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Preface

Dynamic optimization has become a standard tool for decision making in a wide
range of areas. The search for the most fuel-efficient strategy to send a rocket into
orbit or the most economical way to start up a chemical production facility can
be expressed as dynamic optimization problems that are solved almost routinely
nowadays.

The basis for these dynamic optimization problems is a dynamic model, for
example,

Te41 = g(xkauk)7 To = SC(O)

that describes the evolution of the state x; with time, starting from the initial
condition z(0), as it is affected by the manipulated input ug. Here, g(x,u) is some
nonlinear function. Throughout the book we are assuming that this discrete-time
description, i.e., the model of the underlying system, is available. The goal of the
dynamic optimization procedure is to find the vector of manipulated inputs Uy =
[ug, ..., uy_1]’ such that the objective function is optimized over some time horizon
N, typically

N—-1

ming, Z q(@k, ur) +p(zn)

k=0
The terms ¢(z,u) and and p(z) are referred to as the stage cost and terminal
cost, respectively. Many practical problems can be put into this form and many
algorithms and software packages are available to determine the optimal solution
vector Uy, the optimizer. The various algorithms exploit the structure of the
particular problem, e.g., linearity and convexity, so that even large problems
described by complex models and involving many degrees of freedom can be solved
efficiently and reliably.

One difficulty with this idea is that, in practice, the sequence of ug, u1, ..., which
is obtained by this procedure cannot be simply applied. The model of the system
predicting its evolution is usually inaccurate and the system may be affected by
external disturbances that may cause its path to deviate significantly from the one
that is predicted. Therefore, it is common practice to measure the state after some
time period, say one time step, and to solve the dynamic optimization problem
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again, starting from the measured state (1) as the new initial condition. This
feedback of the measurement information to the optimization endows the whole
procedure with a robustness typical for closed-loop systems.

What we have described above is usually referred to as Model Predictive
Control (MPC), but other names like Open Loop Optimal Feedback and Reactive
Scheduling have been used as well. Over the last 25 years MPC has evolved
to dominate the process industry, where it has been employed for thousands of
problems [241].

The popularity of MPC stems from the fact that the resulting operating strategy
respects all the system and problem details, including interactions and constraints,
something that would be very hard to accomplish in any other way.

Indeed, often MPC is used for the regulatory control of large multivariable
linear systems with constraints, where the objective function is not related to an
economical objective, but is simply chosen in a mathematically convenient way,
namely quadratic in the states and inputs, to yield a “good” closed-loop response.
Again, there is no other controller design method available today for such systems
that provides constraint satisfaction and stability guarantees.

One limitation of MPC is that running the optimization algorithm on-line
at each time step requires substantial time and computational resources. Today,
fast computational platforms together with advances in the field of operations
research and optimal control have enlarged in a very significant way the scope of
applicability of MPC to fast-sampled applications. One approach is to use tailored
optimization routines which exploit both the structure of the MPC problem and
the architecture of the embedded computing platform to implement MPC in the
order of milliseconds.

The second approach is to have the result of the optimization precomputed
and stored for each x in the form of a look-up table or as an algebraic function
ur = f(x(k)) which can be easily evaluated. In other words, we want to determine
the (generally nonlinear) feedback control law f(z) that generates the optimal
up = f(x(k)) explicitly and not just implicitly as the result of an optimization
problem. It requires the solution of the Bellman equation and has been a long-
standing problem in optimal control. A clean, simple solution exists only in the case
of linear systems with a quadratic objective function, where the optimal controller
turns out to be a linear function of the state (Linear Quadratic Regulator, LQR).
For all other cases a solution of the Bellman equation was considered prohibitive
except for systems of low dimension (2 or 3), where a look-up table can be generated
by gridding the state space and solving the optimization problem off-line for each
grid point.

The major contribution of this book is to show how the nonlinear optimal
feedback controller can be calculated efficiently for some important classes of
systems, namely linear systems with constraints and switched linear systems or,
more generally, hybrid systems. Traditionally, the design of feedback controllers for
linear systems with constraints, for example, antiwindup techniques, was ad hoc
requiring both much experience and trial and error. Though significant progress
has been achieved on antiwindup schemes over the last decade, these techniques
deal with input constraints only and cannot be extended easily.
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The classes of constrained linear systems and linear hybrid systems treated in
this book cover many, if not most, practical problems. The new design techniques
hold the promise to lead to better performance and a dramatic reduction in the
required engineering effort.

The book is structured in five parts.

e In the first part of the book (Part I) we recall the main concepts and results of
convex and discrete optimization. Our intent is to provide only the necessary
background for the understanding of the rest of the book. The material of
this part follows closely the presentation from the following books and lecture
notes: “Convex Optimization” by Boyd and Vandenberghe [65], “Nonlinear
Programming Theory and Algorithms” by Bazaraa, Sherali and Shetty [27],
“LMIs in Control” by Scherer and Weiland [258] and “Lectures on Polytopes”
by Ziegler [296].

Continuous problems as well as integer and mixed-integer problems are
presented in Chapter 1. Chapter 1 also discusses the classical results of
Lagrange duality. In Chapter 2, linear and quadratic programs are presented
together with their properties and some fundamental results. Chapter 3
introduces algorithms for the solution of unconstrained and constrained
optimization problems. We only discuss those that are important for the
problems encountered in this book and explain the underlying concepts.
Since polyhedra are the fundamental geometric objects used in this book,
Part T closes with Chapter 4, where we introduce the main definitions and
the algorithms, which describe standard operations on polyhedra.

e The second part of the book (Part II) is a self-contained introduction to
multiparametric programming. In our framework, parametric programming
is the main technique used to study and compute state feedback optimal
control laws. In fact, we formulate the finite time optimal control problems
as mathematical programs where the input sequence is the optimization
vector. Depending on the dynamical model of the system, the nature of the
constraints, and the cost function used, a different mathematical program
is obtained. The current state of the dynamical system enters the cost
function and the constraints as a parameter that affects the solution of
the mathematical program. We study the structure of the solution as this
parameter changes and we describe algorithms for solving multiparametric
linear, quadratic and mixed integer programs. They constitute the basic tools
for computing the state feedback optimal control laws for these more complex
systems in the same way as algorithms for solving the Riccati equation
are the main tools for computing optimal controllers for linear systems.
In Chapter 5, we introduce the concept of multiparametric programming
and we recall the main results of nonlinear multiparametric programming.
Then, in Chapter 6, we describe three algorithms for solving multiparametric
linear programs (mp-LP), multiparametric quadratic programs (mp-QP) and
multiparametric mixed-integer linear programs (mp-MILP).

e In the third part of the book (Part III) we introduce the general class
of optimal control problems studied in the book. Chapter 7 contains the
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basic definitions and essential concepts. Chapter 8 presents standard results
on Linear Quadratic Optimal Control, while in Chapter 9, unconstrained
optimal control problems for linear systems with cost functions based on 1
and oo norms are analyzed.

In the fourth part of the book (Part IV) we focus on linear systems
with polyhedral constraints on inputs and states. We start with a self-
contained introduction to controllability, reachability and invariant set
theory in Chapter 10. The chapter focuses on computational algorithms for
constrained linear systems and constrained linear systems subject to additive
and parametric uncertainty.

In Chapter 11 we study finite time and infinite time constrained optimal
control problems with cost functions based on 2, 1 and oo norms. We first
show how to transform them into LP or QP optimization problems for a
fixed initial condition. Then we show that the solution to all these optimal
control problems can be expressed as a piecewise affine state feedback law.
Moreover, the optimal control law is continuous and the value function is
convex and continuous. The results form a natural extension of the theory
of the Linear Quadratic Regulator to constrained linear systems.

Chapter 12 presents the concept of MPC. Classical feasibility and stability
issues are shown through simple examples and explained by using invariant
set methods. Finally, we show how they can be addressed with a proper
choice of the terminal constraints and the cost function.

The result in Chapter 11 and Chapter 12 have important consequences
for the implementation of MPC laws. Precomputing off-line the explicit
piecewise affine feedback policy reduces the on-line computation for the
receding horizon control law to a function evaluation, therefore avoiding
the on-line solution of a mathematical program. However, the number
of polyhedral regions of the explicit optimal control laws could grow
exponentially with the number of constraints in the optimal control problem.
Chapter 13 discusses approaches to define approximate explicit control laws
of desired complexity that provide certificates of recursive feasibility and
stability.

Chapter 14 focuses on efficient on-line methods for the computation of
MPC control laws. If the state-feedback solution is available explicitly, we
present efficient on-line methods for the evaluation of explicit piecewise
affine control laws. In particular, we present algorithms to reduce its storage
demands and computational complexity. If the on-line solution of a quadratic
or linear program is preferred, we briefly discuss how to improve the efficiency
of a mathematical programming solver by exploiting the structure of the
MPC control problem.

Part IV closes with Chapter 15 where we address the robustness of the
optimal control laws. We discuss min—max control problems for uncertain
linear systems with polyhedral constraints on inputs and states and present
an approach to compute their state feedback solutions. Robustness is
achieved against additive norm-bounded input disturbances and/or poly-
hedral parametric uncertainties in the state space matrices.
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e In the fifth part of the book (Part V) we focus on linear hybrid systems. We
give an introduction to the different formalisms used to model hybrid systems
focusing on computation-oriented models (Chapter 16). In Chapter 17, we
study finite time optimal control problems with cost functions based on 2, 1
and oo norms. The optimal control law is shown to be, in general, piecewise
affine over nonconvex and disconnected sets. Along with the analysis of the
solution properties, we present algorithms that compute the optimal control
law for all the considered cases.

Francesco Borrelli
Alberto Bemporad
Manfred Morari
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Basics of Optimization






1.1

1

Main Concepts

In this chapter, we recall the main concepts and definitions of continuous and
discrete optimization. Our intent is to provide only the necessary background for
the understanding of the rest of the book. The notions of feasibility, optimality,
convexity and active constraints introduced in this chapter will be widely used in
this book.

Optimization Problems
An optimization problem is generally formulated as

inf, f(z)
subj. to z€ S C Z, (1.1)

where the vector z collects the decision variables, Z is the optimization problem
domain, and S C Z is the set of feasible or admissible decisions. The function
f:Z — R assigns to each decision z a cost f(z) € R. We will often use the following
shorter form of problem (1.1)

inf  f(2). (1.2)

z€SCZ

Solving problem (1.2) means to compute the least possible cost f*
f* = inf ().
The number f* is the optimal value of problem (1.2), i.e.,
f(z)> f(z")=f"Vze S, with z* € S,
or the greatest lower bound of f(z) over the set S:

f(z)>f"Vze S and (Ve >03z€ S: f(z) < f"+e).
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If f* = —oco we say that the problem is unbounded below. If the set S is empty
then the problem is said to be infeasible and we set f* = 400 by convention. If
S = Z the problem is said to be unconstrained.

In general, one is also interested in finding an optimal solution, that is in
finding a decision whose associated cost equals the optimal value, i.e., 2* € S with
f(z*) = f*. If such z* exists, then we rewrite problem (1.2) as

[ =min f(z) (1.3)
and z* is called an optimizer, global optimizer or optimal solution. Minimizer or
global minimizer are also used to refer to an optimizer of a minimization problem.
The set of all optimal solutions is denoted by

argmin, g /(=) = {z € §: f(z) = [}

A problem of determining whether the set of feasible decisions is empty and, if not,
to find a point which is feasible, is called a feasibility problem.

Continuous Problems

In continuous optimization the problem domain Z is a subset of the finite-
dimensional Euclidian vector-space R® and the subset of admissible vectors is
defined through a list of equality and inequality constraints:

inf, f(z)

subj. to g¢i(2) <0 fori =1,...,m

hj(z)=0 forj=1,...,p (1.4)
z € 7,
where f,g1,...,0m,h1,...,h, are real-valued functions defined over R?, i.e.,

f:R* —- R g : R® - R, h; : R® - R. The domain Z is the intersection of
the domains of the cost and constraint functions:

Z={2z€R® : zedom f, ze€domyg;, i=1,...,m, z€dom h;, j=1,...,p}
(1.5)

In the sequel we will consider the constraint z € Z implicit in the optimization
problem and often omit it. Problem (1.4) is unconstrained if m = p = 0.

The inequalities g;(z) < 0 are called inequality constraints and the equations
hi(z) = 0 are called equality constraints. A point Z € R® is feasible for problem (1.4)
if: (i) it belongs to Z, (ii) it satisfies all inequality and equality constraints, i.e.,
gi(2) <0,i=1,...,m, hj(2) =0, i =j,...,p. The set of feasible vectors is

S={zeR°:2€Z gi()<0,i=1,...,m, hj(2)=0, 5=1,...,p}. (1.6)

Problem (1.4) is a continuous finite-dimensional optimization problem (since
Z is a finite-dimensional Euclidian vector space). We will also refer to (1.4) as
a nonlinear mathematical program or simply monlinear program. Let f* be the
optimal value of problem (1.4). An optimizer, if it exists, is a feasible vector z*
with f(z*) = f*.
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A feasible point z is locally optimal for problem (1.4) if there exists an R > 0
such that

f(z) = inf; f(2)

subj. to g¢;(2) <0 fori=1,...,m
hi(z) =0 fori=1,...,p (1.7)
|z -zl <R
z € Z.

Roughly speaking, this means that z is the minimizer of f(z) in a feasible
neighborhood of z defined by ||z — Z|| < R. The point Z is called a local optimizer
or local minimizer.

Active, Inactive and Redundant Constraints

Consider a feasible point z. We say that the i-th inequality constraint g;(z) < 0 is
active at z if g;(2) = 0. If g;(Z) < 0 we say that the constraint g;(z) < 0 is inactive
at z. Equality constraints are always active for all feasible points.

We say that a constraint is redundant if removing it from the list of constraints
does not change the feasible set S. This implies that removing a redundant
constraint from problem (1.4) does not change its solution.

Problems in Standard Forms

Optimization problems can be cast in several forms. In this book, we use the
form (1.4) where we adopt the convention to minimize the cost function and to
have the right-hand side of the inequality and equality constraints equal to zero.
Any problem in a different form (e.g., a maximization problem or a problem with
“box constraints”) can be transformed and arranged into this form. The interested
reader is referred to Chapter 4 of [65] for a detailed discussion on transformations
of optimization problems into different standard forms.

Eliminating Equality Constraints

Often in this book we will restrict our attention to problems without equality
constraints, i.e., p =0

inf, f(2) (1.8)

subj. to g¢;(2) <0 fori=1,...,m.

The simplest way to remove equality constraints is to replace them with two
inequalities for each equality, i.e., h;(z) = 0is replaced by h;(z) < 0 and —h;(z) < 0.
Such a method, however, can lead to poor numerical conditioning and may ruin
the efficiency and accuracy of a numerical solver.

If one can explicitly parameterize the solution of the equality constraint
h;(z) = 0, then the equality constraint can be eliminated from the problem. This
process can be described in a simple way for linear equality constraints. Assume
the equality constraints to be linear, Az — b = 0, with A € RP**. If Az = b is
inconsistent then the problem is infeasible. The general solution of the equation
Az = b can be expressed as z = Fx + 2y where F' is a matrix of full rank whose
spanned space coincides with the null space of the A matrix, i.e., R(F) = N(A),
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F € R***_ where k is the dimension of the null space of A. The variable € RF is
the new optimization variable and the original problem becomes

inf, f(Fz+ z0) (1.9)
subj. to g;(Fx+20) <0 fori=1,...,m. '

We want to point out that in some cases the elimination of equality constraints
can make the problem harder to analyze and understand and can make a solver
less efficient. In large problems it can destroy useful structural properties of the
problem such as sparsity. Some advanced numerical solvers perform elimination
automatically.

Problem Description

The functions f, g; and h; can be available in analytical form or can be described
through an oracle model (also called “black box” or “subroutine” model). In an
oracle model, f, g; and h; are not known explicitly but can be evaluated by querying
the oracle. Often the oracle consists of subroutines which, called with the argument
z, return f(z), g;(2) and h;(z) and their gradients V f(z), Vg;(z), Vh;(z). In the rest
of the book we assume that analytical expressions of the cost and the constraints
of the optimization problem are available.

Integer and Mixed-Integer Problems

If the decision set Z in the optimization problem (1.2) is finite, then the
optimization problem is called combinatorial or discrete. If Z C {0,1}*, then the
problem is said to be integer.

If Z is a subset of the Cartesian product of an integer set and a real Euclidian
space, i.e., Z C {[zc, 2] : zc € R%, 2z, € {0,1}°0}, then the problem is said to be
mized-integer. The standard formulation of a mized-integer nonlinear program is

inf[zc,zb] f(zcazb)

subj. to  ¢i(ze,2p) <0 fori=1,...,m
hj(ze,20) =0 forj=1,...,p
ze € R 2, € {0,1}%

(1.10)

where f,g1,...,9m,h1,..., hy are real-valued functions defined over Z.
For combinatorial, integer and mixed-integer optimization problems, all defini-
tions introduced in the previous section apply.

Convexity
A set S € R® is convex if

Az1+ (1= Xz e Sforall 23 €5,20 €5 and A €[0,1].
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A function f: S — R is convex if S is convex and

FAzr+ (1= XN)z2) < Af(z1) + (1= A)f(22)
for all z; € S,20 € S and A € [0, 1].

A function f: S — R is strictly convex if S is convex and

fz 4+ (1= Nz) < Af(z1) + (1= A)f(22)
for all 21 € S,22 € S and A € (0,1).

A twice differentiable function f :.S — R is strongly convex if the Hessian
V2f(z) = 0 for all z € S.

A function f:S — R is concave if S is convex and — f is convex.

Operations Preserving Convexity

Various operations preserve convexity of functions and sets. A detailed list can be
found in Chapter 3.2 of [65]. A few operations used in this book are mentioned
below.

1. The intersection of an arbitrary number of convex sets is a convex set:
if §1,855,..., 5 are convex, then S; NSy N...N .Sk is convex.

This property extends to the intersection of an infinite number of sets:

if S, is convex Vn € N, then ﬂ S, is convex.
neNL

The empty set is convex because it satisfies the definition of convexity.

2. The sublevel sets of a convex function f on S are convex:

if f(z) is convex then S, = {z € S: f(z) < a} is convex Va € R.

3. If f1,..., fn are convex functions, then Zfil «; f; is a convex function for
ala; >0,i=1,...,N.

4. The composition of a convex function f(z) with an affine map z = Az + b
generates a convex function f(Ax + b) of x:

if f(z) is convex then f(Az + b) is convex on {z : Az + b € dom(f)}.

5. Suppose f(x) = h(g(z)) = h(g1(x), ..., gx(x)) with h : R¥ = R, g; : R® — R.
Then,

(a) f is convex if h is convex, h is nondecreasing in each argument, and g;
are Convex,
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(b) f is convex if h is convex, h is nonincreasing in each argument, and g;
are concave,

(¢) f is concave if h is concave, h is nondecreasing in each argument, and g;
are concave.

6. The pointwise maximum of a set of convex functions is a convex function:
fi1(2),..., fu(2) convex functions = f(z)
= max{f1(z),..., fu(z)} is a convex function.

This property holds also when the set is infinite.

Linear and Quadratic Convex Functions
1. A linear function f(z) = ¢’z + r is both convex and concave.
2. A quadratic function f(z) = 2’Hz + 2¢'z + r is convex if and only if H = 0.
3. A quadratic function f(z) = z’Hz + 2¢’z + r is strictly convex if and only if
H > 0. A strictly convex quadratic function is also strongly convex.
Convex Optimization Problems

The standard optimization problem (1.4) is said to be convez if the cost function
f is convex on Z and S is a convex set. A fundamental property of convex
optimization problems is that local optimizers are also global optimizers. This is
proven next.

Theorem 1.1 Consider a convex optimization problem and let Z be a local

optimizer. Then, Z is a global optimizer.

Proof: By hypothesis Z is feasible and there exists R such that

f(2) =min{f(z) : ¢i(z) <0i=1,...,m, hj(z) =0, j=1,...,p ||z —Z| < R}.
(1.11)

Now suppose that Z is not globally optimal. Then, there exist a feasible y such that
f(y) < f(2), which implies that ||y — Z|| > R. Now consider the point z given by

R

-6 oMy 7

Then ||z — Z|| = R/2 < R and by convexity of the feasible set z is feasible. By
convexity of the cost function f

f(z) < =0)f(2) +0f(y) < f(2),
which contradicts (1.11). [ |

Theorem 1.1 does not make any statement about the existence of a solution to
problem (1.4). It merely states that all local minima of problem (1.4) are also global
minima. For this reason, convexity plays a central role in the solution of continuous
optimization problems. It suffices to compute a local minimum to problem (1.4)
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to determine its global minimum. Convexity also plays a major role in most non-
convex optimization problems which are solved by iterating between the solutions
of convex subproblems.

It is difficult to determine whether the feasible set S of the optimization
problem (1.4) is convex or not except in special cases. For example, if the functions
g1(2),...,9m(z) are convex and all the h;(z) (if any) are affine in z, then the
feasible set S in (1.6) is an intersection of convex sets and is therefore convex.
Moreover there are nonconvex problems which can be transformed into convex
problems through a change of variables and manipulations of cost and constraints.
The discussion of this topic goes beyond the scope of this overview on optimization.
The interested reader is referred to [65].

Remark 1.1 With the exception of trivial cases, integer and mixed-integer optimiza-
tion problems are always nonconvex problems because {0, 1} is not a convex set.

Optimality Conditions
In general, an analytical solution to problem (1.4), restated below, does not exist.

inf, f(z)
subj. to  ¢;(2) <0 fori =1,...,m
=0

hj(z) forj=1,...,p (1.12)

Solutions are usually computed by iterative algorithms which start from an initial
guess 7o and at step k generate a point zj such that the sequence {f(zx)}k=0,12,...
converges to f* as k increases. These algorithms iteratively use and/or solve
conditions for optimality, i.e., analytical conditions that a point z must satisfy
in order to be an optimizer. For instance, for convez, unconstrained optimization
problems with a smooth cost function the most commonly used optimality criterion
requires the gradient to vanish at the optimizer, i.e., z is an optimizer if and only
if Vf(z) = 0. In this chapter we summarize necessary and sufficient optimality
conditions for unconstrained and constrained optimization problems.

Optimality Conditions for Unconstrained Problems

The proofs of the theorems presented next can be found in Chapter 4 and Section
8.6.1 of [27].

Necessary Conditions

Theorem 1.2  Suppose that f : R® — R is differentiable at Z. If there
exists a vector d such that Vf(Z)'d < 0, then there exists a § > 0 such that
f(Z+ ) < f(2) for all X € (0,9).
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The vector d in the theorem above is called a descent direction. At a given
point Z a descent direction d satisfies the condition Vf(z)'d < 0. Theorem
1.2 states that if a descent direction exists at a point z, then it is possible to
move from Z towards a new point Z whose associated cost f(Z) is lower than
f(2). The direction of steepest descent ds at a given point Z is defined as the
normalized direction where V f(z)'ds < 0 is minimized. The direction ds of

steepest descent is dg = — Hgﬁg\l'

Two corollaries of Theorem 1.2 are stated next.

Corollary 1.1  Suppose that f : R® — R s differentiable at z. If Z is a
local minimizer, then V f(z) = 0.

Corollary 1.2  Suppose that f : R® — R is twice differentiable at z. If Z
is a local minimizer, then Vf(Z) = 0 and the Hessian V?f(Z) is positive
semidefinite.

Sufficient Condition

Theorem 1.3 Suppose that f : R® — R is twice differentiable at z. If
Vf(zZ) =0 and the Hessian of f(z) at Z is positive definite, then z is a local
minimizer.

Necessary and Sufficient Condition

Theorem 1.4 Suppose that f : R® — R is differentiable at z. If f is
convez, then Z is a global minimizer if and only if Vf(z) = 0.

When the optimization is constrained and the cost function is not sufficiently
smooth, the conditions for optimality become more complicated. The intent of this
chapter is to give an overview of some important optimality criteria for constrained
nonlinear optimization. The optimality conditions derived here will be the main
building blocks for the theory developed later in this book.

Lagrange Duality Theory

Consider the nonlinear program (1.12). Let f* be the optimal value. Denote by Z
the domain of cost and constraints (1.5). Any feasible point Z provides an upper
bound to the optimal value f(z) > f*. Next, we will show how to generate a lower
bound on f*.

Starting from the standard nonlinear program (1.12) we construct another
problem with different variables and constraints. The original problem (1.12) will
be called the primal problem while the new one will be called the dual problem.
First, we augment the objective function with a weighted sum of the constraints.
In this way the Lagrange dual function (or Lagrangian) L is obtained

L(Z,U,U) = f(z) +U191(Z) +oe +rLngm(Z) +
+ovrhi(2) + - +vphy(2), (1.13)
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where the scalars ui,...,Um,v1,...,v, are real variables called dual variables or
Lagrange multipliers. We can write Equation (1.13) in the compact form

L(z,u,v) = f(2) + u'g(z) + v'h(2), (1.14)

where u = [ug,...,up], v = [v1,...,vp) and L : R®* x R™ x R? — R. The
components u; and v; are called dual variables. Note that the i-th dual variable
u; is associated with the i-th inequality constraint of problem (1.12), the i-th dual
variable v; is associated with the i-th equality constraint of problem (1.12).
Let z be a feasible point: for arbitrary vectors u > 0 and v we trivially obtain
a lower bound on f(z)
L(z,u,v) < f(2). (1.15)

We minimize both sides of Equation (1.15)

inf L(z,u,v) < inf f(z) (1.16)

z2€Z, g(2)<0, h(z)=0 2€2, 9(2)<0, h(z)=0

in order to reconstruct the original problem on the right-hand side of the expression.
Since for arbitrary v > 0 and v

inf L(z,u,v) < inf L(z,u,v), 1.17
W Lzwe) s o M) (1.17)
we obtain
inf L < inf . 1.18
inf L(z,u,v) < ez g h(z):of(z) (1.18)

Equation (1.18) implies that for arbitrary « > 0 and v the solution to

inf L 1.1

inf) (z,u,v) (1.19)
provides us with a lower bound to the original problem. The “best” lower bound
is obtained by maximizing problem (1.19) over the dual variables

su inf L(z,u,v) < inf z).
(u,v),azozez ( ) 2€Z, g(2)<0, h(Z)=0f( )

Define the dual cost d(u,v) as follows

d(u,v) = irelgL(z,u,v) € [—o0, o0l (1.20)

Then the Lagrange dual problem is defined as

sup  d(u,v), (1.21)
(u,v), u>0

and its optimal solution, if it exists, is denoted by (u*,v*). The dual cost d(u,v) is
the optimal value of an unconstrained optimization problem. Problem (1.20) is called
the Lagrange dual subproblem. Only points (u, v) with d(u,v) > —oo are interesting
for the Lagrange dual problem. A point (u,v) will be called dual feasible if u > 0
and d(u,v) > —oo. d(u,v) is always a concave function since it is the pointwise
infimum of a family of affine functions of (u,v). This implies that the dual problem
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is a conver optimization problem (maz of a concave function over a conver set)
even if the original problem is not convex. Therefore, it is easier in principle to
solve the dual problem than the primal (which is in general nonconvex). However,
in general, the solution to the dual problem is only a lower bound of the primal
problem:
sup d(u,v) < inf z).

(u,v), u>0 ( ) z€Z, 9(2)<0, h(z)=0 ( )
Such a property is called weak duality. In a simpler form, let f* and d* be the
primal and dual optimal value, respectively,

= inf , 1.22
"= sz % nor=o” ) (122
d* = sup d(u,v), (1.22Db)
(u,v), u>0
then, we always have
frzd (1.23)

and the difference f* — d* is called the optimal duality gap. The weak duality
inequality (1.23) holds also when d* and f* are infinite. For example, if the primal
problem is unbounded below, so that f* = —oco, we must have d* = —oo, i.e., the
Lagrange dual problem is infeasible. Conversely, if the dual problem is unbounded
above, so that d* = 400, we must have f* = 400, i.e., the primal problem is
infeasible.

Remark 1.2 'We have shown that the dual problem is a convex optimization problem
even if the original problem is nonconvex. As stated in this section, for nonconvex
optimization problems it is “easier” to solve the dual problem than the primal
problem. However the evaluation of d(u,v) at a point (@,¥) requires the solution
of the nonconvex unconstrained optimization problem (1.20), which, in general, is
“not easy.”

Strong Duality and Constraint Qualifications

If d* = f*, then the duality gap is zero and we say that strong duality holds:

(u,j)l,lI’I)J,ZO (. v) z€Z, 9(52{), h(Z)ZOf(Z)' (1.24)

This means that the best lower bound obtained by solving the dual problem

coincides with the optimal cost of the primal problem. In general, strong duality

does not hold, even for convex primal problems. Constraint qualifications are con-

ditions on the constraint functions which imply strong duality for convex problems.

A detailed discussion on constraint qualifications can be found in Chapter 5 of [27].
A well-known simple constraint qualification is “Slater’s condition”:

Definition 1.1 (Slater’s condition) Consider problem (1.12). There exists
z € R® which belongs to the relative interior of the problem domain Z, which
is feasible (g(2) < 0, h(2) = 0) and for which g;(2) < 0 for all j for which g; is
not an affine function.
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Remark 1.3 Note that Slater’s condition reduces to feasibility when all inequality
constraints are linear and Z = R".

Theorem 1.5 (Slater’s theorem) Consider the primal problem (1.22a) and its
dual problem (1.22b). If the primal problem is convex, Slater’s condition holds and
f* is bounded then d* = f*.

Certificate of Optimality

Consider the (primal) optimization problem (1.12) and its dual (1.21). Any feasible
point z gives us information about an upper bound on the cost, i.e., f* < f(z).
If we can find a dual feasible point (u,v) then we can establish a lower bound
on the optimal value of the primal problem: d(u,v) < f*. In summary, without
knowing the exact value of f* we can give a bound on how suboptimal a given
feasible point is. In fact, if z is primal feasible and (u,v) is dual feasible then
d(u,v) < f* < f(z). Therefore z is e-suboptimal, with ¢ equal to the primal-dual
gap, i.e., € = f(z) — d(u,v).

The optimal value of the primal (and dual) problems will lie in the same interval

£ € ld(u,v), f(2)] and d* € [d(u,v), f(2)].

For this reason (u,v) is also called a certificate that proves the (sub)optimality
of z. Optimization algorithms make extensive use of such criteria. Primal-dual
algorithms iteratively solve primal and dual problems and generate a sequence of
primal and dual feasible points zg, (uk,v), & > 0 until a certain ¢ is reached. The
condition

flz) — d(ug, vg) <k,

for terminating the algorithm guarantees that when the algorithm terminates, zj is
e-suboptimal. If strong duality holds the condition can be met for arbitrarily small
tolerances €.

Complementary Slackness

Consider the (primal) optimization problem (1.12) and its dual (1.21). Assume that
strong duality holds. Suppose that z* and (u*, v*) are primal and dual feasible with
zero duality gap (hence, they are primal and dual optimal):

F(2*) = d(u*,v).
By definition of the dual problem, we have
fz*) = 11612 (f(z) + u'g(z) + v*'h(z)) .

Therefore
F(Z) < FEF) +ug(2) + 0 'h(z7), (1.25)
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and since h(z*) =0, u* > 0 and g(2*) < 0 we have

F) < F(7) +ug(z7) < £(27). (1.26)

From the last equation we can conclude that u*'g(z*) = /", ufg;(2*) = 0 and
since u > 0 and g;(2*) < 0, we have

uigi(2*)=0,i=1,...,m. (1.27)

Conditions (1.27) are called complementary slackness conditions. Complemen-
tary slackness conditions can be interpreted as follows. If the i-th inequality
constraint of the primal problem is inactive at the optimum (g;(z*) < 0), then the
i-th dual optimizer has to be zero (uf = 0). Vice versa, if the i-th dual optimizer
is different from zero (u} > 0), then the i-th constraint is active at the optimum
(9:(2") = 0).

Relation (1.27) implies that the inequality in (1.25) holds as equality

() + Do uigi(=") + 3 vihy (=) = mip | f(2) + Y wigi(z) + D vjhy(z)
j ’ (1.28)

Therefore, complementary slackness conditions implies that z* is a minimizer of
L(z,u*,v*).

Karush-Kuhn-Tucker Conditions

Consider the (primal) optimization problem (1.12) and its dual (1.21). Assume
that strong duality holds. Assume that the cost functions and constraint functions
f, gi, h; are differentiable. Let z* and (u*, v*) be primal and dual optimal
points, respectively. Complementary slackness conditions implies that z* minimizes
L(z,u*,v*) under no constraints (Equation (1.28)). Since f, g;, h; are differentiable,
the gradient of L(z,u*,v*) must be zero at z*

—I—Zu Vgi(z —I—Zv Vh

In summary, the primal and dual optimal pair z*, (u*, v*) of an optimization
problem with differentiable cost and constraints and zero duality gap, have to
satisfy the following conditions:

) + Z u; Vg (2*) + Z viVh( (1.29a)

ufgi(z*) =0, i=1,...,m  (1.29b)
uy >0, i=1,...,m  (1.29c)
9i(z*) <0, i=1,...,m (1.29d)
hj(z*) =0, j=1,....,p (1.29¢)
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where Equations (1.29d)—(1.29¢) are the primal feasibility conditions, Equation
(1.29¢) is the dual feasibility condition and Equation (1.29b) are the complementary
slackness conditions.

Conditions (1.29a)—(1.29¢) are called the Karush-Kuhn-Tucker (KKT) condi-
tions. We have shown that the KKT conditions are necessary conditions for any
primal-dual optimal pair if strong duality holds and the cost and constraints
are differentiable, i.e., any primal and dual optimal points z*, (u*, v*) must
satisfy the KKT conditions (1.29). If the primal problem is also convex then the
KKT conditions are sufficient, i.e., a primal dual pair z*, (u*, v*) which satisfies
conditions (1.29a)—(1.29¢) is a primal dual optimal pair with zero duality gap.

There are several theorems which characterize primal and dual optimal points
z* and (u*, v*) by using KKT conditions. They mainly differ on the type of
constraint qualification chosen for characterizing strong duality. Next we report
just two examples.

If a convex optimization problem with differentiable objective and constraint
functions satisfies Slater’s condition, then the KKT conditions provide necessary
and sufficient conditions for optimality.

Theorem 1.6 [27, p. 244] Consider problem (1.12) and let Z be a nonempty set
of R®. Suppose that problem (1.12) is convex and that cost and constraints f, g; and
h; are differentiable at a feasible z*. If problem (1.12) satisfies Slater’s condition
then z* is optimal if and only if there are (u*, v*) that, together with z*, satisfy
the KKT conditions (1.29).

If a convex optimization problem with differentiable objective and constraint
functions has a linearly independent set of active constraints gradients, then the
KKT conditions provide necessary and sufficient conditions for optimality.

Theorem 1.7 (Section 4.3.7 in [27]) Consider problem (1.12) and let Z be a
nonempty open set of R®. Let z* be a feasible solution and A = {i: g;(z*) = 0}
be the set of active constraints at z*. Suppose cost and constraints f, g; are
differentiable at z* for all ¢ and that h; are continuously differentiable at z* for
all j. Further, suppose that Vg;(z*) for i € A and Vh;(z*) for j =1,...,p, are
linearly independent. If z*, (u*, v*) are primal and dual optimal points, then they
satisfy the KKT conditions (1.29). In addition, if problem (1.12) is convez, then z*
is optimal if and only if there are (u*, v*) that, together with z*, satisfy the KKT
conditions (1.29).

The KKT conditions play an important role in optimization. In a few special cases,
it is possible to solve the KKT conditions (and therefore, the optimization problem)
analytically. Many algorithms for convex optimization are conceived as, or can be
interpreted as, methods for solving the KKT conditions as Boyd and Vandenberghe
observe in [65].

The following example [27] shows a convex problem where the KKT conditions
are not fulfilled at the optimum. In particular, both the constraint qualifications of
Theorem 1.7 and Slater’s condition in Theorem 1.6 are violated.
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1.6.1

Figure 1.1 Example 1.1. Constraints, feasible set and gradients. The feasible
set is the point (1,0) that satisfies neither Slater’s condition nor the
constraint qualification condition in Theorem 1.7.

Example 1.1 [27, p. 196] Consider the convex optimization problem

min 2z
. 2 2 (1.30)
subj. to (21— 1)+ (22— 1)

<
(21 =1+ (224 1) <

1
1.
From the graphical interpretation in Figure 1.1 it is immediate that the feasible set is a
single point z = [1, 0]’. The optimization problem does not satisfy Slater’s conditions
and moreover Z does not satisfy the constraint qualifications in Theorem 1.7. At

the optimum z Equation (1.29a) cannot be satisfied for any pair of nonnegative real
numbers w1 and us.

Geometric Interpretation of KKT Conditions

A geometric interpretation of the KKT conditions is depicted in Figure 1.2 for an
optimization problem in two dimensions with inequality constraints and no equality
constraints.

Equation (1.29a) and equation (1.29¢) can be rewritten as

—Vi(z) =Y uiVgi(z), ui>0, (1.31)
€A

where A = {1,2} at z; and A = {2,3} at z5. This means that the negative gradient
of the cost at the optimum —V f(z*) (which represents the direction of steepest
descent) has to belong to the cone spanned by the gradients of the active constraints
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Figure 1.2 Geometric interpretation of KKT conditions [27].

Vg; (since inactive constraints have the corresponding Lagrange multipliers equal
to zero). In Figure 1.2, condition (1.31) is not satisfied at zo. In fact, one can move
within the set of feasible points g(z) < 0 and decrease f, which implies that zo
is not optimal. At point z;, on the other hand, the cost f can only decrease if
some constraint is violated. Any movement in a feasible direction increases the
cost. Conditions (1.31) are fulfilled and hence z; is optimal.
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Linear and Quadratic
Optimization

This chapter focuses on two widely known and used subclasses of convex optimiza-
tion problems: linear and quadratic programs. They are popular because many
important practical problems can be formulated as linear or quadratic programs
and because they can be solved efficiently. Also, they are the basic building blocks
of many other optimization algorithms. This chapter presents their formulation
together with their main properties and some fundamental results.

Polyhedra and Polytopes

We first introduce a few concepts needed for the geometric interpretation of linear
an quadratic optimization. They will be discussed in more detail in Section 4.2.

A polyhedron P in R™ denotes an intersection of a finite set of closed halfspaces
in R™:

P={zxeR": Ax <b}, (2.1)

where Ax < b is the usual shorthand form for a system of inequalities, namely
air < b, ¢ = 1,...,m, where a},...,a,, are the rows of A, and by,...,b,, are
the components of b. A polytope is a bounded polyhedron. In Figure 2.1 a two-
dimensional polytope is plotted.

A linear inequality ¢’z < ¢ is said to be valid for P if it is satisfied for all points

z € P. A face of P is any nonempty set of the form
F=Pn{zeR’: z=cp}, (2.2)
where ¢’z < ¢p is a valid inequality for P. All faces of P satisfying F C P are called

proper faces and have dimension less than dim(P). The faces of dimension 0,1,
dim(P)-2 and dim(P)-1 are called vertices, edges, ridges, and facets, respectively.
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2.2

2.2.1

Figure 2.1 Polytope. A polytope is a bounded polyhedron defined by
the intersection of closed halfspaces. The planes (here lines) defining the
boundary of the halfspaces are ajz — b; = 0.

Linear Programming

When the cost and the constraints of the continuous optimization problem (1.4)
are affine, then the problem is called a linear program (LP). The most general form
of a linear program is

inf, 'z

subj. to Gz < w, (2:3)

where G € R™*5 w € R™. Linear programs are convex optimization problems.
Two other common forms of linear programs include both equality and
inequality constraints:

inf, 'z
subj. to Gz <w (2.4)
Az =D,

where A € RP*¢ b € RP, or only equality constraints and positive variables:

inf, 'z
subj. to Az =15 (2.5)
z > 0.

p. 146] it is always possible to convert one

By standard simple manipulations [65,
.5) into the others.

of the three forms (2.3), (2.4) and (2
Geometric Interpretation and Solution Properties

Let P be the feasible set (1.6) of problem (2.3). As Z = R®, this implies that P
is a polyhedron defined by the inequality constraints in (2.3). If P is empty, then
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the problem is infeasible. We will assume for the following discussion that P is
not empty. Denote by f* the optimal value and by Z* the set of optimizers of
problem (2.3)

Z* = argmin,.p ¢z
Three cases can occur.
Case 1. The LP solution is unbounded, i.e., f* = —o0.

Case 2. The LP solution is bounded, i.e., f* > —oco and the optimizer is unique.
z* = Z* is a singleton.

Case 3. The LP solution is bounded and there are multiple optima. Z* is an
subset of R® which can be bounded or unbounded.

The two-dimensional geometric interpretation of the three cases discussed above
is depicted in Figure 2.2.

(a) Case 1. Solution unbounded. (b) Case 2. Unique optimizer z*.

(c) Case 3. Multiple optimizers Z*.

Figure 2.2 Linear program. Geometric interpretation, level curve parameters
ki < ki—1.
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2.2.2

The level curves of the cost function ¢’z are represented by the parallel lines. All
points z belonging both to the line ¢’z = k; and to the polyhedron P are feasible
points with an associated cost k;, with k; < k;—;. Solving (2.3) amounts to finding
a feasible z which belongs to the level curve with the smallest cost k;. Since the
gradient of the cost is ¢, the direction of steepest descent is —c/||c||.

Case 1 is depicted in Figure 2.2(a). The feasible set P is unbounded. One can
move in the direction of steepest descent —c and be always feasible, thus decreasing
the cost to —oo. Case 2 is depicted in Figure 2.2(b). The optimizer is unique and
it coincides with one of the vertices of the feasible polyhedron. Case 3 is depicted
in Figure 2.2(c). The whole facet of the feasible polyhedron P is optimal, i.e., the
cost for any point z belonging to the facet equals the optimal value f*. In general,
the optimal facet will be a facet of the polyhedron P parallel to the hyperplane
dz=0.

From the analysis above we can conclude that the optimizers of any bounded
LP always lie on the boundary of the feasible polyhedron P.

Dual of LP

Consider the LP (2.3)

inf, 'z

subj. to Gz < w, (2.6)

with z € R® and G € R™*°.
The Lagrange function as defined in (1.14) is

L(z,u) =z + 4 (Gz —w).
The dual cost is

! : /
. . , , o) e f—-—Gu=c
d(u) = ngf L(z,u) = lIzlf(c +u'G)z —u'w = { > if—Gute
Since we are interested only in cases where d is finite, from the relation above we
conclude that the dual problem is

sup,, —u'w
subj. to —G'u=c¢ (2.7)
u >0,
which can be rewritten as
inf,, w'u
subj. to G'u = —c (2.8)
u > 0.

Note that for LPs, feasibility implies strong duality (Remark 1.3).
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KKT condition for LP

The KKT conditions (1.29a)—(1.29¢) for the LP (2.3) become

Gu4c=0, (2.9a)
ui(Giz—w;) =0,i=1,...,m (2.9b)
u >0, (2.9¢)

Gz —w < 0. (2.9d)

They are: stationarity condition (2.9a), complementary slackness conditions (2.9b),
dual feasibility (2.9¢) and primal feasibility (2.9d). Often dual feasibility in linear
programs refers to both (2.9a) and (2.9¢).

Active Constraints and Degeneracies

Consider the LP (2.3). Let I = {1,...,m} be the set of constraint indices. For any
A C I, let G4 and wa be the submatrices of G and w, respectively, comprising
the rows indexed by A and denote with G; and w; the j-th row of G and w,
respectively. Let z be a feasible point and consider the set of active and inactive
constraints at z:

A(z) Z{iEI:GiZ:wi}

(2.10)
NA(z)={iel:Giz < w}.
From (2.10) we have
GA(Z*)Z* = wA(z*)

§ 2.11
GNA(z*)z < WNA(z%)- ( )

Definition 2.1 (Linear Independence Constraint Qualification (LICQ))
We say that LICQ holds at z* if the matriz G o,y has full row rank.

Lemma 2.1 Assume that the feasible set P of problem (2.3) is bounded. If the
LICQ is violated at 2} € Z* then there exists zy € Z* such that |A(z3)| > s.

Consider zf € Z* on an optimal facet. Lemma 2.1 states the simple fact that if
LICQ is violated at zf, then there is a vertex z5 € Z* on the same facet where
|A(23)| > s. Thus, violation of LICQ is equivalent to having more than s constraints
active at an optimal vertex.

Definition 2.2  The LP (2.3) is said to be primal degenerate if there exists a
z* € Z* such that the LICQ does not hold at z*.

Figure 2.3 depicts a case of primal degeneracy with four constraints active at the
optimal vertex, i.e., more than the minimum number two.

Definition 2.3  The LP (2.3) is said to be dual degenerate if its dual problem is
primal degenerate.
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Figure 2.3 Primal degeneracy in a linear program.

The LICQ condition is invoked so that the optimization problem is well behaved
in a way we will explain next. Let us look at the equality constraints of the dual
problem (2.8) at the optimum G'u* = —c¢ or equivalently G’yu’ = —c since
uy 4 = 0. If LICQ is satisfied, then the equality constraints will allow only a unique
optimizer v*. If LICQ is not satisfied, then the dual may have multiple optimizers.
Thus we have the following Lemma.

Lemma 2.2  If the primal problem (2.3) is not degenerate then the dual problem
has a unique optimizer. If the dual problem (2.8) is not degenerate, then the primal
problem has a unique optimizer.

Multiple dual optimizers imply primal degeneracy and multiple primal optimizers
imply dual degeneracy but the reverse is not true as we will illustrate next. In other
words, LICQ is only a sufficient condition for uniqueness of the dual.

Example 2.1 Primal and dual degeneracies
Consider the following pair of primal and dual LPs

Primal
inf [-1 —1z
0 1 1 (2.12)
11 |1
-1 0 |*=1]o0
0 -1 0
Dual
inf [1100Ju
01 -1 0] _[1 (2.13)
11 0 —-1]"" |1
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T3

Uy

primal solution dual solution

min

I\ N

x4 Uy
(a) Primal LP. (b) Dual LP.
Figure 2.4 Example 2.1. LP with primal and dual degeneracy. The vectors

max and min point in the direction for which the objective improves. The
feasible sets are shaded.

Substituting for us and u4 from the equality constraints in (2.13) we can rewrite the
dual as
Dual

inf [1 1] [ Z;

(2.14)

O = O
o

| —
SRS
o =
—_
A%

O~ O

The situation is portrayed in Figure 2.4.

Consider the two solutions for the primal LP denoted with 1 and 2 in Figure 2.4(a)
and referred to as “basic” solutions. Basic solution 1 is primal nondegenerate, since it
is defined by exactly as many active constraints as there are variables. Basic solution
2 is primal degenerate, since it is defined by three active constraints, i.e., more than
two. Any convex combination of optimal solutions 1 and 2 is also optimal. This
continuum of optimal solutions in the primal problem corresponds to a degenerate
solution in the dual space, that is, the dual problem is primal-degenerate. Hence
the primal problem is dual-degenerate. In conclusion, Figures 2.4(a) and 2.4(b) show
an example of a primal problem with multiple optima and the corresponding dual
problem being primal degenerate.

Next we want to show that the statement “if the dual problem is primal degenerate
then the primal problem has multiple optima” is, in general, not true. Switch dual
and primal problems, i.e., call the “dual problem” primal problem and the “primal
problem” dual problem (this can be done since the dual of the dual problem is the
primal problem). Then, we have a dual problem which is primal degenerate in solution
2 while the primal problem does not present multiple optimizers.
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2.2.5 Convex Piecewise Affine Optimization

Consider a continuous and convex piecewise affine function f: R CR®* — R:
fe)=dz+diifzeR;, i=1,...,p, (2.15)

where {R;}!_; are polyhedral sets with disjoint interiors, R = [J!_; R; is a
polyhedron and ¢; € R®, d; € R. Then, f(z) can be rewritten as [257]

fz)= _Irllaxk{cgz +d;}, z€R, (2.16)
or [65]:
f(2) =min, e
Gz+di<e i=1,...,k (2.17)
z € R.

See Figure 2.5 for an illustration of the idea.
Consider the following optimization problem

f* = min, f(Z)
subj. to Gz <w (2.18)
z€R,

where the cost function has the form (2.15). Substituting (2.17) this becomes

ff=min,. ¢
subj. to Gz <w
dz+di<e, i=1,...,k
z €R.

(2.19)

The previous result can be extended to the sum of continuous and convex
piecewise affine functions. Let f: R C R® — R be defined as:

1) =3 1) (220)

cﬁlz+d4
24+ d Lz +d
. chz 4+ dy cyz 3
~ /
= cyz + dy )
- G
I
|-
I
X
I
1

|
|
2{

Figure 2.5 Convex piecewise affine (PWA) function described as the max of
affine functions.
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with
, y ,
(z) = maxk_{cg z+dl}, z€R. (2.21)

i=1

Then the following optimization problem

J* = min, f(Z)
subj. to Gz <w (2.22)
z €R,

where the cost function has the form (2.20), can be solved by the following linear
program:
fr=mina et e

subj. to Gz <w
c}/z—i—d}gsl, i=1,..., k"
A d?<e? i=1,...,k (2.23)

l'z+dl <e", i=1,...,k"
z€R.

Remark 2.1 Note that the results of this section can be immediately applied to the
minimization of one or infinity norms. For any y € R, |y| = max {y, —y}. Therefore
for any Q € R**¢ and p € R¥:

1Qz — plloc = max{Q1'z +p1,—Q1'z — p1,...,Qx'z + pr, —Qx'z — pr},
and

k k
1Qz —plh =Y 1Q 2+ pil = D> max{Q'z + pi;, —Qi'z — pi}.

i=1 i=1

2.3 Quadratic Programming

The continuous optimization problem (1.4) is called a quadratic program (QP) if the
constraint functions are affine and the cost function is a convex quadratic function.
In this book we will use the form:

: 1 /
min, 52 Hz+qz+r
subj. to Gz < w, (2:24)
where z € R, H=H' > 0 € R**% g € R®*, G € R™*%. In (2.24) the constant term
can be omitted if one is only interested in the optimizer.

Other QP forms often include equality and inequality constraints:

min, 37Hz+qz+r
subj. to Gz < w (2.25)
Az =0b.
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2.3.1

2.3.2

(a) Case 1. Optimizer z* in interior of P. (b) Case 2. Optimizer z* on boundary of P.

Figure 2.6 Geometric interpretation of the quadratic program solution.

Geometric Interpretation and Solution Properties

Let P be the feasible set (1.6) of problem (2.24). As Z = R®, this implies that P is
a polyhedron defined by the inequality constraints in (2.24). The two dimensional
geometric interpretation is depicted in Figure 2.6. The level curves of the cost
function %z’ Hz+q z+7 are represented by the ellipsoids. All the points z belonging
both to the ellipsoid %z’ Hz+ ¢ z+r = k; and to the polyhedron P are feasible
points with an associated cost k;. The smaller the ellipsoid, the smaller is its cost
k;. Solving (2.24) amounts to finding a feasible z which belongs to the level curve
with the smallest cost k;. Since H is strictly positive definite, the QP (2.24) cannot
have multiple optima nor unbounded solutions. If P is not empty the optimizer is
unique. Two cases can occur if P is not empty:

Case 1. The optimizer lies strictly inside the feasible polyhedron (Figure 2.6(a)).

Case 2. The optimizer lies on the boundary of the feasible polyhedron (Figure
2.6(b)).

In Case 1 the QP (2.24) is unconstrained and we can find the minimizer by
setting the gradient equal to zero

Hz 4+ q=0. (2.26)

Since H = 0 we obtain z* = —H !q.

Dual of QP

Consider the QP (2.24)
min, 17Hz+q'2
subj. to Gz < w.

The Lagrange function as defined in (1.14) is

1
L(z,u) = gz’Hz +q'z+u (Gz —w).
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The dual cost is

1
d(u) = min EZIHZ +q'z+ v (Gz — w) (2.27)
and the dual problem is
1
max min §Z/HZ +q'z+u (Gz —w). (2.28)

For a given u the Lagrange function $z'Hz + ¢’z +u/(Gz — w) is convex. Therefore
it is necessary and sufficient for optimality that the gradient is zero

Hz4q+Gu=0.

From the equation above we can derive 2 = —H (¢ + G'u) and, substituting this
in Equation (2.27), we obtain:

1 1
d(u) = —§u’(GH_1G’)u —u'(w+GH 1q) — iq’H_lq. (2.29)

By using (2.29) the dual problem (2.28) can be rewritten as:

min,, %u’(GH_lG')u—&-u’(w—i—GH_lq) + %q'H_lq

subj. to u > 0. (2:30)

Note that for convex QPs feasibility implies strong duality (Remark 1.3).

KKT conditions for QP

Consider the QP (2.24). Then, Vf(2) = Hz+q, ¢;(z) = G;z — w; (where G; is the
i-th row of G), Vg;(z) = G;. The KKT conditions become

Hz+q+Gu=0 (2.31a)
wi(Giz—w;)) =0, i=1,...,m (2.31b)
u >0 (2.31¢)

Gz—w <0 (2.31d)

Active Constraints and Degeneracies

Consider the definition of active set A(z) in (2.10). Note that A(z*) may be empty
in the case of a QP. We define primal and dual degeneracy as in the LP case.

Definition 2.4 The QP (2.2}) is said to be primal degenerate if there exists a
z* € Z* such that the LICQ does not hold at z*.

Note that if the QP (2.24) is not primal degenerate, then the dual QP (2.30) has
a unique solution since u}, 4, = 0 and (GaH ~'G’,) is invertible.

Definition 2.5 The QP (2.2/) is said to be dual degenerate if its dual problem
is primal degenerate.
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2.3.5

2.4

We note from (2.30) that all the constraints are independent. Therefore LICQ
always holds for dual QPs and dual degeneracy can never occur for QPs with
H > 0.

Constrained Least-Squares Problems

The problem of minimizing the convex quadratic function
|Az —b||3 = 2/’ A’ Az — 20/ Az + b'b (2.32)

is an (unconstrained) QP. It arises in many fields and has many names, e.g., linear
regression or least-squares approximation. From (2.26) we find the minimizer

25 = (AA)"TA'b = ATp,

where Af is the generalized inverse of A. When linear inequality constraints are
added, the problem is called constrained linear regression or constrained least-
squares, and there is no longer a simple analytical solution. As an example we
can consider regression with lower and upper bounds on the variables, i.e.,

min, | Az — b||3

subj. to I <z <ui, i=1 (2.33)

N

which is a QP. In Chapter 6.3.1 we will show how to compute an analytical solution
to the constrained least-squares problem. In particular we will show how to compute
the solution z* as a function of b, u; and [;.

Mixed-Integer Optimization

As discussed in Section 1.1.2, if the decision set Z in the optimization problem (1.2)
is the Cartesian product of a binary set and a real Euclidian space, i.e., Z C
{[2cs 2] : 2c € R¥, 2z, € {0,1}°0}, then the optimization problem is said to be mized-
integer. In this section Mixed Integer Linear Programming (MILP) and Mixed
Integer Quadratic Programming (MIQP) are introduced.

When the cost of the optimization problem (1.10) is quadratic and the
constraints are affine, then the problem is called a mized integer quadratic program
(MIQP). The most general form of an MIQP is

infl, ., %Z'HZ +q¢z+r
subj. to  Geze + Gpzp < w

Acze+Apzpy = b (234)
ze € R¥) 2z, € {0, 1}
2 = [z, 2],

where H = 0 € R¥*%, G, € R™*% G, € R™*% w € R™, A, € RP*%< A, €
RP*s% b € RP and s = s, + s4. Mixed integer quadratic programs are nonconvex
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optimization problems, in general. When H = 0 the problem is called a mixed
integer linear program (MILP). Often the term r is omitted from the cost since
it does not affect the optimizer, but r has to be considered when computing the
optimal value. In this book, we will often use the form of MIQP with inequality
constraints only

infls, o) 37 Hetqz4r

subj. to  Geze + Gpzp < w (2.35)
ze € R%, 2z, € {0, 1}
z = zc, 2p)-

The general form can always be translated into the form with inequality constraints
only by standard simple manipulations.
For a fixed integer value z;, of z,, the MIQP (2.34) becomes a quadratic program:

infzc %ZéHch + qc(zb)lzc + k(Zb)

subj. to  Geze <w — GpZ (2.36)
A(:Zc = beq - Abzb
Ze € R,

Therefore the most obvious way to interpret and solve an MIQP is to enumerate
all the 2 integer values of the variable z, and solve the corresponding QPs. By
comparing the 2% optimal costs one can derive the optimizer and the optimal cost
of the MIQP (2.34). Although this approach is not used in practice, it gives a
simple way for proving what is stated next. Let Pz be the feasible set (1.6) of
problem (2.35) for a fixed z, = Z. The cost is a quadratic function defined over
R*e and Pz, is a polyhedron defined by the inequality constraints

Geze <w — Gpzyp. (237)

Denote by f* the optimal value and by Z* the set of optimizers of problem (2.34)
If Pz, is empty for all Z,, then the problem (2.35) is infeasible. Five cases can occur
if P;, is not empty for at last one z, € {0, 1}%:

Case 1. The MIQP solution is unbounded, i.e., f* = —oo. This cannot happen if
H. > 0.

Case 2. The MIQP solution is bounded, i.e., f* > —oo and the optimizer is
unique. Z* is a singleton.

Case 3. The MIQP solution is bounded and there are infinitely many optimizers
corresponding to the same integer value. Z* is the Cartesian product of an
infinite dimensional subset of R® and an integer number z;. This cannot
happen if H, > 0.

Case 4. The MIQP solution is bounded and there are finitely many optimizers
corresponding to different integer values. Z* is a finite set of optimizers

{(Zik,c’ Zik,b)’ ) (Zl*\f,c’ Z}k\l,b)}'

Case 5. The union of Case 3 and Case 4.
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Numerical Methods for
Optimization

Contributed by Dr. Alexander Domahidi and Dr. Stefan Richter
ETH Zurich
alex. domahidi@gmail.com, stefan.richter@alummni.ethz.ch

There is a great variety of algorithms for the solution of unconstrained and
constrained optimization problems. In this chapter we introduce those algorithms,
which are important for the problems encountered in this book and explain the
underlying concepts. In particular, we present numerical methods for finding a
minimizer z* to the optimization problem

min, f(z)

subj. to z € S, (3.1)
where both the objective function f : R® — R and the feasible set S are convex,
hence (3.1) is a convex program. We will assume that if the problem is feasible, an
optimizer z* € S exists, i.e., f* = f(z%).

Convergence

Many model predictive control (MPC) problems for linear systems have the form of
problem (3.1) with a linear or convex quadratic objective function and a polyhedral
feasible set S defined by linear equalities and inequalities. In all but the simplest
cases, analytically finding a minimizer z* is impossible. Hence, one has to resort
to numerical methods, which compute an approximate minimizer that is “good
enough” (we give a precise definition of this term below). Any such method proceeds
in an iterative manner, i.e., starting from an initial guess 2°, it computes a sequence
{2k }i=hmax where
PLARIE (zk,f, S) ,
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with ¥ being an update rule depending on the method. For a method to be useful, it
should terminate after kpyax iterations and return an approximate minimizer z*max
that satisfies

|f (zk""‘“‘) —f(z*)| <e and dist(zFmx, ) <6,

dlSt S = min -

is the shortest distance between a point and a set in R® measured by the norm || - ||.
The parameters €, > 0 define the required accuracy of the approximate minimizer.

There exist mainly two classes of optimization methods for solving (3.1): first-
order methods that make use of first-order information of the objective function
(subgradients or gradients) and second-order methods using in addition second-
order information (Hessians). Note that either method may also use zero-order
information, i.e., the objective value itself, for instance, to compute step sizes.

In the following list, key aspects that are important for any optimization method
are summarized. Some of these aspects are discussed in detail for the corresponding
optimization methods later in this chapter.

o Convergence: Is knyax finite for all accuracies €,6 > 07

e Convergence rate: How do errors |f (2¥) — f (2*) | and dist(z*, S) depend on
the iteration counter k7

e Feasibility: Does the method produce feasible iterates, i.e., dist(z*,S) = 0
for all iterations k?

o Numerical robustness: Do the properties above change in presence of
finite precision arithmetics when using fixed or floating point number
representations?

o Warm-starting: Can the method take advantage of 20 being close to a
minimizer z*?7

e Preconditioning: Is it possible to transform (3.1) into an equivalent problem
that can be solved in fewer iterations?

o Computational complexity: How many arithmetic operations are needed for
computing the approximate solution z*max?

The speed or rate of convergence relates to the second point in the list above
and is an important distinctive feature between various methods. We present a
definition of convergence rates next.

Definition 3.1 (Convergence Rates (cf. [223, Section 2.2])) Let {e*} be a
sequence of positive reals that converges to 0. The convergence rate of this sequence
is called linear if there exists a constant q € (0,1) such that

k+1

lim sup

<q.
k—oc0 ek 1
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If ¢ = 1, the convergence rate is said to be sublinear, whereas if ¢ = 0, the sequence
has a superlinear convergence rate. A superlinearly converging sequence converges
with order p if

k+1

lim sup <C,

k— oo ek?

where C' is a positive constant, not necessarily less than 1. In particular, superlinear
convergence with order p = 2 is called quadratic convergence.

For an optimization method, the sequence {e*} in the definition above can be
any sequence of errors associated with the particular method, e.g., €* can be defined
as the absolute error in the objective value

*=|f(z") = f(z")]

or any other nonnegative error measure that vanishes only at a minimizer z*.

In the previous classification of convergence rates, sublinear convergence is
eventually slower than linear convergence which itself is eventually slower than
superlinear convergence. Within superlinear convergence rates, the ones with higher
order converge faster eventually. However, for a fixed number of iterations, the
actual ordering of convergence rates also depends on constants g and C', for instance,
a linearly converging sequence with a small value of ¢ might have a smaller error
after 10 steps than a quadratically converging sequence.

In the remainder of this chapter we first introduce methods that solve the
unconstrained problem, i.e., S = R® in Section 3.2. They are the prerequisite
for understanding constrained optimization methods, i.e., S C R?®, which are then
presented in Section 3.3.

Unconstrained Optimization
In unconstrained smooth optimization we are interested in solving the problem
min f(z), (3.2)

where f: R® — R is convex and continuously differentiable.

For the purpose of this section, we focus on so-called descent methods for
unconstrained optimization. These methods obtain the next iterate z**! from the
current iterate z¥ by taking a step of size h¥ > 0 along a certain direction d*:

2L = 2k pRgh (3.3)

Particular methods differ in the way d* and h* are chosen. In general, d* has to
be a descent direction, i.e., for all z* # z* it must satisfy

Vf(R)d" <o. (3.4)
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3.21

The step sizes h* have to be chosen carefully in order to ensure a sufficiently large
decrease in the function value, which is crucial for convergence of descent methods.
Since solving for the optimal step size,

K, : k k
h Eargri?zngf(z + hd"),

is generally too expensive, inexact line search methods are used instead. They
compute h* cheaply and achieve a reasonably good decrement in the function
value ensuring convergence of the algorithm. We discuss line search methods in
Section 3.2.3.

In the following, we present two of the most important instances of descent
methods: the classic gradient method in Section 3.2.1 and Newton’s method in
Section 3.2.2. We include Nesterov’s fast gradient method in the discussion along
with gradient methods, although it is not a descent method. We shall see that
gradient methods, under certain assumptions on the gradient of f, allow for a
constant step size, which results in an extremely simple and efficient algorithm in
practice. Newton’s method, on the contrary, requires a line search to ensure global
convergence, but it has a better (local) convergence rate than gradient methods.

Gradient Methods

Classic Gradient Method

One property of the gradient of f evaluated at z¥, Vf(2*), is that it points into
the direction of steepest local ascent. The main idea of gradient methods for
minimization is therefore to use the anti-gradient direction as a descent direction,

d* = -V f(z"),

trivially satisfying (3.4). Before turning to the question of appropriate step sizes h*,
we introduce an additional assumption on the gradient of f. For the remainder of
this section, we assume that f has a Lipschitz continuous gradient, i.e., that f is
so-called L-smooth. All of the upcoming results regarding Lipschitz continuity of
the gradient are taken from [220, Section 1.2.2].

Definition 3.2 (L-Smoothness of a Function) Let f : R® — R be once conti-
nuously differentiable on R®. The gradient V f is Lipschitz continuous on R® with
Lipschitz constant L > 0 if for all pairs (z,y) € R® x R?

IVF(z) = Vil < Lz -yl

If function f is twice continuously differentiable, L-smoothness can be char-
acterized using the largest eigenvalue of the Hessian of f. This alternative
characterization can be useful in order to compute the actual value of the Lipschitz
constant.

Lemma 3.1 (L-Smoothness: Second-Order Characterization) Let func-
tion f :R® — R be twice continuously differentiable on R®. Then the gradient V f
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-1 -0.5 0 0.25 0.5 1
z

Figure 3.1 Upper and lower bounds on functions: The quadratic upper bound
stems from L-smoothness of f (Definition 3.2), while the quadratic lower
bound is obtained from strong convexity of f (Theorem 3.1). In this example,
f(2) = 2° + 32+ 1 and we have chosen L = 3 and p = 1 for illustration.

is Lipschitz continuous on R® with Lipschitz constant L > 0 if and only if for
all z € R?

IV2f )| < L.
The most important consequence of Lipschitz continuity of the gradient is that

f can be globally upper-bounded by a quadratic. This is expressed in the next
lemma and illustrated in Figure 3.1.

Algorithm 3.1  Gradient method for smooth convex optimization

Input: Initial iterate z° € R®, Lipschitz constant L of V f
Output: Point close to z*

Repeat
P AP, . %Vf(zk)

Until stopping criterion is satisfied

Lemma 3.2 (Descent Lemma) Let f be L-smooth on R*. Then for any pair
(z,y) € R® x R® we have

F(2) < Fl) + Vi) G- 9) + 5 =l (35)

We now return to the choice of step sizes h* in (3.3). Notice that interpreting the
next iterate z#*t1 as the result of minimizing a quadratic at the previous iterate z*,

2FH1 = argmin f(z, 2%), (3.6)
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where we define
Flz,2%) = fF(5) + VF(R) (2 = 2%) + ﬁllz - 2F|P7, (3.7)
yields after some standard calculus the classic gradient update rule
L= 2k BV f(2F).

The quadratic function f(z, z¥) in (3.7) is parametrized by the step length h*.

Choosing it as
1

Zv
the quadratic f(z,2") becomes an upper bound on f (Lemma 3.2). Convergence
of the gradient method can then be shown using the relation

hF =

kry D kit ey D E ok by ek
FETT) < FT ) < f(2R,20) = f(2), (3.8)

where the first and second inequality are due to (3.5) and (3.6) respectively. In
fact, the second inequality is strict for z* # 2*.

The gradient method with constant step size summarized in Algorithm 3.1
can be shown to converge sublinearly with the number of iterations growing
proportionally to L/e - ||2% — 2*||? [220, Corollary 2.1.2]. The required level of
suboptimality € > 0 is hereby defined in terms of the error in the objective value
f (zk) — f*. Note that in case of a constant step size, the gradient method is
an extremely simple, division-free algorithm (given that the gradient Vf can be
computed without divisions).

Remark 3.1 If the Lipschitz constant L is unknown, a simple strategy is to start
with an initial guess L > 0, solve for z**! according to (3.6) with h* = 1/L and then
check whether the first inequality in (3.8) holds true. If so, the quadratic objective
in (3.6) was a (local) upper bound of f and minimization consequently leads to a
decrease in the function value, i.e., f(z"") < f(2*). Otherwise, the current guess
for the Lipschitz constant needs to be increased, e.g., L= QE, and the procedure
repeated. Termination is guaranteed because f was assumed L-smooth.

Algorithm 3.2 Fast gradient method for smooth convex optimization

Input: Initial iterates 2° € R®, y° = 2°; o = 1(v/5—1), Lipschitz constant L of V f
Output: Point close to z*

Repeat
1
eyt = VW)

oF
aF 5 ( ak? +4fak)
af(1 - ab)
ak? 4 okt

Yt o PR gR(RHL k)

B

Until stopping criterion is satisfied
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Fast Gradient Method

An accelerated version of the gradient method, Nesterov’s fast gradient method
[220, Section 2.2], is given in Algorithm 3.2. The basic idea behind this method is
to take the gradient at an affine combination of the previous two iterates, i.e., the
gradient is evaluated at

yk — Zk +Bk_1(zk _ Zk—l)

for some carefully chosen 3*~1! € (0,1). This two-step method can be shown to
converge sublinearly with the number of iterations growing proportionally to /L /e
|29 — 2*|] [220, Theorem 2.2.2]. This is the best convergence rate for L-smooth
problems using only first-order information (see [220, Section 2.1] for details). The
mathematical reasoning behind the improved convergence rate and optimality of
the fast gradient method amongst all first-order methods is quite involved and
beyond the scope of this book.

Example 3.1 Gradient method vs. fast gradient method for quadratic functions
Consider the optimization problem given by

1
min §z/Hz +q'z,
where the Hessian and the linear cost vector are given by

02 02 —0.1
H= {0.2 2} and q_{ 0.1}‘

For quadratic functions, a tight Lipschitz constant L of the gradient can be
determined by computing the largest eigenvalue of the Hessian (Lemma 3.1), i.e.,

L = Amax(H), (3.9)

here L = 2.022. The upper left plot in Figure 3.2 shows the first 10 iterations of
the gradient method with constant step size 1/L (Algorithm 3.1). The upper right
and lower left plot show the first 10 iterations using larger (but constant) step
sizes, which correspond to underestimating the tight Lipschitz constant L. It can
be shown that if L is underestimated by a factor of 2 or more, convergence is lost
(cf. lower left plot). The lower right plot shows the iterates of the fast gradient
method using the tight Lipschitz constant (Algorithm 3.2). Contrary to the gradient
method, the fast gradient method generates a nonmonotonically decreasing error
sequence.

Strongly Convex Problems

In the case where the objective function f in (3.2) is also strongly convex, linear
convergence rates can be established for both the gradient method and the fast
gradient method. The following theorems from [151, Section B] characterize strong
convexity whenever the function is once or twice continuously differentiable. For
an illustration of this property see Figure 3.1.
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4
-
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(c) GM. Step size % (d) FGM. Step size %

Figure 3.2 Example 3.1. First 10 iterations of the gradient method (GM)
with constant step size 1/L using the tight, a slightly underestimated and a
strongly underestimated Lipschitz constant L. Also shown are the iterates
of the fast gradient method (FGM) using the tight Lipschitz constant. The
contour lines indicate the function value of each iterate. Note that the
gradients are orthogonal to the contour lines.

Theorem 3.1 (Strong Convexity: First-Order Characterization) Let fun-
ction f : R® — R be once continuously differentiable on R*. Then f is strongly

conver on R® with convexity parameter p>0 if and only if for all pairs (z,y) €
R® x R?

()2 F@) + VW) (= =) + 5 Iz = ul*.

Theorem 3.2 (Strong Convexity: Second-Order Characterization) Let
f:R® = R be twice continuously differentiable on R®. Then f is strongly convex
on R® with parameter p > 0 if and only if for all z € R®

V2f(2) = pl,.

Algorithm 3.3 Fast gradient method for smooth strongly convex optimization

Input: Initial iterates 2° € R*, 3° = 2%, 0 < Vi/L < a® < 1, Lipschitz constant L
of Vf, strong convexity parameter p of f
Output: Point close to z*

Repeat

1
AR yk L Vf(yk)
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k+1
Compute a1 € (0,1): o*+1* = (1 — aF1)a** + WL

af(1 - a")
ak? + ak+l
yk+1 «— Zk+1 +ﬁk(zk+l _ Zk)

Br

Until stopping criterion is satisfied

From Theorem 3.1 it follows that a differentiable strongly convex function can
be lower-bounded by a quadratic. Relating this to the quadratic upper bound in
Lemma 3.2, the inequality

L
1

follows intuitively. The constant sy is the so-called condition number of the
L-smooth and strongly convex function f.

With the additional assumption of strong convexity, it can be shown that the
gradient method in Algorithm 3.1 converges linearly with the number of iterations
growing proportionally to ks - In(1/€) [220, Theorem 2.1.15] with € > 0 being the
required level of suboptimality in terms of the error in the objective. In order
for the fast gradient method in Algorithm 3.2 to achieve linear convergence rate,
it either needs to be modified or restarted after a number of steps that depends
on the condition number x¢. In both cases it can be shown that the number of
iterations grows proportionally to ,/ky-In(1/¢) [220, Theorem 2.2.2]. This is the best
convergence rate for L-smooth and strongly convex problems using only first-order
information (see [220, Section 2.1] for details). A modified fast gradient method that
takes strong convexity into account explicitly and thus does not need restarting is
given in Algorithm 3.3.

Kf = >1

Example 3.2 Strong convexity parameter of a quadratic function
Let f: R®* — R be a quadratic function defined as

flz)= %Z’HZ +q'z

with H > 0. Then, by Theorem 3.2, the (tight) parameter for strong convexity p is
the smallest eigenvalue of the Hessian H, i.e.,

M= )\min(H)-

For the Hessian given in Example 3.1 we therefore have p = 0.178, and the condition
number is Ky = 11.36. From the convergence results for the gradient method and the
fast gradient method for the strongly convex case it follows that condition numbers
close to 1 lead to fast convergence. So, for this example, fast convergence can be
guaranteed for both methods.

Preconditioning

In the previous section we have seen that for gradient methods the number of
iterations to find an approximate minimizer depends on the condition number x¢.
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In practice, a high condition number usually indicates that many iterations of
Algorithm 3.1 and Algorithm 3.3 are needed to achieve the specified accuracy.
To improve the conditioning of the problem and thus to lower the amount of
computation needed to obtain an approximate minimizer, one can transform
problem (3.2) into an equivalent problem by a variable transformation

y= Pz

with P invertible. The aim is to choose the preconditioner P such that the new
objective function h(y) = f(P~'y) has a smaller condition number, i.e., K, < kf.
Intuitively, the best choice for P is one that achieves a circular shape of the
level sets of the objective function or at least comes close to it. Mathematically
speaking, the preconditioner matrix P should be such that x; = 1. Finding optimal
preconditioners for which x; = 1 is impossible for all but the simplest cases. We
give one such example in the following.

Example 3.3 Optimal preconditioner for a quadratic function
Let f(z) = 22'Hz 4 ¢'z with Hessian H > 0. It is easily verified that P = HY? is

the optimal preconditioner for which k, = 1, since h(y) = %y'y + q’Hiéy. However,
computing H Y2 and its inverse is more expensive than minimizing f, which only
requires the inverse H '. So nothing has been gained from preconditioning in this

example.

Stopping Criteria

Stopping criteria test whether the current iterate z* is optimal or, more practically,
has attained an acceptable level of suboptimality. In optimization, the most natural
stopping criterion is

f) = [ <e (3.10)
where € > 0 is an accuracy measure specified by the user. However, since the optimal
value f* is rarely known, we look for a computable lower bound fc* (< f*), so
that we arrive at the evaluable sufficient condition for (3.10)

fEF) = <e

The latter stopping criterion works for any € > 0 if the lower bounds f** converge
to the optimal value f* for an increasing iteration counter k. B

For differentiable convex functions such lower bounds can be constructed right
from the definition of convexity, i.e.,

P2 fER +VEE (2 - 20
> f(5) = IVFEIZ = 24,

where the last inequality is due to Cauchy-Schwarz. Observe that for any converging
method, this lower bound converges to f* from below since the gradient at the
minimizer z* vanishes in unconstrained optimization.
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For many problems, the distance between an iterate and the minimizer can be
upper-bounded, i.e., ||z* — 2¥|| < R for all iterations k. Consequently, we end up
with the evaluable stopping criterion

IVFE)IR < e,

which is sufficient for (3.10).

More sophisticated stopping criteria can be derived if properties such as strong
convexity of function f are exploited. For more details, we refer the interested
reader to [250, Section 6.3].

Summary

In this section, we have discussed the concept of descent methods and presented
one of the most important instances, the classic gradient method for smooth
convex optimization. Although not a descent method in its basic form, Nesterov’s
fast gradient method was included due to its simplicity and improved speed of
convergence. Both methods are particularly useful in the strongly convex case,
where they converge linearly, with the fast gradient method attaining the best
theoretical convergence rate possible for first-order methods. Despite a slower
theoretical (and most of the time also practical) convergence, the classic gradient
method is well-suited for processors with fixed-point arithmetic, for instance field-
programmable gate arrays (FPGAs), because of its numerical robustness against
inaccurate computations. For the fast gradient method, recent research, e.g., [97],
indicates that care has to be taken if inexact gradients are used. When using
gradient methods in practice, preconditioning should be applied to decrease the
condition number of the problem in order to decrease the number of iterations
needed. The latter can also be achieved by warm-starting, i.e., starting the methods
from a point 2z° close to a minimizer z*. This follows immediately from the
dependence of the number of iterations on the distance ||2° — z*||. More information
and links to the literature can be found in [250].

Newton’s Method

The (fast) gradient method uses only first-order information of the function f.
A much more quickly converging algorithm, at least locally, can be obtained when
using second-order information, i.e., the Hessian V2 £. In the following, we assume
f to be p-strongly convex; hence, the Hessian V2f is positive definite on R®.
Furthermore we assume that the Hessian V2f is Lipschitz continuous on R® with
Lipschitz constant M, i.e.,

IV2f(z) = V2 f(y)ll < M|}z -y Vz,y € R". (3.11)

Intuitively, the constant M measures how well f can be approximated by a
quadratic function (M = 0 for a quadratic function f).



44

3 Numerical Methods for Optimization

Algorithm 3.4  Newton’s method for (3.2) (strongly convez case)

Input: Initial iterate z° € R®
Output: Point close to z*
Repeat
Newton direction: d* < — [V?f(2")] -t V(%)
Line search: find h* > 0 such that f(z* + h*d*) < f(z*)
PARRIPEp LRy L

Until stopping criterion is satisfied

The main idea of Newton’s method is to approximate the function f by a local
quadratic model 6(d) based on a second-order Taylor expansion,

fGP+d) = f(25) + V(R d + %d’VQf(z’“)d = 0(d), (3.12)

where V2 f(2*) is the Hessian of f evaluated at the current iterate 2* and d is a
search direction. The latter is chosen to minimize the quadratic model 0(d). From
the optimality condition V40(d) = 0, the so-called Newton direction

dn () = = [V2f(z5)] 7 V() (3.13)
is obtained. The Newton direction is a descent direction, as it satisfies (3.4):

Vi) dy (%) = =VIE) [V IEDITVE) <0 (3.14)
for all z* # 2* since, by strong convexity, the inverse of the Hessian [V2 f (z)]_1
exists for all z € R® and is positive definite. If the Lipschitz constant of the Hessian,
M, is small, this method works very well, since the quadratic model remains a good
approximation even if a full Newton step is taken. However, the quadratic model
0(d) is in general neither an upper nor a lower bound on f, and consequently a line
search (Section 3.2.3) must be used to ensure a sufficient decrease in the function
value, which results in global convergence of the algorithm. Newton’s method is
summarized in Algorithm 3.4. It can be shown to converge globally in two phases
(for technical details see [65, Section 9.5] and [220, Section 1.2.4]):

1. Damped Newton phase: When the iterates are “far away” from the optimal
point, the function value is decreased sublinearly, i.e., it can be shown that
there exist constants 7, v (with 0 < n < p?/M and v > 0) such that f(z*1)—
f(zF) < — for all 2* for which ||V f(z*)|l2 > 1. The term damped is used in
this context since during this phase, the line search often returns step sizes
h* <1, i.e., no full Newton steps are taken.

2. Quadratic convergence phase: If an iterate is “sufficiently close” to the
optimum, i.e., |[Vf(2*)|l2 < 1, a full Newton step is taken, i.e., the line
search returns h* = 1. The set {z | [|[Vf(2)|l2 < n} is called the quadratic
convergence zone, and once an iterate zF is in this zone, all subsequent
iterates remain in it. The function value f(z*) converges quadratically (i.e.,
with the iteration number growing proportionally to kmax ~ O (Inl/e))
to f*.
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The quadratic convergence property makes Newton’s method one of the
most powerful algorithms for unconstrained optimization of twice continuously
differentiable functions. (The method is also widely employed for solving nonlinear
equations.) As a result, it is used in interior point methods for constrained optimiza-
tion to solve the (unconstrained or equality constrained) subproblems in barrier
methods or to generate primal-dual search directions. We discuss these in detail in
Section 3.3.2.

A disadvantage of Newton’s method is the need to form the Hessian V2 f(z*),
which can be numerically ill-conditioned, and to solve the linear system

V2f(2M)dy = =V f(Z5) (3.15)

for the Newton direction dy, which costs O(s®) floating point operations in general.
Each iteration is therefore significantly more expensive than one iteration of any
of the gradient methods.

Preconditioning and Affine Invariance

Newton’s method is affine invariant, i.e., a linear (or affine) transformation of
variables as discussed in Section 3.2.1 will lead to the same iterates subject to
transformation, i.e.,

2 =Py* VE=0,..., knax- (3.16)

Therefore, the number of steps to reach a desired accuracy of the solution does not
change. Consequently, preconditioning has no effect when using Newton’s method.

Newton’s Method with Linear Equality Constraints

Equality constraints are naturally handled in Newton’s method as follows. Assume
we want to solve the problem

minimize  f(z)

subject to Az =1b (3.17)

with A € RP*® (assuming full rank p) and b € RP. As discussed above, the Newton
direction is given by the minimization of the quadratic model 0(d) at the current
feasible iterate 2* (i.e., Az¥ = b) with an additional equality constraint:

- enin Ly Y g (et
deargmjn QdV fE)d+ V() d+ f(=z7) (3.18)
subj. to Ad=0

Since d is restricted to lie in the nullspace of A, we ensure that any iterate generated
by Newton’s method will satisfy AzFT! = A(z* + h¥dy(2%)) = b. From the
optimality conditions of (3.18), it follows that dy is obtained from the solution
to the linear system of dimension s + p:

P49 41 - o9

where y € RP are the Lagrange multipliers associated with the equality constraint
Ad =0.
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3.2.3

Line Search Methods

A line search determines the step length h* that is taken from the current iterate
2% € R* along a search direction Az* € R?® to the next iterate,

PAIEPLIEEY LY. (3.20)

In the most general setting, a merit function ¢ : R® — R is employed to measure
the quality of the step taken to determine a value of the step size h¥ that ensures
convergence of the optimization algorithm. Merit functions can, for example, be
the objective function f, or the duality measure p (3.44) in primal-dual interior
point methods.

The general line search problem can be written as a one dimensional optimiza-
tion problem over the step size h,

* . k k
h eargrglzlglcp(z + hAZ"), (3.21)

minimizing the merit function along the ray {z* + hAz*} for h > 0. It is often too
expensive to solve this problem exactly, and therefore usually inezact line search
methods are employed in practice that return a step size h* that approximates
the optimal step size h* from (3.21) sufficiently well. In the following, we give a
brief overview on practical inexact line search methods; see [224] for a thorough
treatment of the subject.

Wolfe Conditions

In order to ensure convergence of descent methods for unconstrained optimization,
for example Newton’s method presented in Section 3.2, certain conditions on the
selected step size h* must be fulfilled. Popular conditions for inexact line searches
are the so-called Wolfe conditions [223]

FP +RPAZR) < F(2F) + e hEV (7)) AR (3.22a)
VI(ZF +hEAZEY AZE > e,V f(2F) AZF (3.22b)

with 0 < ¢; < ¢ < 1. The first condition (3.22a) is called Armijo’s condition [9],
and ensures that a sufficient decrease in the objective is achieved. The second
condition, the curvature condition (3.22b), ensures that the step length is not too
small [223].

One of the most popular inexact line search methods that fulfills the Wolfe
conditions is the backtracking line search as discussed in the following.

Backtracking Line Search for Newton’s Method

The backtracking line search for Newton’s method is given in Algorithm 3.5. It
starts with a unit step size, which is iteratively reduced by a factor ¢ € (0, 1) until
Armijo’s condition (3.22a) is satisfied. It can be shown that it is not necessary to
check the curvature condition because it is implied by the backtracking rule [223,
Algorithm 3.1].
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Algorithm 3.5  Backtracking Line Search for Newton’s Method (Algorithm 3.4) [223,
Algorithm 8.1]

Input: Current iterate z¥, descent direction Az, constants ¢ € (0,1) and ¢ € (0,1)
Output: Step size h* ensuring Wolfe conditions (3.22)
hF 1
Repeat
h* < th*
Until Armijo’s condition (3.22a) holds, ie., fE" + RFAZN < fE5) +
ch*V f(")/AZ"

Backtracking Line Search for Constrained Optimization

In order to obtain a line search method that ensures in addition feasibility of the
next iterate z**!, the backtracking procedure is preceeded by finding 0 < h < 1
such that 2* + hAzF is feasible [65, pp. 465]. The backtracking then starts with
h¥ = h in Algorithm 3.5.

Constrained Optimization

In this section we present three methods to solve the constrained optimization
problem (1.1): gradient projection, interior point and active set methods.

Gradient Projection Methods

Gradient methods presented in Section 3.2.1 for unconstrained L-smooth convex
optimization (or strongly convex optimization with parameter p) have a natural
extension to the constrained problem

min, f(2)
subj. to z€ S (3.23)

where S is a convex subset of R°. The treatment of constraints within first-order
methods is best explained in terms of the classic gradient method in Algorithm
3.1; the accelerated versions (Algorithm 3.2 and Algorithm 3.3) can be adapted
according to the same principle.

As in the unconstrained case, we begin by rewriting the gradient update rule
as a minimization of a quadratic upper bound of f defined in (3.7) with h* = 1/L,
but restrict the minimization to the set S:

= argmin f(5) 4+ VIV (e - ) 4 Dl K (3.24)
ze

The solution to this constrained minimization problem can be recast as

= 1g (zk' - in(zk)) , (3.25)
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where mg denotes the projection operator for set S defined as

1 2
= Sy — 2|1 2
ms(2) = argmin o [ly — | (3.26)

Algorithm 3.6  Gradient method for constrained smooth conver optimization

Input: Initial iterate z° € S, Lipschitz constant L of V f
Output: Point close to z*

Repeat
2 g (zk — %Vf(zk))

Until stopping criterion is satisfied

Algorithm 3.7 Fast gradient method for constrained smooth strongly convex
optimization

Input: Initial iterates 2° € S, y° = 2%, 0 < /u/L < o° < 1, Lipschitz constant L of
V f, strong convexity parameter p of f
Output: Point close to z*

Repeat
J S R <yk _ %Vf(yko

Compute o1 € (0,1): ok 1% = (1-— ak+1)ak2 + 2

Bk «— ak(l _ak)
ak2+ak+1

yk+1 — Zk+1 —|—Bk(zk+1 _ Zk)

Until stopping criterion is satisfied

The expressions (3.24) and (3.25) for zF*! can be shown to be equivalent
by deriving the optimality conditions and noting that they coincide. Thus, for
constrained optimization, Algorithms 3.1, 3.2 and 3.3 remain unchanged, except
that the right hand side of the assignment in the first line of these algorithms is
projected onto set S. The resulting algorithmic schemes are stated in Algorithm
3.6 (gradient method) and Algorithm 3.7 (fast gradient method for the strongly
convex case) and illustrated in Figure 3.3. It can be shown that for both Algorithm
3.6 and Algorithm 3.7 the same convergence results hold as in the unconstrained
case [220, Section 2.2.4].

Whenever the projection operator for set S can be evaluated efficiently, as for
the convex sets listed in Table 3.1, gradient projection methods have been shown
to work very well in practice. Such sets, which are also referred to as ‘simple’
sets in the literature, can be translated, uniformly scaled and/or rotated without
complicating the projection as stated in the next lemma.
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Table 3.1 Euclidean norm projection operators of selected convex sets in R®

Projection Operator

Set Definition
1 (b—Az) ifrank A =p,

affine set
S={z€R’| Az = b}
otherwise

with (A,b) € RP*® x RP

2+ A'( AA
2+AA Abez)

nonnegative orthant (s (2))
i 0  otherwise

Zi ifzizo, .
. i1=1,...,s
S={zeR’|z>0}

rectangle L if 2 <1y,
S={zeR°|I<z<u} (ms(2),=q2z i<z <wu, i=1,...,s
with (I,u) € R® x R® w;  if zi > wi
2-norm ball reze if |z >
s ms (z) =< Il ’
S={zeR’| |z <r},r>0 z otherwise
‘ f' Lo,
P ZV,’,(zk)

(a) Gradient method. (b) Fast gradient method.
Figure 3.3 Classic gradient method (left) and fast gradient method (right)
for the constrained case. After computing the standard update rule from the
unconstrained case, a projection onto the feasible set is applied.

Lemma 3.3 (Projection on Translated, Scaled and Rotated Convex Set)
Let S C R?® be a closed conver set and mg its associated projection operator.

Projection of point Z € R® on the set
S={zeR’|z=Wy+c, yeS}

that is obtained from set S by translation with offset ¢ € R®, positive scaling by
~v > 0 and a linear transformation with an orthonormal matriz W € R%*5_ can be

accomplished by
o) +ec.

75 (5) = YW ms (v W (2

If the feasible set S is polyhedral and does not have a computationally
efficient projection operator, it can alternatively be precomputed by means of
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multiparametric programming (see Chapter 6) with the point to project as the
parameter. Another possibility is to solve the original problem in the dual domain
instead as discussed next.

Solution in Dual Domain

If set S is such that the projection (3.26) cannot be carried out efficiently, one can
still use first-order methods to solve the constrained problem (3.23) by adopting a
dual approach. In the following, we assume that set S can be written as

S={z€eR°| Az =0, z €K}, (3.27)

where K is a convex subset of R® that allows for an efficient projection and the
pair (A, b) is from RP** x RP. Many practically relevant sets can be represented in
terms of (3.27), i.e., as the intersection of a “simple” convex set and an affine set,
e.g., polyhedra. We can now rewrite the original problem (3.23) as

min f(z)
subj. to Az =10
z e K.

Using a technique called partial Lagrange relaxation [52, Section 4.2.2] we eliminate
the complicating equality constraints and define the (concave) dual function as

d(v) = rznelﬂrg f(z)+v'(Az —b), (3.28)

where v € RP. The concave dual problem is then given by

dr = max d(v), (3.29)
which we also call the outer problem.

In order to apply any of the gradient methods for unconstrained optimization
in Section 3.2 for solving the outer problem, the dual function d(v) needs to fulfill
two requirements: (i) differentiability, i.e., the gradient Vd(v) must exist for all v,
and (ii) Lipschitz continuity of the gradient. Next, we will show that if f is strongly
convex, both requirements are indeed fulfilled.

In the following it is assumed that the objective function f is strongly convex.
Strong convexity ensures uniqueness of the minimizer z*(v) in the definition of
the dual function in (3.28). It is this uniqueness of z*(v) that leads to a differentiable
dual function as shown in [52, Danskin’s Theorem, Proposition B.25]. Specifically,
it can be proved that

Vd(v) = Az*(v) — b,

i.e., every evaluation of the dual gradient requires the solution of the so-called inner
problem (3.28).
The Lipschitz constant L, of the dual gradient can be upper bounded by
2
_ ll4]
T

Lqg
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as stated in [221, Theorem 1]. This upper bound is sufficient for the step size
computation for any gradient method (note that the step size is given by 1/Lg).
However, the less conservative the Lipschitz constant is, the larger the step size
and the smaller the number of iterations. In [251, Theorem 7] it is shown that for
the case of quadratic objective functions f(z) = %Z/HZ + ¢z, H > 0, and under
mild assumptions, the tight Lipschitz constant of the dual gradient is

Ly = |AH"

So, strong convexity of the objective function f is key for using the gradient
methods in Section 3.2.1 for the solution of the dual problem (3.29). If f is not
strongly convex, there are different approaches available in the literature, e.g., a
smoothing approach for the dual function [221].

Note that the (unique) primal minimizer z* can be recovered from the
maximizer of the dual problem v*, assuming it exists, by

It is also important to notice that, in general, the dual function d(v) lacks
strong concavity, so only sublinear convergence rates (instead of linear rates for
the primal problem) can be guaranteed for the solution of the dual problem. This
and the fact that each evaluation of the dual gradient requires solving the inner
problem can make the dual approach, as presented in this section, slow in practice.
More advanced first-order methods can significantly speed up convergence of the
dual approach, e.g., the alternating direction method of multipliers (ADMM). For
more details on ADMM, the interested reader is referred to the survey paper [64].

Summary

This section has introduced the generalization of gradient methods to the con-
strained case, the so-called gradient projection methods. As the name suggests, the
generalization comes from having to compute the projection of a gradient step onto
the feasible set. Apart from this additional operation, these methods are identical
to the ones introduced for the unconstrained case.

There exist many important convex sets for which the projection operator can
be evaluated in an efficient way, some of which are stated in Table 3.1. More sets
can be found, e.g., in [250, Section 5.4], which also contains further literature links.
One important consequence of having a set constraint is that a full preconditioner
matrix P (Section 3.2.1 and Example 3.3) is not admissible anymore since in the
new basis the set can lose its favorable projection properties. For instance, consider
a box constraint with its projection operator given in Table 3.1. Only for a diagonal
preconditioner the set remains a box in the new basis and thus easy to project.
For quadratic objective functions, finding the best preconditioner under set-related
structure constraints turns out to be a convex semi-definite program and hence can
be solved efficiently [250, Section 8.4].

Finally, we point the reader to the recent proximity gradient methods, which
can be understood as a natural generalization of gradient projection methods. An
introduction to these methods and literature links can be found in [250, Chapter 5]
and [228].
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3.3.2

Interior Point Methods

Today interior point methods are among the most widely used numerical methods
for solving convex optimization problems. This is the result of 25 years of
intensive research that has been initiated by Karmarkar’s seminal paper in 1984 on
solving LPs [166]. In 1994, Nesterov and Nemirovskii generalized interior point
methods to nonlinear convex problems, including second-order cone and semi-
definite programming [222]. Issues like numerical ill-conditioning, efficient and
stable solution of linear systems, etc., are now well understood, and numerous free
and commercial codes are available that can solve linear and quadratic programs
with high reliability.

We first discuss barrier methods, which were the first polynomial-time algo-
rithms for linear programming of practical relevance. Then we present modern
primal-dual method. This powerful class of interior point methods forms the basis
of almost all implementations today.

Throughout this section, we consider the primal P-IPM problem

min, f(2)
subj. to Az =1b (3.30)
9(2) <0

where z € R® are the primal variables, the functions f : R® — R and g : R® — R™
are convex and twice continuously differentiable (for g, this holds component-wise
for each function g;, i = 1,...,m). We assume that there exists a strictly feasible
point ¥ with respect to g(z) <0, i.e., the set

S={zeR’| gi(2)<0,i=1,...,m}, (3.31)

has a nonempty interior. We furthermore assume that a minimizer z* exists and
that it is attained.

Primal Barrier Methods

The main idea of the barrier method is to convert the constrained optimization
P-IPM problem (3.30) into an unconstrained problem (with respect to inequalities)
by means of a barrier function ®4: R® — R. We denote by P () the problem

z*(p) € argmin  f(2) + p®y(2)
subj. to Az =1b (3.32)

where 1 > 0 is called barrier parameter. The purpose of the barrier function @, is
to “trap” an optimal solution of problem P(u) (3.32), which we denote by z*(u), in
the set S. Thus, ®4(z) must take on the value +0o whenever g;(z) > 0 for some ¢,
and a finite value otherwise. As a result, z*(u) is feasible with respect to S, but it
differs from z* since we have perturbed the objective function by the barrier term.

With the above idea in mind, we are now ready to outline the (primal) barrier
method summarized in Algorithm 3.8. Starting from (a possibly large) u°, a solution
2*(u°) to problem P(u°) is computed, for example by any of the methods for
unconstrained optimization presented in Section 3.2. For this reason, ®, should
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be twice continuously differentiable, allowing one to apply Newton’s method. After
2*(1°) has been computed, the barrier parameter is decreased by a constant factor,
pt = pu®/k (with k > 1), and z*(u!) is computed. This procedure is repeated
until p has been sufficiently decreased. It can be shown under mild conditions
that z*(u) — 2* from the interior of S as pr — 0. The points z*(p) form the so-
called central path, which is a continuously differentiable curve in S that ends in
the solution set (see Example 3.4). Solving a subproblem P(pu) is therefore called
centering.

If the decrease factor & is not too large, z*(u*) will be a good starting point
for solving P(uf*1), and therefore Newton’s method can be applied to P(uf*1)
to exploit the local quadratic convergence rate. Note that the equality constraints
n (3.30) have been preserved in problem P(u) (3.32), since they do not cause
substantial difficulties for unconstrained methods as shown in Section 3.2. In
particular, we refer the reader to Section 3.2.2 for the equality constrained Newton
method.

Logarithmic Barrier

So far, we have not specified which function to use as a barrier. For example, the

indicator function
0 if g(2) <0
I = , 3.33
o(2) { +o00 otherwise ( )

trivially achieves the purpose of a barrier, but it is not useful since methods for
smooth convex optimization as discussed in Section 3.2 require the barrier function
to be convex and continuously differentiable. A twice continuously differentiable
convex barrier function that approximates I, well is the logarithmic barrier function

=~ In(-ai(2). (3.34)
=1

with domain {z € R® | ¢;(2) <0V i=1,...,m} (the logarithmic barrier confines
z to the interior of the set S), gradient

m

=3 -

9i(2) (3.35)

and continuous Hessian

m

V() = X VeIVl — V), (3.36)

which makes it possible to use Newton’s method for solving the barrier sub-
problems. The logarithmic barrier function is used in almost all implementations
of barrier methods. In fact, the existence of polynomial-time algorithms for
convex optimization is closely related to the existence of barrier functions for the
underlying feasible sets [222].
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Algorithm 3.8  Barrier interior point method for (3.30)

Input: Strictly feasible initial iterate z° w.r.t. g(z) <0, u°, k > 1, tolerance € > 0
Output: Point close to z*

Repeat
Compute z*(*) by minimizing f(z) + p*®,(2) subject to Az = b starting
from the previous solution z*~! (usually by Newton’s method, Algorithm
3.4). This is called “centering step.”
Update: 2" < z*(u")
Stopping criterion: Stop if mu* < ¢
Decrease barrier parameter: p*! « p*/k

Until stopping criterion is satisfied

Example 3.4 Central Path of a QP
Consider the QP

min %z'[g?]z+[4%]z

—1  2.0588 1.0890 (3.37)
. -1 —1.7527 1.0623
subj. to |:349669 1 ] z < |:2.01187:|

1.1997 —1.3622
1.1673 1.3111 1

The solutions of P(u) (3.32) for this Quadratic Program for different values of
are depicted in Figure 3.4. For large u, the level sets are almost identical to the
level sets of ®4(2), i.e., 2*(5) is very close to the analytic center z* = arg min ®,4(z)
of the feasible set. As p decreases, z*(u) approaches z*, by following the central
path.

Example 3.5 Barrier method for QPs
In the following, we derive the barrier method for quadratic programs of the form

1
minimize §Z/HZ +q'z

subject to Az = b, (3.38)

Gz<w

with H = 0, A € RP*° b € R?, G € R™*® and w € R™ from the general method
described above. The logarithmic barrier function for linear inequalities takes the
form

G 1
L = (3.39)
V20, ( Z G:,’Gi
i=1

where G; denotes the i-th row of G and w; the i-th element of w. Hence problem
P(u) (3.32) takes the form
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22

“1 “1
(a) Level curves of f(z) + (b) Level curves of f(z) +
u®g(z) for p=>5 u®g(z) for p=0.25

§
“1 “1
(c) Level curves of f(z)+upPy(2) (d) Central path starting at
for p = 0.0125 analytic center and moving
toward solution of (3.37) as p
decreases

Figure 3.4 Example 3.4. Illustration of interior point method for example
problem (3.37). Black dots are the solutions z*(u).

1, '
~ZHz+qz— Y In(w; - G
min gz Hz +q 2 ,ui:1 n(w; — G;z) (3.40)

subj. to Az = b,
which we solve by Newton’s method. Using the formula for the Newton direction dn

with equality constraints (3.19), we arrive at the following linear system of size s+ p,
which has to be solved in each Newton step at the current iterate z:

- 1 ) , —~ 1 ’
H+u21 (wi_Giz)QGiGi A {dN] - Hz+q+u2wi_GizG,-
i = - i=1
Y
A 0 0

(3.41)

The resulting barrier method for solving (3.38) is summarized in Algorithm 3.9. The
inner loop resembles the Newton iterations of the algorithm, computing z*(u). Note
that a primal feasible line search must be employed to ensure that the iterates remain
in the interior of S, see Section 3.2.3 for details.
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Algorithm 3.9  Barrier interior point method for QPs (5.38)

Input: Strictly feasible initial iterate z° w.r.t. Az =b, Gz < w, u°, k > 1, tolerance
e>0
Output: Point close to z*

Repeat
Initialize Newton’s method with z*° < 2*~1. Set | = 0.
Loop
Newton direction: solve (3.41) for z = 2" to obtain d'(z*).
Feasible line search to obtain step size h*! (see Section 3.2.3).
Update: 251+ < Rl phlght
End inner loop: break if | = lax, otherwise set [ = [+ 1 and continue.
Endloop
Update: z* « zFlmax
Stopping criterion: Stop if mu* < e
Decrease barrier parameter: p*+! « ,uk//f

Until stopping criterion

We conclude this section with a few remarks on the barrier method. The
main computational burden is the computation of the Newton directions by
solving linear systems of type (3.41). This is usually done using direct methods
(matrix factorizations), but iterative linear solvers can be used as well. In most
applications the matrices involved have a special sparsity pattern, which can be
exploited to significantly speed up the computation of the Newton direction. We
discuss structure exploitation for solving (3.41) arising from MPC problems in
Section 14.3.

If the barrier parameter p is decreased too quickly, many inner iterations are
needed, but only a few outer iterations. The situation is reversed if u is decreased
only slowly, which leads to a quick convergence of the inner problems (usually in
one or two Newton steps), but more outer iterations are needed. This tradeoff is
not much of an issue in practice. Usually, the total number of Newton steps is in
the range of 20—40, essentially independent of the conditioning of the problem.
The barrier method can be shown to converge linearly; more details can be found
in [65, Section 11.3].

Finally, we would like to point out that the barrier method is a feasible method,
which means that it starts with a feasible point and all iterates remain feasible.
This complicates the implementation in practice, as a line search must be employed
that maintains feasibility, and a strictly feasible initial iterate 2° has to be supplied
by the user or computed first by what is called a Phase I method. See [65] for more
details.

Computational experience has shown that modern primal-dual methods are
significantly more effective with only little additional computational cost when
compared to the barrier method. Therefore, primal-dual methods are now predom-
inant in commercial codes. They also allow infeasible iterates, that is, the equality
and inequality constraints on the primal variables are satisfied only at convergence,
which alleviates the necessity for finding a feasible initial point. We discuss this class
of methods next.
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Primal-Dual Methods

The general idea of primal-dual interior point methods is to solve the Karush-Kuhn-
Tucker (KKT) conditions by a modified version of Newton’s method. The nonlinear
KKT equations represent necessary and sufficient conditions for optimality for
convex problems under the assumptions discussed in Section 1.6. For the P-IPM
problem (3.30), the KKT conditions are

Vi(z)+Av+G(z)u=0 (3.42a)
Az—b=0 (3.42b)

9(z)+s5=0 (3.42¢)

siu; =0,1=1,...,m (3.42d)

(s,u) >0 (3.42¢)

where the vector s € R denotes slack variables for the inequality constraints
g(z) <0, and v € R} is the vector of the associated Lagrange multipliers. The
vector v € R?P denotes the Lagrange multipliers for the equality constraints Az = b,
and the matrix G(z) € R™*¢ is the Jacobian of g evaluated at z. The variables z
and s are from the primal, the variables v and u from the dual space.

If a primal-dual pair of variables (z*,v*,u*,s*) is found that satisfies these
conditions, the corresponding primal variables (z*, s*) are optimal for (3.30) (and
the dual variables (v*,u*) are optimal for the dual of (3.30)). Since Newton’s
method is a powerful tool for solving nonlinear equations, the idea of applying it to
the system of nonlinear KKT equations is apparent. However, certain modifications
to a pure Newton method are necessary to obtain a useful method for constrained
optimization. The name primal-dual indicates that the algorithm operates in both
the primal and dual space.

There are many variants of primal-dual interior point methods. For a thorough
treatment of the theory, we refer the reader to the book by Wright [290], which
gives a comprehensive overview of the different approaches. In this section, after
introducing the general framework of primal-dual methods, we restrict ourselves
to the presentation of a variant of Mehrotra’s predictor-corrector method [206],
because it forms the basis of most existing implementations of primal-dual interior
point methods for convex optimization and has proven particularly effective in
practice. The method we present here allows infeasible starting points.

Central Path

We start by outlining the basic idea. Most methods track the central path, which we
have encountered already in barrier methods, to the solution set. These methods are
called path-following methods. In the primal-dual space, the central path is defined
as the set of points (z, v, u, s), for which the following relazed KKT conditions hold:

Vi) +Av+G()u=0 (3.43a)
Az—b=0 (3.43b)

g(z)+s=0 (3.43¢)

siup =7, i=1,...,m, 7>0 (3.43d)

(s,u) >0 (3.43¢)
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In (3.43) as compared to (3.42), the complementarity condition (3.42d) is relaxed
by a scalar 7 > 0, the path parameter, and slacks s and multipliers u are required
to be positive instead of nonnegative, i.e., s and w lie in the interior of the
positive orthant. The main idea of primal-dual methods is to solve (3.43) for
successively decreasing values of 7, and thereby to generate iterates (¥, v*, uF, s*)
that approach (z*,v*,u*,s*) as 7 — 0. The similarity with the barrier method in
this regard is evident. However, the Newton step is modified in primal-dual interior

point methods, as we shall see below.

Measure of Progress

Similar to primal barrier methods, the subproblem (3.43) is usually solved only
approximately, here by applying only one Newton step. As a result, the generated
iterates are not exactly on the central path, i.e., s;u; # 7 for some i. Hence a more
useful measure than the path parameter 7 for the progress of the algorithm is the
average value of the complementarity condition (3.43d),

= (s'u)/m (3.44)

evidently, 4 — 0 implies 7 — 0. In interior point nomenclature, p is called the
duality measure, as it corresponds to the duality gap scaled by 1/m if all other
equalities in (3.43) are satisfied. To be able to reduce p substantially (at least by a
constant factor) at each iteration of the method, the pure Newton step is enhanced
with a centering component, as discussed next.

Newton Directions and Centering

A search direction is obtained by linearizing (3.43) at the current iterate (z,v,u, s)
and solving

H(z,u) A G(z) 0] [Az Vi(iz)+ Av+G(z)u
A 0 0 0| |Av Az —b
G(z) 0 0 I |Au| g(z)+s (3.45)
0 0 S Z| | As Su —v

where S = diag(s1,...,8m) and Z = diag(ui,...,un), the (1,1) block in the
coefficient matrix is

H(z,u) = V2f(z) + Z u; V2gi(2) (3.46)

and the vector v € R™ allows a modification of the right-hand side, thereby
generating different search directions that depend on the particular choice of v.
For brevity, we denote the solution to (3.45) by Alz,v,u, s](v).

The vector v can take a value between the following two extremes:

e If v = 0, the right hand side in (3.45) corresponds to the residual of the
KKT conditions (3.42), i.e., Alz,v,u,s](0) is the pure Newton direction
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Figure 3.5 Affine-scaling (pure Newton) and centering search directions of
classic primal-dual methods. The Newton direction makes only progress
towards the solution when it is computed from a point close to the central
path, hence centering must be added to the pure Newton step to ensure that
the iterates stay sufficiently close to the central path.

that aims at satisfying the KKT conditions (3.42) in one step based on a
linearization. This direction is called affine-scaling direction. However, pure
Newton steps usually decrease some products s;u; prematurely towards zero,
i.e., the generated iterate is close to the boundary of the feasible set (if
s;u; ~ 0, either s; or u; must be small). This is disadvantageous since
from such points only very small steps can be taken, and convergence is
prohibitively slow. Hence the iterates must be centered by bringing them
closer to the central path.

o If v = ul, the complementarity condition (3.43d) is modified such that the
resulting search direction aims at making the individual products s;u; equal
to their average value u. This is called centering. A centering step does not
decrease the average value, so no progress towards the solution is made.

A tradeoff between the two goals of progressing towards the solution and centering
is achieved by computing search directions Alz, v, u, s|(v) by solving (3.45) for

v=oul (3.47)

where o € (0,1) is called the centering parameter. This is the key difference
from pure Newton steps, and the main ingredient (together with tracking the
central path) in making Newton’s method work efficiently for solving the nonlinear
KKT system (3.42). Figure 3.5 depicts this combination of search directions
schematically, and a principle framework for primal-dual methods is given in
Algorithm (3.10). We will instantiate it with Mehrotra’s method below.

In the discussion above, we have excluded almost all theoretical aspects
concerned with the convergence of primal-dual methods. For example, the terms
“sufficiently close to the central path” and “sufficient reduction in p” have precise
mathematical counterparts that allow one to analyze the convergence properties.
The book by Wright [290] is a good starting point for the interested reader.
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Algorithm 3.10  Primal-dual interior point methods for the P-IPM problem (5.30)

Input: Initial iterates 2%, v°, u® > 0, s° > 0, Centering parameter o € (0, 1)
Output: Point close to z*
Repeat
Duality measure: p* sk/uk/m
Search direction: compute A[z*, v¥, u* s*](opu*1) by solving (3.45) at the
current iterate
Choose step length A* such that s**! > 0 and v**! >0
Update: F T, o Pt R o (28 oF uF, sF)FRF AR, oF WP, 7)o" 1)

Until stopping criterion

Predictor-Corrector Methods

Modern methods use the full Newton step Alz,v,u, s|(0) merely as a predictor to
estimate the error made by using a linear model of the central path. If a full step
along the affine-scaling direction were taken, the complementarity condition would
evaluate to

(S + AS* ) (4 + AuT) = Su + AS* Ty + SAWT 4+ ASHT A (3.48)
=0

where capital letters denote diagonal matrices constructed from the corresponding
vectors. The first three terms sum up to zero by the last equality of (3.45).
Hence the full Newton step produces an error of AS*Au?® in the complemen-
tarity condition. In order to compensate for this error, a corrector direction
Alz, v, u, ](=ASH# Aurf) can be added to the Newton direction. This compensa-
tion is not perfect as the predictor direction is only an approximation; nevertheless,
predictor-corrector methods work usually better than single-direction methods. The
principle of predictor-corrector methods is depicted in Figure 3.6.

An important contribution of Mehrotra [206] was to define an adaptive rule for
choosing the centering parameter o based on the information from the predictor
step. His rule

o= (p"/p)?® (3.49)

increases the centering if the progress would be poor, that is, if the predicted value
of the duality measure, p*¥, is not significantly smaller than p. If good progress
can be made, then o < 1, and the direction along which the iterate is moved is
closer to the pure Newton direction. The corrector and centering direction can be
calculated in one step because A[z, v, u, s](v) is linear in v; the final search direction
is therefore given by Alz,v,u, s|(oul — ASHMAy2f).

A variant of Mehrotra’s predictor-corrector method that works well in practice
is given in Algorithm 3.11. The parameter - is a safeguard against numerical errors,
keeping the iterates away from the boundary. Because of the predictor-corrector
scheme, two linear systems have to be solved in each iteration. Since the coefficient
matrix is the same for both solves, direct methods are preferred to solve the linear
systems in Steps 3 and 7 of the algorithm, as the computational bottleneck of the
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Figure 3.6 Search direction generation in predictor-corrector methods. The
affine search direction can be used to correct for linearization errors, which
results in better performance in practice due to closer tracking of the central
path.

method is the factorization of the coefficient matrix. Once it has been factored in
Step 3, the computational cost of the additional solve in Step 7 is negligible, and

is more than compensated by the savings in the number of iterations.

Algorithm 3.11  Mehrotra primal-dual interior point method for (3.30)

Input: Initial iterates 2%, v°, u® > 0, s® > 0, v < 1 (typically v = 0.99)
Output: Point close to z*

Repeat

Duality measure: p* < sk,uk/m

Newton direction (predictor): compute A[zFF oFafl g kafl skaff(g) 1y
solving (3.45) at the current iterate

Line search: h** « max{h € [0,1] | s* + hAs**f >0, u* + A>T > 0}
Predicted (affine) duality measure: p*F « (5% 4+ pFaffAgHaffy (k4 phoaft
Auk,aff)/m

Centering parameter: o® < (u™*f/,F)3

Final search direction: compute A[2", v, u*, s*](c* u*1 — ASF Ak 2) by
solving (3.45) at current iterate

Line search: h* < max{h € [0,1] | s" + hAs* >0, u* + hAu* > 0}
Update: (2FFH o FL of T sy (2% oF uf, sF) + yhFALR, o uF, 5]
(Jkﬂkl _ ASk,aﬁAuk,aH)

Until stopping criterion is satisfied

Relation of Primal-Dual to Primal Barrier Methods

An insightful relation between primal barrier and primal-dual methods can be
established as follows. Writing the optimality conditions for problem P(u) (3.32)

gives
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3.3.3

Vi(z)+uVey(z) + Av=0 (3.50a)
Az=b (3.50D)
9(z) <0 (3.50¢)

where g(z) < 0 has been added for the barrier function ®, to be well defined. If
one now defines

u = pdiag(—g(2)) "' 1, (3.51)
the conditions (3.50) become

V() + > uiVgi(z) + A'v =0 (3.52a)

i=1
Az =1b (3.52b)
g(z)+s5=0 (3.52¢)
Su = pul (3.52d)
(s,u) >0 (3.52¢)

where we have introduced slack variables s and used the expression for the gradient
of the barrier function ®, and the relations s = —g(z), S = diag(s). Using

Z w;Vgi(2) = G(2) u, (3.53)
i=1

where G(z) is the Jacobian of g evaluated at the point z, yields the same relaxed
optimality conditions as (3.43).

Hence if subproblems P(u) (3.32) and (3.43) were solved exactly assum-
ing (3.51), the primal iterates of the primal-barrier method and the primal-dual
method would coincide (provided that the path parameters coincide, i.e., 7 = p).
However, primal-dual methods are in practice more efficient than primal barrier
methods, since they generate search directions using information from the dual
space, and therefore the iterates generated by the two algorithms do not coincide
in general.

Active Set Methods

In this section we will discuss methods for solving the problem

min, f(2)
subj. to z €S,

where the feasible set S C R? is a polyhedron, i.e., a set defined by linear equalities
and inequalities, and the objective f is a linear function (linear programming
(LP)) or a convex quadratic function (quadratic programming (QP)). As the name
indicates, active set methods aim to identify the set of active constraints at the
solution. Once this set is known, a solution to the problem can be easily compted.
Since the number of potentially visited active sets depends combinatorially on
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the number of decision variables and constraints, these methods have a worst
case complexity that is exponential in the problem size (as opposed to first-
order and interior point methods presented in Sections 3.3.1 and 3.3.2, which
both have polynomial complexity). However, active set methods work quite well
in practice showing the worst case number of iterations only on pathological
problem instances. Also, their underlying concepts are important ingredients in
multiparametric programming discussed in Chapter 6.

Active Set Method for LP (Simplex Method)

In the following we describe an active set method for the LP

: /
min, dz
subj. to Gz <w (3.54)
where for the sake of simplicity we assume that this LP has a solution, i.e., it is
neither unbounded below nor infeasible. Although we consider the case where the
feasible set is described by linear inequalities only, the same method can be used
to solve problems of type

maxy, —w'u
subj. to G'u= —c (3.55)
u >0,

which is another LP with linear equality and inequality constraints. In particular,
(3.55) is the dual problem associated with (3.54) and plays a central role in the
active set method for the solution of the primal problem. In fact, the dual will be
solved simultaneously with the primal problem as will be shown below.

Central to active set methods for LP is the observation that a solution is always
attained at a vertex of the polyhedral feasible set. This fact is often referred to as
the fundamental theorem of linear programming and gives reason to the methods’
alternative naming simplex methods. A simple strategy would be to enumerate all
vertices of the polyhedron and declare the vertex with the smallest cost as solution.
However, one can do better by only visiting those vertices that improve the cost
over the previous ones. This is the main idea behind active set methods for LP.
Interestingly, it was observed that the simplex method finds a solution in about 2m
to 3m iterations for most practical problems where m > s denotes the number of
inequalities in (3.54). Nevertheless, pathological polyhedral sets exist which require
the method to visit all vertices for certain cost vectors, e.g., the Klee-Minty cube
which is a polyhedral set in R® with 2% vertices [26].

Before describing the algorithmic scheme of the simplex method for the solution
of (3.54), we state the associated necessary and sufficient KKT conditions

Gu+c=0, (3.56a)
ui(Giz —w;) =0, i=1,...,m, (3.56b)
u>0, (3.56¢)

Gz—w < 0. (3.56d)
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These conditions are composed of primal feasibility (3.56d), dual feasibility (3.56a),
(3.56¢) and complementarity conditions (3.56b). In the simplex method, primal
feasibility and the complementarity conditions are maintained throughout the
iterations whereas dual feasibility is sacrificed and will only be satisfied whenever a
solution is found. Consequently, the method not only returns a primal minimizer z*
but also a certificate for optimality «* which at the same time is a solution to the
dual problem (3.55).

Initialization
Assume that a vertex z of the feasible set is given. At every vertex, at least s
inequalities are active. For the initial active set A we select exactly s indices
of active inequalities such that the associated submatrix G 4 is invertible.
The remaining ones are put into the set NA, i.e., AUNA = {1,2,...,m}
and AN NA = (. Hence, the vertex z is characterized by

Gaz = wa, (3.57a)
Gnaz < wya, (3.57Db)

with w and wy 4 being defined accordingly. Similarly, the simplex method
initializes a dual multiplier v such that

!
Gyua = —c,

UunNaA = 0.

Thus, the vertex z and the dual multiplier u fulfill the primal feasibility and
complementarity conditions of the KKT conditions (3.56), but not neces-
sarily dual feasibility as ugq = —G;lc is nonnegative only when a solution
is found.

Main Loop

If ua >0 (Optimal solution found)
The pair (z,u) satisfies the KKT conditions (3.56) and thus is an optimal
primal/dual pair.

Else (Pivoting)
A leaving index | € A is selected such that the related dual variable is
negative, i.e., u; < 0. It can be shown that in this case an entering index
e € NA can be found such that after interchanging these indices, i.e.,

A = A\{l} U{e},
NA = NA\ {e} U {1},

the next vertex has a cost that is never worse than the cost at the
previous vertex. In fact, if the previous vertex z is nondegenerate, i.e.,
all inequalities in (3.57b) are strict, then the cost improves strictly.
The systematic interchange of indices between sets A and N A is called
pivoting. Pivoting maintains primal feasibility and the complementarity
conditions.
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The simplex method described above terminates in a finite number of iterations
if all visited vertices are nondegenerate. This follows from strict improvement of the
cost in every pivoting step, the finite number of vertices and our assumption that
there exists a solution. In the remaining part of this section, we shortly summarize
important aspects for every practical implementation of the simplex method that
were not discussed before in detail and at the end provide links to the literature.

e [nitialization and detection of infeasibility For initialization, the simplex
method requires a vertex and an associated set of linearly independent
constraint vectors (we call such an active set admissible from here on). In
general, determining both is as hard as solving the original LP. For this
reason, simplex implementations often resort to a two-phase approach: In
Phase 1, an auxiliary LP is solved for which an initial vertex and admissible
active set are easy to spot and which has an optimal solution and associated
active set that can be used to initialize an LP in Phase 2. From the solution
of the latter, an optimizer for the original LP can then be reconstructed.

For the LP in (3.54), a possible auxiliary Phase 1 LP is

My 22 Y

subj. to Gzy — Gz — 1y < w, (3.58)

Zty2—3Y > 0.
It can be easily verified that the vector (zy,z_,y) with z,. = z_ = 0
and y = min{y > 0|y > —w;, i = 1,...,m} is a vertex of the feasible

set in (3.58). In order to find an admissible active set, we distinguish two
cases: If w > 0, then y = 0 and the admissible active set is composed of
all indices referring to the nonnegativity inequalities in (3.58). Otherwise,
there exists at least one index i such that w; < 0 which implies y > 0. In
this case, the admissible active set is determined by all indices referring
to nonnegativity inequalities for variables z; and z_ and a single index
referring to one of the active constraints in Gz —Gz_ — 1y < w at the initial
vertex. This active set can be shown to lead to a constraint submatrix that is
always invertible, so, the auxiliary LP can be solved by the simplex method
next.

Let us denote the optimal solution to (3.58) as (y*, 2%, 2* ). If y* is positive,
then the original LP (3.54) is infeasible. Only if y* = 0, a feasible solution
exists and is given by 2z} — 2*. Since the solution to the Phase 1 problem is
a vertex and comes with an admissible active set, it can be used right away
for the initialization of the simplex method for solving the Phase 2 problem

ming ., . zp -z

subj. to Gzy — Gz — 1y < w,
Z4y2—5Y >0
y <0,

(3.59)

which is equivalent to the original LP (3.54): Every solution (0, 23", 2**)
to (3.59) implies a solution z}* — 2** to the original problem and vice
versa.
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e Detection of unboundedness An LP is unbounded whenever there exists a
feasible sequence {z*}, Gz* < w, such that ¢/2*¥ — —oco. The simplex method
can detect unboundedness quite easily by identifying a descent direction
along which the objective decreases without bound.

e Convergence in case of degeneracy A vertex is degenerate whenever more
than s inequalities are active at this point. Degeneracy does not prevent
active set updates but does prevent improving the cost from iterate to iterate
by revisiting the same vertex. In the worst case, this can lead to cycling, i.e.,
the simplex method visits the same vertex infinitely often and thus fails to
find an optimal solution. The main methodology to overcome cycling is to
slightly perturb the problem data such that all visited vertices are guaranteed
to be nondegenerate and to recover the original (nonperturbed) solution in
a final step.

e Pivoting rules In the simplex method presented above, a leaving index is
selected from the active set such that the associated dual variable is negative.
In fact, there can be more than one such index and different selection rules
lead to different next vertices and thus progress in the cost. Many selection
or pivoting rules for the leaving index exist, e.g., choosing the index that
corresponds to the most negative dual variable as proposed in the original
simplex method by Dantzig [92], and consequently lead to a whole family of
different simplex methods.

e Linear algebra Efficiency of the simplex method depends not only on
the number of visited vertices, which is unknown in advance and can be
exponential in the problem size in the worst case, but to a great extent on
efficient linear algebra routines for the computation of new vertices when
doing pivoting steps. Since in the simplex method only a single index is
removed and added to the active set A in every iteration, specific linear
algebra routines can be used to update the factorization of the constraint
submatrix G 4.

There is a great amount of literature available on linear programming and the
simplex method. One of the earliest books on this topic is by G.B. Dantzig [92]
who developed the simplex method in 1947 and is generally known as the father of
linear programming. Other references in this field are [217], [280] and [223, Chapter
13]. The material for the Phase 1 /Phase 2 part of this section is based on the latter
two references. Finally, it should be noted that the simplex method consistently
ranks among the ten most important algorithms of the 20th century.

Active Set Method for QP

In this section, we consider an active set method for the solution of the convex QP

1
min, §Z’Hz—|—q/z (3.60)
subj. to Gz < w.

We restrict the discussion to the case when the Hessian H is positive definite
and the feasible set determined by the linear inequality constraints is nonempty.
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These assumptions imply that both a unique solution z* to (3.60) and unique
solutions to all the subproblems encountered in the active set method exist (this
will become clear later in this section). Another consequence of positive definiteness
of the Hessian is that the presented active set method can be shown to never cycle,
i.e., it can be guaranteed that the solution is found in a finite number of iterations
without any safeguard against cycling, in contrast to the LP case. Note that we do
not consider explicit linear equality constraints in order to facilitate a streamlined
presentation of the main concepts.

Active set methods for QP share many features of active set methods for LP.
They too identify the set of active inequality constraints at the optimal solution
and return a certificate of optimality «* which is a solution to the dual problem

1
maxy, —§(q—|—G’u)'H_1(q+G’u)—w’u
subj. to u > 0.

The dual problem is also a QP. If, however, the constraint matrix G has more rows
than columns (this is the usual case) then the Hessian of the concave objective is
negative semi-definite and thus the dual solution might not be unique.

The principal feature that distinguishes the QP from the LP is that the search
for a solution cannot be restricted to the vertices of the polyhedral feasible set.
The solution can also be attained on an edge, a face or even in the interior. These
possibilities, in the nondegenerate case, correspond to differently sized active sets,
i.e., the size is s (solution on a vertex), s — 1 (solution on an edge), s — j where
j € {2,3,...,5 — 1} (solution on a face) or the active set might even be empty
(solution in the interior). So, there is a combinatorial number of potential active
sets A, each corresponding to a QP with equality constraints

min, %Z’Hz—&—q’z (3.61)
subj. to Gz = way,

where G4 is the submatrix of constraint matrix G according to the active set A.
The r.h.s. vector w4 is defined accordingly.

The main idea behind active set methods for QP is to select active sets
in a way such that the corresponding iterates stay primal feasible and lead to
a cost that decreases monotonically. By doing so, one usually circumvents the
brute force approach of checking all possible active sets although there exists no
active set method that excludes this possibility by mathematical analysis,
i.e., no active set method for QP with polynomial complexity is known.

A nonconstant active set size has two important consequences: First of all,
there is no interchange of indices between set A and the complementary set NA
as in the LP case, i.e., in every iteration of the active set method for QP an index
corresponding to a row of constraint matrix G is either added or removed from the
current active set or no action is taken at all. Second, a solution to the equality-
constrained QP (3.61) associated with every active set is not necessarily a feasible
iterate with respect to the original problem (3.60). So, additional measures must
be taken in order to maintain primal feasibility of the iterates.

For the understanding of the active set method presented next, it is instructive
to consider the necessary and sufficient KKT conditions for problem (3.60)
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Hz+q+Gu=0, (3.62a)
u(Giz —w;)) =0, i=1,...,m, (3.62b)
u > 0, (3.62¢)

Gz—w <0 (3.62d)

The active set method maintains primal feasibility (3.62d) as well as stationa-
rity (3.62a) and the complementarity conditions (3.62b). The dual variable u is
feasible (3.62¢) only when the active set at the optimal solution is identified. Note,
however, that no dual iterates are maintained, in contrast to the LP case, since they
are not required in every iteration. Only at times when the termination criterion
needs to be verified or an index removed from the current active set, dual variables
are computed.

Initialization
Assume that a primal feasible point z is given. Define the initial active set A
as a nonempty subset of all indices of active inequalities at z such that the
associated submatrix G4 has full row rank. In fact, it suffices to choose only

a single index corresponding to any active inequality. The remaining indices
are put into set NA, i.e., NA={1,2,...,m}\A.

Main Loop
Minimize the quadratic cost over the affine set determined by the active
set A, i.e., solve (3.61). For the sake of convenience, we substitute the decision
variable in (3.61) by z + 0, i.e., the sum of the current iterate and an offset,
and obtain the optimal offset 6* from

ming $6'HS+ (q+ Hz)'6

subj. to G4d =0. (3.63)
If6*=0
Compute the Lagrange multipliers uy for the equality constraints
in (3.63).

If ua >0 (Optimal solution found)
The pair (z,u), where u is partitioned into us and uy 4 = 0, satisfies
the KKT conditions (3.62) and thus is an optimal primal/dual
pair. This follows from the fact that the pair (z,u4) is an optimal
primal/dual solution for (3.63) and so satisfies the stationarity
condition
Hz+q+ Gyua = 0.
By definition of unya as the zero vector, this implies that the
stationarity condition for the original QP (3.62a) is satisfied as well.
Else (Remove index from active set)
An index [ € A is removed from the active set such that the related
dual variable is negative, i.e., u; < 0, and the next iterate is defined
as the previous one, i.e.,

A= A\{l},
NA = NAU {1},

Z = Z.
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It can be shown that by choosing the leaving index this way, an
offset ¢* is obtained in the next iteration from (3.63) that is a
descent direction with respect to the quadratic cost. Also, * turns
out to be a feasible direction with respect to the removed inequality
constraint, i.e., the leaving constraint will not be added again in the
next iteration.
Else (0*#0)

The minimizer z + §* of the quadratic cost over the affine set might be

infeasible with respect to the original problem (3.60). So, we need to find

the largest step size o* € [0,1] such that z + a*§* remains feasible. Note

that this step size can be computed explicitly as

G
a* = min {1, e A “’G,fz} . (3.64)
So, a new primal iterate is obtained from
z=z4+a%0".
If * =1 (No active set change)
A=A
NA = NA

Else (Add blocking index)
Assume that the inequality corresponding to index e € N A prevents

weg_,ffz < 1. Then we update

the active set by adding this index, i.e.,

us from taking a full step, i.e., a* =

A= AU {e},
NA = NA\{e}.

In the following, we shortly describe how to initialize the active set method and
how to obtain a solution to the equality-constrained QP (3.63). Note that this part,
same as the described active set method, is based on [223, Chapter 16].

e Initialization and detection of infeasibility Initialization of the active set
method for QP is less restrictive than for LP since only a feasible point of
the polyhedral feasible set, as opposed to a vertex, is required. Such a point
can be obtained either from practical insight or from solving the Phase 1 LP
in (3.58). An alternative approach is to solve

1
min, . §Z/HZ +q'z+ pree+ pal'e

subj. to Gz <w+e
€e>0,

for which a feasible point can be spotted easily and which can be shown to
have the same solution as (3.60) if p; > 0 and p2 > ||u*||, Where u* is a
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Lagrange multiplier for the inequality constraint in (3.60). This follows from
the theory of exact penalty functions (Section 12.6, page 264).

Since the Lagrange multiplier is usually unknown, one starts with a guess
for the weight ps and solves the problem. The value was chosen big enough
if at the solution €* = 0, otherwise, the weight needs to be increased and
the problem solved again. If no big enough weight can be found such that
€* = 0, the problem is infeasible.

Linear algebra  Key to good performance of an active set method is an
efficient solution of the equality-constrained QP in (3.63). Notice that a
solution to (3.63) satisfies the KKT conditions

(2] n]-[ "] ew

It turns out that the so-called KKT matriz in (3.65) is invertible if the
Hessian H is positive definite and the submatrix G4 has full row rank.
Both conditions are fulfilled in our case. In particular, whenever the method
is initialized with an active set that leads to full row rank of G4, this
property can be shown to be maintained throughout all iterations without
requiring extra checks. In this case, a good way for solving (3.65) is the
Schur complement method. Since H can be inverted, we can express the
primal solution as
0F = —Hﬁl( f4uA+q+Hz),

which leads to the equation
GaH 'Gyus = —GaH (g + Hz)

for the Lagrange multiplier u4. Since G4 H ~'G’, is positive definite, we can
solve for u4 using a Cholesky factorization and compute ¢* afterwards. Note
that the factorization needs to be updated every time the active set changes.
Since at most one index is added or removed per iteration, efficient update
schemes can be used that circumvent a full factorization.
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Polyhedra and P-Collections

Polyhedra are the fundamental geometric objects used in this book. There is a
vast body of literature related to polyhedra because they are important for a wide
range of applications. In this chapter we introduce the main definitions and the
algorithms which describe some operations on polyhedra. Our intent is to provide
only the necessary elements for the readers interested in reproducing the control
algorithms reported in this book. Most definitions given here are standard. For
additional details the reader is referred to [296, 135, 112].

General Set Definitions and Operations

An n-dimensional ball B(xz., p) is the set B(z.,p) = {x € R" : ||z — z.|2 < p}.
The vector z. is the center of the ball and p is the radius.
Affine sets are sets described by the solutions of a system of linear equations:

F={xeR" : Az =0, with AeR™" beR™}. (4.1)

If F is an affine set and Z € F, then the translated set V ={z -2 : 2 € F} is a
subspace.

The affine combination of a finite set of points z!, ..., 2" belonging to R™ is

defined as the point Azt + -+ + A\*2* where Zle AP =1.
The affine hull of K C R"™ is the set of all affine combinations of points in }C
and it is denoted as aff(kC):

k
aff(K) = {A1x1+-~-+Akxk cate Koi=1,.k Y N = 1}. (4.2)
i=1
The affine hull of K is the smallest affine set that contains I in the following sense:
it § is any affine set with  C S, then aff(K)C S.
The dimension of an affine set, affine combination or affine hull is the
dimension of the largest ball of radius p > 0 included in the set.
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Example 4.1 The set

F:{m€R2 DT+ T0 =1}
is an affine set in R? of dimension one. The points z' = [0,1]" and x> = [1, 0]’ belong
to the set F. The point Z = —0.2z' + 1.22% = [1.2, —0.2)’ is an affine combination of
points #' and x2. The affine hull of 2! and =2, aff({z"', z%}), is the set F.

Convex sets have been defined in Section 1.2.

The convex combination of a finite set of points 2!, ..., 2* belonging to R" is
defined as the point Mz + - - - + A\*2* where Ele M=Tland \¥>0,i=1,...,k.

The convex hull of a set  C R"™ is the set of all convex combinations of points
in IC and it is denoted as conv(K):

k
conv(/C)z{Alx1+--~+)\’“xk C e, N>0,i=1,...,k, Z)\izl
(4.3)

The convex hull of K is the smallest convex set that contains K in the following
sense: if S is any convex set with K C S, then conv(K)C S.

Example 4.2 Consider three points z' = [1,1], ? = [1,0]’, 2® = [0,1]’ in R%. The
point Z = Mz +A22% 4+ \322 with A' = 0.2, A2 = 0.2, \* = 0.6is Z = [0.4,0.8) and it
is a convex combination of the points {z*, 2%, 23}. The convex hull of {2, z* 2}
is the triangle plotted in Figure 4.1. Note that any set in R? strictly contained in the
triangle and containing {a:l, z2, 933} is nonconvex. This illustrates that the convex
hull is the smallest set that contains these three points.

A cone spanned by a finite set of points K = {z!,..., 2%} is defined as
cone(K) = {Z)\le, A ZO,i—l,...,k}. (4.4)
i=1
We define cone(K) = {0} if K is the empty set.

2

1.5

1

8

0.5

0

-0.5

Figure 4.1 Example 4.2. Illustration of the convex hull of three points
zt=[1,1), ' = [1,0], 2* = [0,1]".
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Figure 4.2 Example 4.3. Illustration of a cone spanned by the three points
o' =[1,1,1), 2* =[1,2,1), 2®* = [1,1,2].

Example 4.3 Consider three points z' = [1,1,1]), ® = [1,2,1]’, * = [1,1,2]’ in R.
The cone spanned by {z', z2, x3} is an unbounded set. It is depicted in Figure 4.2.

The Minkowski sum of two sets P, Q C R” is defined as
PeQ={r+y : z€P, yec Q}. (4.5)

By definition, any point in P @ Q can be written as the sum of two points, one in
P and one in Q. For instance, the Minkowski sum of two balls (P and Q) centered
at the origin and with radius 1, is a ball (P & Q) centered at the origin and with
radius 2.

Polyhedra and Representations

Some of the concepts here have been briefly touched in Section 2.1. In the following
we give two definitions of a polyhedron. They are mathematically equivalent but
they lead to two different polyhedron representations. The proof of equivalence is
not trivial and can be found in [296].

An H-polyhedron P in R™ denotes an intersection of a finite set of closed
halfspaces in R"™:

P={xeR": Az <b}, (4.6)
where Ax < b is the usual shorthand form for a system of inequalities, namely
alx <b;, i=1,...,m, where ay,...,a, are the rows of A, and by, ...,b,, are the

components of b. In Figure 4.3 a two-dimensional H-polyhedron is plotted.

A V-polyhedron P in R™ denotes the Minkowski sum (defined in (4.5)) of the
convex hull of a finite set of points {V1,...,V;} of R™ and the cone generated by
a finite set of vectors {y1,...,yr} of R™:

P = conv(V) @ cone(Y), (4.7)

for some V = [Vq,..., V4] € R"F Y = [y;,...,ym] € R™** . The main theorem
for polyhedra states that any H-polyhedron can be converted into a V-polyhedron
and vice-versa [296, p. 30].
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Figure 4.3 #H-polyhedron. The planes (here lines) defining the boundary of
the halfspaces are ajz — b; = 0.

Figure 4.4 H-polytope. The planes (here lines) defining the halfspaces are
a,x —b; = 0.

An H-polytope is a bounded H-polyhedron (in the sense that it does not contain
any ray {z +ty : t > 0}). In Figure 4.4 a two-dimensional #H-polytope is plotted.
A V-polytope is a bounded V-polyhedron

P=conv(V)={VA|A>0, 'A=1}. (4.8)

In Section 4.4.4 we show how to convert any H-polytope into a V-polytope and
vice versa.

The dimension of a polytope (polyhedron) P is the dimension of its affine hull
and is denoted by dim(P). We say that a polytope P C R", P ={z ¢ R": P*z <
Pc}, is full-dimensional if dim(P) = n or, equivalently, if it is possible to fit a
nonempty n-dimensional ball in P,

JreR"e>0 : B(x,e) CP, (4.9)
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or, equivalently,
Jz eR™ >0 : |0l <e= P*(x+6) < P°. (4.10)

Otherwise, we say that polytope P is lower-dimensional. A polytope is referred to
as empty if
P € R™: Pz < PC. (4.11)

Furthermore, if || PF|2 = 1, where P¥ denotes the i-th row of a matrix P?, we say
that the polytope P is normalized.

Let P be a polyhedron. A linear inequality ¢’z < ¢q is said to be valid for P if
it is satisfied for all points z € P. A face of P is any nonempty set of the form

F=Pn{zeR*: z=cp}, (4.12)

where ¢’z < ¢q is a valid inequality for P. The dimension of a face is the dimension
of its affine hull. For the valid inequality 0z < 0 we get that P is a face of P. All
faces of P satisfying F C P are called proper faces and have dimension less than
dim(P). The faces of dimension 0,1, dim(P)-2 and dim(P)-1 are called vertices,
edges, ridges, and facets, respectively. The set V' of all the vertices of a polytope P
will be denoted as

V = extreme(P).
The next theorem summarizes basic facts about faces.
Theorem 4.1 Let P be a polytope, V' the set of all its vertices and F a face.
1. P is the convex hull of its vertices: P=conv(V).
2. F is a polytope.
3. Every intersection of faces of P is a face of P.
4. The faces of F are exactly the faces of P that are contained in F.

5. The vertices of F are exactly the vertices of P that are contained in F.

A d-simplex is a polytope of R? with d + 1 vertices.

In this book we will work mostly with H-polyhedra and H-polytopes. This
choice has important consequences for algorithm implementations and their
complexity. As a simple example, a unit cube in R? can be described through
2d equalities as an H-polytope, but requires 2¢ points in order to be described
as a V-polytope. We want to mention here that many efficient algorithms that
work on polyhedra require both H and V representations. In Figure 4.5 the
‘H-representation and the V-representation of the same polytope in two dimensions
are plotted.

Consider Figure 4.5(b) and notice that no inequality can be removed without
changing the polyhedron. Inequalities which can be removed without changing the
polyhedron described by the original set are called redundant. The representation of
an ‘H-polyhedron is minimal if it does not contain redundant inequalities. Detecting
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(a) Example of V-representation. (b) Example of H-representation.
The vertices le’ o V7P are The hyperplanes Pfx=Pf, i =
depicted as dots. 1,...,7 are depicted as lines.

Figure 4.5 Tllustration of a polytope in H- and V-representation.

whether an inequality is redundant for an H-polyhedron requires solving a linear
program, as described in Section 4.4.1.

By definition a polyhedron is a closed set. In this book we will also work with
sets which are not closed but whose closure is a polyhedron. For this reason the
two following nonstandard definitions will be useful.

Definition 4.1 (Open Polyhedron (Polytope)) A set CCR"™ is called an
open polyhedron (polytope) if it is open and its closure is a polyhedron (polytope).

Definition 4.2 (Neither Open nor Closed Polyhedron (Polytope)) A set
C C R"™ is called neither an open nor a closed polyhedron (polytope) if it is neither
open nor closed and its closure is a polyhedron (polytope).

Polytopal Complexes

According to our definition every polytope represents a convex, compact (i.e.,
bounded and closed) set. In this book we will also encounter sets that are disjoint
or nonconvex but can be represented by the union of a finite number of polytopes.
Therefore, it is useful to define the following mathematical concepts.

Definition 4.3 (P-collection) A set C C R™ is called a P-collection if it is a
collection of a finite number of n-dimensional polyhedra, i.e.,

C={C}5, (4.13)
where C; ={x € R™ : Cfx < Cf}, dim(C;)) =n, i=1,...,N¢, with No < 0.
Definition 4.4 (Underlying Set) The underlying set of a P-collection C =

{CyN< is the
N

Q

c=Jr=Jc. (4.14)
PeC 1

?
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Example 4.4 A collection C = {[-2, —1],[0, 2], [2,4]} is a P-collection in R" with the
underlying set C = [-2,—1] U [0, 4]. As another example, C = {[-2,0], [-1, 1], [0, 2]}
is a P-collection in R with underlying set C = [~2,2]. Clearly, polytopes that define
a P-collection can overlap, the underlying set can be disconnected and nonconvex.

Usually it is clear from the context if we are talking about the P-collection or
referring to the underlying set of a P-collection. Therefore, for simplicity, we use
the same notation for both.

Definition 4.5 (Strict Polyhedral Partition) A collection of sets {C;}NS is
a strict partition of a set C if (i) UiV:cl Ci =C and (ii) C;NC; =0, Vi # j. Moreover
{Cl}f\fl is a strict polyhedral partition of a polyhedral set C if {Cl}l[\ic1 is a strict
partition of C and C; is a polyhedron for all i, where C; denotes the closure of the
set C;.

Definition 4.6 (Polyhedral Partition) A collection of sets {C;} < is a parti-
tion of a set C if (i) Uficl Ci =C and (ii) (C;\0C;)N(C;\0C;) =0, Vi # j. Moreover
{C;}Ne s a polyhedral partition of a polyhedral set C if {C;}NC is a partition of
C and C; is a polyhedron for all i. The set OC; is the boundary of the set C;.

Note that in a strict polyhedral partition of a polyhedron some of the sets C;
must be open or neither open nor closed. In a partition all the sets may be closed
and points on the closure of a particular set may also belong to one or several other
sets. Also, note that a polyhedral partition is a special class of a P-collection.

Functions on Polytopal Complexes

Definition 4.7 A function h(0) : © — R, where © C R®, is piecewise affine
(PWA) if there exists a strict partition Ry,...,Ry of © and h(0) = H'0 + k',
Vo e R;,,i=1,...,N.

Definition 4.8 A function h(0) : © — R, where © C R*, is piecewise affine on
polyhedra (PPWA) if there exists a strict polyhedral partition Ry,..., Ry of © and
h(9) = HO+k ,V0eR;,i=1,...,N.

Definition 4.9 A function h(0) : © — R, where © C R?, is piecewise quadratic
(PWQ) if there exists a strict partition Ry,. .., Ry of © and h(d) = 0 Hi0+k' 0+1",
Ve R;,i=1,...,N.

Definition 4.10 A function h(0) : © — R, where © C R®, is piecewise quadratic
on polyhedra (PPWQ) if there exists a strict polyhedral partition Ry,...,Ry of ©
and h(0) = 0'H'O+ k'O +1', VO € R;, i=1,...,N.

As long as the function h(f) we are defining is continuous it is not important
if the partition constituting the domain of the function is strict or not. If the
function is discontinuous at points on the closure of a set, then this function can
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only be defined if the partition is strict. Otherwise we may obtain several conflicting
definitions of function values (or set-valued functions). Therefore for the statement
of theoretical results involving discontinuous functions we will always assume that
the partition is strict. For notational convenience, however, when working with
continuous functions we will make use of partitions rather than strict partitions.

Basic Operations on Polytopes

We will now define some basic operations and functions on polytopes. Note that
although we focus on polytopes and polytopic objects most of the operations
described here are directly (or with minor modifications) applicable to polyhedral
objects. Additional details on polytope computation can be found in [296, 135, 112].
All operations and functions described in this chapter are contained in the
MultiParametric Toolbox (MPT) [149].

Minimal Representation

We say that a polytope P C R", P = {z € R® : Pz < P°} is in a minimal
representation if the removal of any row in P¥x < P¢ would change it (i.e., if there
are no redundant constraints). The computation of the minimal representation
(henceforth referred to as polytope reduction) of polytopes is discussed in [112]. The
redundancy of each constraint is checked, which generally requires the solution of
one LP for each half-space defining the nonminimal representation of P. We sum-
marize this simple implementation of the polytope reduction in Algorithm 4.1. An
improved algorithm for polytope reduction is discussed in [269] where the authors
combine the procedure outlined in Algorithm 4.1 with heuristic methods, such as
bounding-boxes and ray-shooting, to discard redundant constraints more efficiently.
It is straightforward to see that a normalized, full-dimensional polytope P has
a unique minimal representation. Note that “unique” here means that for P =
{r € R" : P*z < P°} the matrix [P*P€| consists of the unique set of row vectors,
the rows’ order is irrelevant. This fact is very useful in practice. Normalized, full-
dimensional polytopes in a minimal representation allow us to avoid any ambiguity
when comparing them and very often speed-up other polytope manipulations.

Algorithm 4.1  Polytope in minimal representation
Input P = {z : P%z < P}, with P* € R"P*" P¢ e R"P
Output Q = {z : Q"z < Q°} = minrep(P)
I(—{l,”.,np}
Fori=1to np
T+ T\{i}
[« max PPz, subj.to Phhyz < P&y, Pfa < P+1
If f* > Pf Then Z < Z U {i}
End
Q"= Pf Q= P;
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conv(R)

Lo

xq 1

(a) R = Uie{1,2} Ri. (b) Convex hull of R.

Figure 4.6 Tllustration of the convex hull operation.

4.4.2 Convex Hull

4.4.3

The convex hull of a set of points V = {Vi}il\;"l, with V¢ € R™, is a polytope
defined as

N Ny
conv(V) = {x ER™ 1z = ZaZVl, a' >0, Za’ = 1}. (4.15)
i=1 i=1

The convex hull of a union of polytopes R; C R™, i =1,..., Ng, is a polytope

Nr Nr Nr
conv (U ’Ri> = {a: eER” : z= Zalxl, ' eRy, a' >0, Zoﬁ = 1}. (4.16)
i=1 i=1 i=1

An illustration of the convex hull operation is given in Figure 4.6. Construction
of the convex hull of a set of polytopes is an expensive operation which is
exponential in the number of facets of the original polytopes. An efficient software
implementation is available in [111] and used in the MPT toolbox [149].

Envelope

The envelope of two H-polyhedra P = {x € R" : P*x < P°} and @ ={z € R" :
Q%x < Q°} is an H-polyhedron

env(P,Q) = {z € R" : Pz < P, Q%x < Q°}, (4.17)

where P*x < P°¢ is the subsystem of P¥x < P¢ obtained by removing all the
inequalities not valid for the polyhedron Q, and Q%2 < Q¢ is defined in a similar
way with respect to Q%z < Q¢ and P [38]. In a similar fashion, the definition can
be extended to the case of the envelope of a P-collection. An illustration of the
envelope operation is depicted in Figure 4.7.

The computation of the envelope is relatively cheap since it only requires the
solution of one LP for each facet of P and Q. In particular, if a facet of O
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(a) R = Uie{l,z} Ri. (b) Envelope env(R).

Figure 4.7 Illustration of the envelope operation.

(and P) is found to be “nonredundant” for the polytope P (for the polytope Q)
then it is not part of the envelope. A version of Algorithm 4.1 can be used. Note
that the envelope of two (or more) polytopes is not necessarily a bounded set (e.g.,
when P U Q is shaped like a star).

Vertex Enumeration

The operation of extracting the vertices V = {V?}M of a polytope P given in H-
representation is referred to as vertex enumeration and denoted as V' = extreme(P).
The necessary computational effort is exponential in the number of facets. The work
in [12] classifies algorithms for vertex enumeration in two groups: graph traversal
and incremental. Graph traversal algorithms construct the graph of vertices and
edges of the polyhedron starting from a vertex and finding the other vertices by
traversing the graph. Going from one vertex to another is equivalent to moving
from one base to another base through pivoting in the simplex algorithm. The
reverse search [11] approach belongs to this class. Incremental algorithms start from
a subset of the polyhedron halfspaces and its associated vertices and iteratively
intersect the remaining halfspaces to compute a new set of vertices. The double
description method [114] belongs to this class. An efficient implementation of the
double description method is available in [111] and is used in the MPT toolbox [149].

Converting a V-polytope into an H-polytope corresponds to the convex hull
computation. It can also be done via vertex enumeration. This procedure is based
upon the polar dual [296, p. 61].

Alternatively, using the polar dual, an H-polytope can be converted into a
V-polytope by a convex hull computation. Because of this “symmetry” we say that
vertex enumeration and convex hull computation are dual to each other.

Chebyshev Ball

The Chebyshev Ball of a polytope P = {x € R" : P*x < P¢}, with P* € R"P*",
P¢ € R"P, corresponds to the largest radius ball B(x., R) with center z., such that
B(z., R) C P. The center and radius of the Chebyshev Ball can be easily found by
solving the following linear optimization problem
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max R (4.18a)
z.,R
subj. to Pfx.+ R|P’lls < Pf, i=1,...,np, (4.18b)

where P denotes the i-th row of P®. This can be proven as follows. Any point z of
the ball can be written as = x. + v where v is a vector of length less or equal to
R. Therefore the center and radius of the Chebyshev Ball can be found by solving
the following optimization problem

max R (4.19a)

T,

subj. to Pf(z.+v) < PF, Vwv suchthat ||v|a <R, i=1,...,np. (4.19b)
Consider the i-th constraint
PP (z.+v) < Pf, Vwv suchthat ||v||z < R.
This can be written as
PPz, < Pf — Pfv, Vv such that |[v|]2 < R. (4.20)

Constraint (4.20) is satisfied V v such that |jv||2 < R if and only if it is satisfied
at v = HZ%:LR. Therefore we can rewrite the optimization problem (4.19) as the
linear program (4.18).

If the radius obtained by solving (4.18) is R = 0, then the polytope is lower-
dimensional. If R < 0, then the polytope is empty. Therefore, an answer to the
question “is polytope P full-dimensional /empty?” is obtained at the cost of only
one linear program. Furthermore, for a full-dimensional polytope we also get a
point z. that is in the strict interior of P. However, the center of a Chebyshev Ball
Z. in (4.18) is not necessarily a unique point (e.g., when P is a rectangle). There
are other types of unique interior points one could compute for a full-dimensional
polytope, e.g., center of the largest volume ellipsoid, analytic center, etc., but those
computations involve the solution of Semi-Definite Programs (SDPs) and therefore
may be more expensive than the Chebyshev Ball computation [65]. An illustration
of the Chebyshev Ball is given in Figure 4.8.

Projection

Given a polytope P = {[z'y’] € R"*™ . P¥xp+ P¥y < P¢} C R™™™ the projection
onto the z-space R™ is defined as

proj,(P)={xz € R" : Jy e R™: P’x + PYy < P°}. (4.21)
An illustration of a projection operation is given in Figure 4.9. Current projection

methods that can operate in general dimensions can be grouped into four classes:
Fourier elimination [82, 169], block elimination [15], vertex based approaches [113]



82

4 Polyhedra and P-Collections

4.4.7

)

Ty

Figure 4.8 Tllustration of the Chebyshev Ball contained in a polytope P.

Figure 4.9 Illustration of the projection of a three-dimensional polytope P
onto the plane x3 = 0.

and wrapping-based techniques [161]. For a good introduction to projection, we
refer the reader to [161] and the references therein.

Set-Difference
The set-difference of two polytopes V and Ry
R=V\Ro={z€eR" : z€ Y,z ¢ Ry}, (4.22)

in general, can be a nonconvex and disconnected set and can be described as a
P-collection R = |J*; R;, where ¥ = U, R;U(RoNY). The P-collection
R = U2, R; can be computed by consecutively inverting the half-spaces defining
Ro as described in the following Theorem 4.2.

Note that here we use the term P-collection in the dual context of both
P-collection and its underlying set (Definitions 4.3 and 4.4). The precise statement
would say that R = Y \ Rg, where R is the underlying set of the P-collection
R = {R;}™,. However, whenever it is clear from context, we will use the former,
more compact form.
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Theorem 4.2 [//] Let Y C R™ be a polyhedron, Ro = {x € R" : Az < b}, and
Ro={zx€Y:Ax <b} =Ro(\), whereb € R™, Ry # 0 and Az < b is a minimal
representation of Ro. Also let

Atz > bt ) .
Ri—{xey. Aj:cﬁbj,Vj<i}’ i=1,....m, j=1,...,m—1.

Let R = U~, R;. Then, R is a P-collection and {Ro,R1,..., R} is a strict
polyhedral partition of ).

_ Proof: (i) We want to prove that given an x € ), then either = belongs to

Ro or to R; for some ¢ but not both. If z € Ry, we are done. Otherwise, there

exists an index i such that A’z > b'. Let i* = Iléin{i : Az > b'}. Then z € R;+, as
1sSm

A"z > b and Alx < b, Vj < i*, by definition of i*.

(ii) Let € Ro. Then there does not exist any i such that A’z > b', which
implies that x ¢ R;, Vi < m. Let x € R; and take ¢ > j. Because © € R;, by
definition of R; (i > j) A’z < ¥/, which implies that = € R;. [ ]

As an illustration for the procedure proposed in Theorem 4.2 consider the two-
dimensional case depicted in Figure 4.10(a). Here ) is defined by the inequalities
{oy <x1 <2f,25 <29 < 33;'}, and Ry by the inequalities {¢g1 <0, ...,g5 <0}
where g1, ..., g5 are linear in . The procedure consists of considering one by one the
inequalities which define Ry. Considering, for example, the inequality g; < 0, the
first set of the rest of the region Y\Ry is given by Ry = {g1 > 0, 21 > 2, 25 <
7y < w3}, which is obtained by reversing the sign of the inequality ¢g; < 0 and
removing redundant constraints in ) (see Figure 4.10(b)). Thus, by considering
the rest of the inequalities we get the partition of the rest of the parameter space
MNRo = U?:l R, as reported in Figure 4.10(d).

Remark 4.1 The set difference of two intersecting polytopes P and Q (or any closed
sets) is not a closed set. This means that some borders of polytopes R; from a P-
collection R = P\ Q are open, while other borders are closed. Even though it is
possible to keep track of the origin of particular borders of R;, thus specifying if they
are open or closed, we are not doing so in the algorithms described in this book nor
in MPT [149]. In computations, we will henceforth only consider the closure of the
sets R;.

The set difference between two P-collections P and Q can be computed as
described in [22, 134, 243].

Pontryagin Difference

The Pontryagin difference (also known as Minkowski difference) of two polytopes
P and Q is a polytope

PoQ={zeR" : x+qcP, Vge Q}. (4.23)
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Figure 4.10 Two-dimensional example illustrating Theorem 4.2. Partition of
the rest of the space Y\ Ro.

The Pontryagin difference can be efficiently computed for polytopes by solving a
sequence of LPs as follows. Define the P and Q as

P={yeR" : Ply<P’,  Q={zeR": Q"z<Q", (4.24)

then
W=PoQ (4.25a)
={ze€R" : PVz < P"— H(PY,Q)}, (4.25b)

where the i-th element of H(PY, Q) is

H;(PY,Q) = max P!z, (4.26)
Tre
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Figure 4.11 TIllustration of the Pontryagin difference and Minkowski sum
operations.

and P/ is the i-th row of the matrix PY. Note that for special cases (e.g., when Q
is a hypercube), more efficient computational methods exist [175]. An illustration
of the Pontryagin difference is given in Figure 4.11a.

Minkowski Sum
The Minkowski sum of two polytopes P and Q is a polytope

PeQ={y+z€R" : yeP, z€ Q}. (4.27)
The Minkowski sum is a computationally expensive operation which requires either
vertex enumeration and convex hull computation in n-dimensions or a projection
from 2n down to n dimensions. The implementation of the Minkowski sum via
projection is described below. If the polytopes are defined by

P={yeR" : Ply<P°}, Q={zeR" : Q°2<Q°},

then it holds that

W=PaQ
= {mER" cx=y+z PYy< P Q%2 <Qf y,zeR"}

= {a: e R™ : Jy € R", subj. to Py < P°, Q*(z —y) < QC}

- {x € R" : JyeR", subj. to B _PC;Z] m < [g] }

o ({[] e [0 2 <[5])
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Figure 4.12 Illustration that the Minkowski sum is not the complement of
the Pontryagin difference. (P Q) & Q C P.

Both the projection and vertex enumeration-based methods are implemented
in the MPT toolbox [149]. An illustration of the Minkowski sum is given in
Figure 4.11b.

Remark 4.2 The Minkowski sum is not the complement of the Pontryagin difference.
For two polytopes P and Q, it holds that (P & Q) @ Q C P. This is illustrated in
Figure 4.12.

4.4.10 Polyhedra Union

Consider the following basic problem in polyhedral computation: given two
polyhedra P C R™ and Q C R", decide whether their union is convex, and,
if so, compute it. There are three classes of algorithms for the given problem
depending on their representation: (1) P and Q are given in H-representation, (2)
P and Q are given in V-representation and (3) both H- and V-representations
are available for P and Q. Next we present an algorithm for case (1). Case
(2), case (3) and the computational complexity of all three cases are discussed
in [38].

Recall the definition of envelope in Section 4.4.3. By definition, it is easy to see
that env(P, Q) is convex and that

PUQ Cenv(P, Q). (4.28)
We have the following theorem.

Theorem 4.3 P UQ is conver < PUQ =env(P, Q).

Algorithm 4.2 checks for points z* € env(P, Q) outside P U Q.
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Algorithm 4.2 Algorithm for recognizing the convezity of P U Q

Input P, Q
Output Flag convex, if convex=true H-representation of P U Q

convex < true
Construct env(P, Q) by removing nonvalid constraints (see Figure 4.7)
Let Az < a, Bz < B be the set of removed constraints from P and Q
Let env(P,Q) = {z: Cxz <~} the resulting envelope
Remove from env(P, Q) possible duplicates (Bj, 3;) = (0 A;,00;), 0 >0
For each pair Az < a;, Bjx < Bj Do
Determine €* by solving the LP
€ = max(, €
subj. to  A;x > @&; +¢€
Bjac > Bj + €
Cx <«

If € > 0 Stop, Return convex=false
Return env(P, Q)

Note that if €* = 0 for each ¢, 7, then the union is convex and equals env(P, Q).
On the other hand, €* > 0 indicates the existence of a point z € env(P, Q) outside
PUQ.

For recognizing convexity and computing the union of k£ polyhedra, the test
can be modified by checking each k-tuple of removed constraints. Let my, ..., Mk
be the number of removed constrains from the polyhedra P, ..., P, respectively.
Then similarly for the loop in Algorithm 4.2, Hle m; linear programs need to be
solved in the general case.

Affine Mappings and Polyhedra

This section deals with the composition of affine mappings and polyhedra. Consider
a polyhedron P = {z € R" : Pz < P°}, with P* € R"P*" and an affine mapping

f(2)
f:2eR™ = Az+b, Ac R™X™ peR™4, (4.29)

Let my = n. We define the composition of P and f as the following polyhedron
Pof={z€R™ : P'f(z2) <P} ={z€R™ : PAz < P°— P"b}. (4.30)
Let m = n. We define the composition of f and P as the following polyhedron
foP={yeR™ : JxePandy=Az+5b }. (4.31)

The polyhedron f o P in (4.31) can be computed as follows. Let us write P in
V-representation
P = conv(V), (4.32)
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and let us map the set of vertices V = {V,..., V4 } through the transformation f.
Because the transformation is affine, the set f o P is simply the convex hull of the
transformed vertices

foP =conv(F), FF={AV; +0,..., AV} + b}. (4.33)

The polyhedron f o P in (4.31) can be computed immediately if m4 = m = n and
A is invertible. In this case, from the definition in (4.31), z = A='y — A=1b and
therefore

foP={yeR™ . P*A 'y < P°+ P"A"'b}. (4.34)

Vertex enumeration can be avoided even if A is not invertible and m 4 > m = n by
using a QR decomposition of the matrix A.

Remark 4.3  Often in the literature the symbol “o” is omitted for linear maps
f = Az. Therefore, AP refers to the operation A o P and PA refers to the operation
Po A.

Operations on P-Collections

This section covers some results and algorithms which are specific to operations
with P-collections. P-collections are unions of polytopes (see Definition 4.3) and
therefore the set of points contained in a P-collection can be represented in an
infinite number of ways, i.e., the P-collection representation is not unique. For
example, one can subdivide any polytope P into a number of smaller polytopes
whose union is a P-collection which covers P. Note that the complexity of all
subsequent computations depends strongly on the number of polytopes representing
a P-collection. The smaller the cardinality of a P-collection, the more efficient the
computations. The reader is referred to [243, 242] for proofs and comments on
computational efficiency.

Set-Difference

The first two results given here show how the set difference of a P-collection and a
P-collection (or polyhedron) may be computed.

Lemma 4.1 Let C = Uje{l, """" 7 Cj be a P-collection, where all the C;, j €

{1,...,J}, are nonempty polyhedra. If D is a nonempty polyhedron, then C\D =
Ujeq,.... 1 (C\D) is a P-collection.

Lemma 4.2 Let the sets C = Ujeqy, 1 C and D = U,y Dy be P-
collections, where all the C;, j € {1,...,J}, and Dy, y € {1,...,Y}, are nonempty
polyhedra. If & = C and & = Ey_1\Dy, y € {1,...,Y} then C\D = &y is a
P-collection.
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The condition C C D can be easily verified since C C D < C\D = (. Similarly
C = D is also easily verified since

C=D<« (C\D =0 and D\C = 0).

Next, an algorithm for computing the Pontryagin difference of a P-collection and
a polytope is presented. If S and B are two subsets of R" then S&B = [S¢ & (—B)]°
where ()¢ denotes the set complement. The following algorithm implements the
computation of the Pontryagin difference of a P-collection C = Ujc(1,... 1Cj, where
Cj,j€{1,...,J} are polytopes in R™, and a polytope B C R".

Algorithm 4.3  Pontryagin Difference for P-collections, C © B

Input: P-collection C, polytope B
Output: P-collection G+ CO B

H + env(C) (or H + conv(C))
D+ HSB

S+ H\C

F+—Ed®(—B)

G« D\F

Remark 4.4 Note that H in Algorithm 4.3 can be any convex set containing the
P-collection C. The computation of H is generally more efficient if the envelope
operation is used instead of convex hull.

Remark 4.5 1t is important to note that (¢, 5, Ci) ©B # Ujcqn,..5y (G ©B),
where B and C; are polyhedra; hence, the relatively high computational effort of
computing the Pontryagin difference of a P-collection and a polytope.

Theorem 4.4 (Computation of Pontryagin Difference [242]) The output
of Algorithm 4.3 4is G=C O B.
Proof: It holds by definition that
D=HocB={z : z+weH, Ywe B},
E=H\C={z : z€Hand z ¢ C}.
By the definition of the Minkowski sum:
F=Ed(-B)={zx : z=2z+w, z€&we (-B)}
={z : Jwe (-B), subj. to z —w € &}.
By definition of the set difference:
D\F={z: z€Dandz¢F}
={z€D : fweBst.z+wef}
={zeD : xz4+w¢éf Ywe B}
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From the definition of the set D:
D\F={x : z+weHandz+w¢¢&, Ywe B}
and from the definition of the set £ and because C C H:

D\F={z : z+weHand (r+wg¢Horz+wecC) YVwe B}
={z : z+wel, Ywe B}
=CoB.
© |

Algorithm 4.3 is illustrated on a sample P-collection in Figures 4.13(a) to 4.13(f).

Remark 4.6 It should be noted that Algorithm 4.3 for computation of the Pontryagin
difference is conceptually similar to the algorithm proposed in [263, 172]. The envelope
operation H = env(C) employed in Algorithm 4.3 might reduce the number of
sets obtained when computing H \ C, which in turn results in fewer Minkowski set
additions. Since the computation of a Minkowski set addition is expensive, a runtime
improvement can be expected.

Polytope Covering

The problem of checking if some P polytope is covered with the union of other
polytopes, i.e., a P-collection Q = U;Q; is discussed in this section. We consider
two related problems:

polycover: Check if P C Q, and
regiondiff: Compute P-collection R =P\ Q.

Clearly, polycover is just a special case of regiondiff, where the resulting P-
collection R = (). Also, it is straightforward to extend the above problems to the
case where both P and Q are both P-collections.

One idea of solving the polycover problem is inspired by the following
observation

PCQ & P=U(PNQ,).

Therefore, we could create R; =P N Q;, for i = 1,..., Ng and then compute the
union of the collection of polytopes {R;} by using the polyunion algorithm for
computing the convex union of H-polyhedra reported discussed in Section 4.4.10.
If polyunion succeeds (i.e., the union is a convex set) and the resulting polytope is
equal to P then P is covered by Q, otherwise it is not. However, this approach is
computationally very expensive. More details can be found in [123].

Union of P-Collections

Consider a P-collection P = {P;}7_,. We study the problem of finding a minimal
representation of P by merging one or more polyhedra belonging to the P-collection.
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g &
T
(a) Uje{l,...,J} Cj and B.
H
T
(c) D=HoOoB.
g F &
9 9
(e) F=E® (—B). () =D\ F.

Figure 4.13 Illustration of Algorithm 4.3. Computing the set difference
G = C 6 B between the P-collection C = C; U C2 and the polytope B.

Clearly one could use the polyunion algorithm presented in Section 4.4.10 for
all possible subsets of the P-collection and solve the problem by comparing all
solutions. However this approach is not computationally efficient.

Our interest in this problem will be clear later in this book (Section 11.1) when
computing the PWA state feedback control law to optimal control problems. Once
the PWA state feedback control law has been derived, the memory requirement and
the on-line computation time are linear in the number of polyhedra of the feedback
law when using standard brute force search. Therefore, we will be interested in the
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problem of finding a minimal representation of piecewise affine (PWA) systems,
or more specifically, for a given PWA system, we solve the problem of deriving a
PWA system, that is both equivalent to the former and minimal in the number of
regions. This is done by associating a different color to a different feedback law,
and then collecting the polyhedra with the same color. Then, for a given color, we
try to merge the corresponding P-collection. If the number of polyhedra with the
same affine dynamic is large, the number of possible polyhedral combinations for
merging explodes. As most of these unions are not convex or even not connected
and thus cannot be merged, trying all combinations using standard techniques
based on linear programming (LP) is prohibitive. Furthermore, our objective here
is not only to reduce the number of polyhedra but rather to find the minimal and
thus optimal number of disjoint polyhedra. This problem is known to be A"P-hard.
In [123] details on the solutions of these problems can be found.
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Multiparametric Nonlinear
Programming

The operations research community has addressed parameter variations in math-
ematical programs at two levels: sensitivity analysis, which characterizes the
change of the solution with respect to small perturbations of the parameters,
and parametric programming, where the characterization of the solution for a
full range of parameter values is studied. In this chapter we introduce the
concept of multiparametric programming and recall the main results of nonlinear
multiparametric programming. The main goal is to make the reader aware of
the complexities of general multiparametric nonlinear programming. Later in this
book we will use multiparametric programming to characterize and compute the
state feedback solution of optimal control problems. There we will only make
use of Corollary 5.1 for multiparametric linear programs and Corollary 5.2 for
multiparametric quadratic programs, which show that these specific programs are
“well behaved.”

Introduction to Multiparametric Programs

Consider the mathematical program

J*(z) =1inf J(z,x)
subj. to g(z,z) <0

where z is the optimization vector and x is a vector of parameters. We are interested
in studying the behavior of the value function J*(z) and the optimizer z*(z) as
we vary the parameter z. Mathematical programs where x is a scalar are referred
to as parametric programs, while programs where z is a vector are referred to as
multiparametric programs.

There are several reasons to look for efficient solvers of multiparametric
programs. Typically, mathematical programs are affected by uncertainties due
to factors that are either unknown or that will be decided later. Parametric
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programming systematically subdivides the space of parameters into characteristic
regions, which depict the feasibility and corresponding performance as a function
of the uncertain parameters, and hence provide the decision maker with a complete
map of various outcomes.

Our interest in multiparametric programming arises from the field of system
theory and optimal control. For example, for discrete-time dynamical systems, finite
time constrained optimal control problems can be formulated as mathematical
programs where the cost function and the constraints are functions of the initial
state of the dynamical system. In particular, Zadeh and Whalen [293] appear to
have been the first ones to express the optimal control problem for constrained
discrete-time linear systems as a linear program. We can interpret the initial state
as a parameter. By using multiparametric programming we can characterize and
compute the solution of the optimal control problem explicitly as a function of the
initial state.

We are further motivated by the model predictive control (MPC) technique.
MPC is very popular in the process industry for the automatic regulation of process
units under operating constraints, and has attracted a considerable research effort
in the last two decades. MPC requires an optimal control problem to be solved
on-line in order to compute the next command action. This mathematical program
depends on the current sensor measurements. The computation effort can be moved
off-line by solving multiparametric programs, where the control inputs are the
optimization variables and the measurements are the parameters. The solution of
the parametric program problem is a control law describing the control inputs as
function of the measurements. MPC and its multiparametric solution are discussed
in Chapter 12.

In the following we will present several examples that illustrate the parametric
programming problem and hint at some of the issues that need to be addressed by
the solvers.

Example 5.1 Consider the parametric quadratic program

1
J(z) =min J(z,z) = §z2 + 2zz + 227
subj. to z< 14z,

where z € R. Our goals are:

1. to find z*(z) = arg min, J(z,z),
2. to find all x for which the problem has a solution, and

3. to compute the value function J*(z).
The Lagrangian is
_ 1, 2
L(z,z,u) = 77 +2zz4+2z" +u(z—xz—1)

and the KKT conditions are (see Section 2.3.3 for KKT conditions for quadratic
programs)
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Figure 5.1 Example 5.1. Optimizer z*(z) and value function J*(z) as a
function of the parameter x.

z+2x+u =0 (5.1a)
u(z—xz—1) =0 (5.1b)
u >0 (5.1¢)
z—zx—1<0. (5.1d)
Consider (5.1) and the two strictly complementary cases:
z+2x+u=0 Z=ztl
Al z—2-1=0 ={ J =227+3zx+1%
u>0 ch—%
(5.2)
z4+2x4+u=0 2" =2z
B. z—2z—-1<0 =4¢ J"'=0
u=0 r>—3

This solution is depicted in Figure 5.1.

The above simple procedure, which required nothing but the solution of the KKT
conditions, yielded the optimizer z*(z) and the value function J*(x) for all values
of the parameter x. The set of admissible parameter values was divided into two
critical regions, defined by = < —% and x > —%. In the region z < —% the inequality
constraint is active and the Lagrange multiplier is greater or equal than zero, in
the other region x > —% the inequality constraint is not active and the Lagrange
multiplier is equal to zero.

In general, when there are more than one inequality constraints, a critical region
is defined by the set of inequalities that are active in the region. Throughout a
critical region the conditions for optimality derived from the KKT conditions do
not change. For our example, in each critical region the optimizer z*(x) is affine and
the value function J*(x) is quadratic. Thus, considering all x, z*(x) is piecewise
affine and J*(z) is piecewise quadratic. Both z*(z) and J*(z) are continuous, but
z*(z) is not continuously differentiable.

In much of this book we will be interested in two questions: how to find the value
function J*(z) and the optimizer z*(z) and what are their structural properties,
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e.g., continuity, differentiability and convexity. Such questions have been addressed
for general nonlinear multiparametric programming by several authors in the past
(see [18] and references therein), by making use of quite involved mathematical
theory based on the continuity of point-to-set maps. The concept of point-to-set
maps will not be much used in this book. However, it represents a key element for a
rigorous mathematical description of the properties of a nonlinear multiparametric
program and hence a few key theoretical results for nonlinear multiparametric
programs based on the point-to-set map formalism, which will be discussed in this
chapter.

General Results for Multiparametric Nonlinear
Programs

Consider the nonlinear mathematical program dependent on a parameter x
appearing in the cost function and in the constraints

J*(z) =int  J(z,z)

z 5.3
subj. to  g(z,z) <0, (5:3)

where z € Z C R? is the optimization vector, x € X C R" is the parameter vector,
J : R® x R® — R is the cost function and g : R® x R™ — R™s are the constraints.
We denote by g;(z, z) the i-th component of the vector-valued function g(z, x).

A small perturbation of the parameter x in the mathematical program (5.3) can
cause a variety of results. Depending on the properties of the functions J and g the
solution z*(z) may vary smoothly or change abruptly as a function of z. Denote
by 2 the set of subsets of Z. We denote by R the point-to-set map which assigns
to a parameter x € X the (possibly empty) set R(z) of feasible variables z € Z,
R:X— 2%

R(x)={z€ Z: g(z,2) <0}, (5.4)

by KC* the set of feasible parameters
K*={zeX: R(z)#0}, (5.5)

by J*(x) the real-valued function that expresses the dependence of the minimum
value of the objective function over K* on x

J*(z) = iI;f{J(z,o:) : z € R(x)}, (5.6)

and by Z*(x) the point-to-set map which assigns the (possibly empty) set of
optimizers z* € 2€ to a parameter z € X

Z*(x)={z € R(x): J(z,z)=J"(2)}. (5.7)

J*(z) will be referred to as optimal value function or simply value function, Z*(x)
will be referred to as the optimal set. If Z*(x) is a singleton for all z, then z*(z) =
Z*(x) will be called optimizer function. We remark that R and Z* are set-valued
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functions. As discussed in the notation section, with abuse of notation J*(x) and
Z*(z) will denote both the functions and the value of the functions at the point z.
The context will make clear which notation is being used.

The book by Bank and coauthors [18] and Chapter 2 of [107] describe conditions
under which the solution of the nonlinear multiparametric program (5.3) is locally
well behaved and establish properties of the optimal value function and of the opti-
mal set. The description of such conditions requires the definition of continuity of
point-to-set maps. Before introducing this concept we will show through two simple
examples that continuity of the constraints g;(z, ) with respect to z and x is not
enough to imply any “regularity” of the value function and the optimizer function.

Example 5.2 [18, p. 12]

Consider the following problem:

J*(x) = min, x%2* —22(1 —2)z
subj. to z>0 (5.8)
0<z<1.

Cost and constraints are continuous and continuously differentiable. For 0 < x < 1 the
optimizer function is z* = (1 —x)/x and the value function is J*(z) = —(1 —z)?. For
x = 0, the value function is J*(z) = 0 while the optimal set is Z* = {z € R: z > 0}.
Thus, the value function is discontinuous at 0 and the optimal set is single-valued for
all 0 < z <1 and set-valued for x = 0.

Example 5.3 Consider the following problem:
J*(z) =inf 2z
subj.to zx >0 (5.9)

~10<2<10
~10< z < 10,

where z € R and z € R. For each fixed x the set of feasible z is a segment. The
point-to-set map R(z) is plotted in Figure 5.2(a). The function g1 : (z,2) +— zz is
continuous. Nevertheless, the value function J*(z) = z*(x) has a discontinuity at the
origin as can be seen in Figure 5.2(b).

Example 5.4 Consider the following problem:
J*(z) = inf -2

Z1,22

subj. to  gi(z1,22) +x <0 (5.10)
g2(z1,22) + = <0,

where examples of the functions g1 (21, 22) and g2(z1, 22) are plotted in Figures 5.3(a)—
5.3(c). Figures 5.3(a)-5.3(c) also depict the point-to-set map R(x) = {[z1,22] €
R?|g1(21,22) + « < 0, go(z1,22) + o < 0} for three fixed x. Starting from = = Z,
as x increases, the domain of feasibility in the space z1, z2 shrinks; at the beginning
it is connected (Figure 5.3(a)), then it becomes disconnected (Figure 5.3(b)) and
eventually connected again (Figure 5.3(c)). No matter how smooth one chooses the
functions g; and g2, the value function J*(z) = —z7(z) will have a discontinuity at

xr = 3.
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(a) Point-to-set map R(x). (b) Value function J*(z).

Figure 5.2 Example 5.3. Point-to-set map and value function.
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9a(21, 29) = 74

(a) Set R(z1) shaded in gray. (b) Set R(z2) shaded in gray.
29 J*(x)
91(21, 20) = T3 \

21 7 L7 x

2
N

9a(215 20) = T3

(c) Set R(Z3) shaded in gray. (d) Value function J*(z).

Figure 5.3 Example 5.4. Problem (5.10). (a)—(c) Projections of the point-to-
set map R(x) for three values of the parameter z: 1 < T2 < T3; (d) Value
function J* ().
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Examples 5.2, 5.3 and 5.4 show the case of simple and smooth constraints which
lead to a discontinuous behavior of value function and in Examples 5.3 and 5.4 we
also observe discontinuity of the optimizer function. The main causes are:

e in Example 5.2 the feasible vector space Z is unbounded (z > 0),

e in Examples 5.3 and 5.4 the feasible point-to-set map R(x) (defined in (5.4))
is discontinuous, as defined precisely below.

In the next sections we discuss both cases in detail.

Continuity of Point-to-Set Maps

Consider a point-to-set map R : # € X + R(z) € 2°. We give the following
definitions of open and closed maps according to Hogan [152]:

Definition 5.1  The point-to-set map R(x) is open at a point T € K* if for all
sequences {z*¥} C K* with 2¥ — 7 and for all Z € R(Z) there exists an integer m
and a sequence {z*} € Z such that z¥ € R(z*) for k > m and 2% — z.

Definition 5.2  The point-to-set map R(x) is closed at a point T € K* if for each
pair of sequences {x*} C K*, and z* € R(x*) with the properties
it follows that zZ € R(T).

We define the continuity of a point-to-set map according to Hogan [152] as follows:

Definition 5.3 The point-to-set map R(x) is continuous at a point T in K* if
it is both open and closed at T. R(x) is continuous in KC* if R(x) is continuous at
every point x in IC*.

The definitions above are illustrated through two examples.

Example 5.5 Consider
R(z)={z€eR: z€[0,1]ifz <1, z€[0,0.5] if x > 1.}

The point-to-set map R(z) is plotted in Figure 5.4. It is easy to see that R(zx) is not
closed but open. In fact, if one considers a sequence {mk} that converges to £ = 1 from
the left and extracts the sequence {zk} plotted in Figure 5.4 converging to z = 0.75,
then z ¢ R(Z) since R(1) = [0,0.5].

Example 5.6 Consider
R(z)={z€R : z€]0,1] ifxz<1, z2€]0,0.5]if x > 1}

The point-to-set map R(z) is plotted in Figure 5.5. It is easy to verify that R(x)
is closed but not open. Choose zZ = 0.75 € R(z). Then, for any sequence {z"} that
converges to Z = 1 from the right, one is not able to construct a sequence {z*} € Z
such that z* € R(z*) and z* — 2. In fact, such sequence z* will always be bounded
between 0 and 0.5.
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{2}

0.5 1

{z}

Figure 5.4 Example 5.5. Open and not closed point-to-set map R(z).

1
0.5
{2}
{z}
T
1 T

Figure 5.5 Example 5.6. Closed and not open point-to-set map R(z).

Remark 5.1 We remark that “upper semicontinuous” and “lower semicontinuous”
definitions of point-to-set map are sometimes preferred to open and closed defini-
tions [47, p. 109]. In [18, p. 25], nine different definitions for the continuity of point-
to-set maps are introduced and compared. We will not give any details on this subject
and refer the interested reader to [18, p. 25].

The examples above are only illustrative. In general, it is difficult to test if a
set is closed or open by applying the definitions. Several authors have proposed
sufficient conditions on g; which imply the continuity of R(zx). In the following we
introduce a theorem which summarizes the main results of [254, 93, 152, 47, 18].

Theorem 5.1 If Z is convez, if each component g;(z,x) of g(z,x) is continuous
on ZxZ and convex in z for each T € X and if there exists a Z such that g(Z,T) < 0,
then R(x) is continuous at T.

The proof is given in [152, Theorems 10 and 12]. An equivalent proof can be also
derived from [18, Theorem 3.1.1 and Theorem 3.1.6]. |

Remark 5.2 Note that convexity in z for each x is not enough to imply the continuity
of R(z) everywhere in K*. In [18, Example 3.3.1 on p. 53] an example illustrating
this is presented. We remark that in Example 5.3 the origin does not satisfy the last
hypothesis of Theorem 5.1.




5.2 General Results for Multiparametric Nonlinear Programs

103

Remark 5.3 If the assumptions of Theorem 5.1 hold at each Z € X then one can
extract a continuous single-valued function (often called a “continuous selection”)
r : X — R such that r(z) € R(z), Vo € X, provided that Z is finite-dimensional.
Note that convexity of R(z) is a critical assumption [18, Corollary 2.3.1]. The
following example shows a point-to-set map R(x) not convex for a fixed x which
is continuous but has no continuous selection [18, p. 29]. Let A be the unit disk in R?,
define R(z) as

xeAHR(m):{zeA: Hz—x||22%} (5.11)

It can be shown that the point-to-set map R(z) in (5.11) is continuous according
to Definition 5.3. In fact, for a fixed T € A the set R(Z) is the set of points in the
unit disk outside the disk centered in Z and of radius 0.5 (next called the half disk);
small perturbations of Z yield small translations of the half disk inside the unit disk
for all Z € A. However R(z) has no continuous selection. Assume that there exists a
continuous selection 7 : x € A — r(xz) € A. Then, there exists a point z* such that
xz* = r(z"). Since r(z) € R(z), Vx € A, there exists a point z* such that z* € R(z").
This is not possible since for all z* € A, z* ¢ R(z") (recall that R(z") is set of points
in the unit disk outside the disk centered in z* and of radius 0.5).

Remark 5.4 Let A be the unit disk in R, define R(x) as
:L’EA»—>R(3:):{Z€A: |z—1’\2%} (5.12)

R(x) is closed and not open and it has no continuous selection.

Remark 5.5 Based on [18, Theorem 3.2.1-(I) and Theorem 3.3.3], the hypotheses
of Theorem 5.1 can be relaxed for affine g;(z,z). In fact, affine functions are weakly
analytic functions according to [18, p. 47]. Therefore, we can state that if Z is convex,
if each component g;(z,z) of g(z,z) is an affine function, then R(x) is continuous at
z for all z € K*.

Properties of the Value Function and Optimal Set

Consider the following definition

Definition 5.4 A point-to-set map R(x) is said to be uniformly compact near T
if there exist a neighborhood N of T such that the closure of the set | R(x) s
compact.

zeN

Now we are ready to state the two main theorems on the continuity of the value
function and of the optimizer function.

Theorem 5.2  [152, Theorem 7] Consider problem (5.3)-(5.4). If R(x) is a
continuous point-to-set map at T and uniformly compact near T and if J is
continuous on T X R(Z), then J* is continuous at . [ |
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Theorem 5.3  [152, Corollary 8.1] Consider problem (5.3)-(5.4). If R(x) is a
continuous point-to-set map at T, J is continuous on T X R(Z), Z* is nonempty
and uniformly compact near T, and Z*(x) is single valued, then Z* is continuous
at T. |

Remark 5.6 Equivalent results of Theorems 5.2 and 5.3 can be found in [47, p. 116]
and [18, Chapter 4.2].

Example 5.7 Example 5.2 revisited

Consider Example 5.2. The feasible map R(x) is unbounded and therefore it does not
satisfy the assumptions of Theorem 5.2 (since it is not uniformly compact). Modify
Example 5.2 as follows:

J*(x) = min, 2?2% —22(1 —x)2
subj.to 0<z< M (5.13)
0<z<1

with M > 0. The solution can be computed immediately. For 1/(1+ M) < z < 1 the
optimizer function is z* = (1 — x)/x and the value function is J*(z) = —(1 — 2)%.
For 0 < # < 1/(1 + M), the value function is J*(z) = 2> M? — 2Mx(1 — z) and the
optimizer function is z* = M. For « = 0, the value function is J*(z) = 0 while the
optimal set is Z* ={z €¢ R: 0< 2z < M}.

No matter how large we choose M, the value function and the optimal set are
continuous for all z € [0, 1].

Example 5.8 Example 5.3 revisited
Consider Example 5.3. The feasible map R(z) is not continuous at = 0 and therefore
it does not satisfy the assumptions of Theorem 5.2. Modify Example 5.3 as follows:

J*(z) =inf =z
subj. to zx > —¢ (5.14)

~10< 2 <10
~10 < z < 10,

where € > 0. The value function and the optimal set are depicted in Figure 5.2 for
€ = 1. No matter how small we choose ¢, the value function and the optimal set are
continuous for all z € [—10, 10]

The following corollaries consider special classes of parametric problems.
Corollary 5.1 (mp-LP) Consider the special case of the multiparametric pro-
gram (5.3). where the objective and the constraints are linear

J*(z) =min 'z

L ? (5.15)
subj. to Gz <w+ S,

and assume that there exists an T and z*(Z) with a bounded cost J*(x). Then, K*
is a nonempty polyhedron, J*(x) is a continuous and convex function on K* and
the optimal set Z*(x) is a continuous point-to-set map on K*.

Proof: See Theorem 5.5.1 in [18] and the bottom of page 138 in [18]. |
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(a) Point-to-set map R(x). (b) Value function J*(x).

Figure 5.6 Example 5.8. Point-to-set map and value function.

Corollary 5.2 (mp-QP) Consider the special case of the multiparametric pro-
gram (5.3). where the objective is quadratic and the constraints are linear

1
J*(z) = min —ZHz+2F
: 2 (5.16)

subj. to Gz < w+ Sz,

and assume that H > 0 and that there exists (Z,Z) such that GZ < w + SZ. Then,
K* is a nonempty polyhedron, J*(x) is a continuous and convex function on K*
and the optimizer function z*(x) is continuous in K*.

Proof: See Theorem 5.5.1 in [18] and the bottom of page 138 in [18]. |

Remark 5.7 We remark that Corollary 5.1 requires the existence of optimizer z*(Z)
with a bounded cost. This is implicitly guaranteed in the mp-QP case since in
Corollary 5.2 the matrix H is assumed to be strictly positive definite. Moreover,
the existence of an optimizer z*(Z) with a bounded cost guarantees that J*(x) is
bounded for all z in K*. This has been proven in [115, p. 178, Theorem 1] for the
mp-LP case and it is immediate to prove for the mp-QP case.

Remark 5.8 Both Corollary 5.1 (mp-LP) and Corollary 5.2 (mp-QP) could be
formulated stronger: J* and Z* are even Lipschitz-continuous. J* is also piecewise
affine (mp-LP) or piecewise quadratic (mp-QP), and for the mp-QP z2*(z) is
piecewise affine. For the linear case, Lipschitz continuity is known from Walkup-
Wets [283] as a consequence of Hoffman’s theorem. For the quadratic case, Lipschitz
continuity follows from Robinson [253], as e.g., shown by Klatte and Thiere [178].
The “piecewise” properties are consequences of local stability analysis of parametric
optimization, e.g., [107, 18, 200] and are the main focus of the next chapter.
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Multiparametric Programming:
A Geometric Approach

In this chapter we will concentrate on multiparametric linear programs (mp-LP),
multiparametric quadratic programs (mp-QP) and multiparametric mixed-integer
linear programs (mp-MILP).

The main idea of the multiparametric algorithms presented in this chapter is
to construct a critical region in a neighborhood of a given parameter by using
necessary and sufficient conditions for optimality, and then to recursively explore
the parameter space outside such a region. For this reason the methods are classified
as “geometric.” All the algorithms are easy to implement once standard solvers are
available: linear programming, quadratic programming and mixed-integer linear
programming for solving mp-LP, mp-QP and mp-MILP, respectively. A literature
review is presented in Section 6.6.

Multiparametric Programs with Linear Constraints

Formulation

Consider the multiparametric program
wroN
J*(z) = min J(z, ) (6.1)
subj. to Gz < w+ Sz,

where z € R® are the optimization variables, € R™ is the vector of parameters,
J(z,x) : R¥T" — R is the objective function and G € R™** w € R™, and S €
R™*™ Given a closed and bounded polyhedral set & C R™ of parameters,

K={xeR": Te <N}, (6.2)
we denote by K* C K the region of parameters « € K such that (6.1) is feasible:
K* = {z € K : 3z satisfying Gz < w + Sz}. (6.3)
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6.1.2

In this book we assume that

1. the constraint z € K is included in the constraints Gz < w + Sz.

2. the polytope K is full-dimensional. Otherwise we can reformulate the problem
with a smaller set of parameters such that K becomes full-dimensional.

3. S has full column rank. Otherwise we can again reformulate the problem in
a smaller set of parameters.

Theorem 6.1  Consider the multiparametric problem (6.1). If the domain of
J(z,z) is R¥T™ then K* is a polytope.

Proof: K* is the projection of the set Gz — Sz < w on the x space intersected
with the polytope K. |

For any given z € K*, J*(Z) denotes the minimum value of the objective
function in problem (6.1) for x = Z. The function J* : £* — R expresses the
dependence of the minimum value of the objective function on z, J*(z) is called
the value function. The set-valued function Z* : K* — 28", where 2% is the set
of subsets of R®, describes for any fixed z € K* the set Z*(x) of optimizers z*(x)
yielding J*(z).

We aim to determine the feasible set * C K of parameters, the expression of
the value function J*(x) and the expression of one of the optimizers z*(x) € Z*(x).

Definition of Critical Region

Consider the multiparametric program (6.1). Let I = {1,...,m} be the set of
constraint indices. For any A C I, let G4 and S4 be the submatrices of G and S,
respectively, comprising the rows indexed by A and denote with G, S; and w; the
j-th row of G, S and w, respectively. We define CR 4 as the set of parameters z
for which the same set A of constraints is active at the optimum. More formally
we have the following definitions.

Definition 6.1  The optimal partition of I at x is the partition (A(zx), NA(zx))
where
Alz) ={j € I:Gjz*(z) — Sjz = w; for all 2*(x) € Z*(x)}
NA(z) ={j €I : exists z*(z) € Z*(x) satisfying G;z*(x) — Sjz < w;}.

It is clear that A(z) and NA(x) are disjoint and their union is I.

Definition 6.2  Consider a set A C I. The critical region associated with the set
of active constraints A is defined as

CRy={z €K Alz) = A}. (6.4)

The set CR4 is the set of all parameters = such that the constraints indexed by
A are active at the optimum of problem (6.1). Our first objective is to work with
full-dimensional critical regions. For this reason, we discuss next how the dimension
of the parameter space can be reduced in case it is not full-dimensional.
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Reducing the Dimension of the Parameter Space

It may happen that the set of inequality constraints in (6.1) contains some “hidden”
or “implicit” equality constraints as the following example shows.

Example 6.1

min, J(z,x)
z1+22<9—x1 —22
Z21 — 22 §1—5L'1—£L'2
21+ 22 <7+ x1+ 22

subj. to 71—z < —14+x1 + a2 (6.5)
—2Z1 S —4
—Z2 S —4
z1 S 20 — T2,

where K = {[z1,22]’ € R?2: —100 < z; < 100, —100 < 25 < 100}. The reader can
check that all feasible values of x1, x2, 21, 22 satisfy

z1+22=9—x1 — T2
21*22:1711712
z1+z2=T+x1+22

21 — 29 = —1+l‘1 +ZI,‘2 (66)
21:4

22:4

z21 §20—1}2,

where we have identified many of the inequalities to be hidden equalities. This can
be simplified to
1 +xo =1

r2 < 16. (6.7)

Thus
1 +x0 =1
K*={ [z1,22) € R®: =100 <21 <100 p . (6.8)
—100 < 22 < 16

The example shows that the polytope K* is contained in a lower dimensional subspace
of IC, namely a line segment in R?.

Our goal is to identify the hidden equality constraints (as in (6.6)) and use
them to reduce the dimension of the parameter space (as in (6.7)) for which the
multiparametric program needs to be solved.

Definition 6.3 A hidden equality of the polyhedron C = {{ € R® : B{ < v} is
an inequality B;¢ < v; such that B;§ =v; V€ €C.

To find hidden equalities we need to solve

v =min B¢
subj. to B¢ < w,

for all constraints ¢ = 1,...,m. If vJ = v;, then B;£ = v; is a hidden equality.
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6.2
6.2.1

We can apply this procedure with £ = [7] to identify the hidden equalities in
the set of inequalities in (6.1)

Gz <w+ Sx,
to obtain
Gnnz < wnp + Spp (6.9a)
Grz = wy, + Spx, (6.9b)

where we have partitioned G, w and S to reflect the hidden equalities. In order to
find the equality constraints involving only the parameter = that allow us to reduce
the dimension of x, we need to project the equalities (6.9b) onto the parameter
space. Let the singular value decomposition of G}, be

‘/'1/
Gh:[U1U2}E[ VQ’}’
where the columns of Us are the singular vectors associated with the zero singular
values. Then the matrix U} defines the projection of (6.9b) onto the parameter
space, i.e.,
UéGhZ =0= Uéwh + Uéth. (6.10)

We can use this set of equalities to replace the parameter x € R™ with a set of
n' = n — rank(U4Sy) new parameters in (6.9a) which simplifies the parametric
program (6.1).

In the rest of this book we always assume that the multiparametric program has
been preprocessed using the ideas of this section so that the number of independent
parameters is reduced as much as possible and K* is full-dimensional.

Multiparametric Linear Programming

Formulation

Consider the special case of the multiparametric program (6.1) where the objective
is linear
J*(z) =min 'z
z

. (6.11)
subj. to Gz <w+ Sz.

All the variables were defined in Section 6.1.1. Our goal is to find the value function
J*(z) and an optimizer function z*(z) for € K*. Note that K* can be determined
as discussed in Theorem 6.1. As suggested through Example 5.1 our search for
these functions proceeds by partitioning the set of feasible parameters into critical
regions. This is shown through a simple example next.

Example 6.2 Consider the parametric linear program
J(z) =min z+1

subj.to z>1+4=z
z >0,
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where z € R and x € R. Our goals are:

L. tofind 2" (x) = arg min, ,>q ,>14,2+ 1,
2. to find all x for which the problem has a solution, and
3. to compute the value function J*(z).
The Lagrangian is
L(z,z,u1,u2) = z +ui(—2z + x + 1) + ua(—2)

and the KKT conditions are (see Section 2.2.3 for KKT conditions for linear

programs)
—up —us = —1 (6.12a)
u(—z+x+1) =0 (6.12b)
u2(—z) =0 (6.12¢)
ur >0 (6.12d)
us >0 (6.12¢)
—2+4z4+1<0 (6.12f)
—z < 0. (6.12g)

Consider (6.12) and the three complementary cases:

U1+UQ:1

—2z4+2xz+1=0 z*iiJﬂi_O
A, —z<0 = ==
J'=2+4+z
ur >0
z> -1
U2:0
ur +uz =1 2 =0
—z24+2x+1<0 u*:O P
B. —2=0 = R (6.13)
Jr =1
ur =0 r<—1
ug >0
uy +uz =1 2 =0
—24+2x4+1=0 . . .
e Ly L uzo w0 urus
ur 20 x*ifl
UQZO o

This solution is depicted in Figure 6.1.

The above simple procedure, which required nothing but the solution of the KKT
conditions, yielded the optimizer z*(z) and the value function J*(z) for all values
of the parameter . The set of admissible parameters values was divided into three
critical regions, defined by x < —1, « > —1 and = —1. In the region z > —1
the first inequality constraint is active (z = 1 + z) and the Lagrange multiplier u;
is greater than zero, in the second region x < —1 the second inequality constraint
is active (z = 0) and the Lagrange multiplier us is greater than zero. In the third
region x = —1 both constraints are active and the Lagrange multipliers belong to
the set u] >0, uz > 0, ul + u3 = 1. Throughout a critical region the conditions for
optimality derived from the KKT conditions do not change. For our example, in each
critical region the optimizer z*(z) is affine and the value function J*(z) is also affine.
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x

Figure 6.1 Example 6.2. Optimizer z*(z) and value function J*(z) as a
function of the parameter x.

6.2.2 Critical Regions, Value Function and Optimizer: Local Properties

Consider Definition 6.2 of a critical region. In this section we show that critical
regions of mp-LP are polyhedra. We use primal feasibility to derive the H-
polyhedral representation of the critical regions, the complementary slackness
conditions to compute an optimizer z*(x), and the dual problem of (6.11) to derive
the optimal value function J*(z) inside each critical region.

Consider the dual problem of (6.11):

min (w4 Sz)'u

subj. to G'u= —c (6.14)
u > 0.

The dual feasibility, complementary slackness and primal feasibility conditions for
problems (6.11), (6.14) are

Gu+ec=0 u>0 (6.15a)
wi(Giz —w; — S;z) =0, i=1,...,m (6.15b)
Gz—w— Sz <0. (6.15¢)

Let us assume that we have determined the optimal partition
(A,NA) = (A(z"), NA(z™))
for some x* € K*. The primal feasibility condition (6.15¢) can be rewritten as
Gpz* — Saz =wa (6.16a)
Gynaz* — Syax < wna. (6.16Db)

Here (6.16a) assigns to a parameter z an optimizer z*(z) (in general, a set of
optimizers z*(z)) and (6.16b) defines the critical region CR4 in the parameter
space K* for which this assignment is valid. In the simplest case assume that G 4
is square and of full rank. From (6.16a) we find

2" =G (Saz 4+ wa), (6.17)
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and substituting in (6.16b) we obtain the set of inequalities that defines the critical
region CR 4 of parameters x for which the optimizer is (6.17):

CRa = {z: GnaGL'(Sazw+wa) — Syaz <wna}. (6.18)

The following derivation deals with the general case when the optimizer z*(z)
is not necessarily unique and G4 is not invertible. We know from (6.16a) that for
r € CR4y

GAZ* — SAJJ = wA4.

For another z € CR4 we require
GAZ — SAT = way,
or for the perturbation £ =z — &
GazZ—Saz=0.

This equation will have a solution Z for arbitrary values of Z, i.e., a full dimensional
CR, if
rank[G 4] = rank[G 4 Sa].

Otherwise the dimension over which z can vary will be restricted to
n — (rank[G4 Sa] — rank[G 4]).

Next we will show how to construct these restrictions on the variation of z.
Let [ = rank G4 and consider the QR decomposition of G 4

Ur Us ]
O01a—ixt Opaj—1x|a)—t

GA:Q|:

where @ € RIAXIAl ig a unitary matrix, U; € R* is a full-rank square matrix

and Uy € RXIAIZL Leg [ 11:)) } =—Q 'S4 and [ g } = Q lwa. From (6.16a) we

obtain
Oiaj—ixt Opaj—ixja—t D ; ro| '
We partition (6.16b) accordingly
[E F] [zi] — Syar < wyAa. (6.20)
2
Calculating z7 from (6.19) we obtain
2; = U (=Uszs — Pz +q), (6.21)

which substituted in (6.20) gives:

(F — BU'Us) 25 + (Sya — EUT ' P)x < wya — EU g (6.22)
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The critical region CR 4 can be equivalently written as:
CR4 = {;1: € P, : Jzo such that [jﬂ € PZQ.T} ) (6.23)

where:
Py ={x : Dx=r}, (6.24)
Prvw = { [Z;] . (F — BU'Us)z + (Snva — EUT'P)z < wya — EUllq} .
(6.25)
In other words:
CRa =Py 1 proj, (Pys). (6.26)

In summary, if the optimizer z*(x) is not unique then it can be expressed as
27 (z) (6.21), where the set of optimizers is characterized by z3(x), which is allowed
to vary within the set P,,, (6.25). We have also constructed the critical region
CR4 (6.26), where z7(x) remains optimal. If G4 is not invertible and the matrix
D is not empty then the critical region is not full dimensional.

We can now state some fundamental properties of the critical regions, value
function and optimizer inside a critical region.

Theorem 6.2 Let (A, NA) = (A(z*), NA(x*)) for some x* € K*

i) CR4 is an open polyhedron of dimension d where d = n — rank [GA SA} +
rank G 4. If d =0 then CR4 = {a*}.

i) Ifrank G4 = s (recall that z € R®) then the optimizer z*(x) is unique and
given by an affine function of the state inside CRa, i.e., z*(x) = Fx + ¢g;
for allx € CR,4.

iii) If the optimizer is not unique in CR4 then Z*(x) is an open polyhedron for
allt € CRy4.

i) J*(z) is an affine function of the state, i.e., J*(x) = ca+d; for allz € CR4.

Proof:

i) Polytope P.,, (6.25) is open and nonempty, therefore it is full-dimensional
in the (23, 2) space and dim proj, (P.,.) = n. Also,

dim P, = n —rank D = n — (rank [GA SA} —rank G 4).

Since the intersection of P, and proj, (P.,) is nonempty (it contains at least
the point 2*) we can conclude that

dimCR4 = n — rank [GA SA} +rank G 4.

Since we assumed that the set K in (6.2) is bounded, C'R 4 is bounded. This
implies that CR 4 is an open polytope since it is the intersection of an open
polytope and the subspace Dz = r. In general, if we allow K in (6.2) to be
unbounded, then the critical region CR4 can be unbounded.
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ii) Consider (6.21) and recall that | = rankG4. If I = s, then the primal
optimizer is unique, Us is an empty matrix and

2*(x) = 27 (2) = U7 Y (= Pz + q). (6.27)
iii) If the primal optimizer is not unique in CRy4 then Z*(z) in CR4 is the

following point-to-set map: Z*(x) = {[z1, 22] : 22 € Poya, Urz1 + Uazo +
Pz =q)}. Z*(x) is an open polyhedron since P,,, is open.

iv) Consider the dual problem (6.14) and one of its optimizer u for x = z*. By
definition of a critical region u§ remains optimal for all € C'R 4. Therefore
the value function in CR4 is

J*(z) = (w+ Sz)'ug, (6.28)
which is an affine function of x on CRy4.

Remark 6.1 If the optimizer is unique then the computation of CR4 in (6.26) does
not require the projection of the set P.,, in (6.25). In fact, U and F are empty
matrices and

CRA =7P:po={2:Dx=r, (Sva—BEU 'P)z <wya— EU 'q}. (6.29)

If D is also empty, then the critical region is full dimensional.

6.2.3 Propagation of the Set of Active Constraints

The objective of this section is to briefly describe the propagation of the set of active
constraints when moving from one full-dimensional critical region to a neighboring
full-dimensional critical region. We will use a simple example in order to illustrate
the main points.

Example 6.3 Consider the mp-LP problem

MiNzy 29,23,24 21 1T 22

—z1 S @1+ T2
—z1 — 23 < X2
—z21 < —T1 — T2
—21+ 23 < —T2
—22 — 23 < x1 + 212
subj. to —20 — 23 — 24 < X2 (630)
—z2 + 23 < —x1 — 272
—z2+ 23+ 24 < —T2
Z3 S 1
—2Z3 S 1
zZ4 S 1
—2Z4 S 1,
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Table 6.1 Example 6.3. Critical regions and corresponding

value function.

Critical Region

Value function

CR1 = CRy1,4,5,6,7,8}
CR2 = CRy2,3,5,6,7,8}
CR3 = CR{175,6,9}
CR4 = CRy4.6,7,10}
CR5 = CR{1,5,8,12}
CR6 = CR{275,6,9}

—I1 — X2

T1 + X2

—2331 — 3&‘:2 -1

Ty + 3xs — 2

—1.521 — 1.522 + 0.5
—T1 — 3%2 -2

CR7 = CR{3’6,7’10} 21‘1 + 31’2 —1
CR8 = CRy3,6,7,11) 1.521 4+ 1.522 — 0.5
CR9 = CR{175,9,12} —2(131 — 3@1‘2 -1
CR10 = CR{4,7710,]_2} T + 3x2 — 2
CRI11 = CR{275’9’12} —xr1 — 31}2 -2
CR12 = CR{377’10,12} 21}1 + 31‘2 —1
25F
"(31
,25 -
2.5 2.5
1

Figure 6.2 Example 6.3. Polyhedral partition of the parameter space.

where K is given by
—25< 2 <25

—2.5 <x2 <25. (6.31)

A solution to the mp-LP problem is shown in Figure 6.2 and the constraints, which
are active in each associated critical region are reported in Table 6.1. Clearly, as
z € RY, CRl = CR{1,4567s and CR2 = CR{2356,7,s are primal degenerate
full-dimensional critical regions.

By observing Figure 6.2 and Table 6.1 we notice the following. Under no primal
and dual degeneracy, (i) full critical regions are described by a set of active
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constraints of dimension n; (i) two neighboring full-dimensional critical regions
CRy, and CR,; have A; and A; differing only in one constraint; (iii) CRa,
and CRa; will share a facet which is a primal degenerate critical region CR4,
of dimension n — 1 with 4, = A; U 4;. In Example 6.3, CR7 and CR12 are two
full-dimensional and neighboring critical regions and the corresponding active set
differs only in one constraint (constraint 6 in CR7 and constraint 12 in CR12).
They share a facet which is a one-dimensional critical region (an open line), CR13
= CRy3,6,7,10,12}- (The solution depicted in Figure 6.2 and detailed in Table 6.1
contains only full-dimensional critical regions.)

If primal and/or dual degeneracy occur, then the situation becomes more
complex. In particular, in the case of primal degeneracy, it might happen that
full-dimensional critical regions are described by more than s active constraints
(CR1 or CR2 in Example 6.3). In case of dual degeneracy, it might happen that
full-dimensional critical regions are described by fewer than s active constraints.
Details on this case are provided in the next section.

Nonunique Optimizer

If rank[G4] < s then Z*(z) is not a singleton and the projection of the set
P,z in (6.25) is required in order to compute the critical region C'R(,+), which
is “expensive” (see Section 6.1.1 for a discussion of polyhedra projection). It is
preferable to move on the optimal facet to a vertex and to construct the critical
region starting with this optimizer. This is explained next.

If one needs to determine one possible optimizer z*(-) in the dual degenerate
region C'Ry(,~) the following simple method can be used. Choose a particular

optimizer which lies on a vertex of the feasible set, i.e., determine set A(z*) D A(z*)
of active constraints for which rank(Gg(w*)) = s, and compute a subset CRg(m*)
of the dual degenerate critical region (namely, the subset of parameters x such
that the constraints A(z*) are active at the optimizer, which is not a critical region
in the sense of Definition 6.2). Within CR A(z) the piecewise linear expression of

an optimizers z*(z) is available from (6.27) and 6’7%2(93*) is defined by (6.29).

The algorithm proceeds by exploring the space surrounding 6’1\%2@*) until
CRy(z+) is covered. The arbitrariness in choosing an optimizer leads to different
ways of partitioning C'R 4(,~), where the partitions, in general, may overlap. Nev-
ertheless, in each region a unique optimizer is defined. The storing of overlapping
regions can be avoided by intersecting each new region (inside the dual degenerate
region) with the current partition computed so far. This procedure is illustrated in
the following example.

Example 6.4 Consider the following mp-LP reported in [115, p. 152]

min —2z1 — 22
21+ 322 <9 — 271 + 22
221 + 22 §8+IE1 — 219
subj. to 21 <4+x1+ 22
—Z1 S 0
—Z2 S 07

(6.32)
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Table 6.2 Example 6.4. Critical regions and corresponding optimal value.

Region Optimizer Value Function
CRy2y not single valued —x1 + 222 — 8
CRy1 5y 2 =-2x1+12+9,25=0 4z — 229 — 18
CRy1,3) z2i=x1+22+4, 25 =—x1+5/3 —x1 —2x2 — 29/3
L2
CR{Q}
CR{1,5}
CR{l,s}

€Ty

Figure 6.3 Example 6.4. Polyhedral partition of the parameter space
corresponding to the solution.

where K is given by:

-10< 2z <10
—10 < z2 < 10. (6.33)
The solution is represented in Figure 6.3 and the critical regions are listed in

Table 6.2.

The critical region C'Ryg) is related to a dual degenerate solution with non-
unique optimizers. The analytical expression of C'Ry) is obtained by projecting
the H-polyhedron

zl+322+2x17x2 <9
221+ 20 — 11+ 225 =8

21— T1 — X2 <4 (634)
—Z1 <0
—Z92 <0

on the parameter space to obtain:

2.5581 - 2582 S 5
—0.51'1 + X9 < 4
—12x, <5 (’
—xr1 — X2 < 4

ﬁ{g} = [z1,22] (6.35)

which is effectively the result of (6.26). For all # € C'Ryqy, only one constraint is
active at the optimum, which makes the optimizer not unique.
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)

CRy25)

%2 [~ ¢’z =const
£

Ty

21
(a) First region @{275} C CRygy, and
below the feasible set in the z-space corre-
sponding to 1 € CRyg 5.

2 CRyzay

N\
°/

2

Z1
(b) Second region EE{QA} C CRygy, and
below the feasible set in the z-space corre-
sponding to Z2 € CRy3 43.

Figure 6.4 Example 6.4. A/p\ossible sub—partitioning/oithe degenerate region
CRy where the regions CRys 5, (Figure 6.4(a)), CRy2.4) (Figure 6.4(b))
and 6}\%{271} (Figure 6.5(a)) are overlapping. Note that below each picture
the feasible set and the level set of the value function in the z-space are
depicted for a particular choice of the parameter x indicated by a point
marked with x.

Figures 6.4, 6.5 and 6.6 show two possible ways of covering C R,y without using
projection. The generation of overlapping regions is avoided by intersecting each
new region with the current partition computed so far, as shown in Figure 6.7 where
CR{274} and CRyz 1y represent the intersected critical regions. In Figures 6.4 and

.5 the regions are overlapping, and in Figure 6.7 artificial cuts are introduced at the
boundarles inside the degenerate critical region CR{Q} No artificial cuts are intro-

duced in Figure 6.6 because the C’R{2 3} and CR{z 5} happen to be nonoverlapping.
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To
CR;
/‘ 7 {2.1}
2 N
1 \ ¢’z = const
AN
\
4 20\
3\
5 N\

21
(a) Third region 6?2{271} C CRyyy, and
below the feasible set in the z-space corre-
sponding to T3 € CR{QJ}-

72 CR,
_ 12,5}
CRp2.4y
\
TRy

Z4
(b) Final partition of C'Ryyy. Note that
the region @{275} is hidden by region
ﬁ{gA} and region ﬁ{ll}'

Figure 6.5 Example 6.4. A possible sub-partitioning of the degenerate region
CR;> where the regions 6’1\%{2,5} (Figure 6.4(a)), @{2,4} (Figure 6.4(b))
and 6’]\%{2,1} (Figure 6.5(a)) are overlapping. Note that below each picture
the feasible set and the level set of the value function in the z-space are
depicted for a particular choice of the parameter x indicated by a point
marked with x.

6.2.5 Value Function and Optimizer: Global Properties

In this section we discuss global properties of the value function J*(z), optimizer
z*(x), and of the set K*.

Theorem 6.3 Assume that for a fized 2° € K there exists a finite optimal
solution z*(xg) of (6.11). Then, for all x € K, (6.11) has either a finite optimum
or no feasible solution.
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T2 —
CR{z,5)
L1
(a) First region 6’7{{2,5} C CRygy.
Zo
CRyz,3)
Ty

(b) Second region 6’1\%{2,3} C CRygy.

Figure 6.6 Example 6.4. A possible solution where the regions @{2,5} and

67%{2,3} are nonoverlapping.

" CRps 5
CRps4y
CRp21y

x

Figure 6.7 Example 6.4. A possible solution where ﬁ{g 4y is obtained
by intersecting CR{2 43 with the complement of C’R{g 5}, Al and C’R{g 1} by
intersecting CR{2 1} with the complement of C’R{Q 5 and CR{Q 4y
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6.2.6

Proof: Consider the mp-LP (6.11) and assume by contradiction that there exist
xg € K and & € K with a finite optimal solution z*(z() and an unbounded solution
2*(z). Then the dual problem (6.14) for z = T is infeasible. This implies that the
dual problem will be infeasible for all real vectors x since x enters only in the cost
function. This contradicts the hypothesis since the dual problem (6.14) for z = xg
has a finite optimal solution. |

Theorem 6.4  The set of all parameters x such that the LP (6.11) has a finite
optimal solution z*(x) equals IC*.

Proof: Tt follows directly from from Theorem 6.1 and Theorem 6.3. |

Note that from Definition 6.3 K* is the set of feasible parameters. However the
LP (6.11) might be unbounded for some x € IC*. Theorem 6.4 excludes this case.

The following Theorem 6.5 summarizes the properties enjoyed by the multi-
parametric solution.

Theorem 6.5 The function J*(-) is convex and piecewise affine over K*. If the
optimizer z*(x) is unique for all x € K*, then the optimizer function z* : K* —
R?® is continuous and piecewise affine. Otherwise it is always possible to define a

continuous and piecewise affine optimizer function z* such that z*(x) € Z*(x) for
all x € K*.

Remark 6.2 In Theorem 6.5, the piecewise affine property of optimizer and value
function follows immediately from Theorem 6.2 and from the enumeration of all
possible combinations of active constraint sets. Convexity of J*(-) and continuity
of Z*(x) follows from standard results on multiparametric programs (see Corollary
5.1). In the presence of multiple optimizers, the proof of existence of a continuous
and piecewise affine optimizer function z* such that z*(x) € Z*(x) for all z € K is
more involved, and we refer the reader to [115, p. 180].

mp-LP Algorithm

The goal of an mp-LP algorithm is to determine the partition of * into full
dimensional critical regions C Ry, , and to find the expression of the functions J*(-)
and z*(-) for each critical region. An mp-LP algorithm has two components: the
“active set generator” and the “KKT solver.” The active set generator computes
the set of active constraints A;. The KKT solver computes CR 4, and the expression
of J*(-) and z*(-) in CR4, as explained in Theorem 6.2.

The active set generator is the critical part. In principle, one could simply
generate all the possible combinations of active sets. However, in many problems
only a few active constraints sets generate full-dimensional critical regions inside
the region of interest K. Therefore, the goal is to design an active set generator
algorithm which computes only the active sets A; with associated full-dimensional
critical regions covering only K*. This avoids the combinatorial explosion of a
complete enumeration. Also, we will use the technique described in Section 6.2.4
in order to avoid expressions for nonunique optimizers (6.21) with Us nonempty.
Next we will describe one possible implementation of an mp-LP algorithm.
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In order to start solving the mp-LP problem, we need an initial vector zq
inside the polyhedral set K* of feasible parameters. A possible choice for xg is the
Chebyshev center (see Section 4.4.5) of K*, i.e., xg solving the following LP:

MaxXy ze €
subj. to Tix+e€|Tilla <N,y i=1,...,nr (6.36)
Gz — Sz <w,

where np is the number of rows T; of the matrix T' defining the set IC in (6.2).
If € < 0, then the LP problem (6.11) is infeasible for all  in the interior of K.
Otherwise, we solve the primal and dual problems (6.11), (6.14) for = x(. Let
25 and ug be the optimizers of the primal and the dual problem, respectively. The
value z§ defines the following optimal partition

A(IL'()) = {j el: C-rYJZf)k — Sj{L‘O —w; = 0}
NA(zo)={j€1:Gz5 — Sjzg —w; <0} (6.37)
J*0 J+0 J
and consequently the critical region CR 4(4,). Once the critical region CR 4(,) has
been defined, the rest of the space R™' = K\CR 4(z,) has to be explored and
new critical regions generated. An approach for generating a polyhedral partition
{R1,..., Ry, est} of the rest of the space R™*' is described in Theorem 4.2 in
Section 4.4.7. The procedure proposed in Theorem 4.2 for partitioning the set of
parameters allows one to recursively explore the parameter space. Such an iterative
procedure terminates after a finite time, as the number of possible combinations of
active constraints decreases with each iteration. The following two issues need to
be considered:

1. The partitioning in Theorem 4.2 defines new polyhedral regions Ry to be
explored that are not related to the critical regions which still need to be
determined. This may split some of the critical regions, due to the artificial
cuts induced by Theorem 4.2. Postprocessing can be used to join cut critical
regions [44]. As an example, in Figure 6.8 the critical region CRy3 7y is
discovered twice, one part during the exploration of R; and the second part
during the exploration of Rs.

Although algorithms exist for convexity recognition and computation of
the union of polyhedra, the postprocessing operation is computationally
expensive. Therefore, it is more efficient not to intersect the critical region
obtained by (6.29) with halfspaces generated by Theorem 4.2, which is only
used to drive the exploration of the parameter space. Then, no postprocessing
is needed to join subpartitioned critical regions.

On the other hand, some critical regions may appear more than once.
Duplicates can be uniquely identified by the set of active constraints A(z) and
can be easily eliminated. To this aim, in the implementation of the algorithm
we keep a list of all the critical regions which have already been generated
in order to avoid duplicates. In Figure 6.8 the critical region CRy3 7y is
discovered twice but stored only once.

2. If aregion is generated which is not full-dimensional we want to avoid further
recursion of the algorithm not producing any full-dimensional critical region,
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T3 CR{QJ}
3 \ 7
Ry
Ty
xy i

Figure 6.8 Example of a critical region explored twice.

and therefore lengthening the number of steps required to determine the
solution to the mp-LP. We perturb the parameter zy by a random vector
with length smaller than the Chebyshev radius of the polyhedral region Ry
where we are looking for a new critical region. This will ensure that the
perturbed vector is still contained in Ry.

Based on the above discussion, the mp-LP solver can be summarized in the
following recursive Algorithm 6.1. Note that the algorithm generates a partition
of the state space which is not strict. The algorithm could be modified to store
the critical regions as defined in (6.4) which are open sets, instead of storing
their closure. In this case the algorithm would have to explore and store all the
critical regions that are not full-dimensional in order to generate a strict polyhedral
partition of the set of feasible parameters. From a practical point of view such a
procedure is not necessary since the value function and the optimizer are continuous
functions of .

Algorithm 6.1  mp-LP Algorithm (nondegenerate case)

Input: Matrices ¢, G, w, S of the mp-LP (6.11) and set K in (6.2)
Output: Multiparametric solution to the mp-LP (6.11)

Execute partition(K)
End

Function partition(Y)
Let o € Y and € be the solution to the LP (6.36)
If € < 0 Then exit (no full-dimensional CR is in Y)
Solve the LP (6.11), (6.14) for z = xo
Let A(zo) be the set of active constraints as in (6.37)
Determine z*(x) from (6.17) and CR4(y,) from (6.18)
Partition the rest of the region as in Theorem 4.2
For each new sub-region R;, Do partition(R;)

End function
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Remark 6.3 In the degenerate case z*(x) and CR4(s,) are given by (6.21) and (6.26),
respectively. As remarked in Section 6.2.2, if rank(D) > 0 the region C'R4(s,) is not
full-dimensional and therefore not of interest. To use Algorithm 6.1 after computing
U,P,D if D # 0 one should compute a random vector ¢ € R™ smaller than the
Chebyshev radius of Y and such that the LP (6.11) is feasible for x¢ + € and then
repeat step where A(xo) is computed with z¢ < xo + €.

Remark 6.4 The algorithm determines the partition of K recursively. After the first
critical region is found, the rest of the region in K is partitioned into polyhedral sets
{R;} as in Theorem 4.2. By using the same method, each set R; is further partitioned,
and so on.

6.3 Multiparametric Quadratic Programming

6.3.1 Formulation

In this section we investigate multiparametric quadratic programs (mp-QP), a
special case of the multiparametric program (6.1) where the objective is a quadratic
function

J*(x) = min J(z,2) = 3Hz

. (6.38)
subj. to Gz <w+ Sz.

All the variables were defined in Section 6.1.1. We assume H > 0. Our goal is to find
the value function J*(x) and the optimizer function z*(z) in *. Note that £* can
be determined by projection as discussed in Theorem 6.1. As suggested through
Example 5.1 our search for these functions proceeds by partitioning the set of
feasible parameters into critical regions. Note that the more general problem with
J(z,2) = 12/ Hz 4+ 2/ Fz can always be transformed into an mp-QP of form (6.38)
by using the variable substitution Z = 2 + H ' F'z.

As in the previous sections, we denote with the subscript j the j-th row of a
matrix or j-th element of a vector. Also, J = {1,...,m} is the set of constraint
indices and for any A C J, G4, wa and Sy are the submatrices of G, w and S,
respectively, consisting of the rows indexed by A. Without loss of generality we
will assume that K£* is full-dimensional (if it is not, then the procedure described in
Section 6.1.3 can be used to obtain a full-dimensional * in a reduced parameter
space).

Example 6.5 Consider the parametric quadratic program
J*(z) =min  J(z,2) = 12°
z
subj. to 2z <14 3z,
where z € R and = € R. Our goals are:

L. to find 2" (x) = arg min, .3, J(2,2),
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2. to find all z for which the problem has a solution, and

3. to compute the value function J*(z).

The Lagrangian function is

L(z,z,u) = %ZQ +u(z—3z—1)

and the KKT conditions are (see Section 2.3.3 for KKT conditions for quadratic

programs)
z+u =0
u(z—3zx—1) =0
u >0
z—3x—1<0.

Consider (6.39) and the two strictly complementary cases:

z4+u=0
A z—-3xz—-1=0 =
u>0

z4+u=0
B. z-3r—-1<0 =
u=20

2" =3zx+1

u'=-3z—1

J =22 +3z+ 1
1

2" =0

u* =0

J*=0
1

$>—§.

(6.40)

This solution is depicted in Figure 6.9. The above simple procedure, which required
nothing but the solution of the KKT conditions, yielded the optimizer z*(x) and
the value function J*(z) for all values of the parameter z. The set of admissible
parameters values was divided into two critical regions, defined by x < —% and
T > fé. In the region = < f% the inequality constraint is active and the Lagrange
multiplier is greater or equal than zero, in the other region x > —% the inequality
constraint is not active and the Lagrange multiplier is equal to zero. Note that for

2
1
0
-1
23 0 1 2
x

Figure 6.9 Example 6.5. Optimizer z*(z) and value function J*(z) as a

function of the parameter x.


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/intrompqpv2.m

6.3 Multiparametric Quadratic Programming 127

x = —% the inequality constraint z — 3z — 1 < 0 is active at z* and the Lagrange
multiplier is equal to zero.
Throughout a critical region the conditions for optimality derived from the KKT

conditions do not change. In each critical region the optimizer z*(x) is affine and the
value function J*(z) is quadratic. Both z*(z) and J*(x) are continuous.

6.3.2 Critical Regions, Value Function and Optimizer: Local Properties

Consider the definition of a critical region given in Section 6.1.2. We show next that
critical regions of mp-QP are polyhedra. We use the KKT conditions (Section 1.6)
to derive the H-polyhedral representation of the critical regions and to compute the
optimizer function z*(x) and the value function J*(x) inside each critical region.

The following theorem introduces fundamental properties of critical regions, the
value function and the optimizer inside a critical region.

Theorem 6.6 Let (A, NA) = (A(Z), NA(Z)) for some T € K*, Then
i) the closure of CR4 is a polyhedron.

it) z*(x) is an affine function of the state inside CRy, i.e., z*(x) = Fx + g;
forallz €e CR,4.

iii) J*(x) is a quadratic function of the state inside CRa4, i.c., J*(z) = o’ Mz +
cix +d; for allz € CRy.

Proof: The first-order Karush-Kuhn-Tucker (KKT) optimality conditions (see
Section 2.3.3) for the mp-QP are given by

Hz*+Gu* =0, ueR™ (6.41a)

u (Giz" —w; — Six) =0, i=1,...,m (6.41b)
u* >0 (6.41¢)

Gz¥ —w—-Sx <0. (6.41d)

Let us assume that we have determined the optimal partition

(A, NA) = (A(z), NA(z))

for some Z € K*. The primal feasibility condition (6.41d) can be rewritten as

GAZ* - SAJJ = wA (6.42&)
Gynaz* — Syax < wna. (6.42b)

We solve (6.41a) for z*
2t = —H 'G'u* (6.43)

and substitute the result into (6.41b) to obtain the complementary slackness
conditions

w (—GH 'G'u* —w; — Six) =0, i =1,...,m. (6.44)
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Let ujy 4 and u% denote the Lagrange multipliers corresponding to inactive and
active constraints, respectively. For inactive constraints uj;4 = 0. For active
constraints:

(—GAHilGA/)uZ —wy —Sar =0. (6.45)

If the set of active constraint A is empty, then u* = u} 4, = 0 and therefore z* =0
which implies that the critical region CR 4 is

CRao={x: Sx+w>0}. (6.46)

Otherwise we distinguish two cases.
Case 1: LICQ holds, i.e., the rows of G4 are linearly independent. This implies
that (G4H1GA’) is a square full rank matrix and therefore

uly = 7(GAH71GA/)71('Z_UA+SA$), (6.47)

where G4, w4, S correspond to the set of active constraints A. Thus uv* is an affine
function of x. We can substitute v from (6.47) into (6.43) to obtain

2 =H 'GA(GAH'G ) Hwa + Sax) (6.48)

and note that z* is also an affine function of z. J*(z) = $2*(z)'Hz*(z) and
therefore it is a quadratic function of z. The critical region CR,4 is computed
by substituting z* from (6.48) in the primal feasibility conditions (6.42b)

Pp={2:GNaH 'GA'(GAH 'GA") Hwa + Saz) < wya + Syaz}, (6.49)
and the Lagrange multipliers from (6.47) in the dual feasibility conditions (6.41c¢)
Py={r: —(GaH 'GA" ) (wa + Saz) > 0}. (6.50)

In conclusion, the critical region C'R4 is the intersection of P, and Py:
CRy={x: x €Py, v &Py} (6.51)

Obviously, the closure of CR 4 is a polyhedron in the z-space.
The polyhedron P, is open and non empty (it contains at least the point Z).
Therefore it is full-dimensional in the x space. This implies that dim CR 4 = dim Pj.

Case 2: LICQ does not hold, the rows of GG 4 are not linearly independent. For
instance, this happens when more than s constraints are active at the optimizer
z*(z) € R®, i.e., in a case of primal degeneracy. In this case the vector of Lagrange
multipliers ©* might not be uniquely defined, as the dual problem of (6.38) is
not strictly convex. Note that dual degeneracy and nonuniqueness of z*(Z) cannot
occur, as H > 0.

Using the same arguments as in Section 6.2.2, equation (6.45) will allow a
full-dimensional critical region only if rank[(GaH ~1G4") Sa] = rank[G4aH1G 4"].
Indeed the dimension of the critical region will be

n — (rank[(GAH_lGA') SA] — rank[GAH_lGA/]).



6.3 Multiparametric Quadratic Programming

129

We will now show how to compute the critical region.
Let [ = rank G4 and consider the QR decomposition of —G4H'G’,

Ui U, }
Oiaj—1xt Opaj—ixja—1 |’

—G,H Gy =Q [
where Q € RIAIXIAl ig a unitary matrix, U; € R is a full-rank square matrix and
U € RXIAIL Tet [g} =—-Q 15, and [g} = Q twa. From (6.45) we obtain

u*
U, Us pl| & {Q}

iy = . 6.52
[0A|—l><l 01a|—1x)A]—1 D} 4.2 (6.52)

We compute v} ; from (6.52)
Uy = Ufl(—UgujZl)2 — Pz +q). (6.53)
Finally, we can substitute u% = [u*AJ' ujm/]/ from (6.53) into (6.43) to obtain

Ul_l(Ugujl,2 + Pz —q)

Z* — H—lGA/ -
Up 2

. (6.54)
The optimizer z* is unique and therefore independent of the choice of u} , > 0.
Setting u’ , = 0 we obtain

2 = H 'Ga1'U (Px —q), (6.55)

where we have partitioned G4 as Ga = [Gy ; G;Lz]l and G4, € R,

Note that z* is an affine function of z. J*(z) = £2*(z)' Hz*(z) and therefore is
a quadratic function of x.

The critical region CR4 is computed by substituting z* from (6.55) in the
primal feasibility conditions (6.42b)

Py ={r: GNa(H 'Ga /U (Pr — q)) < wna + Snaz}, (6.56)

and the Lagrange multipliers from (6.53) in the dual feasibility conditions (6.41c)

Pu*A,zﬂf ={[ w2 7]: Ul_l(—UguiiL2 —Px+q) >0, uj, >0} (6.57)

The critical region CR4 is the intersection of the sets Dz = r, P, and
projx(’PU’g,Q,r):

CRa={z: Dx=r, 2 €Pp, © € proj,(Pu, ,.2)}- (6.58)

The closure of CR4 is a polyhedron in the z-space. |

Remark 6.5 In general, the critical region polyhedron (6.49)—(6.51) is open on facets
arising from primal feasibility and closed on facets arising from dual feasibility.

Remark 6.6 If D in (6.52) is nonzero, then from (6.58), CR4 is a lower dimensional
region, which, in general, corresponds to a common boundary between two or more
full-dimensional regions.
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6.3.3 Propagation of the Set of Active Constraints

The objective of this section is to briefly describe the propagation of the set of active
constraints when moving from one full-dimensional critical region to a neighboring
full-dimensional critical region. We will use a simple example in order to illustrate
the main points.

Example 6.6 Consider the mp-QP problem

J*(x) = min 1ZHz+2'Fz

. (6.59)
subj. to Gz <w+ Sz,
with
H=[§%], F=[124] (6.60)
and
10 00 1
-1 0 00 1
G=|0o 4], S=|88], w=[1}], (6.61)
1 -1 11 0
J11 —21 0
where K is given by
-1 S Tl S 1
1<z <1 (6.62)

A solution to the mp-QP problem is shown in Figure 6.10 and the constraints
which are active in each associated full-dimensional critical region are reported in
Table 6.3.

Since Ag is empty in CR3 we can conclude from (6.46) that the facets of CR3
are facets of primal feasibility and therefore do not belong to CR3. In general,
as discussed in Remark 6.5 critical regions are open on facets arising from primal

€Ty

Figure 6.10 Example 6.6. Polyhedral partition of the parameter space.
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Table 6.3 Example 6.6. Critical regions and
corresponding set of active constraints.

Critical Region Active Constraints
CR1 {5}

CR2 {3,5}

CR3 {}

CR4 {3}

CR5 {6}

CR6 {3,6}

CR7 {4,6}

feasibility and closed on facets arising from dual feasibility. Next we focus on the
closure of the critical regions.

By observing Figure 6.10 and Table 6.3 we notice that as we move away
from region CR3 (corresponding to no active constraints), the number of active
constraints increases. In particular, for any two neighboring full-dimensional critical
regions CR4, and CRy4, we have A; C Aj and [A;| = |A;| — 1 or A; C A; and
|A;] = |A;] + 1. This means that as one moves from one full-dimensional region
to a neighboring full-dimensional region, one constraint is either added to the list
of active constraints or removed from it. This happens for instance when moving
from CR3 to CR4, CR5, CR1 or from CR1 to CR2, or from CR5 to CRT.

The situation is more complex if LICQ does not hold everywhere in K*. In
particular, there might exist two neighboring full-dimensional critical regions CR 4,
and CR4; where A; and A; do not share any constraint and with [A;| = |A4;]. Also,
CR 4, might have multiple neighboring region on the same facet. In other words,
it can happen that the intersection of the closures of two adjacent full-dimensional
critical regions is a not a facet of both regions but only a subset of it. We refer the
reader to [268] for more details on such a degenerate condition.

Value Function and Optimizer: Global Properties

The convexity of the value function J*(x) and the continuity of the solution z*(z)
follow from the general results on multiparametric programming (Corollary 5.2).
In the following we present an alternate simple proof.

Theorem 6.7 Consider the multiparametric quadratic program (6.38) and let
H = 0. Then the optimizer z*(x) : K* — R® is continuous and piecewise affine on
polyhedra, in particular it is affine in each critical region, and the optimal solution
J*(z) : K* = R is continuous, convex and piecewise quadratic on polyhedra.

Proof: We first prove convexity of J*(z). Take generic z1, o € K*, and let
J*(x1), J*(x2) and z1, 29 the corresponding optimal values and minimizers. Let
To = axy + (1 — a)ze and z, = az; + (1 — a)z2. By optimality of J*(z,,),

J (2a) < =2 Hz,.

N
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Hence

1 1 1
J*(zo) — §[az£Hzl + (1 —a)z5Hz) < iz(’lea - i[aziHm + (1 — )z H 2.

We can upperbound the latter term as follows:

1 1 1
§ZIOzHZa - 5[042’{[12'1 +(1—a)zbHz] = 5[0427;in1 + (1 — )22, Hzo+

+2a(1 —a)zhbHz —azifHzy — (1 — )25 Hz) =

1
= —501(1 —a)(z1 — 22)' H(z1 — 22) <0.
In conclusion
J(axy + (1 — a)xs) < aJ*(x1) + (1 — ) J*(x2), V1,20 € K, Ya € [0,1],

which proves the convexity of J*(x) on K*.

Within the closed polyhedral regions C'R; in K£* the solution z*(z) is affine (6.48)
by Theorem 6.6. The boundary between two regions belongs to both closed regions.
Since H > 0, the optimum is unique and hence the solution must be continuous
across the boundary. Therefore 2*(z) : £* — R® is continuous and piecewise affine
on polyhedra. The fact that J*(z) is continuous and piecewise quadratic follows
trivially. |

We can easily derive a result similar to Theorem 6.7 for the dual function d*(x)
(see (6.38) and (2.28))

d*(z) = max |d(u) = —%u’(GH_lG’)u —u/(w+ Sx)| . (6.63)

u>0

Theorem 6.8 Consider the multiparametric quadratic program (6.38) with H =
0 and assume that LICQ holds ¥ x € K*. Then the optimizer v*(z) : K* — R™
of the dual (6.63) is continuous and piecewise affine on polyhedra, in particular
it is affine in each critical region, and the optimal solution d*(x) : K* — R is
continuous, convex and piecewise quadratic on polyhedra.

Proof: The proof follows along the lines of the proof of Theorem 6.7 once we
know that the optimizer v*(z) is unique because of the LICQ assumptions. |

Theorem 6.9  Assume that the mp-QP problem (6.38) is not degenerate, then
the value function J*(x) in (6.38) is continuously differentiable (C1).

Proof: The dual of (6.38) is

d*(x) = m%(f%u'(GHflG’)u —u/(w + Sx). (6.64)

By strong duality we have

J*(x) =d"(x) = —%u*(m)’(GH_lG’)u* (x) —u*(z) (w+ Sz). (6.65)
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For the moment let us restrict our attention to the interior of a critical region.
From (6.47) we know that u*(z) is continuously differentiable. Therefore

Voo = - | G| GG @) - | o] (0 50) - ) =
_ BQ;* (:z:)] (~GH'G'u*(z) — w — Sz) — S'u*(z).
(6.66)
Using (6.43)
2f = -—H'G'u*, (6.67)
we get
Ve (z) = =Su*(x) + [ai(x)} (Gz* —w—Sx) =
- oup A1
= —S'u*(z) + P [ pe (x)} (Giz" —w; — Six) + oo
= —S'u*(x) ’

Continuous differentiability of J* in the interior of a critical region follows
from (6.47). Continuous differentiability of J* at the boundary follows from the
fact that u*(z) is continuous (Theorem 6.8) for all  in the interior of *[20]. W

Note that in case of degeneracy the value function J*(z) in (6.38) may not be C1).
The following counterexample was given in [48].

Example 6.7
Consider the mp-QP (6.38) with

3 3 -1
H= 3 11 23

-1 23 75
111 [ 1] [0 ]
1 3 5 0 1
-1 -1 -1 ~1 0 (6.69)
G=|-1 -3 =5 | w=| 0 S=| -1
-1 0 0 0 0
0 -1 0 0 0
L 0o 0 -1 | | 0 | | 0 |

and K = {z e R|]1 <z < 5}.

The problem was solved by using Algorithm 6.2 described next. The solution
comprises five critical regions. The critical regions and the expression of the value
function are reported in Table 6.4. The reader can verify that the value function is
not continuously differentiable at x = 3. Indeed, at x = 3 the LICQ condition does
not hold and therefore, the hypothesis of Theorem 6.9 is not fulfilled.
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6.3.5

Table 6.4 Critical regions and value function corresponding
to the solution of Example 6.7.

Region Optimal value
CR{1,2346} =1{z : 1 <2z <15} 2522 —62+5
CRp1234 ={z : 1.5 <z <2} 0.522 + 0.5
CRu1 2347 ={r : 2<2 <3} z? —2x 425
CR1,23457 ={z : =23} 2 —2x+2.5
CR{1234,5) = {z : 3<x <5} 522 — 24z + 32.5

mp-QP Algorithm

The goal of an mp-QP algorithm is to determine the partition of £* into critical
regions C'R;, and find the expression of the functions J*(-) and z*(-) for each critical
region. An mp-QP algorithm has two components: the “active set generator”
and the “KKT solver.” The active set generator computes the set of active
constraints A;. The KKT solver computes CR4, and the expression of J*()
and z*(+) in CRy4, as explained in Theorem 6.6. The active set generator is the
critical part. In principle, one could simply generate all the possible combinations
of active sets. However, in many problems only a few active constraints sets
generate full-dimensional critical regions inside the region of interest K. Therefore,
the goal is to design an active set generator algorithm which computes only
the active sets A; with the associated full-dimensional critical regions covering
only *.

Next an implementation of an mp-QP algorithm is described. See Section 6.6
for a literature review on alternative approaches to the solution of an mp-QP.

In order to start solving the mp-QP problem, we need an initial vector xg
inside the polyhedral set * of feasible parameters. A possible choice for z is the
Chebyshev center (see Section 4.4.5) of K* obtained as a solution of

maXg ze €
subj. to Tz +€||Till2 < N;, i=1,...,nr (6.70)
Gz—Sx<w

where np is the number of rows T; of the matrix T' defining the set K in (6.2).
If ¢ < 0, then the QP problem (6.38) is infeasible for all  in the interior of K.
Otherwise, we set = xo and solve the QP problem (6.38), in order to obtain the
corresponding optimal solution z;. Such a solution is unique, because H > 0. The
value of 2§ defines the following optimal partition

A(l‘o):{jEJIGjZS—SjJZQ—wj:O} (6 71)

NA(IO):{jEJ:G‘jZS{*SjIO*wﬂ' <0} '
and consequently the critical region C'R4(,,). Once the critical region CR4(,,)
has been defined, the rest of the space R = K\CR 4(z,) has to be explored
and new critical regions generated. An approach for generating a polyhedral
partition {Ry,..., R } of the rest of the space R™" is described in Theorem 4.2.

)T MMrest
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Theorem 4.2 provides a way of partitioning the nonconvex set K \ CRy into
polyhedral subsets R;. For each R;, a new vector x; is determined by solving the
LP (6.70), and, correspondingly, an optimum z;, a set of active constraints A,
and a critical region C'R;. The procedure proposed in Theorem 4.2 for partitioning
the set of parameters allows one to recursively explore the parameter space. Such
an iterative procedure terminates after a finite time, as the number of possible
combinations of active constraints decreases with each iteration. Two main elements
need to be considered:

1.

As for the mp-LP algorithm, the partitioning in Theorem 4.2 defines new
polyhedral regions Ry to be explored that are not related to the critical
regions which still need to be determined. This may split some of the critical
regions, due to the artificial cuts induced by Theorem 4.2. Postprocessing
can be used to join cut critical regions [44]. As an example, in Figure 6.8 the
critical region C'Ry3 7y is discovered twice, one part during the exploration
of R; and the second part during the exploration of Rs.

Although algorithms exist for convexity recognition and computation of
the union of polyhedra, the postprocessing operation is computationally
expensive. Therefore, it is more efficient not to intersect the critical region
obtained by (6.29) with halfspaces generated by Theorem 4.2, which is only
used to drive the exploration of the parameter space. Then, no postprocessing
is needed to join subpartitioned critical regions. On the other hand, some
critical regions may appear more than once. Duplicates can be uniquely
identified by the set of active constraints A(z) and can be easily eliminated.
To this aim, in the implementation of the algorithm we keep a list of all
the critical regions which have already been generated in order to avoid
duplicates. In Figure 6.8 the critical region CRy3 7y is discovered twice but
stored only once.

If Case 2 occurs in Section 6.3.2 and D is nonzero, C'R 4 is a lower dimensional
critical region (see Remark 6.6). Therefore we do not need to explore
the actual combination G4, S4, ws. On the other hand, if D = 0 the
KKT conditions do not lead directly to (6.49)—(6.50). In this case, a full-
dimensional critical region can be obtained from (6.58) by projecting the set
Py in (6.57).

YUY o

Based on the discussion and results above, the main steps of the mp-QP solver
are outlined in the following algorithm.

Algorithm 6.2 mp-QP Algorithm

Input: Matrices H, G,w, S of problem (6.38) and set K in (6.2)
Output: Multiparametric solution to problem (6.38)

Execute partition(K)
end

Function partition(Y)
Let 2o € Y and € be the solution to the LP (6.70);
If € < 0 Then exit (no full-dimensional CR is in Y')
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Solve the QP (6.38) for = xo to obtain (zg,ug)
Determine the set of active constraints A when z = 2§, r = xo, and build
Ga, wa, Sa
If G 4 has full row rank Then
Determine u} (), z*(z) from (6.47) and (6.48)
Characterize the CR from (6.49) and (6.50)
Else
Determine z*(z) from (6.55)
Characterize the CR from (6.58)
End
Partition the rest of the region as in Theorem 4.2
For each new sub-region R;, Do partition(R;)
End function

Remark 6.7 If rank(D) > 0 in Algorithm 6.2, the region C'R4(s,) is not full-
dimensional. To avoid further recursion in the algorithm which does not produce any
full-dimensional critical region, one should compute a random vector ¢ € R"™ smaller
than the Chebyshev radius of Y and such that the QP (6.38) is feasible for z¢ + €
and then repeat step where A(xo) is computed with zo < xo + €.

Remark 6.8 The algorithm solves the mp-QP problem by partitioning the given
parameter set K into NV, closed polyhedral regions. Note that the algorithm generates
a partition of the state space which is not strict. The algorithm could be modified
to store the critical regions as defined in Section 6.1.2 (which are neither closed nor
open as proven in Theorem 6.6) instead of storing their closure. This can be done by
keeping track of which facet belongs to a certain critical region and which not. From
a practical point of view, such a procedure is not necessary since the value function
and the optimizer are continuous functions of z.

Remark 6.9 The proposed algorithm does not apply to the case when H > 0 and
when the optimizer may not be unique. In this case one may resort to “regularization,”
i.e., adding an appropriate “small” quadratic term, or follow the ideas of [231].

6.4 Multiparametric Mixed-Integer Linear Programming

6.4.1 Formulation and Properties

Consider the mp-LP

J*(x) = mzin {J(z,2) =z}

] (6.72)
subj. to Gz < w + Sz,

where z € R® are the optimization variables, z € R™ is the vector of parameters,
G e R™** w € R™, and S € R™*™. When we restrict some of the optimization
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variables to be 0 or 1, z = {z., 24}, 2. € R%, z;3 € {0,1}*¢ and s = s. + s4, we
refer to (6.72) as a (right-hand side) multiparametric mized-integer linear program
(mp-MILP).

Geometric Algorithm for mp-MILP

Consider the mp-MILP (6.72). Given a closed and bounded polyhedral set L C R™
of parameters,
K={zeR": Tex <N}, (6.73)

we denote by K* C K the region of parameters x € K such that the MILP (6.72) is
feasible and the optimum J*(x) is finite. For any given z € K*, J*(Z) denotes the
minimum value of the objective function in problem (6.72) for = Z. The function
J* : K* — R will denote the function which expresses the dependence on x of
the minimum value of the objective function over K*, J* will be called the value
function. The set-valued function Z* : K* — 28 x 201" will describe for any
fixed x € K* the set of optimizers z*(z) related to J*(x).

We aim to determine the region * C I of feasible parameters z and to find the
expression of the value function J*(z) and the expression of an optimizer function
z*(x) € Z*(x).

Two main approaches have been proposed for solving mp-MILP problems. In
[1], the authors develop an algorithm based on branch and bound (B&B) methods.
At each node of the B&B tree an mp-LP is solved. The solution at the root
node where all the binary variables are relaxed to the interval [0,1] represents
a valid lower bound, while the solution at a node where all the integer variables
have been fixed represents a valid upper bound. As in standard B&B methods,
the complete enumeration of combinations of 0—1 integer variables is avoided by
comparing the multiparametric solutions, and by fathoming the nodes where there
is no improvement of the value function.

In [101] an alternative algorithm was proposed, which will be detailed in this
section. Problem (6.72) is alternatively decomposed into an mp-LP and an MILP
subproblem. In one step the values of the binary variable are fixed for a region
and an mp-LP is solved. Its solution provides a parametric upper bound to the
value function J*(x) in the region. In the other step, the parameters x are treated
as additional free variables and an MILP is solved. In this way a parameter x is
found and an associated new integer vector which improves the value function at
this point.

The algorithm is composed of an initialization step, and a recursion between
the solution of an mp-LP subproblem and an MILP subproblem.

Initialization

Solve the following MILP problem

{miri 'z
su’bj. to Gz— Sz <w (6.74)

z ek,
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where z is treated as an independent variable. If the MILP (6.74) is infeasible then
the mp-MILP (6.72) admits no solution, i.e., K* = ); otherwise its solution z*, z*
provides an integer variable z* that is feasible at point x*

At step j =0,set: Ng =1, CRy =K, Z, =0, J, = +o0, Nb =0, Zd1 Zq.

mp-LP Subproblem
For each CR; we solve the following mp-LP problem

Ji(z) = min ¢z
subj. to Gz <w+ Sx
J N (6.75)
Zd = Zd
T € CR

By Theorem 6.5, the solution of mp-LP (6.75) provides a partition of C'R; into
polyhedral regions R¥, k=1,..., Ng, and a PWA value function

Ji(x) = (JRf(m) = cf/x +p¥)ifz e RY, k=1,...,Ng, (6.76)

where J~RZ (x) = 400 in Rf if the integer variable Z4, is not feasible in Rf and a
PWA continuous optimizer z*(z) (z*(x) is not defined in R? if fRZ (z) = +00).
The function J;(z) will be an upper bound of J*(z) for all z € C'R;. Such a
bound jz(x) on the value function has to be compared with the current bound
Ji(z) in CR; in order to obtain the lowest of the two parametric value functions
and to update the bound.
While updating J;(z) three cases are possible:

1. Ji(z) = JR! (z) Yz € RY if (JR, (z) < Ji(z) ¥ = € R).

2. Ji(z) = Ji(x) Vo € R¥ (if JR, (z) > Ji(z) V z € RY).

5 ey = { B@) Ve R ={reRE: JRY (z) > Ji(2)}
' JRY(z) Yz (RF)y ={zeRF: JR'(z) < Ji(x)}.

The three cases above can be distinguished by using a simple linear program. We

-~k _
add the constraint JR, (r) < J;(z) to the constraints defining R¥ and tests its
redundancy (Section 4.4.1). If it is redundant we have Case 1, if it is infeasible

we have Case 2. Otherwise J~Rf(x) = Ji(v) defines the facet separating (RF);
and (Rf)g. In the third case, the region Rf is partitioned into two regions
(RF); and (RF)y which are convex polyhedra since J~RiC () and J;(z) are affine
functions of x.

After the mp-LP (6.75) has been solved for all 4 = 1,..., N; (the subindex
j denotes that we are at step j of the recursion) and the value function has been
updated, each initial region C'R; has been subdivided into at most 2Ng, polyhedral
regions R¥ and possibly (RF )1 and (RF)y with a corresponding updated parametric
bound on the value function J;(x). For each R¥, (R¥); and (RF)y we define the set
of integer variables already explored as Z; = Z Uz, b+ , Nb; = Nb; + 1. In the
sequel the polyhedra of the new partition will be referred to as CR;.
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MILP Subproblem

At step j for each critical region C'R; (note that these CR; are the output of the
previous phase) we solve the following MILP problem

: /
py &)
subj. to Gz — Sz <w ( )
dz < Ji(x) (6.79)
za# 2y, k=1,...,Nb (6.80)
x € CR;, (6.81)

where constraints (6.80) prohibit integer solutions that have been already analyzed
in CR; from appearing again and constraint (6.79) excludes integer solutions with
higher values than the current upper bound. If problem (6.81) is infeasible then
the region C'R; is excluded from further recursion and the current upper bound
represents the final solution. If problem (6.81) is feasible, then the discrete optimal
component zj is stored and represents a feasible integer variable that is optimal
at least in one point of C'R;.

Recursion

At step j we have stored

1. A list of N; polyhedral regions CR; and for each of them an associated
parametric affine upper bound J;(x) (J;(z) = +o0 if no integer solution has
been found yet in C'R;).

2. For each CR; a set of integer variables Z; = Egi, e Eé\if b that have already
been explored in the region C'R;.

3. For each C'R; an integer feasible variable Zé\f bitl ¢ Z; such that there exists z..
and & € CR; for which Gz < w+ 5% and ¢’z < J;(2) where z = {z., Z, FNbiTLL

That is, z(]iv b1 i an integer variable that improves the current bound for at
least one point of the current polyhedron.

For all the regions C'R; not excluded from the MILP’s subproblem (6.77)—(6.81)
the algorithm continues to iterate between the mp-LP (6.75) with sz i+l 2y,
and the MILP (6.77)—(6.81). The algorithm terminates when all the MILPS (6.77)-
(6.81) are infeasible.

Note that the algorithm generates a partition of the state space. Some parameter
x could belong to the boundary of several regions. Differently from the LP and QP
case, the value function may be discontinuous and therefore such a case has to be
treated carefully. If a point x belongs to different critical regions, the expressions
of the value function associated with such regions have to be compared in order
to assign to z the right optimizer. Such a procedure can be avoided by keeping
track of which facet belongs to a certain critical region and which not. Moreover,
if the value functions associated with the regions containing the same parameter x
coincide this may imply the presence of multiple optimizers.
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6.4.3 Solution Properties

6.5

6.5.1

The following properties of J*(z) and Z*(z) follow easily from the algorithm
described above.

Theorem 6.10  Consider the mp-MILP (6.72). The set K* is the union of a finite
number of (possibly open) polyhedra and the value function J* is piecewise affine
on polyhedra. If the optimizer z*(x) is unique for all x € K*, then the optimizer
functions z} : K* — R% and zjj : K* — {0,1}** are piecewise affine and piecewise
constant, respectively, on polyhedra. Otherwise, it is always possible to define a
piecewise affine optimizer function z*(x) € Z*(x) for all x € K*.

Note that, differently from the mp-LP case, the set * can be nonconvex and
even disconnected.

Multiparametric Mixed-Integer Quadratic
Programming

Formulation and Properties

Consider the mp-QP

J*(x) = min J(z,2) =2 Hiz+ c}z
(@ =min () = Hizt 652
subj. to Gz < w+ Sz,
When we restrict some of the optimization variables to be 0 or 1, z = [z], 2],

where z, € R%, z; € {0,1}°, we refer to (6.82) as a multiparametric mized-integer
quadratic program (mp-MIQP). Given a closed and bounded polyhedral set K C R™
of parameters,

K={xeR": Te <N}, (6.83)

we denote by K* C K the region of parameters z € K such that the MIQP (6.82) is
feasible and the optimum J*(z) is finite. For any given & € K*, J*(Z) denotes the
minimum value of the objective function in problem (6.82) for x = Z. The value
function J* : £* — R denotes the function which expresses the dependence on x
of the minimum value of the objective function over K*. The set-valued function
Z* K — 287 x 2{01}* describes for any fixed 2 € K* the set of optimizers z* (x)
related to J*(x).

We aim at determining the region K* C K of feasible parameters x and at
finding the expression of the value function J*(x) and the expression of an optimizer
function 2*(z) € Z*(x).

We show with a simple example that the geometric approach discussed in this
chapter cannot be used for solving mp-MIQPs.
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Example 6.8 Suppose 21, 22, 1, 2 € Rand § € {0, 1}, then the following mp-MIQP

J*(x1,22) = min., z,.s 22 + 22 — 256 4+ 100

10 10 1 0 10
1 0 10 -1 0 10
0 1 10 0 1 10
0 -1 10 0 -1 10
L . 0 0 0
. 1 0 -10 0 0|[m 0
subj. to 0 1 -0 |[Z]=] 0 o { o2 } 1o
0 -1 -10 0 0 0
0 0 0 1 0 10
0 0 0 10 10
0 0 0 0 1 10
L 0o o o] L 0 -1 | 10 |
(6.84)

can be simply solved by noting that for § = 1 21 = 1 and z2 = x2 while for § = 0
z1 = z2 = 0. By comparing the value functions associated with 6 =0 and 6 = 1 we
obtain two critical regions

CRy = {z1,22 € R: z} + 23 < 25}

CRy ={z1,22 € R: —10<x <10, —10 < 22 <10, 27 + 23 > 25}, (6.85)
21 (@, m2) = x1  if [x1,22] € CRy

LEL277 % o if [x1,22] € CR2 (6.86)

Z*(.T " ) _ T2 if [$1,LE2} e CR, :

2WHLE2) = o if [z1,22]) € CR2,
and the parametric value function
2 2 :
N _f i+ + 75 if [z1,22] € CRy

J (33171'2) o { 100 lf [5017.1‘2} S CRQ. (687)

The two critical regions and the value function are depicted in Figure 6.11.

)
T

CR2

1

(a) Critical regions. (b) Value function.

Figure 6.11 Example 6.8. Solution to the mp-MIQP (6.84).



142

6 Multiparametric Programming: A Geometric Approach

6.6

Example 6.8 demonstrates that, in general, the critical regions of an mp-MIQP
cannot be decomposed into convex polyhedra. Therefore the method of partitioning
the rest of the space presented in Theorem 4.2 cannot be applied here. In Chapter
17 we will present an algorithm that efficiently solves specific mp-MIQPs that stem
from the optimal control of discrete-time hybrid systems.

Literature Review

Many of the theoretical results on parametric programming can be found in
[18, 107, 47, 116].

The first method for solving parametric linear programs was proposed by Gass
and Saaty [120], and since then extensive research has been devoted to sensitivity
and multiparametric linear analysis, as attested by the hundreds of references
in [115] (see also [116] for recent advances in the field). One of the first methods
for solving multiparametric linear programs (mp-LPs) was formulated by Gal and
Nedoma [117]. The method constructs the critical regions iteratively, by visiting
the graph of bases associated with the LP tableau of the original problem. Many
of the results on mp-LP presented in this book can be found in [115, p. 178-180].

Note that in [117, 115] a critical region is defined as a subset of the
parameter space on which a certain basis of the linear program is optimal. The
algorithm proposed in [117] for solving multiparametric linear programs generates
nonoverlapping critical regions by generating and exploring the graph of bases. In
the graph of bases the nodes represent optimal bases of the given multiparametric
problem and two nodes are connected by an edge if it is possible to pass from one
basis to another by one pivot step (in this case the bases are called neighbors).
In this book we use the definition (6.4) of critical regions which is not associated
with the bases but with the set of active constraints and it is directly related to
the definition given in [2, 207, 116].

The solution to multiparametric quadratic programs has been studied in detail
in [18, Chapter 5]. In [44] Bemporad and coauthors presented a simple method
for solving mp-QPs. The method constructs a critical region in a neighborhood of
a given parameter, by using the KKT conditions for optimality, and then recursively
explores the parameter space outside such a region. Other algorithms for solving
mp-QPs have been proposed by Seron, DeDond and Goodwin in [262, 99] in
parallel with the study of Bemporad and coauthors in [44], by Tgndel, Johansen
and Bemporad in [274] and by Baotic in [19]. All these algorithms are based on
an iterative procedure that builds up the parametric solution by generating new
polyhedral regions of the parameter space at each step. The methods differ in
the way they explore the parameter space, that is, the way they identify active
constraints corresponding to the critical regions neighboring to a given critical
region, i.e., in the “active set generator” component.
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In [262, 99] the authors construct the unconstrained critical region and then
generate neighboring critical regions by enumerating all possible combinations of
active constraints.

In [274] the authors explore the parameter space outside a given region CR;
by examining its set of active constraints A;. The critical regions neighboring to
CR; are constructed by elementary operations on the active constraints set A;
that can be seen as an equivalent “pivot” for the quadratic program. For this
reason the method can be considered as an extension of the method of Gal [115]
to multiparametric quadratic programming.

In [19] the author uses a direct exploration of the parameter space as in [44]
but he avoids the partition of the state space described in Theorem 4.2. Given
a polyhedral critical region C'R;, the procedure goes through all its facets and
generates the Chebyshev center of each facet. For each facet F; a new parameter
2! is generated, by moving from the center of the facet in the direction of the normal
to the facet by a small step. If such parameter z! is infeasible or is contained in
a critical region already stored, then the exploration in the direction of F; stops.
Otherwise, the set of active constraints corresponding to the critical region sharing
the facet F; with the region C'R; is found by solving a QP for the new parameter ..

In [1, 101] two approaches were proposed for solving mp-MILP problems. In
both methods the authors use an mp-LP algorithm and a branch and bound
strategy that avoids the complete enumeration of combinations of 0-1 integer
variables by comparing the available bounds on the multiparametric solutions.
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7.1

7

General Formulation
and Discussion

In this chapter we introduce the optimal control problem we will be studying in
a very general form. We want to communicate the basic definitions and essential
concepts. We will sacrifice mathematical precision for the sake of simplicity. In later
chapters we will study specific versions of this problem for specific cost functions
and system classes in greater detail.

Problem Formulation

We consider the nonlinear time-invariant system

x(t+ 1) = g(x(t),u(t)), (7.1)

subject to the constraints
h(z(t),u(t)) <0 (7.2)

at all time instants ¢ > 0. In (7.1)—(7.2), z(t) € R™ and u(t) € R™ are the state and
input vector, respectively. Inequality (7.2) with A : R” x R™ — R"™ expresses the
n. constraints imposed on the input and the states. These may be simple upper
and lower bounds or more complicated expressions. We assume that the origin is
an equilibrium point (¢(0,0) = 0) in the interior of the feasible set, i.e., h(0,0) < 0.

We assumed the system to be specified in discrete time. One reason is that we
are looking for solutions to engineering problems. In practice, the controller will
almost always be implemented through a digital computer by sampling the variables
of the system and transmitting the control action to the system at discrete time
points. Another reason is that for the solution of the optimal control problems for
discrete-time systems we will be able to make ready use of powerful mathematical
programming software.

We want to caution the reader, however, that in many instances the discrete
time model is an approximation of the continuous time model. It is generally
difficult to derive “good” discrete time models from nonlinear continuous time
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models, and especially so when the nonlinear system has discontinuities as would
be the case for switched systems. We also note that continuous time switched
systems can exhibit behavioral characteristics not found in discrete-time systems,
for example, an ever increasing number of switches in an ever decreasing time
interval (Zeno behavior [127]).
We define the following performance objective or cost function from time instant
0 to time instant N
N—1
Joosn (2o, Ussn) = plan) + Z q(k, uk), (7.3)
k=

where N is the time horizon and x; denotes the state vector at time k obtained by
starting from the measured state o = z(0) and applying to the system model

T1 = g(Tk, uk), (7.4)
the input sequence uyg, ..., ur_1. From this sequence we define the vector of future
inputs Upsn = [uf), ..., uy_;]" € R®, s = mN. The terms q(zx, ux) and p(zy)

are referred to as stage cost and terminal cost, respectively, and are assumed to be
positive definite (¢ = 0, p > 0):

p(x,u) >0Ve #0, u#0, p0,0)=0
q(z,u) >0Ve £0, u#0, ¢(0,0)=0.

The form of the cost function (7.3) is very general. If a practical control objective
can be expressed as a scalar function then this function usually takes the indicated
form. Specifically, we consider the following constrained finite time optimal control
(CFTOC) problem.

Jon(xo) =ming,, v Joon(z0, Uo—n)
subj. to  xp41 = g(ag,ug), k=0,...,N—1

h(mk,uk)§07 kZO,...7N—]. (75)

TN € Xf

o = z(0).
Here Xy C R" is a terminal region that we want the system states to reach at the
end of the horizon. The terminal region could be the origin, for example. We define
Xo—sn € R™ to be the set of initial conditions x(0) for which there exists an input
vector Uy_, y so that the inputs uyg,...,uny_1 and the states xg, ..., xn satisfy the
model xp11 = g(zk,ur) and the constraints h(zg,ur) < 0 and that the state xy
lies in the terminal set A.

We can determine this set of feasible initial conditions in a recursive manner.
Let us denote with X;_,n the set of states x; at time j which can be steered
into Xy at time N, i.e., for which the model z441 = g(x, ux) and the constraints
h(zg,ur) < 0 are feasible for k = j,...,N—1 and zx € Xy. This set can be defined
recursively by

Xjn = {& € R": Ju such that (h(z,u) <0, and g(z,u) € Xj115n5)},
j=0,...,N—1 (7.6)
XN = Xy (7.7)
The set Xy, n is the final result of these iterations starting with X’.
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The optimal cost Ji_, (o) is also called value function. In general, the problem
(7.3)-(7.5) may not have a minimum. We will assume that there exists a minimum.
This is the case, for example, when the set of feasible input vectors Uy, (defined
by h and Xy) is compact and when the functions g, p and ¢ are continuous. Also,
there might be several input vectors Uj_, ; which yield the minimum (J§_, y(20) =
Joon (2o, Ui, x))- In this case we will define one of them as the minimizer UJ_, y .

Note that throughout the book we will distinguish between the current state
z(k) of system (7.1) at time k and the variable xj, in the optimization problem (7.5),
that is the predicted state of system (7.1) at time k obtained by starting from the
state zg and applying to system (7.4) the input sequence uy, . . ., ug—1. Analogously,
u(k) is the input applied to system (7.1) at time k while uy is the k-th optimization
variable of the optimization problem (7.5). Clearly, z:(k) = x, for any & if u(k) = uy,
for all k£ (under the assumption that our model is perfect).

In the rest of this chapter we will be interested in the following questions related
to the general optimal control problem (7.3)—(7.5).

e Solution. We will show that the problem can be expressed and solved either
as one general nonlinear programming problem, or in a recursive manner by
invoking Bellman’s Principle of Optimality.

e Infinite horizon. We will investigate if a solution exists as N — oo,
the properties of this solution and how it can be obtained or at least
approximated by using a receding horizon technique.

7.2 Solution via Batch Approach

If we write the equality constraints appearing in (7.5) explicitly

z1 = g(x(0),u0)
w3 = g(z1,u1)

(7.8)
N = g(TN-1,uN-1),
then the optimal control problem (7.3)—(7.5), rewritten below
N—1
Ton(@o) = ming, plan) + Y qwn, up)
k=0
subj. to  x1 = g(xo,uo)
z2 = g(w1,u1)
(7.9)

N =g(zn_1,un—1)
h(xk,uk)go, ]C:O,...,Nf].
TN € Xf

xo = 2(0)

is recognized more easily as a general nonlinear programming problem with
variables ug,...,uny_1 and z1,...,TN.
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7.3

As an alternative we may try to eliminate the state variables and equality
constraints (7.8) by successive substitution so that we are left with ug, ..., uy_1 as
the only decision variables. For example, we can express x2 as a function of x(0), ug
and uy only, by eliminating the intermediate state x;

T2 = g(v1,u1)
x2 = g(g(x(0),up), u1). (7.10)

Except when the state equations are linear this successive substitution may become
complex. Even when they are linear it may be bad from a numerical point of view.

Either with or without successive substitution the solution of the nonlinear
programming problem is a sequence of present and future inputs Uj,y =
[ug', ..., u%_,] determined for the particular initial state z(0).

Solution via Recursive Approach

The recursive approach, Bellman’s dynamic programming technique, rests on a

simple idea, the principle of optimality. It states that for a trajectory zo,z7, ..., 2}
to be optimal, the trajectory starting from any intermediate point z7, i.e.,
L5, 254,52y, 0 <7 < N —1, must be optimal.

Consider the following example to provide an intuitive justification [53]. Suppose
that the fastest route from Los Angeles to Boston passes through Chicago. Then
the principle of optimality formalizes the obvious fact that the Chicago to Boston
portion of the route is also the fastest route for a trip that starts from Chicago and
ends in Boston.

We can utilize the principle of optimality for the optimal control problem we
are investigating. We define the cost over the reduced horizon from j to N

N-1
Jj*)N(wj7 Ujy Ujyly - ,UN,1> = p(xN) + Z q(mk, uk), (7.11)
k=j

also called the cost-to-go. Then the optimal cost-to-go Ji_, y is

J;%N(xj) = minuj7uj+1a~~wuN—l Jj%N(xjﬁ Ujy Ujg1y--- 7UN71)
subj. to Tpt1 = g(ap,ug), k=4,...,N—1 (7.12)
h(zg,ur) <0, k=4,...,N—1 '
TN € Xf.

Note that the optimal cost-to-go J;%N(xj) depends only on the initial state x;.
The principle of optimality implies that the optimal cost-to-go Ji 15N from

time j — 1 to the final time N can be found by minimizing the sum of the stage

cost q(z;—1,u;-1) and the optimal cost-to-go Ji_, y(x;) from time j onwards:

Jiion(@-1) = min - g(zj-1,uj-1) + I (@)
G-
subj. to T = g(xj,l,uj,l) (713)

h(zj—1,uj-1) <0
M IS Xj_>N.
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Here the only decision variable left for the optimization is u;_1, the input at time
J — 1. All the other inputs uj,...,u}_; have already been selected optimally to
yield the optimal cost-to-go Ji_, y(x;). We can rewrite (7.13) as

Ji i on(Ti—1) = min q(@j—1,uj—1) + Ji n(9(2j-1,u5-1))

subj. to  h(zj_1,uj—1) <0 (7.14)
g(xj_1,uj—1) € Xjon,

making the dependence of x; on the initial state x;_; explicit.

The optimization problem (7.14) suggests the following recursive algorithm
backwards in time to determine the optimal control law. We start with the terminal
cost and constraint

Inon(zN) = plan) (7.15)
and then proceed backwards
Iy iony@n-1) = min gleny_1,unv—1) + Iy Ln(g(zN_1,un—1))

UN -1
subj. to  h(zy_1,un_1) <0,
g(xn_1,un—1) € NN

(7.17)
Jon(@o) = min  q(o,u0) + J1—>N( (0, u0))
subj. to  h(zg,ug) <
g(wo,up) € XIHN
zo = (0).

This algorithm, popularized by Bellman, is referred to as dynamic programming.
The dynamic programming problem is appealing because it can be stated compactly
and because at each step the optimization takes place over one element u; of the
optimization vector only. This optimization is rather complex, however. It is not a
standard nonlinear programming problem, since we have to construct the optimal
cost-to-go J HN(xj) a function defined over the subset X;_,y of the state space.

In a few spe01al cases we know the type of function and we can find it efficiently.
For example, in the next chapter we will cover the case when the system is linear
and the cost is quadratic. Then the optimal cost-to-go is also quadratic and can be
constructed rather easily. Later in the book we will show that, when constraints
are added to this problem, the optimal cost-to-go becomes piecewise quadratic and
efficient algorithms for its construction are also available.

In general, however, we may have to resort to a “brute force” approach to
construct the cost-to-go function J_; _, 5 and to solve the dynamic program. Let us
assume that at time j—1 the cost- to go J7_,  is known and discuss how to construct
an approximation of J7_;_, . With J7_, v known, for a fixed z;_; the optimization
problem (7.14) becomes a standard nonhnear programming problem. Thus, we
can define a grid in the set &;_;_,y of the state space and compute the optimal
cost-to-go function on each grid point. We can then define an approximate value
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7.4

function j]’-Ll _,n(zj—1) at intermediate points via interpolation. The complexity
of constructing the cost-to-go function in this manner increases rapidly with the
dimension of the state space (“curse of dimensionality”).

The extra benefit of solving the optimal control problem via dynamic pro-
gramming is that we do not only obtain the vector of optimal inputs Uj_, 5 for a
particular initial state x(0) as with the batch approach. At each time j the optimal
cost-to-go function defines implicitly a nonlinear feedback control law.

i(x)) = arg min (g ug) + Ji N (9(zs, uy))
subj. to  h(zj,u;) <0, (7.18)
9(xj,u5) € Xjp1oN.

u

For a fixed x; this nonlinear programming problem can be solved quite easily in
order to find uj(z;). Because the optimal cost-to-go function J7, y(z;) changes

with time j, the nonlinear feedback control law is time-varying.

Optimal Control Problem with Infinite Horizon

We are interested in the optimal control problem (7.3)—(7.5) as the horizon N
approaches infinity.

oo
Jg—)oo(xo) = MiNy, ... Z q(xlﬁuk)
=0

k

subj. to Tpr1 = g(xg,ug), k=0,...,00 (7.19)
h(zg,ug) <0, k=0,...,00
xo = z(0).

We define the set of initial conditions for which this problem has a solution.

Xo—oo = {z(0) € R™ :  Problem (7.19) is feasible and JJ_, . (x(0)) < +o0}.
(7.20)

For the value function J§_, . (zo) to be finite it must hold that
lim q(zg,ux) =0,
k—o0

and because q(zy,uy) > 0 for all (zg,ur) #0

lim z, =0
k—o0

and
lim u; = 0.
k—o0

Thus the sequence of control actions generated by the solution of the infinite horizon
problem drives the system to the origin. For this solution to exists the system must
be, loosely speaking, stabilizable.
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Using the recursive dynamic programming approach we can seek the solution
of the infinite horizon optimal control problem by increasing N until we observe
convergence. If the dynamic programming algorithm converges as N — oo then
(7.14) becomes the Bellman equation

J*(l‘) = min, Q(xa u) + J* (g(xv u))
subj. to  h(x,u) <0 (7.21)
g(:v,u) S XO—)oo

This procedure of simply increasing N may not be well behaved numerically
and it may also be difficult to define a convergence criterion that is meaningful for
the control problem. We will describe a method, called Value Function Iteration,
in the next section.

An alternative is receding horizon control which can yield a time invariant
controller guaranteeing convergence to the origin without requiring N — oo. We
will describe this important idea later in this chapter.

Value Function lteration

Once the value function J*(z) is known, the nonlinear feedback control law u*(z)
is defined implicitly by (7.21)

w*(z) = arg min, q(z,u) + J*(g(z,u))
subj. to  h(z,u) <0 (7.22)
g(z,u) € Xo—oo-

It is time invariant and guarantees convergence to the origin for all states in Xj_ -
For a given x € AXpeo, u*(x) can be found from (7.21) by solving a standard
nonlinear programming problem.

In order to find the value function J*(x) we need to solve (7.21). We can start
with some initial guess Jg (z) for the value function and an initial guess X for the
region in the state space where we expect the infinite horizon problem to converge
and iterate. Then at iteration ¢ + 1 solve

ji*+1(x) = min, q(z,u) + J*(g(x, u))
subj. to  h(z,u) <0 (7.23)
g(z,u) € X;
Xig1={z € R": Ju (h(z,u) <0, and g(z,u) € X)}. (7.24)

Again, here i is the iteration index and does not denote time. This iterative
procedure is called wvalue function iteration. It can be executed as follows. Let us
assume that at iteration step i we gridded the set X; and that J#(z) is known at each
grind point from the previous iteration. We can approximate jZ* (z) at intermediate
points via interpolation. For a fixed point Z the optimization problem (7.23) is a
nonlinear programming problem yielding jf(ﬁc) In this manner the approximate
value function J;(x) can be constructed at all grid points and we can proceed to
the next iteration step i + 1.
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7.4.2 Receding Horizon Control

Receding Horizon Control will be covered in detail in Chapter 12. Here we illustrate
the main idea and discuss the fundamental properties.

Assume that at time ¢ = 0 we determine the control action ug by solving
the finite horizon optimal control problem (7.3)-(7.5). If Jg_, y(zo) converges to
Jioo(x0) as N — oo then the effect of increasing N on the value of ug should
diminish as N — oo. Thus, intuitively, instead of making the horizon infinite
we can get a similar behavior when we use a long, but finite horizon N, and
repeat this optimization at each time step, in effect moving the horizon forward
(moving horizon or receding horizon control). We can use the batch or the dynamic
programming approach.

Batch approach. We solve an optimal control problem with horizon N yielding a
sequence of optimal inputs ug, ..., uy_;, but we would implement only the first one
of these inputs (. At the next time step we would measure the current state and
then again solve the N-step problem with the current state as new initial condition
xg. If the horizon N is long enough then we expect that this approximation of the
infinite horizon problem should not matter and the implemented sequence should
drive the states to the origin.

Dynamic programming approach. We always implement the control ug obtained
from the optimization problem

Jon (o) = H}L%)n q(zo,ug) + J1—>N( (w0, u0))
subj. to h 1'0,“0) (725)
g(wo, uo) € XHNv
zo = z(0)

where J;_, v (9(xo,uo)) is the optimal cost-to-go from the state z1 = g(zo,uo) at
time 1 to the end of the horizon N.

If the dynamic programming iterations converge as N — oo, then for a long,
but finite horizon N we expect that this receding horizon approximation of the
infinite horizon problem should not matter and the resulting controller will drive
the system asymptotically to the origin.

In both the batch and the recursive approach, however, it is not obvious how
long N must be for the receding horizon controller to inherit these desirable
convergence characteristics. Indeed, for computational simplicity we would like to
keep N small. We will argue next that the proposed control scheme guarantees
convergence just like the infinite horizon variety if we impose a specific terminal
constraint, for example, if we require the terminal region to be the origin Xy = 0.

From the principle of optimality we know that

Jo—n(w0) = min q(z0,u0) + Ji_ n(21). (7.26)

Assume that we are at 2(0) at time 0 and implement the optimal u§ that takes us
to the next state x; = g(x(0), u). At this state at time 1 we postulate to use over
the next IV steps the sequence of optimal moves determined at the previous step
followed by zero: uj,...,uj_;,0. This sequence is not optimal but the associated
cost over the shifted horizon from 1 to NV 4+ 1 can be easily determined. It consists
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of three parts: (1) the optimal cost J§_, y(x0) from time 0 to N computed at time
0, minus (2) the stage cost ¢(zo,up) at time 0 plus (3) the cost at time N + 1.
But this last cost is zero because we imposed the terminal constraint xy = 0 and
assumed uy = 0. Thus the cost over the shifted horizon for the assumed sequence
of control moves is

Jo—sn(x0) — q(x0,u0)-

Because this postulated sequence of inputs is not optimal at time 1

Jin1(@1) < Jon (o) — g(@o, uo).
Because the system and the objective are time invariant Ji_, x, 1 (z1) = J5_ n (1)
so that
Joon(21) < Jgn(@o) — (@0, uo).

As ¢ > 0 for all (z,u) # (0,0), the sequence of optimal costs Jj_, (o),
Jo_ n(®1),... is strictly decreasing for all (z,u) # (0,0). Because the cost
Ji_, n = 0 the sequence J§_, n(x0), J§_ n (1), - .. (and thus the sequence zg, z1,...)
is converging. Thus we have established the following important theorem.

Theorem 7.1 (Convergence of Receding Horizon Control) At time step
j consider the cost function

Jj+N
Jjmj N (T, U5 i1, Uy N—1) = Z q(wp,ur), >0 (7.27)
Py
and the CFTOC problem
JJX‘(ﬁjJrN(mJ’) = M0y v Jjs N (Tg, Ujy U1y e Ui N—1)
subj. to Tpr1 = gz, ug)
h(llfk,Uk) SO7 k:]77]+N7 1
N = 0

(7.28)

Assume that only the optimal uj is implemented. At the next time step j + 1 the
CFTOC problem is solved again starting from the resulting state xj41 = g(z;, u;‘)
Assume that the CFTOC problem (7.28) has a solution for every state x;,z 41, ...
resulting from the control policy. Then the system will converge to the origin as
J — 0. |

Thus we have established that a receding horizon controller with terminal
constraint zy = 0 has the same desirable convergence characteristics as the
infinite horizon controller. At first sight the theorem appears very general and
powerful. It is based on the implicit assumption, however, that at every time step
the CFTOC problem has a solution. Infeasibility would occur, for example, if the
underlying system is not stabilizable. It could also happen that the constraints on
the inputs which restrict the control action prevent the system from reaching the
terminal state in IV steps. In Chapter 12 we will present special formulations of
problem (7.28) such that feasibility at the initial time guarantees feasibility for
all future times. Furthermore, in addition to asymptotic convergence to the origin
we will establish stability for the closed-loop system with the receding horizon
controller.
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7.5

7.5.1

Remark 7.1 For the sake of simplicity in the rest of the book we will use the following

shorter notation )
Jj (J"J) = Jj—)N(xj)’ J= 07' . '7N

Joo (o) = J§—oo(0)

Xj=Xjon, j=0,...,N (7.29)
Xoo = XO—»oo
Up =Up=n

and use the original notation only if needed.

Lyapunov Stability

While asymptotic convergence limy_,,, xx = 0 is a desirable property, it is
generally not sufficient in practice. We would also like a system to stay in a small
neighborhood of the origin when it is disturbed slightly. Formally, this is expressed
as Lyapunov stability.

General Stability Conditions

Consider the autonomous system
Tpt1 = g(Tk) (7.30)
with g(0) = 0.

Definition 7.1 (Lyapunov Stability) The equilibrium point x = 0 of
system (7.30) is

stable (in the sense of Lyapunov) if, for each € > 0, there is 6 > 0 such that
[zo]l <0 = [lzx]| <e, VE>0 (7.31)

— unstable if not stable

— asymptotically stable in Q C R™ if it is stable and
lim z, =0, Vzp € Q (7.32)
k—oo

— globally asymptotically stable if it is asymptotically stable and Q = R™

— exponentially stable if it is stable and there exist constants a > 0 and v €
(0,1) such that

lzoll < & = llzkll < allzoll+*, ¥k > 0. (7.33)

The £-0 requirement for stability (7.31) takes a challenge—answer form. To
demonstrate that the origin is stable, for any value of ¢ that a challenger may
chose (however small), we must produce a value of § such that a trajectory starting
in a § neighborhood of the origin will never leave the € neighborhood of the origin.
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Remark 7.2 If in place of system (7.30), we consider the time-varying system zy4+1 =
g(zk, k), then d in Definition 7.1 is a function of € and k, i.e., § = d(e, k) > 0. In this
case, we introduce the concept of “uniform stability.” The equilibrium point x = 0 is
uniformly stable if, for each € > 0, there is § = d(¢) > 0 (independent from k) such
that

|zol] < = ||zk|| < e, Yk > 0. (7.34)

The following example shows that Lyapunov stability and convergence are, in
general, different properties.

Example 7.1 Consider the following system with one state x € R:
Tht1 = xp(zp — 1 — |z — 1)). (7.35)

The state z = 0 is an equilibrium for the system. For any state z € [—1,1] we have
(z — 1) <0 and the system dynamics (7.35) become

Thp1 = 275 — 2a%. (7.36)

System (7.36) generates oscillating and diverging trajectories for any zo €
(—=1,1)\{0}. Any such trajectory will enter in finite time 7" the region with > 1. In
this region the system dynamics (7.35) become

Tr+1 = 0, vV k > T. (737)

Therefore the origin is not Lyapunov stable, however the system converges to the
origin for all zg € (—o0, +00).

Usually, to show Lyapunov stability of the origin for a particular system one
constructs a so called Lyapunov function, i.e., a function satisfying the conditions
of the following theorem.

Theorem 7.2  Consider the equilibrium point x = 0 of system (7.30). Let Q2 C R™
be a closed and bounded set containing the origin. Assume there exists a function
V :R™ = R continuous at the origin, finite for every x € Q, and such that

V(0) =0 and V(z) >0, Vz € Q\ {0} (7.38a)
V(zgs1) = V(zg) < —afaxy) Vo, € Q\ {0} (7.38b)
where a : R — R is a continuous positive definite function. Then x = 0 is

asymptotically stable in 2.

Definition 7.2 A function V(x) satisfying conditions (7.38a)—(7.58b) is called
a Lyapunov Function.

The main idea of Theorem 7.2 can be explained as follows. We aim to find a scalar
function V' (z) that captures qualitative characteristics of the system response, and,
in particular, its stability. We can think of V' as an energy function that is zero at
the origin and positive elsewhere (condition (7.38a)). Condition (7.38b) of Theorem
7.2 requires that for any state x; € 2, zp # 0 the energy decreases as the system
evolves to Tg1-
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A proof of Theorem 7.2 for continuous dynamical systems can be found in [184].
The continuity assumptions on the dynamical system ¢ is not used in the proof
in [247, p. 609]. Assumption in equation (7.38b), however, together with the
continuity of V(-) at the origin, implies that g(-) must be continuous at the origin.

Theorem 7.2 states that if we find an energy function which satisfies the two
conditions (7.38a)—(7.38b), then the system states starting from any initial state
xg € Q will eventually settle to the origin.

Note that Theorem 7.2 is only sufficient. If condition (7.38b) is not satisfied
for a particular choice of V nothing can be said about stability of the origin.
Condition (7.38b) of Theorem 7.2 can be relaxed to allow « to be a continuous
positive semi-definite (psd) function:

V(zgs1) = V(zg) < —a(xg), Vo # 0, a continuous and psd. (7.39)

Condition (7.39) along with condition (7.38a) are sufficient to guarantee stability of
the origin as long as the set {zy : V(g(xx)) — V(xx) = 0} contains no trajectory of
the system z;11 = g(2x) except for x = 0 for all £ > 0. This relaxation of Theorem
7.2 is the so called Barbashin-Krasovski-LaSalle principle [183]. It basically means
that V(x) may stay constant and non zero at one or more time instants as long
as it does not do so at an equilibrium point or periodic orbit of the system.

A similar result as Theorem 7.2 can be derived for global asymptotic stability,
ie., Q=R".

Theorem 7.3  Consider the equilibrium point © = 0 of system (7.50). Assume
there exists a function V : R™ — R continuous at the origin, finite for every x € R™,
and such that

|z|| = 00 = V(x) — o0 (7.40a)
V(0)=0 and V(z) >0, Vz #0 (7.40b)
V(zgs1) — V(zk) < —afzg) VYo, #0 (7.40c)

where a : R™ — R is a continuous positive definite function. Then x = 0 is globally
asymptotically stable. |

Definition 7.3 A function V(x) satisfying condition (7.40a) is said to be
radially unbounded.

Definition 7.4 A radially unbounded Lyapunov function is called a Global
Lyapunov function.

Note that it was not enough just to restate Theorem 7.2 with = R™ but we
also have to require V() to be radially unbounded to guarantee global asymptotic
stability. To motivate this condition consider the candidate Lyapunov function for
a system in R2[176]
V(z)= o + 73 (7.41)
T) =17 e x5, .
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(a) Lyapunov function V(z). (b) Level curves of V (z).

Figure 7.1 Lyapunov function (7.41).

which is depicted in Figure 7.1, where x; and xzo denote the first and second
components of the state vector z, respectively. V(z) in (7.41) is not radially
unbounded as for o =0
lim V(z)=1.
r1—00

For this Lyapunov function even if condition (7.40c) is satisfied, the state x may
escape to infinity. Condition (7.40¢) of Theorem 7.3 guarantees that the level sets
Qe of V(z) (e ={z e R™ : V(x) < c}) are closed.

The construction of suitable Lyapunov functions is a challenge except for linear
systems. First of all one can quite easily show that for linear systems Lyapunov
stability agrees with the notion of stability based on eigenvalue location.

Theorem 7.4 A linear system xiy1 = Axy is globally asymptotically stable in
the sense of Lyapunov if and only if all its eigenvalues are strictly inside the unit
circle.

We also note that stability is always “global” for linear systems.

Quadratic Lyapunov Functions for Linear Systems

A simple effective Lyapunov function for linear systems is
V(z)=2'Px, P> 0 (7.42)

which satisfies conditions (7.40a)—(7.40b) of Theorem 7.3. In order to test
condition (7.40c) we compute

V(zgs1)—V(zk) = )y Prppr —a, Pay = 2, A'PAxy,— 2, Pxy, = x),(A'PA—P)xy,.
(7.43)
Therefore condition (7.40c¢) is satisfied if P > 0 can be found such that

APA-P=-Q, Q0. (7.44)
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Equation (7.44) is referred to as discrete-time Lyapunov equation. The following
Theorem [75, p. 211] shows that P > 0 satisfying (7.44) exists if and only if the
linear system is asymptotically stable.

Theorem 7.5 Consider the linear system xip41 = Axy. Equation (7./4) has a
unique solution P = 0 for any Q > 0 if and only if A has all eigenvalues strictly
inside the unit circle.

Thus, a quadratic form z’Pz is always a suitable Lyapunov function for
linear systems and an appropriate P can be found by solving (7.44) for a chosen
Q@ > 0 iff the system’s eigenvalues lie inside the unit circle. For nonlinear systems,
determining a suitable form for V' (z) is generally difficult.

For a stable linear system xj41 = Axy, P turns out to be the infinite time cost
matrix

Joo(z0) = Zmﬁchk = xy P (7.45)
k=0

as we can easily show. From
Joo(71) = Joo () = 2} Pxy — 2y P1o = 1) A'PATo — ) P1o = —2(QT0  (7.46)

we recognize that P is the solution of the Lyapunov equation (7.44). In other
words the infinite time cost (7.45) is a Lyapunov function for the linear system
Th+1 — Al’k

The conditions of Theorem 7.5 can be relaxed as follows.

Theorem 7.6  Consider the linear system xpi1 = Axy. Equation (7.44) has a
unique solution P = 0 for any Q = C'C = 0 if and only if A has all eigenvalues
inside the unit circle and (C, A) is observable.

We can prove Theorem 7.6 in the same way as Callier and Desoer [75, p. 211]
proved Theorem 7.5. In Theorem 7.6 we do not require that the Lyapunov function
decreases at every time step, i.e., we allow @ to be positive semidefinite. To
understand this, let us assume that for a particular system state z, V' does not
decrease, i.e., ZQz = (CZ)'(CZ) = 0. Then at the next time steps we have the rate
of decrease (CAz)'(CAz), (CA2%z)' (CA2%Z),.. .. If the system (C, A) is observable,
then for all z # 0

' [C (CA) (CA?) ---(CA™ )] #0, (7.47)

which implies that after at most (n — 1) steps the rate of decrease will become
nonzero. This is a special case of the Barbashin-Krasovski-LaSalle principle. Note
that for C' square and nonsingular Theorem 7.6 reduces to Theorem 7.5.

Similarly, we can analyze the controlled system xy41 = Axy + Bug with ug =
Fxj and the infinite time cost

Joo(T0) = Z 25, Qzy + uj Ruy, (7.48)
k=0
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with @ = C'C and R = D'D with det(D) # 0. We can rewrite the cost as

J(zo) = S 4 (Q+ F'RF)ay = 3 { o } [C DFlay  (7.49)
k=0 k=0

for the controlled system xj11 = (A + BF)xj. The infinite time cost matrix P can
now be found from the Lyapunov equation

C

(A+ BF)P(A+ BF)—P = { DF

/
} [ C DF ] . (7.50)
According to Theorem 7.6 the solution P is unique and positive definite iff (A+ BF)
is stable and DCF ,(A+ BF)| is observable. This follows directly from the
observability of (C,A). If (C, A) is observable, then so is (C, A + BF) because
feedback does not affect observability. Observability is also not affected by adding
the observed outputs DF'x.
From (7.44) it follows that for stable systems and for a chosen @ > 0 one can
always find P > 0 solving
APA-P+Q=0. (7.51)
This Lyapunov inequality shows that for a stable system we can always find a P

such that V(z) = 2’/ Px decreases at a desired “rate” indicated by Q. We will need
this result later to prove stability of receding horizon control schemes.

1/00 Norm Lyapunov Functions for Linear Systems

For p = {1, 00} the function
V(z) = [Pz,

with P € R™ of full column rank satisfies the requirements (7.40a), (7.40b)
of a Lyapunov function. It can be shown that a matrix P can be found such
that condition (7.40c) is satisfied for the system xp41 = Az if and only if the
eigenvalues of A are inside the unit circle. The number of rows [ necessary in P
depends on the system. The techniques to construct P are based on the following
theorem [177, 237].

Theorem 7.7 Let P € R™"™ with rank(P) = n and p € {1, co}. The function

V(z) = [Pz, (7.52)
s a Lyapunov function for the discrete-time system
Tpt1 = Az, k>0, (7.53)
if and only if there exists a matriz H € RY™¥!, such that
PA=HP, (7.54a)
I1H]|, < 1. (7.54b)

An effective method to find both H and P was proposed by Christophersen and
Morari in [88].
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To prove the stability of receding horizon control, later in this book, we will
need to find a P such that

|PAZ|| 0o — |PZ]loo + |Qz]l0o <0, V& € R™. (7.55)

Note that the inequality (7.55) is equivalent to the Lyapunov inequality (7.51) when
the squared two-norm is replaced by the 1— or co—norm. Once we have constructed
a P and H to fulfill the conditions of Theorem 7.7 we can easily find P to satisfy
(7.55) according to the following lemma.

Lemma 7.1 Let P and H be matrices satisfying conditions (7.54), with P full
column rank. Let 0 = 1 — ||H||so, p = |QP% |00, where P# = (P'P)~'P’ is the left
pseudoinverse of P. Then, the square matriz

p="Lp (7.56)
o
satisfies condition (7.55).

_Proof: Since P satisfies PA = HP, we obtain —||P||ec + | PAz o + | Q2| 0 =
—[|Pzlloc + [[HPz]oo + [Q2lloc < ([Hlloo — D[[Pzlloc + [Qzlloc < ([Hlloo — 1)

| Px|oo + [|QP#||oo|| Pz||oo = 0. Therefore, (7.55) is satisfied. [ ]
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Linear Quadratic Optimal
Control

In this chapter we study the finite time and infinite time optimal control problem
for unconstrained linear systems with quadratic objective functions. We derive the
structure of the optimal control law by using two approaches: the batch approach
and the dynamic programming approach. For problems with quadratic objective
functions we obtain the well-known Algebraic Riccati Equations.

Problem Formulation

We consider a special case of the problem stated in the last chapter, where the
system is linear and time-invariant

x(t+1) = Az(t) + Bu(t). (8.1)
Again, z(t) € R” and u(t) € R™ are the state and input vectors respectively.
We define the following quadratic cost function over a finite horizon of N steps

N-1
Jo(zo,Up) = 2’y Prn + Z 2. Qzy + uj Ruy, (8.2)
k=0

where zj, denotes the state vector at time k obtained by starting from the state
zo = x(0) and applying to the system model

Tyl = Azxy + Buy (83)
the input sequence uy, ..., ux_1. Consider the finite time optimal control problem

J§(x(0)) = ming,  Jo(x(0), o)
subj. to zp41 = Az + Bug, k=0,1,...,N -1 (8.4)
xo = z(0).
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8.2

In (84) Uy = [up,...,uy_q1] € R*, s = mN is the decision vector containing
all future inputs. We will assume that the state penalty is positive semi-definite
Q=Q =0, P=P =0 and the input penalty is positive definite R = R’ = 0.

As introduced in the previous chapter we will present two alternate approaches
to solve problem (8.4), the batch approach and the recursive approach using
dynamic programming.

Solution via Batch Approach

First we write the equality constraints (8.4) explicitly to express all future states
T1,Ts2,... as a function of the future inputs ug,ui,... and then we eliminate all
intermediate states by successive substitution to obtain

x(0) I 0 P
T A B 0 0 o
o= ¢ |xo+]| AB . el B CE)
y AN ANSig o p | Luv=
—_——
X S= Su

Here all future states are explicit functions of the present state z(0) and the future
inputs ug, u1,usg, ... only. By defining the appropriate quantities we can rewrite
this expression compactly as

X = 8%z(0) + S*Uy. (8.6)
Using the same notation the objective function can be rewritten as
J(I(O)7 U()) = X/QX + U()/RUU, (8.7)

where @ = blockdiag{Q,...,Q, P},Q = 0, and R = blockdiag{R, ..., R}, R = 0.
Substituting (8.6) into the objective function (8.7) yields

Jo(2(0),Up) = (S*2(0) + S*Up)' Q (8%x(0) + S“Uy) + Uy’ RU,

= Uy (SY' QS +R) Uy+24'(0) (S QS) Uy + 2'(0) (S*'QS®) 2(0)

= UOIHUO + Qm’(O)FUO + J]I(O)YLB(O)
(8.8)
Because R = 0, also H = 0. Thus Jy(z(0),Up) is a positive definite quadratic
function of Ujy. Therefore, its minimum can be found by computing its gradient
and setting it to zero. This yields the optimal vector of future inputs

Ug (2(0)) = —H ' F'z(0)

= (8¥QS" +R)™' §¥QS*z(0). (®.9)
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With this choice of Uy the optimal cost is
JE(2(0)) = —z(0) FH1F'z(0) + z(0)'Y z(0)

A A A 5\~ cuA (8.10)
= 2(0) [$7'QS* - $7'QS" (SVQS" + R) ™' 5QS*| 2(0),
Note that the optimal vector of future inputs Ug(x(0)) is a linear function (8.9) of
the initial state 2(0) and the optimal cost J§(x(0)) is a quadratic function (8.10)
of the initial state z(0).

Solution via Recursive Approach

Alternatively, we can use dynamic programming to solve the same problem in a
recursive manner. We define the optimal cost J7(x;) for the N — j step problem
starting from state x; by

N-1
J*(x;) 2 min 2y Pry+ Z 2}, Qzy, + uj Ruy. (8.11)
J Uj,ye s UN—1 =

According to the principle of optimality, the optimal one-step cost-to-go can be
obtained from

Jy_1(xn—1) = min 2y Pyrn + 2y_1QzN_1 + uy_1 Run_1 (8.12)
UN_1

Ny = Azn_1 + Buny—1

Py —p (8.13)

subj. to

Substituting (8.13) into the objective function (8.12),

i1 (@n—1) = ming, , {2y (APvA+ Q)N
+ 2x']V71A’PNBuN,1 (814)
+uly_(B'PyB+ R)uy_1}.

We note that the cost-to-go Jy_1(xn_1) is a positive definite quadratic function
of the decision variable uxn_1. We find the optimum by setting the gradient to zero
and obtain the optimal input

uy_1=—(B'PyB+R)'B'PyAzy (8.15)

Fn-1

and the one-step optimal cost-to-go
Jy-1(an-1) = &y Pno1zn-1, (8.16)
where we have defined

Py 1 =APyA+Q— A'PyB(B'PyB+ R)"'B'PyA. (8.17)
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At the next stage, consider the two-step problem from time N — 2 forward:

Ty o(rn_2) = HAl,iIl Ty Pno1rn_1 + 2y _9QrNn_2 +uly_sRun_2  (8.18)
UN_2

TN_1=ArN_o+ Bun_s. (819)

We recognize that (8.18), (8.19) has the same form as (8.12), (8.13). Therefore, we
can state the optimal solution directly.

U*N,Q = —(B/PNle + R)_IB/PNflA IN—-2.- (820)

Fn_2

The optimal two-step cost-to-go is
Jn_o(xN—2) = 2y _oPN—2ZN_2, (8.21)
where we defined
Py_g=APy_1A+Q— A'Py_1B(B'Py_1B+ R)"'B'Py_,A. (8.22)
Continuing in this manner, at some arbitrary time k the optimal control action is

w*(k) = —(B'Pyi1B + R) "' B'Pyyy Ax(k),

= Fra(k), for k=0,...,N —1, (8.23)

where
P.=AP, 1A+ Q— AP, B(B'Pyy1B+R)'B'P A (8.24)

and the optimal cost-to-go starting from the measured state x(k) is
Ji(z(k)) = o' (k) Pra(k). (8.25)

Equation (8.24) (called Discrete Time Riccati Equation or Riccati Difference
Equation — RDE) is initialized with Py = P and is solved backwards, i.e., starting
with Py and solving for Py_1, etc. Note from (8.23) that the optimal control action
u*(k) is obtained in the form of a feedback law as a linear function of the measured
state x(k) at time k. The optimal cost-to-go (8.25) is found to be a quadratic
function of the state at time £.

Remark 8.1  According to Section 7.4.2, the receding horizon control policy is
obtained by solving problem (8.4) at each time step ¢ with zo = z(¢). Consider
the state feedback solution w*(k) in (8.23) to problem (8.4). Then, the receding
horizon control policy is:

u*(t) = Foz(t), t>0 (8.26)

8.4 Comparison of the Two Approaches

We will compare the batch and the recursive dynamic programming approach in
terms of the results and the methods used to obtain the results.
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Most importantly we observe that the results obtained by the two methods are
fundamentally different. The batch approach yields a formula for the sequence of
inputs as a function of the initial state.

U == (8"QS8" + R) ™ 8"Q8"x(0). (8.27)

The recursive dynamic programming approach yields a feedback policy, i.e., a
sequence of feedback laws expressing at each time step the control action as a
function of the state at that time.

u* (k) = Fra(k), for k=0,...,N — 1. (8.28)

As this expression implies, we determine u(k) at each time k as a function of the
current state x(k) rather than use a u(k) precomputed at k = 0 as in the batch
method. If the state evolves exactly according to the linear model (8.3) then the
sequence of control actions u(k) obtained from the two approaches is identical. In
practice, the result of applying the sequence (8.27) in an open-loop fashion may
be rather different from applying the time-varying feedback law (8.28) because the
model (8.1) for predicting the system states may be inaccurate and the system may
be subject to disturbances not included in the model. We expect the application
of the feedback law to be more robust because at each time step the observed state
z(k) is used to determine the control action rather than the state zj predicted at
time ¢ = 0.

We note that we can get the same feedback effect with the batch approach
if we recalculate the optimal open-loop sequence at each time step j with the
current measurement as initial condition. In this case we need to solve the following
optimization problem

N-1

T ) = ity -y P+ 3 Qe+ uiRuy (8.29)
=3
subj. to r; = x(j),

where we note that the horizon length is shrinking at each time step.

As seen from (8.27) the solution to (8.29) relates the sequence of inputs
uj,uiyq,... to the state x(j) through a linear expression. The first part of this
expression yields again the optimal feedback law (8.28) at time j, u*(j) = Fjz(j).

Here the dynamic programming approach is clearly a more efficient way to
generate the feedback policy because it only uses a simple matrix recursion (8.24).
Repeated application of the batch approach, on the other hand, requires the
repeated inversion of a potentially large matrix in (8.27). For such inversion,
however, one can take advantage of the fact that only a small part of the matrix
H changes at every time step.

What makes dynamic programming so effective here is that in this special case,
where the system is linear and the objective is quadratic, the optimal cost-to-go,
the value function J;(x(j)) has a very simple form: it is quadratic. If we make the
problem only slightly more complicated, e.g., if we add constraints on the inputs or
states, the value function can still be constructed, but it is much more complex. In
general, the value function can only be approximated as discussed in the previous
chapter. Then a repeated application of the batch policy, where we resolve the
optimization problem at each time step is an attractive alternative.
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8.5

Infinite Horizon Problem

For continuous processes operating over a long time period it would be interesting
to solve the following infinite horizon problem.

J%(z(0)) = min ZSU;CQQ% + uj, Ruy,. (8.30)

WO, UL 5.+
k=0

Since the prediction must be carried out to infinity, application of the batch method
becomes impossible. On the other hand, derivation of the optimal feedback law via
dynamic programming remains viable. We can initialize the RDE (8.24)

Py, =AP, A+Q— AP, 1B(B'P,.1B+R)"'B' P, A (8.31)

with the terminal cost matrix Py = @) and solve it backwards for k — —oo. Let
us assume for the moment that the iterations converge to a solution P,,. Such P
would then satisfy the Algebraic Riccati Equation (ARE)

Py =AP A+Q— APy B(B'P,,B+ R)"'B'P,A. (8.32)
Then the optimal feedback control law is

u*(k) = —(B'PwB+ R) " 'B'P Axz(k), k=0,---,00 (8.33)

FOC

and the optimal infinite horizon cost is
JX(2(0)) = 2(0) Poz(0). (8.34)

Controller (8.33) is referred to as the asymptotic form of the Linear Quadratic
Regulator (LQR) or the oo-horizon LQR.

Convergence of the RDE has been studied extensively. A nice summary of the
various results can be found in Appendix E of the book by Goodwin and Sin [129].
Intuitively we expect that the system (8.3) must be controllable so that all states
can be affected by the control and that the cost function should capture the
behavior of all the states, e.g., that @) > 0. These conditions are indeed sufficient for
the RDE to converge and to yield a stabilizing feedback control law. Less restrictive
conditions are possible as stated in the following theorem.

Theorem 8.1  [190, Theorem 2.4-2] If (A, B) is a stabilizable pair and (Q'/?, A)
is an observable pair, then the Riccati difference equation (8.31) with Py > 0
converges to the unique positive definite solution Py, of the ARE (8.32) and all
the eigenvalues of (A + BFy,) lie strictly inside the unit circle.

The first condition is clearly necessary for J* (and Ps) to be finite. To
understand the second condition, we write the state dependent term in the objective
function as z'Qz = (2'Q'/?)(Q'/?z). Thus not the state but the “output” (Q'/%z)
is penalized in the objective. Therefore the second condition ((Q'/?, A) observable)
requires that this output captures all system modes. In this manner convergence
of the output (Ql/ 22) implies convergence of the state to zero.
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From Section 7.5.2 we know that the optimal infinite horizon cost (8.34) is a
Lyapunov function for the system xy41 = Az + Buy, with uy, = Foz), and satisfies

(A4 BFs) Poo(A+ BFy) — Poo = Q + F/_RF..

The reader can verify that substituting Foo from (8.33) we recover the Riccati
equation (8.32).
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Linear 1/00 Norm Optimal
Control

In this chapter, we study the finite time and infinite time optimal control problem
for unconstrained linear systems with convex piecewise linear objective functions.
We derive the structure of the optimal control law by using two approaches: the
Batch approach and the Dynamic Programming approach.

Problem Formulation

We consider a special case of the problem stated in Chapter 7, where the system
is linear and time-invariant

z(t + 1) = Az(t) + Bu(t). (9.1)

Again, z(t) € R™ and u(t) € R™ are the state and input vector respectively.
We define the following piecewise linear cost function over a finite horizon of N
steps
N-1
Jo(x0,Uo) = | Pan|lp + Y 1Quklly + | Rus|, (9.2)
k=0

with p = 1 or p = 0o and where x; denotes the state vector at time k obtained by
starting from the state 2o = (0) and applying to the system model
Tyl = Azxy + Buy (93)

the input sequence uy,...,ur—1. The weighting matrices in (9.2) could have an
arbitrary number of rows. For simplicity of notation we will assume @@ € R"*",
R e R™ ™ and P € R"*". Consider the finite time optimal control problem
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9.2

J§ (2(0)) = ming,  Jo(2(0), Uo)

subj. to zpy1 = Azp + Bug, k=0,1,...,N -1 (9.4)
xo = z(0).
In (9.4) Uy = [up,...,uy_1]" € R®, s = mN is the decision vector containing all

future inputs.

We will present two different approaches to solve problem (9.2)—(9.4), the batch
approach and the recursive approach using dynamic programming. Unlike in the
2-norm case presented in the previous chapter, there does not exist a simple closed-
form solution of problem (9.2)—(9.4). In this chapter we will show how to use
multiparametric linear programming to compute the solution to problem (9.2)—
(9.4). We will concentrate on the use of the co-norm, the results can be extended
easily to cost functions based on the 1-norm or mixed 1/00 norms.

Solution via Batch Approach

First we write the equality constraints (9.4) explicitly to express all future states
T1,Ts2,... as a function of the future inputs ui,us,... and then we eliminate all
intermediate states by using

k—1
T = Akxo + ZAjBukflfj (95)
=0

so that all future states are explicit functions of the present state x(0) and the
future inputs ug, w1, usg, . . . only.

The optimal control problem (9.4) with p = oo can be rewritten as a linear
program by using the following standard approach (see e.g., [79]). The sum of
components of any vector {€g,...,e%,¢ey,...,e%_,} that satisfies

1,67 < Quy, k=0,1,...,N -1
1,6 < —Qx, k=0,1,...,N -1

_17’6?\7 S P.I‘N,

(9.6)
—1,e% < —Pxy,
—1,6% < Ruy, k=0,1,...,N—1
1,68 < —Rug, k=0,1,...,N —1
forms an upper bound on Jy(z(0),Up), where 1, = [1 ... 1]’, and the inequali-

k
ties (9.6) hold componentwise. It is easy to prove that the vector zp = {ef,...,
X e, E Y Uy Uy € RS, s = (m + 2)N + 1, that satisfies
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equations (9.6) and simultaneously minimizes J(z) = e+ - -+ek +ef+- - +e%_4
also solves the original problem (9.4), ie., the same optimum J§(z(0)) is
achieved [293, 79]. Therefore, problem (9.4) can be reformulated as the following
LP problem

min ej+---+ef e+ ten (9.7a)
Z0
k=1
subj. to —1,e7 < +Q AFzy + ZAJBuk,l,j (9.7b)
§=0
N-1
—1TEQJUV < &£P AN.”L'Q + Z AJBUN,1,j (97C)
§=0
—1,e; < £Ruy (9.7d)
k=0,...,N—1
xo = z(0), (9.7¢)

where constraints (9.7¢)—(9.7d) are componentwise, and + means that the con-
straint appears once with each sign, as in (9.6).

Remark 9.1 The cost function (9.2) with p = oo can be interpreted as a special case
of a cost function with 1-norm over time and oco-norm over space. For instance, the
dual choice (oco-norm over time and l-norm over space) leads to the following cost
function

Jo(2(0), Uo) = | max {[|Qwxlr + [ Rull}- (9.8)

We remark that any combination of 1- and oo-norms leads to a linear program.
In general, co-norm over time could result in a poor closed-loop performance (only
the largest state deviation and the largest input would be penalized over the
prediction horizon), while 1-norm over space leads to an LP with a larger number of
variables.

The results of this chapter hold for any combination of 1- and co-norms over time
and space. Clearly the LP formulation will differ from the one in (9.7). For instance,
the 1—norm in space requires the introduction of n/N slack variables for the terms
1Qzx|l1, xi > £Q'xr k=0,2,...,N —1, i =1,2,...,n, plus r slack variables for
the terminal penalty ||Pzn||1, en, > £Pizn i =1,2,...,7, plus mN slack variables
for the input terms ||Rug||1, €k ; > £Riux k=0,1,...,N—1, i =1,2,...,m. Here
we have used the notation M; to denote the ¢-th row of matrix M.

Problem (9.7) can be rewritten in the more compact form

min €20
e (9.9)
subj. to  Gezo < we + S:.x(0),
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where ¢y € R® and G, € R?7*%, S, € R?*" and w, € R? are

N+1 N mN
——
co=[1...11T...10...0)
B N+1 N
-1, 0 0 0 0
-1, 0 0 0 0
0 -1, 0 0 0
0 -1, 0 0 0
0 -1, 0 0 0
Ge= 0 -1, 0 0 0
0 0 -1, 0 0
0 0 -1, 0 0
0 0 0 -1, 0
0 0 0 -1, 0
0 0 0 0 -1,
0 o0 0 0 1.,
mN ]
0 0 0
0 0 0
OB 0 0
-QB 0 0
QAN=2B  QAN-3B ... 0
—QAN72B —QAN=3B ... 0
PAN-1B pPAN-2B ... PB
—PAN-1B —_pAN—?2B ... —PB
R 0 0
-R 0 0
0 0 R
0 0 —R
2nN+2r 2mN -
—— —
we=1[0...00...0]
2nN
Se=[-Q @ (=Q4) (QA) (-QA%) ... (=QANT') (QAN-1YY
2r 2mN
(—PANY (PANY 0, ... 0. ].
(9.10)

Note that in (9.10) we include the zero vector w,. to make the notation consistent
with the one used in Section 6.2.
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By treating x(0) as a vector of parameters, the problem (9.9) becomes a multi-
parametric linear program (mp-LP) that can be solved as described in Section 6.2.
Once the multiparametric problem (9.7) has been solved, the explicit solution
25 (2(0)) of (9.9) is available as a piecewise affine function of z(0), and the optimal
control law Uj is also available explicitly, as the optimal input Uj consists simply
of the last part of z{(x(0))

Ui (2(0) =[0 ... 0 Iy Inn ... L]z (z(0)). (9.11)

Theorem 6.5 states that there exists a continuous and PPWA solution z{(z)
of the mp-LP problem (9.9). Clearly the same properties are inherited by the
controller. The following Corollaries of Theorem 6.5 summarize the analytical
properties of the optimal control law and the value function.

Corollary 9.1  There exists a control law Ug = fo(x(0)), fo : R* — R™, obtained
as a solution of the optimal control problem (9.2)—(9.4) withp = 1 or p = co, which
is continuous and PPWA

folx)=Fix if 2€CR}, i=1,...,NJ, (9.12)
where the polyhedral sets CR = {Hix <0}, i =1,...,N§, are a partition of R™.

Note that in Corollary 9.1 the control law is linear (not affine) and the critical
regions have a conic shape (CRY = {Hiz < 0}). This can be proven immediately
from the results in Section 6.2 by observing that the constant term w. at the
right-hand side on the mp-LP problem (9.9) is zero.

Corollary 9.2  The value function J*(x) obtained as a solution of the optimal
control problem (9.2)-(9.4) is convex and PPWA.

Remark 9.2 Note that if the optimizer of problem (9.4) is unique for all z(0) € R",
then Corollary 9.1 reads: “The control law U*(0) = fo(z(0)), fo : R — R™, obtained
as a solution of the optimal control problem (9.2)—(9.4) with p = 1 or p = o0, is
continuous and PPWA|...”. From the results of Section 6.2 we know that in case of
multiple optimizers for some z(0) € R", a control law of the form (9.12) can always

be computed.

Solution via Recursive Approach

Alternatively we can use dynamic programming to solve the same problem in a
recursive manner. We define the optimal cost J* (x;) for the N — j step problem
starting from state x; by

N-1

Ji(ws) =, min [[Poylo + kz 1Qzk o + [ R loo-
=J
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According to the principle of optimality the optimal one step cost-to-go can be
obtained from

Jy-1(ey-1) = min [|[Pyon]e + [Qon-illo + [|Run-1llc  (9:13)

xny = Axn-_1+ Bun_1
Py = P. (9.14)

Substituting (9.14) into the objective function (9.13), we have

In-1(en-1) = min [|[Py(Azy-1+Bun-1)llec +1Q7N-1lloo + [ Run-1loo. (9.15)

We find the optimum by solving the mp-LP

min eN_1 +eX +HeR_y (9.16a)
€2 1,E% e uN—1
subj. to —1,e%_1 < +Qxn_1 (9.16b)
—1,,e% < Py [Azny_1 + Bun_1] (9.16¢)
—Lney_1 < £Run_1, (9.16d)

where rp is the number of rows of the matrix Py. By Theorem 6.5, J§_; is a
convex and piecewise affine function of z_1, the corresponding optimizer u};_;
is piecewise affine and continuous, and the feasible set X_1 is R™. We use the
equivalence of representation between convex and PPWA functions and infinity
norm (see Section 2.2.5) to write the one-step optimal cost-to-go as

Jy_i(@n-1) = [[Pvo12n-1lleo (9.17)

with Py_1 defined appropriately. At the next stage, consider the two-step problem
from time N — 2 forward:

Jy_o(@n—2) = min [Py_1zn-1]s + [|[Q2N-2[lc + [[Run—2[lc  (9-18)
UN—2
ry_1 = Axny_o + Bun_s. (919)

We recognize that (9.18), (9.19) has the same form as (9.13), (9.14). Therefore
we can compute the optimal solution again by solving the mp-LP

N . mlI}L 5?3\[_2 + 5?\[_1 + 6’7{[_2 (9203)
EN—2°FfN_1EN_2UN-2

subj. to —1pe%_o < +QxN_2 (9.20Db)

—17‘1\_16?\[71 < +Pnx_q [AJ,‘N,Q + B’U,N,Q] (9.20(3)

—1nen_o < £Run_2, (9.20d)

where 7y _1 is the number of rows of the matrix Py_1. The optimal two-step cost-
to-go is
IN_a(@N-2) = [[Pn-22N-2] s, (9.21)

Continuing in this manner, at some arbitrary time k the optimal control action is

u (k) = fr(z(k)), (9.22)
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where fi(z) is continuous and PPWA
fr(x) = Fix if Hjzx<0,i=1,...,N}, (9.23)

where the polyhedral sets {Hiz < 0}, ¢ = 1,..., NJ, are a partition of R™. The
optimal cost-to-go starting from the measured state x(k) is

Iy (@(k)) = [| Pea (k)| oo- (9.24)

Here we have introduced the notation Py to express the optimal cost-to-go
Ji(x(k)) = || Pyx(k)|loo from time k to the end of the horizon N. We also remark
that the rows of P, correspond to the different affine functions constituting J; and
thus their number varies with the time index k. Clearly, we do not have a closed
form as for the 2-norm with the Riccati Difference Equation (8.24) linking cost and
control law at time k given their value at time k — 1.

Comparison of the two Approaches

We will compare the batch and the recursive dynamic programming approach in
terms of the results and the methods used to obtain the results. Most importantly
we observe that the results obtained by the two methods are fundamentally
different. The batch approach yields a formula for the sequence of inputs as a
function of the initial state.

Ui = Fix(0) if Hz(0)<0,i=1,...,Nj. (9.25)

The recursive dynamic programming approach yields a feedback policy, i.e., a
sequence of feedback laws expressing at each time step the control action as a
function of the state at that time.

u*(k) = Fiz(k) if Hpx(k)<0,i=1,...,Nj fork=0,...,N—1. (9.26)

As this expression implies, we determine u(k) at each time k as a function of the
current state x(k) rather than use a u(k) precomputed at k = 0 as in the batch
method. If the state evolves exactly according to the linear model (9.3) then the
sequence of control actions u(k) obtained from the two approaches is identical. In
practice, the result of applying the sequence (9.25) in an open-loop fashion may
be rather different from applying the time-varying feedback law (9.26) because the
model (9.3) for predicting the system states may be inaccurate and the system may
be subject to disturbances not included in the model. We expect the application
of the feedback law to be more robust because at each time step the observed state
x(k) is used to determine the control action rather than the state zj predicted at
time ¢t = 0.

We note that we can get the same feedback effect with the batch approach
if we recalculate the optimal open-loop sequence at each time step j with the
current measurement as initial condition. In this case we need to solve the following
optimization problem
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9.5

N-1

i (@(7) = ming,, oy P28l + Y Qoo + || Runlloc (9.27)
k=j ’

subj. to zj = x(j),

where we note that the horizon length is shrinking at each time step.

As seen from (9.25) the solution to (9.27) relates the sequence of inputs
uj,usiq,... to the state x(j) through a linear expression. The first part of this
expression yields again the optimal feedback law (9.26) at time j, u*(j) = f;(z(4)).

Here the dynamic programming approach is clearly a more efficient way to
generate the feedback policy because it requires the solution of a small mp-LP
problem (9.7) for each time step. Repeated application of the batch approach,
on the other hand, requires repeatedly the solution of a larger mp-LP for each
time step.

Infinite Horizon Problem

For continuous processes operating over a long time period it would be interesting
to solve the following infinite horizon problem.

J;"o(x(o)):u(o)mi(rll) D Quklo + | Rug ] oo (9.28)
U Rt

Since the prediction must be carried out to infinity, application of the batch method
becomes impossible. On the other hand, derivation of the optimal feedback law
via dynamic programming remains viable. We can use the dynamic programming
formulation

| Pjzlloc = n%n [ Pjr 1251100 + |Q7;]l00 + [[Rujloo (9.29)
Tj41 = A.’L‘j + BUj (930)

with the terminal cost matrix Py = ) and solve it backwards for k — —oo. Let
us assume for the moment that the iterations converge to a solution P in a finite
number of iterations. Then the optimal feedback control law is time-invariant and
piecewise linear

u*(k) = F'z(k) if H'2<0,i=1,...,N" (9.31)
and the optimal infinite horizon cost is
S5 (2(0) = [[Pooz(0) oo (9.32)

In general, the infinite time optimal cost JZ% (z(0)) and the optimal feedback
control law are not necessarily piecewise linear (with a finite number of regions).
Convergence of the recursive scheme (9.29) has been studied in detail in [87]. If this
recursive scheme converges and ) and R are of full column rank, then the resulting
control law (9.31) stabilizes the system (see Section 7.4).
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Example 9.1 Consider the double integrator system

The aim is to compute the infinite horizon optimal controller that solves the

optimization problem (9.28) with Q = [1

The dynamic programming iteration (9.29) converges after 18 iterations to the

{ x(t—|—1):[

following optimal solution:

[9.44 20.44] if
[9.00 25.00] if
[-1.00 19.00] x if
[8.00 16.00] if

[-2.0017.00] if

[7.00 8.00] if
[-3.0014.00] 2 if
[6.00 1.00] if

[-4.001000]2  if
[5.00 —=5.00] z if
[-5.005.00] if
[4.00 —10.00] z if
[-6.00 —1.00]z if
[3.00 —14.00] 2 if
[-7.00 —8.00]2 if
[2.00 —17.00] if
[-8.00 —16.00]z if
[1.00 —19.00] if
[-9.00 —25.00] z if

[-9.44 —20.44]z if

: Hx(t)+{ﬂu(t)

0

0 1] and R = 20.

(Region #1)
(Region #2)
(Region #3)
(Region #4)
(Region #5)
(Region #6)
(Region #7)
(Region #8)
(Region #9)
(Region #10)
(Region #11)
(Region #12)
(Region #13)
(Region #14)
(Region #15)
(Region #16)
(Region #17)
(Region #18)
(Region #19)

(Region #20)

(9.33)
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£

Figure 9.1 Example 9.1. co-norm objective function, co-horizon controller.
Piecewise linear optimal cost (value function) and corresponding polyhedral
partition.

with P equal to

[ 9.44 29.44 7

9.00 25.00

—1.00 19.00

8.00 16.00

—-2.00 17.00

7.00 8.00

—3.00 14.00

6.00 1.00

—4.00 10.00

5.00 —5.00
Poo = -5.00 5.00 (9-34)

4.00 —10.00

—6.00 —1.00

3.00 —14.00

—7.00 — 8.00

2.00 —17.00

-8.00 —16.00

1.00 —19.00

—9.00 —25.00

|—9.44  —29.44 |

Note that Peo in (9.34) has 20 rows corresponding to the 20 linear terms (or pieces)
of the piecewise linear value function Ji () = ||Pso®||ee for x € R?. For instance,

JZ(z) in region 1 is J3 (z) = 9.44x1 + 29.44x5, where z1 and z2 denote the first
and second component of the state vector x, respectively. Note that each linear term
appears twice, with positive and negative sign. Therefore J% (z) can be written in
minimal form as the infinity norm of a matrix || Pe| s with P being a matrix with
ten rows. The value function J3 (z) = ||Psx||s is plotted in Figure 9.1.




Part IV

Constrained Optimal Control of
Linear Systems






10.1

10

Controllability, Reachability
and Invariance

This chapter is a self-contained introduction to controllability, reachability and
invariant set theory. N-steps reachable sets are defined for autonomous systems.
They represent the set of states which a system can evolve to after IV steps. N-steps
controllable sets are defined for systems with inputs. They represent the set of states
which a system can be steered to after IV steps.

Invariant sets are the infinite time versions of N-steps controllable and reachable
sets. Invariant sets are computed for autonomous systems. These types of sets are
useful to answer questions such as: “For a given feedback controller u = k(z), find
the set of states whose trajectory will never violate the system constraints.” Control
invariant sets are defined for systems subject to external inputs. These types of
sets are useful to answer questions such as: “Find the set of states for which there
exists a controller such that the system constraints are never violated.”

This chapter focuses on computational tools for constrained linear systems
and constrained linear systems subject to additive and parametric uncertainty.
A thorough presentation of the basic notions and algorithms presented in this
chapter can be found in the book by Blanchini and Miani [59].

Controllable and Reachable Sets

In this section we deal with two types of systems, namely, autonomous systems:

z(t+1) = go(z(t)), (10.1)
and systems subject to external inputs:
z(t+ 1) = g(z(), u(t)). (10.2)
Both systems are subject to state and input constraints
x(t) € X, u(t) eU, Vit >0. (10.3)

The sets X and U are polyhedra.
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Definition 10.1  For the autonomous system (10.1) we denote the precursor set
to the set S as
Pre(S) = {x € R" : gq(z) € S}. (10.4)

Pre(S) is the set of states which evolve into the target set S in one time step.

Definition 10.2 For the system (10.2) we denote the precursor set to the
set S as
Pre(S)={z e R" : Juel s.t. g(z,u) € S}. (10.5)

For a system with inputs, Pre(S) is the set of states which can be driven into the
target set S in one time step while satisfying input and state constraints.

Definition 10.3  For the autonomous system (10.1) we denote the successor set
from the set S as

Suc(S) ={z € R" : F2(0) €S s.t. x = go(x(0))}.

Definition 10.4  For the system (10.2) with inputs we will denote the successor
set from the set S as
Suc(S) ={xzeR™ : F32(0) €S, Fu(0) el s.t. z = g(x(0),u(0))}.

Therefore, all the states contained in S are mapped into the set Suc(S) under the
map g, or under the map g for some input u € Y.

Remark 10.1 The sets Pre(S) and Suc(S) are also denoted as ‘one-step backward-
reachable set’ and ‘one-step forward-reachable set’, respectively, in the literature.

N-step controllable and reachable sets are defined by iterating Pre(-) and Suc(-)
computations, respectively.

Definition 10.5 (N-Step Controllable Set Kx(S)) For a given target set
S C X, the N-step controllable set Kn(S) of the system (10.1) or (10.2) subject to
the constraints (10.3) is defined recursively as:

]C](S) :Pre(le,l(S))ﬂX, ICO(S) =S, jE {].,,N} (106)

From Definition 10.5, all states xo of the system (10.1) belonging to the N-Step
Controllable Set K (S) will evolve to the target set S in N steps, while satisfying
state constraints.

Also, all states xo of the system (10.2) belonging to the N-Step Controllable
Set K (S) can be driven, by a suitable control sequence, to the target set S in N
steps, while satisfying input and state constraints.

Definition 10.6 (N-Step Reachable Set Ry (Xy)) For a given initial set
Xo C X, the N-step reachable set Ry (Xy) of the system (10.1) or (10.2) subject
to the constraints (10.3) is defined as:

Ri+1(.)(0) = SUC(RZ(X(J)) N X, Ro(.)(o) = Xo, 1= 0, ey N -1 (107)

From Definition 10.6, all states xy belonging to Xy will evolve to the N-step
reachable set Ry (Xp) in N steps.
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Computation of Controllable and Reachable Sets

Next, we will show through simple examples the main steps involved in the comp-
utation of controllable and reachable sets for constrained linear systems. Later in
this section we will provide compact formulas based on polyhedral operations.

Example 10.1 Consider the second order autonomous stable system

0.5 0
z(t+1)=Az(t) = [ 1 _o05 ] x(t) (10.8)
subject to the state constraints
—10 10
m(t)eXf{x. [_lo}gxg{m”,\ﬁzo. (10.9)

The set Pre(X) can be obtained as follows: Since the set X" is a polytope, it can be
represented as a H-polytope (Section 4.2)

X={z : Hz <h}, (10.10)
where
1 0 10
0 1 10
H = 1 0 and h = 10
0 -1 10
By using this #H-presentation and the system equation (10.8), the set Pre(X) can be
derived:
Pre(X) = {z : Hga(z) < h} (10.11)
={z : HAz <h}. (10.12)

The set (10.12) may contain redundant inequalities which can be removed by using
Algorithm 4.1 in Section 4.4.1 to obtain its minimal representation. Note that by
using the notation in Section 4.4.11, the set Pre(&’) in (10.12) is simply X o A.

The set Pre(X) is

1 0 20
1 -05 10
Pre(X)=<(x 1 0o |* < 20
-1 0.5 10

The one-step controllable set to X, K1(X) = Pre(X) N X is

1 0 10
0 1 10
-1 0 10
Pre(X)NX =<z 0 1 z < 10
1 -0.5 10
-1 0.5 10

and it is depicted in Figure 10.1.
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Figure 10.1 Example 10.1. One-step controllable set Pre(X) N X for system
(10.8) under constraints (10.9).

10

Lo

-10

-10 -5 0 5 10
Ty

Figure 10.2 Example 10.1. Successor set for system (10.8).

The set Suc(X) is obtained by applying the map A to the set X. Let us write X in
V-representation (see Section 4.1)

X = conv(V), (10.13)

and let us map the set of vertices V' through the transformation A. Because the
transformation is linear, the successor set is simply the convex hull of the transformed
vertices

Suc(X) = Ao X = conv(AV). (10.14)

We refer the reader to Section 4.4.11 for a detailed discussion on linear transforma-
tions of polyhedra.

The set Suc(&X) in H-representation is

1 0 5
~1 0 5
Sue(d) = 4§ = 1 05|75 |25
-1 05 2.5

and is depicted in Figure 10.2.



http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/PreReachAut.m
http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/PreReachAut.m

10.1 Controllable and Reachable Sets

187

Example 10.2 Consider the second order unstable system

o(t+1) = Az + Bu— { SR ]x(t) + { . ]u(t) (10.15)

subject to the input and state constraints

ut)eU={u : —5<u<B}, Vi>0 (10.16a)

—10 10
z(t)EXf{x. |:_10:|§x§[10]},Vt20. (10.16b)
For the nonautonomous system (10.15), the set Pre(&X’) can be computed using the
H-representation of X and U,
X={x : Ht<h}, U={u : Huu < hy}, (10.17)
to obtain

Pre(X) = {z € R* : JuelUst. g(z,u) € X, } (10.18)

{ac €R? : JueRst. ﬁA Iglﬂ (i) < [fiﬂ} . (10.19)

The half-spaces in (10.19) define a polytope in the state-input space, and a projection
operation (see Section 4.4.6) is used to derive the half-spaces which define Pre(X) in
the state space. The one-step controllable set Pre(X) N X

1 0 10
0 1 10
1 0 10
0 —1]%< |10
1 —15 10
1 15 10

is depicted in Figure 10.3.

Note that by using the definition of the Minkowski sum given in Section 4.4.9 and
the affine operation on polyhedra in Section 4.4.11 we can write the operations in
(10.19) compactly as follows:

Pre(X) ={z : 3ueUst. Az + Bu € X}
{z : y=Az+ Bu, ye X, uel}
{r : Ax=y+ (—Bu), ye X, uc U}
{z : Az €C, C=X® (—B)olU}
{z : z€Co0A, C=X®(—B)olU}
{z : z€e(X®(—B)olU)o A}.

(10.20)

The set Suc(X) = {Az+Bu € R? : x € X, u € U} is obtained by applying the map
A to the set X and then considering the effect of the input u € U. As shown before,

Ao X = conv(AV) (10.21)

and therefore
Suc(X)={y+Bu : yc Ao X, ucl}.
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Figure 10.3 Example 10.2. One-step controllable set Pre(X) N X for system
(10.15) under constraints (10.16).

-30 20 -10 0 10 20 30
Ty

Figure 10.4 Example 10.2. Successor set for system (10.15) under constraints
(10.16).

We can use the definition of the Minkowski sum given in Section 4.4.9 and rewrite
the set Suc(X) as

Suc(X) = (Ao X) & (BoU).

We can compute the Minkowski sum via projection or vertex enumeration as
explained in Section 4.4.9 and obtain the set Suc(X) in H-representation

1 0 20

-1 0 20

0 1 25
Suc(X) =4 0 R < 25 ,

1 -15 27.5

-1 15 27.5

which is depicted in Figure 10.4.

In summary, the sets Pre(X) and Suc(X) are the results of linear operations
on the polyhedra X and U and therefore are polyhedra. By using the definition of
the Minkowski sum given in Section 4.4.9 and of affine operation on polyhedra in
Section 4.4.11 we can compactly summarize the Pre and Suc operations on linear
systems in Table 10.1.
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Table 10.1 Pre and Suc operations for linear systems subject to
polyhedral state and input constraints z(t) € X, u(t) € U

z(t+1) = Az(t) z(t+ 1) = Az(t) + Bu(t)
Pre(X) XoA (X®(—Bol))o A
Suc(X) AoX (Ao X) @ (Bold)

T

KaS)  Ks(S) Ko  Ki(S) S

1 |

Figure 10.5 Example 10.3. Controllable sets K;(S) for system (10.15) under
constraints (10.16) for j = 1,2, 3,4. Note that the sets are shifted along the
z-axis for a clearer visualization.

The N-step controllable set Ky (S) and the N-step reachable set Ry (Xp) can
be computed by using their recursive formulas (10.6), (10.7) and computing the
Pre and Suc operations as in Table 10.1.

Example 10.3 Consider the second order unstable system (10.15) subject to the
input and state constraints (10.16). Consider the target set

=@ [al==lh]h
The N-step controllable set Kn(S) of the system (10.15) subject to the con-
straints (10.16) can be computed by using the recursive formula (10.6)
Ki(S) =Pre(K;—1(S))nXx, Ko(S)=S, j=1,...,N
and the steps described in Example 10.2 to compute the Pre(-) set.
The sets K;(S) for j =1,2,3,4 are depicted in Figure 10.5.

Example 10.4 Consider the second order unstable system (10.15) subject to the
input and state constraints (10.16). Consider the initial set

wefes [A]ses 1]}

The N-step reachable set Ry (Xp) of the system (10.15) subject to the con-
straints (10.16) can be computed by using the recursively formula (10.7)

Ri+1(X) = Suc(R; (X)) N X, Ro(Xo)=4, j5=0,....,N—1
and the steps described in Example 10.2 to compute the Suc(-) set.

The sets R;(Xp)) for j = 1,2,3,4 are depicted in Figure 10.6. The sets are shifted
along the z-axis for a clearer visualization.
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10.2

Xy Ri(Xy) Ro(Xy) Ry(Xy)  Rul(Xp)

-0 00

1 1 1 |

Figure 10.6 Example 10.3. Reachable sets R;(Xs)) for system (10.15) under
constraints (10.16) for j = 1,2, 3,4.

Invariant Sets

Consider the constrained autonomous system (10.1) and the constrained system
subject to external inputs (10.2) defined in Section 10.1.

Two different types of sets are considered in this section: invariant sets and
control invariant sets. We will first discuss invariant sets.

Positive Invariant Sets

Invariant sets are used for characterizing the behavior of autonomous systems.
These types of sets are useful to answer questions such as: “For a given feedback
controller u = f(z), find the set of initial states whose trajectory will never violate
the system constraints.” The following definitions, derived from [172, 58, 54, 49,
179, 137, 139, 140], introduce the different types of invariant sets.

Definition 10.7 (Positive Invariant Set) A set O C X is said to be a positive
invariant set for the autonomous system (10.1) subject to the constraints in
(10.3), if

z(0)e O = z2()e0, VteN;.

Definition 10.8 (Maximal Positive Invariant Set O,,) The set O, C X
is the mazimal invariant set of the autonomous system (10.1) subject to the
constraints in (10.3) if O is invariant and Oy contains all the invariant sets
contained in X.

Remark 10.2 The maximal invariant sets defined here are often referred to as
“maximal admissible sets” or “maximal output admissible sets” in the literature
(e.g., [124]), depending on whether the system state or output is constrained.

Remark 10.3 Note that, in general, the nonlinear system (10.1) may have multiple
equilibrium points, and thus O might be the union of disconnected sets each
containing an equilibrium point.
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Theorem 10.1 (Geometric condition for invariance [100]) A set O C X
is a positive invariant set for the autonomous system (10.1) subject to the
constraints in (10.3), if and only if

O C Pre(0). (10.22)

Proof: We prove both the necessary and sufficient parts by contradiction. («<:)
If O ¢ Pre(O) then 3z € O such that z ¢ Pre(O). From the definition of Pre(0),
9a(Z) ¢ O and thus O is not positive invariant. (=) If O is not a positive invariant
set then 37 € O such that ¢,(z) ¢ O. This implies that Z € O and T ¢ Pre(O) and
thus O ¢ Pre(0) [ ]

It is immediate to prove that condition (10.22) of Theorem 10.1 is equivalent
to the following condition

Pre(O)Nn O = 0. (10.23)

Based on condition (10.23), the following algorithm provides a procedure for
computing the maximal positive invariant subset O for system (10.1),(10.3)
[10, 49, 172, 124].

Algorithm 10.1 Computation of O

Input: g,, X
Output: O
Qo+ X, k+ -1
Repeat
k+—k+1
Qk+1 — Pre(Qk) N Qg
Until Qk+1 = Qk
O +— Qe

Algorithm 10.1 generates the set sequence {24} satisfying Q41 C Qf, Vk € N and
it terminates when Q11 = Q. If it terminates, then  is the maximal positive
invariant set O, for the system (10.1)-(10.3). If Qi = 0 for some integer k then
the simple conclusion is that Oy, = 0.

In general, Algorithm 10.1 may never terminate. If the algorithm does not
terminate in a finite number of iterations, it can be proven that [179]

Ooo = lim Qk.
k—4o00
Conditions for finite time termination of Algorithm 10.1 can be found in [124].
A simple sufficient condition for finite time termination of Algorithm 10.1 requires

the system g,(z) to be linear and stable, and the constraint set X' to be bounded
and to contain the origin.
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Figure 10.7 Example 10.5. Maximal Positive Invariant Set of system (10.8)
under constraints (10.9).

Example 10.5 Consider the second order stable system in Example 10.1. The
maximal positive invariant set of system (10.8) subject to constraints (10.9)

1 0 10
0o 1 10
1 0 10
0o -1 |T= 10
1 —05 10
1 05 10

is depicted in Figure 10.7.

Note from the previous discussion of the example and from Figure 10.1
that here the maximal positive invariant set O, is obtained after a single step
of Algorithm 10.1, i.e.,

O =1 =Pre(X)NAX.

Control Invariant Sets

Control invariant sets are defined for systems subject to external inputs. These
types of sets are useful to answer questions such as: “Find the set of initial states for
which there exists a controller such that the system constraints are never violated.”
The following definitions, adopted from [172; 58, 54, 49, 179], introduce the different
types of control invariant sets.

Definition 10.9 (Control Invariant Set) A set C C X is said to be a control
invariant set for the system (10.2) subject to the constraints in (10.3), if

z(t)eC = Ju(t) €U such that g(x(t),u(t)) € C, Vte Ny.

Definition 10.10 (Maximal Control Invariant Set C..) The set Coo C X is
said to be the mazximal control invariant set for the system (10.2) subject to the
constraints in (10.3), if it is control invariant and contains all control invariant
sets contained in X.
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Remark 10.4 The geometric conditions for invariance (10.22), (10.23) hold for
control invariant sets.

The following algorithm provides a procedure for computing the maximal
control invariant set Co for system (10.2),(10.3) [10, 49, 172, 124].

Algorithm 10.2  Computation of Coo

Input: g, X, U
Output: Cs
Qo+ X, k+ -1
Repeat
k+—k+1
Qi41 < Pre(Qr) N Q
Until Qk+1 = Qk
Coo < Qk+1

Algorithm 10.2 generates the set sequence {Q} satisfying Qi1 C Qi,Vk € N.
Algorithm 10.2 terminates when Qg1 = Q. If it terminates, then € is
the maximal control invariant set Co, for the system (10.2)—(10.3). In general,
Algorithm 10.2 may never terminate [10, 49, 172, 164]. If the algorithm does not
terminate in a finite number of iterations, in general, convergence to the maximal
control invariant set is not guaranteed

Coo # lim Q. (10.24)

k—+oco

The work in [50] reports examples of nonlinear systems where (10.24) can be
observed. A sufficient condition for the convergence of Q to Co as k — 400
requires the polyhedral sets X and U to be bounded and the system g(z,u) to be
continuous [50].

Example 10.6 Consider the second order unstable system in Example 10.2.
Algorithm 10.2 is used to compute the maximal control invariant set of system (10.15)
subject to constraints (10.16). Algorithm 10.2 terminates after 45 iterations and the
maximal control invariant set Coo is:

0 1 4
0 1 4
0.55 —0.83 2.92
—055 083 |T=1 222
1 0 10
-1 0 10

The results of the iterations and C are depicted in Figure 10.8.

Definition 10.11 (Finitely determined set) Consider Algorithm 10.1 (Algo-
rithm 10.2). The set O (Coo) is finitely determined if and only if 3 i € N such
that Q11 = Q;. The smallest element i € N such that Q;11 = Q; is called the
determinedness index.
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10

wt

-10

-10 -5 0 5 10

Figure 10.8 Example 10.6. Maximal Control Invariant Set of system (10.15)
subject to constraints (10.16).

Remark 10.5 From the results in Section 10.1.1, for linear system with linear
constraints the sets O and Co are polyhedra if they are finitely determined.

For all states contained in the maximal control invariant set C,, there exists
a control law such that the system constraints are never violated. This does not
imply that there exists a control law which can drive the state into a user-specified
target set. This issue is addressed in the following by introducing the concepts of
maximal controllable sets and stabilizable sets.

Definition 10.12 (Maximal Controllable Set K..(0O)) For a given target
set O C X, the mazimal controllable set Koo (O) for system (10.2) subject to the

constraints in (10.3) is the union of all N-step controllable sets Kn(O) contained
inX (N eN).

We will often deal with controllable sets n(O) where the target O is a control
invariant set. They are special sets, since in addition to guaranteeing that from
Kn(O) we reach O in N steps, one can ensure that once it has reached O, the
system can stay there at all future time instants.

Definition 10.13 (N-step (Maximal) Stabilizable Set) For a given control
invariant set O C X, the N-step (maxzimal) stabilizable set of the system (10.2)
subject to the constraints (10.3) is the N-step (maximal) controllable set Kn(O)

(K (0))-

The set Ko (O) contains all states which can be steered into the control invariant
set O and hence Koo(O) C Csx. The set Koo(O) C Cs can be computed as
follows [58, 50]:

Algorithm 10.3  Computation of K (O)

Input: g, X, U
Output: Ko (O)

Ko < O, where O is a control invariant set
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c+ —1
Repeat
c+—c+1
Ket1 < Pre(Ko) X
Until K41 =K.
Koo (0) + Ke

Since O is control invariant, it holds Ve € N that I (O) is control invariant and
K¢ € Kcy1. Note that Algorithm 10.3 is not guaranteed to terminate in finite time.

Remark 10.6 In general, the maximal stabilizable set Koo (O) is not equal to the
maximal control invariant set Coo, even for linear systems. Koo (O) C Coo for all control
invariant sets O. The set Coo\ Koo (O) includes all initial states from which it is not
possible to steer the system to the stabilizable region Ko (O) and hence O.

Example 10.7 Consider the simple constrained one-dimensional system

z(t+1) = 2z(t) + u(t) (10.25a)
|z(t)] <1, and |u(t)| <1 (10.25b)
and the state feedback control law
1 it z(t) e [-1, —3]

u(t) =< —2x(t) if =z(t)e -1, 3] (10.26)

-1 if z(t)e |3, 1].
The closed-loop system has three equilibria at —1, 0, and 1 and system (10.25) is
always feasible for all initial states in [—1, 1] and therefore Co« = [—1, 1]. The

equilibrium point 0 is, however, asymptotically stable only for the open set (—1, 1).
In fact, u(t) and any other feasible control law cannot stabilize the system from z = 1
and from z = —1 and therefore when O = ) then Koo (O) = (=1, 1) C Co. We note
in this example that the maximal stabilizable set is open. One can easily argue that,
in general, if the maximal stabilizable set is closed then it is equal to the maximal
control invariant set.

10.3 Robust Controllable and Reachable Sets

In this section we deal with two types of systems, namely, autonomous systems

z(k+1) = go(z(k), w(k)), (10.27)
and systems subject to external controllable inputs
x(k+1) = g(z(k), u(k), wk)). (10.28)
Both systems are subject to the disturbance w(k) and to the constraints
x(k) € X, u(k) elU, wk)eWVk>0. (10.29)

The sets X', U and W are polyhedra.
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Definition 10.14  For the autonomous system (10.27) we will denote the robust
precursor set to the set S as

Pre(S, W) ={z e R" : g,(z,w) €S, Yw € W}. (10.30)

Pre(S, W) defines the set of states of system (10.27) which evolve into the target
set S in one time step for all possible disturbances w € W.

Definition 10.15 For the system (10.28) we will denote the robust precursor
set to the set S as

Pre(S,W)={z € R" : Juel s.t. g(x,u,w) CS, Yw € W}. (10.31)

For a system with inputs, Pre(S,W) is the set of states which can be robustly
driven into the target set S in one time step for all admissible disturbances.

Definition 10.16  For the autonomous system (10.27) we will denote the robust
successor set from the set S as

Suc(S, W) ={z e R" : 3z(0) €S, JweW such that © = g,(x(0),w)}.
Definition 10.17  For the system (10.28) with inputs we will denote the robust
successor set from the set S as
Suc(S,W) ={z € R":32(0) € S, Juecld, Iw e W, such thatx = g(x(0),u,w)}.

Thus, all the states contained in S are mapped into the set Suc(S, W) under the
map g, for all disturbances w € W, and under the map g for all inputs v € U and
for all disturbances w € W.

Remark 10.7  The sets Pre(S,W) and Suc(S,WV) are also denoted as “one-
step robust backward-reachable set” and “one-step robust forward-reachable set,”
respectively, in the literature.

N-step robust controllable and robust reachable sets are defined by iterating
Pre(+,) and Suc(-,-) computations, respectively.

Definition 10.18 (N-Step Robust Controllable Set Ky (S,W)) For a given
target set S C X, the N-step robust controllable set Iy (S, W) of the system (10.27)
or (10.28) subject to the constraints (10.29) is defined recursively as:

ICJ(S,W) = Pre(ICj_l(S,W),W)ﬂX, ’Co(S,W) =S8, je€ {].,. .. ,N}. (1032)

From Definition 10.18, all states zy belonging to the N-Step Robust Controllable
Set Cn (S, W) can be robustly driven, through a time-varying control law, to the
target set S in N steps, while satisfying input and state constraints for all possible
disturbances.

N-step robust reachable sets are defined analogously to N-step robust control-
lable set.
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Definition 10.19 (N-Step Robust Reachable Set Ry (X, W)) For a given
initial set Xy C X, the N-step robust reachable set R n(Xo, W) of the system (10.27)
or (10.28) subject to the constraints (10.29) is defined recursively as:

Ri+1(X0,W) = SUC(Ri(Xo,W),W) nx, Ro(Xo,W) = Xy, 1=0,...,N—1.
(10.33)

From Definition 10.19, all states xg belonging to Xy will evolve to the N-step robust
reachable set Ry (Xp, W) in N steps.

Next, we will show through simple examples the main steps involved in the
computation of robust controllable and robust reachable sets for certain classes of
uncertain constrained linear systems.

10.3.1 Linear Systems with Additive Uncertainty and without Inputs

Example 10.8 Consider the second order autonomous system

2(t+1) = Az(t) + w(t) = [ 00 _8 - ]x(t) +w(t) (10.34)
subject to the state constraints
—10 10
x(t)eX—{x.{_10}§x§{10}},w20, (10.35)

and where the additive disturbance belongs to the set

w(t)ewz{w:[:ngg[”},wzo. (10.36)

The set Pre(X, W) can be obtained as described next. Since the set X is a polytope,
it can be represented as an H-polytope (Section 4.2)

X ={z: Hz <h}, (10.37)
where
1 0 10
0 1 10
H = 1 0 and h = 10
0 -1 10

By using this H-presentation and the system equation (10.34), the set Pre(X, W) can
be rewritten as

Pre(X, W) = {z : Hga(z,w) < h, Yw € W} (10.38a)
= {z : HAzx < h— Hw, Yw € W}. (10.38b)

The set (10.38) can be represented as a the following polyhedron
Pre(X,W) ={z € R" : HAz < h} (10.39)

with ~

wew
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In general, a linear program is required to solve problems (10.40). In this example H;
9
9
9
9
redundant inequalities which can be removed by using Algorithm 4.1 in Section 4.4.1
to obtain its minimal representation.

The set Pre(X, W) is

and W have simple expressions and we get h= . The set (10.39) might contain

1 0 18
1 -05 9
Pre()CW)— x 1 0 x < 18
-1 0.5 9

The one-step robust controllable set K1 (X, W) = Pre(X, W) N X is

1 0 10
0 1 10
—1 0 10
Pre(X, W) NX =<z : 0 -1 z < 10
1 =05 9
-1 0.5 9

and is depicted in Figure 10.9.

Note that by using the definition of the Pontryagin difference given in Section 4.4.8
and affine operations on polyhedra in Section 4.4.11 we can compactly summarize
the operations in (10.38) and write the set Pre in (10.30) as

Pre(X,W)={z €R" : Az+weX, VweW}={zeR" : Arec XOoW}=
=(XYeWw)oA.

The set
Suc(X, W) ={y : Iz € X, 3w € W such that y = Az + w} (10.41)

is obtained by applying the map A to the set X and then considering the effect of
the disturbance w € W. Let us write X in V-representation (see Section 4.1)

X = conv(V), (10.42)

Figure 10.9 Example 10.8. One-step robust controllable set Pre(X, W) N X
for system (10.34) under constraints (10.35)—(10.36).
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10 |
£ 0
10+
10 | 0 10
Ty

Figure 10.10 Example 10.8. Robust successor set for system (10.34) under
constraints (10.36).

and let us map the set of vertices V' through the transformation A. Because the
transformation is linear, the composition of the map A with the set X, denoted as
Ao X, is simply the convex hull of the transformed vertices

Ao X = conv(AV). (10.43)

We refer the reader to Section 4.4.11 for a detailed discussion on linear transforma-
tions of polyhedra. Rewrite (10.41) as

Suc(¥, W)={yeR" : 32z€ Ao X, Jw € W such that y = z + w}.

We can use the definition of the Minkowski sum given in Section 4.4.9 and rewrite
the Suc set as

Suc(X, W) = (Ao X)dW.
We can compute the Minkowski sum via projection or vertex enumeration as
explained in Section 4.4.9. The set Suc(X,W) in H-representation is

1 -05 4

0 -1 16

-1 0 6
Suc(X, W) =1z : 1 05 |® < 4 ,

0 1 16

1 0 6

and is depicted in Figure 10.10.

10.3.2 Linear Systems with Additive Uncertainty and Inputs

Example 10.9 Consider the second order unstable system

{ 2(t+1) = Az + Bu = { bl ]x(t) + [ ; ]u(t)er(t) (10.44)

subject to the input and state constraints

ut)yeU={u : —5<u<b}, Vi>0 (10.45a)

x(t)e)(':{x: {:18}§x§[18]},b’t20, (10.45b)
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where
wit)eW={w : —1<w<1}, Vt>0. (10.46)

For the nonautonomous system (10.44), the set Pre(X, W) can be computed using
the H-presentation of X and U,

X={zx : Hr<h}, U={u : Hyu<hy}, (10.47)
to obtain
Pre(X,W) = {z € R? : JuelUst. Az+Bu+we X, VweW} (10.48a)
_ 2 HA HB| (z h — Hw
= {xGR : Ju e Rs.t. [ 0 Hu:| (u> < { he ],VwGW}.
(10.48b)

As in Example 10.8, the set Pre(X, ) can be compactly written as

Pre(X, W) = {ngQ : Ju e R sit. {HA HB} ("”) < [hH (10.49)

where ~
hi = J}él\I/lv(hl — H,-w). (1050)
In general, a linear program is required to solve problems (10.50). In this example H;
9
and W have simple expressions and we get h = g .
9

The halfspaces in (10.49) define a polytope in the state-input space, and a projection
operation (see Section 4.4.6) is used to derive the halfspaces which define Pre(X, W)
in the state space. The set Pre(X, W) N X is depicted in Figure 10.11 and reported
below:

1 0 9.3
1 0 9.3
1 —15 9
115 |%S
0o 1 10
0 -1 10

Note that by using the definition of a Minkowski sum given in Section 4.4.9

and the affine operation on polyhedra in Section 4.4.11 we can compactly write the
operations in (10.48) as follows:

Pre(X, W)={z : JuelUUst. Ax+Bu+we X, YVweW}
={z : yeX, ueldst.y=Ar+ Bu+w, YweW}
={z : JyeX, Iueldst. Ar=y+ (—Bu) —w, Yw e W}
={z : AzeCand C=X & (-B)old & W}
={z : 2€Co0A, C=X®(-B)oUU W}
={r :ze(XYoW)®d(—Boll))o A}.
(10.51)
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Figure 10.11 Example 10.9. One-step robust controllable set Pre(X, W)NX
for system (10.44) under constraints (10.45)—(10.46).

30
20

10
g0
-10
-20

-30 -20 =10 0 10 20 30
Ty

Figure 10.12 Example 10.9. Robust successor set for system (10.44) under
constraints (10.45)—(10.46).

Remark 10.8 Note that in (10.51) we have used the fact that if a set S is described
asS={v : Tz€Z sttv=z—w, Vwe W} thenS={v : Iz € Z, st. z =
vtw, YweWlorS={v : v+we Z, YVwe W} =Z6W. Also, to derive
the last equation of (10.51) we have used the associative property of the Pontryagin
difference.

The set Suc(X, W) ={y: Jx € X, Juecl, Jw e W st. y = Az + Bu + w}
is obtained by applying the map A to the set X and then considering the effect
of the input uw € U and of the disturbance w € W. We can use the definition of
Minkowski sum given in Section 4.4.9 and rewrite Suc(X', W) as

Suc(X, W) = (Ao X)® (Bol)®W.

The set Suc(X, W) is depicted in Figure 10.12.

In summary, for linear systems with additive disturbances the sets Pre(X', W)
and Suc(X, W) are the results of linear operations on the polytopes X, U and W
and therefore are polytopes. By using the definition of Minkowski sum given in
Section 4.4.9, Pontryagin difference given in Section 4.4.8 and affine operation on
polyhedra in Section 4.4.11 we can compactly summarize the operations in Table
10.2. Note that the summary in Table 10.2 applies also to the class of systems
z(k 4+ 1) = Az(t) + Bu(t) + Ed(t) where d € W. This can be transformed into
z(k +1) = Az(t) + Bu(t) + w(t) where w € W= E o W.
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10.3.3

Table 10.2 Pre and Suc operations for uncertain linear systems subject to
polyhedral input and state constraints z(t) € X, u(t) € U with additive
polyhedral disturbances w(t) € W.

z(t+1) = Az(t) + w(t) z(t+1) = Az(t) + Bu(t) + w(t)

Pre(X, W) (XYoWw)o A (XeW)e (—Bol))o A
Suc(X, W) (Ao X)W (Ao X)® (Boll)®W

The N-step robust controllable set Cn (S, W) and the N-step robust reachable
set Ry (Xp, W) can be computed by using their recursive formulas (10.32), (10.33)
and computing the Pre and Suc operations as described in Table 10.2.

Linear Systems with Parametric Uncertainty

The next Lemma 10.1 will help us computing Pre and Suc sets for linear systems
with parametric uncertainty.

Lemma 10.1 Let g : R"* x R™ x R™ — R™ be a function of (z,x,w) convex
in w for each (z,x). Assume that the variable w belongs to the polytope W with
vertices {w;};*. Then, the constraint
g(z,z,w) <0OVweWw (10.52)
1s satisfied if and only if
g(z,z,w;) <0, i=1,...,np. (10.53)

Proof: Easily follows from the fact that the maximum of a convex function
over a compact convex set is attained at an extreme point of the set. |

Lemma 10.2 shows how to reduce the number of constraints in (10.53) for a
specific class of constraint functions.

Lemma 10.2  Assume g(z,7,w) = g'(z,2) + g*>(w). Then the constraint (10.52)
can be replaced by g'(z,x) < —g, where § = [gl, .. ,gng}' is a vector whose i-th
component 1s

G = max g¥(w), (10.54)

wew

and g?(w) denotes the i-th component of g*(w).

Example 10.10 Consider the second order autonomous system

0.5+wP(t) 0

z(t+1) = A(wP(t))z(t) + w*(t) = 1 05

z(t) + w(t)  (10.55)
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subject to the constraints

x(t)eXz{x: {jg}gmg[ig]},wzo

w(t) e W* = {w“ :
wP(t) € WP = {w? :

Let w = [w®; wP] and W = W x WP. The set Pre(X, W) can be obtained as follows.
The set X is a polytope and it can be represented as an H-polytope (Section 4.2)

(10.56)
—1 —
0<wP <05}, Vt >0

X ={x: Hx <h}, (10.57)
where
1 0 10
0 1 10
H = 1 0 and h = 10
0 -1 10

By using this H-presentation and the system equation (10.55), the set Pre(X, W) can
be rewritten as

Pre(X,W) = {z : Hga(z,w) <h, Vwe W}
= {z : HAW )z < h— Hw", Yw* e W*, wP € WP}.
(10.59)

(10.58)

By using Lemmas 10.1 and 10.2, the set (10.59) can be rewritten as a the polytope

_ n . [ HA(0) h
z € Pre(X, W) = {x eR"™ : [HA(O.F))} z < [ij } (10.60)
with ~
h; zwgg‘glva(hi—Hiw ), i=1,...,4. (10.61)
The set Pre(X, W) N X is depicted in Figure 10.13 and reported below:
1 0 9 7
0.89 —0.44 8.049
1 0 o< 9
—-0.89 0.44 - |18.049
0 1 10
0 -1 10 |

Figure 10.13 Example 10.10. One-step robust controllable set Pre(X, W)NX
for system (10.55) under constraints (10.56).
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10
£ 0
-10
00 0 10
1

Figure 10.14 Example 10.11. Robust successor set Suc(X, W) for system
(10.62) under constraints (10.63).

Example 10.11 Consider the second order autonomous system

2t + 1) = A(w?(£))a(t) = [ 0-5 +l“’p(t) os }x(t) (10.62)

subject to the constraints

:c(t)EX:{a: : {jg}ggcg“g]},wzo

wP(t) e WP = {w? : 0 <wP <0.5}, Vi>0.

(10.63)

Let w = [w”] and W = WP. The set Suc(X, W) can be written as infinite union of
reachable sets

Suc(X, W) = | Suc(x,w) (10.64)

DEW

where Suc(X,w) is computed as described in Example 10.1 for the system A(w).
In general, the union in equation (10.64) generates a nonconvex set, as can be seen
in Figure 10.14. Nonconvexity of successor sets for parametric linear systems is also
discussed in [59][Section 6.1.2].

10.4 Robust Invariant Sets

Two different types of sets are considered in this chapter: robust invariant sets and
robust control invariant sets. We will first discuss robust invariant sets.

Robust Positive Invariant Sets

Robust invariant sets are computed for autonomous systems. These types of sets
are useful to answer questions such as: “For a given feedback controller u = f(x),
find the set of states whose trajectory will never violate the system constraints for
all possible disturbances.” The following definitions introduce the different types
of robust invariant sets.
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Definition 10.20 (Robust Positive Invariant Set) A set O C X is said to
be a robust positive invariant set for the autonomous system (10.27) subject to the
constraints (10.29), if

z(0)e O = z(t)eO, VYw(t)eW, teN,.

Definition 10.21 (Maximal Robust Positive Invariant Set O.) The set
Oo C X is the mazimal robust invariant set of the autonomous system (10.27)
subject to the constraints (10.29) if O is a robust invariant set and O, contains
all the robust positive invariant sets contained in X.

Theorem 10.2 (Geometric condition for invariance) A set O C X is a
robust positive invariant set for the autonomous system (10.27) subject to the
constraints (10.29), if and only if

O C Pre(O,W). (10.65)
The proof of Theorem 10.2 follows the same lines of the proof of Theorem 10.1. W

It is immediate to prove that condition (10.65) of Theorem 10.2 is equivalent
to the following condition
Pre(O,W)N O = 0. (10.66)

Based on condition (10.66), the following algorithm provides a procedure for
computing the maximal robust positive invariant subset O, for system (10.27)—
(10.29) (for reference to proofs and literature see Section 10.1).

Algorithm 10.4 Computation of O

Input: g,, X, W
Output: O
Qo X, k+ —1
Repeat
k+—k+1
Qp41 Pre(Qk, W) N Qe
Until Qk+1 = Qk
Ooo < Qk

Algorithm 10.4 generates the set sequence {2} satisfying Qxy1 C Qf, Vk € N and
it terminates when Q41 = Q. If it terminates, then ; is the maximal robust
positive invariant set O for system (10.27)—(10.29). If Q4 = 0 for some integer k
then the simple conclusion is that O, = 0.

In general, Algorithm 10.4 may never terminate. If the algorithm does not
terminate in a finite number of iterations, it can be proven that [179]

Ooo = lim Qk.
k—4o00

Conditions for finite time termination of Algorithm 10.4 can be found in [124].
A simple sufficient condition for finite time termination of Algorithm 10.1 requires
the system ¢,(x,w) to be linear and stable, and the constraint set X and
disturbance set W to be bounded and to contain the origin.
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Figure 10.15 Example 10.12. Maximal Robust Positive Invariant Set of
system (10.67) subject to constraints (10.68).

Example 10.12 Consider the second order stable system in Example 10.8

st+1) = Ax(t)+w(t) = [ R }x(t) +w(t) (10.67)
subject to the constraints
zt)exX =<z : jg <z< }8 , V>0
1 1 (10.68)
w(t)EW:{w : [ _1 } <w< [ 1 ]}, vt > 0.

The maximal robust positive invariant set of system (10.67) subject to con-
straints (10.68) is depicted in Figure 10.15 and reported below:

0.89 —0.44 8.04
~0.89 0.44 8.04
1 0 10
0 EET L T
1 0 10
0 1 10

Robust Control Invariant Sets

Robust control invariant sets are defined for systems subject to controllable inputs.
These types of sets are useful to answer questions such as: “Find the set of states for
which there ezists a controller such that the system constraints are never violated
for all possible disturbances.” The following definitions introduce the different types
of robust control invariant sets.

Definition 10.22 (Robust Control Invariant Set) A set C C X is said to
be a robust control invariant set for the system (10.28) subject to the con-
straints (10.29), if

z(t) eC = Ju(t) €U such that g(z(t),u(t), w(t)) € C, Yw(t) e W, YVt € N,.
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Definition 10.23 (Maximal Robust Control Invariant Set C.) The set
Coo C X is said to be the mazimal robust control invariant set for the system (10.28)
subject to the constraints (10.29), if it is robust control invariant and contains all
robust control invariant sets contained in X.

Remark 10.9 The geometric conditions for invariance (10.65)—(10.66) hold for
control invariant sets.

The following algorithm provides a procedure for computing the maximal robust
control invariant set C, for system (10.28)—(10.29).

Algorithm 10.5 Computation of Coo

Input: g, X', U, W
Output: Cs
Qo+ X, k+ -1
Repeat
k+—k+1
Qk+1 — Pre(Qk, W) N Qg
Until Qk+1 = Qk
Coo Qk+1

Algorithm 10.5 generates the set sequence {4} satisfying Qi1 C Qk,Vk € N.
Algorithm 10.5 terminates when Qi1 = Q. If it terminates, then € is the
maximal robust control invariant set Coo for the system (10.28)—(10.29).

In general, Algorithm 10.5 may never terminate [10, 49, 172, 164]. If the algo-
rithm does not terminate in a finite number of iterations, in general, convergence
to the maximal robust control invariant set is not guaranteed

Coo # lim Q. (10.69)
k— oo
The work in [50] reports examples of nonlinear systems where (10.69) can be
observed. A sufficient condition for the convergence of Q to Co, as k — 400
requires the polyhedral sets X', U and W to be bounded and the system g(z, u, w)
to be continuous [50].

Example 10.13 Consider the second order unstable system in Example 10.9. The
maximal robust control invariant set of system (10.44) subject to constraints (10.45)—
(10.46) is an empty set. If the uncertain set (10.46) is replaced with

wit)eW={w : —01<w<01}, Vt>0
the maximal robust control invariant set is
0 1 3.72
0 -1 < 3.72
055 —0.83 |“=| 20
—0.55 0.83 2.0

which is depicted in Figure 10.16.
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X

-10

-10 -5 0 5 10

Figure 10.16 Example 10.13. Maximal Robust Control Invariant Set of
system (10.44) subject to constraints (10.45).

Definition 10.24 (Finitely determined set) Consider Algorithm 10.4 (10.5).
The set O (Cso) is finitely determined if and only if 3 i € N such that Q;11 = Q;.
The smallest element i € N such that Q; 1 = €; is called the determinedness indez.

For all states contained in the maximal robust control invariant set Co, there
exists a control law, such that the system constraints are never violated for all
feasible disturbances. This does not imply that there exists a control law which
can drive the state into a user-specified target set. This issue is addressed in the
following by introducing the concept of robust controllable and stabilizable sets.

Definition 10.25 (Maximal Robust Controllable Set K..(O,W)) For a
given target set O C X, the mazimal robust controllable set Koo(O, W) for the
system (10.28) subject to the constraints (10.29) is the union of all N-step robust
controllable sets contained in X for N € N.

Robust controllable sets Cn (O, W) where the target O is a robust control invariant
set are special sets, since in addition to guaranteeing that from Ky (O, W) we
robustly reach O in N steps, one can ensure that once reached O, the system can
stay there at all future time instants and for all possible disturbance realizations.

Definition 10.26 (N-step (Maximal) Robust Stabilizable Set) Fora given
robust control invariant set O C X, the N-step (mazimal) robust stabilizable set
of the system (10.28) subject to the constraints (10.29) is the N-step (maximal)
robust controllable set Kn(O,W) (Koo(O,W)).

The set Koo (O, W) contains all states which can be robustly steered into the
robust control invariant set O and hence Koo (O, W) C Cy. The set Koo (O, W) C
Cso can be computed as follows:

Algorithm 10.6 Computation of Koo (O, W)

Input: g,, X, W

Output: Koo (O, W)
Ko < O, where O is a robust control invariant set
c+ —1
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Repeat

c+—c+1

Ket1 < Pre(Ke, W) N X
Until o4 = Ke
Koo (O, W) =K,

Since O is robust control invariant, it holds Ve € N that K. is robust control
invariant and K. C K.41. Note that Algorithm 10.6 is not guaranteed to terminate
in finite time.
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Constrained Optimal Control

In this chapter we study the finite time and infinite time optimal control problem
for linear systems with linear constraints on inputs and state variables. We establish
the structure of the optimal control law and derive algorithms for its computation.
For finite time problems with linear and quadratic objective functions we show that
the time varying feedback law is piecewise affine and continuous. The value function
is a convex piecewise linear for linear objective functions and convex piecewise
quadratic for quadratic objective functions.

We describe how the optimal control action for a given initial state can be
computed by means of linear or quadratic programming. We also describe how
the optimal control law can be computed by means of multiparametric linear or
quadratic programming. Finally, we show how to compute the infinite time optimal
controller for linear and quadratic objective functions and prove that, when it exists,
the infinite time controller inherits all the structural properties of the finite time
optimal controller.

Problem Formulation

Consider the linear time-invariant system
xz(t +1) = Az(t) + Bu(t), (11.1)

where z(t) € R™, u(t) € R™ are the state and input vectors, respectively, subject

to the constraints
x(t) € X, u(t) €U, Yt > 0. (11.2)

The sets X C R™ and U C R™ are polyhedra.

Remark 11.1 The results of this chapter also hold for more general forms of linear
constraints such as mixed input and state constraints

[(t)", u(t)'] € Pou, (11.3)
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where P, ., is a polyhedron in R"*™ of mixed input and state constraints over a finite
time, or, even more general, constraints of the type:

[z(0),...,a(N —1),u(0),...,u(N = 1)'] € Prun, (11.4)

where P, .~ is a polyhedron in RN+ Note that constraints of the type (11.4)
can arise, for example, from constraints on the input rate Au(t) = u(t) —u(t —1). In
this chapter, for the sake of simplicity, we will use the less general form (11.2).

Define the cost function
N-1
J( ( ) UO —‘r Zq xk,uk (11.5)
k=0

where zj, denotes the state vector at time k obtained by starting from the state
2o = 2(0) and applying to the system model

Ti41 = Az + Buy (11.6)

the input sequence ug, ..., ur_1.

If the 1-norm or co-norm is used in the cost function (11.5), then we set p(zn) =
|Pznllp and g(zk, uk) = ||Qzkllp + | Ruk|l, with p=1 or p = co and P, Q, R full
column rank matrices. Cost (11.5) is rewritten as

N-1

Jo(@(0), Uo) = | Prxllp + D 1Qewlly + [ Rullp- (11.7)
k=0

If the squared Euclidian norm is used in the cost function (11.5), then we set
p(xn) = 2y Py and q(zk, ug) = 25,Qry + uf,Ruy with P =0, Q@ = 0 and R > 0.
Cost (11.5) is rewritten as

N—-1

Jo(x(0),Up) = ey Prn + > 24,Quy, + uj, Rug. (11.8)
k=0

Consider the constrained finite time optimal control problem (CFTOC)

J5 (@(0)) = ming,  Jo(w(0), U)
subj. to  xpy1 = Az + Bug, k=0,...,N -1
rpeX, up €U, k=0,...,N—1 (119)
TN € Xf
o = z(0),

where N is the time horizon and Xy C R" is a terminal polyhedral region.
In (11.5)~(11.9) Uy = [uy,...,uy_q) € R®, s = mN is the optimization vector.
We denote with Xy C X the set of initial states 2(0) for which the optimal control
problem (11.5)—(11.9) is feasible, i.e.,

Xo ={zo € R": J(ug,...,un—1) such that z, € X, up €U, k=0,...,N —1,
Ny € Xy where 11 = Azy + Buy, kZO,...,N—l}.
(11.10)
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Remark 11.2 Note that we distinguish between the current state xz(k) of system
(11.1) at time k and the variable zj in the optimization problem (11.9), that is
the predicted state of system (11.1) at time k obtained by starting from the
state zo = x(0) and applying to system (11.6) the input sequence uo,...,Ur—1.
Analogously, u(k) is the input applied to system (11.1) at time k while wuy is the
k-th optimization variable of the optimization problem (11.9).

If we use cost (11.8) with the squared Euclidian norm and set
{(z,u) eR™™™ : z€ X, uel} =R"™™, Xy =R", (11.11)

problem (11.9) becomes the standard unconstrained finite time optimal control
problem (Chapter 8) whose solution (under standard assumptions on A, B, P, Q
and R) can be expressed through the time varying state feedback control law (8.28)

w'(k) = Frz(k) k=0,...,N -1 (11.12)
From (8.25) the optimal cost is given by
J5(x(0)) = x(0) Pyx(0). (11.13)

If we let N — oo as discussed in Section 8.5, then problem (11.8), (11.9), (11.11)
becomes the standard infinite horizon linear quadratic regulator (LQR) problem
whose solution (under standard assumptions on A, B, P, @ and R) can be expressed
as the state feedback control law (see (8.33))

u* (k) = Fox(k), k=0,1,... (11.14)

In the following chapters we will show that the solution to problem (11.9) can
again be expressed in feedback form where now u*(k) is a continuous piecewise
affine function on polyhedra of the state z(k), i.e., u*(k) = fr(x(k)) where

fulz)=Flz+g if Haz<K] j=1,...,N]. (11.15)

Matrices H,i and K,Z in equation (11.15) describe the j-th polyhedron C’Ri ={ze
R": H ,ix <K ,JC} inside which the feedback optimal control law u*(k) at time k has
the affine form Flgx + gi. The set of polyhedra C’Ri, j=1,..., N} is a polyhedral
partition of the set of feasible states X}, of problem (11.9) at time k. The sets X}, are
discussed in detail in the next section. Since the functions fi(z(k)) are continuous,
the use of polyhedral partitions rather than strict polyhedral partitions (Definition
4.5) will not cause any problem, indeed it will simplify the exposition.

In the rest of this chapter we will characterize the structure of the value function
and describe how the optimal control law can be efficiently computed by means of
multiparametric linear and quadratic programming. We will distinguish the cases
1- or co-norm and squared 2-norm.

Feasible Solutions

We denote with X; the set of states x; at time ¢ for which (11.9) is feasible,
for i = 0,...,N. The sets X; for ¢ = 0,..., N play an important role in the



214

11 Constrained Optimal Control

solution of (11.9). They are independent of the cost function (as long as it
guarantees the existence of a minimum) and of the algorithm used to compute
the solution to problem (11.9). There are two ways to rigorously define and
compute the sets X;: the batch approach and the recursive approach. In the batch
approach

X ={x; € X: w4, ...,un_1) such that 2, € X, up €U, k=14,...,.N—1,
zn € Xy where 211 = Az + Bug, k=14,...,N —1}.
(11.16)

The definition of X; in (11.16) requires that for any initial state x; € X; there exists
a feasible sequence of inputs U; = [u}, . .., u)y_,] which keeps the state evolution in
the feasible set A" at future time instants k = ¢+1,..., N —1 and forces x into X
at time V. Clearly Xy = Xy. Next we show how to compute &; fori =0,..., N —1.
Let the state and input constraint sets X', Xy and U be the H-polyhedra A2 < b,
Arrn < by, Ayu < by, respectively. Define the polyhedron P; for i =0,...,N —1
as follows

Pi = {(Ui,x;) €e RMV=9Dtn . QiU — By < w;), (11.17)

where G;, E; and w; are defined as follows

Ay 0 .0 0 bu
0 Ay .0 0 bu
0 0 Ay 0 bu
A AB A.B 0 —A,A° be
| A;ANTTIB S ApANTITPB L. AgB | | —ApANT | br |
(11.18)

The set X is a polyhedron as it is the projection of the polyhedron P; in (11.17)—
(11.18) on the z; space.
In the recursive approach,

X; = {x € X: Ju el such that Az + Bu € X; 41},
1=0,...,N—1
Xn = Af. (11.19)
The definition of X; in (11.19) is recursive and requires that for any feasible initial
state x; € X; there exists a feasible input u; which keeps the next state Ax; + Bu;
in the feasible set &;;1. It can be compactly written as

Xi = Pre(XiJrl) nx. (1120)

Initializing Xy to Xy and solving (11.19) backward in time yields the same sets X;
as the batch approach. This recursive formulation, however, leads to an alternative
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approach for computing the sets &;. Let X; be the H-polyhedra Ay,x < by,. Then
the set X;_; is the projection of the following polyhedron

A, 0 b
0 |w+| A |zi<| ba (11.21)
Ax,B Ax, A by,

on the x; space.

Consider problem (11.9). The set Xj is the set of all initial states xq for
which (11.9) is feasible. The sets X; with ¢ = 1,..., N — 1 are hidden. A given
Uo = [ag,...,un—_1] is feasible for problem (11.9) if and only if at all time
instants i, the state x; obtained by applying g, ...,%;—1 to the system model
Trr1 = Axy + Buy with initial state g € Xy belongs to X;. Also, X; is the set of
feasible initial states for problem

N-1
Ji(@(0)) = ming,  plen) + D qxk, ux)
k=i
subj. to zpy1 = Azp + Buy, k=14,...,N —1 (11.22)
rpeX, up €U, k=i,...,N—1
TN € .Xf.

Next, we provide more insights into the set X; by using the invariant set
theory of Section 10.2. We consider two cases: (1) Xy = X which corresponds
to effectively “removing” the terminal constraint set and (2) Xy chosen to be a
control invariant set.

Theorem 11.1 [172, Theorem 5.3]. Let the terminal constraint set Xy be equal
to X. Then,

1. The feasible set X;, i =0,...,N — 1 is equal to the (N —i)-step controllable

set:
Xy = Kn_i(X).
2. The feasible set X;, i =0,..., N — 1 contains the maximal control invariant
set:
Cx C 4.

3. The feasible set X; is control invariant if and only if the mazimal control
invariant set is finitely determined and N — i is equal to or greater than its
determinedness index N, i.e.,

X; C Pre(X;) & Coo = Kn_i(X) foralli <N — N.

4. X C Xy ifi<j fori=0,...,N—1. The size of the feasible set X; stops
decreasing (with decreasing i) if and only if the mazimal control invariant
set is finitely determined and N — i is larger than its determinedness index,
i.e.,

X, CXjif N-N<i<j<N.
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Furthermore,
Xi=Cs ifi <N —N.

Theorem 11.2  [172, Theorem 5.4]. Let the terminal constraint set Xy be a
control invariant subset of X. Then,

1.

The feasible set X;, i =0,...,N — 1 is equal to the (N — i)-step stabilizable
set:

Xi = Kn—i(Xy).
The feasible set X;, 1 =0,..., N—1 is control invariant and contained within

the maximal control invariant set:

X; CCuo-

X DX ifi <j,t=0,...,N — 1. The size of the feasible X; set stops
increasing (with decreasing i) if and only if the maximal stabilizable set is
finitely determined and N — i is larger than its determinedness indez, i.e.,

X;DX; if N-N<i<j<N.

Furthermore,
X; = Koo(Xy) ifi < N—N.

Remark 11.3 Theorems 11.1 and 11.2 help us understand how the feasible sets
X; propagate backward in time as a function of the terminal set Xy. In particular,
when Xy = X the set A shrinks as ¢ becomes smaller and stops shrinking when it
becomes the maximal control invariant set. Also, depending on i, either it is not a
control invariant set or it is the maximal control invariant set. We have the opposite
if a control invariant set is chosen as terminal constraint Xy. The set X; grows as
i becomes smaller and stops growing when it becomes the maximal stabilizable set.
Both cases are shown in the Example 11.1 below.

Remark 11.4 1In this section we investigated the behavior of X; as i varies for a
fixed horizon N. Equivalently, we could study the behavior of Xy as the horizon N
varies. Specifically, the sets Xp—,n, and Xo—n, with No > N; are equal to the sets
Xny—nN, N~ and Xp—, N, respectively, with N = No.

Example 11.1 Consider the double integrator

2(t+1) = [é Hx(tw{ﬂu(w

yit)=1[1 0 J=z(t)

subject to the input constraints

(11.23)

—1<u(k)<1forallk>0 (11.24)
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-6 -4 2 0 2 4
Ty

(a) Case 1: Xy = control invariant

set in (11.26).

(b) Case 2: Xy = X.

Figure 11.1 Example 11.1. Propagation of the feasible sets X; to arrive at

Coo (shaded dark).

and the state constraints

-5

We compute the feasible sets &; and plot them in Figure 11.1 in two cases.

Case 1. X is the control invariant set

—0.32132
0.32132
1
-1

After six iterations the sets X; converge to the following Koo (Xf)

[ —0.44721
—0.24254
—0.31623

0.24254
0.31623
0.44721
1
-1
0.70711
| —0.70711

—0.94697
0.94697
0
0

—0.89443
—0.97014
—0.94868
0.97014
0.94868
0.89443
0
0
0.70711

—0.70711 |

x <

[_5] <z(k) < E] for all k& > 0.

0.3806
0.3806
2.5
2.5

[ 2.6833
2.6679
2.5298
2.6679
2.5298
2.6833

5
5
3.5355

| 3.5355

(11.25)

(11.26)

(11.27)

Note that in this case Coo = Koo (Xy) and the determinedness index is six.

Case 2. X; = X. After six iterations the sets X; converge to Koo (Xy) in (11.27).
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11.3

11.3.1

2-Norm Case Solution

Consider problem (11.9) with Jo(:) defined by (11.8). In this chapter we always
assume that Q = Q' =0, R=R' =0, P=P = 0.

N-1
JE(x(0)) = ming,  Jo(z(0),Up) = 'y Pxy + Z 2, Qg + uj, Ruy,
k=0
subj. to k41 = Az + Bug, k=0,...,N—1 (11.28)
zp € X, up €U, k=0,...,N—1
TN € Xf
xo = z(0).

Solution via QP

As shown in Section 8.2, problem (11.28) can be rewritten as

Jg(2(0)) = min Jo(2(0),Up) = U HUy + 22/ (0) FUy + 2'(0)Y 2(0)

Uo
Swin Jo(a(0). Uo) = U5 /(0)) [ 5] (U0’ (0
subj. to  GoUy < wp + Epz(0), (11.29)

with Go, wo and Ey defined in (11.18) for ¢ = 0 and H, F, Y defined in (8.8). As
Jo(2(0),Up) > 0 by definition it follows that [ F'] = 0.

For a given vector z(0) the optimal input sequence U solving problem (11.29)
can be computed by using a Quadratic Program (QP) solver (see Section 2.3
for QP definition and properties and Chapter 3 for fast numerical methods for
solving QPs).

To obtain the problem (11.29) we have eliminated the state variables and
equality constraints x4+ = Axy+ Buy by successive substitution so that we are left
with wg,...,uny—1 as the only decision variables and z(0) as a parameter vector.
In general, it might be more efficient to solve a QP problem with equality and
inequality constraints so that sparsity can be exploited. To this aim we can define
the variable Z as

=l .. oy ouy ... uy_, }/
and rewrite problem (11.28) as

Ji(@©) =min [ 2(0)][1 §] Z 2(0))
subj. t0 Go.eqZ = Fo.eqr(0) (11.30)
Go,inZ < Wo,in + Fo,inz(0).

For a given vector 2:(0) the optimal input sequence U solving problem (11.30) can
be computed by using a Quadratic Program (QP) solver.
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To obtain problem (11.30) we have rewritten the equalities from system
dynamics zy+1 = Az + Buy, as Go,eqZ = Foeqx(0) where

-B

I '_B
—A 1 ! —B 81
|
G10,eq = —A 1 : -B ) EO,eq = . 5
-. ‘ M
A T 0

[0 L0 T S
A, O : 0 bx
Az | O x
| :
! b.
A, 0 bw
Gow=| __  Ap 0 |, wom= *b*f* ;
0 T4, o
0 I Au “
| :
| :
0 | A, Z"
i 0! Ay ] Lo
EO,in = [ _A/m 0 -~ 0 ]/ )
and constructed the cost matrix H as
F 0 ‘ _
|
|
. Q |
H = P

11.3.2 State Feedback Solution via Batch Approach

As shown in Section 8.2, problem (11.28) can be rewritten as

T O) =i A(O) U0 =105 ZONE FII00 O
subj. to  GoUp < wo + Eox(0), |

with G, wo and Ey defined in (11.18) for ¢ = 0 and H, F, Y defined in (8.8). As
Jo(z(0),Up) > 0 by definition it follows that [ &'] = 0. Note that the optimizer
U§ is independent of the term involving Y in (11.31).
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We view z(0) as a vector of parameters and our goal is to solve (11.31) for
all values of 2(0) € Xy and to make this dependence explicit. The computation of
the set Ay of initial states for which problem (11.31) is feasible was discussed in
Section 11.2.

Before proceeding further, it is convenient to define

z=Uy+ H 'F'z(0), (11.32)

z € R® remove z(0)'Yxz(0) and to transform (11.31) to obtain the equivalent
problem R
J*(2(0)) = min Z’Hz
subj. to  Goz < wp + Sox(0),

where Sy = Eg+GoH ' F', and J*(2(0)) = J&(x(0)) —z(0)' (Y — FH~'F")z(0). In
the transformed problem the parameter vector 2(0) appears only on the right-hand
side of the constraints.

Problem (11.33) is a multiparametric quadratic program that can be solved
by using the algorithm described in Section 6.3.1. Once the multiparametric
problem (11.33) has been solved, the solution Ug = Uj(z(0)) of CFTOC (11.28)
and therefore u*(0) = u*(x(0)) is available explicitly as a function of the initial
state z(0) for all 2(0) € Xp.

Theorem 6.7 states that the solution z*(x(0)) of the mp-QP problem (11.33) is
a continuous and piecewise affine function on polyhedra of x(0). Clearly the same
properties are inherited by the controller. The following corollaries of Theorem
6.7 establish the analytical properties of the optimal control law and of the value
function.

Corollary 11.1  The control law uw*(0) = fo(x(0)), fo : R™ — R™, obtained as a
solution of the CFTOC (11.28) is continuous and piecewise affine on polyhedra

(11.33)

folx)=Flz+g) if ©cCR), j=1,...,N], (11.34)

where the polyhedral sets C’Ré ={z e R : ng < Kg}, j=1,...,N§ are a
partition of the feasible polyhedron Xj.

Proof: From (11.32) Ug (x(0)) = 2*(2(0)) — H~'F'z(0). From Theorem 6.7 we
know that z*(z(0)), solution of (11.33), is PPWA and continuous. As U (x(0)) is
a linear combination of a linear function and a PPWA function, it is PPWA. As
U§(x(0)) is a linear combination of two continuous functions it is continuous. In
particular, these properties hold for the first component u*(0) of Uj. |

Remark 11.5 Note that, as discussed in Remark 6.8, the critical regions defined
in (6.4) are in general sets that are neither closed nor open. In Corollary 11.1 the
polyhedron CR} describes the closure of a critical region. The function fo(z) is
continuous and therefore it is simpler to use a polyhedral partition rather than a
strict polyhedral partition.

Corollary 11.2  The value function Ji(xz(0)) obtained as solution of the CFTOC
(11.28) is convex and piecewise quadratic on polyhedra. Moreover, if the mp-QP
problem (11.33) is not degenerate, then the value function Ji(x(0)) is C).
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Proof: By Theorem 6.7 J*(:(0)) is a convex function of z(0). As [T E] =0,
its Schur complement' Y — FH~'F’ > 0, and therefore Jg(z(0)) = J*(2(0)) +
2(0)(Y — FH~'F")2(0) is a convex function, because it is the sum of convex
functions. If the mp-QP problem (11.33) is not degenerate, then Theorem 6.9
implies that J*(z(0)) is a C™) function of 2:(0) and therefore Jg(x(0)) is a CM)
function of x(0). The results of Corollary 11.1 imply that Jg(z(0)) is piecewise
quadratic. |

Remark 11.6 The relation between the design parameters of the optimal control
problem (11.28) and the degeneracy of the mp-QP problem (11.33) is complex, in
general.

The solution of the multiparametric problem (11.33) provides the state feedback
solution u*(k) = fr(x(k)) of CFTOC (11.28) for k = 0 and it also provides
the open-loop optimal control u*(k) as function of the initial state, i.e., u*(k) =
u*(k,z(0)). The state feedback PPWA optimal controllers u*(k) = fi(x(k)) with
fo : Xy — U for kK =1,..., N are computed in the following way. Consider the
same CFTOC (11.28) over the shortened time-horizon [i, N]

N-1
ming, aNPry+ Z 23, Qzy + uj Ruy,
k=i
subj. to zpy1 = Azp + Bug, k=14,...,N —1 (11.35)
rpeX, up e, k=i,...,N—1
TN € Xf
x; = x(4),

where U; = [u},...,uly_q]. As defined in (11.16) and discussed in Section 11.2,
X; C R”™ is the set of initial states z (i) for which the optimal control problem (11.35)
is feasible. We denote by U} the optimizer of the optimal control problem (11.35).

Problem (11.35) can be translated into the mp-QP

(11.36)
subj. to G;U; < w; + E;z(i),

where H; = H] - 0, F;, Y; are appropriately defined for each i and G;, w;, E; are
defined in (11.18). The first component of the multiparametric solution of (11.36)
has the form

u (z(i)) = fi(z(i), Vz(i) € A, (11.37)

where the control law f; : R™ — R™, is continuous and PPWA

filx)=Flz+g) if x€CR}, j=1,...,NI, (11.38)

A B’
1 —

Let X = [B c
C —-BA-1B' > 0.

} and A > 0. Then X > 0 if and only if the Schur complement S =
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11.3.3

11.3.4

and where the polyhedral sets CR} = {x € R" : Hlx < K/}, j=1,...,NI are
a partition of the feasible polyhedron X;. Therefore the feedback solution u*(k) =
fe(xz(k)), k=0,...,N—1 of the CFTOC (11.28) is obtained by solving N mp-QP
problems of decreasing size. The following corollary summarizes the final result.

Corollary 11.3  The state feedback control law uw*(k) = fr(x(k)), fr @ Xk C
R™ — U CR™, obtained as a solution of the CFTOC (11.28) andk =0,...,N—1
1s time-varying, continuous and piecewise affine on polyhedra

fulz)=Flz+g. if ©€CR), j=1,...,N}, (11.39)

where the polyhedral sets CR{; ={z e R : H,jco: < K,z}, j=1,...,N] are a
partition of the feasible polyhedron Xj.

State Feedback Solution via Recursive Approach

Consider the dynamic programming formulation of the CFTOC (11.28)
JH(xj) = min viQu; + i Ruj + Ji  (Azj + Buy)

J
sujbj. to z;€X, u; €U, (11.40)

Az + Buj € Xjq

for j =0,..., N — 1, with boundary conditions
Ji(zn) = 2y Pan (11.41)
XN = Xy, (11.42)

where X; denotes the set of states x for which the CFTOC (11.28) is feasible at time
j (as defined in (11.16)). Note that according to Corollary 11.2, J7,; (Az; + Buy) is
piecewise quadratic for j < N — 1. Therefore (11.40) is not simply an mp-QP and,
contrary to the unconstrained case (Section 8.2), the computational advantage of
the iterative over the batch approach is not obvious. Nevertheless an algorithm was

developed and can be found in Section 17.6.

Infinite Horizon Problem

Assume @ > 0, R > 0 and that the constraint sets X and U contain the origin in
their interior.? Consider the following infinite-horizon linear quadratic regulation
problem with constraints (CLQR)

oo
J:o(x(o)) = minuo,ul,... Z-T;CQ-T]@ + U;CRUIC
k=0
subj. to ZTk+1 = Az + Bug, k=0,...,0 (11.43)
rr€X, up €U, k=0,...,00
xo = x(0)

2 As in the unconstrained case, the assumption @ > 0 can be relaxed by requiring that (Ql/z, A)
is observable (Section 8.5).
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and the set (see Remark 7.1 for notation)
Xoo = {z(0) € R™ : Problem (11.43) is feasible and J2 (2(0)) < +oo}. (11.44)

Because @ > 0, R > 0 any optimizer uj of problem (11.43) must converge to the
origin (uj — 0) and so must the state trajectory resulting from the application of uj
(xf — 0). Thus the origin # = 0, u = 0 must lie in the interior of the constraint set
(X,U) (if the origin were not contained in the constraint set then J% (z(0)) would
be infinite). For this reason, the set X, in (11.44) is the maximal stabilizable set
Koo(O) of system (11.1) subject to the constraints (11.2) with O being the origin
(Definition 10.13).

If the initial state zyp = x(0) is sufficiently close to the origin, then the
constraints will never become active and the solution of problem (11.43) will yield
the same control input as the unconstrained LQR (8.33). More formally we can
define a corresponding invariant set around the origin.

Definition 11.1 (Maximal LQR Invariant Set OLQR)  Consider the system
z(k+1) = Az(k) + Bu(k). OLRF C R™ denotes the mazimal positively invariant
set for the autonomous constrained linear system:

2(k+1)=(A+ BFx)x(k), z(k) e X, u(k)eU, V k>0,

where u(k) = Feox(k) is the unconstrained LQR control law (8.33) obtained from
the solution of the ARE (8.32).

Therefore, from the previous discussion, there is some finite time N (),
depending on the initial state 2, at which the state enters O%@R and after which
the system evolves in an unconstrained manner (z} € X, uj € U, Yk > N). This
consideration allows us to split problem (11.43) into two parts by using the dynamic
programming principle, one up to time k = N where the constraints may be active
and one for longer times k > N where there are no constraints.

N-1
J%(2(0)) = mingg u,,.. Z ,Quy + upRu, + Jy, _ (zx)
k=0

subj. to xp €X, up €U, k=0,...,N—1 (11.45)

Tpy1 = Axy, + Buy, k>0

xo = z(0),
where
TN oo (TN) = Mily g g Z 2, Qzy + uf, Ruy,
k=N )
subj. to Ti41 = Az + Bug, k> N (11.46)
= QSGVPOOQSN.

This key insight due to Sznaier and Damborg [272] is formulated precisely in the
following.
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11.3.5

Theorem 11.3 (Equality of Finite and Infinite Optimal Control, [260])
For any given initial state x(0), the solution to (11.45, 11.46) is equal to the infinite
time solution of (11.43), if the terminal state xx of (11.45) lies in the positive
invariant set OL9T and no terminal set constraint is applied in (11.45), i.e., the
state ‘voluntarily’ enters the set OLRR after N steps.

Theorem 11.3 suggests that we can obtain the infinite horizon constrained linear
quadratic regulator CLQR by solving the finite horizon problem for a horizon of N
with a terminal weight of P = P, and no terminal constraint. The critical question
of how to determine N(zg) or at least an upper bound was studied by several
researchers. Chmielewski and Manousiouthakis [85] presented an approach that
provides a conservative estimate N of the finite horizon N (zg) for all zg belonging
to a compact set of initial conditions & C Xo = Koo(0) (Nest > Ns(xo), Vg €
S). They solve a single, finite dimensional, convex program to obtain Neg. Their
estimate can be used to compute the PWA solution of (11.45) for a particular
set S.

Alternatively, the quadratic program with horizon Ny can be solved to
determine ug, uj,...,u}y.  for a particular 2(0) € S. For a given initial state
x(0), rather then a set S, Scokaert and Rawlings [260] presented an algorithm that
attempts to identify N(z(0)) iteratively. In summary, we can state the following
Theorem.

Theorem 11.4 (Explicit solution of CLQR) Assume that (A, B) is a sta-
bilizable pair and (Ql/Q,A) is an observable pair, R > 0. The state feedback
solution to the CLQR problem (11.43) in a compact set of the initial conditions
S C Xoo = Ko(0) is time-invariant, continuous and piecewise affine on polyhedra

w*(k) = faol@(R)), foole) = Fio+g if weCRL, j=1,...,NL, (1147)

where the polyhedral sets CRI, = {x € R® : Hiz < Ki},j=1,...,N’ are a
finite partition of the feasible compact polyhedron S C Xy .

As argued previously, the complexity of the solution manifested by the number
of polyhedral regions depends on the chosen horizon. As the various discussed
techniques yield an Negt that may be too large by orders of magnitude this is not
a viable proposition. An efficient algorithm for computing the PPWA solution to
the CLQR problem is presented next.

CLQR Algorithm

In this section we will sketch an efficient algorithm to compute the PWA solution
to the CLQR problem in (11.43) for a given set S of initial conditions. Details
are available in [132, 133]. As a side product, the algorithm also computes Ng,
the shortest horizon N for which the problem (11.45), (11.46) is equivalent to the
infinite horizon problem (11.43).

The idea is as follows. For the CFTOC problem (11.28) with a horizon N with
no terminal constraint (Xy = R™) and terminal cost P = P,,, where Py, is the
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3 3
2 2
Step € over facet Py
1 : 1
g0 S0
-1 1
-2 -2
3 3
3 2 1 0 1 2 3 -3 2 -1 0 1 2 3
1 q
(a) Compute positive invariant (b) Solve QP for new point with

region (’)IO“OQR and step over facet

with step-size e.

horizon N = 1 to create the first
constrained region Pj.

Reachability subset ZTP}

(¢) Compute reachability subset of P; to
obtain Z7P1.

Figure 11.2 CLQR Algorithm. Region Exploration.

solution to the ARE (8.32), we solve an mp-QP and obtain the PWA control law.
From Theorem 11.3 we can conclude that for all states which enter the invariant
set OLQR introduced in Definition 11.1 with the computed control law in N
steps, the infinite-horizon problem has been solved. For these states, which we can
identify via a reachability analysis, the computed feedback law is infinite-horizon
optimal.

In more detail, we start the procedure by computing the Maximal LQR
Invariant Set OLQR introduced in Definition 11.1, the polyhedron Py = OLQR =
{x € R" : Hox < Ko}. Figure 11.2(a) depicts OLQR. Then, the algorithm finds a
point Z by stepping over a facet of OLR with a small step ¢, as described in [19].
If (11.28) is feasible for horizon N =1 (terminal set constraint X'y = R", terminal
cost P = Py and z(0) = Z), the active constraints will define the neighboring
polyhedron P; = {x € R® : Hiz < K1} (Z € P1, see Figure 11.2(b)) [44]. By
Theorem 11.3, the finite time optimal solution computed above equals the infinite
time optimal solution if z; € OLRR. Therefore we extract from P; the set of points
that will enter OYQR in N = 1 time-steps, provided that the optimal control law
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associated with Py (i.e., Uy = F1x(0)+g1) is applied. The Infinite Time Polyhedron
(ZTP7) is therefore defined by the intersection of the following two polyhedra:

x; € OLR o) = Ay + BUY, (11.48a)
Xo € Pl. (1148b)

Equation (11.48a) is the reachability constraint and (11.48b) defines the set of states
for which the computed feedback law is feasible and optimal over N = 1 steps (see
[44] for details). The intersection is the set of points for which the control law is
infinite time optimal.

A general step r of the algorithm involves stepping over a facet to a new point
and determining the polyhedron P, and the associated control law (U} = F,z(0)+
gr) from (11.28) with horizon N. Then we extract from P, the set of points that
will enter OY2R in N time-steps, provided that the optimal control law associated
with P, is applied. The Infinite Time Polyhedron (ITP?Z ) is therefore defined by
the intersection of the following two polyhedra:

ry € OXQR (11.49a)
Ty € Py (11.49b)

This intersection is the set of points for which the control law is infinite time
optimal. Note that, as for x; in the one-step case, zx in (11.49a) can be described
as a linear function of z( by substituting the feedback sequence Uy, = Fyxzo + g
into the LTT system dynamics (11.1).

We continue exploring the facets increasing N when necessary. The algorithm
terminates when we have covered & or when we can no longer find a new feasible
polyhedron P,.. The following theorem shows that the algorithm also provides the
horizon Ns for compact sets. Exact knowledge of Ns can serve to improve the
performance of a wide array of algorithms presented in the literature.

Theorem 11.5 (Exact Computation of Ngs, [132, 133]) If we explore any
giwen compact set S with the proposed algorithm, the largest resulting horizon is
equal to Ng, i.e.,
Ng = max N.
ITPY r=0,..,R

Often the proposed algorithm is more efficient than standard multiparametric
solvers, even if finite horizon optimal controllers are sought. The initial polyhedral
representation P, contains redundant constraints which need to be removed in order
to obtain a minimal representation of the controller region. The intersection with
the reachability constraint, as proposed here, can simplify this constraint removal.

11.3.6 Examples

Example 11.2 Consider the double integrator (11.23). We want to compute the
state feedback optimal controller that solves problem (11.28) with N =6, Q = [§ 9],
R = 0.1, P is equal to the solution of the Riccati equation (8.32), X; = R?. The
input constraints are

—1<u(k)<1, k=0,...,5 (11.50)


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/DD_2norm_finite.m

11.3 2-Norm Case Solution 227

and the state constraints

[jﬁ} <a(k) < Eg} , k=0,...,5. (11.51)

This task is addressed as shown in Section (11.3.2). The feedback optimal solution
u*(0),...,u*(5) is computed by solving six mp-QP problems and the corresponding
polyhedral partitions of the state space are depicted in Figure 11.3. Only the last two
optimal control moves are reported below:

—0.35 —0.941 0.61
. 0.35 0.94 0.61 ;

[-0.58 —1.55] z(5) if 100 0.00|Z(5) < [10.00 } (Region #1)
L-1.00 0.00] 10.00
RCRCIAET

. .00 —1. 10.00 .
. 1.00 if | -o7i-071|x(5) < | 7o7 (Region #2)
u (5) = 1.00 0.00 10.00
L-1.00 0.00 10.00
BRI
) . . 10.00 .
—1.00 if 0.00 1.00 | 2(5) < | 10.00 (Region #3)
—1.00 0.00 10.00
0.71 0.71. 7.07
r—0.35 —0.94 0.61
. 0.35 0.94 0.61 :
[~-0.58 —1.55] 2(4) if | _gi77 —O.64:| z(4) < [2.43 } (Region #1)
0.77 0.64 2.43
r 0.29 0.96q r—0.98 1
e
e | —0.71 —o0. 7.07 :
1.00 if | 2045 —oso | T(4) < 4.92 (Region #2)
1.00 0.00 10.00
L —1.00 0.004 L 10.00 J
am e e
. . —0.61
. 0.00 —1.00 10.00 .
1.00 if | —0.71 —0.71 [ 2(4) < | 7o7 | (Region #3)
—0.45 —0.89 492
1.00 0.00 10.00
L —1.00 0.00- L 10.00 4
r—0.29 —0.96 4 r—0.98 1
@) iy
uwd) =9 1o if | Vo0 oo | #(4) < | 1o | (Region #4)
0.71 0.71 7.07
L 0.45 0.89 L 492 J
ETETIEENETS
—0.35 —0. —0.61
. 1.00 0.00 10.00 .
—1.00 if | 000 100|xz(4) < | 1000 | (Region #b5)
—1.00 0.00 10.00
0.71 0.71 7.07
L 0.45 0.894 L 4.92
r—0.29 —0.96 0.98
. 0.29  0.96 0.37 :
[-0.44 —1.43] z(4) — 046 if | 77 _064} z(4) < [_2‘43 } (Region #6)
1.00 0.00 10.00
r—0.29 —0.96 0.37
. 0.29  0.96 0.98 :
[-0.44 —1.43] z(4) + 046 if | 77 0'64} z(4) < [_2‘43 } (Region #7)
L-1.00 0.00 10.00

Note that by increasing the horizon N, the control law changes only far away from
the origin. This must be expected from the results of Section 11.3.5. The control
law does not change anymore with increasing N in the set where the CFTOC law
becomes equal to the constrained infinite-horizon linear quadratic regulator (CLQR)
problem. This set gets larger as N increases [85, 260].
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Figure 11.3 Example 11.2. Double Integrator, 2-norm objective function,
horizon N = 6. Partition of the state space for the time-varying optimal
control law. Polyhedra with the same control law were merged.
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N
. -10
1910 5 0 5 10 10 -5 0 5 10
Ty 11
(a) Partition before merging (NJ, = (b) Partition after merging (N7, =
117). 13).

Figure 11.4 Example 11.3. Double Integrator, 2-norm objective function,
horizon N = oco. Partition of the state space for the time invariant optimal
control law.

Example 11.3 The infinite time CLQR (11.43) was determined for Example 11.2 by
using the approach presented in Section 11.3.4. The resulting Ns is 12. The state
space is divided into 117 polyhedral regions and is depicted in Figure 11.4(a). In
Figure 11.4(b) the same control law is represented where polyhedra with the same

affine control law were merged.

11.4 1-Norm and oco-Norm Case Solution

Next, we consider problem (11.9) with Jo(-) defined by (11.7) with p = 1 or p = co.
In the following section we will concentrate on the oco-norm, the results can be

extended easily to cost functions with 1-norm or mixed 1/0o norms.

N-1
T(e0) = ming,  Jo(@(0),T0) = [Panlly + 3 1@eall, + [ Ruxly
k=0
subj. to zp41 = Azp + Bug, k=0,...,N —1 (11.52)
zp€X, up €U, k=0,...,N—1
TN € Xf
xo = z(0).

11.4.1 Solution via LP

The optimal control problem (11.52) with p = oo can be rewritten as a linear
program by using the approach presented in Section 9.2. Therefore, problem (11.52)

can be reformulated as the following LP problem
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min ef+---+eyteg+-- ey (11.53a)
20
k=1
subj. to —1,e7 < +Q Arzo + ZAJBuk,l,j , (11.53Db)
3=0
N-1
~lefy < +P |AV2g+ > A/Buy_1|, (11.53c)
§=0
— 1l < +Ruy, (11.53d)
k—1
Abzg + 3 " AIBup_y_j € X, wp €U, (11.53¢)
7=0
N-1
ANxo + Z AJB’LLN_1_]' S Xf, (1153f)
§=0
k=0,...,N—1
xo = z(0), (11.53g)

where constraints (11.53b)—(11.53f) are componentwise, and + means that the
constraint appears once with each sign.
Problem (11.53) can be rewritten in the more compact form

min cH%0
20 - _ (11.54)
subj. to  Gozo < wg + Sox(0),

where zop = {ef,...,e%, e, ..., €% 1, uly ..Uy 1} ERY, s =(m+1)N+N+1

and
= G GY G¢ s | Se | we
Go = |: 0 0 GO :| 5 So = |: EO :| , Wy = |: wo :| 5 (11.55)

where [GZ, GY¥, G¢] is the block partition of the matrix G. into the three parts
corresponding to the variables €, €} and w;, respectively. The vector ¢y and
the submatrices G, w,, S associated with the constraints (11.53b)—(11.53d) are
defined in (9.10). The matrices Go, wo and Ey are defined in (11.18) for i = 0.

For a given vector z(0) the optimal input sequence U solving problem (11.54)
can be computed by using a Linear Program (LP) solver (see Section 2.2 for LP
definition and properties and Chapter 3 for fast numerical methods for solving LPs).

To obtain the problem (11.54) we have eliminated the state variables and
equality constraints zp41 = Axy + Buy by successive substitution so that we are
left with ug,...,un—1 and the slack variables € as the only decision variables, and
2(0) as a parameter vector. As in the 2-norm case, it might be more efficient to
solve an LP problem with equality and inequality constraints so that sparsity can
be exploited. We omit the details and refer the reader to the construction of the
QP problem without substitution in Section 11.3.1.
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State Feedback Solution via Batch Approach

As shown in the previous section, problem (11.52) can be rewritten in the compact
form
min chzo
0 N _ (11.56)
subj. to  Gozo < wg + Soz(0),

where zo = {e,...,e%, e, ..., €% _, by .. UN_1} ER® s =(m+1)N+ N+ 1.
As in the 2-norm case, by treating x(0) as a vector of parameters, problem (11.56)
becomes a multiparametric linear program (mp-LP) that can be solved as described
in Section 6.2. Once the multiparametric problem (11.56) has been solved, the
explicit solution zg(z(0)) of (11.56) is available as a piecewise affine function of
2(0), and the optimal control law u*(0) is also available explicitly, as the optimal
input «*(0) consists simply of m components of z;(z(0))

w (0) =10 ...0 I, 0 ... 0]z (x(0)). (11.57)

Theorem 6.5 states that there always exists a continuous PPWA solution
24 () of the mp-LP problem (11.56). Clearly the same properties are inherited by
the controller. The following corollaries of Theorem 6.5 summarize the analytical
properties of the optimal control law and of the value function.

Corollary 11.4  There exists a control law u*(0) = fo(z(0)), fo : R* — R™,
obtained as a solution of the CFTOC (11.52) with p = 1 or p = oo, which is
continuous and PPWA

folx)=Flz+g) if zeCR), j=1,...,N], (11.58)

where the polyhedral sets CR% = {Hga: < ké}, j=1,...,N{§, are a partition of the
feasible set Xj.

Corollary 11.5 The value function J*(z) obtained as a solution of the CFTOC
(11.52) is conver and PPWA.

Remark 11.7 Note that if the optimizer of problem (11.52) is unique for all z(0) €
Xo, then Corollary 11.4 reads: “The control law u*(0) = fo(x(0)), fo : R® — R™,
obtained as a solution of the CFTOC (11.52) with p = 1 or p = oo, is continuous
and PPWA,....” From the results of Section 6.2 we know that in case of multiple
optimizers for some x(0) € Ap, a continuous control law of the form (11.58) can
always be computed.

The multiparametric solution of (11.56) provides the open-loop optimal
sequence u*(0),...,u*(N — 1) as an affine function of the initial state x(0). The
state feedback PPWA optimal controllers u*(k) = fr(x(k)) with f : Xy — U for
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k=1,..., N are computed in the following way. Consider the same CFTOC (11.52)
over the shortened time horizon [i, N]

N-1
ming,  [Pryllp+ D 1Qukly + || Rukll,
k=i
subj. to k41 = Az + Bug, k=14,...,N —1 (11.59)
zp€X, up €U, k=1i,...,N—1
TN € Xf
x; = x(4),

where U; = [u},...,uly_;] and p =1 or p = co. As defined in (11.16) and discussed
in Section 11.2; X; C R™ is the set of initial states z(7) for which the optimal control
problem (11.59) is feasible. We denote by U} one of the optimizers of the optimal
control problem (11.59).

Problem (11.59) can be translated into the mp-LP

min iz
e K - (11.60)
subj. to Gz < w; + S;x(i),

where z; = {e¥,...,e%,e% ..., e% |, ul,...,uly_,} and ¢, Gy, S;, w;, are
appropriately defined for each 7. The component u of the multiparametric solution
of (11.60) has the form

ul (z(2)) = fi(z(2)), Va(i) € &; (11.61)
where the control law f; : R™ — R™, is continuous and PPWA

file)=Flz+g if z€CRl, j=1,...,NJ (11.62)
and where the polyhedral sets C’RZ ={z e R" : szx < Kij}, j=1...,N/
are a partition of the feasible polyhedron &;. Therefore the feedback solution
u*(k) = fr(z(k)), k=0,...,N —1 of the CFTOC (11.52) with p =1 or p = o0 is
obtained by solving N mp-LP problems of decreasing size. The following corollary
summarizes the final result.

Corollary 11.6 There exists a state feedback control law u*(k) = fr(x(k)), fr:
X C R - U C R™, solution of the CEFTOC (11.52) for p = 1 or p = oo
and k = 0,..., N — 1 which is time-varying, continuous and piecewise affine on
polyhedra

fu(@)=Fle+gl if ze€CRl, j=1,...,N], (11.63)

where the polyhedral sets CRi ={r eR" : H,]Cx < K,z}, j=1,...,N] are a
partition of the feasible polyhedron Xj.
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State Feedback Solution via Recursive Approach

Consider the dynamic programming formulation of (11.52) with Jy(-) defined
by (11.7) withp=1or p =00

Ji(zj) = miny;  |Qz;llp + | Ryl + Jiq(Az; + Buy)
subj. to z; € X, u; €U (11.64)
A$j + B’U,j e Xj+1,

for 7 =0,...,N — 1, with boundary conditions

Jn(@n) = [|Prnllp (11.65)
Xy = X (11.66)

Unlike for the 2-norm case the dynamic program (11.64)—(11.66) can be solved as
explained in the next theorem.

Theorem 11.6 The state feedback piecewise affine solution (11.63) of the
CFTOC (11.52) for p = 1 or p = oo is obtained by solving the optimization
problem (11.64)-(11.66) via N mp-LPs.

Proof: Consider the first step j = N — 1 of dynamic programming (11.64)—
(11.66)

Jy_1(@n-1) =ming, . [|Qzn—1llp + [[Run—1lp + Jy (Azn-1 + Bun-—1)
subj. to xzny_1 € X, un_1 €U
Axn_1+ Buy_1 € Xr. (11.67)

Jh_1(xN=1), uy_;(zn_1) and Xy_; are computable via the mp-LP:

JI):/—l(mel) =minyuy_; f
subj. to  p > QN -1y + [[Run-1llp+[|P(Azn -1 + Bun-1)llp
rN_1 €EX, uy_1 €U
Axn_1+ Buny_1 € Xf. (1168)

The constraint p > ||Qzn—1]lp + ||Run—1llp + [|[P(Azn_1 + Bun_1)|p, in (11.68)
is converted into a set of linear constraints as discussed in Remark 2.1 of Section
2.2.5. For instance, if p = oo we follow the approach of Section 9.3 and rewrite the
constraint as
P> EN_q FEN TEY
_1n53:\]_1 < iQfol
—1,ef_1 <ERuny_;
717"N€:]E\/' < £Py [Aa?N_l + BUN_l]

(11.69)

By Theorem 6.5, Jy_; is a convex and piecewise affine function of zy_1, the
corresponding optimizer uj,_; is piecewise affine and continuous, and the feasible
set Xy_1 is a polyhedron. Without any loss of generality we assume J3_; to be
described as follows: J%_; (zn_1) = max;=1,. ny_,{cixn_1+d;} (see Section 2.2.5
for convex PPWA functions representation) where ny_; is the number of affine
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components comprising the value function J3,_;. At step j = N — 2 of dynamic
programming (11.64)—(11.66) we have

JN_a(@n—2) =ming, , [[Qen—2lp + [[Run—2llp + Jy_1(AzN—2 + Buy_2)
subj. to xTn_2 € X, un_2 €U
A.’EN—Q—FBU,N_Q e Xn_1. (11.70)

Since Jx_,(x) is a convex and piecewise affine function of x, the problem (11.70)
can be recast as the following mp-LP (see Section 2.2.5 for details)

J;;’fQ(xN*Q) = min#’U«N72 2
subj. to  p > ||Qrn_2|lp,+|Run—2|p+ci(Azn_2+Bun_2)+d;
1= 1,...,TLN_1
N2 € X, uy_2 €U
Axn_9+ Buy_o € Xn_1. (11.71)

Jh_o(xn_2), uy_s(zn_2) and Xn_o are computed by solving the mp-LP (11.71).
By Theorem 6.5, J3%_, is a convex and piecewise affine function of zy_s, the
corresponding optimizer uj _, is piecewise affine and continuous, and the feasible
set Xn_o is a convex polyhedron.

The convexity and piecewise linearity of J; and the polyhedra representation
of & still hold for j = N —3,...,0 and the procedure can be iterated backwards
in time, proving the theorem. |

Consider the state feedback piecewise affine solution (11.63) of the CFTOC
(11.52) for p = 1 or p = oo and assume we are interested only in the optimal
controller at time 0. In this case, by using duality arguments we can solve the
equations (11.64)—(11.66) by using vertex enumerations and one mp-LP. This is
proven in the next theorem.

Theorem 11.7  The state feedback piecewise affine solution (11.63) at timek =0
of the CFTOC (11.52) for p =1 or p = oo is obtained by solving the optimization
problem (11.6/)-(11.66) via one mp-LP.

Proof: Consider the first step j = N — 1 of dynamic programming (11.64)—
(11.66)

Jyoi(en—1) =ming, . [|Qen-1llp + [|Run-1llp + Jy(AzN—1 + Buny-1)
subj.to xn_1€ X, un_1 €U
Axn_1+ Buny_1 € Xf (1172)

and the corresponding mp-LP:

IN_i(@N—1) =minguy_, p
subj. to p > ||Qen—1llp + [Run-1llp + [[P(Azn—1 + Bun—1)|lp
TN-1 € X, un—1 €U
Azxn_1+ Bun-1 € Xj. (11.73)

By Theorem 6.5, J};_; is a convex and piecewise affine function of z_1, and the
feasible set Xy _1 is a polyhedron. J_; and Xy_; are computed without explicitly
solving the mp-LP (11.73). Rewrite problem (11.73) in the more compact form

min C§V712’N_1

ve1 i (11.74)
subj. to Gn_12nv—1 < WN_1 + SN_1TN-1,
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where zn_1 collects the optimization variables u, uny_1 and the auxiliary variables
need to transform the constraint p > [|Qzn_1llp, + [|[Run—1|l, + |[P(AzN_1 +
Bun_1)||p into a set of linear constraints. Consider the LP dual of (11.74)

max,  —(wy_1+ Sy 128-1)v
subj. to Gly_jv=—cn_1 (11.75)
v > 0.
Consider the dual feasibility polyheron Py = {v > 0 : G\_;v = —cn-_1}. Let

{V1,...,Vi} be the vertices of Py and {y1,...,y.} be the rays of Py. Since we have
a zero duality gap, we have that

Jy_1(@n-1) = vmaxk{—(ujN_l + Sy_1zn_1)'Vi}

i=1,...,

ie.,

Jn_1(en—1) = iznll??fk{—(vilgzv—l)xzv—l — Wy _,Vi}.

Recall that if the dual of a mp-LP is unbounded, then the primal is infeasible
(Theorem 6.3). For this reason the feasible set Xx_1 is obtained by requiring that
the cost of (11.75) does not increase in the direction of the rays:

Xyv_1={zn_1 : — (On-1+Sv_12N-1)y; <0, Vi=1,...,e}

with J%_,(xny—1) and Xn_1 available, we can iterate the procedure backwards in
time for steps N — 2, N — 3,...,1. At step 0 one mp-LP will be required in order
to compute ug(z(0)). |

11.4.4 Example

Example 11.4 Consider the double integrator system (11.23). We want to compute
the state feedback optimal controller that solves (11.52) with p = oo, N = 6,

P= { (1) (1) }v Q= { (1) (1) ]7 R = 0.8, subject to the input constraints

U={ueR : —1<u<1} (11.76)

and the state constraints

x={zer [0 <e<[ 1]} (1177

and Xy = X. The optimal feedback solution u*(0), ..., u"(5) was computed by solving
six mp-LP problems and the corresponding polyhedral partitions of the state space
are depicted in Figure 11.5, where polyhedra with the same control law were merged.
Only the last optimal control move is reported below:
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10
5
S =
E E
-5
5 0 5 10 DR 0 5 10
z1(0) z(1)
(a) Partition of the state space for the (b) Partition of the state space for the
affine control law u*(0)(N§ = 26). affine control law u*(1) (N] = 28).
10 10
5
= S0
5 5
-5
ST 0 5 10 Mo 5 0 5 10
71(2) z1(3)

(d) Partition of the state space for the

(c) Partition of the state space for the
affine control law u*(3) (N = 12)

affine control law u*(2) (N5 = 26).

10 10
5 5
= o 20
53 8
-5 -5
1995 -5 0 5 10 1045 -5 0 5 10
z1(4) z1(5)

(e) Partition of the state space for the (f) Partition of the state space for the
affine control law u*(4) (Nj = 12). affine control law u*(5) (N} = 8).

Figure 11.5 Example 11.4. Double Integrator, co-norm objective function,
horizon N = 6. Partition of the state space for the time-varying optimal
control law. Polyhedra with the same control law were merged.
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r 0.45 0.8917 r 0.00 T
0 if | g0 00 | 2(5) < | 969 | (Region #1)
L —1.00 —0.00 L1000 |
—0.45 —0.89 7 [ 0.00 T
0 L sl I ) I (Region #2)
L 1.00 —0.00 L 10.00 |
r—0.45 —0.89 7 [ 0.00 7
o —2mla(3) it | 08 00 |a@)< | 88| (Region #3)
L —1.00 —0.00 ] [ 1000 |
r—0.45 —0.89 7 [ 0.45 7
[-ro0 —200]x(5) if | g7 05| x(5) < | 905 |  (Region #4)
L 1.00 —0.00 [ 1000
«
u'(5) = r—0.71 —0.717 [ 0.00 T
[1.00 0.00] 2(5) if 7100 ol w(5) < | 499 (Region #5)
L —0.00 1.00 L 10.00 |
r 0.71 0.717 r 0.00 7
[1o0000]x(5)  if | 1% oo |®(5) < | 960 |  (Region #6)
L —0.00 —1.00 10.00
r 045 0.897 r—0.45
1.00 if | 2500 000 | 2(5) < | 740 } (Region #7)
1.00 —0.00 L 1000
F—0.45 —0.89 7 r—0.45
—1.00 if | _100 —000 | x(B) < | 7h%0 } (Region #38)
L —0.00 1.00 10.00

(11.78)

Note that the controller (11.78) is piecewise linear around the origin. In fact, the
origin belongs to multiple regions (1 to 6). Note that the number N; of regions is not
always increasing with decreasing i (N5 =8, Ny = 12, N3 = 12, N3 = 26, N| = 28,
Ng = 26). This is due to the merging procedure, before merging we have N3 = 12,
NI =22, NI =40, Nj =72, NT = 108, Nj = 152.

Infinite-Time Solution

Assume that @ and R have full column rank and that the constraint sets X and U
contain the origin in their interior. Consider the following infinite-horizon problem
with constraints

T (@(0)) = ming, ., > 1Qkllp + | Rukl,
k=0
subj. to Tpq1 = Az + Bug, k=0,...,00
zp€X, up, €U, k=0,...,00
xo = z(0)

(11.79)

and the set
Xoo = {2(0) € R™ : Problem (11.79) is feasible and JX (x(0)) < +o0}. (11.80)

Because @ and R have full column rank, any optimizer u} of problem (11.43) must
converge to the origin (u} — 0) and so must the state trajectory resulting from the
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application of uj, (zj — 0). Thus the origin z = 0,u = 0 must lie in the interior
of the constraint set (X,U). (If the origin were not contained in the constraint
set then J% (2(0)) would be infinite.) Furthermore, if the initial state zy = z(0)
is sufficiently close to the origin, then the state and input constraints will never
become active and the solution of problem (11.43) will yield the wunconstrained
optimal controller (9.31).

The discussion for the solution of the infinite horizon constrained linear
quadratic regulator (Section 11.3.4) by means of the batch approach can be
repeated here with one precaution. Since the unconstrained optimal controller (if it
exists) is PPWA the computation of the Maximal Invariant Set for the autonomous
constrained piecewise linear system is more involved and requires algorithms which
will be presented later in Chapter 17.

Differently from the 2-norm case, here the use of dynamic programming for
computing the infinite horizon solution is a viable alternative to the batch approach.
Convergence conditions for the dynamic programming strategy and convergence
guarantees for the resulting possibly discontinuous closed-loop system are given
n [87]. A computationally efficient algorithm to obtain the infinite time optimal
solution, based on a dynamic programming exploration strategy with an mp-LP
solver and basic polyhedral manipulations, is also presented in [87].

Example 11.5 We consider the double integrator system (11.23) from Example 11.4
with N = oo.

The partition of the state space for the time invariant optimal control law is shown
in Figure 11.6(a) and consists of 202 polyhedral regions. In Figure 11.6(b) the same
control law is represented where polyhedra with the same affine control law were
merged.

10 10

ot

-5
Mo 5 0 5 10 s 0 5 10
Ty 1
(a) Partition before merging (N7, = (b) Partition after merging (NI, =
202). 26).

Figure 11.6 Example 11.5. Double Integrator, co-norm objective function,
horizon N = oco. Partition of the state space for the time invariant optimal
control law.
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State Feedback Solution, Minimum-Time Control

In this section we consider the solution of minimum-time optimal control problems

Jg(2(0)) = min N

Uo,N

subj. to xpy1 = Az + Bug, k=0,...,N -1
TR €EX, uy €U, k=0,...,N—1 (11.81)
J,‘NEXf
xo = x(0),

where Xy C R" is a terminal target set to be reached in minimum time.
We can find the controller that brings the states into X in one time step by
solving the following multiparametric program

min (o, ug)

uo

subj. to 1 = Azg + Bug (11.82)
zoe X, up el
xr1 € Xf,

where ¢(xg, ug) is any convex quadratic function. Let us assume that the solution of
the multiparametric program generates R! regions {Prl}f”:ll with the affine control
law ug = F'z + g} in each region r. By construction we have

Xo = K1 (Xy).

Continuing to set up simple multiparametric programs bring the states into Ay in
2,3, ... steps, we have for step j

min c(zo, up)
ugQ

subj. to w1 = Az + Bug (11.83)
0 €X, ug €U
z1 € Kj—1(Xy),

which yields R regions {P?}/ | with the affine control law uy = Fiz + g7 in each

region r. By construction we have
Xo = I (Xy).

Thus to obtain K1 (Xf), ..., Kn(Xf) we need to solve N multiparametric programs
with a prediction horizon of 1. Since the overall complexity of a multiparametric
program is exponential in N, this scheme can be exploited to yield controllers
of lower complexity than the optimal control schemes introduced in the previous
sections.

Since N multiparametric programs have been solved, the controller regions
overlap in general. In order to achieve minimum time behavior, the feedback law
associated with the region computed for the smallest number of steps ¢, is selected
for any given state x.
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Algorithm 11.1  On-line computation of minimum-time control input

Input: State measurement x, N controller partitions solution to (11.83) for j =

1,...,N

Output: Minimum time control action u(x)

Find controller partition cmin = mince (o

,,,,,

Find controller region 7, such that € Pr™™ and compute v = F™»g + gpomin

Return u

Note that the region identification for this type of controller partition is much
more efficient than simply checking all the regions. The two steps of “finding a
controller partition” and “finding a controller region” in Algorithm 11.1 correspond
to two levels of a search tree, where the search is first performed over the
feasible sets IC.(X) and then over the controller partition {Pe}E || Furthermore,
one may discard all regions P! which are completely covered by previously
computed controllers (i.e., P. C Ujeqr,....i—1y Kj(Xy)) since they are not time

optimal.

Example 11.6 Consider again the double integrator from Example 11.2. The
Minimum-Time Controller is computed that steers the system to the Maximal LQR
Invariant Set OY2® in the minimum number of time steps N. The Algorithm
terminated after 11 iterations, covering the Maximal Controllable Set Koo (OX2F).
The resulting controller is defined over 33 regions. The regions are depicted in Figure
11.7(a). The Maximal LQR Invariant Set O52® is the central shaded region.

The control law on this partition is depicted in Figure 11.7(b). Note that, in general,
the minimum-time control law is not continuous as can be seen in Figure 11.7(b).

10
5
2 0 !
= 0
5 -5
14
~10 i i . ; 10
-10 -5 0 5 10 5 5
Ty Tq -10

(b) Minimum-Time Control Law
(discontinuous).

(a) Minimum-Time State Space Par-
tition (N"=33).

Figure 11.7 Example 11.6. Double integrator, minimum-time objective
function. Partition of the state space and control law. Maximal LQR
Invariant Set OX2F is the central shaded region in (a).
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Comparison of the Design Approaches and Controllers

For the design, the storage and the on-line execution time of the control law we
are interested in the controller complexity. All the controllers we discussed in this
chapter are PPWA. Their storage and execution times are closely related to the
number of polyhedral regions, which is related to the number of constraints in the
mp-LP or mp-QP.

When the control objective is expressed in terms of the 1- or oco- norm, it
is translated into a set of constraints in the mp-LP. When the control objective
is expressed in terms of the 2-norm such a translation is not necessary. Thus
controllers minimizing the 1- or co- norm do generally involve more regions than
those minimizing the 2-norm and therefore tend to be more complex.

In mp-LPs degeneracies are common and have to be taken care of in the
respective algorithms. Strictly convex mp-QPs for which the Linear Independent
Constraint Qualification holds are comparatively well behaved with unique solu-
tions and full-dimensional polyhedral regions. Only for the 1-norm and co-norm
objective, however, we can use for the controller design an efficient Dynamic
Programming scheme involving a sequence of mp-LPs.

As we let the horizon N go to infinity, the number of regions stays finite for
the 2-norm objective, for the 1- and co-norm nothing can be said in general. In the
examples, we have usually observed a finite number, but cases can be constructed
where the number can be proven to be infinite.

As we will argue in the following chapter, infinite horizon controllers based on
the 2-norm render the closed-loop system exponentially stable, while controllers
based on the 1- or co-norm render the closed-loop system stable, only.

Among the controllers proposed in this chapter, the minimum-time controller
is usually the least complex involving the smallest number of regions. Minimum
time controllers are often considered to be too aggressive for practical use. The
controller here is different, however. It is minimum time only until it reaches the
terminal set Xy. Inside the terminal set a different unconstrained control law can
be used. Overall the operation of the minimum-time controller is observed to be
very similar to that of the other infinite time controllers in this chapter.
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Receding Horizon Control

In this chapter we review the basics of Receding Horizon Control (RHC). In the first
part we discuss the stability and the feasibility of RHC and we provide guidelines
for choosing the terminal weight so that closed-loop stability is achieved.

The second part of the chapter focuses on the RHC implementation. Since
RHC requires at each sampling time to solve an open-loop constrained finite time
optimal control problem as a function of the current state, the results of the previous
chapters imply two possible approaches for RHC implementation.

In the first approach a mathematical program is solved at each time step for the
current initial state. In the second approach the explicit piecewise affine feedback
policy (that provides the optimal control for all states) is precomputed off-line.
This reduces the on-line computation of the RHC law to a function evaluation,
thus avoiding the on-line solution of a quadratic or linear program. This technique
is attractive for a wide range of practical problems where the computational
complexity of on-line optimization is prohibitive. It also provides insight into the
structure underlying optimization-based controllers, describing the behavior of the
RHC controller in different regions of the state space. Moreover, for applications
where safety is crucial, the correctness of a piecewise affine control law is easier to
verify than that of a mathematical program solver.

RHC ldea

In the previous chapter we discussed the solution of constrained finite time and
infinite time optimal control problems for linear systems. An infinite horizon
suboptimal controller can be designed by repeatedly solving finite time optimal
control problems in a receding horizon fashion as described next. At each sampling
time, starting at the current state, an open-loop optimal control problem is
solved over a finite horizon (top diagram in Figure 12.1). The computed optimal
manipulated input signal is applied to the process only during the following
sampling interval [t, t+1]. At the next time step t+1 a new optimal control problem
based on new measurements of the state is solved over a shifted horizon (bottom
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12.2

Past Future
Predicted outputs
Reference
,/_‘,:‘74 - Manipulated inputs
t t+1 fLN
—>

Predicted outputs

igé u(t+1) Manipulated inputs

t+1 t+2 t+1+N

Figure 12.1 Receding Horizon Idea.

diagram in Figure 12.1). The resulting controller is referred to as a Receding
Horizon Controller (RHC). A receding horizon controller where the finite time
optimal control law is computed by solving an optimization problem on-line is
usually referred to as Model Predictive Control (MPC).

RHC Implementation

Consider the problem of regulating to the origin the discrete-time linear time-
invariant system

z(t+1) = Az(t) + Bu(t), (12.1)

where z(t) € R™, u(t) € R™ are the state and input vectors, respectively, subject
to the constraints

xz(t) € X, u(t) eU, vt >0, (12.2)

where the sets X C R™ and Y C R™ are polyhedra. Receding Horizon Control
(RHC) approaches such a constrained regulation problem in the following way.
Assume that a full measurement or estimate of the state x(t) is available at the
current time ¢t. Then the finite time optimal control problem
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N-1
Ji(x(t) = miny,_,, v, Je(@@),Uiseingi) = P(@egnge) + Z q $t+k|taut+k|t)
k=0
Subj. to $t+k+1|t = Axt_;’_klt —+ But+k|t7 k = 0, N
Tpykt € X, Uppne €U, k=0,...,N —
TiyNpe € Xy
T = z(t)
(12.3)
is solved at time ¢, where U;_; 4 nj¢ = {Uy|t - - -, Us-N—1}¢ } and where 41, denotes

the state vector at time ¢ + k predicted at time ¢ obtained by starting from the
current state x,, = x(t) and applying to the system model

Tpphgt)t = ATyqp)e + Bugpp)

the input sequence wy, . .., us4x—1)¢- Often the symbol x|, is read as “the state
x at time ¢+ k predicted at time ¢.” Similarly, u,, |, is read as “the input u at time
t+k computed at time ¢.” For instance, x3; represents the predicted state at time
3 when the prediction is done at time ¢ = 1 starting from the current state z(1). It
is different, in general, from x3, which is the predicted state at time 3 when the
prediction is done at time ¢ = 2 starting from the current state z(2).
Let U, v = {tf)y>- -~ uiy y_1)} be the optimal solution of (12.3) at time ¢
and J;(z(t)) the corresponding value function. Then, the first element of Ulsiinpe
is applied to system (12.1)
u(t) = u), (2(t)). (12.4)

The optimization problem (12.3) is repeated at time ¢ + 1, based on the new state
Typ1p41 = z(t + 1), yielding a moving or receding horizon control strategy.

Let f; : R® — R™ denote the receding horizon control law that associates
the optimal input uj, to the current state x(t), fi((t)) = uj,(x(¢)). Then the

closed-loop system obtained by controlling (12.1) with the RHC (12.3)—(12.4) is

w(k +1) = Az(k) + Bfi(x(k)) = fa(x(k), k), k = 0. (12.5)

Note that the notation used in this chapter is slightly different from the one
used in Chapter 11. Because of the receding horizon strategy, there is the need to
distinguish between the input u*(¢ + k) applied to the plant at time ¢ 4+ k, and
optimizer u; ,, of the problem (12.3) at time t + k obtained by solving (12.3) at
time ¢ with 2, = x(t).

Consider problem (12.3). As the system, the constraints and the cost function
are time-invariant, the solution to problem (12.3) is a time-invariant function
of the initial state z(t). Therefore, in order to simplify the notation, we can
set t = 0 in (12.3) and remove the term “|0” since it is now redundant and
rewrite (12.3) as

Ji (2(t)) = ming, — Jo(z(t),Uo) = p(en) + ) q(k, ur)

=0
subj. to zpy1 = Az + Bug, k=0,...,N -1 (12.6)
rp €X, up €U, k=0,..., N—1
TN EXf
xo = x(t),
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where Uy = {ug,...,uny—1} and the notation in Remark 7.1 applies. Similarly
as in previous chapters, we will focus on two classes of cost functions. If the
1-norm or co-norm is used in (12.6), then we set p(zn) = |[|[Pzn||p, and g(zg, ug) =
|Qzk|lp + |Rukllp with p =1 or p = oo and P, @, R full column rank matrices.
The cost function is rewritten as
N-1
Jo(@(0).Up) = [Panlly+ 3 1Quelly + | Ruell. (127
k=0
If the squared Euclidian norm is used in (12.6), then we set p(zn) = 2y Pxy and
q(xp, ur) = z),Qzr + uj Ruy, with P = 0, Q > 0 and R > 0. The cost function is
rewritten as

N-1
Jo(z(0),Up) = 'y Pxn + Z 2. Qg + uj Ruy. (12.8)
k=0
The control law (12.4)
u(t) = fo(a(t)) = ug(z(1)) (12.9)
and closed-loop system (12.5)
2k +1) = Au(k) + Bfo(w(k) = fu(a(k)), k>0 (12.10)

are time-invariant as well.

Note that the notation in (12.6) does not allow us to distinguish at which time
step a certain state prediction or optimizer is computed and is valid for time-
invariant problems only. Nevertheless, we will prefer the RHC notation in (12.6) to
the one in (12.3) in order to simplify the exposition.

Compare problem (12.6) and the CFTOC (11.9). The only difference is that
problem (12.6) is solved for g = x(¢), ¢ > 0 rather than for zp = x(0). For this
reason we can make use of all the results of the previous chapter. In particular, Xy
denotes the set of feasible states x(t) for problem (12.6) as defined and studied in
Section 11.2. Recall from Section 11.2 that A} is a polyhedron.

From the above explanations it is clear that a fixed prediction horizon is shifted
or recedes over time, hence its name, receding horizon control. The procedure of
this on-line optimal control technique is summarized in the following algorithm.

Algorithm 12.1  On-line receding horizon control

Input: State z(t) at time instant ¢

Output: Receding horizon control input u(z(t))
Obtain Ug (z(t)) by solving the optimization problem (12.6)
If ‘problem infeasible’ Then stop
Return the first element ug of UJ

Example 12.1 Consider the double integrator system (11.23) rewritten below:

s(t+1) = [ o }x(t)Jr { ) }u(t) (12.11)
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The aim is to compute the receding horizon controller that solves the optimization
problem (12.6) with p(zn) = 2y Prn, q(vk,ur) = 7,.Qxr + upyRury N = 3, P =

Q= [1 O], R =10, Xf = R? subject to the input constraints

0 1
—0.5<u(k) <05, k=0,...,3 (12.12)
and the state constraints
[:g} <az(k) < E] , k=0,...,3. (12.13)

The QP problem associated with the RHC has the form (11.31) with

13.50 —10.00 —0.50

H = [—10.00 22.00 710.00] [ = [ —10.5010.00 —0.507 y~ _ [14.50 23.50 12.14
2020 2200 T3v | [Z20:30 10:00 9:50] » (2350 52:50]  (12.14)

and
- 0.50 —1.00 0.501 r 0.50 0.50n —0.50 1

—0.50 1.00 —0.50 —0.50 —0.50 050
—0.50 0.00 0.50 0.50 0.50 5.00
—0.50 0.00 —0.50 —0.50 —0.50 500
0.50 0.00 —0.50 —0.50 —0.50 5.00
0.50 0.00 0.50 0.50 0.50 5.00
—1.00 0.00 0.00 0.00 0.00 5.00
0.00 —1.00 0.00 0.00 0.00 5.00
1.00 0.00 0.00 0.00  0.00 5.00
0.00 1.00 0.00 888 8»88 g.gg

_ 0.00 0.00 —1.00 _ . .

Go = 000 000 100 o= 0.00 0.00 | » Wo = {50 (12.15)

0.00 0.00 0.00 1.00  1.00 5.00
—0.50 0.00 0.50 —0.50 —0.50 5.00
0.00 0.00 0.00 —1.00 —1.00 5.00
0.50 0.00 —0.50 0.50 0.50 5.00
—0.50 0.00 0.50 —8 gg —i gg 8-?8

0.50 0.00 —0.50 0.
0.00 0.00 0.00 1.00  0.00 5.00
0.00 0.00 0.00 0.00 1.00 2700

0.00 0.00 0.00 —1.00 0.00 L2004
-~ 0.00 0.00 0.00- 0.00 —1.00 :

The RHC (12.6)—(12.9) algorithm becomes Algorithm 12.2. We refer to the solution
Ug of the QP (11.31) as [Ug, Flag] = QP(H, 2F'z(0), Go, wo + Eoz(0)) where “Flag”
indicates if the QP was found to be feasible or not.

Algorithm 12.2  QP-based on-line receding horizon control

Input: State z(t) at time instant ¢
Output: Receding horizon control input u(x(t))
Compute F' = 2F'z(t) and 1wy = wo + Eox(t)
Obtain_ Uj(z(t)) by solving the optimization problem [Ug,Flag] =
QP(H, F,Go, o)
If Flag = infeasible Then stop
Return the first element ug of Ug

Figure 12.2 shows two closed-loop trajectories starting at state z(0) = [—4.5,2]
and x(0) = [—4.5,3]. The trajectory starting from x(0) = [—4.5,2] converges to
the origin and satisfies input and state constraints. The trajectory starting from
z(0) = [—4.5, 3] stops at z(2) = [1, 2] because of infeasibility. At each time step, the
open-loop predictions are depicted with dashed lines. This shows that the closed-loop
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5 -4-3-2-101 2 3 45
1
Figure 12.2 Example 12.1. Closed-loop trajectories realized (solid) and

predicted (dashed) for two initial states x(0)=[—4.5,2] (bozes) and
x(0)=[—4.5,3] (circles).
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Figure 12.3 Example 12.1. Double integrator with RHC.

trajectories are different from the open-loop predicted trajectories because of the
receding horizon nature of the controller.

In Figure 12.3(a) the feasible state space was gridded and each point of the grid was
marked with a square if the RHC law (12.6)—(12.9) generates feasible closed-loop
trajectories and with a circle if it does not. The set of all initial conditions generating
feasible closed-loop trajectories is the maximal positive invariant set O of the
autonomous system (12.10). We remark that this set is different from the set Xy of
feasible initial conditions for the QP problem (11.31) with matrices (12.15). Both
sets O and Xy are depicted in Figure 12.3(b). The computation of fo is discussed
later in this chapter. Because of the nonlinear nature of fy, the computation of O
for the system (12.10) is not an easy task. Therefore, we will show how to choose a
terminal invariant set Xy such that O. = Ay is guaranteed automatically.

Note that a feasible closed-loop trajectory does not necessarily converge to the
origin. Feasibility, convergence and stability of RHC are discussed in detail in
the next sections. Before that we want to illustrate these issues through another
example.
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Example 12.2 Consider the unstable system

2 1 1
z(t+1) = [ 0 05 }x(t) + { 0 }u(t) (12.16)
with the input constraints
—-1<uk)<1,k=0,...,.N—1 (12.17)
and the state constraints
—10 10
[710} <z(k) < [10} ,k=0,...,N—1. (12.18)

In the following, we study the receding horizon control problem (12.6) with p(zn) =
Ty PrN, q(zr,ur) = 23,Qzr + uj, Ruy for different horizons N and weights R. We
set @ = I and omit both the terminal set constraint and the terminal weight, i.e.,
X;=R* P=0.
Figure 12.4 shows closed-loop trajectories for receding horizon control loops that were
obtained with the following parameter settings

e Setting 1: N =2,R=10

o Setting 2: N=3,R=2

e Setting 3: N=4,R=1

10

(c) Setting 8: N =4,R=1.

Figure 12.4 Example 12.2. Closed-loop trajectories for different settings of
horizon N and weight R. Bozes (Circles) are initial points leading (not
leading) to feasible closed-loop trajectories.
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For Setting 1 (Figure 12.4(a)) there is evidently no initial state that can be steered
to the origin. Indeed, it turns out, that all nonzero initial states x(0) € R? diverge
from the origin and eventually become infeasible. In contrast, Setting 2 leads
to a receding horizon controller, that manages to get some of the initial states
converge to the origin, as seen in Figure 12.4(b). Finally, Figure 12.4(c) shows that
Setting 8 can expand the set of those initial states that can be brought to the
origin.

Note the behavior of particular initial states:

1. Closed-loop trajectories starting at state x(0) = [—4,7] behave differently
depending on the chosen setting. Both Setting I and Setting 2 cannot bring
this state to the origin, but the controller with Setting 8 succeeds.

2. There are initial states, e.g., (0) = [—4,8.5], that always lead to infeasible
trajectories independent of the chosen settings. It turns out, that no setting can
be found that brings those states to the origin.

These results illustrate that the choice of parameters for receding horizon control
influences the behavior of the resulting closed-loop trajectories in a complex manner.
A better understanding of the effect of parameter changes can be gained from an
inspection of maximal positive invariant sets O for the different settings, and the
maximal control invariant set Coo as depicted in Figure 12.5.

The maximal positive invariant set stemming from Setting I only contains the
origin (O = {0}) which explains why all nonzero initial states diverge from the
origin. For Setting 2 the maximal positive invariant set has grown considerably,
but does not contain the initial state z(0) = [—4,7], thus leading to infeasibility
eventually. Setting 8 leads to a maximal positive invariant set that contains this
state and thus keeps the closed-loop trajectory inside this set for all future time
steps.

From Figure 12.5 we also see that a trajectory starting at x(0) = [—4,8.5] cannot
be kept inside any bounded set by any setting (indeed, by any controller) since it is
outside the maximal control invariant set Coo.

10

wt

Zg

0

-10

Figure 12.5 Example 12.2. Maximal positive invariant sets O for different
parameter settings: Setting 1 (origin), Setting 2 (dark-gray) and Setting 3
(gray and dark-gray). Also depicted is the maximal control invariant set Coo
(white and gray and dark-gray).


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/FeasibilityAndTuning.m

12.3

12.3.1

12.3 RHC Main lIssues

251

RHC Main Issues

If we solve the receding horizon problem for the special case of an infinite horizon
(setting N = oo in (12.6) as we did for LQR in Section 8.5 and CLQR in Section
11.3.4) then it is almost immediate that the closed-loop system with this controller
has some nice properties. Most importantly, the differences between the open-
loop predicted and the actual closed-loop trajectories observed in Example 12.1
disappear. As a consequence, if the optimization problem is feasible, then the closed-
loop trajectories will be feasible for all times. If the optimization problem has a
finite solution, then in closed-loop the states and inputs will converge to the origin
asymptotically.

In RHC, when we solve the optimization problem over a finite horizon
repeatedly at each time step, we hope that the controller resulting from this “short-
sighted” strategy will lead to a closed-loop behavior that mimics that of the infinite
horizon controller. The examples in the last section indicated that at least two
problems may occur. First of all, the controller may lead us into a situation where
after a few steps the finite horizon optimal control problem that we need to solve
at each time step is infeasible, i.e., that there does not exist a sequence of control
inputs for which the constraints are obeyed. Second, even if the feasibility problem
does not occur, the generated control inputs may not lead to trajectories that
converge to the origin, i.e., that the closed-loop system is asymptotically stable.

In general, stability and feasibility are not ensured by the RHC law (12.6)-
(12.9). In principle, we could analyze the RHC law for feasibility, stability and
convergence but this is difficult as the examples in the last section illustrated.
Therefore, conditions will be derived on how the terminal weight P and the terminal
constraint set X'y should be chosen such that closed-loop stability and feasibility
are ensured.

Feasibility of RHC

The examples in the last section illustrate that feasibility at the initial time x(0) €
Xy does not necessarily imply feasibility for all future times. It is desirable to design
an RHC such that feasibility for all future times is guaranteed, a property we refer
to as persistent feasibility.

We would like to gain some insight when persistent feasibility occurs and how it
is affected by the formulation of the control problem and the choice of the controller
parameters. Let us first recall the various sets introduced in Section 10.2 and Section
11.2 and how they are influenced.

Cs: The maximal control invariant set Co, is only affected by the sets X' and U,
the constraints on states and inputs. It is the largest set over which we can
expect any controller to work.

Xy: A control input Uy can only be found, i.e., the control problem is feasible,
if 2(0) € Xp. The set Xy depends on X and U, on the controller horizon N
and on the controller terminal set X. It does not depend on the objective
function and it has generally no relation with Co (it can be larger, smaller,
etc.).
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Os: The maximal positive invariant set for the closed-loop system depends on the
controller and as such on all parameters affecting the controller, i.e., X', U,
N, X; and the objective function with its parameters P, @) and R. Clearly
Os C Xy because if it were not there would be points in O, for which
the control problem is not feasible. Because of invariance, the closed-loop is
persistently feasible for all states 2(0) € Oy. Clearly, Oy C Coo.

We can now state necessary and sufficient conditions guaranteeing persistent
feasibility by means of invariant set theory.

Lemma 12.1 Let Oy be the mazimal positive invariant set for the closed-loop
system x(k + 1) = fa(x(k)) in (12.10) with constraints (12.2). The RHC problem
is persistently feasible if and only if Xp = O

Proof: For the RHC problem to be persistently feasible Xy must be positive
invariant for the closed-loop system. We argued above that O, C Xj. As the
positive invariant set Xy cannot be larger than the maximal positive invariant set
O, it follows that Xy = O. |

As Xy does not depend on the controller parameters P, @@ and R but O, does,
the requirement Xy = O, for persistent feasibility shows that, in general, only
some P, @ and R are allowed. The parameters P, () and R affect the performance.
The complex effect they have on persistent feasibility makes their choice extremely
difficult for the design engineer. In the following we will remedy this undesirable
situation. We will make use of the following important sufficient condition for
persistent feasibility.

Lemma 12.2  Consider the RHC law (12.6)—(12.9) with N > 1. If X is a control
invariant set for system (12.1)—(12.2) then the RHC is persistently feasible. Also,
Os = Xy is independent of P, Q and R.

Proof: If Xy is control invariant then, by definition, X} C Pre(X;). Also recall
that Pre(X1) = Xy from the properties of the feasible sets in equation (11.20)
(note that Pre(X;) N X = Pre(X;) from control invariance). Pick some = € A}
and some feasible control u for that z and define x+ = Az + Bu € X;. Then
xt € X C Pre(X;) = Xp. As u was arbitrary (as long as it is feasible) 2zt € Aj
for all feasible u. As Xy is positive invariant, Xy = O from Lemma 12.1. As Aj is
positive invariant for all feasible u, O, does not depend on P, @ and R. |

Note that in the proof of Lemma 12.2, persistent feasibility does not depend
on the input u as long as it is feasible. For this reason, sometimes in the literature
this property is referred to “persistently feasible for all feasible w.”

We can use Lemma 12.2 in the following manner. For N = 1, X} = Xy. If we
choose the terminal set to be control invariant then Xy = O, and RHC will be
persistently feasible independent of chosen control objectives and parameters. Thus
the designer can choose the parameters to affect performance without affecting
persistent feasibility. A control horizon of N = 1 is often too restrictive, but we
can easily extend Lemma 12.2.

Theorem 12.1  Consider the RHC law (12.6)-(12.9) with N > 1. If Xy is a
control invariant set for system (12.1)-(12.2) then the RHC is persistently feasible.
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Proof: If Xy is control invariant, then Xy_1, An_a, ..., A} are control invariant
and Lemma 12.2 establishes persistent feasibility for all feasible u. |

Corollary 12.1  Consider the RHC law (12.6)-(12.9) with N > 1. If there exists
i € [1, N] such that X; is a control invariant set for system (12.1)-(12.2), then the
RHC s persistently feasible for all cost functions.

Proof: Follows directly from the proof of Theorem 12.1. [ |

Recall that Theorem 11.2 together with Remark 11.4 define the properties of
the set Xy as N varies. Therefore, Theorem 12.1 and Corollary 12.1 provide also
guidelines on the choice of the horizon N for guaranteeing persistent feasibility
for all feasible u. For instance, if the RHC problem (12.6) for N = N yields a
control invariant set X, then from Theorem 11.2 the RHC law (12.6)—(12.9) with
N = N + 1 is persistently feasible for all feasible u. Moreover, from Corollary
12.1 the RHC law (12.6)-(12.9) with N > N + 1 is persistently feasible for all
feasible u.

Corollary 12.2  Consider the RHC problem (12.6)—(12.9). If N is greater than
the determinedness index N of Koo (X}) for system (12.1)—(12.2), then the RHC
is persistently feasible.

Proof: The feasible set X; for ¢ = 1,...,N — 1 is equal to the (N — 7)-
step controllable set X; = Kny_;(Xf). If the maximal controllable set is
finitely determined then X; = K (Xf) for i < N — N. Note that Ko (X})
is control invariant. Then persistent feasibility for all feasible w follows from
Corollary 12.1. ]

Persistent feasibility does not guarantee that the closed-loop trajectories
converge towards the desired equilibrium point. From Theorem 12.1 it is clear
that one can only guarantee that x(k) € X; for all k > 0 if 2(0) € Ap.

One of the most popular approaches to guarantee persistent feasibility and
stability of the RHC law (12.6)—(12.9) makes use of a control invariant terminal set
Xt and a terminal cost P which drives the closed-loop optimal trajectories towards
the origin. A detailed discussion follows in the next section.

Stability of RHC

In this section we will derive the main stability result for RHC. Our objective is
to find a Lyapunov function for the closed-loop system. We will show next that if
the terminal cost and constraint are appropriately chosen, then the value function
Jg(+) is a Lyapunov function.

Theorem 12.2  Consider system (12.1)—(12.2), the RHC law (12.6)—(12.9) and
the closed-loop system (12.10). Assume that

(A0) The stage cost q(z,u) and terminal cost p(x) are continuous and positive
definite functions.

(A1) The sets X, Xy and U contain the origin in their interior and are closed.
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(A2) Xy is control invariant, Xy C X.

A3 i — Az + Bv)) <0, Vz € X;.
(A3) . gngveXf( p(z) +q(z,v) + p(Az + Bv)) <0, Vo € A
Then, the origin of the closed-loop system (12.10) is asymptotically stable with
domain of attraction Xj.

Proof: From hypothesis (A2), Theorem 12.1 and Lemma 12.1, we conclude
that Xy = O is a positive invariant set for the closed-loop system (12.10) for
any choice of the cost function. Thus persistent feasibility for any feasible input is
guaranteed in Xjp.

Next, we prove convergence and stability. We establish that the function Jg(-)
in (12.6) is a Lyapunov function for the closed-loop system. Because the cost Jy,
the system and the constraints are time-invariant we can study the properties of
J§ between step k =0 and step k+1 = 1.

Consider problem (12.6) at time t = 0. Let z(0) € Xy and let Uj =
{ug,...,uy_;} be the optimizer of problem (12.6) and xo = {z(0),x1,..., 2N}
be the corresponding optimal state trajectory. After the implementation of wuf
we obtain z(1) = x; = Axz(0) + Buj. Consider now problem (12.6) for ¢t = 1.
We will construct an upper bound on Ji(z(1)). Consider the sequence U; =
{uf,...,uy_;,v} and the corresponding state trajectory resulting from the initial
state z(1), X3 = {z1,...,2n, Azn + Bv}. Because zy € Xy and (A2) there exists
a feasible v such that zny41 = Axy + Bv € Xy and with this v the sequence
Uy = {u},...,ul_,,v} is feasible. Because U; is not optimal Jy(z(1),U;) is an
upper bound on J§(z(1)).

Since the trajectories generated by Ug and U, overlap, except for the first and
last sampling intervals, it is immediate to show that

T3 (2(1)) < Jo(2(1), Th) = J (2(0)) — g(wo, u3) — plan)
0 0 +O(Q($N,U) —|—pO(A;N + Bv]\)[). (12.19)

Let = 2o = 2(0) and u = u. Under assumption (A3) equation (12.19) becomes
J§ (Ax + Bu) — J§(z) < —q(x,u), Yo € Xp. (12.20)

Equation (12.20) and the hypothesis (A0) on the stage cost ¢(-) ensure that Jg(z)
strictly decreases along the state trajectories of the closed-loop system (12.10)
for any =z € Ay,  # 0. In addition to the fact that J(z) decreases, Jj(x) is
lower-bounded by zero and since the state trajectories generated by the closed-loop
system (12.10) starting from any z(0) € Ap lie in &p for all & > 0, equation (12.20)
is sufficient to ensure that the state of the closed-loop system converges to zero as
k — 0 if the initial state lies in Xy. We have proven (i).

In order to prove stability via Theorem 7.2 we have to establish that Jg(z)
is a Lyapunov function. Positivity holds by the hypothesis (A0), decrease follows
from (12.20). For continuity at the origin we will show that J;(z) < p(z), Vx € &}
and as p(x) is continuous at the origin (by hypothesis (A0)) Ji(z) must be
continuous as well. From assumption (A2), X is control invariant and thus for any
xr € X there exists a feasible input sequence {uy,...,unx—_1} for problem (12.6)
starting from the initial state g = x whose corresponding state trajectory is
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{zo,21,..., 2N} stays in Xy, ie, z; € Xy Vi = 0,...,N. Among all the
aforementioned input sequences {ug,...,un—1} we focus on the one where u;
satisfies assumption (A3) for all ¢ = 0,..., N — 1. Such a sequence provides an
upper bound on the function Jg:

N-1
i=0
which can be rewritten as
N-1
Ji (o) < <Z (J(ffiaui)) +p(zN)
= N-1
= p(wo) + (Z (@i, ui) + p(@it1) —p(%)) x; € Xy, i=0,...,N,
=0 (12.22)
which from assumption (A3) yields
Ji(x) < p(x), Yo € Af. (12.23)

In conclusion, there exist a finite time in which any x € A&} is steered to a level
set of Jij(x) contained in X after which convergence to and stability of the origin
follows. ]

Remark 12.1 The assumption on the positive definiteness of the stage cost ¢(-) in
Theorem 12.2 can be relaxed as in standard optimal control. For instance, for the

2-norm based cost function (12.8), one can allow @ > 0 with (Q%7 A) observable.

Remark 12.2 The procedure outlined in Theorem 12.2 is; in general, conservative
because it requires the introduction of an artificial terminal set Xy to guarantee
persistent feasibility and a terminal cost to guarantee stability. Requiring zny € X
usually decreases the size of the region of attraction Xy = Os. Also the performance
may be negatively affected.

Remark 12.3 A function p(x) satisfying assumption (A3) of Theorem 12.2 is often
called control Lyapunov function.

The hypothesis (A2) of Theorem 12.2 is required for guaranteeing persistent
feasibility as discussed in Section 12.3.1. In some part of the literature the constraint
X} is not used. However, in this literature the terminal region constraint Xy is
implicit. In fact, it is typically required that the horizon N is sufficiently large to
ensure feasibility of the RHC (12.6)—(12.9) at all time instants ¢. Technically this
means that N has to be greater than the determinedness index N of system (12.1)—
(12.2) which by Corollary 12.2 guarantees persistent feasibility for all inputs. We
refer the reader to Section 12.3.1 for more details on feasibility.

Next we will show a few simple choices for P and X satisfying the hypothesis
(A2) and (A3) of Theorem 12.2.
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Stability, 2-Norm Case

Consider system (12.1)—(12.2), the RHC law (12.6)—(12.9), the cost function (12.8)
and the closed-loop system (12.10). A simple choice for Xy is the maximal positive
invariant set (see Section 10.1) for the closed-loop system z(k+1) = (A+BFx)z(k)
where F, is the associated unconstrained infinite time optimal controller (8.33).
With this choice the assumption (A3) in Theorem 12.2 becomes

2'(A'(P - PB(B'PB+ R)"'BP)A+Q — P)z <0, Yz € Xy, (12.24)

which is satisfied as an equality if P is chosen as the solution P, of the Algebraic
Riccati Equation (8.32) for system (12.1).

In general, instead of F,, we can choose any controller F which stabilizes
A+ BF. With v = Fz the assumption (A3) in Theorem 12.2 becomes

—P+(Q+F'RF)+ (A+ BF)P(A+ BF) <0. (12.25)

It is satisfied as an equality if we choose P as a solution of the corresponding
Lyapunov equation.

We learned in Section 7.5.2 that P satisfying (12.24) or (12.25) as equalities
expresses the infinite horizon cost

Ji (o) = xyPxo = Z Qi + uj Ruy,. (12.26)
k=0

In summary, we conclude that the closed-loop system (12.10) is stable if there
exist a controller F' which stabilizes the unconstrained system inside the controlled
invariant terminal region Xy and if the infinite horizon cost 2’Px incurred with
this controller is used in the cost function (12.8). Thus, the two terms in the
objective (12.8) reflect the infinite horizon cost, one the initial finite horizon cost
when the controller is constrained and the second one the cost for the infinite
tail of the trajectory incurred after the system enters Xy and the controller is
unconstrained.

If the open loop system (12.1) is asymptotically stable, then we may even select
F = 0. Note that depending on the choice of the controller the controlled invariant
terminal region Xy changes.

For any of the discussed choices for F' and X stability implies exponential
stability. The argument is simple. As the system is closed-loop stable it enters
the terminal region in finite time. If & is chosen as suggested, the closed-loop
system is unconstrained after entering Xy. For an unconstrained linear system the
convergence to the origin is exponential.

Stability, 1-Norm and oco-Norm Case

Consider system (12.1)—(12.2), the RHC law (12.6)—(12.9), the cost function (12.7)
and the closed-loop system (12.10). Let p = 1 or p = oco. If system (12.1) is
asymptotically stable, then X can be chosen as the positively invariant set of the
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autonomous system z(k + 1) = Az(k) subject to the state constraints z € X.
Therefore in X the input 0 is feasible and the assumption (A3) in Theorem 12.2
becomes

— |Paly + |PAsl, + [Qall, < 0,V € X, (12.27)

which is the corresponding Lyapunov inequality for the l-norm and oo-norm
case (7.55) whose solution has been discussed in Section 7.5.3.

In general, if the unconstrained optimal controller (9.31) exists it is PPWA. In
this case the computation of the maximal invariant set X’y for the closed-loop PWA
system

z(k+1)=(A+ FHa(k) if H2<0,i=1,...,N" (12.28)

is more involved. However if such Xy can be computed it can be used as terminal
constraint in Theorem 12.2. With this choice the assumption (A3) in Theorem
12.2 is satisfied by the infinite time unconstrained optimal cost matrix P,
in (9.32).

State Feedback Solution of RHC, 2-Norm Case

The state feedback receding horizon controller (12.9) with cost (12.8) for sys-
tem (12.1) is
u(t) = fo(z(t)), (12.29)

where fi(zo) : R™ — R™ is the piecewise affine solution to the CFTOC (12.6) and
is obtained as explained in Section 11.3.

We remark that the implicit form (12.6) and the explicit form (12.29)
describe the same function, and therefore the stability, feasibility, and performance
properties mentioned in the previous sections are automatically inherited by the
piecewise affine control law (12.29). Clearly, the explicit form (12.29) has the
advantage of being easier to implement, and provides insight into the type of
controller action in different regions C'R; of the state space.

Example 12.3 Consider the double integrator system (12.11) subject to the input
constraints
—1<uk) <1 (12.30)

and the state constraints
—10 < z(k) < 10. (12.31)

We want to regulate the system to the origin by using the RHC problem (12.6)—(12.9)
with cost (12.8), @ = [} 9], R = 0.01, and P = P, where P solves the algebraic
Riccati equation (8.32). We consider three cases:

Case 1. N =2, Xy =0,

Case 2. N = 2, Xy is the positively invariant set of the closed-loop system z(k+1) =
(A + BF.) where Fu is the infinite time unconstrained optimal controller (8.33).
Case 3. No terminal state constraints: Xy = R? and N = 6 = determinedness
index+1.
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From the results presented in this chapter, all three cases guarantee persistent
feasibility for all cost functions and asymptotic stability of the origin with region
of attraction Xp (with Xy different for each case). Next, we will detail the matrices
of the quadratic program for the on-line solution as well as the explicit solution for
the three cases.

Case 1. Xy = 0. The mp-QP problem associated with the RHC has the form (11.31)

with
— [19.08 8.55 _ | —10.57 =5.29 _ [10.31 9.33
H=[388R], F= [—1059 —5.29] Y =["935 1833 (12.32)
and
- 0.00 —1.00- r 8'88 888- 1004
8 88 (1) 88 1.00 1.00 1(1)‘88
~1.00 0.00 —1.00 —1.00 10:00
0.00 0.00 —1.00 —1.00 10,00
1.00 0.00 1.00 1.00 10.00
—1.00 0.00 0.00 0.00 1900
—1.00 —1.00 —1.00 —1.00 10.00
1.00 0.00 0.00 0.00 19-98
1.00 1.00 1.00 1.00 19-90
0.00 0.00 1.00  1.00 5.00
—1.00 0.00 —1.00 —1.00 5.00
120 899 e 1
Go= | _1:00 0:00|> Bo=|_1.00 —200 | wo=| 100 (12.33)
1.00 0.00 1.00 2.00 1.00
0.00 0.00 1.00 0.00 10.00
0.00 0.00 0.00 1.00 10.00
0.00 0.00 —1.00 0.00 10.00
0.00 0.00 0.00 —1.00 10.00
0.00 0.00 1.00 0.00 5.00
0.00 0.00 0.00 1.00 5.00
ne oo 0
. .00 —1.
1.00 0.00 0.00 —1.00 0.00
0.00 0.00 000
1.00 1.00

1.00 1.00 000

—1.00 0.00 000 0.00

L _1.00 —1.004 L 100 —1.00 - 0.00-

The corresponding polyhedral partition of the state space is depicted in
Figure 12.6(a).

The RHC law is:

0.70 0.71 0.00
[-0.61 —1.61]x if {:g o :g;g}} z < [g;gg } (Region #1)
0.70 0.71 0.00
—0.71 —0.71 0.00
—0.70 —0.71 —0.00
[-1.00 —2.00] & if —gas 08 e < 0.5 (Region #2)
071 0.71 0.71
—0.70 —0.71 —0.00
. 0.45 0.89 0.45 .
[-1.00 —2.00]x if —0.70 —0.71 | & < | —0.00 (Region #3)
0.71 0.71 —0.00
0.39  0.92 9-54
; 0.70 0.71 . ;
u = [-0.72 —1.72]x if _070 —or1 | < 0.00 (Region #4)
- 0.70 0.71 —0.00
0.45 0.89 0.45
—0.71 —0.71 0.71
[-1.00 —2.00]z if I N I (Region #5)
0.71 0.71 0.00
0.70 0.71 —0.00
. —0.45 —0.89 0.45 .
[-1.00 —2.00]z if —0.71 —0.71 | z < | —0.00 (Region #6)
0.70 0.71 —0.00
—0.39 —0.92 0.54
[—072 —1.72]a  if {78;38 78}}} z < [ 558 ] (Region #7)
—0.70 —0.71 —0.00

The union of the regions depicted in Figure 12.6(a) is Xy. From Theorem 12.2; X} is
also the domain of attraction of the RHC law.
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Lo

x4
(a) Polyhedral partition of Xj,
Case 1. N = 2, Xy = 0,
N =1.

xl
(b) Polyhedral partition of Xp,

Case 2. N = 2, Xy = OLF,
N§ =09.

(¢) Polyhedral partition of AXp,
Case 3. N = 6, Xy = R2, Nj =

13.

Figure 12.6 Example 12.3. Double integrator. RHC with 2-norm. Region of
attraction Xy for different horizons N and terminal regions X.

Case 2. Xy positively invariant set. The set Xy is

5 —0.35617 —0.93442 0.58043

— . 0.35617 0.93442 0.58043

Xp={zeR?: {071286 ]xg[ } .
—0.71286 —0.70131

(12.34)

0.70131 1.9049

1.9049

The corresponding polyhedral partition of the state space is depicted in Figure
12.6(b). The union of the regions depicted in Figure 12.6(b) is Xp. Note that from
Theorem 12.2 the set Xp is also the domain of attraction of the RHC law.

Case 3. Xy = R", N = 6. The corresponding polyhedral partition of the state space

is depicted in Figure 12.6(c).

Comparing the feasibility regions Xy in Figure 12.6 we notice that in Case 2 we obtain
a larger region than in Case 1 and that in Case 3 we obtain a feasibility region larger
than Case 1 and Case 2. This can be easily explained from the theory presented in
this and the previous chapter. In particular we have seen that if a control invariant
set is chosen as terminal constraint Xy, the size of the feasibility region increases
with the number of control moves (increase from Case 2 to Case 3) (Remark 11.3).
Actually in Case 3, Xy = Koo (Xy) with Xy = R?, the maximal controllable set. Also,
the size of the feasibility region increases with the size of the target set (increase from

Case 1 to Case 2).
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12.5

State Feedback Solution of RHC, 1-Norm,
oo-Norm Case

The state feedback receding horizon controller (12.6)—(12.9) with cost (12.7) for
system (12.1) is

u(t) = f5(z(t)) (12.35)
where fi(zo) : R™ — R™ is the piecewise affine solution to the CFTOC (12.6)
and is computed as explained in Section 11.4. As in the 2-norm case the explicit
form (12.35) has the advantage of being easier to implement, and provides insight
into the type of control action in different regions C'R; of the state space.

Example 12.4 Consider the double integrator system (12.11) subject to the input
constraints

—1<u(k) <1 (12.36)
and the state constraints

—5<z(k) <5. (12.37)
We want to regulate the system to the origin by using the RHC controller (12.6)—
(12.9) with cost (12.7), p =00, @ = [} 9], R = 20. We consider two cases:

Case 1. Xy =R", N =6 (determinedness index+1) and P = Q

Case 2. Xy =R", N =6 and P = P given in (9.34) measuring the infinite time
unconstrained optimal cost in (9.32).

From Corollary 12.2 in both cases persistent feasibility is guaranteed for all cost func-
tions and Xy = Coo. However, in Case 1 the terminal cost P does not satisfy (12.27)
which is assumption (A3) in Theorem 12.2 and therefore the convergence to and the
stability of the origin cannot be guaranteed. In order to satisfy assumption (A3) in
Theorem 12.2, in Case 2 we select the terminal cost to be equal to the infinite time
unconstrained optimal cost computed in Example 9.1.

Next we will detail the explicit solutions for the two cases.

Case 1. The LP problem associated with the RHC has the form (11.56) with Go €
R1Z4X18 Gy ¢ R1%4X2 and ¢ = [06 112]. The corresponding polyhedral partition of
the state space is depicted in Figure 12.7(a). The RHC law is:

0.16  0.99 0.82
. —0.16 —0.99 0.82 :
0 if 100 000| %= |500 (Region #1)
1.00 0.00 5.00
r 1.00 0.00 5.00
. —~0.16 —0.99 —0.82 ;
[-020 —1.71 ]z 4 1.43 if 300 000l < | oo (Region #2)
L 016 0.99 1.40
- —0.16 —0.99 ~1.40
1.00 0.00 5.00
071 0.71 424
. —~1.00 0.00 5.00 .
—1.00 if 020 098 |x< 2.94 (Region #3)
0.16 0.99 3.04
_ 0.24 0.97 2.91
u = 0.45 0.89 3.35
L 032 0.95 3.00
r—1.00 0.00 5.00
. 0.16  0.99 —0.82 :
[-0.20 —1.71]x — 143 if Yoo 0'00] < { 00 ] (Region #4)
—0.16 —0.99 1.40
r—0.32 —0.95 3.00
—0.24 —0.97 2.91
—0.20 —0.98 2.94
. —0.16 —0.99 3.04 .
1.00 if -1.00 0.00 | z < 5.00 (Region #5)
0.16 0.99 —1.40
—0.71 —0.71 4.24
—0.45 —0.89 3.35
L 1.00 0.00 5.00
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Ty a1
(a) Polyhedral partition of Xj, (b) Polyhedral partition of Aj,
Case 1. Case 2.

§
€, 1
(c) Closed-loop Trajectories, (d) Closed-loop Trajectories,
Case 1. Convergence to origin Case 2.

to guaranteed.

Figure 12.7 Example 12.4. Double integrator. RHC with oco-norm cost
function, behavior for different terminal weights.

The union of the regions depicted in Figure 12.7(a) is Xy and is shown in white in
Figure 12.7(c). Since N is equal to the determinedness index plus one, X is a positive
invariant set for the closed-loop system and thus persistent feasibility is guaranteed
for all z(0) € Xp. However, it can be noticed from Figure 12.7(c) that convergence to
the origin is not guaranteed. Starting from the initial conditions [—4,2], [-2, 2], [0,
0.5], [4,—2], [-1,—1] and [2,—0.5], the closed-loop system converges to either [—5, 0]
or [5,0].

Case 2. The LP problem associated with the RHC has the form (11.56) with
Go € R'™18 5, ¢ R'™*2 and ¢ = [0 112]. The RHC law is defined over 21
regions and the corresponding polyhedral partition of the state space is depicted in
Figure 12.7(b).

The union of the regions depicted in Figure 12.7(b) is Xp and is shown in white in
Figure 12.7(d). Since N is equal to the determinedness index plus one, Xj is a positive
invariant set for the closed-loop system and thus persistent feasibility is guaranteed
for all z(0) € Xp. Convergence to the origin is also guaranteed by the choice of P as
shown by the closed-loop trajectories in Figure 12.7(d) starting from the same initial
conditions as in Case 1.
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12.6

Tuning and Practical Use

Receding Horizon Control in the different variants and with the many parameter
options as introduced in this chapter is a very powerful control technique to address
complex control problems in practice. At present there is no other technique to
design controllers for general large linear multivariable systems with input and
output constraints with a stability guarantee. The fact that there is no effective
tool to analyze the stability of large constrained multivariable systems makes this
stability guarantee by design so important. The application of RHC in practice,
however, requires the designer to make many choices. In this section we will offer
some guidance.

Objective Function

The squared 2-norm is employed more often as an indicator of control quality in
the objective function than the 1- or co-norm. The former has many advantages.

The 1- or oo-norm formulation leads to an LP (11.56) from which the optimal
control action is determined. The solution lies always at the intersection of
constraints and changes discontinuously as the tuning parameters are varied. This
makes the formulation of the control problem (what constraints need to be added
for good performance?) and the choice of the weights in the objective function
difficult.

The optimizer may be nonunique in the case of dual degeneracy. This may cause
the control action to vary randomly as the solver picks up different optimizers in
succeeding time steps.

The construction of the control invariant target set Xy and of a suitable
terminal cost p(zx) needed in Theorem 12.2 is more difficult for the 1- or co-norm
formulation because the unconstrained controller is PPWA (Section 12.3.2).

If the optimal control problem is stated in an ad hoc manner by trial and
error rather than on the basis of Theorem 12.2 undesirable response characteristics
may result. The controller may cease to take any action and the system may get
stuck. This happens if any control action leads to a short-term increase in the
objective function, which can occur, for example, for a system with inverse response
characteristics.

Finally, the 1- or co-norm formulation involves many more constraints than the
2-norm formulation. In general, this will lead to a larger number of regions of the
explicit control law. These regions do not need to be stored, however, but only
the value function and the controller, and the search for the region containing the
present state can be executed very efficiently (Chapter 14).

Despite the discussed deficiencies it may be advantageous to use the 1- or co-
norm in cases when the control objective is not just an indirect tool to achieve
a control specification but reflects the economics of the process. For example, the
costs of electrical power depend sometimes on peak power that can be captured
with the co-norm. However, even in these cases, quadratic terms are often added
to the objective for “regularization.”
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Design via Theorem 12.2

First, we need to choose the horizon length N and the control invariant target
set Xy. Then we can vary the parameters ) and R freely to affect the control
performance in the same spirit as we do for designing an LQR. Stability is assured
as long as we adjust P according to the outlined procedures when changing @
and R.

The longer the horizon N, the larger the maximal controllable set Ky (X}) over
which the closed-loop system is guaranteed to be able to operate (this is true as
long as the horizon is smaller than the determinedness index of Ko (Xf)). On the
other hand, with the control horizon increases the on-line computational effort or
the complexity of the explicit controller determined off-line.

We need to keep in mind that the terminal set & is introduced artificially
for the sole purpose of leading to a sufficient condition for persistent feasibility.
We want it to be large so that it does not compromise closed-loop performance.
The larger X, the larger Kn(Xy). Though it is simplest to choose Xy = 0, it is
undesirable unless N is chosen large. Ideally Ay should be the maximal control
invariant set achieved with the unconstrained controller.

Specifically, we first design the unconstrained optimal controller as suggested
at the end of Section 12.3.2. From this construction we also obtain the terminal
cost satisfying condition (A3) of Theorem 12.2 to use in the RHC design. Then
we determine the maximal positive invariant set for the closed-loop system with
the unconstrained controller and use this set as X;. This set is usually difficult
to compute for systems of large dimension with the algorithms we introduced in
Section (10.2).

Note that for stable systems without state constraints Koo (Xf) = R™ always,
i.e., the choice of X} is less critical. For unstable systems Koo (X}) is the region
over which the system can operate stably in the presence of input constraints and
is of eminent practical importance.

State/QOutput Constraints

State constraints arise from practical restrictions on the allowed operating range of
the system. Thus, contrary to input constraints, they are rarely “hard.” They can
lead to complications in the controller implementation, however. As it can never
be excluded that the state of the real system moves outside the constraint range
chosen for the controller design, special provisions must be made (patches in the
algorithm) to move the state back into the range. This is difficult and these types of
patches are exactly what one wanted to avoid by choosing MPC in the first place.

Thus, typically, state constraints are “softened” in the MPC formulation. For
example,

T < Tmax

is approximated by

T < Tax + €, € 20,
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and a term [(e) is added to the objective function to penalize violations of the
constraint. This formulation may, however, lead to a violation of the constraint
even when a feasible input exists that avoids it but is not optimal for the new
objective function with the penalty term added. Let us analyze how to choose I(-)
such that this does not occur by using the exact penalty method [173].

As an example, take

J* = min, f(2)

subj. to  g(z) <0, (12.38)

where g(z) is assumed to be scalar for simplicity and f(z) to be strictly convex.
Let us soften the constraints and add the penalty as suggested

" e e 12

where ¢ > 0. We want to choose the penalty I(¢) so that by minimizing the
augmented objective we recover the solution to the original problem if it exists:

p(0) = J*
and

arg min, - p(e) =0

which are equivalent to

p(0) = J* (12.40)
and
p(e) > p(0), Ve > 0. (12.41)

For (12.40) we require 1(0) = 0. To construct I(e) to satisfy (12.41) we assume that
strong duality holds and u* exists so that

J* =min(f(z) + u*g(z)), (12.42)

z

where u* is an optimal dual variable. As the optimizer z* of (12.38) satisfies g(z*) <
0 we can add a redundant constraint without affecting the solution

Jr=min.  (f(2) +u"g(z))

subj. to o(z) < ¢ Ve > 0. (12.43)

Then we can state the bounds

J* < min, (f(z) +u*e) p(€) = min, (f(2) + ue) .
subj. to g(z) <e < subj. to  g(z) < e Ve >0, u>u*.

(12.44)
Thus l(e) = we with v > w* > 0 is a possible penalty term satisfying the
requirements (12.40)—(12.41).
Because of smoothness

I(€) = ue +ve?, u>u*,v >0 (12.45)
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is preferable. On the other hand, note that I(e) = ve? does not satisfy an inequality
of the form (12.44). Therefore, it should not be used as it can lead to optimizers
z* in (12.39) which violate g(z) < 0 even if a feasible optimizer to the original
problem exists.

These ideas can be extended to multiple constraints g;(z) <0, j=1,...,r via
the penalty term

I(e) = UZ € + vZe?, (12.46)
j=1 j=1
where
u> max uj, v>0. (12.47)
Je{1,...,r}

Formulations also exist where the necessary constraint violations are following
a prescribed order so that less important constraints are violated first [174].

Time-varying references, constraints, disturbances
and system parameters

The standard RHC formulation (12.6) can be easily extended to include these
features. Known disturbances are simply included in the prediction model. If the
system states are not to return to the origin, but some output y is to follow some
trajectory r, then appropriate penalties of the error e = y — r are included in the
control objective. How to do this and to achieve offset-free tracking is described in
Section 12.7. Theorem 12.2 can be used to design the controller in these cases.

If the constraints are time-varying then X and U become time-varying. For
example, the constraints may be shaped like a funnel tightening towards the end
of the horizon.

If the underlying system is nonlinear, one often uses a locally linearized model
for the prediction and updates it at each time step. Note that the results of Theorem
12.2 do not apply when the system model and/or the constraints are time-varying.

In all these cases, the optimization problem to be solved on line, (11.31)
or (11.56), does not change in structure but some of the defining matrices will now
change at each time step, which will increase the necessary on-line computational
effort somewhat.

If the controller is to be computed explicitly off-line, then all the varying
parameters (disturbances, constraints, references), which we will denote by 6,
become parameters in the multiparametric optimization problem and the resulting
controller becomes an explicit function of them: u(t) = F(z(t),0). As we have
learned, the complexity of the solution of mp-QP and mp-LP problems depends
primarily on the number of constraints. If the number of parameters affects the
number of constraints then this may only be possible for a relatively small number
of parameters. Thus, the possibilities to take into account time-varying control
problem features in explicit MPC are rather limited. Time-varying models cannot
be handled at all.
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12.7

Multiple Horizons and Move-Blocking

Unfortunately, as we started to discuss in the previous paragraphs, in challenging
applications, the design procedure implied by Theorem 12.2 may not be strictly
applicable. Then the closed-loop behavior with the RHC has to be analyzed by
other means, in the worst case through extensive simulation studies. In principle,
this offers us also more freedom in the problem formulation and the choice of the
parameters, for example, in order to reduce the computational complexity. The
basic RHC formulation (12.6) may be modified as follows:

Ny—1
min p(rn,) + kz—o q(2k, uk)
subj. to py1 = Axp + Bug, k=0,...,N, —1 (12.48)

e X, k=0,..., N,
uk EZ/{7 k:O7--~7Nu
ur = Ky, Nu<k<Ny

where K is some feedback gain, N,, N,, N. are the prediction, input, and
state constraint horizons, respectively, with N, < N, and N, < N,. This
formulation reduces the number of constraints and as a consequence makes the
long horizon prediction used in the optimization less accurate as it is not forced
to obey all the constraints. As this approximation affects only the states far in
the future, it is hoped that it will not influence significantly the present control
action.

Generalized Predictive Control (GPC) in its most common formulation [89]
has multiple horizons as an inherent feature but does not include constraints.
Experience and theoretical analysis [56] have shown that it is very difficult to
choose all these horizons that affect not only performance but even stability in
a nonintuitive fashion. Thus, for problems where constraints are not important
and the adaptive features of GPC are not needed, it is much preferable to resort
to the well established LQR and LQG controllers for which a wealth of stability,
performance and robustness results have been established.

Another more effective way to reduce the computational effort is move-blocking
where the manipulated variables are assumed to be fixed over time intervals in
the future thus reducing the degrees of freedom in the optimization problem. By
choosing the blocking strategies carefully, the available RHC stability results remain
applicable [72].

Offset-Free Reference Tracking

This section describes how the RHC problem has to be formulated to track
constant references without offset under model mismatch. We distinguish between
the number p of measured outputs, the number r of outputs which one desires
to track (called “tracked outputs”), and the number n,4 of disturbances. First, we
summarize the conditions that need to be satisfied to obtain offset-free RHC by
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using the arguments of the internal model principle. Then, we provide a simple
proof of zero steady-state offset when r < p = ng4. Extensive treatment of reference
tracking for RHC can be found in in [13, 218, 225, 226, 198]. Consider the discrete-
time time-invariant system

xm(t + 1) f(wm(t)7 U(t))
ym(t) = g(xm(t)) (1249)
z(t) = Hym/(t).

In (12.49), x,,(t) € R™, u(t) € R™ and y,,(t) € RP are the state, input,
measured output vector, respectively. The controlled variables z(t) € R" are a linear
combination of the measured variables for which offset-free behavior is sought.
Without any loss of generality we assume H to have full row rank.

The objective is to design an RHC based on the linear system model (12.1)
of (12.49) in order to have z(t) track r(t), where r(t) € R" is the reference signal,
which we assume to converge to a constant, i.e., r(t) — T'so as t — 00. We require
zero steady-state tracking error, i.e., (z(t) — r(t)) — 0 for t — co.

The Observer Design

The plant model (12.1) is augmented with a disturbance model in order to capture
the mismatch between (12.49) and (12.1) in steady state. Several disturbance
models have been presented in the literature [13, 205, 193, 226, 225, 294]. Here
we follow [226] and use the form:

z(t + 1) = Az(t) + Bu(t) + Bad(t)
d(t+1) = d(t) (12.50)
y(t) = Cx(t) + Cyad(t)

with d(t) € R™. With abuse of notation we have used the same symbols for state
and outputs of system (12.1) and system (12.50). Later we will focus on specific
versions of the model (12.50).

The observer estimates both states and disturbances based on this augmented
model. Conditions for the observability of (12.50) are given in the following
theorem.

Theorem 12.3  [215, 210, 226, 13] The augmented system (12.50) is observable
if and only if (C, A) is observable and

[ A(;I gj ] (12.51)

has full column rank.

Proof: From the Hautus observability condition system (12.50) is observable
iff
[ A =T 0 c’

B, -\ C ] has full row rank V. (12.52)
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Again from the Hautus condition, the first set of rows is linearly independent iff
(C, A) is observable. The second set of rows is linearly independent from the first
n rows except possibly for A = 1. Thus, for the augmented system the Hautus
condition needs to be checked for A = 1 only, where it becomes (12.51). |

Remark 12.4 Note that for condition (12.51) to be satisfied the number of distur-
bances in d needs to be smaller or equal to the number of available measurements in y,
ng < p. Condition (12.51) can be nicely interpreted. It requires that the model of the
disturbance effect on the output d — y must not have a zero at (1,0). Alternatively
we can look at the steady state of system (12.50)

o allzl-l]

where we have denoted the steady state values with a subscript co and have omitted
the forcing term u for simplicity. We note that from the observability condition (12.51)
for system (12.50) Equation (12.53) is required to have a unique solution, which
means, that we must be able to deduce a unique value for the disturbance do, from
a measurement of Y~ in steady state.

The following corollary follows directly from Theorem 12.3.

Corollary 12.3 The augmented system (12.50) with ng = p and Cy = I is
observable if and only if (C, A) is observable and

A—I By

det [ c 7

] = det(A — I — ByC) #0. (12.54)

Remark 12.5 We note here how the observability requirement restricts the choice of
the disturbance model. If the plant has no integrators, then det (A — I) # 0 and we
can choose Bg = 0. If the plant has integrators then By has to be chosen specifically
to make det (A — I — BqC) # 0.

The state and disturbance estimator is designed based on the augmented model
as follows:

[ ESIB ] - {é lﬂ { zég }+{ ? }u(tﬂ-[éz }(—ym(t)+0£(t)+cdci(t)),
(12.55)

where L, and Ly are chosen so that the estimator is stable. We remark that the
results below are independent of the choice of the method for computing L, and
L4. We then have the following property.

Lemma 12.3  Suppose the observer (12.55) is stable. Then, rank(Lg) = ng.
Proof: From (12.55) it follows

R R v |l B R A P

(12.56)
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By stability, the observer has no poles at (1,0) and therefore

A-I+L,C Byg+L,Cy
det ([ L,C L. £0. (12.57)
For (12.57) to hold, the last ng rows of the matrix have to be of full row rank.
A necessary condition is that Ly has full row rank. |

In the rest of this section we will focus on the case ng = p.
Lemma 12.4  Suppose the observer (12.55) is stable. Choose ng = p. The steady
state of the observer (12.55) satisfies:
A-I B Too | _ —Bgds ) 7 (12.58)
c 0 Uoo Ym,co — C(ddoo
where Ym.oo and us are the steady state measured output and input of the

system (12.49), Zoo and do are state and disturbance estimates from the
observer (12.55) at steady state, respectively.

Proof: From (12.55) we note that the disturbance estimate d converges only if
La(—Ym,co + CToo + Cd(foo) = 0. As Ly is square by assumption and nonsingular
by Lemma 12.3 this implies that at steady state, the observer estimates (12.55)
satisfy .

— Ymuso + Coo 4+ Cadoe = 0. (12.59)

Equation (12.58) follows directly from (12.59) and (12.55). |

The MPC Design

Denote by zoc = HYm,oo and ro the tracked measured outputs and their references
at steady state, respectively. For offset-free tracking at steady state we want
Zoo = Too- The observer condition (12.58) suggests that at steady state the MPC
should satisfy

A-T Bl[asw] ~Bads
R Ao R
where x, is the MPC state at steady state. For xo, and u, to exist for any cioo
A-1 B

and r,, the matrix must be of full row rank which implies m > r.

HC 0
The MPC is designed as follows

N-1
ming,  (zn —T) Plon — 2) + Y (@ — 20)'Q(zr — T4)+ (uk — 1) R(ug — )
k=0

subj. to zpy1 = Axp + Bup + Bgdy, k=0,...,N
rpeX, up €U, k=0,..., N -1
.TNEXf
diy1=dg, k=0,...,N—1
xozi‘(t)

do = d(t), (12.61)
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with the targets u; and Z; given by

A—I B[ & —Byd(t)
= N 12.62
{ HC 0 ] [ Uy ] { r(t) — HCqd(t) (12.62)
and where @ = 0, R > 0, and P > 0.

Let U*(t) = {ug,...,uk_;} be the optimal solution of (12.61)—(12.62) at time
t. Then, the first sample of U*(t) is applied to system (12.49)

u(t) = ug. (12.63)

Denote by ¢o(2(t),d(t),r(t)) = ug(@(t),d(t),r(t)) the control law when the
estimated state and disturbance are :ﬁ( ) and d(t), respectively. Then the closed-
loop system obtained by controlling (12.49) with the MPC (12.61)—(12.62)—(12.63)
and the observer (12.55) is:

2l +1) = falt),cola(0). A1), (D) A
Z(t+1) = (A+ L,C)&(t) + (Bqg+ LyCq)d(t) + Beo(&(t), d(t), 7(t)) — Laym(t)

d(t+1) = LyCa(t) + (I + LaCa)d(t) — Laym (t)-
(12.64)

Often in practice, one desires to track all measured outputs with zero offset.
Choosing ng = p = r is thus a natural choice. Such a zero-offset property continues
to hold if only a subset of the measured outputs are to be tracked, i.e., ng =p > r.
Next we provide a very simple proof for offset-free control when ng = p.

Theorem 12.4  Consider the case ng = p. Assume that for r(t) — re ast — oo,
the MPC problem (12.61)-(12.62) is feasible for all t € N, unconstrained fort > j
with j € Ny and the closed-loop system (12.64) converges to Zoo, cioo, Ym,oos 1€,
Z(t) = Too, J(t) = do, Ym(t) = Ym,co st — 0o. Then z(t) = Hyp(t) — Too as
t — 00.

Proof: Consider the MPC problem (12.61)—(12.62). At steady state u(t) —

Uso = €0(Zoos dso, Too), Tt = Too and Uy — Ueo. Note that the steady state controller

input us (computed and implemented) might be different from the steady state
target input Ueo-

The asymptotic values oo, Too, Uso and U satisfy the observer conditions

(12.58) )
{ A-1 B ] [ Zz } _ { —B_ddcozczoo } (12.65)

Ym,oo

and the controller requirement (12.62)

A-T Bl[7e ] _ ~Byds
[ L OHGJ_[%_HCde. (12.66)
Define 6 = T — Too, 0U = Use — U and the offset € = 2z, — roo. Notice that the
steady state target values T, and ., are both functions of r, and d., as given
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by (12.66). Left multiplying the second row of (12.65) by H and subtracting (12.66)
from the result, we obtain

(A—1)ox+ Béu =0

HCéx = e. (12.67)

Next we prove that dz = 0 and thus ¢ = 0.

Consider the MPC problem (12.61)—(12.62) and the following change of
variables dxp = xp — Ty, dur = ug — 4. Notice that Hy, — r(t) = HCxy +
HCudy —r(t) = HCoxy, + HCZy + HCydy, — r(t) = HCdxy, from condition (12.62)
with cZ(t) = di. Similarly, one can show that dxgy1 = Adxy + Boug. Then, around
the origin where all constraints are inactive the MPC problem (12.61) becomes:

N—-1
Milgu,, . suy_, OTNPoxy + Y 0z Qbxk + Suj Rouy

k=0
subj. to 0xpy1 = Adxy + Boug, 0< k<N (12'68)
dzg = 0x(t),
dx(t) = &(t) — 4.

Denote by Kjpc the unconstrained MPC controller (12.68), i.e., duj =
Kpyrpedz(t). At steady state 0uf — oo — oo = 0u and 0x(t) = Foo — Too = 0.
Therefore, at steady state, du = Ky pcdz. From (12.67)

(A — I+ BKMpc)&U =0. (1269)

By assumption the unconstrained system with the MPC controller converges.
Thus K pc is a stabilizing control law, which implies that (A — I + BKype)
is nonsingular and hence dx = 0. ]

Remark 12.6 Theorem 12.4 was proven in [226] by using a different approach.

Remark 12.7 Theorem 12.4 can be extended to prove local Lyapunov stability of
the closed-loop system (12.64) under standard regularity assumptions on the state
update function f in (12.64) [204].

Remark 12.8 The proof of Theorem 12.4 assumes only that the models used for
the control design (12.1) and the observer design (12.50) are identical in steady state
in the sense that they give rise to the same relation z = z(u, d,r). It does not make
any assumptions about the behavior of the real plant (12.49), i.e., the model-plant
mismatch, with the exception that the closed-loop system (12.64) must converge to a
fixed point. The models used in the controller and the observer could even be different
as long as they satisfy the same steady state relation.

Remark 12.9 If condition (12.62) does not specify &+ and @ uniquely, it is customary
to determine Z; and u; through an optimization problem, for example, minimizing
the magnitude of 4; subject to the constraint (12.62) [226].
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Remark 12.10 Note that in order to achieve no offset we augmented the model of the
plant with as many disturbances (and integrators) as we have measurements (nq = p)
(cf. Equation (12.56)). Our design procedure requires the addition of p integrators
even if we wish to control only a subset of 7 < p measured variables. This is actually
not necessary as we suspect from basic system theory. The design procedure for the
case ng = r < p is, however, more involved [198].

If the squared 2-norm in the objective function of (12.61) is replaced with a 1-
or oo-norm (||P(zn —&¢)]|p —&—Zg:_ol 1Q(zk — Z4)||p + | R(ug — @) p, where p =1 or
p = 00), then our results continue to hold. In particular, Theorem 12.4 continues
to hold. The unconstrained MPC controlled K pc in (12.68) will be piecewise
linear around the origin [44]. In particular, around the origin, du*(t) = duf =
Kprpe(62(t)) is a continuous piecewise linear function of the state variation da:

Kypce(dz) = Fisx if H/6xr < K7, j=1,...,N", (12.70)

where H7 and K’ in equation (12.70) are the matrices describing the j-th
polyhedron CR/ = {§z € R* : H’§z < K7} inside which the feedback optimal
control law du*(t) has the linear form F7dz(k). The polyhedra CR/, j=1,...,N"
are a partition of the set of feasible states of problem (12.61) and they all contain
the origin.

Explicit Controller

Examining (12.61), (12.62) we note that the control law depends on %(t), d(t) and
r(t). Thus in order to achieve offset free tracking of r outputs out of p measurements
we had to add the p + r “parameters” d(t) and 7(t) to the usual parameters Z(t).

There are more involved RHC design techniques to obtain offset-free control
for models with ny < p and in particular, with minimum order disturbance models
ng = r. The total size of the parameter vector can thus be reduced to n + 2r.
This is significant only if a small subset of the plant outputs are to be controlled.
A greater reduction of parameters can be achieved by the following method. By
Corollary 12.3, we are allowed to choose By = 0 in the disturbance model if the
plant has no integrators. Recall the target conditions 12.62 with By = 0

{ AH_CI g ] [ gi } - [ r(t) —Ingd(t) : (12.71)

Clearly, any solution to (12.71) can be parameterized by r(t)—HCyd(t). The explicit
control law is written as u(t) = co(&(t), r(t) — HCyd(t)), with only n+r parameters.
Since the observer is unconstrained, complexity is much less of an issue. Hence, a
full disturbance model with ngy = p can be chosen to yield offset-free control.

Remark 12.11 The choice of By = 0 might be limiting in practice. In [14], the
authors have shown that for a wide range of systems, if B4 = 0 and a Kalman filter is
chosen as observer, then the closed-loop system might suffer a dramatic performance
deterioration.
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Delta Input (du) Formulation

In the du formulation, the MPC scheme uses the following linear time-invariant
system model of (12.49):

x(t+1) = Ax(t) + Bu(t)
u(t) =u(t — 1) + du(t) (12.72)
y(t) = Cx(t).

System (12.72) is controllable if (A, B) is controllable. The du formulation often
arises naturally in practice when the actuator is subject to uncertainty, e.g., the
exact gain is unknown or is subject to drift. In these cases, it can be advantageous
to consider changes in the control value as input to the plant. The absolute control
value is estimated by the observer, which is expressed as follows

[ ig:g } B [ 61 1 ] [ 58 } * [ i ]MtH [ fu ] (—ym(t) + Ci(t)).
The MPC problem is readily modified (12.73)

mingu,, _sux_, Yk = rellg + [16urll%

subj. to Tpr1 = Az + Bug, k>0
rzpeX, uy €U, k=0,...,N—1
TN € Xf
U = Ug—1 + oug, k>0
Uu—1 = ﬂ(t)

(12.74)

The control input applied to the system is
u(t) = dufy +u(t —1). (12.75)

The input estimate 4(t) is not necessarily equal to the actual input w(¢). This
scheme inherently achieves offset-free control, there is no need to add a disturbance
model. To see this, we first note that duj = 0 in steady-state. Hence our analysis
applies as the du formulation is equivalent to a disturbance model in steady-state.
This is due to the fact that any plant/model mismatch is lumped into 4(t). Indeed
this approach is equivalent to an input disturbance model (By = B, Cq = 0). If
in (12.74) the measured u(t) were substituted for its estimate, i.e., u_1 = u(t — 1),
then the algorithm would show offset.

In this formulation the computation of a target input u; and state Z; is not
required. A disadvantage of the formulation is that it is not applicable when there
is an excess of manipulated variables u compared to measured variables y, since
detectability of the augmented system (12.72) is then lost.

Minimum-Time Controller

In minimum-time control, the cost function minimizes the predicted number of
steps necessary to reach a target region, usually the invariant set associated
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12.8

with the unconstrained LQR controller [167]. This scheme can reduce the on-line
computation time significantly, especially for explicit controllers (Section 11.5).
While minimum-time MPC is computed and implemented differently from standard
MPC controllers, there is no difference between the two control schemes at steady-
state. In particular, one can choose the target region to be the unconstrained region
of (12.61)—(12.62). When the state and disturbance estimates and reference are
within this region, the control law is switched to (12.61)—(12.62). The analysis and
methods presented in this section therefore apply directly.

Literature Review

Although the basic idea of receding horizon control can be found in the theoretical
work of Propoi [239] in 1963 it did not gain much attention until the mid-
1970s, when Richalet and coauthors [248, 249] introduced their “Model Predictive
Heuristic Control (MPHC)”. Independently, in 1969 Charles Cutler proposed the
concept to his PhD advisor Dr. Huang at the University of Houston. In 1973 Cutler
implemented it successfully in the Shell Refinery in New Orleans, Louisiana [90].

Several years later Cutler and Ramaker [91] described this predictive control
algorithm named Dynamic Matrix Control (DMC) in the literature. It has been
hugely successful in the petro-chemical industry. A wvast variety of different
methodologies with different names followed, such as Quadratic Dynamic Matrix
Control (QDMC), Adaptive Predictive Control (APC), Generalized Predictive
Control (GPC), Sequential Open Loop Optimization (SOLO), and others.

While the mentioned algorithms are seemingly different, they all share the
same structural features: a model of the plant, the receding horizon idea, and
an optimization procedure to obtain the control action by optimizing the system’s
predicted evolution.

Some of the first industrial MPC algorithms like IDCOM [249] and DMC [91]
were developed for constrained MPC with quadratic performance indices. However,
in those algorithms input and output constraints were treated in an indirect ad-
hoc fashion. Only later, algorithms like QDMC [118] overcame this limitation
by employing quadratic programming to solve constrained MPC problems with
quadratic performance indices. During the same period, the use of linear program-
ming was studied by Gutman and coauthors [137, 138, 140].

An extensive theoretical effort was devoted to analyze receding horizon control
schemes, provide conditions for guaranteeing feasibility and closed-loop stability,
and highlight the relations between MPC and the linear quadratic regulator [204,
203]. Theorem 12.2 in this book is the main result on feasibility and stability of
MPC and was adopted from these publications.

The idea behind Theorem 12.2 dates back to Keerthi and Gilbert [168], the first
researchers to propose specific choices for the terminal cost P and the terminal
constraint Xy, namely Xy = 0 and P = 0. Under these assumptions Keerthi
and Gilbert prove the stability for general nonlinear performance functions and
nonlinear models. Their work has been followed by many other stability conditions
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for RHC including those in [168, 34, 35, 154, 84]. If properly analyzed all these
results are based on the same concepts as Theorem 12.2.

In the past fifty years, the richness of theoretical and computational issues
surrounding MPC has generated a large number of research studies that appeared in
conference proceedings, archival journals and research monographs. The preceding
paragraphs are not intended to summarize this vast literature. We refer the
interested reader to some books on Model Predictive Control [76, 197, 247] that
appeared in the last decade.

For complex constrained multivariable control problems, model predictive
control has long been the accepted standard in the process industries [240, 241]. The
results reported in this book have greatly reduced the on-line computational effort
and have opened up this methodology to other application areas where hardware
speed and costs are dominant — unlike in process control.
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Control
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This chapter explains the construction of approximate explicit control laws of
desired complexity that provide certificates of recursive feasibility and stability.
The methods introduced all have the following properties:

1. Operations are only on the problem data, and the methods do not require
the computation of the explicit control law.

2. Any convex parametric problem can be approximated, not just those for
which the explicit solution can be computed.

3. The desired level of suboptimality or the desired complexity (in terms of
online storage and/or FLOPS) can be specified.

We begin by assuming that a controller with the desired properties has already
been defined via one of the predictive control methods introduced in Chapter
12, but that solving the requisite optimization problem online, or evaluating the
explicit solution offline, is not possible due to computational limitations. The
chapter begins by listing the specific assumptions on this optimal control law,
which is to be approximated. Then, the key theorem is introduced, which provides
sufficient conditions under which an approximate control law will be stabilizing and
persistently feasible. Section 13.2 describes an abstract algorithm that will provide
these properties, and Section 13.3 reviews a number of specific implementations of
this algorithm that have been proposed in the literature.



278

13 Approximate Receding Horizon Control

13.1 Stability of Approximate Receding Horizon Control

Recall problem (12.6)

N

—

Ji(a(t) = ming,  Jo(2(t), Uo) = plan) + > aler,ui)
k=0
subj. to xpy1 = Az + Bug, k=0,...,N -1 (13.1)
rre€X, up €U, k=0,...,N—1
TN € Xf
xo = x(t).
The cost function is either
N-1
Jo(@(0),Uo) = [|Pznllp+ Y [Quklly + || Ruslly (13.2)
k=0
with p =1 or p = oo, or
N-1
Jo(x(0),Up) = ey Prn + > 4,Qay, + uj, Rug. (13.3)
k=0

Denote a suboptimal feasible solution of (13.1) by Uy = {tg,...,an—1}. The
corresponding suboptimal MPC law is

u(t) = fo(z(t)) = to(x(t)) (13.4)
and the closed-loop system
z(k+1) = Ax(k) + Bfo(x(k)) = fa(z(k)), k> 0. (13.5)

In the following we will prove that the stability of receding horizon control is
preserved when the suboptimal control law @ (x(¢)) is used as long as the level of
suboptimality is less than the stage cost, i.e.,

Jo(z,Uo(z)) < J&(x) + q(z,0).

This is stated more precisely in the following Theorem 13.1.

Theorem 13.1 Assume

(A0) The stage cost q(x,u) and terminal cost p(x) are continuous and positive
definite functions.

(A1) The sets X, X; and U contain the origin in their interior and are closed.
A2) Xy is control invariant, X C X.
( f s Xy

(43) (—p(@) + qlx,v) + p(Az + Bv)) <0, Va € Xy

min
veU, Ax+BveX;
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(A4) The suboptimal Uy(z) satisfies Jo(x,Uo(z)) < Ji(z)+~(x), Yo € Xy, v = 0.
(A5) ~(z) — q(x,0) <0, Vo € Xy, = #0.

Then, the origin of the closed-loop system (13.5) is asymptotically stable with
domain of attraction Xj.

Proof: The proof follows the proof of Theorem 12.2. We focus only on the
arguments for convergence, which are different for the suboptimal MPC controller.
We establish that the function Jg(-) in (13.1) strictly decreases for the closed-loop
system. Because the cost Jy, the system and the constraints are time invariant we
can study the properties of Jj between step K = 0 and step k +1 = 1.

Consider problem (13.1) at time t = 0. Let x(0) € Ay and let Uy =
{@g,...,iny_1} be a feasible suboptimal solution to problem (13.1) and xq =
{(0),21,...,xx} be the corresponding state trajectory. We denote by Jo(x(0))
the cost at 2(0) when the feasible Uy is applied, Jo(x(0)) = Jo(z(0), Up).

After the implementation of 4y we obtain z(1) = z; = Ax(0) + Btog.
Consider now problem (13.1) for ¢ = 1. We will construct an upper bound on
J¢(z(1)). Consider the sequence U, = {i,...,un_1,v} and the corresponding
state trajectory resulting from the initial state z(1), X; = {x1,..., 2N, Azy + Bv}.
Because xy € Xy and (A2) there exists a feasible v such that 11 = Azy +Bv €
Xy and with this v the sequence Ul = {ay,...,ay—1,v} is feasible. Because ﬁl is
not optimal Jy(z(1),U;) is an upper bound on Jg(x(1)).

Since the trajectories generated by Uy and U; overlap, except for the first and
last sampling intervals, it is immediate to show that

I (2(1)) < Jo(a(1), U1) = Jo((0)) — a(xo, @) — p(zw)

+ (¢(zn,v) + p(Azy + Bv)). (13.6)
Let = xo = 2(0) and u = 1. Under assumption (A3) Equation (13.6) becomes
Ji(Az + Bu) < Jo(x) — q(z,u), Y € Xp. (13.7)

Under assumption (A4) Equation (13.7) becomes
Ji (Az + Bu) — Ji(x) < v(z) — g(z,u) < ~v(z) — q(z,0), Yo € Xp. (13.8)

Equation (13.8), the hypothesis (A0) on the matrices @ and R and the hypothesis
(Ab) ensure that J§(z) strictly decreases along the state trajectories of the closed-
loop system (13.5) for any « € Xy, = # 0. ]

Theorem 13.1 has introduced sufficient conditions for stability for the approxi-
mate solution Uo(x) based on its level of suboptimality specified by the assumptions
(A4) and (A5). In the following section we describe how these conditions can be
met by sampling the optimal control law for different values of x and then using a
technique called barycentric interpolation.

To simplify the discussion we will adopt the notation for the general multipara-
metric programming problem from Chapter 5. We consider the multiparametric
program

J*(z) = irzlf J(z, )

13.9
subj. to (z,z) €C, (13.9)
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where
C={zz: g(z,2) <0}, (13.10)

z € Z C R® is the optimization vector, x € X C R" is the parameter vector,
J : R® x R®™ — R is the cost function and g : R® x R™ — R™s are the constraints.
We assume throughout this chapter that the set C' is convex, and that the function
J(z,2) is simultaneously convex in z and z. Note that this implies that the
optimization problem (13.9) is convex for each fixed value of the parameter x.
For a particular value of the parameter z, we denote the set of feasible points as

R(z)={z€Z: g(z,z) <0}, (13.11)
and define the feasible set as the set of parameters for which (13.9) has a solution
K*={z € X: R(x)#0}, (13.12)

We denote by J*(z) the real-valued function that expresses the dependence of the
minimum value of the objective function over K* on x

J*(z) = ilgf{J(z,x) : z2€ R(x)}, (13.13)

and by Z*(x) the point-to-set map which assigns the (possibly empty) set of
optimizers z* € 2€ to a parameter z € X

Z*(x)={z€ R(z): J(z,z)=J"(x)}. (13.14)
We make the following assumptions:
Convexity The function J*(x) is continuous and convex.

Uniqueness The set of optimizers Z*(x) is a singleton for each value of the
parameter. The function z*(z) = Z*(x) will be called optimizer function.

Continuity The function z*(z) is continuous.

Note that the solutions J*(z), Z*(x) and z*(z) of problem (13.1) satisfy these
conditions. We emphasize, however, that the approximate methods introduced in
the following are applicable also to more general MPC problems as long as these
conditions of convexity, uniqueness and continuity are met.

For the approximation methods introduced below convexity of the function
~(z) > 0 (Theorem 13.1, assumptions (A4)-(A5)) bounding the level of subopti-
mality is necessary. It is not required, however, for the closed-loop stability with
the approximate control law.

Barycentric Interpolation

Schemes have been proposed in the literature that compute an approximate solution
to various problems of the form (13.9) based on interpolating the optimizer z*(v;)
at a number of samples of the parameter V' = {v;} C K*. The goal of interpolated
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control is to define a function Z(x) over the convex hull of the sampled points
conv(V'), which has the required properties laid out in Theorem 13.1.

Section 13.2.1 will introduce the notion of barycentric interpolation, and will
demonstrate that such an approach will lead to an approximate function Z(x),
which is feasible

Z(z) € R(x),Vz € conv(V). (13.15)

Then Section 13.2.2 introduces a convex optimization problem, whose optimal
value, if positive, verifies a specified level of suboptimality

J(Z(z),z) < J*(z) + v(x), Vo € conv(V). (13.16)

By Theorem 13.1 the stability of the resulting suboptimal interpolated control law
follows.

Feasibility

The class of interpolating functions Z(z) satisfying (13.15) is called the class of
barycentric functions.

Definition 13.1 (Barycentric function) Let V = conv(vy,...,v,) C R"™ be a
polytope. The set of functions w,(x), v € extreme(V) is called barycentric if three
conditions hold for all x € V

wy(z) > 0 positivity (13.17a)

Z wy(x) = 1 partition of unity (13.17b)
vEextreme(V)

Z vw,(z) = x linear precision (13.17¢)

v€Eextreme(V)

Many methods have been proposed in the literature to generate barycentric
functions, several of which are detailed in Section 13.3, when we introduce
constructive methods for generating approximate controllers. Figure 13.1 illustrates
several standard methods of barycentric interpolation.

Given a set of samples V, and a set of barycentric interpolating functions
{wy(x)}, we can now define an interpolated approximation Z(z):

)= > Fw(z) (13.18)

vEextreme(V)

The key statement that can be made about functions defined via barycentric
interpolation is that the function values lie within the convex hull of the function
values at the sample points. This property is illustrated in Figure 13.2, and formally
defined in the following lemma.

Lemma 13.1 (Convex Hull Property of Barycentric Interpolation) If
V ={vo,...,vom} CK*, 2*(v;) is the optimizer of (15.9) for the parameter v;, and
{wy ()} is a set of barycentric interpolating functions, then
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(b) Wavelet interpolation.

(a) Linear interpolation.

interpolation

Barycentric

(c)

defined in Lemma 13.5.

Figure 13.1 Examples of different barycentric interpolations.

Figure 13.2 Tllustration of the Convex-Hull Property of Barycentric Inter-

polation. The first image (a)

shows a number of samples of a function,

the convex hull of these sample points and (c) a barycentric interpolation

that lies within this convex hull.

)

b

(
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Z(x) = Z 2" (v)wy(z) € R(x) for all z € conv(V).
veV

Proof: The statement holds if for each « € conv(V') there exists a set of positive
multipliers Ag, ..., Ay, such that

(st) - i (o)

and > A; = 1. The properties of barycentric functions (13.17) clearly satisfy
this requirement. |

Suboptimality

Next we investigate the level of suboptimality obtained for a barycentric inter-
polation. First we demonstrate that the value of the function J(z,z) for the
approximate solution Z(z) is upper-bounded by the barycentric interpolation of its
optimal value taken at the sample points. Then we introduce a convex optimization
problem, whose solution upper-bounds the approximation error.

Lemma 13.2 If Z(x) is a barycentric interpolation as defined in (13.18), then
the following condition holds:

J(x) < J(Z(z),x) < Z wy (x)J* (v) for all x € conv(V).
veV

Proof: The lower bound follows from the fact that Z(z) is feasible for the
optimization problem for all € V' (Lemma 13.1).
The upper bound follows from convexity of the function J (z, ). Consider a
fixed value of the parameter z € conv(V):

J(E(x),x) =J <Z wy(2)2* (v), Y wv(x)v>

veV veV
<Y wy(@)J (2% (v),v)
veV
=Y wy(z)J*(v).
veV

The inequality in the above sequence follows because for a fixed value of the
parameter x, the barycentric interpolating functions {w,} are all positive, and
sum to one. ]

The previous lemma demonstrates that due to the convexity of the value
function J (z,z), the interpolation of the optimal value function at the sample
points provides an upper bound of the value function evaluated at the interpolated
approximation Z(z) (Figure 13.3). We can use this fact to formulate a convex
optimization problem, whose solution will provide a certificate for (13.16).
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\J*(Ul)

J*(x)

vy Vg

Figure 13.3 Tllustration of the relationship between the optimal value
function J*(x), the value function evaluated for the sub-optimal function
Z(x) and the convex hull of the optimal value at the sample points.

Theorem 13.2 If §y > 0, then J (Z(x),z) < J*(z) + v(z) for all x € conv(V),
where

Sy = Juin J(z,x) +vy(z) — Z Ay ¥ (0) (13.19)
veV
s.t.x = Z)\U’U, Ay >0, Z)\vzl
veV veV
(z,2) e C

Proof: We see that the suboptimality bound is met within the convex hull of
V' if and only if the following value is nonnegative:

min J*(z) +v(x) — J (2(2), ) (13.20)
Av,zE€conv (V)

Lemma 13.2 provides a lower-bound

13.20) > min J*(z) +y(z) — wy () J* (v
1320) 2 _min (@) +2(6) = T walehs ()

and we obtain a further relaxation / lower bound by optimizing over all possible
barycentric functions

(1320) > min  J*(z) +v(z) = Y A" (v)

z€conv(V) et
s.t. x:Z)\vv, Ay >0, Z/\”Zl'
veV veV

Recalling that J*(x) = min, J(z,z) s.t. (z,z) € C provides the desired result. B

In this section we have demonstrated that if the approximate solution Z(z)
is generated via barycentric interpolation, it will satisfy (13.15) and that the
condition for suboptimality (13.16) can be verified by solving a convex optimization
problem. In the next section, we will introduce several constructive techniques to
incrementally build approximate barycentric interpolating functions.
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Constructive Algorithm

In this section, we introduce a simple high-level algorithm to incrementally
construct a barycentric function that satisfies conditions (13.15)—(13.16) and
therefore can be used in Theorem 13.1 to generate a stabilizing control law. The
idea is simple: begin with a set of sample points and solve the optimization problem
in Theorem 13.2 to test if the stability condition is met. If it is not, then sample an
additional set of points, subdivide the resulting region into subregions and repeat
the procedure for each such generated region. In the following we formalize this
idea, and demonstrate that this procedure will terminate.

Algorithm 13.1  Approzimate Parametric Programming with Stability Guarantee

Input: Parametric Optimization Problem (13.9). Initial set of samples V/
Output: Sample points V' C K* and set of subsets R = {Rj, j=1,...}, R, CV
such that {conv(R;), j = 1,...} forms a partition of conv(V') and dr; > 0 for all j
Let R+ V
Repeat
R” < argming c Or; (from problem (13.19))
If g~ < 0 Then
V + VU {zg~}, where zg~ is the optimizer of (13.19) for region R*
R « partition(V, R)
Until g+ >0
Return R

Algorithm 13.1 outlines at a high level a method for constructing a polytopic
partition (Definition 4.6) of a set of initial samples, where each polytope in the
partition satisfies the suboptimality condition of Theorem 13.1, and therefore
any barycentrically interpolated control law defined over the partition will be
stabilizing. One can see that in each iteration of the algorithm, the region R* with
the worst fit measured in terms of g+ is computed, and the parameter x - at which
this maximum error occurs is added to the samples. The sample points V' are then
updated to include this new point, and the set R is recomputed. This set R defines
a partition splitting conv(V') into a set of polytopes {conv(R;), j =1,...}. Once
this key function “partition” is defined, this algorithm can be directly implemented.

Several methods have been proposed in the literature that roughly follow the
scheme of Algorithm 13.1 [37, 159, 3, 156]. Many of these approaches differ in
the details by adding caching steps to minimize computation of §r, add multiple
points at a time, or take an incremental repartitioning approach. All of these
procedures can significantly improve the computation speed of the algorithm, and
should therefore be incorporated into any practical approach.

Partitioning and Interpolation Methods

This section outlines three approaches to partitioning the set of samples and the
associated barycentric interpolation methods. While many proposals have been
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put forward in the literature, we focus here on three techniques: inner polytopic
approximation (triangulation), outer polytopic approximation (convex hull) and
second-order interpolants (hierarchical grids). For each partitioning approach, we
present an appropriate barycentric interpolation method.

Triangulation

The simplest approach to generate a barycentric function is to first triangulate
the sampled points V', and then define a piece-wise affine control law over the
triangulation. The resulting interpolation of the optimal value function at the
sampled points will result in a convex piecewise affine inner approximation of
the optimal value function, and the approximate control law will be a piecewise
affine function.

Definition 13.2 (Triangulation) A triangulation of a finite set of points V. C
R™ is a finite collection Ty = {Ry,...,Rr} such that

e R; = conv(V;) is an n—dimensional simplex for some V; CV
o conv(V)=UR; and int R, Nint R; = 0 for all i # j

o Ifi £ j then there is a common (possibly empty) face F' of the boundaries of
Si and S; such that S; N S; = F.

There are various triangulations possible; for example, the recursive trian-
gulation developed in [232, 37] has the strong property of generating a simple
hierarchy that can significantly speed online evaluation of the resulting control
law. The Delaunay triangulation [109], which has the nice property of minimizing
the number of skinny triangles, or those with small angles is a common choice for
which incremental update algorithms are well-studied and readily available (i.e.,
computation of Ty} given Ty). A particularly suitable Delaunay triangulation
can be defined by using the optimal cost function as a weighting term, which causes
the resulting triangulation to closely match the optimal partition [159].

Given a discrete set of states V', we can now define an interpolated control law
Z(x;Ty) : R™ — R™.

Definition 13.3 IfV C X C R" is a finite set and T = {conv(V7), ..., conv(VL)}
is a triangulation of V', then the interpolated function Z(x;T') : conv(V) — R™ is

Hx;T) = ) 2" (W), if & € conv(V;) (13.21)
veV;

where A, >0, > A\, =1 and x = Evevj VAy.

For each simplical region conv(V;) in the triangulation, the set of multipliers A
is unique and can be found by solving the system of linear equations

-1
_Ul Un+1 €T
=l 0)

where v; € V.
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The function Z(z;T) is piecewise affine, and given by:

2(v1) 1’

-1
Z2(x;T) = [011 U"f'l} (f) if xeV; =conv({vi,...,vn41}).

Z*(Unt1)

The simplical nature of each region immediately demonstrates that the
interpolation 13.21 is barycentric.

Outer Polyhedral Approximation

The previous section introduced an approach that generates an inner polytopic
approximation of the optimal value function, which results in a triangulation of the
state space. This section introduces an outer polytopic approximation method that
will result in a general polytopic partition of the space, which is often significantly
less conservative than a triangulation, i.e., for the same number of samples it
provides a tighter approximation of the value function.

Implicit Double Description Algorithm: Computing an Outer
Polyhedral Approximation of a Convex Set

We begin by introducing an algorithm, called the implicit double description
method [162], which computes an outer polyhedral approximation in an incremental
fashion that is greedy-optimal in terms of the Hausdorff metric defined below.

The epigraph of the optimal value function plus the specified desired approxi-
mation error is defined as:

epi J*" = {(z,J) : J=>J"(z)+~(z)}.

The epigraph of a convex function is a convex set. Our goal is to compute a
polyhedron P which is an inner approximation of the epigraph of the optimal

Figure 13.4 Polyhedron P constructed to be an outer approximation of
epi J*7 and an inner approximation of epiJ™.
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value function and an outer approximation of the optimal value function plus the
specified desired approximation error (Figure 13.4):

epiJ* D P DepiJ™7.

Once such an approximation is in hand, we will then use it to compute a polytopic
partition of K* over which the approximate control law will be defined.

The quality of approximation is measured in terms of the Hausdorff distance,
which measures the distance between two sets X and Y as:

dg(X,Y) = max {supzeX infyey ||z — yl|2, sup, ey infrex ||z — y||2} .

Our goal is to compute the Hausdorff distance between our polytopic approxi-
mation, and epiJ*7 by solving a convex optimization problem. We first recall the
definition of the projection of a point v onto a convex set S

projg v = arg min,eg |lv —z||3

The following lemma states that we can compute the projection of a point
onto the epigraph of the optimal value function by solving a convex optimization
problem.

Lemma 13.3  The projection of (v, J,,) onto the epigraph epi J*7 is the optimizer
of the following problem, (x*, J*):

min ||z = o[l3 + |17 (z,2) + v(z) = Jul3

s.t. (x,2) € C.

We can now use the fact that the maximizer of a convex function over a convex
set will always occur at an extreme point of the set to write the Hausdorff distance
as the maximum of the projection of the vertices of the polyhedron P onto the
epigraph, which can be done by testing a finite number of points, since a polyhedron
has a finite number of vertices.

Lemma 13.4 If P is a polyhedron, and P D epiJ*" is a convex set, then the
Hausdorff distance is:

dp (P, epi J*7) = maz(y, 1, e catreme(p) |27 (0) = v]3 +[|7*(v) +7(z) — Jol3
where (x*(v), J*(v)) is the projection of (v, J,) onto the epigraph.

Algorithm 13.2 below will generate a sequence of outer polyhedral approxima-
tions of the epigraph that are monotonically decreasing in terms of the Hausdorff
distance. In each iteration of the algorithm, the Hausdorff distance is computed,
and the extreme point v of P at which the worst-case error occurs is removed from
P by adding a seperating hyperplane between the point v and the epigraph. The
addition of a seperating hyperplane ensures that the updated polyhedron remains
an outer approximation, and since the worst-case point is removed from the set,
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7

V)

Figure 13.5 Example of one iteration of the implicit double-description
algorithm. Square: Point vmax at which the worst-case error occurs. Circle:
Point z* (vmax); Projection of umax onto the set. Line: Separating hyperplane.

T*(x)+ J* (@) +(x)
. @+,
J* () J* ()
L
/
/
\ )/
\ /
N /
N /
.
(a) Iteration 1. (b) Iteration 2.
P T* (&) +()
J* ()

(c) Last iteration.

Figure 13.6 Several steps of the Double Description algorithm with the
termination criterion extreme(P) C epiJ*(x) satisfied in the last step.

we have that the approximation error is monotonically decreasing in the Hausdorff
distance. The algorithm terminates when all of the vertices of P are contained
in the epigraph of J*. Figure 13.5 illustrates the process of a single cycle of the
implicit double description algorithm. Figure 13.6 shows a progression of steps until

the termination criterion extreme(P) C epiJ*(x) is satisfied.
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Algorithm 13.2  Approximate Parametric Programming with Stability Guarantee

Input: Parametric Optimization Problem (13.9). Initial polyhedron P D epiJ*"”
Output: Polyhedron P such that epi J*? C P C epiJ”*
Repeat
ForEach v € extreme(P)
z*(v) = minzeepi s+ [lv — 2|3
O = ATEMAX, Corsrome() 10 — 2" (V)]
P+ Pn{z : [2"(Vmax) — V] (2 = 2% (Vmax)) < 0}
Until extreme(P) C epiJ*(z)

Approximate Control Law from Polyhedral Approximation

Once an outer approximation P of the epigraph has been computed, then an
approximate control law can be defined as follows. For each facet F of P define the
polytope Rp as the projection of the facet F' onto the state space

Rp={x : 3J, (x,J) € F}.

The set of all such polytopes, {Rr}, forms a partition of the feasible set of the
controller and we define our approximate control law over this set:

Z(z) = Z w*(V)wy p(z), if v € Rp (13.22)

vEextreme(R )

where w,_p(x) is a barycentric set of functions for the polytope Rp. A method to
construct such a function will be described in the next sub-section.

The following theorem demonstrates that this approximate Z(z) satisfies
condition (13.16).

Theorem 13.3 Let Z(x) be defined as in (13.22) for a polyhedral approzimation
P that satisfies the condition extreme(P) C epiJ*(x), then condition (13.16) is
satisfied.

Proof:
J*(z) < J(Z(x),x) Feasibility of barycentric interpolation
from Lemma 13.1
< Z J*(v)wy p(z), if vE€ Rp Convexity of J*
vEextreme(RF)

< Z Joywy p(z), if vE€ Rp P CepiJ*

(v,Jy)Eextreme(F)
< min J (v, Jy,) are all on a hyperplane

(z,J)eP

< J*(2) + () P DepiJ*?
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Barycentric Functions for Polytopes

Our goal is now to define an easily computable barycentric function for each
polytope Rp. If the polytope Rp is a simplex, then the barycentric function is
unique, linear and trivially computed and so we focus on the nonsimplical case.
In [285] a very elegant method of computing a barycentric function for arbitrary
polytopes was proposed that can be put to use here.

Lemma 13.5 (Barycentric coordinates for polytopes [285]) Let S =
conv(V) C R? be a polytope and for each simple verter v of S, let b,(x) be
the function

Ay

by ()

B v — xHQ

where a, s the area of the polytope {y : [V —1z'ly <0, (v—x)'y = 1}; i.e., the
area of the facet of the polar dual of S —{x} corresponding to the vertex v—x. The
function w,(x) = by(x)/°, by(x) is barycentric over the polytope S.

The areas of the facets of the polar duals «, can be precomputed offline and
stored. If there are d 4+ 1 facets incident with the vertex v (i.e., v is simplical),
then the area of the polar facet is det ([ag - - - ag+1]), where {ag,...,aq41} are the
normals of the incident facets. If the vertex is not simplical, then the area can
be easily computed by perturbing the incident facets [285]. Such computation is
straightforward because both the vertices and halfspaces of each region are available
due to the double-description representation.

Second-Order Interpolants

This section summarizes the hierarchical grid-based approach proposed in [270].
The main idea is to partition the space into a grid, which is then extremely fast
to evaluate online. We first introduce an interpolation method based on second-
order interpolants and demonstrate that it is barycentric. We then discuss a sparse
hierarchical gridding structure, which allows for extremely sparse storage of the
data and rapid evaluation of the function.

Our goal is to define a set of basis functions, one for each sampled vertex of
the grid, whose sum is barycentric within each hypercube of the grid. We begin
by defining the one-dimensional scaling function (hat function), with support on
[-1,1] as:

o) = {1 —|z| ifze[-1,1]

0 otherwise.

For a particular grid point v, with grid width of w, we can extend the hat function
by scaling and shifting:

Guw(x) = 6 (5” - ”) .
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Figure 13.7 Plot of the second order interpolant in 2D centered at zero, with
a width of one.

We extend the function to d-dimensions by simply taking the product:

d
¢v7w (33) = H ¢U'i7w(xi)?
i=1

where v; and z; are the i*" components of the vectors v and z respectively.

The resulting basis function ¢g 1(z) is illustrated in two dimensions in Figure
13.7.

We now define our interpolated approximation as:

2(1‘) = Z Z*(U)va,U)(w)
veG
where w is the width of the grid, and G is the set of grid vertices.
Lemma 13.6  [270] Let R be the hypercube defined by

R= % Bo ®1) & v
where Boo = {2 ||z]|oo < 1} is the unit infinity-norm ball. The set of functions

{pv,w(x)} is barycentric within the set R.

Lemma 13.6 states that each hypercube in the grid is in fact barycentric. In
order to apply Algorithm 13.1 we need a method of repartitioning the current
sample points. We do this via a hierarchical approach, in which each hypercube
of the grid is tested for compliance with condition (13.16) and, if it fails, is sub-
divided into 2% more hypercubes. The result is a hierarchical grid, that is very easy
to evaluate online.

What has been discussed so far is termed a “nodal” representation of the
approximate function. It is also possible to define what is termed a “hierarchical
multi-scale” representation, which, at each level of the regridding procedure,
approximates only the residual, rather than the original function. This approach
generally results in an extremely sparse representation of the data, and significantly
ameliorates the downsides of sampling on a grid. See [270] for more details.
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Figure 13.8 Example 13.1. Optimal cost J*(z) and approximation stability
bound J*(x) + v(z) above it.
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(a) Sub-optimal solution with 15 (b) Sub-optimal solution with 25
vertices. Error: y = —17.8. vertices. Error: §y = —4.51.

Figure 13.9 Example 13.1. Error function —dy (top). Points marked are
the vertices with worst-case fit. Partition (triangulation) of the sampled
points (middle). Upper-bound on approximate value function (convex hull
of sample points) (bottom).
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(a) Sub-optimal solution with 35 ver- (b) Sub-optimal solution with 45 ver-

tices. Error: §y = —1.26. tices. Error: oy = —0.82

Figure 13.10 Example 13.1. Error function —dy (top). Points marked are
the vertices with worst-case fit. Partition (triangulation) of the sampled
points (middle). Upper-bound on approximate value function (convex hull
of sample points) (bottom).

Example 13.1 We demonstrate and compare the three approximation algorithms
introduced in this chapter on a simple example. The result of this comparison
should not be generalized to other problems, since the performance of any given
approximation method will depend strongly on the problem being considered.

Consider the following system:

w(k+1) = [(1) ﬂ (k) + {0.5} u(k)


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/triangulation_example.m
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(a) Sub-optimal solution with 55 (b) Sub-optimal solution with 61
vertices. Error: 0y = —0.23. vertices. Error: dy = 0, system
stable.

Figure 13.11 Example 13.1. Error function —dv (top). Points marked are
the vertices with worst-case fit. Partition (triangulation) of the sampled
points (middle). Upper-bound on approximate value function (convex hull
of sample points) (bottom).

with state and input constraints:

zeX ={z] |l <5} uel ={u| |ule <1}

We approximate the control law resulting for a standard quadratic-cost MPC problem

with a horizon of 10 and weighting matrices taken to be

Q:Fﬁ %,R:L


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/triangulation_example.m
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(a) Approximated control law (b) Approximation error @(xz)—u*(z).
Figure 13.12 Example 13.1. Approximate control law using triangulation.
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(a) Sub-optimal solution with 5 (b) Sub-optimal solution with 13
facets. Error: 6y, = —18.35. facets. Error: dy = —5.62.

Figure 13.13 Example 13.1. Error function —dy (top). Points marked are
the vertices with worst-case fit. Partition (polyhedral approximation) of
the sampled points (middle). Upper-bound on approximate value function
(convex hull of sample points) (bottom).
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0

T2 -5 -5 q
(a) Sub-optimal solution with 21 (b) Example 13.1. Sub-optimal solu-
facets. Error: 0y = —0.77. tion with 31 facets. Error: éy = 0,

system stable.

Figure 13.14 Example 13.1. Error function —dv (top). Points marked are
the vertices with worst-case fit. Partition (polyhedral approximation) of
the sampled points (middle). Upper-bound on approximate value function
(convex hull of sample points) (bottom).

The MPC problem formulation includes a terminal set and terminal weight, which
are computed as discussed in Chapter 12 as the maximum invariant set for the system
when controlled with the optimal LQR control law.

The optimal value function J* for this problem can be seen in Figure 13.8, along with
the approximation target J*(z) + v(z) for v(z) = 2’ Q=.

Figures 13.9-13.11 shows the evolution of the approximation algorithm using a
triangulation approach, and Figure 13.12 shows the resulting approximate control law


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/wavelet_example.m
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Figure 13.15 Example 13.1. Partition generated by the second-order inter-
polant method.

(a) Approximated control law (b) Approximation error @(z) —

Figure 13.16 Example 13.1. Approximate control law using second-order
interpolants.

Figure 13.17 Example 13.1. Approximate value function J(z) using second-
order interpolants.

and the approximation error. The approximation error seems quite large but this is all
what is needed when the only objective is to retain stability rather than performance.
Figures 13.13-13.14 show the same evolution, but for the double description/outer
approximation approach. One can see that far fewer sample points are required to
reach a stability certificate.


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/wavelet_example.m
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Table 13.1 Example 13.1. Comparison of the approximation methods
introduced in Section 13.3. The indicated Online FLOPS for triangulation
are based on linear search.

Data Online  Approx error ||d(z) — u*(x)]|

numbers FLOPS (avg) (max)
Triangulation 120 1,227 3.3% 24.6%
Polyhedral approx 720 752 2.5% 22.6%
Second-order 187 26 1.1% 8.3%

interpolants

The example has also been approximated using the second-order interpolant method
until the stability certification was achieved. Figure 13.15 shows the resulting nodal
partition of the state space. Note that since it would take an infinite number of
hypercubes to approximate a nonorthogonal polytope, a soft-constrained version of
the problem is taken in the domain outside the feasible set (although the stability
certificate is valid only within the feasible set). One can see the approximate control
law, the resulting error and the resulting approximated value function in Figures
13.16 and 13.17, respectively.

Table 13.1 shows the required online data storage and computation time for the
various methods introduced in this chapter for the studied example, as well as the
average and worst-case approximation errors (based on samples). One can see that
for this small example, the second-order interpolants are clearly the best solution.
However, this should not be taken as a clear indicator, or a recommendation for
the method beyond the others, since this would require a thorough computational
comparison of the various methods (or their variants in the literature) on a wide
range of practical problems.



http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/wavelet_example.m
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On-Line Control Computation

In previous chapters we have shown how to compute the solution to constrained
finite time optimal control problems. Two approaches can be used. The first
approach consists of solving a mathematical program for a given initial state. The
second approach employs multiparametric programming to compute the solution
as an explicit piecewise affine function of the initial state. This implies that for
constrained linear systems, a Receding Horizon Control (RHC) policy requires
either the on-line solution of a quadratic or linear program, or the evaluation of a
piecewise affine on polyhedra function.

In this chapter we focus on efficient on-line methods for the computation of RHC
control laws. The main drawback of explicit optimal control laws is that the number
of polyhedral regions can grow exponentially with the number of constraints in the
optimal control problem. Section 14.1 presents efficient on-line methods for the
evaluation of explicit piecewise affine control laws.

If the on-line solution of a quadratic or linear program is preferred, Sections
14.2 and 14.3 briefly discuss how to improve the efficiency of a mathematical
programming solver by exploiting the structure of the RHC control problem.

Storage and On-Line Evaluation of the
PWA Control Law

In Chapter 11 we have shown how to compute the solution to the constrained finite
time optimal control (CFTOC) problem as an explicit piecewise affine function of
the initial state. Such a function is computed off-line by using a multiparametric
program solver, which divides the state space into polyhedral regions, and for each
region determines the linear gain and offset which produces the optimal control
action.

This method reveals its effectiveness when applied to Receding Horizon Control
(RHC). Having a precomputed solution as an explicit piecewise affine on polyhedra
(PPWA) function of the state vector reduces the on-line computation of the RHC
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control law to a function evaluation, therefore avoiding the on-line solution of a
quadratic or linear program.

The main drawback of such an explicit optimal control law is that the number
of polyhedral regions can grow dramatically with the number of constraints in the
optimal control problem. In this chapter we focus on efficient on-line methods for
the evaluation of such a piecewise affine control law.

The simplest way to implement the piecewise affine feedback laws is to store
the polyhedral cells {H'z < K'}, perform on-line a search through them to
locate the one which contains z(¢) and then look up the corresponding feedback
gain (F%,¢°) (note that this procedure can be easily parallelized). This chapter
presents implementation techniques which avoid the storage and the evaluation
of the polyhedra and can significantly reduce the on-line storage demands and
computational complexity of RHC. They exploit the properties of the value function
and the piecewise affine optimal control law of the constrained finite time optimal
control problem.

Let the explicit optimal control law be:

u*(x)=F'z+g', YeeP;, i=1,...,N", (14.1)

where F' € R™*" gi ¢ R™ and P; = {z € R": H'z < K', H' ¢ RNexn,
Kt ¢ RNi}, i = 1,...,N" is a polyhedral partition of X. In the following HJZ
denotes the j-th row of the matrix H*, K; denotes the j-th element of the vector
K" and N/ is the number of constraints defining the é-th polyhedron P;. The
on-line implementation of the control law (14.1) is simply executed according to
the following steps:

Algorithm 14.1

Input: State z(t) at time instant ¢

Output: Receding horizon control input u(z(t))
Search for the j-th polyhedron that contains x(t), (H z(t) < K7)
u(t) « Fla(t) + ¢°
Return u(t), the j-th control law evaluated at z(t)

In Algorithm 14.1, step (2) is critical and it is the only step whose efficiency can
be improved. A simple implementation of step (2) would require searching for the
polyhedral region that contains the state z(t) as in the following algorithm.

Algorithm 14.2
Input: State x(t) at time instant ¢ and polyhedral partition {Pz}fvzrl of the control

law (14.1)
Output: Index j of the polyhedron P; in the control law (14.1) containing x(t)

i < 1, notfound+ 1
‘While : < N" and notfound
j < 0, stillfeasible<— 1
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While j < N¢ and stillfeasible=1
If Hjz(t) > K} Then stillfeasible+ 0

Else j«+—j+1
End
If stillfeasible=1 Then notfound«+ 0 Else ¢ +— i+ 1
End
Return j

Algorithm 14.2 requires the storage of all polyhedra P;, i.e., (n + 1)N¢ real
numbers (n numbers for each row of the matrix H' plus one number for the
corresponding element in the matrix K%), No = fol N, and in the worst case
(the state is contained in the last region of the list) it will give a solution after nN¢
multiplications, (n — 1)N¢ sums and N¢ comparisons.

In this section, by using the properties of the value function, we show how
Algorithm 14.2 can be replaced by more efficient algorithms that avoid storing the
polyhedral regions P;, © = 1,..., N", therefore reducing significantly the storage
demand and the computational complexity.

In the following we will distinguish between optimal control based on LP and
optimal control based on QP.

Efficient Implementation, 1-Norm, co-Norm Case

From Corollary 11.5, the value function J*(z) corresponding to the solution of the
CFTOC problem (12.48) with 1, co-norm is convex and PWA:

JH@) =T "2+ V', YeeP, i=1,...,N". (14.2)

By exploiting the convexity of the value function the storage of the polyhedral
regions P; can be avoided. From the equivalence of the representations of PWA
convex functions (see Section 2.2.5), the function J*(z) in equation (14.2) can be
represented alternatively as

J*(z) = max {Ti/a: +Vii=1,.. .,Nr} for z € X = UY | P.. (14.3)

Thus, the polyhedral region P; containing z can be identified simply by
searching for the maximum number in the list {Ti/x + Ve g\glz

z€P; o T+ V7 = max {T“x+vi, i = 1N} (14.4)

Therefore, instead of searching for the polyhedron j that contains the point x
via Algorithm 14.2, we can just store the value function and identify region j by
searching for the maximum in the list of numbers composed of the single affine
function 7%z + V* evaluated at a (see Figure 14.1):
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Table 14.1 Complexity comparison of Algorithm 14.2 and Algorithm 14.3

Algorithm 14.2 Algorithm 14.3

Storage demand (real numbers)  (n+ 1)N¢ (n+1)N"
Number of flops (worst case) 2nN¢ 2nN"
T4 V4
~ T4V T3 4+ V3
£ T2+ V2 |
:.’
X
o0
._*
I

|
ﬁ{
-

Figure 14.1 Example for Algorithm 14.3 in one dimension: For a given point
x € Ps (x =5) we have J*(x) = max(T 'z + V*',..., T + V*).

Algorithm 14.3

Input: State z(t) at time instant ¢ and value function 14.2, Tz + V', i=1,...,N"
Output: Index j of the polyhedron P; containing z(¢) in the control law (14.1)
Compute the list £ = {n; = T2 4V i=1,..., N"}
Find j such that n; = max,,cc ni
Return j

The search Algorithm 14.3 requires the storage of (n + 1)N" real numbers
and will give a solution after nN" multiplications, (n — 1)N" sums, and N" — 1
comparisons. In Table 14.1 we compare the complexity of Algorithm 14.3 against
Algorithm 14.2 in terms of storage demand and number of flops. Algorithm 14.3
will outperform Algorithm 14.2 since typically No > N”.

14.1.2 Efficient Implementation, 2-Norm Case

Consider the state feedback solution (11.15) of the CFTOC problem (11.9) with
p = 2. Theorem 11.2 states that the value function J*(x) is convex and piecewise
quadratic on polyhedra and the simple Algorithm 14.3 described in the previous
subsection cannot be used here. Instead, a different approach is described below.
It uses a surrogate of the value function to uniquely characterize the polyhedral
partition of the optimal control law.
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We will first establish the following general result: given a general polyhedral
partition of the state space, we can locate where the state lies (i.e., in which
polyhedron) by using a search procedure based on the information provided by
an “appropriate” PWA continuous function defined over the same polyhedral
partition. We will refer to such “appropriate” PWA function as a PWA descriptor
function. First we outline the properties of the PWA descriptor function and then
we describe the search procedure itself.

Let {P;}¥| be the polyhedral partition obtained by solving the mp-QP (11.31)
and denote by C; = {j : P; is a neighbor of P;, j=1,...,N",j # i} the list of
all neighboring polyhedra of P;. The list C; has N! elements and we denote by
C;(k) its k-th element.

Definition 14.1 (PWA descriptor function) A continuous real-valued PWA
function
fla) = filx) = A"z + B, ifz e P; (14.5)

is called a descriptor function if
AL A VjeC;, i=1,...,N,. (14.6)

Theorem 14.1 Let f(x) be a PWA descriptor function on the polyhedral
partition {P;} N7

Let O'(z) € RN be a vector associated with region P;, and let the j-th element
of O'(x) be defined as

izy =4 H1 fi(z) = fe, ()

Then O%(x) has the following properties:
(i) O(x)=S"=const, Yz €P;, i=1,...,N,.
(ii) O (z) # S, Vx¢P;, i=1,...,N,.

Proof: Let F = P; N Pg,(;) be the common facet of P; and Pc;, ;). Define the
linear function

g;(x) = fi(x) — fo,i)(@). (14.8)

From the continuity of f(z) it follows that g;» (r) = 0,Vx € F. As P; and Pc, ;) are

disjoint convex polyhedra and A% # A% it follows that g} (&) >0 (or g; (&) <0,

but not both) for any interior point &; of ;. Similarly for any interior point ¢, (;) of

Pe,(jy we have g (E¢,(;)) < 0 (or g2 (&) > 0, but not both). Consequently, gi(x) =0
is the separating ‘hyperplane between P; and Pc;, (j)- A

(i) Because gj(x) = 0 is a separating hyperplane, the function gj(z) does not

change its sign for all z € P, i.e., O;(x) = sj-,Vx € P; with sg» =+lors; = -1
The same reasoning can be applied to all neighbors of P; to get the vector St =
{si} € RN,

(i) Yo ¢ P;, 3j € C; such that Hiz > K. Since g’(z) = 0 is a separating

hyperplane O} (z) = —s}. [ |
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Equivalently, Theorem 14.1 states that
r€P; < O'(x) =5, (14.9)

which means that the function O%(x) and the vector S* uniquely characterize P;.
Therefore, to check on-line if the polyhedral region i contains the state z it is
sufficient to compute the binary vector O'(z) and compare it with S?. Vectors
St are calculated off-line for all i = 1,..., N", by comparing the values of f;(z)
and fc,(;)(z) for j = 1,...,N% for a point x belonging to P;, for instance, the
Chebyshev center of P;.

Remark 14.1 Theorem 14.1 does not hold if one stores the closures of critical
regions P; (see Remark 6.8). In this case one needs to modify Theorem 14.1
as follows

(i) O%(z) = 8" =const, Vx€int(P;), i=1,..., Ny,
(ii) O%(z) # S%, Vx ¢ (int(P)UoP:), i=1,...,N,.

The results in the remainder of this section can be easily extended to this case.

In Figure 14.2 a one-dimensional example illustrates the procedure with N™ =4
regions. The list of neighboring regions C; and the vector S* can be constructed
by simply looking at the figure: Cy = {2}, Cy = {1,3}, C3 = {2,4}, C; = {3},
St=-1,8%=[-11], $3=[1 —1), S* = —1. The point x = 4 is in region 2 and
we have O%(z) = [-1 1] = S?, while O%*(z) = [-1 — 1] # S3, Ol(z) = 1 # S1,
O*(x) = 1 # S*. The failure of a match O(z) = S* provides information on a good
search direction(s). The solution can be found by searching in the direction where
a constraint is violated, i.e., one should check the neighboring region P; for which

Figure 14.2 Example for Algorithm 14.4 in one dimension: For a given point
x € P2 (x = 4) we have Oz(z) = [-1 1]’ = S2, while O1(z) =1 # S1 = —1,
Os(z)=[-1 —1]#S3=[1 =1, Os(z) =1# S4 = —1.
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The overall procedure is composed of two parts:

1. (off-line) Construction of the PWA function f(x) in (14.5) satisfying (14.6)
and computation of the list of neighbors C; and the vector S*

2. (on-line) Execution of the following algorithm

Algorithm 14.4

Input: State z(t) at time instant ¢, list of neighboring regions C; and the vectors S*
Output: Index ¢ of the polyhedron P; containing z(t) in the control law (14.1)
i+ 1,Z={1,...,N,}, notfound+ 1
While notfound and Z #
I+ T\t
Compute O'(z)
If O%(z) = S* Then notfound< 0
Else i < Ci(q), where O} (z) # s,
End
Return i

Algorithm 14.4 does not require the storage of the polyhedra P;, but only the
storage of one linear function f;(z) per polyhedron, i.e., N"(n+1) real numbers and
the list of neighbors C; which requires N¢ integers. In the worst case, Algorithm
14.4 terminates after N"n multiplications, N"(n — 1) sums and N¢ comparisons.

In Table 14.2 we compare the complexity of Algorithm 14.4 against the standard
Algorithm 14.2 in terms of storage demand and number of flops.

Remark 14.2 Note that the computation of O%(z) in Algorithm 14.4 requires the
evaluation of N! linear functions, but the overall computation never exceeds N” linear
function evaluations. Consequently, Algorithm 14.4 will outperform Algorithm 14.2,
since typically N¢ > N".

Now that we have shown how to locate the polyhedron in which the state lies
by using a PWA descriptor function, we need a procedure for the construction of
such a function.

The image of the descriptor function is the set of real numbers R. In the
following we will show how the descriptor function can be generated from a vector-
valued function m : R™ — R®. This general result will be used in the following
subsections.

Table 14.2 Complexity comparison of Algorithm 14.2 and Algorithm 14.4

Algorithm 14.2  Algorithm 14.4

Storage demand (real numbers) (n+ 1)Nc¢ (n+1)N"
Number of flops (worst case) 2nN¢ (2n —1)N" + N¢
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Definition 14.2 (Vector-valued PWA descriptor function) A continuous
vector-valued PWA function

m(z) = A'z + B, ifz € P, (14.10)
18 called a vector-valued PWA descriptor function if
AL A NjeC;, i=1,...,N,, (14.11)
where A* € R5*", B ¢ R®.

Theorem 14.2  Given a vector-valued PWA descriptor function m(x) defined
over a polyhedral partition {Pz}fil it is possible to construct a PWA descriptor
function f(x) over the same polyhedral partition.

Proof: Let \; j be the null-space of (A*— A7)’. Since by the definition A — A7 #
0 it follows that A ; is not full-dimensional, i.e., N;; C R*~!. Consequently, it is
always possible to find a vector w € R* such that w(A? — A7) # 0 holds for all
i=1,...,N, and Vj € C;. Clearly, f(x) = w'm(x) is then a valid PWA descriptor
function. |

As shown in the proof of Theorem 14.2; once we have a vector-valued PWA
descriptor function, practically any randomly chosen vector w € R? is likely to be
satisfactory for the construction of PWA descriptor function. But, from a numerical
point of view, we would like to obtain a w that is as far away as possible from the
null-spaces N; ;. We show one algorithm for finding such a vector w.

For a given vector-valued PWA descriptor function we form a set of vectors
ar € R®, |lag|| = 1, k = 1,..., N¢/2, by choosing and normalizing one (and only
one) nonzero column from each matrix (A* — A7), Vj € C;, i = 1,...,N,. The
vector w € R® satisfying the set of equations w'ay, #0, k=1,..., N¢/2, can then
be constructed by using the following algorithm. Note that the index k& goes to
N¢ /2 since the term (A7 — A?) is the same as (A* — A7) and thus there is no need
to consider it twice.

Algorithm 14.5

Input: Vectors a; € R®, i1 =1,..., N
Output: The vector w € R® satisfying the set of equations w'a; #0, i=1,...,N
w<[1,...,1], R+ 1
While k£ < N¢/2
d <+ wag
If 0<d< R Thenw+ w+ +(R—d)ay, R+ 3(R+d)
If —~-R<d<0Then w+ w— 3(R+d)ay, R+ 3(R—d)
End
Return w

Algorithm 14.5 is based on a construction of a sequence of balls B={z : =
w+r, ||r]l2 < R}. As depicted in Figure 14.3, Algorithm 14.5 starts with the initial
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Figure 14.3 Tllustration for Algorithm 14.5 in two dimensions.

ball of radius R = 1, centered at w = [1,...,1]". Iteratively one hyperplane ajz = 0
at the time is introduced and the largest ball B’ C B that does not intersect this
hyperplane is designed. The center w of the final ball is the vector w we wanted to
construct, while R gives some information about the degree of nonorthogonality:
|w'ax| > R,Vk.

In the following subsections we will show that the gradient of the value function,
and the optimizer, are vector-valued PWA descriptor functions and therefore we
can use Algorithm 14.5 for the construction of the PWA descriptor function.

Generating a PWA Descriptor Function from the Value Function

Let J*(z) be the convex and piecewise quadratic (CPWQ) value function obtained
as a solution of the CFTOC (11.9) problem for p = 2:

J* () = qi(x) =2’ Qix + Tz +V;, ifxeP;, i=1,...,N". (14.12)

In Section 6.3.4 we have proven that for nondegenerate problems the value
function J*(x) is a C") function. We can obtain a vector-valued PWA descriptor
function by differentiating J*(x). We first need to introduce the following theorem.
Theorem 14.3 ([21]) Assume that the CFTOC (11.9) problem leads to a non-
degenerate mp-QP (11.33). Consider the value function J*(x) in (14.12) and let
CR;, CR; be the closure of two neighboring critical regions corresponding to the
set of active constraints A; and Aj, respectively, then

Qi—Q;200rQ;i—Q; =0 and Q; # Q; (14.13)
and

Qi — Q; 20 iff A; C 4. (14.14)

Theorem 14.4  Consider the value function J*(x) in (14.12) and assume that
the CFTOC (11.9) problem leads to a nondegenerate mp-QP (11.33). Then the
gradient m(x) = VJ*(x), is a vector-valued PWA descriptor function.

Proof: From Theorem 6.9 we see that m(x) is a continuous vector-valued PWA
function, while from equation (14.12) we get

m(z) = VJ*(z) = 2Q;z + T;. (14.15)
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Since from Theorem 14.3 we know that Q; # @; for all neighboring polyhedra,
it follows that m(z) satisfies all conditions for a vector-valued PWA descriptor
function. [

Combining results of Theorem 14.4 and Theorem 14.2 it follows that by using
Algorithm 14.5 we can construct a PWA descriptor function from the gradient of
the value function J*(z).

Generating a PWA Descriptor Function from the Optimal Inputs

Another way to construct a descriptor function f(x) emerges naturally if we look at
the properties of the optimizer U (z) corresponding to the state feedback solution
of the CFTOC problem (11.9). From Theorem 6.7 it follows that the optimizer
Uj () is continuous in « and piecewise affine on polyhedra:

Ui(z) =li(z) = Fla + ¢, ifzeP;, i=1,...,N", (14.16)

where F' € R**" and ¢g° € R®. We will assume that P; are critical regions (as
defined in Section 6.1.2). Before going further we need the following lemma.

Lemma 14.1  Consider the state feedback solution (14.16) of the CFTOC prob-
lem (11.9) and assume that the CFTOC (11.9) leads to a nondegenerate mp-
QP (11.33). Let P;, P; be two neighboring polyhedra, then F' # FJ.

Proof: The proof is a simple consequence of Theorem 14.3. As in Theorem
14.3, without loss of generality we can assume that the set of active constraints
A; associated with the critical region P; is empty, i.e., A; = (). Suppose that the
optimizer is the same for both polyhedra, i.e., [F g'] = [F? g¢7]. Then, the cost
functions ¢;(z) and g¢;(z) are also equal. From the proof of Theorem 14.3 this
implies that P; = P;, which is a contradiction. Thus we have [F' ¢°] # [F7 ¢7].
Note that F* = FJ cannot happen since, from the continuity of Ug(z), this would
imply ¢* = g’. Consequently we have F' # FJ. [ |

From Lemma 14.1 and Theorem 14.2 it follows that an appropriate PWA
descriptor function f(x) can be calculated from the gradient of the optimizer U*(z)
by using Algorithm 14.5.

Remark 14.3 Note that even if we are implementing a receding horizon control
strategy, the construction of the PWA descriptor function is based on the full
optimization vector U*(x) and the corresponding matrices F* and g°.

Remark 14.4 In some cases the use of the optimal control profile U*(z) for the
construction of descriptor function f(z) can be extremely simple. If there is a row
r, 7 < m (m is the dimension of u) for which (F*), # (FY),, Vi=1...,N", Vj € C;,
it is enough to set A" = (F'), and B' = (g'),, where (F?), and (g¢'), denote the
i-th row of the matrices F* and ¢, respectively. The row 7 has to be the same for all
i=1...,N". In this way we avoid the storage of the descriptor function altogether
since it is equal to one component of the control law, which is stored anyway.
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Example

As an example, we compare the performance of Algorithm 14.2, 14.3 and 14.4 on
CFTOC problem for the discrete-time system

4 =15 05 -0.25 0.5
4 0 0 0

z(t+1) = z(t) + u(t
G+0=14 5 o o |[TOF| o [
0 0 05 0 0
y(t)=[0.083 022 0.11 0.02 |z(t)
resulting from the linear system
1
y=gu (14.18)
sampled at Ts = 1, subject to the input constraint
—1<u(t)<1 (14.19)
and the output constraint
— 10 < y(t) < 10. (14.20)

CFTOC based on LP

To regulate (14.17), we design a receding horizon controller based on the optimiza-
tion problem (12.6), (12.7) where p = 0o, N = 2, @ = diag{5, 10,10, 10}, R = 0.8,
P=0,4 = R*. The PPWA solution of the mp-LP problem comprises 136 regions.
In Table 14.3 we report the comparison between the complexity of Algorithm 14.2
and Algorithm 14.3 for this example.

The average on-line evaluation effort of the PPWA solution for a set of 1000
random points in the state space is 2259 flops (Algorithm 14.2), and 1088 flops
(Algorithm 14.3). We note that the solution using MATLAB® LP solver (function
linprog.m with interior point algorithm and LargeScale set to “off”) takes 25,459
flops on average.

CFTOC based on QP

To regulate (14.17), we design a receding horizon controller based on the optimiza-
tion problem (12.6), (12.7)) where N =7, Q = I, R = 0.01, P = 0, Xy = R%.
The PPWA solution of the mp-QP problem comprises 213 regions. We obtained
a descriptor function from the value function and for this example the choice of

Table 14.3 Complexity comparison of Algorithm 14.2 and Algorithm 14.3 for the example
in Section 14.1.3

Algorithm 14.2 Algorithm 14.3

Storage demand (real numbers) 5690 680
Number of flops (worst case) 9104 1088
Number of flops (average for 1000 random points) 2259 1088
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Table 14.4 Complexity comparison of Algorithm 14.2 and Algorithm 14.4 for the example
in Section 14.1.3

Algorithm 14.2  Algorithm 14.4

Storage demand (real numbers) 9740 1065
Number of flops (worst case) 15584 3439
Number of flops (average for 1000 random points) 2114 175

w = [100 0] is satisfactory. In Table 14.4 we report the comparison between the
complexity of Algorithm 14.2 and Algorithm 14.4 for this example.

The average computation effort of the PPWA solution for a set of 1000 random
points in the state space is 2114 flops (Algorithm 14.2), and 175 flops (Algorithm
14.4). The solution of the corresponding quadratic program with MATLAB® QP
solver (function quadprog.m and LargeScale set to “off”) takes 25,221 flops on
average.

Literature Review

The problem considered in this chapter has been approached by several other
researchers. For instance, in [275] the authors propose to organize the controller
gains of the PWA control law on a balanced search tree. By doing so, the search for
the region containing the current state has on average a logarithmic computation
complexity although it is less efficient in terms of memory requirements. At the
expense of the optimality a similar computational complexity can be achieved with
the approximative point location algorithm described in [160].

The comparison of the proposed algorithms with other efficient solvers in the
literature, e.g., [21, 55, 256, 105, 209, 212, 284, 61, 25] requires the simultaneous
analysis of several issues such as speed of computation, storage demand and real
time code verifiability.

Gradient Projection Methods Applied to MPC

In this section, we investigate the gradient projection methods from Section 3.3.1
for the iterative solution of MPC problems with a quadratic cost function given as

N-1
J¢(x(0)) = min T Pry + Z 2. Qg + uj Ruy,
k=0
subj. to xg41 = Az + Bug, k=0,...,N -1 (14.21)
zp€X, up €U, k=0,...,N—1
TN € Xf
xo = z(0).

Note that 1- and oo-norm cost functions (see Section 11.1) cannot be handled
by the gradient (projection) methods discussed in this book since they require a
smooth objective function.
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In Section 14.2.1 we first investigate a special case of the general setup in (14.21)
which is input-constrained MPC. In this case, we impose constraints on the control
inputs only, i.e., for the state sets we have X = &y = R". If there are no state
constraints, the MPC problem can be formulated with the sequence of inputs
Up = [ug,-..,uy_q]" as the optimization vector (so-called condensing) where at
the same time the feasible set U = U x ... x U remains “simple” if the input set I
was simple (recall from Section 3.3.1 that a “simple” set is a convex set with a
projection operator that can be evaluated efficiently). This allows one to solve the
MPC problem right in the primal domain and thus to achieve linear convergence
with the gradient projection methods of this book.

In the case of input and state constraints, the feasible set of problem (14.21)
does not allow for an easy-to-evaluate projection operator in general, neither in
condensed form nor with the state sequence as an additional optimization vector
(so-called sparse formulation). However, gradient methods can still be applied to
the sparse formulation of the MPC problem if a dual approach, as discussed in
Section 3.3.1, is applied. However, only sublinear convergence can be achieved in the
dual domain. Section 14.2.2 will summarize problem formulation, important aspects
regarding the computation of the dual gradient and optimal step size selection.

Input-Constrained MPC

In order to apply the classic or the fast gradient projection method from Section
3.3.1, we first eliminate the states from the MPC problem (14.21) and rewrite it in
condensed form (see (8.8)) as

Ji(2(0)) = 2/(0)Yz(0) + miny,  Uy'HUy + 22/ (0)FU,
subj. to Uy e UV,

which resembles the general problem setup for gradient methods given by (3.23).
Since the objective function is twice continuously differentiable, L-smoothness and
strong convexity follow from Lemma (3.1) and Theorem (3.2), respectively. In fact,
the Lipschitz constant L and the strong convexity parameter p are given by

L:2)\maX(H)7 NZQAmin(H)’

and are both independent of the initial state z(0). Thus, no computationally
expensive eigenvalue computations are necessary during runtime if the Hessian H
stays constant.

From the definition of H in (8.8) it follows that it is positive definite whenever
the penalty matrix R is positive definite. In this case, the constant p is positive
and both the classic gradient method given by Algorithm 3.6 and the fast gradient
projection method in Algorithm 3.7 converge linearly.

The projection operator for the feasible set 4V has to be computed in every
iteration of any gradient projection method. In the MPC context, this operation
translates to

TN (Y;- - %(HYi + F’x(O))>, (14.22)
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where Y; is the previous iterate in case of the classic gradient projection method
or the previous secondary iterate in case of the fast gradient projection method.
Since the feasible set in input-constrained MPC is the direct product of N sets,
evaluation of the projection operator in (14.22) can be separated into N evaluations
of the projection operator my, i.e., if we let Uy =Y; — %(HYZ- + F’x(O)), then

TYyN (Uf) = [7‘({,{ (ufyl)/ yee s Y (UﬁN),}l,

with Uy = [U/f,17~-.,u}7N]/ and ugr € R™, k=1,...,N.

Input- and State-Constrained MPC

In the input- and state-constrained case, gradient projection methods cannot be
applied in the primal domain, since the projection operator for the feasible set

{uk ceU,x € X,xn GXf|xk+1:A:ck+Buk, xo = z(0), k:O...Nfl}

is nontrivial in general, even if the convex sets U, & and Xy allow efficient
projections individually. The inherent complication comes from the intersection
of these sets with the affine set, which is determined by the state update equation.

As an alternative, the input- and state-constrained MPC problem can be solved
in the dual domain by first relaxing the state update equation and then solving
for the associated optimal dual multiplier (or Lagrange multiplier) vector using
gradient methods. This approach was thoroughly discussed in Section 3.3.1 for
a generic convex objective function and a feasible set that can be written as
the intersection of an affine set and a simple set (see (3.27)). If we rewrite the
MPC problem in (14.21) analogously to the generic setup of Section 3.3.1 with the
optimization vector z = [1’6, N A V7S VNS ]/, we obtain

Jg(2(0)) = min Z’Mz
subj. to Gz = Ez(0) (14.23)
z €K,

where the problem data are defined as

M = blockdiag{Q, ...,Q, P,R,--- , R},

I, 0 - 0 0 0

A —I, O 0 B 0 0
G=-1]o0 : 0 B ,

: . A I, 0 0

0 0 A I, O 0 B

E=[I,,0,,...,0,],
K=XXx.. xXxXpxUx...U.

The dual problem is an unconstrained maximization problem with the dual
gradient given as Gz*(v) — Ex(0), where

Z*(v) = arg min, i 2'Mz + V' (Gz — Ex(0)). (14.24)
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As a prerequisite for the above statement, the minimizer z*(v) must be unique
for every dual multiplier vector v (see Section 3.3.1). A sufficient condition for
uniqueness of the minimizer is a strongly convex objective function in (14.24). In
view of the definition of matrix M this is the case whenever the penalty matrices
@, P and R are positive definite, which is not a restrictive assumption in an
application.

The so-called inner problem (14.24) needs to be solved in every outer iteration
of the classic or the fast gradient method in order to determine the dual gradient.
This can be accomplished in one of the following ways.

e Fxact analytic solution: This is possible if all penalty matrices are positive
diagonal matrices and all sets X', Xy and U are boxes. In practice, this is a
frequent setup.

o FEzact multiparametric solution: By the block-diagonal structure of matrix M
and the structure of set X, the inner problem can be separated into 2N + 1
subproblems. If all sets X', Xy and U are polyhedral, each subproblem can
be pre-solved by means of multiparametric programming with the gradient
of the linear objective term as the parameter.

o Approzimate iterative solution: This is the most general approach for the
solution of the inner problem as it only requires simple sets X', Xy and U (not
necessarily polyhedral). Each of the 2N + 1 subproblems can then be solved
approximately by a gradient projection method. Note that convergence issues
of the outer gradient method might arise if the accuracy of the approximate
inner solution is too low.

Finally, we note that under mild assumptions, the tight, i.e., smallest possible,
Lipschitz constant of the dual gradient is given by Ly = 1||GM ~1/2|12 which,
same as in the input-constrained case, is independent of the initial state x(0). The
Lipschitz constant determines the step size of the outer gradient method and being
able to compute a tight value ensures the best possible (sublinear) convergence
(see Section 3.3.1).

Interior Point Method Applied to MPC

All presented interior-point methods can be applied to linear model predictive
control problems with convex constraints. To obtain an efficient method with low
solve times, it is crucial to exploit the sparsity structure of the resulting quadratic
program (or any other form of problem P-IPM (3.30)) when computing the search
directions. Therefore, when using interior point solvers, the MPC problem is
formulated as a sparse QP (sometimes with a different ordering of states and
inputs in the optimization vector). As a result, general sparse routines for solving
linear systems with KKT-structure can be applied to the Newton systems (3.41)
and (3.45), or specific linear system solvers can be used that exploit the MPC-
specific problem structure. A good starting point for details on this topic are the
references [284, 246, 98, 201, 110, 171, 170].
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Constrained Robust Optimal
Control

In the previous chapters we assumed perfect model knowledge for the plant to
be controlled. This chapter focuses on the case when the model is uncertain. We
focus on discrete-time uncertain linear systems with linear constraints on inputs
and states. Uncertainty is modeled as additive disturbance and/or parametric
uncertainty in the state space matrices. We first introduce the concepts of robust
control design with “open-loop prediction” and “closed-loop prediction.” Then
we discuss how to robustly enforce constraints satisfaction, and present several
objective functions one might be interested in minimizing. For each robust control
design we discuss the conservatism and show how to obtain the optimal control
action by using convex or nonconvex programming.

For robust controllers which can be implemented by using linear and quadratic
programming, we show that the robust optimal control law is a continuous and
piecewise affine function of the state vector. The robust state feedback controller
can be computed by means of multiparametric linear or quadratic programming.
Thus, when the optimal control law is implemented in a moving horizon scheme,
the on-line computation of the resulting controller requires simply the evaluation
of a piecewise affine function.

Problem Formulation

Consider the linear uncertain system
z(t+1) = A(wP(t))z(t) + B(wP(t))u(t) + Ew"(t) (15.1)

where z(t) € R"™ and u(t) € R™ are the state and input vectors, respectively,
subject to the constraints

z(t) € X, u(t) eU, ¥t > 0. (15.2)
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The sets X C R™ and & C R™ are polytopes. Vectors w®(t) € R and w?(t) € R™»
are unknown additive disturbances and parametric uncertainties, respectively. The
disturbance vector is

w(t) = [we(t), wP(t)] € W C R (15.3)

with n, = ng + n,. We assume that bounds on w®(t) and w?(t) are known. In
particular W = W x WP with w*(t) € W* and wP(t) € WP, where W* C R"* and
WP C R" are given polytopes. We also assume that A(-), B() are affine functions
of w?

'p p
A(wP) = A°+ > A'wb', B(w?) = B+ Y Bluwp’ (15.4)
i=1 i=1
where A® € R"*" and B € R™*™ are given matrices for i = 0...,n, and w?? is
the i-th component of the vector w?, i.e., wP = [wP1, ... wh"*].

Robust finite time optimal control problems can be formulated by optimizing
over “Open-Loop” policies or “Closed-Loop” policies. We will discuss the two cases
next.

Open-Loop Predictions

Define the cost function as

N-1

Jo(#(0),TU0) = Tw |plan) + > qlwr, u) (15.5)

k=0

where the operation Jyy evaluates the cost p(zy) + Z,ICV:_Ol q(xg,ug) for the set
of uncertainties {wo,...,wy_1} € W X .-+ x W and the input sequence Uy. The
following options are typically considered.

e Nominal Cost
In the simplest case, the objective function is evaluated for a single
disturbance profile w§, ..., w%_, wh, ..., Wk _;:

N-1
Tw = |plan) + Y alzy,up)
k=0

Trp1 = A(w})zy + B(wy)up + Ewg (15.6)
xo = x(0)

wi =0, wy = wy,

k=0,...,N—1.

where

e Expected Cost
Another option is to consider the probability density function f(w) of the
disturbance w:

Probability [w(t) e W] =1 = / f(w)dw.
wew
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Then the expected value of a function g(w) of the disturbance w is defined
as:

E,[g(w)] = / o) ().

In this case we consider the expected cost over the admissible disturbance
set.

N-1
jW = E’wo,“.,’wal [p(xN) + Z q($k7uk)]
k=0

Thp1 = A(w})zy + B(w})uy + Bwg (15.7)
xo = z(0)

wi € W wy, € WP

k=0, .. N—1

where

e Worst Case Cost
Finally the worst case cost may be of interest

N—-1
Jw = max p(rn) + Z q(xp, ug)
W,y WN —1 k:O
T = AWw)z, + B(w})up + Ewg (15.8)
xo = 2(0)
where

wy € W wy € WP
k=0,...,N—1.

If the 1-norm or oco-norm is used in the cost function of problems (15.6), (15.7)
and (15.8), then we set

p(an) = [Penllp, q(@e, ur) = [|Qrllp + | Rullp (15.9)

with p = 1 or p = oo. If the squared Euclidian norm is used in the cost function of
problems (15.6), (15.7) and (15.8), then we set

plen) = 2y Py, qlag, ug) = 2,,Qx) + u) Ruyg. (15.10)

Note that in (15.6), (15.7) and (15.8) zj denotes the state vector at time k obtained
by starting from the state o = x(0) and applying to the system model

Thp1 = A(w})zy + B(wh)uy + Ewj,

the input sequence ug,...,u;—1 and the disturbance sequences w* = {wg,...,

wi_i}, WP = {wg, ..., w4}
Consider the optimal control problem

T (2(0)) = ming,  Jo(x(0), To)
Tp1 = A(wy)zy + B(w})up + Ew
rp €EX, up €U
subj. to< k=0,...,.N—1
TN € Xf
xo = z(0)

Yw? € Wa, YuP € Wr
Vk=0,...,N—1.

(15.11)
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where Xy C R” is a terminal polyhedral region. In (15.11) N is the time horizon
and Uy = [ug,...,uy_;) € R®, s = mN the vector of the input sequence. We
denote by Uy = {ug,...,uly_,} the optimal solution to (15.11).

We denote with XiOL C X the set of states x; for which the robust optimal
control problem (15.8)—(15.11) is feasible, i.e.,

XPY = {z; € X: Iuy,...,un_1) such that o, € X, up €U, k=1d,...,N — 1,
zn € Xp VwieWs, Yuh e WP k=i,...,N —1,
where 2411 = A(w})zy + B(wh)uy, + Ewi}.
(15.12)

Problem (15.11) minimizes the performance index Jyy subject to the constraint
that the input sequence must be feasible for all possible disturbance realizations.
In other words, the nominal, expected or worst-case performance is minimized with
the requirement of constraint fulfillment for all possible realizations of w®, w?.

Remark 15.1 Note that we distinguish between the current state z(k) of system
(15.1) at time k and the variable zj in the optimization problem (15.11), that is
the predicted state of system (15.1) at time k obtained by starting from the state
zo = z(0) and applying to system zx41 = A(wf)ar + B(w})ur + Fwj the input
sequence uo, ...,ur—1 and the disturbance sequences wf,...,wh_ |, wg,...,wi_;.
Analogously, u(k) is the input applied to system (15.1) at time k while ug is the k-th
optimization variable of the optimization problem (15.11).

The formulation (15.11) is based on an open-loop prediction and thus referred to
as Constrained Robust Optimal Control with open-loop predictions (CROC-OL).
The optimal control problem (15.11) can be viewed as a game played between two
players: the controller U and the disturbance W [24, p. 266-272]. Regardless of the
cost function in (15.11) the player U tries to counteract any feasible disturbance
realization with just one single sequence {uq,...,un—_1}. This prediction model
does not consider that at the next time step, the player can measure the state z(1)
and “adjust” his input u(1) based on the current measured state. By not considering
this fact, the effect of the uncertainty may grow over the prediction horizon and
may easily lead to infeasibility of the min problem (15.11). Alternatively, in the
closed-loop prediction scheme presented next, the optimization scheme takes into
account that the disturbance and the controller play one move at a time.

The game is played differently depending on the cost function Jy:

e In problem (15.6), (15.11), among all control actions which robustly satisfy
the constraints, the player U chooses the one which minimizes a cost for a
“guessed” sequence played by W.

e In problem (15.7), (15.11), among all control actions which robustly satisfy
the constraints, the player U chooses the one which minimizes an expected
cost, over all the sequences, which can be played by W.

e The optimal control problem (15.8) and (15.11) is somehow more involved
and can be viewed as the solution of a zero-sum dynamic game. The player
U plays first. Given the initial state 2:(0), U chooses his action over the
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whole horizon {ug,...,un_1}, reveals his plan to the opponent W, who
decides on his actions next {wg,w?, ..., w%_;,wk,_,} by solving (15.8). By
solving (15.8), (15.11), the player U selects the action corresponding to the
smallest worst-case cost.

Closed-Loop Predictions

The constrained robust optimal control problem based on closed-loop predictions
(CROC-CL) is defined as follows:

Jf)k (l‘(O)) = minﬂo(.)’...7ﬂN71(.) Jo(l‘(O), Uo)

Tpp1 = A(w})zy + B(wh)uy + Ewg
T € X, U € U

up, = T (k)

subj. to k=0,...,N—1
:cNeXf
xo = z(0)

Ywi € W, Yuwl € WP

Vk—=0,... N—1. (15.13)

In (15.13) we allow the same cost functions as in (15.6), (15.7) and (15.8).
In problem (15.13) we look for a set of time-varying feedback policies mo(+),. . .,
mn—1(-) which minimizes the performance index Jjy and generates input sequences

mo(2o), .-, Tn—1(xn_1) satisfying state and input constraints for all possible
disturbance realizations.
We can formulate the search for the optimal policies mo(+),...,7n—1(-) as a

dynamic program.
Ji(w5) = min J(z;, u;)

{,CjEX, quZ/l

. a a P i4
subj. to {A(wf)xj £ B(w?)u; + But € Xj+1} Vwi e W w; e W

(15.14)

Ji(xj,u5) = Iw [a(xj,u5) + T (A@wh)z; + B(wh)u; + Buwf)], (15.15)
for j =0,...,N — 1 and with boundary conditions

In(en) = plen) (15.16a)

Xn = Xy, (15.16b)

where X denotes the set of states « for which (15.14)-(15.16) is feasible

Xj={r e X:Fuel st A(wP)z + B(wP)u+ Ew® € X1 Yw® € W wP e WP},
(15.17)
and the cost operator Jy belongs to one of the following classes:

e Nominal Cost

Iw = [a(zj,u;) + T, (A(@))z; + B(@F)u; + Eof)] . (15.18)
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e Expected Cost

Iw = Eysewa wrewr [a(zj,u;) + Ji (A(wh)z; + B(w))u; + Ewf)] .

(15.19)
e Worst Case Cost
— * y4 P a
JIw = wgewngii%ewp lq(xj,us) 4+ Jiq (A(w])z; + B(w))u; + Ewf)] .
(15.20)

If the 1-norm or co-norm is used in the cost function of problems (15.18), (15.19)
and (15.20), then we set

p(an) = [[1Penllp, al@e, ur) = [Qxllp + | Rukllp (15.21)

with p =1 or p = co. If the squared Euclidian norm is used then we set
plen) = 2y Py, qlag, ug) = 2,Qry + uj Rug. (15.22)

The reason for including constraints (15.14) in the minimization problem and
not in the inner problem (15.15) is that in (15.15) w} and w} are free to act
regardless of the state constraints. On the other hand in (15.14), the input u; has
the duty to keep the state within the constraints (15.14) for all possible disturbance
realization. By solving problem (15.14) at step j of the dynamic program, we obtain
the function u;(z;), i.e., the policy m;(-).

Again, the optimal control problem (15.14)—(15.15) can be viewed as a game
between two players: the controller U and the disturbance W. This time the player
U predicts that the game is going to be played as follows. At the generic time j
player U observes z; and responds with u; = m;(z;). Player W observes (z;,u;)
and responds with w} and w? . Therefore, regardless of the cost function in (15.15)
the player U counteracts any feasible disturbance realization w; with a feedback
controller 7;(z;). This prediction model takes into account that the disturbance
and the controller play one move at a time.

The game is played differently depending on the cost function Jyy.

e In problem (15.14) and (15.18), among all the feedback policies u; = m;(z;)
which robustly satisfy the constraints, the player U chooses the one which
minimizes a cost for a “guessed” action w; played by W.

e In problem (15.14) and (15.19), among all the feedback policies u; = m;(z;)
which robustly satisfy the constraints, the player U chooses the one which
minimizes the expected cost at time j.

e The optimal control problem (15.14)—(15.20) is somehow more involved and
can be viewed as the solution of a zero-sum dynamic game. The player U
plays first. At the generic time j player U observes x; and responds with
uj = mj(z;). Player W observes (z;,u;) and responds with the w$ and w?
which lead to the worst case cost. The player W will always play the worst
case action only if it has knowledge of both z; and u; = m;(z;). In fact,

w$ and w¥ in (15.20) are a function of z; and u;. If U does not reveal his
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action to player W, then we can only claim that the player W might play
the worst case action. Problem (15.14)—(15.20) is meaningful in both cases.
Robust constraint satisfaction and worst case minimization will always be
guaranteed.

Example 15.1 Consider the system
Th+1 = Tk + Uk + Wk (15.23)

where z, u and w are state, input and disturbance, respectively. Let u, € {—1,0,1}
and wy € {—1,0,1} be the feasible input and disturbance. Here {—1,0, 1} denotes the
set with three elements: -1, 0 and 1. Let z(0) = 0 be the initial state. The objective
for player U is to play two moves in order to keep the state x2 at time 2 in the set
[-1,1]. If U is able to do so for any possible disturbance, then he will win the game.

The open-loop formulation (15.11) is infeasible. In fact, in open-loop U can choose
from nine possible sequences: (0,0), (1,1), (-1,—1), (—1,1) (1,—-1), (—1,0), (1,0), (0,1)
and (0,—1). For any of those sequences there will always exist a disturbance sequence
wo, w1 which will bring 2 outside the feasible set [—1,1].

The closed-loop formulation (15.14)—(15.20) is feasible and has a simple feasible
solution: ux = —xx. In this case system (15.23) becomes zx4+1 = wy and z2 = w1 lies
in the feasible set [—1,1] for all admissible disturbances wi. The optimal feedback
policy might be different from uy = —z, and depends on the choice of the objective
function.

15.1.1 State Feedback Solutions Summary

In the following sections we will describe how to compute the solution to CROC-OL
and CROC-CL problems. In particular we will show that the solution to CROC-
OL and CROC-CL problem can be expressed in feedback form where u*(k) is a
continuous piecewise affine function on polyhedra of the state x(k), i.e., u*(k) =
fr(z(k)) where

fe(z) = Fix+g; if Hiz<Kj, i=1,...,Nj. (15.24)

H,i and K,i in equation (15.24) are the matrices describing the i-th polyhedron
CR, = {x € R" : Hiz < K}} inside which the feedback optimal control law
u*(k) at time k has the affine form Fiz + g .

The optimal solution is continuous and has the form (15.24) in the following
cases.

e Nominal or worst-case performance index based on 1- and oco-norm,

— CROC-OL with no uncertainty in the dynamics matrix A (i.e., A(-) = A)
— CROC-CL

e Nominal performance index based on 2-norm,

— CROC-OL with no uncertainty in the dynamics matrix A (i.e., A(-) = A)
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15.2

If CROC-OL problems are considered, the set of polyhedra CR};, i=1,...,N{
is a polyhedral partition of the set of feasible states XX (15.12) at time k.

If CROC-CL problems are considered, the set of polyhedra CRL, i =1,..., N}
is a polyhedral partition of the set of feasible states X} of problem (15.17) at
time k.

The difference between the feasible sets X’ ,?L and X} associated with open-loop
prediction and closed-loop prediction, respectively, are discussed in the next section.

Remark 15.2 CROC-OL and CROC-CL problems with expected cost performance
index are not treated in this book. In general, the calculation of expected costs
over polyhedral domains requires approximations via sampling or bounding even for
disturbances characterized by simple probability distribution functions (e.g., uniform
or Gaussian). Once the cost has been approximated, one can easily modify the
approaches described in this chapter to solve CROC-OL and CROC-CL problems
with expected cost performance index.

Feasible Solutions

As in the nominal case (Section 11.2), there are two ways to define and compute
the robust feasible sets: the batch approach and the recursive approach. While for
systems without disturbances, both approaches yield the same result, in the robust
case the batch approach provides the feasible set XiOL of CROC with open-loop
predictions and the recursive approach provides the feasible set X; of CROC with
closed-loop predictions. From the discussion in the previous sections, clearly we
have XPF C X;. We will detail the batch approach and the recursive approach next
and at the end of the section we will show how to modify the batch approach in
order to compute X;.

Batch Approach: Open-Loop Prediction

Consider the set X°Y (15.12) of feasible states x; at time i for which (15.11) is
feasible, for i = 0,..., N, rewritten below

XiOL:{xiéX: I(ug, ..., un—1) such that z, € X, up, €U, k=14,...,N — 1,

zy € Xy VwleW, Vu, e WP k=4,...,N—1,
where z;11 = A(w})zy, + B(w))u, + Ewi}.

Thus for any initial state x; € X there exists a feasible sequence of inputs
U; = [u},...,u)_;] which keeps the state evolution in the feasible set X at future
time instants £ =4+ 1,..., N — 1 and forces x into Xy at time NV for all feasible
disturbance sequences w§ € W*, wy, € WP, k=1,...,N — 1. Clearly XJ(\?L = Xy.

Next we show how to compute XiOL fori=0,..., N—1. Let the state and input
constraint sets X', Xy and U be the H-polyhedra A,z < by, Arx < by, Ayu < by,

respectively. Assume that the disturbance sets are represented in terms of their
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vertices: W® = conv{w®?!, ..., w»™w*} and WP = conv{wP!, ... wP™"}. Define
Ui = [u},...,uy_,] and the polyhedron P; of robustly feasible states and input
sequences at time i,

P = {(Ul,xz) € Rm(N_i)—HL : GyU; — Bz < Wl} (15.25)
In (15.25) G;, E; and W; are obtained by collecting all the following inequalities:

e Input Constraints
Auuk Sbu, kZi,...,N—l.

o State Constraints

Agzy <bg, k=1i,...,N—1forall weW* w)eWP l=i,.. . k—1
(15.26)

e Terminal State Constraints

Ajzy < by, forall wieW* wleWP l=i,...,N—1 (15.27)

Constraints (15.26)—(15.27) are enforced for all feasible disturbance sequences.
In order to do so, we rewrite constraints (15.26)—(15.27) at time k as a function of
z; and the input sequence U;

A, <Hl~C 1A )i + ZHl 1A (B(wh _y_)uk—1-1 +Ew2—1—l)> < by.
(15.28)
In general, the constraint (15.28) is nonconvex in the disturbance sequences
wd, . wi_q,w?, L wh | because of the product Hk 1A( )

Assume that there is no uncertainty in the dynamlcs matnx A e, A(-) = A.
In this case, since B(-) is an affine function of w? (cf. Equation (15.4)) and since the
composition of a convex constraint with an affine map generates a convex constraint
(Section 1.2), we can use Lemma 10.1 to rewrite constraints (15.26) at time k as

k—1
A, (Ak_i_la:i +Y AT Bl k-1 + Ewg”)> < by,
l=i

for all w§ € {w™ };M", w?e{wp’i}?:"‘jp, Vi=t,....,k—1,
k=i N—1,

(15.29)

and imposing the constraints at all the vertices of the sets W x W x ... x W*

iy N—1
and WP x WP x ... x WP. Note that the constraints (15.29) are now linear in z;
4y N—1
and U;. The same procedure can be repeated for constraint (15.27).

Remark 15.3 When only additive disturbances are present (i.e., n, = 0), vertex
enumeration is not required and a set of linear programs can be used to transform
the constraints (15.26) into a smaller number of constraints than (15.29) as explained
in Lemma 10.2.
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Once the matrices G;, E; and W; have been computed, the set XiOL is a
polyhedron and can be computed by projecting the polyhedron P; in (15.25) on
the z; space.

Recursive Approach: Closed-Loop Prediction
In the recursive approach we have

X, = {zx € X: Ju € U such that A(w?)z + B(w?)u + Ew} € X411,
Vwd € W, Yw? e WP}, i =0,...,N—1
Xy = A, (15.30)

The definition of X; in (15.30) is recursive and it requires that for any feasible
initial state x; € X; there exists a feasible input u; which keeps the next state
A(w?)z + B(w!)u+ Ewf in the feasible set X;41 for all feasible disturbances wf €
we, wl e We.

Initializing Xn to X'y and solving (15.30) backward in time yields the feasible set
Xp for the CROC-CL (15.14)—(15.16) which, as shown in Example 15.1, is different
from XPL.

Let &; be the H-polyhedron Ay,x < bx,. Then the set X;_; is the projection
of the following polyhedron

A, 0 by
0 Ui—1 + Az ri—1 < bs
AXlB(wf) AXlA(wf) sz - E’U}f

for all wf € {w™ }e,
for all w? € {w?*}I°

(15.31)

on the z;_1 space. (Note that we have used Lemma 10.1 and imposed state
constraints at all the vertices of the sets W* x WP.)

Remark 15.4 When only additive disturbances are present (i.e., n, = 0), vertex
enumeration is not required and a set of linear programs can be used to transform the
constraints in (15.30) into a smaller number of constraints than (15.31) as explained
in Lemma 10.2.

The backward evolution in time of the feasible sets X; enjoys the properties
described by Theorems 11.1 and 11.2 for the nominal case. In particular, if a
robust controlled invariant set is chosen as terminal constraint X, then set &;
grows as ¢ becomes smaller and stops growing when it becomes the maximal robust
stabilizable set.

Theorem 15.1 Let the terminal constraint set Xy be a robust control invariant
subset of X. Then,
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1. The feasible set X;, i = 0,...,N — 1 is equal to the (N — i)-step robust
stabilizable set:
X = Kn_i(Xp, W).

2. The feasible set X;, 1 =0,..., N —1 is robust control invariant and contained
within the maximal robust control invariant set:
X C Coo-

3. X DX ifi<yj,i=0,...,N—1. The size of the feasible X; set stops
increasing (with decreasing i) if and only if the mazimal robust stabilizable
set is finitely determined and N — i is larger than its determinedness index
N, i.e.,

X, DX if N-N<i<j<N.
Furthermore,
X; = Koo(Xp, W) ifi <N —N.

Batch Approach: Closed-Loop Prediction

The batch approach can be modified in order to obtain X; instead of X°F. The main
idea is to augment the number of inputs by allowing one input sequence for each
vertex [ of the set containing all disturbance sequences over the horizon [0,N-1].
We will explain the approach under the assumption that there is no parametric
uncertainty (w = w®). From causality, the input u; is a function of z¢ and the
sequence wo, . . ., w;j—1. LTherefore, uy will be unique, u; a function of the vertices
of the disturbance set W%, us a function of the vertices of the disturbance set
W x W% and uy_1 a function of W x W® x ... x W?. The generic [-th input

N-1

sequence can be written as
U, = [ug, @', @2, ... an ]

where the lower index denotes time, and the upper index is used to associate
a different input for every disturbance realization. For instance, at time 0 the
extreme realizations of additive uncertainty are njyy.. At time 1 there is one
input for each realization and thus j; € {1,...,npwe}. At time 2 the number
of extreme realizations of the disturbance sequence wq, wy is n?,va and therefore
j2 € {1,...,n},..}. By repeating this argument we have ji, € {1,...,n¥.},

k=1,...,N — 1. In total we will have n%:l different control sequences U; and

m (1 + nyya + n%,vu 4+ n{,vvzl) control variables to optimize over.

Figure 15.1 depicts an example where the disturbance set has two vertices w
and w? (nyy. = 2) and the horizon is N = 4. The continuous line represents the
occurrence of w', while the dashed line represents the occurrence of w?. Over the
horizon there are eight possible scenarios associated to eight extreme disturbance
realizations. The state % denotes the predicted state at time 3 associated to the
j-th disturbance scenario.

Since the approach is computationally demanding, we prefer to present the main
idea through a very simple example rather than including all the tedious details.

1
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Figure 15.1 Batch Approach with Closed-Loop Prediction. State propaga-
tion and associated input variables. The disturbance set has two vertices w*
and w? (nya = 2) and the horizon is N = 4. The continuous line represents
the occurrence of w!, while the dashed line represents the occurrence of
w?. Over the horizon there are eight possible scenarios associated to eight
extreme disturbance realizations. The state &3 denotes the predicted state
at time 3 associated to the j-th disturbance scenario.

Example 15.2 Consider the system

Tpi1 = Tk + U + Wk

(15.32)

where z, u and w are state, input and disturbance, respectively. Let uy € [—1, 1] and
wy € [—1,1] be the feasible input and disturbance. The objective for player U is to
play two moves in order to keep the state at time three x3 in the set Xy = [-1,1].

e Batch approach

We rewrite the terminal constraint as

T3 = To + uo + u1 4+ uz2 +wo + w1 + w2 € [—1,
for all wo € [-1,1], w1 € [-1,1], w2 € [-1

which by Lemma 10.1 becomes

—1<zo4+u+ur+u2+3<1
—1<zotuotu +tuz+1<1
—1<zo4+uo+ur+u—1<1
—1<2xo4+u+u+u2—3<1

)

which by removing redundant constraints becomes the constraint

2<xo+4up+u +u < -2

(15.33)

(15.34)

(15.35)

which is infeasible and thus Xo = . For the sake of clarity we continue with the

procedure as if we did not notice that constraint (15.35) was infeasible.

The set X" is the projection on the zo space of the polyhedron Py of combined

feasible input and state constraints

Po =} (uo,u1,u2,x0) € RY .

1

—_

)—‘OOOO'

o = o O

= O

uo

ur | +

u2

— O OO OO0
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The projection will provide an empty set since the last two constraints correspond
to the infeasible terminal state constraint (15.35).

e Recursive approach
For the recursive approach we have X3 = Xy = [—1,1]. We rewrite the terminal
constraint as

3 = T2 + us + we € [—1,1] for all we € [—1,1] (15.36)
which by Lemma 10.1 becomes

1<z 4+u2+1<1

(15.37)
—1<z24+us—1<1
which by removing redundant constraints becomes
0<x2+u2 <0.
The set X» is the projection on the z2 space of the polyhedron
1 0 1
—1 O U2 1
< .
1 1 [ o ] <o (15.38)
-1 -1 0
which yields X = [—1, 1]. Since X2 = A3 one can conclude that X> is the maximal
controllable robust invariant set and Xp = X1 = X> = [—1,1].
e Batch approach with closed-loop predictions”

The horizon N is three and therefore we have 2V =1 = 4 different control

sequences: {uo, @i, 4s}, {uo, @i, @3}, {uo, @3, @3}, and {uo, @3, U3},

corresponding to the extreme disturbance realizations {wo = —1,w1 = —1,wa},

{wo = =1, w1 = L,w2}, {wo = Lywi1 = —1,wz} and {wo = 1, w1 = 1, w2},

respectively.

The terminal constraint is thus rewritten as
—1<zotuo+ai+as—1—1+we <1, Yws€[-1,1]
“1<zotuo+ai+a3—1+1+w2 <1, Yus€[-1,1]

A1 <zotu+@+a3+1—-1+we <1, Yws €[-1,1]
—1<motu+ai+as+1+1+ws <1, Vws€[-1,1]

—1<u <1

—1<a1 <1 (15.39)

—1<4i<1

—1<a;<1

—1<ai<1

—1<ad<1

—1<a3<1



330

15 Constrained Robust Optimal Control

which becomes by using Lemma 10.1
—1<wmotuo+ai+as—1-1+1<1
“1<zo+uo+di+a3—1-1-1<1
“1<mo+u+a+a—14+14+1<1
—1<zo+uo+ai+a3—-1+1-1<1
“1<zotuw+@+aB+1-14+1<1
“1<zotuw @+ +1-1-1<1
1<z +u+ai+as+1+1+1<1
“1<mo+uo+a +ids+1+1-1<1 (15.40)

—1<u <1
—1<ai<1
—1<4i<1
—1<ai<1
—1<4i<1
—1<a<1
—1<das<1.
The set Xy can be obtained by projecting the polyhedron (15.40) in the

(xo, wo, 41,43, 43, 43, 43, U3)-space on the xo space. This yields Xy = [~1, 1],
the same as in the recursive approach.

15.3 State Feedback Solution, Nominal Cost

Theorem 15.2  Consider the CROC-OL (15.11) with cost (15.5), (15.6) and
(15.9) or (15.10). Assume that the parametric uncertainties are in the B matriz
only (A(wP) = A). Then, there exists a solution u*(0) = fO*(2(0)), fo : R® — R™,
which is continuous and PPWA

Ol(x)=Flx+g) if ©€CR), i=1,...,N} (15.41)

where the polyhedral sets CRE = {Hix <k}, i =1,...,N§, are a partition of the
feasible set XCF. Moreover fo can be found by solving an mp-LP for cost (15.9)
and an mp-QP for cost (15.10). The same result holds for u*(k) = f2L(z(0)),
k=1,...,N—1.

Proof: The proof can be easily derived from the results in Chapter 11. The
only difference is that the constraints have to be first “robustified” as explained in
Section 15.2. ]

Theorem 15.3  There exists a state feedback control law u*(k) = fr(z(k)), fr :
Xy CR™ - U CR™, solution of the CROC-CL (15.1/)—(15.16) with cost (15.18),
(15.21) and k =0, ..., N —1 which is time-varying, continuous and piecewise affine
on polyhedra

fu(x)=Fix+g, if x€CRL, i=1,...,N} (15.42)
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where the polyhedral sets CRi, = {x € R™: Hjx < K}},i=1,...,N] are a partition
of the feasible polyhedron Xy. Moreover f;, i =0,..., N —1 can be found by solving
N mp-LPs.

Proof: The proof can be easily derived from the results in Chapter 11. The
only difference is that the constraints have to be first robustified as explained in
Section 15.2. |

State Feedback Solution, Worst-Case Cost, 1-Norm
and oco-Norm Case

In this chapter we show how to find a state feedback solution to CROC problems
when a worst case performance index is used. The following results will be used in
the next sections.

Lemma 15.1 Let f : R®* X R" x R™ — R and g : R® x R" x R™ — R™s be
functions of (z,x,w) convex inw for each (z,x). Assume that the variable w belongs
to the polyhedron W with vertices {w;}"¥. Then the min-maz multiparametric
problem

J*(x) = min, maxy,ew f(z, 2, w)

subj. to  g(z,z,w) <0VweW (15.43)
is equivalent to the multiparametric optimization problem
J*(z) =min, ., p
subj. to p > f(z, ), i=1,...,Nw (15.44)

T, W;
(zxwl)g i=1,..., Ny.

Proof: Easily follows from the fact that the maximum of a convex function
over a convex set is attained at an extreme point of the set, cf. also [259]. |

Corollary 15.1 If f is conver and piecewise affine in (z,x), i.e., f(z,x,w) =
_____ ny 1Li(w)z + Hi(w)z + Ki(w)} and g is linear in (z,x) for allw € W,
g(zvx w) =1L ( )Z + Hg(w)x + Kg(w> (with LQ(')7 Hg(')) Kg(')f Li(')r HZ()?
Ki(-), i = 1,...,ny, convex functions), then the min-max multiparametric prob-
lem (15.43) is equivalent to the mp-LP problem

J*(x) =ming, . p
subj. to p > Lj(w;)z + Hj(w;)x + Kj(w;), i=1,...,Nw, j=1,...,ny
Ly(w;)z + Hy(w;)x < —Ky(w;), i =1,..., Nw.

Remark 15.5 As discussed in Lemma 10.2, in the case g(z,z,w) = gi1(z,z) +
g2(w), the second constraint in (15.44) can be replaced by gi(z,z) < —g, where
g= [gl, .. 7§ngy is a vector whose i-th component is

G, = L (w), 15.4
gi = max ga(w) (15.46)
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15.4.1

15.4.2

and g4(w) denotes the i-th component of gz (w). Similarly, if f(z,x,w) = fi(z,z) +
f2(w), the first constraint in (15.44) can be replaced by u > fi(z,z) + f, where

fi = max f3(w). (15.47)

Clearly, this has the advantage of reducing the number of constraints in the
multiparametric program from Nyng to ng for the second constraint in (15.44) and
from Nymny to ny for the first constraint in (15.44).

In the following subsections we show how to solve CROC problems in state
feedback form by using multiparametric linear programming.

Batch Approach: Open-Loop Predictions

Theorem 15.4  Consider the CROC-OL (15.5), (15.8), (15.9), (15.11). Assume
that the parametric uncertainties are in the B matriz only (A(wP) = A). Then,
there exists a solution u*(0) = fOF(x(0)), fOF : R* — R™, which is continuous
and PPWA

Ol(x)=Fla+g, if v€CR), i=1,...,N} (15.48)

where the polyhedral sets CRE = {Hix <k}, i =1,...,N§, are a partition of the
feasible set XOOL. Moreover fy can be found by solving an mp-LP. The same result
holds for u*(k) = fP*(x(0)), k=1,...,N — 1.

Proof: Since xj, = A*zq + z:;é A B(w | Juk—1—; + Bw{_,_,] is a linear
function of the disturbances w® = {w§,...,w%_;}, and w? = {wh, ..., wk,_ }fora
fixed input sequence and xg, the cost function in the maximization problem (15.8) is
convex and piecewise affine with respect to the optimization vectors w® and w? and
the parameters Uy, 9. The constraints in (15.11) are linear in Uy and xg, for any
w® and w?. Therefore, by Corollary 15.1, problem (15.8)—(15.11) can be solved by
specifying the constraints (15.11) only at the vertices of the set W* x W® x ... x W¢
and WP x WP x ... x WP and solving an mp-LP. The theorem follows from the
mp-LP properties described in Theorem 6.5. |

Remark 15.6 Note that Theorem 15.4 does not hold when parametric uncertainties
are present also in the A matrix. In this case the predicted state xj is a nonlinear
function of the vector w”.

Remark 15.7 In case of CROC-OL with additive disturbances only (w? (¢
number of constraints in (15.11) can be reduced as explained in Remark 1

0) the

)=
5.0.

Recursive Approach: Closed-Loop Predictions

Theorem 15.5 There exists a state feedback control law u*(k) = fr(x(k)),
fe: X € R* — U C R™, solution of the CROC-CL (15.1/)-(15.17) with
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cost (15.20), (15.21) and k = 0,..., N — 1 which is time-varying, continuous and
piecewise affine on polyhedra

fe(z) =Fix+g, if 2€CRL, i=1,...,NJ (15.49)

where the polyhedral sets CR; = {x € R" : Hix < Kj}, i=1,...,NJ are a
partition of the feasible polyhedron Xy. Moreover f;, i =0,...,N —1 can be found
by solving N mp-LPs.

Proof: Consider the first step j = N — 1 of dynamic programming applied to
the CROC-CL problem (15.14)—(15.20) with cost (15.9)

In_1(zn_1) = glvinlJN—l(l'N—lyuN—l) (15.50)

TN-1 €EX, un_1 €U
subj. to A(wl_)zn-1+ Bwi_ )un-1 + Bw§_ € Xy
Vwl,_, € We, Vb, € WP

(15.51)
[Qen—1lp + | Run—1lp+
JN,1($N,1,UN,1) = " Wrzlaxp " +HP(A(’U)JP<,_1)$N71+
N SR N +B(wy_y)un-1+ Bw§_1)llp
(15.52)

The cost function in the maximization problem (15.52) is piecewise affine and
convex with respect to the optimization vector w% _,,wR ;| and the parameters
uN—1, £n—1. Moreover, the constraints in the minimization problem (15.51) are
linear in (un—_1,2zn—1) for all vectors w% _,,wR, _;. Therefore, by Corollary 15.1,
Jh_1(xN=1), uy_;(zn_1) and Xn_;1 are computable via the mp-LP:

Ji a(ex—1) = min p
My UN—1

subj. to 1 > [[Qzy—_1llp + | Run—1, +
+ ||P(A(w})zNn—1 + B(w}))un—1 + Ewf)|, (15.53a)
rN_1E€X, un_1 €U (15.53b)
A(w)en—1 + B(w0} )uny—1 + Ew} € Xy (15.53¢)
Vi=1,....,npwa, Vh=1,... nyw.

where {0} and {w}},; ¥/ are the vertices of the disturbance sets W* and
WP, respectively. By Theorem 6.5, J3;_; is a convex and piecewise affine function
of xn_1, the corresponding optimizer uj _; is piecewise affine and continuous,
and the feasible set X'y_1 is a convex polyhedron. Therefore, the convexity and
linearity arguments still hold for j = N —2,...,0 and the procedure can be iterated
backwards in time j, proving the theorem. The theorem follows from the mp-LP
properties described in Theorem 6.5. |
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Remark 15.8 Let n, and n, be the number of inequalities in (15.53a) and (15.53c¢),
respectively, for any ¢ and h. In case of additive disturbances only (nyw» = 0) the
total number of constraints in (15.53a) and (15.53c) for all ¢ and h can be reduced
from (nq + np)nywenwe to ng + 1y as shown in Remark 15.5.

Remark 15.9 The closed-loop solution uv*(k) = fi(z(k)) can be also obtained by
using the modified batch approach with closed-loop prediction as discussed in Section
15.2. The idea there is to augment the number of free inputs by allowing one sequence
@b, ... @h_, for each vertex i of the disturbance set W x W* x ... x W®. The large

N—1
number of extreme points of such a set and the resulting large number of inputs and
constraints make this approach computationally hard.

Solution to CROC-CL and CROC-OL via mp-MILP

Theorems 15.2-15.5 propose different ways of finding the PPWA solution to
constrained robust optimal control by using multiparametric programs. The
solution approach presented in this section is more general than the one of
Theorems 15.2-15.5 as it does not exploit convexity, so that it may also be used
in other contexts, for instance for CROC-CL of hybrid systems, or for CROC of
uncertain systems of the type z(t + 1) = Ax(¢t) + Bu(t) + Ew*(t) where A and B
belong to a finite discrete set of known matrices.
Consider the multiparametric mixed-integer linear program (mp-MILP)

J*(x) = mzin {J(z,z) =z}

. (15.54)
subj. to Gz < w+ Sz.

where z = [z, 24, 2c € R™, z4 € {0,1}"4, s = n. + ng, z € R® is the optimization
vector and x € R" is the vector of parameters.

For a given polyhedral set I C R™ of parameters, solving (15.54) amounts to
determining the set K* C K of parameters for which (15.54) is feasible, the value
function J : K* — R, and the optimizer function' z* : £* — R®.

The properties of J*(-) and z*(-) have been analyzed in Section 6.4.1 and
summarized in Theorem 6.10. Below we state some properties based on these
theorems.

Lemma 15.2 Let J : R* x R™ — R be a continuous piecewise affine (possibly
nonconvez) function of (z,x),

J(z,2) = Liz+ Hix + K; for [Z] € Ry, (15.55)

where {R;}17, are polyhedral sets with disjoint interiors, R = J;-, R; is a (possibly
nonconvez) polyhedral set and L;, H; and K; are matrices of suitable dimensions.
Then the multiparametric optimization problem

L In case of multiple solutions, we define z*(z) as one of the optimizers.
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J*(z) = min, J(z,x)

subj. to Cz <c+ Sz (15.56)

ts an mp-MILP.

Proof: By following the approach of [42] to transform piecewise affine functions
into a set of mixed-integer linear inequalities, introduce the auxiliary binary
optimization variables §; € {0, 1}, defined as

[0: =1] < [[Z]eRi], (15.57)

where §;, i = 1,...,ny, satisfy the exclusive-or condition > 7, §; = 1, and set

n.J
J(z,2) =Y g (15.58)
i=1

where ¢; are auxiliary continuous optimization vectors. By transforming (15.57)—
(15.59) into mixed-integer linear inequalities [42], it is easy to rewrite (15.56) as a
multiparametric MILP. [ ]

Next we present two theorems which describe how to use mp-MILP to solve

CROC-OL and CROC-CL problems.

Theorem 15.6 By solving two mp-MILPs, the solution Uj(xo) to the CROC-
OL (15.8), (15.9), (15.11) with additive disturbances only (n, = 0) can be computed
in explicit piecewise affine form (15.48).

Proof: The objective function in the maximization problem (15.8) is convex
and piecewise affine with respect to the optimization vector w® = {w§, ..., w%_;}
and the parameters U = {uq,...,un—_1}, 0. By Lemma 15.2, it can be solved via
mp-MILP. By Theorem 6.10, the resulting value function J is a piecewise affine
function of U and zp and the constraints in (15.11) are a linear function of the
disturbance w® for any given U and zy. Then, by Lemma 15.2 and Corollary
15.1 the minimization problem is again solvable via mp-MILP, and the optimizer
U* = {ug,...,uly_} is a piecewise affine function of z. |

Theorem 15.7 By solving 2N mp-MILPs, the solution of the CROC-
CL (15.14)—(15.17) problem with cost (15.20), (15.21) and additive disturbances
only (np, =0) can be obtained in state feedback piecewise affine form (15.49).

Proof: Consider the first step j = N — 1 of the dynamic programming solution
to CROC-CL. The cost-to-go at step N — 1 is p(xy) from (15.16). Therefore, the
cost function in the maximization problem is piecewise affine with respect to both
the optimization vector w$,_; and the parameters uy_i, zy—1. By Lemma 15.2,
the worst case cost function (15.20) can be computed via mp-MILP, and, from
Theorem 6.10 we know that Jy_1(un—1, zx—1) is a piecewise affine function. Then,
since constraints (15.51) are linear with respect to w%,_, for each un_1, n_1, we
can apply Corollary 15.1 and Remark 15.5 by solving LPs of the form (10.54).
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Then, by Lemma 15.2, the optimal cost J3_;(znx_1) of the minimization problem
(15.14) is again computable via mp-MILP, and by Theorem 6.10 it is a piecewise
affine function of z_1. By virtue of Theorem 6.10, Xy _1 is a (possible nonconvex)
polyhedral set and therefore the above maximization and minimization procedures
can be iterated to compute the solution (15.49) to the CROC-CL problem. |

15.5 Parametrizations of the Control Policies

From the previous sections it is clear that CROC-OL (15.5)—(15.11) is conservative
since we are optimizing an open-loop control sequence that has to cope with all
possible future disturbance realizations, without taking future measurements into
account. The CROC-CL (15.14)—(15.16) formulation overcomes this issue but it
can quickly lead to a problem so large that it becomes intractable.

This section presents an alternative approach which introduces feedback in the
system and, in some cases, can be more efficient than CROC-CL. The idea is
to parameterize the control sequence in the state vector and optimize over these
parameters. The approach is described next for systems with additive uncertainties.

Consider the worst case cost function as

N-1
Jo(2(0),Up) = maxyge,  we  P(TN)+ q(T, ur)
o 15.60
Tht1 = Axy, + Bug, + Ew}j ( ’ )
subj. to ¢ wi € W,
k=0,...,N—1
where N is the time horizon and Uy = [ug, ..., u)y_,] € R®, s = mN the vector of
the input sequence. Consider the robust optimal control problem
Jg(xo) ZHlljano(Jio,Uo) (1561)
0
T € X, up €U
. Trp41 = Azi + Buy + Ewg Ywg € W*
subj-t0 oL e & V=0, N—1 (1562
k=0,...,N—1
Consider the parametrization of the control sequence
k
up =Y Lixi+gi, ke{0,...,N-1} (15.63)
i=0
with the compact notation:
Up =Lz + 9,
where x = [z}, 2}, ...,2/y] and
Loy 0 e 0 90
L=1 S NE (15.64)

Ly_10 -+ Lny-in-1 O gN-1
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where L € R™V*"N and g € R™N are unknown feedback control gain and offset,
respectively. With the parametrization (15.63) the robust control problem (15.60)—
(15.62) becomes

N—1
‘](fg('r(o)a L7g) = maxw‘o",...,w"]\',71 p(IL’N) + Z q(Ik,Uk)
k=0
Tht1 = Axy, + Bug, + Ewg
wp € We, (15.65)
. k
SubJ. to up = ZLk’le + g
i=0
k=0,...,N—1
Ty *" (o) =min Jy? (20, L, 9) (15.66)
rr €EX, up €U
Trp+1 = Azy + Bug + Ewj
k
. Yw§ € W*
subj. to Up = ZL;”:EZ + 9i ka: 0 N -1
— e .
TN € Xf
k=0,...,N—1

(15.67)

We denote with XOL 9 C X the set of states x( for which the robust optimal control
problem (15.66)—(15.67) is feasible, i.e.,

XOLg:{wOER": P(fg(xo);é@}

P()Lg(xo):{L:g:xkeX’ up €U, k=0,....N—1, oy € Xy (15.68)
VwieW*k=0,...,N -1, |

k
where 11 = Az + Bug + Bwg, v, = ZLk’ixi + gi} .
i=0

Problem (15.65) looks for the worst value of the performance index JOLQ (z0,L,9)
and the corresponding worst sequences w®* as a function of xy and the controller
gain L and offset g.

Problem (15.66)—(15.67) minimizes (over L and g¢) the worst performance
subject to the constraint that the input sequence Uy = Lx + g must be feasible
for all possible disturbance realizations. Notice that formulation (15.65)—(15.67) is
based on a closed-loop prediction. Unfortunately the set 735“ 9(x0) is nonconvex, in
general [194]. Therefore, finding L and g for a given zy may be difficult.

Consider now the parametrization of the control sequence in past disturbances

k—1
up = Mygw! +v;, kef0,...,N—1}, (15.69)
=0
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which can be compactly written as:

Up=Mw*+wv
where
0 0 Vo
Ml,o 0 e 0 :
M = ) ) ) A, v= . (15.70)
My_10 -+ Myn_in—2 O

UN—-1
Notice that since
Ewj;, = xp41 — Az, — Bug, ke{O,...,N—l}.

the parametrization (15.69) can also be interpreted as a parametrization in the
states. The advantages of using (15.69) are explained next.
With the parametrization (15.69) the robust control problem (15.60)—(15.62)

becomes
N-1
Jé\/h)(x(b M,U) = maxwg ..... wR_q P(xN) + Z q(xkauk)
k=0
Trp1 = Azi + Buy, + Ew}
wi € W, (15.71)
subj. to "
J: U = ZM’C”'U’? + v;
i=0
k=0,...,N—1
JM (20) =min JM (z0, M, v) (15.72)

U

rp €X, up €U

Tr+1 = Az + Buy + Ewy
k—1

. Yw§ € W*
5 _ @ . k
subj. to “k_EQN%W”+”l Vk=0,... N—1.
1=
TN € Xf

k=0,...,N—1
(15.73)

The problem (15.71)—(15.73) is now convex in the controller parameters M and v.
As solution we obtain u*(0) = fo(z(0)) = vo(x(0)).

We denote with X({V[ v C X the set of states xy for which the robust optimal
control problem (15.72)—(15.73) is feasible, i.e.,

XM = {xg e R™ : P (z0) # 0}

Pé‘/[”(xo):{M,v:xkeX, up €U, k=0,...,N—-1, oy € &

VwpeW*k=0,...,N —1, where x41 = Az + Buy + Ewy,

k—1
U = E My ;wi +v; p .

=0
(15.74)
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The following result has been proven in [130], the convexity property has also
appeared in [194][Section 7.4].

Theorem 15.8 Consider the control parameterizations (15.63), (15.69) and the
corresponding feasible sets XOLQ in (15.68) and XMV in (15.7/). Then,

Lg _ v Mv
Xk = x/
and PM?(xg) is convexr in M and v.

Note that in general XM? and JMV"(zo) are different from the corresponding
CROC-CL solutions Xy and Jg (zo). In particular XM* C Xy and JM" (z0) >

Next we solve the problem in Example 15.2 by using the approach discussed in
this section. The example will shed some light on how to compute the disturbance
feedback gains by means of convex optimization.

Example 15.3 Consider the system
Tkl = Tk + Uk + Wk (1575)

where z, u and w are state, input and disturbance, respectively. Let uy € [—1, 1] and
wy € [—1,1] be the feasible input and disturbance. The objective for player U is to
play two moves in order to keep the state z3 in the set Xy = [—1,1].

Rewrite the terminal constraint as

3 = To + uo + u1 + uz + wo + w1 + we € [—1,1]

Y wo € [-1,1], wi € [-1,1], we € [-1,1]. (15.76)

The control inputs u are parameterized in past disturbances as in equation (15.69)

ug = Vo
U = v1 + M1,0w0 (1577)
ug = v2 + Mo owo + M2 1w .

Input constraints and terminal constraint are rewritten as

xo +vo +v1 +v2 + (1 4+ Mio+ Mz o)wo + (1 + Ma1)wi + wa € [—1,1]

up = vo € [—1,1]

uy = v + M170w0 € [—1, 1] (1578)
uz = vz + Maowo + M2 w1 € [—1,1]

YV wo € [-1,1], w1 € [-1,1], w2 € [-1,1].

There are two approaches to convert the infinite number of constraints (15.78) into
a set of finite number of constraint. The first approach has been already presented
in this chapter and resorts to disturbance vertex enumeration. The second approach
uses duality. We will present both approaches next.

e Enumeration method

Constraint (15.78) are linear in wo, w1 and ws for fixed wvo, v1, v2, Mi,0, M2,
M3 1. Therefore the worst case will occur at the extremes of the admissible dis-
turbance realizations, i.e., {(1,1,1), (1,1,-1), (-1,1,1), (-1,1,-1), (1,-1,1),
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(1,-1,-1), (-1,-1,1), (=1,—1,—1)}. Therefore the constraints (15.78) can be
rewritten as:

xo +wvo +v1 +v2 + (14 Mio+ Mzo) + (1 + M21) + 1€ [~1,1]
xo+vo+v1+v2+ (1+ Mo+ Map) + (14 Moy)—1€[-1,1]
To+wvo+vi+va— (1+ Mo+ Mao)+ (1+Ms1)+1€[-1,1]
xo +wvo +v1 +v2 — (14 Mio+ Mzo) + (1+ M21) — 1€ [~1,1]
xo+vo+v1+v2+ (1+ Mo+ Map) — (14 Moy)+1€[-1,1]
To+wvo+vi+va+ (1+ Mo+ Mao)— (14+Mer)—1€[-1,1]
xo +wvo +v1 +v2 — (14 Mio+ Mzo) — (1+ M21) +1€[~1,1]
xo+vo+v1+v2— (1+ Mo+ Map) — (14 Moy)—1€[-1,1] (15.79)

ug = v € [—1,1]

ur = w1 + Mo € [—1,1]

Uy = v — M1,() S [—1,1]

up = v2 + Moo+ M2 € [—1
uz =v2 + Mz — M2 € [—-1
uz = v2 — Moo + Mo € [—1,
ug =va — Moo — Mz € [-1

A feasible solution to (15.79) can be obtained by solving a linear optimization
problem for a fixed initial condition zo. If we set o = 0.8, a feasible solution to
(15.79) is

Vo = —0.8, v1 = O, V2 = 0

M17() = 71, ngo = 0, Mgﬁl = -1 (1580)

which provides the controller

Ug = —0.8

U = —wo (15.81)

U2 = —W1
which corresponds to

ug = —-0.8

U = —I1 (15.82)

U2 = —I2.

e Duality method

Duality can be used to avoid vertex enumeration. Consider the first constraint

n (15.78):
xo +vo +v1 +v2 + (14 Mo+ Mzo)wo + (1 + Mz1)wr +wz <1, (15.83)
YV wo € [-1,1], Ywr € [-1,1], Vw2 € [-1,1].
We want to replace it with the most stringent constraint, i.e.,
xo + vo + v1 + vo+J (Mo, M2, M21) <1 (15.84)

where
J*(M1,0, Ma,0, M21) = maXwg,wywe (1 + Mi,o+ Mao)wo + (1 4+ Ma)wi + wa
subj. to wo € [—1,1], w1 € [-1,1], w2 € [-1,1].
(15.85)
For fixed M0, M2,0, M1 the optimization problem in (15.85) is a linear program
and can be replaced by its dual

xo 4+ vo +v1 +v2 +d" (M1, Mao, Ma1) <1 (15.86)
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where

d* (M0, Mao, Ma 1) = minyu 51 AG + AT+ A5+ A0 + AL+ A
subject to 1+ Mo+ Mag + Xy — Ao =
L4+ Mg+ A=A =0
L+ X — A5 =
Ae>0, A >0, i=0,1,2

(15.87)

where A\¥ and Al are the dual variables corresponding to the upper- and lower-
bounds of w;, respectively. From strong duality we know that for a given vy,
v1, v2, M1,0, Ma,0, M2 problem (15.84)—(15.85) is feasible if and only if there
exists a set of \j* and )\é which together with vo, v1, v2, M1,0, M2, M2 1 solves

the system of equalities and inequalities

Lo+ vo+v1 F vt A F AL F A FAS AL AL <
1+M1,0+M2,0+>\6*/\3:0

1+M2,1+/\llf =0

L+X,— Ay =0

A>0, AL>0,i=0,1,2.

(15.88)

We have transformed an infinite dimensional set of constraints in (15.83) into
a finite dimensional set of linear constraints (15.88). By repeating the same
procedure for every constraint in (15.78) we obtain a set of linear constraints. In

particular,

xo +vo +v1 +v2+ (14 Mo+ Mzo)wo + (1 4+ Mo1)wr + we € [—1,1]

Ywo € [~1,1], wi € [—1,1], wa € [~1,1]
is transformed into

To+vo+ v Fva F A FAFAE F AN A< T
—x0 —vo — v1 — V2 + puf + pf + pE 4 po + py +ph <1
L4+ Mo+ Moo+ X — Ay =0

1+M2,1+)\l1— 1=0

1+X -2 =0

—1— Mo — Mago + b — pé =0

—1—= Msy +pj —pi =0

—1—ph—ps =0

A AL, b >0, i=0,1,2,

and
ur = v1 + Miowo € [—1,1]
Ywo € [-1,1], wi € [-1,1], w2 € [~1,1]
is transformed into
4+ <1
—v1+RE+rRE<1
Mio+vi—vi=0
—Mig+kK —Kk¥ =0
KE, Ko, W, vh >0,
and
ug = v2 + Maowo + Mo w1 € [—1,1]
Vwo € [—1,1], wy € [—1,1], w € [-1,1]

(15.89)

(15.90)



342

15 Constrained Robust Optimal Control

is transformed into
va + 8 + Y +pb + pi < 1
—vo+mE At b+l <1
Mso + py — p§ =0
Mog+ph—pt =0 (15.91)
7M2’0 +TI'(Z) — 7Tg = O
—Ms1 + —xt=0
pi, ph, m, m >0, i=0,1
and the constraint
ug = vo € [—1,1] (15.92)

remains unchanged. The solution to the set of linear of equalities and inequali-
ties (15.89)—(15.92) for a given xo provides the solution to our problem.

15.6 Example

Example 15.4 Consider the problem of robustly regulating to the origin the system

2(t+1) = { s :|x(t)-|— { 0 }u(t)—i—w“(t)

subject to the input constraints
U={ueR : —3<u<1}
and the state constraints
X={zeR®: —10<z<10, k=0,...,3}.
The two-dimensional disturbance w® is restricted to the set W = {v : ||w®||0 < 2}.

‘We use the cost function

N-1

1Penlloo + D (1Qwkll + | Ruk|)

k=0
with N=3, P=Q =[}1], R=1.8 and we set Xy = X.

We compute three robust controllers CROC-OL, CROC-CL and CROC with
disturbance feedback parametrization.

CROC-OL. The min-max state feedback control law u*(k) = fO¥(x(0)), k =
1,...,N — 1 is obtained by solving the CROC-OL (15.8), (15.9), (15.11). The
polyhedral partition corresponding to u*(0) consists of 64 regions and it is depicted
in Figure 15.2(a).

CROC-CL. The min-max state feedback control law u*(k) = fft(z(k)), k =
1,...,N — 1 obtained by solving problem (15.14)—(15.16), (15.20), (15.21) using the

approach of Theorem 15.5. The resulting polyhedral partition for & = 0 consists of
14 regions and is depicted in Figure 15.2(b).
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N N
;1:.1 . . x
(a) Example 15.4. Solution to the (b) Example 15.4. Solution to the
CROC-OL problem. Polyhedral CROC-CL problem. Polyhedral
partition of the state space. partition of the state space.

Figure 15.2 Example 15.4. Polyhedral partition of the state space corre-
sponding to the explicit solution of CROC-OL and CROC-CL at time t = 0.

Xo= g
£ £
Ty 1
(a) Example 15.4. Solution to (b) Example 15.4. Sets APT
the CROC-Parametrized prob- (dashed line), Xy (continuous
lem. Polyhedral partition of the line) and XOMU (continuous line).

state space.

Figure 15.3 Example 15.4. (a) Polyhedral partition of the state space
corresponding to the explicit solution of CROC-Parametrized at time ¢ = 0.
(b) Sets XPY, Xy and XMV corresponding to the controllers CROC-OL,
CROC-CL and CROC-Parameterized, respectively.

CROC-Parameterized. The min-max state feedback control law u*(k) =
2 (x(0)), k = 1,...,N — 1 obtained by solving problem (15.71)-(15.73) using
the approach described in Example 15.3. The resulting polyhedral partition for
k = 0 consists of 136 regions and is depicted in Figure 15.3(a). Figure 15.3(b) shows
the set of feasible initial states XOY, Xy and XM corresponding to the controllers

CROC-OL, CROC-CL and CROC-Parameterized, respectively.

15.7 Robust Receding Horizon Control

A robust receding horizon controller for system (15.1)—(15.4) which enforces the
constraints (15.2) at each time ¢ in spite of additive and parametric uncertainties

can be obtained by setting
u(t) = fg(z(t)), (15.93)


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/Robust_OL.m
http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/Robust_CL.m
http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/Robust_Parametrized.m
http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/Robust_Parametrized_Comparison.m
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where f§(z(0)) : R™ — R™ is the solution to the CROC-OL or CROC-CL problems
discussed in the previous sections.

If fo is computed by solving CROC-CL (15.14)—(15.17) (CROC-OL (15.11)),
then the RHC law (15.93) is called a robust receding horizon controller with
closed-loop (open-loop) predictions. The closed-loop system obtained by control-
ling (15.1)—(15.4) with the RHC (15.93) is

x(k+1) = A(wP)z(k) + B(wP) fo(z(k)) + Ew® = fa(z(k),wP,w®), k>0 (15.94)

If the CROC falls in one of the classes presented in Section 15.1.1 then from the
theorems presented in this chapter we can immediately conclude that the robust
RHC law (15.93) is piecewise affine and thus its on-line computation comprises a
function evaluation.

As discussed in Chapter 12 convergence and persistent feasibility of the
robust receding horizon controller are not guaranteed for nominal receding horizon
controllers. In the robust RHC case it is desirable to obtain robust convergence to
a set O C X (rather than convergence to an equilibrium point) for all Ap. In other
words, the goal is to design a RHC control law which drives any feasible state in
Xy into the set O for all admissible disturbances and keeps the states inside the set
O for all future time and for all admissible disturbances. Clearly this is possible
only if O is a robust control invariant set for system (15.1)—(15.4).

We define a distance of a point € R™ from a nonempty set ) C R" as:

d(z,¥) = inf d(z,y) (15.95)

The following theorem presents sufficient conditions for convergence and
persistent feasibility in the robust case. It can be proven by using the arguments
of Theorem 12.2. Slightly modified versions can be found with proof and further
discussion in [247, p. 213-217, p. 618] and in [23, Section 7.6].

Theorem 15.9  Consider system (15.1)-(15.4), the closed-loop RHC law (15.93)
where fo(x) is obtained by solving the CROC-CL (15.14)-(15.16) with cost
(15.20), (15.21) for x(0) = x and the closed-loop system (15.94). Assume that

(A0) There exist constants c1, ca,cs,cq > 0 such that
cd(z,0) < p(z) < cad(z,0) Vz € Xy (15.96)

csd(z,0) < q(z,u) < cqd(z,0) V(z,u) € Xy xU (15.97)
(A1) The sets X, Xy, U, W, WP are compact.
(A2) X; and O are robust control invariants, O C Xy C X.
(A8)  JP(z) <0 Vz e Xy where

JP(x) = mingey maxye wo p(z) — p(z) + q(z,u)

(15.98)

subi. to w® € W, wP € WP
J- xt = A(wP)r + B(wP)u + Ew®

Then, for all x € Xy, limg_,o d(x(k), O) = 0.
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Compare Theorem 15.9 with the nominal MPC stability results in Theorem
12.2.

e Assumption (A0) characterizes stage cost ¢(x,u) and terminal cost p(x) in
both the nominal and the robust case. In the robust case ¢ and p need to be
zero in O, positive and finitely determined outside O and continuous on the
border of O. Assumption (A0) of Theorem 15.9 guarantees these properties.
Note that this cannot be obtained, for instance, with the cost (15.22)
in (15.8).

e Assumption (A1) characterizes the initial sets in both the nominal and the
robust case. Notice that the compactness of W* and WP? is required to have
a finite cost in the inner maximization problem. In unconstrained min-max
problems often the stage cost is augmented with the term —p?||w]| to have
a well defined maximization problem [247] [Section 3.3.3].

e Assumption (A2) characterizes the terminal set in both the nominal and the
robust case. Recall that, as discussed earlier, the set O takes the role of the
origin for the nominal case. The set O must also be a robust invariant.

e Assumption (A3) characterizes the terminal cost in both the nominal and
the robust case. The minimization problem in the nominal cases is replaced
by the min-max problem in the robust case. Robust control invariance of the
set Xy in assumption (A2) of Theorem 15.9 implies that problem (15.98) in
assumption (A3) is always feasible.

Remark 15.10 Robust control invariance of the set O in assumption (A2) of Theorem
15.9 is also implicitly guaranteed by assumption (A3) as shown next.

Because of assumption (A0), assumption (A3) in O becomes

min nalaxp(p(A(wp)x + B(wP)u+ Fw®) <0 Vz € O.

From assumption (A4), this can be verified only if it is equal to zero, i.e., if there
exists a u € U such that A(w?)z + B(wP)u + Ew® € O for all w* € W* wP € WP
(since O is the only place where p(z) can be zero). This implies the robust control
invariance of O.

15.8 Literature Review

An extensive treatment of robust invariant sets can be found in [57, 58, 51, 59].
The proof to Theorem 10.2 can be fond in [172, 100] For the derivation of
the algorithms 10.4, 10.5 for computing robust invariant sets (and their finite
termination) see [10, 49, 172, 124, 164].

Min-max robust constrained optimal control was originally proposed by
Witsenhausen [289]. In the context of robust MPC, the problem was tackled
by Campo and Morari [78], and further developed in [5] for SISO FIR plants.
Kothare et al. [180] optimize robust performance for polytopic/multimodel and
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linear fractional uncertainty, Scokaert and Mayne [259] for additive disturbances,
and Lee and Yu [189] for linear time-varying and time-invariant state space
models depending on a vector of parameters 6 € ©, where © is either an ellipsoid
or a polyhedron. Other suboptimal CROC-CL strategies have been proposed
in [180, 29, 181]. For stability and feasibility of the robust RHC (15.1), (15.93) we
refer the reader to [43, 197, 204, 23].

The idea of the parametrization (15.69) appears in the work of Gartska & Wets
in 1974 in the context of stochastic optimization [119]. Recently, it reappeared in
robust optimization work by Guslitzer and Ben-Tal [136, 46], and in the context
of robust MPC in the work of van Hessem & Bosgra, Lofberg and Goulart &
Kerrigan [281, 194, 130].
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Models of Hybrid Systems

Hybrid systems describe the dynamical interaction between continuous and discrete
signals in one common framework (see Figure 16.1). In this chapter we focus our
attention on mathematical models of hybrid systems that are particularly suitable
for solving finite time-constrained optimal control problems.

Models of Hybrid Systems

The mathematical model of a dynamical system is traditionally expressed through
differential or difference equations, typically derived from physical laws governing
the dynamics of the system under consideration. Consequently, most of the
control theory and tools address models describing the evolution of real-valued
signals according to smooth linear or nonlinear state transition functions, typically
differential or difference equations. In many applications, however, the system to
be controlled also contains discrete-valued signals satisfying Boolean relations,
if-then-else conditions, on/off conditions, etc., that also involve the real-valued
signals. An example would be an on/off alarm signal triggered by an analog variable
exceeding a given threshold. Hybrid systems describe in a common framework the
dynamics of real-valued variables, the dynamics of discrete variables, and their
interaction.

In this chapter we will focus on discrete-time hybrid systems, which we will
call discrete hybrid automata (DHA), whose continuous dynamics is described
by linear difference equations and whose discrete dynamics is described by finite
state machines, both synchronized by the same clock [276]. A particular case
of DHA is the class of piecewise affine (PWA) systems [266]. Essentially, PWA
systems are switched affine systems whose mode depends on the current location
of the state vector, as depicted in Figure 16.2. PWA and DHA systems can be
translated into a form, denoted as mized logical dynamical (MLD) form, that is
more suitable for solving optimization problems. In particular, complex finite time
hybrid dynamical optimization problems can be recast into mixed-integer linear or
quadratic programs as will be shown in Chapter 17.
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Real-valued Real-valued
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Figure 16.1 Hybrid systems. Logic-based discrete dynamics and continuous
dynamics interact through events and mode switches.

In Section 16.7 we will introduce the tool HYSDEL (HYbrid Systems
DEscription Language), a high level language for modeling and simulating DHA.
Therefore, DHA will represent for us the starting point for modeling hybrid
systems. We will show that DHA, PWA, and MLD systems are equivalent model
classes, and in particular that DHA systems can be converted to an equivalent
PWA or MLD form for solving optimal control problems.

After introducing PWA systems, we will go through the steps needed for
modeling a system as a DHA. We will first detail the process of translating
propositional logic involving Boolean variables and linear threshold events over
continuous variables into mixed-integer linear inequalities, generalizing several
results available in the literature, in order to get an equivalent MLD form of a DHA
system. Finally, we will briefly present the tool HYSDEL that allows to describe the
DHA in a textual form and to obtain equivalent MLD and PWA representations
in MATLAB®.

Piecewise Affine Systems

PWA systems [266, 145] are defined by partitioning the space of states and inputs
into polyhedral regions (cf. Figure 16.2) and associating with each region different
affine state-update and output equations:

z(t+1) = A ®z(t) + B Oy(t) 4 f1O (16.1a)

y(t) = Ci(t)x(t) + Di(t)u(t) 4 gi(t) (16.1Db)
H Oz (t) + JWu(t) < K0 (16.1c)
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T-space

Figure 16.2 Piecewise affine (PWA) systems. Mode switches are triggered
by linear threshold events. In each one of the shaded regions the affine mode
dynamics is different.

where x(t) € R™ is the state vector at time ¢ € T and T = {0,1,...} is the set
of nonnegative integers, u(t) € R™ is the input vector, y(t) € R? is the output
vector, i(t) € T = {1,...,s} is the current mode of the system, the matrices A",
Bt fit) i) pit) - gi) - i) - git) it are constant and have suitable
dimensions, and the inequalities in (16.1c¢) should be interpreted component-wise.
Each linear inequality in (16.1c) defines a half-space in R™ and a corresponding
hyperplane, that will be referred to as guardline. Each vector inequality (16.1c)
defines a polyhedron C* = {[%] € R*™™ : Hiz + Ju < K'} in the state+input
space R”T™ that will be referred to as cell, and the union of such polyhedral cells as
partition. We assume that C? are full-dimensional sets of R"*™ foralli=1,...,s.
A PWA system is called well-posed if it satisfies the following property [40]:

Definition 16.1  Let P be a PWA system of the form (16.1) and let C = Ui_,C* C
R™™ pe the polyhedral partition associated with it. System P is called well-posed
if for all pairs (x(t),u(t)) € C there exists only one index i(t) satisfying (16.1).

Definition 16.1 implies that z(¢+1), y(¢) are single-valued functions of z(t) and u(¢),
and therefore that state and output trajectories are uniquely determined by the
initial state and input trajectory. A relaxation of definition 16.1 is to let polyhedral
cells C* share one or more hyperplanes. In this case the index i(¢) is not uniquely
defined, and therefore the PWA system is not well-posed. However, if the mappings
(x(t),u(t)) = x(t+ 1) and (z(t),u(t)) — y(t) are continuous across the guardlines
that are facets of two or more cells (and, therefore, they are continuous on their
domain of definition), such mappings are still single valued.

Modeling Discontinuities

Discontinuous dynamical behaviors can be modeled by disconnecting the domain.
For instance, the state-update equation
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1 .
w1y =4 2o FT I et <0 (16.2a)

0 if x(t)>0
is discontinuous across x = 0. It can be modeled as

1 .
w1y =4 27O 2(t) <0 (16.2b)

0 if x(t)>e

where ¢ > 0 is an arbitrarily small number, for instance the machine precision.
Clearly, system (16.2) is not defined for 0 < z(t) < ¢, i.e., for the values of the state
that cannot be represented in the machine. However, the trajectories produced
by (16.2a) and (16.2b) are identical as long as x(t) > € or x(t) <0, V¢t € N.

As remarked above, multiple definitions of the state-update and output
functions over common boundaries of sets C’ is a technical issue that arises
only when the PWA mapping is discontinuous. Rather than disconnecting the
domain, another way of dealing with discontinuous PWA mappings is to allow
strict inequalities in the definition of the polyhedral cells in (16.1), or by dealing
with open polyhedra and boundaries separately as in [266]. We prefer to assume
that in the definition of the PWA dynamics (16.1) the polyhedral cells C*®)
are closed sets. As will be clear in the next chapter, the closed-polyhedra
description is mainly motivated by the fact that numerical solvers cannot handle
open sets.

Example 16.1 The following PWA system

z(t+1) =08 { Cf)sa(t)) _Czlsnao(‘g) ]m(t) + [ (1) ]u(t)

(16.3)

0.4{\}3 _I/g]x(t)—&—[(l)]u(t) it [10]at)>0
z(t+1) = ) 3 0
0.4 3 1 ]m(t)+[1]u(t) it [ 1 0]az(t) < —e

yt)=1[0 1 ]z@)
(16.4)
for all 1 € (—o0, —€] U [0, +00), 2 € R, u € R, and € > 0.

Figure 16.3 shows the free response of the systems (open-loop simulation of the system
for a constant input u = 0) starting from the initial condition z(0) = [1 0] with
sampling time equal to 0.5s and € = 107°.
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Figure 16.3 Example 16.1. Free response of state z1 for (0) = [1 0].

In case the partition C does not cover the whole space R*™™, well-posedness
does not imply that trajectories are persistent, i.e., that for all £ € N a successor
state z(t + 1) and an output y(¢) are defined. A typical case of C # R"™™ is
when we are dealing with bounded inputs and bounded states umin < u(t) < Umax,
Zmin < 2(t) < Tmax. By embedding such ranges in the inequalities (16.1c), the
system becomes undefined outside the bounds, as no index i exists that satisfies
any set of inequalities (16.1c).

As will be clearer in the next chapter, when model (16.1) is used in an optimal
control formulation, any input sequence and initial state that are feasible for the
related optimization problem automatically define unique trajectories over the
whole optimal control horizon.

PWA systems can model a large number of physical processes, as they can model
static nonlinearities through a piecewise affine approximation, or approximate
nonlinear dynamics via multiple linearizations at different operating points.
Moreover, tools exist for obtaining piecewise affine approximations automatically
(see Section 16.8).

When the mode i(t) is an exogenous variable, condition (16.1c¢) disappears and
we refer to (16.1) as a switched affine system (SAS), see Section 16.3.1.

Binary States, Inputs and Outputs

When dealing with hybrid systems, quite often one encounters some signals that
can only assume a binary value, namely either 0 or 1. In the most general form, let
us assume that the state vector = [z¢ ] where 2, € R™ are the continuous states,
xp € R™ are the binary states, and n = n. + ny. Similarly, let y € RPe x {0, 1}?¢,
P = DPe+pe, u € R™e x {0,1}™ m = m. + my. By defining a polyhedral partition
{C?}3Z5 of the sets of state and input space R**™ for any 2, € {0,1} and u, €
{0,1} a sufficient condition for the PWA system (16.1) to be well posed is that
the rows and columns of matrices A%, B?, C?, D’ corresponding to binary states
and binary outputs are zero and that the corresponding rows of matrices f?, g are
either 0 or 1, i.e., that the binary state update and output equations are binary
piecewise constant functions.
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In the following sections we will treat 0-1 binary variables both as numbers
(over which arithmetic operations are defined) and as Boolean variables (over which
Boolean functions are defined, see Section 16.3.3). The variable type will be clear
from the context.

As an example, it is easy to verify that the hybrid dynamical system

T(t+1) = 2xc(t) + uc(t) — 3ue(t) (16.5a)
xe(t+1) = ze(t) A ug(t) (16.5b)

where “A” represents the logic operator “and,” can be represented in the PWA
form

{ 2xc(t)(—)|—uc(t) if oz, < %,ue < %
[ 2z(1) +0u6(t) =3 if 2, < %,ue > 5 te
[ i; ] (t+1) = S . . (16.5¢)
{ oA e i@t eur <3
[ 2z.(t) +1Uc(t) -3 ] it x> %4- €, up > % +e€

by associating x; = 0 with z, < % and x, = 1 with x, > % + € for any 0 < € < %
Note that, by assuming z,(0) € {0,1} and u,(¢) € {0,1} for all ¢t € T, x,(t) will be
in {0,1} for all t € T.

Example 16.2 Consider the spring-mass-damper system
MC.CQ = Ul — /C(Jil) — b(U,Q)CL‘Q

where 1 and x2 = &1 denote the position and the velocity of the mass, respectively,
and u; a continuous force input. The binary input uz switches the friction coefficient

_ bl 1fu2:1
b(u2) B { b2 if U2 = 0.

The spring coefficient switches to a different value at position z,

k(z1) =

kizi +di if v <z
koxy1 + do if x1 > x4

Assume the system description is valid for —5 < z1, 22 <5, and —10 < u; < 10.

The system has four modes, depending on the binary input ue and the position x;.
Assuming that the system parameters are M =1, b1 =1, b =50, k1 = 1, ka2 = 3,
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(a) Large damping (u2 = 0). (b) Small damping (u2 = 1).
Figure 16.4 Example 16.2. Open-loop simulation of system (16.6) for uq = 3
and zero initial conditions.
di =1, ds = 7.5, x,, = 1, after discretizing the dynamics in each mode with a

sampling time of 0.5 time units we obtain the following discrete-time PWA system

z(t+1)
Mode 1

[ 260788 o000 ] (1) + [S:6368 ] wr (1) + [ 200108 ] if 21() < 1,u2(t) < 0.5

Mode 2

[ 26%558a o0tz ] (t) + [G:0363  ur (t) + [0 ize] if 21(8) > 1+ € ua(t) < 0.5

Mode 3
[ 023705 08185 | w(t) + [5:3995 ] ua (t) + [ Z8:3975] if 21(t) < 1,ua(t) > 0.5

Mode 4

[ Ci%0am0 0:3320 ] @(t) + [§:3963 ] ua (t) + [ 225972 ] if 2(t) = 14 € ua(t) 205
(16.6)

for z1(t) € [-5,1] U [1 +¢,5], z2(t) € [-5,5], u1(t) € [-10,10], and for any arbitrary
small € > 0.

Figure 16.4 shows the open-loop simulation of the system for a constant continuous
input w, = 3, starting from zero initial conditions and for e = 1076,

Example 16.3 Consider the following SISO system:
z1(t+ 1) = ax1(t) + bu(t). (16.7)

A logic state z2 € {0, 1} stores the information whether the state of system (16.7)
has ever gone below a certain lower bound x;, or not:

2ot +1) = 22(t) \/ [21(t) < 2], (16.8)


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/springmass_openloop.m
http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/pwalogic_openloop.m

356

16 Models of Hybrid Systems

Ty

10 10

(4
u

10 -10

Time steps Time steps

(a) Scenario 1. (b) Scenario 2.

Figure 16.5 Example 16.3. Open-loop simulation of system (16.10) for

different sequences of the input w.

Assume that the input coefficient is a function of the logic state:

o b1 if T2 = 0
b= { bg lf T2 = 1. (169)

The system can be described by the PWA model:

8 g_x(t)+_b02_u(t)+{ﬂ it [1 0]a(t) <au
I N N FOR R 0 i {(1) Bl]m(t)z{m—bo?]

0 0 [ by ] ) T+ €

R ECE FRE ECE N

(16.10)

for u(t) € R, z1(t) € (—o0, zn) U [z + €, +00), z2 € {0,1}, and for any € > 0.

Figure 16.5 shows two open-loop simulations of the system, for a = 0.5, by = 0.1,
bs = 0.3, a1 = —1, ¢ = 107°. The initial conditions is #(0) = [1, 0]. Note that when
the continuous state z1(t) goes below z;, = —1 at time ¢, then z(t 4+ 1) switches to
1 and the input has a stronger effect on the states from time ¢ 4+ 2 on. Indeed, the
steady state of z1 is a function of the logic state z2.

16.3 Discrete Hybrid Automata

As shown in Figure 16.6, a discrete hybrid automaton (DHA) is formed by
generating the mode i(t) of a switched affine system through a mode selector
function that depends on (¢) the discrete state of a finite state machine, (ii) discrete
events generated by the continuous variables of the switched affine system exceeding
given linear thresholds (the guardlines), (i#i) exogenous discrete inputs [276]. We
will detail each of the four blocks in the next sections.
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Figure 16.6 A discrete hybrid automaton (DHA) is the connection of a finite
state machine (FSM) and a switched affine system (SAS), through a mode
selector (MS) and an event generator (EG). The output signals are omitted
for clarity.

Switched Affine System (SAS)

A switched affine system is a collection of affine systems:

z(t+1) = Ai(t)xc(t) _,_Bi(t)uc(t) + fi®
yc(t) = Ci(t)fc(t) + Di(t)uc(t) + gi(t)7

(16.11a)
(16.11b)

where t € T is the time indicator, . € R™ is the continuous state vector, u. € R
is the exogenous continuous input vector, y. € RPe is the continuous output vector,
{AY, B, f*,C*, D', g'}ie7 is a collection of matrices of suitable dimensions, and the
modei(t) € Z = {1,...,s} is an input signal that determines the affine state update
dynamics at time t. An SAS of the form (16.11) preserves the value of the state
when a mode switch occurs, but it is possible to implement reset maps on an SAS
as shown in [276].

Event Generator (EG)
An event generator is an object that generates a binary vector d0.(t) € {0,1}"
of event conditions according to the satisfaction of a linear (or affine) threshold

condition. Let h : R x R™ — {0,1}" be a vector function defined as

o - 1 if Hixe+ Jue+K; <0
iWlesUe) =N 0 if Hyze + Jiue + K; >0
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where the lower index ; denotes the i-th component of a vector or the i-th row of
a matrix, and H, J, K are constant matrices of suitable dimensions. Then events
are defined as

5o (t) = h(ze(t), ue(t)). (16.12)

In particular, state events are modeled as [.(t) = 1] + [a’z.(t) < b]. Note that
time events can be modeled as in (16.12) by adding the continuous time as an
additional continuous and autonomous state variable, 7(t + 1) = 7(t) + T, where
T, is the sampling time, and by letting [0.(t) = 1] > [tTs > 7], where 7¢ is a given
time. By doing so, the hybrid model can be written as a time-invariant one. Clearly
the same approach can be used for time-varying events d.(t) = h(z.(t), uc(t),t), by
using time-varying event conditions h : R x R™ x T — {0,1}"*.

Boolean Algebra

Before we deal in detail with the other blocks constituting the DHA and introduce
further notation, we recall some basic definitions of Boolean algebra. A more
comprehensive treatment of Boolean calculus can be found in digital circuit design
texts, e.g., [86, 142]. For a rigorous exposition see, e.g., [208].

A variable ¢ is a Boolean variable if § € {0, 1}, where “ = 0” means something
is false, “0 = 1”7 that it is true. A Boolean expression is obtained by combining
Boolean variables through the logic operators = (not), V (or), A (and), < (implied
by), — (implies), and <> (iff). A Boolean function f : {0,1}"~! — {0,1} is used
to define a Boolean variable ¢,, as a logic function of other variables d1,...,d,_1:

671 :f(61762a"'76n—1)- (1613)
Given n Boolean variables ¢1, ..., d,, a Boolean formula F' defines a relation
F(d1,...,6n) (16.14)

that must hold true. Every Boolean formula F(d1,ds,...,0,) can be rewritten in
the conjunctive normal form (CNF)

(CNF) 7\ ValVIV ~a (16.15)
j=1

i€P; iEN;

Ny, Py C{l,....n}, Vi=1,...,m.

As mentioned in Section 16.2.2, often we will use the term binary variable
and Boolean variable without distinction. An improper arithmetic operation
over Boolean variables should be understood as an arithmetic operation over
corresponding binary variables and, vice versa, an improper Boolean function of
binary variables should be interpreted as the same function over the corresponding
Boolean variables. Therefore, from now on we will call “binary” variables both 0-1
variables and Boolean variables.
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Figure 16.7 Example of finite state machine.

16.3.4 Finite State Machine (FSM)

A finite state machine (or automaton) (FSM) is a discrete dynamic process that
evolves according to a Boolean state update function:

we(t + 1) = fo(we(t), ue(t),0c(t)), (16.16a)

where 2, € {0,1}"* is the binary state, u, € {0,1}™ is the exogenous binary input,
Se(t) is the endogenous binary input coming from the EG, and f, : {0,1}"™ x
{0,1}™ x {0,1}" — {0,1}"* is a deterministic Boolean function. In this text
we will only refer to synchronous finite state machines, where the transitions may
happen only at sampling times. The adjective synchronous will be omitted for
brevity.

An FSM can be conveniently represented using an oriented graph. An FSM
may also have an associated binary output

Ye(t) = gelwo(t), ue(t), 6e(t)), (16.16b)
where y, € {0,1}” and g, : {0,1}" x {0,1}™ x {0,1}" — {0, 1}"*.

Example 16.4 Figure 16.7 shows a finite state machine where u; = [ue1 ueo]’ is
the input vector, and § = [d1...83])" is a vector of signals coming from the event
generator. The Boolean state update function (also called state transition function)
is:

. Blue) /\(52)\/
we(t+1) = (ze(t) = Green)A ~ w1 A 63),
Blue if ((x¢(t) = Red) A 1A ~ up2)V
((ze(t) = Green) A (63 A ue))V
((ze(t) = Blue)A ~ d2)).

(16.17)
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By associating a binary vector x¢ = [3°}] to each state (Red =[], Green = [{], and

Blue = [}]), one can rewrite (16.17) as:

:Cel(t + 1) = (N Tea A\ ~ Tg2 N OIN ~ up2) V
(Iel/\ ~ 52) V (1‘42 A d3 A ’u,gl)

l‘zz(t + 1) = (N TN\ ~ xpa A O1 N uZz) Vv

(

xe1 N 52) V (51342 A 03N\ ~ Uﬂl),

where the time index (¢) has been omitted for brevity.

Since the Boolean state update function is deterministic, for each state the
conditions associated with all the outgoing arcs are mutually exclusive.

Mode Selector

In a DHA, the dynamic mode i(¢t) € Z = {1,..., s} of the SAS is a function of the
binary state x(t), the binary input us(t), and the events d.(¢). With a slight abuse
of notation, let us indicate the mode i(¢) through its binary encoding, i(¢) € {0, 1}"=
where ng = [log, s], so that i(¢) can be treated as a vector of Boolean variables. Any
discrete variable o € {a,...,a;} admits a Boolean encoding a € {0, 1379 where
d(j) is the number of bits used to represent a1, ..., a;. For example, a € {0,1, 2}
may be encoded as a € {0,1}? by associating [3] = 0, [9] = 1, [}] — 2.

Then, we define the mode selector by the Boolean function fy : {0,1}™ x
{0,1}™ x {0,1}"* — {0,1}". The output of this function

i(t) = p(@e(t), ue(t), de(t)) (16.18)

is called the active mode of the DHA at time t. We say that a mode switch occurs
at step t if i(t) # i(t — 1). Note that, in contrast to continuous-time hybrid models
where switches can occur at any time, in our discrete-time setting, as mentioned
earlier, a mode switch can only occur at sampling instants.

DHA Trajectories

For a given initial condition {‘:;Eg;] € R" x {0,1}"*, and inputs [528] € R™e x

{0,1}™*, t € T, the state x(t) of the system is computed for all ¢ € T by recursively
iterating the set of equations:

8o(t) = h(zo(t), ue(t), t) (16.19a)
it) = plae(t), ue(t), de(t)) (16.19b)
Ye(t) = C' g, (t) + D'Du,(t) + g'® (16.19¢)
ye(t) = ge(we(t), ue(t), de(t)) (16.19d)
ze(t+1) = AWz (t) + B Oy, (t) + f1O (16.19¢)
ze(t+1) = fo(we(t), ue(t), de(t)) (16.19f)
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A definition of well-posedness of DHA can be given similarly to Definition 16.1
by requiring that the successor states x.(t + 1), x¢(t + 1) and the outputs y.(t),
ye(t) are uniquely defined functions of x.(t), z,(t), uc(t), ue(t) defined by the DHA
equations (16.19).

DHA can be considered as a subclass of hybrid automata (HA) [7]. The main
difference is in the time model: DHA are based on discrete time, HA on continuous
time. Moreover, DHA models do not allow instantaneous transitions, and are
deterministic, contrary to HA where any enabled transition may occur in zero time.
This has two consequences: (i) DHA do not admit live-locks (infinite switches in
zero time); (i) DHA do not admit Zeno behaviors (infinite switches in finite time).
Finally, in DHA models, guards, reset maps and continuous dynamics are limited
to linear (or affine) functions.

Logic and Mixed-Integer Inequalities

Despite the fact that DHA are rich in their expressiveness and are therefore quite
suitable for modeling and simulating a wide class of hybrid dynamical systems,
they are not directly suitable for solving optimal control problems because of their
heterogeneous discrete and continuous nature. In this section we want to describe
how DHA can be translated into different hybrid models that are more suitable
for optimization. We highlight the main techniques of the translation process, by
generalizing several results that appeared in the literature [126, 244, 287, 213, 83,
42, 81, 277, 286, 219].

Transformation of Boolean Relations

Boolean formulas can be equivalently represented as integer linear inequalities. For
instance, d; V d2 = 1 is equivalent to d; + d2 > 1 [287]. Some equivalences are
reported in Table 16.1. The results of the table can be generalized as follows.

Lemma 16.1  For every Boolean formula F(61,09,...,0,) there exists a polyhe-
dral set P such that a set of binary values {61,82,...,0,} satisfies the Boolean
formula F if and only if 6 = [61 d2 ... 6,] € P.

Proof: Given a formula F', one way of constructing a polyhedron P is to rewrite
F' in the conjunctive normal form (16.15), and then simply define P as

1§26i +Z(1_5i)

i€Py 1€N1
P=¢5e{0,1}": : (16.20)
1< Y 6+ Y (1-6)
1€EP,, 1€ Nm,
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16.4.2

Table 16.1 Basic conversion of Boolean relations into mixed-integer
inequalities. Relations involving the inverted literals ~ § can be obtained
by substituting (1 — §) for § in the corresponding inequalities. More
conversions are reported in [210], or can be derived from (16.15)—(16.20)

Relation Boolean Linear constraints
AND 01 N 02 (51217522101"(514—(5222
OR 01V Xs 01+ 02>1

NOT ~ 01 61 =0

XOR 01 @ 62 i+d2=1

IMPLY (51 — (52 51 — (52 <0

IFF 01 <> 02 01 —02=0
ASSIGNMENT 01+ (1—63)

>1
63:(;1/\(52 53(—)51/\52 52+(1—53)21
(1-01)+(1—62)+d3>1

The smallest polyhedron P associated with formula F has the following
geometric interpretation: Assume to list all the 0-1 combinations of §;’s satisfying
F (namely, to generate the truth table of F'), and think of each combination
as an n-dimensional binary vector in R™, then P is the convex hull of such
vectors [83, 153, 211]. For methods to compute convex hulls, we refer the reader
to [111].

Translating DHA Components into Linear
Mixed-Integer Relations

Events of the form (16.12) can be expressed equivalently as
R (2e(t), uc(t),t) < M1 —6Y), (16.21a)
R (we(t), uc(t), t) > m'st, i=1,...,n, (16.21b)

where M®, m! are upper and lower bounds, respectively, on hi(x.(t),u.(t),t).
As we have pointed out in Section 16.2.1, from a computational viewpoint it is
convenient to avoid strict inequalities. As suggested in [287], we modify the strict
inequality (16.21b) into

R (2e(t), uc(t), t) > € 4+ (m' — )" (16.21c)

where € is a small positive scalar (e.g., the machine precision). Clearly, as for the

case of discontinuous PWA discussed in Section 16.2.1, Equations (16.21) or (16.12)

are equivalent to (16.21c) only for hi(z.(t),uc(t),t) < 0 and hi(z.(t),u.(t),t) > €.

Regarding switched affine dynamics, we first rewrite the state-update

equation (16.11a) as the following combination of affine terms and if-then-else
conditions:

1 1 1 se (i(4) —
= OSSO0
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_ [ A%ze(t) + Bouc(t) + 7, if (i(t) = s),
z(t) = { 0, otherwise, (16.22b)

S

z(t+1) =Y zl(t), (16.22¢)

i=1

where z;(t) € R",i = 1,...,s. The output Equation (16.11b) admits a similar
transformation.
A generic if-then-else construct of the form

IF § THEN z = a" 2+ b"u+ f' ELSE z = a® 2 + b* u + 2, (16.23)

where 6 € {0,1}, z € R, x € R", u € R™, and a',b!, f!,a? b2, f? are constants of
suitable dimensions, can be translated into [45]

(my — My)§+ 2z < a® x + 0¥ u+ f2, (16.24a)
(my — My)§ —z < —a*z — b2 u — f2, (16.24b)
(my — My)(1—6) +2 < a'z+ b u+ 1, (16.24c)
(my— My)(1—06)— 2 < —a''z— b u— [T, (16.24d)

where M;, m; are upper and lower bounds on a’z + b'u + f%, i = 1,2.

Finally, the mode selector function and binary state-update function of the
automaton are Boolean functions that can be translated into integer linear
inequalities as described in Section 16.4.1. The idea of transforming a well-posed
FSM into a set of Boolean equalities was also presented in [229] where the authors
performed model checking using (mixed) integer optimization on an equivalent set
of integer inequalities.

Mixed Logical Dynamical Systems

Given a DHA representation of a hybrid process, by following the techniques
described in the previous section for converting logical relations into inequalities
we obtain an equivalent representation of the DHA as a mized logical dynamical
(MLD) system [42] described by the following relations:

x(t + 1) = Ax(t) + Blu(t) + B25(t) + Bgz(t) + Bs, (16.25&)
y(t) = Cl‘(t) + Dlu(t) + Dga(t) + D3Z(t) + Ds, (16.25b)
Egé(t) + Egz(t) < Elu(t) + E4£E(t) + E5, (16256)

where € R™ x {0,1}™ is a vector of continuous and binary states, u € R™ x
{0,1}™¢ are the inputs, y € RPe x {0,1}?¢ the outputs, § € {0,1}" are auxiliary
binary variables, z € R" are auxiliary continuous variables which arise in the
transformation (see Example 16.5), and A, By, Ba, B3, C, D1, Da, D3, Ey,...,E5
are matrices of suitable dimensions. Given the current state x(t) and input u(t), the
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time-evolution of (16.25) is determined by finding a feasible value for §(¢) and z(t)
satisfying (16.25¢), and then by computing x(¢t+1) and y(¢) from (16.25a)—(16.25b).

As MLD models consist of a collection of linear difference equations involving
both real and binary variables and a set of linear inequality constraints, they are
model representations of hybrid systems that can be easily used in optimization
algorithms, as will be described in Chapter 17.

A definition of well-posedness of the MLD system (16.25) can be given similarly
to Definition 16.1 by requiring that for all z(¢) and w(¢) within a given bounded
set the pair of variables §(t), z(t) satisfying (16.25c) is unique, so that the
successor state z(t + 1) and output y(¢) are also uniquely defined functions of
x(t), u(t) through (16.25a)—(16.25b). Such a well-posedness assumption is usually
guaranteed by the procedure described in Section 16.3.3 used to generate the
linear inequalities (16.25¢). A numerical test for well posedness is reported in
[42, Appendix 1]. For a more general definition of well posedness of MLD systems
see [42].

Note that the constraints (16.25¢) allow one to specify additional linear
constraints on continuous variables (e.g., constraints over physical variables of the
system), and logical constraints over Boolean variables. The ability to include
constraints, constraint prioritization, and heuristics adds to the expressiveness
and generality of the MLD framework. Note also that despite the fact that the
description (16.25) seems to be linear, clearly the nonlinearity is concentrated in
the integrality constraints over binary variables.

Example 16.5 Consider the following simple switched linear system [42]

0.8z(t) +u(t) if =(t) >0

et +1) = { —0.8z(t) +u(t) if z(t)<0 (16.26)

where z(t) € [-10, 10], and u(t) € [—1,1]. The condition z(¢) > 0 can be associated
to an event variable 6(t) € {0,1} defined as

6() =1] ¢ [z(t)>0]. (16.27)

By using the transformations (16.21a)—(16.21c), Equation (16.27) can be expressed
by the inequalities

—md(t) < z(t) —m (16.28a)

—(M+¢€)d(t) < —z(t) —¢ (16.28b)

where M = —m = 10, and € is an arbitrarily small positive scalar. Then (16.26) can
be rewritten as

z(t+1) = 1.66(t)x(t) — 0.8z(¢t) + u(t). (16.29)

By defining a new variable z(t) = 0(¢t)z(t) which, by (16.23)—(16.24) can be
expressed as

2(t) < M5(t) (16.30a)
z(t) > md(t) (16.30b)
2(t) < z(t) —m(1 —4(¢)) (16.30c)
z(t) > z(t) — M(1—4(¢)) (16.30d)
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the evolution of system (16.26) is ruled by the linear equation
z(t+1) = 1.62(t) — 0.8z(t) + u(t) (16.31)
subject to the linear constraints (16.28) and (16.30). Therefore, the MLD equivalent

representation of (16.26) for x € [—10, —e]U[0, 10] and u € [—1, 1] is given by collecting
Equations (16.31), (16.28) and (16.30).

Model Equivalence

In the previous chapters we have presented three different classes of discrete-time
hybrid models: PWA systems, DHA, and MLD systems. For what we described
in Section 16.3.3, under the assumption that the set of valid states and inputs
is bounded, DHA systems can always be equivalently described as MLD systems.
Also, a PWA system is a special case of a DHA whose threshold events and mode
selector function are defined by the PWA partition (16.1c). Therefore, a PWA
system with bounded partition C can always be described as an MLD system (an
efficient way of modeling PWA systems in MLD form is reported in [42]). The
converse result, namely that MLD systems (and therefore DHA) can be represented
as PWA systems, is less obvious. For any choice of ¢, model (16.25) represents an
affine system defined over a polyhedral domain. Under the assumption of well
posedness these domains do not overlap. This result was proved formally in [36,
30, 122].

Such equivalence results are of interest because DHA are most suitable in the
modeling phase, but MLD systems are most suitable for solving open-loop finite
time optimal control problems, and PWA systems are most suitable for solving
finite time optimal control problems in state feedback form, as will be described in
Chapter 17.

The HYSDEL Modeling Language

A modeling language was proposed in [276] to describe DHA models, called HY brid
System DEscription Language (HYSDEL). The HYSDEL description of a DHA is
an abstract modeling step. The associated HYSDEL compiler then translates the
description into several computational models, in particular into an MLD model
using the technique presented in Section 16.4, and a PWA form using either the
approach of [122] or the approach of [30]. HYSDEL can generate also a simulator
that runs as a function in MATLAB®. Both the HYSDEL compiler and the Hybrid
Toolbox can import and convert HYSDEL models.

In this section we illustrate the functionality of HYSDEL through a set of
examples. For more examples and the detailed syntax we refer the interested reader
to [149].
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Example 16.6 Consider the DHA system:

ze(t) +uc(t) —1, if i(t) =1,
SAS: z.(t) = gl’c(t), iﬁ zgtg = ;,
, it i(t) =3,
f 6e(t) = [we(t) > 0],
EG: { 55(t) = [we(t) + ue(t) — 1> 0],

MS: i(t) =< 2, if de(t) =1,

The corresponding HYSDEL list is reported in Table 16.2.

(16.32a)

(16.32b)

(16.32¢)

The HYSDEL list is composed of two parts. The first one, called INTERFACE,
contains the declaration of all variables and parameters, so that it is possible to
make the proper type checks. The second part, IMPLEMENTATION, is composed
of specialized sections where the relations among the variables are described.

The HYSDEL section AUX contains the declaration of the auxiliary variables used
in the model. The HYSDEL section AD allows one to define Boolean variables from
continuous ones, and is based exactly on the semantics of the event generator (EG)

Table 16.2 Sample HYSDEL list of system (16.32).

SYSTEM sample {
INTERFACE {
STATE {
REAL xr [-10, 10]; }
INPUT {
REAL ur [-2, 2]; }
}
IMPLEMENTATION {
AUX {
REAL z1, z2, z3;
BOOL de, df, di, d2, d3; }
AD {
de
df
LOGIC {
dl = “de & ~df;
d2 de;
d3 = “de & df; }
DA {
z1

xr >= 0;
xr +ur - 1 >= 0; }

{IF d1 THEN xr + ur - 1 };
z2 = {IF d2 THEN 2 * xr };
z3 = {IF ("de & df) THEN 2 }; }
CONTINUQUS {
xr = z1 + z2 + z3; }

I
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described earlier. The HYSDEL section DA defines continuous variables according
to if-then-else conditions. This section models part of the switched affine system
(SAS), namely the variables z; defined in (16.22a)—(16.22b). The CONTINUOUS
section describes the linear dynamics, expressed as difference equations. This section
models (16.22c). The section LOGIC allows one to specify arbitrary functions of
Boolean variables.

Example 16.7 Consider again the PWA system described in Example 16.1. Assume
that [—5,5] x [—5, 5] is the set of states z(t) of interest and u(t) € [—1,1]. By using
HYSDEL the PWA system (16.3) is described as in Table 16.3 and the equivalent
MLD form is obtained

Table 16.3 HYSDEL model of the PWA system described in Example 16.1

/* 2x2 PWA system */
SYSTEM pwa {

INTERFACE {
STATE { REAL x1 [-5,5];
REAL x2 [-5,5];

}

INPUT { REAL u [-1,1];
}

OUTPUT{ REAL y;
}

PARAMETER {
REAL alpha = 60*pi/180;
REAL C = cos(alpha);
REAL S = sin(alpha);
REAL MLD_epsilon = le-6; }

}

IMPLEMENTATION {
AUX { REAL z1,z2;
BOOL sign; }
AD { sign = x1<=0; }

DA { zl = {IF sign THEN 0.8*(C¥x1+S*x2)
ELSE 0.8%(C*x1-S*x2) };
z2 = {IF sign THEN 0.8*(-S*x1+C*x2)
ELSE 0.8%(S*x1+C*x2) }; }

CONTINUQUS { x1 = z1;
x2 = z2+u; }

OUTPUT { y = x2; }
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z(t+1) =[5 ] 2(t) + [} ul®)

y(t) = [0 1] (1) o
3 ¢ 2, 8 s
c1 10 —0.4 —cg c1
c1 1 0 0044 co cy
_ _ — c
T+ | o e < | od B e+ |9
c1 0 —1 co —0.4 c1
cq 0 1 —co 0.4 c1
—c1 0 -1 —co —0.4 0
—a 0 1 co 0.4 0

where ¢; = 4(v/3 + 1), co = 0.4v/3, ¢ = 1075, Note that in Table 16.3 the OUTPUT
section allows to specify a linear map for the output vector y.

Example 16.8 Consider again the hybrid spring-mass-damper system described in
Example 16.2. Assume that [—5, 5] X [=5, 5] is the set of states z and [—10, 10] the set
of continuous inputs wui of interest. By using HYSDEL, system (16.6) is described as
in Table 16.4 and an equivalent MLD model with 2 continuous states, 1 continuous
input, 1 binary input, 9 auxiliary binary variables, 8 continuous variables, and 58
mixed-integer inequalities is obtained.

Example 16.9 Consider again the system with a logic state described in
Example 16.3. The MLD model obtained by compiling the HYSDEL list of Table
16.5 is

z(t+1) =[g7]0(t) + [5]=2(t)

-9 0 0 0 1 0 1
11 0 0 0 -1 0 10
8 8 —1 —0.3 —0.5 —14 14

1 0.3 0.5 —14 14
0 0 [d(t)+ | -1]|z2(t)<|-01|u@)+|-05 14 |z(t)+ |0
88 sm+ | | a< )+ | s ' 2@+ |
0 —1 0 0o -1 0
1 -1 0 0 0 0 0
-1 1 0 0 0 1 0

where we have assumed that [—10, 10] is the set of states z1 and [—10, 10] the set of
continuous inputs u of interest. In Table 16.5 the AUTOMATA section specifies the
state transition equations of the finite state machine (FSM) as a collection of Boolean
functions.

16.8 Literature Review

The lack of a general theory and of systematic design tools for systems having such
a heterogeneous dynamical discrete and continuous nature led to a considerable
interest in the study of hybrid systems. After the seminal work published in 1966
by Witsenhausen [288], who examined an optimal control problem for a class of
hybrid-state continuous-time dynamical systems, there has been a renewed interest
in the study of hybrid systems. The main reason for such an interest is probably
the recent advent of technological innovations, in particular in the domain of
embedded systems, where a logical/discrete decision device is “embedded” in a
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Table 16.4 HYSDEL model of the spring-mass-damper system described in Example 16.2.
The A and B values are set according to equation (16.6).

/* Spring-Mass-Damper System
*/

SYSTEM springmass {
INTERFACE { /* Description of variables and constants */

STATE {
REAL x1 [-5,5];
REAL x2 [-5,5];
}

INPUT { REAL ul [-10,10];
BOOL u2;
}

PARAMETER {
/* Spring breakpoint */
REAL xm;

/* Dynamic coefficients */

REAL A111,A112,A121,A122,A211,A212,A221,A222;
REAL A311,A312,A321,A322,A411,A412,A421,A422;
REAL B111,B112,B121,B122,B211,B212,B221,B222;
REAL B311,B312,B321,B322,B411,B412,B421,B422;

}
}
IMPLEMENTATION {
AUX {
REAL zx11,zx12,zx21,2zx22,2x31,2x32,zx41,2zx42;
BOOL region;
}

AD { /* spring region */
region = xl-xm <= 0;

¥

DA {
zx11l = { IF region & u2 THEN A111*x1+A112%x2+B111*ul+B112};
zx12 = { IF region & u2 THEN A121*x1+A122%x2+B121%ul+B122};
zx21 = { IF region & “u2 THEN A211*x1+A212%x2+B211%ul+B212};
zx22 = { IF region & “u2 THEN A221*x1+A222%x2+B221%ul+B222};
zx31 = { IF "region & u2 THEN A311*x1+A312*%x2+B311%ul+B312};
zx32 = { IF "region & u2 THEN A321*x1+A322*x2+B321%ul+B322};
zx41 = { IF “region & “u2 THEN A411*x1+A412*x2+B411%ul+B412};
zx42 = { IF “region & “u2 THEN A421*x1+A422*x2+B421%ul+B422};

}

CONTINUQUS { x1=zx11+zx21+zx31+zx41;
x2=2x12+2zx22+zx32+zx42;

}
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Table 16.5 HYSDEL model of the system with logic state described in Example 16.3.

/* System with logic state */

SYSTEM SLS {
INTERFACE { /* Description of variables and constants */

STATE {
REAL x1 [-10,10];
BOOL x2;
}
INPUT { REAL u [-10,10];
}

PARAMETER {

/* Lower Bound Point */
REAL x1b = -1;

/* Dynamic coefficients */
REAL a =
REAL b1l

.5;
.1;
REAL b2 =.3;

}

IMPLEMENTATION {
AUX {BOOL region;
REAL zx1;
}
AD { /* PWA Region */
region = x1-x1b <= 0;
}
DA { zx1={IF x2 THEN a*x1+b2%u ELSE a*xl+bilx*u};
}
CONTINUQUS { x1=zx1;
}
AUTOMATA { x2= x2 | region;
}

physical dynamical environment to change the behavior of the environment itself.
Another reason is the availability of several software packages for simulation and
numerical /symbolic computation that support the theoretical developments.

Several modelling frameworks for hybrid systems have appeared in the litera-
ture. We refer the interested reader to [8, 127] and the references therein. Each
class is usually tailored to solve a particular problem, and many of them look
largely dissimilar, at least at first sight. Two main categories of hybrid systems were
successfully adopted for analysis and synthesis [66]: hybrid control systems [195,
196], where continuous dynamical systems and discrete/logic automata interact
(see Figure 16.1), and switched systems [266, 67, 155, 292, 261], where the state
space is partitioned into regions, each one being associated with different continuous
dynamics (see Figure 16.2).
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Today, there is a widespread agreement in defining hybrid systems as dynamical
systems that switch among many operating modes, where each mode is governed
by its own characteristic dynamical laws, and mode transitions are triggered by
variables crossing specific thresholds (state events), by the lapse of certain time
periods (time events), or by external inputs (input events) [8]. In the literature,
systems whose mode only depends on external inputs are usually called switched
systems, the others switching systems.

Complex systems organized in a hierarchial manner, where, for instance, discrete
planning algorithms at the higher level interact with continuous control algorithms
and processes at the lower level, are another example of hybrid systems. In these
systems, the hierarchical organization helps to manage the complexity of the
system, as higher levels in the hierarchy require less detailed models (also called
abstractions) of the lower levels functions.

Hybrid systems arise in a large number of application areas and are attracting
increasing attention in both academic theory-oriented circles as well as in industry,
for instance in the automotive industry [16, 157, 62, 125, 74, 214]. Moreover, many
physical phenomena admit a natural hybrid description, like circuits involving
relays or diodes [28], biomolecular networks [6], and TCP/IP networks in [150].

In this book we work exclusively with dynamical systems formulated in discrete
time. Therefore this chapter focuses on hybrid models formulated in discrete
time. Though the effects of sampling can be neglected in most applications,
some interesting mathematical phenomena occurring in hybrid systems, such as
Zeno behaviors [158] do not exist in discrete time, as switches can only occur
at sampling instants. On the other hand, most of these phenomena are usually a
consequence of the continuous-time switching model, rather than the real behavior.
Our main motivation for concentrating on discrete-time models is that optimal
control problems are easier to formulate and to solve numerically than continuous-
time formulations.

In the theory of hybrid systems, several problems were investigated in the last
few years. Besides the issues of existence and computation of trajectories described
in Section 16.1, several other issues were considered. These include: equivalence of
hybrid models, stability and passivity analysis, reachability analysis and verification
of safety properties, controller synthesis, observability analysis, state estimation
and fault detection schemes, system identification, stochastic and event-driven
dynamics. We will briefly review some of these results in the next paragraphs and
provide pointers to some relevant literature references.

Equivalence of Linear Hybrid Systems

Under the condition that the MLD system is well-posed, the result showing that
an MLD systems admits an equivalent PWA representation was proved in [36].
A slightly different and more general proof is reported in [30], where the author
also provides efficient MLD to PWA translation algorithms. A different algorithm
for obtaining a PWA representation of a DHA is reported in [122].

The fact that PWA systems are equivalent to interconnections of linear systems
and finite automata was pointed out by Sontag [267]. In [148, 40] the authors proved
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the equivalence of discrete-time PWA /MLD systems with other classes of discrete-
time hybrid systems (under some assumptions) such as linear complementarity
(LC) systems [146, 279, 147], extended linear complementarity (ELC) systems [94],
and max-min-plus-scaling (MMPS) systems [95].

Stability Analysis

Piecewise quadratic Lyapunov stability is becoming a standard in the stability
analysis of hybrid systems [155, 96, 102, 233, 234]. It is a deductive way to prove
the stability of an equilibrium point of a subclass of hybrid systems (piecewise
affine systems). The computational burden is usually low, at the price of a
convex relaxation of the problem, that leads to possibly conservative results. Such
conservativeness can be reduced by constructing piecewise polynomial Lyapunov
functions via semidefinite programming by means of the sum of squares (SOS)
decomposition of multivariate polynomials [230]. SOS methods for analyzing
stability of continuous-time hybrid and switched systems are described in [238].
For the general class of switched systems of the form & = f;(z), i = 1,...,s, an
extension of the Lyapunov criterion based on multiple Lyapunov functions was
introduced in [67]. The reader is also referred to the book by Liberzon [191].

The research on stability criteria for PWA systems has been motivated by the
fact that the stability of each component subsystem is not sufficient to guarantee
stability of a PWA system (and vice versa). Branicky [67], gives an example where
stable subsystems are suitably combined to generate an unstable PWA system.
Stable systems constructed from unstable ones have been reported in [278]. These
examples point out that restrictions on the switching have to be imposed in order
to guarantee that a PWA composition of stable components remains stable.

Passivity analysis of hybrid models has received little attention, except for
the contributions of [77, 199, 295] and [236], in which notions of passivity for
continuous-time hybrid systems are formulated, and of [31], where passivity and
synthesis of passifying controllers for discrete-time PWA systems are investigated.

Reachability Analysis and Verification of Safety Properties

Although simulation allows to probe a model for a certain initial condition and
input excitation, any analysis based on simulation is likely to miss the subtle
phenomena that a model may generate, especially in the case of hybrid models.
Reachability analysis (also referred to as “safety analysis” or “formal verification”),
aims at detecting if a hybrid model will eventually reach unsafe state configurations
or satisfy a temporal logic formula [7] for all possible initial conditions and input
excitations within a prescribed set. Reachability analysis relies on a reach set
computation algorithm, which is strongly related to the mathematical model of
the system. In the case of MLD systems, for example, the reachability analysis
problem over a finite time horizon (also referred to as bounded model checking)
can be cast as a mixed-integer feasibility problem. Reachability analysis was also
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investigated via bisimulation ideas, namely by analyzing the properties of a simpler,
abstracted system instead of those of the original hybrid dynamics [182].

Timed automata and hybrid automata have proved to be a successful modeling
framework for formal verification and have been widely used in the literature. The
starting point for both models is a finite state machine equipped with continuous
dynamics. In the theory of timed automata, the dynamic part is the continuous-
time flow & = 1. Efficient computational tools complete the theory of timed
automata and allow one to perform verification and scheduling of such models.
Timed automata were extended to linear hybrid automata [7], where the dynamics
is modeled by the differential inclusion a < & < b. Specific tools allow one to verify
such models against safety and liveness requirements. Linear hybrid automata were
further extended to hybrid automata where the continuous dynamics is governed
by differential equations. Tools exist to model and analyze those systems, either
directly or by approximating the model with timed automata or linear hybrid
automata (see the survey paper [265]).

Control

The majority of the control approaches for hybrid systems is based on optimal
control ideas (see the survey [291]). For continuous-time hybrid systems, most
authors either studied necessary conditions for a trajectory to be optimal [235, 271],
or focused on the computation of optimal/suboptimal solutions by means of
dynamic programming or the maximum principle [128, 245, 143, 144, 80, 292,
192, 261, 264, 266, 273, 70, 141, 196, 128, 69, 252, 71] The hybrid optimal control
problem becomes less complex when the dynamics is expressed in discrete-time,
as the main source of complexity becomes the combinatorial (yet finite) number
of possible switching sequences. As will be shown in Chapter 17, optimal control
problems can be solved for discrete-time hybrid systems using either the PWA
or the MLD models described in this chapter. The solution to optimal control
problems for discrete-time hybrid systems was first outlined by Sontag in [266].
In his plenary presentation [202] at the 2001 European Control Conference Mayne
presented an intuitively appealing characterization of the state feedback solution to
optimal control problems for linear hybrid systems with performance criteria based
on quadratic and piecewise linear norms. The detailed exposition presented in the
first part of Chapter 17 follows a similar line of argumentation and shows that the
state feedback solution to the finite time optimal control problem is a time-varying
piecewise affine feedback control law, possibly defined over nonconvex regions.

Model Predictive Control for discrete-time PWA systems and their stability and
robustness properties have been studied in [68, 60, 32, 188, 185, 186]. Invariant sets
computation for PWA systems has also been studied in [187, 4].

Observability and State Estimation

Observability of hybrid systems is a fundamental concept for understanding if a
state observer can be designed for a hybrid system and how well it will perform.
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In [36] the authors show that observability properties (as well as reachability
properties) can be very complex and present a number of counterexamples that rule
out obvious conjectures about inheriting observability /controllability properties
from the composing linear subsystems. They also provide observability tests based
on linear and mixed-integer linear programming.

State estimation is the reconstruction of the value of unmeasurable state
variables based on output measurements. While state estimation is primarily
required for output-feedback control, it is also important in problems of monitoring
and fault detection [41, 17]. Observability properties of hybrid systems were directly
exploited for designing convergent state estimation schemes for hybrid systems
in [103].

Identification

Identification techniques for piecewise affine systems were recently developed [104,
255, 163, 39, 165, 282, 227], that allow one to derive models (or parts of models)
from input/output data.

Extensions to Event-driven and Stochastic Dynamics

The discrete-time methodologies described in this chapter were employed in [73]
to tackle event-based continuous-time hybrid systems with integral continuous
dynamics, called integral continuous-time hybrid automata (icHA). The hybrid
dynamics is translated into an equivalent MLD form, where continuous-time is
an additional state variable and the index ¢ counts events rather than time steps.
Extensions of DHA to discrete-time stochastic hybrid dynamics were proposed
in [33], where discrete-state transitions depend on both deterministic and stochastic
events.
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Optimal Control of
Hybrid Systems

In this chapter we study the finite time, infinite time and receding horizon optimal
control problem for the class of hybrid systems presented in the previous chapter.
We establish the structure of the optimal control law and derive several different
algorithms for its computation. For finite time problems with linear and quadratic
objective functions we show that the time varying feedback law is piecewise affine.

Problem Formulation

Consider the PWA system (16.1) subject to hard input and state constraints
Ex(t)+ Lu(t) < M (17.1)

for t > 0, and rewrite its restriction over the set of states and inputs defined
by (17.1) as
o(t+1) = Ala(t) + Biu(t) + f1 if [jjm e Ci (17.2)

where {(f’}f;& is the new polyhedral partition of the sets of state+input space
R™*™ obtained by intersecting the sets C? in (16.1c) with the polyhedron described
by (17.1). In this chapter we will assume that the sets C* are polytopes.

Define the cost function

Jo(x(0),Uo) = p(zn) + i: q(zk, uk) (17.3)
k=0

where x; denotes the state vector at time k obtained by starting from the state
zo = x(0) and applying to the system model
Ty = Alxy + Bluyp + f1if [LF] € C (17.4)

the input sequence ug, ..., ur_1.
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If the 1-norm or co-norm is used in the cost function (17.3), then we set p(zy) =
|Pznllp and g(zk, ux) = ||Qzkllp + || Ruk|l, with p=1 or p = oo and P, Q, R full
column rank matrices. Cost (17.3) is rewritten as

N-1
Jo(@(0), Uo) = | Paxlly + D 1Qawlly + || Rul,- (17.5)
k=0

If the squared Euclidian norm is used in the cost function (17.3), then we set
p(zn) = 2y Py and q(zk, ur) = z5,Qry + uj,Ruy, with P >0, Q > 0 and R > 0.
Cost (17.3) is rewritten as

N-1
Jo(x(0),Uo) = @y Prn + Y 24,Quy + uj, Ruy,. (17.6)
k=0

Consider the constrained finite time optimal control problem (CFTOC)

J5(x(0)) = I%in Jo(z(0),Up) (17.7a)
0
Tpy1 = Alzy, + Blug + f1if [26] e C
subj. to ¢ xny € Xy (17.7b)
xo = 2(0)
where the column vector Uy = [uf,...,uly_ ;] € R™N x {0,1}mN is the

optimization vector, N is the time horizon and Xy is the terminal region.

In general, the optimal control problem (17.7) may not have a minimizer for
some feasible 2(0). This is caused by discontinuity of the PWA system in the input
space. We will assume, however, that a minimizer Uy*(x(0)) exists for all feasible
2(0). Also the optimizer function Uj may not be uniquely defined if the optimal
set of problem (17.7) is not a singleton for some z(0). In this case Uj denotes one
of the optimal solutions.

We will denote by X, C R™ x {0,1}™ the set of states xj that are feasible
for (17.7):

Ju € R™e x {0,1}™,
Je{l,...,s}

[2] € C* and ’
Alx + Biu + fl S Xk+1

X ={ e R x {0,1}™
(17.8)

k=0,...,N—1
Xy = Xy

The definition of X; requires that for any initial state z; € X, there exists a
feasible sequence of inputs U; = [u},...,u,_;] which keeps the state evolution
in the feasible set X’ at future time instants k = ¢+ 1,..., N — 1 and forces zy
into Xy at time N. The sets Ay for ¢ = 0,..., N play an important role in the
solution of the optimal control problem. They are independent of the cost function
and of the algorithm used to compute the solution to problem (17.7). As in the
case of linear systems (see Chapter 11.2) there are two ways to rigourously define

and compute the sets Xj;: the batch approach and the recursive approach. In this
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chapter we will not discuss the details on the computation of X;. Also, we will not
discuss invariant and reachable sets for hybrid systems. While the basic concepts
are identical to those presented in Section 10.1 for linear systems, the discussion
of efficient algorithms requires a careful treatment which goes beyond the scope of
this book. The interested reader is referred to the work in [131, 121] for a detailed
discussion on reachable and invariant sets for hybrid systems.

In the following we need to distinguish between optimal control based on the
squared 2-norm and optimal control based on the 1-norm or co-norm. Note that
the results of this chapter also hold when the number of switches is weighted in the
cost function (17.3), if this is meaningful in a particular situation.

In this chapter we will make use of the following definition. Consider sys-
tem (17.2) and recall that, in general, 2 = [7¢] where z. € R™ are the continuous
states and x, € R™ are the binary states and u € R x {0,1}™¢ where u, € R™¢
are the continuous inputs and uy € R™¢ are the binary inputs (Section 16.2.2). We
will make the following assumption.

Assumption 17.1  For the discrete-time PWA system (17.2) the mapping
(2e(t),uc(t)) = x(t + 1) is continuous.

Assumption 17.1 requires that the PWA function that defines the update of the
continuous states is continuous on the boundaries of contiguous polyhedral cells,
and therefore allows one to work with the closure of the sets C* without the need
of introducing multivalued state update equations. With abuse of notation in the
next sections C* will always denote the closure of C'. Discontinuous PWA systems
will be discussed in Section 17.7.

Properties of the State Feedback Solution,
2-Norm Case

Theorem 17.1  Consider the optimal control problem (17.7) with cost (17.6) and
let assumption 17.1 hold. Then, there exists a solution in the form of a PWA state
feedback control law

up(x(k)) = Fra(k) +gi. if «(k) € Ry, (17.9)

where ’R;, i=1,..., Ny is a partition of the set Xy, of feasible states x(k), and the
closure Ri of the sets Ri has the following form:

R = {z: a(k)'Lj,())a(k) + M{(j) z(k) < Ni(j),

’ 17.10
j=1,...,ni}, k=0,...,N —1, (17.10)

and
z(k+1) = A'z(k) + Buj(z(k)) + f

LT k) s (17.11)
if [u;(;(k))] ec, i={1,...,s}
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Proof: The piecewise linearity of the solution was first mentioned by Sontag in
[266]. In [202] Mayne sketched a proof. In the following we will give the proof for
u§(x(0)), the same arguments can be repeated for uj(z(1)),...,ul_;(z(N —1)).

e Case 1. (m; =n; = 0) no binary inputs and states
Depending on the initial state 2(0) and on the input sequence U = [uy,. . .,
uy |, the state xj is either infeasible or it belongs to a certain polyhedron
Ci, k = 0,...,N — 1. The number of all possible locations of the state
sequence o, . .., zy_1 is equal to sV. Denote by {v; f]:vl the set of all possible
switching sequences over the horizon N, and by vf the k-th element of the
sequence v;, i.e., v¥ = j if 7, € ¢
Fix a certain v; and constrain the state to switch according to the sequence
v;. Problem (17.3)—(17.7) becomes

J,:({E(O)) = min Jo(Uo, 13(0)) (17123)
‘ {Uo}
Tl = A%z + BViuy, + fO
[ix] e C¥
subj. to k=0,...,N—1 (17.12b)
TN € Xf
o = x(0)

Problem (17.12) is equivalent to a finite time optimal control problem for a
linear time-varying system with time-varying constraints and can be solved
by using the approach described in Chapter 11. The first move ug of its
solution is the PPWA feedback control law

up(2(0)) = F2(0) + ¢, VYa(0) e T, j=1,...,N" (17.13)

where D' = U;\g T is a polyhedral partition of the convex set D’ of
feasible states 2:(0) for problem (17.12). N"* is the number of regions of the
polyhedral partition of the solution and it is a function of the number of
constraints in problem (17.12). The upper index 4 in (17.13) denotes that
the input uj(z(0)) is optimal when the switching sequence v; is fixed.

The set Xy of all feasible states at time 0 is Xy = Uf]:vl D! and in general
it is not convex. Indeed, as some initial states can be feasible for different
switching sequences, the sets D, i = 1,...,sY, in general, can overlap. The
solution uf(x(0)) to the original problem (17.3)—(17.7) can be computed in
the following way. For every polyhedron 7%7 in (17.13),

L E7%5nTbm =0 foralll #4,1=1,...,sY, and for all m # j, m =
1,...,N vl then the switching sequence v; is the only feasible one for all
the states belonging to 7%/ and therefore the optimal solution is given
by (17.13), i.c.,

ug(x(0)) = F™2(0) + g%, Va(0) € T, (17.14)

2. If 7%7 intersects one or more polyhedra 7/t Tl2:m2 the states
belonging to the intersection are feasible for more than one switching
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sequence v;, vy, Ui,, -.. and therefore the corresponding value functions
Jois Jo S0, s - i (17.12a) have to be compared in order to compute

the optimal control law.

Consider the simple case when only two polyhedra overlap, i.e., TH N
Thm = T@3)m) £ . We will refer to 7)™ as a double feasibility
polyhedron. For all states belonging to 7(%3):(L™) the optimal solution is:

F92(0) + g™, vz (0) € T 0m)
Jy, (x(0)) < Jy5, (2(0))
Fl‘mx(O) +ghm, Vz(0) € ) m)
uj(@(0)) = T (@(0) > Iy (2(0)  (17.15)

vV (0) € TG bm)
I3, (2(0)) = J5, (2(0))

Because J; and Jj are quadratic functions of #(0) on 7%/ and Thm
respectively, we find the expression (17.10) of the control law domain.
The sets 757\ 7™ and TH™\ T%I are two single feasibility P-collections
which can be partitioned into a set of single feasibility polyhedra, and thus
be described through (17.10) with L} = 0.

Fiz(0) 4+ 37 or
Fl,mx(()) + gl,m

In order to conclude the proof, the general case of n intersecting polyhedra
has to be discussed. We follow three main steps. Step 1: generate one
polyhedron of nt"-ple feasibility and 2" — 2 P-collections possibly empty and
disconnected, of single, double, .. ., (n—1)"-ple feasibility. Step 2: the i*"-ple
feasibility P-collection is partitioned into several i*"-ple feasibility polyhedra.
Step 3: any it"-ple feasibility polyhedron with i > 1 is further partitioned
into at most ¢ subsets (17.10) where in each one of them a certain feasible
value function is greater than all the others. The procedure is depicted in
Figure 17.1 when n = 3.

e Case 2. binary inputs, my # 0
The proof can be repeated in the presence of binary inputs, my; # 0. In
this case the switching sequences v; are given by all combinations of region

indices and binary inputs,i.e.,i = 1,..., (s-my)". For each sequence v; there
is an associated optimal continuous component of the input as calculated in
Case 1.

e Case 3. binary states, n; # 0
The proof can be repeated in the presence of binary states by a simple

enumeration of all the possible n}’ discrete state evolutions.
|

From the result of the theorem above one immediately concludes that the value
function J§ is piecewise quadratic:

JE(z(0)) = 2(0) Hiz(0) + Hi x(0) + H} if 2(0) € R, (17.16)

The proof of Theorem 17.1 gives useful insights into the properties of the sets
R: in (17.10). We will summarize them next.
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/i3 Ay,

1,2,3

(a) Step 1. (b) Step 2 and Step 3.

Figure 17.1 Graphical illustration of the main steps for the proof of Theorem
17.1 when 3 polyhedra intersect. Step 1: the three intersecting polyhedra are
partitioned into: one polyhedron of triple feasibility (1,2,3), 2 polyhedra of
double feasibility (1, 2) and (1, 3), 3 polyhedra of single feasibility (1),(2),(3).
The sets (1), (2) and (1,2) are neither open nor closed polyhedra. Step 2: the
single feasibility sets of (1), (2) and (3) are partitioned into six polyhedra.
Step 3: value functions are compared inside the polyhedra of multiple
feasibility.

Each set Ri has an associated multiplicity j which means that j switching
sequences are feasible for problem (17.3)-(17.7) starting from a state x(k) € RE.
If j = 1, then R} is a polyhedron. In general, if j > 1 the boundaries of R}
can be described either by an affine function or by a quadratic function. In the
sequel boundaries which are described by quadratic functions but degenerate to
hyperplanes or sets of hyperplanes will be considered affine boundaries.

Quadratic boundaries arise from the comparison of value functions associated
with feasible switching sequences, thus a maximum of j — 1 quadratic boundaries
can be present in a j-ple feasible set. The affine boundaries can be of three types.

e Type a: they are inherited from the original j-ple feasible P-collection. In
this case across such boundaries the multiplicity of the feasibility changes.

e Type b: they are artificial cuts needed to describe the original j-ple feasible
P-collection as a set of j-ple feasible polyhedra. Across type b boundaries
the multiplicity of the feasibility does not change.

e Type c: they arise from the comparison of quadratic value functions which
degenerate in an affine boundary.

In conclusion, we can state the following lemma
Lemma 17.1  The value function J};
1. is a quadratic function of the states inside each R},
2. is continuous on quadratic and affine boundaries of type b and c

8. may be discontinuous on affine boundaries of type a,
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and the optimizer uj,
1. s an affine function of the states inside each R,
s continuous across and unique on affine boundaries of type b
s nonunique on quadratic boundaries, except possibly at isolated points

may be nonunique on affine boundaries of type ¢

Svod o e

may be discontinuous across affine boundaries of type a

Based on Lemma 17.1 above one can highlight the only source of discontinuity
of the value function: affine boundaries of type a. The following corollary gives a
useful insight on the class of possible value functions.

Corollary 17.1 J§ is a lower-semicontinuous PWQ function on Xj.

Proof: The proof follows from the result on the minimization of lower-
semicontinuous point-to-set maps in [47]. Below we give a simple proof without
introducing the notion of point-to-set maps.

Only points where a discontinuity occurs are relevant for the proof, i.e., states
belonging to boundaries of type a. From assumption 17.1 it follows that the feasible
switching sequences for a given state x(0) are all the feasible switching sequences
associated with any set R whose closure R}, contains (0). Consider a state z(0)
belonging to boundaries of type a and the proof of Theorem 17.1. The only case of
discontinuity can occur when (i) a j-ple feasible set P; intersects an i-ple feasible
set Py with ¢ < j, (ii) there exists a point z(0) € P;, Py and a neighborhood
N(z(0)) with z,y € N(2(0)), v € Py, z ¢ P2 and y € Pa, y ¢ Py. The proof
follows from the previous statements and the fact that Jg(2(0)) is the minimum of
all J3 (2(0)) for all feasible switching sequences v;. [ |

The result of Corollary 17.1 will be used extensively in the next sections. Even
if value function and optimizer are discontinuous, one can work with the closure
7@% of the original sets Rj, without explicitly considering their boundaries. In fact,
if a given state 2(0) belongs to several regions R},. .., R5, then the minimum value
among the optimal values (17.16) associated with each region R}, ..., R} allows us
to identify the region of the set R}, ..., R} containing z(0).

Next we show some interesting properties of the optimal control law when we
restrict our attention to smaller classes of PWA systems.

Corollary 17.2  Assume that the PWA system (17.2) is continuous, and that
E =01n (17.1) and Xy = R™ in (17.7) (which means that there are no state
constraints, i.e., P is unbounded in the x-space). Then, the value function J§
in (17.7) is continuous.

Proof: Problem (17.7) becomes a multiparametric program with only input
constraints when the state at time k is expressed as a function of the state
at time 0 and the input sequence wug,...,ug—1, i.e., zx = fpwa((---(fpwa
(2o, up), U1 )y -« Up—2),uk—1). Jo in (17.3) will be a continuous function of zy and
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ug, - ..,Un_1 since it is the composition of continuous functions. By assumptions
the input constraints on ug,...,uxy_1 are convex and the resulting set is compact.
The proof follows from the continuity of J and Theorem 5.2. ]

Note that E = 0 is a sufficient condition for ensuring that constraints (17.1)
are convex in the optimization variables uy, . .., u,. In general, even for continuous
PWA systems with state constraints it is difficult to find weak assumptions ensuring
the continuity of the value function Jj. Ensuring the continuity of the optimal
control law u(k) = uj (z(k)) is even more difficult. A list of sufficient conditions for
U§ to be continuous can be found in [106]. In general, they require the convexity (or
a relaxed form of it) of the cost Jo(Uy, 2(0)) in Uy for each 2(0) and the convexity
of the constraints in (17.7) in Uy for each x(0). Such conditions are clearly very
restrictive since the cost and the constraints in problem (17.7) are a composition
of quadratic and linear functions, respectively, with the piecewise affine dynamics
of the system.

The next theorem provides a condition under which the solution wuj (z(k)) of
the optimal control problem (17.3)—(17.7) is a PPWA state feedback control law.

Theorem 17.2  Assume that the optimizer U™ (x(0)) of (17.3)—(17.7) is unique
for all x(0). Then the solution to the optimal control problem (17.3)-(17.7) is a
PPWA state feedback control law of the form

up(z(k)) = Fiz(k) + gt ifa(k) €P) k=0,...,N—1, (17.17)

where P, i = 1,...,N7, is a polyhedral partition of the set Xy, of feasible states

Proof: In Lemma 17.1 we concluded that the value function J§(x(0)) is
continuous on quadratic type boundaries. By hypothesis, the optimizer u(z(0))
is unique. Theorem 17.1 implies that F*/z(0) + g7 = Fb™z(0) + gh™, Va(0)
belonging to the quadratic boundary. This can occur only if the quadratic boundary
degenerates to a single feasible point or to affine boundaries. The same arguments
can be repeated for uj(z(k)), k=1,...,N — L. [ |

Remark 17.1 Theorem 17.2 relies on a rather strong uniqueness assumption.
Sometimes, problem (17.3)—(17.7) can be modified in order to obtain uniqueness
of the solution and use the result of Theorem 17.2 which excludes the existence of
ellipsoidal sets. It is reasonable to believe that there are other conditions under which
the state feedback solution is PPWA without claiming uniqueness.

Example 17.1 Consider the following simple system
0 -1 0.2 —0.2
[1 0 }x(t)—!—{ 0 }u(t)—!—{ 0.2 }
if x(t)ect={z:[01]x >0}
0 -1 0.2 _ 0.2 (17.18)
5 o[ o= | 5]
if x(t)eC?={z:[01]x <0}

z(t) € [-0.5,—0.5] x [0.5,0.5]
u(t) € [~1000, 1000]

z(t+1) =
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g s
o )
(a) v1 ={1,1} (b) v2 = {1,2}
£t )
Ty 1
(c) va ={2,1} (d) va = {2,2}

Figure 17.2 Example 17.1. Problem (17.12) with cost (17.6) is solved for
different v;, i = 1,..., 4. Control law u(zo) is PPWA. State space partition

is shown.

)

1

(a) Feasibility domain obtained as
the union of the domains shown in
Figure 17.2. All regions are polyhe-
dra of multiple feasibility.

Ty

(b) Regions of the state space
partition where the switching
sequences v1 ={1,1},v2 ={1,2},
vs = {2,1}, va = {2,2} are
optimal.

Figure 17.3 Example 17.1. State space partition corresponding to the

optimal control law.
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17.3

17.4

and the optimal control problem (17.7) with cost (17.6), N = 2, Q@ =
1 —-0.1
[_0'1 | ],Rflo,PfloQ,XffX.

The possible switching sequences are vi = {1,1}, vo = {1,2}, v3 = {2,1}, va = {2, 2}.
The solution to problem (17.12) is depicted in Figure 17.2. In Figure 17.3(a) the four
solutions are intersected. All regions are polyhedra of multiple feasibility. In Figure
17.3(b) we plot with different shadings the regions of the state space partition where
the switching sequences v = {1,1}, v2 = {1,2}, vs = {2, 1}, va = {2, 2} are optimal.

Properties of the State Feedback Solution,
1-Norm, oco-Norm Case

The results of the previous section can be extended to piecewise linear cost
functions, i.e., cost functions based on the 1-norm or the co-norm.

Theorem 17.3  Consider the optimal control problem (17.7) with cost (17.5),
p =1, oo and let assumption 17.1 hold. Then there exists a solution in the form
of a PPWA state feedback control law

uj(z(k)) = Fia(k) +g. if x(k) € P}, (17.19)

where Pi, i = 1,...,NJ is a polyhedral partition of the set Xy of feasible states

Proof: The proof is similar to the proof of Theorem 17.1. Fix a certain switching
sequence v;, consider the problem (17.3)—(17.7) and constrain the state to switch
according to the sequence v; to obtain problem (17.12). Problem (17.12) can be
viewed as a finite time optimal control problem with a performance index based on
1-norm or oo-norm for a linear time varying system with time varying constraints
and can be solved by using the multiparametric linear program as described in
Chapter 11.4. Tts solution is a PPWA feedback control law

ub(x(0)) = F2(0) + g™, YeeT™, j=1,...,N", (17.20)

and the value function Jj, is piecewise affine on polyhedra and convex. The rest
of the proof follows the proof of Theorem 17.1. Note that in this case the value
functions to be compared are piecewise affine and not piecewise quadratic. |

Computation of the Optimal Control Input via Mixed
Integer Programming

In the previous section the properties enjoyed by the solution to hybrid optimal
control problems were investigated. Despite the fact that the proofs are constructive
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(as shown in the figures), they are based on the enumeration of all the possible
switching sequences of the hybrid system, the number of which grows exponentially
with the time horizon. Although the computation is performed off-line (the
on-line complexity is the one associated with the evaluation of the PWA control
law (17.17)), more efficient methods than enumeration are desirable. Here we show
that the MLD framework can be used to avoid the complete enumeration. In fact,
when the model of the system is an MLD model and the performance index is
quadratic, the optimization problem can be cast as a Mixed-Integer Quadratic
Program (MIQP). Similarly, 1-norm and oo-norm performance indices lead to
Mixed-Integer Linear Programs (MILPs) problems. In the following we detail the
translation of problem (17.7) with cost (17.5) or (17.6) into a mixed integer linear
or quadratic program, respectively, for which efficient branch and bound algorithms
exist.

Consider the equivalent MLD representation (16.25) of the PWA system (17.2).
Problem (17.7) is rewritten as:

J5 (2(0)) = n[}in Jo(z(0),Uy) (17.21a)
0]
Tp1 = Axy, + Bruy + Bady, + Bz,
yr = Cxp + Diup + Dady, + D3z + Ds
subj. to Fodx + Fs3zi < Fhug + Esxy + Es (17.21b)
TN € Xf
xo = x(0)

Note that the cost function (17.21a) is of the form

N-1
Jo(x(0),Uo) = [I1Panlp + Y 1Qekllp + | Rurllp + |Qs0kllp + |Qzxlly  (17.22)
k=0
when p =1 or p = oo or
N-1
Jo(2(0),Up) = 2’y Pxy + Z 2. Qzy + uj Ruy + 6,Qs0k + 2,Q-2. (17.23)
k=0

when p = 2.
The optimal control problem (17.21) with the cost (17.22) can be formulated as
a Mized Integer Linear Program (MILP). The optimal control problem (17.21) with
the cost (17.23) can be formulated as a Mized Integer Quadratic Program (MIQP).
The compact form for both cases is
msin g Hie + &' Hax(0) 4+ x(0)’ H32(0) + ce + cha(0) + ¢

(17.24)
subj. to Ge < w + Sz(0)

where Hy, Hy, Hs, ¢1, ¢2, G, w, S are matrices of suitable dimensions, € = [/, /)]
where €., €4 represent continuous and discrete variables, respectively and H;y, Ho,
Hjs, are null matrices if problem (17.24) is an MILP.
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The translation of (17.21) with cost (17.23) into (17.24) is simply obtained by
substituting the state update equation

k—1
T = Ak:EO + Z Aj(Bluk,l,j + Bgékflfj + B3Zk,1,j> (1725)
7=0
The optimization vector e in (17.24) is € = {ug, ..., UN=-1,00s--+,ON—1,20,-- -,

ZN_1}-

! 'll“}}le translation of (17.21) with cost (17.22) into (17.24) requires the introduc-
tions of slack variables as shown in Section 11.4 for the case of linear systems. In
particular, for p = oo, @, = 0 and Q5 = 0, the sum of the components of any
vector {ef,...,e%_1,€8,...,e%} that satisfies

—1,ef < Rug, k=0,1,...,N -1
—1,ep < —Ruy, k=0,1,...,N—1
1,7 < Qx, k=0,1,...,N -1
1,6 < —Qxp, k=0,1,...,N -1
7]_”8?\, S P:L'N,

(17.26)

_17157\] S _Pl‘Na

represents an upper bound on Ji(x(0)), where 1; is a column vector of ones
of length k, and where x(k) is expressed as in (17.25). Similarly to what was

shown in [78], it is easy to prove that the vector ¢ = {ef},...,e%_;,e5,...,e%,
u(0),...,u(N — 1)} that satisfies equations (17.26) and simultaneously minimizes
JEe)=¢ef+-+ef_ teg++eR (17.27)

also solves the original problem, i.e., the same optimum Jj(x(0)) is achieved.
Therefore, problem (17.21) with cost (17.22) can be reformulated as the following
MILP problem

min  J(e)
£
subj. to —Lne! < +Ruyp, k=0,1,...,N —1
k—1
—1,ef < £Q AkxO+ZAj(Bluk—l—j+
j=0
Bgékflfj —‘ngzk,l,J‘) k=0,...,N—1
N-1
) 17.28
—1,e% < £P [ AVzo + Z AN (Byug—1—;+ ( )
J=0
Bydk—1—j + B3zp—1—5)
Tr41 = Axg + Byug + Bdyp + B3z, k>0
Eqbr + Eszi < Eyug + Egwy + Es, k>0
TN € Xf
xg = x(0)
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where the variable 2(0) in (17.28) appears only in the constraints as a parameter
vector.

Given a value of the initial state x(0), the MIQP (17.24) or the MILP (17.28)
can be solved to get the optimizer e*(z(0)) and therefore the optimal input Ug(0).
In the next Section 17.5 we will show how multiparametric programming can be
also used to efficiently compute the piecewise affine state feedback optimal control
law (17.9) or (17.19).

Example 17.2 Consider the problem of steering in three steps the simple piecewise
affine system presented in Example 16.1 to a small region around the origin. The
system state update equations are

04{ \}g *Yg]m(tw{?]u(t) if [1 0]a(t)>0
z(t+1) =
04{ —1/3 \{g]x(t)—s—{?]u(t) if [1 0]a(t) <—e
y() = [0 1]z
(17.29)
subject to the constraints
z(t) € [-5,5] x [-5,5]
ult) € [-1, 1],X (17.30)

The MLD representation of system (17.29)—(17.30) was reported in Example 16.7.

The finite time constrained optimal control problem (17.7) with cost (17.5) with
p=oo,N=3,P=Q=1[}%,R=1, and Xy = [-0.01, 0.01] x [-0.01, 0.01], can be
solved by considering the optimal control problem (17.21) with cost (17.22) for the
equivalent MLD representation and solving the associated MILP problem (17.24).

The resulting MILP has 27 variables (|¢| = 27) which are € R?, § € {0,1}, z € R?,
u € R, y € R over 3 steps plus the real-valued slack variables 3, €7, €5 and €7, €3,
€% (note that £§ is not needed). The number of mixed-integer equality constraints
is 9 resulting from the 3 equality constraints of the MLD systems over 3 steps. The
number of mixed-integer inequality constraints is 110.

The finite time constrained optimal control problem (17.7) with cost (17.6), N = 3,
P=Q=1[}9], R=1, and Xy = [-0.01 0.01] x [—0.01 0.01], can be solved by
considering the optimal control problem (17.21) with cost (17.23) for the equivalent
MLD representation and solving the associated MIQP problem (17.24).

The resulting MIQP has 21 variables (|e| = 21) which are z € R?, § € {0,1}, z € R?,
u € R, y € R over 3 steps. The number of mixed-integer equality constraints is
9 resulting from the 3 equality constraints of the MLD systems over 3 steps. The
number of mixed-integer inequality constraints is 74.

17.4.1 Mixed-Integer Optimization Methods

With the exception of particular structures, mixed-integer programming problems
involving 0-1 variables are classified as N P-complete, which means that in the
worst case, the solution time grows exponentially with the problem size.
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Despite the combinatorial nature of these problems, excellent solvers for MILPs
and MIQPs have become available over the last 10-15 years. As discussed in
Chapter 2.4, the most obvious way to solve an MIQP (MILP) is to enumerate all
the integer values and solve the corresponding QPs (LPs). By comparing the QPs
(LPs) optimal costs one can derive the optimizer and the optimal cost of the MIQP
(MILP). This is far from being efficient. The book [108] is a good reference for a
long list of algorithmic approaches to efficiently solve mixed integer programming
problems.

One simple idea called “Branch and Bound” has become the basis of many
efficient solvers. We will explain the basic ideas behind Branch and Bound solvers
with the help of a simple example.

Example 17.3 Illustrative Example for Branch and Bound Procedure We refer to
Figure 17.4. Assume that we are solving an MILP with three 0-1 integer variables
Zd,1,%d,2,%d,3-

1. In a first step we relax the integer constraints, i.e., we allow the variables
Td,1,%d,2,%d,3 to vary continuously between 0 and 1. We find the minimum of
the Relaxed LP to be 10, which must be a lower bound on the solution.

2. We fix one of the integer variables x4, at 0 and 1, respectively, and leave the
others relaxed. We solve the two resulting LPs and obtain 13 and 12, which are
new improved lower bounds on the solutions along the two branches.

3. Heuristically we decide to continue on the branch with x4, = 1, because the
lower bound is lower than with 4,1 = 0. We now fix one of the remaining integer
variables x42 at 0 and 1, respectively, and leave x4 3 relaxed. We solve the two
resulting LPs and obtain 16 and 14, which are new improved lower bounds on
the solution along the two branches.

Relaxed LP

16>UB

2q3=0

Optimal
solution

UB=15 15<UB=17

Figure 17.4 Tllustration of Branch and Bound procedure.
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4. Heuristically we decide again to continue on the branch with z42 = 1, because
the lower bound is lower than with z42 = 0. We now fix the remaining integer
variable z4,3 at 0 and 1, respectively. We solve the two resulting LPs and obtain
15 and 17. We can conclude now that 15 is an upper bound on the solution and
the integer choices leading to 17 are nonoptimal. We can also stop the further
exploration of node 16 because this lower bound is higher than the established
upper bound of 15.

5. We explore node 13 and find the integer choices either to be infeasible or to lead
to a lower bound of 19 which is again higher than the established upper bound
of 15. Thus no further explorations are necessary and 15 is confirmed to be the
optimal solution.

More generally, the Branch and Bound algorithm for MILPs involves solving
and generating a set of LP subproblems in accordance with a tree search, where
the nodes of the tree correspond to LP subproblems. Branching generates child-
nodes from parent-nodes according to branching rules, which can be based, for
instance, on a-priori specified priorities on integer variables, or on the amount by
which the integer constraints are violated. Nodes are labeled either as pending, if
the corresponding LP problem has not yet been solved, or fathomed, if the node
has already been fully explored. The algorithm stops when all nodes have been
fathomed.

The success of the branch and bound algorithm relies on the fact that whole
subtrees can be excluded from further exploration by fathoming the corresponding
root nodes. This happens if the corresponding LP subproblem is either infeasible
or an integer solution is obtained. In the second case, the corresponding value of
the cost function serves as an upper bound on the optimal solution of the MILP
problem, and is used to further fathom any other nodes having either a greater
optimal value or lower bound.

State Feedback Solution via Batch Approach

Multiparametric programming [115, 101, 44, 63] has been used to compute the
PWA form of the optimal state feedback control law u*(x(k)) for linear system.
By generalizing the results of the previous chapters to hybrid systems, the state
vector z(0), which appears in the objective function and in the linear part of
the right-hand side of the constraints (17.24), can be considered as a vector of
parameters. Then, for performance indices based on the oco-norm or 1-norm, the
optimization problem can be treated as a multiparametric MILP (mp-MILP), while
for performance indices based on the 2-norm, the optimization problem can be
treated as a multiparametric MIQP (mp-MIQP). Solving an mp-MILP (mp-MIQP)
amounts to expressing the solution of the MILP (MIQP) (17.24) as a function of
the parameters z(0).

In Section 6.4.1 we have presented an algorithm for solving mp-MILP problems,
while, to the authors’ knowledge, there does not exist an efficient method for solving
general mp-MIQPs. In Section 17.6 we will present an algorithm that efficiently
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17.6

17.6.1

solves the specific mp-MIQPs derived from optimal control problems for discrete-
time hybrid systems.

State Feedback Solution via Recursive Approach

In this section we propose an efficient algorithm for computing the solution to
the finite time optimal control problem for discrete-time linear hybrid systems.
It is based on a dynamic programming recursion and a multiparametric linear
or quadratic programming solver. The approach represents an alternative to the
mixed-integer parametric approach presented earlier.

The PWA solution (17.9) will be computed proceeding backwards in time using
two tools: a linear or quadratic multiparametric programming solver (depending on
the cost function used) and a special technique to store the solution which will be
illustrated in the next sections. The algorithm will be presented for optimal control
based on a quadratic performance criterion. Its extension to optimal control based
on linear performance criteria is straightforward.

Preliminaries and Basic Steps
Consider the PWA map ¢ defined as
(:xzeR;—Fix+g; for i=1,..., Ng, (1731)

where R;, ¢ = 1,..., Nr are subsets of the z—space. Note that if there exist
I,m € {1,...,Ng} such that for x € R; N R, Flx + i # Fnx + gm the map
¢ (17.31) is not single valued.

Definition 17.1  Given a PWA map (17.51) we define fpwa(x) = (o(x) as the
ordered region single-valued function associated with (17.31) when

Colz)=Fjz+g; |t €Rj and Vi< j:x ¢ R;,
jE{l,...,NR},

and write it in the following form

Fll' + g1 Zf T € Pl
Colz) = :

Fnpx+gng f € Png.

Note that given a PWA map (17.31) the corresponding ordered region single-valued
function (, changes if the order used to store the regions R; and the corresponding
affine gains change. For illustration purposes consider the example depicted in
Figure 17.5, where z € R, Nr =2, F1 =0,91 =0, Ry = [-2,1], F, =1, g0 =0,
R2 =[0,2].
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Fox+ gy
o Fiz+g,
z
(a) Multivalued PWA map (.
Flo+g if xeRy Fox+gyif t€Ry
Cra(z) = F.. e Gor(2) = ) e
W+ gy if zER, Fle+gifzeRy

(b) Ordered region single valued (¢) Ordered region single valued
function (12. function Co1.

Figure 17.5 Illustration of the ordered region single valued function.

In the following, we assume that the sets R¥ in the optimal solution (17.9) can
overlap. When we refer to the PWA function v} (x(k)) in (17.9) we will implicitly
mean the ordered region single-valued function associated with the map (17.9).

Example 17.4 Let J{ : P+ —» R and J; : P» — R be two quadratic functions,
Ji(x) = 2'Liz + Mix + N1 and J3(z) = a'Lox + Mz + N2, where P; and P2
are convex polyhedra and J; (z) = +oo ifz ¢ P;, i € {1,2}. Let ui : P1 — R™,
u3 : Po — R™ be vector functions. Let P; NP2 = P3 # 0 and define

J*(z) = min{J; (z), J5(x)} (17.32)
c(py = Juil) i Ji(2) < J5 ()
v = {ui(x) if Ji(z) > J5(x) (17.33)

where u*(x) can be a set valued function. Let L3 = Lo — L1, Ms = My — M,
N3 = N2 — Ni. Then, corresponding to the three following cases

(i) Ji(z) < J5(x) Vo € Ps

(ii) Ji(z) > J5(x) Vz € P3
(iif) Fz1,m2 € Ps|Ji (z1) < J5(x1) and Ji (x2) > J5 (z2)
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the expressions (17.32) and a real-valued function that can be extracted from (17.33)
can be written equivalently as:

(i)

. | Ji(x) fxePr
T@) = JJ;(:C) if 2 € Py (17:34)
. ui(z) ifx € Py
= 1 .
u”(z) Jus(x) ifoc Py (17.35)

(ii) asin (17.34) and (17.35) by switching the indices 1 and 2
(i)
min{Jy (z), J5 (x)} if x € Ps

J(z) = | Ji(z) ifz e Py (17.36)
J5(z) ifx € P

ui(z) if x € Ps({z | 'Lsz + M3z + N3 > 0}

3 if v €P 'L Msz + N3 <0

wiz) = | 2@ e €Ps(fr | o'lowt Moz Ny <O} 17 o
ui(z) ifx € Py

us(z) if © € Py

where (17.34), (17.35), (17.36), and (17.37) have to be considered as PWA and
PPWQ functions in the ordered region sense.

Example 17.4 shows how to
e avoid the storage of the intersections of two polyhedra in Case (i) and (ii)
e avoid the storage of possibly nonconvex regions P; \ P3 and Ps \ Ps

e work with multiple quadratic functions instead of quadratic functions defined
over nonconvex and nonpolyhedral regions.

The three points listed above will be the three basic ingredients for storing and
simplifying the optimal control law (17.9). Next we will show how to compute it.

Remark 17.2 In Example 17.4 the description (17.36)—(17.37) of Case (iii) can
always be used but the on-line evaluation of the control u*(z) is rather involved
requiring a series of set membership and comparison evaluations. To assess if the
simpler description of u*(x) of Case (i) or Case (ii) could be used instead, one needs
to solve indefinite quadratic programs of the form

ming 2’ Lyx + Miz + N3

subj. to € P (17:38)

which are nontrivial, in general.
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Multiparametric Programming with Multiple Quadratic Functions

Consider the multiparametric program

J*(x) = min,, Wz, u) + q(f(z,u))

subj. to f(z,u) € P, (17.39)

where P C R" is a compact set, f : R"xXR™ - R" ¢g: P - R,and [ : R"xR™ - R
is a convex quadratic function of z and u. We aim at determining the region X
of variables x such that the program (17.39) is feasible and the optimum J*(z) is
finite, and at finding the expression u*(z) of (one of) the optimizer(s). We point
out that the constraint f(x,u) € P implies a constraint on « as a function of z
since u can assume only values where f(x,u) is defined.

Next we show how to solve several forms of problem (17.39).

Lemma 17.2 (one to one problem) Problem (17.39) where f is linear, q is
quadratic and strictly convex, and P is a polyhedron can be solved by one mp-QP.

Proof: See Chapter 6.3.1.

Lemma 17.3 (one to one problem of multiplicity d) Problem (17.39) where
f is linear, q is a multiple quadratic function of multiplicity d and P is a polyhedron
can be solved by d mp-QPs.

Proof: The multiparametric program to be solved is

and it is equivalent to

min, I(z,u) + ¢ (f(x,u)),
subj. to f(x u) € P,

J*(x) = min : ) (17.41)

minul( u) + qa(f(z,u))
subj. to f(x u) €P

The " subproblems in (17.41)
JH(z) = minl(x,u) + ¢;(f(z,u)) (17.42)
subj. to f(z,u) € P (17.43)

is a one to one problem and therefore it is solvable by an mp-QP. Let the solution
of the i-th mp-QPs be

u'(z) = Fiz + 3, YzeT™, j=1,...,N", (17.44)

where 7% = U;\Zl T%7 is a polyhedral partition of the convex set 7 of feasible z for
the ith sub-problem and N"* is the corresponding number of polyhedral regions.



394

17 Optimal Control of Hybrid Systems

The feasible set X' satisfies X = T = --- = T9 since the constraints of the d
sub-problems are identical.

The solution u*(z) to the original problem (17.40) is obtained by comparing
and storing the solution of d mp-QP subproblems (17.42)—(17.43) as explained
in Example 17.4. Consider the case d = 2, and consider the intersection of the
polyhedra 7%% and 72! for i = 1,...,N" ', 1 =1,...,N"2 For all THin T2l =
T@D:(20 £ () the optimal solution is stored in an ordered way as described in
Example 17.4, while paying attention to the fact that a region could be already
stored. Moreover, when storing a new polyhedron with the corresponding value
function and optimizer, the relative order of the regions already stored must not
be changed. The result of this Intersect and Compare procedure is

u*(z) = Flx + ¢g' if # € R,

, , . , , 17.45
R ={z: «/L'(jl)z+ M'(j)x < N'(j), j=1,...,n'}, ( )

where R = U;V:Rl R7 is a polyhedron and the value function
J*(x)=J:(z) fzeDij=1,... NP, (17.46)

where J *(z) are multiple quadratic functions defined over the convex polyhedra DI,
The polyhedron D7 can contain several regions R or can coincide with one of them.
Note that (17.45) and (17.46) have to be considered as PWA and PPWQ functions
in the ordered region sense.

If d > 2 then the value function in (17.46) is intersected with the solution of
the third mp-QP subproblem and the procedure is iterated by making sure not
to change the relative order of the polyhedra and the corresponding gain of the
solution constructed in the previous steps. The solution will still have the same
form (17.45)—(17.46). |

Lemma 17.4 (one to r problem) Problem (17.59) where f is linear, q is a
lower-semicontinuous PPWQ function defined over r polyhedral regions and strictly
convez on each polyhedron, and P is a polyhedron, can be solved by r mp-QPs.

Proof: Let q(x) = ¢; if # € P; the PWQ function where the closures P; of
P; are polyhedra and ¢; strictly convex quadratic functions. The multiparametric
program to solve is

min, [(z,u) + q1(f (2, u)),

subj. to f(z,u) € Py
flz,u) eP

J*(zr) =min{ ) (17.47)

min, Uz, u) + qr(f(z,u)}

subj. to f(z,u) € P,
flz,u)eP

The proof follows the lines of the proof of the previous theorem with the
exception that the constraints of the i-th mp-QP subproblem differ from the
j-th mp-QP subproblem, i # j.
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The lower-semicontinuity assumption on ¢(«) allows one to use the closure of the
sets P; in (17.47).The cost function in problem (17.39) is lower-semicontinuous since
it is a composition of a lower-semicontinuous function and a continuous function.
Then, since the domain is compact, problem (17.47) admits a minimum. Therefore
for a given z, there exists one mp-QP in problem (17.47) which yields the optimal
solution. The procedure based on solving mp-QPs and storing the results as in

Example 17.4 will be the same as in Lemma 17.3 but the domain R = Uj\[:l RI of
the solution can be a P-collection. |

If f is PPWA defined over s regions then we have a s to X problem where X
can belong to any of the problems listed above. In particular, we have an s to r
problem of multiplicity d if f is PPWA and defined over s regions and ¢ is a multiple
PPWQ function of multiplicity d, defined over r polyhedral regions. The following
lemma can be proven along the lines of the proofs given before.

Lemma 17.5 Problem (17.39) where f is linear and q is a lower-semicontinuous
PPWQ function of multiplicity d, defined over r polyhedral regions and strictly
convex on each polyhedron, is a one to r problem of multiplicity d and can be solved
by r - d mp-QPs.

An s to r problem of multiplicity d can be decomposed into s one to r problems of
multiplicity d. An s to one problem can be decomposed into s one to one problems.

Algorithmic Solution of the Bellman Equations

In the following we will substitute the PWA system Equation (17.2) with the shorter
form

w(k+1) = fpwalz(k), u(k)) (17.48)

whereprWA :C - R" and prA(x,u) = Alz + Blu+ flif [Z] € Ci,i=1,....s,
and {C'} is a polyhedral partition of C.
Consider the dynamic programming formulation of the CFTOC problem (17.6)—

(17.7),

Ji((j) = min  2fQu; +ujRuy + Ji (frwale(i),uy))  (17.49)

uj
subj. to  fpwa(z(f),u;) € Xju (17.50)
for j = N —1,...,0, with terminal conditions
XN = Xy (17.51)
Jx(z) = 2’ Pax, (17.52)

where X is the set of all states z(j) for which problem (17.49)-(17.50) is
feasible:

X; = {z € R"| Ju, fPWA(%U) € X} (17.53)
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Assume for the moment that there are no binary inputs and binary states,
me = ng = 0. The Bellman Equations (17.49)—(17.52) can be solved backwards in
time by using a multiparametric quadratic programming solver and the results of
the previous section.

Consider the first step of the dynamic program (17.49)—(17.52)

Jy_i(en—1) = ming,, y @y Qry_1 +uy_Run 1 +J% (Fpwal@n—1,un—1))
(17.54)

subj. to  fpwa(Tn_1,un—1) € X;. (17.55)

The cost to go function J} (z) in (17.54) is quadratic, the terminal region Xy is
a polyhedron and the constraints are piecewise affine. Problems (17.54)—(17.55) is
an s to one problem that can be solved by solving s mp-QPs. From the second
step j = N — 2 to the last one j = 0 the cost to go function J;‘H(x) is a lower-
semicontinuous PPWQ with a certain multiplicity d;,1, the terminal region X, is
a P-collection and the constraints are piecewise affine. Therefore, problem (17.49)—
(17.52) is an s to N | problem with multiplicity dj+1 (where N7, is the number of
polyhedra of the cost to go function J;‘Jrl)7 that can be solved by solving sN/ ;d;11
mp-QPs (Lemma 17.5). The resulting optimal solution will have the form (17.9)
considered in the ordered region sense.

In the presence of binary inputs the procedure can be repeated, with the
difference that all the possible combinations of binary inputs must be enumerated.
Therefore, a one to one problem becomes a 2™¢ to one problem and so on. In the
presence of binary states the procedure can be repeated either by enumerating
them all or by solving a dynamic programming algorithm at time step k£ from a
relaxed state space to the set of binary states feasible at time k + 1.

Next we summarize the main steps of the dynamic programming algorithm
discussed in this section. We use boldface characters to denote sets of polyhedra,
ie, R = {Ri}i=1,. r|, where R; is a polyhedron and |R| is the cardinality of
the set R. Furthermore, when we say SOLVE an mp-QP we mean to compute and
store the triplet Sy ; ; of expressions for the value function, the optimizer, and the
polyhedral partition of the feasible space.

In Algorithm 17.1, the structure S ; ; stores the matrices defining quadratic
function Jj; ; ;,(+), affine function uj ; ;,(-), and polyhedra Ry ; ;, for all I:

Sy = UL (T igu @), wiis0(®), Riiji)}, (17.56)
l

where the indices in (17.56) have the following meaning: k is the time step, ¢
indexes the piece of the “cost-to-go” function that the DP algorithm is considering,
j indexes the piece of the PWA dynamics the DP algorithm is considering, and [
indexes the polyhedron in the mp-QP solution of the (k,, j)th mp-QP problem.
The “KEEP only triplets” Step of Algorithm 17.1 aims at discarding regions
Ri,n that are completely covered by some other regions that have lower cost.
Obviously, if there are some parts of the region Ry that are not covered at all
by other regions (first condition) we need to keep them. Note that comparing the
cost functions is, in general, nonconvex optimization problem. One might consider
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solving the problem exactly, but since algorithm works even if some removable
regions are kept, we usually formulate an LMI relaxation of the problem at hand.

The output of Algorithm 17.1 is the state feedback control law (17.9) considered
in the ordered region sense. The online implementation of the control law
requires simply the evaluation of the PWA controller (17.9) in the ordered region
sense.

Algorithm 17.1

Input: CEFTOC problem (17.3)—(17.7)

Output: Solution (17.9) in the ordered region sense
Ry « {}
Ji1(z) o' Pz
Fork=N-1,...,1

Fori=1,...,|Rit1]
Forj=1,...,s
Sk < {}

Solve the mp-QP

Sk,i,j  Ming, xﬁchk + u;Ruk + J;H,i(Aj-’Ek + Bjuk + f;)

. Ajrk + Bjug + fj € Riy1,i
subj. to { ff]ﬁ] e(fjj J ’

End
End
Ry < {Ru,iju}; ;- Denote by Ri,p its elements, and by Ji , and uy, j, ()
the associated costs and optimizers, with h € {1,..., |Ry|}
Keep only triplets (J; ;(z), uf (), Rin) for which 3z € Ry @z ¢
Ri,a;V¥d # h OR 3z € Ryn = Ji p(x) < Jf q(x),Vd # h
Create multiplicity information and additional regions for an ordered region
solution as explained in Example 17.4

End

17.6.4 Examples

Example 17.5 Consider the control problem of steering the piecewise affine
system (17.29) to a small region around the origin. The constraints and cost function
of Example 17.2 are used. The state feedback solution ug(z(0)) was determined by
using the approach presented in the previous section. When the infinity norm is used
in the cost function, the feasible state space Xy at time 0 is divided into 84 polyhedral
regions and it is depicted in Figure 17.6(a). When the squared Euclidean norm is used
in the cost function, the feasible state space Xy at time 0 is divided into 92 polyhedral
regions and is depicted in Figure 17.6(b).

Note that as explained in Section 17.6.2 for the case of the squared Euclidian norm,
the optimal control law is stored in a special data structure where:
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Ty 1

(a) Partition of the feasible state (b) Partition of the feasible state
space Xp when the infinity norm space Xp when the squared Euclid-
is used in the cost function (N"3 = ian norm is used in the cost func-
84) tion (N"3 = 92)

Figure 17.6 Example 17.5. State space control partition for ug(z(0))

1. The ordering of the regions is important.
2. The polyhedra can overlap.

3. The polyhedra can have an associated value function of multiplicity d > 1.
Thus, d quadratic functions have to be compared on-line in order to compute
the optimal control action.

Example 17.6 Consider the hybrid spring-mass-damper system described in
Example 16.2

[£502 Sod0] @®) + [G02] wi®) + [552] i 21(8) < Lua(t) <05
[ 566 “o00] #(8) + [Tz ] wa(®) + [T015] i 21(t) > 1+ € ua(t) <05

z(t+1) =
[ “o%s 03] #(t) + [g3e] wa() + [T0as] i 2a(t) <1ua(t) > 0.5

[ 500 055 2@ + [g35] wa(®) + [T350] i 2(6) > 1+ e ua(t) > 05
(17.57)
subject to the constraints

(t) € [-5,5] x [-5,5]
-1,1].

wld) € | (17.58)

’

We solve the finite time constrained optimal control problem (17.7) with cost
(17.6) with N = 3, P = Q = [}9], R = [%?9]. The state feedback solution
was determined by using the approach presented in the previous section in two
cases: without terminal constraint (Figure 17.7(a)) and with terminal constraint
X; = [—=0.01 0.01] x [—0.01 0.01] (Figure 17.7(b)).
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S S
1 1
(a) Partition with no terminal con- (b) Partition with terminal con-
straint (N"3 = 183). straint (N"3 = 181).

Figure 17.7 Example 17.6. State space optimal control partition for ug(z(0)).

Discontinuous PWA Systems

Without assumption 17.1 the optimal control problems (17.3)—(17.7) may be
feasible but may not admit an optimizer for some x(0) (the problem in this case
would be to find an infimum rather than the minimum).

Under the assumption that the optimizer exists for all states x(k), the approach
explained in the previous sections can be applied to discontinuous systems by
considering three elements. First, the PWA system (17.2) has to be defined
on each polyhedron of its domain and all its lower dimensional facets. Second,
dynamic programming has to be performed “from” and “to” any lower dimensional
facet of each polyhedron of the PWA domain. Finally, value functions are not
lower-semicontinuous, which implies that Lemma 17.4 cannot by used. Therefore,
when considering the closure of polyhedral domains in multiparametric program-
ming (17.47), a postprocessing is necessary in order to remove multiparametric
optimal solutions which do not belong to the original set but only to its closure.
The tedious details of the dynamic programming algorithm for discontinuous PWA
systems are not included here but can be immediately extracted from the results
of the previous sections.

In practice, the approach just described for discontinuous PWA systems can
easily be numerically prohibitive. The simplest approach from a practical point of
view is to introduce gaps between the boundaries of any two polyhedra belonging
to the PWA domain (or, equivalently, to shrink by a quantity e the size of every
polyhedron of the original PWA system). This way, one deals with PWA systems
defined over a disconnected union of closed polyhedra. By doing so, one can use
the approach discussed in this chapter for continuous PWA systems. However,
the optimal controller will not be defined at the points in the gaps. Also, the
computed solution might be arbitrarily different from the original solution to
problems (17.3)—(17.7) at any feasible point x. Despite this, if the magnitude &
of the gaps is close to the machine precision and comparable to sensor/estimation
errors, such an approach can very appealing in practice. In some cases this approach
might be the only one that is computationally tractable for computing controllers
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for discontinuous hybrid systems fulfilling state and input constraints that are
implementable in real-time.

Without assumption 17.1, problems (17.3)—(17.7) is well defined only if an
optimizer exists for all x(0). In general, this is not easy to check. The dynamic
programming algorithm described here could be used for such a test but the details
are not included in this book.

Receding Horizon Control

Consider the problem of regulating the PWA system (17.2) to the origin. Receding
Horizon Control (RHC) can be used to solve such a constrained regulation problem.
The control algorithm is identical to the one outlined in Chapter 12 for linear
systems. Assume that a full measurement of the state x(t) is available at the current
time ¢. Then, the finite time optimal control problem

Ji(z(t)) = min ‘ Je(z(t), UrsiyN)t) (17.59a)
t—t+N|t
Tipk+1lt = Ai$t+k|t + Biut+k|t + it [ﬁii’;‘lf} el
subj. to Ti+N|t € Xf (1759b)
Tyt = x(t)
is solved at each time ¢, where Uy_¢y nje = {Wsjty - -+ UepN—1]¢}-

Let Uy = {uj);, -, uj, y_q);} be the optimal solution of (17.59) at time ¢. Then,
the first sample of U is applied to system (17.2):

u(t) = ug),. (17.60)

The optimization (17.59) is repeated at time ¢+1, based on the new state ;1441 =
z(t + 1), yielding a moving or receding horizon control strategy.

Based on the results of previous sections the state feedback receding horizon
controller (17.59)—(17.60) can be immediately obtained in two ways: (i) solve the
MIQP/MILP (17.24) for x4, = x(t) or (ii) by setting

u(t) = fo(x(t)), (17.61)

where f§ : R™ — R™ is the piecewise affine solution to the CFTOC (17.59)
computed as explained in Section 17.6. The explicit form (17.61) has the advantage
of being easier to implement, and provides insight on the type of action of the
controller in different regions of the state space.

Stability and Feasibility Issues

As discussed in Chapter 12 the feasibility and stability of the receding horizon
controller (17.59)—(17.60) is, in general, not guaranteed.

Theorem 12.2 in Chapter 12 can be immediately modified for the hybrid
case: persistent feasibility and Lyapunov stability are guaranteed if the terminal
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constraint Xy is a control invariant set (assumption (A2) in Theorem 12.2) and the
terminal cost p(xy) is a control Lyapunov function (assumption (A3) in Theorem
12.2). In the hybrid case the computation of control invariant sets and control
Lyapunov functions is computationally more involved. As in the linear case, Xy =0
satisfies the aforementioned properties and it thus represents a very simple, yet
restrictive, choice for guaranteeing persistent feasibility and Lyapunov stability.

Examples

Example 17.7 Consider the problem of regulating the piecewise affine system (17.29)
to the origin. The constrained finite time optimal control problem (17.7) is solved with
N=3,P=Q=[}9],R=1, and Xy = [-0.01 0.01] X [-0.01 0.01]. Its state feedback

solution (17.9) u*(x(0)) = f5(x(0)) at time 0 is implemented in a receding horizon
fashion, i.e., u(z(k)) = fo (x(k)).

xq, and xy

time
(a) State trajectories (z1 dashed line
and zg solid line).

time

(b) Optimal input.

Figure 17.8 Example 17.7. MPC control of system (17.29) when the infinity
norm is used in the objective.

1 and x4

time time

(a) State trajectories (z1 dashed

(b) Optimal input.
line and 2 solid line).

Figure 17.9 Example 17.7. MPC control of system (17.29) when the squared
Fuclidian norm is used in the objective.


http://www.mpc.berkeley.edu/mpc-course-material/bookexamples/PWA_mpc.m

402 17 Optimal Control of Hybrid Systems

The state feedback control law with cost (17.5) with p = co was computed in Example
17.5 and consists of 84 polyhedral regions. None of them has multiplicity higher
than 1. Figure 17.8 shows the corresponding closed-loop trajectories starting from

the initial state z(0) = [-2 2]".
The state feedback control law with cost (17.6) was computed in Example 17.5 and

consists of 92 polyhedral regions, some of which have multiplicity higher than 1.
Figure 17.9 shows the corresponding closed-loop trajectories starting from the initial

state z(0) = [-2 2]".

Example 17.8 Consider the problem of regulating the hybrid spring-mass-damper
system (17.57) described in Examples 16.2 and 17.6 to the origin. The finite time
constrained optimal control problem (17.7) with cost (17.6) is solved with N = 3,
P=Q=1[}9], R=1[%9]. Its state feedback solution (17.9) v*(z(0)) = f5(x(0)) at

time 0 is implemented in a receding horizon fashion, i.e., u(z(k)) = f5 (z(k)).

xrq and o
uy and uy

time
(b) Optimal inputs (u1 solid line and
binary input ugz dashed line).

time

(a) State trajectories (x1 dashed
line and 2 solid line).

Figure 17.10 Example 17.8. MPC control of system (17.57) without terminal
constraint.

¢ and 2y
uy and uy

time time

(a) State trajectories (z1 dashed (b) Optimal inputs (u1 solid line

line and z3 solid line). and binary input ua dashed line).

Figure 17.11 Example 17.8. MPC control of system (17.57) with terminal
constraint.
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The state feedback solution was determined in Example 17.6 for the case of no
terminal constraint (Figure 17.7(a)). Figure 17.10 depicts the corresponding closed-
loop trajectories starting from the initial state (0) = [3 4]'.

The state feedback solution was determined in Example 17.6 for terminal constraint
Xy = [-0.01, 0.01] x [-0.01, 0.01] (Figure 17.7(b)). Figure 17.11 depicts the
corresponding closed-loop trajectories starting from the initial state z(0) = [3 4]'.

Comparing the two controllers, we find that the terminal constraint leads to a more
aggressive behavior. In addition, in the case with terminal constraint we observe the
coordination of the binary and continuous inputs. The small damping coefficient is
switched on to increase the effect of the continuous input. The damping is increased
again once the steady-state value is approached.
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