-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Edinburgh Research Explorer

Edinburgh Research Explorer

Convergence Analysis of an Inexact Feasible Interior Point
Method for Convex Quadratic Programming

Citation for published version:
Gondzio, J 2013, ‘Convergence Analysis of an Inexact Feasible Interior Point Method for Convex Quadratic
Programming' SIAM Journal on Optimization, vol 23, no. 3, pp. 1510-1527.,  10.1137/120886017

Digital Object Identifier (DOI):
10.1137/120886017

Link:
Link to publication record in Edinburgh Research Explorer

Document Version: _
Preprint (usually an early version)

Published In:
SIAM Journal on Optimization

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN ACCESS

Download date: 20. Feb. 2015


https://core.ac.uk/display/28971981?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/     10.1137/120886017
http://www.research.ed.ac.uk/portal/en/publications/convergence-analysis-of-an-inexact-feasible-interior-point-method-for-convex-quadratic-programming(3f974e08-9e0a-4cb5-b7d1-a94069e11022).html

Gondzio, J 2013, 'Convergence Analysis of an Inexact Feasible Interior Point Method for
Convex Quadratic Programming' SIAM Journal on Optimization.

Convergence Analysis of an Inexact Feasible Interior Point
Method for Convex Quadratic Programming*

Jacek Gondziof

School of Mathematics
and Maxwell Institute for Mathematical Sciences
The University of Edinburgh
Mayfield Road, Edinburgh EH9 3JZ
United Kingdom.

Technical Report ERGO-2012-008%

July 25, 2012, revised February 14, 2013

Abstract

In this paper we will discuss two variants of an inexact feasible interior point algorithm for
convex quadratic programming. We will consider two different neighbourhoods: a (small)
one induced by the use of the Euclidean norm which yields a short-step algorithm and a
symmetric one induced by the use of the infinity norm which yields a (practical) long-step
algorithm. Both algorithms allow for the Newton equation system to be solved inexactly.
For both algorithms we will provide conditions for the level of error acceptable in the Newton
equation and establish the worst-case complexity results.
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1 Introduction

It is broadly accepted that interior point methods (IPMs) provide very efficient solution tech-
niques for linear and convex quadratic programming problems [11, 21]. Interior point algo-
rithms for these classes of problems enjoy excellent worst-case complexity bounds: indeed the
best known algorithms find the e-accurate optimal solutions to the problem with n variables
in O(y/nlog(1/¢e)) or O(nlog(1l/e)) iterations, depending on how aggressive steps to optimality
are allowed. Computational experience provides evidence that the algorithm which uses a more
aggressive strategy (the so-called long-step method) solves linear and quadratic programming
problems in a number of iterations which may be expressed as O(lognlog(1/e)) [11].

The small number of iterations does not always guarantee the efficiency of the method because
occasionally IPMs struggle with a high per-iteration cost of the linear algebra operations. In
the most adverse case the cost of solving a dense optimization problem employing a direct linear
algebra method to solve the Newton equation system may reach O(n?) flops per iteration. The
effort of a single IPM iteration is usually significantly lower than this upper bound. However if
problems are very large then, although they may display reasonable sparsity features, the use
of direct sparsity-exploiting linear algebra techniques may still run into trouble due to excessive
memory requirements or unacceptably long CPU time. Iterative methods for linear equations
such as conjugate gradients or other approaches from the Krylov subspace family may offer a
viable alternative to direct methods in such cases.

The interest in the use of iterative methods to solve the Newton equation system in IPMs has
been growing over the last decade: see for example the recent survey of D’Apuzzo et al. [8].
Iterative methods offer several advantages. In particular they are often memory efficient and
hence allow much larger problems to be solved. However to take full advantage of iterative
methods one usually has to relax the accuracy requirements in the solution of the Newton
equation system. Consequently, instead of using an exact Newton direction, the resulting IPM
employs an inexact one. This opens up all sorts of theoretical questions. We will state and
answer some of these in this paper. In particular, we will discuss the key issue concerning an
acceptable level of error in the inexact Newton method used by an IPM.

The use of an inexact Newton method [9] is well established in the context of solving nonlinear
equations [13] and in nonlinear optimization [18]. Bellavia [5] applied an inexact interior point
method to solve monotone nonlinear complementarity problems and proved global convergence
and local superlinear convergence of the method. Armand et al. [3] studied the behaviour of a
primal-dual inexact interior point method for solving nonlinear programming problems. Several
successful attempts were also made to shed light on the application of an inexact Newton method
in IPMs for linear and convex quadratic programming problems.

Freund, Jarre and Mizuno [10] and Mizuno and Jarre [17] extended a very popular globally
convergent infeasible path-following method for linear programming of Kojima, Megiddo and
Mizuno [14] to accommodate the inexact solution of Newton systems. In particular Mizuno
and Jarre [17] proved that an inexact variant of this algorithm has O(n?log(1/¢)) complexity.
Baryamureeba and Steihaug [4] provided another extension of the method of Kojima et al.,
allowing for inexactness in both primal and dual Newton steps. All these analyses considered
a general case in which no assumption was made about how the Newton system is solved. The
only assumptions made were concerned with the absolute or relative error in the inexact Newton
direction.
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Several authors tried to specialize their analyses using a better understanding of the specific
iterative methods of linear algebra employed to solve the Newton equation system inexactly.
Indeed, if a particular preconditioner is used in a given Krylov subspace method applied in
this context, it is often possible to control the residuals in specific linear subspaces and design
special variants of an inexact interior point algorithm. Al-Jeiroudi and Gondzio [1] considered the
case in which an indefinite preconditioner based on a guess of basic-nonbasic partition inspired
by the work of Oliveira and Sorensen [19] is used to precondition the indefinite augmented
system (the reduced KKT system). They designed an inexact infeasible primal-dual IPM for
linear programming and established its O(n?log(1/¢)) complexity. Lu, Monteiro and O’Neal [15]
analysed the case of quadratic programming in which the matrix of the quadratic objective term
has a known factorization and proposed an interesting specialized preconditioner for the Newton
system in this case. They showed that the resulting inexact IPM converges in O(n?log(1/¢))
iterations. Cafieri et al. [7] performed an analysis of an inexact potential reduction algorithm
for convex quadratic programming.

In this paper we consider a feasible primal-dual path-following method for convex quadratic
programming and analyse it in a situation when the solutions of the Newton systems admit a
certain level of inaccuracy. We prove worst-case iteration complexity results for two variants of
such a method. The first variant requires the iterates to stay in a small neighbourhood of the
central path induced by the use of the Euclidean norm to control the error in the perturbed
complementarity conditions. Such a method has the best known iteration complexity result
O(y/nlog(1/e)) and we prove that the inexact variant preserves the same complexity. However,
this method is only of theoretical interest because its implementation demonstrates the behaviour
predicted by the worst-case analysis. Therefore, this algorithm is not used in practice. The
second variant allows the iterates to stay in a wide symmetric neighbourhood of the central path
induced by the use of the infinity norm to control the error in the perturbed complementarity
conditions. We show that this method reaches an e-optimal solution in O(nlog(1/¢)) iterations.
Since the exact method operating in the wide neighbourhood is an attractive approach in practice
[11] we analyze its inexact variant because it may provide the basis of an implementable method.

To simplify the analysis and to allow the reader to concentrate on the essential consequences of
inexactness in the Newton direction we will analyse feasible algorithms. It is worth mentioning
that this does not limit the applicability of methods analysed in this paper. We will provide an
explanation how any quadratic program may be transformed to another one for which the initial
feasible solution is known and therefore a feasible IPM may be applied to it. An alternative
would be to use the homogeneous and self-dual emdedding [22] which also allows to transform
the linear and quadratic programs into new models for which the primal and dual initial feasible
solutions are known and therefore primal and dual feasibility can be maintained throughout the
computations. The homogeneous and self-dual emdedding [22] was initially used in the context
of LPs and implemented by Andersen and Andersen [2] in their Mosek software.

Finally, let us comment that the key motivation for this work is the need to better understand
how much inaccuracy is admissible in the Newton systems and provide the foundations for
cases in which interior point algorithms rely on iterative methods to solve the underlying linear
algebra problems. There has recently been a shift of interest in the IPM community towards the
application of iterative methods to solve the reduced KKT systems [8]. There exists a rich body
of literature (cf. Benzi et al. [6]) which deals with very similar saddle point problem arising
in the discretisations of partial differential equations and we expect that the coming years will
bring many interesting developments in iterative methods applicable to IPMs. In particular



Inexact Feasible IPMs 4

there is a clear need to develop alternative preconditioners which are compatible with the spirit
of the matrix-free interior point method [11, 12].

The paper is organised as follows. In Section 2 we will introduce the quadratic optimization
problem, define the notation used in the paper and point out an essential difference between the
eract and inexact interior point methods. In Section 3 we will perform the worst-case analysis of
two variants of an inexact feasible interior point algorithm for convex quadratic programming.
First we will analyse the algorithm operating in a small neighbourhood of the central path
induced by the 2-norm. Such a method yields the best complexity result known to date but it
has only a theoretical importance. Next we will analyse the feasible algorithm operating in a
symmetric neighbourhood of the central path induced by the infinity norm. This method has a
practical meaning as an implementable algorithm. It provides a theoretical basis for the recently
developed matriz-free variant of the interior point method [12]. Our analysis will follow that of
Wright [21] and will generalize it from linear programming to quadratic programming and from
exact to inexact method. In Section 4 we will comment on some practical aspects related to
the implementation of inexact interior point method and finally in Section 5 we will give our
conclusions.

2 Interior point methods: background

We are concerned in this paper with the theory of interior point methods for solving convex
quadratic programming (QP) problems. We consider the following general primal-dual pair of

QPs

Primal Dual
min ¢’z + %xTQ:L‘ max bly — %xTsz: (1)
s.t. Az =0, st. ATy+s—Qrx=c,
z >0, x,y free, s> 0,

where A € R™™ has full row rank m < n, @ € R"* ™ is a positive semidefinite matrix,
xz,s,¢c € R™ and y,b € R™. Setting ) = 0 yields the special case of the linear programming
(LP) primal-dual pair.

To derive a primal-dual interior point method [21] we first introduce the logarithmic barrier
function Z;‘:l log x; to “replace” the inequality constraint > 0 in the primal and then, by
using Lagrangian duality theory, write down the first-order optimality conditions

Axr = b,
ATy+s—Qz = ¢, (2)
XSe ue,

AV
L

(x, s)

where X and S are diagonal matrices in R™*" with elements of vectors x and s spread across
the diagonal, respectively and e € R" is the vector of ones. This system of equations has a
unique solution (z(u),y(p), s(w)), () >0, s(u) > 0 for any > 0. The corresponding point is
called a p-centre. A family of these points for all positive values of 1 determines a continuous
curve {(z(n),y(p),s(w)) : p > 0} which is called the primal-dual central trajectory or central
path.
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The first two equations in (2) are the primal and dual feasibility conditions, respectively. The
third equation is a perturbed complementarity condition; the parameter i associated with the
logarithmic barrier function controls the level of perturbation. The convergence to optimality
is forced by taking the barrier parameter p to zero [21, 11].

In this paper we will assume that we work with the feasible interior point method and therefore
all iterates (z,y, s) satisfy the first two equations in (2). Consequently, the duality gap is equal
to the complementarity gap
T L r T L 7 T

ca:—|-§x Qr — (b y— 37 Q) =" s =npu, (3)
and by reducing the barrier parameter y, IPM achieves convergence to optimality. The stan-
dard interior point algorithm applies the Newton method to (2), that is, computes the Newton
direction and makes a step in this direction followed by a reduction of the barrier parameter p.
The reduction of the barrier term is enforced by the use of the parameter o € (0,1) and setting
u"" = opu. Due to the feasibility of (x,y, s) the residual in (2) takes the following form

(b— Az, c— ATy — s + Qx, ope — X Se) = (0,0,¢). (4)

Hence the Newton direction (Az, Ay, As) is obtained by solving the following system of linear
equations

A 0 0 Ax 0
S 0 X As £

where I denotes the identity matrix of dimension n.

In this paper we will analyse the method which allows the system (5) to be solved inexactly. To
be precise, we will assume that all the iterates remain primal and dual feasible and an inezact
Newton direction (Az, Ay, As) satisfies the following system of linear equations

A 0 0 Ax 0
-Q AT I |-| Ay | = 0 (6)
S 0 X As E+r

which admits an error r in the third equation. Let us observe that any step in such a primal-dual
inexact Newton direction preserves primal and dual feasibility.

By using the positive semidefiniteness of ) and exploiting the first two equations in the appro-
priate Newton system, it is easy to demonstrate that for both the exact (5) and the inexact (6)
Newton direction (Az, Ay, As), the following property holds:

Azt As = AzTQ Az > 0. (7)
The third equation in the Newton system plays a crucial role in the convergence analysis of an

interior point algorithm. For the inexact Newton direction (6) this equation takes the following
form

SAr+ XAs=&+r=ope— XSe+r,
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and by using e’e = n and z7s = nu we get
sTAz +2TAs=opele —axls +elr = (o — Dals+elr.

Hence the complementarity gap at the new point (z(«),y(a), s(a)) = (z,y, s) + a(Az, Ay, As)
becomes

z(a)'s(a) = (z+4+alz)T(s+ als)
= 2ls+a(s" Az + 2T As) + o*AzT As
= (1—a(l—-o))als+ae’r+a?AzT As (8)

and the corresponding average complementarity gap is

(o) = z(a) s()/n=(1—a(l —o))u+ aelr/n+a?AzT As/n. 9)

Under the condition that the error term e’r and the second order term Az’ As are kept small

enough in comparison with (1 — o)2's, the complementarity gap at the new point is reduced
compared with that at the previous iteration, thus guaranteeing progress of the algorithm.

The convergence analysis of an interior point algorithm relies on imposing uniform progress
in reducing the error in the complementarity conditions which technically is translated into a
requirement that the error is small and bounded with O(u). To achieve it we will restrict the
iterates to remain in the neighbourhood of the central path {(z(u),y(n),s(u)), p > 0} and we
will control the barrier reduction parameter o and the stepsize a so that z(a)?s(a) in (8) is
noticeably smaller than 27 s.

We will consider two different ways of controlling the proximity to the central path and in both
cases we will prove the convergence of the inexact interior point method and derive the worst-
case complexity result. In both cases we will consider the feasible interior point algorithm and,
hence, we will assume that all primal-dual iterates belong to the primal-dual strictly feasible
set FO = {(z,y,s)| Az = b, ATy + s — Qz = ¢, (v,8) > 0}. All iterates are confined to
a neighbourhood of the central path which translates to a requirement that the error in the
perturbed complementarity condition (2) is small. Depending on the norm used to measure this
error, we will consider two different neighbourhoods:

e a small neighbourhood induced by the use of the Euclidean norm for some 6 € (0, 1)
Na(0) = {(z,y,5) € F||| X Se — pel| < Op}, (10)
which yields a short-step algorithm, and

e a symmetric neighbourhood induced by the use of the infinity norm for some v € (0,1)

1 .
NS(’Y) :{($7y78) EFO"YMSJ:]'SJ' < ;lh V‘]}, (11)

which yields a long-step algorithm.

The former has a theoretical importance as it leads to the algorithm with the best complexity
result known to date. However, it is not an implementable method because it leads to poor
performance in practice. Indeed, its behaviour reproduces the worst-case analysis. The latter
neighbourhood has a practical meaning and leads to an efficient algorithm in practice.
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It is worth adding that the symmetric neighbourhood (11) in which both too small and too large
complementarity products are forbidden has advantages over a standard (one sided) infinity
neighbourhood in which the complementarity products only have to satisfy xjs; > yu. In the
one sided infinity neighbourhood the largest complementarity product may reach the value of
(n —~(n —1))p = O(nu) while in the symmetric neighbourhood every product has to remain
O(u). This has an important theoretical advantage and an even more important computational
advantage because it guarantees that & in (5) is well scaled, namely, every entry of it is O(u).
The symmetric neighbourhood is very handy when multiple centrality correctors are used (see
[11] and the references therein).

Following the general theory of the inexact Newton Method [9, 13], we will assume that the
residual r in (6) satisfies

[17llp < dlI€llp, (12)

for some 6 € (0,1) and an appropriate p-norm. According to the type of the neighbourhood
used, (10) or (11), this inequality will use either p = 2 or p = oo, respectively. Further in the
paper we will omit a subscript 2 for the Euclidean norm unless an expression involves different
norms at the same time and such an omission could lead to a confusion.

Let us observe that parameter § measures the relative error in the third equation of (6) and it is
independent of u. Whatever the neighbourhood of the central path is used ((10) or (11)), for any
well-centered iterate the right hand side term ¢ in (5) and (6) is always O(u). Hence condition
(12) implies that the residual r is also O(u). In fact condition (12) is a standard stopping criteria
for an iterative method which allows the method to terminate when the error drops below a
certain fraction ¢ of the right hand side term in the equation system (5). Consequently, the
setting used in this paper is equivalent to an alternative one in which the residual r is directly
linked to the barrier term g and the convergence of the inexact IPM is driven by the barrier
term going to zero. In this alternative setting, the condition r < §u would involve the forcing
term ¢ as it is usually the case in the analysis of inexact Newton method for nonlinear equations
[9, 13]. Such a setting was applied by Bellavia [5] and Armand et al. [3] to analyse the inexact
IPMs.

In the next section we will prove that the feasible interior point algorithm using an inexact New-
ton direction (6) and applied to a convex quadratic program converges to an e-accurate solution
in O(y/nln(1/e)) or O(nln(1/¢)) iterations if it operates in the No(0) or Ng(7y) neighbourhood,
respectively. Our analysis will follow the general scheme used by Wright [21].

3 Worst-case complexity results

The analysis for two different neighbourhoods will share certain common features. The algorithm
makes a step in the Newton direction obtained by solving (6). When a step in the Newton
direction (Az, Ay, As) is made, the new complementarity product for component j is given by

zj(a)sj(a) = (z;+ alr;)(s; + als;)
= ;8 + a(s;Az; + 7;As;) + o* Az As;. (13)

The third equation in (6) is a local linearization of the complementarity condition and controls
the middle term s;Az; +x;As; = & +r; in the above equation. The error in the approximation
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of complementarity products is determined by the second-order term Az;As; in (13). We will
provide a bound on these products, namely, we will bound the vector of the second-order error
terms ||[AXASel.

-1/2

Having multiplied the third equation in the Newton system (6) by (X.5) , we obtain

XV2812 Az + X125712 A5 = (XS) V2 (€ +1). (14)

Defining v = X ~1/251/2Az and v = X'/25-1/2As and using (7) we obtain u”v = AzTAs > 0.
Let us partition all products w;jv; into positive and negative ones: P = {j|u;v; > 0} and
M = {j|ujv; < 0} and observe that

0< quU = Z’u,jvj + Z UjV; = Z |’LLjUj| — Z \ujvj|. (15)

JjEP JEM JjEP JEM
Next, let us write equation (14) component-wise as uj + v; = (z;5;)"/2(& + r;) for every
je{1,2,...,n} and take the sum of squared equations for components j € P:
2 2, .2 -1 2
0< Y (uj+uv;)> =D (U +0)) +2) ujwy =Y (258;) (& +15)%,
JjEP JEP JEP JEP

to get

2) lujuil =2) uju; <) (w8) 7 (& + 1)

JjEP JEP JjEP

Inequality (15) implies > o rq [ujv;] < 32icp |ujvs| and, hence, we can write

IAXASellr = > fuoil + D Jujugl <23 Jujuy)

jep JEM JEP
<Y () NG ) <) () TG ) (16)
JjeEP J=1

We will now consider two different algorithms: the short-step method in which the iterates
are confined to Na(6) neighbourhood (10) and the long-step method in which the iterates are
confined to Ng(7) neighbourhood (11). The names “short-step” and “long-step” describe the
steps to optimality and are related to the choice of barrier reduction parameter o (and should
not be confused with the stepsizes taken in the Newton direction). In the short-step method, o
is very close to one and therefore the algorithm makes only a short step to optimality while in
the long step method, ¢ is usually a small number satisfying o < 1.

3.1 Analysis of the short-step method

In this section we will assume that (x,y,s) € Na(f) for some 6 € (0,1) and inequality (12) holds
for the 2-norm: ||r]|2 < d]|€]|2. It is easy to deduce that since || X Se— pells < [| X Se—pell2 < Ou,
the complementarity products satisfy the following inequality

(1—0)p<ajs; < (1+0)u Vi (17)
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The barrier reduction parameter for the short-step algorithm is defined as

oo1- (18)

I
for some 3 € (0,1). Such a definition implies that
(1-0)n = & (19)
and therefore, using e (X Se — pe) = 0, the norm of the term ¢ = oue — X Se in (4) satisfies
|XSe —opel® = [[(XSe—pe) + (1 - o)pe?
= || XSe— pe|® +2(1—0c)ue’ (X Se—pe) + (1—0)?p%e’e

< 92M2 + (1 _0_)2nlu2
= (02 + P (20)

We are now ready to derive a bound on [|[AXASe]|.

Lemma 3.1 Let 0 € (0,1). If (x,y,s) € Na(6) then the inexact Newton direction (Ax, Ay, As)
obtained by solving (6) satisfies

(1+0)*(6% + %)
(1-9)

IAXASe| < (21)

Proof: Inequality (17) provides a bound min;{z;s;} > (1 — §)p. We use it to rewrite (16):

1
IAXASel||s < [|[AXASe|; < Z §+m) < gl 4l (22)
53} (1-0)u

Using (12) (with p = 2) and (20) we write
€+ 7117 < (llell + [Ir)? < L+ 0)2[IE]* < (1+8)*(6% + 5%)u?,
and after substituting this expression into (22) obtain the required inequality (21). O

Next we will show that for appropriately chosen constants 6, 3 and 4, a full Newton step is feasible
and the new iterate (zZ,9,5) = (z,y,s) + (Ax, Ay, As) also belongs to the No(#) neighbourhood
of the central path. We will prove an even stronger result which is that for any step « € (0, 1]
in the Newton direction the following point

(z(a),y(a),s(@)) = (z,y, s) + a(Az, Ay, As) (23)
is primal-dual feasible and belongs to the Na(6) neighbourhood.

Using (13) and (9) and s;Az;+x;As; = opu—xjsj+1;, the deviation of the jth complementarity
product from the average becomes

zj(a)sj(a)—pla) = (z;+ alz;)(s; + als;) — p(a)
= x;5; + a(sjAzj + 1;As;) + a*Az;As; — p(a)
= (l—a)zjsj+aocptari+a*Az;As;—(1-a)p—aocp—ae’ r/n—a*Ax"As /n
= (1 —a)(zjs; — p) + a(r; —elr/n) + o*(Az;As; — Azl As/n).
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Consequently, the proximity measure for the point (z(a), y(a), s(cr)) becomes

Az As

GTT
X (@)S(@)e—p(a)e]l < (1=a)|XSe—pe|+alr—="e|+a2AXASe— =20 (24)

The Lemma below sets three parameters: the proximity constant 6 € (0,1) in (10), 8 € (0,1) in
the barrier reduction parameter o = 1 — 3/+y/n, and the level of error § € (0,1) allowed in the
inexact Newton method (12).

Lemma 3.2 Let (z,y,s) be the current iterate in No(6) neighbourhood and (Ax, Ay, As) be the
inexact Newton direction which solves equation system (6). Let 0 = 3 =0.1. If § = 0.3 then for
any a € (0,1] the new iterate (23) after a step « in this direction satisfies

[X()S(a)e — plae]| < Ou(a). (25)

Proof: Expanding the square and using e’e = n we write

T
e'r 1 2
”T_TGHQ = ||7“H2+'nz(GTT)Q@T@—;(@T?“)2

1
= [Irll*=~(e"r)* < [Ir[I* (26)

Similarly, expanding the square, using e’e = n again and (AXASe) e = AzT As, we write

AzAs

2AxTA
2T, _ =BT 28

n

1
|AXASe— el* = |AXASe|]” + = (Az"As) (AXASe)Te
n
1
= ||[AXASe||? - =(Az"As)? < ||AXASe|?. (27)
n
Next, using (24), the definition of Ny(#) and inequalities (26), (12) and (27), we write

Ax'As

T
|X(@)S(@)e—p(@)el < (1=a)|XSe—pe|+alr——e|+a?|AXASe—
(1—a)fp+ad|]|+a?|AX ASel|.

ef

IA

Inequalities (20) and (21) (Lemma 3.1) provide bounds for the last two terms in the above
inequality. We use them to write

2 (1+0)*(0% + 5°)
(1-19)

IX(@)S(@)e—pu(a)el < (1—a)8u+ady/e+ Puta

The choice of § = 3 = 0.1 guarantees that /02 + 62 < /26 and (1+52i£(992)+ﬁ2) = 2(1?;5)20 hence

2(1+ )2

| X (a)S(a)e—p(a)e]| < (1—a)Bu+v2a00p+0> 5

Ou.

Using equality (9) we observe that this lemma will be proved (inequality (25) will be satisfied)
if the following holds

(1—a)9u+\/§a69u+oz2T 1 0 <(1—a(1 —J)),u—i-oz% +a

IA

2(1 +5)29 T QAxTAs>
- .
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We further simplify this inequality by removing the same terms present on both sides of it and
then dividing it by af. Inequality (7) guarantees that Az’ As is nonnegative, hence we conclude
that (25) will be satisfied if

2(1 + )2 elr
ﬂéu—i—a%u < opt—.

We observe that |er| < |le]|||r|| = v/nd||€]| and hence, using (20), we write
el'r 1) V260
— < —/? 2 < ——p. 28
= < N (28)

Therefore to guarantee that (25) holds for any a € (0, 1], it suffices to choose § such that

2(1 4 6)? V260

2o+ O <
V2 + === < op N

and this simplifies to

0 2(1 + 6)? 16}
— )+ —— < =1-——
N A
The left hand side of this inequality is an increasing function of § and we can easily check that
the choice § = 0.3 gives 0.3v/2(1+6/y/n) + 3.38/9 < 1—3/y/n which holds for § = 3 = 0.1 and
any n > 2. 0

V25(1+

Lemma 3.2 guarantees that for any « € (0, 1] the new iterate (23) also belongs to the Na(0)
neighbourhood of the central path. We will set @« = 1 and take the full step in the Newton
direction. Observe that the inexact Newton direction (6) allows the error r to appear only in
the third equation which means that the direction (Az, Ay, As) preserves the feasibility of primal
and dual equality constraints. The new iterate is defined as (Z,7,5) = (z,y, s) + (Az, Ay, As)
and setting o = 1 in (9) gives

i el'r  AxTAs
u:u(a)za,u—FT—F — (29)

With § = § = 0.1 and § = 0.3 the right hand side term in inequality (21) may be simplified to
give ||AXASe|| < 0.37565u and, using the Cauchy-Schwartz inequality, we get the bound

T T
Azt As _ (AXASe) e < %HAXAS@HH@H <

n n

0.37565
v

Using this inequality, our choice § = 3, (28) and o = 1 — 3/y/n, we obtain the following bound
on [ in (29)

a<(l- % \/j%ﬁw 0’3;556% < (1- %)uy (30)

where 3(1 — /20 — 0.3756) > 0.02, hence we may set 7 = 0.02 in (30).

)i+

We are now ready to state the complexity result for the inexact short-step feasible interior point
method operating in a Ny(0.1) neighbourhood.
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Theorem 3.1 Given ¢ > 0, suppose that a feasible starting point (x°,9°,s°) € Ny(0.1) satisfies
(29750 = nuO, where u® < 1/, for some positive constant k. Then there ewists an index L
with L = O(y/n In(1/€)) such that u* <€, ¥l > L.

Proof: is a straightforward application of Theorem 3.2 in Wright [21, Ch. 3]. O

3.2 Analysis of the long-step method

In this section we will assume that (z,y,s) € Ng(v) for some v € (0,1) and inequality (12)
holds for the infinity norm: ||7|ec < 0||€|lcc- We will ask for an aggressive reduction of the
duality gap from one iteration to another and set the barrier reduction parameter o € (0, 1) to
be significantly smaller than 1. Therefore it will not be possible in general to make the full step
in the Newton direction.

Using definition (11) of the symmetric neighbourhood Ng(7) and observing that 1/y—1 > 1—+
we derive the following bound for the term £ = ope — X Se in (4)

|XSe —opelloe = |(XSe— pe) + (1 — o)pelloc

| XSe — pefloo + (1 —o)p

IA

1
< max{l—'y,; —1tp+ (1 —-o)u

(; — o) p. (31)

We are now ready to derive a bound on [|[AXASe||s.

Lemma 3.3 Lety € (0,1). If (x,y,s) € Ng(v) then the inexact Newton direction (Ax, Ay, As)
obtained by solving (6) satisfies

14+6)% 1
Axase] < [axase] <nlE o (32)
and
146)? 1
N (33)

Proof: The definition of the Ng () neighbourhood provides a bound min;{x;s;} > yu. We use
it to rewrite (16):

1 " 1
[AXASe|oo < [[AXASel; < Z(fj +7;)% < ﬁlli +7ll3- (34)
j=1

minj{l‘ij} —
Using (12) (for the infinity norm) and (31) we write

1
€ + 7113 < nllé + rll3, < n(1+6)%[€)1%, < n(1l + 5)2(; — o)’y
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and, after substituting this expression into (34), obtain the required inequality (32). We observe
that (32) implies that
1+6)% 1 1+6)% 1
(1+9) (= —0)’u < AzjAs; < n( +9) (= —0)u, v,
Y Y Y Y
but we can obtain a tighter upper bound for this component-wise error term. For this we write
equation (14) for component j and square both sides of it to get
(& +1r5)° P s 0)°JIEl%. _ (1 +06)*

1
QAJJJ'ASJ' < < (— —
Tj8; g/t v

—n

o)’u, Vi,
which implies (33) and completes the proof. O

Next we will show that for appropriately chosen constants o,y and d, a (small) step « = O(1/n)
in the inexact Newton direction is feasible and the new iterate (xz(a),y(«),s(a)) = (z,y,s) +
a(Ax, Ay, As) remains in the Ng(v) neighbourhood of the central path.

The Lemma below provides conditions which have to be met by three parameters: the proximity
constant v € (0,1) in (11), the barrier reduction parameter o € (0,1), and the level of error
d € (0,1) allowed in the inexact Newton method (12).

Lemma 3.4 Let (x,y,s) be the current iterate in the Ng(vy) neighbourhood and (Ax, Ay, As) be
the inexact Newton direction which solves equation system (6). If the stepsize o € (0, 1] satisfies
the following conditions:

2
ar+m L o < su—y—sa+nd—o) (35)
Y Y Y
Ll o9l L
s+ G-+l o < G (36)

then the new iterate (z(«a),y(a), s(a)) belongs to the Ng(vy) neighbourhood, that is:

(@) < ay(a)sy(e) < Zpfa), Vi (37)

Proof: Using the average complementarity gap (9) at the new iterate (z(«), y(a), s(a)) together
with expression (13) and the third equation in (6), we deduce that the left inequality in (37)
will hold for any j if

el'r 5 AxT As
vy (1—a)u+aau+a7+a

) < (1—a)zjsj +aop + arj + o> Ar;As;.
n

Since (x,y,s) € Ng(v) we know that y(1 —a)u < (1 —«a)z;s; and therefore the above inequality
will hold if we satisfy a tighter version of it:

el'r o AxT As
v (1—04)/1—1—040/1—1—047 + o

> <91 - a)u+aop + arj + a*Az;As;.

After removing identical terms from both sides and dividing both sides by «, we conclude that
the inequality will hold if

€T’I"

AzTAs
a <7 — - Aa:jAsj> <o(l—7y)p+r;— Lt (38)




Inexact Feasible IPMs 14

Using Lemma 3.3 we deduce that

AzTAs AXASe) e 1 1+6)2 1
_(BXA59 e Lyaxaselifele < LT (L - oy2 (39)
n n n
hence
AxT As (146)% 1 2
v — AzjAs; < (v +n) S (; —0)*p. (40)

Using (12) (for the infinity norm) and (31) we deduce that ||7|lec < d[/{]/cc < (5(% — o)p and

1
le"r| < [lefl1]7]lso < né(; — o) (41)
hence
T T
e'r er 1
\Tj—77|§|7“j\+7\7|§5(1+7)(;—0)ﬂ- (42)

The inequalities (40) and (42) allow us to determine the most adverse conditions in (38), namely
when its left-hand-side is the largest possible and the right-hand-side is the smallest possible:

2
UL _opn < on —7)u—5(1+7)(% — o).

We then conclude that (35) implies (38) and therefore the left inequality in (37) holds. This
completes the first part of the proof.

The second part deals with the right inequality in (37). Again, using (9), (13) and the third
equation in (6), we write the required inequality which should be satisfied for any j € {1,2,...,n}

1 T AzTA
(1 —a)x;s; +aop+arj + a*AzxjAs; < — ((1 —a)u+aop+ afl 422 8) ,
v n

n

and determine the condition under which it holds. We use similar arguments as in the earlier
part of the proof: for example, (z,y,s) € Ng(v) implies (1 — a)z;s; < %(1 — a)u. Hence we
simplify this inequality by removing identical terms and then divide both sides of it by a. The
inequality we need to satisfy becomes

eTr

T — P +a <Aa:jAsj -

Using (33) and (7) we write

A:L‘TAS) 1
< (= —1)op. 43
2 < -y (43

T 2
Ax As< (1+49) (l_

ijASj — A ~ ~ ~

o) u (44)

and using (12) and (31) and similar arguments to those which led to (42) we write
T T
er e'r 1.1
rj— —| <|rjl+ = <61+ =)(= — o). 45
= SXI <l + 1S <804 D)6 - o) (45)

By (44) and (45), to satisfy (43) we need to choose a such that:

1.1 (1+9)?

1
(5(14‘;)(;—0)#4-(1 -

Y Y

(
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which simplifies to (36) and completes the second part of the proof. O

Lemma 3.4 provides conditions which the stepsize o € (0,1] needs to satisfy so that the new
iterate remains in the Ng(y) neighbourhood of the central path. We still need to demonstrate
that after a step is made a sufficient reduction of duality gap is achieved.

Lemma 3.5 Let (x,y,s) € Ng(vy) be given and let (Ax, Ay, As) be the inexact Newton direction
which solves equation system (6). If the stepsize a € (0, 1] satisfies the inequality

U-i-é(l—U)-i—oz(l—i_(S)Q(l

—0)2<0.9, 46
o Yooy ) (46)

then the duality gap at the new iterate (x(a),y(a), s()) satisfies:

pla) < (1—0.1a)pu. (47)
Proof: By substituting (9) into (47), cancelling similar terms and dividing the resulting in-
equality by «, we replace (47) with a new condition that the stepsize « has to satisfy:

el'r AzT As
ou+ T + o

< 0.9u.

Using the bounds (41) and (39) derived earlier we conclude that the above inequality will hold
if

which is equivalent to (46). O

It remains to consider the three conditions (35), (36) and (46) and to demonstrate that an
appropriate choice of parameters v, 0 and § guarantees that all these conditions hold for some

a=0(1).

n

We set the proximity constant v = 0.5 in (11), the barrier reduction parameter ¢ = 0.5 and

9 = 0.05 as the level of error allowed in the inexact Newton method (12). Indeed, with these
parameter settings %(% — )% = 4.96125, and we verify that all three conditions (35), (36)
and (46) are satisfied by & = Z for any n > 2. Substituting such an & into (47) gives

fi=p(@) < 1=,

where n = 0.002, and allows us to conclude this section with the following complexity result for
the long-step inexact feasible interior point method operating in a Ng(0.5) neighbourhood.

Theorem 3.2 Given e > 0, suppose that a feasible starting point (x°,9°,s°) € Ng(0.5) satisfies
(29750 = nu, where u® < 1/, for some positive constant k. Then there ewists an index L
with L = O(n In(1/€)) such that p* <e, VI > L.

Proof: is a straightforward application of Theorem 3.2 in Wright [21, Ch. 3]. 0
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4 Practical aspects of the inexact IPM

Linear system (6) is a modification of (5) which admits the error r in its third equation. The
analysis in the previous section provides guarantees that when the Newton equation system (6)
is solved inexactly and error r satisfies condition (12) the interior point algorithms retain their
good complexity results. In this section we will comment on practical ways of computing the
Newton direction which meets condition (12).

Let us observe that after eliminating As, (5) is reduced to the augmented form

_Q;l@A %T] [ﬁﬂ:[_%ﬂ’ (48)

where © = XS~! € R™". Any IPM has to solve at least one such system at each iteration
[8, 11]. Numerous attempts have been made during the last decade to employ an iterative
method for this task. Iterative methods for linear algebra are particularly attractive if they can
be used to find only an approximate solution of the linear system, that is, when their run can be
truncated to merely a few iterations. It is common to interrupt the iterative process once the
required (loose) accuracy of the solution is obtained. Clearly such a solution is inexact and in
the context of (48) this translates to dealing with an inexact Newton direction (AZ, Ag) which
satisfies

Bl ) A

K

where the errors r, € R" and r, € R determine the level of inexactness.

The analysis presented in this paper applies to the situation when r, = 0. The other error, r,
may take a nonzero value and indeed, (49) becomes equivalent to (6) if r, =0 and

X et =X+ (50)

This equation combined with condition (12) determines the practical stopping criteria set for
an iterative solution method applied to (48):

ry =0 and ] = [[Xr.|| < 5]E]- (51)
Let us observe that the condition r, = 0 imposes a certain structure in the solution of (49) and

therefore both the IPM and the iterative method have to satisfy the following two conditions,
respectively:

C1 A feasible IPM has to be used to provide the correct structure of the right hand side in
(5) which will then yield (48).
C2 An iterative method applied to solve equation (48) has to guarantee that the residual r,

in (49) is zero.

Arguments that both these conditions may be satisfied are provided in the discussion below.
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In the general case of an arbitrary quadratic optimization problem, we may embed the problem
into another one for which the initial primal and dual strictly feasible solutions can be con-
structed. We replace the primal problem in the primal-dual pair (1) with the following new
problem:

min ¢’z + Melx, + Melx + M+ MC_ + %JL‘TQZC

s.t. Az +xy —x_ =Db, (52)
ela+C—C =M (53)
ryag 2, Gy (o 20,

where M is a large enough number (the “big M”), 1, x_ € R™, (4,(_ € R,and e, € R™, e, €
R™ denote the vectors of ones. For this problem we define the following primal feasible solution:
T = en, r4+ = max{b — Ae,,0} + e, z— = max{—(b — Ae,),0} + ep, (+ = M + 1 and (_ =
ele, +1=n+1. Let y and yo be the Lagrange multipliers associated with equality constraints
(52) and (53), respectively and let s, s_,s¢,,s¢_ be the Langrange multipliers associated with
the nonnegativity constraints xy,x_,(,(— > 0, respectively. The dual feasibility constraints
for this new quadratic problem have the following form

—Qr+ ATy +eo+s = ¢
y+sy = Men,
Yo+se, = M (54)
—y+s- = Mep
—Yo+sc. = M.

We use z = e, as defined before and set y = 0. Then we set yg to a sufficiently large negative
number to guarantee that s = ¢ + Qe,, — e,yq is strictly positive. To satisfy it, we need —yy >
llc + Qenllo and additionally we request —yg < M. Finally, we define s, = s = Me,, and
s¢, = M —yo and sc. = M + yo, which completes the construction of an initial dual strictly
feasible solution.

In conclusion, we can embed the original quadratic optimization problem (1) into a new one for
which the initial strictly feasible primal-dual solution may be defined and therefore the feasible
interior point algorithm can be applied to it; condition C1 is satisfied.

The requirement r, = 0 in (49) implies that Az lies in the null space of A. It can be met
for example if equation (49) is solved by an appropriate Krylov-subspace method with an ap-
propriate preconditioner. Since (49) involves the symmetric indefinite matrix IC, two possible
Krylov-subspace algorithms which can be used are the minimum residual method (MINRES)
for symmetric and possibly indefinite matrices and the generalized minimum residual method
(GMRES) for symmetric matrices. Although in exact arithmetic these methods should converge
in n + m iterations, in practice one needs to use preconditioning to improve the spectral prop-
erties of the matrix, ideally achieving a good clustering of the eigenvalues of the preconditioned
matrix [13]. The suitable preconditioners include nonsingular matrices of the form

P:[iAOT}, (55)

where G € R™™"™ is a nonsingular approximation of the (1,1) block in K. Such preconditioners
have been used for example by Luksan and Vléek [16] any many followers. They are sometimes
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called constraint preconditioners because they respect the constraints of the optimization prob-
lem. Observe that MINRES or GMRES applied to (49), using preconditioner P of (55) and
starting from an initial solution such that Az = 0 will initialize ry to zero and will maintain
ry = 0 throughout the whole iterative process.

Since K is indefinite, the standard conjugate gradient algorithm [13] cannot be applied to (49).
However, under certain conditions, such as the use of an appropriate preconditioner which
implicitly represents the null space of constraints [16], the preconditioned conjugate gradients
can be applied to this system. In a very interesting analysis, Rozloznik and Simoncini [20]
provided conditions under which the preconditioned conjugate gradients may be applied to
an indefinite system. These require the preconditioned matrix P~! to be J-symmetric with
J = P! and the residual in conjugate gradients to maintain a zero block in the second equation
of (49). Such conditions are met for example when (49) is preconditioned with (55) and CG
starts from an initial solution Az = 0.

In conclusion, there exist Krylov-subspace methods which, with an appropriate preconditioner
and an appropriate initial solution, can deliver a solution to (49) such that r, = 0; condition C2
is therefore satisfied.

We summarize this section with an observation which follows from two recent surveys [8, 11] on
interior point methods. There is a growing interest in the development of interior point methods
which use iterative solvers to compute Newton directions and therefore need new theory and
a better understanding of situations when inexact Newton directions are employed. Several
approaches using iterative solvers and suitable preconditioners have already been developed and
some of them have been implemented, see [8, 11] and the references therein. The author’s
own experience in this area has been reported for example in [1, 11, 12]. The implemented
approaches often differ in details from those which follow the rigorous convergence and worst-
case complexity analyses. In this paper we present the theory of two implementable variants
of the inexact feasible interior point method. Such developments reduce the gap between the
theory and the computational practice of IPMs.

5 Conclusions

The analysis presented in this paper provides the proofs of O(y/nlog(1/¢)) and O(nlog(1/e))
iteration complexity of the, respectively, short-step and long-step inexact feasible primal-dual
algorithms for quadratic programming. The analysis allows for considerable relative errors in
the Newton direction. Indeed, ¢ in (12) may take values 0.3 and 0.05 for the short-step and
long-step algorithms, respectively. This shows, somewhat surprisingly, that the inexactness in
the solution of the Newton equation system (6) may be quite considerable without adversely
affecting the best known worst-case iteration complexity results of these algorithms. It is an
encouraging result for researchers who design preconditioners for iterative methods and wish
to apply them to solve the reduced Newton equation systems arising in the context of interior
point methods.
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