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Abstract

In free material optimization (FMO), one tries to find the best mechanical structure
by minimizing the weight or by maximizing the stiffness with respect to given load
cases. Design variables are the material properties represented by elasticity tensors
or elementary material matrices, respectively, based on a given finite element dis-
cretization. Material properties are as general as possible, i.e., anisotropic, leading to
positive definite elasticity tensors, which may be arbitrarily small in case of vanishing
material. To guarantee a positive definite global stiffness matrix for computing design
constraints, it is required that all iterates of an optimization algorithm retain positive
definite tensors. Otherwise, some constraints, e.g., the compliance, cannot be evalu-
ated and the algorithm fails.

FMO problems are generalizations of topology optimization problems. The goal of
topology optimization is to find the stiffest structure subject to given loads and a
limited amount of material. In contrast to FMO the material is explicitly given and
cannot vary. Based on a finite element discretization, in each element it is decided
whether to use material or not. The regions with vanishing material are interpreted
as void. The resulting optimization problem can be solved by numerous efficient non-
linear optimization methods, for example sequential convex programming methods.

Sequential convex programming (SCP) formulates separable and strictly convex non-
linear subproblems iteratively by approximating the objective and the constraints.
Lower and upper asymptotes are introduced to truncate the feasible region. Due to
the special structure, the resulting subproblems can be solved efficiently by appropri-
ate methods, e.g., interior point methods. To ensure global convergence, a line search
procedure is introduced. Moreover, an active set strategy is applied to reduce compu-
tation time.

The iterates of SCP are not guaranteed to be inside the corresponding feasible region
described by the constraints. As a consequence it is not able to solve free material
optimization problems as the compliance function is only well-defined on the feasible
region of some of the constraints.

We propose a modification of a SCP method that ensures feasibility with respect to a
given set of inequality constraints. The resulting procedure is called feasible sequential
convex programming method (SCPF). SCPF expands the resulting subproblems by
additional nonlinear constraints, that are passed to the subproblem directly to en-
sure their feasibility in each iteration step. They are referred as feasibility constraints.
In addition, other constraints may be violated within the optimization process. As
globalization technique a line search procedure is used to ensure convergence. The
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resulting subproblems can be solved efficiently taking the sparse structure into ac-
count. Moreover, semidefinite constraints have to be replaced by nonlinear ones, such
that SCPF is applicable. SCPF successfully solved FMO problems with up to 120.000
variables and 60.000 constraints. Within a theoretical analysis global convergence of
SCPF is shown for convex feasibility constraints.
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Zusammenfassung

Ziel dieser Dissertation ist die Entwicklung eines effizienten Losungsverfahrens fiir
komplexe Optimierungsprobleme aus der Freien Materialoptimierung. Dabei han-
delt es sich um eine spezielle Problemstellung aus dem Bereich der mechanischen
Strukturoptimierung. Aus einer vorgegebenen Menge an Material soll die stabilste
Struktur eines Objekts, z.B. eines Bauteils, berechnet werden. Zu den Anwendun-
gen zahlen unter anderem der Fahrzeug- und Flugzeugbau. Die Variablen sind Elas-
tizitatstensoren, die die Materialeigenschaften des zu optimierenden Objekts in je-
dem Element einer vorgegebenen Finite Elemente Approximation widerspiegeln. Diese
konnen durch eine symmetrische 3x3 Matrix bzw. 6 x6 Matrix dargestellt werden. Um
den physikalischen Gesetzméafigkeiten zu geniigen, miissen diese Matrizen bestimmte
mathematische Bedingungen erfiillen. Im Gegensatz zu anderen Problemklassen in
der Strukturoptimierung sind die Materialeigenschaften nicht vorgegeben. Stattdessen
ist die Wahl des Materials Teil der Optimierung, so dass in jedem Element unter-
schiedliches Material gewahlt werden kann. Die Freie Materialoptimierung ist eine
Verallgemeinerung der Topologieoptimierung. Bei der Topologieoptimierung ist das
Material zur Bestimmung der optimalen Struktur fiir ein beliebiges Objekt unter Ein-
fluss von verschiedenen Kraften vorgegeben. Im Gegensatz zur Freien Materialopti-
mierung existieren fiir die Topologieoptimierung geeignete effiziente Losungsverfahren,
die Problemstellungen mit einer groflen Anzahl von Variablen und Nebenbedingun-
gen l6sen konnen. Da die Optimierungsvariablen fiir Probleme der Freien Materialop-
timierung aus Elastizitatstensoren bestehen, kénnen die bekannten effizienten Ver-
fahren der Topologieoptimierung nicht in der Freien Materialoptimierung eingesetzt
werden. Daher wird eine Weiterentwicklung des Optimierungsverfahrens ’Sequential
Convex Programming’ (SCP) vorgestellt.

In der urspriinglichen Form zahlt das SCP Verfahren zu den effizientesten Losungsan-
satzen fiir Probleme der Topologieoptimierung. Der Algorithmus approximiert ein all-
gemeines nichtlineares Optimierungsproblem durch eine Folge streng konvexer, se-
parabler Teilprobleme. Diese Teilprobleme lassen sich auf Grund ihrer Eigenschaften
und ihrer Struktur effizient 16sen. Iterativ wird aus der Losung eines vorangegangenen
Teilproblems ein neues formuliert. Unter bestimmten Voraussetzungen konvergiert die
Folge der Losungen der Teilprobleme gegen die optimale Losung des Ausgangspro-
blems. Um globale Konvergenzaussagen zu erhalten, wird eine Schrittweitensteuerung
angewendet, die eine Verbesserung der aktuellen Iterierten garantiert.

Das SCP Verfahren ist fiir die Freie Materialoptimierung nicht anwendbar, weshalb
der Algorithmus umfassend weiterentwickelt werden muss. Da das urspriingliche Ver-
fahren semidefinite Nebenbedingungen nicht berticksichtigen kann, miissen diese Ne-
benbedingungen geeignet umformuliert werden. Von zentraler Bedeutung fiir Pro-
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bleme aus der Freien Materialoptimierung ist es, dass bestimmte Nebenbedingungen
in jedem Iterationsschritt erfiillt sind, da gewisse Funktionen und deren Gradienten
nur dann berechnet werden kénnen. Das in dieser Arbeit entwickelte, strikt zuldssige
SCP Verfahren (SCPF, fiir Feasible Sequential Convex Programming) garantiert die
Zulassigkeit einer Menge von konvexen Nebenbedingungen in jeder Iteration. Diese
Nebenbedingungen werden im Folgenden als strikt zulassige Nebenbedingungen be-
zeichnet. SCPF integriert die strikt zulassigen Nebenbedingungen direkt in das Teil-
problem, wahrend die tibrigen Nebenbedingungen und die Zielfunktion durch konvexe,
separable Funktionen approximiert werden. Dadurch wird sichergestellt, dass alle Ite-
rationspunkte innerhalb der zuldssigen Menge liegen, die von den strikt zulassigen
Nebenbedingungen beschrieben wird. Durch die Einfithrung zweier flexibler Asymp-
toten wird der zulassige Bereich der Teilprobleme zusatzlich eingeschrankt. Das re-
sultierende Teilproblem besitzt eine eindeutige Losung und kann aufgrund seiner
besonderen Struktur effizient mit Inneren Punkte Methoden gelost werden. Das Ver-
fahren SCPF wurde auf Probleme der Freien Materialoptimierung angewendet und
hat Probleme mit bis zu 120.000 Variablen und 60.000 Nebenbedingungen erfolgreich
gelost. Aulerdem konnen globale Konvergenzeigenschaften fiir convexe strikt zuléssige
Nebenbedingungen gezeigt werden.
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1. INTRODUCTION

In this thesis a strictly feasible sequential convex programming algorithm (SCPF) is
presented. The goal is to generate an iteration sequence which is strictly feasible for a
special class of constraints, called feasibility constraints, while other constraints may
be violated during the iteration process. The algorithm is motivated by applications in
free material optimization (FMO), where some constraints and the objective function
can only be evaluated, if certain feasibility constraints are satisfied. Other typical
applications are square roots or logarithmic functions of analytical expressions. We
proceed from the following problem formulation

min f () xR
st. ci(x)=0, 7=1,...,m,
i (@) J (1.1)
ci(x) <0, j=me+1,...,m,
e;j () <0, j=1,....,my
where the feasibility constraints e; (z), j = 1,...,my, are at least twice continuously
differentiable on R". We assume that some of the constraints ¢; (z), j = 1,...,m,,

and the objective function f (z) can only be evaluated on the feasible set
F = {zeR"|e(x)<0, j=1,....my}. (1.2)

In addition, the regular constraints cj(x), j = 1,...,m. and the objective function
f(x), are at least twice continuously differentiable on F'. Moreover, box constraints
can be added to optimization problem (1.1), which is typically the case in practical
applications.

The development of SCPF is motivated by problems arising in free material optimiza-
tion (FMO), see Bendsge et al. [7], which is an extension of topology optimization, see
Bendsge and Sigmund [8]. Within a given design space, topology optimization finds
the optimal material layout for a given set of loads and given material. An under-
lying finite element discretization is used to decide in each element whether to use
material or not. The stiffness of the structure is defined by the so-called compliance
function, which measures the displacement of the structure under loads. The smaller
the compliance the stiffer the resulting structure. In addition, the total amount of
material is bounded. To prevent numerical instabilities, i.e., checkerboard phenomena
or grey zones, a filter can be used, see Ni, Zillober and Schittkowski [61]. Topology op-
timization problems are large scale nonlinear programs, that can be solved efficiently
by appropriate algorithms, e.g., the method of moving asymptotes, see Svanberg [80]
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and Sigmund [77]. The resulting structure consists of void and material.

Free material optimization (FMO) is introduced in a series of papers, e.g., Bendsge
et al. [7], Bendsge and Diaz [6], Bendsge [5] and Zowe, Koévara and Bendsge [107].
FMO tries to find the best mechanical structure with respect to one or more given load
cases in the sense that a design criterion, e.g., minimal weight or maximal stiffness, is
obtained. The material properties as well as the material distribution in the available
space are included in the optimization process. Therefore, FMO is a generalization of
topology optimization. As shown, e.g., by Ko¢vara and Stingl [50], the FMO problem
can be formulated for a given set of loads by a nonlinear semidefinite programming
(NSDP) problem based on a finite element discretization. The common FMO formu-
lation is to minimize the maximal compliance ijKfl (E) f; for load f;, j=1,...,1,
where [ is the number of load cases and K (E) the global stiffness matrix. A more
detailed description is found in Hoérnlein, Ko¢vara and Werner [40] and Koé¢vara and
Zowe [51]. As a measure of the material stiffness, we use the traces of the elasticity
matrices F;, which are the design or optimization variables. The elasticity matrices
E;, +=1,...,m, fulfill the basic requirements of linear elasticity, i.e., they are sym-
metric and positive semidefinite. Moreover, volume constraints and box constraints
preventing singularities are introduced.

The strictly feasible sequential convexr programming (SCPF) method is an extension
of the sequential convex programming (SCP) method, which is frequently used in
mechanical engineering. SCP does not ensure feasibility of its iterates, i.e., my = 0.
The algorithm approximates the optimal solution by solving a sequence of convex
and separable subproblems, where a line search procedure with respect to the aug-
mented Lagrangian merit function is used for guaranteeing global convergence. SCP
was originally designed for solving structural mechanical optimization problems and
it is often applied in the field of topology optimization. Due to the fact that in some
special cases, typical structural constraints become linear in the inverse variables, a
suitable substitution is applied, which is expected to linearize these functions in some
sense, see Zillober, Schittkowski and Moritzen [105].

SCP methods are derived from the optimization method CONLIN (CONvex LIN-
earization), see Fleury and Braibant [29] and Fleury [28]. The algorithm formulates
convex and separable subproblems by linearizing the problem functions with respect
to reciprocal variables, if the partial derivative is negative in the current iterate. Oth-
erwise, it is linearized in the original sense. As the success of CONLIN is dependent on
the starting point and the method might end in oscillation, Svanberg [80] extended
the algorithm proposing the method of moving asymptotes (MMA). Two flexible
asymptotes, a lower and an upper one, are introduced truncating the feasible region.
The functions are linearized with respect to one of the asymptotes, depending on the
sign of the partial derivative. The resulting convex and separable subproblems can be
solved efficiently due to their special structure. The asymptotes are adapted in each



iteration, to control the curvature of the Lagrangian function and thus influence the
convergence.

SCP is an extension of MMA including a line search procedure, as no convergence proof
can be given for MMA. The iterates are valuated with respect to a merit function,
which combines the descent of the objective function and the feasibility in a suitable
way. The stepsize is reduced until a descent in the merit function, e.g., the augmented
Lagrangian function, is obtained. An active set strategy can be applied to reduce
the size of the subproblem, saving computational effort. The program SCPIP30.f is
an efficient implementation of SCP, where the sparse structure of the gradients and
the Hessian is taken into account. Some comparative numerical tests of SCP, sequen-
tial quadratic programming (SQP) and some other nonlinear programming codes are
available for test problems from mechanical structural optimization, see Schittkowski,
Zillober and Zotemantel [76]. For the resulting SCP method global convergence is
shown, see Zillober [97, 102].

Although no convergence proof for the original version of MMA can be given, the al-
gorithm yields good results in practice. In 1995, Svanberg [81] presented an extension
which is globally convergent but in most cases not as efficient as the original MMA
version. Later on, a new globally convergent method called GCMMA (globally conver-
gent method of moving asymptotes) was developed, yielding good results in practice.
It is only applicable for inequality constraints, i.e., m, = 0. Proceeding from a feasible
starting point z(® € F. the algorithm creates a sequence of feasible iteration points,
ie., m. =0, my # 0. Svanberg [82, 83] proposed additional inner iterations ensuring

f(z(km)) < fp) (Z(k,p)) (1.3)

e; (z(k’p)) < e§-k’p) (z(k’p)) . o J=1...,my (1.4)

where f*?) (z) is the strictly convex approximation of f (x) and egk’p ) (x) is the convex
approximation of e; (z), j = 1,...,my, in the outer iteration k and the inner iteration
p. Moreover, z#?) € R™ is the optimal solution of the corresponding subproblem. If
(1.3) or (1.4) is violated for at least one constraint or the objective function, a more
conservative subproblem is formulated based on the MMA approximation. It can be
shown that the inner iteration loop terminates within a finite number of iterations.
Note that the functions have to be evaluated at infeasible points.

Many optimization methods, for example SQP, apply trust region techniques to show
global convergence. Ni [60] introduced a new version of MMA, where the convex sub-
problems are additionally restricted by a trust region. In contrast to MMA and SCP,
it is only applicable for box constraints, x < z < T while equality and inequality
constraints cannot be handled, i.e., m, = m, = my = 0.

Ertel [19] combined the method of moving asymptotes with the filter approach pro-
posed by Fletcher and Leyffer [26]. An iterate is accepted, if a descent in the objective
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function or a reduction of the constraint violation is obtained. Otherwise, the point
is rejected and a new subproblem is generated by reducing the distance between the
asymptotes. Filter methods induce a non-monotone iteration sequence. A convergence
proof for a SQP-filter method is given by Fletcher, Toint and Leyffer [27].

Stingl, Koc¢vara and Leugering [79] proposed a generalization of SCP for semidefinite
programs called PENSCP. They consider the following problem formulation

mZin f(2) ZesS"

st. ¢ (£)<0, j=1,...,m,
i (Z) (1.5)
Z—Z =0
Z—7Z =0

where S™ denotes the space of symmetric matrices of size n. The algorithm creates a
sequence of first order block-separable convex approximations. In contrast to MMA
and SCP, the method uses constant asymptotes. Moreover, a line search procedure is
applied to ensure a sufficient descent in the objective function. The resulting semidef-
inite subproblem can be solved efficiently due to its specific structure by appropriate
solvers, e.g., PENNON;, see Koc¢vara and Stingl [48]. Global convergence of the result-
ing algorithm can be shown, see Stingl, Kocvara and Leugering [79].

As SCP achieves good results for topology optimization problems, it is to be applied
to free material optimization. Some of the problem specific functions of FMO are only
defined within the feasible region given by feasibility constraints e; (x), j = 1,...,my,
which are nonlinear reformulations of E; = 0, ¢ = 1,...,m. The SCP method pro-
posed by Zillober [97] is not ensuring feasibility of the iterates during the solution
process. Therefore, it is extended such that strict feasibility subject to a special set
of constraints is guaranteed in each iteration step. The convex feasibility constraints
are passed to the subproblem directly while the objective function as well as the re-
maining constraints are approximated based on the MMA approximation scheme. An
active set strategy is applied for the remaining constraints only, to ensure feasibility
whenever functions or gradients are to be evaluated. In addition, constraints that are
expected to be active in the optimal solution are always included in the active set.
The subproblems possess an unique solution. They can be solved efficiently exploit-
ing the sparse structure of the gradients and Hessian. A line search is performed to
ensure global convergence. The corresponding convergence proof of the resulting fea-
sible sequential convex programming method is given for convex feasibility constraints.

Feasible optimization methods compute a sequence of feasible iterates, i.e., only fea-
sibility constraints e; (z), j = 1,...,my, are considered, i.e., m = m, = 0. In the
literature, several feasible optimization methods can be found. In many real world
applications, the optimization problems are of high dimension and the function and
gradient evaluations might be time consuming. Using feasible optimization techniques,



the optimization process can be aborted at each iterate yielding a feasible, although
not optimal, solution. The most important feasible optimization methods are feasible
interior point methods, projection methods and feasible direction methods.

Feasible interior point methods start from the interior of the feasible region and com-
pute an iteration sequence that approaches the boundary. A subclass are barrier meth-
ods, where a barrier parameter combines the constraints and the objective function.
This yields to the so-called barrier function which is to be minimized, e.g., by New-
ton’s method. Typically the barrier function is only defined on the feasible region and
tends to infinity at the boundary. A popular barrier function is the logarithmic barrier
function

F@)+nY (e (), (1.6

where © € R* is the barrier parameter. Starting with a large pu, it is reduced iter-
atively such that solutions near the boundary can be obtained. These methods are
especially successful for convex optimization problems, see Jarre and Stoer [43].

Another class of feasible optimization methods are projection methods. In each iterate
¥ the algorithms compute a search direction d*) € R™ and project the resulting
point ¥ +d*) on the boundary of the feasible region, if necessary. The projected point
on the boundary is denoted by ng) € R™. The projected search direction dgf) € R”
consists of two components. Inside the interior of the feasible region, the projected
search direction is given by d*). The second part is described by the segment of the
boundary between the intersection point of d*) with the boundary and the projection
point asgf). A line search is performed along the projected search direction dgf) . To
ensure feasibility, the problems have to be convex. Figure 1.1 shows the projection of
an infeasible point on the boundary of the feasible set. The resulting projected search
direction is given by the red line.

x4 g

(k)

x (K

Fig. 1.1: Projection method
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The effort to compute the projection depends on the algorithm and on the con-
straints of the optimization problem. Some popular projection methods are presented
by Rosen [71, 72] and by Polak [67]. Projection methods are often combined with
other efficient nonlinear optimization methods to compute the descent direction d®).
Jian, Zhang and Xue [46] developed a feasible SQP method in combination with proj-
ection methods. The quadratic subproblem is solved to obtain a descent direction.
Moreover, the iterate is projected on the boundary and a line search is performed.

Feasible direction methods compute a feasible direction d*), which ensures the ex-
istence of %) € R*, such that 2® + c®d(*) is feasible for all ¢®) < %) where
o®) € R is the stepsize. Many different feasible direction methods can be found in the
literature. The first feasible direction algorithm is the P1 algorithm developed by Zou-
tendijk in 1960, see [106]. In each iteration step, an improving feasible search direction
is determined and an extended line search is performed, yielding a sufficient descent
in the objective function and satisfying the constraints e; (z) < 0, j = 1,...,my.
Proceeding from a feasible starting point 2(?), in each iteration k a search direction
d® is computed, which is a descent direction with respect to the objective function
and the ¢ active constraints J := {j =1,...,my| e (:v(k)) > —5} , e € RT | ie.,

Vi (@® )" a® 0
Ve, (:Jc(k))Td(k) < 0, jel®,

IN

(1.7)

Iteratively, a linear subproblem, is formulated, which maximizes the minimal descent,
see Grofmann and Kleinmichel [34] and Ishutkin and Grofimann [42]. We denote the
solution of

min 0 deR" R

)

st V() d<s
Ve; (:c(k))Td <6, jelJ®
]l <1

(1.8)

by (d(k),é(k)). If ¢ is adapted adequately, it can be shown that §*) < 0, for all
k = 0,1,.... The size of ¢ is very important for the convergence of the algorithm.
If € becomes too small, a typical oscillating behavior can be observed. An enhance-
ment of Zoutendijk’s P1 algorithm is his P2 algorithm, developed in 1961, see Zou-
tendijk [106], which is more robust than the first method, as € need not be adapted.
We get (d(k), 5(’“)) by solving

min 0 deR" §eR
5,d

st Vf(z®)'d<s
e; ([L'(k)> + Ve; (x(k))Td <4, je Jgk)
ld, <1

(1.9)



with J& = {j =1,...,my| e, (:v(k)) > —5}. A convergence proof for both methods
can be given for convex constraints e; (z), j=1,...,my, see Bertsekas [10].

For Zoutendijk’s P1 and P2 methods only linear convergence can be shown. Therefore,
the subproblems are extended such that second order information is included. One
possibility is to compute a descent direction d(()k) € R” by solving a quadratic sub-
problem (QP), i.e., a quadratic objective function and linear constraints, according
to SQP methods, see Schittkowski and Yuan [75],

min %dTH (¢®,y®)d+ V[ (W) d  deR"

" (1.10)
s.t. e (#®) + Ve, (z™)" d <0, J=1...,my

where H (.T(k), y(k)) € R™" is the Hessian of the Lagrangian function with respect
to x or an appropriate approximation. Moreover, y*) € R™ is the dual variable.
The resulting search direction d(()k) may not be feasible, as for active constraints

Ve, (x(k))T d(()k) = 0 is allowed, which yields to a search direction tangential to the
feasible region, see Panier and Tits [65]. Therefore, a correction is determined by
tilting the original direction towards the feasible region. To ensure fast convergence
near a solution an additional search direction is computed by bending. An extended
line search is performed along the search arc consisting of all three directions, such
that feasibility and a sufficient descent in the objective function is guaranteed. The
computational complexity per iteration of the feasible SQP methods is significantly
higher compared to usual SQP methods. In state-of-the-art methods the computa-
tional complexity has been reduced.

Moreover, several feasible direction interior point algorithms (FDIP) are developed.
In general, interior point methods (IPM) compute in each iteration a Newton descent
direction by solving a linear system of equations. The resulting search direction might
not be a feasible direction. Therefore, a second linear system is formulated where the
right hand side is perturbed ensuring a feasible direction. Some of the FDIP methods
solve a third linear system to ensure superlinear convergence near a stationary point.
Analogue to feasible SQP methods, a line search along the search arc is performed to
ensure both feasibility and a descent in the objective function.

Several feasible direction interior point methods are given in the literature, e.g., Panier,
Tits and Herskovits [66], Herskovits [35, 36], Bakhtiari and Tits [3] and Zhu [95]. The
globally and locally superlinear convergent algorithm FAIPA belongs to the latest al-
gorithms and is briefly presented, see Herskovits, Aroztegui, Goulart and Dubeux [37].
In each iteration k a feasible descent arc is computed such that a new interior point
with a lower objective function value can be found. Three linear systems have to be
solved in each iteration, where the matrices remain unchanged. We proceed from a
feasible starting point () € R™. The first linear system is derived from Newton’s
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method applied to the KKT conditions computing <d(()k), y(()k)>

e T[] [E0] e

where E (ZL‘(k)) = diag (61 (:p(k)) soe ey Cmy (at(k))), and yi(k), i = 1,...,my, are the
Lagrangian multipliers forming Y*) := diag (ygk), e ,y,(?{f}) The Hessian of the La-
grangian function or an appropriate approximation is denoted by H (x(k), y(k)) e R™*»
and Ve (x(k)) = [Vel (x(k)) sooes Ve, (x(k))}.

The resulting search direction d[()k) € R” is not necessarily a feasible direction. The

right hand side is to be perturbed, to ensure that d(()k) does not become tangent to the
feasible region. The solution of

{H(m(’“),y(k)) Ve () } [d} :_{ 0 1 (1.12)

Y®OVe ()" E@=W) ||y y®

is denoted by <d§k), y%k)> The resulting direction dgk) € R™ improves feasibility. With

help of dék) and dgk) the feasible descent direction d*) € R™ can be computed by
d®) = d(()k) + t(k)dgk), where t*) € R* ensures a sufficient descent in the objective
function, see Herskovits and Santos [39]. To ensure superlinear convergence near a

stationary point, an additional direction d® € R" and the corresponding multipliers
7®) € R™s have to be computed by solving

{H(xw),y(k)) Ve (z) ] {d] - [ Y(k)o

Y e (gj(k))T E (z®) y ok ] (1.13)

where the feasibility factor @) € R™ estimates the curvature of the constraints by
approximating their second order derivatives analogously to Taylor. A line search is
performed along the search arc given by z®) + g®*)d®) 4 (O'(k))Q cﬁk), such that the
following conditions hold

£ (29 4 oWd® 1 (00)?9) < J (W) +ro®TS (@) d®  (114)
e; (x(k)+a(k)d(k)+(U(k))2c7(k)) <0, j=1,..,my (1.15)

with 7 € (0,1). However, all these methods cannot prevent function evaluations at
infeasible points, as z*) 4+ g®)q*) 4 (O'(k)>2d(k) might be infeasible for ¢®) = 1, as
9k < 1 is possible.

In the following chapter, basic theory of nonlinear optimization is reviewed. Optimal-
ity criteria and convergence rates are presented.
In Chapter 3 a review of the state-of-the-art feasible direction sequential quadratic



programming methods is given. The algorithms are formulated and convergence rates
are given.

In Chapter 4 sequential convex programming methods are discussed. Based on the
method of moving asymptotes as proposed by Svanberg [80] in Section 4.1, the ap-
proximation schemes are presented. In Section 4.2 the SCP algorithm developed by
Zillober [98], which is based on a line search procedure and the corresponding aug-
mented Lagrangian merit function, is summarized. Moreover, the globally convergent
MMA algorithm is presented in Section 4.3, where inner and outer iteration cycles
are combined to ensure global convergence.

The strictly feasible sequential convex programming method (SCPF) is introduced
in Chapter 5. The SCP algorithm is extended and adapted such that feasibility with
respect to a subset of constraints is guaranteed in each iteration. The resulting strictly
feasible sequential convex programming method is presented and formulated in Sec-
tion 5.1. A global convergence proof is given in Section 5.2.

The main applications arise in free material optimization where elasticity tensors must
be positive definite in order to evaluate a valid global stiffness matrix. The problem
formulation is derived in Chapter 6. Reformulations to replace semidefinite constraints
by nonlinear ones are proposed. First and second order derivatives are given.

The implementation and additional features speeding up the algorithm are presented
in Chapter 7. Applications arising in FMO and oil industry are presented. Feasibility
constraints are identified and the corresponding MMA approximations are given. Nu-
merical results for a test set are shown.

The Appendix contains the program documentation as well as a detailed description
of the calling parameters and the reverse communication.






2. BASIC THEORY OF NONLINEAR
OPTIMIZATION

Within this chapter we will briefly review basic theory of nonlinear programming,
that is necessary for the subsequent chapters. The main topic of this thesis is to
combine constraints that have to be satisfied in each iteration step, called feasibility
constraints, and constraints that might be infeasible until the optimal solution is
found, referred as regular constraints. Most nonlinear optimization methods do not
guarantee feasibility during the optimization process, while some specific algorithms
ensure feasibility in the main iterates, called feasible optimization methods. In the
subsequent chapters we will consider both, feasible optimization methods and others.
Therefore, we proceed from the nonlinear optimization problem where the constraints
are divided into feasibility constraints e; (x), j = 1,...,my, and regular constraints

cj(x), g=1,...,m.
min f (z) r e R"
x) j=1,....,m,

(
() j=me+1,...,m,
(l’) jzl,...,mf

s.t. ¢

(2.1)

O
(VANVAN
[=IR=JN=

€5

The constraints e; (z), j = 1,...,my, which have to be feasible in each iteration step
are defined on R" and are at least twice continuously differentiable. The objective
function f (z) and the constraints ¢; (z), j = 1,...,m,, are defined on the feasible
region of the constraints e; (x), j = 1,...,my. i.e., they may be violated within the
optimization process. In addition, they are at least twice continuously differentiable
on the subset given by the feasibility constraints. Note that in some chapters only
feasibility constraints are present, i.e., m, = m, = 0, while they vanish in other
chapters, i.e., my = 0. Moreover, the feasible region is given by Definition 1.

Definition 1. The feasible region of (2.1) is defined by the set
F = {zeR"|¢(x)=0 j=1,...,m}

N{x eR"| ¢j(x) <0, j=me+1,....,m.} (2.2)
N{zeR"|e;j(x) <0, j=1,...,my}

In general, the inequality constraints are divided into two groups, active and inactive
constraints. We define
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Definition 2. The constraint c;, 1 < j < mg, ore;, 1 < j < my respectively, is
active at v € F, if

cj(z) = 0 (2.3)
or

ej(x) = 0 (2.4)
holds. Moreover, the active set at x € F is defined by

J() = {je{l,....m}|c¢(z)=
Ut € (Lo ymy}] (@) =

}
1. (2.5)

Nonlinear programming deals with finding a minimum with respect to the feasible
region [, given in Definition 1. We distinguish local and global minima.

Definition 3. z* € F is a local minimum, if there exist a neighborhood U (x*), such
that

f (&)

VAN
—
0

(2.6)

holds for all x € U (2*)NF.

x* € F is a global minimum, if

f (")

IN
~
&

(2.7)
holds for all x € F.

The optimality criteria are based on the Lagrangian function, which combines the
value of the objective function and the constraints via the Lagrangian multipliers.

Definition 4. The Lagrangian function corresponding to optimization problem (2.1)
is defined by

Lley) = £+ Y () () + Y (w0, ) 25)

where
yim ( " ) € R (2.9)

are Lagrangian multipliers or dual variables, while x € R™ are the primal variables.
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Some nonlinear programming algorithms use second order information, motivated by
Newton’s method. This means that they take the Hessian of the Lagrangian (2.8) into
account. In the following, the Hessian of the Lagrangian function with respect to x is
denoted by

H(z,y) = V2, L(zy). (2.10)

To save computational effort and to ensure positive definiteness, H (x,y) can be ap-
proximated in a certain sense by appropriate updating schemes, e.g., the widely used
BFGS update, see Schittkowski and Yuan [75]. In the following we denote the Hessian
or its approximation at iteration k by

H® .= H(a:(k),y(k)). (2.11)

Before we can formulate optimality criteria, we consider the linear independence con-
straint qualification (LICQ).

Definition 5. The linear independence constraint qualification (LICQ)) is satisfied
at a feasible solution x € F, if the gradients of the active constraints are linearly
independent at x.

A constraint qualification is a necessary requirement for the following first order nec-
essary optimality condition.

Lemma 2.1. Let 2* € R" be a local minima of (2.1) and let the LICQ hold. Then there
exists a y* € R™T™s such that the following Karush-Kuhn-Tucker (KKT) conditions
hold

VoL (2% y") = 0 (2.12)
¢(a¥) = 0, j=1...,me (2.13)
¢(a¥) <0, j=me+1,...,me (2.14)
ej(z") < 0, j=1,...my (2.15)
(), = 0, j=m+1,...,me (2.16)
W2); = 0, j=1,...,myg (2.17)

=0, j=Emetl ... m (2.18)
0 (2.19)

j
(), ¢ (=7)

(), €5 (27)
Definition 6. If (z*,y*) satisfies the KKT conditions (2.12) - (2.19), it is called
stationary or KK'T point.

jzl,...,mf

It can be shown that the Lagrangian multipliers are unique, if the LICQ holds, see
Schittkowski and Yuan [75]. Otherwise, this might lead to numerical instabilities
within the optimization process.

In general, optimization problem (2.1) is solved iteratively by constructing a sequence
of subproblems. At each iterate z*) € R™, a subproblem is formulated which can be
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solved efficiently by appropriate solution methods. Typically, it possesses a special
structure that can be exploited. The next iterate is determined by the solution of the
current subproblem. The resulting iteration sequence converges towards a stationary
point under certain assumptions.

To ensure global convergence, i.e., a stationary point is found independently of the
starting point, the algorithms are equipped with globalization techniques. In general,
we distinguish between

1. trust region methods, see Vardi [89], Byrd, Schnabel and Shultz [15] and Omo-
jokun [62],

2. filter methods, see Fletcher and Leyffer [26],
3. and line search methods, see Armijo [2], Ortega and Rheinboldt [63].

This thesis focuses on line search methods only. We denote the primal solution of the
subproblem in iteration k by z*) € R™ and the dual solution by v*) € R™<+ms In

each iteration, a sufficient descent with respect to a suitable merit function ® ( ;j )

is required, which combines objective function and constraints in an adequate way.
If (z("“),v(k)) yields no sufficient descent, the so-called Armijo line search algorithm
can be applied, see Armijo [2], Ortega and Rheinboldt [63]. By successive bisection of
o®) € Rt starting from o® = 1, it finds the first o(®) satisfying

(k) (k) k) \T
x (k) g(k) X (k) X (k)

L) _ (k)

where r € (0,1) is constant and where d*) := ( k) ), d®) ¢ Rmstme g

o) — y(
called search direction. We define

Definition 7. A primal search direction Ax® € R™, Azx®) = 2% — 2(®) 45 o descent
direction of a real continuously differentiable function f (z) at z® € R", if

Vi (x9)" Ax® <0 (2.21)
holds.

The efficiency of an algorithm is given by the convergence rate, which measures how
fast the iteration sequence converges towards a stationary point z* in the neighbor-
hood of z*. We define three different convergence rates.

Definition 8. An iteration sequence {m(k)} 1 said to converge linearly towards a
stationary point x* € R"™, if there exists a ¢; € |0, 1] with

Hx(kﬂ) —|| < o Hx(k) — | (2.22)

for all k sufficiently large.
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An iteration sequence {x(k)} 15 satd to converge superlinearly towards a stationary
point x* € R™, if there exist a sequence {c(k)} with ¢®) € Rt converging to zero with

Hx(kﬂ) _ x*H < W Hx(k) _ x*H (2.23)

for all k sufficiently large.

An iteration sequence {x(k)} 1s said to converge quadratically towards a stationary
point x* € R™, if there exists a co € RT with

|50 — 24| < e [|l2® — 27| (2.24)

for all k sufficiently large.

Under some assumptions, sequential quadratic programming (SQP) methods, con-
verge with local superlinear convergence rate towards a KKT point specified in Def-
inition 6, see Schittkowski and Yuan [75]. A necessary requirement is that stepsize
o®) =1 is accepted in the neighborhood of a solution. The globalization techniques
often prevent the acceptance of stepsize one, which leads to slow convergence. This
behavior is called the Maratos effect, see Maratos [57]. In the literature, several tech-
niques can be found to prevent the Maratos effect, e.g.,

1. non-monotone techniques, see Ulbrich and Ulbrich [86] and Gould and Toint [33],
2. watch-dog techniques, see Chamberlain et al. [17],

3. smooth exact penalty functions or the augmented Lagrangian function as merit
function, see Schittkowski [73], Powell and Yuan [68, 69] and Ulbrich [87],

4. second order correction techniques, see Fletcher [25], Mayne and Polak [59] and
Fukushima [30].






3. FEASIBLE SEQUENTIAL
QUADRATIC OPTIMIZATION
METHODS

In this chapter, a brief review of existing feasible sequential quadratic optimization
techniques (FSQP) is given. The methods guarantee that each main iterate is fea-
sible, i.e., {az(k)} € F, but function evaluations at infeasible points are nevertheless
necessary. We proceed from the following problem formulation:

min x r € R

st ej(x) <0, j=1,...,my
where f (z) and e; (z), j =1,...,my, are at least twice continuously differentiable.
We require that the nonlinear constraints e; (z), j = 1,...,my, are satisfied in each

iteration step after a possible restoration phase. The feasible region I is specified in
Definition 1. Note that in this chapter d*) € R™ denotes the primal search direction.
In the literature, several different classes of feasible algorithms can be found. In the
sequel, we focus on feasible direction sequential quadratic programming methods.
First, we define a feasible direction according to Herskovits and Carvalho [38].

Definition 9. A search direction d € R™ is a feasible direction at x € F, if for some
6 e Rt

r+od € F (3.2)
holds for all o € [0, 0].

We will consider different feasible direction approaches, that are based on the se-
quential quadratic programming (SQP) method, see Schittkowski and Yuan [75] for a
review of general SQP methods. SQP algorithms converge towards a stationary point,
see Definition 6, by solving a sequence of quadratic programming (QP) subproblems
of the form

min %dTH(’“d +Vf (20" d deR"

" (3.3)
st e (z) + Ve, (™) d <0, j=1,...,my

where H® is the Hessian of the Lagrangian or an appropriate approximation, see
(2.10) and (2.11). Let the solution of (3.3) in iteration k be (d(()k)7y(()k)> where the
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corresponding dual variable is denoted by y(()k) € R™ . The next iterate z*+1 is

computed by
2®HD) = g ®) 4 g E) gk, (3.4)

where the stepsize 0®) € R* is determined by a line search procedure, such that a
descent in the corresponding merit function is obtained.

In general, feasible SQP methods compute a search direction dék) analogously to SQP
methods, which needs to be adapted as it may be infeasible. Especially, if a constraint
e;(z), j=1,...,my, is active, i.e., ¢; (:L"(k)) = 0, the corresponding search direction
can be asymptotic with respect to the feasible region. Feasible SQP methods modify
d(()k), such that a feasible descent direction is obtained. An extended line search pro-
cedure ensures that the next iterate is feasible and yields a descent with respect to
the objective function. The different methods are based on either solving QPs or least
squares problems.

3.1 Modified Method of Topkis and Veinott

In 1967, Topkis and Veinott [85] formulated a feasible direction algorithm motivated
by Zoutendijk’s P1 and P2 [106] methods. Topkis and Veinott propose to solve the
following linear subproblems iteratively,

H(;Ln ) deR" R
st. Vf (;E(k))Td <9 (3.5)
e; (x(k)) + Ve; (x(k))Td <6, jeJ®
—-1<d;, <1, 1=1,...,n
with
JW = {jzl,...,mf{ej (a:(k)):()}. (3.6)

Let the solution of (3.5) in iteration k be ((5(’“), d(k)). The algorithm is also equipped
with an extended line search strategy that ensures both a descent direction with re-
spect to the objective function f (z) and feasibility with respect to the inequality
constraints e; (z), j = 1,...,my. The solution of (3.5) is not unique and oscillating
might slow down convergence, see Birge, Qi and Wei [11].

To speed up the observed slow convergence, Birge, Qi and Wei [11] extended the
method of Topkis and Veinott by quadratic subproblems and quasi-Newton approxi-
mations. The corresponding subproblem is solved iteratively
1
min 4 + 5dTH<k>d deR", R
st. Vf (x(k))Td < ték)é (3.7)
e; (z®) + Ve, (e®)"d < M6, j e JW
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with t§k) >0,7=0,...,mp. H® € R™" is a symmetric positive definite approxima-
tion of the Hessian of the Lagrangian function, see (2.10) and (2.11). We denote the
solution of (3.7) by (5(k),d(k)). If the matrix H® is positive definite, i.e., H® s 0,
problem (3.7) is convex, see Geiger and Kanzow [32]. The unique solution can be
computed efficiently by an appropriate QP solver. Moreover, it can be shown that
6 <0, see Birge, Qi and Wei [11].

An extended line search procedure is applied to ensure a descent in the objective
function f (x) and feasibility with respect to the constraints e; (x), j = 1,...,my.
Motivated by the high cost of function evaluations in many applications, the corre-
sponding implementation forces to accept stepsize one. Whenever o®) # 1, the pa-
rameter tg»kﬂ), J =0,...,my, is enlarged, which emphasizes feasibility, see Lawrence
and Tits [54]. The corresponding update rules are given as follows

. T
(D) {90 f (2 +d®) < f (2®) + rVF (@0) d® 5.4
0 = (k) : .
2ty ’, otherwise
(k1) t,if ey (a®) 4 dW) <0, j=1,...,my
2t;”, otherwise

with 7 € (0,1).
The algorithm according to Birge, Qi and Wei [11] can be written as follows:

Algorithm 1. Modified method of Topkis and Veinott [11]
Step 0: Choose feasible starting point £*) € F, parameters r € (0, 1), t;o) > 0,
j=0,...,my and H© ¢ R symmetric and positive definite. Let k := 0.

Step 1: Formulate and solve (3.7) to obtain (6% ,d™).
Step 2: If (5(’“), d(’“)) =0 then STOP.

Step 3: Get stepsize 0®) := max {0.5l,l =0,1,2,.. } such that
£ (@ 4 0B < f (20 +ro®V £ (58)7 d® and
e) (2 + o®Wd®) <0, j=1,....m;.

(k+
J

Step 4: Determine t RS 0, j=0,...,my, according to (3.8) and (3.9).

Step 5: Compute a symmetric and positive definite matrizc H*+D € RO by q
quasi-Newton formula.

Step 6: Set x++D .= 2 4 oW q*) gnd k= k41, goto Step 1.

It can be guaranteed that o(®) exists, such that the requirements in Step 3 are satisfied.
Under certain conditions global convergence can be shown, see Birge et al. [11].
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3.2 A feasible SQP method by Panier and Tits

In 1987, Panier and Tits [64] proposed a feasible direction algorithm, which is under
certain conditions locally superlinear convergent. To ensure global convergence a first
order feasible search direction will be used far away from the solution, see Algorithm 2
Step 5. Otherwise, two QPs and one least squares problem have to be solved in
each iteration. Beginning with the solution <d(()k), y((]k)> of (3.3), the right hand side
of the inequality constraints is modified to guarantee a search direction aligning to
the interior of the feasible region and thus to ensure feasibility. The value of this
perturbation depends on the solution d(()k) € R™ of (3.3). We obtain the following
second QP in iteration k,

1
min ~d"H®d + V[ (2®)" d deR"
2 5 (3.10)

s.t. e (z) + Ve, (:r;(k))Td < - Hd(()k) , =1 my

with 3; > 2. The resulting search direction d*) € R™ is a feasible direction, see Panier
and Tits [64]. Moreover, in the neighborhood of the solution of (3.1), d*) is guaranteed
to be a descent direction with respect to f (x). To prevent the Maratos effect, it is
necessary to bend the search direction and perform a line search along the resulting
search arc, see Mayne and Polak [58]. Therefore, we introduce an additional search
direction d® € R™ which tends to zero, if d® is small. To compute d® the following
linear least squares problem is to be solved,

1
min = ||d||? deR"
a2 ; 5 (3.11)
st e (2 +d®) 4 Ve, () d = — Hdé“” , jEI®
with Gy € (2,3) and
*) ' () BT g m||”
IW = j=1,....ms| ¢ (a¥) + Ve; ()" d :_Hdo H . (3.12)

Note that ) 4+ d®) might be infeasible. In this case, the constraints have to be
evaluated at infeasible iterates to formulate (3.11).

Solving the QPs (3.3), (3.10) and (3.11) together with a line search along the search
arc o) + g®)q*) 1 (O'(k))Z d® does not lead to global convergence, see Lawrence and
Tits [54]. Therefore, a feasible first order search direction d*®) is computed far away
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from the solution, i.e., if one of the following conditions holds

Hdék)H > M (3.13)
1/2
Hmwdg@H > Hdg“ (3.14)
[d®|| > M (3.15)
B
Vf(®) a® > min{—’dé’“) 2,—||d<’f>||52} (3.16)
||| > e (3.17)
with M € R*. The feasible first order search direction d®*) satisfies

Vi) d® < =5 (3.18)

Ve; (20N d® < =5, j=1,....my (3.19)

with 6 € R*. One possibility is to solve (3.5) to obtain d®) and set d® = 0. This
may lead to slow convergence, if the starting point is badly chosen, see Lawrence and
Tits [54].

Algorithm 2. Feasible direction SQP method by Panier and Tits [64]
Step 0: Choose feasible starting point 00 € F, parameters B, > 2,3, € (2,3),
pe(0,1),r€(0,1),M R, HO = 0. Let k := 0.

Step 1: Solve (3.3) to obtain dék). If no optimal solution exists or
HI/Q

dg’“H > M

or HH(k)d(()k)H > Hd(()k) , goto Step .

Step 2: If d¥) = 0, then STOP.
Step 3: Solve (3.10) to obtain d*). If no optimal solution exists or Hd(k)H > M
B2
or Vf (&®)7 d® > min {_ [ .- Hd(’“>||62}, goto Step 5.

Step 4: Solve (3.11) to obtain d®. If no optimal solution exists or H(?(k)H > Hd(’“)H,

then goto Step 5.
Else goto Step 6.

Step 5: Compute a feasible first order;descent direction d*) satisfying (3.18) and
(3.19), e.g., solve (3.5). Set d¥) = 0.

Step 6: Compute stepsize o, i.e., the first value o) in sequence {1, 3,52, ...}
satisfying
7 (2 +o®d® 1 (¢0)d) < f (29) +roe®Vf (a)" d® and

& (20 4+ 00 4 (o) d0) <0, j=1,...,my.
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Step 7: Set x+1) = o) 4 5k qk) 4 (O'(k)>2 cﬁk), compute a symmetric and positive
definite matriv H*+Y) ¢ R by quasi-Newton formula, k =k + 1 and
goto Step 1.

3.3 A feasible SQP method by Herskovits and
Carvalho

Herskovits and Carvalho [38] proposed a feasible direction algorithm, which is under
certain conditions locally superlinear but not globally convergent. In each iteration,
two QPs have to be solved. Considering problem (3.3), the resulting descent direction

d(()k) € R™ might be infeasible depending on the curvature of the active constraints. To
ensure that the search direction dék) is also a feasible direction, a modified quadratic
program is solved. Active constraints of the original QP (3.3) are included as equality
constraints with a modified right hand side. The perturbation factor depends on the
norm of the original search direction d(()k). In addition, a line search is performed with
respect to the Lagrangian function defined in (2.8). The solution (dék), y(()k)> of (3.3),

. o ) . —(k
defines the active set J®) in iteration k and its complement J (®)

J® = {jzl,...,m ‘ @g’”)j#o}, (3.20)
7Y = {j:1,...,mf‘ @g’”)j:o}. (3.21)

Whenever (3.3) is solved, a modified QP is formulated depending on the resulting
search direction d(()k) and a weighting factor t*) € R*. We get d*®) by solving

1
min Sd"H®d+Vf («V)" d deR"

. ol (3.22)
st e (a®) + Ve; ()" d =~ |, j e g

The value of t*) has to be chosen such that specific conditions for active and inactive
constraints are satisfied. Considering the active constraints, we define

T (k)
ey (2V) = [e (x(k))]J(k) e R (3.23)
Ay (W) = [Ve, (x(k))h(m e R (3.24)
It is shown by Herskovits and Carvalho [38] that
T T
VoL (2, y") a® < VoL (W, ") df (3.25)

holds, if

exm ()" (AW (@®)" (H®) ™ Ay (x(k))>_1]l > 0 (3.26)
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or

T
(1—p1)V.L (:c““), yék)) dg
1

exio @) (A @) (HO) ™ Ay (09)) 1

1 < ¢ (3.27)

= 5
|47

where 3; € (0,1), 1 is a vector of ones of appropriate size and L (m(k),y(k)) is the
Lagrangian function defined in (2.8). Moreover, d[()k) is a descent direction, i.e.,

T
V.L (x(k),y((]k)> d’ < 0 (3.28)

holds. It can be shown that inactive constraints, e; (x), j € j(k), are still inactive in
the modified QP, i.e.,

2

e; (z™) + Ve, (a:(k))Td(k) < —t® Hd((]k)‘ : (3.29)

for all j € TV, if

Ve (z0) (H®) " Ay (2) (AN) (@®) " (H®) ™ Ay (x(k))>1]l —1>0 (3.30)
or

(4 < (1) (3.31)
J

with

(tgk)> =
J

holds. Therefore, we set

] (e (o) + e, (57 )

L (332)
Ve (20)(HO) Ay (20)( Ay (20)T(HO) " Ay (29)) 11

(k) e p(k—1) (k)
0.5t if ¢ > ¢
t®) = M M (3.33)
t=D_ otherwise
with
¥ = min {f,ték),<t§k)>} (3.34)
. _=(k) j
Jj€d

and ¢t € R*. For a detailed description see Herskovits and Carvalho [38].
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Algorithm 3. Feasible direction SQP method by Herskovits and
Carvalho [38]
Step 0: Choose feasible starting point £0) € F, set parameters r € (0,1), t € RT,
0<tD <, 8€(0,1),5 € (0,1) and H® € R™™ symmetric and positive
definite. Let k := 0.

Step 1: Solve (3.3) to obtain (d(()k),y(()k)>.

Step 2: If d¥) = 0 then STOP.
Step 3: If (3.26) does not hold, determine t(()k) according to (3.27).

Step 4: If (3.30) does not hold, determine (tgk)> L JE j(k) according to (3.32).
j

Step 5: Update t'**) according to (3.33).
Step 6: Solve (3.22) to obtain d™.

Step 7: Compute stepsize o®), i.c., the first value o) in sequence {1, 3,3, ...}
satisfying

T
L (x(k) + o®) gk, yék)) <L (x(k), y(()k)) + 1oV, L (x(k), yék)> d® and
e; (x(k) + a(k)d(k)) <0, j=1,...,my.

Step 8: Set x*+1) .= 2B 4 B JK) compute a symmetric and positive definite matriz
HED ¢ RO by o quasi-Newton formula, set k :=k + 1 and goto Step 1.

It can be shown that the resulting descent direction d*) is a feasible direction ac-
cording to Definition 9. In addition, the Maratos effect is avoided, see Herskovits and
Carvalho [38].

3.4 A feasible SQP method by Panier and Tits

The concept of the feasible SQP method proposed by Panier and Tits [65] is based
on the idea of generating an iteration sequence such that

F®D) < f(2®) (3.35)
and
e; (z™) <0, j=1,...,my (3.36)

holds. Even if the search direction d(()k) € R™ resulting from (3.3) is a feasible direc-
tion according to Definition 9, local superlinear convergence is not guaranteed, since
stepsize one might be infeasible. Therefore, the search direction dok) is "titled’, i.e.,

replaced by a convex combination d*) := (1 — t(k)) d(()k) + t(k)dgk), where dgk) € R"is
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an arbitrary feasible descent direction and t*) € [0, 1]. To ensure superlinear conver-
gence in the neighborhood of a stationary point, one forces t*) — 0 appropriately.

Moreover, a line search is performed along the arc z*) + ¢®*)q®) 4 (O'(k))2 cﬁiv(k), which
can be interpreted as ’bending’. Without bending, z*) + d*) may neither be feasible
nor yield a descent in the objective function.

After solving (3.3), a feasible descent direction dgk) is computed satisfying the following

requirements
1. dgk) =0, if 2" is a KKT point,
2. Vf (m(k))ngk) <0, if 2 is not a KKT point,
3. Ve; (:E(k))ngk) < 0,Vj = 1,...,my, with e; (z®) = 0, if z¥) is not a KKT
point.

The solution dgk) € R" of the least squares problem
. 1 2 T T
min o |d||” + max {Vf (z™)"d, max {ej (z®™) + Ve, () d}} (3.37)

satisfies these requirements, see Panier and Tits [65]. The feasible direction is defined

by
d® = (1 —t®) d" +1®ad, (3.38)

where the weighting factor t*) € [0, 1] is computed such that t*) is bounded away
from zero, if d(()k) #0 and t®) =1, if d[(]k) becomes large. There are many possibilities
to compute t*), for example

B\’
(4 fee]”)

with £ > 2, see Panier and Tits [65]. As t*®) is bounded from below by a positive
constant at every nonstationary point, d*) is a feasible descent direction. To prevent
the Maratos effect, an additional QP has to be solved

t*) .= min (1, d(()k)

B
1) or t® .= (3.39)

min % (d® + d)" H® (@ 1 d) + Vf (@) (@d® +d) deR 0
st. e (x(k) + d(k)) + Ve; (a:(k))Td < - Hd(k)Hﬂ2 , J=1...,my

with (5 € (2,3). Let the solution of (3.40) in iteration k be d®) € R". d® is set to
zero, if the current iterate is far away from the solution, i.e., if

|| > win {[la®] .} (3.41)

holds, where C' € R* is a given large number. Otherwise, global convergence can
not be guaranteed. Note that in (3.40) the inequality constraints are evaluated at
2® + d®  which might be infeasible.
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Algorithm 4. Feasible direction SQP method by Panier and Tits [65]

Step 0: Choose feasible starting point ) € F, parameters r € (0,1), § € (0,1),
B1>2, py€(2,3),CeRT and H® € R™™ symmetric and positive
definite. Let k := 0.

Step 1: Solve (3.3) to obtain dék).

Step 2: If d¥) = 0, then STOP.

Step 3: Solve (3.37) to obtain a®.

Step 4: Set t™) according to (3.39). Let d® = (1 — t®)) dék) + t(k)dgk).

Step 5: Solve (3.40) to obtain d® If “cﬁk)” > min{“d(k) ,C’}, set d® = (.

Step 6: Compute stepsize o'®, i.c., the first value o®) in sequence {1, 3,3, ...}

satisfying
7 (9 + 09 4 (9)°d0) < 1 (20) + 1oV f (29)"d® and
e; (ZB(k) + ok 1 (a(k))2 cﬁ’”) <0, j=1,...,my.

Step 7: Set ) = k) 5k k) 1 (a(k))2 cj(k), compute a symmetric and positive
definite matriz H*+Y € R by  quasi-Newton formula, k =k + 1 and
goto Step 1.

Under certain conditions, global convergence and local two-step superlinear conver-
gence can be shown, i.e.,

o =)

A o= (3-42)

where z* € R" is a stationary point, see Panier and Tits [65]. The algorithm can be ex-
tended, such that equality constraints can be handled, see Lawrence and Tits [53]. The
resulting algorithm is implemented efficiently, see user’s guide by Zhou and Tits [93].

3.5 A feasible SQP method by Lawrence and Tits

Lawrence [52] and Lawrence and Tits [54] proposed an algorithm ensuring feasibility
with respect to the inequality constraints e; (z), j =1,...,my. Under certain condi-
tions, the algorithm is globally and locally superlinear convergent. The method aims
to reduce the computational work per iteration. In each iteration one QP and two
related least squares problems have to be solved. Instead of solving (3.3), a QP, which
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is closely related to (3.7), is solved

1
n;i&n 0+ édTH(k)d deR", jeR
st V() d<s (3.43)

e; (2®) + Ve; (2®)Td <15, j=1,....m;

where t*) — 0, t*) € RT. We denote the solution of (3.43) by (d®,5®™). A large
value of t*®) forces to become a feasible solution, while a small value emphasizes the
descent with respect to the objective function. Moreover, t*) is bounded from below
by a positive constant away from a stationary point to guarantee a feasible descent
direction. It can be shown that 6%*) < 0, see Birge, Qi and Wei [11]. The resulting
search direction d®) € R” is supposed to converge towards the solution dék) € R" of
(3.3) as fast as possible.

To ensure local superlinear convergence properties, a correction step d® € R has to
be computed by solving

min  (d® + d)" H® (d® +d) + Vf (z®)" (d® +d) deR

., , (3.44)
st e (@® +d0) + Ve, (2) d < — P, jeIw
with 8, € (2,3) and
19 = (=10 my] e (o) + Ve (29) a® = 1950} (345

(3.44) can be equivalently formulated as a least squares problem, see Lawrence and
Tits [b4]. If “aﬁk)“ is large, we expect to be far away from the solution. To ensure
global convergence, d®) is set to zero in this case, see Lawrence and Tits [54]. An
additional QP has to be solved to update the weighting factor ¢t*+1)

R T
- (k) (k) n
min  Sd"HMNd+Vf (« ; d deR (3.46)
st. e (x(k)) + Ve; (x(k)) d=0, jeJ®
which is, after a change of variables, equivalent to a least squares problem, see
Lawrence and Tits [54]. Let the solution of (3.46) be (dg),yg)>. It can be shown

that dg) is an approximation of dék) and for £ sufficient large

dP = a (3.47)
holds. (3.46) is solved to update the perturbation parameter t*) of (3.43). We get
Cl+le, if |[dW]| >
fht) . ) olk+1) ‘dgfﬂ) 2, if Hd(k)” <e, Hdgﬂ) <D and yng) >0 (3.48)
CEH [[q®) H2 ,  otherwise

where C*t1) ¢ Rt D € R*, £ € RY.
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Algorithm 5. Feasible direction SQP method by Lawrence and Tits [54]

Step 0: Choose feasible starting point £*) € F, parameters r € (0,1), 3 € (0,1),
t© >0 and H® € R"™™ symmetric and positive definite. Set 0 < C < C,
CO eR*, DeR* eeRY, B €(2,3). Let k:=0.

Step 1: Solve (3.43) to obtain (d*),6")).

Step 2: If d*) = 0, then STOP.

Step 3: Solve (3.44) and denote the solution by d®. If no solution exists or
| @) > [[a®]] notas, tet i = o.

Step 4: Compute stepsize o ¥, i.c., the first value o®) in sequence {1, 3, 3%, ...}
satisfying
7 (9 + 09 4 (9)°d0) < 1 (20) + 1oV f (29)"d and

ej <£L‘(k) + ok k) (J(k))QCT(k)> <0, j=1,....,my.
Step 5: Set x kD) .= B 4 5B gk) 4 (O'(k))2 d® . Select C*k+1) ¢ [C.C].

Compute a symmetric and positive definite matric H*+D € R py
quasi-Newton formula.

St@p 6 _[f ||d(k’)H < g, SOZUE (346) to Obtal.’l’l/ (d(Ek-‘rl)’yg‘{;—i—l))‘

Step 7: Determine t*+1) according to (3.48).

Step 8: Set k :=k + 1 and goto Step 1.

3.6 A feasible SQP method by Zhu, Zhang and
Jian

The feasible direction SQP algorithm presented by Zhu, Zhang and Jian [94], solves
two linear systems and one QP per iteration. Under certain conditions, the resulting
method is globally and locally superlinear convergent. To save computational effort,
the size of subproblem (3.3) is reduced to the number of ¢ active constraints, i.e., only
constraints contained in J&" given by (3.49) are considered in the subproblem. We
denote the ¢ active set in iteration k by

W= {j =1,...,my —ept® < e; (x(k)) < 0} : (3.49)

J

with ¢ € Rt and p®) € R™.
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We define €5 (ZL‘(k)) € RJgk) and AJ(k) (x(k)) e R 3 according to (3.23) and
(3.24) by
e (@) = [e; (z®)] (3.50)
AJék) (x(k)) = [Vej (x(k))]Jgk) . (3.51)
Moreover, if
det (Ajék) (fﬂ(k))TAJék) (:L’(k))> <g, (3.52)

holds, € has to be adapted to ensure that the gradients of the active constraints are of
full rank, see Zhu, Zhang and Jian [94]. After updating £ = 0.5¢ and J% until (3.52) is
violated, the € active set (3.49) is adjusted. This procedure, called Pivoting Operation
(POP), terminates in a finite number of iterations, see Gao, He and Wu [31].

The subproblem derived from (3.3) is formulated by

d
st e (zM) + Ve, (zM)"d <0, jeI®

1 T
in —d"H®d )" d deR”
min +Vf (ac ) € (3.53)

We denote the solution of (3.53) by (d(()k),yék)). Moreover, we obtain the matrix

Jgk) Jék)

X

by applying a permutation matrix P*) € R**" yielding

( Al ()

A2, (M)) = PO4 () (3.54)
Je

Aj]gk) (:L'(k)) eR

such that AJI(,C) (x(k)) is invertible. The following linear system is solved to obtain

search direction cAl(lk) cR

B1
ALy, (29) " = _Hdg@ 1 e (:c<’“>+dg’“)) (3.55)

where ) € (2,3) and 1 a vector of ones of appropriate size. Note that function
evaluations at infeasible points might be necessary to formulate (3.55). We define the
feasible direction d*) € R by

d® = q® 4 gl (3.56)
with dgk) € R” given by
k)
dP = (P®)" ( dé ) (3.57)

where 0 is a vector of zeros of appropriate size.
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To prevent the Maratos effect, an additional correction term d® € R™ has to be
computed. We define

Y& (x(k))
— p) (k)
( Ve ) ) T POV (M) (3.58)
(k) (k)
such that V f1 (ZE(k)) e R Moreover, cAZ(Zk) e R* | and dék) € R" is denoted by
VI (20 gk T
&P = /(=) 0 (Al(k> (x(k))> 1,  (3.59)
1=2[17 (Al @®))  Vf (@)
(k)
AP = (p®)" ( dg ) . (3.60)

Note that AJl](k) (x(k)) has to be inverted, which increases the computational effort.
The correction term preventing the Maratos effect is given by

¥ = —f (@) d? (a +d?). (3.61)

In each iteration pu®) € R™ has to be adapted dependent on the solution (d(()k), ?Jék)>
of subproblem (3.53). We get

min {max { (y(()k)> ; dék)H} ,ﬁ} , ifj € J®
(k+1) J

11 = (3.62)
min{Hd(()k) ,ﬁ} ) it j € jik)

where 7 € RT is an appropriate upper bound.

The feasible direction SQP method can be summarized according to Zhu, Zhang and
Jian [94].

Algorithm 6. Feasible direction SQP method by Zhu, Zhang and Jian [94]

Step 0: Choose feasible starting point £ € F. Set parameters r € (0,1), ¢ € RT,
B=05, 0 €(2,3), o >2, f3€(0,1), 1 € RT and H® ¢ R
symmetric and positive definite. Let k := 0.

Step 1: Define € and 7% according to (3.49).

Step 2: Formulate and solve (3.53) with respect to active set I®) to obtain (d(()k), yék)>.
Step 3: If dék) =0, then STOP.

Step 4: Compute cAl(lk), dﬁ’“’ and d®) according to (5.55), (3.57) and (3.56).
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Step 5: If V. (2®)" d¥ < min {—63 Hdék)HﬁQ ,—PBs [|a® Hﬂg},

€, (ac(k)—l—d(k)) SO, jzl,...,mf,
then set o® =1,d® = d® and goto Step 8.

Step 6: Compute cAlgk), dék) and d® according to (3.59), (3.60) and (3.61).

Step 7: Compute stepsize o'¥) i.e., the first value o™ in sequence {1,3, 3%, ...}
satisfying
f (xac) i U(k)J(k)) < £ (z®) + re®V f (20" d® and
<0

e (20 4+ 0Wd0) <0, j=1,... my.

Step 8: Set 1) = x(k) 1 c®d® gnd compute a symmetric and positive definite
matriz H*D € RO by o quasi-Newton formula. Define pn*+Y according
to (3.62).

Step 9: Set k .=k + 1, goto Step 1.

3.7 A feasible SQP method by Jian and Tang

Under certain conditions, the algorithm introduced by Jian and Tang [44] is globally
and locally superlinear as well as quadratically convergent without requiring strict
complementary. It solves iteratively one QP. Moreover, in each iteration the feasible
search direction is determined by two formulas.

Analogue to (3.53) in Section 3.6 a QP is formulated with respect to the € active set,
where u® =1, ie.,

IO = j=1,....ms|-e<e; (+W) <0}, (3.63)
with ¢ € R*. According to POP in Section 3.6, € has to be reduced until
T
det (Ajgk) (l’(k)) AJE:I@) (l'(k))> > (3.64)
*)
*"Iis defined according to (3.51). As the resulting

holds, where AJ(k) (x(’“)) e R
solution dgk) € R™ of (3.53) is not necessarily a feasible direction, a correction d* € R"
has to be determined given by

d(k) = d(()k) — t(k)Ajék-) (:E(k)) (Ajgk) (l'(k))TAJ(k) (I(k))>1 ]l, (365)

£

where t*) € R is defined by
T

. Jo”] (") rra?
t

(3.66)

17 (A ) g @) g 7 07 o] [ 11
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Note that AJ<k> (x(k))TAJ(k) (a:(k)) has to be inverted which increases the computa-

tional effort. It can be shown that d*) is a feasible descent direction. To prevent the
Maratos effect we have to define a correction direction d*) € R™ by

~ -1
i = A () ( Ay (a®)" A (xuc)))
(Hdék)Hﬁl 1 + 6“]]21@) (l’(k) + d(k)) — ejgk) (J](k)) — Ajék) (x(k))Td(k)) (367)

VS

with §; € (2,3) and ey (x(k)) eR defined according to (3.50). To compute (3.67)

active constraints have to be evaluated at iterate *) +d*). Although d® is a feasible
direction, the iterate might be infeasible, if #*%) < 1, see Definition 9.

Algorithm 7. Feasible direction SQP method by Jian et al. [45]

Step 0: Choose feasible starting point 2(©) € F, set parameters r € (0,1), 3 € (0,1),
B €(2,3), e € RY and HO® € RC™ symmetric and positive definite.
Let k := 0.

Step 1: Define % and ¢ according to (3.63).

Step 2: Solve (3.53) to obtain d(()k).

Step 8: If d¥) =0, then STOP.

Step 4: Compute d® according to (3.65) and d® according to (3.67).

Step 5: Compute stepsize o'®) | i.c., the first value o® in sequence {1,3, 3, ...}
satisfying
f (xac) +o®d® 4 (o0 Cj(k)) < £ (2®) +re®V f (200" d® and

‘, (l,(k) +o®d® 4 (o1)? J’“) <0, j=1,...,my.

Step 6: Set x*+1D) .= ) L gk qk) 4 (0(’“))2 d® and compute a symmetric and positive
definite matriz H*+tY € R by o quasi-Newton formula.

Step 7: Set k .=k + 1, goto Step 1.

The algorithm is extended such that equality constraints can be handled, see Jian,
Tang, Hu, Zheng [45]. Equality constraints are added to the objective function by a
corresponding penalty function, see Mayne and Polak [58]. It can be shown that the
solution of the resulting penalty problem is identical to the solution of the original
problem, if the penalty parameters are large enough, see Jian, Tang, Hu, Zheng [45].
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3.8 A feasible SQP method by Zhu

Zhu [95] presented a feasible direction algorithm, solving one QP per iteration. To
prevent the Maratos effect an additional linear system has to be solved, which con-
tains active inequality constraints only. Under certain conditions, the algorithm is
globally and locally superlinear convergent. According to Section 3.5, we start with
the following quadratic subproblem

1
H(Slidn 0+ §dTH(k)d deR", jeR
st. Vf (x(k))T d<9 (3.68)

e; (x(k)) + Ve; (x(k))Td <t®§ j=1,... s

where ¢¥) € R*. Let the solution of (3.68) be defined by (6%*),d®). It can be shown
that §%®) < 0, see Birge, Qi and Wei [11]. Moreover, the resulting descent direction is
feasible, if t*) is positive, see Zhu [95]. To prevent the Maratos effect it is necessary

to determine a correction d*) € R™. We define the active set by

J® = {j =1,...,mys| e (a:(k)) + Ve, (m(k))Td(k) = R 5*) } . (3.69)

Whenever Ay (z™) € R™ [ defined by (3.24), has full rank, the correction d®
is computed. We define the permutation matrix P*) e R**"

Al (™)
J) — (k) (k)
= PYWA 3.70
< AQQH(k) (l‘(k)) ) o <x ) ( )

such that A}H(k) (x(’“)) € R [<[1®] consist of ‘J(k)} linearly independent rows and

Aﬁ(k) (x(k)) contains the remaining rows. We denote the solution of the following linear

system by a® € R

A}]}('c) (x(k))Td = —uW1 - E(k) (x(k) + d(k)) (3.71)
with
T*®) = max { Hd(k)Hﬂ1 , k) §k) Hd(k) H} ; (3.72)

§F <0, 81 €(2,3) and ey (1) € RF™| defined according to (3.23). The correction
term d*®) € R, preventing the Maratos effect, is given by

d® = (P(k))T < E(()k) > (3.73)

where 0 is a vector of zeros of appropriate size. Formulating the linear system (3.71),
active constraints have to be evaluated at z®*) + d*), which might be an infeasible
point, although d® is a feasible direction, see Definition 9.
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In each iteration, the weighting parameter t*) € R* has to be adapted,
t+D = min {f, |a® HﬁQ} : (3.74)

with 3, € (0,1) and ¢ € R*.

Algorithm 8. Feasible direction SQP method by Zhu [95]

Step 0: Choose feasible starting point 00 € F and set parameters t© € R*, r € (0,1),
tcRY, B€(0,1),8€(2,3),3 €(0,1) and H® € R™™ symmetric and
positive definite. Let k := 0.

Step 1: Solve (3.68) to obtain d™.
Step 2: If d*) = 0, then STOP.
Step 3: Define J®) according to (3.69).

Step 4: If Ay (x(k)) has full rank, solve (3.71) to obtain ™. Determine d® according
to (3.73).
Else d®) = 0.

Step 5: If cﬁk)“ > ||d("“) , set d® = 0.

Step 6: Compute stepsize o®), i.c., the first value o®) in sequence {1, 3, 3%, ...}
satisfying.
[ (2® +0®d® 1 (¢0)*dW) < £ (209) + 1oV [ ()" d® and

e (x(k) + o B a4 (U(k))zcj(kv <0, j=1,...,my.
Step 7: Set xF+D) .= k) 4 5 k) q(k) (O'(k))2 d® and compute a symmetric and positive

definite matriz H*) € RO by o quasi-Newton formula. Set t*++1)
according to (3.74).

Step 8: Set k .=k + 1, goto Step 1.

3.9 A feasible SQP method by Zhu and Jian

Zhu and Jian [96] presented a feasible direction SQP method for which, under certain
conditions, global and local superlinear convergence can be shown. In each iteration
one QP and a system of linear equations need to be solved. According to Section 3.6,
we formulate the reduced subproblem (3.53) with the corresponding e active set

JW = {j =1,...,my ‘ —6,u§-k) < g (x(k)) < 0} , (3.75)
with p*) € R™. The parameter ¢ € R is adapted as described in Section 3.6 until

det (AJ(Ek) (l’(k))TAJék) (x(k))) > g, (376)
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7™

holds, where AJ(M (CL‘(k)) e R

(3.53) is denoted by d(()k) € R™ and the corresponding Lagrangian multipliers are given
k1)

is defined according to (3.51). The solution of

by y(()k) € Rl I each iteration, ju € R™7 has to be adapted, using the following

update rule

. k
(k+1) min {max { (3/8 )> E
i = J

b} sem
! (k)

% s otherwise

(3.77)

where 77 € R™ is an upper bound.
As d(()k) may not be a feasible direction, a correction has to be determined. Therefore,
we define a permutation matrix P*) € R»*"

Al (#)
(ﬁ”f: @;m)) = POA () (379
Js

such that A}(k) (m(k)) e RIIXIET s the maximal linearly independent row subset of
AJ(;@ (ai(k)). We define

(Hé (f‘“)) ~ PO (HOa) (3.79)

H2 ()
L (g 98] a® e I
such that H} (z®) € RV="I. Moreover, we define d; = € RF
—(k) k) { 41 (k) -T
@Y = (Al (@) 1 (3.80)
with t*) € R given by
2
o6 95 @) i

-1
(4 (g 00) o)

+(k)

. (3.81)
45

142 {

The correction dgk) € R” is computed by

(k)
dP = (P<’f>)T<d6 ) (3.82)

where 0 is a vector of zeros of appropriate size. This leads to the corresponding
feasible search direction

d® = dP 44, (3.83)
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In order to prevent the Maratos effect we have to solve a linear system to obtain
i e R

B
Algy (@) d = = [P 1 = ey (20 + d) + €00 (2W) + Ay (29)" d¥(3.84)

Je

with 3 € (2,3). The correction term d®) € R™ is defined by

k
d» = (P®)" ( a ) . (3.85)
0

Note that we have to evaluate inequality functions at z*®) + d® which might be
infeasible, although d®) is a feasible descent direction.

Algorithm 9. Feasible direction SQP method by Zhu and Jian [96]
Step 0: Choose feasible starting point 00 € F and set parameters r € (0,1), 3= 0.5
and H® € R symmetric and positive definite. Let k := 0.

Step 1: Define I according to (3.75).

Step 2: Formulate and solve (3.53) with respect to active set I%) to obtain dék).

Step 3: If d = 0, then STOP.

Step 4: Compute dgk) according to (3.82) and (3.80) and d*) according to (3.83).

Step 5: Solve (3.84) to obtain &E"‘). Define d® according to (3.85). If HCZ(’“)H > Hd(k)H,
set d®) = 0.

Step 6: Compute stepsize o'®) | i.c., the first value o® in sequence {1,3, 3, ...}
satisfying
f <x<k> +o®d® 4 (509 Cj(k)) < £ (2®) +re®V f (200" d® and

‘, (l,(k) +o®d®) 4 (o)? J’“) <0, j=1,...,my.

Step 7: Set x*+1) .= z®) L gk qk) 4 (0(’“))2 d® and compute a symmetric and positive
definite matriz H*+Y € R by o quasi-Newton formula. Define p*+1)
according to (3.77).

Step 8: Set k .=k + 1, goto Step 1.

Under certain assumptions global and superlinear convergence can be shown. Based on
the feasible SQP algorithm presented by Zhu and Jian [96], the problem formulation
is extended by equality constraints which are included in the objective function using
a penalty function, see Ren, Duan, Zhu and Luo [70].
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3.10 A feasible SQP method by Hu, Chen and
Xiao

Hu, Chen and Xiao [41] created a feasible direction SQP method which is under

certain conditions globally and locally superlinear convergent. In each iteration, one

QP and two linear systems have to be solved including active constraints only. We
define A ;) (:L‘(k)) according to (3.51) by

AJgk) (l‘(k)) = [Vej (l‘(k))] gk) < RnX Jgk) 5 (3.86)

A (x(k)) = [Ve, (x(k))] i e R™™s, (3.87)

1/2
> 0} (3.88)

where ¢ € R*, L(z® y®) is defined in (2.8) and y*) € R™/ is given by

The corresponding active set is defined by

€; (:p(k)) +e

V. L (x(k)’y(k))
min{—f (x(k)) ,ygk), .. ,ygf; }]

Jk) .= {jl,...,mf

s = (AE)TAED) 4B E9)) AV EY), (3.80)
with
E (a:(k)) = diag (e (SL’(k)) yoe s Cmy (x(k))) : (3.90)

Analogue to the POP procedure presented in Section 3.6, € has to be reduced until the
gradients of the active constraints are linearly independent. The quadratic subproblem

is formulated analogously to (3.53). The resulting solution is denoted by (d(()k), y(()k)>.

In addition, (dgk), y%k)> is computed by solving the following linear system

HO Ao (W) 1 [ a ] _
Ajék) ($(k))T 0 Yy N

where #; > 2. To define a feasible descent direction d*) € R” we use a suitable
combination of the descent direction d(()k) € R™ and the feasible direction dgk) c R".
We get

(3.91)

v (xae):l ]

B
e

d® = P 4@ gk (3.92)
where t*) € R is given by
7, it Vi ()" a <o
t® = —Vf (®)" di (3.93)

, otherwise
Vi (@®)"d + 8,
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with 3; € R and a corresponding upper bound ¢ € R*. To prevent the Maratos
effect and thus ensure local superlinear convergence, an additional linear system has
to be solved

HO A () ] [d] _ [ 0 (3.94)

Ay (z9)" 0 y —[ld®|”* 1 = & (29 +d®)

where (3 € (2,3) and
Ejék) (x(k) + d(k)> = ey (:U(k) + d(k)) — ey (x(k)) — AJQC) (x(k))Td(k). (3.95)

Let the solution be (Eﬂ’c),g(k)). Note that z® + d*®) might be infeasible, although

d® is a feasible direction. A line search is performed along the resulting search arc
) 4 B gk 4 (0(’“))2 d® . The complete algorithm is formulated as follows:

Algorithm 10. Feasible direction SQP method by Hu, Chen and Xiao [41]

Step 0: Choose feasible starting point %) € F, set parameters e € RY, 3, > 2, By > 0,
B3 €(2,3), re(0,1), B=1(0,1), T € Rt and H® € R™™ symmetric and
positive definite. Let k = 0.

Step 1: Reduce € until (3.86) is linearly independent.

Step 2: Formulate and solve (3.53) with respect to active set 1% to obtain (dék), y((]k)>.
Step 8: If d¥) = 0, then STOP.

Step 4: Solve (3.91) to obtain (dgk),ygk)).

Step 5: Compute d® according to (3.92).

, set d® = 0.

Step 6: Solve (3.94) to obtain (Jk),ﬂ(k)>. If ’)cﬁk)“ > ||d(k)

Step 7: Compute stepsize o'®) i.c., the first value o in sequence {1,3, 3, ...}
satisfying
f <x<k> +o®d® 4 (50 ga«)) < £ (2®) +re®V f (200" d® and

e (2 + 00 4 (6W)*dW) <0, j=1,...,m,.
Step 8: Set x*+1) .= g0 L gk qk) 4 (0(’“))2 d® and compute a symmetric and positive
definite matriz H*+tY) € R by o quasi-Newton formula.

Step 9: Set k .=k + 1, goto Step 1.



4. SEQUENTIAL CONVEX
PROGRAMMING METHODS

4.1 Method of Moving Asymptotes

We consider the general nonlinear optimization problem

min x reR"
st. ¢(x) <0, j=1,...,m,

where f (x) and ¢; (x), j=1,...,m,, are at least continuously differentiable on R™.
First we review the so-called method of moving asymptotes (MMA), see Fleury [28]
and Svanberg [80]. MMA is a nonlinear programming algorithm that creates a se-
quence of convex and separable subproblems, which are easy to solve due to their
special structure. The resulting primal solution #*) € R™ in the corresponding itera-
tion k, is used to formulate a new subproblem. MMA achieves good results in practice,
although no convergence proof is given. The algorithmic scheme of MMA is illustrated
in Figure 4.1.

l Solution Process

Approximation
MMA _— > Subproblem
Interior point
method

Fig. 4.1: Procedure of MMA-Algorithm
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The idea behind MMA is the segmentation of the n-dimensional problem space into
n one-dimensional spaces. One of the fundamental features is the introduction of
two flexible asymptotes U; and L;, i = 1,...,n, for each optimization variable x;,
¢t =1,...,n, which truncate the feasible region. Important additional features are

1. linearization of nonlinear inequality constraints and the objective function with
respect to the lower or upper asymptote depending on the sign of the partial
derivative at the current iteration point,

2. general-purpose solver applicable to any nonlinear program,

3. generation of convex and separable subproblems, i.e., diagonal Hessian matrices
of the Lagrangian function, see Definition 4,

4. efficient solution of the large and sparse nonlinear subproblems by an interior
point method.

In each iteration k the objective function and the inequality constraints are linearized
with respect to the inverse variables U<k)1 and IL(k) depending on the sign of the
A i r; — L;

K3

corresponding partial derivative at the current iterate. These sets are denoted by

o (k)
™ = {izl,...,n %zo} (4.2)
and
o (k)
J - {izl,...,n %q}, (4.3)

respectively. Thus, the resulting approximation of the objective function at an iterate
(k) n
" e R" is

19 (@) = f ()

0F (%) (w0 _w 2( 1 ! )]
+ (v = 2 - (4.4)
%[ 0P~ w0 - o
A e O e |
o I R P R s

with Lgk) < x < Ui(k), see Svanberg [80].
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The nonlinear inequality constraints ¢; (r), j = 1,...,m,, are approximated ana-
logously to (4.4) by

k
cg- ) () = ¢ (as(k))
0 (%) (w0 _ w21 L
%% | ox, u® 5, u® @
+
_ Z 0c; (z) (m(.k) _ L(k))2 1 _ 1
v B A CO R P LR A
with Lgk) <z < Ui(k) and
. oc. (x(k))
190 = L=t ] =L >0 46
+ ? I 7n 8951 - I ( )
. dc.: ()
AR %:Luwn—iéfl<0 . (4.7)
To prevent Ui(k) —x;=0,2=1,...,n,or xi—LEk) =0, i=1,...,n, we define suitable

lower and upper bounds for x € R™ within the subproblem

o (- 1) i s
and

with w € ]0; 1] constant.
We obtain the subsequent subproblem by applying the approximations (4.4) and (4.5),

min  f® (z) r € R"”
st. P (2) <o, i=1,....m, (4.10)

The functions are defined on the subset X*) given by the box constraints (4.8) and
(4.9), i.e.,

X® = {zeR"|z® <z<z®}. (4.11)
Moreover,

® < g (4.12)

)

e
=
A
N
=
IA
8
A
5



42 4 Sequential Convex Programming Methods

holds. The first and second order derivatives of the convex approximations can be
given analytically by

p

*) 2
o (k) (U w
féi) 5 1fz€]>
of® () G )
= ¢ k) ) (4.13)
of (a) (" |
o 5, otherwise
" (% - 1)
\
a2f(k) T . .
iUdj
( ® _ 0
of () (U1 =)
p 91 (@) — itier®
ox; Uk _
92 f) () ; T
P, B _ r®)\? (419)
of (a) (1 = L)
-2 3 5, otherwise
\
The derivatives for inequality constraints cg.k) (), j = 1,...,m,, can be obtained
by replacing f (z) by ¢; (z), j=1,... ,m(c,) and I(k) by I(j’k).(l‘g is easy to see that
k Oc k
the functions are strictly convex, if % # 0 and # # 0 holds for all
£y Z;
1=1,....,n,and j =1,... ,m,.
The approximations (4.4) and (4.5) are convex and of first order, i.e.,
f® (z0) = £ (2®), M (@®) =¢; (z®), Vi=1,...,m,
V) (x(k)) =Vf (x(k)) , ch-k) (x(k)) = Vg (x('f)) yVi=1,...,m.
f®) convex, gk) convex, Vj=1,...,m, (4.16)
(k) separable ") separable, Vj=1,...,m
J" sep ; ; sep ,Vi=1,...,me

The subproblem can be solved by an interior point method, where the separability of
the approximations f*)(x) and c§k)(x), j=1,...,m,, can be exploited.

In each iteration k, the asymptotes have to be adapted. The update rules are presented
in the following algorithm, according to Zillober [104] extended by some additional
conditions which are essential to prove convergence of the SCP algorithm presented
in Section 4.2.
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Algorithm 11. Update of asymptotes

For iteration number k = 0,1,... and constants L, < Upas, € >0, 0 <T) <1 and
T, > 1 we compute for eacht=1,....,n
k<2: Lgk) = xz(k) — max{l, xgk))},

L™ = max {m( ) —max{ (3: (k=1) L(k D)} me}
Ui(k) = min {xE ) + maX{ , T (U(l’C 2 (k 1))} ,Umm} ,
else

Lgk) ‘= max {xgk) — max {f 15 (m (k=1) L(k 1))} ,me},

Uz(k) = min {xgk) + max {f 15 (U (k 1))} ,Um,w} ,
Suitable values for the parameters are T} = 0.7 and T, = 1/T) respectively, see
Svanberg [80], while Zillober et al. [105] propose 77 = 0.7 and 75 = 1.15. Within
the MMA procedure ¢ = 0 and Uyax = —Lupin = o0. To prove global conver-

gence of SCP, it is essential that & > 0. Within the algorithm, the values are set
to & = 0.5 and Upax = —Lnin = 1.D5. We distinguish two different situations. If
51gn( (k) _ 5’“‘1)) = sign (xgk_l) — a:gk_Q)), the distance between the asymptotes is
reduced to prevent oscillation. As a consequence the domain shrinks. Otherwise, the
distance is enlarged to allow larger steps and to speed up convergence. Svanberg [80]

determines the asymptotes in the first iteration dependent on box constraints of the
original problem, if they exist.

We can now formulate the corresponding MMA algorithm according to Svanberg [80].

Algorithm 12. Method of Moving Asymptotes

Step 0: Choose starting point (%) € R"™. Set parameter € =0, Ly = —00,

Unaz =00, To > 1,0 < Ty <1 and w €]0;1[. Compute f (x(o)) ,Vf (m(o)),
¢; (#9), Ve; (), j=1,...,me. Let k:=0.

Step 1: Determine Lgk) and Ul-(k)7 i=1,...,n, by Algorithm 11 and let f*) (z), cg-k) (z),
j=1,...,m, be defined by (4.4) and (4.5). Define ggk) and@(k), i=1,...,n
according to (4.8) and (4.9). Formulate subproblem (4.10) for the correspond-
ing iteration k.

Step 2: Solve (4.10). Let x*+Y) be the optimal solution of the subproblem.
Step 3: If 2%V = 20 then STOP. 2*+Y s the solution of (4.1).

Step 4: Set k =k + 1 and compute f (m(k)) JVf (x(k)) e (x(k)) v (x(k))7
j=1,...,m.. Goto Step 1.
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For this method convergence cannot be guaranteed in a formal way despite of excel-
lent numerical results. In later papers, Svanberg presented an extension of his MMA
method such that convergence can be shown, see Svanberg [81] and [82]. The resulting
algorithm, called GCMMA, is presented in Section 4.3.

4.2 The SCP-Method of Zillober

The sequential convex programming method (SCP) is an extension of the method
of moving asymptotes. We proceed from the following optimization problem, where
equality constraints are included additionally,

min f (x) z € R"”
st. ¢(r)=0, j=1,...,me (4.17)
¢j(x) <0, j=m.+1,...,m,

Moreover, SCP ensures convergence by introducing a merit function and a corre-
sponding line search procedure, see Zillober [101]. The merit function combines the
objective function and the constraints in a suitable way. A possible merit function for
problem (4.17) is the augmented Lagrangian function @, : R"*e — R for a given set

of penalty parameters p; >0, 7 =1,...,m,,
. me [ wei (@) + B @), ifje ()
N ( Y ) A Z —y—? otherwise (4.18)
Jj=1 I
2p;

where y € R™¢ are the corresponding Lagrangian multipliers. Moreover, we define the
active set with respect to the augmented Lagrangian by J(z) and its complement by

J(z),

J(x) = {1<j<m.}
U{me—l—lgjgmc —i—jgcj(x)} (4.19)
T@) = {met1<j<m|jgJ}). (4.20)

It can be shown that @, ( ; ) is differentiable. The penalty parameters p € R™ must

be carefully adapted during the solution process to guarantee a sufficient descent and
global convergence, see Schittkowski [73]. Choosing the augmented Lagrangian merit
function is motivated by the following properties, Zillober [101]:
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Lemma 4.1. 1. A point (x*,y*) is stationary for ®, ( z ) defined by (4.18) for
a positive fixed p € R™ if and only if it is stationary for problem (4.17).

2. Let (x*,y*) be stationary for problem (4.17) and let the gradients of the active
constraints be linearly independent in z*, i.e., Definition 5 (LICQ) holds. Then
there exists a positive parameter p* € R™<, such that x* is a local minimizer for

T *
ép(y*)7vp2p

Proof. Fletcher [23, 24]. O

To ensure strict convexity of the approximated objective function f*) (z) and thus
an unique solution of the subproblem, an additional parameter 7 > 0 is introduced to

O?f%) (1) . . :
ensure that s > 0 holds for all : = 1,...,n, see Zillober [104]. The resulting

approximation of the objective function at iterate 2 is
fO @) = f (")

0F (@) (o _ w? 1 L
p o, (Ui o ) u® _ g, U® — g ®

7 %

0 (=) (0 _ w2 1 L
- > | (« — ) —w ~ e )[4

e )

with Lgk) < x < Ui(k), T > 0, L(rk) and 1" defined by (4.2) and (4.3). Equality

constraints ¢; (z), j =1,...,m,, are linearized by
" 9c;j (V)
k k
i=1 ¢
The inequality constraints ¢;(x), j = m. +1,...,m,, are approximated analogously

to the MMA algorithm, see (4.5). For an illustration, Figure 4.2 presents the approx-
imation of the objective function f (z) with respect to an upper asymptote Ui(k) for

given i € L(rk) and k.
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f(x)

20
154
107 Objective f(x)

\u“;

5 I — Approximation f®(x)
[ |D T T k+1| T T ( ) T T T T T T T T T T T1
xE X 10 15 X

Fig. 4.2: Approximation scheme of SCP

The first and second order derivatives of the convex approximations can be given
analytically, see Ertel, Schittkowski and Zillober [20].

of(z(*) Ui(k)fzz(.k) : mifxgk) 2+2 mifxgk) Ui(k)fxi L
(k) (&u )<<U(k)_x,>>2 +T( ) <U((k>—ac-)2)( )’ ifi el
Oft (x) o b (4.23)
ami af(z® xgk)fLEk) : xifxgk) 272 xifxz(.k) xifLEk) . .
<8mi ) <<$i_L(k)))2 — 7'( ) (IE_L(k))Q)( ), otherwise
02 f) () o,
(k) _(k))? (k) _ (k)2
o) U)o U0 T) e g
PO (x) b G (4.35)
02z N L0 (0))2 ROMION '
g (=) ( i— ) +27'( i— )3 otherwise

ox; (xi_L(k))S (xi—L,(k)) )
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The second order derivatives are positive, as

2
) (ZL’Z — 3:5“) + 2 (1’1 — xl(-k)) (Ui(k) — xl>

oz, | (in) _ x) ?

. The derivatives for

holds for ¢ € ](f). This can be shown analogously for ¢ € I ()

inequality constraints cg-k) (x), j=me+1,...,m,, can be obtained by replacing f (x)
by ¢; (x) and 7 = 0. The corresponding subproblem is formulated by
min  f*) (z) reR”
x
(k)
st. ¢’ (x)=0, =1...,me
) () J (4.26)
C; (I)SO’ ]:me"’_la y M
oV <2, <7V, i=1,n

where ggk) and fgk), i =1,...,n, are defined according to (4.8) and (4.9). Due to
strict convexity of the objective function the resulting subproblem (4.26) possesses an
unique solution, Zillober [98].

We denote the primal solution of subproblem (4.26) in iteration k by z(*) € R and the
dual solution by v*) € R™. In each iteration, it is tested whether (Z(k), v(k)) yields a
sufficient descent with respect to the augmented Lagrangian merit function. Therefore,
the so-called Armijo steplength algorithm, see Armijo [2], Ortega and Rheinboldt [63],
is applied. In each iteration k, the stepsize o®9 with ¢ := 1, is reduced by a
constant factor 5 € (0, 1) iteratively, i.e.,

kit = gykd) (4.27)
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until the following condition is satisfied for the first time

z® (ki) g(8) ™ (k) 2N
@ID(I@) y(k) + o\"®¥d < (I)p(k) y(k) +rov” V(I)p(k) y(k) d ,(428)
where 7 € (0,1) is constant and where the search direction d*) € R™*™« is given by
(k) — (k)

Condition (4.28) ensures a sufficient descent in the augmented Lagrangian merit func-
(k)

tion. To update the penalty parameter p,”, ¢ = 1,...,m,, additional parameters
ni(k), 1 =1,...,n, are introduced, which estimate the curvature of the approximated
objective function f*) (z)
(
of (z® ou®) _ ) _ (k)
O gk _ k)
0 = P (4.30)
af (x(k)) —2LZ(- ) + zl( )+ xﬁ ) .
T T 5, otherwise
z; (Zi(k) _ Lgm)
\
and we define
n®) = .EIIliH 771-(’6). (4.31)
The penalty parameters are updated until the descent property
*) \T (k) (§k))?
Ve, ( ‘;(k) > d® < —% (4.32)

is satisfied, where 6*) € R denotes the norm of the search direction with respect to
the primal variable %) i.e.,

§H) = ||z — ™|, (4.33)

Within the update loop the penalty parameters are denoted by pg-k’i), 7=1,...,me,

where ¢ denotes the i-th penalty parameter update within iteration k. pgk’o) is initial-
ized by pg.k*l), j=1,...,m. The corresponding update is described by Algorithm 13

according to Zillober [103].
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Algorithm 13. Update of penalty parameters
Let k1 > 1, kg > Ky be suitable constants and let k be the index of the current iteration.
Let %) € R™ the current primal and y* € R™< the current dual variable. Moreover,

(z(k), v(k)) is the solution of subproblem (4.26) defined in z'*) and pg.k’i), j=1,...,m,
s a gen penalty parameter.
yi
ffjefl<ji<morjeqme+1<j<m| - <c¢ (W)
Pj
if ¢ (z®) >0 and Ve, (:L'(k))T (2 —2®™) £0 or
c; (x(k)) <0 and Vc; (x(k))T (z(k) — x(k)) >0:
(k) (k)
(kit1) _ (ki) ) |2 (Uﬂ' Y )
P; i=min ¢ Kep; , Max q Kip; o, o ()
else:
A o 89
Else:
if (v](.k) — y](-k)> <0:
(k) (, (k) (k)
(k1) min ¢ K (k:d) max { K (k:2) i <Uj % > e
Pio T 2Pi SR 7®) (502
else:
A - 89

k1 prevents that the penalty parameters converge too slowly towards an upper bound.
Ko ensures that the penalty parameters do not increase too quickly. Zillober [102] pro-
poses to set k1 = 2 and kg = 10.

(k)

i

To prove global convergence it is essential that the lower and upper asymptotes L

and Ui(k), 1 =1,...,n, are adapted carefully and satisfy certain conditions see Zil-
lober [98] or Ertel [19]. We define

Definition 4.1. A sequence of asymptotes {L(k)}, {U(k)} is called feasible subject
to a bounded sequence {x(k)} with Lgk) < a:z(-k) < Ui(k), t=1,...,n, if there exists a
&> 0 and Lyin, Unae € R, Lpin < Upae Such that

1. LZ(-k) < :L‘Z(-k) - ¢, Ui(k) > xgk) +¢&, foralli=1,...n, and k > 0.

2. LY > Ly, UY < Upaor ¥k >0, i=1,...,n.

2

The first part of this definition prevents the curvature of the approximations from
becoming too steep. The second part prevents that Lgk) — —oo and Ui(k) — 00 as

—00 < Lgin < LP < UM < Uy < 00 (4.34)
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holds. The asymptotes need to be feasible according to Definition 4.1 to ensure conver-
gence of sequential convex programming (SCP) methods, see Zillober [102]. In general,
it is possible to choose different asymptotes for the objective and (each) constraint.
Although this might improve the performance of the algorithm we proceed with one
pair of asymptotes for both, objective and constraints, as the computational effort
is much higher otherwise, Zillober [103]. Algorithm 11 ensures a feasible sequence of
asymptotes according to Definition 4.1.

The SCP algorithm introduced by Zillober [104] can be summarized as follows:

Algorithm 14. Sequential Convex Programming

Step 0: Choose starting point (0 € R™ and y© > 0. Compute f (:p(o)) ,Vf (1(0)) ,
¢; (2),Ve; (2©), j=1,...,m.. Set parameters & >0, Luyin < Unas,
T, >1,0<Ty <1,we€l0;1], re€(0,1), € (0,1), 7> 0, kg > K1 > 1 and
penalty parameters ,0§~_1) >0, 7=1,...,m.. Let k:=0.

Step 1: Determine Lgk) and Ui(k), i=1,...,n, by Algorithm 11. Let f (x), cyc) (x),
j=1,...,m., be defined by (4.21), (4.22) and (4.5). Define gz(»k) and Tgk),
i=1,...,n, according to (4.8) and (4.9). Formulate (4.26) for the

corresponding iteration k.

Step 2: Solve (4.26). Let z%) be the optimal solution of (4.26) and v*) the
vector of the corresponding Lagrangian multipliers.
Step 3: If 2 = 2®) then STOP. (:U(k),v(k)) is a KKT point of (4.17).

L) _ (k)

Step 4: Let d*) = ( k) ) L6 = |20 — x(k)HQ and ™) as defined in (4.31).

) — g
Let i =0 and p9) .= pk=1),

2 (k) k) OB
Step 5: Compute q)p(k,i) y(k) ,v®p(k,i) y(k) ,V<I>p(k,i) y(k) d®).

* \ T (k) (§5(R))?
Step 6: If VO k) ( Z(’“) ) dw = 1 (o)

to Algorithm 13. Let i =i+ 1 and goto Step 5.
Otherwise, let pt*) = p*D § =0 and o*0 = 1.

Step 7: Compute f (iL‘(k) + g(k?) (z(k) — x("‘))) , Cj (:L’(k) + g(k?) (z(k) — x("‘)))
(k)
. x ,
j=1,...,m., and (I)p(k) (( y(k) ) + g(k,z)d(k)>.

If (4.28) is not satisfied, let o®+) .= 3o i =i 41 and repeat (Armijo).
i)

Otherwise, o®) := gk,
(k+1) (k)
Step 8: Let ( Z(k+1) ) = ( Z(k) ) +o®d® ki=Fk+1.

Step 9: Compute V f (a:(k)) , Ve (x(k)) , j=1,...,me, and goto Step 1.

, update penalty parameters according
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Subproblem (4.26) can be solved by an interior point method, see Zillober [99]. The
size of the primal-dual system of linear equations can be reduced depending on the
number of constraints and variables, see Zillober [100]. The asymptotes truncate the
feasible region and allow to control the curvature of the merit function. A convergence
proof is given in Zillober [97] and [102]. The line search procedure can be replaced by
a filter method. A comparative numerical study of SCP-Filter and the presented SCP
method is given in Ertel [19]. A trust-region SCP algorithm is introduced in Ni [60].
Some numerical results for problems resulting from topology optimization are given
in Ni, Zillober and Schittkowski [61].

4.3 The Globally Convergent Method of Moving
Asymptotes

As no convergence proof for the MMA algorithm presented in Section 4.1 can be given,
Svanberg [83] presented an extension called globally convergent method of moving
asymptotes (GCMMA). Starting from a feasible point 2(® € R", GCMMA creates a
sequence of feasible iterates. As GCMMA is not able to handle equality constraints,
we proceed from the following problem formulation

min [ (x) reR"
xX
s.t. e (z) <0, j=1,...,my (4.35)
Z; <x; <7, 1= ) y TV
containing box constraints. Moreover, f(x) and e;(x), j = 1,...,my, are at least

continuously differentiable on X given by
X = {zeR"|z<x<T}. (4.36)

In contrast to MMA and SCP, the subproblems are formulated by approximating
the functions with respect to both inverse variables U(,€+_ and % The result-

ing approximations are strictly convex and separablef To ensure a feasible iteration
sequence, the method combines an inner and an outer iteration process. Within the in-
ner iteration process a sequence of subproblems is solved, until the objective function
is decreased and the constraints yield a smaller function value than their approxi-
mations at the solution of the subproblem. Otherwise, the iterate is rejected and a
new subproblem is formulated and solved. Therefore, we introduce a second iteration
index. We denote the approximations of the objective function by f*#) (z) and the
approximations of the constraints by egk’p ) (x), j =1,...,my, where k denotes the
outer iteration and p the inner iteration, respectively. The approximation scheme of
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the objective function in iteration (k,p) is given by

f(k,p) (z) = f(:c(k))

of (x(k)) (k) )2 1 1
+ Z [ ox; 1 (Ué — > U.(k) — - U(k) B x(k)

(k)
I+

(k) (k)>2 1 1
x, —L; —
< (mz — ¥ :L‘Z(k) — Lgk)

with 73 > 1 and 0 < T} < 1, Ték’p) € RT, L(rk) and T are defined according to
(4.2) and (4.3). Moreover, the asymptotes Lgk) and Ui(k), i = 1,...,n, are com-
puted by Algorithm 11. Svanberg [84] proposes T3 = 1.001 and T, = 0.001. The
inequality constraints e; (z), j = 1,...,my, are approximated analogously. In con-
trast to the MMA and SCP algorithm, see Section 4.1 and Section 4.2, a parameter
Tj(k’p ) ¢ R*, j =1,...,my, is introduced for each constraint and the objective func-
tion, which leads to strictly convex approximations. The corresponding subproblem

is given by

min f#P) (1) r e R"
k, .
s.t. eg- ?) (z) <0, jg=1,...,my (4.38)
gV <z<m?, i=1,...n

where ggk) and fgk), i=1,...,n, are defined according to (4.8) and (4.9) with w = 0.9,

see Svanberg [84]. As the resulting subproblem is strictly convex, see Svanberg [82],
it exhibits an unique solution denoted by z*#) € R™. If the following conditions hold

Flr) (Z0m) > p (k)Y (4.39)
0 > e('k,p) (Z(k,p)) > e; (Z(k,p)) , ] = 17 cee, My (440)

)

the inner iteration is terminated and the next iterate is given by

gkt = (k) (4.41)
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Otherwise, the inner iteration process is continued, i.e., p is increased by one and a
more restrictive subproblem (4.38) is formulated by increasing T(k’p ) j=1,...,my,
is increased, if the objective functlon

for each constraint which violates (4.40). 73" |
violates (4.39), see Svanberg [84]. 73" is initlahzed in each outer iteration k by

0.1 o= |Of (zW) ] _
Tékp) — TZ % (T; — ;) (4.42)
=1

and Ték’p T updated according to
min{l%, 11( (k,p )+Lg’”’)>}, it fep) (260)) < f (200)
7_(§l~c,zz>+1) — (4.43)
ikp) otherwise

with L[()k’p ) € R given by

L(()km) — (f (z(k,p)> _ f(kvp) (Z(k,p)))
n <U-(k) _ Z(k,p)) < (k.p) L(k)> (T — ;)

> . (4.44)
ST (1) ()
The values of T;k’p ), j = 1,...,my, are defined analogously using e;(z) instead of

f(x). Within the inner iteration loop the gradients need not be adapted. This leads
to the following algorithm

Algorithm 15. Globally Convergent Method of Moving Asymptotes

Step 0: Choose feasible starting point 20 € F. Compute f (), Vf (z), e; (),
Ve; ( ( ) Jj=1,...,my. Set parameters £ =0, —Lynip = Uppap = 00, T3 > 1,
0<T4<1,w—0.9. Let k=0 and p := 0.

Step 1: Determine Lf;k) and Ui(k), i =1,...,n, by Algorithm 11 and define T;k’o)
j=0,...,my, according to (4.42). Define zgk) and fgk), i=1,...,n, accord-
ing to (4.8) and (4.9).

Step 2: Define f*P) (z), e§k’p) (), 7 =1,...,mg, according to (4.37). Solve (4.38)

for the corresponding outer iteration k and inner iteration p. Let z(P) be the
optimal solution.

Y

Step 3: If (4.39) and (4.40) are satisfied then goto Step 5.

Step 4: Update T;k’erl), J=0,....,my, according to (4.43), set p=p+1 and goto
Step 2.
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Step 5: Set 2D = k) Jf gk+1) = 2(®) then STOP. Y is the solution
of (4.95).

Step 6: Set k =k + 1, p =0 and compute f (:v(k)) VS (x(k)) e (x(’“)) , Ve, (x(k)) ’
j=1,...,mys. Goto Step 1.

It can be shown that the inner iteration process, given by Step 2 - Step 5, terminates
after a finite number of iterations. Moreover, global convergence can be shown, see
Svanberg [82]. Note that the functions might be evaluated at infeasible iterations, to
test whether (4.39) and (4.40) holds.



5. A STRICTLY FEASIBLE
SEQUENTIAL CONVEX
PROGRAMMING METHOD

In many applications, some problem functions are only defined on a certain domain
specified by other constraints. Since most nonlinear optimization methods cannot
ensure feasibility during the solution process, these problems cannot be solved appro-
priately. Typical examples are the logarithmic or square root functions, e.g.,

c1(xz) = log(e (2)), (5.1)
e (x) = es (), (5.2)

where e; (x) and eq () are nonlinear functions. To ensure that ¢; (z) and ¢ () can
be evaluated, the constraints

ep (z) > 0, (5.3)
es(xz) > 0, (5.4)

need to be satisfied. Note that we require es (x) > 0 such that ¢y (z) is continuously
differentiable for all x satisfying (5.4).

We present an extended version of the SCP Algorithm 14 guaranteeing feasibility
of a given subset of constraints in each iteration, which will be referred to as feasi-
bility constraints e; (z) < 0, j = 1,...,ms. The resulting method is called feasible
sequential convex programming method (SCPF). It is assumed that the constraints
¢j(x), j=1,...,m, as well as the objective function f (z) can only be evaluated, if
all feasibility constraints e; (z) <0, j =1,...,my, are satisfied.

5.1 Feasible Sequential Convex Programming

In the sequel, we consider problem (4.17) extended by additional feasibility constraints

e; (z), j=1,...,my, that have to be satisfied whenever the objective function f (z)
and the constraints ¢; (x), j = 1,...,m,, need to be evaluated. We get
min f(x) r e R"
.t ; = =1,..
st ¢ () =0, N (5.5)
ci(x) <0, j=me+1,....,me
e;j () <0, j=1,....,my
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The objective function f (z) and constraints ¢; (z), j = 1,...,m,, are supposed to
be at least continuously differentiable on the subset

F = {z€R" |ei(x) <0, j=1,...,ms}. (5.6)

The functions e; (), j = 1,...,my, must be convex and at least twice continuously
differentiable on R™, see Ertel, Schittkowski and Zillober [22]. As a consequence, F' is
convex which is important to guarantee feasibility, if the stepsize is reduced during a
line search procedure.

Proceeding from a feasible starting point with respect to feasibility constraints, i.e.,
) € F, SCPF generates a sequence of convex subproblems, which are easy to
solve due to their special structure. Moreover, they contain the nonlinear constraints
ej(x), 7 = 1,...,my, to ensure their feasibility. The objective function f (z) and
the constraints ¢; (), j = 1,...,m,, are approximated by convex and separable
functions according to (4.21), (4.22) and (4.5) yielding f® (z) and cg-k) (), j =
1,...,me, while the constraints e; (z), j = 1,...,my, are passed to the subproblem
directly. We implicitly assume that the nonlinear functions e; (z),...,en, (z) and
their derivatives are much easier to evaluate than the functions and gradients of f(z)
and ¢y (), ..., cm,. (7).

In each iteration k£ we obtain the following subproblem,

min f® (2) r eR"

, J=me+1,...,m, (5.7)

AN ”
and
where w €]0, 1[ is a suitable constant. The asymptotes L") and U™, i =1,... n, are

defined according to Algorithm 11 satisfying Definition 4.1. The solution z*) € R” of
(5.7) lies in the set F)((k)

F > F¥ (5.10)

with
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To assure global convergence of the algorithm, we apply a line search procedure. The
feasibility constraints have to be included in the differentiable augmented Lagrangian
merit function (4.18). We get

v [Ge@ + Bra@, - <o
+ Z 2 Peli
i—me41 (yC)J h . (5 13)
j=me _2(pc)]’ otherwise :
oy [(wyer@) + L), i =2 <)

(pe)j
* Z (ye)Q‘

J=1 -7 otherwise

for a given set of penalty parameters

p = ( Z: ) (5.14)

with (pc)j >0, 7=1,...,m, and (pe)j >0,j=1,...,my. Moreover, we denote the
Lagrangian multipliers for the constraints ¢; (x), j = 1,...,m,, and the feasibility
constraints e; (x), j=1,...,myg, by

y = ( Z ) (5.15)

3 T m, T m
with g = (), (W), )" € R™, and y, = ((ye)l,...,(ye)mf) € R™/. The
penalty parameters are updated according to Algorithm 13, see Section 4.2.
The feasible SCP algorithm is summarized as follows:

Algorithm 16. Feasible Sequential Convex Programming

Step 0: Choose feasible starting point (0 € F. Set parameters € > 0, Lyin < Unnaa,
T, >1,0<Ty <1,we€l0;1], r€(0,1), B€(0,1), 7> 0, ke > Ky > 1 and
y© > 0. Compute f (x(o)) ,Vf (x(o)) , € (x(o)) , Ve (x(o)) , J=1,...,mg,

and e; (x(o)) , Ve, (m(o)) , J=1,...,ms. Set penalty parameters <p£_1)> >0,
j

j=1,....,me and (pé71)>'>0, j=1,...,my. Setk:=0.
J

Step 1: Determine LZ(-k) and Ul-(k), i=1,...,n, by Algorithm 11. Let f%® (z), cgk) (x),
j=1,...,me, be defined by (4.21), (4.22) and (4.5). Define ggk) and fz(-k),
i=1,...,n, according to (4.8) and (4.9). Formulate (4.26) for the
corresponding iteration k.
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Step 2: Solve (5.7). Let z*) be the optimal solution of subproblem (5.7) and
v®) the vector of corresponding Lagrangian multipliers.

Step 3: If 2 = 2% then STOP. (:c(k),v(k)) is a KKT point of (5.5).

(k) _ (k)
2 x :
Step 4: Let d*) = ( P8 _ 4y ) L6 = |20 — m(k)HQ and ™) as defined in (4.31).

Let i =0 and p9) .= pk=1),

2 (k) 2k OB
Step 5: Compute CDp(k,i) y(k) ,V(Dp(k,i) y(k) ,V(I)p(k,i) y(k) d®).

k) \T (k) (5002
Step 6: If VO ,x. ( Z(’“ ) a0 > 1200

to Algorithm 13. Let i =i+ 1 and goto Step 5.
Otherwise, let pt*) = p*D § =0 and o*0 = 1.

Step 7: Compute f (2™ 4 o®D (20 — 2W)) ¢; (z®) 4+ o®D) (2(B) — zR))) |
j=1...,m ¢, (x(k) + k) (z(k) — a:(k))) , J=1,...,my, and

(k)
xT )
P (( y® ) N U(k’z)d(k))'

If (4.28) is not satisfied, let o®+Y) .= Bo®0) j =i+ 1 and repeat (Armijo).
Otherwise, o®) .= gk,

(k+1) (k)
Step 8: Let ( ”y“"(kﬂ) > = < ";"(k) ) +oWd®) k= k+1.

, update penalty parameters according

Step 9: Compute V f (:r(k)) , Ve, (x(k)) , 7=1,...,m¢ Ve, (I(k)) s J=1,...,my,
and goto Step 1.

It might happen that the constraints of subproblem (5.7) become inconsistent. In this
case, the subproblem is extended by additional variables, see Section 7.1.3 for details.
By assumption, the subset F' described by the feasibility constraints is convex. This is
important for the line search procedure as strict feasibility cannot be ensured on the
whole interval [z(k), x(k)] otherwise. Moreover, subproblem (5.7) possesses an unique
solution, if F'is convex.

The feasibility constraints e; (z), j = 1,...,my, have to be satisfied whenever the
objective f (x) and the constraints ¢; (z), j = 1,...,m,, are evaluated. Due to the
formulation of the approximations (4.21), (4.22) and (4.5) they may be violated within
the solution process of the subproblem.

In contrast to the feasible direction SQP algorithms presented in Chapter 3, stepsize
o®) = 1 ensures feasibility with respect to the feasibility constraints. In addition, the
search direction need not be adapted to ensure a feasible iteration point z**1). The
globally convergent MMA method, presented in Section 4.3, computes a sequence of
feasible iteration points. Compared to SCPF, function evaluations are still necessary
at infeasible points.
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A convergence proof of the feasible sequential convex programming method is given
in Section 5.2. The implementation of SCPF is based on SCPIP30.{, see Zillober [103].
It is extended by feasibility constraints that are handled separately during the opti-
mization process. In addition, the predictor corrector interior point method, which is
used in SCPIP30.f to solve the subproblem (4.26), is replaced by the general nonlinear
programming solver [IPOPT, see Wichter and Biegler [90]. If no feasibility constraints
are present, i.e., my = 0, the iteration sequences of SCPF and SCP are identical.

5.2 Global Convergence

5.2.1 Notation and Analysis

We proceed from optimization problem (5.5) and omit equality constraints to ease
the notation, i.e., m, = 0. We get

min f(z) r € R"

x

s.t. ¢i(x) <0, j=1,...,m, (5.16)
ej(x) <0, j=1,...,my

where f(z) and ¢; (z), j =1,...,m,, are supposed to be at least continuously dif-
ferentiable on the subset

F = {z€eR" |e(x) <0, j=1,...,ms}, (5.17)

while e; (), j =1,...,my, are convex and at least twice continuously differentiable
on R™. Moreover, we assume:

Assumption 1. The feasible region described by the feasibility constraints is nonempty,
1.€.,

F o= {zeR" [¢j(x) <0, j=1,....m;} #0. (5.18)
and compact.

As a consequence, the functions f(z), ¢j(x), j=1,...,m, and e;(x), j =1,...,my,
and the corresponding partial derivatives are bounded on F', which is important to
show that the corresponding dual variables are bounded.

Note that we omit box constraints throughout our theoretical analysis to simplify
the notation. They are introduced again for the implementation of the algorithms to
guarantee that the variables retain in a compact set described by box and feasibility
constraints.
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By approximating the inequalities ¢j(x) < 0, j = 1,...,m,, according to (4.5) and
the objective function f(x) according to (4.21) we obtain the subproblem (5.7), i.e.,

mxin f® () r € R"
s.t. c§-k)(:c) <0, j=1,...,m, (5.19)
e;(z) <0, jg=1,...,my
ggk) < gf(k), 1=1,...,n
The box constraints are chosen in the following way
ggk) = ng) —w <Z‘Z(k) — Lz(k)> ,i=1,...,n (5.20)
2 = (ggk), . ,g(k))T (5.21)
Egk) = $2(~k) +w <Ui(k) — xgk)> ,i=1,....,n (5.22)
z® = (Eﬁ’“) . ,f,(f))T (5.23)

with w €]0; 1] constant. To ease the notation, the box constraints in iteration k are
considered as linear inequality constraints defined by

b (z) =z —7P < 0, i=1,...,n, (5.24)
b () = 2P -z < 0, i=1,...,n. (5.25)

The corresponding Lagrangian multipliers are given by o) € R™ for the upper bounds

bgk)(m), i = 1,...,n, and ?Jl(k) € R” for the lower bounds bgi)n(a:), 1 =1,...,n.
Moreover, we define

Ay (z) = (ng’“)(:c),...,ngk)(x)) e R™", (5.26)
A () = (ngégl(x),...,vz)g@(@) e R™X", (5.27)

It is easy to see, that
Au(k) (x) = _Al(k) ($) = [, (5.28)

where I € R™*" is the identity matrix.

We proceed from a sequence of feasible asymptotes as specified in Definition 4.1, i.e.,
Low < LW < oW ¢ wvi=1,....n (5.29)
Upax > UR > 2™ e vi=1...n (5.30)

K3 7

with £ > 0. We denote the primal solution of subproblem (5.19) in iteration k by
2z € R™ the dual solution by v*) € R™*™s and define

Az = B _ k), (5.31)
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5.2 Global Convergence
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Adz) = (Ver(a),...,Ven (x) € R™me (5.54)
Az) = (Ver(w),...,Vem,(x)) € R™™ (5.55)

Alz) = (A), Ac(x)) € R (5.56)

i (@) @,)" with (@, ={ P TS )

7= (@@, it = {0 TS o

T = (@) (@),)T with (@), :={ el B8 (5.0

T, = ((56)1,...,(56)mf)T with (®,), ;:{ éi’@)a" ftﬁefv‘v]if) (5.60)

o) = @ (@), ..., em ()" with () :{ g{<x)’ 1T E L) )
o(2) = (@), Em,(2)7 with () :—{ gf(‘”)? 1T C T (5 )
Aw) == (u(x),. ... 0 (2))" with &(z) ={ C_]E?; ftflefvisf) (5.63)
oz) = (Eu(x), . ...em, ()" with &(x) ::{ e_’g? ft‘flefv;]ls(:) (5.64)
A2) = @), ....en(2)" with &() :{ (fi(z))) i)ftilefv;]ls(ex) (5.65)
e(a) = (@), ..., Em, (@) with &(x) :{ 6_12%))) ftiefv‘v]ls(:) (5.66)

If required, we add the upper index *) to denote the k-th iteration step. To ease the
notation we define

JB = g (z®) (5.67)
T = T.aW) (5.68)
JH J.(z*)) (5.69)
TW = T (@) (5.70)
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5.2.2 Preliminary Results

The convergence proof for Algorithm 16 is an extension of the convergence proof of

Algorithm 14, see Zillober [97, 98] and [102]. For the nonlinear optimization problem
(5.16), the Lagrangian function (2.8) can be written as

L(z,y) = f@)+yec@)+yee(x) (5.71)

Vi.L(z,y) = Vf(z)+ A(2)ye + Ac(z)ye (5.72)

and, respectively, the augmented Lagrangian (5.13) is given by
x ~ L r ~ L o7
0, (1) = S + gl o) + ) 6T)

with the corresponding gradient
Vi(x) + Ac(x) (7. + Tec(x)) + Ae(2) (g, + Tee(x))
Vo, ( ;j ) = o) (5.74)

e()
Moreover, we consider the first order necessary optimality conditions (KKT, see Def-
inition 6 and (2.12) - (2.19)) for the subproblem. We denote the Lagrangian function
(2.8) of subproblem (5.19) in iteration k by L®(z,v). As (2®,v®) is a KKT point
of subproblem (5.19) and A, = —A; = I, we get

v, L® (z(k),v(k)) = vf® (z("“)) + A (Z(k)) h

A (zP) 0® 4o — o =0 (5.75)

k .
@F) ) (®) =0, j=1...m, (5.76)
(vgk) € (z(k)) = 0, j=1,...,my (5.77)
@g’“)j BB (z0) = 0, j=1,...,2n (5.78)
c§-k) (z(k)) < 0, j=1,...,m, (5.79)
e; (z(k)) < 0, j=1,...,my (5.80)
b (=) <0, j=1,....2n (5.81)
(ng>)j > 0, j=1,...,m. (5.82)
(vgk))j > 0, jg=1,....,my (5.83)
(vbk)> >0, j=1...2n (5.84)

J

Applying the Taylor approximation with residual Ry (z), R @ (7) and R, () for the

corresponding functions, we obtain the following equations for the objective f(x):
T
fOz) = f(@W)+Vf» W) (v - a:(k)) + Ry () (5.85)
—_————
=Vf(a®)"
ViP(z) = Vf(a®)+ VRw(z) (5.86)
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and respectively for the constraints ¢j(x), j=1,...,m., and e;(x), j=1,...,my,

c§k) (x) = ¢ (™) + Vc§k) (x(k))T (z —2®) + R () (5.87)
—_———— J
=Vc; (x(k))T

Vc§k) (x) = Ve; (a®) + Vch_k) (x) (5.88)
ei(x) = e (z) + Ve, (x(k))T (z —2®) + R, (2) (5.89)
Vej(z) = Ve; () + VR, (z) (5.90)
Moreover, we can determine the gradients of each function ¢;(x), j =1,...,m,., and

ej(z), j=1,...,my, at iterate z(¥) using (5.87) and (5.89) by
cg-k) (z(k)) = ¢ (x(k)) + Vg (x(k))T Az®) 4 Rc§k) (z(k)) (5.91)
Ve, (x(k))TAx(k) = c§-k) (z(k)) — ¢ (x(k)) — Rc§k) (z(k)) (5.92)
with Az®) = 2 — 2(*¥)  Analogue we obtain

Ve; (z2®)" Az® = ¢; (:9) —¢; (a®) = R, (:¥). (5.93)

As the approximations c§-k) (x) of ¢;(z), j=1,...,m,, are convex, the corresponding
R ) (z) is nonnegative. The same holds for R, (z), j = 1,...,my, respectively, as

J
the functions ej(x), j =1,...,my, are convex by assumption. We consider the Taylor
series of ej(x), j =1,...,my, evaluated in 2() for the current iterate z(®.

e; (2®) = e (z®) +Ve; (2)" (2™ — 2®)) £ R, (2®)

>0
> e (z) + Ve, (z(k))T (z® — )
— ¢ (:W) — Ve (Zac))T (%) — £®)
e; (z®™) —e; (zM) > —Ve; (z(k))TA:c(k) (5.94)
We define
T
R () = (Rc(lk> (@), R (95)) € R™ (5.95)
VR () = (VRCW (x).....VR g (:v)) e Rxme (5.96)
and
T
R.(z) = (Rel ()1, Rer, (:c)) c R™s (5.97)

VR, (r) = (VRel (2)....,VR.,, (m))ER”me (5.98)
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respectively. The exact values of R ) (r), VR ) (), j = 1,...,mc, and Ry (),
J J

VR, (x) can be obtained according to the following lemma, see Zillober [102] Section

2.3. The lemma is used to prove Lemma 5.4, which is an essential part to show

that a sufficient descent with respect to the augmented Lagrangian is obtained, see
Theorem 5.2.

Lemma 5.1. Let f*(2) and cg-k)(:c), j=1,...,me, be convex approximations (4.21)
and (4.5) formulated in z® € R™ by Algorithm 16. Moreover, the corresponding
asymptotes Lgk) and Ul-(k), 1 =1,...,n, be feasible according to Definition 4.1. Then
the following equations hold for all k > 0

of (z®) (:v, _ xl(k)>2
+
2
of () (:Uz - $§k>>

ey o) [ (=)

Rygo(z) = Z Oz ") (5.100)
! Iij,k) ? Ui ZT;
2
g ) | ()
I(_j»k) Gx, T Lgk)
( (k) :ci—x(-k) .(k>—a:i—:5(k>
2 AC W )EZJ ) . dfiell
o) _ | o (o72) 101
e T ) Jor@®) ) [l catent)]
a [% a T] [( zw(i_L(_k)>2 ) ’ ZfZ € ng)
\ i
de. (x(k)) <$i_$ik)) (QUi(k)—xi—wEk)) - "
aRC(k) (37) J@g;i (Ui(k)*mi)2 ) ZfZ € [+J
) - (5.102)
Ox; oc.: (z*) 2i—2®) (—2L® 1oy a® o '
a J(()(x- ) [( 25_1;%))2 - )] ;i e 9%

where 7 > 0 and L(rk), I(_k),[f’k) and 19" are defined by (4.2), (4.3), (4.6) and (4.7).
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Proof. We obtain the following condition by exploiting the equality of the Taylor
series (5.85) and the definition of the approximation (4.21). We get:

) (x) (555 f (x(k)) +Vf (x(k))T (x — x(k)) + Ry ()

of (+) (v® _x(m)Q Lo
O ‘ ‘ U® gy ®

of @) ¢ oy _ pw)* (L L
_Z [ ox; (x" — L ) T, — 1) o OB

™
2 2
+ T + T
1 I

This leads to

Rf(k)(ft)
= (@) =V @) (o —a®) 4 f (@)

k
+Z of (™) (U(k) x(k))z 1 1
1 Oz; ' ' Ul-(k) x; Uz(k) 2
_Z af (:E( )) ( *) L(.k)>2 1 1
ol or; i i . Lz(k) mz(.k) Lz(k)
(=) ()
+ Z T ® + Z T ®)
I_(f) i X 7 X LZ‘
of () | (U = :c(-k))Q
- SN (0 =l = (=l
k ? ? 7
7(F) 8xl Uz( ) T ~ v
* :—Ui(k)+2:v§k)—z
Of (x® (:p( ) — L(.k)>2
-y fB) \\ 7 ) (;A’f) - L(k)> + (x - x@)
7 Oz; x _Lz(k) ~ : : ~~ s
- —721(.k)+xi+L(.k)
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Ry (z)
ceor o [(0 ) (o) ()
Y ox; Uz(k) — Uz(k) _
Z of (x(k)) <$Z( ) _ Ll(k))2 (Qxl(k) T; — L(k)) (xl — L(k))
Oz Ti — Lfk) T — Lf;k)

+ —
_ v (=)
M

U (k) _ T
>
[&k) 8331
(k)2 (k)2 (k) (k) k)2 (k) (k) k) |, 2
(Li ) —i—(xi ) —2L® —(Lz. ) +2L® P 9g P 4 42
:UZ—LEk)
2 2
(xz — a:l(k)> (xl — xgk)
+ZT ® +ZT W
10 i Z; 1) €T i
+
2 2
0 () | (@) - 2wl + a2 5 (s =)
g + T
(%) ®)
Isrk) 81}1 UZ :Ei [Srk) i xi
)2 k) |, 2 )\ 2
of (x(k)) <$Z ) — 2wy + xp <xz—xz )
_Z ox; %) ™ T 2 Lgk)
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Rt = T (x@) (i - :igk>>2 5 (i - x5k>>2

(k) (k)
IJ(rk) Oz, U, T; I(f) i T T
2 2
of (o) | (i = =) (2: =)
Z ® | T Z T ®)
iO) O v — L w i L
2
or () ]|z =)
- Z O +7 "
b E i L
2
oot [(=rt)
—_— —_— T —
el R zi — L
Rc§k> (x) can be computed analogously for each ¢;(x), j =1,...,m,, by setting 7 = 0.
o (k)
The derivatives of R;u (z) can be determined easily, since %, Ui(k),LEk) ,xgk)
L
and 7 are constant. We get for an arbitrary ¢ € L(rk)
- - [ ®Y (7® ")
OR s () of (x(k)) . 2 (Iz - ; > (Ui - xz) + (xz -, )
ox; I ox; | <Ui(k) B $z>
_8f (x(k)) i (xz — xgk)> <2Ui(k) —2x; +m; — xl(k)>
= e 5
I o0x; | (Ui(k) B $z>
_3f (x(k)) i (mz — xfk)> 2Ui(k) —T; — ml(k))
= _— T 3
I Ox; | (U(k) B xz)
and respectively for i € )
- - [ (k) () ")
0x; n i ox; | (x, B L(k))z
—3f (I(k)) ] (ac, — xfk)> <2xi — ZLEIC) —x; + xl(k)>
= —|———~ -7
I ox; | (x, B L(k))z
o o) | [ (o) (2220 + 0 alY)
= — — T
i 8ZEZ | (Z‘ . L(k)>2
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In total we get:

of @) 1| (e =) (20—~ ") o
+ T ) 5 lf 1 G [+
OR 0 (x) (v~ )
O of (x(’f)) <3:Z — xik)) <—2L§k) +x; + xgk)> 3
T on T 3 , ifi e ]E )
The partial derivatives of R @ (x), j = 1,...,m., can be computed analogously by
setting 7 = 0. ’ [

The following lemma gives an important relation between the Lagrangian multipliers
of the box constraints v and vl(k) and the search direction Az®). The results are
needed to prove Lemma 5.3, which is used to show that a sufficient descent with re-

spect to the augmented Lagrangian is obtained, see Theorem 5.2.

Lemma 5.2. Let the sequences {x(k),y(k)} and {z(k), v(k)} be computed by Algorithm

16. The box constraints of subproblem (5.19) in iteration k are given by bq(f)(:c) and

bl(k)(:c) and the corresponding Lagrangian multipliers are denoted by o e R and

vl(k) € R, respectively. Let Ax®) = ) — 2(®) be the primal search direction, where

2% is the primal solution of subproblem (5.19) formulated in the current iterate (.
Then the following inequalities

(N Az® > 0 (5.103)
<vl(k)>TAx(k) <0 (5.104)
hold for all k > 0.
Proof. We consider the definition of ggk), 1 =1,...,n, and Egk), 1 =1,...,n, see
(5.20) and (5.22). We start with the proof of (5.103)
() &S = () (- a®)

=z(k) —g (k)

— (U(m)T Sk) (Ugc))T 70k 4 (U(k))T (k) _ (ng))T 20

-~

T
(087) 0l (z0)=0, (5.78)

— (U£k>)T§<k> _ (Ugm)Tx(k)
— (Ul(bk))T(f(k)_ ®) >

—_——
>0, (5.22)
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Analogously, we can proof (5.104)

=2(k) (k)

T
=7(v§’“)) M (z(k)=0, (5.78)

- (ﬁM)TEwL_<¢@>me

_ G&UT@w_xw

N———
<0, (5.20)

The next Lemma provides an upper bound on the descent of the objective function
in iteration x*). The proof of Zillober [102], see Section 2.3, is extended by feasibil-
ity constraints e;(z), j = 1,...,my. The results are required in Theorem 5.2, which
shows that a sufficient descent with respect to the augmented Lagrangian is obtained.

Lemma 5.3. Let the sequences {x(’“),y(k)} and {z(’“),v(’“)} be computed by Algo-

rithm 16 and let f®(x) and cg-k)(:c), j = 1,...,m., be the corresponding convex
approzimations defined by (4.21) and (4.5), obtained by a sequence of feasible asymp-
totes according to Definition 4.1. Moreover, the primal search direction is denoted by
Az = ) — ) where z%) is the primal solution of subproblem (5.19) formulated
in the current iterate %) If ej(x), j=1,...,my, are convex functions, then

YT A (F) N Ax® — (oE) A (BT A E)
Vf (a: ) Az < —VRw (z ) Ax —(vc> A (2" Az
T
— (v8) VR ()7 22 (5.105)

(o) (e (@) — e (:))

holds for all k =0,1,2,....
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Proof. Proceeding from (5.75) we get:
VL0 (0 o) = V0 (209 . Ao (20 ®)
—_—— —_——
=1 (a0)+VR 1) (:0), (5:86)  =Ac(x®0IHVE ) ZOWl, (5.58)

+ A (20 k) vl(k)
= Vf (x(k)) + VR (z(k)) + A" ™ 4 VR 4 (200 (F)
+ A (20 k) vl(k)
=0
By reformulation and multiplication with Az®) we get

Vf (I(k))TAa:(k) = —VRm (z(k))TAx(k) — (U(k))TAc(x(k))TAx(k)

- (vﬁk))T VR, (2N T Ag®) — (vék))T A (20T Az
~—— —_—
>e(z(F))—e(x(®), (5.94)
T
— (U&k))T Az®) 4 (vl(k)) Azk)

—_——

>0, see (5.103) <0, see (5.104)

< VR (z(k))T Az® — (vék))TAC(x(k))TAx(k)
— (W) VRw (2 Az® + (1P)" (e(a®) — e(z®))

]

To prove that the search direction is a descent direction for the augmented Lagrangian,
we need the following lemma, which shows that condition (5.106) holds. We review
the proof of Zillober, see Section 2.3 of [102].

Lemma 5.4. Let the sequences {x(k),y(k)} and {z(k),v(k)} be computed by Algo-

rithm 16 and let cg-k)(:c), 7 =1,...,me, be the corresponding convex approximations,
obtained by a sequence of feasible asymptotes according to Definition 4.1. Let the pri-
mal search direction be Az®) = z0) — 2(®) where 2K € R™ is the primal solution
of subproblem (5.19) formulated in ) € R"™. Moreover, let the corresponding La-

grangian multipliers be defined by o e R™<, then

(0" Ry (z®) — (08 VRw (zM)"Az® < 0 (5.106)
holds for all k =0,1,2,....
Proof. As

()" Ry (2) = (00) " VR, (29)T Ax®

me

= 09, B (29) = (o), VR0 (=) A

Jj=1



72 5 A Strictly Feasible Sequential Convex Programming Method

holds, we consider each constraint ¢;(z), j = 1,...,m, individually, to show that
each term of the sum is less or equal than zero. For this purpose, we use the results
of Lemma 5.1.

— (60, VR (:9) A2 + (o), R (o)

()
(5.100),(5.102) oy 99 (z®)
N Z <UC )j Ox;
19"
2 2
(50 20)? (a0 — 0 ) (0 409)
(ng) _ Z(k)>2 oy W
e (:,;(k))
k j
+ 3 ), )
19k '
2 2
(zi(k) — xl(k)> (—QLEk) + zz-(k) + xgk)> (zi(k) — xgk)>
() N
dc. () 2
_ Z — (u®)) = (™) (Zz(k) _ x@(k))
, I O,
19
o0 _ B _ () (U(m _ z-(k))
(U(m _ Z(k>>2
dc; (x) 2
k J (k) (k)
+ 2 (1), =5 (4 =)
190 '
—2r® 4 zi(k) + xgk) - (z(k) L(k))
2
=)
k k
_ Z (er)) dc; (z™) PONNG) 2 Ui( ' xf :
B ‘i O ' ' ® 0>
(k) S~ . <UZ- -z )
20 >0 >0 £ ,
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Moreover, we have to consider the parameter ni(k),i =1,...,n, see (4.30), which gives

an estimate of the curvature of the approximation of the objective function f®*)(x).
It is shown by Zillober, in Corollary 4.14 of [97], that n{*), i = 1,...,n, is bounded
from below, if the sequence of asymptotes is feasible. The parameter guarantees the
sufficient descent of the augmented Lagrangian function, see Theorem 5.2.

Lemma 5.5. Let the sequences {x(k),y(k)} and {z(k),v(k)} be computed by Algo-
rithm 16 with nl(k), i =1,...,n, defined by (4.50). If the sequence of asymptotes is
feasible according to Definition 4.1, then

min = p® > p >0 (5.107)

i=1,...,

holds for all k =0,1,2,... with

I C L (5.108)

(Uma:r - me) 2

Proof. Using (5.22) we get for a fixed i € L(rk) with w €]0, 1]

2 < @(’“’
~—
—x<’“>+w(UF’“>_x(’“>) (5.22)
zi(k) < P + w <Ui(k) — $fk)>
IO O (Ui(k) _ x§k>)

Adding QUZ-(k) - :cz(.k) leads to

2Ui(k) — xgk) — zi(k)

v
DO
S
K>
=
H/'\
Z
&
RS
S
Z
&/—\
=
——

In total we get

U™ 0 0 s (9 ye (5.109)
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We proceed from (4.30) and use (5.109), with a fixed i € L(rk).

*) of (=)

€.
Us = +7 5
Iz (U}’“’ _ z§k))
>0

7

2
(=)

2Ui(k) — 20— mgk)
.

7

2T — 0 _ 7

Ly
> 2
(Umax_Lmin)
(5.109) —
IR
(Umax - Lmin)
>
> 0

with 7 > 0. The corresponding proof for ¢ € I ®) can be given analogously with (5.20)

and (5.29). All together we get:
p®>p® s p >0 Vi=1,... n (5.110)

]

An important part of the convergence proof is to show that the penalty parameters and
the augmented Lagrangian function are bounded. Before we can show this, we have
to show that the gradients of the approximations f®*)(z) and cg.k)(:c), j=1,...,me,
are bounded on X ®). We review the proof for the objective function and the regular
constraints ¢;(x), j =1,...,m,, given by Zillober [97] in Theorem 4.13.

Lemma 5.6. Let the sequence {x(k), y(k)} be computed by Algorithm 16 and let f*)(x)
and c§k)(aj), j =1,...,m., be the corresponding convex approrimations defined by
(4.21) and (4.5), obtained by a feasible sequence of asymptotes {L(k)} and {U(k)}
according to Definition 4.1. Let the lower and upper bounds ggk) and fgk), i1=1,...,n,
be defined by (5.20) and (5.22).

If F' is nonempty and compact, then there exists My > 0 and M; >0, j=1,...,m,
such that

9 f(k)
‘—faxi(x) < Mo, i=1,...,n (5.111)
oct® (1

éxf ) Mj? izl?"'vnv j:]-a'--7mc (5112)

holds for all x € X*® and k =0,1,2,...
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Proof. We start with the derivatives of the approximated objective function, given in

(4.23)
k) _ )
o (o) (01" ")
(*) (®) o ( >2 et
0 oh
o/ w) _ Ohm) (5.113)
ox; 0x; 5 ®) ( k) 2
T
f( 5, otherwise
with
( 2
(:vz — xl(k)) + 2z — x,fk)> <Uz(k) — xl) )
T _ . ,ifieI®
PG < & _ a:)
ax-(x) B )\ (k) (k) (5.114)
g —(xi—:ci ) +2<xi—xi )(xi—Li )
T o2 , otherwise.
k
Moreover, we consider (5.20) and (5.22)
e =0 UW — 2~ (U — o)
(] 1 1 1 (]
=M (UMM, (5.22)
- (1-w) (U}’“ xﬁ’“)) >0 (5.115)
N TGN R (x(m ~ L(.’“)) _w
=™y (:c(’“>—L<.’“)), (5.20)
= (1-w) (a:j.’“) - LE’“)) > 0. (5.116)

We can show that (5.114) is bounded. Starting with an arbitrary i € L(rk) we get

(—at”) +
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As
Ty — x(k)’ < Ui(k) — Lgk)
U —ay < U LY
and
U’i(k) —z > Uz(k) _ fz('k)

holds, we get

T 2
(@)
(U-(k) _ L(.’“))2 42 (U-(k) _ L(.k)> (
< T 5
(Ui(k) _ fZ(k))
*) )2
oay (U7 -1Y)
(1w (U =)’
b ar 3 (U - 1)
< 7T 5
(1—w)" &2
3 (Umax Lmin)2 7

< 7 5
(1 -w)" ¢
(k)

And respectively for i € I

2
— (xl — xEk)> +2 (:UZ — mgk)> (:UZ —

T

<$Z’ — L(k)> ’

2
()’ 2| )] (2
<

T

(xi — L(»k)) ’

and

(5.117)
(5.118)

(5.119)

(5.120)

(5.121)
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holds, we get

i
(1)
(Uf’“) LZ@)Z 4o (U — L§’“’> (Uf’“’ _ LE“)
< T
zz(k) . Lgk)
2
.10 3 (Ui(k) L(k)

a (1-w)e
2
S 7_3 (Umax - frnin) o M
(1 -w)" &

Due to Assumption 1, ’%’ is bounded on F, i.e., there exists a My > 0, such that

ag% < M holds. Together with the previous results and (5.113), we get for each
ie1®
k my (UF — 2P i k
0f®(x) of (xW) (%"~ Oh® (x)
. - . 2 .
ox; ox; (Ui(k) B L) ox;

of () <U¢(k) B xgk))z .
O; (in) _ flgk))Q

OO
(5.115) af(x(k)) (Ui _xi) T

(o ()]
af (as(k)) 1 —
— M
Or;  (1— w)2 *
f
<My
_ 1 _
< M M
>~ 0 (1 — w)g +
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The same can be shown for each ¢ € I(,k),

. k) _ ;)
of@)|  _ ofE) I\ T ) oY)
l <M
2
of (0)| (= L) _
< S+ M
Ox; (x(k) B L(k))
“ NONION
(5.116) 6f (x ) ) i —
= . 5 + M
(A -w) (o - L)
_ of (a:(k)) 1 LT
a Ox; (1—-w)?
—_——
<M,
< My——+ W
=~ 0 (1 _ w)g
= M,
The corresponding proof for chk) (x), j=1,...,me, can be given analogously with
T=0,1ie.,
80§k) (x) dc; (z)) 1
Ox; o 0, (1— w)2
—_—
<M,
< 7 1
-1 —w)

O

Moreover, we need to show that the augmented Lagrangian merit function defined in
(5.73) is bounded from below. The proof including the objective function f(x) and
regular constraints ¢;(x), j = 1,...,m,, is given in Theorem 5.3 of Zillober [97]. It
has to be extended by adding feasibility constraints e;(x), j =1,...,ms. Lemma 5.7
is needed for the main convergence Theorem 5.5.
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Lemma 5.7. Let F' defined by (5.18) be nonempty and compact. Then there exists a
Mg € R such that

®, ( Zj ) > My (5.122)

holds for allx € F, y € Y with Y compact, (p.); > 1, j =1,...,mc and (p.); > 1,
j: 1,...,mf.

Proof. Considering the augmented Lagrangian merit function (5.73), we obtain

. = x Te(a E e (x Te(x E Te2(x
0, (1) = s+ ) + )+l + e

) 2
( (pc)j 2 op -
. (ZUC)J' cj(z) + 5 c; (@), if j € Jo(w)
< —_———
= fl@) + ) o >0
Jj=1 Ye) .
— , if j € J.(x)
\ 2 (pc)]
( (pe)j 9 e
m (ye)j ej(x) + 9 €j<x>’ lfj € Je(‘r)
! ——
5
Jj=1 (ye)] ep s -
— , if j € Jo(x)
\ 2 (pe)]
me [ (We); (), if j € Jo(x)
> flz) + (¥e)? _
- — I it j e J.(x
=t \ 2 (pc)] ( )
o [ () e5(), it € J,(x)
* Z — (ve); if j € J.(x)
= (2 (pe)j 7 ‘
As F' is nonempty and compact, there exists mi}g ci(z) <0,j=1,...,m, mi}g f(z),
TE xe
and mine;(z) <0, j=1,...,my, respectively. Moreover, there exists by assumption

zeF
a Ymax € R such that |y;| < ymax, ¢ =1,...,m.+ my.
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zeF J=1,..., me | x€F

e max MiN ¢; (), if 7 € J.(x
P, . > min f(z) + Z meeF @) j —()
Yy z€F i — Vi axs lfj < JC(Z’)
% Ymax mi}l e;(z), if j € J.(x)
—+ xe _
prll Qe if j € Jeo(x)
Te [ minc;(x), if j € J.(2)
= n’él}l} f(l') + Ymax Z { z€F ! L —
x = —Ymax, if j € J.(x)
N if: mellg ej(x), if j € Jo(x)
ymax z . 3 J—
o —Ymax if j € Je(x)
> minf(x) + M Ymax _min {miﬂ cj(z), _ymax}

+ Mf Ymax  Min min e; (), —Ymax
j=1l...my | z€F

5.2.3 Convergence Theorems

With the results of Section 5.2.2 we can prove the convergence of Algorithm 16. In
the following theorem it is shown that the primal and dual variables are bounded.
This is essential to give an estimation of the descent properties of the augmented
Lagrangian, see also Theorem 5.2. The proof is based on Theorem 5.6 of Zillober [97],
and Theorem 2.4.1 of Zillober [102], which are extended by e;(z), j=1,...,my.

Theorem 5.1. Let the sequences {z™,y®} and {z®), v®)} be computed by Algo-
rithm 16, where the corresponding approzimations f*)(z) and cg-k) () are defined by
(4.21) and (4.5). Moreover, let the smallest eigenvalue of Ajw) (Z(k))TAJ(k) (") be

larger than a lower bound (ﬁ(k))Q > 0. Let the asymptotes Lgk) and Ui(k), 1=1,...,n,
be feasible according to Definition 4.1 and let F defined by (5.18) be nonempty and
compact. Then all iterates ¥ are in F and the corresponding multipliers y*) &

R™e*t™s qre bounded, i.e., there exists a Ymqe € R such that ‘vi(k)’ < Ymazs yi(k)‘ <

Ymazs @ = 1,...,mc+my, for all k> 0.

Proof. We assume an infinite sequence {x(k) y(k)}. We start with a feasible point with

respect to the feasibility constraints, i.e., () € F. The solution 2 of subproblem
(5.19) lies in F)((k) C F,see (5.11). As F is convex and 2®) € F, (1) cla®) (k)] C F.
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According to Definition 2 we define the set of active constraints with respect to z*)
by

Jao (2¥) = {i=1,ome| &P (:0) =0} (5.123)
T (%) = {i=1....ms|e; (zP) =0} (5.124)
Tio (2%) = =1, 20] 6P (:9) =0} (5.125)
IO = T (%) Ul (%) UTyw (2W) (5.126)
We consider the optimality condition (5.75) of subproblem (5.19)
VL (:9,6®) =
which leads to
VW (z®) = —Aum (zF)o® — A, (2®) o® — P 4"
- X ), v )
€T iy ()
- Z (Uék))j Ve (z( ))
€T (=)
_ Z vék)> ‘Vb(k) (Z(k)>
ERCIC) J
= —Ayw (W) vy (5.127)
where the columns of the gradients of the active constraints cgk) (z(k)) ,i=1,...,mg,

e (), j =1,...,my, and b;k) (™), j =1,...,2n, form the n x [J®| matrix

AJ(k) (Z(k)) S Rnxm(k>|, ie.,

Amk) (z(k)) = <|:Ac(k) (Z(k)”qﬂc(k) (Z<k))> [Ae (z(k)”JE(Z(k)), [Ab(k) (Z(k))]Jb(k) (z(k>)>(5'128)

and vyx) are the corresponding Lagrangian multipliers, i.e.,

L T
- A (5W)
© T

s |1y | R (5.129)

_Uék)_ T
L7 3,00 (5®)

Let k*) € R be the smallest singular value of —Aju) (2¥)). Then

k®) .= inf H_A“H(k) (Z(k)) sz H_AJ(’C) (Z(k)) UJ(’“)HQ
w#0 ”wHQ - HUJ(k)HQ

1 (5127) 1
= fowll, < 5 -4 EO)uwll, "= VO E),,
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if k) £ 0. (K(k))Q is the smallest eigenvalue of Ajw) (z(k))TAJ(k> (z(k)) which is
bounded away from zero. Lemma 5.6, i.e.,

(k)
'afa—x@ My, i=1,...,n (5.130)
implies
1
vy ||, < WHW(’“) (=], (5.131)
1/2
1 T OIF OIS
= ;(T) (5.132)

~
<M§2, see (5.111)

n
< %Mo (5.133)

The same holds for v*) as the remaining Lagrangian multipliers are equal to zero,

vn

v(k)HZ < ——Mj,. We get the maximal value of the Lagrangian multipliers by

(k)
y O} (5.134)

]

ie.,

(k) H

Y

)

ymax = max {[[o® [ ™|,

In terms of the unique optimal solution (z(k), v(k)) of subproblem (5.19) we define

50 = |[2® — 2|, (5.135)
We want to show that the resulting search direction
AxF)
d® = [ Ay (5.136)
Ayék)
with
Az® = B _g® (5.137)
Ay® = B —y® (5.138)
Ay = B gk (5.139)

is a descent direction for the augmented Lagrangian function ®, ( ; ), i.e., there are

penalty parameters p € R™<*f such that
k) \ 7
Vo, ( i(k) ) d® <0 (5.140)

holds. This leads to the following theorem, see Theorem 5.7 of Zillober [97] and The-
orem 2.4.2 of Zillober [102], respectively. Moreover, we include feasibility constraints

ej(x), j=1,...,my.
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Theorem 5.2. Let the assumptions of Theorem 5.1 hold. Consider d¥) € R*+metmy
defined by (5.136) and n'® defined by (4.30) with lower bound n > 0, see Lemma 5.5.
Let 6®) .= || z%) —x®)||y £ 0 hold and let the augmented Lagrangian be given by (5.73).
For each (:v(k Lyt ) the following properties hold:

1. The loop consisting of Step 5 to Step 7 of Algorithm 16 is finite, i.e., there are
5(k)

penalty parameters p*) = gfk) > 0, p® € R™+™r such that d® is a
descent direction for the augmented Lagrangian function, i.e.,
(k) \T (k) (5(k))2
Vo, ( i(k) ) d® < —% <0, (5.141)

for all p. > %) and p, > pk.

=5
2. For each § > 0 there exists a p° := ( Ef; ) >0, p° € R™*™ such that for all
(a;(k),y(k)), with 6 > ¢,

IN
|
A
|
|
A
o

(k) T 1)
P (k) L/ 142
Vo, ( y ) ) d 5 5 (5.142)

holds for all p > 7°.

Proof. According to Theorem 5.1, there exists an upper bound .« € R such that

Yl Il (5.143)

Y= max { [0

oo’

holds.

We will start with the proof of the first part, which guarantees that we get a descent
direction, if the penalty parameters are large enough. In the second part of the theorem
it is shown, that the resulting penalty parameters are bounded for each §*) > § > 0.

*) \ T
Xz
chp( (k)> d)
Yy
CIV T f (@) Az® + (G0 + 1 (2®))" A (2! Y)" Aa®
7C<k>(z<k>) c(z®)) =R ) (2®)), (5.92)

+2(e®) Ay® 4+ (W + T (@) A (@) Ag®
:e(z(k)>—e(g;(k)

<

S:Re<z(k)), (5.93)

1o (@®)T Ay®
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A
ot
INS
&

Z

IN

~VRu ()" Az®

— (Uﬁk))T Ae(! )TAx (k) — (ng))T VR, (2T Ag®)

=c(b) (2(0)) (()) 0 (20), (5.92)

+(00)" (e (a) = e (7))
+ @0 + e (= D) (e (@0) = e (@) = R (=)

>0, Deﬁnltlon (5.50)
+c (x(k))T Ay k)
+ (@0 4T (@) (e (29) — e (o) — R (1))

>0, Deﬁn;':ion (5.52)
+e (x(k))T Ayk)
_VRf(k:) (Z(k))T Ax(k)
— (v (k))T( ®) (20) — ¢ (2®) = Ry (™))

) VRcm ()" Az 4 (0#)" (e (2®) — e (:))

- (v
+ (04T (@) e (W) = (3 + T (o)) (o)

J/

~VR;w (Z<k>)T Az®) _ (Ugm)T ¢ (20 + (U(k))T ¢ (z™)

&
J/

-~

=0, (5.76)
+ (ng))TRC(’“) (Z(k)) - (“ﬁk))TVRcw) (Z(k))TA:L‘(k)

g

<0, (5.106)
(0 e (@) = (1) e (=)
=0, (5.77)
-+ T ) e @) 4 2 o) gl
- (T (@) (o) +2 () Ay
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Using the Definitions (5.57)-(5.66) and Ayt = o — ) we get

£ 30 00,0 0) + 3 000 (09) = 3 ()6 ()
jestt jeT jes®
()
_ Z De + Z ¢ (x(k)) (Aygk))j _ Z J (Aygk))J
) jeg®) jeF®) (pe);
-2 = > (p;e (o)
g jeat®
()
+ D e (@®) (Ay), = > L (Ay®),
jegie jej(k) (Pe)]
< —VRf(k) AI’ + Z - Z (ygk)) CJ( (k))
jesM jeat®
= ® o)),
-2 (e + > e () (Ayl) (5.144)
jest? jestt
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All together this leads to

2™\ T«
vq>p(y(k)) d® < —VRm (2%) Az®

J/

-~

(a)

37 20 (#®) (Ag0) . = 37 (o), ¢ ()

jes k) jestt

(k) (5())?
We now have to show that (5.145) is less than —#. Therefore, we consider each

part individually.

Considering (a):
Using (5.101) we get:

VRm (:0)" Az

5 (5.146)
i CARED
2
sy ][ (=) (cont st
— - T
Z 2 (-9 - 1)’
2 2
(4.30) Z 772(k) <Zl(k) xfk)) i Z m(k) (Zz(k) _ xgk))

7k 10
JF —

Together with Definition n®) := _HlliIl ngk) given in (4.31) we get

—V R (z(k))T Az® < —p®) HA:E(]“)HE = . (5(k))2 <0 (5.147)
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Considering (b):

As0 < (vgk)) < Ymax and 0 < (ygk)) < Ymax;
j

< Ymax (5.148)

holds. This leads to

S [265 (#) (2), = (pe); ¢ (+)]

jesk)

< D0 12lg @) [(Au®),] (o), ¢ (a®)
jesd <ymax, (5.148)

< Y [2le @) s — (p0); ¢ (=) (5.149)
jeat®

In the case of ¢; (x(k)) = 0, the corresponding term of (b) is equal to zero. We define

Z® = {je | ¢(zW)=0}. (5.150)

C

To ensure property (5.141), we assume that the penalty parameters (p,) i JE Jc(k)\Zc(k)

are larger than (pgk)) L JE€ JP given by
J

(’“)) = P ("“)) < (po).. Vi JEN\Zz®) 5.151
<p1 j |Cj (.T(k))" J pl j — (Pc)]7 J c \ c ( )

With (5.151) in (5.149) we get
3 [20]. (z®) (Ay¥)  ~ (o), & (x(’“))}
jest?

- Y [ ) ), - 0, ()

£ [ ) (A69), - (), )

IA
N}
O
—~
&/\
=
~
<
=
o
el
—
)
o
N~—
<!
S
—~
8
—~
o
~—
—_
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5 [2 (6) (A0, - (5, (2]

(k)

Jjede
S Z |i2 ‘Cj (.Z'(k))| Ymax — (ng)> 'C? ($(k))1
jeafhz® ’
= T [l ) 2 )]
jeTINZ® e ()]
= D 121 (@) Ymnax — 2ymax e (2@) ]
ieTeNzH
= 0
In total we get
> 26 (2¥) (A5, = (o) (29| <0 (5.152)
jest
(k) ._ 2Ymax
for each (pc); > pi~ = jeﬁi@ﬁ“ { |cj€x(k>)| }

Considering (c):
The term contains the inactive inequality constraints with respect to the augmented
Lagrangian function. We get

(k)
s (e,

eI jeT?

(]

. (ng))j o (yék))j

/N
NS
o~
=
N—
.

IA

=

=

o

~

e
(7]

—_

This can be summarized by

<k:)>
Ye

jgik) (pc)j (Ayc )j < (ymax) j§£k> (,OC)J.' (5153)

To ensure property (5.141), we assume that the penalty parameters (p.);, j € 7ik)
are larger than pék) given by:
(k) 10 (ymax)2

k . (k)
Py = mcm, 1.e., Pg) < (ﬂc)j, J e JC . (5154)
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Using (5.153) and the definition of pgk) in (5.154) we get

()

j k 2
(—)‘J (Ay£ ))] S (ymax) Z (
Pec); e
9 1

(ymax) Z m
€T P2
e (Ymax)
k
o
me (ymax>2 n(k) (6(k))
10me (Ymax)”
2
) (5%0)
10

1
PC)]‘

2.

jeT®

IN

IN

2

As result we get

) (5(k>)2
10 7

(A, < (5.155)

jeTd

for each (p.); > pgk), J € 7£k).

Considering the feasibility constraints we can exploit the fact, that each iterate is
feasible, i.e., the following inequalities hold

0, j=1,...,my (5.156)
0, j=1,...,my (5.157)

Considering (d):
Due to (5.52) we get for each j € J&

o
v
Q)

<
—~
S
=
~—
Vv
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This leads to

Yo W) e @) < ma Y e (@)

jesk) jestH
k
> &),
S ymax
(pe)j

jeI®
1

S (ymax)2 Z (pe)'

jes®

To ensure property (5.141), we assume that the penalty parameters (p.);, j € J¥

are larger than pg,,k) given by:

2
*) . 10 (Ymax)” . ) S
py = mf—n(k) (50)7 e, p3’ < (pe);, JEJe (5.158)

which leads to

D )6 @) < (e D

jeg® jesM

IN
—~
<
g
]
el
~
(V]
|-

IN
o
8
I
<
3
~
=

) n(®) (5(@)2
flomf (ymaX)2
n(®) (5(@)2

10

As result we get

(k) (5k))2
3 (5P), ¢; (z9)| < ”—g‘; ) (5.159)

jes®

for each (pe); > pgk), J € jik).
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Considering (e):
Analogue to (d) we can show that

> e () (A),| < Y fes ()] |(A5),
jei® jesH

Ymax Z \63' (l’(k))‘

jettt

IA

IA

IA

—

<

g

o

"

N~—

[\
<.
N
—

To ensure property (5.141), we assume that the penalty parameters (p.) i JE J¥

are larger than p:())k) given by (5.158) which leads to

~—~
<
[
=
~—
<
@
()
—~
8
=
=
~—
—~
<
g
o
al
N~—
)
—
—_

INA
—~~
<
=]
[}
>
N—
[\
S

IN
—~
<
=]
o
~
~—
()
3
z

n(k) (5<k>)2
mp————3
1()7nf (ymax)
n®) (5<k>)2

- (ymax)2

As result we get

> W),e @) < 5 (5.160)

jes

for each (p.); > pék), J € 7ik).
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Considering (f):
It can be shown analogously to (c) that

(),
N

Ayt | < 5.161
Z (pe)' ( Ye )j — 10 ( )
jejik) J
for
2
(k) 10 (ymax) . —(k)
. : —— s, jcJ, . 5.162
Proceeding from (5.145) we can summarize previous calculations as follows:
®\T
x
Vo, ( y(k) ) d®)
< —VRym (:®)" Az®
<—77<k)(5<k>)2 (5.147)
+ 2 26 (#9) (Au); = 3 (e (=)
jesH) e
<0, (5.152)
< ) (k k k
= o )= X () e (@)
]EJ(k> ] jEJe(,k>
)2 ® (5002
gw, (5.155) S#, (5.159)
()
+Ze] Aye). Z() (Ayé)
jesH) jedl” Peli
) (509 ¢
g#, (5.160) SM (5.161)
(k) (5<k>)2 B (6)
< —p® (5602 Lo
S e I e TR T
2
+n(k) (6) N n®) (50)
10 10
2
g _U(k) (60)
2
< 0
for (pc); > ) with pk) = max{pgk),pgk)},vj =1,...,m, and (p); > ) with

_gk) = pgk),Vj =1,...,my.
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In the second part of the theorem we have to show that the resulting penalty pa-
rameters are bounded, if ) > §. We have already shown that we get a descent
direction, if the penalty parameters are larger than

2Ymax

jea { o5 (@)

(0), = A= bovistme Gy

10 (Ymax)” .
(pe); = Py =me (? ))2, Vi=1,...,m., (5.164)
2
ymax .
(pe); > pgk):mf 0 (Yima) Vi=1,...,my. (5.165)

20 Wmax)
k) (50))

As proved in Theorem 5.1 the Lagrangian multipliers are bounded by .. Moreover,
5% is bounded away from zero due to 6*) > § > 0. In Lemma 5.5 the lower bound
on n®) > 7 > 0 is identified. In addition, the number of 1nequahty constraints m, and

my is finite. As a consequence the values of p2 ) and p3 are bounded. Therefore, we

only have to consider penalty parameter pg ) which depends on ¢;(z®), j € J.

We consider (b) and Pt
This proof is divided into two cases First we assume that the absolute value of each
constraint of J* is bounded by L . In the second case we assume that it exceeds

me 20y
this threshold. Let for each j € Jc(k
1 nd?
k
s (x( ))| < e T (5.166)

hold with 1 > 0, see (5.107). According to (5.149) we get for each j € JP
265 (o) (84P), - (0, () < 2]y (o) s — (), 2 (o)
%,_/

>0
< 2 ‘Cj (x(k)) | Ymax
Assuming (5.166) we get
2¢; (+V) (A"); = (pe)y 6§ (7)< 2 [ (@) Y
——

ol see (5.166)

—20mcy
UL
20, Yo"
_ne
 10m,]
Considering all constraints ¢;j(x), j € JP | we obtain
1o
> |26 @) (A), = (o), & (9| < I (5.167)

jes



94 5 A Strictly Feasible Sequential Convex Programming Method

In addition, we have to show that the penalty parameter is bounded, if

1 no?

e (e > g —

(5.168)

holds for 5 € Jc(k). To ensure property (5.142), we assume that the penalty parameters
(pe);> J € J¥) are larger than py given by:

40, (Ynax)”
(pe); = pa with py = % jeJ®, (5.169)

Using (5.169) we get:
2¢; (™) (Aygk>)j —(pe); ¢ («®)
< 9 ‘Cj (:E(k)) ‘ Yrmax — (pc)j C? (l‘(k)>
—~
>p4
< 2] (@9 gmax — pacj (=)

169) 40, (Ymax )’
=" 2|¢; (=) ] Yimax — %C? («™)

e (O | e A0me (mad” |
= e (@) | 20max v lej (=)

> 1 7]52
me 20ymax

40me (Ymax)® 0> >

< ‘Cj (x(k))| 2Ymax — no2 201 Ymax
= ey (#)] s~ 2
0.

which shows that

2¢; (m(k)) (Ay((:k)) — (pe); c? (x(k)) < 0 (5.170)

J
holds for all |cj (:U(k))’ > m%%?;(:ax and (pc); > pa-

Combining (5.167) and (5.170) leads to

Y 26 (2®) (AyP) . = (pe); & (+W) < o Yy e (5171

jes®

Together we get

& \T 52 52 52 52 52
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for (pc); > 70 = max{py, ps} = ps,¥ j = 1,...,m,, and (pe); = 70 = pe, for all
Jj=1,...,my, with

Py = mc%g?x)z, Vi=1,...,me (5.172)
p5 = mc%;ax)z, Vi=1,...,m, (5.173)
ps = mf%;;x)?, Vi=1,...,my (5.174)

O

In the next theorem we show that the penalty parameters are bounded, even if we are

in the neighborhood of a stationary point. The proof of Zillober [97, 102], see Theorem

5.9 and 2.4.3, respectively, is extended by feasibility constraints ¢;(x), j =1,...,my.

Moreover, we omit the assumption (ygk)) =0forall je 7&16) and <yék)> =0 for all
j J

jejw

Theorem 5.3. Let the assumptions of Theorem 5.1 hold. Consider d®) € R metms
defined by (5.136) and n™ defined by (4.30) with lower bound n > 0, see Lemma 5.5.

Let §%) .= ||z — 2®)||y £ 0 hold and let the augmented Lagrangian function be given
by (5.73). We denote

NORNOI

9k = ﬁ, (5.175)
oy
19£k) = W (5176)

Let the sequences {x(’“), y(k)} and {z(’“), v(k)} fulfill the following conditions:
1. je Jc(k), if and only if c§-k> (z(’“)) =0,7=1,...,me.
2. j€ Je(k), if and only if e; (z(k)) =0, j=1,...,my.
3. There exists a ¥ € R, such that ﬁf;k) <9 and 19£k) < 9.

Then there exists a 6, € R", such that

& \T 5k 2
Vo, ( z(k) ) d® < —% <0 (5.177)
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holds for all (x(k),y(k)), §®) <68, p> pr, with p, = ( grc >, pr. € R p. € R™

Te

and
min -~ (p); > —. (5.178)

Proof. Due to the first assumption and the complementary conditions (5.76) and

(5.77) we know that (Uﬁk)> =0 for all j € 7@ and (vgk)) =0forall j € 72“. We

J J

define
(k) (k) ®y ) wi (k) % it j € g
Lo’ = <(QC )1""’(90 )m) with (QC )J' = (vék)> , otherwise (5.179)
J
T 0, if j € J*
v = <(Q£k))1 SRR (ggk))mf> with (ng))j - { (Uék)> , otherwise (5.180)
J
T 0, if j € J¥
y® = (@gk))l,,..,(ggk))m) with @gf))j;{ <y§k>>  otherwise 0181
J
T 0, if j € J¥
(k) . (k) (k) : (k)
go' = ((ﬂe >1 <—€ >mf) with (g >j { (yék)), Otherwise(5'182)
J
We proceed from (5.144)
OB
Vo, ( y(k) ) d®)
T
< VR (7)) az® 4+ Y (o) ¢ (2W) = 30 (), ¢ (@)
jes® jesl
_ (ol ()
7je§£k) o (k))<Ayc >j
=2 (P (#) + 3 o (o) (29),
jest jeat
()
X ), 4 6,0 6 - S ), 6)
jert? m jes jes
=(ve ' =ye ) N ~
’ =Y ei(a®) (o -y
()
Y 0,6+ Y o) (), - 3 (),
jes® jed® ~——— 7k Pe);

I
/N
<

o~
=
N
|
<
o~
&
<
~—
<
m
®
Il
—
<
o~
x>
|
<
=
~—
<
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& \T
z k
Vo, ( e > d®
T k k k k
< :VRf(k) (Z( )) Azl ), + Z 2¢; (x( )) (A% )>j _ Z (Pc) ( ( ))
gfn(k)(5(’“))2<ﬂ7(5(1’c))27 (5.147) .GJ(k) ]EJ(M g )
(““) *(k)), (5.61), (5.59) =c(2®) Tez(a®), (5.61), (5.60)
(), ()
j

-2 pe); J+Z( )

— (Pe Pe)
jeT® jeT® J

J£<

Due to assumption, (vék)> ~= 0 holds for all j € 7@ and (vék)> = 0 holds for all
J J

J € jik). Using

P22 (@) — 122 @0 — 3| = (@)1 (@)
+ (o® —g® Tp-1 (T — )

C

we get
22 (®)" (@® —g®) — 2 (2®)" Tz (2™ (5.183)
= — 0% (@®) 172 @0 W) + (30 - 70) 1 @ - 5)
The same holds for the constraints e;(x), j = 1,...,my, i.e.,
22 (z®)" (7% — ) —2 (2®)" T («) (5.184)
(

= —[Ire (@®) — 1 (50 - g0 + @ - 50) T (@ - 5)
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All together this leads to

) \T
vq)p ( ;:(k) ) d(k)
< SnENY e ) ) o) T )

J/

:7HF}3/25@(1«))7F;1/2 (5@ 7%1@)) H2+<E£k) 7§2k))Trc_1 <§gk)7yglc)) , (5.183)

R

(Pc)j

jejik) ~——
o)y 2
:( (Pc?;j )J’ (/ng))j:[)
+ 2 (z®)" (o) — ) —e (™) T2 (2®)

:—HFi/2E(J3(k)>—Fg1/2(igk)_yék))H2+<if(3k)_y((ek))Trg1<5(k) *)
2

e Ye
<y£k)> ]
J

), (5.184)

3

ieg® (pe)j
S0
7( (P:;j )J ’ (’Uék))j:o
2 _ _ _ . 2
—p (30)? — ||r/% (o) — 1712 (5 — ) |

~~

>0

+ (o) — ygf))T Tt (o) — g

S 2 T

jeTt

(.

J

2
(1~ 40

J
~~

=(y£k) *Qﬁ“)TFZl (yﬁktgﬁ’“))
- Ire ) 1 (o — 5

>0

*) (0
50 _ T p-1 (50 _ (k) (Ue e >a'
_'_(Ue —Ye ) Fe (Ue — Y )+ Z - /N

jeT®

N

-~

(250 07 (8 -y )
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T T
£ (19 - 70) T (0 —70) + (1)~ ) T (1 )

g

T
= (68 =) T (=), (5.57),(5.59),(5.179) and (5.181)

_ — T T__
# (70 7 T O - 7) + (o - ) T (o - o)

=(v—y ““)) (o8- ) (5.58),(5.60),(5.180) and (5.182)

— (60 4 (0® — )T T () — y®Y 4 () — @Y P (0 )

(& €

< (OO || o® =P o2 (ol -y
——— ~———
—o() (50))%, (5.175) —9) (50)?, (5.176)
S G ) [ 0 )
—_—— —— —_—— ——
<%, (5.178) Sﬂ((;(k))? <z, (5.178) 99(5(@)2
< <0 (60)" 4 30 (6W)" + 4 (59)°
1
= =)

]

The first and the second assumption ensure that the set of active constraints is iden-
tical for the subproblem and the original problem. Close to a stationary point, this
is no restriction. The third assumption requires that the ratio of the change in the
dual variables and in the primal variables is bounded, i.e., if the change in the primal
variables is small the same holds for the dual variables. This cannot be guaranteed in
practice.

As a consequence of Theorem 5.2 and Theorem 5.3, there exists a penalty parame-
ter p, € R™T™s guch that a descent in the augmented Lagrangian function is ob-
tained without increasing the penalty parameters. The penalty update presented in
Algorithm 13 ensures that p, is reached. Thereafter the penalty parameters are not
adapted anymore. These results are summarized in the next corollary, see Zillober [102]
Corollary 2.4.4 and Zillober [97] Corollary 5.10.

Corollary 5.1. Let the sequence {x(’“),y(k)} be computed by Algorithm 16. Let the
assumptions of Theorem 5.2 and Theorem 5.3 be valid. Then the sequence of penalty
parameter vectors is bounded, i.e., there exists a p, € R™*™ such that p*) < p, for
all k = 0,1,.... As a consequence there exists a k € N such that p®) = B for all
k>k>0.
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To prove the main convergence Theorem 5.5, it is essential to show that there exist a
subsequence with ||Az®™|| < e, see Schittkowski [73].

Theorem 5.4. Let the assumptions of Theorem 5.3 hold. Let {x(k), y(k)} be computed
by Algorithm 16. Then there exists for each € > 0 at least one k such that

Az P <. (5.185)

Proof. As a consequence of Theorem 5.2 and Theorem 5.3 the penalty parameters are
bounded, see Corollary 5.1. We prove by contradiction, that (5.185) holds for at least
one k. We assume that HASIZ(k) || > ¢ for a fixed € and each k. The penalty parameters
are constant after a certain iteration k, see Corollary 5.1. We consider the sequence
{x(’“),y(k)} starting in iteration k and define the corresponding constant vector of
penalty parameters by p,. Moreover,

d® N\ e

(k) _ (k)
holds with d®) := ( i(k) B z(k) ) # 0, see Theorem 5.2 and Theorem 5.3. There

exists a iy independent from k such that the Armijo condition (4.28) is satisfied for
all i > iy, see Schittkowski [73]. As a consequence ¢¥) > g := 3% and we get

(k) (k) & \7T
X X X
P —®, - o(k)d(k)) > —ro® Vo, ( ) d®

0 \\

2
_ne=
S

for all k& > k. This leads to
. )

which is a contradiction to Lemma 5.7. Therefore, the assumption is wrong and (5.185)
holds for at least one k.
O

With these results it is possible to formulate and prove the main convergence theorem,
see Zillober [97] Theorem 5.12, and Schittkowski [73] respectively.
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Theorem 5.5. Let the assumptions of Theorem 5.3 hold. Let {x(k)}, {y("“)}, {z("“)},
{’U(k)}, be computed by Algorithm 16. Then there exists an accumulation point (x*,v*)
of {x(k), v(k)} satisfying the KKT conditions for problem (5.16).

Proof. Theorem 5.1 shows that each element of the sequence {x(k), v(k)} lies in the
compact set (F' X Y), with Y := {y € R™™™/ | y € [ 0, Ymax 1]}, where 1 is a vector
of ones of appropriate size and F' is defined by (5.18). The results of Theorem 5.4
and the boundedness of {x(k)} and {v(’“)}, guarantee the existence of at least one
accumulation point (z*,v*) and of an infinite subset S C N such that

lim Az® = 0, (5.188)
kesS

limz® = 2* (5.189)
keS ’

limo® = o (5.190)
kesS

We will show that the KKT conditions are satisfied for z* if Axgk) — 0, k € S holds.
We consider the KKT system of the subproblem

VLW (20,00) = v (20) + A (20) o

A, (2®) o® o ) =g (5.191)

(vgm)jc;@ ) =0, j=1,...,m, (5.192)

(Uék)jej (:) = o, j=1,...,my (5.193)

(vék)> O (20 = 0, j=1,...,2n (5.194)
J

WY <0, j=1,m, (5.195)

e; (M) <0, g=1,...,my (5.196)

b (M) <0, j=1,....2n (5.197)

(), = o, =1,...,m (5.198)

vg'@)j > 0, =1,...,my (5.199)
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We prove that ‘cg-k) (z®) — ¢ (x(k))‘ — 0 holds, for Axl(k) — 0, k € S, with

o (:9) = ¢; ()|

= g (=)
I k
N Z dc; (z)) <U(k) - x(k)>2 1 B 1
2 Tan W) \gvmpmam
+
_ . _
_ Z dc; () (x(k) _ L(k)>2 1 _ 1
D e T e Ve 07
—¢; (V) ‘

= dc; (z) (x(k) _ L(k))Q ( : i : i
7 ox; g i (xgk) +AIEk) LEk))( (k) LEk))
= |y 2l (0 - o) Az;”
o U A
I+’
Sl 0w VT e - L 4 AaY

As the asymptotes Ul-(k) and Lgk), 1=1,...,n, are feasible, there exists a fixed £ such
that

0<¢ < 2®—1W (5.201)
0<¢ < UMW (5.202)

holds for allt=1,...,nand k =0,1,....
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Moreover, Axgk)‘ < %{ holds for k € S sufficiently large. We get
‘C('f) (2®) — ¢ (z(k))‘
k
_ Z de; (zV) <U(k) _ x(k)) Az
jrerd ox; ’ : Ufk) _ xgk) — AW
+
el L € A S
(k)
dc; (# M) ow __w ’Mi ‘
< Z Oz Ui — %)
7GR i §— Az,
+
(k)
0c; (e ™) | oy [ A%
+ Z x L B
1G8) Oz £+ Ay
R\ T
dc; () 2 ’Axi ‘
< i (U = a®)
B Z Ox; ’ " §
199 i
(k)
ox; ! ¢
19k '
e; (2®)
As % , <Ui(k) - xz(k)>, (:L‘l(k) — Lgk)> are bounded and Axgk) — 0 holds, we

c§k) (z(k)) —¢j (x(k))‘ — 0. As the KKT conditions hold for cgk) (z(k)), ie.,

cg.k) (z(k)) <0, we get ¢; (z*) <0.

get

Moreover, we consider the box constraints of the subproblem for k£ € S.

V() = z—z%® <0 (5.203)

() = 2™ —2 <0 (5.204)
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The definitions of gl(-k) and fgk), i=1,...,n given by (5.20) and (5.22) lead to

b (@™ + Az®) = 2

E + A:UE — T,
(5.22) acgk) + sz(k) - xg ) _w <Ui(k) — xgk)>
T
< Axgk) — wé
< %wf—wﬁ <0 (5.205)
bfﬁai(m(k) +Az®y = g B Az
C20 9 (o) — L)~ - Agt?
T
< —w€ - Azgk)
< —wé+ %wf < 0 (5.206)

for ’Axgk)‘ < %w{ and i = 1,...,n. The complementary condition (5.194) is satisfied

since

o) = = 0. (5.207)

u

It is easy to see that e;(z*) < 0, j = 1,...,my, and v} > 0, due to (5.196) and
(5.199). From (5.198) we get

W), = 0, j=1...,m. (5.208)
The complementarity conditions are satisfied as (5.192) and (5.193) holds, i.e.,

(vo)ci(z®) = 0, j=1,...,m, (5.209)
(v));ei(x) = 0, j=1,...,my. (5.210)

To show that V,L(z*,v*) = 0, we consider the gradients of the constraints cg-k)(z("“)),
j=1,...,m., with k € S, see (4.23),

(

L ifie 19

3c§k) (z(k))
(9@-

otherwise.
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We consider the index set If’k), ie.,

acgk) (z(k))
(9@

® _®)? ( k) _ (k) _ k>)2
_ dc; (z®)) (Ui z; ) B U; z; Az
O; (U(k) _ W Ax(k))Q <ng> SO Ax(k))Q

2 2
de; () (Ui(k)> n <$(k>> o)
Oz (U(k) IO Ax(k)>2

2 2 2
2U.(k)a:<k) — 2Ax£k)x§k) + QAZ‘Ek)Ui(k) — (Ui(k)> — (xfk)> — (Ax(.k)>

2
<Ui(k) - :vgk) — A:vgk)>

_|_

)

2
dcj (z®) QAJ:EIC) Ui(k) — 2A:U§-k)x§k) — <Ax(k))

_ VAR
. 2
I <Ui(k> _2® Mgk))
2
de; (x(k)) QAJTZ(k) (Ui(k) — xz(k) — sz(k)> + (Axgk))
— +1
O <U(k) _a® Ax(k)>2
2
de, (z) o AL (ac)
= Z + +1

Or; | U® — 2 — Axl (U““) _ Aw(m)z
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As the sequence of asymptotes is feasible and ‘Axl(k)’ < %f holds for k& € S sufficiently

large, we get

8c§»k) (z(k)) B Jc; (;E(k))

o0x; ox;
_ |94 =) 202, + <Ax§k)>2 +1
Or; U —2F — Az (U}’“ EON A%@)Q
¢ (z®)
0x;
ooy (o] ()

I ¢ — Azl " (5 — Axgk)f

gy o) (1] 1(a0)’
o, e T e

The gradients for the index set [ Yk can be computed analogously. We get

(k) )%
4’A§i ‘ . 4<A;i )

80§k) (z(k)) B Jc; (l’(k))

0, (o)
5’@

Jc; (Cl?(k>>
ox;

As is bounded and sz(k) — 0 holds, we get for k € S

8c§~k) (=) _ Ocj ()

— 0. 5.211

Moreover, we consider the gradient of the approximated objective function f®*)(z(*))

with £ € S,

o) (60A)? () )
afk) (21) 0; (Ui(k)_zl(k))2 +7 (U}"’—sz))Z , ifiell
T T | ) () () ()

O (ng)—LlW)Q T (Zi(k)_Lgk)>2 ) otherwise.
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The previous calculations equivalently hold for the first term. Moreover, we consider
the term dependent on 7. For ¢ € ]J(f) we get

2
(xgk) + Axgk) — x(k)> + 2 (xgk) + Axl(k) — xfk)> (U-(k) - xz(k) - Axgk))

2
(U-(k) - xgk) - Axgk))

7

T

(8e9)" + 209 (U — o — 20f)
T Ay
(Axgk)>2 2A:E§k) (Ui(k) - :rgk) - Axgk)>
0 A (0 sl
(Azgk)> 2 2A:13£k)
- (Ui(k) - xﬁk) - Axgk)>2 ! <Ui(k) — a:f»k) — sz(.k))

For k € S sufficiently large, ‘Axgk)‘ < %{ holds. Moreover, the sequence of asymptotes
is feasible. This leads to

2
(k)
(Awi > N 2Am§k>
-
(Ui(k) — xl(k) — Axgk)>2 (Ui(k) — :Ly(;k) — A:Ih(:k)>
2
(Axgk)> 2 ‘Axgk)’
< 7

(- aa®) (e aa)
4 <A$§k)> i 4 ‘Axgk)‘

e ¢

IN
\]

And analogously for 7 € "

2
(:é’“’ + sz(»k) - xl(k)) -2 <x§k) + Axgk) - xz(k)> (mfk) + Axgk) — Lgk)>
2
(:cgk) + Azt? — LE’“))
4 <A:t(k)>2 4 ‘Ax(k)‘

=TT e

T —
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As [27ED) ) (k)
S | =55 | 18 bounded and Az;”" — 0 holds, we get for k € 5,
9f® (=) of (%)
— 0. 5.212
All together this leads to
IVoL(a® )| = || VoL@ (W, 0®) —V, L(z",07)
=0
= ||[VF® (2®) 4 A () 0® + A, (20) 0P 0P — o)

—_———
=0, (5.207)

V(") = Ac(@7) v = Ae (%) ]|

Mme

< va(k:) (Z(k)) —Vf ($*)|| _|_Z vcék) (z(k)> <U£k))j _ VCj (QS*) (U:;)j
—>O,\(,5.212) F=1s —>O,v5.211) .
mg
+ 35 e () (1), - s () ),

N

J=1 N~
—0, Az(k) —0

We have shown that ||V, L(z*,v*)|| = 0. Together with the previous results, the KKT
conditions (2.12) - (2.19) are satisfied for (z*,v*) . O




6. FREE MATERIAL OPTIMIZATION

The goal of free material optimization (FMO), see Bendsge et. al. [7] and Zowe,
Koévara and Bendsge [107], is to find the best mechanical structure in the sense of
minimal weight or maximal stiffness with respect to a set of given loads based on
a finite element discretization. Moreover, additional constraints have to be satisfied.
The material itself, as well as its distribution in the available space is optimized. As
shown, e.g., by Ko¢vara and Stingl [50], the FMO problem can be formulated as a
nonlinear semidefinite programming (NSDP) problem. Other problem formulations
are given by Koc¢vara, Beck, Ben-Tal and Stingl [47].

FMO was first introduced by Bendsge et al. [7], Bendsge and Diaz [6], Bendsge [5]
and Zowe, Koc¢vara and Bendsge [107]. The continuous problem formulation leads to a
saddle-point problem for which the existence of a solution can be shown, see Mach [56]
and Werner [91]. Based on a finite element discretization, in each finite element it is
determined which material is used. The goal is to find the distribution of material such
that the resulting structure becomes as stiff as possible, i.e., the compliance becomes
as small as possible.

In this section, we use the following notation. We define the space of symmetric ma-
trices of size p by SP. Moreover, symmetric positive semidefinite matrices of size p are
defined by % and symmetric positive definite matrices by S% .

6.1 Theory and Problem Formulation

We proceed from a bounded domain €2 in the two or three dimensional space with a
Lipschitz boundary and a corresponding underlying finite element (FE) discretization
with m elements and ¢ nodes of the design space. For a detailed description of the
Lipschitz boundary, we refer the reader to, e.g., Werner [91] and for the FE theory
to, e.g., Mach [56].

The design variable E is a block diagonal matrix consisting of symmetric matrices
E;, i =1,...,m, that represent material properties in each finite element. The ma-
trices E;, i = 1,...,m, have to be symmetric and positive semidefinite, to satisfy the
basic requirements of linear elasticity, see Bendsge et. al. [7]. Moreover, the variables
might become zero in some regions. This situation is known as vanishing material
and interpreted as void. Figure 6.1 shows an example of a design space and the corre-
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sponding finite element discretization. A single load is acting at the upper right corner
and the nodes on the left hand side are fixed, i.e., they are not allowed to move in any
direction. They are denoted by ». In each finite element, we determine the material
properties and thus identify the corresponding material.

Fig. 6.1: Design space given by a finite element discretization.

The design variable E is a matrix, dependent on the dimension of the given design
space and the number of finite elements m.

E, 0
Ey
E = _ (6.1)
0 E,,
For the two dimensional space the matrices F;, i = 1,...,m, are 3 X 3 matrices

€i1 €2 €4
Ei = €2 €;3 €5 t O, 1= ]_, e,y (62)
€i4 €5 €ip
see, e.g., Werner [91] for a detailed description of the derivation. This yields 6 variables
for each matrix F;, i = 1,...,m, since F; is symmetric. In the three dimensional space
we get 6 X 6 matrices, i.e., 21 variables for each matrix

€i1 €2 €4 Ei7 €1 €16
€i2 €3 €5 €8 €2 €7
B - €ia €5  €ig €9 €13 €18 =0, i=1,....m. (6.3)
€ir €8 €9 €10 €i14 €419
€11 €i12 €13 €14 €15 €420
€16  €i17 €i18 €i19 €20 €421

Therefore,
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holds for the two dimensional case and
E ¢ s™ (6.6)
E, e S}, i=1....m (6.7)

for the three dimensional case, respectively, where m is the number of finite elements.
In the sequel, we focus on the two dimensional case.

The so-called compliance function is a measure of the stiffness of the resulting struc-
ture. The smaller the value of the compliance the more robust is the structure with

respect to loads f; € R?, j =1,...,1, where [ denotes the number of load cases and
g the number of nodes. The stiffness of the structure is dependent on the material
properties of each element E;, © = 1,...,m, and is given by the global stiffness matrix

K (E) € R?7*24 gee Ciarlet [18],
K(E) = ) K;(E) (6.8)
=1

Ki(E) = Y BLEBi (6.9)
k=1

where K;(E) € R**% B, € R and ny € R defines the number of Gauss in-
tegration points. A detailed description how to compute the matrices B, is given
in Hornlein, Kocvara and Werner [40], Koc¢vara and Zowe [51], Zowe, Ko¢vara and
Bendsge [107]. The behavior of the structure with respect to loads f;, j=1,...,1, is
given by

flui(B), j=1...1, (6.10)

where u; (E) € R, j = 1,...,1, is the displacement vector. Its value is illustrated
in Figure 6.2, given by the sum of the deflection of the nodes caused by the acting
forces, which is marked by the red line.

Fig. 6.2: Compliance with respect to a given load.
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The displacement vector is determined by the equilibrium condition
K(E)u;(E)=f;, j=1,...,1 (6.11)

derived from linear Hooke’s law, which describes the equilibrium of internal forces and
the acting loads. This means

K (E)u; (E)=f; < u;(E)=K(E)"f, j=1,...,1, (6.12)
= flu(E)=fK(E)"f;, j=1,...,1, (6.13)

where K~! (E) f; can be computed by solving the linear system (6.11) to save com-
putational effort.

To ensure that the linear system is solvable we request that K (F) is positive definite,
ie., K (E) € S¥,. This leads to the requirement that each matrix E;, i =1,...,m is
positive definite, since

K(E)eSY, < EeSY} (6.14)
— EeSt,, i=1,....m (6.15)

Therefore, we require F; — vl = 0, 1 = 1,...,m, where [ is the identity matrix and
v € RT is a small positive value, see Ko¢vara and Stingl [49]. We have to ensure, that
the semidefinite constraints E; — vl = 0, ¢ = 1,...,m, are satisfied, whenever the
linear system (6.11) is to be solved.

As FMO treats multiple load cases, i.e., different set of loads are acting independently,
we introduce an additional variable v € R, which is to be minimized, requiring for
each load case

[TETYE) fi<a, j=1,...1, (6.16)
see Ben-Tal, Ko¢vara, Nemirovski and Zowe [4].
The sum of the diagonal elements of the matrices F;, ¢ = 1,...,m, is a measure for
stiffness of the material in coordinate directions. The trace of E;, i = 1,...,m, can

be used as a cost function, see Bendsge et al. [7], to represent the limited amount of
material. We introduce the upper bound V' € R and require

ZTrace (E;) <V, (6.17)
i=1

Trace (F;) = eq+estes i=1,...,m (6.18)

The trace of each element is bounded by 7 € R™, since it is not possible to produce
arbitrarily stiff material. This leads to

Trace (E;) < 7, i=1,...,m, (6.19)

see, e.g., Ben-Tal, Ko¢vara, Nemirovski and Zowe [4]. Moreover, from E; — vl > 0,
1 =1,...,m, we derive additional lower bounds on the trace, i.e.,

3v < Trace (E;), i=1,...,m. (6.20)
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They can be expressed as box constraints for the diagonal variables, i.e., e;1, ;3 and

€i6;
€i1 Z v, (621)
€z = U, (6.22)
e > U. (6.23)

In the three dimensional case, the variables e;1, €;3, €;6, €i10, €515 and e;o; are restricted.

In general, there are two possibilities to formulate the free material optimization
m

problem. One possibility is to minimize the volume function ) | Trace (E;) with respect
i=1

to a given stability of the resulting structure. Another approach maximizes the stiffness

with respect to a limited volume. We focus on the second approach, which results in

the nonlinear semidefinite problem

min « EecS*™ acR
E.,a
m
s.t. Z Trace (E;)) =V <0
i=1
Trace (E;) — 7 <0, i=1,...,m
E;,—vI >0, i=1,....,m (6.24)
AKE) fi—a<0, j=1,...,1
eilZZa L= yeee, M
67;322, 1= yeeay, M
61'622, 1= N 1]
The optimization variables are the entries e;,, p = 1,...,6 of the elementary stiffness
matrices F;, ¢ = 1,...,m. The derivatives are specified in Ertel, Schittkowski and

Zillober [21] for all i =1,...,m, p=1,...,6 by

0 <2Trace(@>—v> _ {1’ ifp=1,36 (6.25)

deip — 0, otherwise
77 _ 17 lf P = 1, 3, 6
aeip (Trace (Ez) - l/) - { O, otherwise (6.26)
0 - 0K (E
(FEE ™ f-a) = —u @ (BEN gy )
(962-1, aeip
O k(p) = S S BB,
562-1, - k 7,
=1 k=1
m Tbg 8E
_ T ()
N Z Z Bi Dy Bix (6.28)
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with

oE; 1 0 0 0 1 0 0 0 0 0 0 1 0 0 o0 0 0 0 T
:([000:|’|:100:|7|:010]7[000:|7|:001])[000})(6.29)
aeip 0 0 0 0 0 o0 0 0 0 1 0 o0 0 1 0 0 0 1

Moreover, additional constraints can be added to optimization problem (6.24). Espe-
cially stress constraints, such as 'von Mises stress conditions’, see, e.g., Li, Steven and
Xie [55], are very important from the engineering point of view. In the two dimensional
space the von Mises stress in an element i € {1,...,m}, and load case j € {1,...,1},
can be formulated as

sij(E) = Y _u;(E)" BLEIE;B; su; (E) (6.30)
k=1
with
100
I=|1010 (6.31)
001

see Koc¢vara and Stingl [50]. The integration of stress constraints lead to numerical
problems for the optimization method, as constraint qualifications, such as LICQ see
Definition 5 are not satisfied, see Achtziger and Kanzow [1] and Stingl [78].

To ensure stability s; ; (E) may not exceed a given threshold s, € R*. For each load
case j € {1,...,1}, and each element ¢ € {1,...,m}, we get one additional constraint
that can be added to (6.24):

sij (B) < 8o, i=1,....m, j=1,...,L (6.32)

The corresponding derivatives are given by

af. (Z uj (E)" B, BT E;B;ju; (E) — SU)
P \k=1
OK (E)

= Y —2u;(BE) K" (E) TBZkEiIEZ-BMuj (E) (6.33)

see Ertel, Schittkowski and Zillober [21].

Our goal is to solve (6.24) by Algorithm 16. As SCPF is not able to handle semidef-
inite constraints, they are reformulated by nonlinear constraints. Two reformulation
approaches can be used, which are presented in Section 6.2 and Section 6.3
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6.2 Reformulation according to Benson and
Vanderbei

As SCPF is not able to handle semidefinite constraints they are replaced by nonlinear
ones such that Algorithm 16 can be applied. To ease the notation we define

E = E—ul (6.34)

Benson and Vanderbei [9] propose a reformulation which is only applicable for positive
definite constraints, i.e., E' = 0, £’ € S3. As FMO requires positive semidefiniteness,
the reformulation of problem (6.24) by the approach of Benson and Vanderbei is not
exactly equivalent. The resulting 3m smooth constraints are nonlinear and convex.
This approach is based on the observation that each positive definite matrix £’ € Si”}r
can be decomposed by

E' = L(EYAE)L(EN", (6.35)

where the lower triangular matrix L (E’) € R¥*3™ as well as the diagonal matrix
A(E') € S¥ are unique, if E’ is positive definite. The diagonal entries \; (E'),
j = 1,...,3m, of A(E’) represent the eigenvalues of the matrix E’. To ease the
notation we define

L = L(E). (6.36)

The free material optimization problem (6.24) is reformulated exploiting the following
correlation

E'»-0 < XN(E)>0,j=1,...,3m. (6.37)

Benson and Vanderbei replace each entry of A (E’) by a nonlinear smooth convex
function. As a result, the nonlinear convex semidefinite program (6.24) becomes a
nonlinear convex program.

We consider an arbitrary submatrix E;, j € {1,...,3m} and the corresponding de-
composition to compute the j-th diagonal entry of A (E’), denoted by A; (E').

E' = LAE)L" (6.38)
[ Ej | K| x ]

E' = | ()" |k | * (6.39)
* * *

(L1 [0]07 TA L (B)] 0 o LI |V«

LAENYLY = | ()" |1]o0 0 A (E) [0 0 |1]x [(6.40)
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where £, € S/ is the (j — 1)x(j — 1) submatrix of E', k;; is the j-th diagonal entry
of E' and k7 is the vector of the first j — 1 elements of j-th column of E’. Moreover,
L; ;1 € RU=DxG-D g the (j — 1) x (j — 1) submatrix of L, A;_; (E') € S/ is the
(j —1) x (j — 1) submatrix of A (E’) and I/ is the vector of the first j — 1 elements of
j-th column of L. In addition, * denotes the remaining entries of corresponding size.
By multiplying the matrices in (6.40), we get the following relations:

E;_, Li A1 (B LT, (6.41)
K = L A, (B, (6.42)
ki = N (E)+ () A (B)P. (6.43)
From (6.42) we obtain
Po= AL (E)LK. (6.44)
With (6.43) and (6.44) we get:
kij = N (E)+ () Aja (E) N
T =T A—1 (g =A; (B)L;1 k9, (6.44)
=(k)T LA (B, (6.44) i=1 -1
= N (E)+ (F) LAAD (B Ao (B AL (B LK
= N (E)+ () LD (B LK
:(Eé.il)il, see (6.41)
= N(E)+ (W) (BE_) 'K (6.45)

By reformulating (6.45) we can define each eigenvalue \; (E'), j =1,...,3m, of E’
as a function of the entries of E. This leads to 3m nonlinear constraints given by

N(E) = ky— () (B_)TK, j=1,...,3m. (6.46)

It can be shown that the functions \; (E'), j = 1,...,3m, are convex. The first and
second order derivatives are given analytically by Vanderbei and Benson [88]. We
review:
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1

oK) (Ef_) K

NT /v \—1 PR [
o1 = () (Bj,) 1,+1)(E;_,) ¥ (6.47)
0% (kN (B_)) "k R oyl
akg;ajkgl = 17 (E_) L,+1](E,) 1, (6.43)
o) (B ) K . _ o
W) B o) ()l () (6.49)
Pq
02 (k)" (B, )k o o RN
PBALE ) () () (B R (650)
Prq
+ (W) (B) 0,0 (B ) L] (B) R
02 (k)" (B, )k | . _
()" () = — (" () LAl (B) ', (6.51)

Ok} Ok

AT (E_) T AT (BT R

with 1, is the p-th unity vector, k,, the entry of E’ in row p and column ¢ and k:g is
the pth entry of the vector k7. We can summarize the results as follows:

E'-0<)(E) > 0, j=1,....3m
N(E) = ky— () (B_) K. (6.52)
As
E=0 < E-vi=0, i=1,...,m (6.53)
holds, we consider the eigenvalues for each matrix E; —vI, i =1,...,m. With (6.2)

and (6.46) we get three inequality constraints for each finite element

it (B —vl) = eq—v (6.54)
2
Nio (B —vI) = (e3—v)— “i2 (6.55)

€1 —V
2ei0€i4€i5 — 6124 (61'3 - Z) - 6%5 (611 - Z)

(eis —v) (€1 —v) — €,

Nis (B —vI) = (e —1v)+ (6.56)

(6.54) can be handled as box constraint, while (6.55) and (6.56) are additional inequal-
ity constraints. This leads to the following nonlinear optimization problem arising from
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problem (6.24)

min « EcS™ acR
FE.«

s.t. ZTrace (E;)—V <0
i=1

Trace (E;) — 7 < 0, i=1,...,m
K E) f—a<o, j=1,....1
€2 , (6.57)
(ei3_y>_eilliu>07 Z:17"‘Jm
(eos —w) + 22tteeipotinglastd 5 0, =1, m
€1 > U, 1=1,...,m
€i3 > U, 1=1,....m
eig > U, 1=1,....m

Previous calculations show that semidefinite matrices can be replaced by nonlinear
inequality constraints that are smooth and at least twice continuously differentiable.
It has to be noted that the evaluation of these functions is only possible on the
interior of S,, i.e., S, . Vanderbei et al. [88] propose to use an interior point method
in combination with a line search strategy. The stepsize is to be shortened until a
descent in the merit function is achieved and the current iterate becomes feasible. As
long as \; (E') > 0, j € {1,...,3m}, holds, (E;-)_l can be evaluated and the step
is accepted. If a j € {1,...,3m} is detected such that \; (E') < 0, the evaluation of
Ajy1 (E') is not possible, as £ is not invertible. Thus, the stepsize is reduced and the
functions are evaluated at the new iterate.

6.3 Reformulation Based on Determinants

The disadvantage of Vanderbei and Benson’s approach presented in Section 6.2 is that
we can only compute the inverse matrix of EJ’-, j=1,...,3m, if it is positive definite,
i.e., within the feasible region. Applying Algorithm 16 the feasibility constraints are
passed to the subproblem directly. The evaluation of infeasible iterates within the
subproblem solution process would fail, if some of the submatrices are not positive
definite. In addition, we have to ensure that e;; —v # 0 and (e;3 — v) (€51 — v)—e2% # 0,
since the functions (6.55) and (6.56) are not well defined otherwise.

This is the reason why we are looking for a modification of Benson and Vanderbei’s
approach. The idea is to consider the submatrices of matrix E’. A matrix is positive
semidefinite, if each submatrix is positive semidefinite, i.e.,

E'»0 < E/ =0, ¥j=1,...,3m (6.58)

where ) € S’ describes the j-th submatrix of E’. Moreover, a matrix E’ is positive
semidefinite, if the corresponding subdeterminants are greater or equal to zero. We
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get
E=0 < d;(F)>0, Vj=1,...,3m (6.59)
where d; (E'), j=1,...,3m, is the determinant of E; given by the Laplace formula
J
d; (E') i= det (B]) = 3 (~1)" " kyq det ((E;.)pq) , (6.60)

q=1

and where k,, is the element of £’ in row p and column ¢. Moreover, (E})pq is the
submatrix of E} reduced by row p and column ¢, i.e.,

1{311 Ce k?l q—1 k‘l q+1 Ce kl 3m
E;q - Epi1 oo kpigo1r Epmigrr - Epoism (6.61)
kp+1 r .- karl q—1 karl g+l .- karl 3m
k3m 1 s k3m q—1 k3m q+1 s k3m 3Im
It can be shown that the resulting functions d; (E'), j = 1,...,3m are nonconvex and

polynomial. As (6.59) holds, the feasible region defined by d; (E') > 0, j =1,...,3m,
is convex. The design variable E’ is block diagonal, i.e., of the form

Wm0 O --- 0
O m 0 --- 0
o (6.62)
0 O W O
0 . 0 M

Therefore it is sufficient to show that each 3 x 3 block B of E’ is positive semidefinite.
The blocks are given by E; —vI, i =1,...,m. We get the following three inequality
constraints from (6.60) and (6.2)

dig (Ez — Z]) = <€i3 - y) (62'1 — Z) - 6122 Z 0 (664)
dig (B; —vI) = (e —1) ((€i3 —v)(eq —v) — 6?2)
—eiy (ei3 — v) — e (en — 1) + 2eeiei5 > 0 (6.65)
for each elementary stiffness matrix F;, ¢ = 1,...,m. As the first submatrix of a
block E; —vI, i = 1,...,m, consists of only one element, it can be handled as box

constraint. Therefore, 2m additional constraints have to be introduced.
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The following problem formulation (6.66) is equivalent to (6.24) and can be solved
efficiently by Algorithm 16.

EcS™ acR

Trace (E;) — 7 <0, i=1,....,m
fTK(E)™ fi—a <0, j=1...,1
(€i3 - Z) (eil - Z) - 6122 >0, 1=1,...,m (6-66)

(eis —v) ((eis —v) (ein — 1) — 6?2)

€1 >V,

€i3 Z v,

—6124 (61'3 —Z) — 6125 (61'1 —Z) +26126i46i5 Z 0, 1= 1,...,m
1=1,....,m
1=1,...,m
1=1,....,m

eig > U,

This problem is nonlinear and nonconvex but exhibits a convex feasible region, as the
constraints d; (E') > 0, j =1,...,3m, describe a convex domain.

6.4 Evaluations of Functions and Derivatives

Applying Algorithm 16 to solve (6.66), we have to compute first and second order
derivatives and evaluate the problem functions efficiently. The first subdeterminant is
handled as a box constraint while the first and second order derivatives of d;o (E; — vI)

and d;3 (E; —vl), i = 1,...,m, are given explicitly. We consider an arbitrary finite
element ¢ € {1,...,m} and the corresponding matrix E;. The determinant of the
(2 x 2) submatrix is dependent on three variables. We get
dig (B; —vI) = (es—v)(en —v) — b (6.67)
€3 — UV
—26i2
e = = 6.68
i ; (6.68)
0
0
0O 0 1000
0 -2 00 00
Odiz (E; — v1) 1 0 0000 (6.69)
0O 0 0O0O0O0
0O 0 0O0O0O0
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The determinant of the (3 x 3) matrix is dependent on all variables. Its first and
second order derivatives are

diz (B —vl) =

(67:6 - 2) ((€i3 - Z) (eil - Z)

2
- 62‘2)

—eZ, (eis — v) — €35 (ein — 1) + 2epeiess

(eig — 1) dio (E; —vI) — 6124 (€3 —v) — 6?5 (€1 — 1)

+2ei2€i4€45

(eis —v) (€6 — 1) — 6?5
2ei4€i5 — 2€42 (€z'6 - Z)

(€¢1 - Z) (€i6 - Z) - 6224

deip 2eipei5 — 2 (€i3 — V) €y
2epei4 — 2¢;5 (eil - Z)
dio (Ez —vi )
0di3 (Ez — Z[)
8eip66iq
0 0 € — U 0
0 —2 (ei6 - Z) 0 26i5
€ig — V 0 0 —2ei
0 2e;5 —2e4  —2(ei3 —v)
—261'5 2€i4 0 261'2
€3 — UV —2ep €1 —V 0

—262‘5
261‘4

261'2
-2 <€i1 - Z)
0

(6.70)
(6.71)
€3 — UV
—2e40
€1 —V
0 (6.72)
0
0






7. NUMERICAL IMPLEMENTATION
AND RESULTS

7.1 Implementation

The implementation of Algorithm 16 is the FORTRAN code SCPF10.1. In this section,
we present details of the implementation of Algorithm 16. We introduce an active set
strategy, which reduces the size of the subproblem and thus enhance the computation
time, see Section 7.1.1. Moreover, the linear constraints can be passed to the sub-
problem directly, see Section 7.1.2. In addition, subproblem (5.7) might be infeasible.
In Section 7.1.3, the feasible region of the subproblem is extended, such that feasi-
ble solutions always exist. Moreover, a procedure for stepsize reduction is presented,
which is more efficient than the Armijo line search algorithm, see Section 7.1.4. Some
stopping criteria are presented in Section 7.1.5.

7.1.1 Active Set Strategy

An important feature improving the performance of the SCP Algorithm 14 and the
SCPF Algorithm 16 significantly is the usage of an active set strategy, Zillober [104].
The active set strategy reduces the dimension of the subproblem (5.7). Only those
constraints are integrated, that are active or violated at the current iterate or which
are supposed to become active or violated in the subsequent iteration. The other
constraints are neglected during the solution of the subproblem. As a consequence,
gradients have to be computed only for the constraints belonging to the active set. This
reduces the computational effort significantly, especially if the evaluation of gradients
is expensive. The selection of the constraints, which should be part of the active set
is difficult. If too many constraints are included in the active set, the computational
benefit is low. If only few constraints are considered, the solution process might cycle.
Equality constraints are included in the active set in each iteration. An inequality
constraint ¢; (z), j € {m.+1,...,m.}, is included in iteration k, if

¢ (LE(k)) >—a, Vj=m.+1,...,m. (7.1)

holds, where a € R™ is to be specified by the user. In addition, an inequality constraint
¢j(x), j =me+1,...,m., which was included in the active set during the last iteration
remains in the active set, if

(yM), #0 (7.2)
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holds.

It can be beneficial that some specific constraints are part of the active set in each
iteration step, although they do not satisfy (7.1) or (7.2). The reason is that these
constraints are expected to be active in the optimal solution z* € R", i.e.,

¢ (z*)>—a, Vj=me+1,...,m. (7.3)

These constraints are added to the active set permanently, if they are identified by
the user. Therefore, the active set is extended by this additional condition. We define
the active set by

AR {j=mc+1,...,me| ¢ (x(k)) > —a} U

{j =me+1,...,m| ¢ (x(k_l)) > —a and (y((:k))j + 0} U (74)
{J=me+1,....m| ¢;(@7) = —a}.

It has to be noticed that the feasibility constraints e; (z), j =1,...,my, have to be
included in the active set in each iteration step. Otherwise, their feasibility cannot be
assured. This leads to the following reduced subproblem in iteration k derived from
(5.7)

mln f(k (x) r e R"
s.t. j (x): , j=1,....,m,
8 :
¢; () <0, j €AW (7.5)
e; (z) <0, j=1,...,my
ggk)_asigf(k), 1=1,...,n

Using an active set strategy on subproblem level allows to neglect feasibility con-
straints during the solution process of the subproblem.

7.1.2 Linear Constraints

Both the MMA and SCP method presented in Section 4.1 and 4.2 respectively, ap-
proximate linear inequality constraints in the same way as nonlinear ones, see (4.5).
SCPF10.f provides the opportunity to pass linear constraints directly to the subprob-
lem, which can be exploited on subproblem level. We define the set of linear constraints

by
L = {j=mc+1,...,m.| ¢j(z) linear} (7.6)
and the set of nonlinear constraints by

L = {j=m.+1,....,m.|j¢L}. (7.7)
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Taking the active set strategy presented in Section 7.1.1 into account, the subproblem
in iteration k is given by

rr}rin fF®) () x e R
s.t. cg-k)(x):(), j=1,....,m.
cj(x) <0, jeLNA®
cg-k) () <0, jeLNA® (78)
e; (z) <0, Jj=1,...,my

e <z <z i=1,...n

7.1.3 Infeasible Subproblems

The formulation of subproblem (5.7) does not ensure that the feasible region is
nonempty, if the current iterate z(®) is infeasible. For this reason we have to consider
an extended problem formulation, whenever an infeasible subproblem is detected.
Therefore, the feasible region is enlarged by introducing additional variables for each

violated constraint. Due to strict feasibility of e; (), j =1,...,my, this is only nec-
essary for the constraints ¢; (), j =1,...,m.. We consider the violated constraints
and define
M® = {j =1, | P (2®) #0}, (7.9)
A9 = fi=tem | <k>) :0} (7.10)
MEB = {jeLna® | @®)>0bu{jeLna®]| e (@) >0} ,(7.11)
MY = {jeaA®|j¢M® ), (7.12)
M® = M® yMP (7.13)

The number of violated constraints in iterate (¥ is given by [M®|. We extend each
constraint cg-k) (z), 7€ M® by

9
QQ
—~ —~~
8 8
SN— N—
| |
2 2
N TN
&/\ &A
z =
S—
IA
\’O uO
oL
m Mm
o g o g
D)
&
- =
— =
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S—

IN
=
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m
%
>
&
~
—
N

& (@) = 755 (2)

with =1 < ~; <1, GI\\/JI and0<fyJ <1,y GM() It is easy to see that for
vi=1,7¢€ M), the current iterate 2(*) becomes feasible for the extended subproblem.
Forcing the Value of the additional variables v;, j € M®) | to be as small as possible,
they are penalized in the objective function by the penalty parameter pgk) € R™e,
see (5.14) and the augmented Lagrangian function (5.13). We obtain the extended
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subproblem

1
min f® (2)+5 > (p7);7] v EeRLyeRMY

o e

s.t. c§k) () = v5¢; (2)) =0, jeM®
A (z) =0, jeM™
¢; (z) — ¢ (W) <0, jeMP L
cgk) (z) — vj¢; (W) <0, jeMP L
¢; () <0, jeM® L (7.17)
& (z) <0, jeMY nL
e; (x) <0, jg=1,...,my
—1<y; <1, jeMm®
0<n <1, jemP
ggk) < Sf(k), 1=1,...,n

Note that linear constraints might be violated in iteration k , if they were not included
in the active set of the previous iteration. Zillober [97] shows that under certain
conditions a descent in the augmented Lagrangian is still guaranteed for a similar
problem.

7.1.4 Line Search Procedure

The implementation of the line search procedure has a major impact on the perfor-
mance of the optimization algorithm. Frequently, the procedure is based on a quadratic
interpolation of the merit function, which is in some cases combined with the stepsize
reduction according to Armijo, see Schittkowski [74]. We use a quadratic interpolation

OB k) 2 (k) .
based on V<I>p(k) y(k) d(k), Qp(m y(k) and Qp(m y(k) + oD q®) ) and

define

2 a® N\
0.5 (o) T ( ;i ) e
o= 7.18
(ki) 2\ " (k) z® (ki) q(k) z® e
ot Vq)p(k) ( y(k) ) d\F) — CI)p(k) << y(k) > + okt d ) =+ (I)p(k) < y(k) >

To avoid numerical instabilities in special cases of an unsuitable interpolation, the
procedure is combined with the Armijo step stepsize reduction rule (4.27), see Schitt-
kowski [74]. We define

. max {7; oo ®IV  if 7 < ok
O.(k,z-l—l) — { { }

Lok otherwise

(7.19)
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with 5 € (0,1) and 0 < 3, < S3.
The stepsize o(®% is reduced until the Armijo condition is satisfied for the first time,
ie.,

) (ki) () ) (k) 2N
(I)p(k) y( ) +o d S (I)p(k) y(k) +ro'’ V(I)p(k) y(k) d 5 (720)

holds with r € (0,1). This leads to the following algorithm

Algorithm 17. Line Search Procedure
Step 0: Set o*0) := 1 and choose parameters r € (0,1), S € (0,1), 0 < B, < 3.

2k 2R o) ok 2@\
Compute Cbp(k) y(k) s q)p(k) y(k) + O'( ’ )d( ) 5 V(I)p(k) y(’“) d( ).
Seti:=0.
Step 1: If (7.20) is satisfied, then STOP, o(¥) = (k).
Step 2: Compute @ according to (7.18).
Step 3: Update o*+Y) according to (7.19).

(k) ,
Step 4: Set 1 := 1+ 1, compute @, (( ;C(k) ) + J(k”)d(k)) and goto Step 1.

7.1.5 Stopping Criteria

Algorithm 16 seeks to find a stationary point of (5.5). Different stopping criteria can
be used, see Schittkowski [74]. The algorithm terminates, if an iterate (z*),y®) is
considered as feasible, i.e.,

|cj (= )\g e, j=1,...,me (7.21)

¢j(z®) <e,  j=m.4+1,...,m, (7.22)

e; (x(k)) <e, J=1,...,my (7.23)

where e € R is the feasibility tolerance and one of the following conditions holds,

my

L |Vf(z " Aw k)) + Z ‘ cj (x(k))‘ + Z ‘(yék))] e; (x(k))‘ < e(7.24)
i=1

2. ||Vf(x ’“>)|| <e (7.25)

.T(k) — J;(kil) _
e G
and 7 (@) <e (7.26)
4. ||[Ve, (=W, yW)]|  <e (7.27)

|f (z%7) = f(a®D) [ <e, i=0,...,15 (7.28)
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7.2 Program Organization

The implementation of Algorithm 16 is the FORTRAN code SCPF10.f. The pro-
gram is called via reverse communication. The user has to provide function and
gradient evaluations on request. Moreover, the Hessian evaluations must be pro-
vided for feasibility constraints. In general, it is distinguished between the inner and
the outer iteration sequence. The outer iteration sequence consists of the iterates
computed by Algorithm 16. Function and gradient evaluations are required for the
objective function f (), the constraints ¢; (), j = 1,...,m,, and feasibility con-
straints e; (x), j = 1,...,my. Note that the gradients are to be computed for the
constraints included in the active set only, see Section 7.1.1. In addition, the resulting
subproblem (5.7) is solved iteratively. During this inner iterations, functions, gradients
and second order derivatives are to be evaluated only for the feasibility constraints
ej(x), j=1,...,my. The corresponding evaluations of the objective function f* (z)

and the constraints c§k) (), j =1,...,m, are determined internally in analytical
form by the approximation schemes (4.23) and (4.25). The subproblems are solved by
IPOPT, see Wéchter and Biegler [90]. As it can only handle equality constraints, we
extend the subproblem (5.7) presented in Section 5.1 by introducing slack variables

s € Rmetms=me We get,

min  f® (2) r € R, s € Rmetms—me

s.t. cg-k)(x):(), j=1,...,m,
cg-k)(x)—ksj_mezo, j=me+1,...,m,
e} () =0, j=1,...,my (7.29)
ll(k) S € S f(k)7 1= 1a , I
0<sy, t=1,...,mc;—me+my

where

¢i(x) = e (T) + Sjpme—me, J=1,...,my. (7.30)

A graphical presentation of the program organization is given in Figure 7.1. The al-
gorithm creates an output of the form

IT ITSUB ACT FEASIBILITY OBJECTIVE SIGMA NORM(DX) NORM(L-X)

with
IT - iteration number
ITSUB - number of iterations to solve the subproblem
ACT - number of constraints within the active set
FEASIBILITY - sum of constraint violations, i.e., ||c(z)||,
OBJECTIVE - objective function value
SIGMA - stepsize
NORM(DX) - norm of primal search direction, i.e., ||Az],

NORM(LX) - mnorm of gradient of the Lagrangian function, i.e., |V, L(z,y)|
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Evaluation of functions f(x),
_cj(x), =1,..m¢ and_e](x).
j=1,...m; at current iterate

CALL FUNCTION_EVAL(...
CALL FUNCTION_FEAS(...

)
)

4

Evaluation of gradients of
f(x), ¢(x), j=1,...m; and
€i(x), j=1,...m; at current
iterate

CALL GRADIENT_EVAL(...

)

CALL GRADIENT_FEAS(...)

Evaluation of functions e'(x),
j=1,...m;at current iterate

CALL FUNCTION_FEAS_I(...)

Evaluation of gradients of
_e‘i(x), j=1,...m; at current
iterate

CALL GRADIENT_FEAS_I(...)

>

Evaluation of Hessian of
g‘j(x), j=1,...m; at current
iterate

CALL HESSIAN_FEAS_I(...)

}

Optimization method

CALL SCPF(...)

Solution of subproblem

CALL IPOPTY(...)

Fig. 7.1: Reverse communication for SCPF-Algorithm
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7.3 Numerical Results

7.3.1 Free Material Optimization

Free material optimization was introduced in Chapter 6. We proceed from problem
formulation (6.66) in Section 6.3, i.e.,

min « EcS™ acR

FE.,a

s.t. ZTrace (E;) -V <0
i=1

T_race(Ei)—ESO, 1=1,....,m
KE) fi—a<0, j=1,...,1
—dp(E;—vl) < —¢, i=1,....m (7.31)
—diz (E; —vI)<—e, i=1,....m
eip < €, 1=1,....m, p=1,...,6
Eip = €, 1=1,....m, p=2,4,5
ip = €45 1=1,....m, p=13,4
alasw
with
dio (B —vI) = (e — 1) (eq —v) — €5 (7.32)
di3 (Ei—zl) = (eiG_Z) ((GiS—Z) (€i1—z)—6?2)
—e2y (eis — v) — el (e — 1) + 2eneie;s (7.33)

The small parameter ¢ € R* is introduced to prevent numerical instabilities in case of
vanishing material. Otherwise, the LICQ, see Definition 5, is violated, as the gradients
become zero and thus linear dependent. Moreover, we introduce box constraints for
each variable. This is necessary to ensure a compact feasible set F', defined by

F = HepeR i=1,....om, p=1,...,6 | —dpp(E;,—vl) < —¢c}
N{ep, eR,i=1,....m, p=1,...,6 | =dis (E; —vI) < —c} (7.34)
NnX
with
X = {ep€eR i=1,...,m, p=245]|e<e,<e}
N{ep, eR,i=1,....m, p=1,3,4]¢;<ey,<e} (7.35)

N{aeR |a<a<a}

Note that the lower bound on diagonal entries ensures that e;; — v # 0, i.e., e; > v.
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The subproblem is generated by approximating the objective function as well as non-
linear inequalities. To ensure strict feasibility with respect to the subdeterminants, the
corresponding nonlinear functions are passed as feasibility constraints directly to the
subproblem. Within our test set the linear constraints are also passed to the subprob-
lem without approximation, see Section 7.1.2. This leads to the following subproblem

rgin f® (B, a) FEeS™ acR, scRiF3mH

s.t. ZTrace (E;))—V+4+s=0
=1

Trace (E;) — U + s14; = 0, i=1,....,m

(k) )
C; Eaa + s m':O, :1,...,l
i (B a) ¥ srim ! (7.36)
—di2 (Ei_21)+31+m+l+z‘=—€, 1=1,...,m
—dg3 (B — vI) + s1p9my14i = —€, i=1,...,m
ng)éeipgégs), 1=1,....m, p=1,...,6
0<s;y, 1=1,....,3m+1+1
where
2
(k) (k) ( - - a(k)) W _ oy, (= a®)”
f (E7CV) ot + Uék)—a — (Ua Q )—I—T U(k)
2
m 6 (eip_ez(';f))
+ZZT U® (7.37)
i=1 p=1 ip D

is the strictly convex separable approximation of the objective function f (E,«) = a.
The optimization variable e;, corresponds to element ¢, while p defines the entry of the

corresponding elasticity matrix F;. Note that Ui(:) is the corresponding upper asymp-

tote for e;,, i =1,...,mn, p=1,...,6 and Uék) the corresponding upper asymptote
for variable a.. The lower asymptotes ng) are defined analogously. Moreover, 7 > 0

holds. The convex approximation of the compliance function (6.16) for a load case
j€{1,...,1} is given by
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+ Ul — )| (738)
7GR Oeip Ui(;f) — Cip ' "
+
k) (k) <e(k)—L(k)>2
_ Z 80] (E , ) 1p p B (e(k) B L(k)>
k p p
e Oeqy €ip — Lgp)
)
#) _ (k)
+ — (o' = L,
— g~ (¥ 1)
with
. dc; (B, o®)
199 = {7;_1,. m, p=1,....6 (ae» ) >0 (7.39)
ip
. de; (B, o®)
790 i=1,...m p=1,...,6] = (EY,a®) _, (7.40)
oe;
ip
and
¢j(B,a) = fIK(E)" fj—a, j=1,...,1 (7.41)
dc; (E OK (E
% = —u,(E)T a(f, )uj(E), i=1,...,m, p=1,...,6 (7.42)
1p p

The computation of the Hessian is important to ensure local superlinear convergence
on subproblem level. Therefore, the Hessian of the Lagrangian function of the sub-
problem has to be determined. As the linear constraints are not approximated, the
corresponding Hessian becomes zero. The second order derivatives of the approxi-
mated functions cg-k) (B,a),j=mec+1,...,m, and f®) (E, ) are given by (4.25).
They are separable, i.e., the Hessian is diagonal. The Hessian of the compliance func-
tion is block separable, see (6.69) and (6.72). All together this leads to a (6m x 6m)
blockdiagonal matrix of the form

0 0 0
0 m 0 0
PLO@y) | (7.43)
O0x,0x, : ' ' C '
0 --- 0 M 0
0 -+ --- 0 W

where B is a (6 x 6) matrix. The implementation of function, gradient and Hessian
evaluation of the feasibility constraints was part of a diploma thesis, see Werner [92].
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Within the solution process, the variables are stored as a vector x € R™*! je. six
variables for each E;, i = 1,...,m, and the additional variable ae. We get

T
T = (611, €12, €13, €14, €15, €16, €21, €22, . . . , Eme, Oé) . (7-44)

The internal parameters of the Algorithm are given in Table 9.3, see Appendix. The
specific constants of problem (7.31) are summarized in the following table.

Parameter | Value
EO© 10/
a® 1.2

€ 1.D5

e -1.D5
e, 0.33333
a 1.D5

a 0.D0

€ 1.D-1
v 100

v 0.3333
\% 0.3333v
So 1.D1

Tab. 7.1: Parameters solving free material optimization problems

The active set parameter a is set to 1.1, while the stopping accuracy is 1.D-5.

The nonlinear FMO problem (7.31) is to be solved by Algorithm 16. The algorithm
was integrated into the PLATO-N interface, see Boyd [14]. We consider given test
cases of the PLATO-N academic test case library, see Bogomolny [13]. An overview
of the test set is given in Figure 7.2. Fixed nodes are denoted by » or A , while &
allows to move in horizontal direction. Moreover, the loads are specified by arrows
pointing at the corresponding node. In case of several load cases the loads are enu-
merated. Note that the test case library does not contain the same discretization for
each test case, e.g., there exists no discretization with 9.500 elements for test case 1,
see Table 7.2.
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Example 1: Single load case Example 2: Single load case Example 3: Multiple load case
Example 5: Single load case (L J

Example 4: Single load case

Fig. 7.2: Test cases, see Bogomolny [13]

The results are illustrated, by plotting the traces in each finite element, see Bodnar [12].
The palette is given in Figure 7.3, where red denotes stiff material while the material
vanishes in dark blue regions. The data of the corresponding test cases is given in

Table 7.2.
. 1.00e+02

7.50e+01

5.10e+01

2.60e+01

1.01e+00

Fig. 7.3: Palette of graphical presentation
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The graphical presentation of the optimal material for test cases given in Figure 7.2
are presented in Figure 7.4 - 7.16.

Fig. 7.4: Single load problem 1.1 with 96 elements

(T T T [
o | [ TREE
_ EEEEEE

Fig. 7.5: Single load problem 1.2 with 384 elements
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Fig. 7.6: Single load problem 2.1 with 96 elements

Fig. 7.8: Single load problem 2.3 with 9.500 elements
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Fig. 7.11: Single load problem 3.3 with 9.500 elements



138

7 Numerical Implementation and Results

Fig. 7.12: Single load problem 4.1 with 300 elements

Fig. 7.13: Single load problem 4.2 with 1.300 elements

Fig. 7.14: Single load problem 4.3 with 7.500 elements



7.3 Numerical Results 139

Fig. 7.15: Single load problem 5.1 with 800 elements

Fig. 7.16: Single load problem 5.2 with 20.000 elements
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Test Variables Regular Feasibility Total | Iterations Time | Load
case Constraints | Constraints | Constraints cases
1.1 577 98 192 290 123 2min 19sec 1
1.2 2.305 386 768 1.154 274 | 25min 14sec 1
2.1 577 98 192 290 284 5min 38sec 1
2.2 2.305 386 768 1.154 148 | 12min 33sec 1
2.3 57.601 9.602 19.200 28.802 331 17h 36min 1
3.1 577 99 192 291 108 2min 5sec 2
3.2 2.305 387 768 1.155 419 39min 4sec 2
3.3 57.601 9.603 19.200 28.803 400 20h 48min 2
4.1 1.801 302 600 902 185 | 10min 42sec 1
4.1stress 1.801 602 600 1.202 214 | 15min 34sec 1
4.2 7.801 1.202 2.400 3.602 183 | 38min 23sec 1
4.3 45.001 7.502 15.000 22.502 210 8h 22min 1
5.1 4.801 802 1.600 2.402 111 | 19min 55sec 1
5.2 120.001 20.002 40.000 60.002 300 48h 41min 1

Tab. 7.2: Data of numerical results

Moreover, problem 4.1 is extended by stress constraints (6.32), yielding an increase of
the number of regular constraints to 602. A graphical presentation of the stresses and
the resulting optimal structure is given in Figure 7.17. The plot on the left hand side
shows the density of the material in each finite element according to the values of the
traces, analogously to the previous results. On the right hand side, the values of the
stress constraints and the corresponding palette are shown for each finite element.
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1.00e+01

7.50e+00

5.00e+00

2.50e+00

RS

1.80e-02

5]

Fig. 7.17: Single load problem 4.1 including stress constraints

Comparing the results of test case 4.1, see Figure 7.12, and test 4.1stress, see Fig-
ure 7.17, we observe a significant difference caused by the introduction of stress con-
straints. As stresses are additional constraints, the objective function is increased
yielding a structure which is less stiff. As the given amount of material is equivalent
for both test cases, only the distribution of the material differs in the solution. The
main difference are the bars on the left and right hand side, which stabilizes the struc-
ture and thus ensure that the stress constraints are satisfied.

As the gradients of the stresses are dense and the number of constraints are increas-
ing dependent on the discretization it is not possible to consider problem 4.2 and 4.3
including stresses.

7.3.2 Application in Petroleum Engineering

Apart from free material optimization, there are other applications where infeasibility
of some constraints needs to be prevented in order to successfully solve the correspond-
ing optimization problem. This difficulty arises for example in petroleum engineering
for Lift Gas optimization, see Camponogara and Nakashima [16].

We proceed from an idealized optimization problem of the form

st. ¢ (x) <0, j=1...,9 (7.45)
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with
4
fl@) = =) g;(@) (7.46)
j=1
Cj (ZL’) = 717 + Tlgf (23) — l’j+4, ] = 1, e ,4 (747)
cs (T) = X129 + Ta1o + T3T11 + T4T12 — T19 (7.48)
T;Tjq8 + T )
Cj+5 (x) = Lj+8 (Ij+4 — Tj+4 L) ;o J=1...,4 (7.49)
\/ Tj4+8 T
0 S Z; S T19, 221,,4 (750)
17 S ZT; S Ti, 1257,8 (751)
0 < a < 1, i=9,...,12 (7.52)
with constant values r; > 0, ¢ = 1,...,19. The functions g; (z), j = 1,...,4, are
defined by
TjTjrg + 1 TjTjrg + T -
g; () == rjyi9 [1 212048 T 0y (1 - L) e; (z) (7.53)
Tj+8 Tj+8
with
~ ¢j ()
; = 7.54
e] (:E) Ej (.’L’) ( )
[TjTj48 T 75
e lx = €T, — T, 755
J( ) Jj+4 J+4 Tivs 47 ( )
_ LiTj48 + T
ei(xr) = —r; - < 0. 7.56
(@) = [T (7.56)
€j(x), j = 1,...,4, might become negative, within the optimization process. To
prevent negative values of €; (z), j = 1,...,4, and thus ensure that (7.53) is well
defined, feasibility constraints are introduced. The constant values r;, ¢ = 1,...,19,

are larger than zero, ensuring that

LjTits T 15 > () (7.57)
Tj+8

holds. As g; (z) <0, j =1,...,4, we introduce ¢; (z), j = 1,...,4, given by (7.55),
as feasibility constraints. This leads to four feasibility constraints

LUjfjJrg + T’j
ei(x) = Tiig—r1; ’/— < —¢ 7.58
]( ) j+4 Jj+4 Tivs + r; = ( )
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where € > 0 is introduced to prevent numerical instabilities. Otherwise, the compu-
tation of the gradient of /€; (z), j = 1,...,4, see (7.53), fails, if the denominator
becomes zero.

Moreover, we can omit the inequality constraints cg (z),...,co (z), as

Cjts ([E) = Tj48€; (l‘) y ] = 1, cee ,4 (759)

and ;45 € [0,1] holds.
The first and second order derivatives of the feasibility constraint e; (z), 7 =1,...,4,
are given by

T'j+4T5+8

[TiTi484T5 (). ,
2 rj48+T; (T.7+8 + T])

9c; () 1 (7.60)

Tj+4T;

[ZjTj+8+T) . )
2 Tj+8+rj (T]J’_g + r])

Pej (x)

(‘9@-8%

(7.61)

|
-~ o9
oo o
o oo

with

2
Tj+4lj,g

3/2
TjTjrg + Ty 2
! ( Z“j—is + T’j]) 38 +73)

Tj+aliL+8 Tj+a

b = _

o ) 3/2 T Fr.

TiTirg + T 9 Ji+8 Jo(. ,
g 2Zit8 T Pirg 4+ 7 2, L (rjus +15)
(rj+g+'rj (rjs +15) st ’

2
Tj+4xj

3/2
4(44#;3) (rjss + 1)
Ti+8 T 15

It can be seen easily, that e; (x), j =1,...,4, is convex as the corresponding Hessian
matrix is positive semidefinite. In total, we can reformulate (7.45) by

min [ (z) r € R¥

(7.62)
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This leads to the following subproblem in iteration k

ej (T) + sj45 =
0 <s;,

r €R2 s e R?

j=1,...,5
-, g=1,...,4
1=1,...,

i=1,...,9

(7.63)

where f*) (2) is the convex approximation of f () according to (4.21) and c§k) (x),
j =1,...,5, is the approximation of ¢; (x), j = 1,...,5, given by (4.5). Moreover,
2®) 7*) ¢ R are defined by (4.8) and (4.9).
Algorithm 16 is applied to solve problem (7.62), using the constant values

r1 := 500 ro 1= 400

r5 := 1500 re := 1400
re := 3000 r10 == 3000
r13 1= 2500 r14 == 2700
ri7 = 250 rig := 0.02

rs := 100
r7 := 1000
ri1 := 3000
ri5 ;= 2000
r19 := 400

ry := 100

rg := 900

r12 1= 3000 (7.64)
rig .= 2400

The internal parameters of the Algorithm are given in Table 9.3, see Appendix. The
specific constants of problem (7.62) are summarized in the following table.

Parameter Value
20 =12 10
20 =314 100
29 i=5....9 |250
29 i=10,...,12| 1

€ 1.D-5

Tab. 7.3: Parameters solving Lift-Gas problems

The active set parameter a is set to 1.D10, while the stopping accuracy is 1.D-5.
The algorithm creates the following iteration sequence within 1 second.
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IT ITSUB ACT FEASIBILITY OBJECTIVE SIGMA NORM(DX) NORM(LX)
0 — — 0.4000D+03 -.3190D+02 — — 0.14D+01
1 75 9 0.2598D+02 -.3090D+02 0.10D-+01 0.42D+02 0.27D+00
2 58 9 0.4092D+00 -.3124D+02 0.10D+01 0.53D+01 0.10D+00
3 70 9 0.1961D-01 -.3123D+02 0.10D+01 0.15D+01 0.22D-02
4 90 9 0.0000D+00 -.3123D+02 0.10D+01 0.57D-01 0.18D-03
5 69 9 0.0000D+00 —-.3123D+02 0.10D+01 0.66D-01 0.58D-03
6 72 9 0.0000D+00 -.3123D+02 0.10D+01 0.16D-01 0.42D-03
7 66 9 0.0000D+00 -.3123D+02 0.10D+01 0.18D-01 0.41D-03
8 62 9 0.0000D+00 -.3123D+02 0.10D+01 0.37D-01 0.56D —-03
9 it 9 0.0000D+00 -.3123D+02 0.10D+01 0.17D-01 0.39D-03
10 62 9 0.0000D+00 -.3123D+02 0.10D+01 0.61D-01 0.56D-03
11 58 9 0.0000D+00 —-.3123D+02 0.10D+01 0.16D-01 0.26D-03
12 49 9 0.0000D+00 -.3123D+02 0.10D+01 0.25D-01 0.22D-03
13 49 9 0.0000D+00 -.3123D+02 0.10D+01 0.26D-01 0.21D-03
14 44 9 0.0000D+00 -.3123D+02 0.10D+01 0.59D-01 0.24D -03
15 62 9 0.0000D+00 -.3123D+02 0.10D+01 0.82D-02 0.94D - 04
16 60 9 0.0000D+00 —-.3123D+02 0.10D+01 0.58D-02 0.11D-03
17 53 9 0.0000D+00 -.3123D+02 0.10D+01 0.14D-01 0.71D-04
18 49 9 0.0000D+00 -.3123D+02 0.10D+01 0.90D-02 0.43D-04
19 47 9 0.0000D+00 —.3123D+02 0.10D+01 0.16D-01 0.69D - 04
20 64 9 0.0000D+00 -.3123D+02 0.10D+01 0.71D-02 0.28D-04
21 58 9 0.0000D+00 —.3123D+02 0.10D+01 0.76D-02 0.20D-04
22 61 9 0.0000D+00 -.3123D+02 0.10D+01 0.85D-02 0.33D-04
23 54 9 0.0000D+00 -.3123D+02 0.10D-+01 0.38D-02 0.41D-04
24 62 9 0.0000D+00 —.3123D+02 0.10D+01 0.21D-02 0.15D-04
25 57 9 0.0000D+00 -.3123D+02 0.10D+01 0.30D-02 0.48D -04
26 67 9 0.0000D+00 -.3123D+02 0.10D+01 0.33D-02 0.22D-04
27 90 9 0.0000D+00 —-.3123D+02 0.10D+01 0.14D-02 0.39D-04
28 66 9 0.0000D+00 -.3123D+02 0.10D-+01 0.27D-02 0.53D-04
29 80 9 0.0000D+00 -.3123D+02 0.10D+01 0.18D-02 0.58D-05

Note that from iteration 4 onwards, only the Lagrangian multipliers change until the

stopping criterion based on the KKT conditions is satisfied.

The optimal solution is given by

1 = 368.68646
r4 = 399.41895
x7 = 256.24708

To 1= 369.73634
5 = 256.24802
Ty = 256.24703
10 := 0.19999825F — 05 17 := 0.42875094

3 := 394.87975
Te = 256.24762

Tg = 0.18448106 L — 05
212 := 0.57757105

(7.65)






8. CONCLUSION AND OUTLOOK

The main focus of this dissertation is the development of a strictly feasible sequen-
tial convex programming (SCPF) method. SCPF guarantees that all iterates retain
feasible subject to a subset of special constraints called feasibility constraints. The
remaining constraints, so-called regular constraints, may be violated. In contrast to
feasible direction SQP methods and other algorithms yielding a feasible sequence of
iterates, SCPF is applicable, if the regular constraints are only well defined on the fea-
sible set of the feasibility constraints. Although these algorithms generate a sequence
of feasible iterates, they require function and gradient evaluations at infeasible points,
i.e., the feasibility constraints are not necessarily satisfied whenever function and gra-
dient evaluations are needed. SCPF solves continuous nonlinear programs iteratively,
by a sequence of convex subproblems, where the special structure can be exploited.
On subproblem level, the objective function as well as the regular constraints are re-
placed by convex and separable approximations, while the feasibility constraints are
included directly. A line search procedure guarantees global convergence. To ensure
feasibility with respect to feasibility constraints, even if the stepsize is reduced, we
require convexity for these special constraints. A convergence proof is given for convex
feasibility constraints.

The corresponding computer code SCPF10.f was implemented efficiently such that
large scale problems can be solved. If exists, the sparse structure of the gradients and
the Hessian is exploited. Moreover, linear constraints are approximated optionally. An
active set strategy is applied to reduce the size of the subproblems and thus speed
up the solution process. To satisfy feasibility constraints in every main iteration, the
active set strategy is only applied for regular constraints. The subproblems are solved
by IPOPT, where second order information ensures superlinear convergence on sub-
problem level.

The main application of SCPF is free material optimization (FMO), where sparse,
large-scale optimization problems are to be solved. Proceeding from a finite element
discretization the design of a structure is to be optimized, such that it becomes as stiff
as possible. The compliance function measures the stiffness of the resulting structure
dependent on the material properties in each finite element. In addition, the total
amount of material is bounded. Moreover, feasibility constraints are introduced to
ensure positive definiteness of the elementary stiffness matrices.
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Several different test cases with up to 20.000 finite elements yielding 120.000 variables
were successfully solved. Moreover, some of these test cases contain stress constraints,
which often cause numerical problems, since they violate constraint qualifications.

Other applications arise in petroleum industry, where square roots of some analytical
expressions, need to be computed. The introduction of feasibility constraints prevents
these expressions from becoming negative and thus ensures that they are well defined.

From the theoretical as well as the practical point of view, the requirement of convex
feasibility constraints is restrictive, but essential if a line search procedure is applied.
Using other globalization techniques, convexity is not necessarily needed. An appro-
priate convergence proof based on filter methods and a corresponding implementation
could be the result of further research.

Although SCPF has turned out to be very efficient, additional modifications might
improve the computational performance. A reduction of the calculation time is essen-
tial to allow the solution of three dimensional FMO problems or a finer discretization.
The computation time is expected to be reduced further by introducing an active set
strategy on subproblem level.



9. APPENDIX

9.1 Program Documentation

SCPF10.f is a FORTRAN subroutine, which is an extension of SCPIP30.f, see Zil-
lober [104]. To execute the program, the corresponding file has to be compiled and
linked with the object codes for function and gradient evaluations provided by the user.
All calculations within these subroutines are performed in double precision arithmetic.

CALL SCPF ( N, MIE, MEQ, MF, IEMAX,
EQMAX, X0, XL, X_U, F_ORG,
HORG,  G.ORG, DF, YIE,  Y.EQ,
YL, Y U, ICNTL, RCNTL, INFO,
RINFO, NOUT, R.SCP, RDIM, R.SUB,
RSUBDIM, I.SCP, IDIM, I.SUB, ISUBDIM,
ACTIVE, IERR, IERN, IECN,  IEDERV,

IELPAR, IELENG, EQRN, EQCN, EQCOEF,
EQLPAR, EQLENG, MACTIV, SPIW, SPIWDIM,
SPDW, SPDWDIM, LINEAR, LACT, SETACT )

In the following table, the meaning of the parameters is described, which is an adap-
tion of the manual of SCPIP30.f, see Zillober [104]. Values that have to be set by the
user are marked with * in the first column. (*) stands for a value that has to be set
by the user on request (reverse communication). The name of the parameters and the
corresponding size can be found in the second column. Integer values are identified
by 'T" in the third column, double precision values by 'D’. Variables which are not
allowed to alter during the optimization process are denoted by (NA).

* N I Number of variables, at least > 1 (NA).

*  MIE I Number of inequality constraints (NA).

* MEQ I Number of equality constraints (NA).

*  MF I Number of feasibility constraints (NA).

*  TEMAX I  Dimension of arrays H.ORG, Y_IE, ACTIVE.
Must be at least MIE and > 1 (NA).

*  EQMAX I Dimension of arrays G_.ORG, Y_EQ. Must be at
least MEQ and > 1 (NA).

XO0(N) D Current iterate.

X_L(N) D Lower bounds on the variables (NA).
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*  X_U(N) D Upper bounds on the variables (NA).
(*) F.ORG D Objective function value evaluated at XO0.
(*) H_-ORG(IEMAX) D Function values of inequality and feasibility con-
straints evaluated at XO0.
(*) G-ORG(EQMAX) D Function values of equality constraints evaluated
at X0.
(*) DF(N) D Gradient of the objective function at XO0.
Y_IE(IEMAX) D Lagrange multipliers for inequality and feasibility
constraints in current iterate.
Y_EQ(EQMAX) D Lagrange multipliers for equality constraints in
current iterate.
Y_L(N) D Lagrange multipliers for the lower bounds on the
variables in current iterate.
Y_U(N) D Lagrange multipliers for the upper bounds on the
variables in current iterate.
* ICNTL(13) I Integer array to be set by the user. A value 0 in-

dicates that the default values should be chosen
(NA).
ICNTL(1): desired optimization method:
1: method of moving asymptotes (default)
2: sequential convex programming
ICNTL(2): currently not used
ICNTL(3): maximum number of iterations.
ICNTL(3) > 1. Default: 100
ICNTL(4): desired output level
1: no output
2: only final convergence analysis
3: one line of intermediate results (default)
4: more detailed results
ICNTL(5): maximum number of function calls in
the line-search procedure (> 1). Default: 10
ICNTL(6): Relaxed convergence check. The pro-
gram terminates, if A)-D) hold
A) the current iterate is feasible
B) the relative change of the last two succeeding
iteration points is less than RCNTL(6)
C) the absolute change of the last two objective
function values is less than RCNTL(5)
D) the relative change of the last two objective
function values is less than RCNTL(4).
Default: 0
ICNTL(7-13): internal use.
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*  RCNTL(6) D Double precision array to be set by the user (NA).
A value 0 indicates that the default values should
be chosen.

RCNTL(1): desired final accuracy. Default: 1.D-7

RCNTL(2): double precision number that indi-
cates infinity. RCNTL(2) > 1.D10.
Default: 1.D30

RCNTL(3): Active set parameter a, see Sec-
tion 7.1.1. Default: RCNTL(2)

RCNTL(4,5,6): see ICNTL(6). If ICNTL(6) # 1,
then RCNTL(4,5,6) are not used. Defaults:
RCNTL(4) = 1.D-2
RCNTL(5) = 1.D-2
RCNTL(6) = 1.D-2

INFO(23) I Integer array containing problem information.

INFO(1): number of evaluations of Lagrangian
function values

INFO(2): number of evaluations of Lagrangian
gradients

INFO(3): necessary value for RDIM

INFO(4): necessary value for RSUBDIM
INFO(5): necessary value for IDIM
INFO(6): necessary value for SPTWDIM
INFO(7): necessary value for SPDWDIM
INFO(8): necessary value for ISUBDIM
INFO(9-19): internal use

INFO(20): current iteration number

INFO(21): number of iterations performed to solve

last subproblem
RINFO(5) D Double precision array containing some problem

information.

RINFO(1): residual of the subproblem of the last
outer iteration

RINFO(2): maximum violation of constraints

RINFO(3): stepsize in last main iteration

RINFO(4): norm of the difference of the last two
iteration points

RINFO(5): norm of the gradient of the Lagrangian
computed at the last iterate

*  NOUT I Output unit number (NA).
R_SCP(RDIM) D Double precision working array of dimension at
least RDIM.
*  RDIM I > 44*N+18*FIEMAX+10*EQMAX+2*IELPAR

+20+ICNTL(5) (NA).
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R_SUB(RSUBDIM) D Double precision working array of dimension at
least RSUBDIM.
*  RSUBDIM >22*N+41*[EMAX+2*TELPAR4-30 (NA).
[.SCP(IDIM) Integer working array of dimension at least IDIM.
*  IDIM >T*N+S* IEMAX4+2*EQMAX+3*TELPAR+15
(NA).
[_.SUB(ISUBDIM) Integer working array of dimension at least ISUB-
DIM.
*  ISUBDIM >2*N+3*IEMAX + IELPAR+5 (NA).
ACTIVE(IEMAX) Active set. Constraint ¢ is part of the active set «
ACTIVE(i) = 1. Only gradients corresponding to
the active set have to be updated.
* IERR Initialization: 0 (NA).

On return:

<0 : Reverse communication:

-1: function values are requested

-2: gradients are requested

0: successful computation

1: maximum number of iterations exceeded

22N <0

3: MIE < 0 or MEQ < 0 or IEMAX < 1 or

EQMAX < 1

MIE > IEMAX or MEQ > EQMAX

5: IELPAR or EQLPAR < 1

6: for at least one component, the lower bound is
greater or equal to the upper bound.

8: RDIM too small, cf. INFO(3)

9: RSUBDIM too small, cf. INFO(4)

901: ISUBDIM too small, cf. INFO(8)

10: IDIM too small, cf. INFO(5)

120, 121 (12/0,12/1): SPDWDIM too small, see
INFO(7).

130, 131, 132, 133, 134, 135 (13/0..5): SPTWDIM
too small, see INFO(6)

14: the user provided for at least one constraint an
empty column in the Jacobian.

15: the Jacobian matrices are not stored column-
wise

16: the Jacobian matrices are not stored correctly.
For at least one column the components are out
of order.

161: (16/1) the Jacobian matrices are not stored
correctly. More columns than constraints are
provided.

>
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IERN(IELPAR)
IECN(IELPAR)

IEDERV (IELPAR)

IELPAR

IELENG
EQRN(EQLPAR)

EQCN(EQLPAR)

EQCOEF(EQLPAR)

|

|

D

—

—

D

20: the feasible region of the current subproblem
is a singleton. One possible reason is, that the
feasible region of the original problem is empty!

21: for at least one component, lower and up-
per bound of a subproblem are almost equal.
The interior-point subproblem solver is not ap-
plicable!

22: line-search needs too much function evalua-
tions

23: the norm of the gradient of the Lagrangian is
close to 0 and no feasible solution of the sub-
problem is found. Together, it is very likely, that
the feasible region is empty.

24: the current value for IELENG/EQLENG is
larger than IELPAR/EQLPAR

30: error during solution of subproblem.

31: the subproblem could not be solved within the
maximum number of iterations.

Row indices of the entries of the Jacobian of the

inequality and feasibility constraints (NA).

Column indices of the entries of the Jacobian of

the inequality and feasibility constraints (NA).

Values of the entries of the Jacobian of the inequal-

ity and feasibility constraints. Only nonzero ele-

ments have to be stored, but zero elements are al-
lowed. The three arrays IERN, IECN and IEDERV
are expected to be sorted by function numbers and
inside one function by component numbers, i.e., it
is expected that the Jacobian is stored columnwise

(NA).

Dimension of arrays IERN, IECN and IEDERV.

Must be at least IELENG and >1 (NA).

Current number of entries in IEDERV (NA).

Row indices of the entries of the Jacobian of the

equality constraints (NA).

Column indices of the entries of the Jacobian of

the equality constraints (NA).

Values of the Jacobian of the equality constraints.

Only nonzero elements have to be stored, but zero

elements are allowed. The three arrays EQRN,

EQCN and EQCOEF are expected to be sorted

by function numbers and inside one function by

component numbers, i.e., it is expected that the

Jacobian is stored columnwise (NA).
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*  EQLPAR I Dimension of arrays EQRN, EQCN and EQCOEF.
Must be at least EQLENG and >1 (NA).

(*) EQLENG I Current number of entries in EQCOEF (NA).
MACTIV I Number of constraints included in the active set.
SPIW(SPIWDIM) [ Integer working array of dimension at least SPI-

WDIM.
*  SPIWDIM I Has to be at least (NA):

SPDW(SPDWDIM) D Double precision working array of dimension at

least SPDWDIM. For the handling see SPTW.

SPDWDIM I Has to be at least (NA):
LINEAR(IEMAX) [ Input array indicating linear constraints, LIN-

EAR(i) = 0 < constraint i is linear.

*  SETACT(IEMAX) I Input array specifying constraints to be active in

*  LACT

every iteration, see Section 7.1.1.
I Length of SETACT during the optimization pro-
cess

The algorithm is based on reverse communication. The parameter IERR indicates the
required type of evaluation.

IERR = -1

IERR = -2

Function evaluation for all constraints and objective, stored
in H.ORG(1),... HORG(MIE+MF),G_.ORG(1),...,G.ORG(MEQ)
and F_ORG respectively.

Gradient evaluation for the objective and for all constraints included

in the active set. The gradients of ¢;(z), j = 1,...,m, are stored
at positions 1,..., EQLENG, of EQRN, EQCN and EQCOEF. The
gradients of ¢;(z), j = me+1,...,m. and e;(z), j = 1,...,ms are

both stored in IERN, IECN and IEDERV, starting with the regular in-
equalities. The total number of entries is denoted by IELENG. Active
constraints are indicated by the array ACTIVE(j)=1. The gradient of
the objective is stored in dense format in DF.

Note, that whenever gradients are required, a previous call of function values was made
at the same iterate X0 and F_ORG, H.ORG and G_ORG contain function values of

objective and constraints at X0. X0, F_.ORG, H.ORG and G_ORG are not allowed to
be altered during the computation of gradients.

Moreover, the function and gradient evaluations have to be computed on subproblem
level. Due to the approximation scheme of SCPF, the user has to adapt the following
routines, to provide the evaluation of the feasibility constraints in the current iterate.
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Function evaluation:
SUBROUTINE EV_C( N1, XWS, MIE2, H_APP, DAT, IDAT )

Gradient evaluation:

SUBROUTINE EV_A( TASK, N1, XWS, NZ, VAL, COL, ROW,
DAT, IDAT )

Evaluation of Hessian:

SUBROUTINE EV_H( TASK, NI, XWS, M, LAM, NNZH,
VOUT, IRNH, ICNH, DAT, IDAT )

The variables are defined as follows

N1 [ Number of variables including slack variables (NA).
XWS(N) D Current iterate.
M I Number of equality constraints (NA).
(*) H_APP(M) D Value of constraints at current iterate.
DAT(*) D Double precision working array (NA).
IDAT(*) I Integer working array (NA).
TASK I =0, Compute maximal number of gradient or Hessian
entries
= 1, Compute gradients or Hessian
(*) NZ I Maximal number of gradient entries (NA).

(*) VAL(NZ) D Values of gradients. Only nonzero elements have to be
stored, but zero elements are allowed.

(*) COL(NZ) I Column indices of gradient.

(*) ROW(NZ) I Row indices of gradient.

LAM(M) D Lagrangian multipliers.

(*) NNZH I Maximal number of Hessian entries (NA).

(*) VOUT(NNZH) D Values of the Hessian. Only nonzero elements have to
be stored, but zero elements are allowed.

(*) IRNH(NNZH) I Row indices of the Hessian.

(*) ICNH(NNZH) I Column indices of the Hessian

For a more detailed description see Wéchter and Biegler [90]. Note, that IPOPT solves
an extended subproblem including slack variables. Therefore, the subroutine to com-
pute the gradients of the feasibility constraints within the subproblem solution process
has to be adapted.



156 9 Appendix

The internally used parameters are given in the subsequent table.

Name Value
Lnin -1.D5
Umax 1.D5
1S 0.5
T1 0.7
T2 1.15
w 0.9

r 1.D-2

y§0)7 j:17“'7mc+mf ODO

PV =1, me+my | 1.D0

K1 2

N 10

p 5.D-1

4 1.D-2

T 7® = max {1.D-6, 1.D-5 ||V f(z®)|| _}

Tab. 9.3: Internally used parameters
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