonstrate that now. An
important object that gives us a lot of information about F' is the so-called Newton
decrement.

Definition 2.2.17. Let F be self-concordant and x € C. We define the Newton

decrement at x as
_ 1/2
8, = (VF(z), V2F(z) 'VF(z)) .

In view of the definition of the local norms (see Definition 2.2.7), we have
e = [[VE(2)][3-
On the other hand we can also write
1/2

5, = | VF(2)T V2F(2) 'VF(x)
=—Azx

= (-VF(@) Az)"?,
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where Az denotes the Newton direction. Finally, we can introduce the identity
I = (V2F(x))"'V2F(z) in the last expression. We get

1/2
b5, = | —VF(2)'V2F(z)” ' V2F(2)Ax
=AzxT
= (A2"V?F(2)Ax) Yz
= || Az]|,.

That means we have three different representations of the Newton decrement §,,
that is 12
do = [[VF(@)|; = (-VF(x)"Az) "~ = [|Az],.

If we want to find a point x that is close (in some sense) to the optimal solution
x*, there are several ways of measuring this proximity: we could compare the
objective values F'(z) and F(z*) and if the difference F(z) — F(x*) is sufficiently
small, we accept = as an approximation for z*. Another way would be to look at
the (local) norm of the error term e = x — x*, i.e. || — 2*||, and accept x if the
norm is small enough.

However, we see that both measures involve the knowledge of the (unknown)
optimal solution z* (or its function value). The following theorem shows how
the readily computable Newton decrement can be used to bound these optimality
measures.

Theorem 2.2.18. Let I be self-concordant and x € C such that 6, < 1. Then

w(dz) < F(x) = F(2") < wi(dz), (2.16)
W (5) < Il — o le < WL (52). (2.17)
Proof. [46, Theorem 4.1.13]. O

Note that the lower bounds in (2.16) and (2.17) are valid even if §, > 1.

The upper bounds provided by Theorem 2.2.18 are particularly useful. Unfor-
tunately, an upper bounding in terms of the Newton decrement is only possible if
0, is small. If §, > 1, there is no immediate way to bound these distance measures.
We will address this issue at the end of this section.

If the Newton decrement is small (which means we are close to z*), we have
quadratic convergence of Newton’s method in terms of §,.

Theorem 2.2.19. Let F' be self-concordant and x € C such that §, < 1. Then the
full Newton step
2t =z + Az,

where Az is the solution of (2.5), is feasible and we have

5. \2
< .
Ont < (1—51)

Proof. [46, Theorem 4.1.14]. O
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The quadratic convergence of Newton’s method can also be phrased in terms
of the distance to an optimal solution z*. We have the following theorem.

Theorem 2.2.20. Let F be self-concordant and x € C with x* € Do(x,1). Then
the full Newton step

2t =2+ Az,
where Az is the solution of (2.5), is feasible and we have

k]2
ot o, < e =TIE
1=z — 2l

Proof. [55, Theorem 2.2.3]. O

Note the similarity to the standard result on quadratic convergence (Theo-
rem 2.2.2). The difference to Theorem 2.2.2 is that all distances are now phrased
in terms of the local norm || - ||, with respect to the current iterate .

Let us phrase the bound on ||[z* — z*||, from Theorem 2.2.20 in terms of the
Newton decrement 6.

Theorem 2.2.21. Let F' be self-concordant and x € C such that §, < % Then we
have

62
L TR Q. S—
2 x”z—25§f351+1

Proof. For 0 < §, < 3 we have 15“5

of (2.17) it follows then

< 1. In view of the right-hand side inequality

x

1—46,

[l — ||, < <1,
which means 2* € Dg(x,1). Therefore we can apply Theorem 2.2.20 and get

* (12
R [t -2

In view of the right-hand side inequality of (2.17) we have

|lz — 2*[|2 (W (92))*
L—lz—a*le = 1—wi(0a)
2
O
B (1—635) 52 1—6,
1- 2 (1-6,)°1-25,
62
T 1= 6,)(1—25,)
52
T 1-30, 282
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Renegar ([55, Theorem 2.2.5]) has established a similar bound on the error of
the new iterate z+ with respect to the local norm at the current iterate x. The
bound is the following. If 6, < i, then

+

362
127 = "lle = 75

1—6,)3"
Note that the upper bound from Theorem 2.2.21 is tighter than the one provided
by Renegar. This can be seen in Figure 2.2, where we have plotted both upper
bounds as functions of §,. Moreover, Theorem 2.2.21 is valid for §, < %, while
Renegar requires 6, < i.

1 T T T —
New bound
0.9 — — — Renegar’s bound |1

0.8

0.6

0.5

0.4

0.3

0.2

Figure 2.2: Two bounds on ||zt — z*||,. Solid: new bound dashed:

63:
1-33,+282°

) 362
Renegar’s bound (R LR

Theorem 2.2.20 and Theorem 2.2.21 provide bounds on the quantity ||zT —
x*||z, which is the error at the new iterate z* = x + Az, measured with respect
to the local norm in terms of the old iterate x. The following result provides a
bound on the distance of z* to the new point T with respect to the ”correct”
local norm at z .

Corollary 2.2.22. Let F' be self-concordant and x € C such that §, < % Then
we have

62
=+ _ * < €T
27 = 2ller < (1—06,)2(1 —26,)

Proof. The inequality is an immediate consequence of Theorem 2.2.21 and the fact
that ||z — z||, = ||Az||, = d, < 3 implies in accordance with Theorem 2.2.10

2™ = 2%]le = (1= Ga)|l2™ — 2|+
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As we have mentioned before, the Newton direction Az is a direction of descent
(unless we are already at some optimal solution), and we have argued that it should
be possible to find a step size « such that we can globalize the method: from any
starting point we can apply several damped Newton steps, thus decrease the func-
tion value and eventually reach the region of quadratic convergence. Once in that
region, few full Newton steps suffice to compute an arbitrarily good approxima-
tion for an optimal solution. The following theorem gives an explicit description
of such a step size.

Theorem 2.2.23. Let F' be self-concordant and x € C. We define the new iterate

Then zt € C and

Proof. [46, Theorem 4.1.12]. O

We are coming back now to the three questions we have posed right after
formulating the basic version of Newton’s method (Algorithm 1).

Theorem 2.2.19 and Theorem 2.2.20 settle the third question related to the
description of the region of quadratic convergence of Newton’s method. Theo-
rem 2.2.19 phrases the quadratic convergence in terms of the Newton decrement
d, which is a quantity that we can observe. Theorem 2.2.20, on the other hand,
illustrates quadratic convergence of the method in terms of the errors || — z*||,,
which might be of higher interest (as they describe the actual distance to the
optimum) but are not directly accessible.

The second question, related to a suitable step size, is answered by Theo-
rem 2.2.23 and again Theorem 2.2.19 (or Theorem 2.2.20). As long as the Newton
decrement is large, which means we are far from an optimal solution (in view of
the left-hand side inequalities of Theorem 2.2.18), we can also achieve a relatively
large improvement in terms of the function value (see Figure 2.1). If §, is small
(that is, 0, < 1 for Theorem 2.2.19 and 4, < % for Theorem 2.2.20) we can do full
Newton steps, i.e. we can choose as step size parameter o = 1.

To answer the first question concerning the stopping criterion, we refer to the
right-hand side inequalities of Theorem 2.2.18. If we desire an accuracy in terms
of the objective value of, say ¢; > 0, then we can stop as soon as we have found a
point x € C such that 6, < w_;1(e;). Analogously, if we wish to find a point such
that ||z — 2*||» < €2, for some €2 > 0, then we can stop the algorithm as soon as
we have encountered a point x € C such that 6, < (w.)"!(e2) = w'(e2). In view
of Theorem 2.2.19 and Theorem 2.2.23, it becomes clear how a globalized Newton
method for minimizing a self-concordant function should look like. It consists of
2 phases.

1. Damped phase.
As long as the Newton decrement is large, we reduce the function value by
a nontrivial amount according to Theorem 2.2.23.
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2. Quadratically convergent phase.
If the Newton decrement is sufficiently small, we are in the region of quadratic
convergence and we can do full Newton steps according to Theorem 2.2.19.

We only have to decide when to switch from phase 1 to phase 2. We would like to
enter the second phase as soon as possible to profit from the rapid convergence to
the optimal solution.

Theorem 2.2.19 can be applied as soon as d, < 1, but this alone does not
guarantee a decrease of the Newton decrement §,. Additionally, we need that
0+ < d, to ensure monotonic (and fast) convergence. In view of Theorem 2.2.19
the latter inequality is guaranteed if

2
(1 fz(s ) < %)

which is true whenever 62 < (1 — 6,)%d,. Since we need that &, < 1, we get that

a decrease 0,+ < 0, is ensured as soon as 0 < &, < %5 = €¢9. That means at
the beginning of the algorithm (as long as d§, > eg) we do not necessarily have
a decrease in terms of the Newton decrements. This is only guaranteed when
6z < €p. On the other hand this condition will be met eventually because of
Theorem 2.2.23 in combination with the left-hand side inequality of (2.16).

Let us summarize the overall complexity result of the globalized Newton method
in the following theorem.

Theorem 2.2.24. Let F be self-concordant, zo € C, 0 < € < w(1/2) and choose
B e (0, 3_2—\/5) Then we can find a point T € C such that
F(z) - F(z*) <e

in no more than
N = N; + No

iterations, where

N < F(xo) —7F(x*)
B w(B)
N2 = O (log, (log, (1/¢))) -

Proof. Indeed, as long as 6, > 3, we can apply damped Newton steps with o =
ﬁ, as described in Theorem 2.2.23. By doing so, in each iteration we can
reduce the function value by w(d;) > w(8). That means the original optimality
gap F(xzo) — F(z*) will be reduced at most

F(xo) —_F(m*)
w(p)
times before 6, < (3. If € > w,(3), then we have in view of (2.16)

P(z) - F(e") < 0.(6:) < w.(B) < e,
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which means that x is an e-solution and we can stop here.
Otherwise, as soon as 0, < 3 < %5 =: €y, we switch to the full Newton
method with step size &« = 1. Once we have entered phase 2, we have according

to Theorem 2.2.19

Syt < % 2< ! 62 < §e =0
S\120,) SA—ep =m0 =0
———

=K

=1

Note that k ey = 1 because ¢ is a solution to the nonlinear equation ﬁ =1.

If we denote now by 5g(ck) the Newton decrement in the k-th step of phase 2, we
get for all £ > 1 that 1/(1 — 53(5k))2 < & (because 58 < 6 < €0), and recursively

2
5a(ck) < k- (53(61971))2 < k- [n (5;1@2))2} < (H.ég))zk—l .,(1,

where 53(51) is the first Newton decrement such that 53(51) < €9. We apply the
quadratically convergent phase of Newton’s method until the decrement is less
than e. To achieve that it suffices to make sure that

(k- 69(61))2]%1 <e€- K,

which in turn is satisfied when

PIe 2’“): k=1, S| <
log, ((FL 5y) 2 logy [ k-85 | <logy(ex ).

<1 <1
—_—
<0 <0

This is true if and only if

1 1
k-1
2 log, (—m . 63(51)) > log, (_en) .

It follows that we have to ensure

We conclude that it suffices to run at most
k = O (log, (log, (1/€)))

iterations in phase 2 to guarantee 5g(ck) < e. This means we need very few iterations
to achieve basically any desired accuracy. For example, for € = 1071, we need no
more than 6 iterations.

It remains to note that if we want to find a point x such that F(x)— F(z*) <,
then in accordance with (2.16), this can be guaranteed by satisfying w.(d,) < e.

Finally, for € < w, () < 0.1 we have that w,(e) < € (see Figure 2.1), which finishes
the proof. O



32 CHAPTER 2. CONVEX OPTIMIZATION

Remark 2.2.25. The bound on the number of iterations in phase 1 is rather pes-
simastic. In fact, Theorem 2.2.23 guarantees an absolute decrease in the function

value F(x) of at least w(d,) which can in fact be much larger than w(B3). More-
over, it could be possible to find a larger step size than ﬁ that achieves a higher
functional decrease. For example, one can implement a simple line search along
the Newton direction Ax that starts with the safequard step length of g = ﬁ
and that gradually increases o until the function values of F' are increasing again.

This results in a better practical performance of the algorithm.

2.3 Equality constrained optimization

From now on we consider the underlying vector space £ to be R™. In this section
we want to extend the results from the previous section to the case where we want
to minimize a convex function F' subject to linear equality constraints, i.e. we
consider the problem

min F(x)
wER™ (2.18)
x € L={x:Ax = b},

where A € R™", b € R™ and F : C C R™ — R is a convex function defined on
some open domain C.

We have seen in Section 2.2 that if there are no equality constraints present and
if F' is well-behaved (that is, F' is self-concordant), we can solve the unconstrained
problem (2.2) in with a guaranteed complexity (see Theorem 2.2.24). Therefore
we keep the assumption that the objective F' is a nondegenerate self-concordant
function. We will show that we can obtain essentially the same results as in
Section 2.2.

In this work we assume that there exist points & € C such that Az = b (oth-
erwise (2.18) is trivially infeasible). The latter condition is true if and only if
rank(A) = rank([A, b]), where [A, b] denotes the matrix where vector b is appended
to the matrix A. This, in turn, is in particular satisfied if A has full row-rank.
However, we want to stress here that the full row rank condition is not necessary.
On the other hand, if A is rank-deficient, although there are solutions to the sys-
tem, it is clear that we can always reduce Az = b to a system with fewer rows
Az = b with a matrix that has full row rank. For convenience we will assume
in the rest of this chapter that A has full row rank. This simplifies the analysis,
for example it has the advantage that we can write down explicitly a generalized
definition of the Newton directions.

2.3.1 From unconstrained to equality constrained optimiza-
tion

A direct application of the KKT conditions to the problem (2.18) yields the fol-
lowing optimality conditions. The point z* € C is optimal for (2.18) if and only if
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3 A* such that
VF(z*) = —AT)\*

2.19
Az* =b. ( )

Analogously to the previous section, (2.19) is a nonlinear system of equations in
the variables * and A\*. Again, we might try to find a solution to the optimality
conditions iteratively by linearizing (2.19) at a given feasible point « € C () L. The
only nonlinear term in (2.19) is the left-hand side expression in the first line. Its
linearization becomes

VE(x+ Az) =~ VF(z) + V*F(z) Az.

Further, we want to restrict ourselves to points in £. Since Az = b, we must
therefore impose AAxz = 0. We arrive at the following linear system (also called
the augmented system)

[VQZ(:E) /BT] . [Aﬂ _ {VOF(x)]_ (2.20)

Note that the solution of (2.20) is unique, since F' is assumed to be nondegenerate
which implies V2F(x) = 0 for all z € C. If we multiply the first equation by

VQF(JU)A7 we get
Az =—V2F(z)  (VF(z) + AT)). (2.21)

Replacing the above term in the second equation of (2.20) yields a reduced linear
system only in terms of A (also called the normal equation):

AV2F(z) AT A = —AV?F(2) 'VF(2).

-1

We have assumed that A has full row rank. Therefore the system matrix AVZF(z)” " AT

is positive definite too and we get as unique solution for A
A= —[AV2F(2) 'AT|"Y AV2F(2) 'V F(x). (2.22)
Replacing this expression in the (2.21) gives the unique solution for Az.

Newton direction as a projection

Note that the Newton direction Az is now given by the linear system (2.20), whose
unique solution we have computed in (2.21) and (2.22). If we substitute A from
(2.22) in (2.21), we get

Az = [I - VQF(x)’lAT[AVQF(x)’lAT]—lA} (~V2F(x)) " VF(2)

=Azg(w)
:Pgo,m

=PL . Az,

where Az(*) is the Newton direction for the unconstrained problem min, F(z), i.e.
the solution to (2.5), and Pfo,w is the projection operator onto Ly = {x : Az = 0},
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with respect to the local norm. To check the latter interpretation of 7)507:“ let us
consider the corresponding problem of projecting a given point zy onto Ly with

respect to the local norm || - ||, for a particular point = € Ly, i.e.
. 2
min - 2.23
min [Jy ol (2.23)

The objective can be written as

ly — ol |2 = (y — 20)" V?F(x)(y — o)
=y ' V2F(2)y — 2yTV2F(2)x0 + 20 V2 F (x)x0

The KKT conditions for the convex quadratic problem (2.23) become then: 3\
such that

OV2F(x)y — 2V2F(x) g = —2AT )
Ay=0

From the first equation we get
y= V2F(:L')71 [fAT)\ + V2F(z) :L'()]
= —V2F(z) " ATA + 0.
Replacing this term in the second equation of the optimality conditions gives
Ay = A[-V2F(z) " ATX + 0] = 0.
Since A has full row rank, from the last equation we can derive A and get
A= [AVQF(:C)*ATT1 Ao,
Substituting A in z yields

—1
y= —VQF(:c)il AT {AV2F(x)71AT} Axo + x0
= [1 - VQF(:E)_IAT[AVQF(;E)_1AT]*1A} 2o

F
= Pﬁo,m Q-

The Newton decrement

Analogously to Section 2.2 the Newton decrement 0, is defined as the local norm
of the Newton direction Axz. The only difference is that Az is now defined as the
solution of the linear system (2.20) (as opposed to (2.5) in Section 2.2).

Definition 2.3.1. Let F' be self-concordant and x € C. We define the Newton
decrement at the point x as
b6z = [|Az||,

where Ax is the solution of (2.20).
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Using (2.21), we get two alternative representation of 4.

_ 1/2
5, = <7AzTV2F(:c)V2F(z) YVF(2) + ATA))
= (~A2T(VF(z) + ATN) "/
1/2
= | —Az"VF(z) — AxT AT X
=0
= (—AxTVF(z))1/2 .
Alternatively, (2.21) yields

6. = ((VF(2) + ATNTV2F(2) " (VF(2) + ATN)) v

= ||VF(z) + AT |2

Let us compare the Newton decrement of Definition 2.3.1 (from the equality
constrained problem (2.18)) to the Newton decrement of Definition 2.2.17 (from
the unconstrained problem (2.2)).

Lemma 2.3.2. Let F be self-concordant and x € C such that Az = b. Denote

by &, the Newton decrement for equality constrained problem (2.18), and 5g(cu) the
Newton decrement of the unconstrained problem (2.2). Then

6y < 600,
Proof. The Newton decrement for (2.18) is given by
6, = (-VF(z)" Az) Yz ,
where Az is the solution of (2.20). We get
02 = - VF(x)T Az
=VF(2z)'V2F(z)  'VF(z) +VF(2) ' V2F(z) AT

()

- (5;@)2 — VF(2)TV2F(z) ' AT[AV2F(2) AT LAV2F(2) VE(2).

The second term is non-positive because the matrix in the middle [AVZF (z) 71AT] -1
is positive semidefinite. We conclude that

52 < (507)",
which implies the result. O

The above Lemma certainly makes intuitive sense: the Newton decrements
5" and 6, are defined as the (local) norms of the unconstrained (Az(")) and con-
strained (Az) Newton directions. Since Az is confined to the subspace null(A) =
{x : Az = 0}, the point = + Az should be closer to x than z + Az(*), which does
not need to be in £ = {z : Az = b}.
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Variable elimination and link to the unconstrained case

We can also derive the optimality conditions in another way. We see that (2.18)
is the minimization of the restriction of a self-concordant function F' to the affine
subspace £ = {x € R" : Az = b}. In view of Section 2.2.2 we can find B € R™"~™
such that range(B) = null(A) and ¢ € £ and define the unconstrained problem

min F|z(y) = F(By + ¢), (2.24)
yeCt

with dom F|z = CT = {y € R"™™ : By + ¢ € C}, which is in fact equivalent to
(2.18). The optimality conditions for (2.24) are

VFlc(y) = 0.
Using the definition of F|., we get
VF|:(y) = B'VF(By +c¢).

That means a point y is optimal for (2.24) if and only if BTVF(By + ¢) = 0,
or in other words VF(By + ¢) € null(BT). Since range(B) + null(BT) = R",
we conclude that range(B) = null(A) is equivalent to range(AT) = null(BT).
Therefore, y € RP is optimal for (2.24) if and only if VF(By + ¢) € range(AT),
which means we can find multipliers A € R™ such that

VF(By+c) = —A" A
Moreover, for any y € CT we have
A(By+c¢)=ABy+ Ac =1,
=0 =b

using the fact that range(B) = null(A) is the same as saying A B =0 € R™"~™,
That means if we define z = By+c for any y € C* the above optimality conditions
are exactly the same as (2.19).

Yey another way of deriving the Newton system (2.20) is to look at the lin-
earization of the optimality conditions of the unconstrained problem (2.24), i.e.

VF|c(y) + V2F|£(y) Ay = 0.
We have computed the gradient VF|; above. The Hessian becomes
V2F|c(y) = BY'V?F(By + ¢)B.

Replacing the expressions for VF|, and V2F|. in the linearized optimality con-
ditions yields
BT [VF(By + ¢) + V?F(By + ¢)BAy| = 0.

In other words, we need that VF(By + ¢) + V2F(By + ¢)BAy € null(BT) =
range(AT). That means we can find A € R™ such that

VF(By +c) + V>F(By + ¢)BAy = —AT )\
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If we define Az = BAy, we get by construction AAx = ABAy = 0 (since AB =0
in view of the assumption range(B) = null(A)). Denoting x = By + ¢ € C, we
arrive at the following system of equations

V2F(x)Az + AT\ = —VF(z)
AAz =0,

which is exactly (2.20).

In view of these observations we could stop here and refer to the results of
Section 2.2, since (2.18) is equivalent to (2.24) and everything can be phrased in
terms of an unconstrained problem of minimizing a self-concordant function (whose
derivatives we can compute). However, we have decided to keep the equality
constrained formulation (2.18) in its explicit form for several reasons.

1. We do not want a potential user to be occupied with the process of eliminat-
ing variables, i.e. with the task of finding a matrix B such that range(B) =
null(A) (we do assume, however, that a particular solution ¢ € R™ to the
linear constraints is known). Moreover, the computation of B might slow
down the total computation time and destroy sparsity.

2. We prefer the equality constrained formulation (2.18) since they explicitly
contain the variables z that have an actual meaning for the original appli-
cation (from where (2.18) has arisen).

3. Later (Chapter 5) we are going to exploit structure in the matrix A and
in the domain of the objective function. This structure gets lost when the
variables are eliminated as in (2.24).

As we have seen in (2.24), the equality constrained problem (2.18) is equivalent
to the unconstrained minimization of the composition of F' with an affine operator
A(y) = By+c, where B € R™"™ ™ guch that range(B) = null(4) and c € £ = {x :
Az = b}. The following result shows the link between the Newton decrements for
both problems.

Let us change a bit our notation here. For the particular solution z = ¢ € £ we
denote by f.(y) the objective function of the unconstrained problem (2.24), that
is

fa(y) = F(By + x).
In view of the calculations above the derivatives of f, are given by:

Vf.(y) = BT VF(By + ),
V2 fuly) = BT V?F(By + z) B,
and the optimality conditions for (2.24) are
Vfz(y) = 0.

The Newton direction and Newton decrement of f, at the point y = 0 (which
corresponds to the particular z € R™) are given by

Ayo = —V2£,(0)"' V£4(0) = —[BT V2F(z) B~ BTVF(x),

1/2
Syo = || Ayolv2y,0) = (=Y £2(0)" Ayo) 2
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Lemma 2.3.3. Let F' be self-concordant and x € C such that Az = b. Let 6y,
be the Newton decrement for the unconstrained problem (2.24) at the point y = 0,
and §, the Newton decrement for the equality constrained problem (2.18) at the
point x. Then we have

Oz = Oyy-

Proof. We have seen above that BAyg € null(A) because ABAyy = 0.
Further, let us define

A=—[AAT] 7 A [VF(z) + V2F(x) BAyo] ,
we see that it holds
V2F(2)BAyo + AT\ = —VF(x).
The latter statement is true because of the following fact. Let us define

A

| erom,

Since A B = 0 implies that rank(M) = rank(A) + rank(B) = m+ (n —m) =n
(see e.g. [4, Fact 2.10.25]), we conclude that M is nonsingular. Therefore, when
multiplying the above equation from the left with M7, we get

BYV?F(2)B Ayo + B" AT A\ = — BTVF(z)
— ——— S~—— —_———

=v2£,(0) =0 =V £..(0)
and
AV?F(x)BAyy + AAT )\ = —AVF(x).
N——

=—A-[VF(z)+V2F(z)BAyo]
This means the direction BAyj is in fact the Newton direction for (2.18), because

together with the A defined above it satisfies (2.20), i.e. Az = BAyj.
Consequently, the Newton decrement of f, at the point y = 0 is

55 = =V f2(0)" Ayo = =V F(2)" BAyy = —VF ()" Ax = 5.
O

However, we want to stress here that the above mentioned result has only
limited practical use because typically we do not have access to an elimination
matrix B (that is expensive to compute). On the other hand, Lemma 2.3.3 will be
useful to generalize some of the results from the previous section to the equality
constrained case.

2.3.2 Newton’s method for equality constrained minimiza-
tion

Analogously to Section 2.2 we can consider Newton’s method for equality con-
strained problems (2.18), where the Newton direction Az is the solution of the
linear system (2.20), and the Newton decrement is defined as the local norm of
this direction, i.e. 0, = ||Az||,. In order to analyze such a Newton method we
have the following two observations.
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1. The Newton direction Az lies in the null space of A. This means that if some
point x € C satisfies the linear constraints Az = b, then so do all points along
the Newton direction, i.e. A(xz + yAx) = b for any step size v € R.

2. Using Lemma 2.3.3 we have that the Newton direction Az for the equality
constrained problem (2.18) can be expressed as Ax = B Ayg, where Ayg
is the Newton direction for the unconstrained problem (2.24) at y = 0.
Moreover, both Newton decrements are the same: 0, = dy,. Using these
two relations, it is straightforward to phrase all the expressions in terms of
the variables x in Theorem 2.2.18, Theorem 2.2.19 and Theorem 2.2.23 from
Section 2.2 in terms of the unconstrained variables y.

For the sake of completeness, let us present here the generalizations of Theo-
rem 2.2.18, Theorem 2.2.19 and Theorem 2.2.23 to the equality constrained case.
The Newton direction Az denotes the solution of (2.20) and the Newton decrement
denotes its local norm, i.e. §, = ||Az||..

Theorem 2.3.4. Let F' be self-concordant, A € R™"™ b € R™ and x € C such
that Ax = b and 6, < 1. Then

w(dz) < F(x) — F(z") < wi(d), (2.25)
W'(02) < ||z — 2] < Wi (0e), (2.26)

where x* denotes an optimal solution for (2.18).

Theorem 2.3.5. Let F' be self-concordant, A € R™"™ b € R™ and x € C such
that Az =b and 6, < 1. Then zt =2 + Az € C with AzT =b and

6 \°
<
Ot < (1—535) ’

where §,+ denotes the (constrained) Newton decrement at the new iterate x™.

Theorem 2.3.6. Let F' be self-concordant, A € R™"™ b € R™ and x € C such
that Ax = b. We define the new iterate

xt=x+ - Ax.

149,
Then z+ € C and Az = b. Moreover, we have
F(z) < F(z) — w(dy).

We are ready now to formulate the globalized Newton method for solving
(2.18), the only difference being the Newton direction, that comes now from (2.20).
We have again two phases:

1. Damped phase:
1

As long as 0, > 3 with § < 3_2‘/5 we can choose & = 175~ which guarantees

in each iteration a functional improvement of at least w(/3).
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Algorithm 2 Damped Newton method for minimizing a self-concordant function
subject to linear equality constraints
Input: A€ R™" be R™, F self-concordant
Initialize: € > 0, initialize g € C({z : Az = b}.
loop
1) compute Newton direction Az from (2.20)
2) & <« x + a Az, where « is a suitable step length
3) 0 = ||Az][2
end loop

2. Quadratically convergent phase:
If6 << 3_2—‘/5, then we can choose @ = 1 and we have quadratic conver-
gence with respect to the Newton decrement.

Theorem 2.3.7. Let F be self-concordant, xg € C, such that Axg =b, € >0 and
choose 3 € (0, 3_‘/5). Then we can find a point T € dom F' = C such that AT = b

2
and

in no more than

iterations, where

v, < Flaw) PG
- w(p)
Nz = O (log, (log, (1/¢€))) -

2.3.3 Cost per iteration

The main cost per iteration in Algorithm 2 constitutes the process of solving
(2.20). Now we are going to determine the complexity of this operation for the
general case and several special situations. We estimate the complexity in terms
of the floating-point operations (flops) that have to be carried out. A floating-
point operation is an addition, a subtraction, a multiplication or a division of two
floating-point numbers.

We will assume here that the matrix A has full row rank. We have argued
at the beginning of this section that this assumption is — strictly speaking — not
necessary. On the other hand it is not too restrictive either, because we can always
reduce (2.18) to the minimization of a convex function subject to a linear system
of equations with a matrix of full row rank.

The general case

One way of solving the system (2.20) is by using an LU factorization of the sys-
tem matrix. The complexity of the factorization and the forward and backward
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substitutions to compute the final solution is
2 3 2
g(n+m) +2(n+m) (2.27)

flops (see, e.g. [6, Appendix C.3.1]).

However, we see that the system matrix has a special structure that can be
exploited. The Hessian block V2F(x) is assumed to be positive definite and A has
full row rank. We have seen above that the solution of (2.20) is given by (2.21)
and (2.22), i.e.

Az = —V2F(z)  (VF(z) + AT,

where

A= —[AV2F(z) AT L AV2F(z) 'V F(2).

We see that computing A and Az involves the solving of linear systems with
the system matrix V2F(x), which is positive definite. For this solving process we
can make use of a Cholesky factorization of V2F(z), whose complexity is %n3 (see
[6, Appendix C.3.2]). The complexity of the forward and backward substitution
for computing V2F(z) " AT and V2F(z) 'V F(z) is 2(m+1)n? flops (one forward
substitution costs n? flops, the same for the backward substitution, in total there
are (m + 1) right-hand side vectors). The next operations are the multiplications
of A with the vector VQF(x)71VF(x) (2nm flops) and the matrix V2F(x)71AT
(2m?n flops). The following step is the factorization of the positive definite matrix
AV2F(z) AT (3m® flops) and the forward and backward substitution to com-
pute ), its complexity is 2m?. Finally, we have to execute the multiplication of
VQF(x)flAT with A (2nm flops) and add two vectors of size n (n flops).

If we count all the floating-point operations, we get the following complexity
of solving (2.20) using a Cholesky factorization of the system matrices:

1 1
gn?’ + §m3 +2n%m + 2nm? + 2n% + dnm + 2m? + n

which can be written in the more compact form

1

g(n+m)3+2(n+m)2 +n?m 4+ nm? + n. (2.28)
If we compare (2.28) and (2.27), we see that solving (2.20) using a Cholesky
factorization of the system matrices is cheaper as compared to solving it using an
LU factorization, since

1 1 1
n’m+nm? +n < §n3 +nm +nm? + gmg = g(n+m)3,

unless n =1 and m = 0.

Typically, the system (2.20) is not dense, which means that the actual com-
plexity of solving it is much lower. Below, we analyze the complexity of solving
(2.20) if the system matrix has a particular structure which we can exploit. These
results will be used later in Section 5.3.5.
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Diagonal Hessian

Let us consider now the special case where V2F(z) is not only positive definite,
but additionally diagonal. This situation will occur e.g. in Section 5.3.1 when com-
puting the Newton directions for the partial minimization subproblems. In that
special case some of the operations above are significantly cheaper. In particular, it
is not necessary to factorize V2F(z). Instead, VQF(z)_lAT and VQF(x)_1VF(z)
can be computed by only nm + n flops (each component of VF(x) and of AT is
simply scaled). The rest is unchanged as compared the the previous case. We get
that the complexity of solving (2.20) with a diagonal Hessian is

1
§m3 +2nm? + 5nm + 2n + 2m?. (2.29)

Diagonal Hessian and sparse A

Let us consider now the very particular situation of a diagonal positive definite
Hessian V2F'(z) and a matrix A with full row rank and at most one nonzero in each
column. As in the previous case the complexity of computing V2F (x)_1VF (x)
is n flops. Since A has in total at most n nonzeros the complexity of computing
V2F (x)flAT is also at most n. For the same reason the complexity of multiplying
A with the vector V2F(z) 'V F(z) is at most 2n flops. Moreover, V2F(z) AT
has the same sparsity pattern as A. Since A has at most one nonzero in each
column, we conclude that AV2F (m)flAT must be diagonal. The cost of computing
these diagonal elements is 2n flops. The complexity of solving a linear system with
the diagonal matrix AV2F (z)_lAT is m flops. Finally, the cost of multiplying
V2F(z) ' AT with X is n and additionally we need to perform the addition of two
vectors of size n to get the solution (cost: n flops). If we sum all the floating-point
operations we get a total complexity of solving (2.20) with a diagonal Hessian and

a sparse matrix A of
8n + m. (2.30)

Multiple right-hand sides

Let us finally consider the situation of a diagonal positive definite Hessian V2F(z),
a sparse matrix A with full row rank and at most one nonzero in each column and
with several (say: k) right-hand sides, i.e.

D AT I M
A 0 L| |N
where D € R™" is a diagonal matrix, A € R™" M € R™* and N € R™F. With
the same reasoning as above, we get that the solutions of the above system are
L=[AD'AT|"Y(AD"'M — N),
J=D"1' (M- AT L).

We can see that the complexity of computing D~ M is kn flops (since M has
kn components). As in the previous case, the complexity of computing D~ AT
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is n and of AD7'AT is 2n flops. Since A has at most n nonzeros we have that
the complexity of multiplying A with the matrix D~'M is at most 2kn flops.
The addition of AD™'M with —N costs mk flops. Since AD™'AT is diagonal,
we conclude that the complexity of solving a linear system with that diagonal
matrix is m flops. Finally, the cost of computing the solution (one multiplication
of D=1 AT with L and one addition) is 2kn flops. We conclude that the complexity
of solving several systems of the form (2.20) with the same system matrix is

3n + 5nk + 2mk. (2.31)

We see that if N = 0 and k¥ = 1 we recover the same complexity as in (2.30),
because the addition AD™'M + (—N) is not needed if N = 0 (i.e. —m flops).

2.4 Constrained optimization

We have seen in Section 2.3 that equality constrained convex optimization prob-
lems are essentially equivalent to unconstrained convex problems, both with re-
spect to the formulation (formally we can always eliminate some of the variables to
generate an unconstrained convex problem) and with respect to Newton’s method
that nicely generalizes to the equality constrained situation. If convex inequalities
are present instead of linear equalities, then the situation changes. On the one
hand it is not possible anymore to remove these inequalities simply by eliminating
some of the variables. On the other hand, Newton’s method cannot be applied
directly to the inequality constrained problem since its optimality conditions are
not anymore a nonlinear system of equations. Instead, they additionally involve
inequalities.

2.4.1 Problem statement

In this section we consider general convex optimization problems, i.e. the mini-
mization of a linear objective function subject to constraints defined by a closed
convex set C and linear equalities, i.e. problems of the form

min ¢’z

x

s.t. x € C CR", (2.32)
Ax = 0.

Note that if we have a convex (but not linear) objective function f, then we can
introduce an epigraph variable 7 (which will be the objective term) and add the
convex constraint f(x) < 7, which results in the problem
min 7
T, T
st.xzel, f(zx) <,
Ax =b.

We see that this optimization problem is of the form (2.32) with the extended
feasible set

C={(z,7):z €, f(x) <7}
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We will impose the following three assumptions, which turn out not to be too
restrictive.

Assumption 1

1. C CR™ is closed, convex and full-dimensional (the latter is equiv-
alent to: C has nonempty interior).

2. CN L (where L := {x: Ax = b}) does not contain a straight line.
3. A has full row rank.

4. COL#D.

5. (2.32) is bounded.

For the first assumption, if C is not full-dimensional (but convex and closed),
then we know that C can be written as the intersection of a full-dimensional closed
convex set C with an affine subspace £. These linear constraints can then be
merged with the already present linear constraints Az = b. The second assumption
will be needed to ensure that the Newton directions are defined everywhere and
that they are unique. The third assumption is not necessary per se, but as we have
argued at the beginning of Section 2.3, this rank-deficiency can be circumvented
by simply removing some of the constraints. The last two assumptions ensure that
(2.32) admits feasible points and that its optimal value is bounded.

We want to emphasize here that we include the linear equality constraints
Ax = b explicitly in the formulation, even though they do not add generality.
Indeed, as we have seen in Section 2.1.1, the set {x € R : Az = b} is a convex set
and intersections with convex sets are convex too. However, we have decided too
keep these constraints in the model for two reasons:

1. The elimination of some of the variables amounts to finding a particular
point Z such that AZ = b and an elimination matrix B such that range(B) =
null(A). Then the constraint {x € C, Az = b} is the same as saying (By+Z) €
C in the variables y. We do not want a potential user to be concerned with
the elimination process.

2. Later we want to exploit the structure of the convex set C (cf. Section 2.5).
We could eliminate some of the variables x and thereby remove the linear
equality constraints, but by doing so the structure in C gets lost, or it is
more difficult to exploit that structure.

2.4.2 Path-following interior-point methods

Path-following schemes make use of so-called barrier functions whose domains
are the interiors of closed convex sets C. Note the difference to Section 2.2 and
Section 2.3, where the open convex sets C were denoting the domains of the self-
concordant functions F'.

Definition 2.4.1. Let C be a closed convex set with nonempty interior. A con-
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tinuous function F is a barrier for C if
dom F' = int C

and
F(z) - o0 as x — OC.

Remark 2.4.2. We have seen before that self-concordant functions are barriers
for the closure of their domain (cf. Theorem 2.2.6).

The central path

Barrier functions can be used to define an important object, the so-called central
path, which will lead us to an optimal solution of (2.32).

Definition 2.4.3. Let F be a self-concordant function such that dom F = intC.
The central path of C (L is defined as the set of (unique) solutions {x(t)}, with
t > 0, for the parametrized family of linearly constrained convex problems

min tcl'z + F(z) :== fi(z)

Az =b. (F1)

If C is bounded, then also x(0) exists and it is called the analytic center of C.

Intuitively we see that as t grows (P;) approximates more and more the original
problem (2.32). Indeed, feasibility with respect to C is always maintained since
F' is a barrier for C and therefore not defined outside int C. Moreover, for large ¢
we increase the importance of the original objective term ¢’ 2. Therefore we can
expect z(t) to be close to z* for large t. Our goal is therefore to trace the central
path as it leads us to an optimal solution.

The concept of path-following methods is the following: starting at some initial
point zg € int C () £ and to > 0 (o > 0 if C is bounded) we solve the corresponding
centering problem (P;) with ¢ = ¢;. According to Theorem 2.3.7 this can be
done with guaranteed complexity, provided that the objective function f; is self-
concordant. In view of Definition 2.6 this is the case, since self-concordance is not
affected by adding terms of degree 1.

Given an approximation x;, for the point x(¢g) on the central path we update
the value of ¢ from ¢y to t; and solve the new centering problem (P;) with ¢t = ¢; >
to, starting at xy,.

For any ¢ > 0 the optimality conditions for (P;) are: I A(¢) such that

Vii(a(t)) = —ATX(t)

Az(t) = b, (2.33)

where the gradient of f; at some x € int C () £ is given by

Vii(x) =tc+ VF(z).

We will go along Newton directions towards the minimizer of (P;). To compute
the Newton directions we need also the Hessian of the objective function f;, which
is given by

V2 fi(z) = V2F(2).
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The Newton direction Ax(t) is then defined as the solution of the linear system

[vzi(z) %T] . [A)\zgt)} _ [tcOVF(z)} . (2.34)
(t)

We denote the Newton decrement for (P;) at the point x by
00,0 = ||Az(B)]]-

If 0,4 is small, it means z is close to z(t) (see Theorem 2.3.4).
As the path-following framework is presented above, there are still two open
questions.

1. How shall we update ¢ (and therefore the target point x(t)) so that we can
guarantee on the one hand polynomial complexity but on the other hand
make sure not to lose sight of the central path?

2. What is a good stopping criterion for the process, i.e. at which value of ¢
shall we stop tracing the path?

2.4.3 Self-concordant barriers

In order to answer the two questions that we have posed above, we need to impose
an additional assumption on the self-concordant function F'.

Definition 2.4.4. A self-concordant function F is a v-self-concordant barrier!

for a closed convexr set C C R"™ if
VF(z)T'V?F(z)"'VF(z) < v, Yz € intC.
The value v is called the parameter of the barrier F.

In view of Definition 2.2.17 we see that if F' is a v-self-concordant barrier, then
the Newton decrement 4§, for the unconstrained problem

min F(z)

x

is bounded by /v for all € intC. Alternatively, we have
1Azl = [[VE(@)[; <V,

where Az denotes the Newton direction for the unconstrained problem (2.2). That
means for v-self-concordant barriers we impose a uniform bound on the size of the
Newton step Az for minimizing F'.

We want to point out here again that in this section the set C C R™ is assumed
to be closed, as opposed to Section 2.2 and Section 2.3, where C C R™ was denoting
the open domain where the self-concordant function F' was defined. This change
of notation means that in this section we always assume that dom F' = int C.

A consequence of Definition 2.4.4 is the following lemma that can be found in
[46, Theorem 4.2.4(1)].

1Some authors (e.g. Jarre [30]) have introduced the notion of self-limiting barriers, which
corresponds to Definition 2.4.4, the only difference being that F' is not assumed to be a self-
concordant function.
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Lemma 2.4.5. Let F be a self-concordant barrier. Then we have for any x €
dom F' and any y € dom F

VF(@) ' (y—z) <v.
We have seen in Section 2.2 that convex quadratic functions

1
F(z)= ExTAx +a'z+a

(and therefore also affine functions) are self-concordant functions. However, they
are not self-concordant barriers, even if we assume A is positive definite. Indeed,
we have VF(z) = Az + a and V?F(z) = A. Replacing this in Definition 2.4.4,
and we get

VF(2)T(V?F(2))"'VF(z) = (Az + a)T A7 (Az + a)
= 2T Az +2a"x +aA a

which is clearly not bounded on R”.

Examples of self-concordant barriers

e F: R, — R, F(z) = —> " log(x;) is an n-self-concordant barrier for
C=R7.

e F:intC CR"™ - R, F(x,7) = —log(r? — Y1, 27) is a 2-self-concordant
barrier for C =L, := {(z,7) e R"" x R: ||z||]2 < 7}.

e F:intC C 8" — R, F(X) = —log(det(X)) is an n-self-concordant barrier
forC={XeS8": X =0}

e F:intC CR™ - R, F(z) = —log(¢(z)), where p(z) = =227 Az + a”z + o
with A > 0 is a concave quadratic function. F' is 1-self-concordant for
C={xeR": p(x) > 0}.

Operations that preserve self-concordance

Self-concordant barriers are naturally linked to convex sets where they are defined.
We have seen in Section 2.1.1 that certain operations on convex sets preserve
convexity. Therefore it is desirable that similar rules exist on the side of the
barriers that preserve self-concordance.

1. Barrier for intersections of convex sets.
Let C; € R™ and Co3 C R™ be closed convex sets, and let F; be v;-self-
concordant barriers for C; respectively. Then

Fa) = Fi(z) + Fa(z)

is a (v1 + va)-self-concordant barrier for C = C; () Ce. This generalizes to
intersections of more than 2 sets (Proof, see [52, Proposition 2.3.1(ii)]).
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2. Barrier for direct products of convex sets.
Let C; C &;,i = 1,...,m be convex sets with v;-self-concordant barriers F;

respectively. Then
m

F(z) =Y Fi(x:)

i=1
is (3°1", vi)-self-concordant on Cy X. . .xCp, (Proof, see [52, Proposition 2.3.1(iii)]).

3. Compositions with affine function.
Let F : intC € R®™ — R be v-self-concordant, A4 : R? — R" such that
A(y) = By + c for B € R™? and ¢ € R™. Assume A(RP)(C # 0. Define

Ct=A"1C)={yeRP: A(y) €C} CRP.

Then F : C* — R defined as

is v-self-concordant on dom F' = C* (Proof, see [52, Proposition 2.3.1(i)]).

4. Restriction to affine subspace.
Let F': C CR™ — R be self-concordant and £ = {x € R"™ : Az = b} an affine
subspace, where A € R™"™ b € R™ and m < n. Then the restriction of F' to
L, which we denote by F|., is self-concordant on its domain. The restriction
is understood analogously to the restriction of self-concordant functions in
Section 2.2.2.

5. Conic hull.
Let C C R™ be a closed convex set with v-self-concordant barrier F'. Then
there exists 6§ > 0 and 7 > 0 such that

F(x,t) = 0[F(z/t) — Tvlog(t)]
is 25v-self-concordant? for the conic hull of C,

cone(C) = {(z,t) ER" x Ryq: % € C}.

6. Partial minimization.
Let F : intC C R™ — R, such that (z,y) — F(x,y), be v-self-concordant
and bounded from below. We assume that C does not contain a straight line.
Then the partial minimization of F with respect to y

G(zx) = inf F(x,y),
() = dof F(z,y)

where Q(z) = {y : (z,y) € C}, is v-self-concordant on dom G = {z : Q(z) #
@} (Proof [50, Theorem 3]).

2In fact, the authors show that, with a suitable choice of 6 and T, one obtains a 7 v-self-
concordant barrier for cone(C), where 7 is a constant that is situated between 9 and 25.
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We have seen above several examples of self-concordant barriers for convex
sets, and also how certain (convexity-preserving) transformations of convex sets
affect their barriers.

Below we will quote a theoretically highly important result which states that
in principle any convex set admits a self-concordant barrier whose parameter is
proportional to the dimension of the underlying space.

Theorem 2.4.6. Every open convex set C C R™ containing no straight line admits
a v-self-concordant barrier ® (universal barrier ), with v = O(n), defined by

®(z) = O(1) - log u(z),

where
u(zx) = VOln(CO(:L')),

voly, is the n-dimensional Lebesque measure and C°(x) is the polar set of C centered
at x, i.e.

COolz)={yeR": (z —x,y) <1,VzeC)
Proof. [52, Theorem 2.5.1]. O
Note that the value of O(1) in Theorem 2.4.6 is in general unknown (see Sec-
tion 3.2).
Conditions for self-concordance

There are some necessary and sufficient conditions for self-concordance which we
will present below.

Theorem 2.4.7. Let C C R™ be a closed convex set and F : intC — R self-
concordant. Then F is a v-self-concordant barrier for C if and only if for any
x,y € int C we have

F) 2 F@) + VF@) (5~ a) 4 v (SVF@)(-).

Proof. [46, Theorem 4.2.4(2)]. O

The following result links self-concordant barriers with certain ” well-behaved”
functions that are called compatible with the barrier F'. Before we need to intro-
duce the concept of convex cones.

Definition 2.4.8. A cone is a set K C &, such that
Arx ek, Ve e K,VA>0,

i.e. the whole ray going through a point x € IC also belongs to K.

Any closed convex cone such that K()(—K) = {0} and int £ # @ induces an
ordering relation in £ in the following way: for z,y € £ we denote

Ty & (x—y) €K (or: z—y =k 0),
and analogously

T Ky & (x—y) €eint K (or: x —y >k 0).
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Definition 2.4.9. Let C; C & be a closed convex set with vy -self-concordant
barrier F': C; = R. Let £ : C1 — &, K C & a closed convex cone and > 1. We
call ¢ B-compatible with F if £ is concave with respect to K (i.e. D?&(x)[h, h] =i 0
for all z € intdom¢ and for all h € &) and

D3¢(x)[h, h, h] <k =3B D*¢(x)[h, h] |[A]2-

Definition 2.4.10. A direction h € R™ is called recession direction for C C & if
for all x € C we have

z+ A eC, YA>0.

Theorem 2.4.11. Let & : C; C & — &, be B-compatible with the vy -self-concordant
barrier F : Cy — R (with respect to the closed convex cone K C & ). Let the closed
convez set Co C (E3 x E3) admit the vo-self-concordant barrier ¢ and let us assume
that KK x {0} C & x &3 only contains recession directions of Co. Then

U(z,2) = ¢(E(x), 2) + B°F ()

is a (va+B33v1)-self-concordant barrier for its domain {(x,y,2) : £(x) =k y, (y,2) €
Co}.

Proof. [47, Theorem 3]. O

Nesterov [47] used the above result to prove self-concordance of barriers for the
following convex sets:

1. Ko = {(z,2) € RZ xR : 2f23"% > |z]}, where 0 < o < 1, with the
4-self-concordant barrier
F(x,2) = —log(x?*x372* — 2?) —log(z1) — log(zz).

2. Kexp = {(z,y,2) € R x R% : exp(z/z) < y/z} with the 3-self-concordant
barrier

F(x,y,2) = —log(zlog(y/z) — =) — log(y) — log(z).

7 7

i, a; =1 with the (n + 1)-self-concordant barrier

F(z,z) = —log (H x)t — z) — Zlog(xi).

3. The hypograph of the geometric mean [];" ; z, where z € R%, a > 0,

Tracing the central path

Let us come back now to the central path, that is defined as the trajectory of
solutions {z(t)} of the centering problems (P;). For points on the central path we
can bound the distance to an optimal solution for (2.32). We have the following
result.
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Theorem 2.4.12. For any t > 0 we have

where k(B,v) = %

Proof. This proof is essentially the same as [46, Theorem 4.2.7], the only difference
being additionally we have to take into account the linear equality constraints.

In order to prove the first inequality, we use the fact z(t) is characterized by
the optimality conditions for (P;), i.e. 3\ such that

Vii(z) = —AT )\,
Az =b.

Since V f;(z) = tc+ VF(x), we get ¢ = —1(VF(x) + AT)) for some A. It follows
(using Lemma 2.4.5)

c(a(t) — %) = *%(VF(z(t)) + AT (a(t) - 2¥)

— *%VF(z(t))T(:c(t) —*) — %AT A(x(t) —z¥)
——
=0

<

SIS

For the second inequality we get
te (z — z(t)) = (Vfi(z) = VF(2))" (x — z(t))

= (Vfilx) + ATA = VF(x) = AN (2 — a(t))
(z

= (Vfi(z) + ATA = VF(2))" (x — 2(t)) — AT A(z — (t))
=0
< (V@) + AT+ [[VE@)IE) - [Je = 20l

=0z,t <Vv <wi(8x,¢)
S (5z,t+\/;)1_;s '

R
ﬁ = Ii(ﬂ, l/).

The desired result follows from a combination with the first inequality. O

IN

That means if z is close enough to z(t) (say, 8 < 0.1) and ¢ is large enough,
then we have a good bound on the difference between the current and the optimal
objective value.

To answer the question how to update ¢, we need the following result that
describes the so-called short-step algorithm.



52 CHAPTER 2. CONVEX OPTIMIZATION

Theorem 2.4.13. Let F' be a v-self-concordant barrier for C, 8 < €y = 3-V5

5
0<y< 1% — B and x € intC such that Az = b and 6, < . We define

v
th=t(1+—-——+]),
( B+ )
T =2+ Az(th),
where Az (tT) is the solution of (2.34) with the new duality measure t*. Then we

have
Opt e+ < 0.

Proof. Again, this proof is very close to the one in [46, Theorem 4.2.8], but we
have to take additionally into account the linear equalities. Let x € intC such
that Az = b. We denote by Axz(t) the Newton direction at x towards z(t) and
by Az(t*) the Newton direction at x towards x(t*). Similar to Section 2.3 we
can consider the unconstrained problems where some of the variables z have been
eliminated (see (2.24)), i.e. we get as the objective function

feui(y) =tcT (By + x) + F(By + 2),

relative to x € intC( £ and ¢ > 0, where B € R™" ™™ is any elimination matrix
such that range(B) = null(A). The gradient of f, ; becomes then

Vfei(y) =t B'c+ BT'VF(By + ),
and at the point y = 0 this gives
Vf.+(0)=tBTc+ BTVF(x). (2.35)
According to Lemma 2.3.3, we have d,,; = 0+ and d,, ;+ = 0, 4+, where §,; =
AT (@) ||z, 0z,e+ = [[Az(tT)]] and
Oyo.t = IV fae+ (0)l[5=0
5y0,t+ = ||sz,t+ (O)H;:Oa

where Ayg(t) denotes the Newton direction at y = 0 towards the minimizer of
fz.t(y) (respectively for ¢T).
On the other hand, we have in view of the definition of t*
(Syoﬂf+ = ||vfac,t4r (O)HZ:O
2.35
P2 |17 BT e+ BTV (2)|[_q

— |tBT¢+ BTVF —
Il c+ VF(x)+ EENG

t- 1B ell;—o

B+Vv

'BTCHZ:O

< |[tBT e+ BTYF(@)|l;— +7

(2.35) .
= ||me,t(0)||y:0:6yoyt

t-[|BTellj—o

< 5yo,t + ’Yw.
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Using the definition of the gradient of f,; at y = 0 (2.35), we see
t-|[BTellj—o = IV fa,t(0) = BTV E(2)[[;—o
< IV Fet(O)5=0 +I| BTVE(2) [0
—,_/ E/_/
=8y0,t=02,0<0 =V fz(0)

< B+ V(0=

Since f,(y) = F(By + ) is a v-self-concordant barrier, we have in view of Defini-
tion 2.4.4 that ||V f.(0)[];—¢ < v/¥. We conclude

t-|[B clly—o < B+ V.
It follows, using Lemma 2.3.3 and the above observation, that

VB
1+\/B<1'

This means the point z is not only close to z(t), but also close to z(t) in the
sense that d, 4+ < 1.
Using Theorem 2.3.5, we get

5m,t+ = 5y0,t+ < 5yo,t +v= 5m,t +v9 <

(S tt 2 2
5z+,t+ < <L> = (w;(am,fr)) .

1-— 6I,t+

We conclude, using monotonicity of w! and Lemma 2.2.14,

Voo <) <ol (7222 =t (VB = VA

which finishes the proof. O

The above theorem says that once we are close to the central path, we can
update ¢ in a moderate way so that one full Newton step brings us back to the
initial proximity.

We see that the increase in ¢ is linear and that it only depends on the barrier
parameter v (that is given) and algorithm parameters 8 and v that we choose.
Ideally we would like to choose v as large as possible as this guarantees that the
updating coefficient for ¢ is large. In Figure 2.3 we see the upper bound on ~
as a function of 5. We can verify that a feasible (and reasonable) choice of the
parameters is # = § and v = 2 (suggested e.g. in [46, (4.2.22)]).

The following result summarizes the polynomial complexity of the so-called
short-step path-following algorithm for solving (2.32).

Theorem 2.4.14. Let F be a v-self-concordant barrier for C C R™. Let tg > 0,
e>0and § < % Choose 0 < v < IKB/B—B. Let xp € int C({x : Az = b}
such that

510,15[) S /8
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Figure 2.3: The upper bound on vy: v < Tr/5 s.

Then 1t is possible to compute a point xn such that

<C,SCN 7:C*> S €

-o(m(2)

Proof. In view of Theorem 2.4.13 we get recursively

k
_ 2 . Y
b= <1+B+ﬁ>t’” <1+ﬁ+ﬁ> fo-

In combination with Theorem 2.4.12 we get that

i no more than

iterations.

T(:C—x*) <e

if

which in turn is satisfied if

(i) e

K(B,v) gl )
k>log | ——= log 1+ .
=08 < to€ ) /log ( B+ Vv
Let us denote 7 = ﬂ_+7_\/3 We have then 0 < 7 < —= < < 0.15 (see Figure 2.3).

Since log(1 + 7) is concave and because log(1 + 0.15) > %13, we conclude that

We get,

ﬂ
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log(1+7) > % for all 0 < 7 < 0.15. It follows that the stopping criterion is met

after at most )
k== log (m(ﬁ,y)) =0 (\/; log (i))
T toe toe

iterations.

Algorithm 3 Short-step path-following interior-point method
Input: A € R™" with full row rank, b € R™, F v-self-concordant barrier for C

Initialize: k = 0, to > 0, € > 0, 8 < 322, Choose 0 < v < H@B — B. Define

k(B,v) = (V + %) Let g € int C({z : Az = b} such that

510,15[) S 65
repeat
1) update target tp11 = tx (1 + ﬁﬁﬁ)

2) compute Newton direction Az (tg4+1) towards z(tx11)
3) update iterate xp11 = xp + Az (trr1)
) k:=k+1

until k(8,v) <e-ty

Initialization

Note that we have assumed the availability of an initial point x¢ close to the central
path for some value of ty > 0. In order to find such a point we have two options.

1. We can apply a damped Newton method to solve the initial centering prob-
lem for any value of ty.. The complexity is

O (F(xo) — F(z7))

iterations, 2o € int C () L is any strictly feasible starting point of the auxiliary
process (cf. Theorem 2.3.7).

2. If C(N L is bounded, we can use an auxiliary path-following scheme to find
the analytic center of C({Az = b}. The complexity is

O (Vvlog (v-[[VF(xo)ll3,)) ,

where z( € int C (] £ is any strictly feasible starting point of the process (i.e.
dz0,0 > F) and zp denotes the analytic center, i.e.

xp = argming. 4, F(x),
(for a detailed discussion we refer to [46, Theorem 4.2.11]).

It is not possible to compare directly the complexities of both initialization pro-
cedures, but Nesterov argues at the end of Section 4.2.5 in [46] that the second
approach typically is superior.
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Large updates of ¢

We can also update ¢ in a more aggressive manner by choosing a parameter 6§ > 1
(that could possibly be depending on the current iterate) and update ¢ as

tt =0t.

It is clear that if 6 > 1+ #ﬁ’ then we can expect fewer updates of ¢ than for
the short-step algorithm. Indeed, for § < 1 we have according to Theorem 2.4.12

K(8, y)'

x—2*) < .

If we desire an optimality gap of ¢, i.e. ¢f'(z — 2*) < ¢, then this is guaranteed

by finding a point x such that 6, < [ and @ < €. The latter condition is
satisfied after at most

Ny < log(ﬂ(ﬂ,g;)(e) log(toe) _ (bg (t()Le)) (2.36)

outer iterations.
On the other hand, there are some drawbacks as compared to Algorithm 3:

1. If 0 is large, we cannot apply Theorem 2.4.13 and therefore we cannot guar-
antee that one full Newton restores proximity to the central path, i.e. 6+ ;+
is not less than or equal to 3.

2. We cannot be sure that a full Newton step is even feasible.

To overcome these two drawbacks one has to do several damped Newton steps
towards the new target point z(¢*). The number of damped Newton steps can be
bounded in the following way. Assume z € intC such that Az = b and 6, <
(that is x is close to the point x(¢) on the central path). If we update ¢ to 6 ¢ and
we impose additionally that g < i, we have the following bound on the functional
difference to the new target point x(¢t1):

fer (@) = for (@(t7)) < 0(v + V).

The above inequality is proved e.g. by Renegar in [55, Section 2.4.3] for the
case where no equality constraints are present. The same inequality applies to
our setting because we can consider again the function f, +(y) = fi+(By + x)
that is parametrized by « € intC ()£ and some matrix B € R™"~™ gsuch that
range(B) = null(A).

That means if we do damped Newton steps with step size a = ﬁ (and
0, ¢+ denotes the Newton decrement in each inner iteration for Newton directions
towards z(t1)), then in accordance with Theorem 2.3.6 it takes no more than

N,, < V) (2.37)

w(pB)

inner iterations to compute a point * € int C' such that Az™ = b and 0,+ 4+ < S.
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Algorithm 4 Long-step path-following interior-point method
Input: A € R™" with full row rank, b € R™, F v-self-concordant barrier for C'
Initialize: Choose parameters ¢ > 0, 0 < 8 < i, 6 > 1, define x(8,v) = v +
%. Initialize k = 0, i = 0, to > 0 and 2(®) € int C{x : Az = b} such
that &, (z(?) < 3.
while € - t;, < k(0,v) do
1) compute Newton direction Azgi) from (2.34)

2) compute Newton decrement d;, (z(V) = ||Ax§;)||x(i)
while 6;, (z() > 3 do
a) 20D =2 4 . Azgi), where « is a suitable step length
b)yi:=i+1
c¢) compute Newton direction Azt? from (2.34)
d) compute Newton decrement &;, (z(V) = ||A$Ei)||$(i)
end while
4) update tj1 =0 -ty
5) update k:=k +1
end while
Note that o =
inner loop.

ﬁ with § = &;, (#(9), is a feasible step length in step a) of the

To describe the algorithm formally, let us introduce some notation. We denote
by A:cgz) the Newton direction at the point z(*) towards the target point z(¢;) on
the central path. Further &;, (z(*)) = ||A$E:) |4 is the Newton decrement of Axl(t;)

with respect to the current iterate z(%).

In principle the centering accuracy 3 can be chosen more loosely. Since the
long-step algorithm is only using Theorem 2.4.12 (and not Theorem 2.4.13), it is
sufficient to take 8 < 1. However, note that for § close to 1, (3, v) increases and
therefore also the bound on the number of outer iterations (see (2.36)).

Theorem 2.4.15. Algorithm 4 terminates after at most

vsofm(2)

iterations with a point x such that
(c,ey —a*) <e.
Proof. As we have seen, the number outer iterations (2.36) is bounded by
Ny < log(k(8,v)) — log(tee) — 0 (108 LAY
log(0) toe
On the other hand when updating ¢ to ¢, the number of inner iterations to
generate a central point with accuracy [ is according to (2.37) given by

Ny < 20V )

w(p)
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O

2.5 Conic optimization

We have seen in Section 2.4 that general convex optimization problems can be
solved using interior-point methods, provided that a v-self-concordant barrier for
the feasible set (and possibly the epigraph of a nonlinear objective function) is
available. In this section we consider convex problems in conic format, which
allows the design of primal-dual interior-point methods.

2.5.1 From convex to conic optimization

Convex optimization problems in conic form are problems of the form (2.32), where
the closed convex set C C R™ is a cone (see Definition 2.4.8). If we take for example
C =R, then the corresponding conic problem is simply a primal linear program.

Definition 2.5.1. We define the dual cone K* C E* of K C & by
K*:={se&":(s,x) >0, Ve € K}.

It is easy to see that IC* is always closed and convex (even if K is not).
We can consider now the primal-dual conic pair defined as

(P) min ¢’z (D) max by
Az =0 s+ ATy =c
z €K, seKr.

We see that (P) and (D) are in fact equivalent to the standard convex format

(2.32). Indeed, (P) is already of the form (2.32), where C is chosen as the particular
convex set K. On the other hand, any convex problem (2.32) can be brought into
conic form. Indeed, we see that (2.32) is equivalent to

min ¢’z

x,t
(x,t) € cone(C)
Azx =b
t=1.

That means we have introduced one new variable ¢ and added the linear constraint
t = 1, fixing this variable immediately to 1.

Conic duality

We have weak duality between the two problems, because for any primal feasible
point z and any dual feasible point (y, s) we have

Ao —btTy=clo—2TATy=cTo —cTa+sTx>0.
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using the definition of the dual cone.

However, we have to be a little careful because it might happen that K (or £*)
is empty or does not have interior points. To characterize this condition we need
the following two notions.

Definition 2.5.2. A cone is said to be pointed if K ((—K) = {0}. K is called
solid if int KC # 0.

Since K is assumed to be closed and convex, we have the following relations
related to its dual cone K* (see [3, Theorem 2.3.1])

K pointed & K* solid
K* pointed & KC solid.

Definition 2.5.3. A cone K is called proper if it is closed, convex, pointed and
solid.

We have already seen that between (P) and (D) weak duality holds. Under
slightly stronger assumptions than in the LP case, we can also guarantee strong
duality.

Theorem 2.5.4. 1. Let (P) be bounded from below and strictly feasible, i.e.
3w € int K such that Az = b. Then (D) is solvable and the optimal values
of (P) and (D) are equal.

2. Let (D) be bounded from above and strictly feasible, i.e. 3y : (c — ATy) €
int K*. Then (P) is solvable and their optimal values are equal.

Proof. [3, Theorem 2.4.1]. O

An immediate consequence of the above theorem is that if both (P) and (D)
are strictly feasible then there exist z* € K such that Az* = b and y* such that
c— ATy* € K* and strong duality holds, that is

o =Ty,

We see that the strong duality result is more restrictive as opposed to the LP
case, where feasibility and boundedness of either the primal or the dual implied
feasibility and boundedness of the other problem, even when no strictly feasible
point is available. Additionally both optimal values are attained and strong duality
holds. For a thorough discussion of this phenomenon, see [3, Section 2.4.1].

Theorem 2.5.4 requires strict feasibility and guarantees only that the optimal
values are equal, not that they are attained for both problems, i.e. the optimum
might be attained only for one of the two problems. In [3] one can find examples
of situations where one problem is bounded and feasible (but not strictly feasible)
and the dual is infeasible. Similarly it is possible that (P) is strictly feasible and
bounded, but not solvable (in the sense that the optimal value is not attained).
These crucial observations have to be kept in mind when dealing with conic prob-
lems.

Provided that A has full row rank, we see easily that for (P) the first three
requirements of Assumption 1 (p. 44) are satisfied. Indeed pointedness implies
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that K does not contain straight lines (neither does then K (\{z : Az = b}), and
int K # 0 is equivalent to saying K is full-dimensional. In other words, properness
of K is a more compact way of ensuring the first and second part of Assumption 1.
On the dual side we see that for any nondegenerate barrier F(s) for * it holds
that F(y) = F(c — ATy) is nondegenerate too if A has full row rank. The last
statement can easily be seen when considering the Hessian of F, ie.

V2F(y) = (—A) V2F(c — ATy) (—AT) = A V2F(c — ATy) AT,
=0

This means the Newton directions in terms of y are defined for any strictly feasible
point y € {y: c — ATy € int £*}.

As we have pointed out earlier, in this thesis we only consider feasible problems.
Therefore, we assume that the last two properties in Assumption 1 are satisfied

both for (P) and (D). In fact, to ensure strong duality, we have to impose addi-
tionally strict feasibility for the primal and the dual problem.

Logarithmically homogeneous barriers for proper cones

For proper cones we have a special class of barriers, so-called logarithmically ho-
mogeneous barriers.

Definition 2.5.5. Let K C £ be a proper cone, F : int L — R a twice continuously
differentiable, convex barrier function. F is called v-logarithmically homogeneous

for K if
F(rz)=F(z) — v log(r) (2.38)

for any x € int C and any 7 > 0.

In Definition 2.5.5 we have not assumed that F' is a self-concordant function.
The following theorem states that any v-logarithmically homogeneous function
which is also self-concordant is automatically a v-self-concordant barrier.

Theorem 2.5.6. Let F' : int X — R be both a self-concordant function with
dom F' = int K and v-logarithmically homogeneous for K. Then F is a v-self-
concordant barrier for IC.

Proof. [52, Corollary 2.3.2]. O

As it turns out all the self-concordance-preserving operations presented in Sec-
tion 2.4 also preserve the property of logarithmic homogeneity if the original bar-
riers exhibited this property ([42, p. 208]).

Assumption 2

In the following, when we speak of a cone KC, we assume that it is proper.
Similarly, when we speak of v-self-concordant barriers F for KC, then we
implicitly assume that F' s v-logarithmically homogeneous.
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Direct consequences of the definition of logarithmic homogeneity are the fol-
lowing (they can be found e.g. in [53]).

VF(rz)= %VF(w), (2.39)

V2F(r2) = %V2F(ac), (
V2F(z)x = —VF(x), (2.41
(
(

llz]le = V7,
(VF(z),z) = —v.

Definition 2.5.7. 3 Let F be a v-logarithmically homogeneous barrier for K. We
define its conjugate to be

F.(s)= sup {—s'z — F(x)}.
z€int K
The following theorem states that the conjugate of a barrier is in fact a barrier
for the dual cone.

Theorem 2.5.8. Let F : int K — R be a v-self-concordant barrier for the proper
cone K C E. Then Fi(s) is a v-self-concordant barrier for K* C £*.

Proof. [52, Theorem 2.4.4]. O

That means we have complete symmetry between the primal side with F' a
v-self-concordant barrier for K and the dual side with F for IC*. All the results
listed below for F' are therefore applicable for F too, where Fj is the conjugate
of F.

Example 2.5.9. Ezamples of convex cones with v-self-concordant barriers.

1. Nonnegative orthant:
Let £ = R" and £ = (R™)* = R". We consider the cone K = RL. It can
be easily seen that K* = Ry We know that F(x) = — ", log(z;) is an
n-self-concordant barrier for IC and it is clear that F is also n-logarithmically
homogeneous. If we compute the conjugate of F, we get Fi.(s) = F(s) —n.

2. Second-order cone:
Let &€ = R and &€ = (R"T1)* = R""L. We consider the second-order
cone (Lorentz cone) K = L". It turns out that K* = K. We have seen
that F(x) = —log(t* — ||z||3) is a 2-self-concordant barrier for K. We can
compute Fy(s) = F(s) + 2log(2) — 2.

3. Cone of positive semidefinite matrices:
Let £ = 8™ the set of symmetric n x n matrices and € = (S")* = S". We
consider the cone K =8} ={X € §: X = 0}. It turns out K* = K. As we
have seen earlier, F(X) = —log(det(X)) is an n-self-concordant barrier for
K. One can also compute Fi.(S) = F(S) —n.

3Note that this definition is slightly different from the standard definition of conjugate func-
tions in convex analysis, where the conjugate is defined as max,eintc{s72z — F(z)} (see e.g.
[56]).
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The details can be found e.g. in [53].

Let x € int £. Then we have the following identities linking F' and F}, that
can be found for example in [53, (2.7)-(2.12)]:

—VF(z) € int K* = dom Fy, —VF,(z) € int K = dom F, (2.44)
F.(~VF(z)) = —v — F(a), (2.45)
VF.(-VF(z)) = —x, VF(=VFi(s)) = —s, (2.46)
V2F,(-VF(z)) = V2F(z) ", V2F(-VE.(s) = V2F,(s)" . (2.47)

2.5.2 Conic optimization over symmetric cones

In Section 2.4 we have presented the basic path-following methods for convex
optimization problems, assuming that a v-self-concordant barrier for the feasible
set C is available. We have seen that the iterates follow the central path defined
by the centering problem

min t-c’'z 4+ F(x)

2.48
Az =b. ( )

In the conic setting C is replaced by a proper cone K and F is additionally assumed
to be logarithmically homogeneous. As in the non-conic case (Section 2.4) the
optimal solution for (2.48) is given by the optimality conditions (2.33). If we
define for ¢ > 0 the new point y(t) = @, then the optimality conditions (2.33)
can be decomposed into: z(t) is optimal for (2.48) if and only if 3 (y(t), s(t)) such
that s(t) € int K* and

Ax(t) = b,
s(t) + ATy(t) = ¢, (2.49)
VF(z(t)) + ts(t) = 0.
Similarly, we can look at the dual centering problem
max t-bTy—F.(s
y=F.(s) (2.50)

c— ATy =s,

where F, is the conjugate of F. As it turns out, (y(t), s(t)) with s(¢) € int * is
optimal for (2.50) if and only if 3 z(t) € int £* such that

Ax(t) = b,
s(t)+ ATy(t) =, (2.51)
VE,(s(t)) + tz(t) = 0.

In view of (2.46) the two systems (2.49) and (2.51) are equivalent.
Unfortunately, the situation changes when we want to trace the primal-dual

central path. Assume we have a primal-dual strictly feasible point that is close to

a point on the primal-dual central path, that is defined by (2.49) or (2.51). If we
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update the duality measure from ¢ to some ¢ > ¢, then we have two possibilities
of defining the Newton direction towards the new target point on the central path,
one using the primal barrier F', another one using Fi. It turns out that in general
the directions obtained by the two approaches are not the same (for a more detailed
discussion we refer to [42, Section 3.2]). If we want the primal-dual path-following
directions to be completely symmetric in terms of F' and F}, we need to introduce
the concept of symmetric cones.

Definition 2.5.10. A proper cone K is called symmetric if it is
1. self-dual*: K = K*,

2. homogeneous (for any x1,x2 € K there exists a linear operator A with AK =

K such that Axq = xz2).

In [28] Giiler summarizes the classification of symmetric cones. Every symmet-
ric cone can be uniquely decomposed into a direct product of irreducible symmetric
cones, of which only 5 exist. As it turns out, every symmetric cone admits a so-
called self-scaled barrier.’

Definition 2.5.11. A v-self-concordant barrier F for IC C £ is called self-scaled
if for any x € int £ and y € int £ we have

V2F(y)x € int K

and

F.(V?F(y)z) = F(z) = 2F(y) — v.

An important consequence of the above definition is the existence of a so-called
scaling point.

Theorem 2.5.12. Let F' be a self-scaled barrier for K, x € int K and s € int C*.
Then there exists a unique scaling point w € int IC such that

V2F(w)x = s.
Proof. [53, Theorem 3.2]. O

Among the 5 classes of irreducible symmetric cones, the following three are
by far the most important ones, since highly efficient implementations of interior-
point methods over these cones exist.

1. K =", the nonnegative orthant with F(z) = —>""_ | log(z;),

2. K =L" C R}, the second-order cone with F(z) = —log(t? — ||z|[3),

4Some authors use the similar notion where self-duality is defined using a more general inner
product (-,-)g with respect to some positive definite matrix S. If nothing else is specified we
speak of self-duality using the Euclidean inner product.

5In fact the concept of symmetric cones was known since the 1960’s. In [53] Nesterov and
Todd developed primal-dual methods for conic problems that admit self-scaled barriers. Giiler
later established the equivalence between the two concepts.
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3. K = 8 C 8", the cone of positive semidefinite matrices with F'(X) =
— log(det(X)).

Nesterov and Todd ([53, 54]) have developed a framework of symmetric primal-
dual interior-point methods for conic problems with symmetric cones (and thus
self-scaled barriers). These methods actively make use of the existence of scaling
points in order to define the symmetric primal-dual directions.

There are several advantages of symmetric primal-dual methods over primal-
only (or dual-only) methods. For one, they nicely generalize the practically very
efficient primal-dual methods for LP ([67, 41, 58]) to the convex conic case. Fur-
ther, the variation of the value and the Hessian of F' can be bounded in a larger
neighborhood around a given point = € int K (compare [53, Theorem 4.1 and 4.2]
to Theorem 2.2.10 and Theorem 2.2.16) which allows for potentially larger steps.
For example Theorem 2.2.10 bounds the Hessian around some x in the Dikin el-
lipsoid with radius » < 1, i.e. for points y such that ||y — z||, = r < 1. On the
other hand [53, Theorem 4.1] provides a similar bound around z, but for points in
a larger neighborhood which is in fact the cone itself (for any = € int K). This can
be seen by the fact that the bound [53, Theorem 4.1] is given for points y = z—ap
where p € £ is any direction and o, (p) is a distance measure to the boundary of
the cone (see [53, Section 4]). Moreover, o, (p) is defined such that y from above
can be any point in the interior of . In a similar fashion, primal-dual methods
allow for adaptive updates of the duality measure ¢ (see [40] and [37]). Primal-dual
methods for conic problems over symmetric cones are successfully implemented in
SeDuMi ([61]) and SDPT3 ([62]), both covering linear programming, second-order
cone programming and semidefinite programming.

However, we also want to mention here that the algorithmic superiority of
primal-dual methods over primal-only (or dual-only) methods has not been proven
so far. Above we have mentioned some arguments that speak in favor of the conic
primal-dual setting, but we also have to admit that they are mainly of conceptual
or cosmetic nature. There is no proof that the worst-case complexity of a primal-
dual algorithm is better than the one for primal-only algorithms (the best-known
complexity so far is in both cases O(y/vlog(1/¢))).

2.5.3 Conic optimization over nonsymmetric cones

In this section we consider general conic problems (P) and (D) over proper cones.
We do not assume the cones to be symmetric. Although, there are not too many
results on general conic problems, we can mention here some recent progression by
Nesterov ([49, 48, 51]). For general conic problems there are mainly two drawbacks
as compared to the symmetric case:

1. The conjugate barrier is typically not known. It is given by Definition 2.5.7,
which involves the solution of another optimization problems. In general it
is not possible to find analytically a solution to it. However, it might be
possible to evaluate the conjugate barrier at a given point approximately. In
the symmetric case, on the other hand, the conjugates are explicitly known
(in fact they are up to a constant equal to the primal barrier).
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2. We do not have access to a scaling point (Theorem 2.5.12). This point plays
a crucial role in defining primal-dual symmetric search directions. In the
nonsymmetric case we do not know how to compute such a scaling point for
a primal dual pair (z,s), in fact we do not even know if it exists.

A special conic format

We are coming back now to the primal-dual conic pair ((P), (D)) defined in the
previous subsection. It is characterized by a proper cone K and its dual cone C*,
a matrix A with full row rank a primal objective vector ¢ and a dual objective
vector b.

The important assumption here is that X should be proper, that means in
particular its interior should not be empty and it should be pointed. Otherwise it
is impossible to find a barrier for /.

However, in some situations we might arrive at a primal conic format where
some of the variables x are not restricted to a pointed cone, or some of the dual
variables s are fixed to 0 (which prevents s be an interior point of the dual cone).
Let us therefore adapt our definition of the conic pair, that allows linear equality
constraints on the dual side (or equivalently primal free variables). Of course,
in the algorithms we will have to treat these constraints differently because they
correspond to cones that are not proper. We denote by the primal and dual cone

K=K xR",
K* = K* x {0}
where C denotes the ”proper” part of the cone K and n ¢ is the number of primal
free variables. Moreover, we denote by x those components of the primal variables
that lie in KC and by x; those components that are free. On the dual side we denote
by s those components of the dual variables that lie in K* and by sy those that
are restricted to 0. Let the constraint matrix and the primal objective vector be
partitioned accordingly, i.e. A =[A, Ay] and ¢ = [¢, ¢y].
The primal-dual conic pair becomes then:

(P) min ¢’z + ctay (D) max by
T, 5 f Y,8
Ax + Apxy =D, s+ ATy =c
ek, A?y =cy
xs free seK”

It is easy to see that weak duality is preserved. Indeed
'zt cfap=(s+ATy) w4+ (ATy) oy
=yl(Az + A?zf) + sz
>0
>bly.
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The assumptions from the standard conic formulation have to be modified a
little bit. Let us summarize them here.

Assumption 3 [Conic optimization]
1. K and K* are proper cones and dual to each other.
2. [A, Ay] has full row rank.
3. Ay has full column rank.

4. The dual feasible set {y : c— ATy € K*, A?y = ¢y} does not contain
a straight line.

The first assumption is necessary to ensure weak and strong duality. The sec-
ond assumption is needed to ensure that the primal and/or dual Newton directions
are defined. The third does not restrict generality as we have argued in Section 2.3.
If the dual problem is feasible although A; has columns that are linearly depen-
dent, then some of the constraints on the dual side (or variables on the primal side)
are redundant and can be eliminated. The last assumption is needed to guarantee
that the dual barrier in terms of y is nondegenerate (and therefore that the dual
Newton directions are defined).

Nonsymmetric primal-dual predictor-corrector method

The method we are going to present now is essentially the dual variant of the one
proposed by Nesterov in [49]. Additionally, it is adapted to handle linear equality
constraints on the dual side, which correspond to free variables on the primal side.
Its main feature is that it only needs access to the dual barrier (and its derivatives
of course), but not its conjugate. However, it still is a primal-dual method in the
sense that we compute primal-dual strictly feasible points close to the primal-dual
central path defined by the barrier for the dual cone and its conjugate (that we do
not need to know). The results and proofs in this section are largely inspired by
[49]. However, for sake of transparency we have decided to include them explicitly.
Each iteration of the method consists of 4 steps:

1. dual centering,

2. primal-dual lifting,

3. primal-dual affine-scaling,

4. updating of duality measure t.

We only assume knowledge of the barrier F, for the dual cone K* C £*. As F.
will be our barrier of reference, we have to adapt the definition of the local norms
a bit. Let s € int £*. For h € £ we denote its local norm with respect to the dual
barrier F, at s by

1Alls := (V2 Fu(s) " h, by "2,
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Note that the local norm of the point A in the primal space is defined using the
inverse of the Hessian of F, since Fy is defined in the dual space £* (compare
Definition 2.2.7). Analogously, we define the local norm of g € £* by

# 1/2
lgll: := {9, V2F.(s)9)""".
Dual centering

Consider for ¢ > 0 the dual centering problem

max tbly — F,(s) = fi(y,s)
st.s+ ATy =c, (Dy)
ALy =cy,
with the variables y € R™ and s € R". We denote the unique optimal solution
for (D¢) by (y(t), s(t)). Based on the results of Section 2.3 we want to solve (D)

using the damped Newton method (Algorithm 2).
The corresponding Newton system is

72409 AT} 2 [~V

A 0 \ 0
where
< AT T A1
1=y =)
- th 2 10 0
Vft(yvs) - |:_VF* (8):| \4 ft(yvs) - |:0 _v2F* (8):|
so that the Newton system becomes
0 0 A Ay Ay —t-b
0 —V2FE.(s) I 0 As|  |VFi(s)
AT I 0 of |[M| | o | (2:52)
A? 0 0 0 A2 0
The dual Newton steps will be
j=y+——A
y=1y 1+ o0, Y,
1
§=s+ 173, As,
where d; = ||As||t = (—ASTVF*(S))l/Q denotes the Newton decrement. In view

of Theorem 2.2.24 we can solve (D) in no more than O(f;(y(t), s(t))— f:(y®, s(0)))
iterations, where (y(©), s(9) is the starting point of the process. Let us show that
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we can bound this quantity for a particular choice of t. Let z = (z,zs,y, s) be any
primal-dual strictly feasible point. We introduce the so-called functional proximity
measure as a way to define proximity to the primal-dual central path:

Q(z) = F(x) + Fu(s) + vlog (“—ﬁ) +u,

where F' is the conjugate to F.. It is clear why  is a proximity measure: for a
primal-dual point (z(t), zf(t), y(t), s(t)) on the central path, we have the following
two relations (see [54, Theorem 4.1])

(s(0), () = 7.
F(z(t)) + Fu(s(t)) = —v + vlog(t).

Using that, it follows immediately that (z) = 0 if z is on the primal-dual central
path. Conversely, if we define for z the duality measure

t=1t(z) = G
then we have
0 < fily(t),s(t)) — fi(y,s) < Q(z). (2.53)

In ([49, Lemma 2]) Nesterov has shown the analogous inequality for the primal
centering problem. That means if (z) = 0, then for the particular choice of ¢
shown above the optimality gap to the point on the dual central path is equal to
0, i.e. (y,s) is on the dual central path.

We conclude that, given a primal-dual strictly feasible point z(°), we can solve
(D¢) in no more than O((2(?)) iterations, provided that we take as duality
measure tg = m

The output of Algorithm 2 is a point (y, s) close to the dual central path with
target value ¢, and it satisfies the centering condition

0s < f <1,

where § > 0 is the desired accuracy. Note that we can solve (D;) by removing
the dependence on s. This elimination would result in a Newton system of smaller
size only in terms of Ay and \y. However, as we will see in the next step, we need
to compute at least once the full Newton direction (Ay, As) with both multipliers
(A1, A2) at the end of the centering process.

Primal-dual lifting

Given a point (y, s) close to the dual central path, the dual Newton step (Ay, As)
and primal multipliers (A1, A2), we construct the following primal-dual point

1
SCJr = 7;)\1
N 1
Tp =7k (2.54)
yt=y—Ay
st =s5— As.
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We want to emphasize here that the new dual points (yT,s™) are obtained by
going a step in the opposite Newton direction. This is certainly counter-intuitive.
However, as we will see in the next theorem, despite doing this negative Newton
step we remain feasible with respect to the dual variables.

Theorem 2.5.13. The point 2T = (x*,x}',y*,s*) is strictly feasible and well-
centered, i.e. we can bound the functional proximity measure in the following way

Q(z") < 2w, (B) + 5% (2.55)
Furthermore, w = \/t s is a scaling point for the primal-dual pair (z+,sT), i.e.
xt = V2F, (w)sT. (2.56)

Finally, we have the following scaling relation

1
|[VF.(sT) — ;VQF*(S)VF(QUJF)HS < 5 (2.57)
The duality measure has the following bounds
to 25)
tzN > —————— >4 - -—— ), 2.58
2 g 2 e (- 2%

Proof. We have
st —slli=Il-As]i<p <1

Since s € int K* we have in accordance with Lemma 2.2.9 that s™ € int K*, i.e.
sT is strictly feasible. Moreover, it is clear from (2.52) and (2.54) that the lifted
dual point (yT,sT) is feasible with respect to the linear equality constraints, i.e.
it holds 57 + ATy™ = c and ATy" = ¢;.
From the second equation of (2.52) it follows
=X+ VE(s)lls = || = V2Fi(s) As|l
= (V2F,(s) ' V2F,(s) As, V2F,(s) As)'/2
= (As, V2F,(s) As)'/?
=|lAs|li < B <L
On the other hand, if we denote h = —V Fi(s) we have h € int K (see (2.44)) and
in view of 2.47) the identity (V2F,(s))~! = V2F(h). That means we can write
=X+ VE(s)lls = [ = Adv = Alls
= (V2Eu(3)) 7 (=A1 = ), (=h = k)2
= ((V2F(h)(=A1 = h), (= = )2
=l=X = hllv2r@)-
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Since F' is self-concordant on int U, we conclude in combination with the previous
result and in view of Lemma 2.2.9 that —\; € int K. Therefore, according to
the primal-dual lifting (2.54) we get 2+ = —1); € int K. Moreover, according to

(2.54) we have

1
2y

which means that (x*,ac}") is also feasible with respect to the primal equality
constraints.

To prove (2.55) let us consider now the primal-dual proximity measure at
(xt,sT):

+ + + (s*,2%)
Qz")=F@ )+ F(s")+v+viog| ———= ). (2.60)
v
We have that

Fat)=F (—%)\1) G b (LVF,(s) — V2F.(s) As) + v log(t). (2.61)

Let us try to bound the barrier term of the right-hand side in (2.61). Its argument
—VF,.(s) — V2F,(s) As can be related to —V F,(s). We find
| = VE.(s) = V2F.(s) As — (=VF.(s))|[s = || = V*Fu(s) As||
=|[lAs|[; < B <1,

so we can conclude (again in view of Lemma 2.2.9) that
(—VF.(s) - V2F.(s) As) € D(—VFE.(s), ), § < 1

where D(z,3) is the Dikin ellipsoid with radius § centered at z. That means, in
accordance with (2.14), we can bound the value of the primal barrier at the point
(—=VFE.(s) — V2F,(s) As):
F(=VF,(s) — V?F.(s) As) <F(=VF.(s))
+ (VF(=VF.(5)), =V*F.(s) As) + w.(0)

(2é5) — v — F(s) + (5, V2F.(5)As) + w.(0)
CAY ) F(s) = (As, VE.(s)) +w:(8).  (2.62)

If we combine the bound (2.62) with (2.61) and replace it in (2.60), we get

Q) =F@t)+ F(s")+v+v-log (@)

+ ot
P2V P(-VF.(s) = V2F.(s) - As) + Fu(st) + v+ v - log (M)

(2£2) Fi(s7) = Fu(s) = (As, VE.(s)) + wi(8) + v log (M) :

v
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According to (2.14) we can bound the first three terms by

Fu(s%) = Fu(s) — (As, VE.(s)) < w.(||As]]) — 2(As, VE.(s))
< w.(8) - 2(As, VE.(s)),

which gives the following bound on Q(z7):
N t(sT,zT)
Q(z7) < 2w, (B) — 2(As, VE.(s)) + v log — (2.63)
On the other hand, in view of (2.41) and the primal-dual lifting (2.54) we have

~VF.(s) = V?F,(s) As = V*F.(s) (s — As) = V?F.(s) sT. (2.64)

It follows that we can write, using (2.54), (2.52) and (2.42)

t{sT at) = —(sT, \1)
G2 o+ _VF.(s) - V2F.(s) As)
= (s* VFQ( )s™)
= [|s*]I3”
= |lsl[2* — 2(s, VF2(s) As) + || As]];?
(2.42)
< v+2(As,VF.(s)) + 3
=v—25+ 3% (2.65)

The last equation follows directly from the definition of the Newton decrement
§s = —(As, VF,(s))'/2. If we replace the bound (2.65) in (2.63), we get

) 2 2
Q(z") < 2w.(B) + 262 + v log <1 + M) .
v

Looking at the argument of the log-term, we see that ﬁf—ﬁ > —1, since 6, < 3

(by assumption) and ds < /v (since F is v-self-concordant). Using the fact that
log(1+7) <7 as long as 7 > —1, we conclude

_952 2 _ 952 2
10g<1+ 25s+6>§ 205 +
14

14

and combining this with the last bound for Q(z7) we obtain
Q(Z+) S 2‘*}*(5) + 525

which is exactly the desired inequality (2.55).
Let us prove the scaling relation (2.56). For w = v/t s we have the following
chain of identities

V2E, (w) st (2:40) %VQF*(S) gt (359

~ | =

. 1 _
(—VE,(s) — V2F.(s) As) %2 Y (259 .
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To prove (2.57) let us denote ), := VF,(s7) — VF,(s) + V2F.(s)As and rq :=
VFE(—A1) + s+ As. Using Lemma 2.2.11, we get
62
1-p

lIplls = [IVE(sT) = VE.(s) + V2Fi(s)As||s <

because ||sT — s||¥ = ||As||¥ = ds < S by assumption. On the other hand

ryg = VF(—)\l) + s+ As
C2Y GR(-A) = VE(-VFE.(s) + As
P20 GF(-\1) - VF(~VFE.(s)) + V2F(~VF.(s)) - V2F.(s) - As
B2 P (-V2F.(s)As — VE.(s)) - VF(~VE.(s))
— V?F(=VF(s)) - (-V*Fi(s)) - As.
But since || — V2F,(s)As||s = ||As||* = §s < 3, we can apply again Lemma 2.2.11
and obtain
52

[Iralls < :

S

Using the definition of , and r4, we conclude

VF,.(s%) - %VQF*(S)VF(aﬁ) =VF,(s7) = V*F.(s)VF(=\1)
[rp + VF.(s) — V2F.(s)As] — V?F.(s) [rg — s — As]
[rp + VF.(s)] — V2EL(5) [rqg — $]
[rp + VF.(s)] = V2F.(s)rq + V*F.(s)s
—_————

(2.41)

—VF.(s)
=rp — V2F.(s) 4.

It remains to note that

. B
lIrp = V2F(s) rdlls < lrplls + V2 Ei(s) ralls = lIrplls + lIralls < 29— G

Let us prove now the two bounds on the duality measure t. We have

(2.66)

A
~ | —
3
+
Q@
o



2.5. CONIC OPTIMIZATION 73

which implies

1% v 1

20
@tfwZtm6+ﬁf:ﬁ(1+§322t“pﬁiﬁ>’

t(zt) =

using the fact that exp(r) > 7+ 1 for all 7. This proves (2.58). The analogous
reasoning gives

1 w2 1 %
(s7,2%) = 2 (IIs7112)" = 7 (s = Asl[)”
1
== | Ulsll)? = 257 V2R () As + (|Is*]]2)”
t —_———
<llsllzl1As]lz
1 * * * *
> 2 (sl = 2llsllz - [18s]]: + (1As]12)?)
2
== | lslls = J1asli;
~—  —\—
= <B
1
Z ; (\/_ - 6)2 ’
thus
t(zT) <t 1ﬁ 5 <t eXp(%),
(1-%)
because ) )
(7)) ()
(1-=2) Wi Vv -7
This proves (2.59). O

Primal-dual affine-scaling

Given a primal-dual well-centered point (zT, x}ﬂy*, s*) with the corresponding
scaling point w we can define the so-called affine-scaling direction. For points
exactly on the primal-dual central path, this direction is tangent to the central
path (for a discussion, see e.g. [54, Section 5.1]). The affine-scaling direction is
given by the solution of the following linear system.

Az + V?F,(w) As = z*
AAx+App =0
AT Ay +As=0
A?Ay:().

(2.67)

Note that under Assumption 2.5.3 the affine-scaling direction (2.67) is unique.
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Theorem 2.5.14. The affine-scaling direction (2.67) has the following properties:

(As, Az) =0, (2.68)
(s, Az) + (As,a™) = (s, 2™), (2.69)
(c,at — Az) + (cp,xp — p) — (byy — Ay) =0, (2.70)
1AZ][5, + (1As][;)* = (s*, ™), (2.71)
lv+ (VF(zh), Az) 4+ (As, VE.(sT))| < %<s+,x+>1/2 ||VF.(s7) = V2F,(w)VF(21)||w

(2.72)
< (tosT,zt)V/2. B (2.73)

< ) -5

62

Sk B+ V). (2.74)

Proof. In view of the last three equations of (2.67) we get (2.68)
(As, Az) = —AxT ATAy = —(AAz) Ay = (App) T Ay = MTA?Ay =0.
Further, we get from the first equation of (2.67)

(st Az) 4+ (As,2™) = (sT, 2T — V2 F,(w)As) + (As,z™T)
(sT, o) — (s7, V2F,(w)As) + (As,z 1)
= (sT,2T) — (As, V2F, (w)st) + (As,z ™).

+
+

s L
+

According to the scaling relation (2.56) we have V2F,(w)s* = 2z, which proves
(2.69).

In order to prove (2.70), we use the fact that view of Theorem 2.5.13 the
primal-dual point (x*,x}',y*,s*) satisfied the primal and dual linear equality
constraints, i.e.

Ax™T + Afac;{ =,
st 4+ ATyt =¢,

A?er =cy.
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Replacing these expressions for b, ¢ and ¢y in the left-hand side of (2.70) yields

{e;at = Ax) + (ep,xp — p) = (byt — Ay) =(sT + ATy", 0" — Az) + (Afy" x5 — )
— (AzT + Afx}', yt — Ay)
::<SA+A Jf% - Zxx> - </47HZIAF7 Zk‘,L'> - </43?z/+7a/1>
+ (AzT + Afx}', Ay)
=(sT, 2t — Az) — (y", AAx + App)
—_———
CXLN
+ (Azt + Afz}r, Ay)
=(sT, 2" — Ax) + (Az" + Agay, Ay)
:<S+5‘T+> - <S+a A:C> - <AS,:C+> + <AS,:C+>
+(Az™, Ay) + (Apa, Ay)
=(sT,2") — (sT,Az) — (As, ™)
+(As+ AT Ay, ™) + <A?Ay, x}r>
—_———— R ,
(2-:67)0 (2.:67)0

=(sT,2") — (sT, Az) — (As,a™).

The last term is equal to 0 in according to (2.69). This proves (2.70).
Moreover, when we multiply the first line of (2.67) from the left by As”, we
get
(As, V2 F,(w)As) 4+ (As, Ax) = (As,zT),

———
(2.68),

which means (||As||)? = (As,2T). If we multiply the first line of (2.67) from the
left by (V2F(w)"'Az)T and use again the scaling relation V2F, (w)s™ = 2T, we
get

(As, Az) +H{AxTV?F,(w)™!, Az) = (sT, Ax),

———
=0

which means ||Az||2, = (sT, Az). Combining these two reformulations, we obtain

* (2.69)
1Az + (As]l)* = (5%, Az) + (As,at) 7=

(sT,27T),
which is exactly (2.71).
Finally, if we multiply the first line of (2.67) by VF(z)7, we get

(VE(a+), Az + V2F, (w)As) = (VF(z"),z+) "2y,

T

3

On the other hand, if we multiply the first line of (2.67) by ([V2F,(w)] "'V F.(sT))
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we get

([V2F(w)] "'V E.(s1), Az + V2 F, (w)As) = ([V2F.(w)] "'V F.(sT),zT)
= (V?F.(w)] "'t VE(s1))
—_———
259 4
= (s7, VE(sT))
(2§3) .

If we add these two equalities, we get

—2v = (VF(z") 4 [V?F.(w)] ' VF,(s7), V*F,(w)As + Ax)
= (VF(zT) — [V2F,(w)] " 'VFE,(s7), V2F,(w)As — Az) + 2(VF(2"), Az) + 2(As, VF,(s7)),

which is the same as
2VEF(xT), Ax)+2(As, VF,(sT))+2v = (VF(27) = [V2F, (w)] ' VF,(s1), V2F,(w) As—Ax).
Using the Hélder inequality we have
[v+H(VF(2T), Az)+{As, VE.(s7))| < %||VF($+)—[V2F*(w)]_1VF*(8+)||Z-||V2F*(w)AS—A$||w-
Because of orthogonality of As and Ax, we get
(172 Fuw)As — Azll.) = (|As][3)? + Al

The last term is equal to (s, zT) in view of (2.71). It remains to note that

IVE (™) = [V2E(w)] 'V (s, = [[VE(F) = V2F(w) VE (@),

which proves (2.72).
According to (2.57) we have

IVE(s") — V2R )V F ()], < 22 25-

Using the scaling relation w = v/t s and the identity (2.40) we conclude (note that
the primal norm is defined using the inverse of V2F)

IVE(s%) = V2F(w)VF(@)lw < Vi szﬁ'

1

In combination with (2.72) we get the desired inequality (2.73).
The last inequality (2.74) follows directly from (2.66). O

The above theorem justifies why the primal-dual affine-scaling direction is po-
tentially a good direction. In fact, according to (2.70) a full affine-scaling step
reduces the duality gap to 0 (this is always the case for affine-scaling directions;
however, a full step is never feasible).



2.5. CONIC OPTIMIZATION 77

Let us denote by 2™ = (7, y™, s7) the primal-dual strictly feasible point which
is the result of the primal-dual lifting (2.54), let Az(4%) = (Ax, u, Ay, As) be the
primal-dual affine-scaling direction from (2.67). We define the new primal-dual
point Z as

F=2t —alA49, (2.75)

Note that we are taking a negative step since (2.67) defines in fact the direction
towards the analytic center. We are interested in the opposite direction towards
the optimal solution.

The step size a has to be chosen to ensure that the new iterate is strictly
feasible. The following theorem justifies a good choice for @ which guarantees the
inclusions & € int K and s € int *. On the other hand, using the proposed step
size we can bound the proximity measure €2 at the new point Z, i.e. we make sure
not to drift too far from the primal-dual central path.

Theorem 2.5.15. Denote v = ﬁlt‘[/f > 1. Fora e [0, %) we have

Q(2) < 2w.(B) + walay) + (1 + a7).

Proof. Using the definition of the proximity measure {2 we get
Q(z) — Q1) =F(2) + F.(3) + viog (M) +v
v

- F(at) = R - viog (L)

v

=F(%) + F.(3) — F(z") — F.(sT) + vlog (%) .

According to the definition of § and & we have

(8, %) (st — aAs, 2T — aAx) ! (st Az) + (As,zt) 5 (As,Az)

= =l—-« +a

(st,27) (st,27) (st,a7) (sT,a7)
———
(2,69) (2.68)

=1-—oq.
That means we can write
Q32 - Q) =F(@)+ F.(3) — F(zb) — Fu(sT) + vlog (1 — a) .

In a neighborhood around z™ and around s* we can bound the function value of
F and F, respectively (see (2.14)). We get
Q)= Q1) =F (&) - F(z©) + F.(3) — Fu(sT) + vlog (1 — )
< - ofVF(z"), Az) + w.(al|Az],+)
— a{VE(s +> 1) el #4108 01—
a[(VF(2"), Az) + (VFE.(s7), As)] + vlog (1 — a)
+ uJ»<(Oé||A$||m+) + w.(allAs][),
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provided that a||Az||,+ < 1 and of|As||* < 1.
From (2.74) it follows (using the definition of ~)

2

(VE(x™), Ax) + (VE.(sT), As) > —16_ 3

Replacing this inequality in the previous bound on Q(z) — Q(27) yields

(B+Vo) —v=—F—v.

Q(2) - Q(zT) <aB*y +va+vlog(l —a)
+we(a|Az]|z+) + wi(af|As][S)-

Using the fact that a + log(1 — ) < 0, for all @ < 1, we can remove the second
and third term on the right-hand side and get the following simplified bound

Q(2) — Q=") <af?y + wi(allAzlly+) +w.(of|Asl[).

Let us look at the last two terms. We denote r = [||Axz|2, + (||As||, )22
We define the function 1(t) := w,(v/t), which is convex because we have that

P'(t) = w;(—\/\/g) and

W0 =" (5) ~ D

— 57 VI (VD) (V)

_ 1 Vit Vit

AP [(1 — ViR 1 \/E}
1 t

= 175 7(1 ~ i) > 0.

Moreover, we have for any 0 < t1,ty with ¢; + t2 < 1 that

P(t1) +1p(ta) < P(tr +ta).

Indeed, we can assume without loss of generality that 0 < t; <ty <t;+1to < 1. If
to = 0, then this implies that t; = t; +t2 = 0 and the above inequality is trivially
satisfied. Let therefore ¢t > 0. Then we can write ¢; as a convex combination of

0and t; +t2 > 0, ie. t1 = A0+ (1 — A) (¢1 + ¢2). Thus, A = tltth. Because of

convexity we get then

to to
vt < 2 v+ (1= 20 ) v+ 1)
=0

h Pt + t2),

Tt + 1

. . . . . . . ti+to ¢
or equivalently, after multiplying both sides of the inequality with i =ntl>

0, we have
(1 n i—) vt < Lt + 1), (2.76)
2 2
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On the other hand we can write t5 as a convex combination of ¢t; and t; + to, i.e.
to = i—; t1+(1-— i—;) (t1 + t2), where i—; € [0,1]. Because of convexity of 1) we get

vl < Pt + (1- 1) vt + 0
- 2 [0(02) = (e + 1)) +0(0 + 12)

(2.76)

< —(tr)
< —(ty) +Y(t + t2).

That means we have for any ¢; > 0 and any t2 > 0 such that ¢; + o < 1 that

Y(ty) +(ta) < P(ts +ta).
It follows

wi(ol|Azllp+) + wilallAsl[ir) = D(?||Az|31) + v(a®([|As]]34)?)
(a [IIAwIII++(|IASIIZ+)Q])

(4
V(o

A

(ar).

On the other hand, because |[sT — s||s < 3 < 1, we have according to Theo-
rem 2.2.10

1
(1-p)?

and using the scaling relation w = v/t s in combination with (2.40) yields

V2F, (sT) < SV2FL(s),

t
On the other hand we have
1 (2. 40) (2.54)
t—QVQF( ) V2F(tzt) "= VZF(=\1).

In the proof of Theorem 2.5.13 we have seen that || — Ay — (=VFy(s))||s < 8 < 1.
Using again Theorem 2.2.10 we get

—V2F( =< ﬁv%(fvm(s))
227 mvﬁm
229 sz L (w) ™
In other words, we have
V2F(zT) = %VQF*(w)_l. (2.78)
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Let us find a bound on the quantity . Using inequalities (2.77) and (2.78), we
get

r? = [|Axll2e + (|| As]]34)
= (V2F(a")Ax, Az) + (As, V2F,(s1)As)
t
<
T (1-p)?
t

“Gae Az, + (|As]]3,)7)

Finally, the right-hand side term can be bounded in the following way.

(V2F,(w) Az, Az) + (As, V2 F,(w)As)]

2.71) (226) 1

(A2 + (1asl;)?) *2Y (st,a7) < - (Vv +8)?

That means we get the following bound on 7:

t (Vv +p8)?°
2 < . A 2 Asll* 2 < — 2'
< g - (1l + (18sl1)?) < = =
Since both r and  are positive, we conclude r < 7. Using monotonicity of w, we
get then
wi(ar) <w.(avy).

Coming back to the original quantity that we wanted to estimate, we get

Q(2) — A=2T) < af?y + wa(al| Az[p+) + wi (| As|[%y )
<af’y +w.(ar)
< afy+wi(ay).

To finish the proof it remains to note that according to Theorem 2.5.13 we
have

Q(z) = 2w.(B) + .

Update of duality measure ¢

Given a primal-dual strictly feasible point z* and the affine-scaling direction
Az(49) that is given by 2.67, we go a damped step along this direction (see (2.75)).
In Theorem 2.5.15 we have proposed a suitable choice of the step size parameter
a that ensures proximity to the primal-dual central path. We will show now that
this step also provides a sufficient increase of the duality measure. Let us define
the new duality measure as

Theorem 2.5.16. We have

HE) > t(z1) - exp (a - f/_ﬁ;) .



2.5. CONIC OPTIMIZATION 81

Proof. We see that
v
(st — als,zt — aAzx)
v

(st,2t) —a((sT, Az) + (As,2T)) +a2 (As, Azx)
—_————

(2.69)

t(Z) =t(z" —aAz) =

alst,zt) 259,
1 v

T l-a (st,aty

According to (2.66) we have ¢ (sT,z") < (/v + 8)? = v(1 + £-)2. Using this
inequality, we get

t(2)

v

——
>exp(a)
26
>t exp <a - —
Vv >

O

It is clear that if we want to make sure that there is an actual increase in the
duality measure ¢ we need to take a step size « such that

20

O[>$:3T.

On the other hand, Theorem 2.5.15 is only valid for step sizes such that
1-p3 1

B+vv 7

Let us check for which choice of 3 the interval [T, ﬂ has interior points. Or,

o <

equivalently, we want to verify that
1
T —.
Y
This is true if and only if /¥(1 — 3) > 28(8 + /v), which is equivalent to <
V(1 —3p3) > 232, Isolating v, we get the condition

V> (12_7635) (2.79)

The right-hand side term of (2.79) is less than 1 if 33 < 1 and 282 < 1 —33. If
we solve the latter inequality for 3, we get

3\? 17
(ﬁ"f'z) <16
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which means that as soon as

it is possible to find an « that satisfies both above criteria. Then we can choose
a = A+ (1— )\)%, for any A € (0,1). A choice of X close to 1 stands for a
conservative prediction with slow progress in terms of the duality measure ¢, but
also smaller increase in the proximity measure.

Note that we have used the fact that v > 1, and we have bounded only the
right-hand side term of (2.79) away from 1. This was sufficient, yet not necessary,

to show validity of (2.79). Therefore it is possible to find slightly larger values of

g than *’%ﬁ (keep in mind that 8 < 1/3) that satisfy (2.79). However, they
do involve v. For sake of simplicity, we continue with the safe choice of 3 shown
above.

Complexity analysis of the primal-dual predictor-corrector method

We are ready now to define the nonsymmetric primal-dual predictor-corrector
method with a bias on the dual space (Algorithm 5).

Algorithm 5 Nonsymmetric predictor-corrector method in dual space

Input: A with full row rank, b, c and F v-self-concordant barrier for IC*.
Parameter: Choose e > 0,0 < 8 < _3+T‘/ﬁ and A € (0,1). Define v = ﬁf_‘g,
T:\Q/—%,a:)ﬂ'#*(l*)\)%.

Initialize: 2z primal-dual strictly feasible starting point, tq = <SO”I0>, k =
0.

loop
1) correction phase, compute dual Newton steps from (2.52) until d, (s) <
2) primal-dual lifting (2.54), output: z*+
if (s7,27) < e then

RETURN
end if
3) primal-dual affine scaling step (2.67) 211 = 2T — aA2z(45)
4) update of duality measure tg43 = -+%—
Sjr1Th41
5 k=Fk+1
end loop

Let the parameters 3, A, v and 7 be as described in Algorithm 5. We have

seen above that when choosing 8 < 73+T\/ﬁ7 then 7 < %

Theorem 2.5.17. The rate of convergence of Algorithm 5 is
(sk, k) < (50, 20) exp(—kp1),

where p1 = (1 —A) - [%—T} > 1.
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Proof. Indeed, using Theorem 2.5.16 we have

tesr > by - exp(a— 7) = by exp <(1 -7+ (11— A)%)
= {1 exp ((1—)\) [%—TD
=t exp(p1),

and using the relation tj (sg, xx) = v, we get

{3k k) < (sk—1,26-1) exp(—p1) < (s0,20) exp(—p1)* = (s0,20) exp(—kp1).

For the final complexity theorem, let us denote pa = ary. Since o = At + (1 —
)\)%, we see that

1
pgory<)\T+(1)\);)’y)\77+(1)\))\(’yTl)+1<1.

The latter inequality follows from the fact that we have chosen 3 such that 7 < %
(see discussion above).

Theorem 2.5.18. Let the parameters be chosen as in Algorithm 5, let zy be
a primal-dual strictly feasible point. Then the number of affine-scaling steps in
Algorithm 5 to generate a primal-dual feasible point (x,s) such that the duality
gap is not more than €, is bounded by

Nout =0 (\/; : IOg (<507x0>/6)) .

The complezity for solving the initial centering problem is Ny = O(zo) iterations.
After that, the number of iterations for each centering problem to generate the dual
central points is bounded by a constant, i.e.

2w, (6) 4+ wx(p2) + 6°(1 + p2)
w(B)

Proof. Using Theorem 2.5.17, we see that the duality gap s{xk in iteration k is
bounded by e if s'zg - exp(—kp1) < e. When isolating k, we get the condition

Lo log(e/sEwo) _ log(sFo/e)
o 1 1
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Moreover, we see that

_ 1 v
plil—)\ 1—7y
B+Vv
_ 1 1-3
Sl ] 28+
Vv o 1-8

RN
=X =BV — 253+ V)
I v+\vp

T1-x (T-38)V -2
= O0(V).
The complexity bound for the correction phases follows immediately from

(2.53) in combination with Theorem 2.5.15 and the fact that we apply a damped
Newton method for minimizing a self-concordant function up to accuracy . O

Remark 2.5.19. Algorithm 5 requires as input a primal-dual strictly feasible point
zo. However, we can still use Algorithm 5 if only a dual strictly feasible point
(Yo, So0) is available, while the complexity result (Theorem 2.5.18) remains essen-
tially the same.

The modifications for that situation are the following: we have to choose the
ingtial duality value to (instead of computing it as in Algorithm 5). The complexity
for solving the initial centering problem becomes then in view of Theorem 2.2.24

Ny = O(fto(y(to)a S(tO)) - fm(yo, 30))7

as opposed to O(zp). If no primal strictly feasible point is at hand, then there is
no immediate way to bound the initial functional gap fi, (y(to), s(to)) — fio (Yo, S0)
further. The rest of Theorem 2.5.18 is unchanged.



CHAPTER 9

New self-concordant barriers for nonsymmetric
cones

We demonstrated in the previous chapter that in order to design polynomial-time
algorithms for convex optimization problems it is crucial to have self-concordant
barriers for the feasible set available. Moreover, if the feasible set is defined using
a proper cone, then we can use primal-dual methods, such as the primal-dual
predictor-corrector method proposed in Section 2.5.

In this chapter we propose new self-concordant barriers for two important
nonsymmetric cones, the so-called power cone and the p-cone.

3.1 A new barrier for the power cone

Let us consider the following convex cone. For « € [0, 1] we define the power cone

as
Ko :={(z,2) e R x R:afay > 2]}

This cone has been proposed already in the 50’s by Koecher [35].

We will see in Chapter 4 that IC, is very versatile in that it can be used to
model many convex constraints. We see that if « = 0 or @ = 1, then K, reduces
to a polyhedral cone, e.g. for a = 0, we get

Ko = {(x1,22,2) : 21 > 0,22 > |2|}.

On the other hand, for a = % the cone I, is exactly the rotated second-order
cone in dimension 3:

Q3 = {(IE,Z) S Ri xR: T1To > 22}_

For these special values of a the power cone is in fact symmetric (see Defi-
nition 2.5.10). In all other cases K, is nonsymmetric. Indeed, Truong and
Tungel [63] have presented a proof that I, is indeed not homogeneous (except
for o € {0,0.5,1}).

85



86 CHAPTER 3. NEW SELF-CONCORDANT BARRIERS

In [49] Nesterov has proposed the following 4-self-concordant barrier for K,:
F(z,2) = —log(23%23 2* — 2%) — log(x1) — log(x2).

Given the observation that for the particular values of « cited above there are self-
concordant barriers known with lower self-concordance parameter (for a € {0,1}
we have v = 3 and for a = % we have v = 2), it becomes clear that F' is not optimal
with respect to its self-concordance parameter. In this chapter we propose a new

self-concordant barrier with better self-concordance parameter.

3.1.1 Proof of self-concordance

We will see now that when scaling the last two terms of the above 4-self-concordant
barrier for K, we preserve the self-concordance property while reducing the pa-
rameter value from 4 to 3.

Theorem 3.1.1. Let « € [0,1]. The function
Fo(z,2) = —log(x3“x3 > — 22) — (1 — a)log(z1) — alog(x)
is a 3-self-concordant barrier for the power cone ICy .

Proof. First, let us note that F, is logarithmically homogeneous of degree 3. In
view of Theorem 2.5.6 we need to show that F,, is on top of that a self-concordant
function, i.e. it is necessary to verify the characteristic inequality of self-concordant
functions (2.6): for any (,z) € int K, and any h = [Az; Az] € R® we have to
show that

|D? Fy (2, 2)[h, by )| < 2 (D2 Fa(x, 2)[h, k)"

It is easy to see that the absolute values on the left-hand side term can be dropped,
because if

D? Fo(z, 2)[h, hy h] < 2 (D? Fa(w, 2)[h, b)) 2. (3.1)

holds for any direction h € R3, then it must hold in particular also for —h. In
that case (3.1) becomes

D® Fo(2,2)[—h, —h, —h] < 2 (D2 Fy(x, 2)[—h, —h])"*.

In combination with (3.1) this is exactly the same as the original inequality in
Definition 2.2.3. Therefore, it suffices to show validity of (3.1) in order to prove
self-concordance of F,.

Let us define for (z, z) € int K,

and
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Then the barrier function can be written as

Fo(z,2) = —log (£(x)?

2) — (1 — «)log(z1) — alog(za)

(z)° =2
= —log (£(x)? — 2°) — log(z1) — log(w2) + log(£(x))

() )

§(x)

= —log (w({(x), 2)) —log(z1) — log(z2) -

=:@(w(§(2),2)) =:F(z)

Denoting in the following w = w(&(x), 2), the directional derivatives of F,(z,z) in

direction h become

Dy := D*F,(x, 2)[h, h] =D?*®(w)[h, h] + D*F

()[R, R},

D3 := D*F,(x, 2)[h, h, h] =D*®(w)[h, h, h] + D*F(z)[h, h, h]

AIi

T

Introducing the notation ¢; = for i = 1,2, we get

Az \2 Az \ 2
D2F(x)[h, h] = (i) ‘ (ﬂ) LR,

Z1 €2

and

DPF(x)[h, h, h] < 2(D*F(x)[h, h])*? =

because F' is self-concordant. )
Further, let us denote o7 = (%) and o9 = —‘”7”.

directional derivatives of ® as

where w’,w" W

213/2

Then we compute the

denote the directional derivatives of w at (z,z) € int K in

direction h. That means we have the following bound on D3®:

n

D3&(w)[h, b, h] < 2072 + 30125y — <.
w

In the following our aim is to bound the last term. If we manage to show

"

w 1/2
- S 302 t2/ )
w
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or equivalently

W" —3u"t? >0, (3.2)

(using the definition of o3), then we get the following bound on D3®:
D3®(w)[h, h, h] < 20°"% + 3010y + 3oa t3/*.
This implies

D3 = D3®(w(é(x), 2))[h, h, h] + D3F(z)[h, h, h)

< QUf/Q + 30i/202 + 302t;/2 + 2t3/2
= (O’i/Q + té/Z)(Qal — 201/215%/2 + 2to + 3032).

Note that it holds Dy = D?F + D?® = g1 + 09 + to. Using this identity, the last
expression can be simplified and we get

Dy < (01 +13/%) (3D; — (011 4 1}/*)?)
<2D3”.
The last inequality is true because the maximum of 7(3Ds — 72) over nonnegative

arguments is attained at 7 = /Dy and equals 2Dg/ .

That means validity of (3.2) for all (z, z) € K, and all directions h € R? implies
self-concordance of F,. In order to show (3.2), we need to evaluate the derivatives
of w, which in turn depend on the derivatives of &.

Computing the directional derivatives

For any direction h = [Ax; Az] € R? we denote by
& = Dre(@)Ax, ..., Ad]

the k-th directional derivative of £ in direction Axz. We get the following recursion
for &:

&1 =& (a0 + (1 — a)d2) = &oei(a,d)
—e1 (a0
& =& a(l —a)(d; —02)* = —&rea(a,8) <0
=te2(a,0)
§&=-8 [2— )0 + (14 a)d] = & e2 (—er(a,6) +2(61 +62)) -

=—e1(,0)+2(d1+62) =:e3(,9)
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2z 622
Voiw=——, View ,
z & 1333 561
2
z 4z
Vew =1+ z, Vg’gzw— =3
0 13
222 3 2
View = —a Vew = =,
0 0
2z
VQ 2 ngzw = 0,
0
2
Viw=——
o
Using the above results, we can compute now the derivatives of w(é(x ) z) =
) — 2 in direction h. Denoting in the followin e; = e;(a,0) for i = 1,2, 3,
(@) g g

we get
=Duwlh]| =Vew & + V,w - Az

2 ZA
1 Cfn e — 22
( +§0) Sorer =2z 82

2 zAz z
= +— e —2— =we; +2—(ze1 — Az),
(50 50) ' &o ' 50( ! )

wlh,h) =VEw - & + Vew - & +2Vi,w - & - Az + VEw - A2

—72Z2§+4 ¢ z2i-Az2+< 2)5
G R R € &)™
2

%(Z€1Az)2<§o+z—o)'€2§0,

w" = D3wlh,h,h] =Vieew - € + 3V, w- - Az +3VE w- & - A2 + 3V w
+3Viw &1 - &+ 3VEw- 52 Az + Vew - &3

2
z
=6=; - & — 12 & & Az+6 & A2
0 &
22 22
6—3'51'§2+6—2'§2'AZ+(1+—2)'53
50 50 50
52
6. 61—12— ez Az+6— e - AZ?
0 &o

2

2
F6= . e1-e —6—-6-Az+(1+—)-
o e g)

2
:62—; (ze1 — Az) + 6% (ze1 — Az) + (1 + 2—2) &5,

0 0

Az
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Bounding the derivatives

Using the above expressions for w” and w”’, the left-hand side term of (3.2) be-
comes

2
W — 3w t? =6 (ze1 — Az)® + 622 (ze1 — Az) + (1 + 2—2) &

€o €o & ot

=0 e3

6 2 ,1/2 ( 22) 1/2

+ —(ze1 — A2t " =31+ —= & ot

50 ( ) 2 53 - 2
=—&o e2

:«El 6(e1+ té/Q) (ze1 — Az)” + 6zey (ze] — Az)
0

(& + ) (es + Beaty?)]

Note that we have e3 + Begté/Q =eg[—e1 +2(01 +d2) + 3t§/2] > 0, since

2 - 0 2—
o =((50) (8)) < [yl
——

<Vv5

< V5vis < 3V,

o1
02

That means we get the bound

1
W' =3w" t;/2 :5— [6 (e1 + t;m) (ze1 — Az)” + 6zey (ze; — Az) + 2% (es + 3€2t;/2):|
0

+ & (63 + 3€2t5/2)
—_—

>0

1
25— [6 (e1 + té/Q) (ze1 — Az)2 + 6zeqg (ze1 — Az) + 22 (es + 3@21&5/2)} .
0

=:h(a,0,2,A%)

Our goal is to show that h is nonnegative for all feasible combinations of «, §, 2z
and Az. With a similar argument as above we get e; + té/Q > 0, since

= () @< a sl

<1
One sees that h is a quadratic form in the variables (v, v2) with v; = ze; — Az
and v2 = z and the symmetric matrix

01
02

1/2

<ty?

M =
3es es + 36215;/2

6 (61 + té/Q) 3es ‘|

If we manage to show that M is positive semidefinite, it follows that h(a, d, z, Az) >
0.
First, let us consider the situation where e; + t;/ 2 = 0. This is only possible

in three cases:
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1. § =0,
2. 61 =0,02<0and a =0,
3. 00=0,01 <0and a = 1.

In all three cases we have trivially that h(«,d, z, Az) = 0 because then ey = 0.
This implies that M = 0.

Let us consider now the situation where e; + té/ > > 0. Then the Schur com-
plement of M with respect to the upper left component becomes

S = €3 + 36215;/2 — 362[6 (61 + t;/2)]71362
We have that S is positive semidefinite if and only if
(e3 + 3eats )6 (e1 + t5/%) > (3e2)?. (3.3)

We have seen above that ez can be factored using es, therefore the left-hand side
expression of (3.3) can be written as |es (—ey + 2(d1 + d2)) + 3€2té/2 6 (e1 +t1/2).
Thus, (3.3) is true if and only if

2(—ey + 2(81 + 63) + 3t5'%) (e1 + t3/?) > 3ey
Let us bring all terms in the above inequality on the left-hand side and denote

g(e, 8) = 2(er + t3/*)(—e1 + 2(61 + 62) + 3t4/?) — 3es.

In order to show that g is nonnegative, let us make the following change of vari-
ables:

81 =1 cos(p), dy = 7 sin(p),
where r > 0 and ¢ € [0, 27]. We get then

e1 = ad; + (1 — a)dy = r [acos(p) + (1 — a)sin(p)],
ez = a(l — a) (61 — 62)> = r? a1 — a) (cos(y) — sin(p))?,

ty = r? cos(p)? + r?sin(p)? = r.

Substituting the above expressions in g, we get the following function in terms of
a, r and ¢:

g(a,r,p) =2 [r (acos(p) + (1 — a)sin(p)) + 7]
7 [—acos(p) — (1 — a)sin(p) + 2(cos(p) + sin(y)) + 3]
—3ra(1 — a)(cos(p) — sin(p))?
=272 [(acos(y) + (1 — a)sin(yp)) + 1]
- [(2 = a)cos(p) + (1 + ) sin(p) + 3]
—37r%a(1 — a)(cos(p) — sin(g))%.
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We can omit the nonnegative coefficient 2 and get a function only in terms of o
and . Moreover, let us denote u; = cos(¢) + 1 and ug = sin(p) + 1. We get

w =2 [acos(p) + (1 — a)sin(p) + 1] - [(2 — a) cos(¢) + (1 4+ ) sin(p) + 3]

—3a(l — a)(cos(p) — sin(p))?
=2 o — )+ 1 —-a)(ue—1)+1]- [2—a)(u1 — 1)+ (1 + a)(us — 1) + 3]
—3a(l —a)(us —uz)?
=[20u1 + 2(1 — a)uz] - [(2 — @)us + (1 + @)us]
—3a(l —a)(u — us)?,
which is a quadratic polynomial in u; and us for each « € [0, 1]. By definition we

have u; > 0 for ¢ = 1, 2. Furthermore, the coefficients for each monomial term are
nonnegative too. Indeed, the latter polynomial can be written as

Go(u1,u2) = ﬁluf + ﬁzu% + Bauius,
where
e Bi=2a(2—a)—3a(l —a) =a(d—20—3+3a)=a(l +a) >0,
o B =2(1-a)(1+a)-3a(l-a) = (1-a)(2+2a—3a) = (1-a)(2—a) >0,

Bs=2a(l+a)+2(1-a)2—a)+6a(l —a)
=20+ 202 + 4 — 2a — 4o + 202 + 6 — 602
=—20>+2a+4>0,

for all a € [0,1]. That means in fact that g, is a polynomial in nonnegative vari-
ables u; and us with nonnegative coefficients. According to the above reasoning
we conclude that g(a,8) > 0 for all a € [0,1] and all § € R?, which implies that
(3.3) is valid. Thus, (3.2) is true and we have

"
w

S ol
w

In view of the calculations above, we have that F,, is self-concordant. This finishes
the proof.
O

Remark 3.1.2. During the proof we saw that ez > —Segt;/Q s a valid inequality
for all feasible o and §. When multiplying this inequality with &(x) = x?mé_a >0,
we get directly that £ > 3§2t;/2. This implies that £(x) is 1-compatible with

F(z) = —log(x1) — log(z2)

with respect to the standard ordering relation induced by K = Ry (see Defini-
tion 2.4.9).
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In accordance with Theorem 2.4.11 we see that when taking Co = {(y,2) : y >
|2|} with the 2-self-concordant barrier ¢(y, z) = —log(y? — 22), the function

Fo(z,2) = —log (21%23>* — 2%) — log(21) — log(z2)

is a 4-self-concordant barrier for K., which is weaker than the result of Theo-
rem 3.1.1. This barrier has been proposed e.g. by Nesterov in [47, Theorem 6].

On the other hand, using the same theorem and taking instead Co = {(y, 2) :
y > z} with the 1-self-concordant barrier ¢(y, z) = —log(y — z), we get that

Fo(z,z) = —log (zfay ™" — 2) — log(z1) — log(z2)
is a 3-self-concordant barrier for the hypograph of the geometric mean
C={(z,2) eR} xR:afzy * >2}.

Note that this barrier was established e.g. by Nesterov in [47, Section 4].

3.1.2 Three conjectures for self-concordant barriers

High-dimensional power cone

Numerical tests suggest that Theorem 3.1.1 can be generalized to any dimension.
For o € R™ such that o > 0 and > ; oy = 1 we define the (n + 1)-dimensional
power cone

K = {(Jc,z) ERY xR: J]af > |z|} :
i=1
Then we conjecture that the function

n

E™ (z,2) = —log (H x2% — 2 ) — Z(l — ;) log(x;)

i=1

is an (n + 1)-self-concordant barrier for the high-dimensional power cone K. 1
is casy to see that F\") is (n + 1)-logarithmically homogeneous.

A possible proof could be similar to the one of Theorem 3.1.1. Analogously we
denote for (z,z) € int Kk

and

and the main task is to show that (3.2) holds, where w” and w”’ denote the second
and third directional derivative in some direction h = [Az; Az] € R"™! for the w
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defined above, and to = Y | 62 with §; = 82 i =1....,n. It turns out that the

i z; )

derivatives of ¢ have a similar recursion as in the proof of Theorem 3.1.1, namely

§&1=%& s1 =&er
—~

e

€y = —& (s2—s1) = & ez
——

=ie2

& =& (s7 — 3s182 + 283) = &o e,

=!es3

where

n n n

2 : 2 : 2 2 : 3
S1 = aiéi, S9 = aiéi, S3 = aiéi.

i=1 i=1 i=1

We have checked numerically the validity of (3.2) in this case which would imply
that indeed F\™ is an (n + 1)-self-concordant barrier for K.

A generalization of IC&n)

Numerical tests also suggest that Theorem 3.1.1 can be generalized to the case
where z is a vector instead of a scalar. The generalization of IC&") would then
become

Klmm) = {(m,z) e R} xR™: Hmf‘ > ||z||2}
i=1
with the conjectured (n + 1)-self-concordant barrier

n

Fo(x,z) = —log (H a7 — sz> — Z(l — ;) log(z;).

i=1

Numerical tests of inequality (3.2) have been done with a random sampling of
10,000 points (z, z) € int K5™ and directions (Az, Az) in dimension n = 10 and
m = 5. The rest of the proof directly generalizes (22 has to be replaced by 27z and
Az? by AzTAz). Note that the self-concordance parameter of Fy, is independent
from the value of m. However, we are not able to confirm that observation with
an analytic proof.

On the other hand, the cone K&"’m) can be modelled in the following way:
(z,2) € K{™ if and only if

(z,2) € K

(2,2) e L™ (34

where Z is an artificial modelling variable and L™ denotes the (m+ 1)-dimensional
second order cone. Using the new self-concordant barrier for IC&") from Theo-
rem 3.1.1 and the 2-self-concordant barrier for I, we conclude that we can find
a self-concordant barrier for (3.4) with parameter v = n + 3. Note again that the
value of v is independent from m.
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An even better barrier for /C,

We mentioned earlier that for n = 2 and a1 = oy = % the power cone K, is a
rotated second-order cone with the optimal barrier parameter of v = 2.
Numerical tests suggest that

2
F,(z,z) = —log (H a7 — 22>
i=1
— max{1l — 2a1, 0} log(z1) — max{1 — 2as, 0} log(x2)

is a self-concordant barrier for K, with parameter v = 3 — 2min{ay, as}.

Note that in the symmetric case a1 = as = % the last two terms vanish and
the barrier becomes exactly the (optimal) barrier for the rotated second-order cone
with parameter 2. For ot = 1 (or ag = 1) we get the barrier for the polyhedral
limit cone with optimal parameter 3. Both cases are coherent with the theory.
For a € (0, %) (or az € (0,1)) we get a barrier whose parameter depends linearly
on « and is sandwiched between 2 and 3.

3.1.3 Optimality of the new barrier

In the Theorem 3.1.1 we presented a new 3-self-concordant barrier for the three-
dimensional power cone IC,,. We have also conjectured that this result can be gen-
eralized to the (n+1)-dimensional power cone K with an (n—+1)-self-concordant
barrier. We will show now that this barrier value is in fact ”almost” optimal. First
we need the following technical results

Theorem 3.1.3. Let C C R™ be a convex set and y € C. Let {h1,...,hi} be
recession directions for C with coefficients {\;}¥_, such that

y— Aih; ¢ intC.
If for some {6;}F_, it holds
k
Y= Z dih; € C,
i=1

then

>

k
1/22
i=1

Proof. [46, Theorem 4.3.1]. O

9;

Note that if C = K is a proper cone, then any h € K is also a recession direction.
Lemma 3.1.4. Any self-concordant barrier for IC&") has a parameter v such that

v >n.
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Proof. Let n=1. Then
K& = {z > |21},

for which we know that the optimal barrier has a parameter of v =2 =n+1 > n.
For n > 2 we will use Theorem 3.1.3. Let us choose y = (z,2) =[1,...,1,0] €

R and h; = [e;,0] € IC&") where e; = [0,...,0,1,0,...,0], i = 1,...,n is the
i-th unit vector, and §; = \; =1, i=1,...,n. We get

1
Z/ZZI:TL.
i=1

O

Note that the upper bound n + 1 for the self-concordance parameter can be
tight. Indeed, if o = e; for some i € {1,...,n}, then the power cone becomes
polyhedral

K& = {ai > |21} x {z; 2 0}, # .

We know that in this extreme case the optimal barrier has a parameter of v = n+1,
which coincides with the parameter value that we have obtained. On the other
hand, for n = 2 and o = [1/2,1/2] we have the rotated second-order cone (with
optimal barrier with parameter v = n = 2). In that case the lower bound is tight.

3.1.4 New barriers for certain convex sets

Epigraph of increasing power function

Note that by intersecting K, with {(z,2) : z2 = 1} C R?® we get the epigraph of
the increasing power function

o 1
@ 2 s} & {or 2 |1, — =p=1

with the self-concordant barrier
Fy(x1,2) = —log(a®/? — 2%) — (1 — 1/p) log(z1)

with self-concordance parameter value of at most 3. This improves the previously
known barrier with parameter 4 (cf. [46, Section 4.3.5.4]). It remains an open
question whether F), is already optimal or not.

Rotated positive power cone

Let a; € R™ and a; € R™ such that a; > 0,a; > 0,>"" | a; = 1. In [64] Tungel
and Nemirovski consider the rotated (positive) power cone

C= {(x,t) €ERY xRy : ﬁ(ai,@o‘i > t}.

i=1
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It is clear that C can be modelled using K, Indeed, (z,t) € C if and only if

m

[[v >t

i=1

or equivalently, (Ax,t) € K&m), t € Ry. That means the self-concordance parame-
ter would become v = m + 2, and it would depend only on m. On the other hand,
Tungel and Nemirovski propose a barrier for C that only depends on n and whose

self-concordance parameter is v = 1 + (%)2 n (see [64, Corollary 2.2]). One can

see that it is beneficial to use our new barrier for K&m) to model C whenever the
number of product terms m in C is not too large with respect to the size of z, i.e.

when m < (%)Q-n—len.
Moreover, when modelling C with the power cone IC&n) the coefficients a; are
not restricted to nonnegative vectors as it

Conic hull of epigraph of exponential function

Let us consider the convex cone

Kexp = cl <{zl €ER,z0 € Ry, 23 e Ry texp <ﬂ> < Z—Q}> .
Z3 Z3

We will see in Section 4.2 that Kexp can be viewed as a limit of a linear transfor-
mation of the 3D power cone K, namely

K, = {(#1, 22, 23) : zg‘zéfo‘ > |23 + az1l},

for « — 0. In view of Theorem 3.1.1 and the self-concordance-preserving opera-
tions in Section 2.4.3 we conclude that

Fo (71,22, 23) = Fo(22, 23, 23 + auz1)

= —log (Zga 232’(1—04) — (23 + azl)Q) — (1 —a)logzs — alog 23

is a 3-self-concordant barrier for Kq. Letting o — 0, we see that the argument
of the first log-term tends to 0. However, if we add to F, the term log(2a), the
function is still 3-self-concordant for its domain int I€a, since the derivatives of Fa
are not affected by such a change. We get

5 2a 2(1—a) 2
Fo(z1,22,23) +1log(2a) = —log (ZQ %3 (23 + az1) ) —(1—a)logze — alog zs.

_. _hi(x)
=:h(a)= h;(a)

We see that h(a) tends to an expression of the form %, as a — 0. Using the
I’'Hospital’s rule, we get
! 222(2)%%og(22) — 22321 — 2022
i (a) 3 (23) g(zs) ik LI 23 log (9) — 2321.

hh(a) 2
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Therefore, we conclude that
lim {Fa(z) + log(2a)} = —log <z§ log (Z—Q) - 23zl> —log(z2)
a— zZ3
Z2
= —log <23 log <—> - zl> —log(z2) — log(z3)
23

= Fep(2),

i.e. the function wvalues of the 3-self-concordant barrier F,(z) + log(2a) for K,
converge to the function value of the known 3-self-concordant barrier Fexp, for Kexp
(see e.g. [47, Section 4]). Note, however, that in general this observation alone
is not sufficient to conclude that the limit function of a family of self-concordant
barriers is also self-concordant. This is true if additionally the first three directional
derivatives converge to the derivatives of the limit function.

3.2 Universal barrier for p-cone

For p > 1 and dimension n > 1 let us consider the p-cone
PI = {(w,t) £ > ||af],} € R™FL

No simple barrier with low parameter is known for 73]5"). For example Yue and
Ye [66] use a general result by Nesterov and Nemirovski ([52, Proposition 5.1.4])
according to which, given a v-self-concordant barrier F' for some closed convex
set C it is possible to compute a 26%v-self-concordant barrier for the conic hull of
C (see Section 2.4), where 6 is some well-chosen positive number. In the case of
Cp ={z : ||z||, < 1} its conic hull is exactly the p-cone P;"). In [66, Theorem 3.1]
the authors show that for C, we can take § = 5 and obtain a U-self-concordant

barrier for 73]5”) with # = 50v. In [20, Theorem 4] the authors improve the result
by [52] and show that, given a w-self-concordant barrier for C it is possible to
compute a v-self-concordant barrier for the conic hull of C with 7 < 25 v.

Both approaches rely on the conic hull of the p-unit ball C,. The p-unit ball, on
the other hand, can be modelled using n epigraphs of p-powers (see Section 4.1).
The epigraphs of p-powers admit a 3-self-concordant barrier, as described in Sec-
tion 3.1.4'. Using the approach of Freund et al. [20] or Xue and Ye [66], we can

ultimately derive a v-self-concordant barrier for PZS") with v < 75n (respectively
v = 150n).

Another way of modelling the p-cone has been proposed e.g. by Nesterov in
[49]. That modelling approach uses the power cone K, and it is described in detail
in Section 4.1. The proposed decomposition yields a v-self-concordant barrier for
77,(,") with v = 3n. This significant reduction in terms of the barrier parameter is
due to the fact that the modelling of PZS") using K, is not based on the modelling
of the (nonhomogeneous) set C,. Therefore we do not need to apply the expensive
operation of taking the conic hull, that results in an increase of the parameter by
a factor of 25.

LAt the time the best-known parameter for epi(|z|P) was v = 4.
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3.2.1 Universal barrier and characteristic function

We recall that every convex set C C R™ admits a so-called universal barrier ®
with self-concordance parameter of v = O(n) (see Theorem 2.4.6). Unfortunately,
the definition of the universal barrier at a point = involves the computation of the
volume of the polar set at the point x. Therefore, it is in general not possible
to write down a closed form description of the universal barrier. For the conic
setting, Giiler established a link between the universal barrier of a cone K and its
characteristic function.

Definition 3.2.1. The characteristic function ¢ : int . — R of a cone K C € is
defined as

C(z) = / e~ {5 ds. (3.5)

Theorem 3.2.2. Let K C R™ be a proper cone and ( its characteristic function.
Then the following equality holds:

log ¢(x) = log(vol, (C°(x)))) + logn!,
where C°(z) denotes the polar set centered at x € int K
Proof. [28, Theorem 4.1]. O

In view of Theorem 2.4.6 the term on the right-hand side is essentially the
universal barrier for K. Note, however, that the ”true” universal barrier is given
by

®(z) = O(1) log(vol, (C°(2)))),

that is, we might have to find a constant k = O(1) to scale the barrier in order to
make it self-concordant.

It follows that, if we omit the constant term logn!, we get according to Theo-
rem 3.2.2 that the universal barrier for I is given by

®(z) = rlog(¢(x)),

for some constant k. In other words, if we are able to evaluate the characteris-
tic function and its derivatives, we have a means to compute the universal bar-
rier. Moreover, if ( is homogeneous of degree —6, then we conclude in view of
Theorem 2.5.6 that the universal barrier @ is a logarithmically homogeneous self-
concordant barrier for I with parameter v = k6.

In some cases it is possible to compute the characteristic function analyti-
cally. Some examples are given in [28], including the characteristic function for
the second-order cone (which is in fact ’Pén)). In that case Giiler showed that by
the construction above we obtain a scaled version of the optimal self-concordant
barrier for the second-order cone (see [28, Lemma 7.1]). This means in fact that
it might be possible that the constant « is less than 1. Note that in view of the
self-concordance preserving operations in Section 2.4.3 scaling a v-self-concordant
barrier F' with a constant x > 1 yields a kv-self-concordant barrier. However,
for k < 1 this is in general not true. In that case we have to check whether the
self-concordance property in Definition 2.2.3 is still true for x F. In the case of
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the second order cone scaling the universal barrier with x < 1 was indeed possible
without violating Definition 2.2.3.

In the case of the p-cone 7),(,") this above result could be useful because it is
well-known? that

(P) =P = s = (e sl < 71

where p and g are conjugate exponents, that is £ +1 = 1. That means we have an
explicit description of the dual cone and we might try to compute the characteristic
function (.

3.2.2 Computation of the characteristic function

For the rest of this section we consider the p-cone with n = 2. For sake of simpli-
fying notation we denote in the following K = PZSQ). Then

(z,7) € (K)" & |17+ |22/ < 79,7 >0
q

+

21 22 |4

—| <1, 7>0.
-

T

Let us consider therefore the change of variables

Z1=UT

29 = UT.

The functional determinant is

D(Zla 2277_) _ 7_2
D(u,v,7) ’

and defining B, = {(u,v) : [u]? + |v|? < 1}, the integral (3.5) becomes

C(ZE) :/ €7<S’z>d5 :/ e TIUT—T2VT—T3T -2 4o T
(K)* (ur,vr,7)EK)*

:/ / e~ T@utzavtas) 22 gr oy dy.
(u,v)€Bg J7=0

The inner integral can be computed as

o 2
/ e*T(CEl’UrFIQ’UJrIg) 7_2 dr = =
—0 (uzq + vEg + 3)

So it remains to compute

2/ (uxy + v + x3)_3 du dv.
(u,v)EBy

2see e.g. [66, Section 2|
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Let us apply the following change of variables:

u=rq(0,r) cosf

v=r4(0,r) sind,

where
r r
rq(0,1) = = —,
o(6:7) {/]cosO]7 + [sinflz  g(b)
and g(d) = ||cosf@ sinf||,. The functional determinant becomes
D(u,v)

=7 (|cosf|? +|sind|?) "7 =r- g(6)2.

D(r,0)

That means (u, v) € By if and only if 6 € [0, 27] and r € [0, 1]. So the characteristic
function becomes

((z) = 2/ (uz1 + vas +23) % dudv
(u,v)EBy

2/% /1 r-g(0) dr d
0=0 Jr—o (X1 -74(0,7) - cOsO + x3 - 74 (0,7) - Sin 6 + x3)3
27 1
_q 0 72/ r dr do
/e_og( ) =0 [g{e) (21 - cosO + xo - sin0) + x3)3 "

27 1
r
2
/9:09(9) /T:O [r- (21 -cos@+ xo -sinb) + g(0) - z3]3 dr df

B i 2m 1 &
23 Jo_o (z1-cosO + xo -sinb + g(h) - x3)2

1 [ 1
a3 /H TCOET O

where f(0,2) = £ - cos + £2 - sin 0.
Note that we have

1 2 do 1
(A= S | Gas ey = v

which means that ¢ is homogeneous of degree —3. Accordingly, the unscaled
universal barrier

Py (z) = log (¢(x))
is a logarithmically homogeneous function of degree § = 3.

Even though ®,, is not in closed form at hand, we can compute its derivatives
with respect to x. We get the gradient and Hessian

Vb, (z) = ﬁ V()
xZ) - X T
VA () = o V() -
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Let us denote I(6,x) = m. Then
1 27
C(r) = — I(0,x) df
T3 Jo=0
0 1 2m
Vi(z) = 0 + = - VI(0,x) do
3 27 1'3 0
_E fO I(@,x) do 3
00 0 L e
V3(z) =—= |0 0 0 + = V2I(0,z) do
o oo [mi6,x)de) T8I0
; 0 0 Jor 2L de
- 0 0 02“ 2L 49 |. (3.6)
3 27 T I
[ gk do [T ghde 2. 27 gk ao

3.2.3 Finding the scale

We showed that the unscaled universal barrier ®,, is a logarithmically homogeneous
function of degree § = 3. In view of the observations above we have that the actual
universal barrier is given by

O(z) = k Dy (),

with self-concordance parameter v = 3k, for all p > 1.

As we have pointed out, we still have to find a constant x, as small as possible,
so that ® = k ®,, is a self-concordant function. Then in view of Theorem 2.5.6 ®
is a 3k-self-concordant barrier for /.

According to Renegar (see [55, Section 2.2]) a function F : int X C R" — R is
self-concordant if for all z € int K, y € Do(x,1) = {y : ||y — z||. < 1} and for all
v # 0 the following two inequalities are satisfied

[lvlly 1
L—ly — =l < < : (3.7)
Wlle = 1= ly = [l

By scaling F' with a parameter x it follows directly that the Hessian of (k F') at
any z € int K becomes VZ(k F)(x) = kKV?F(z). This implies that the local norm
of any z € R” in terms of the scaled Hessian at  becomes

12llv2e @) = (V2 (5 F)(2)2, 2) 2 = Vi |2l vep)-

If we apply this observation to (3.7), we see that the term in the middle is unaf-
fected by a scaling of F, i.e.

lollv2emyw _ VEllvllvere _ vl
llv2(epy@)  VEIUIIv2R@) (]

On the other hand, the norm terms ||y — z||, do depend on the scaling of F. We
have

ly = zllv2 (e Py () = VEIlY = 2llv2P@) = VEllY = 2|2
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That means by scaling F' with a constant x the inequalities (3.7) are equivalent to

|[v]]y 1
o[l = 1= VkElly — 2l

We see that if £ > 1, then (3.8) is less restrictive than (3.7), since 1 —/k||y— || <
1 — ||y — z||»- That means, if (3.7) is satisfied for all x € K, all y € Dy(z, 1) and
all v # 0, then automatically (3.8) is true too. Conversely, if x < 1, then the two
inequalities in (3.8) become tighter than the inequalities in (3.7).

From the right-hand side inequality of (3.8), we can remove the dependence on

v by finding an upper bound on I‘I‘Z\l\ly To simplify notation let us denote for any

x € int K the Hessian of F at @ by H(z) = V2F(z). We get

1 Vally -, < (3.8)

2
[lvlly \™ _ lolly _ w"H(yv _ v H (y)v
ma; = max 5 = Max ————"— = max — T T
w0 |[|v][z w20 |[|[Z w0 vTH(z)v  v#0 T H(z)7 - H(z)%v
wT w#£0
wTH(x)"2 H(y)H(x) 2w H(y)2 H(z) 2w||?
i PO G )
w0 [|wl] w0 [[wl]

[|H (y)2 H(z) "> w]|
w0 [l

where the matrix norm in the last expression is induced by the Euclidean norm
[| - ||2. Let us denote

1 _1
o1(z,y) = [[H(y)2 H(z)" 2|
Similarly we consider the lower bound on HZHE’, or alternatively an upper bound

on IlUll= yr7e get

IEI

= ||H(z)= H(y)"2].

V]|
o2(x,y) := max
w20 ||v]ly
Note that oy(z,y) is the largest singular value of the matrix H(y)2 H(z) z.

1

On the other hand oy(z,y) is the largest singular value of H(z)zH(y)"2 =
—1
H (y)%H (x)’% , or equivalently, the inverse of the smallest singular value of

H(y) H(x)3.
Our aim is to find the smallest s such that the inequalities (3.8) are valid. Using

the above reformulations, we see that this is equivalent to finding the smallest «

such that 1

max{o1(z,y), o2(z,y)} < 1—Villy — 2.

for x € int KC, y € Dy (x,1/+/k), which is the same as

1 2
> 11— max(o1,02) .
Uy =2l

=:(z,y)
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Let us denote
p(k) = sup  P(z,y). (3.9)

z€int K
veDo (v, )
We see that ¢ is non-increasing in x, because the radii r = ﬁ decrease as k

increases, and as a consequence we are taking suprema over smaller and smaller
sets. Our goal is to find the smallest x such that

K> (k). (3.10)

This situation is illustrated in Figure 3.1.

kappa

phi(kappa)

o8 —

T K J

04l —

02 —

Figure 3.1: solid: x, dashed: (k).

We denote by x* the smallest value of k that satisfies (3.10). Note that in
order to evaluate ¢ we need to solve the subproblem (3.9). Therefore we cannot
compute explicitly k* but we can find it numerically by applying the following
simple bisection-like algorithm

For any k > 0 we define r(k) = ﬁ, and for an initial ko (say ko = 1) we
denote rg = r(kg) we consider the problem

E:= sup ¢(z,y). (3.11)
z€int IC
yE€Do(x,r0)

If & < Ko, then kg is an upper bound on k* (because kg satisfies (3.10)). On the
other hand & is a lower bound on x*, because & < kg implies 7 = r(k) > (ko) = ro,
which means

F= sup  (z,y) < sup  Y(z,y).
z€int K z€int K
yE€Do(z,r0) y€Do(z,7)
In other words & is a lower bound on x*. In fact, & might be equal to x* if the
inequality above is tight.
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The goal is to find a ™ that is smaller than ko but still greater than & and
that satisfies (3.10). We define £ simply as a convex combination between ry and
k and check if (3.10) is satisfied. This procedure is summarized in Algorithm 6.

Algorithm 6 Bisection method to find optimal scaling parameter x

Initialize: ko =1, Ko =1, ro = ﬁ—o k=0,v¢€(0,1).

while k;, — K > 0 do

Kk :=sup gex ¢(z,y)
y€D(x,r1)
if K < ki then

Ki+1 = YRk + (1 — v)kg

Tht1 = \/% (=1)
k=k+1
else
return Kg_q
end if
end while

Note that Algorithm 6 generates a decreasing sequence of upper bounds sy
(because as long as the algorithm runs it takes as new value for ki1 the convex
combination of K, and the previous k). As a result the sequence of radii r as well
as the sequence of £ will be increasing (the latter because we take the supremum
over larger and larger sets of the same function). The return value will be the last
computed valid upper bound for the scaling coefficient.

So far we have assumed that the subproblem (3.11) can be solved exactly. As
we mentioned before, (3.11) involves implicitly the value of x that we are looking
for. Therefore we propose the following way of approximating the solution of
(3.11). For the current x we generate a random sample of points z € int K and
y € Do(zx,r) and compute the supremum of ¥ over that sampling set D,. C {(z,y) :
x € int K,y € Do(z,r)}. Thus, we obtain only a lower bound & on the actual &
because

R= sup lﬂ(%y) < sup w(% y) =K.
(z,y)ED- z€int K
yEDo(z,T)

If now & < K, we conclude that also & <  (which is not necessarily true), and we
accept k as a valid upper bound. Therefore, the sequence of upper bounds x that
we compute is uncertain, i.e. we might think that x is a valid scaling coefficient
that satisfies (3.10) because we observe that & < k. Moreover, the value of 1
can only be evaluated approximately, because it involves the computation of the
Hessian of the universal barrier, which is defined in (3.6) using some integrals that
are computed numerically.

We have implemented the above scheme that computes in each iteration an
approximation & for the subproblem (3.11) for different values of p. We have sam-
pled 10 random points « in the cone K and for each x 100 random points y in the
corresponding scaled Dikin ellipsoid around x. In Tables 3.1 we see the approxi-
mate values of the optimal k.
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(p] » [ea] [2] 5 [z5]
2 | 0.666666 (| 0.667 2 0.666666 || 0.667
3 | 0.752176 | 0.750 3/2 | 0.746877 || 0.750
4 | 0.801353 || 0.800 4/3 | 0.794590 || 0.800
5 | 0.834602 || 0.833 5/4 | 0.823972 || 0.833
6 | 0.859251 || 0.857 6/5 | 0.859855 || 0.857
7 | 0.876871 || 0.875 7/6 | 0.871697 || 0.875
8 | 0.893245 || 0.889 8/7 | 0.874634 || 0.889
9 | 0.904193 || 0.900 9/8 | 0.897667 | 0.900
10 | 0.910155 || 0.909 10/9 | 0.909984 || 0.909

Table 3.1: Scaling coefficients for the universal barrier for the 3D p-cone.

We see that for p = 2 we obtain a scaling factor of kK = %, which is in fact the

optimal scaling factor for the universal barrier for the second order cone (see [28,
Lemma 7.1]). That means in that case we obtain a self-concordance parameter of
v = 2. On the other hand for large values of p and for p — 1 the value of x tends
to 1. This effect agree with the theory, since for p = 1 and p = oo the p-cone
is a polyhedral cone with optimal self-concordance parameter or ¥ = 3. In these
two extreme cases it cannot be possible to reduce the self-concordance parameter
by scaling the universal barrier with a x < 1. Furthermore, we observe a strong
resemblance of the obtained values for x with the function ¢1(p) = ;47 for p > 2

and pa(p) = 57 for p € [1,2] (see Figure 3.2).

Figure 3.2: Scaling parameter « for universal barrier for PISQ) vs. p. The numer-
ically obtained values are indicated using the stars (*), the plotted functions are

p1(p) = 52 for p > 2 and 1 (p) = 5 for p € [0.1).
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Based on our numerical experiments we conjecture that the universal barrier
for the three-dimensional p-cone 73,()2) is given by

(I)(xvt) = @(p) (I)u($,t),

where @, (z,t) = log({(z,t)) and {(x,t) is the characteristic function of ’PISQ). The
scaling coefficient is given by

p
olp) =T P
w1 pE(L2]

Moreover, the optimal self-concordance parameter of ®(z,t) is v = 3p(p) € [2,3].
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CHAPTER 4

Modelling with the power cone

In this chapter we consider the so-called power cone K, in dimension 3 and we
discuss its scope, i.e. we examine which constraints can be expressed using /C,,.
For a € [0, 1] the power cone is defined as

Ko={(z,2) ERE xR:afzy~* > [z|} C R

We start with the observation from the previous chapter that for o = % the cone
Ko is exactly the rotated second order cone in dimension 3. For the other two
extreme cases (« € {0,1}) we obtain a polyhedral cone, e.g. for a = 0, we get

Ko ={(x1,22,2) : x1 > 0,22 > |2]} = {(z1,22,2) : 21 > 0,22 > 2,22 > —2}.

In Section 2.5.2 we saw that these three cones are in fact symmetric cones (see
Definition 2.5.10).

For all other values of « € (0, 1) the cone K, is nonsymmetric, and therefore not
applicable to practically efficient symmetric primal-dual interior-point methods.
However, we showed in Section 2.5.3 that nonsymmetric conic problems can be
solved using a primal-dual predictor-corrector method (Algorithm 5), provided
that a self-concordant barrier for the dual cone is available. Moreover, we showed
in Theorem 3.1.1 that

Fo(z,2) = —log(z?®x272* — 22) — (1 — a)log(z1) — alog(z2)

is a 3-self-concordant barrier for Kn. If we have a dual formulation (D) with
a cone K* that is a direct product of power cones, then we can derive in view
of Section 2.4.3 a v-self-concordant barrier for ¥, where v = 3N and N is the
number of power cones in the (D). The complexity of solving the dual problem will
then be proportional to V3N log(1/€) (see Theorem 2.4.14 and Theorem 2.5.18).
That means all convex optimization problems that can be reformulated in dual
conic form, where the dual cone is a direct product of power cones K, can be
efficiently solved using dual or primal-dual interior-point methods.

109
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The main objective of this chapter is therefore the description of the scope
of the power cone, i.e. given a convex set C, we are looking for representations
of C in terms of I, in the following sense. We call C power cone representable
(a-representable) if there exist a finite integer M, scalars o; € [0,1],i =1,..., M,
vectors ci,...,cy € R3, matrices Ay, ..., Ay with 3 columns and appropriate
number of rows, a matrix A; and a vector ¢y such that

u€C = Ci_AT Y EKQ.,’izl,...,M, AT u =cy
v : f

v

for some vector v. The variables v are denoted artificial variables or modelling
variables. We denote the above finite system of conic inequalities by S and call it
the a-representation of C. More compactly, we can write

uel & cAT{Z}EKmx...xICaM,A?[ﬂCf
where c¢ is the vector containing the ¢;’s and A = [Aq,..., Ay].
Similarly we define a-representability of a convex function f via a-representability
of its epigraph, i.e.

f is a-representable < epi(f) is a-representable.

The representability of a given set C in terms of I, can be considered as a
lifting into a higher-dimensional space while confining the nonlinearities in C into
smaller building blocks, the power cones K,,. Since we know a self-concordant
barrier for K, we can then construct a self-concordant barrier of the lifted power
cone reformulation of an a-representable set C. As a consequence we can optimize
linear functions over such sets C.

In the following two sections we explore sets that are a-representable, first
for the power cone itself, then for a limit of the power cone. In Section 4.3 we
compute the duals of these cones, while Section 4.4 is devoted to two concrete
problem classes making use of earlier reformulations. Finally, we present numerical
results of a dual and a primal-dual path-following method for solving three different
problem classes and compare these methods with several commercial nonlinear
programming solvers in Section 4.5.

4.1 Power cone representability

We build up the class of a-representable functions in a similar fashion as proposed
by Ben-Tal and Nemirovski in [3] for sets and functions that are representable in
terms of second-order cones and semidefinite cones, namely we present

1. elementary a-representable functions and sets,

2. operations that preserve a-representability.
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4.1.1 Elementary a-representable functions

1. affine function: f(z) = a”x +b is a-representable since a’z +b < t if and
only if —aTz+t—b > 0 = |0], which is equivalent to (—az +t—b)*1° > |0|
or

(—aTz4+t—b,1,0) € K;.

2. convex p-power: f(z) =|z|P, 1 <p < oco. Its epigraph is given by |z|P <t
which is the same as (¢,1,z) € K, with a = 1/p.

3. concave power: the set {(z,t) : ® > |t|}, with o € (0,1], > 0 can be
described by the inequality z11=% > |t|, or equivalently (z,1,t) € K.

4. inverse of p-power: f(z) = 2P, p < 0, z > 0. Indeed, we see that the
epigraph of f is given by zP < t, which is clearly the same as to 1 < tz™P.
If we define & = 1/(1 — p) € (0,1) and take both sides of the inequality
to the power of «, then the inequality sign remains the same (since 7 is
monotonically increasing in 7 for a € (0,1)). We get

1=1<t* - a7P7,

It remains to note that —pa = —(a — 1)/a - @ = 1 — a. That means the
epigraph of f can be described by (¢,z,1) € K, where a = 1/(1 — p).

We also have the following observation. If f is a-representable then any sublevel
set

is a-representable too.

4.1.2 Important examples of a-representable sets

High-dimensional power cone IC&n)

We recall here the definition of the higher-dimensional power cone. For a such
that ; > 0 and Y., a; = 1 we define

K = {(z,2) e RY xRzt - a0m > |2]}

We decompose IC&") into several smaller power cones of dimension 3 each.
Indeed, it holds that (z,z) € IC&n) if and only if Jv; > 0 such that x‘f‘lvif‘ll > |z]
and

o5 > ol

, (4.1)
because then we have
al o « ap, l—a;
xft ag? x> aft > |z|.
1—aq

>v;

Note that the inequality (4.1) can be alternatively written as

@2

xn
Ty "t emp TP > ur] = vy, (4.2)
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where the exponents satisfy

i (673 :2?22(12:17041:1
i:21_a1 1—(11 1—041 '

Fori=2,...,n—1let us denote &; = "~ Fori = 2 we have then a, = 13;1.

Then (4.2) is true if and only if 3 vy > 0 such that 3203~ > |v;| = v; and

ag ag+t--fan

Qan
T—ay T—ay 1-Go _ T—ay
.’L'3 B iy Z /U2 — ,U2

)

or in other words
s o az+-ta
Tg® o X" 2> Uy ",

We can proceed now in the same manner as above until we get in the last step

Qn—1_ 1—@p_ _
Ty ey > o _g| = vp—a.

That means we can decompose IC&") in the following way: (x,z) € IC&n) if and only
if dv; > 0,...,v,_2 > 0 such that
(x1,v1,2) € Ka,
(xi,vi,vi_l)EIC&i, t=2,...,n—2, (43)

(-Tn—la T,y 'Un—Q) € Ka, 1

Wheredi: ﬁ fOI"l::2,...,TL*1.
In other words, IC&") can be decomposed into n—1 low-dimensional power cones
Ko by introducing n — 2 additional variables vy, ...,v,—2. The self-concordance

parameter of the a-representation (4.3) is v = 3(n — 1).
p-cone
We recall the definition of the p-cone in dimension n + 1. For p > 1 we define

P = {(,t) : ||zl, < t} € R™,

where ||z]], = (X1, |zi|p)1/p denotes the p-norm of a point x € R™. Note that p
may assume its limit value oo, in which case

P = {(z,t) ©omax |zy] < t}.

=1,y

We now prove that 7315”) is a-representable, i.e. (z,t) € Pé") if and only if
Jy; > 0 such that

(yi,t,l’i)EICa, i1=1,....n (44)

dui=t, (4.5)
=1
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where a = % for 1 < p < co. For p — oo we get asymptotically the infinity
norm ||z||ec = max;=1, ., |z;|. By convention we define & = 0 for p = co. The
parameter of the a-representation above is v = 3n.

Let us first consider the case & = 0. Then (4.4) means yYt' =t > |z;| for
alli =1,...,n. This is equivalent to t > max;—1. . |%i| = ||7||cc- Reversely, if
[|]]oo < t we define y; = £,i=1,...,n and we get directly (4.4) and (4.5).

Let a > 0, assume that (4 4) and (4.5) hold. Then

(yivtazi> S Kav Vi
& Yt > my, Vi
R S WA

n n
= D oty Ve
=1 i=1

~——
=t

n
& =) |l
=1

since =% = p — 1. The last inequality means in fact ||z|[, < t, or (z,t) € Ppn)
On the other hand, let (z,t) € Py, We define

n
e::tp72|:ci|p20
i=1

1 €
Yi= o1 (E + |$z‘|p) .

Then

n
(E ) = i P
Zyﬁztp 1 (onZ' 7tp—1+;tp—1
1=
|i|? |i
7;#—1 th T ="t
1=

Additionally, we have
(yia tv xz) S Ka
e Yt > ryl, Vi
& gt > g Ve i,
Using the above definition of y;, we get

y; ga-/a = L

N—_—— p—1

—=tp—1

€ €
(5 +lmil?) 7 = = ol 2 e,
n n

~—~

>0

which guarantees that (y;,t,x;) € Ko. We conclude that PZS") is a-representable.
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The a-representability of Pén) has the following implication: for p = 2 we
obtain the second-order cone L™ = {(z,t) : ||z]l2 < t} € R™™! which becomes
also a-representable. That means all sets (and applications derived from them)
that are representable in terms of the second-order cone fall into the scope of K.
Such sets are listed in [3, Chapter 3]. Note, however, that modelling the second
order cone L™ with K, is not efficient because its parameter (v = 3n) is far higher
than the optimal parameter for the second order cone (v = 2, independent of the
dimension n).

It follows directly that p-norms are a-representable too, since the epigraph of

f(z) = ||z||p is exactly the p-cone 73]5"). Moreover, p-unit balls are a-representable
since they are sublevel sets of f(x) = ||z||,.
lp-cone

Given p € R} |, the [,-cone is defined as
"1 e\ s
LP = t,s): — | — <=5
{(:c, 5) ;p( A) <1

This cone has applications in particular in /,-norm optimization. Glineur (see [23,
Section 4.2]) has shown that £P is a proper cone .
We claim that (z,t,s) € £P if and only if 3 v € R} such that

(vivtazi) € ’C(l-;a
n

Zpivi =S,
=1

where o; = 1/p;,i = 1,...,n. The parameter of the above a-representation of the
lp-cone is v = 3n.
Indeed, let (vi,t,2;) € Ky/p,. This is equivalent to

L pi—1
viit e > ),

<~ ’Uﬂfpiil > |.CCZ

Dpi
)
(%

- Mpl
t T\t

By multiplying the above inequalities with p; and take the sum over all ¢, we get

=

n Pi

| . n .
W

i=1

Conversely, let (z,t,s) € LP, define

n ;[P
§—= > P
=1+J] 4p;—1
€ = Jp' =—>0
(2
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and set

Pi €

v = [
CT il n’
Then v; > ‘;ffi, or equivalently (v;,t,2;) € Ky/p,. On the other hand, when

multiplying each term by p; and taking the sum, we get

n

S R [l pisi] E — 1 |z [P

i=1 i=1

We conclude that LP is a-representable.

Hypograph of geometric mean

The geometric mean of two nonnegative variables x and y is given by

fla,y) =y
which is a concave function. Its hypograph is given by
Com ={(2,y,t) 12 >0,y > 0,t < \/zy}.

We claim that Cgas is a-representable. Indeed, we have that (z,y,t) € Cgas if and
only if 3 v such that

(SC,y,U) € ’C1/2;
t <wo.

This is true because

1
2

=

x2y2 > || >v>1t.

The parameter of the a-representation of the geometric mean is v = 4.

4.1.3 Operations that preserve a-representability

The convex sets given by the epigraph and the sublevel sets of the a-representable
functions listed above can be transformed into other sets that are a-representable
too. The list below of operations that preserve a-representability is included in
the one presented by Ben-Tal and Nemirovski in [3, Section 3.3]. The difference is
that the authors of [3] consider as basic elements functions and sets that are repre-
sentable in terms of the second-order cone. The authors establish representability
of many kinds of sets and functions that are quadratic in their nature.

Here the basic atoms are elements that are not restricted to degree two. In
fact, any kind of convex constraint with real powers (not necessarily rational) is
expressible. Therefore, the scope of a-representable functions and sets is a little
wider, as we will see now.
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Intersection of a-representable sets

Let C; € £,i = 1,...,N be a-representable. Then so is their intersection C :=
ﬂN C;. Indeed, let S;, i = 1,..., N be the a-representation of C; with artificial

i=1 i
variables v;. Then we obtain the a-representation of C as

{(u,v;) that satisfy S;},i=1,...,N.
Example:

Let fi(x) = |z|P', py > 1 and fa(x) = 2P2, where 2 > 0 and py < 0. Then the
intersection of the epigraphs

epi(f1) () epi(fa)

is a-representable because f; and fy are in the list of elementary a-representable
functions.

Direct product of a-representable sets

Let C; C &;,i = 1,...,N be a-representable. Then so is their direct product
C :=C1 x---xCp. Itis clear that if S; is an a-representation of C; in the variables
u; € C; and v;, then the union of S; is an a-representation of C.

Example: mix of K and Pé").

We consider a generalization of IC&"), where the right-hand side term |z| is replaced

by any p-norm of a vector ||z, i.e. for o >0, >, ; =1 and p > 1 we define

Icgll;mz) — {(:L',Z) c Ril x R"2 : Hl';% > ||Z||;D}

i=1
We see that (z,2) € K&%’m) if and only if 3¢ > 0 such that
(z,t) € K,
(2,t) € 7’;"2).

As we have seen before, the first expression can be modelled as in (4.3) and the
second as in (4.4) and (4.5). The artificial variable ¢ that is shared between both
cones can be replaced by using the identity (4.5). We obtain then the following

a-representation of ICOZ;’"Q): a point (x,2) € ICOZI,’"Z) if and only if 3 v; > 0,7 =

1,...,n1 —2and w; >0, :=1,...,ny such that

n2
(xlv V1, Z wz) S ’Cal
i=1

(zi,vi,vim1) € Ka,y 1=2,...,m1 — 2,
(znlflvxnlvvn172) S ’C&nlfn

n2
(wi,Zwi,zZ) S ’Cl/;n 1= 1,.. ., Na,

=1
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where a; = ﬁ fori=1,...,n1 — 1. We have introduced ny + ns — 2 new
variables vy, ...,Un,—2, and wi,...,wy,, as well as the n; + ny — 1 power cone
constraints.

Affine image of a-representable sets

Let C C R™ be a-representable and f : R™ — R™ such that f(x) = Az + b, where
A€ R™™ and b € R™. Then

f(€):={f(z),zeC} CR™

is a-representable. The proof can be found in [3, p. 89], where the authors consider
the representability in terms of second-order cones. the arguments for our setting
are exactly the same.

Inverse affine image of a-representable sets

Let C C R™ be a-representable and f : R¥ — R™ such that f(z) = Bz + b, where
B € R™* and b € R", then

F7HC) = {2 f() C} CR”

is a-representable. Indeed, let ©w = Bz + b and S the a-representation of C with
the vector ¢ and matrix A. Then

c— AT m =c— AT [szb] € Ko, X -+ X Kay,

is clearly an a-representation of f~1(C) (because the term in the middle is an
affine expression in the variables z and v).
Maximum of a-representable functions

Let F; : £ = R, i=1,..., N be a-representable functions. Then

is a-representable.

Indeed, we have epi(F) = ﬂf;l epi(F;), where epi(F;) are a-representable sets.
We saw above that the intersection of finitely many a-representable sets is again
a-representable.

Nonnegative weighted sum of a-representable functions

Let F; : C; C & — R,i =1,...,m be a-representable functions and \; > 0,7 =
1,...,m. Then

F(z) = Z X Fy ()

is a-representable on (-, C;.
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Indeed, the epigraph of F' which is given by F(z) = >./"; \iFi(x) < t, can be
equivalently written as

This is a direct product of m a-representable sets and the epigraph of a linear
function in v, which is a-representable too. The last inequality can in fact be
replaced by the linear equation >/, \jv; = t.

Nonnegative weighted sum of separable a-representable functions

Let F; : C; C & — R,i =1,...,m be a-representable functions and \; > 0,7 =
1,...,m. Then

is a-representable on C; X ... X Cp,.

We see that the epigraphs of Fj(z) = Fj(z;) are a-representable (because their
epigraphs are inverse images of a-representable sets under affine transformations).
Moreover, F(z) = Y1, F;(z;) = Si", F;(x) which is a-representable because of
the previous point.

Affine transformation in the arguments

Let F: C CR™ — R be a-representable, B € R™? and ¢ € R". Then
F(y) = F(By +c¢)

is a-representable on dom F' = {y € R? : By + c € C} C R”.
Indeed, the epigraph of F' is the inverse image of the epigraph of F' under an
affine transformation.

Partial minimization

Let F : C CR™ — R, such that (x,y) — F(z,y), be a-representable and bounded
from below. Then the partial minimization of F' with respect to y

G(x)= inf F(z,y),
() o (z,y)

where Q(z) = {y : (z,y) € C}, is a-representable on dom G = {x : Q(z) # 0}.
Indeed, the epigraph of G, ie. the set {(z,t) : G(x) < t}, is simply the

projection of the epigraph of F' ({(z,y,t) : F(z,y) < t}) onto the (z,t)-plane. It
remains to note that this projection is a linear transformation.
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4.1.4 Some more a-representable sets

Unhomogenizing the power cone

For a; > 0,7 = 1,2 with a3 + as < 1 we consider the convex set
Ca = {(z1,22,2) : 27" 25° > [2]}.

We see that the definition of C, strongly resembles the one of the power cone K.
The difference is that it is not required that the exponents sum to 1. It is clear that
C. is a-representable because (z,y,2) € C, if and only if (x,y,1,2) € K with
a = (a1, 2,1 —a; —ag). We saw that IC&S) is a-representable and the argument is
an affine transformation of the variables (z,y, z). Concretely, the a-representation
becomes: (x1232,2) € C, if and only if 3 v > 0 such that

(1'1,’[),2) € ’Cal’
(.1'2,1,?}) S ICla2 .

—aq

Indeed,

oy > giglTer > |z|.

~—~
>Spl—a1

Unhomogenizing the p-cone
Let us consider the convex set
n
Cp= {(x,t) D P <tr, > 0}
i=1

where 1 < p < min;—y,_,p;. It can be easily seen that (z,t) € C, if and only if
there exists v > 0 such that

Pi<ali=1,....n (4.6)

|

n

> b <, (4.7)

=1

because, for (z,t) € C, choose v; = |x;|P/P, then

P= (|| 7P = o (< 0P)

|
n

n

P _ )
2=l
i=1 i=1

Pi L P,

The reverse implication is immediate.
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Homogenizing the inequalities in (4.6) with 6; = 1, we get

ﬂpi< & p
0;] — \0
S mlP <ob PP
&= |:Cz| < ’Uf/pi . egpi—;ﬂ)/pi
p .
& (v, 1,2;) € Kayy 04 = ;, 1=1,...,n.
1

The p-cone constraint (4.7) is modelled again by introducing additional variables
w;, with 7" w; = t. As above, t is replaced in the formulation. Finally, we get
(x,t) € Cp if and only if there are v > 0 and w > 0 such that

(’Ui,l,l’i)EKm, a=—,1=1,...,n,
bi
- 1
(wivzwivvi> E’Can+1, Ap41 = 1_), Z: 1,...,71.
1=1

4.2 The exponential cone

In this section we consider the cone that is obtained by taking the conic hull of
the epigraph of the exponential function.

Kexp = cl <{zl €ER,z0 € Ry, 23 € Ry texp <i> < z_2}> .
z3 z3

Since we work with closed convex cones, we have to take the closure in the above
definition. Let us denote

Z1

Ichp = {Zl (S R,ZQ €R+,23 S R++ L exXp (—) S —} .
Z3

We have then the following description of Keyxp.

Lemma 4.2.1. It holds
’Cexp = Ichp U(iR‘F) X R+ X {0}

Proof. Let us denote

ICeXP = Kgxp U(_R+) X R+ X {0}

As a first step we show that l@exp C Kexp- Let z € Eexp. That means either

ze K, orz € (~Ry) xRy x{0}. If z € K2, then it automatically holds that z €
Kexp since K2, € cl(K,,) = Kexp. Let now z = (21, 22, z3) € (—Ry) x Ry x {0}.

In order to prove that z € Kexp we need to show that z is an accumulation point
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0
exp"*

of a sequence {z(F} c K
For k = 1,2,... we define the sequence z(¥) = (zik)7 zék), zék)) with

1
zgk) = _E + 21,
(k) _ 1 :
2 :E+2220, Y integer k > 1,
1
zék) =12 > 0, V integer k > 1.

We obtain the following chain of inequalities:

(k) _1
exp (%) = exp <—k: Z1> =exp | —k+kz

z
3 20

That means the sequence {z(¥)} C K2, for all k =1,2,... and we have PALR
(z1,22,0) as k — oo. B

- Conversely, let us show that Kexp € Kexp. Let 2z € Kexp and assume z ¢
Kexp, ie. 2z ¢ Kgy, and z ¢ (=Ry) x Ry x {0}. One can verify that the only
possible situation where this can happen is z; > 0, zo > 0 and z3 = 0. The other

possibilities like z9 < 0 or z3 < 0 or exp (z—;) > i—z are excluded immediately by

0
exp*

that z; > 0, z0 > 0 and z3 = 0. We see that any sequence {2} C ’ngp must
satisfy

looking at /C Let z = (21, 22, z3) be such a potential accumulation point such

2(k) LK) X L
exp 1—k §2—k,z£)20,z§)>0,
(k) (K)
23 <3
or equivalently

1

5 28 > 0,28 > 0. (4.8)
%3 %2

Since zik) — 21 > 0 we can conclude that z§k) must be strictly positive for all
k > k, for some k. On the other hand, for any positive z%k) the term on the
left-hand side of (4.8) tends to 0 for k& — oo, while the term on the right-hand side
of (4.8) tends to a positive constant (if z3 > 0) or to oo (if z2 = 0). In both cases
it holds 1
—2>c>0
2P
for some k. This contradicts (4.8) and we conclude that z = (z1, 22, z3) with
z1 > 0, zo0 > 0 and z3 = 0 cannot be an accumulation point of ICgXp. It follows
that Kexp C I@exp, which finishes the proof.
O
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It is interesting to see that Kexp can be considered as a limit of a linear trans-
formation of the power cone I, for a — 0. Consider

Ko = {(21,22,23) : 25257 > |23 + az1]}.

Then z € K, if and only if
2z 1/«

23 + oz

Z3

1+0¢ﬁ

1/«
‘ <3

z3
The term on the right-hand side converges to exp(z1/z3) as @ — 0. That means

lim K, = Kexp
a—0
in the sense that the indicator functions I,(z) for K, converge pointwise to the
indicator function Iexp(2) of Kexp.
In that sense we may extend the definition of a-representable sets C in the
following way: There should exist finite integers M; and M, matrices Aq, Acxp,
Ay and vectors cq, Cexp and cy in appropriate sizes such that

ca—Ag GICO¢1><~~><ICO¢M1
v
U€EC S Coxp — AeTxp € Koxp X -+ X Koxp (Ma times), (a-REP)
U
AT =cy.
Fly f

for some artificial modelling variables v. This representation is essentially the same
as the one discussed in Appendix A, where we present our Matlab implementation
of a dual path-following interior-point solver for a-representable problems. The
only difference in the input format of the solver is the additional distinction of lin-
ear constraints. We mentioned before that linear inequalities are a-representable.
However, it is more efficient to solve them directly using the log-barrier for the
nonnegative orthant.

The operations that preserve a-representability are the same as in Section 4.1.3.
However, we can add now some more elementary sets and functions to our list a-
representable objects.

4.2.1 Additional elementary a-representable functions

1. exponential function: f : R — R, f(z) = exp(z) is a-representable.
Indeed, (z,t) € epi(f) if and only if (z,t,1) € Kexp.

2. logarithm: f : Ry; — R, f(z) = —log(z) is a-representable. Indeed,
(z,t) € epi(f) if and only if —log(z) < t, which is equivalent to
1Og($) > _t7
& x > exp(—t),

which we model as (—t,2,1) € Kexp.
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3. entropy: f:Ri; — R, f(z) = zlog(z) is a-representable. Indeed, (x,t) €
epi(f) if and only if xlog(x) < ¢t. But this is equivalent to

—zlog(l/xz) <t,

o log(1/z) > —-

i
8|~
v
o
»~
=)
/N
L
S~

or in other words (—t,1,2) € Kexp.

4. The function f : Ry — R, f(z) = zexp(1/z) is a-representable. Indeed,
(z,t) € epi(f) if and only if zexp(1/z) < t, which means exp(1/z) < £, or
in other words (1,t,2) € Kexp-

4.2.2 Some more examples of a-representable sets using Ky,
Kexp With concave monomial term

Let us consider the generalization of Keyp. For a; > 0, 2?21 «; = 1 we define the
cone

Kexp,a = {(z,y,z) ERXRY, xRy :exp (g) < 1_[1—7191}

z
We see that Kexp,o is a-representable. Indeed, (z,y,2) € Kexp o if and only if
(%0, 2) € Kexp,
(y,v) € KLY,

with parameter v = 3n (if the high-dimensional power cone IC&") is modelled using
n — 1 low-dimensional power cones k) or v = n + 4 (if one uses the conjectured

(n + 1)-self-concordant barrier for KJ).

The geometric cone

In [23], Glineur presented a cone for geometric programming problems, namely

G" .= {(x,t) ERY xRy : zn:exp (—%) < 1},
i=1

where for t = 0 we define exp (—%) = 0. It turns out that G™ is a proper (i.e.
convex, closed, solid, pointed) cone. For a detailed discussion, see [23, Section 5.2].

We see that G" is a-representable. Indeed, (x,t) € G™ if and ouly if Jv such
that

(_:Ei; Vi, t) S Icexp

n

Z’Ui :t,

=1
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with v = 3n.
Indeed, (—x;,v;,t) € Kexp means

%) Vi
exp|——) < —
P ( t) =1
and when taking the sum over all i = 1,...,n we get exactly G".

Zi

Reversely, let (z,t) € G", which means Y. | exp (77) < 1, or equivalently
S texp(—%) <t. Let us define e :=t— > 1" texp (—%:) > 0 and

T
v; = texp (—7) +

Consequently we have

n n T
_ o _
Zvifztexp( t)Jrsft,
1=1 =1
and

€T; g X,
vi = texp (*7) o, 2 tex (T) '

which means exp (—%) < %, or equivalently (=4, vi,t) € Kexp.

That means G" is a-representable.

Posynomial and generalized posynomial constraints

A monomial m; is a function in N strictly positive variables xj such that

where d; > 0 and a;; € R for all £ and i. A posynomial function f is a sum of
monomials m;,

fla) = 3" mifa).

In general a posynomial is not convex (if it happens to be convex, then it can be
modelled using K, see Section 4.1). However, under the above assumption that
x> 0 and d; > 0, we can apply the following change of variables

x = exp(ug) d; = exp(c;).
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for up € R and ¢; € R. That allows us to write

fx)= Zml(ac) = Zdi H zy
i=1 k=1

i=1

n N
=" exp(e) [ exp(ur)®
i=1 k=1
n N
= Z exp(c;) - exp <Z ai,k”k)
i=1 k=1
n
= Z exp (aiTu + ci) s
i=1

where we denote alu = Zgzl a; rpug for © = 1,...,n. Note that even though f
might not be convex in x, the last expression is indeed convex in the new variables u
(as it is a sum of convex functions of affine functions in u). Posynomial constraints
are typically of the form

flx) <1, (4.9)

where f is a posynomial. Using the convex reformulation above, it is clear that
constraints of the form

flz) = Zexp (afu+c) <1
i=1

can be expressed in terms of Keyxp. Indeed, the above inequality is valid if and
only if

(aiTu + ¢;, v;, 1) S ’Cexp
n

Z’Ui = 1,

i=1

where v; > 0 are additional modelling variables. We conclude that posynomials of
the form Y | d; Hivzl z,"* are a-representable with parameter v = 3n.

Boyd et al. [5] have shown that generalizations of standard posynomial con-
straints (like fractional powers and maxima of posynomials) are expressible us-
ing entirely standard posynomial constraints. In order to do that, however, it
is necessary to introduce some additional modelling variables. These generalized
posynomial constraints lead to so-called generalized geometric programming.

On the other hand the conic setting allows another generalization of posynomial
constraints of the form (4.9) which is different from the one proposed by Boyd et
al., namely

f(z) < log(m(z)), (4.10)

where m(z) = J]_[;Vzl 28 is any monomial. We see that (4.10) is indeed more
general than (4.9); by taking the constant monomial m = e, we get exactly (4.9).
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But using the same change of variables as above and d= exp(¢), we get

n N
Z exp (aiTu + ci) <log <exp <Z(dkuk + 6)))

i=1 k=1
=alu+e,
which can be expressed using Keyp in the following manner

(alTu + ¢, 05, 1) € Kexp
n
Z V; = alu+é.
i=1

That means generalized posynomial constraints of the form (4.10) are a-representable.

The Lambert W function

The Lambert W function has various applications in different domains (see [12] for
a discussion). It is introduced as the function that satisfies the defining equality

W(z) - exp (W(z)) = .

For real arguments « > 0 the function W is injective and concave with W(0) = 0.
W (z) as a function of z is shown in Figure 4.1.

Figure 4.1: Lambert W function.

Note that it is not possible to write down the closed form analytic formula of
W. However, we still can consider the convex set

Wi ={(z,y): 2 >0,0<y <W(x)}. (4.11)
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By applying the monotonic transformation 7 exp(7) to all three terms of 0 <y <
W (z), we get
0<y-exp(y) < W(z)- exp(W(x)) = x.

However, the term in the middle can be written as

2
y z
y-exp(y) =y - exp <5) <y-exp <§> ,

which is true whenever z > y2. That means (z,y) € Wy, if and only if y exp (5) <
z and y2 < z, or in other words

(vavy) S ’Cexp
(2,1,y) €Ky

It follows, Wy, is a-representable with parameter v = 6.

Another mixed set

We see that the cone

can be decomposed into

Z <
2y —

o ()

using monotonicity of exp(-). That means (z,y, z) € C if and only if Jv such that

IN

(2’[},y,$) € ’Cév
(Uv Zvy) € ’Cexpv

i.e. C is a-representable with parameter v = 6.

4.3 The dual cones

As we showed in Section 2.5, the dual cone K* is an important object for the
design of primal-dual interior-point methods for convex problems in conic form.
It is essential that we are able to describe K* explicitly, for example to check
feasibility of dual points in practical implementations. But it might also be useful
or even necessary to derive a self-concordant barrier IC*. Therefore it is important
to have a closed form description of the dual cone.

We recall the definition of the dual cone,

K*={se& :sTx>0,Vz K}

In this section we are going to compute the dual cones of IC&") and Kexp-
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4.3.1 The dual of the power cone

Let us recall the definition of the high dimensional power cone. Let a; > 0,7 =
1,...,n > ; a; = 1. Then the (n + 1)-dimensional power cone is given by

K = {(@,2) €RY x Riaf’ -0 > J21}.

We assume without loss of generality that 0 < ; < 1,7 =1,...,n. In fact, if
oy = 1 for some 7, then a; = 0 for all other j. On the other hand, if a; = 0 for some

1, then IC&") decomposes into the nonnegative orthant and a lower-dimensional
power cone.

Theorem 4.3.1. Let a € R™ with 0 < a; < 1,71 =1,...,n. Then it holds
(K&Q = B, - K™, (4.12)
with

_ |diag(e) O
Ba_[ s 1]>0

Proof. Note that (4.12) is equivalent to

{<s,w>:szo,f[l <a—) > |w|}.

First we will show the inclusion P, C (IC&n)) . Let (s,w) € P, and (z,2) € Kk,
ie. x> 0and [[;_, 27" > |z|. Then

@yﬂ*:Ry

n n (677
sTo +wz > sTa — |w|Hzf‘l > sTx—H (ﬂ) > 0.

o
i=1 i=1 v

The last inequality follows from the weighted arithmetic-geometric mean inequal-
ity. Indeed for any y € R and o € R with 7" ; o; = 1 it holds

n n
a;
E QY = 1_[9z :
i=1 i=1
iTq

If we take y; = Sal (which is nonnegative), we get directly that

n n n (67}
STy STy

E Q; = E 5i%i > H — ]

X Q5 - (0%

i=1 A

=1 i=1

This means (s, w) € (IC&n)) .
Conversely, let (s,w) € (K&")) and assume (s,w) ¢ P,, i.e. s 2 0 or |w| >

a;
T, (ﬂ) . Let us first assume 3s; < 0. By assumption s’z +wz > 0 for all

(27
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(x,2) € K. In particular we can choose (Z,2) with #; = 1, &; = 0, j # i and
z =0 and we have (Z,2) € K&, but also
T — _
=5 <0
ST T+ wz s; < 0,
=55 =0
which is a contradiction to the assumption (s, w) € (IC&”)) .

o
Let us then look at the situation where |w| > [T, (5) , which means

2

n Si (673
— > 4.1
w>H<ai) >0 (4.13)
or

w< — <S—) <. (4.14)

The first case (4.13) is equivalent to w - []I" (‘;‘—) "> 1 If we take 7 =
& > 0 (which is to be understood componentwise) and z = —[[;"; (%)™

a;
-1, (‘;‘—) , we get

=1 (4.13)
<1l-1=0.

In the latter case (4.14) we can take the same Z as before and define z = [];__, (&)™ =
[T, (‘;‘—) " and we get

n n [e73

T _ ) ) Qi 1

strwzf;aZer r‘[(&) <1-1=0.
1= 1=

~—_—— —
=1 (4.14)
<

That means in all cases we can define (Z, z) € K such that

Tz +wz <0,

P,. (]

which contradicts the original assumption (s, w) € (IC&")) . This implies (IC&n)) C

That means we have the following implication for the self-concordant barrier
for (IC&")) " The dual cone (IC&")) " is Tinked to the primal cone K by the linear
relation (4.12), i.e.

(k) = Ba kY,
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where B,, is the positive definite matrix defined in Theorem 4.3.1. Since B, is
positive definite, it means that IC&") is self-dual in the broader sense, i.e. it is
self-dual with respect to the inner product induced by the positive definite matrix
B,. However, as we have mentioned at the beginning of Section 3.1, K is not
homogeneous (unless o € {0,1,1}).

In view of Section 2.4.3 a we can use the (n + 1)-self-concordant barrier for
Kk (see Theorem 3.1.1) to construct an (n + 1)-self-concordant barrier for jo

in the following way:
Fo(s,w) =F, | B, .
w

Unfortunately F,, and F, are not conjugate to each other. This can be checked
for example by (2.46), which is violated for example for the particular point x =
(1,1,0) € int Ky.

4.3.2 The dual of the exponential cone

Let us introduce the following cone

Peoxp: {s:sl < 0,85 > 0,exp (8—3) < 6.82}

S1 —S1

and its closure

Pexp =l (PY) -

exp

Lemma 4.3.2. It holds
Poxp = P2, | {0} x Ry x Ry

Proof. This proof is very similar to the one of Lemma 4.2.1. -
We denote Peyp = P, [J{0} x RZ and show first that Peyp € Pexp. Let s € Poyp.
If s € PJ,, then we automatically have also that s € Pey, since P9, C cl(PY,,) =

Pexp. Let s = (s1,82,83) € {0} x Ri. In order to prove that s € Pey, we need to
show that s is an accumulation point of a sequence {s(®)} C P

For k = 1,2,... we define the sequence s*) = (sgk), sék), sék)) with
o =

1
2 < 0, V integer k > 1,

1
sgk) =59 + T > 0, V integer k > 1,

1
sgk) =383+ E
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We obtain the following chain of inequalities.

(k) 1
14
exp (S?—k)> = exp (kil%) =exp | —k —k?s3
sy 72 W—’SO
<exp(—k) <exp(-1) <1
<k <e(k+ k%sy)
e(s2+ 1) B esgk)

)

—

That means the sequence {s"} C PS_ for all k = 1,2,... and we have s¥) —
(0, 52, 83) as k — oo.

Conversely, let s € Peyp and assume s ¢ pexp. It is easy to see that the only
possibility for this to happen is when s; = 0, so > 0 and s3 < 0. However, for any
sequence {s¥)} C PY_ with sgk) — s1 =0 and sék) — s3 < 0, we must have that

(k)
sgk) < 0 for some k and also Sgk) < 0 for all k. It follows that the fraction S?—k)

1
will be positive and converging to +oo for k£ large enough. But this contradicts
the assumption {s*)} PY,,, because the inequality

(k) (k)
83 € Sy
exp| - | £ —F5

must be violated for some k sufficiently large, because the left term tends much
faster to 400 as compared to the right term. That means Pexp, € Pexp and finishes
the proof. O

In the following theorem we are going to give an explicit description of the dual
cone of Kexp. We have shown in Section 4.2 that Kexp can in fact be seen as a
limit of a linear transformation of the power cone K, namely

K, = {(21, 22, 23) : zgzéf‘l >z +axnl|}t = A;l Ka,
where

A, =

Q oo

10
0o 1|,
0 1

because z € K, if and only if A,z = (22,253,021 + 23) € K4, or equivalently
z € A7'Ky. In Theorem 4.3.1 we have shown that also between K, and its dual
cone a linear relation exists, namely K} = B, K, where

« 0 0
B,=10 1—a 0
0 0 1

It would be natural to use these two results with the aim to give a compact
description of the dual cone of Kcxp. Unfortunately, we see that both A, and B,
converge to nonsingular matrices as @« — 0. Therefore we have to compute directly
the dual cone of Kexp.
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Theorem 4.3.3. We have
(’Cexp)* = Pexp- (4'15)
Proof. Let us first show the inclusion Pex, C IC;‘XP. Let s € Pexp. According to
Lemma 4.3.2 it holds either s € PJ,, or s € {0} x R%. In the latter case we have
in view of Lemma 4.2.1 for any = € Kexp
sTy = S1 1+ S92 X9 + s3 x3 >0.
~— —~ '~

=0 >0 >0 >0 >0
Let s € PY, and z € Keyp. According to Lemma 4.2.1 we have that = € K2, or
x € (—Ry) x Ry x {0}. In the latter case we get
sTy = s1 T1 + S22 xo +s3 xz > 0.
~— ~—

<0 <0 >0 >0 =0

and z € K°

exp*

Let s € P9

exp

—s1

In particular we have then s > (—s1)exp (51_53)
and also xo > x3exp (i—i) By using these lower bounds on ss and x2, we get

sTy = $1x1 + S2 X2 + S3T3
~—~

>0

1
> 5171 + S2 T3 €xXp (—) +53%3
x3

~———
>0

-5 x
> s121 + (—s1) exp (81 . 3) T3 exp (x_l) + 5373.
— 3

1

After merging the two exponential expressions, the middle term can be simplified
and we obtain

—S81 I3

5143 — S3L3 — S171
= s121 + (—s1)x3 €xp ( + 83723.
—— —S5123

S1 — 83 X1
sTa > s1x1 + (—s1)x3exp (7 + —) + 8313

>0

Using the fact that exp(r) > 7 + 1 for all 7, we can bound the exponential term
and get

$1T3 — $3T3 — S171

+ 1) + 5313
—S81%3

sTe > s1x1 + (—s1)xs3 - <

= 5121 + S1&3 — S3x3 — s121 + (—s1)T3 + S373

=0.
This means s € K¢y, Thus, Pexp C Ky,
Now, let us show the inverse inclusion KZ,, C Pexp. Let s € Ky, and let us

assume s ¢ Pexp. In view of Lemma 4.3.2 we have that P.xp is the union of two
convex cones. That means s ¢ Pey, means s ¢ PeOXp (i.e. 81 > 0or sz <0 or
exp(3t) > £2) and s ¢ {0} x Ry (i.e. s1# 0 or s <0 or s3 < 0). In total we

—s1

have nine cases to distinguish.
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e Among these nine cases there are five cases that include the inequality so < 0.
In that case we can take z = (0,1,0) € Kexp and get sTa = s < 0, which

means that s cannot be in the dual cone K.

e A sixth case is the situation where s; > 0 and s; # 0, i.e. s1 > 0. Then we
can take © = (—1,0,0) € Kexp and get sTex = —s; < 0, which means that s

cannot be in K.

e Another case is the situation where s; > 0 and s3 < 0. If now sy < 0, we
can take again « = (0,1,0) € Kexp which contradicts again the assumption
that s € K5y,

If s5 = 0, we can take z = (0,1,1) € Kexp and get sTa = 55 + s3 = s3 < 0.

Also this case is a contradiction to our assumption that s € K.

If s5 > 0 and s; > 0 we can take x = (—1,0,0) € Kexp and get sTe=—s1 <

0.

Finally, if s3 > 0 and s; = 0 we can take x = (1og( S5y, 2 1) which is in

282 /7 2827

Kexp because zo = g:; >0and x3=1> 0 and

X1 —83 —S3 €2
exp| — ) =exp|log| =— = — =19, =—.
T3 259 259 T3

—S 1 1
sTe = 52—3 4+ 583 =—=83+ 83 = =53 <O.
282

Moreover,

2 2

*
exp"*

This contradicts the assumption that s € K

e The last two cases are the situations where exp() > <2 and s; # 0.

If 51 > 0 we can take x = (—1,0,0) € Kexp and get sTz = —s; < 0.

If 57 < 0 and s3 < 0, we can take z = (0,1,0) € Kexp and get as before
sTz <.

If 51 < 0 and s = 0 we can take z = (1, %(t), 1) for t > 0. We see that
2 € Kexp since 2 > 0 and x3 > 0 for all £ > 0 and

xp(t
1\ o < I;() X2
exp| — | =exp(t) = —— = —.
I3 7 I3

Moreover,

1
sTe= s1 <0+s3—<0
—~— t

for ¢ sufficiently large.
If s1 < 0 and s9 > 0, then we can divide

S e-s
exp <—3> > 2
S1 —S1
by e and get the equivalent inequality

exp(slsg) > 2 (4.16)

-5
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In that case we define 7 = £=53 . exp (M), 2o = £ >0 and 25 =
S182 —S1 s52

si - exp (M) > 0 and we see that
2

—
<$1 > <51 - S3> €2
exp| — | =exp| ———= | = —=,
I3 S1 I3
which means x € Kexp. On the other hand it holds

sTg = $1Z1 + S2x9 + S3x3

51— 8 51— 8 5 51— 8
=2 3~exp<1 3)+1+—3-exp<¥>
S9 —81 S92 —S1

1 §1— S
_.exp<1 3)~(5183+53)+1
S92 —S1

s _
— % exp (u) 1
S92 —S1

The last term is negative if and only if

$1— 8 s
exp (u) L 52
—S1 —S1
But this is exactly (4.16), which means we have found a point & € Kexp such
that s”x < 0. This contradicts the assumption that s € K

exp*

That means in all cases where s ¢ Pey, we were able to find an appropriate point
x € Kexp such that sTz < 0, which means that s ¢ IC;‘XP. Thus, IC;XP C Pup. O

In view of the definition of PeoXp and Ingp we see that there is the following
scaling relation between both cones. Let us define the scaling matrix Bexp and its

inverse

0 0 -1 0o 0 -1
Bep=10 1 0 (Bexp) *=10 e 0
-1 0 0 -1 0 0
Then we have
Peoxp = Bexp Ichp‘

Indeed, let s € PO . Then the above identity is true if and only if

exp"’

(Bexp)_1 se Kkl

exp"*

We have that B;(lps = (—s3,€82,—51) and the above inclusion means that it

should hold esy > 0, —s; > 0 and

—S es
exp <—3> < =2
—S1 —S1

We see that all three inequalities are true since s € Peoxp.
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*

exp We have the

This observation implies that for points in the interior of K
following representation:

s € int Ky, & (Bexp) "5 € int Kexp. (4.17)

Note that nevertheless Kexp is not self-dual, even not in its broader sense (see e.g.

[28]). Self-duality in the less restrictive version means that there should exist an
inner product induced by a positive definite matrix M such that

K*={s:(s,z2)py >0, Vz € K}

is equal® to K. In other words for any z; € int Kexp and any xo € int Keyxp we
should find a matrix M > 0 such that xlTM x9 > 0. However, this means that
s = Mz, € K, with respect to the Euclidean inner product. But as we have
seen, we have then

M$1 S IC* = Bexp ’Cexp

exp

which implies that M = Beyp, because 1 can be any point in int Keyp. However,
we see that By is not positive definite and therefore Koy, cannot be self-dual.
On the other hand, we can use the scaling relation (4.17) to derive a 3-self-

concordant barrier for Kg,,, namely

Fexp(8) = Fexp (Bops) -

where Foyp, is the 3-self-concordant barrier for Kexp. Unfortunately l:“exp and Fexp
are not conjugate to each other. This can be checked for example by (2.46), which
is violated for example for the particular point x = (0,e,1) € int Kexp.

4.4 Examples of a-representable problem classes

In the previous sections we showed that many sets and functions are representable
in terms of the power cone K, (and its limit Kexp). Moreover, for both cones
and their duals self-concordant barriers are available. We will see now how these
results can be used to find the a-representation of two concrete classes of convex
optimization problems.

We recall here the definition of the a-representation of a set C C R™ («-REP):
There should exist finite integers M; and Mo, matrices Aq, Aexp, Ay and vectors
Ca, Cexp and ¢y in appropriate sizes such that

Co — AT € Koy X -+ X Koy,
v
U€EC S S Coxp — AeTxp € Koxp X -+ X Koxp (Ma times), (a-REP)
U
AT =cy.
Fly f

INote that in Definition 2.5.1 we have chosen the particular Euclidean inner product
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for some artificial modelling variables v.
In this section we are seeking a dual conic a-representation of convex optimiza-
tion problems, i.e. problems of the form

(P i s
u € C,

where f is a convex function and C is a convex set. The a-representation of (P)
should satisfy the following three criteria: the conic reformulation of (P) should

1. be equivalent to (P), in the sense that an optimal solution of the reformula-
tion can be used to derive an optimal solution of (P),

2. be in dual conic form,

3. only involve power cones K, exponential cones Keyxp or linear equality con-
straints.

The reformulations are done in two steps. First, we ensure that the objective
function becomes linear, because we wish to have a problem in conic form. This
can always be done, for example by going to the epigraph form of (P). We obtain
then a problem of the form

I
(u,w) €C,

where w is one (or more) epigraph variable(s), C is the extended feasible set (that
is obtained when adding to C the epigraph constraint(s) of the form f(u) < w)
and b is the new objective vector.

The second step is the process of finding an a-representation of C as described
above in (a-REP).

4.4.1 Location problem

We consider a constrained generalized location problem, where the sum of the
distances of a point u € RY to given locations C; € RV, j = 1,..., M, shall be
minimized, subject to the constraint that u should not be too far from other given
locations D; € RV, j = 1,...,R. Let a; > 0,57 = 1,..., M, be some positive
weights, p; > 1,5 = 1,..., M, parameters that determine the norms that define
the distance to the locations C}, ¢; > 1,7 = 1,..., R, parameters that determine
the norms that define the distance to the locations D; and r; > 0,5 =1,..., R,
given distance values.

(LOCy)
st. [lu—Djllg; <rj, j=1,...,R.
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Note that the distances are defined using p-norms, as opposed to standard Eu-
clidean norms.

Introducing epigraph variables w; for each norm term in the objective, the
formulation (LOCy) can be written as

M
min g a;w;
ueRN weRM =

(LOCY)
st [lu—=Cjllp, <wj, j=1,..., M

llu=Djlly, <750 j=1,...,R.

Using the a-representability of PZSN) (ie (z,7) € PéN) if and only if 3v >0 :

(vi, T, 2;) € Ko and Zf;l v; = T, where o = %), we define a; = % fory=1,...,.M
J
and apr4j = % for j = 1,..., R. We arrive at the following a-representation of
J
(LOCO)

M
min E a;w;
u,w, v,V
j=1
s.t. (6i1j,wj,ui—0¢1j) S ’Caj,i = 1,...,N,j = 1,...,M

(/Di,jﬂdjaui _DLJ) € K:OtM+jai = 1;'-'1Naj = 1;'-'7R (LOC2)

N
E ﬁi,j:’wj,j:L...,M
=1

N
E Vi 5 =T, _jZl,...,R.
=1

We see that (LOC3) is a dual conic formulation using entirely power cones /C,, and
linear equality constraints. Moreover, since the epigraph formulation (LOCY) is
equivalent to (LOCp) and because p-cones PZSN) are a-representable, it holds that
(LOC3) is equivalent to the original formulation (LOCp).

4.4.2 Geometric programming

An important class of optimization problems are so-called geometric programs
(see e.g. [16], [5]). A geometric program is a minimization problem involving a
posynomial objective, posynomial inequality constraints and monomial equality
constraints. We saw these kind of expressions already in Section 4.2.2. Let us
introduce the following piece of notation: for vectors = € Rf L and a € RY we
denote z% = Hfil xt.

Let z € RN be positive variables, DZ(E-OS) and egmon) positive coefficients and

KPP e RV, i=1,...,n;,j=0,...,M and K™ € RN, j = 1,..., Mypon real
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exponents. We assume that the matrix

K (Pos) . KE‘,’O"S),--- KPS L g Pes) g (Pos) } c RV*xZiLon;

np,0 ? 1,M > nn M
has full row rank and the matrix

K(mon) — [I(fmon)7 . ,K](\I;OH)]

mon

(mon)

has full column rank (that is, the vectors K are linearly independent).

J
A geometric program in posynomial form is given by

no
min
>0 4

=1

(pos)
DE%OS) %Ki

nj
, (pos) GP
st Y DI AT <1, =1, @)
=1

(mon)
mon K .
oM I =1 =1, Muon.

Under the above assumptions we apply a change of variables z; = exp(ux) and

4,

DEEOS) = exp (C(pos)), and we get a geometric program in convex form, i.e.

no
min Z exp (uTKZ(-%OS) + Cfﬁ%os))
i=1

s.t. Z exp (UTngOS) + C’i(,P;OS)) S 1) .7 =Ly M; (GPO)
i=1
uT Fmon) | log (egmon)) =0, j=1,..., Muon.

We introduce one epigraph variable w and rewrite (GFp) in its equivalent epigraph
form

min w

u,w
no

s.t. Z exp (uTKZ(-%OS) + C’Z-(%OS)) <w
i1

U (GPl)
Zexp (UTKZ(-SOS)JrC’i(EOS)) <1, j=1,..., M,
i=1

WK™ 4 1og (™) =0, j=1,..., Muon.

We showed in Section 4.2.2 that constraints of the form > | exp(alu + ¢;) <
w are a-representable using the exponential cone Kexp. It follows that the -
representation of (GPy) is
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min w
u,w,v

st (WTKE + O 05,1) € Koxps § =000, Myi = 1,..,m,

70 g
E ’Ui’():’u}, E ’UZ‘J‘:L jil,...,M,
i=1 =1

WK™ 4 1og (™) =0, j=1,..., Minon.

(GP2)

We see that (GPz) is a dual conic formulation using entirely exponential cones
Kexp and linear equality constraints. Moreover, since the epigraph formulation
(GPy) is equivalent to (GFPy) we have that (GP) is equivalent to the original
formulation (GFp).

4.5 Numerical results

We have shown in Section 4.4 that two important classes of convex optimization
problems (geometric programs and generalized location problems) can be cast in
dual conic form using entirely the power cone K, and the exponential cone Keyp.
For the feasible set of both conic reformulations we have explicit self-concordant
barriers available, which means in view of Section 2.4 that these problems can
be solved in polynomial time (compare Theorem 2.4.15 and Theorem 2.5.18). In
this section we are going to verify this theoretical result with a practical Mat-
lab implementation of Algorithm 4 and 5. Both algorithms are included in the
nonsymmetric conic solver that is presented in more detail in Appendix A.

To improve the practical performance we implemented for both algorithms a
linesearch along the Newton directions. For Algorithm 4 we know that ap = 1_41-6’
where § denotes the Newton decrement at the current iterate for a step towards the
current target point on the central path, is a step size that guarantees feasibility of
the step and a decrease of the objective value of the centering problem (compare
Theorem 2.3.6). Starting at «p we gradually increase this step size (by multiplying
the current feasible step size with 2) until we arrive at an infeasible point or until
the objective value increases again.

For the centering steps in Algorithm 5 we use the same strategy for the choice
of the step size as presented above. In addition, we proposed a safe step size pa-
rameter «q for the primal-dual affine-scaling direction, that guarantees a sufficient
increase in the duality measure ¢ (see Theorem 2.5.16). On the other hand we
make sure not to drift too far away from the primal-dual central path (see Theo-
rem 2.5.15). Starting at g we gradually increase this step size (again by multiply-
ing with 2) until we reach a given proximity to the boundary of the primal-dual
cone I x C*. In the implementation we have chosen this proximity value to be 90%,
that is, if aumayx is the largest value so that (@ + amaxAx, s + amaxAs) € K x ¥,
then we take as step size @ = 0.9 - apax. Note that this strategy is not covered
anymore by the complexity result because we cannot bound the proximity to the
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primal-dual central path. However, since we have observed that this strategy is
superior to the conservative step size proposed in Algorithm 5, we have decided
to use it in the numerical tests.

For all methods tested we have chosen as absolute accuracy in terms of the
objective value ¢ = 1075. In the implementation of Algorithm 4 we have set
as centering accuracy 3 = 0.25 and as update coefficient of the duality measure

6 = 10. In Algorithm 5 we have chosen as centering accuracy [ = %ﬁ.

4.5.1 Location problems

Let us recall the definition of the generalized location problem (LOCY)), i.e.

M
min ajllu — Cjllp,
uERN ; I JHP (LOC())

In Section 4.4.1 we saw that (LOCy) can be cast in dual conic form

max bly
st.c— ATy e K*, (D — LOC)
A?y =cCf,

with y = (u,w,v) € RVTMFINM where w € RM and v € RYM are artificial
variables, the data A, Ay, ¢, ¢y and b are suitably chosen and C* is a direct product
of N(M + R) power cones K,. Using the 3-self-concordant barrier for the power
cone K, we obtain a v-self-concordant barrier for the feasible set of (D — LOC),
where v = 3N(M + R).

Let us verify that assumptions (2)-(4) on page 66 are satisfied.
One can verify that A is given by

Ay
A= |Ay| € RN+HM+N(M+R)3N(M+R)

As
where
Ay = rep,, »(blkdiagy (0,0, —1])) € RV*SNM+R)
As = [blkdiag,,(repy([0,—1,0])),0] € RM*3-N(M+R)
As = blkdiagN(M+R)([—1, 0,0]) € RN (M+R)x3-N(M+R)_
Here rep, (X) denotes the N times repetition of a matrix X, i.e.

repy(X) = [u],
N times

and blkdiag, (X) denotes the block diagonal matrix containing N copies of X.
By permutation of the columns we see immediately that A has full row rank.
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Further, Ay has full column rank since the linear equality constraints in (LOC5)

are given by
B H +E H —d
v w

for some matrix £ and some vector d and a matrix B that has the following
structure
B = blkdiag(1ly) € RMFRXNM+R)

where 1 is a row vector of ones of size N. It is clear that B has full row rank.
Therefore the matrix Ay in the conic formulation (D—LOC) must have full column
rank.

To show the last condition, let y = (u,w,v) such that ¢ — ATy € int * and
A?y = ¢y, and let (Au, Aw, Av) # 0 be any direction.

If Av # 0 or Aw # 0, then it is possible to find a step size 7 such that
w~+yAw ¥ 0 or v+ vAv # 0. Let Av = 0 and Aw = 0. Then there exists an
index 4 such that Au; # 0 (otherwise (Au, Aw, Av) = 0) and it is possible to find

a step size «y such that |u; +vAwu; —C; ;| > vi ;% w;_aj for some (4, j). That means
for any feasible point y and any direction Ay # 0 we cannot extend this direction
to +oo without leaving the feasible region. In other words, the feasible region of
(D — LOC) does not contain straight lines and therefore the Newton directions

are defined everywhere (see Theorem 2.2.4).

Comparison with nonlinear solvers with an AMPL interface

For the numerical tests we consider the unconstrained version of (LOCy), i.e. for
R =0 we have

M
i i||u— Cjllp, 4.18
u@ﬁ%;aaﬂu illos- (4.18)

where for j = 1,..., M the parameters p; are uniformly distributed on the [1 3]
interval, the facilities C; are uniformly distributed in the [0 1]V box and the
weights a; on the objective terms are set to be all equal to 1. Including additional p-
norm constraints (as in the general formulation (LOCj)) would be straightforward.
However, we have chosen to omit these constraints since the unconstrained problem
(4.18) is easy to initialize. Indeed, as (4.18) is unconstrained we can choose for

example u(®) = 0 € RY, initialize w(® € RM such that [|C;],, < wj(o),j =
L...,M (e.g. wj = [|Cjllp, +1) and initialize v(® as shown in Section 4.1.3
(compare with the a-representability of the p-cone).

We are going to solve random instances of (4.18) for different values of N and
M Dby first reformulating them in conic form (D — LOC'), then solving them using
the dual long-step path-following method (Algorithm 4) and the nonsymmetric
primal-dual predictor-corrector method (Algorithm 5). We compare their practical
performance with those of the nonlinear solvers MINOS 5.5 2, SNOPT 6.1-13 and
KNITRO 6.0.0%. All three solvers directly solve the original problem (4.18).

2http://www.sbsi-sol-optimize.com/asp/sol_product _minos.htm
Shttp://www.sbsi-sol-optimize.com /asp/sol_product_snopt.htm
4http://www.ziena.com/knitro.htm
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MINOS is using a quasi-Newton method to solve nonlinear problems. SNOPT
employs a sparse SQP algorithm with limited-memory quasi-Newton approxima-
tions to the Hessian of Lagrangian. An augmented Lagrangian merit function
promotes convergence from an arbitrary point. KNITRO is based on a direct bar-
rier method to solve a primal-dual KKT system using trust regions and a merit
function to promote convergence.

For each choice of problem parameters (N, M) presented here, 10 different
instances are solved and the average is reported. Table 4.1 reports the number
of iterations (major iterations for KNITRO) carried out by each method. Let us

[ dimension [ D-IPM [ PD-IPM | MINOS | SNOPT | KNITRO |
N=2M=10 26.8 21.1 8.1 11.1 8.6
N=2M=100 | 37.0 27.9 7.2 10.1 6.1
N =2,M =1000 | 486 46.3 7.4 11.3 6.5
N=10,M =10 | 399 317 30.0 319 20.9
N=10,M =50 | 456 43.8 38.3 42.1 2034.2
N =10,M =100 | 55.0 49.8 25.4 288 13.3
N =10,M =500 | 68.3 64.5 31.9 418 35.6
N=50,M=10 | 512 56.8 251.4 | 1312 | 10454
N=50,M =50 | 675 74.9 2486 | 170.5 284.2
N =50,M =100 | 8LO 80.4 1627 | 154.1 211.8
N =50,M =200 | 984 | 100.7 | 208.9 147 128.7

Table 4.1: Number of iterations for each solver (averaged on 10 instances).

recall here the complexity results for the dual and primal-dual algorithm. In [9] we
have analyzed (4.18) and presented a complete complexity analysis for solving it
(see [9, Theorem 4.1]), including the initial centering (as proposed in Section 2.4)
to generate a point close to the central path. For sake of transparency we recall
the result here.

Theorem 4.5.1. Let aj € [amin, 1], Vj = 1,..., M, where amin > 0 and C;; €
[0,1], for j = 1,...,M,i = 1,...,N. Then Algorithm 4 initialized as described
above solves the unconstrained location problem (4.18) in

O(NM)-0O (1°g (ej(vziwn))

Note that the above theorem is in line with Theorem 2.4.15. The only difference
is that Theorem 2.4.15 assumes that the initial point is already close to the central
path, while Theorem 4.5.1 does not need such an assumption. The complexity for
the inital centering phase is guaranteed by the additional assumptions on the data
(i.e. a and C). In accordance with Theorem 2.5.18, the complexity of the primal-
dual predictor-corrector method proposed in Algorithm 5 is O(y/v - log(sd zo/€)).
However, since we embed a linesearch along the primal-dual affine-scaling direction
as described above, the complexity result is no longer valid. On the other hand

iterations.
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we see that the number of iterations is comparable to the dual long-step method,
and both are clearly better than the pessimistic bound of O(NM). Indeed, the
number of iterations increases only by a factor of less than 5 when going from
NM =20 to NM = 10000.

When comparing the number of iterations for the dual and primal-dual method
to those of the three nonlinear solvers, we see that for the larger values of N the
iteration count becomes comparable to - if not better than - those of the three
nonlinear solvers MINOS, SNOPT and KNITRO. The guidance of the central
path is thus clearly beneficial here.

It is interesting to see that when fixing IV and increasing the value of M, the
number of iterations for all the AMPL nonlinear solvers remains constant or even
decreases (apart from some instances that were difficult for KNITRO). This effect
could be explained by a ”smoothing-out” of the objective function. For a large
M, non-differentiable terms in the objective become ”small” with respect to the
complete sum of the norms, and the objective is almost smooth. This potentially
explains why the nonlinear solvers find an optimal solution faster for large values
of M, even though the problems seem to be more difficult.

Table 4.2 shows the computation times in seconds. Note that this comparison

[ dimension [ D-IPM [ PD-IPM | MINOS | SNOPT | KNITRO |
N=2M=10 0.14 0.21 0.02 0.02 0.02
N=2M=100 | 037 0.51 0.03 0.02 0.02
N =2,M = 1000 | 2.98 6.21 0.07 0.06 0.06
N=10,M =10 | 0.26 0.37 0.03 0.02 0.02
N=10,M =50 | 0.74 1.06 0.09 0.05 3.29
N =10,M =100 | 1.67 2.01 0.07 0.04 0.05
N=10,M =500 | 9.02 | 12.18 0.49 0.33 0.70
N=50,M=10 | 081 1.33 0.46 0.10 1.97
N=50,M =50 | 4.24 5.98 2.22 0.55 2.42
N =50,M =100 | 10.03 | 1253 2.47 0.84 3.62
N =50,M =200 | 25.57 | 48.76 751 1.94 485

Table 4.2: CPU time in seconds used by each solver (averaged on 10 instances).

across solvers is not completely fair since we cannot expect MATLAB, an inter-
preted language, to be as fast as those natively compiled solvers. To somehow
support this claim, we report that for a typical (N, M) = (50, 100) run, 50% of the
CPU time is spent on building the Hessian (involving a lot of data manipulation
within MATLAB) and only 30% on actually computing the Newton step (solving a
linear system with a single MATLAB command), while the latter operation should
in principle be dominating the CPU cost.

Looking at the computation times of both interior-point methods, we observe
that the total computation time is higher for the primal-dual method by a factor
of up to 2. This can be explained by the fact that for each update of the duality
measure ¢t we need to compute the primal-dual affine scaling direction (2.67), whose
complexity is the same as the computation of a Newton direction for the centering
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problems (2.52).

When comparing to the computation times of the AMPL nonlinear solvers we
see that the interior-point methods are not competitive. The main explanation for
the poor performance of the interior-point scheme seems to be the large number of
variables needed for the conic formulation: indeed, instead of working with a vector
of N unknowns (and, accordingly, computing a N x N Hessian), our algorithm
requires M additional epigraph variables 7; and one additional v;; variable for
each of the M - N cones involved, for a total of N + M + N M variables and the
corresponding much enlarged Hessian. One could write (LOC3) in a more compact
way and remove the epigraph variables 7 by replacing them directly in the conic
constraints. But this modification would not have a huge impact because the total
number of variables would still be O(NM) due to the presence of the v’s.

Table 4.3 displays the percentage of problems for which the AMPL nonlinear

solvers claimed to have found an optimal solution. The need for this table
| dimension | D-IPM | PD-IPM | MINOS | SNOPT | KNITRO |
N=2,M=10 100% 100% 100% 100% 100%
N =2,M =100 100% 100% 100% 100% 100%
N =2,M =1000 | 100% 100% 100% 100% 100%
N =10,M =10 100% 100% 90% 90% 90%
N =10,M =50 100% 100% 80% 60% 60%
N =10,M =100 | 100% 100% 100% 100% 100%
N =10,M =500 | 100% 100% 70% 40% 30%
N =50,M =10 100% 100% 0% 80% 60%
N =50,M =50 100% 100% 0% 10% 10%
N =50,M =100 | 100% 100% 0% 10% 10%

Table 4.3: Percentage of solutions for which optimality is guaranteed.

was prompted by the fact that, for a significant number of instances, the AMPL
nonlinear solvers could not satisfy their stopping criterion (based on the norm of
the gradient) and stopped either because a built-in iteration limit had been reached
or insufficient progress after a certain number of iterations had been observed,
reporting that the final iterate might not be optimal. For large M and N, this
problematic behavior even seems to become the norm. However, in nearly all the
cases, the solution provided was indeed optimal, meaning that all six requested
digits of accuracy matched between the interior-point solution and its nonlinear
counterpart. Nonetheless, we still classify these situations as unsuccessful because
in general we do not know how close to the optimal solution we are and would like
to have a guarantee to be within an e distance of the optimal solution. Note that we
have to be careful when comparing the solvers with respect to their reliability since
different stopping criteria are used for the different solvers. Out path-following
methods D-IPM and PD-IPM use as stopping criterion the error in terms of the
objective value. This optimality error can be bounded in view of Theorem 2.4.15
and Theorem 2.5.18. The stopping criterion for MINOS is the size of the dual

!Intel Pentium IV 3.00 GHz; MATLAB version 7.2 (R14)
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solution; for SNOPT it is the relative error in the slackness conditions; and for
KNITRO is the maximal violation of the KKT conditions. Thus, for all three
AMPL solvers a solution is considered to be optimal if the optimality conditions are
approximately satisfied. Unfortunately, this condition is not directly comparable
to the stopping criterion we have used.

These failures to detect optimality are most probably due to the proxim-
ity /equality of the optimal solution to one of the fixed facilities and the (near)
non-differentiability of the objective function that it causes. It is remarkable to
observe that this non-differentiability has a significant impact on the practical
behavior of the AMPL nonlinear solvers tested, even on relatively simple uncon-
strained problems with a finite number of problematic points. One can therefore
conclude here that one of the main advantages of the interior-point solver lies in
its insensitivity to these issues.

Comparison with Xue and Ye’s algorithm

Xue and Ye [66] present an algorithm to solve the similar - but not identical -
problem of minimizing a sum of p-norms, where all norms in the objective are
defined by one single value of p and the decision variable x is scaled by a matrix
AJT in each norm term,
M
: T

urgﬂgg; 1B — AT ullp, (4.19)
with B; € R? and AJT € RN i =1,...,M. They propose a nonsymmetric
primal-dual potential-reduction method that relies on the self-concordant barrier
for the conic hull of the p-unit ball. Due to this construction the self-concordance
parameter becomes relatively large, i.e. 200M (2d + 1) for the description they

chose in the computational examples.
We considered the problem (4.18)

M
T
u%;amu illp,

which is slightly more general in the sense that it does not require the norm terms
to have identical parameters p, but on the other hand does not make use of scaling
matrices AJT (however, incorporation of these matrices in our model would be
trivial).

Although a direct comparison is not possible, problem (4.19) can be rewritten

as
M
min > [|Bjl] ‘
J=1

with the constants in each norm term having components in the interval [0, 1].
Assuming that d = N and p; =p,Vj =1,..., M, we can compare the complexity
of both methods in that case. The self-concordance parameter of the barrier used
by Xue and Ye in [66] is 200M (2N +1), while for our barrier it is only 3N M, show-
ing a clear advantage for our approach. The iteration complexity of the method

T
By A
1Bl 1Bl

)
p
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used by Xue and Ye in their computational results is O(2M +/200M (2N +1) -

log(w - MN)), and for our method is O(N M) - O (log (*21)). The com-
plexities are equivalent except for M > N, in which case our method has a better
bound. Finally, the cost per iteration for Xue and Ye in [66] is O(M N?), which
is also the case for our method. Summarizing, both methods have comparable
overall algorithmic complexity, although our method has a slight advantage when
M > N.

We now look at the test case considered by Xue and Ye in [66] of finding the
shortest network under a given N-Steiner topology, with L = 10. Reformulating
this problem as a sum of p-norms problem yields the parameters M = 2L —3,d =
2, N = 2L —4. Xue and Ye consider several values of p, among which p = 3. With
the algorithms proposed in their work they get a solution with an accuracy of
1.0e — 5 in 33 iterations, whereas choosing for our formulation some random data
in the same dimensions (omitting d), we get a solution with the same accuracy
requirement in 31 iterations. This slight improvement is not too surprising because
of the smaller self-concordance parameter of our barrier, although both iteration
counts are much better than their corresponding pessimistic worst-case bounds.

Comparing CPU times is not possible since no computation times are reported
by Xue and Ye [66]. Although the size of the linear systems to be solved at
each iteration is smaller (2M(d 4+ 1) + 2M 4+ N = 152) when compared to ours
(N(M + 1) = 288), the special block-structure and sparsity of our system have
to be taken into account, which make it difficult to predict which method will be
more efficient in practice.

To conclude this section, we observe that the main advantage of our approach
seems to be its simplicity and versatility: a single barrier for the 3-dimensional
power cone is all that is needed to derive a polynomial-time algorithm, while Xue
and Ye [66] propose in their approach three different barriers for p-cones, to be
chosen according to the value of the norm parameter p. Moreover, while the
approach of Xue and Ye can in principle be applied to any problem involving p-
cones such as (LOC}), ours can be applied to any problem based on power cones,
which encompass all problems with p-cones and many others, such as problems
involving sums of p powers.

4.5.2 Geometric programming

We recall the definition of a geometric program in posynomial form (GP). Let
(pos) (mon)
4, J
RN, i=1,...,n;,j=0,...,M and K](-mon) € RN, j =1,..., Myon real expo-
nents. Then (GP) is given by

x € RN be positive variables, D and e positive coeflicients and Kz(-gos) €

20 (pos)
. (pos
min E Dg%os) %o
p. ,
i=1

j
) K Pos) GP
st Y DI RRET <1 =1, M @)
i=1

(mon) K(-mon) .
e; T =1, j=1,..., Mmon.
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We have shown in Section 4.4.2 that (GP) can be cast in dual conic form

max by
s.t.c—ATyEIC*:ICepr---XICeXp, (D —-GP)
A?y =cy.

The variables are y = (u,w,v) € RVHHZ5 " where w € R and v € R0
are artificial variables. The data A, A¢,c,cy and b are suitably chosen and K* is

a direct product of Z;io n; exponential cones Kexp. Using the 3-self-concordant
barrier for Kexp, we obtain a v-self-concordant barrier for the feasible set of (D —
GP), where v =3 Zj]\io n;.

Let us show again that the assumptions on page 66 are satisfied. One can
verify that the matrix A in the conic formulation (D — GP) is given by

Kpos - B1 M M
A= 0---0 c R(N+1+Zj:0 n;)X (33250, "1)7
Bs

where

Kpos = [K{7 - K0, | € RNV Eo0m

na,M
By =blkdiagsu (]-1,0,0]) € R0 ni) % (332710 ny)

. Moy SOM g

By = blkdiagyw ., ([0,~1,0]) € R0 )X (32520 m5)

Since Kpos has full row rank we conclude that A is in fact rank deficient, its rank
is equal to N + Z;Vio n;. However, the linear equalities are given by ATy = cy,
with

=le u)
where
0 0 -1
e F=|. D | e R x(N+1)
0 -~ 0 0

e B =Dblkdiag(l,;) € RMFDX (520 1) where 1,, is a row vector of ones of

size nj,j =0,..., M

K(mon) T M "
— mon X (N+1)
e G [ 0..-0 } eR .

We see that the row N + 1 in [A, Af] consists of zeros except for the first column
of Ay where the component is —1. That means this row is linearly independent
from all the other rows and we conclude [A, A¢] has full row rank. Further, we see
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immediately that A; has full column rank because both BT and K (mon) have full
column rank.

To see the last assumption, let y = (u,w,v) such that ¢ — ATy € int K* and
A? y = cy. Let (Au, Aw, Av) # 0 be any direction.

If Aw # 0 or Av # 0 then it is always possible to find a step size 7 such that
w+ yAw < 0 or v 4+ vAwv ¥ 0, which is not possible. Let therefore Aw = 0 and
Av = 0, and assume Au # 0 (otherwise (Au, Aw, Av) = 0). Since K¢ has full
)

. . . . os
row rank, it cannot contain any 0-rows, which means there exists a column KZ(P;
;

such that AuTKZ(-z-OS) # 0. It is clear that we can find a step size 7 such that

(u+vAu)TKP + i ; > max{log(w), 0},

which violates one of the inequality constraints.

This means for any strictly feasible point y and any direction Ay # 0 we
cannot extend along this direction towards +o0o and —oo, so the feasible region of
(D — GP) does not contain straight lines and the Newton directions are defined
at any feasible point y.

In order to test our algorithm we consider a family of random GPs generated
by the script mkgp, a Matlab function included in gpcvx® that has originally been
written by Lieven Vandenberghe and later modified by Kwangmoo Koh. The
parameters are N (the number of original variables), M (the number of posynomial

constraints), Mmon (the number of monomial constraints), n;, j =0,..., M (the
number of monomial terms in each posynomial).
We test on random instances with n; = 5,5 =0,..., M, Myon = 5 for different

values of N and M. We are comparing the dual path-following method (D-IPM),
the nonsymmetric predictor-corrector method (PD-IPM) and gpcvx, a dedicated
GP solver by Koh et al ([36]). The first two methods solve the conic reformulation
(D — GP), while gpcvx works directly on the convex reformulation (GP); to be
precise, it uses the logarithmic transformation of the objective and the constraints.
The constraints of the form

nj
Zexp (’U,TKZ'J' + Ci,j) S 1,
i=1
are reformulated as
log <Z exp (u"K;; + Ci,j)> <log(1) =0, (4.20)
i=1

for j = 1,...,M. This convex reformulation of (GPy) admits a dual problem
involving entropy functions (for details, see [36]). The authors of GPCVX propose
a primal-dual interior-point method which uses barriers of the following form

Fj(u) = —log <— log <ZJ exp ('K ; + Ci,j)>> .

i=1

5See http://wuw.stanford.edu/ boyd/ggplab/gpcvx.pdf
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These barriers are not known to be self-concordant for its domain (unless n; =
1). Therefore, the proposed interior-point method does not exhibit a guaranteed
polynomial complexity.

Table 4.4 illustrates the number of iterations for solving (GP) up to accuracy
€ = 107% when using the three above-mentioned methods. The number of iter-

[ dimension [ D-IPM | PD-IPM | GPCVX |
N =50, M = 50 92 66 35
N=50,M =100 | 237 82 36
N=50,M =150 | 158 72 36
N =100, M =100 | 133 74 36
N =100,M =200 | 172 79 38
N =100, M =300 | 127 68 38
N =100, M =400 | 98 67 37
N =100, M =500 | 246 86 10
N =200,M =200 | 348 132 38
N =200,M =400 | 292 98 39
N =200, M =600 | 105 92 13
N =200,M =800 | 211 105 13

Table 4.4: Number of iterations used by each solver.

ations of the primal-dual method is lower than for the dual method. However,
we also note that the iteration count is much higher as compared to gpcvx. This
could be explained by the lifting to the higher-dimensional problem, where for
each monomial in each posynomial one cone Ky, is introduced. gpcvx on the
other hand, does not use a self-concordant barrier, but instead it works directly
on the logarithmic transformation of the convex reformulation (GFp).

This effect is even more striking when looking at Table 4.5 which displays the
computation time. The computation time of our dual and primal-dual method is
significantly higher as compared to gpcvx. This observation can be explained by
investigating the numerical cost per iteration. Indeed, gpcvx computes Newton
directions in terms of the original variables v which means linear systems of size
N have to be solved in each iteration. In the decomposed problem (GP%) the
number of variables in N + 1 + Z;bio n; = N+ 14 5(M + 1), which is essentially
the size of the linear systems to be solved in each iteration. We see in Table 4.5
that when using the decomposing technique the cost of each iteration does depend
on the number of posynomial terms M, while the computation time of gpcvx is
independent of the M. This effect can be observed .

We also observe that the computation time of the primal-dual method is higher
as compared to the dual method, even though the number of iterations is lower.
This can be explained by the fact that after each dual centering we compute the
primal-dual affine-scaling direction (2.67) whose cost is comparable to computing
one Newton direction for the centering phase.
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| dimension | D-IPM | PD-IPM | GPCVX |
N =50,M =50 1.19 2.33 0.27
N =50,M =100 3.79 3.89 0.20
N =50,M = 150 3.18 4.14 0.23
N =100, M =100 3.17 4.32 0.36
N =100, M = 200 4.97 5.46 0.41
N =100, M = 300 4.46 6.01 0.45
N =100, M = 400 4.03 7.25 0.48
N =100,M =500 | 13.15 10.10 0.57
N =200,M =200 | 13.61 11.81 0.88
N =200, M =400 | 15.01 10.74 0.89
N = 200, M = 600 6.49 14.22 0.99
N =200, M =800 | 14.37 19.75 1.03

Table 4.5: CPU time (in seconds) used by each solver.

4.5.3 A problem involving mixed powers

In Section 4.5.1 we analyzed the problem class of generalized location problems
and compared the performance of our dual path-following method and primal-
dual predictor-corrector method to three nonlinear solvers (MINOS, SNOPT and
KNITRO). It turned out that for small instances all solvers are more or less com-
parable, while for larger problems the three nonlinear solvers are getting more
and more unreliable in terms of the number of problems that are solved up to
optimality with optimality certificate.

In this section we consider a problem class where even for tiny instances the
nonlinear solvers have difficulties with solving the problems. Let us recall the
convex set Cp, from Section 4.1.4, which is defined over mixed p-powers, i.e.

N
Cp = {($,t) : Z|$i|pi < tpo, t > 0}

i=1

where 1 < pg < mins—y,.. nyp;. We have seen in Section 4.1.4 that C, is a-
representable and therefore we can optimize over that set.
For an arbitrary vector d € R let us define the convex problem

min dTz +t

x,t
st (.8) €C, (4.21)
t<1.
We see that the feasible set of (4.21) is defined over one single nonlinear constraint
in dimension N + 1. Additionally, we introduced one linear inequality constraint
to bound the feasible set and to make sure that the problem is solvable. Using
the conic decomposition of C, from Section 4.1.4, we arrive at the following conic
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reformulation of (4.21)

N
min de+Zwi
i=1
Po .
sit. (v, 1, ;) € Koy, 4 = —, 1 =1,...,N,
bpi
N 1 (4.22)
Wy, wi,v; | € Koy, g =—, 1=1,...,N,

N
=1

We see that we have reformulated (4.21) by using 2N power cone constraints
and by introducing 2N artificial variables v and w. On the other hand, we have
replaced ¢ by vazl w;.

In the numerical tests we generated instances of (4.21) for different values of
N, and random data d and p such that 1 < pg < min;—;, N p;. Our goal is not to
reach the computational limit in terms of the problem size. We aim to illustrate
that even for small and rather well-behaved problems the nonlinear solvers might
fail. This is why we are comparing the number of iterations and the reliability of
the dual path-following method to the nonlinear solvers MINOS 5.5 ¢, SNOPT 6.1-
17 and KNITRO 6.0.08. All three solvers are given the original problem (4.21) to
solve. Our interior-point solver is solving the dual conic reformulation of (4.22).

In Table 4.6 we list the average number of iterations to solve the random
instances of (4.21). The number of iterations of the dual interior-point method

[ dimension | D-IPM | MINOS | SNOPT | KNITRO |

N =2 27.2 33.4 39.5 336.6
N=5 23.3 56.9 46.3 1493.4
N =10 25.3 61.2 84.3 3200.3
N =20 36.2 95.8 94.7 2137
N =50 36.0 174.4 358.8 1021.2
N =100 37.1 247.3 399 25

Table 4.6: Number of iterations for each solver (averaged on 10 instances).

is increasing only mildly with the problem size. On the other hand, MINOS and
SNOPT display a significant increase in the number of iterations. For N = 100
it is roughly 10 times the number of iterations needed by the dual interior-point
method. KNITRO shows an inexplicable behavior. For NV = 2 it needs a rather
large number of iterations, which gets even worse for increasing problem size.
However, for N = 100 the number of iterations is becoming rather low, even
though the problem seems to be more difficult.

Shttp://www.sbsi-sol-optimize.com/asp/sol_product _minos.htm
"http://www.sbsi-sol-optimize.com /asp/sol_product_snopt.htm
8http://www.ziena.com/knitro.htm
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Table 4.7 shows the reliability (in terms of the average number of problems
that could be solved) of the four solvers tested. We remark here that the dual

[ dimension | D-IPM | MINOS | SNOPT | KNITRO |

N=2 100% 80% 20% 70%
N=5 100% 90% 50% 80%
N =10 100% 100% 30% 70%
N =20 100% 100% 60% 90%
N =50 100% 100% 0% 90%
N =100 100% 100% 0% 100%

Table 4.7: Percentage of solutions for which optimality is guaranteed

interior-point method could solve all the problems up to optimality, while the
three nonlinear solvers have difficulties with solving the problems. MINOS was
solving the problems rather robustly, even though the number of iterations were
increasing significantly with the problem size. SNOPT was completely failing on
the larger instances (even though it claimed to have found an optimal solution,
which was clearly worse than the true optimal solution). KNITRO, on the other
hand was surprisingly failing on the smaller instances, it stopped after a large

number of iterations at solutions that were far from optimal.




CHAPTER D

Partial minimization

We have shown in earlier chapters that interior-point methods are extremely pow-
erful and reliable for solving convex optimization problems. We have recalled for
example that a polynomial complexity can be established in terms of the number
of iterations for finding a point in close proximity to an exact optimal solution.
Moreover, the theoretical complexity bound is often pessimistic in that the num-
ber of iterations to solve the problem increases only mildly when the problem size
increases (for details see Section 4.5).

On the other hand interior-point methods have at least three major drawbacks.
First, in order to profit from the polynomial complexity safeguard, one needs
an explicit self-concordant barrier for the feasible set (and possibly also for the
epigraph of the convex objective). To find such a barrier is in general a difficult
task because it involves a uniform bounding of the third directional derivative of
the barrier by an appropriate power of the second directional derivative. Second,
due to their nature as second-order methods, interior-point methods have the
practical disadvantages of relatively high memory usage. In each iteration one
needs to compute and store the gradient and Hessian of some convex function.
Finally, each iteration requires a high computational effort. In order to compute
the search directions, one has to solve a linear system of equations, whose size is
essentially the number of variables. For dense problems with many variables these
tasks are intractable. We have observed those phenomena in Section 4.5, where,
although the number of iterations of our interior-point code was competitive with
or even better than most of the tested solvers for nonlinear problems, the cost of
one single iteration was increasing dramatically when the problem size increased.

However, there is hope for improvement, because often it is necessary to lift
the feasible set of an optimization problem to a higher-dimensional space in order
to have a self-concordant barrier available. That means the problem we actually
want to solve might not be large per se, but has to be embedded into a higher-
dimensional formulation in order to use the interior-point machinery.

153
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Consider for example the convex constraint
n
> exp(ui) <1, (5.1)
i=1

for which no explicit self-concordant barrier, expressed only in terms of u, is known.
However, it is clear that (5.1) can be reformulated into

exp(u;) <wv, i=1,...,n
- 5.2
>t "
i=1

by introducing n additional variables v. Note that (5.2) can be handled in an
interior-point framework since a self-concordant barrier for the epigraph of the
exponential function is known. On the other hand we see that we have doubled
the number of variables from n to 2n. This means the more compact but less
handy constraint (5.1) is replaced by the augmented (2n instead of n variables)
but simpler constraint (5.2) with the benefit of having a self-concordant barrier
at hand. In general, a doubling of the number of variables means that the mem-
ory storage increases roughly by a factor of 4 and the computational cost of one
iteration roughly by a factor of 8 (using e.g. a Cholesky factorization to solve
the linear system). Even if - in the particular example shown above - the storage
and computational cost will certainly be more favorable than in the general case,
there will still be some non-negligible increase of the storage and numerical cost
observable.

In this chapter we address the issue of variable reduction. We consider convex
problems that can be reformulated into partially sparse problems with explicit
self-concordant barrier for the feasible set. Based on results by Nesterov ([50])
we use this partial sparsity to derive an implicit barrier for the feasible set of the
original convex problem. We will show how this technique can be embedded into a
path-following interior-point method, even if the partial minimization subproblem
cannot be solved analytically but only approximately via an iterative scheme. We
show that polynomial complexity can be maintained and that in some cases a
substantial improvement in the computational effort can be achieved. Moreover,
the proposed concept gives rise to parallelization in practical implementations.
Indeed, we see that the decomposed formulation (5.2) is partially separable, in
that the variables v; only appear in one inquality constraint at a time. In the
context of interior-point methods this means that the minimization of a barrier
function F' with respect to the artificial variables v can be done in parallel, which
will result in faster computations.

In Section 5.1 we derive an extended formulation that naturally arises when-
ever we deal with convex problems for whose feasible set we do not know a self-
concordant barrier. The concept of partial minimization is presented in Section 5.2.
We show how it can be embedded into an interior-point method and present its
complexity result. In Section 5.3 we consider the case where the partial mini-
mization subproblem cannot be solved analytically. We show how to obtain an
approximate partial minimizer and how the outer algorithm can be adapted so



5.1. LIFTING 155

that the global complexity bound from the previous section is essentially main-
tained. Finally, in Section 5.4 we consider two classes of optimization problems
(discussed earlier in Section 4.4) which are well-suited for the application of the
partial minimization technique. We present numerical results for interior-point
methods with and without approximate partial minimization.

5.1 Lifting

In this section we are going to formalize the situation that we have encountered in
the example above, where the sum-of-exponential expression has been decomposed
into several simple expressions which are linked by one linear equality.

We consider a general convex optimization problem of the following form

min a” z

# 5.3
zeC CR™, (53)

where C is a closed convex set which is not necessarily full-dimensional. We have
shown in Chapter 2 that in order to use interior-point methods to solve (5.3), we
need to have available a self-concordant barrier for the feasible set, which implicitly
assumes that C has interior-points (i.e. it has to be full-dimensional). If C is not
full-dimensional, then it can be written as

c=c(L

where C C R™ is full-dimensional and £ = {2z : Gz = g} C R™ for some matrix
G with full row rank. In that notation (5.3) becomes

min a” z

z €C, (5.4)
Gz =g.

In Chapter 2 we have shown that if we have access to the value, the gradient
and the Hessian of a self-concordant barrier for C, then (5.4) can be solved in
polynomial time. If we cannot access this information of a self-concordant barrier
for C, then it still might be possible to solve (5.4), provided that C can be expressed
as a projection of some higher-dimensional closed convex set Q C R™*"2 onto the
z-variables. Thus, we need that z € C if and only if 3v € R™ such that

(z,v) € 0,

where Q is not necessarily full-dimensional. If indeed Q does not contain interior
points, then we can write it as

9=0(\t

with some full-dimensional set @ C R™ "2 and £ = {(z,v) : Fz+ Bv = d}, where
BeRm™™ EF e R™ ™ and d € R™. We can assume without loss of generality
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that B has full row rank because C is full-dimensional. Indeed, if B does contain
linearly dependent rows, then we can reformulate the system

FEz+Bv=d

so that it contains a linear constraint only involving z (and not v), which means
that C cannot have full dimension. Summarizing, if C admits a lifting as described
above, then (5.3) can be solved by the extended formulation
min a” 2
zZ,v
(z,v) € Q, (5.5)
FEz+ Bv =d,
Gz =g.

where B and G have full row rank and Q is full-dimensional.

If we have a self-concordant barrier available for Q, then (5.5) can be solved in
polynomial time and the z-component of the optimal solution is an optimal solution
for (5.4). The drawback of this lifting procedure is the introduction of artificial
variables v for the sake of having a formulation whose feasible set admits a self-
concordant barrier. The technique of partial minimization targets at overcoming
the above-mentioned disadvantage. Based on the extended formulation (5.5) with
the self-concordant barrier F' for O we want to derive a self-concordant barrier for
the lower-dimensional set C, or at least to approximate such a barrier.

Let us summarize the basic assumptions that we make for the partial mini-
mization framework:

Assumption 4 [Partial Minimization]
1. CC R™ and Q C R™T"2 gre full-dimensional closed convex sets,

2. B € R™"™ gnd G € R™>™ hagve full row rank, £ € R™™
gEeR™2 deR™,

3. let z € C CR™ if and only if Jv such that (z,v) € QN L,
4. C does not contain straight lines,
5. for any zZ € int C( £ we have QN LN{(z,v) : z = Z} is bounded,

6. F is a v-self-concordant barrier for Q.

The above assumptions might seem somewhat restrictive. However, we argue
(and we will demonstrate later on concrete examples) that these assumptions arise
naturally. The full-dimensionality of C and Q is necessary for the interior-point
framework. If they are not full-dimensional, then it is possible to write them as the
intersection of a full-dimensional set with an affine subspace, defined by a matrix
with full row rank.

The projection property naturally arises whenever C is given by convex con-
straints that are given by combinations (e.g. sums) of elementary convex func-
tions. We will show later examples of such projections. The fact that C does not
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contain straight lines ensures that the Newton directions for the implicit barrier
(that we will define later) are defined. The assumption Q@ L({(z,v) : z = Z}
being bounded for a fixed z € C[) will guarantee that the partial minimization
subproblems do have unique solutions.

5.2 Exact partial minimization

Partial minimization denotes the process of minimizing a self-concordant barrier
F with respect to some of its variables. In this section we show that partial min-
imization preserves the self-concordance property. This means that if the partial
minimization problem can be solved efficiently, then it can be used as a means to
reduce the dimension while preserving polynomial complexity of solving the actual
problem.

5.2.1 Partial minimization theorem
Let z € int C() £. The partial minimization problem is given by

min F(z,v)
! (PM(z))
FEz+ Bv =d.

We have assumed that for any fized z the set Q)L is bounded. Since F is a
barrier for its domain int @, and any intersection of @ with an affine subspace,
there exists a unique solution for (PM(z)). Let us denote this partial minimizer
by v(z). Then we can define the implicit function

p(2) = F(z,0(2)),

which we call the partially minimized barrier. It is clear that dom¢ = intC.
Indeed, if z € int C, then there exists by assumption a v such that (z,v) € int Q,
which means that F(z,v) < oo. Thus, ¢(z) < oo, i.e. z € domp. Reversely, let
z € dom . Then there exists a point v(z) such that (z,v(z)) € dom F' = int Q
and E z + Bv(z) = d. By assumption we have then z € intC.

Note that v(2) is characterized by the optimality conditions: 3 A, (z) such that

Fl(z,v(2)) = -BT Ao (2)

Bu(z) =d— E=. (5.6)

When we derive the optimality conditions (5.6) with respect to z, we get

"

Fly(2,0()) V' (2) + F,.(2,0(2)) = =BT X, (2)
Bv'(2) = —E,

which can be written in the more compact form

F;’U(z],g v(2)) BOT] , [;’,'((ZZ))] _ [FL;(ZI:J v(Z))] . (5.7)
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The solutions v'(z) and X, (z) are the Jacobians of the partial minimizer v(z)
and the optimal dual multipliers \,(z) with respect to z. Let us compute now
the derivatives of the implicit barrier ¢. When applying the chain rule and the
optimality conditions (5.6) and (5.7), we get

Vip(z) = Fi(z,0(2)) + ()" Fy(z,0(2))
————

9 _pry, ()

— Fl(z,0(2)) = /()7 BT Au(2)

67

ET
= Fl(z,v(2)) + ET )\, (2). (5.8)
It follows that the Hessian becomes
V2p(2) = FlL(2,0(2)) + Fl, (z,0(2)) v/ (2) + ET X, (2). (5.9)

The following theorem is the main result of this section. It states that mini-
mizing a self-concordant barrier with respect to some of its variables preserves the
self-concordance property.

Theorem 5.2.1. Let the Assumptions 4 be satisfied. Then
©(z) =min{F(z,v): Bv=d— Ez}

is a nondegenerate v-self-concordant barrier for C.

In [50, Theorem 3] Nesterov provides a similar result for the special case where
Q does not contain a straight line, something we do not assume here, and the
right-hand side of the linear equalities do not depend on z (i.e. E =0). Theorem
5.2.1 treats therefore a more general case and we have to prove it for our setting.
The outline of the proof, however, is strongly related to the one in [50].

As a first step, we need the following technical results.

Lemma 5.2.2. Let

- [An AL
A= 12| £ Ratnz,nitng
{Aw Ago

be symmetric and positive semidefinite and Asy positive definite. A defines a
quadratic form in y = (z,v):

(Ay,y) = (A112,2) + 2(A122,v) + (Agv,v). (5.10)

Let B € R™"2 be q matrix with full row rank, E € R™™ . Then the matriz P
of the quadratic form

(Pz,z) = m&n{(/iy,y) :Bv=—-Ez} (5.11)

is given by
P:P1+P25
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where

P1 = A11 — A{2A2721A12

Py = (—F + BA3) A12)" (BAS; BY) ™Y (—E + BAL Ay»).
Proof. The optimality conditions for (5.11) are

Agov + Ajpz = BTA (5.12)
Bv=—-Fz.
Since Ass is positive definite, we get
v=Ay - (BTX - Aj52),
and substituting the above expression for v in the second equation of (5.12) yields

BA3; BT A= (—E + BAy; Apo) 2.

B has full row rank, which implies that the matrix on the left-hand side is positive
definite. Therefore, we get

A= (BAL'BT)™'[-E + BA,' A1s] 2

::Pg

and replacing this expression in the above formula for v, we obtain

v = A2_21 [BT(BAQ_QIBT)71 (*E + BA2_21A12) — Alg] z.

=A3 (BT P3—A12)
Let us plug now this expression into (5.10):
<Ay, y> = <A11,Z, Z> + 2<A122, AE; (BTP3 — A12) Z> + <(BTP3 — Alg)Z, A;zl (BTP3 — A12) Z>,

which is a quadratic form in z. Let us simplify the corresponding matrix P such
that (Ay,y) = (Pz, z). We get

P =Ay +2AT, A5 BT Py — 2AT, A5 Ay
+ PIBAL BT P; —PTBAL A1y — ALLAS) BT Py + AT, AL} Agy
N——

=Py
=Ay — AL AL A1 + P + AL A BT Py — PIBAL Ay
Py =M =MT

=P+ P, +M—MT.
It remains to note that M — M7 is skew-symmetric, which implies

(Pz,2) = ((P1 + P2)z,2) + {((—M + MT)z,z> ={(P1 + P)z,2)

=0
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Remark 5.2.3. We see that P, is the Schur complement of A with respect to
the block Ass. Furthermore, we see that the Schur complement of the augmented
matrix

Ay AL, ET
Ay Ay BT
E B 0
with respect to the block Ago is
M, — 131_1 ET — A{Efl;%BT
E—BA;}A;,  —BAYB

Since B has full row rank, we get as the Schur complement of M with respect to
the block —BA, BT :
P=P + Ps.

We have seen that (5.9) gives the Hessian of the implicit barrier ¢, assuming
that we have computed the partial minimizer v(z) and the Jacobians v’(z) and
A (z). The following result provides an interpretation of the matrix H(z,v) that
we obtain from (5.9) without assuming that v is the partial minimizer for z.

Corollary 5.2.4. Let B € R™"™ be a matriz with full row rank and E € R™1 "1,
Let y = (z,v) € mt QL and Ay = (Az,Av) a feasible direction such that
BAv+ EAz =0. Let the matrices J(z,v) and L(z,v) be the solution of

[F;;g,v) BOT] , [ﬁzzﬂ _ [F;/Z(z,v)] )

and define H(z,v)as
H(z,v) = F..(2,0) + F.,(2,0) J(2,0) + ET L(z,0).
Then we have

(H(z,v)Az,Az) = n&igl{(V2F(y)Ay, Ay): BAv = —EAz}.

1"

Proof. We simply apply Lemma 5.2.2 with Ay = F._(z,v), Ayp = F.(z,v) and

Az = F,,(#,v). Note that Assumption 4 implies that F,,(z, v) is positive definite.

Let us denote J = J(z,v), L = L(z,v) and H = H(z,v). We have to show that
P+ P, =H.

Recall that, using the above notation, we have

H=An1+ALJ+ETL (5.14)

where J and L are the solutions of (5.13) which becomes in the above notation

][]
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Since Ass is positive definite, we get
J=—Ay (BT L+ A)

and substituting the above expression for J in the second equation of the system
yields
BAR'BT L= -BA3 A5 + E.

B has full row rank, which implies that the matrix on the left-hand side is positive
definite. Therefore, we get

L=—(BAL' BT . [-FE + BAy Aj5] = — P, (5.15)

where Ps is defined as in the proof of Lemma 5.2.2. If we replace the expression
for L in the above formula for J, we obtain

J= A3 (BTP; — Ap). (5.16)
Plugging (5.15) and (5.16) into (5.14), we get

H= Ay — AL A A + AL A BTP; — ET Py
=P+ (—E + BA3, A12)" P
= P, + P,

O

Corollary 5.2.5. Let z € int C with partial minimizer v(z). Denote y = (z,v(%)).
Then it holds for any direction Az € R™

AZTV2p(2) Az = HAlin{AyTVQF(y)Ay : BAv = —FEAz}.

Proof. The result follows directly from Corollary 5.2.4 and the fact that v = v(2)
means that (5.7) is the same system as (5.13). It follows H(z,v(z)) = v'(2),
L(z,v(z)) = X (2) and consequently H(z,v(z)) = VZ¢(2).

O

We have now all the tools ready to prove Theorem 5.2.1.

Proof of Theorem 5.2.1. Let zy € int C with partial minimizer v(zp), denote yg =
(z0,v(20)). Let Az € R™ such that Z = zp + Az € intC. Let ¥ such that
g = (2,9) € int Q) L, which always exists by assumption. Finally, denote Av =
v —v(20) and Ay = (Az, Av).

Because of Theorem 2.2.15 and equations (5.8) and (5.6) we have

F(5) > F(yo) + VF(yo)" Ay + w(||Ayllv2 F(yo))
= o(z0) + FL(yo)" Az + F)(yo)" Av + w(||Ayllv2r(y0))
= ¢(20) + (Vep(20) — E"Au(20))" Az = Ay (20)" BAY 4+ w(||AYl| w2 p(yo))-
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Since § € L and also yo € L, we conclude that E(zZ — 2¢) + B(? — v(z0)) =
EAz+ BAv = 0. Therefore, BAv = —EAz and we get

F(7) = ¢(20) + V(20) " Az + w([|Ayllv2 py,))-

Let us minimize now both sides of the inequality for all feasible v, i.e. for all v
such that £z + Bv = d. Then we get

©(2) > p(z0) + Vo(z0) Az + w < min _||Az, v — ”*(Zo)||v2F(yo>>

v:Bv=d—

T .
= (20) + V(20)" Az +w (AU:BEJI_HEAZ [|Az, Av||V2F(yU)) )

It follows, using Corollary 5.2.5
©0(Z) > @(20) + Vip(20)T Az 4+ w ((AZTVQCP(Z)AZ) 1/2) .
Inequality (2.12) implies that ¢ is indeed a self-concordant function.
Let us show now that ¢ is also a v-self-concordant barrier for C. Using again

(5.6) and (5.8) and the fact that BAv = —EAz, we have

VF(yo)" Ay = F.(y0)" Az + F)(y0)" Av
= (V(z0) — ET Ay (20))T Az — Ay (20)T BAv
= (Vp(z0) — BT XNy (20)T Az + Xy (20)TEAZ
= V(20) T Az.

Using Theorem 2.4.7, we get
1
F@) 2 Flo) + VF ()" Sy -+ v (395 ()7 Ay )
1
= (20) + Voo(20)T Az + vw, (;VCP(ZO)TAZ> .

Minimizing the left-hand side of the inequality with respect to all feasible v we get

0(2) > @(20) + Veo(z0)" Az + vw, (%V(p(zo)TAz) .

According to Theorem 2.4.7 this means that ¢ is a v-self-concordant barrier for
C. O
5.2.2 Two examples of partial minimization

Explicit partial minimizer

Let us consider the convex constraint

e’ < w. (5.17)
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We see that (5.17) can be written equivalently as
e’ <w
<o (5.18)
by introducing an artificial variable v. Moreover, we know that
Fi(v,w) = —log(w) — log(log(w) — v)
is a 2-self-concordant barrier for the set {e” < w} (see e.g. [44]), and

Fy(u,v) = —log(v — u?)

is a 1-self-concordant barrier for {u? < v} (see e.g. [46, Example 4.2.1(4)]). We
conclude that

F(u,w,v) = —log(w) — log(log(w) — v) — log(v — u?)
is a 3-self-concordant barrier for (5.18). On the other hand, we do not need the
artificial variable v. Minimizing F' with respect to v gives as optimal solution
* 1 2
v* = §(u + log(w)).
Therefore we can conclude that

o(u,w) = —log(w) — 2log(log(w) — u?) + 2log (2).

is a 3-self-concordant barrier for (5.17).

Unfortunately, it is not always possible to compute analytically the partial min-
imizer. In the above example this was possible because the optimality conditions
for minimizing F with respect to v were particularly simple. However, this is not
always the case, as the following example illustrates.

Implicit partial minimizer

Let us consider the convex constraint
n
Zexp(ui) < ug (5.19)
i=1

which is equivalent to
exp(u;) < v;
- (5.20)
Z V; = Ug.
i=1

The second formulation has the advantage of having an explicit barrier available.
Indeed,

F(u,v) = (—log(v;) — log(log(vi) — us))

i=1
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is a 2n-self-concordant barrier for (5.20). On the other hand, if we want to mini-
mize a linear function over (5.19), we only need a self-concordant barrier for this
reduced set. According to Theorem 5.2.1 the implicit function
e(u):= min F(u,v)
vy v, =up
is a 2n-self-concordant barrier for (5.19). The optimality conditions for the above
partial minimization subproblem are: 3 A:

It seems difficult to find an analytic solution to these optimality conditions. How-
ever, we might try to find an approximate solution v, as it will be described in
Section 5.3.

5.2.3 Analytic centering using partial minimization

We consider now the analytic centering problem of minimizing F' restricted to
linear subspaces defined by £ and L, i.e.

min F(z,v)

Z,v

Ez+Bv=d (AC)
Gz =g.

Using Theorem 5.2.1, the analytic centering problem (AC) can be written as
min ¢(z)

Gz =g.

(5.21)

It is clear that if we want to make sure that a solution to (5.21) exists, we have to
add the assumption that C () £ is bounded.

In order to solve (5.21) we employ a damped Newton scheme as discussed in
Section 2.3. The Newton directions are computed by solving the linear system

[v2g(z) (,;T] , [ﬂ _ [—V&p(z)} | 52

where the gradient and Hessian of ¢ are given by (5.8) and (5.9).
Using Theorem 2.3.7, we conclude that we can solve (5.21) up to accuracy € in
no more than

20 = 0() | 1 1o, (1om (1/¢
w(ﬁ) +O(1 g2 (1 g2 (1/ )))

36
2
solution for (5.21). Then we have that (z,v(Z)) is an e-solution for the full problem

(AC).

iterations, where 3 € (0, ) and € := w;!(e). Let z such an approximate
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In view of the observations from Section 2.3.3, we have that the numerical cost

of solving (5.22) is
1
o (50 +mar)

flops, while the complexity of solving the Newton system corresponding to the full
analytic centering problem (AC) would be

1
O (g(m +ng +my + m2)3)
flops, since the number of variables is n = n; + ny and the number of constraints
is m = m1 + ma. We see that the improvement is significant if ny and/or my
are large as compared to n; and meo. Note that the above complexity does not
take sparsity into account, in which case the complexity of solving (AC) would be
lower.

5.2.4 Solving convex problems using partial minimization

We consider now the convex optimization problem of minimizing a linear function

a over C L.

min a” z

st.zel (5.23)
Gz =g.

Since the implicit barrier ¢(z) is a nondegenerate v-self-concordant barrier for
C, according to Theorem 2.4.14 the complexity of solving (5.23) is bounded by

¥<o(vFs(2)

iterations. Moreover, the cost per iteration is significantly lower as compared to
the lifted formulation involving the higher-dimensional set Q (see Section 5.2.3).

5.3 Approximate partial minimization

In the previous section we have showed that minimizing a self-concordant barrier
with respect to some variables that are not needed, preserves the self-concordance
property. As a consequence, we are able to solve the original problem in the
lower-dimensional space using that implicit barrier. However, this result is only
of limited direct use, because often we will not be able to compute the partial
minimizer analytically as in the first example in Section 5.2.2. In this section we
illustrate how the concept of partial minimization can be used even if the partial
minimizer is only computed approximately.

Let us recall the partial minimization subproblem for a fixed strictly feasible
point z € intC () L:

(z) = min F(z,v)
TR (PM(2))
st. Bv=d— FE-z.
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As we have argued in Section 5.2, Assumptions 4 guarantee that for any z €
int C( £ a solution for (PM(z)) exists and is unique.

5.3.1 Computing the approximate partial minimizer

In general it is not possible to find analytically a solution for (PM(z)). However,
since F' is a self-concordant function, we can efficiently compute an approximate
solution for (PM(z)) by a damped Newton scheme. Let (z,v) € int QL be a
strictly feasible starting point. The Newton directions can be obtained by solving
the following linear system

[F;;g,m BOT] , [ﬂ _ [—F;éz,w} _ (5.24)

For the sake of simplifying notation we denote F.,, = F., (z,v) and F, = F,(z,v).
For a fized z € int C () £ the domain of F' is bounded by Assumption 4. Therefore
the v-block of the Hessian (F,,) is nondegenerate and we get as solution for (5.24)

1"

Av=—(F,) ' (F, + BT\,).
Since B has full row rank we can pre-multiply the above expression by B and get

-1
\o=—|B(F,,)"'B"| B(F,)"'F,
(see also Section 2.3.3).

In order to solve (PM(z)) we apply several damped Newton steps v = v + -
Awv, where + is a a suitable step size parameter. Lemma 2.3.6 provides us with a
safeguard step length v = ﬁ that guarantees a decrease in the objective value
(in practice we might try to find a larger step size). Here, §, denotes the Newton
decrement 4, := ||Av||, = (AvT F.,,Av)'/2. The stopping criterion for the damped
Newton scheme is the size of the Newton decrement: as soon as d, < 3, < 1 we
call the current iterate v a [§,-approximation to the exact partial minimizer v(z)
(and X the corresponding multiplier that approximates the exact multiplier A, (2)).
Then we have that F(z,7) is an approximation for the value of ¢ at z.

5.3.2 Analytic centering using approximate partial mini-
mization

In this section we consider again the analytic centering problem (AC), i.e.

min F(z,v)
Z,v

Ez+Bv=d (AC)
Gz =g.

As in Section 5.2.3, in order to guarantee that a solution to (AC) exists we impose
the additional assumption that C () £ is bounded. Note, however, that this addi-
tional assumption is not needed when there is additionally a nontrivial linear term
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in the objective present. This situation occurs whenever we solve the sequence of
centering problems as it is described in Section 5.3.3.

Since F is a self-concordant function, we can solve this problem using a damped
Newton scheme, whose complexity is

O (F(yo) = F(y*)) + O (log, (log, (1/w(e))))
iterations to generate an approximate solution g such that
Fy)—F(y") <e

(see Theorem 2.3.7). The cost of computing the Newton directions is

o <l(n + m)g) ,
3
where n = n; + ng and m = my + mo (see Section 2.3.3). We see that the
complexity of one iteration increases dramatically when the number of variables
n, or the number of constraints m, gets large.

The main objective of this section is to modify the standard damped Newton
method (Algorithm 2) so that the cost per iteration is reduced. The comment at
the end of Section 5.2.3 indicates that there is indeed hope for improvement, pro-
vided that the partial minimization subproblem (PM(z)) can be solved efficiently.

Newton steps in a sequence of affine subspaces

For a given strictly feasible point z € int C ()£ and an approximate partial min-
imizer ¥ ~ v(z) (that we compute as described in Section 5.3.1), we can approx-
imate the wvalue of the implicit barrier ¢ at z. Indeed, let §, be the Newton
decrement for the partial minimization subproblem (PM(z)) at the point (z, ). If
6y < 1, then we have according to Theorem 2.3.4

F(2,0) = ¢(2) < wil(d0)-

However, in order to work in an outer Newton scheme only in terms of the
variables z, it is necessary to approximate the gradient and Hessian of ¢ at z.
We showed that (5.8) and (5.9) give the gradient and Hessian of ¢, provided that
¥ is indeed the ezact partial minimizer for z. We could simply replace v(z) by
7 in formulae (5.8) and (5.9), but then we would only get approzimations for
Vo(z) and V2p(2). Unfortunately, we cannot say anything a priori about the
quality of these approximations. However, we will show that for v = v(z) (5.8)
and (5.9) can be thought of as the gradient and Hessian of a restriction of F to
an affine subspace, which is tangent to the surface of partial minimizers at the
point (z,v(z)). Moreover, for & # v(z) we get a whole family of restrictions of the
barrier F'.

Let us consider a fixed point (z,7) € int Q) L. We could take for example as ©
an approximate partial minimizer for z € int C() £ that we compute as described
in Section 5.3.1. Let us define the matrices J(z,v) and L(z,7) to be the unique
solutions to (5.13), i.e.

[F;;g,m BOT} , {J@,
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We have pointed out in the proof of Corollary 5.2.5, that if o is the partial mini-
mizer for z, i.e. o =wv(z), then J(z,v(z)) = v'(2) and L(z,v(2)) = X, ().
Let us fix J = J(z,7) and define for points Z around z the function

w(é) = F(Z,?j + J(Z - Z))’
relative to the fixed point (z,7).

Lemma 5.3.1. For any (z,7) € int Q) L we have
dom < CintC.

Proof. Let Z € dom) and denote © = v+ J (2 — z). We have by definition of 4
that
F(z,0) < oo,

that is, (2,0) € dom F = int Q.
Further, in view of (5.13) we have

Bv+EzZ=Bv+ BJ(2—z)+ EZ=Bv+ Ez=d,
=—F

which means (Z,7) € £. By Assumption 4 we conclude that Z € intC. O

Let us compute now the derivatives of 1.

Vip(2) =F/ (2,0 +J (2 — 2)) + JT E\(3,0+ J (2 — 2)),
V2(3) =F.,(50+J - (F—2))+ Fo, (3,04 J (- 2)) J
+JTF Go+JGE-2)+JTE, (504 J(3—2))J.

For Z = z we denote
h(z,0) := Vi(z) =F.(2,0) + J* F!(z,9), (5.25)
H(z,0) := V¢(2) =F, (2,0) + F.,(2,0) J
+J"F,(2,0) + I Fy(2,0)

629 _yrprti¥pry

=F., (z,0)+ F.(2,0)J + ETL. (5.26)

In view of Lemma 5.3.1 and Assumption 4 we have that dom ¢) does not contain
straight lines. According to Theorem 2.2.4 the Hessian of 1 is then nonsingular
for every point Z € dom (and in particular for z from above). This justifies that
H(z,) is a positive definite matrix.

It is easy to see that the function 1 can be considered as a restriction of F' to
the affine subspace

L;={(30):0=0+J(—2)}

relative to (z,7). From the proof of Lemma 5.3.1 it follows directly that £; C L
for all (z,v) € int Q" L.
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The approach of restricting F' to Ly is justified by the following two facts.
First, we can remove the dependence on the variables v while still maintaining
feasibility with respect to the linear constraints £. Second, if we assume that v
is the exact partial minimizer (i.e. ¥ = v(zg)), then according to the optimality
conditions (5.6) we have necessarily

Fé(zvv(z)) = _BT)‘U(Z)a

and also J = v'(z) and L = X, (z) (because (5.13) and (5.7) are the same system),
which implies that Vi (2) = Vip(z) and V2 (2) = V2p(z). That means also that,
at the point zp, the Newton direction for minimizing v is equal to the Newton
direction for the implicit barrier ¢.

For © # v(z) we have the following interpretation of the Newton direction for
minimizing .
Lemma 5.3.2. Let (z,0) € int QL and Ay = (Ay1, Ays) the Newton direction
for minimizing F restricted to L, at the point (z,7). Then Ay, is the Newton
direction for minimizing ¢ at z.

Proof. We consider the analytic centering problem
min F(z,v)
FEz+ Bv=d.

Throughout this proof, all partial derivatives are taken at the point (z,7), and
to simplify notation we write F for F)(z,v) etc. The Newton direction Ay =
(Ay1, Ays) is the unique solution of

" "

Fzz sz ET Ayl _F;
E' F. BT|-|Ay|=|-F|. (5.27)
E B 0 Ay 0

Let us compute explicitly Ay;. From the second equation of (5.27) it follows

Ay = —(F,) " [F) + F.Ayy + BTA] (5.28)

vU

and by we replacing this expression for Ay, in (5.27), we get
s MT Ayr| _ [=FL+ F(F,) ' F)
" 1 T . - "N 9 (529)
M 7B(Fvv) B )‘y B(Fvv) Fv
where M = E — B(F, )~'F, and S = F., — F.,(F,,)"'F,_. Using the fact that
B has full row rank, we isolate A\, in the the second equation of (5.29) and get

" "

-1
N = (B(EL,)'BT) M- Ay, — B(F,,)"'F)). (5.30)
Let us replace this expression for A, in (5.29), which yields

1"

{S + M7 (B(Fw)*lBTf1 M} Ay

" 1 "

=_F + [F:v +MT (B(FM)*BTY B] S(F,)TVFL (5.31)
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On the other hand, the matrices J and L are the solutions of the system (5.13)
relative to the point (z,7), i.e.

We obtain as solutions

1 —1

"= 7 "= -1
L=—(BF. 'BT)'.[-E+BF. F']= (BF, 1BT) ‘M (5.32)

v

=—M

and

"

J=—(F.)'BTL—(F,

vU

)_1FN

vz
" 1 1"

1 —1 -
= _(Fvv)_lBT (BF’UU BT) M- (F )_1F

Vv

" no— 1 "

— (F {BT (BE,, 1BT) M+sz] . (5.33)
Let us have a closer look at the system (5.31). Using (5.33), its right-hand side
term can be written as

" 1 ’

~F [F 0T (BT BT) B (L) R = R T

=—JT

and by comparing with (5.25) it follows that the above expression is exactly
Vi (z).
Further, if we combine (5.26) with (5.32) and (5.33), we get

V3(z)=F,, +F.,-J+ETL

1" " " "

" " ” —1
:Fzz - F (Fvv)_vaz _FZ’U(F )_1BT (B(Fvu)_lBT) M+ETL

zZv vU

=S
" "

=S+ [—F (F' )BT + ET} (B(Fw)_lBT)il M

zZv

=MT

1"

- S+ MT (B(Fw)_lBT)_l M.

The last expression is exactly the system matrix of (5.31). That means the system
(5.31) can be written as

V2(2) - Ay = —Vi(2).

which is exactly the Newton system for minimizing ¢ at the point z. O
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Figure 5.1: (a) The pyramid Q, (b) the surface of partial minimizers v(z).

Graphical illustration of partial minimization

We consider the convex set
Q ={(z1,22,v) : v < 221,v < 229,00 < 2— 22,0 <2—229,v > 0}.

Q is the pyramid which is illustrated in Figure 5.1(a).
We know that a self-concordant barrier for Q is given by

F(z,v) = —log(2z1 —v) —log(2z2 —v) —log(2 — 221 — v) —log(2 — 221 — v) —log(v).

It is evident that the z-domain of F is simply the unit box B={z:0<z; < 1,i=
1,2} C R2. If we minimize F with respect to v for all strictly feasible z (that is
0 < z; < 1), we obtain the surface v(z) C Q which is visualized in Figure 5.1(b).
The global minimizer of F' is the analytic center of C, which is situated on the
peak of v(z). In Figure 5.2 we illustrate again the surface v(z) and additionally
two hyperplanes. The lower hyperplane L, (s is tangent to v(z) going through
the point (z,v(Z)) for some z € int B. The upper hyperplane is £, which is going
through (z,9), where 7 is an approximation for the exact partial minimizer v(z).
We see that L£; is approximately tangent to L,/(z). The Newton step in L is
depicted by the arrow.

Bounds on the approximation for the reduced Hessian

As we have mentioned above, if we only have an approximation v for the partial
minimizer v(z) for some z € intC () L, then (5.26) yields only an approximation
for the Hessian of the implicit barrier ¢. The following result gives a bound on the
quality of that approximation H = V?¢(z). In the following, for the fixed point
(2,0) and some displacement Av € R"? we denote ||Av||5 = [[Av|[pr (, 5

Lemma 5.3.3. Let z € intC (£ and v such that ||[v — v(2)||[z < r < 1. Then we
have for any direction Az

1
(1 =7) [|Az||v2pz) < |[AZ]|m < T—- [[Az|[v24(z)-
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Figure 5.2: Surface of partial minimizers v(z) with the tangent hyperplane £,/ (.)
and the approximately tangent hyperplane £ ; containing the Newton direction in
L 7, indicated as the arrow.

Proof. First, note that || — v(z)||z < r < 1 implies

(6)-()

Let us fix Az and choose Av to be any feasible direction with respect to the
subspace L, i.e. such that BAv+ EAz = 0. Then according to Theorem 2.2.10 it
holds

(1—r)? <V2F(z,v(z)) @5) , (ﬁz» < <V2F(z,1‘1) (ﬁf}) , <§i)> . (5.34)

If we minimize the right-hand side term of inequality (5.34) with respect to all
feasible directions Av, we get according to Corollary 5.2.4

anne = i, (70 (30)-(30))

e ()

0

< .
v —o(z) =r<l

V2F(z,0)

V2F(z,0) B '



5.3. APPROXIMATE PARTIAL MINIMIZATION 173

assuming that the minimum is attained at Awvy. It follows, using (5.34)

(e (). (£) 207 (e (3. (2)
> sty 0= (vreae) (30)-(30))

=(1-7)*(V%p(2)Az, Az),

Y

using again Corollary 5.2.4. In other words, we have shown
1Azl = (1 =7) [[Az][v24(2)-
With exactly the same arguments, the converse inequality holds, i.e.

1A2]l92p(z) 2 (1 —7) [|Az] |1

Link between the Newton decrements

The following two results are crucial for the design of efficient algorithms using
approximate partial minimization, as they provide the link between the d,, d, and
d,, where §, is the Newton decrement for the full analytic centering problem (AC),
dy is the Newton decrement for the partial minimization subproblem (PM(z)) and
0, is the Newton decrement for the problem

min 1(z).
Gzzgw )
First let us consider the situation where there are no linear constraints that
only involve z. In that case, the analytic centering problem (AC) reduces to

min F(z,v)
=Y (AC1)
Ez+ Bv =d.

For any §y = (2,7) € int Q[ £ we denote the full Newton decrement by §, =

[|Aylly = ||Ayl|v2F(g), where Ay = (Ay1, Ayz) € R™ "2 is the solution of (5.27).
The Newton decrement for the partial minimization subproblem (PM(z)) is

denoted by 6, = ||Av||z = [|Av][g (5, where Av is the solution of (5.24), i.e.

F, BT| [Av] _ [-F,

B 0 M) L O]
Given 7, we compute J and L from (5.13) and build the gradient and Hessian of
¥ from (5.25) and (5.26). The Newton direction Az for minimizing 1 is given by

the solution of
V2(2) Az = —Vi(2). (5.35)

We denote the Newton decrement by 6. = [|[Az||g24(z)-
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Theorem 5.3.4. Let §j = (2,0) € int Q) L, where B has full row rank. Then

dy = /82 + 82
Proof. We get
55 = ||Ay||2V2F(y) = —-VF(@) Ay
= Ayl F — Ayl F.

z v

Using Lemma 5.3.2 it holds Ay; = Az. Further, since Vi)(z) = F. + JT F!, we
get

~Ayl'Fl = — AT F!
=—Az" (Vy(z) — JTF))
=82+ ATITF, (5.36)
where J is given by (5.33), i.e.

" "

J=—(F )1 [F;’Z +BT (B(Fw)—lBTf1 M] .

Replacing the above expression for J in the second term of (5.36), we get

AT JTE]
" 1 "

= ATE (F )R - AT MT (B(Fw)*lBT)_ B(F.)"'F!. (5.37)

On the other hand, according to (5.28) we have

"

Ays = —(Fy,) 7" [FL+ F.Az 4 BT), |

therefore

" T "
~Ayf By = [F)+ F. Az + BTN (F,) 7',

= B (Fy) T FL+ A2TFL (Fy) T FL 4 A B(E,)T'F,

VU v

and in accordance with (5.30) it becomes

"

—Ayy Fy =FT(F,) 7 o+ AT (F,) 7,

1"

1 -1
+ AT MT (B(Fw)*lBT) B(F,,)"'F, (5.38)

7 7 -1 "
~ FI'(F,) " BT (B(F,)'B")  B(F,,)"'F.

Summing (5.37) and (5.38) it gives

1" "

(JAz — Ays)T F, =F'T(F )~ {F — BT (B(F )_1BT)1B} (F)~LF

k) vU

= FTAv

_ 52
=4,
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which follows from the fact that Av is the solution of (5.24), i.e.

" 1" 1 "

Av = —(F,) ', + (F,,) " BT (B(F,,)'B")  B(F,,)"'F,

Combining all the results from above, we get
65 = -ATF — Ayl F!
=82+ ATJTF — Ayl F)
=024+ (JAz — Ay)T F!
=02 +0;.
O

We consider now the general situation, where in (AC) there are linear equality
constraints only involving z, i.e.
min F(z,v)
Ez+4+ Bv=d (AC)
Gz =g.

We denote 6, = ||Ay||z, where Ay = (Ayi, Ays) is the solution of the following
linear system

F F, ET GT Ay —F!
FE F, BT 0 Aya| | -F
O =100 (5.39)
G 0 0 0 Ao 0

The Newton decrement for the partial minimization subproblem (PM(z)) is un-
changed because additional linear constraints on the outer level have no effect on

the minimization in terms of v. Let d, = ||Av||z, where Av is the solution of
(5.24). Moreover, we consider the problem of minimizing v restricted to L, i.e.
min ¢(z)
z (5.40)
Gz =g.

At the strictly feasible point (z,0) € int Q[ L, we denote 0. = ||Az||y2y(2), where
Az is the solution of

[VQZ(Z) %T] ' [ﬁz } - [Vg/’ (Zq : (5.41)

Corollary 5.3.5. Let j = (2,v) € int QL such that z € L, where G and B

have full row rank. Then
dy = /02 + 42

Proof. The only thing that changes compared to the proof of Theorem 5.3.4 is the
definition of Ay and Az (and as a consequence ¢, and ), because both directions
have to take into account the linear constraints Gz = g.
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It follows from the second equation of (5.39) that

"

Ayo = —(F,) " E) + F,,Ays + BT\ (5.42)

which reduces the system (5.39) to

S M G [An] [-FL+F,(F,)'F,
M -B(F,)7'BT 0| |\ |= B(F.)"'F! . (5.43)
G 0 0 Ao 0

where M and S are defined as in the proof of Lemma 5.3.2. Using the fact that
B has full row rank, it follows from the second equation of (5.43)

" "

-1
o= (BF,)T'BT) (M Ay — B(F,) ' Fl, (5.44)
and if we replace this in (5.43), we get immediately

& ST o

where H = V2’L/J(Z). We see that - analogous to before - Ay; = Az and Ao = A,.
Additionally we have

02 = ||A2][32y(y = —VH(2)T Az,
and
55 = ||Ay||2V2F(g)
= -VF(5)" Ay
= —F/"Ay; — F[" Ay,
= —(V(2) = JTF)T Az — F[T Ays
= 8%+ (JAz — Ay)" )
=02 + 4y,
just like in the proof of Theorem 5.3.4. O

The above result provides us with the key for embedding approximate partial
minimization in a Newton scheme. Indeed, as soon as we have found a point
g = (%,7) such that both ¢, and 4, are small, we can conclude that 4, is small,
without actually knowing the full Newton direction Ay. Additionally, in view of
Theorem 2.3.4 we know that g is close to the minimizer of F'. The damped Newton
method using approximate partial minimization is presented in Algorithm 7.

As a first step for the complexity analysis of Algorithm 7 we show that even-
tually a point such that §, < (3, will be reached. Indeed, this is guaranteed by
showing that in each iteration we decrease the function value of ¥ by a nontrivial
amount.
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Algorithm 7 Damped Newton method for minimizing a self-concordant function
due to linear equality constraints, using approximate partial minimization

Input: G, B, E, g, d as as in Assumption 4, F' : R**T"2 — R self-concordant on
int Q.
Parameter: 0 < 3, < % the desired accuracy. Set 8, = (8, = %ﬂy, choose

0<kr<(l—wtw(B)))? and set A = ”(%[25“)
Initialize: (zp,v9) € int Q@ such that Gzp = ¢ and Buvg + Ezg = d, k =
0.
loop
1) starting at vx, go damped Newton steps (5.24) until 6, = ||Av||, < B,
output: approximate partial minimizer v
2) compute Jy and Ly from (5.13)
3) define V24(zi) = F., + Fo\Jy + ET Ly, Vip(z) = F. + JTF,.
4) compute the Newton direction Az from (5.41)
5) define the Newton decrement: ¢, := [[Az|[v2y(2,)
if 4, < 3, then

RETURN
end if
6) set step size a = HLJ

7) update zxy1 = 2 + @ Az and vy =0+ a Jip Az
8) k=k+1
end loop

Note that the step size in the algorithm is oo = A where \ = ”(%me for

1
s
some 0 < k < [1 —w ™ Hw«(B,))]?. That means k = 7[1 — w™H(w.(B,))]® for some
7 € (0,1) and we obtain

1_2611

A=rT1- [1 — w_l(w*(ﬁv))]s ) 1— B,

=:¢(Bv)

for some 7 € (0,1). ¢ is illustrated in Figure 5.3. We see that ¢ is positive and
monotonically decreasing from 1 to 0 in the interval [0,0.5). That means for all
By € [0,0.5) the value of ¢ is an upper bound on the parameter A (depending on
our choice of 7). The smaller §,, the larger A can be. Reversely, if 3, is close to
%, then A\ will be close to 0. In any case it holds A € (0,1).

Let us analyze which improvement in terms of the objective value ¢ we can
guarantee when going a damped Newton step in direction Az with step size
a = ﬁ, where A € (0,1). We know that ¢ is self-concordant (see the list
of self-concordance preserving operations in Section 2.2.2). This means we can
bound the value of ¥ at the new iterate z+ = z + a Az in the following way (see
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Figure 5.3: Graph of ¢(3,) = [1 — w™H(w.(B,))]? - %
Theorem 2.2.16):

P(zT) < P(2) + a Vip(2)T Az + wa(l]2T - z][2)
62 0 0,
=Y(z) - A—2—— A 10g<1/\ >

146, 1+(5 146,
.
= (z) —=\d, —Hog( )5 )

=:—wx(62)

Figure 5.4 shows that wy(d.) is nonnegative and increasing. Moreover, when \ is
close to 1, which corresponds to 3, close to 0 (see Figure 5.3), the guaranteed func-
tional decrease of wx(d,) is also close to w(d,), which is the guaranteed functional
decrease in the case where partial minimization is done exactly. It also means that
if we are far from satisfying the stopping criterion (i.e. if 6, > (.), we reduce
the optimality gap by a large amount wy(d,). The number of outer iterations is
therefore bounded by
F(z0,v0) — F(z*,v*)
W (ﬁz) ’

where y* = (2*,v*) is the optimal solution for (AC).

When the algorithm stops at some point (Z, 9), we have by construction ¢, < (.
and also d, < 3,. That implies according to Theorem 5.3.4

1 1
Oy =V +R<NB+ B =150+ 55 =By

Let us conclude with a bound on the number of inner iterations, i.e. the

N <
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Figure 5.4: Graph of wy(d,) for different values of A. solid: A = 1, dashed: A = .8,
dash-dot: A = .5, dotted: A = .1.

number of steps that are needed to generate a point close to the surface of partial
minimizers v(z), after one outer step 27 = z + a Az.
Let 0 < 8, < % and denote v = w,(8,) < 1 —log(2) and r = w/(8,). Then,
using Theorem 2.3.4, we get that before each z-step it holds
F(Z,’U) - (p(Z) <7.

Nesterov [50] has shown that, given a point ¥ close to v(z), one can update z and
v in a such a way that the new v-iterate v+ is not too far from the new partial
minimizer v(z"), where z ¥ is the new z-iterate. Let us formally recall this result.

Theorem 5.3.6. Let (z,0) € int QL such that
F(z,0) — ¢(2) <,
where v < 1 —log(2). Let Az € R™ be any direction such that
1Az][g20z) <K < (1 —w™H (7))

and define Av = J Az and the new iterates z+ = z + Az and vt = v+ Av. Then
we have
F(z*,v") — (") <7,

with 7 = w (W + Wﬁl(’)’)) :
Proof. [50, Theorem 5]. O

Let us apply Theorem 5.3.6 to our setting. We mentioned above that (3, < %
ensures that v = w.(8,) < 1 —log(2). Let 0 < k < (1 —w™1(y))? (for example we
can choose 7 € (0,1) and define k = 7- (1 —w™1(y))3). As particular direction we
are taking the Newton direction Az from (5.41).
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It remains to ensure that
lla Az|[v24(z) < K. (5.46)
In view of Theorem 2.3.4, we have
o = v(2)lls < wi(By) =1

We do not have access to the Hessian VZ¢(z), but using Lemma 5.3.3, we get
the bound [|Az||v2,(.) < 7||A%||m = %= We conclude that (5.46) is satisfied

1—r"
if
0z
« <K
1—r
and since 7 = 5 f 5 it is necessary to ensure
N

(I1-rr k(1-28,)

a< =

o 6,2 B 52(1_611).

k(1—28)
(- +1)(1-8u)"
Theorem 2.2.24 (where we only enter the first stage of the damped Newton method)

that we need no more than

This is in particular satisfied for o < That means according to

Y=
N <
w(By)
damped Newton steps in each inner loop. Thus, we have proved the following
theorem.

Theorem 5.3.7. Let Assumptions 4 be satisfied. Let 0 < B, < %, set B, =
By = \%ﬁy, and 0 < k < [1 —w Y w«(B,))]2. Moreover let yo = (z0,v0) € int Q
such that Gzg = g and Bvy + Ezg = d. Then the output of Algorithm 7 is a point

y = (%,0) € Q such that EZ + Bt = d and Gz = g and
dy = |[Ayllg < By
The number of outer iterations is bounded by

Flyo) = F(y*)
w)\(ﬁz) .

Moreover, the number of iterations at each inner loop to generate the approzimate

Nout S

partial minimizers v is bounded by
Y=
Nip < ——,
T w(B)

where v = wy(By) and 7 = w, (W + w_l(ﬁ))-

Remark 5.3.8. In practice we can choose more aggressive step lengths for Az
k(1—28,)
(1+5z)(1_ﬁu)
are not able to guarantee anymore that we can bound the centering steps that are

needed to compute a point close to the surface of partial minimizers v(z).

than the one presented in the algorithm (o = ). But in that case we
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Remark 5.3.9. We want to point out that the complexity result is essentially the
same as for the standard case (compare Theorem 2.5.7), except for the quadrati-
cally convergent phase that we could not establish here. The number of iterations
depends essentially on the initial optimality gap F(yo) — F(y*) that will be reduced
in each iteration by a constant which is slightly worse than the standard one (see
Figure 5.4).

The number of iterations to generate an approximation for the partial mini-
mizers is a constant that only depends on B3, (which is chosen a priori). However,
the upper bound on Ny, is rather pessimistic, in particular when we desire a high
accuracy for the partial minimizer, but even for moderate values of B,. For exam-
ple for B, = 0.1 and k = 0.9-[1 —w ™Y w.(B,))]?, the upper bound on Ny, is greater
than 300. In practice, however, we typically observe a number of inner iterations
of less than 10.

Theorem 5.3.7 only gives useful upper bounds on the number of outer and inner
iterations when the desired accuracy is moderate. If 3, is very close to 0 (which
implies by construction that 5, and 3, are also close to 0), then the upper bounds
for N;, and Ny tend to oco. Moreover, if 3, is close to %, then ) is close to 0
(because A is bounded from above by ¢(8,), see Figure 5.3). This, in turn, means
that wy(8;) is close to 0 even for large (. (see Figure 5.4). We want to point out
that the choice of the parameters 3, = 3, = %ﬁy was somewhat arbitrary. Any
choice of the parameters 8, = a,83y and 8, = a.3, with o, and «, such that
a2 + a2 < 1 would give essentially the same result.

Let us conclude with a further justification of computing good approximate
partial minimizers v.

Remark 5.3.10. If © approximates the exact partial minimizer v(z) well, then
L is nearly parallel to the tangent subspace L, .y (see Figure 5.2). Furthermore,
if the surface of partial minimizers v(z) (as a function of z) has a low curvature,
then Ly (2 is a good approzimation for v(z). By consequence, also L could ap-
proximate v(z) well, which means we can do relatively large steps in terms of z
before leaving the set C.

Coordinate-descent-like analytic centering

Another much simpler technique of solving (AC) using approximate partial min-
imization can be described as follows: for a given z € intC (£ we compute its
partial minimizer v as described in Section 5.3.1. Then we execute one Newton
step for minimizing F' with respect to z along the subspace {(z,v) : v = o}, i.e.
we fix the value of the partial minimizer ¥. The corresponding Newton system for
minimizing F' in terms of z is

VLE(1) oﬂ . m _ [—WSW] . (5.47)

After going a Newton step along Az,

2t =z+alAz
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Algorithm 8 Analytic centering method via coordinate descent

Input: G, B, E, g, d as as in Assumption 4, ' : R**T"2 — R self-concordant on
int Q.
Parameter: 0 < 3, <1, 0 < 3,.
Initialize: (z9,v9) € intQ such that Gz = g, Bvg + Ezp = d, k =
0.
loop
1) starting at vx, go damped Newton steps (5.24) until 6, = ||Av||, < B,
output: approximate partial minimizer v
2) compute the Newton direction Az from (5.47)
3) define the Newton decrement: 9§, := ||Az]||pr
if 5, < (. then -
RETURN
end if

(2x,0)

4) set step size a = ﬁ
5) update zx+1 = 2z + a Az and keep vp11 =T
6) k=k+1

end loop

with a suitable step size a, we compute again the approximate partial minimizer
for the new point 2T, and so on. The method is summarized in Algorithm 8.

As a first step we have to guarantee that a damped Newton step in the z- space
yields a decrease in the function value, even if the partial minimization is done
only approximately.

Lemma 5.3.11. If 3, < w; ' (w(B.)), then as long as the above algorithm runs, the
outer iterates z generate a strictly monotonically decreasing sequence in the implicit
barrier with at least a constant functional decrease of T = w(B,) —w«(By) > 0, i.e.

p(z") < plz) — 7.

Proof. At iteration k, let z = z; with approximate partial minimizer . Then in
view of Theorem 2.3.6 and Theorem 2.3.4 we have the following chain of inequal-
ities:

p(z7) = F(z",0(2")) < F(27,0) < F(2,0) —w(B:)
<F

(Za ’U(Z)) + w*(ﬂv) - w(ﬂz)
=¢(z) -

O

The apparent advantage of Algorithm 8 is its simplicity. We minimize F' coor-
dinatewise: first we fix z and minimize with respect to v (partial minimization),
then we fix the partial minimizer v and compute one Newton step in terms of z.

However, since the Newton directions in terms of z are defined by system (5.47),
we cannot use Corollary 5.3.5 to relate ¢, (in combination with ¢,) to the Newton
decrement d,, for the full analytic centering problem (AC). Therefore one cannot
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provide bounds for the quality of the solution that we obtain when the algorithm
stops. That means we cannot guarantee polynomial complexity of the method,
which is why we reject this coordinate-descent approach.

To illustrate this claim, let us consider the following example. For 7 € [0,1)
we define the degenerate simplex

Cr={(z,v):2>20,z4+v<1,7(1 — 2) < w}.

For 7 = 0 the set Cy is the standard two-dimensional simplex. It is well-known
that a 3-self-concordant barrier for C; is given by

F,(z,v) = —log(z) — log(1l — z —v) — log(7(z — 1) + v).

In this particular example the surface of partial minimizers can be easily computed
by solving the optimality conditions F)(z,v) = 0 with respect to v. One obtains
then v(z) = T (1 — ), which is in fact simply a straight line. The set C, with
the level curves of the barrier F- and the set of partial minimizers is illustrated
in Figure 5.5. We will show now that for points on the curve v(z) the Newton

09— -

08 -

0.7+

06~

03

0.2

01 -

Figure 5.5: C; = {(z,v) : 2 > 0,z +v < 1,7(1 — 2) <
of Fr(z,v) = —log(z) —log(l — z —v) — log(r(z — 1) + v
intermediate line indicates the set of partial minimizers v(z).

v} with level curves

for 7 = 0.2. The

decrement for the coordinate descent method goes to 0, as 7 — 1 even though
(z,v(z)) is far from the analytic center of C,. Let us introduce some notation.
In the following example we write F(z,v) = F;(z,v). Furthermore, for 7 € [0, 1)
we denote by 6¢P(7) the Newton decrement for the coordinate descent method
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(Algorithm 8) at some fixed point (z,v(2)), i.e.

cD 2 2 ”N—1 (F1)?
(52 (T)) = ||AZ||FZ/;(z,v(z)) = Fz/(Fzz) Fz/ = FZHZ
The gradient and Hessian of F' with respect to z can be computed as
1 1 T
Fl(z,0) = —~
2(2,0) z+1—z—v+7(z—1)—|—v
7 1 1 7'2
F = — .
2(2) 22+(1—z—v)2+(7(z—1)+v)2
Using the fact that v is on the surface v(z), i.e. v = 14T (1 — z) we get
1 1 T
F’ = - _
2(z,0(2)) z + l—z—wv(z) 7(z—1)4v(2)
1 1
oz (=904 (1-90-H)
- 71 2 7 27
oz (-2 -7) (Q-2)(1-7)
N S
oz 1-2

which means that F!(z,v(z)) does not depend on 7. However, the Hessian F., at
(z,v(2)) can be computed as

. 1 1 7
Falv@) = G+ a0 Tt D s o))
_ _l n 4 n 47’2
T2 (=221 -7)2 (1 —2)%(1—7)2
1 4(1+72)

One can see that F.,(z,v(z)) — 0o as 7 — 1. This implies that 6SP (1) — 0 as
T — 1. Moreover, by optimality conditions we have that F)(z,v(z)) = 0, which
implies that J, = [|F}(z, v(2))||p» = 0.

On the other hand, we see in Figure 5.5 that for z # % the point (z,v(z))
is far from the analytic center (z*,v*) = (1/3,v(1/3)) of C.. This geometric
observation can be supported by computing the Newton decrement J, for the
problem of minimizing F' in terms of both variables z and v, or equivalently, the
Newton decrement 9§, of Algorithm 7. Indeed, since §, = 0 we have in view of
Theorem 5.3.4 §, = 6, where

. = V() llvzace) = (Vo) (V26(2) 7 00(2) 7.
Moreover, since F (z,v(z)) = 0 by optimality conditions, we get Vi)(z) = F.(z,v(2))
(see (5.25)). The Hessian becomes in view of (5.26)

V2U(2) = L (z0) — E(20) (F(20)) Fi(z.)
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where
P =F, - e
ZU(Z,U) - uz(zav) - (1 — ’U)2 + (T(Z _ 1) —i—’l})27
" 1 1
Fo,(z,0) = (1—z—0)? + (r(z—1) +v)2'
Using again the fact that v is on the straight line v(z) = HTT (1 —2), we can
simplify and get
" " 1 T
FZU(Z,U(Z)) = FUZ(Z,U(Z)) = (1 — ’U(Z))2 (7-(2 — 1) —+ U(z)>27
_ 41+ 1)
(1=2)2(1—7)
y 1 1
Foo(z,0(2)) = 1—z—0(2)2 " (r(z—1) +v(2))?
8
= (1 72’)2(1 77_)2'
This implies
a1 4(1472) (Fly(z0(2)))
V) = -t T Ra T E(e(e)
1 44Ty 214
2 (1-22(1-7)2 (1—2)?2(1-71)?
I S €k
22 (=221 -7)?
__ 1, 2
22 (1—2)%

We see that also V21)(z) is independent from 7. That means that d, is unchanged
when 7 — 1. We conclude that for points (z,v(z)) on the surface of partial min-
imizers the Newton decrement 4, is independent from 7 € [0,1) (it only depends
on the choice of z € (0, 1)), while the Newton decrement §¢° tends to 0 as 7 — 1.
This means we might stop Algorithm 8 at a point (z,v) because 6, and §¢° are
small, while in fact (z,v) is far from an optimal solution.

5.3.3 Path-following using approximate partial minimiza-
tion

Let us come back to the general convex problem (5.4), i.e.

min a’ z

s.t. ze€C
Gz =g.
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Under Assumptions 4 problem (5.4) is equivalent to

min a” z

s.t. (z,v) € Q
Ez+Bv=d
Gz =g.

(5.48)

Since we have a self-concordant barrier F' for Q at hand, we can efficiently solve
(5.48). In this section we demonstrate how the technique of partial minimization
can be embedded in a path-following scheme to solve (5.48).

Note that for any ¢ > 0 the function

fi(z,v) =t-aTz + F(z,v)

is self-concordant with domain int Q. Moreover, since the linear term a”z does

not depend on the artificial variables v, for a fixed point z € int C () £ the partial

minimization subproblem (PM(z)) is not affected by adding such a linear term.

Therefore we directly apply the results from Section 5.3.2 and obtain the same

approximate partial minimizer ¥ and the same matrices J(z,v) and L(z,v) (by

solving (5.13)) as in the case of analytic centering (without the linear term).
Following the ideas of Section 5.3.2, let us introduce the function

Vi(2) =t -aTZ +4(2),

where 1 is defined just as in Section 5.3.2 relative to the point (z, o). For the same
arguments as above v is self-concordant. Its derivatives at the point z = z are

Vii(z) = ta+ Vip(z) = ta+ h(z,),
V2 (2) = V2Y(2) = H(z,0).

Putting these observations together, Theorem 5.3.7 guarantees that for any
fixed ¢ > 0 one can solve

min t-a’ z + F(z,v)
st. Ez+Bv=d (5.49)
Gz=yg
efficiently up to any accuracy 8y > 0 by computing the iterates in the two-level
strategy proposed in Algorithm 7.
The only part that changes as compared to Algorithm 7 is the fact that the

Newton directions in the outer level do depend on . Indeed, we consider now the
minimization of 1:(Z) over L, i.e.

min t - o’z 4 (2)
Gz =g.

Its Newton direction Az(t) at some point z (with partial minimizer o) can be
obtained from the system

10 LB e
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Large updates of ¢

We consider the following update of the duality measure, namely
tt =01,

where § > 1. In accordance with the proof of Theorem 2.4.15 the number of
updates of ¢, starting at some ¢ty > 0 in order to guarantee

al(z—2*)<e

v
Nup =0 [ 1 —
g ( o8 (foE))
iterations.

We are ready now to present the long-step path-following algorithm using ap-
proximate partial minimization (Algorithm 9).

can be bounded by

Algorithm 9 Long-step path-following method with partial minimization

Input: G, B, E, g, d as as in Assumption 4, F' : R"*T"2 — R p-self-concordant
barrier for Q.

Parameter: € > 0 desired absolute accuracy, 0 < 3, < i the centering accuracy,
0 > 1 updating coefficient.

Set 5, =, = %@, choose 0 < k < [1 — w™H(w«(B,))]3. Define A\ = ”1(17;2?:) and
o3y) = v-+ oo,

Initialize: (z0,v0) € int Q such that Gzp = g and Bvy + Ezg =d, k =0, i =0,
to > 0.

while € -t < p(By,v) do
loop
1) starting at vk, go damped Newton steps (5.24) until 6, = [|Av||, < By,
output: approximate partial minimizer v
2) compute Ji and Ly from (5.13)
3) define Hy, = F,, + F.. J,, + ET Ly, hy = F, + JLF,.
4) compute the Newton direction Az(t;) from (5.50)
5) define the Newton decrement: &, := ||Az(¢;)|| o,
if §, < 3, then
BREAK
end if
6) set step size a = ﬁ
7) update zp1 = 2z + @ Az(t;) and v = 0+ a Jp Az(t;)
8) k=k+1
end loop
update tiJrl = 9t1
update i ;=14 + 1
end while

We get the following complexity result for Algorithm 9.
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Theorem 5.3.12. Let Assumptions 4 be satisfied. Choose € > 0. Let (z9,v0) €
int Q such that Gzy = g and Bvg + Ezg = d. Then Algorithm 9 terminates after

at most
N=0O (Vlog <L>)
toe

iterations with a point zy € C(\ L such that
(a,zy — 2%) < e

Proof. As we outlined above, the number of updates of ¢ to ensure a” (z — 2*) < €

is at most
v
Nyp =0 (1 — .
=010z )

Moreover, when updating ¢ to t+ = 0, the value of the objective function of
(5.49) changes to
tTaTz + F(z,v) = fir (y).

It turns out that the functional difference

fer (Ue) — for (y(tJr))a

where y(t1) is the solution of (5.49) for the new duality measure ¢t*, can be
bounded by 6 - (v + 1/v) (see Section 2.4). In view of Theorem 5.3.7 the number
of z-steps in the affine subspaces £; can be bounded by
Ny < M
wWX(8:)
while the number of inner iterations to generate approximations to the partial
minimizers v(z) can be bounded by

)

Ni < ﬁ_w*(ﬁv)

RGO
(see Theorem 5.3.7), which is a constant that does not depend on the problem
size. It only depends on the choice of the accuracy [, of the partial minimization
subproblem (PM(z)).
We conclude that the total number of iterations is

v-o(m(2))

We see that the complexity result in Theorem 5.3.12 is the same as the one
in Theorem 2.4.15. However, it is important to point out that the constants are
worse than in the standard case, where for example the number of iterations N;, to
generate an approximate partial minimizer o is a constant that does not appear in
the complexity estimate. This constant could be rather large (see Remark 5.3.9).
On the other hand, it is possible that the cost of one iteration (consisting of
the computation of the approximate partial minimizer ¥ and the Newton direc-
tion Az(t)) is cheaper than computing directly the full Newton direction Ay (see
Lemma 5.3.13). It could additionally or alternatively provide a better direction
towards the current target point y(¢) on the central path (see Remark 5.3.10).

O
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5.3.4 Partial minimization in primal-dual framework

In this section we show how the technique of partial minimization can be embedded
into a primal-dual framework. Algorithm 9 is designed to solve convex problems
of the form (5.48), i.e.

min a’ 2

s.t. (z,v) € Q
Ez+Bv=d
Gz =g.

where Q is a full-dimensional closed convex set with v-self-concordant barrier F'.
The matrices B and E are assumed to have full row rank (see Assumption 4).

In order to apply a modified version of Algorithm 5 to (5.48), we have to cast
this problem in dual conic form

max b’y
Y8

T, _
s+ A"y =c, (D)

A?yZCf,
s € K*,

where K* is a proper cone, [A, Ay] has full row rank, Ay has full column rank, and
the dual feasible set {y : ¢ — ATy € K*,A?y = ¢y} does not contain a straight
line.

If we denote y = (z,v) it is clear that s + ATy = ¢ and s € K* is equivalent to
c— ATy € K*. Let us define

_|—a ni+nz
] e

and

T T
Af — [gT (i) ] c Rn1+n2,m1+m2’ cr = |:;l:| .
It is clear that (5.48) can be brought in dual form (D) if we find ¢ € R™ and
A e R™" (for m = n; + ny and some n) such that [A, A¢] has full row rank and
y = (2,v) € Q if and only if c — ATy € K*, for some proper cone K* (note that by
Assumption 4 we have that the feasible set of (5.48) does not contain a straight
line). Let us assume that such a dual reformulation is possible, i.e. that we can
find A and c as above. Examples of such conic reformulations of convex problems
were presented in Section 4.4
Let us recall here the main steps of the primal-dual predictor-corrector method
(Algorithm 5). These are

(A) the computation of a point g; close to the dual central path,

(B) the primal-dual lifting (2.54),
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(C) the computation of the primal-dual affine-scaling direction (2.67),
(D) the update of the duality measure t.

For step (A) we can use the damped Newton method with partial minimization
(Algorithm 7). Theorem 5.3.7 guarantees that we can solve the centering problem
efficiently as long as the desired accuracy 3, is not too high. However, for the
primal-dual lifting (B) we do not only need a point close to the dual central path
¥+, but also the full Newton direction Ay and the multipliers A\; and Ay (see
(2.54)). This means after having computed g = (Z¢, U¢) close to a point y(t) on
the dual central path, we have to solve once the full Newton system (2.52) in order
to have the ingredients for the primal-dual lifting. Similarly, for the primal-dual
affine-scaling direction (C) it is not clear if or how we can make use of partial
minimization. Instead, we need to solve (2.67) just like in Algorithm 5.

This means that the embedding of partial minimization in Algorithm 5 is only
possible to some extent. For the computation of the primal-dual central point (B)
and the primal-dual affine-scaling direction partial minimization can possibly not
be applied.

5.3.5 Cost per iteration

Let us analyze now the numerical cost of using partial minimization. We recall
here that the original motivation of partial minimization was the reduction of the
numerical cost of Newton’s method (embedded into an interior-point framework).
We showed in the previous sections that the complexity of such a path-following
method with approximate partial minimization does have essentially the same
complexity as in the standard setting where no partial minimization is used.

In the analysis we restrict ourselves to the analytic centering problem (AC).
We will estimate the numerical cost of one iteration of Algorithm 7. To simplify
the analysis, let us make the following assumptions:

e F is positive definite and diagonal,
e B has full row rank and at most ny nonzeros.

In fact these two assumptions are not too restrictive. The first assumption is
valid whenever the barrier F' is separable in terms of the variables v. This is the
case for example when the convex set C is decomposed into its elementary convex
building blocks. Then we would introduce one modelling variable at a time for
each elementary block. This would mean that the elementary convex sets do not
share modelling variables. The second assumption is reasonable, as we will see in
Section 5.4. It means that each artificial variable v; appears at most once in the
linear equality constraints.

The two assumptions above imply (a) that F:v is easy to invert (it only involves
2ny flops, see Section 2.3.3) and (b) B(F., )BT is positive definite and diagonal,
and therefore also easy to invert (see again Section 2.3.3).

We see that the numerically dominating computations in Algorithm 7 are the
following 5 operations.



5.3.

APPROXIMATE PARTIAL MINIMIZATION 191

. Computation of the approximate partial minimizer .

In Theorem 5.3.7 we established an upper bound on the number of damped
Newton steps to compute v. But as we mentioned in Remark 5.3.9 and
as we will see in Section 5.4, this upper bound is rather pessimistic. Let us
denote the number of iterations to solve the partial minimization subproblem
(PM(2)) by Npps. In view of Section 2.3.3, the complexity of computing @

18
cpm = Npupr (8n2 + ml) flops.

. The computation of J and L.

J and L can be computed by solving (5.13). In view of Section 2.3.3, the
complexity of this operation is

¢, = 3ng + dning + 2nym, flops.

. Building of H and h.

The gradient h is defined by (5.25). It requires the multiplication JF
(2n1ng flops) and the addition of this product with the vector F. (n; flops).
The Hessian H is defined by (5.26), which requires the multiplication F Z”UJ
(2n2ns flops), the multiplication ETL (2n?m; flops) and the addition of 3
matrices of size ny X n (Qn% flops). In total this yields

CH,h = 271%(712 +mi1+1)4+n1(2ne + 1) flops.

. Computation of Az.

The direction Az can be obtained by solving (5.41). This is a general KKT
system with positive definite Hessian block H of size n; X n1 and ms linear
equality constraints. Its complexity is given by (2.28), i.e.

1
CAr = §(n1 +m2)® 4+ 2(n1 +ma)? + nima + nim3 + ny flops.

. Computation of Aw.

The direction Aw is defined by Av = J Az. The complexity of this operation
is
Cay = 2n1n2 flops.

If we sum all the operations we get a total complexity per iteration in Algorithm 7

of

1
Npu (8ng +ma) + g(n1 +m2)® +2(n1 +mo)? 4+ n2(2ng + 2my +ma + 2)

+n1(9ng + 2my +m3 +2) +3ny  (5.51)

floating-point operations.

Note that the above value is only a rough estimation of the complexity of one

iteration of Algorithm 7. We are not considering the cost of

1. computing the partial derivatives of the barrier F' (this depends on the con-

crete barrier we have chosen),
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2. evaluating the barrier. The evaluation of the barrier will be needed if a line
search is used to compute a better step size parameter than the one proposed
in step 6 of Algorithm 7. One could for example (starting at the safe value

o= ﬁ) gradually increase the step size parameter to find an approximate

minimizer of the barrier F' along the direction (Az, JAz). This procedure
would require the evaluation of F' along this direction at several points. In

a similar fashion we could employ a line search procedure to compute a step

size for the partial minimization subproblem (PM(z)) that is larger than

the one that guarantees a certain decrease in the function value, which is

a= 5

From the theoretical point of view a line search is not necessary, but in

practical implementations it is highly recommended in order to improve the

overall efficiency of the method. However, it is not possible to bound a

priori the number of times the barrier has to be evaluated in such a line

search procedure.

Comparison to standard Newton method

Let us compare now the complexity (5.51) of one iteration of Algorithm 7 with the
complexity of one iteration of a standard damped Newton method (Algorithm 2)
for solving the analytic centering problem (AC). The computationally most ex-
pensive operation of Algorithm 2 is the computation of the Newton direction from
(5.39). In the proof of Corollary 5.3.5 we saw that solving (5.39) involves solving
(5.45) which is exactly the fourth item in the above list of operations (” Compu-
tation of Az”). But this operation implicitly requires the computation of H, h,
J and L. This means both Newton methods (with and without partial minimiza-
tion) share operations 2, 3 and 4 in the above list. The difference is the presence
of operation 1 (computation of the partial minimizer ¥) in the case of Newton
method with partial minimization, and the different v-steps.

We want to stress here that both methods generate different iterates even
though the complexities of both algorithms are essentially the same. In order to
see this, let yr = (2k,vx) € int Q) L. Then Algorithm 2 computes directly the full
Newton direction Ay = (Ayi, Ays) at yr. On the other hand, Algorithm 7 first
computes an approximate partial minimizer o for z; (and therefore changes the
v-components), and then the directions Az and Av are computed as in operation 4
and 5 as described above. Even if no partial minimization steps are necessary (i.e.
Npyr = 0) both methods are not the same. In view of the proof of Corollary 5.3.5
the Newton direction Az in Algorithm 7 is then equal to Ay; (that is, the first
ny components of the full Newton direction Ay). However, Av is given by J Az,
while Ay, is defined as (5.42).

Let us compute now the additional numerical cost that arises when computing
Ays. We see that it requires first the computation of A\; from (5.44), i.e.

" "

A = (B(erlBT)_1 [M Ay, — B(F,,)""F}],

where M € R™™ is defined as in the proof of Lemma 5.3.2. Note that the

1"

-1
matrix (B(Fm)_lBT) M is equal to L (see (5.32)) The complexity of com-
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puting A\; reduces to the multiplication L Ay; (2nym; flops), the diagonal scaling

(F,,)"1F! (ng flops), the multiplication of the latter vector from the left with BT
(no flops, since B has at most ne nonzeros), diagonal scaling of the last vector

"

-1
with (B(Fw)_lBT) (mq flops) and the sum of 2 vectors of size my (my flops).
Once A1 is computed, we plug it together with Ay in (5.42), that is

1

AyQ = 7(Fvv)71 [F1/; + F:szl + BT}‘l]'

"

The matrices (F,,)"'F., and (F,, ) 'BT are already computed in the process of

defining L (see (5.32)). That means the complexity of computing Ays reduces to
the multiplications of (F,,) 1F,, with Ay; (2n1ns flops) and (F,, )"t BT with \;
(ng flops). Finally, we have to sum 3 vectors of size ny (2n2 flops).

That means the computational cost of computing Ays is
2711(712 + ml) + 5ng 4+ 2m;.
We have essentially proved the following Lemma.

Lemma 5.3.13. If in Algorithm 7 no partial minimization steps are needed (i.e.
0y < By at the beginning of the current iteration), then one iteration of Algorithm 7
is cheaper than one iteration of Algorithm 2 by

27’1,177’1,1 + 57’L2 + 2m1
floating-point operations.

Proof. If no partial minimization steps are needed in Algorithm 7, then Npy; = 0.
The only difference between both algorithms with respect to the computational
effort is the computation of Av and Ays, respectively. The first costs 2n1no flops
(see above), the latter (2n1(na+mq)+5n2+2my) flops which proves the result. O

If we compare the improvement in Lemma 5.3.13 with the total complexity of
one iteration (5.51), then we see that the relative improvement is rather small, as
the total complexity depends cubically on the sum nj + mo.

If now some partial minimization steps are needed (because d,, > 3,), then one
iteration of Algorithm 7 is numerically cheaper than one iteration of Algorithm 2
only if

NPM(8n2 + ml) < 2nimy + dng + 2myq, (552)

where Npjs # 0 is the number of partial minimization steps.

We see that (5.52) cannot be true if ny is much larger than ny and my. Indeed,
if no = O(ny-my), then (5.52) requires essentially that Npjs < 1. This means that
one standard Newton iteration is cheaper than the one iteration of Algorithm 7.
However, for example for n; = ny = m; = 100 we find that (5.52) is true if
Npy < 23.

On the other hand, if Np), is large at iteration k, it means that vy is far from
the partial minimizer v(zy). Therefore we have improved the function value of the
objective by going from (zx,vx) to (zx,7) by a constant of at least Npyrw(5y).
Moreover, this re-centering justifies hope that we can do large steps in terms of
the z-variables (see Remark 5.3.10).
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5.3.6 Choosing

In this section we are going to propose a reasonable choice for the parameter s
in Algorithm 7. In view of Theorem 5.3.7 we have that the number of partial
minimization steps (inner iterations) is bounded by
Y=
Nip, £ ——=,
T w (B)

where v = w.(08,) and ¥ = w, (W + w71(,y)). Moreover, the number of

main iterations (outer iterations) is bounded by

Fyo) = F(y")

Nout S W)\(ﬂz)

where

AB-
W)\(ﬂz) = -3, + log (1 + ﬁ)

and \ = 7"(??}“).
We have to choose  such that

0<r<(l-wt)

It is clear that we can write x = 7 - (1 — w™1(v))3 for some 7 € (0, 1).
Then it follows

K
Y= ws <m +w 1(7)) =w(T+ (1= 7w (7)),
in other words the argument of the last term is a convex combination of 1 and
w™l(7y). The last term is strictly less than 1 because v < w(1) = 1 — log(2). We
see that if 7 is close to 1, then the argument tends to 1 too, which means that ¥
tends to oo.

On the other hand, if 7 is close to 0, then also x and A are close to 0. This
implies that wx(8;) is close to 0 even for large (B, (see Figure 5.4). In other
words, we have a trade-off between the number of inner and outer iterations when
choosing 7 € (0,1). Let us consider therefore the total cost which is given by

Nout (Cout + Nzn Cin);

where ¢;,, denotes the cost of one partial minimization step and c,,; denotes the
computational cost of one outer iteration (without the cost of computing the par-
tial minimizer ¥). In Section 5.3.5 we have computed these values as

Cin = 8712 + mi,

Cout = CJ,L + CH,h + CAz + CAv

in terms of the problem parameters ni, ne, m; and mo.

For the number of inner and outer iterations we have the upper bounds pre-
sented above. Both upper bounds only depend on f,, 3., 7 and the initial opti-
mality gap F(yo) — F(y*), which we consider here as an absolute constant. Let
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Figure 5.6: Total cost versus 7. Parameter values: ni = my = 100, ny = 1000,
me =0, B, = B, =0.1.

us fix B, = B, = 0.1 and consider the cost function as a function of 7 and the
problem parameters ni, ne, m; and ms.

Figure 5.6 illustrates the upper bound on the cost as a function of 7, for a
particular choice of the parameters.

We observe that, when choosing n1 = m; = 100, ny = 1000, me = 0 and
By = B. = 0.1, the total cost is minimized for a 7-value of approximately 0.9. For
different combinations of the parameters, we obtain similar values (around 0.9).

As we mentioned above, the cost function relies on the upper bounds for Ny,
and Ny:. However, we want to stress here that these upper bounds are clearly
pessimistic. For example for 5, = 6, = 0.1 and 7 = 0.9 we get upper bounds
of N;p < 320 and N,y < 264. In numerical experiments we observe a number
of inner iterations of no more than 10 (and as we approach the optimal solution
it is typically only 1 or 0) and a number of outer iterations of typically no more
than 100. But also in these numerical tests we found that 7 = 0.9 is a choice that
provides a good compromise between the number of inner and outer iterations.

We conclude that a reasonable choice for & is

k=091 —w  w.(8))]>

5.4 Numerical results

We showed in the previous sections that it is possible to solve convex optimization
problems of the form (5.4), for whose feasible set C we do not have a self-concordant
barrier at hand, but where C is the projection of a higher-dimensional convex set
Q for which we do have a v-self-concordant barrier. Moreover, we have shown
how to compute an optimal solution for the original problem by following a 2-level
strategy that does not compute Newton directions for the extended formulation in
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terms of Q, but instead it follows the surface of partial minimizers to an optimal
solution.

Numerical results in Section 4.5 show how Algorithm 4 (and Algorithm 5) can
be used to solve convex problems in dual conic form (D), i.e.

max bTy
Y
c— ATy e K*, (D)
A?y = cy.

While our methods are reliable and the number of iterations is competitive with
the solvers that we compared our implementation with, we also observe that the
total computation time increases significantly with the problem size. This effect
is essentially due to the decomposition approach. In fact, the original problems in
Section 4.5 were of much smaller size than their conic reformulations (D), where
all the nonlinear terms are confined to low-dimensional cones. On the other hand,
the competing methods (MINOS, SNOPT and KNITRO for the location problems
and gpcvx for the GP problems) were working directly on the original problems.
The negative effect of the conic decomposition was that many artificial variables
had to be introduced which increased dramatically the cost per iteration.

In the following two sections we consider again random instances of the gen-
eralized location problems and geometric programs. We compare the standard
long-step path-following method (Algorithm 4) to its variant that is making use
of the technique of partial minimization (Algorithm 9).

As in Section 4.5 we have chosen parameter values of e = 1076, 3, = %, 0 =10
and for Algorithm 9 the parameter x = 0.9[1 — w™}(w.(B,))]>. Both methods
are making use of a line search on the outer level along the search direction Ay:
starting at the safeguard step length (ﬁ, and respectively ﬁ) we gradually
increase the step size as long as the objective value of the centering problem
improves. For the partial minimization subproblems (PM(z)) that have to be
solved in each iteration of Algorithm 9 we use a similar line search procedure.

5.4.1 Location problems

In Section 4.5.1 we considered the unconstrained version of generalized location
problems where the distance of a point to given locations (measured in terms of p-
norms) has to be minimized. The formulation is the following (compare to (LOCj)
with R = 0).

M
min Z ajllu — Cjllp, - (5.53)
j=1

u€RN

We showed that (5.53) can be cast in the standard form (5.4), i.e.
min a”
: (5.54)

st. zeC

where z = (u,w) € RN*M 4 =(0,...,0,a1,...,ap) and

C={lw,w) :|lu=Cjllp, <wj,j=1,....M}.
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Note that there are no linear equality constraints present in (5.54), i.e. G and g
do not exist. Since p-norm terms in C can be expressed in terms of power cones,
we arrive at the following formulation:

s.t. (z,v) € Q, (5.55)

where
Q:{(u,w,v) : (vij,wj,ui—ciﬁj)E/Caj,i:1,...,N,j:1,...,M}.
The matrices E and B are given by
E=[0 —I]eRM O+

and
B =blkdiag(ly) € RM VM

where 1y is a row vector of ones of size N (compare (LOC3) with R = 0). The
right-hand side vector is d = 0 € RM. In the notation of this chapter we have
that ny = N + M (the number of variables in (5.54)), ne = N M (the number
of artificial variables v), m; = M (the number of equality constraints involving z
and v) and my = 0 (no equality constraints only involving z).

Before we come to the numerical results, let us first verify that indeed Assump-
tion 4 is satisfied.

1. It is clear that C and Q are full-dimensional closed convex sets, since they
contain interior points (take for example v = 0 and v, w with components
that are sufficiently large).

2. B = blkdiag(ly) € RMXNM hag M linearly independent rows. G is not
present in this case.

3. There is clearly a bijection between C and Q[ L, where £ = {(z,v) : Ez +
Bv = d} (see e.g. Section 4.1.3).

4. C does not contain straight lines since it consists of proper (and therefore
: (n)
pointed) cones Pp".

5. If we fix Z = (@, w) € intC, then QN LN{(z,v) : z = Z} can be written as

@
]

053 (W) > |a; — Cyjl, i=1,...,N,j=1,..., M,

_i*Ci' 1/aj
= 'U’LJZ M ,iil,...,N,jil,..-,M,
(w;)! =

positive constant

and

N
Z’Uij =w;, j=1,..., M.
i=1
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That means QL[ {(z,v) : z = Z} can be considered as a direct product
of the diagonal facets of translated simplices. Therefore it is bounded.

6. It is straightforward to write down a v-self-concordant barrier F' (with v =
3N M) for Q, using the 3-self-concordant barrier for the power cone .

As in Section 4.5.1 we consider instances of (5.53) with a; = 1 (equal weights on
the objective terms), C;j randomly distributed locations in (0, 1)Y for j =1,..., M
and randomly distributed p; € (1,3),5=1,...,M.

In Table 5.1 we illustrate the number of iterations for Algorithm 4 (D-IPM) and
Algorithm 9 (D-IPM (PM)). Note that the iteration numbers for the dual path-
following method are not exactly the same as in Table 4.1. This is due to the fact
that we were running the code on new random instances and we did not average
over 10 runs, as in Table 4.1. One can see that there is a slight improvement

| dimension | D-IPM | D-IPM (PM) |
N =20 =10 21 26 (5)
N =2,0M = 100 37 36 (14)
N =2, M = 1000 48 42 (25)
N=2 1M =5000 | 63 53 (46)
N =2, M = 10000 58 55 (43)
N =10, M = 10 10 38 (26)
N =10,M =50 46 40 (29)
N=10,M =100 | 56 51 (30)
N =10, M = 500 68 58 (42)
N =10,M =1000 | 70 64 (70)
N =50, M = 50 68 53 (72)
N =50,M = 100 80 62 (61)
N=50,M =200 | 113 68 (69)
N =50, M = 400 101 70 (78)

Table 5.1: LOC - Number of iterations for each solver. In brackets total number
of partial minimization steps.

in terms of the number of iterations of the path-following method using partial
minimization. For small instances the improvement is not significant, but for
larger problems the number of iterations reduces by a factor of up to 25%. Note
that this effect was not expected. As we have outlined in Section 5.3, the partial
minimization technique can be viewed as a restriction of a v-self-concordant barrier
F to a sequence of subspaces L, . In accordance with Section 2.4.3 restrictions to
subspaces preserve the self-concordance property with the same value of the self-
concordance parameter v. The numerical results, however, seem to suggest that
these restrictions yield a slight improvement of the self-concordance parameter.
We have argued at the end of Section 2.3.3 that if some partial minimization
steps have to be done in some of the outer iterations, then this might result in a
higher cost of one iteration of Algorithm 9 as compared to Algorithm 4. On the
other hand, this additional computational effort could result in better directions
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and/or longer steps on the outer level of Algorithm 9. This conjecture cannot be
observed directly since both algorithms generate a different sequence of iterates, so
comparing these directions (or their lengths) does not have a useful interpretation.
However, as we have observed a slight reduction of the number of iterations when
using partial minimization, it seem to indicate that the directions (Az, JAz) on
the outer level are indeed more favorable than the full Newton directions Ay.

In Theorem 2.3.7 we established an upper bound on the number of partial
minimization (p.m.) steps. This bound can be rather high (see Remark 5.3.9).
However, we observe in Table 5.1 that the average number of p.m. steps is small as
compared to the above-mentioned upper bound (the total number of p.m. steps is
comparable to the number of main iterations, i.e. in average there is only one p.m.
step needed in each iteration). In the numerical experiments we have observed a
number of p.m. steps of less than 10, typically around 3 at the beginning and
always 0 at the end of each centering problem. That means at the end of each
centering process of Algorithm 9 the computation of each main step (Az, Av) is
cheaper than one iteration of Algorithm 4 (see Lemma 5.3.13). Furthermore, if
we desire a high accuracy in terms of the centering process (i.e. if we choose 3,
small), then we observe a fast reduction in terms of the Newton decrement 4.
Typically d, reduces by a factor or 10 once it is less than 1.

In Table 5.2 we report the total computation time used by both methods.
We observe that for the dual method the computation time is slightly better when

| dimension | D-IPM | D-IPM (PM) |
N=2,M=10 0.1 0.1
N =2, M =100 0.3 0.3
N =2,M = 1000 2.9 2.6
N =2, M = 5000 23.8 21.4
N =2, M = 10000 56.2 53.6
N=10,M =10 0.2 0.2
N =10,M =50 0.7 0.6
N =10,M =100 1.5 1.4
N =10, M = 500 8.7 7.8
N =10, M = 1000 19.1 17.9
N =50,M =50 12 14
N =50,M =100 9.7 10.6
N =50, M = 200 28.9 23.5
N =50, M = 400 55.8 49.9

Table 5.2: LOC - CPU time (in seconds) used by each solver

using partial minimization. This improvement is mainly due to the reduction of the
number of iterations. However, the computation times are still significantly higher
as compared to the three AMPL solvers which we have tested in Section 4.5.1 (see
Table 4.2).

In order to give an idea of where most of the time is spent in Algorithm 9, we
list in Table 5.3 the computationally most expensive operations for one particular
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instance of size N = 10, M = 1000. It is surprising that a large part of the compu-

| Operation | Percentage |
evaluate F 59.0
compute v 22.6
compute Az 5.6
compute J and L 5.1
build H and h 2.9
compute Av 0.2

Table 5.3: LOC - List of operations where most of the time is spent, N = 10,
M = 1000.

tation time is spent only on evaluating the barrier F'. The barrier is evaluated in
the two line search procedures (one on the outer level and one for the partial min-
imization subproblem). In the above test case the barrier was evaluated around
600 times by both line search methods.

Also the fact that computing v is so expensive comes as a surprise, having
in mind the results from Section 2.3.3. This can be explained by the fact that
most of the computational effort for obtaining v is spent on computing the partial
derivatives of F'. The actual computation of the directions Aw is negligible. That
means more than 80% of the computation time is spent only on evaluating F
and its derivatives. These operations were not considered in Section 2.3.3. The
computation of Az (which we would expect to be the dominating component)
is rather cheap (5.6%). This observation can be explained by the fact that the
Hessian H has a special arrow-shape structure and a large diagonal block of size
M = 1000. Such a particular case is not considered in Section 2.3.3.

5.4.2 GP problems

Let us recall the definition of a geometric program in posynomial form, i.e.

no

: (pos) K (Po%)

niy> D™
i=1

n;
(pos) K(Po®) . (GP)
s.t. ZDM xhii <1, 5=1,...., M,
i=1
mon (mon) .
e§,°>ij =1, j=1,..., Myon.
where z € RY are positive variables, Dgf’jos) and eg-mon) positive coefficients and

Kz(-gos) and K ](mon) real exponents.

We have seen in Section 4.4.2 that (GP) can be cast in standard convex form
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(5.4) by a change of variables. We obtain
min a” z

st. zel (GPr)

where z = (u,w) € RN+l a4 =10,...,0,1],
no
C= {(u, w) : Zexp (uTKZ(-%OS) + Ci(y%os)) < w;
i=1

nj
Zexp (UTKES‘OS) + Ci(EOS)) S 15 .7 = 17 .. aM} )
i=1

K(mon) g M N+1 M
G=y.. 0| €RMmnxVeD g = —log (el ) & Mo,

As we demonstrated in Section 4.4.2, (GP;) can be cast in the following decom-
posed form.

s.t. (Z,’U) €Q (GPQ)
Ez+Bv=d

Gz =g,
where z = (u,w) and
Q= {(u,w,v) : exp (uTKZ(-SOS) + CZ,(EOS)) <wig, t=1,...,n5,j=0,.. .,M} .

The linear constraints Fz + Bv = d are given by

0 --- 0 -1
0
E=|. | e RMHFVXINKY B~ pikdiag(l,,) € RMTDX(Eom),
0 --- 0 0
where 1,; is a row vector of ones of size n;,j = 0,..., M. The right-hand side

vector d is defined as d = [0,1,...,1]T € RM*! (compare (GP)).

In the notation of the chapter we have that n; = N+1 (the number of variables
in (GP1)), ne = Z;Vio n; (the number of artificial variables v), mq = M + 1 (the
number of equality constraints involving z and v) and ma = Mo, (the number of
equality constraints only involving z).

Before we present the numerical results, let us first check again that Assump-
tion 4 is satisfied.



202

CHAPTER 5. PARTIAL MINIMIZATION

. Of course C is not always full-dimensional for all data Kz(-gos) and Ci(gos), but

the GP generator mkgp that we have used to create instances, is generating
random instances that do have strictly feasible solutions. Since C is full-
dimensional then so is Q.

. B ="blkdiag(1l,,) € RMHDX (520 79) hag M +1 linearly independent rows.

j
G has full row rank since the vectors K (mon), 73 =1,..., Myon are assumed

J
to be linearly independent.

There is clearly a bijection between C and Q (L, where £ = {(z,v) : Ez +
Bv = d} (see arguments in Section 4.4.2).

To see that C does not contain straight lines, let us consider a nontrivial
direction (Au, Aw). If Aw # 0 then it is always possible to find a step size
~ such that w + yAw < 0, which is not possible. Let therefore Aw = 0 and

assume Ay # 0 (otherwise (Au, Aw) = 0). Since K, o5 has full row rank, it

)

. . . os
cannot contain any O-rows, which means there exists a column KZ(P; such
;

that AuTKZ(-z-OS) # 0. It is clear that we can find a step size v such that

(u+vAu)TKP + C; ;> max{log(w), 0},
N—————
constant

which violates one of the inequality constraints. That means C does not
contain straight lines because there is no direction (Au, Aw) # 0 that we
can extend to +oo without leaving C.

. If we fix z = (@, w) € intC, then QL ({(z,v) : z = Z} can be written as

vij > exp (aTK§3°S> +ci<3_os>)’ i=1,...,m;,j=0,...,M,

positive constant

and

S w, =0,

Z Vij = .

= {1, j=1,..., M.
That means Q(L({(z,v) : z = Z} can be thought of as a direct product
of the diagonal facets of translated simplices. Therefore it is bounded.

. It is straightforward to write down a v-self-concordant barrier F' (with v =

3 Z;Vio n;) for Q, using the 3-self-concordant barrier for the exponential cone

exp-

As in the previous section we investigate the effect of partial minimization on
Algorithm 4 with respect to the number of iterations and the total computation
time. In order to test our algorithms we consider a family of random GP’s gen-
erated by mkgp, a Matlab function included in gpcvx! that has originally been
written by Lieven Vandenberghe and later been modified by Kwangmoo Koh.

1See http://www.stanford.edu/ boyd/ggplab/gpcvx. pdf
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Our tests have been made on random instances with n; = 5,5 = 0,..., M,
Mnon = b for different values of N and M. In Table 5.4 we display the number of
iterations for both methods, that is Algorithm 4 (D-IPM) and Algorithm 9 (D-IPM
(PM)). One can see that the use of partial minimization yields a significant reduc-

| dimension || D-IPM | D-IPM (PM) |
N =50,M =50 92 95
N =50,M =100 237 78
N =50, M =150 158 68
N =100, M = 100 133 116
N =100, M = 200 172 7
N =100, M = 300 127 72
N =100, M = 400 98 61
N =100, M = 500 246 64
N =200, M = 200 348 169
N =200, M = 400 292 88
N =200, M = 600 105 69
N =200, M = 800 211 78

Table 5.4: GP - Number of iterations used by each solver.

tion in terms of the number of iterations. Note that this effect is not guaranteed
by the worst-case complexity result (Theorem 5.3.12). Surprisingly, for increas-
ing value of M, the number of iterations remains constant (N = 50) or decreases
(N =100, N = 200).

Table 5.5 displays the total computation time used by each method. We see

[ dimension [ D-IPM [ D-IPM (PM) |
N =50, M =50 1.19 0.70
N =50,M =100 | 3.79 119
N =50,M =150 || 3.18 1.25
N =100,M =100 ]| 3.17 2.44
N =100, M =200 || 4.97 1.95
N =100, M =300 || 4.46 2.20
N =100, M =400 || 4.03 2.04
N =100, M = 500 || 13.15 2.57
N =200, M =200 ]| 13.61 6.3
N =200, M = 400 || 15.01 4.24
N =200, M =600 || 6.49 3.42
N =200, M = 800 || 14.37 4.55

Table 5.5: GP - CPU time (in seconds) used by each solver.

that the computation time for the dual path-following method is lower by a factor
of 3 when using partial minimization. This improvement is mainly due to the
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reduction in the number of iterations (see Table 5.4), but also to the lower cost
per iteration as we can see in Table 5.6. If we compare the computation time to
GPCVX (see Table 4.5), we observe that the use of partial minimization could
close the gap to some extent. However, the dedicated GP solver is still superior
with respect to the computation time because GPCVX does not have the addi-
tional computational burden of the inner iterations to approximate the partial
minimizers.

| dimension | D-IPM | D-IPM (PM) | improvement ]
N =50,M =50 1.57 1.46 7.4
N =50,M =100 1.87 1.62 13.5
N =50,M =150 2.18 1.89 13.4
N =100, M = 100 2.75 2.18 20.6
N =100, M = 200 3.20 2.57 19.7
N =100,M =300 | 3.96 3.02 23.6
N =100, M = 400 4.60 3.40 26.1
N =100,M =500 | 4.81 3.79 21.3
N =200, M = 200 4.90 3.75 23.3
N =200,M =400 | 5.39 4.31 20.0
N =200, M = 600 6.63 5.05 23.8
N =200,M =800 | 7.65 6.12 20.0

Table 5.6: GP - CPU time per iteration (in 10~2 seconds) used by both methods,
and improvement (in %).

Let us have a look again at where most of the time is spent in Algorithm 9. The
most expensive operations are listed in Table 5.7, for one random (GP) instance
of size N = 200, M = 800, Mmon = 5, nj = 5 for j = 0,...,M. The cost of

| Operation | Percentage |
evaluate F 38.1
compute v 18.6
compute Az 10.8
build H and h 8.7
compute J and L 5.6
compute Av 0.3

Table 5.7: GP - List of operations where most of the time is spent, N = 200,
M =800, Myon =5, nj =5for j=0,...,M.

evaluating F' is still rather high (38.1%), even though it is not as pronounced
as in the example of location problems (compare Table 5.3). Note that in this
concrete example F had to be evaluated around 750 times. The cost of computing
¥ is higher than expected. But the computation time of this operation is again
dominated by computations and manipulations of the derivatives of F'. The actual
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time for obtaining v is only 6.8% of the total computation time.

Let us conclude with a comparison of partial minimization applied to location
problems (5.53) and geometric programming problems (GP). We observe that
partial minimization is more beneficial for (GP): the total computation time is
reduced by roughly a factor of 3, while for the location problems we have observed
only a very small improvement (see Table 4.2 and Table 4.5). This reduction
is in both cases due to the reduced total number of iterations (which is more
pronounced in the case of (GP), see Table 5.4 as compared to Table 5.1) and the
reduced cost per iteration. The cost per iteration is in both cases dominated by
simply evaluating the barrier F' and its derivatives (see Table 5.3 and Table 5.7).
For (GP) these evaluations seem to be cheaper as compared to location problems.

5.5 Summary

Let us conclude with a summary on partial minimization.

1. Complexity preserved: We saw in Theorem 5.3.12 that the global com-
plexity of Algorithm 9 is essentially the same as the complexity of the stan-
dard long-step path-following method (Algorithm 4), namely

ofom())

Moreover, as we illustrated in Section 5.3.4 that the partial minimization
framework can be embedded in the primal-dual predictor-corrector method
(Algorithm 5), at least to some extent.

2. Numerical results: The numerical results of Section 5.4 indicate that the
embedding of partial minimization into dual interior-point methods is indeed
beneficial. For the two problem classes considered (location problems and
geometric programs) the number of iterations reduces (compare Table 5.1
and Table 5.4). As a result, the total computation time decreases (compare
Table 5.2 and Table 5.5) for the dual path-following method using partial
minimization.

3. Fast convergence: Even though we cannot establish formally quadratic
convergence of the centering problems (Theorem 5.3.7), we do observe fast
convergence at the end of each of the centering problems for both problem
classes. In particular, the numerical tests seem to indicate that if §, < 1,
then we can do full steps (o = 1) and no centering steps are needed, i.e.
0y+ < By. Moreover, §, typically reduces by a factor of 10 once it is less
than 1.

4. Possible improvements: We observe that a large amount of computation
time is spent only on evaluating the barrier (40-60%) for the line search
procedures. There are line searches implemented on two levels: (a) for the
partial minimization subproblems, (b) for the dual centering problems. As
a result, the barrier typically has to be evaluated a couple of hundred times.
A possible improvement could be a cheaper way of evaluating the barrier or
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approximating the barrier values.

As we have outlined at the beginning of the chapter, the framework of partial
minimization is well-suited for parallelization, since we consider problems
that are partially separable. It could be possible to improve the performance
by separating the partial minimization subproblems. This would mean one
could evaluate the barrier and its derivatives in parallel and also compute
the Newton directions for each small subproblem simultaneously.

Another improvement could be the use of larger neighborhoods. Algorithm 7
is designed such that in each outer iteration we generate an approximate
partial minimizer with accuracy 6, < 3, < % On the other hand, it might
not be necessary to enforce such a high accuracy, especially at the beginning.
Therefore, it might prove beneficial to require only 6, < 3,, where 3, is large.

. Scope: We illustrate how partial minimization can be applied whenever we

want to optimize over a convex set C that has to be lifted to some higher-
dimensional set Q in order to have a self-concordant barrier at hand. It is
clear that the proposed framework is particularly successful when there are
many artificial variables v that had to be introduced in the modelling process
and if they are sparsely present in the final model. In other words, we need
that the subproblems (PM(z)) can be solved efficiently. This is the case for
example when the Hessian of F' with respect to the artificial variables v is
diagonal, but also the matrix B is sparse so that B(F. )~'BT is cheaply
invertible. This is for example the case W}len there is exactly one nonzero

present in each column of B. Then B(F,,) 'B7 is diagonal to, if F:v is
diagonal (see Section 2.3.3).
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Conclusions

We have demonstrated in this thesis that interior-point methods exhibit many
very favorable theoretical and practical properties such as polynomial complex-
ity (under some technical assumptions) and reliability of their implementations.
However, we have also outlined that there are certain limitations to their usage for
practical applications, such as the access to a self-concordant barrier for the feasi-
ble set. In view of these drawbacks we have formulated in Chapter 1 three goals,
i.e. an algorithmic framework with the following three properties. First, the com-
plexity for solving any particular instance from the chosen problem class should be
polynomial in the problem size. Second, the chosen problem class should be suf-
ficiently general. Third, the framework should exploit structure from the original
problem in order to improve efficiency.

How we met our goals

We have proposed in Chapter 2 two interior-point methods (a dual and a primal-
dual path-following method) for convex problems in conic form. We have shown
that these methods exhibit a polynomial complexity provided that a self-concordant
barrier for the dual (or primal) cone are at hand. In Chapter 3 we have proved
self-concordance of a new barrier for the power cone. This result turns out to be
fundamental, in that we have shown in Chapter 4 that the power cone is very
versatile since many convex sets and functions are representable using that cone.
This is why we have chosen our basic formulation to be a dual conic problem
based on the power cone and a limit of the power cone (the so-called exponential
cone). Furthermore, we have explicitly computed the dual cones of these two prin-
cipal cones, with the aim to be able to use the nonsymmetric primal-dual method
proposed in Chapter 2. The process of reformulating the original problem in the
dual conic form based on the power cone is called lifting. Unfortunately, such a
lifting has the negative side effect that typically many artificial variables have to
be introduced which slows down the solution process due to a higher cost per iter-
ation. This phenomenon was observed in numerical test for two problems classes
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Figure 6.1: Lift and restrict

(generalized location problems and geometric programs). In order to overcome
this negative effect of the conic modelling we have proposed in Chapter 5 a new
framework, called partial minimization, which can be embedded in interior-point
methods. We have proposed a two-level interior-point scheme where in each outer
iteration we solve the partial minimization subproblem approximately. Using this
approximate solution we define directions where the artificial variables are con-
fined to affine subspaces that are approximately tangent to the surface of partial
minimizers. Therefore, this technique effectively removes dependence on the arti-
ficial variables. We have shown that polynomial complexity is preserved. Finally,
we have demonstrated that this new technique also works in practical implemen-
tations, where we have observed a reduction in the cost per iteration, and also in
the total number of iterations.

Our strategy can be illustrated in the following way. Given an a-representable
optimization problem (P), we denote its a-representation by (@), which is the
dual conic formulation based on the power cone and exponential cone presented
in Chapter 4. This lifting is illustrated on the left-hand side in Figure 6.1. As we
have argued above, the lifting is necessary in order to profit from the polynomial
time algorithms. The right-hand side in Figure 6.1 illustrates the technique of
partial minimization as a means to compute a solution for (Q) by not solving
(Q) directly. Instead, we compute search directions for a family {(Py)} of lower-
dimensional problems, where artificial variables are essentially removed.

Our thesis in the context of convex optimization

Optimization is an important field of applied mathematics with many applications
in various domains, ranging from engineering to finance and operations research.
In particular convex optimization is very popular because of highly efficient meth-
ods which are supported by strong theoretical results. The advantages of convex
optimization problems can be classified into passive and active features. Passive
features are for example the fact that local optimal solutions that are always also
global solutions; or the fact that optimality conditions are also sufficient (and
not only necessary). The active features are those that require some additional
user expertise, such as the access to efficient methods with guaranteed polyno-
mial complexity; and a rich duality theory that can be used for finding bounds
on the optimal value. However, in order to profit from the favorable properties of
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convexity, it is necessary to ensure that the considered problem is indeed convex.
Unfortunately, checking convexity is a highly non-trivial task. Once convexity is
established, one profits automatically from its passive features. On the other hand,
the active features do not come for free. In order to benefit from them we have to
bring the optimization problem in a structured convex form, e.g. a form for which
interior-point algorithms are designed; or a form for which a ”good” dual problem
can be identified.

In the context of interior-point methods structure means the access to self-
concordant barriers for the feasible set (and possibly the epigraph of the objective
function). In general it is a tedious work to find self-concordant barriers for given
convex sets. Recently, we have observed some research activity in that direction,
e.g. [47]. In this thesis we have chosen as the structured basic formulation a dual
problem based on the power cone, for which we have proved self-concordance of
a new barrier. On the other hand, the concept of self-concordance might not be
the only paradigm. Indeed, self-concordance is a global property that might be
too restrictive. For example, it could be sufficient to ensure so-called local self-
concordance (see [57]) in a neighborhood around the central path, since this is the
area where the iterates are confined. Analogously, other concepts might guarantee
also polynomial complexity for certain problem classes.

The tasks of formulating and optimization problem, detecting to which problem
class(es) it belongs and the transformation into the input format of the solver
of choice can be facilitated with the help of modelling languages. These tools
can be standalone software packes such as AMPL [19] and GAMS [7], or Matlab
toolboxes like CVX [27] and Yalmip [39]. We want to point out here CVX, which
is designed for so-called disciplined convex optimization problems (see [26]), i.e.
convex problems that can be detected as such. The other three above-mentioned
modelling languages are not necessarily restricted to convex optimization. In that
sense the purpose of this thesis has some intersection with the concept of CVX, in
that we build up a class of well-behaved convex optimization problems. The main
difference is that CVX is currently restricted to symmetric conic optimization
(as it only supports SeDuMi and SDPT3 as solvers). However, in principle CVX
could be adapted to support also power cone representable sets (using the concepts
presented in Chapter 4). Another difference is that our work is more biased towards
the algorithmic side, while CVX entirely focuses on the modelling aspects of convex
optimization.

The prerequisite of efficient interior-point methods for convex optimization
problems is the reformulation of the original problem into a structured convex form
for which interior-point algorithms are available. This extraction of the structure
can be considered as active knowledge about the original problem, which in turn
can be exploited to increase efficiency. There are several ways how structure can be
exploited. For example sparsity in the Hessian can be used to reduce the storage
memory and the cost for computing the search direction (see [22]). Similarly,
separability (see [8]) can increase efficiency of the algorithms. In this work we
have proposed to use the new technique of approximate partial minimization to
compute the search directions in a lower-dimensional space at a reduced cost.
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Future research

There are several potential future fields of research that can improve our results.

Conjectured self-concordant barriers

In Chapter 3 we formulated three conjectures for self-concordant barriers: an
(n + 1)-self-concordant barrier for the high-dimensional power cone K5 and for

a further a generalization of IC&H), and (partial) scaling of the 3-self-concordant
barrier for K, which results in a self-concordance parameter of v € [2, 3] depending
on the value of . We obtained indication for these statements from numerical tests
where we checked the self-concordance property for random points in the cones.
However, it would be interesting to find an analytic proof of these conjectures.

In the same chapter we computed numerically the universal barrier for the
p-cone. The evaluation of the barrier and its derivatives involves the computation
of several integrals, which makes this barrier not practical for real applications.
Moreover, we found in numerical tests that it should be possible to scale the barrier
and obtain a self-concordance parameter of v € [2, 3], depending on the value of p.
This result is in line with the theory, since for the particular values of p = 1,2, co
we know the optimal value of v, which is also the value that we obtain in our tests.
An improvement to this study could be an establishment of a formal proof that
supports this observation of the self-concordance parameter.

Dual cones

In Chapter 4 we computed the dual cones of the power cone K, and of the expo-
nential cone Kexp. Moreover, we illustrated that Keyp is in fact the limit of a linear
transformation (K, )* of the power cone K. It would be interesting to extend this
study by showing whether a similar limit relation exists on the dual side, i.e. if

s, is also the limit of (KCo)*.

exp

Newton’s method with approximate partial minimization

In Chapter 5 we presented a complexity result for a variant of Newton’s method
that uses approximate partial minimization. We could successfully show that this
method guarantees a constant decrease of the objective function in each iteration
(see Theorem 5.3.7). However, we could not establish the quadratically convergent
phase of Newton’s method close to an optimal solution, even though we do observe
in our numerical tests a rapid convergence close to an optimal solution: once
the Newton decrement for the outer level is sufficiently small it typically reduces
by a factor of 10 in each following outer iteration. Moreover, the number of
partial minimization steps is low, in particular close to the overall optimal solution.
Finally, we observed a reduction in the number of outer iterations of the overall
method. This observation was not covered by the theoretical results and it seems to
indicate that partial minimization actually reduces the self-concordance parameter
of the original barrier. The aim of a future work could be to theoretically support
these observations by analytic proofs.
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The conic solver

The numerical results in Chapter 4 and Chapter 5 have been achieved with a
Matlab! implementation of Algorithm 4 and Algorithm 9. The solver can be
freely downloaded? and installed as described therein.

We are going to give a brief documentation of the solver, its input and output
format and a concrete example of a small convex optimization problem whose
conic reformulation can be fed into the solver.

A.1 Problem class

The solver supports a primal-dual format that has been presented already in Sec-
tion 2.5.3, i.e.

min 'z + c?xf max by
z,xy Y,5
Az + Agzy = b, s+ ATy =c,
x ek, A?y = ¢y,
xy free, s e K",

where z,c € R*, zy,cy € R, y,b € R, A € R™" and Ay € R™" and
K, K* C R™ are dual to each other and K (respectively K£*) is the direct product
of the three elementary cones

. ]Ca:{xeRixR:x?-wéfo‘ZMﬂ}

° Kexp:cl({xERxR+ x Ry :exp (;—i) < z—i})

Version 7.2.0 (R2006a), see http://www.mathworks.com
2http://www.core.ucl.ac.be/~glineur/PowerSolver
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e RY ={x:2;>0,i=1,...,m}.
The necessary requirement for the design of polynomial-time interior-point

methods is the access to a self-concordant barrier for K and/or £*. In Chapter 3
we have presented a (n+ 1)-self-concordant barrier for the high-dimensional power

cone K&"). For n = 2, we obtain the 3-self-concordant barrier
Fo(z) = —log (z1“237>* — 23) — (1 — a) log(z1) — alog(z2)

for the thee-dimensional power cone K. Further, it is well-known that Kexp
admits the 3-self-concordant barrier

Foxp(z) = —log (x5 - log (x2/x3) — x1) — log(z2) — log(xs).
We denote by n, the number of power cones K, and by n. the number of ex-
ponential cones Kexp. In that notation we have that the primal (respectively the

dual) cone becomes

Kay X X Ko,y X Kexp X -+ X Koxp xRY! (A1)

ne times ne times

with the (3nq + 3n. + n;)-self-concordant barrier

N Ne

F(z) = ZFai (za) + ZFeXp(ze) + Fi(z),

=1 i=1

where © = (24, e, 1), and 24 € R3", 1, € R?" and zcRY'. F; denotes the
standard logarithmic barrier for the nonnegative orthant.

In Section 4.3 we have computed the dual cones of K, and Kexp. Therefore it
is straightforward to write down the dual cone for (A.1) attached with a (3n, +
3ne + ng)-self-concordant barrier. Note, however, that (A.1) is not symmetric
(unless there are no Kn and Kexp constraints present, in that case the conic pair
boils down to a pair of linear programs). Moreover, the barriers for (A.1) and its
dual are not conjugate.

Let us summarize the dual problem (using the above notation), as it will yield
for further illustration. Let A and ¢ be partitioned in the following way

A = [Ava] = [AfaAlvAavAe]v

¢ =[cpic] = [ef; e cas el

where A; are the first n; columns of A that correspond to the primal nonnegativity
constraints. A, are the further n, columns of A that correspond to the primal
power cone variables and A, are the last n. columns of A that correspond to
the exponential cone constraints. Analogously, the primal objective vector c¢ is
partitioned into ¢, ¢, and c.. Then we get as the dual problem
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max b’y
sit.cp — A?y € {0} C R™,
a— Al yeRY, (A.2)

Ca— ALy € Koy x - x K
ce—AZyeKepr---xKeXp.

Qng

A.2 Initialization

Our solver is restricted to the proper cones that are the direct product of R, X,
and Kexp. We propose the following initialization that requires the introduction
of only 3 additional variables and 3 additional linear inequality constraints. In the
following we discuss the initialization for each of the three cones separately. The
generalization to mixed problems is straightforward.

A.2.1 Initializing the linear constraints

In order to initialize the linear constraints
a— Al yeRY, (A.3)
we propose to solve the following auxiliary problem
(AUX},)  min @
s.t. Cl,z‘*Al]:ier@ >0,i=1,...,ng
A?y = cy.

It is clear that (AU X)) can be easily initialized by taking any yo that solves the
linear system A?y = ¢y and setting

As soon as we have found a feasible point (7, 0) for (AU Xjip ) such that 0 < 0 we can
stop and take 7 as a strictly feasible point for the linear constraints ¢;— Al y € R,
On the other hand, if (A.3) admits a strictly feasible solution, then the optimal
value of (AU X)) is negative.

A.2.2 Initializing the power cone constraints

For initializing the power cone constraints we propose the following auxiliary prob-
lem. For sake of simplicity we consider here the case of one single power cone
constraint ¢, — ALy € KC,, where ¢, = [c1,c2,c3] € R® and A, = [a1, a2, a3] and
a; € R™. Then the above power cone constraint becomes

(c1 —aly)® - (ca—azy)' ™ >|cs — 03Ty|- (A.4)
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Let us consider the auxiliary problem.
(AUX,) mind
st. (et —aly+0)* (ca—ady+0)""*>|cs —alyl,
A?y =cy.
Equivalently, the power cone constraint of (AU X,,) can be written as
ca — AL e Ky,

Aa
-1 -1 0
(AU X,,) can be initialized easily by taking any yo that solves the linear system
A?y = ¢y and setting 6y = max{61, 62}, where

where A, = ] € R™T13 and g = (y,0).

01 = max(—s1,—$2) + 1,

0y = |83|1/(a(1_a)) — min{sy, s2} +1
and s; = ¢; — al yo for i = 1,2,3. Then we have
Si+00>s+60,>1>0,i=1,2
and
(s1 4+ 00)" - (s2 + 90)1—a > (min{s, so} + 90)a(1_a) > (min{sy, s2} + 92)a(1—a)
because of monotonicity of the power function. Using the definition of 5, we get
(514 60)" - (52 +00)" ™ > (s /(“0 7D 4 1) =) > |4,

which means that the initial (yo,6y) satisfies strictly the power cone constraint in
(AUX,). It remains to note that as soon as we have found a point (g,é) that
is feasible for (AU X, ) with § < 0, we can conclude that 7 is strictly feasible for
(A4).

Conversely, it is clear that if the optimal value of (AU X, ) is 8* = 0, then the
power cone constraint in (AU X, ) must be tight at the optimum and y* is feasible
for (A.4), but not strictly feasible. Similarly, if 6* > 0, then there exists no feasible

point y for (A.4).

A.2.3 Initializing the exponential cone constraints

For initializing the exponential cone constraints we propose the following auxiliary
problem. Again, we only consider here the case of one single exponential cone con-
straint cexp — AeTxp Y € Kexp, Where cexp = [c1,¢2,¢3) € R? and Aexp = [a1, a2, as)
and a; € R™. Then the above exponential cone constraint becomes

T T
exp <Cl al y> < C2 (12 Y (A5)

T = T,"
€3 —azy €3 —azy
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Let us consider the auxiliary problem.
(AUXexp) miné

ot exp<cl—a1Ty—5) < c2—aly+§
cs—aly+71) " cs—aly+71’

6> 6,
0> ||,
A?y =cy.
The exponential cone constraint of (AU Xexp) can be written as

T
Cexp - Aexp ) S Kexpa

Ao
where Ae,, = (1) —01 8 € R™33 and § = (y,0,6,7).
0o 0 -1

We see that a strictly feasible starting point for (AU Xexp) can be found by
taking yo as any solution to the linear system of equations A?y = c¢y. Denote

s; = ¢; —alyg for i = 1,2,3. Then we can define

do = max{s1, —sa} + 1,

T0 = —83+ 1.
Then we see that 79 + s3 = 1, and on the other hand sy + dg > 1 and s; — §g <
—1 < 0. This implies
ca — ad yo + do
c3 — G3Ty0 + 70

(Cl —aiyo — do
exp | ——=——

— ) =exp(s1 — dp) < exp(0) =1 < 89+ o
€3 — a3z Yo + 7o

Finally, we can define 6y = max{do, |70|} + 1.

It is clear that if there exists a feasible point § for (A.5), then (g,0,0,0)) is
feasible for (AU Xexp) with objective value 0. On the other hand, 0 is a trivial
lower bound for the optimal objective value of (AU Xexp). Reversely, if we find a
point (7, 6,8,7) that is feasible for (AU Xexp) with = 0, then 7 = 0 and § < 0,
which implies

exp ("I ¢ o (=T =) _c2=afg+d _ex—afy
T T= = T
c3—azy c3—az3y—+T c3—azy

i.e. 7 is feasible for (A.5). Moreover, if § < 0 (and § = 0), then the above inequality
is strict which means that g is strictly feasible for (A.5).

On the other hand, if we find that 8* > 0, then we can conclude that (A.5) is
not feasible.

A.3 Input and output format

The input and output format of our conic solver is similar to the one of SeDuMi®
format. The input consists of parts, the data matrix A which is partitioned as

Shttp://sedumi.ie.lehigh.edu/
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described above, the primal objective vector ¢ which is also described as earlier,
the dual objective vector b and a Matlab structure K which describes the structure
of the primal or dual cone. The necessary fields in K are:

K.f, the number of primal free variables,

K.l, the number of nonnegativity constraints,

K.p, a vector of size n, containing the exponents «; of the power cones,
K.e, the number of exponential cones,

K.pd, the flag determining whether the principal problem is the primal or
dual formulation, values: 'p’ or 'd’.

The optional fields of K are:

K.method, the flag determining which method shall be used (’1’: dual-path-
following, '2’: nonsymmetric predictor-corrector method, default value: '1’),

K.problem_class, a string determining the problem class ('GP’: geometric
programming, 'LOC’: generalized location problems, default value: ’default’),

K.partial, boolean variable determining whether or not to use partial mini-
mization, only available if problem class is either 'GP’ or LOC’, default value:
'false’,

K.quiet, boolean variable determining whether quiet or verbose output, de-
fault value: 'false’,

K.no_output, boolean variable determining whether no output at all, default
value: 'false’,

K.szs, vector containing additional problem information, for problem class
'GP’ its components is the number of monomials in each of the posynomials,
for problem class ’LOC’ the first component of K.szs is the dimension N, the
second is the number of norm terms M.

The output of the solver contains the primal-dual solution (x,y) and a Mat-
lab structure info containing additional output information. If the dual path-
following method is used, then the the variable x contains only zeros (because the
primal optimal solutions has not been computed). The structure info contains
the following fields:

in fo.iter, the number of main iterations
info.time, the computation time (in seconds) for the main phase)

info.time_init, the computation time (in seconds) for the initialization
phase),

info.time_iter, the time (in seconds) per iteration in the main phase

info.feas: dual problem 'feasible’ or ’infeasible’,
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e info.bounded: dual problem 'bounded’ or 'unbounded’,
e info.status: dual problem 'solved’ or 'not solved’.

Optionally, a dual starting point gy can be provided. If yq is indeed strictly feasible,
then the main phase starts at yg. Otherwise a strictly feasible starting point is
computed by solving an auxiliary model as proposed in Section A.2.

To summarize, the calling sequence for the conic solver based on the power
cone is

[x,y,info] = powersolver(A,b,c,K,y0)

where yO is an optional dual (strictly feasible) starting point. The first input
argument A is the full data matrix A = [Af, Aj, Aa, Ac], b is the dual objective
vector and c is the full primal objective vector € = [cs; ¢; Caj; Cel-

The output contains the primal optimal solution x (which is only available
if the primal-dual method is used, otherwise it is set to zero), the dual optimal
solution y and an information structure info with fields as described above.

A.4 Yalmip interface

As we have mentioned above, in order to call our solver one needs to provide the
data A, b and ¢ as well as a Matlab structure K defining the cone K*. Even for
tiny problems this can be a tedious and error-prone task.

Therefore we have established with the help of Johan Loéfberg ([39]) an inter-
face to YALMIP*. YALMIP is a Matlab-based modelling language for defining
and solving advanced optimization problems. The calling sequence for solving an
optimization problem in YALIMP is given by solvesdp(C,h), where C' is a set of
constraints and h is the (linear) objective function. By default, minimization is
assumed. For example, given a matrix A and vectors b and ¢ in suitable dimension

x = sdpvar(length(c),1);
C = [A*x<b];
h = c’x*x;

solvesdp(C,h);

solves the linear problem

min ¢’z

st. A-x <b.

In order to call our conic solver using YALMIP, one needs to have YALMIP
installed and the root directory (and all of its subdirectories) of our solver have to
be in the Matlab path.

The set C' may contain linear constraints and power cone constraints. At the
moment exponential cone constraints are not yet supported. Power cone con-
straints are defined in the following way.

4 http://control.ee.ethz.ch/~joloef/wiki/pmwiki.php?n=Main.HomePage
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sdpvar x y z
C = powercone(z,x,y,alpha)

where alpha is a scalar constant between 0 and 1. The above definition corresponds
to the constraint (z,y,z) € K4, where a is the above-mentioned constant. Note
the sequence of the input arguments (i.e. z,z,y instead of z,y, 2).

The calling sequence for solving a conic problem involving linear and power
cone constraints using our conic solver is

options = sdpsettings(’solver’,’powersolver’,’savesolveroutput’,1);
output = solvesdp(C,h,options)

The first line specifies the options (i.e. to use our conic solver, and to provide
additional output information). The second line calls the main Yalmip routine to
solve the optimization problem to minimize the objective h due to the constraints
C with the options specified above.

Additionally, we have added support for p-cone constraints. Let x and ¢ be
SDPVAR objects and p > 1 a scalar constant. Then the constraint ||z||, < ¢ (or

equivalently (z,t) € 7715’”) can be expressed by the command p_cone(x,t,p).

A.5 A concrete example

Let us illustrate the usage of our conic solver on the problem class that we have
encountered already in Section 4.5.3, i.e.

migl d¥x +t
s.t. (z,t) €Cp (A.6)
t<1

f— )

where

N
C {(:c,t):ZmPi < tPo, tZO},

i=1
deRN and 1 < py < min;—1,. np;. We have seen in Section 4.1.4 how C, can

be decomposed in terms of power cones K. For N = 2 the conic reformulation of
(A.6) becomes

—max —dfz—t
x,t,v,w
Do .
st (v, L, z) € Ky, iy = —, 1 =1,2,
bi
1 A7
(wiatvvi)elcaoa Qg = —, i:1725 ( )
Po
1-teRy,

w1+w2:t.

We see that we could remove the dependence on the variable ¢, but for the sake of
transparency we will keep this extended formulation. There is one linear equality
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constraint present (w; +ws = t), one linear inequality constraint (1 —¢ € R,) and
four power cone constraints. This means we have ny = 1, n; = 1, no, = 4 and the
number of dual variables is m = 7.

A.5.1 Direct call

In order to call our conic solver, we need to provide the data A, b and ¢ as well
as a structure K defining the cone K*. We see immediately that K.f = ny =1,

Kl=n=1 Kp= |2 o 1 l}, K.e =0 and K.pd ='d’ because we are using
b1’ p2’ po’ Po
a dual formulation.

Further, if we define the dual variables y = (z, ¢, v, w), the dual objective vector
becomes b = (—d, —1,0) € R”. The linear equality constraint w; +ws = ¢ only in-
volve the variables w and ¢ (and no constant term). Therefore we conclude ¢y = 0
and Ay = [0,0,-1,0,0,1, 1]T. The linear inequality constraint involves the con-
stant term ¢; = 1 and only the variably ¢, therefore we have A; = [0,0,1,0,0,0,0]7.
The first power cone constraint (vi,1,z1) € K4, involves only the variable v; (and
no constant term) in the first component; the second component does not involve
any of the variables, but the only the constant term 1; the last component involves
only the variable z1. Therefore, if we define c, 1 = [0,1,0]7 and

T

10 0 0
0 00
0 00

0
0
-1

A()zl:

00 —
, 00 O
00 O
we have that (vi,1,21) € Kq, is equivalent to co,1 — Ag;ly € Ko, In a similar
fashion we can define ¢, and A, ;, for i = 1,2,3, that correspond to the re-

maining three power cone constraints. The following Matlab code solves the conic
reformulation (A.7) of the problem (A.6):

alpha = [p(end)/p(1);p(end)/p(2);1/p(end)*ones(2,1)];
K = struct(’f’,1,’1’,1,’p’ ,alpha,’e’,0,’pd’,’d’);

b = sparse((1:3),o0nes(3,1),[-d;-11,7,1);

c = sparse([2,4,7],[1,1,1],[1,1,1],14,1);

A_f = sparse([3,6,7],0nes(3,1),[-1,1,1],7,1);

A1 = sparse(3,1,1,7,1);

A_p = sparse([1,2,3,3,4,4,5,5,6,7]1,[3,6,8,11,1,9,4,12,7,10], ...

-ones(10,1),7,12);
A= [A_f,A_1,A p];

[x,y,s,info] = powersolver(A,b,c,K);

The first line defines the power cone exponents that correspond to the four power
cones that are present in the conic formulation (A.7). The second line defines the
Matlab structure that determines the cone K*. The following 7 lines define the
data A,b and ¢ in sparse form, where b is the objective vector of (A.7), & contains
three ones (one corresponding to ¢y and two corresponding to c,). Finally, A
consists of three blocks: Ay, A; and A, where A, in turn consists of four sparse

7 x 3-blocks An 1,402, Aa3, Aan
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A.5.2 Indirect call using Yalmip

As we have mentioned above, our solver is partially supported by Yalmip, a Mat-
lab interface for solving optimization problems with links to an extensive list of
nonlinear solvers. This link to Yalmip significantly simplifies the modelling pro-
cess.

Using the results from Section 4.5.3, we see that the conic reformulation of
(A.7) using p-cones is

min d¥x +¢
x,t,v

bo .
s.t. (i, 1, @) € Ky, s = —, 1=1,2,
(s, 1. ) i (A%)
(v,t) € Kpys

t<1.

The Matlab code for solving (A.8) is

x = sdpvar(n,1); t = sdpvar;

v = sdpvar(n,1);

C = [powercone(x(1),v(1),1,p(end)/p(1))];

C = C + [powercone(x(2),v(2),1,p(end)/p(2))];
C =C + [p_cone(v,t,p(end))];

C=C + [t<=1];

h = d’*x +t;

options = sdpsettings(’solver’,’powersolver’,’savesolveroutput’,1);
output = solvesdp(C,h,options);

We see that the above code snippets are very close to the actual mathematical
formulation (A.8). Lines 1 and 2 are introducing the original variables x and ¢ as
well as the artificial variables v as SDPVAR objects. The following four lines define
the four constraints (two power cone constraints, one p-cone constraint and one
linear constraint), the 7th line defines the objective and the last two lines define
the options and call of the solver.
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