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Real-Time Trajectory Generation
for Constrained Nonlinear Dynamical Systems Using

Non-Uniform Rational B-spline Basis Functions
by
Melvin E. Flores

In Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy

Abstract

The thesis describes a new method for obtaining minimizers for optimal control problems whose
minima serve as control policies for guiding nonlinear dynamical systems to achieve prescribed goals
under imposed trajectory and actuator constraints. One of the major contributions of the present
work resides in the approximation of such minimizers by piecewise polynomial functions expressed
in terms of a linear combination of non-uniform rational B-spline (NURBS) basis functions and the
judicious exploitation of the properties of the resulting NURBS curves to improve the computational

effort often associated with solving optimal control problems for constrained dynamical systems.

In particular, by exploiting the two structures combined in a NURBS curve, NURBS basis functions
and an associated union of overlapping polytopes constructed from the coefficients of the linear
combination, we are able to separate an optimal control problem into two subproblems — guidance
and obstacle-avoidance, making the original problem tractable. This is accomplished by laying out
the union of overlapping polytopes in such a way that they delineate a section of space that avoids
all obstacles and then manipulating the NURBS basis functions to obtain trajectories that are
guaranteed to remain bounded by this section of space without explicitly including the conjunction

of disjunctions naturally induced from obstacles into the guidance problem.



xii

In addition, we show how one can construct systematically a feasible region that corresponds to a
NURBS parameterization starting from an ordered union of pairwise adjacently overlapping non-
empty compact convex sets. Specifically, we show how to setup a nonlinear programming problem to
solve for the feasible region in terms of an ordered union of pairwise adjacently overlapping polytopes
with nonempty interiors by maximizing the sum of their volumes and starting from a feasible region
described by an ordered union of pairwise adjacently overlapping nonempty convex compact simi-
algebraic sets. Finally, we show how this strategy can be implemented practically for an autonomous

system traversing an urban environment.

Finally, this work culminated in the filing of patent US20070179685 on behalf of Northrop Grumman
for the Space Technology sector and in the development of the NURBSbasedOTG software package.
This C++ package contains the theoretical results of this thesis in the form of an object-oriented

implementation optimized for real-time trajectory generation.
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Chapter 1

Introduction

1.1 Motivation

Many control policies used for guiding real systems are obtained through the numerical computation
of minimizers to optimal control problems. In general, determining a minimizer to an optimal control
problem consists of computing the control and state evolutions that achieve the lowest value of a cost
functional that captures the effort in the system’s motions (e.g., energy, momentum, entropy) while
taking into account the system’s behavior (e.g., linear, nonlinear, hybrid), boundary conditions (e.g.,
initial and/or final system’s configuration — both position and attitude), trajectory constraints (e.g.,
obstacle avoidance), and actuator constraints (e.g., limits in forces and torques). The appeal for
this paradigm resides, in part, on the ease with which a large number of useful engineering problems
are able to be modeled by using this mathematical framework and on the ever increasing theoretical

and computational resources that are at our disposal for solving them.

The mathematical structure of the optimal control problem dictates how deep we can proceed into
understanding the relevant issues that define it as well as the set of analytical and/or numerical
tools available for obtaining its minimizers. In general, three major issues can be resolved regarding
a posed optimal control problem, depending on its complexity: existence of minima, (Cesari| [1983];
computation of minimizers, [Bryson and Ho| [1975], [Pontryagin et al.| [1962], [Pesch| [1989], [von Stryk
and Bulirsch| [1992]; and on-board implementation of control policies for guiding a real system,
Betts| [1998], [Diehl| [2001], Milam| [2003]. In particular, if an optimal control problem is made up
of a quadratic cost functional, linear dynamics, and no trajectory nor actuator constraints, one can
obtain minimizers analytically (or numerically with very low computational effort) in the form of
feedback laws, and they can be implemented (if physically realizable) on a real system to guide its

behavior in real time. On the other hand, if the optimal control problem is made up of a non-convex



cost functional, nonlinear dynamics, non-convex trajectory constraint sets, and compact actuator
constraint sets, our only resort is to pursue numerical computation of open-loop control policies that
may or may not exist. A feedback law can be constructed using the open-loop control policies by
exploiting receding horizon control (RHC) results, Mayne et al.| [2000], (Chen and Allgower| [1998].
However, in this case, implementation on board a real system would require significant computational

effort and sophisticated decision trees to deal with contingencies (e.g., failure to obtain a minimizer).

Numerical methods for generating minimizers to optimal control problems may be classified into
two general approaches: direct and indirect methods. Indirect methods are developed through the
calculus of variations and arise in the form of first-order and second-order necessary and sufficient
conditions of optimality, Bryson and Ho| [1975], [Pontryagin et al.| [1962], Pesch| [1989], von Stryk and
Bulirsch| [1992]. Direct methods, on the other hand, rely on the direct transcription of the optimal
control problem to a nonlinear programming problem via parameterization of the inputs and states,
followed by a balanced discretization, Betts| [1998], von Stryk and Bulirschl [1992], Kraft| [1985].
The reader is referred to Betts| [1998] for a survey on numerical methods for trajectory generation,
weighing their pros and cons. Finally, a combination of the two approaches above has also been

studied with relative success, |Gath| [2002], von Stryk and Bulirsch| [1992].

Despite the large number of methods developed for trajectory generation, many issues still remain to
be resolved either partially or in their entirety (e.g., existence of minima for optimal control problems
lacking convexity, reachability results for constrained systems, trajectory generation for nonlinear
hybrid systems, real-time system guiding in uncertain environments). Research on overcoming these
and many other new challenges has recently been re-energized by the funding of many efforts targeted
towards the design of autonomous systems. Some of these efforts include: Unmanned Aerial Vehicles
(UAV), Autonomous Terrestrial Vehicles (DARPA Grand Challenge), Mars Explorer Rovers (MER),
and Autonomous Underwater Vehicles, as illustrated in Figure

The optimal control problem framework happens to be remarkably well-suited to model guidance
questions for these types of systems. This is evident if we consider some of their salient
characteristics. Mainly, an autonomous system must be highly flexible for operating under ever-
changing conditions (i.e., be able to formulate the state trajectory constraint set), be able to overcome
reasonable failures (i.e., be able to construct control-relevant dynamic and actuator constraint sets),
possess adaptive problem solving capabilities (i.e., be able to modify and pose new cost functionals),
and have on-board, real-time computational resources (i.e., be able to solve the optimal control

problem in real-time).



Unmanned Air Vehicles Underwater Vehicles

DARPA Grand Challenge Mars Explorer Rovers
Figure 1.1: Research efforts on autonomous systems

However, traditional methods for the solving of optimal control problems when applied to
autonomous systems tend to be either intractable in real-time through computational complexity
or extremely conservative. To illustrate this, consider the use of a traditional numerical method for
generating optimal trajectories for an autonomous system that must traverse an urban environment
(obstacles, without loss of generality, can be modeled in this setting as polytopes). From the onset,
a difficulty arises in the modeling of free space or the trajectory feasible set. This is a direct result
of using an optimization-based approach. In optimization-based approaches, one must model the
feasible set through the intersection of constraints sets. However, in obstacle avoidance problems
the opposite is true: obstacles lead naturally to the trajectory feasible set being described by a
conjunction of disjunctions. There are two different approaches that have been studied in the

literature for overcoming this issue: a) approximating the feasible set with a single convex set,

[Faiz et al.| [2001] and b) recasting the conjunction of disjunctions in terms of an intersection of

constraint sets, Nemhauser and Wolsey| [1988]. As one might expect, depending on the number of

obstacles and their position in space, the first approach, if at all successful, can be very conservative
in approximating the feasible set (e.g., because the feasible set is, generally, highly non-convex). In
the second approach, there are two main ways of recasting the original problem. Namely, one can
model polytopes by ellipses or other basic closed semi-algebraic sets (i.e., sets formed by intersecting
a finite number of polynomial inequalities), or one can use the operations research approach of
modeling disjunctive sets by introducing boolean variables. In both situations, one must deal with
a large number of constraints present in the optimal control problem (nonlinear and/or mixed-

integer), already a dire situation. But in addition, in the former case one trades modeling ease



for conservative results (i.e., over-approximation leads to the significant reduction of the trajectory
feasible set, artificially obstructing, in some instances, free sections of space connecting the initial
and final path conditions), while in the latter, the optimal control problem after transcription would
become a nonlinear mixed-integer programming problem for which tools are scarce and, in any event,

would be extremely computationally costly for real-time applications.

Fortunately, partial results for overcoming some of these issues can be found in the literature.
Most notably, in the field of motion planning there has been a detailed study of methods for
characterizing the geometry of the space which complements the one delineated by obstacles (free
space), Latombe, [1991]. In general, these methods decompose free space into simpler manageable
regions whose structure can be exploited to determine sections of space that connect the initial
and final configurations of the system and, therefore, are collectively known as cell decomposition
methods. The most general method in this collection is cylindrical algebraic decomposition, |Collins
[1975], |Canny| [1988]. However, this method requires the use of computational algebraic geometry
tools (e.g., Grobner bases, multivariate polynomial resultants), (Cox et al.| [2005], which are very
computationally expensive. In practical applications, one usually resorts to some type of compromise

between generality and computational tractability by using approzimate cell decomposition methods.

In like manner, the field of control and dynamical systems has infused the literature with methods
targeted to obtaining, in real-time, control policies for guiding dynamical systems with actuator
constraints (trajectory constraints usually neglected or simplified). In particular, methods restricted
to the study of differentially flat systems, [Fliess et al| [1995], have been able to reduce the
computational burden often associated with direct methods. This has been possible because for
differentially flat systems there exists a set of flat outputs (equal in number to the control inputs) such
that all states and inputs can be determined from these outputs without integration. Consequently,
one can rewrite the optimal control problem in terms of the flat outputs and then find minimizers in
the flat-output space. Since flat outputs implicitly contain all the information about the dynamics
of the system, by introducing this transformation, no explicit dynamic constraints remain in the
transformed optimal control problem (i.e., removal of dynamic constraints), van Nieuwstadt| [1996|,
Rathinam| [1997], Milam| [2003]. Particularly in Milam| [2003], the real-time tractability of this
approach was shown by successfully guiding a ducted fan through various useful scenarios. The
reader is referred to his work for more information on these and other results, including numerical
comparisons of this method against other more traditional methodologies such as direct collocation,
shooting, adjoints, and differential inclusions. Finally, we should comment on the severeness of this

restriction. It turns out that at worst, differentially flat systems include controllable linear systems



and nonlinear systems which are feedback linearizable either by static or dynamic feedback, [Fliess
et al.| [1995]. In addition, other specific systems such as aircraft in forward flight and some classes
of vertical take-off and landing (VTOL) aircraft have been determined to be differentially flat. In
the end, even if the system is not differentially flat, many times one is able to approximate it by

control-relevant models that are differentially flat.

1.2 Approach

In this thesis, the focus will be on the computation of minimizers for optimal control problems that
model the effort required for nonlinear dynamical systems to evolve across state configurations while
satisfying trajectory and actuator constraints. For the most part, the structure of these optimal
control problems will be such that our only recourse in determining their minimizers will be by
numerical means. Consequently, we will implement for this task a direct method (i.e., transcribe
the original optimal control problem to a nonlinear programming problem). The main distinction
in this implementation from all others previously published resides in the choice of basis functions
used to describe each member of the restricted search space and in the exploitation of the properties
of the resulting curves for modeling feasible constraint regions, leading to significant improvement

of the computational burden required for obtaining minimizers for optimal control problems.

Mathematically, we will describe optimal control problems in the following manner:

o Fo(x(to), u(to)) + /ft(x(t),u(t)) dt + Fy(x(ts),ulty)) (1.2.1)

subject to

x(t) = F(x(t),u(t)), t € [to, ty] (12.2)
£y < Aox(to) + Bou(ts) <,
6<  Ax(t)+Bau®t) <u, teltot] (1.2.3)
£y < Apx(ty) +Byu(ty) <wuy,  and
Lo<  co(x(to),ulto)) =< Uy,
Lo<  cx).ul)  <U, teltot] (1.2.4)
Ly < cp(x(ty)u(ty)  <Uy,

where the state and input evolutions are described by the mappings x : [to,tf] — X C R™ and



u : [to,ty] — U C R™. Moreover, the cost functional , dynamic constraints , and
trajectory and actuator constraints (1.2.3)-(1.2.4) will be assumed to be sufficiently smooth. In
addition, the cost functional is expressed as a sum of three terms (i.e. initial, trajectory, and final).
Each function Fy, ¢ € {0,t, f} in the cost functional is a scalar-valued function F; : X x U — R.
The linear and nonlinear constraints are also divided into three terms (i.e., initial, trajectory, and
final) and they are vector-valued functions £y : X xU — RNfl«, co: XxU — RN, 0 €{0,t,f}. Bach
of these sets of constraints is allowed to be set to equality, one-sided bounded, two-sided bounded,
or unbounded by manipulating the values of the lower and upper bounds. If in specific applications
we are able to exploit available theoretical results, we will impose further structure on some or all
of the components making up the optimal control problem (e.g., convexity). The explicit partition
of linear and nonlinear constraints shown here is simply to emphasize that we are able to exploit
the detailed structure of the posed optimal control problem, including secondary structures such
as sparseness of matrices. Moreover, this optimal control problem formulation also includes time
varying functions. In that case, one simply augments the states vector with time as a state with

zero dynamics, [Pontryagin et al.|[1962].

Obtaining the true minimizer to the optimal control problem 7 (i.e., computing the
pair x(t), u(t)) is, in general, an intractable problem. This is because, in order to obtain the true
state and input evolutions, one must seek for minimizers in the space of all k£ times continuously
differentiable functions, which is an infinite-dimensional space. As a consequence, we are forced to
search for approximations to the minimizers in finite-dimensional vector spaces. The most versatile
and useful choice among these is the space of all piecewise polynomial functions with a prescribed
number of polynomial pieces, order, and smoothness. However, this restriction by itself does not
ensure that the problem is tractable since we must still satisfy constraints at an infinite number of
points (minimizers are made up of an infinite number of points, and the constraints are functions of
them). So we proceed with a balanced discretization of the optimal control problem. The result of
the previous search space restriction and subsequent discretization is a transcription of the optimal
control problem f to a nonlinear programming problem whose mathematical structure

may be expressed in general as follows:

min f(y)
Yy

subject to (1.2.5)



where all of the functions are, roughly speaking, dependent on the coefficients of the polynomials
only. In addition to the nonlinear programming problem having a simpler structure than the
original optimal control problem, it also has the advantage of having been studied in detail for
the past few decades, giving rise to a large number of efficient solvers, |Gill et al.| [2005], Byrd et al.
[2006]. In particular, methods using the sequential quadratic programming (SQP) paradigm have
been very successful at solving large-scale nonlinear constrained optimization problems of this type,
Gill et al.| [2005]. Additionally, in recent years, newer methods based on sequential linear-quadratic
programming (SLQP) have shown similar solving capabilities of large-scale nonlinear programming
problems at competing efficiency, |[Byrd et al.| [2006]. However, even in this form, the problem might
remain real-time intractable if the number of decision variables and constraints are too many to solve
the problem fast enough. Consequently, it is useful, in general, to reduce the number of constraints
in the optimal control problem as far as possible so as not to overdiscretize the problem or to seek
for piecewise polynomial functions with a large number of coefficients (e.g., high degree). Finally,
in lieu of the structure of the nonlinear programming problems that we will be generating, it is
important to realize that, in general, the methods at our disposal can only guarantee to locate local
minimizers. This is, in general, not a limitation for engineering applications where feasibility usually
is sufficient. In fact, even when considering applications to autonomous systems where sensor data
is only available for the immediate surroundings of the autonomous unit, one is pressed to justify the
use of a computationally expensive global optimization solver, especially since one cannot guarantee
that the global minimizers of the local problems will converge to the global minimizer of the whole

mission.

As mentioned before, we will restrict our search for minimizers to the vector space of all piecewise
polynomial functions with a prescribed set of polynomial pieces of a given order and required
smoothness. We will identify this space by Py s, where b = {bo,...,bn,} are the (N, + 1)
breakpoints (i.e., the sites at which the endpoints of the N, polynomial pieces reside), o is the
order of the polynomial pieces, and s dictates that the resulting curve be at least sth continuously
differentiable. In particular, we will express each member of the vector space Py, s as a linear

combination of non-uniform rational B-spline (NURBS) basis functions. That is,

N.—1
C(t) = Z R;‘?;(tawOa"'vacfl) pja (126)
7=0

where Rgﬁg is the jth NURBS function of degree, d, dependent on time, ¢ € R, and weights, w; € R,

and p,; € R? is the jth control point (coefficient of the linear combination).



Curves described in this manner and their extensions to surfaces and solids have been studied

extensively in the field of computer graphics, where they have become an industry standard for the

representation and design of geometry, |de Boor| [1978], Piegle and Tiller| [1997]. This adoption has

resulted in a proliferation of efficient algorithms for computing every aspect of their makeup. In
this thesis, we will harness their structure to improve upon previous trajectory generation methods.
Even though it is not readily apparent, there are two important structures implicitly combined in
equation that we will exploit (see Figure . One of them is provided by the NURBS basis
functions themselves (which after discretization depend only on the weights) with local-support,
non-negativity, and partition-of-unity properties. The other comes from a union of overlapping
polytopes whose vertices are subsets of the coefficients of the linear combination (control points)
with endpoint-interpolation and strong-convex-hull properties. Finally, we remark that this choice
of basis was a very conscious one. From the onset, we realized that by collapsing NURBS basis
functions to B-spline basis functions by manipulating the weights, we were able to recover, with
little effort, the results obtained in 7 including the real-time capabilities of the method.

This afforded us with a great vantage point from where to start building new results.

Figure 1.2: NURBS basis functions and union of overlapping polytopes

In summary, in order to determine minimizers for optimal control problems of the form —
, we begin by restricting the state and input evolutions to lie in independent vector spaces.
That is, each state and input evolution is allowed to be a member of its own vector space, Py o,s.
In the current context, we may search for n + m curves, all in distinct vector spaces. After defining
the search spaces for all the curves and rewriting the optimal control problem accordingly, we
proceed with a balanced discretization along the ¢t parameter. That is, we selectively choose sites at

which all the constraints will be guaranteed to be satisfied. The decision variables of the resulting



nonlinear programming problem are then the weights and control points pertaining to each of the
state and input curves. Unfortunately, solving optimal control problems in this manner shows little
advantage over previously studied methods at dealing with guidance questions arising in the study
of autonomous systems (e.g., autonomous system traversing an urban environment) because of the
same reasons discussed above (namely, the treatment of intersections of disjunctive constraint sets

and the presence of a large number of constraints and decision variables).

However, by exploiting the structure of both the NURBS basis functions and the union of overlapping
polytopes, we are able in some cases (e.g., the path of the system lies in R%, d = {2,3}) to separately
treat the guidance and obstacle-avoidance problems, making the original problem tractable. Recall
that NURBS basis functions, after discretization, depend only on the weights and that the union
of overlapping polytopes are completely defined by the control points (coefficients of the linear
combination). Parametric curves resulting from the combination of these two structures possess
many useful properties. Among them we have that each polynomial piece is guaranteed to be
bounded by a corresponding polytope. This idea extends to the whole piecewise polynomial function
in which case the parametric curve is guaranteed to remain inside the union of a set of overlapping
polytopes. Therefore, if the control points defining such polytopes happen to be fixed in space and
we manipulate the NURBS basis functions by varying the weights, then we are able to obtain an
infinite number of curves, all lying inside the space delineated by the polytopes, regardless of the
values of the weights (see Figure . As a consequence, if the polytopes delineate a section of space
that is feasible with respect to some set of trajectory constraints, then the resulting parametric curve

will also be feasible with respect to the same set of trajectory constraints.

Figure 1.3: NURBS curves generated by setting weights randomly.
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It is now evident how to proceed to separately treat the guidance and obstacle-avoidance
subproblems. We first design a section of space (in general, non-convex) that is feasible with respect
to trajectory constraints and that contains the initial and final path conditions by judiciously placing
the control points (e.g., to form a union of overlapping polytopes avoiding all obstacles). Then, we
generate paths which minimize the original cost functional and satisfy the dynamic and actuator
constraints (i.e., omit the trajectory constraints), using the active weights and control points as
decision variables (some of the control points having been fixed in the previous phase). The key
observation is that paths generated by solving the latter problem will be guaranteed to be contained
inside the feasible region generated in the former phase (i.e., be feasible with respect to trajectory
constraints) without the need of explicitly writing the trajectory constraints into the optimal control
problem and independent of the discretization. Since in obstacle-avoidance problems the bulk of the
trajectory constraints are used to describe free space, taking advantage of this ability will improve
the computational complexity of the problem. Furthermore, if the dynamical system happens to be
differentially flat, then we are also able to exploit this fact and remove the dynamic constraints from

the optimal control problem, improving further the computational complexity of the problem.

We remark that the above description represents only one of the ways in which we can exploit
the properties of NURBS curves. In general, we are able to remove any set of constraints in RY,
d = {2,3} from the optimal control problem so long as these constraints are amenable to being
mutually satisfied by a union of overlapping polytopes and so long as there exists a natural parametric
relationship among the variables of interest. In addition, it is also possible to remove more than one

set of constraints at a time, requiring only that they be consistent.

One of the challenges in the before-mentioned procedure is the design of the feasible region with
respect to trajectory constraints by control point manipulation. This is a relative easy task (but
long and tedious) if one is able to use a computer aided design (CAD) application because, in this
setting, one is able to draw all the obstacles and interactively place the control points until the
desired result is achieved. This is especially useful for those applications where one can afford off-
line computations. In general, though, we are more interested in designing such feasible regions using
some type of automatic procedure where the input is a set of trajectory constraints for a parametric
NURBS curve, and the output is a union of overlapping polytopes which satisfies the given set of
constraints. To determine such a procedure without any further restrictions is complicated by the
following issues: a) a lack of uniqueness of a feasible region unless it is a singleton (in general there
exist many feasible regions connecting the initial and final path conditions), b) must guarantee that

the smallest convex sets containing the relevant control points per polynomial piece are feasible with
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respect to the constraints (the smallest convex set of a set of points is, by definition, the convex hull
of them, and there is no analytical way of expressing this structure ahead of time), ¢) the feasible
set is described by a conjunction of disjunctions, and d) it is not clear what objective function to use
to drive a desired structure. Consequently, we are forced to determine a pragmatic set of conditions
under which it is possible to construct feasible regions reliably. We address theoretically such a
problem by requiring that a section of space, feasible with respect to trajectory constraints, be given
in the form of an ordered union of pairwise adjacently overlapping non-empty convex compact sets
(see Figure . Practically, the individual sets making up the union are compact convex semi-
algebraic sets with nonempty interiors (the simplest sets being polytopes). The construction of
such regions can be obtained using a cell decomposition method or constructed online using sensor

information followed by a pairwise adjacently overlapping procedure.

RO
000D

Figure 1.4: Examples of non-empty convex compact semi-algebraic sets

1.3 Thesis Contributions

The contributions of this thesis include the introduction of a new method for numerically computing
minimizers to optimal control problems that model the effort required for nonlinear dynamical
systems to evolve across state configurations while satisfying trajectory and actuator constraints.
In particular, we implement a direct method (i.e. transcription of the original optimal control
problem to a nonlinear programming problem). One of the main distinctions in this implementation
from all others previously published resides in the choice of basis functions used to describe each
member of the restricted search space. Specifically, the restricted search space consist of the space
of all piecewise polynomial functions with a prescribed number of polynomial pieces, order, and
smoothness. This space happens to be finite dimensional and, consequently, each member in the

space is expressed in terms of some set of basis functions. We choose NURBS basis functions for
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this purpose and show how to judiciously exploit the properties of the resulting NURBS curve
to improve the computational effort often associated with solving optimal control problems for

constrained dynamical systems.

More specifically, we show in detail how to exploit the structure of both the NURBS basis
functions and the associated union of overlapping polytopes resulting from the placement in d-
space (d € {2,3}) of the coeflicients of the linear combination of the NURBS curve. One of the
main realizations uncovered through the careful study of these structures is the fact that one can
use the strong convex hull property of NURBS curves to separately treat the guidance and obstacle-
avoidance problems, making the original optimal control problem tractable. This separation is
accomplished by manipulating both the weights and control points; one set of parameters used at a
time to solve one of the problems. That is, we show how one can first design a connected section
of space (in general, non-convex) by judiciously placing the control points in such a way that the
union of the associated polytopes is feasible with respect to trajectory constraints and contains the
initial and final path conditions. Then, generate paths which minimize the original cost functional
and satisfy the dynamic and actuator constraints (omitting the trajectory constraints), using the
active weights as decision variables. The key observation is that paths generated by solving the later
problem are guaranteed to be contained inside the feasible region generated in the former phase,
without the need to explicitly writing the trajectory constraints into the optimal control problem,

and independent of the discretization.

In addition, we show how one can construct systematically a feasible region that corresponds to a
NURBS parameterization starting from an ordered union of pairwise adjacently overlapping non-
empty compact convex sets. Specifically, we show how to setup a nonlinear programming problem to
solve for the feasible region in terms of an ordered union of pairwise adjacently overlapping polytopes
with nonempty interiors by maximizing the sum of their volumes and starting from a feasible region
described by an ordered union of pairwise adjacently overlapping nonempty convex compact simi-
algebraic sets. In addition, we show in simulation how this strategy can be implemented practically

for an autonomous system traversing an urban environment.

Finally, this work culminated in the filing of patent US20070179685 on behalf of Northrop Grumman
for the Space Technology sector and in the development of the NURBSbasedOTG software package.
This C++ package contains the theoretical results of this thesis in the form of an object-oriented

implementation optimized for real-time trajectory generation.
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1.4 Thesis Context

It is important to place the topic of this thesis in context with respect to other ongoing research
directions. In particular, there is an interest in developing algorithms for the control of distributed,
intelligent, multi-agent systems. Some of the most salient research directions include gathering
information through multi-sensor networks, resource-constrained scheduling of tasks to be completed

by multiple heterogeneous/homogeneous agents, rerouting traffic dynamically in the National

Airspace System, and formation flying of spacecraft/aircraft, Pan et al. [2006], [Lynch [1996], [Wall
[1996], Tomlin| [1998], [Wooldridge [2002], Murray| [2003].

Ultimately, these research directions impose high demands upon the individual agents, requiring
from them higher performance and efficiency. Consequently, research on real-time feedback strategies
(i.e. Receding Horizon Control) that achieve disturbance rejection and tracking under the uncertain
conditions imposed by the new systems is essential. At the heart of modern feedback strategies
resides a reconfigurable optimal control problem that needs to be solved in time to implement the
appropriate forcing to guide the system. Reconfigurability, in this context, is defined as the ability
to modify any of the components (i.e., cost functional, state and inputs constraints, and system
dynamics) making up the open-loop optimal control problem. Figure illustrates the flow of
information from sensors to and through the various components making up an intelligent system

being controlled through feedback.
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Figure 1.5: Flow of information from sensors to and through the various components making up an

intelligent system being controlled through feedback
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Mathematically, scheduling, routing, formation flying, and distributed networking are problems that
are resolved through the computation of minimizers to either mixed-integer programming problems
or convex optimization problems. However, the complexity of resolving these issues in addition to
the determination of safe trajectories for a multi-agent system is computationally intractable. This
realization has led researchers to pursue for resolution of these problems through the decoupling of

decision-making issues and trajectory generation.

Figure[l.6] illustrates a procedure by which the new approach presented in this thesis can be applied
to an unmanned aerial vehicle (UAV) for terrain avoidance or urban reconnaissance: a) a global solver
(e.g., through convex optimization) is used to determine feasible corridors through trajectory space
and to isolate an optimal corridor with respect to some decision-making objective, b) the corridor
is inner approximated by the union of a set of convex polytopes whose vertices arise from a NURBS
definition ¢) the inner approximation in b) allows for the removal of explicit trajectory constraints
during trajectory generation, significantly reducing the effort required to solve the optimal control
problem and d) a local optimal trajectory living in the feasible region with respect to trajectory
constraints is generated which is also feasible with respect to dynamic and actuator constraints.
The last step may fail to succeed due to various causes, among them, the infeasibility of the posed
optimal control problem. In this event, apart from reviewing the optimal control problem itself for
inconsistencies, one could re-iterate the above procedure starting from b) and inner approximate

one of the other alternative routes leading to the final position.

o T Xl g T

Figure 1.6: Illustration of how method can be applied to UAV with obstacle avoidance
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1.5 Highlights of the Thesis

This thesis is arranged in the following manner: Chapter 2 contains a brief introduction to convex sets
with emphasis on computations for polytopes. Chapter 3 describes piecewise polynomial functions
expressed in terms of a linear combination of B-spline and NURBS basis functions. Moreover, their
most salient properties and trajectory-generation relevant computations are exposed. Chapter 4
describes in detail the transcription of the optimal control problem to a nonlinear programming
problem. Chapter 5 demonstrates the solution of optimal control problems where the decision
variables are restricted to control points only. In particular, we treat optimal control problems
containing explicit dynamic constraints. Chapter 6 is used to expand on some of the most prominent
properties of NURBS curves for trajectory generation purposes. In Chapter 7, we use the full power
of the methodology and apply it to differentially flat systems with obstacle avoidance. In addition, we
present a method for inner-approximating a feasible region by an ordered union of pairwise adjacently
overlapping polytopes. Finally, Chapter 8 summarizes the results and suggests extensions to the

current body of work.
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Chapter 2

Convex Sets

In this chapter, we present a brief introduction to convex sets. The material contained in this chapter

has mostly been obtained from the following references: |Boyd and Vandenberghe| [2004], [Barvinok

[2002], and [Webster| [1994].

The inner product of two vectors x and y in R™ is expressed by

<X7Y> =T1Yy1 + -+ TnlYn.

The norm of a vector x € R" is defined by

[l = v/ (%, %).

The unit ball in R™ is denoted by B,;:

B, ={xeR"||x| <1}.

Let A C R™. The distance function d(-,.4) : R™ — R is defined by

d(x, A) = inf{||x —a|| | a € A}, x € R™.

Let A € R. Then, put by definition
M={)la]|aec A}

For two sets A and B in R™ their sum is defined by

A+B={a+blacAbeB.

(2.0.1)

(2.0.2)

(2.0.3)

(2.0.4)

(2.0.5)

(2.0.6)
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The closure cl A and interior int A of A are defined by

cl(A) = ﬂ (A+¢eB,), and (2.0.7)
e>0
int(Ad) ={a€eA|Je>0,a+eB, C A} (2.0.8)
The boundary of A is defined by
bd A=cl A\ int A. (2.0.9)

The support function of a set A C R™ (A # () is defined as

h(u) = sup{u’a | a € A}. (2.0.10)

2.1 Sets and Hulls

Definition 2.1 (Affine set). A set S C R” is affine if the line through any two distinct points in S

lies in S, i.e., if for any s1,s2 € S and 6 € R, we have 0s; + (1 — 0)s2 € S.
Definition 2.2 (Affine Hull). The set of all affine combinations of points in some set S C R™ is
called the affine hull of S, and it is denoted by aff S; that is,

aff S = {9151 + -+ Ogsi | 01+---+0,=1,8,€8,0, eR,i = 1,...,]{3}. (2.1.1)
The affine hull is the smallest affine set that contains S, in the following sense: if A is any affine set
with S C A, then aff S C A.

Definition 2.3 (Affinely Independent). k + 1 points sg, ..., sx € R™ are affinely independent if the

points s; — sq,...,Sr — Sg are linearly independent.

Definition 2.4 (Convex set). A set S is convez if the line segment between any two points in S lies

in S, i.e., if for any s1,82 € S and any 6 with 0 < 6 <1, we have s; + (1 — 0)sy € S.

In particular, the empty set, any single point, and the whole space R™ are convex subsets of R™. In

addition, the intersection of an arbitrary family of convex sets in R™ is convex.

Definition 2.5 (Convex Hull). The convez hull of a set S, denoted conv S, is the set of all convex

combinations of points in S:

conv S={01s1+ - +sp|0+--+60,=1,0,>0,8,€85,0, eR,i=1,...,k}. (2.1.2)
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Theorem 2.1. Let V be a vector space and let S C V be a set. Then, the convex hull of S is a
convex set, and any convex set containing S also contains conv S. In other words, conv S is the

smallest convex set containing S.
In addition, if A C B, then conv A C conv B, and conv AU conv B C conv (AU B).

Definition 2.6. Let S € R? be a set. A point s € S is called an interior point of S if there exits an
€ > 0 such that the open ball B(s,e) = {x | ||x —s|| < €}, centered at s and of radius ¢, is contained
in S; that is, B(s,e) C S. The set of all interior points of S is called the interior of S and denoted

int S. The set of all non-interior points of S is called the boundary of S and denoted 0S.

Lemma 2.2. Let S C R% be a convex set, and let s € int S be an interior point of S. Then, for

any point s; € S and any 0 < a < 1, the point s, = (1 — ) sg + « s; is an interior point of S.
Corollary 2.3. Let S C R be a convex set. Then, the int S is a convex set.

Definition 2.7 (Halfspace). A closed halfspace is a set of the form
{xeR" | a’x < b}, (2.1.3)

where a € R™, a # 0, and b € R.
Halfspaces are convex.

Definition 2.8 (Hyperplane). A hyperplane is a set of the form
{x eR" | aTx = b}, (2.1.4)

where a € R", a# 0, and b € R.

A hyperplane divides R™ into two halfspaces. Hyperplanes are affine and convex. In addition, for

both halfspaces and hyperplanes, a is the normal vector.

Theorem 2.4. Let S C R? be a convex set with a non-empty interior, and let s € S be a point.
Then, there exists an affine hyperplane H, called a support hyperplane at s, such that s € H and ‘H

isolates S.

Theorem 2.5. Let S C R? be a non-empty convex set, and let s ¢ OS be a point. Then, there is
an affine hyperplane H C R? such that s € H, and H isolates S.

Definition 2.9 (Conic set). A set S is called a cone, or nonnegative homogeneous, if for every s € S

and € > 0 we have s € S. A set S is a convex cone if it is convex and a cone, which means that for
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any s1,82 € S, and 601,602 > 0, we have
0181 + 0385 € S. (2.1.5)

Definition 2.10 (Conic Hull). The conic hull of a set S is the set of all conic combinations of points
in S, ie.,

{9151 4 o4 Ogsk | S; € 8,91 >0,i= ].,...,k}, (216)
which is also the smallest convex cone that contains S.

A ray which has the form {sg + 6v | @ > 0}, where v # 0 is convex but not affine. It is a convex

cone if its base sq is 0.

2.2 Polyhedra

Definition 2.11 (Polyhedron). A polyhedron is defined as the solution set of a finite number of

linear equalities and inequalities:
P={x|a/x<bjj=1,...,mcix=dpk=1,...,p} (2.2.1)

where a; e R" and b; e Rfor j=1,...,mandcy € R andd, € Rfor k=1,...,p.

Alternatively, in compact form
P={x|Ax<b,Cx=d}, (2.2.2)
where A € R™*" C € RP*™ b € R™, and d € RP. A polyhedron is thus the intersection of a finite

number of halfspaces and hyperplanes.

In particular, polyhedra are convex sets.

Polytopes
A bounded polyhedron is called polytope.

Definition 2.12 (V-polytope). A V-polytope is the convex hull of a finite set V = {vy,...,v,} of

points in R%:

P = conv (V) := {Z Avi RN >0, Y N = 1} . (2.2.3)
i=1 i=1
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Definition 2.13 (H-polytope). An H-polytope is a bounded solution set of a finite system of linear
inequalities:

P=PA,b):={xeR? |alx<b;, j=1,....,m}, (2.2.4)

where A € R™*4 is a real matrix with rows a7, and b € R™ is a real vector with entries b;. Here,

boundedness means that there is a constant N such that ||x|| < N holds of all x € P.
Definition 2.14. Let P and Q be polytopes in R™, and let A > 0 be a real number.

a) The Minkowski sum of P and Q, denoted P + Q, is

P+Q={p+q|pePandqeQ}. (2.2.5)

b) The polytope AP is defined by
AP={\p|pce€P} (2.2.6)

where Ap is the usual scalar multiplication on R™.
Theorem 2.6. Let A, B be polytopes in R™, and let a € R. Then, A + B and a4 are polytopes.

Corollary 2.7. Let A4, ..., A; be polytopes in R™ and let ay,...,ar € R. Then a1 Ay +- - - + apAg
is a polytope.

Definition 2.15 (Simplex). A simplex is a polytope that is the convex hull of an affinely independent
set of points. That is,

S =conv(vg,...,vi) ={0ovo+ -+ 0vi | 6 >0,170 =1}, (2.2.7)

where vy, ..., vy are affinely independent.

Lemma 2.8. Let P = conv(vy,...,v,,) C R? be a polytope and let F C P be a face. Then,
F = conv({v; | v; € F}). In particular, a face of a polytope is a polytope, and the number of faces

of a polytope is finite.

Definition 2.16. A 0-dimensional face of a polytope is called a vertex. A 1-dimensional face of a
polytope is called an edge. A (d — 1) dimensional face of a d-dimensional polytope is called a facet.

A (d — 2)-dimensional face of a d-dimensional polytope is called a ridge.

Theorem 2.9. Let P C R? be a polytope

P={x|a;x<bj,j=1,...,m}, (2.2.8)
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where a; € R" and b; € R for j =1,...,m. For p € P let

I(p) = {i | ajp = b;} (2.2.9)

be the set of the inequalities that are active on p. Then, p is a vertex of P if an only if the set of
vectors {a; | j € Z(p)} linearly spans the vector space R?. In particular, if p is a vertex of P, the

set Z(p) contains at least d indices; that is |Z(p)| > d.

Theorem 2.10 (Carathéodory). Let S C R be a set. Then, every point s € conv S can be
represented as a convex combination of d + 1 points from S:
d+1

s=a1y; + -+ Qiq1 Ygq1, where Zai =1, a; >0, (2.2.10)
i=1

andy, e Sfori=1,...,d+ 1.

Theorem 2.11. In R™, the convex hull of an open set is open, and the convex hull of a compact set

is compact.

Proposition 2.12. Any finite union of closed sets is closed. The intersection of any family of closed

sets is closed.

Corollary 2.13. A finite union of compact sets is compact. The intersection of any family of

compact sets is compact.

Theorem 2.14 (Main Theorem of Polytope Theory). The definition of V-polytope and of H-
polytopes are equivalent. That is, every V-polytope has a description by a finite system of
inequalities, and every H-polytope can be obtained as the convex hull of a finite set of points

(its vertices).

Under some regularity conditions (polyhedron is fully dimensional and contains at least one vertex),
we are able to transform between the two H- to V-polytope representations starting from either
representation. The transformation from H- to V-polytope representation is known as the vertex
enumeration problem, and its counterpart is the facet enumeration problem. The vertex enumeration
problem can be solved by using the Fourier-Motzkin elemination algorithm. This algorithm works
by eliminating variables from a system of linear inequalities over the reals. Alternatively, the facet
enumeration (convex hull) problem could be obtained using the Beneath-Beyond algorithm. In this

thesis, we will use instead the Double Description method, |[Fukuda and Prodon| [1995].
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Definition 2.17. A pair (A, R) of real matrices A and R is said to be a double description pair if
the set P(A) represented by A as

P(A) = {xcR?| Ax > 0} (2.2.11)
is simultaneously represented by R as
{x € R? | x = R for some A > 0}. (2.2.12)

Theorem 2.15 (Minkowski’s Theorem for Polyhedral Cones). For any m x d real matrix A, there
exists some d x n real matrix R such that (A, R) is a double description pair, or in other words, the

cone P(A) is generated by R.

Theorem 2.16 (Weyl’s Theorem for Polyhedral Cones). For any d x n real matrix R, there exists
some m x d real matrix A such that (A, R) is a double description pair, on in other words, the set

generated by R is the cone P(A).

2.3 Volume for Bounded Convex Sets

It will also become indispensable to be able to calculate the volume of polytopes. One issue to keep
in mind is that, in general, computing the exact volume of a polyhedron is NP hard. However, this

might be acceptable for problems with low dimension.

Definition 2.18 (Cell). In R!, a cell is simply a bounded convex subset of the real line (i.e., 0, {a},
[a,b], [a,b), (a,b], (a,b) for a,b € R with a < b). A cell T in R™ is a set of the form

2-21-1X~'~><In:{($1,...,.’13n)|Z‘1 62-1,...$n61-n},

where 7, ...,Z, are cells in R!.

Definition 2.19 (Elementary set). An elementary set in R™ is a set which can be expressed as a
finite union of pairwise disjoint cells in R™.
Theorem 2.17. Let A and B be elementary sets in R”. Then, ANB, A\ B, AUB, and A+ B are

elementary sets.

Corollary 2.18. Every union of a finite number and every intersection of a finite non-zero number

of elementary sets in R™ is an elementary set.

Corollary 2.19. The closure, the interior, and the boundary of an elementary set in R™ are

elementary sets.
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Definition 2.20. The length L£(Z) of a cell Z in R! is defined to be zero when Z is empty or a
singleton and to be b — a when 7 is a cell of one of the forms [a,], [a,b), (a,b], (a,b) for a,b € R
with @ < b. Suppose next that Z is the cell Z; x ...Z,, in R®, where Ty, ...,Z, are cells in R'. Then,

the volume v(Z) of 7 is (uniquely) defined by the equation

Theorem 2.20. Let Zy,74,...,Z,, where m > 1 be cells in R™ with Z;,...,Z,, pairwise disjoint
and having union Zy. Then,

U(I()) = U(I,L)

i=1
Corollary 2.21. Suppose that Z;,...,Z,, and Ji,...,Z, are partitions of an elementary set A in
R™ into cells. Then,

m p

S (@) = Y o)

i=1 j=1

Theorem 2.22. Let A and B be elementary sets in R™. Then,
v(AUB) +v(ANB) = v(A) + v(B).
Corollary 2.23. Let Ay, ..., A, be elementary sets in R™. Then,
v(A; U UA,) <o(A)+ -+ v(Ap).
Corollary 2.24. Let A be an elementary set in R™. Then,
v(int A) = v(A) = v(cl A),

and

v(bdA) = 0.

Definition 2.21. Let £ be the class of elementary sets in R™. Let A be a bounded set in R™. Its

inner-volume v(A) is defined by
v(A) =sup{v(B) | BC Aand B € £} (2.3.1)
Its outer-volume T(A) is defined by

5(A) = inf{v(B) | BC A and B € £}. (2.3.2)
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Theorem 2.25. Let A and B be bounded sets in R™. Then,

a) v(A) <v(A)

b) v(A) = v(A) = T(A) when A is an elementary set

c) v(A) < v(B) and T(A) < 5(B) whenver A C B

d) v(A) = v(int A) and T(A) = 5(cl A)

e) v(AUB) +v(ANB) > v(A) + v(B) and T(AU B) + T(ANB) < 5(A) + 5(B)

Theorem 2.26. The set A in R™ has volume if and only if, for each € > 0, there are elementary

sets £ and F in R™ such that £ C A C F, and v(F\ €) < e.

Theorem 2.27. Let A and B be sets in R™ which have volume. Then, the sets AU B, AN B and
A\ B have volume.

Corollary 2.28. All unions of a finite number, and all intersection of a finite non-zero number, of

sets in R™ which have volume also have volume.

Theorem 2.29. Let A be a set in R™ which has volume. Then, the sets int A and cl A have volume
with
v(int A) = v(A) = v(cl A).

Theorem 2.30. Let A and B be sets in R™ which have volume. Then,

v(AUB) +v(ANB) =v(A) + v(B).
Corollary 2.31. Let A and B be sets in R™ which have volume and are such that A C B. Then
v(B\ A) =v(B) —v(A) and v(A) < v(B).

Corollary 2.32. Let Ay, ..., A, be sets in R™ which have volume. Then,

U(A] UUAm)SU(A1)++U(Am)a

with equality holding when v(A;, NA;)=0for 1 <i<j<m.

Theorem 2.33. A bounded set A in R™ has volume if and only if its boundary bd A has volume

Zero.
Theorem 2.34. Every bounded convex set in R™ has volume.

Corollary 2.35. Every bounded subset of a hyperplane in R™ has volume zero.
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Lemma 2.36. Let T : R" — R™ be the linear transformation given by T'(x) = Ax for x € R",

where A is an elementary matrix. Then, for each cell Z in R™, the set T'(Z) has volume |det A|v(Z).

Theorem 2.37. Let T': R™ — R" be the affine transformation given by T'(x) = Ax+b for x € R”,
where A is an n X n real matrix, and b € R™. Then, for each set S in R™ that has volume, the set

T(S) has volume |det A|v(S).

Corollary 2.38. Let S be a set in R™ which has volume. Then, v(AS +s) = A"v(S) for all A > 0,
and s € R".

Corollary 2.39. Let A and B be congruent sets in R™, with .4 having volume. Then, v(B) = v(A).

If two sets F and G are congruent, then there exists an affine transformation 7' : R™ — R"™ given
by T(x) = Ax + b for x € R", where A is an n x n orthogonal matrix, and b € R", such that
T(F)=G.

Theorem 2.40. Let A, A1, ..., A, ... be non-empty compact convex sets in R” such that A, — A

as k — oo. Then, v(Ay) — v(A) as k — co.

From now on we will indicate the dependence of v on d the dimension of the space. That is, vy is

the volume function in R? (length in R, area in R?, and volume in R3).

Theorem 2.41. Let A be a bounded convex set in R?. For each real number z, denote by A, the
intersection of A with the hyperplane z in R. Let a and b be real numbers such that a < b, and

A, is empty whenever x < a or > b. Then,

b
vd(.A) = /Ud_](Az) dz.
Corollary 2.42. Let A be a bounded convex set in R?, and let u be a unit vector in R?. For each

real number x, denote by A, the intersection of A with the hyperplane (u,x) = z. Then,

— 00

’Ud(A): / ’Ud_1(Az) dx.

oo

All known algorithms for exact volume computation decompose a given polytope into simplices, and

thus they all rely, explicitly or implicitly, on the volume formula of a simplex. The volume of a

simplex A(vo,...,vq) is expressed as follows:
1 1 Vg ... Vg
Ud(A(Vg,...,Vd)):’Edet([ Vi — Vp Vg — Vo })‘:‘Edet
' : 1 ... 1

(2.3.3)
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Theorem 2.43. Let uy,...,u,, be the outward unit normals to the facets of an d-polytope P in

R? corresponding to the facets Fi, ..., Fm. Let h be the support function of P. Then,

1 m
va(P) = — > h(wi)vg—;(Fi), and
=1

Z Vd—1 (.7:1')111' = 0.
i=1

Lemma 2.44. Let Py, ..., P,, be polytopes in R?, and let Aq,..., A > 0. Then, AP+ -+ AP
and P +- - -+ P, have the same dimension, and the sets of outward unit normals to the (d—1)-faces

of the two polytopes are equal.

Definition 2.22 (Monomial). A monomial in a collection of variables x1, ..., z, is a product
x® =a{tas?. . ap, (2.3.4)
where all of the exponents eq,...,e, are non-negative integers. The total degree of the monomial

x® is the sum of the exponents: |e| =e; + - + e,.

Definition 2.23 (Polynomial). Let F be any field. We can form finite linear combinations of

monomials with coefficients in F. The resulting objects are known as polynomials in z1,...,x,.
Thus, a general polynomial in the variables x1, ..., x, with coefficients in F has the form
N N
f= Zci x® = Zci p{Mat L atmi e €. (2.3.5)
i=1 i=1
We will denote by Flz1, ..., xz,] the collection of all polynomials in 21, ...z, with coefficients in F.

We will use the following terminology in dealing with polynomials:

N

Definition 2.24. Let f = Y ¢; 27"'25>" ... 2" be a polynomial in F[xy,...,z,].
i=1

a) We call ¢; € F the ith coefficient of the monomial z{" x5>" ... xy""

b) If ¢; # 0, then we call ¢; 27" 25> ... zn"" a term of f.

c) The total degree of f, denoted deg(f), is the maximum |e;| = e1; + --- + €,; such that the

coefficient ¢; is nonzero.

A polynomial f(z1,...,z,) is said to be homogeneous if all the monomials appearing in it with

nonzero coefficients have the same total degree. Each homogeneous polynomial p(Ay,...,\y) of
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degree d can be uniquely represented in the form:

d d
a+ -t o)) o o
PO Am) = D D Sa (ot (1,—) Caram AT - AN (2:3.6)

arl. . ap,!
a1=0 Q=0 1 m

Lemma 2.45. Let Py,..., P, be polytopes in RY. Then vg(A;P; + -+ + ApyPp) is, for all

AL,y Am > 0, a homogeneous polynomial of degree d in Ay, ..., A\, with non-negative coeflicients.

Theorem 2.46. Let Aj,..., A, be compact convex sets in R%. Then vg(A;A; + - + A Am)

is, for all Aq,..., A\ > 0, a homogeneous polynomial of degree d in Aq,..., A, with non-negative
coeflicients.
For integers i1, ...,4q lying in 1,...,m, let

Vii..ig = Caq...am and )‘i1 A )\id = )\?1 A )\;lnm (237)
; then,
a) v;, .., remains unchanged when i; ...i4 are permuted, and

b) p()\l,...,)\m)

T\MS

P A

Moreover, the v;, . ;, are uniquely determined by a) and b). When

id

PAL - Am) = va(A AL + o+ A A, (2.3.8)
where A;,..., A, are compact compact sets in R", and Ay,..., A, > 0, the numbers v;, ;, are
called the mized volumes of A1, ..., Apn.

Example 2.1. Let d = 3 and m = 2, then

p(A1,A2) =

2
Z Viyigis 21 2)‘1'2
B 2 2
= Z Z Vligig )\1)\12Ai2 + Z Z V2igig )\2)\7;2)\7;2

T
. HMM

ig=1iz—=1 io—1iz—1
2 2 2 2
= E Viliz AMA1 Ny + E V12i3 A A2Ai, E Voliz A2A1Aiy + E V22i5 A2A2\iy
ia—1 iz=1 ia=1 ia=1

= vii1 MM Fvie AiAide + vier AdrdeAr + vise Adrde e +
Va11 A2A1A1 + va12 A2 A1 A2 + vao1 A2d2 A1 + va22 A2 2o

= v )\? + (vi12 + vi21 + vo11) )\f)\2 + (V122 + v212 + v221) )\1>\§ + va22 Ag
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Recall that v112 = v121 = 911 and V199 = Vo192 = 991. Consequently,
p(A1,A2) = vinn AP 43 v ATAe 4 3 vize M3 + vz A3

Example 2.2. Let d = 3 and m = 2, then

3 3
- 3! o1 o
p(A1,A2) = agoago&s—(aﬁ-%) arlagl Coren ASTAS
y 3! 0y S 3! 1\ an
= D Sa-ran) a7 Qo NN D Ga-an) oy clon AR 4 (2.3.9)
ag=0 He DX oo lag!
3 3
3! N N )
Z 53—(2+a2) Mol C2aiy )\?)\22 + Z (53_(3+a2) W C3az )\i’)\22
az=0 2 as=0 2.
3! a1 " y
= 03-(0+0) {107 00 ATAS + 83— (041) o o ADA2 + 83— (0+42) a1 €02 A3 + 83 (013) o1 o A0S
3! 31 . '
S3-+0) 1100 1° AL + 03— (141) 1 Mg + 93— (142) 1121 12 ALAS + 03— (1+3) 131 €3 AIAS +
1 3! A2A0 4§ 3! AL 3! N2 48 31 2y
3-(2+0) g7 €20 AL 2+ 03-(241) o1 e A 2 1 03— (2+2) 11 €22 A1 5+ 03_(243) 51 2 M 3 4
1 3! A0 1 g 3! NMalos 3! N2 48 31 0y
3-(3+0) 3yo7 €30 ALA2 +03-(341) iy @81 AAe +03-(3+2) 311 €32 AA2 +03-(3+3) 3rg7 €33 AT
- oy s XD+ o e M +o e NN+ 8 3L o AN
= %-0043) g3 €03 A1A2 3-(142) T C12 A1A2 3-(2+1D) oy C21 A1A2 3=(3+0) 3101 30 A1 A2
= ﬁ Co3 )\3 + ﬁ C12 )\%)\g + W C21 )\?)\% + w c30 )\:13
= c30 A3 43 co1 M2AL 43 ci2 AMAZ 4 cos AS
Theorem 2.47. Let Aj,..., A, be non-empty compact convex sets in RY. Then, for all
)\1,...,>\m >0:
m m
’Ud()\lAl + a4 AmAm) = Z N Z V(A“ yoo 7Aid))‘i1 e )‘Zd (2310)
i1=1 tg=1

That is, the v;,. ;, depend only upon the sets A;,,...,A;,.

Example 2.3. Let d = 3 and m = 2, and assume all of the compact convex sets are non-empty,

then
p(A1,A2) = vinn A 43 vz ATAs 4 3 vize M3 + vz A3
and

vin = V(AL AL A)
vz = V(A1 A1, A)
viss = V(A1 Az, As)
)

vaze = V(Az, Az, As).
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Let C? denote the set of compact, convex subsets of Euclidean d-space, R?. Let K¢ denote the subset

of C% with non-empty interiors in R,

For compact, convex sets Ay, ..., A, € C* and real numbers Ay, ..., A\, > 0, the Minkowski linear

combination \{A; + -+ 4+ A Ay € C4 is defined by
AMAL+ -+ /\m.Am = {)\1X1 4+ ApXy, € Rd ‘ X; € -Az} (2.3.11)

Definition 2.25 (basic properties of the mixed volumes). The following is a list of the basic

properties of the mixed volume functional

V:iCix - xC*—[0,00) (2.3.12)

a) It is symmetric in its arguments.

b) It is linear in each of its arguments with respect to Minkowski linear combinations; i.e., if

Al  Ag_1 € C% and A= (A1,..., A4-1), then for A, B € C™ and A, u > 0,
V(A NA + uB) = A V(A, A) + u V(A B). (2.3.13)
c) Its diagonal form reduces to ordinary volume; i.e., for A € C%,

V(A, ..., A) = vg(A). (2.3.14)

d) It is continuous (in fact, uniformly continuous) in each argument, with respect to the Hausdorff

metric.

e) It is invariant under independent translations of its arguments; i.e., if A; € C? and x; € R?, then

V(X1+A1,...,Xd+Ad)ZV(Al,...7Ad). (2.3.15)
It is well-known that the mixed volume of the convex polytopes Py, ..., Py in R%, V(Py, ..., Py), is
a non-negative continuous function in d variables on the set of convex polytopes, symmetric in the

variables P;, and monotonic with respect to the subset partial order on convex polytopes.

The mixed volume function is linear in each of its arguments in some restricted sense.
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Theorem 2.48. Let fl, A1, ..., Aq be non-empty compact convex sets in R?. Let 5\, A1 > 0. Then,

VNA+ M AL Asy o Ag) = A V(A Ag, - Ag) + 0 V(AL Ag, - Ad). (2.3.16)
Lemma 2.49. Let m be a positive integer. For each i =0,1,2,..., let
Pi(z) = aimx™ + -+ apnx + aio (2.3.17)

be a real polynomial. Suppose that for each > 0, P;(z) — Py(z) as i — oo. Then, a;; — ag; as

i— 00, for 7 =0,1,...,m.

Theorem 2.50 (Continuity of mixed volumes). For each j = 1,...,d, let Ajl, e ,A;, ... be a
sequence of non-empty compact convex sets converging to a non-empty compact convex set A? in
R?. Then

V(AL ... A = V(AL ..., AY) as i — oo. (2.3.18)

Theorem 2.51. Let uy,...,u,, be the outward unit normals to the (d — 1)-faces of a polytope P
in R? corresponding to faces F, ..., Fy,, respectively. Then, for any non-empty compact convex set

A in R? with support function h,

. (P +AA) —va(P)
A : )\) P - ;h(uz’)vd—z(ﬁ)- (2.3.19)
Corollary 2.52. Let uy,...,u,, be the outward unit normals to the (d — 1)-faces of a non-empty
polytope P in R¢ corresponding to faces Fi, ..., Fp, respectively. Then, for any non-empty compact

convex set A in R? with support function h

V(AP,...,P)=
——
d—1

Ul

> h(ui)va— 1 (F) (2.3.20)

Theorem 2.53. Let Py, ..., Py be non-empty polytopes in R? (d > 2). Let uy,...,u,, be the
outward unit normals to the (d — 1)-faces of Py + - -+ 4+ P4. Then, there are scalars aq,...,am >0

such that, for every non-empty compact convex set 4 in R? with support function h,
1 m
V(A,Ps,...,Pq) = p ; a;h(u;). (2.3.21)

Theorem 2.54. Let Ay, ..., Aq, Bi, ..., Bq be non-empty convex sets in R? with A; C By, ..., Aq C
Bd. Then, V(Ah N ,Ad) < V(Bh e ,Bd).

Theorem 2.55 (Brunn’s Inequality). Let A, B, A + B be non-empty sets in R, all of which have
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volume. Then,

v(A+ B4 > u(A) e+ o(B)/, (2.3.22)

Corollary 2.56. Let A, B be non-empty bounded convex sets in R?. Then, the function f : [0,1] —
R, defined by the equation

f)=o((1 —t)A+tB)!/4  fortelo,1], (2.3.23)

is concave.

Theorem 2.57 (Minkowski’s inequality for mixed volumes). Let A and B be convex bodies in R?.
Then,
V(A,...,A,B)* > v(A)41u(B) (2.3.24)

with equality holding if and only if

v(A+B)14 = y(A) 4 4 u(B)/ . (2.3.25)
Theorem 2.58 (Brunn-Minkowski). Let A and B be convex bodies in R%. Then

v(A+ B4 > u(A) 4 p(B)/ 4 (2.3.26)

with equality holding if and only if A and B are homothetic.

Theorem 2.59. Let A and B be convex bodies in R?. Then,

V(A,..., A, B)? > v(A)?1u(B) (2.3.27)

with equality holding if and only if A and B are homothetic.

Theorem 2.60 (Aleksandrov-Fenchel Inequality). Let A, ..., Aq be non-empty compact convex
sets in R%. Then,

V(AL A" = [ VA A A, A (2.3.28)
j=1 \7—/

For the volume computation performed in this thesis, we will make use of the VINCI software
package, Bieler et al.| [2000]. This package contains many useful methods for computing the volume

of a polytope.
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Chapter 3

Piecewise Polynomial Curves and Surfaces

As previously stated, we will restrict our search for minimizers to optimal control problems in the
finite-dimensional space of piecewise polynomial functions with a prescribed number of polynomial
pieces, order and smoothness. This space will be identified by Pp o s, where b = {bo,..., by, } are
the (IVp + 1) breakpoints, specifying the sites at which the endpoints of the N, polynomial pieces of

order o reside and are being joined with smoothness s; = s, j=1,..., N, — 1.

Let us begin by showing how we intend to use piecewise polynomial pieces to approximate the
minimizers for optimal control problems. Let c(t), t € [to,tf], be a real-valued function defined on
the interval 7 = [to, t¢]. We want to construct a piecewise polynomial function z(t) that interpolates
¢(t) at the breakpoints. As we briefly mentioned before, the breakpoints set is an increasing sequence

of real values representing the endpoints of the IV, polynomial pieces
to=bg < by <--- <pr_1 <pr :tf. (301)
On each interval, Z, = [bg, bpt1], 2(t) is constructed as a polynomial py(t) of degree d:
pe(t) =co+ Cl,g(t — bg) +Cg7g(t — bg)Q +-- +Cd7g(t - bg)d, te [bg, bg+1], £=0,..., Np —1. (3.0.2)

For N, polynomial pieces we have that c(¢), t € [to,ts] can be expressed as follows:

po(t) t € [bo, b1]

e(t) = ].gl(t) re bnbo (3.0.3)

pr—l(t) te [bNW_l,pr].
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Figure 3.1: Examples of piecewise polynomial functions with polynomial pieces of the same degree.
From the interpolation properties

z(bg) = c(be), £=0,...,Np (3.0.4)

we have that

pZ(bZ) - C(be), pf(bf+1) = c(bZJrl)a = Oa R Np - ]-, (305)

and, thus, z(t) is guaranteed to be continuous on Z:

pg_l(bg) = pg(bg), é = 1, . 7]\/vp — 1. (306)

We continue in this manner matching derivatives until we reach the desired smoothness of the
curve. For example, if we want to ensure C* continuity we would proceed by imposing the following

conditions to be satisfied in addition to the one above, namely
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pf(b() = C(bé)a pf(bf-i-l) = C.(bé-‘rl)a {= Oa ) Np - 17 (307)

which leads to C* continuity of z(¢) on Z:

po—1(be) = pe(be), ¢=1,...,N, — L (3.0.8)

The objective is to determine the polynomial coeflicients cg ¢, c1,,¢a.,-..,cae for the N, polyno-
mials. In order to obtain unique solutions for the coefficients, there are only a few combinations of
degree and smoothness that can be imposed. In particular, if d = 1 one must impose C° smoothness,
if d = 3 one must impose C'! smoothness, for d = 5 one must impose C? smoothness, and so forth.

That is, if a C*® smooth curve is required, one must use a polynomial of degree d = 2s + 1.

The reader is referred to the work of [Kraft| [1985] and [von Stryk and Bulirsch| [1992] for a detailed
discussion on how to use this parameterization to solve optimal control problems using the method

of collocation.

As mentioned before, it will be more convenient to express piecewise polynomial curves as a linear
combination of NURBS basis functions. NURBS basis functions have a large set of useful properties,
which we will exploit for trajectory generation. In particular, NURBS are rational functions of B-
spline basis functions, and many of their properties are inherited from them. Consequently, we will

begin by studying B-splines first.

3.1 B-spline Curves and Surfaces

The vector space Py s is finite dimensional, and it can be efficiently represented in terms of B-spline
basis functions, |de Boor| [1978], which, naturally, are piecewise polynomial functions themselves. To
specify a particular piecewise polynomial function ¢(t) in this representation, one is required to supply
the following parameters: the order of the required polynomial pieces, o, a union set of the position
of the breakpoints or end-points of the polynomial pieces being pasted together, b = {bo,...,bn,}
(where N, is equal to the number of polynomial pieces), and the desired smoothness of the curve at
the breakpoints, s = {so, ..., sn,} with s; € [-1,d], j = 0,..., N,,. Then, at each of the breakpoints,
the curve ¢(t) has the following continuity: c¢(b;) € C®, where s; = —1 indicates that the curve
c(t) is discontinuous at that point, s; = 0 indicates that the curve ¢(t) is continuous at that point,
s; = 1 indicates that the curve c(t) is differentiable at that point, and so on. At all other points c(t)
is C°.
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The set of all piecewise polynomial functions of order o on the breakpoint set {b;} at which c(b;)

is C% continuous forms a vector space Py o s. The dimension of this vector space is N = dim(Php,o.s)-

To determine the size of this space we must construct the knotpoints set. If no continuity constraints
are imposed (s; = —1 for all j), then the dimension of Py ¢ is equal to N, = N, o (that is, the
number of polynomials times their order). Each continuity constraint decreases the dimension by

one; thus
Np

Ne = dim(Ppos) = Ny 0— > (s;+1). (3.1.1)
=0

Let us define the multiplicity of the breakpoint j as m; = d — s;. Substituting for s; in the above

definition, we have

NP NP NP NP

N, = NpO—Z(sj—i—l):NpO—Z(d—mj—i—l):Np0—(Np+1)o+ij:ij—0
=0 =0 =0 =0

N, = N,—o. (3.1.2)

The dimension of the vector space, N., for a specific curve is then related to the order of the

polynomials being pieced together and the dimension of the knotpoints vector:
Ny, = dim(k) = > m;. (3.1.3)

The knotpoints vector, k, is constructed from the breakpoints vector and the desired smoothness or
continuity at those points. To be more precise, the knotpoints vector contains the breakpoints with
their respective multiplicity, m;. The breakpoints have multiplicity m; = d — s;, where s; is the
desired continuity of the curve ¢(t) at the breakpoint b;. With this information, one can build the

knotpoints vector:

. 1 mo 1 mi 1 mNp—l 1 mNp
Kk — (bo,...,bo N TN TN VTN PR s VOO ) (3.1.4)
== kl,...,kjm07km0+l7...,km0+m1,...7k1\]p,2 ;-~-7kNP71 7kNp71 ;-~-7kNp
> omy+l > omy o 3 mytl 2™
=0 =0 j=0 =0

In this thesis, we will make use of a specific type of knotpoints vector known as non-periodic (or
clamped or open). This knotpoints vector is characterized for having the multiplicity of the end
breakpoints to be of multiplicity equal to the order of the polynomial pieces (or by having the end

points be discontinuous); that is, mo = my, = o (or so = sy, = —1). In this case, we have that
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Np—1
Np =20+ )  my; consequently,
j=1

Np—
Ne=o+ Y mj. (3.1.5)
j=1

Although one can specify the smoothness or continuity of the curve c¢(t) at each of the internal
breakpoints independently, in this thesis we will be interested instead in specifying the smoothness
of the whole curve (e.g., ¢(t) € C®). In this case we have that s; = --- = sy, _1 = s and c(t) € C°,

€ [-1,d]. Since the smoothness is the same for all breakpoints, we have that the multiplicity is

also constant (say, m) and, therefore, N =2 o+ m(N, — 1), and
Ne=o+m(N,—1)=(d+ 1)+ (d—s)(N, — 1). (3.1.6)

As a consequence of the above modifications, the knotpoints vector now reflects the new multiplicity
rules of the breakpoints: end breakpoints have multiplicity equal to o, and the internal breakpoints

have multiplicity equal to m

1 o 11 m 1 m 1 o
k == (b07"'7b07b17"'7b1 7...,prfl,...,pr,17pr,...,pr) (317)
= (kla LR k07 k0+17 RN k0+m7 [N ko+'m(Np72)+la SN} k‘0+m(Np71)a ko+'m(Np71)+17 SRR} k20+m(Np71)) .

That is, the end breakpoints with multiplicity o are repeated o times, and the internal breakpoints

with multiplicity m are repeated m times.

One way in which the breakpoints can be set is by evenly distributing them in the interval [to, ¢ ]
(uniformly), i.e., each b; € b is calculated from b; = to + jbs, j = 0,..., Np, where b, = tf ‘0 This

will be the convention adopted in this thesis unless stated otherwise in a specific applicatlon.

In this new context, the set of all piecewise polynomial functions of order o on the uniformly
distributed breakpoint sequence {b;} at which ¢(b;) is C* continuous forms a vector space Pp o s.

The dimension of the space is obtained by
dim (Ppo,s) = Ne = Np(o— (s + 1)) + (s + 1). (3.1.8)

Consequently, a curve c(t) € Ppo,s can be expressed in terms of the B-spline basis functions as

follows:

0
C<t7p07"'ach71 Z ‘57(3 p]a [t07tf}7 pj S (-O0,00), (319)
7=0

where BJ(% (t) is the Oth time derivative of the jth B-Spline basis function of degree d, and p; is the
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corresponding jth control point.

Proposition 3.1. Consider ¢(¢,p) to be a smooth B-spline curve. Then, its rth order partial
derivatives with respect to time and their first- and second-order partial derivatives with respect to

control points are obtained as follows:

O(p) = [B)0] p
D, [O(p)] = [BP0)]
DPP |:C(T) (t’p):| = 07
Béf()i(t) Do
with ¢ € [to, ], s € (~00,00), [BY(1)] = : ,andp=|
B%jq,d(t) PN.—1

A B-spline surface is obtained by taking a bidirectional net of control points, two knotpoints vectors

and the products of the univariate B-spline functions:

N“—lN”—l
Z ZB ) B (y) py . (3.1.10)
=0 j=0
with
K* = (bg,...,bg“,b},...,b;"f,...,b}vp1,...7b’N”:P;1,b}vp,...,b§’v+p1) (3.1.11)
my
K = <d}),...,dg+1,di,...,dT?,...,d}Vp_l,...,dN:fll,d}Vp,...,djfvtl) (3.1.12)

k” has N knotpoints, and k¥ has N}/ knotpoints, and N¥ = N} — (p+1), and NY = N/ — (¢ +1).

Let (z,y) be fixed. Generally, one is interested in computing all partial derivatives of S(x,y) up to

and including order o (0 > p, ¢ is allowed), that is

6k+€

WS(M/), k+¢€[0,0]. (3.1.13)

As for curves, we obtain these derivatives by computing derivatives of the basis functions. In

particular,
N®—1NY-1
ak+é

)z
T 0ty Z Z B (x) B (y) pi - (3.1.14)

=0 j5=0
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The B-spline basis functions are computed recursively as follows:

1, ifte [kj,kj+1)

BO(@) = . d=0 (3.1.15)
0, otherwise
t—k; Fivait —t
BO@) = ——N pO gy D= E g0 4y d >0, 3.1.16
],d( ) kj-‘rd . k] ],d—l( ) kj+d+1 _ kj-‘rl j—‘,—l,d—l( ) ( )

and the rth time derivative of the basis function Bgoi (t) is given by

r d t—k;j r kjtarr —1 (r)
BM(t) = < 1B () 4 gkl T gl ), r=0,...,d—1. (3.1.17
]d( ) kj—i—d _ k'j j,d—l( ) kj-l—d—i—l . kj—i—l j+1,d—1( ) ( )

Alternatively, the kth derivative of B;?i (t)

1 _ 1 _
B@t:d(—B(’" Dy — - grY t),rzl,...,d—l, 3.1.18
],d( ) kj-l—d _ kj j,d—l( ) kj-l—d—l—l o kj—i—l j+1,d—1( ) ( )

where k; are the non-periodic knotpoints. Figure illustrates the B-spline basis for different

degrees.

1 1
0.9

08 -1 08
0.7

06 = 0.6
05

0.4 1 0.4
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0.2 02
0.1

0 0.1 0.2 03 0.4 05 06 07 0.8 0.9 1 9% o ]
a)

1 1

09

0.7 / —

0.6 / -

0.5 / o

0.4 -

3 \

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1

b)

Figure 3.2: B-spline basis functions of degree 0 through 3: a) Bﬁ-%, b) BJ(%) , €) B](2) and d) Bg-?g
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Moreover, Figure depicts a piecewise polynomial function and the basis functions that give rise

to the resulting curve.

0.7

z(t) € Pb_.r:r._s

06 b = [0.0,0.25,0.50,0.75,1.0] s
' o = 3
s = 1
05 Polynomial Pieces

Basis Functions
0.4f

Breakpoints

\

0.3

01

Figure 3.3: Piecewise polynomial curve expressed in terms of a linear combination of B-spline basis

functions.

In addition, a B-Spline curve possesses a rich set of useful properties.

Property 1: (Local Support) Béz (t) =0 if ¢ is outside the interval [k¢, kpyas1)-

Property 2: In any given knot span [kg, k¢y1), at most d 4+ 1 of the B§2 (t) are nonzero, namely

the functions Bﬁd’d(t), e Bg; (t).
Property 3: (Nonnegativity) Bj(.fg (t) >0 for all j, d, and t.

¢
Property 4: (Partition of Unity) For an arbitrary knot span [k¢, ket1), > Bj(_og (t) =1 for all
—— ’

d
te [kg,kg_._l) .

J

Property 5: All derivatives of Bﬁ; (t) exist in the interior of a knot span. At a knot, B;fg (t)
is d — m times continuously differentiable, where m is the multiplicity of the knot. Hence,

increasing degree increases continuity, and increasing knot multiplicity decreases continuity.

Property 6: Except for the case d = 0, 3503 (t) attains exactly one maximum value.

)
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Property 7: (Strong convex hull property) The curve is contained in the convex hull of its
control polygon. In fact, if ¢ € [k¢, ket1) for £ € [d,d + m(N, — 1)], then ¢(¢) is in the convex
hull of the control points py_g, ..., pe.

Property 8: The control polygon represents a piecewise linear approximation to the curve c(t);

this approximation is improved by knot insertion or degree elevation.
Property 9: (Endpoint interpolation) c(ty) = po and c(tf) = pn,—1.

The reader is referred to |de Boor| [1978] and Piegle and Tiller| [1997] for an expanded discussion of
these and many other useful properties of B-spline basis functions, including their respective proves.
In addition, one is able to find in these references efficient algorithms for the computation of B-spline

basis functions.

3.2 NURBS Curves and Surfaces

In this thesis, we will use instead of B-spline basis functions, NURBS basis functions, which are
themselves defined in terms of B-splines. Therefore, we will require all the B-spline definitions
above for their development. As before, we are parameterizing the same vector space Py, s whose

dimension is N.. A curve c(t) is expressed in terms of NURBS basis functions as follows:
N.—1
C(t,w()7 e ,’U)chl,po, P ,chfl) = Z R;?;(t, wo, - - - ,’LUchl) pj (321)
7=0

with ¢ € [to,ty], w; € (0,00), and p; € (—o0, c0). In addition, R%(t,wo, ...,wy,—1) is the Oth time
derivative of the jth NURBS basis function of degree d, and p; are the corresponding jth control
points. The NURBS basis functions are expressed in terms of B-spline basis functions themselves as

follows:

ROVt wo, ... wy, 1) = 2T (3.2.2)

where w; > 0 is the jth weight corresponding to the jth control point. Consequently, we compute
the NURBS basis functions by obtaining first the B-spline basis functions. By introducing NURBS
basis functions, we have increased the number of decision parameters at our disposal: weights in

addition to control points.

In order to use this curve parameterization for trajectory generation, we will be required to obtain

the partial derivatives of the curve with respect to time, weights, and control points.
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Proposition 3.2. Consider c¢(t,w,p) to be a smooth curve expressed in terms of a linear
combination of NURBS basis functions. Then, its rth order partial derivatives with respect to
time and their first- and second-order partial derivatives with respect to control points and weights

are obtained as follows:

(tw,p) = w'G&p-S | |E Mt w,p)
k=1 \ k
) o Ter - r k [p(r—Fk)
D, {c (t,w,p)} = w G Z B} E [Rd (t,w)
k=1
Dyp {C(T)(Lw,p)} =0
Dy [ (t,w,p)| = —[F°-1)G"p]"
() [ ()]
+ ATt w,p
k=1 \ K
- "le*D [c(“k)(aw,p)}
k=1 k
Dy [ (t,w,p)] = (F"~T)G" p B+ [(F"~1) G" p H']

By (#) wo
with ¢ € [to,tf], w; € (0,00), p; € (—00,00), [By)(t)} = ; , W= : ,
BY) ., 4(t) w1
(r)
t -
p.O o B(),.d( ) 0 [By)(t)}T

P= : ) dlag({Bd )} = : ) = W7

d w

PN.1 0 ... BY_ .0

T P ()
¢ 1l 0 Y ¢ _ diag({B,’(H)}) _ Tk (0) _ (k)
E = H' w, F' = (WH) e = T JA=E [Bd (t)} [Bd (t)} and
Dw[C(Tik)(tava)} R = 14 ") (t,w,p)

B= [Bfio)(t)]Tw [Bg")(t)]Tw ’

A detail derivation of Proposition can be found in Appendix [A]

A NURBS surface of degree p in the x direction and degree ¢ in the y direction is a bivariate

vector-valued piecewise rational function of the form
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S@Y) = i v w eyl y € vyl (3.2.3)
> > Bip(@) Bjg(y) wi;

i=0 j=0
The {p; ;} for a bidirectional control net, the {w; ;} are the weights, and the B, ,(z) and B, 4(y) are

the nonrational B-Spline basis functions defined on the knotpoints vectors

kK* = (bé,...,bﬁ“,b%,...,bg”’f,...,b}vp_l,...,bx:fll,b}vp,...,bﬁpl) (3.2.4)
kY = (d(l),...,dg“,d},...,de,...,d}vp_l,...,d’N”:zll,d}vp,...,d‘gj) (3.2.5)

k” has N} knotpoints and k¥ has N} knotpoints and N* = N — (p+1) and NY = N} — (¢ +1).

NURBS curves have many useful properties, which we will exploit.

Property 1: (Nonnegativity) R;?C)l(t) >0 for all j, d, and t € [to,ty];

Ne—1
Property 2: (Partition of Unity) > Rﬁ%(t) =1 for all t € [to, ts];
=0 7

Property 3: R(()?L)i(to) = Rg\?) 1alty) =1

Property 4: For d > 0, all Rﬂ(t) attain exactly one maximum on the interval ¢t € [to, ¢];

Property 5: (Local Support) Ré’?i(t) =0 for t ¢ [ke, keyas1). Furthermore, in any given knot

span, at most d + 1 of the Rg’g (t) are nonzero. In general, at most Réi)d a0, ,Ré’“c)l (t) may

be nonzero in [k¢, kot1)-

Property 6: All derivatives of R;o; (t) exist in the interior of a knot span, where it is a rational
function with nonzero denominator. At a knot, R;?;(t) is d — m times continuously

differentiable, where m is the multiplicity of the knot.
Property 7: If w; =1 for all j, the Rgz(t) = B;T[i) (t) for all j.

Property 8: (Strong convex hull property) The curve is contained in the convex hull of its
control polygon. In fact, if t € [ky, key1) for € € [d,d + m(N, — 1)], then ¢(t) is in the convex
hull of the control points py_g, - - ., pe-

Property 9: (Endpoint interpolation) c(ty) = po and c(tf) = pn,—1.
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Chapter 4

Transcription of Optimal Control Problems to

Nonlinear Programming Problems

In this chapter, we will describe how to compute minimizers to optimal control problems expressed

in the following general form:

i Folx(to),ulto) /;ft ) dt + Fr(x(ts),ulty)) (4.0.1)
subject to
x(t) = F(x(t),u(t)), t € [to, ty] (4.0.2)
by < Aox(tg) + Bou(ty) < ug
6 < Ax(t)+Baut) <u, tetot)]
£y < Agx(tf) + Byu(ty) <uy (4.0.3)
Lo < co(x(to),ulte))  <Upg
L, < ci(x(t), u(t)) <U;,  teto,ty]
Ly < c(x(ty)ulty) <Uy

by a direct method (i.e., by transcription to a nonlinear programming problem). In particular,
let the state and input evolutions be described by the mappings x : [to,tf] — X C R” and
u: [to,tf] — U C R™. In addition, assume the cost functional , dynamic constraints 7
and trajectory and actuator constraints to be sufficiently smooth. In addition, the cost
functional is expressed as a sum of three terms (i.e., initial, trajectory, and final). Each function

Fe, £ € {0,t, f} in the cost functional is a scalar-valued function Fy : X x Y — R. The linear and
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nonlinear constraints are also divided into three terms (i.e., initial, trajectory, and final) and they
are vector-valued functions £, : X x U — RNfl*, co: X xU — RN 0 €{0,t, f}. Each of these sets
of constraints is allowed to be set to equality, one-sided bounded, two-sided bounded, or unbounded

by manipulating the values of the lower and upper bounds.

The transcription of an optimal control problem to a nonlinear programming problem is accomplished
by first parameterizing the states and inputs (flat outputs in the case of differentially flat systems) in
terms of piecewise polynomial functions followed by a balanced discretization in the ¢ parameter. In
particular, we will parameterize the states and inputs (flat outputs) in terms of piecewise polynomial
functions using a linear combination of NURBS basis functions. In general, we express a curve and
its derivatives as follows:

Ne—1
2t wo, ..., WN._1,D0, - - PN,—1) = Z R;Z%(t,wo, e WNL—1) Py (4.0.4)

j=0
with ¢ € [to,t¢], w; € (0,00), and p; € (—00,00). In particular, we will collect all the states
and inputs (or flat outputs) and their derivatives stacked as follows: z = (Z1,...,Zy,), Where
Z; = (zi(o)7 R zi(D'i))7 i=1,...,N,. D; is the maximum required derivative of the ith z-variable,
and N, is the total number of z-variables which, depending on the application, can be the sum of the
states and inputs (flat outputs). Consider the evaluation of the NURBS curve z; and its derivatives

at T € [to, ts]:

NE-1
0 - . 0 - i
Zz( )(Ta W’Mpz) = Z R;(i (Tv Wl) p]
=0
NE—1
~ ~ 1 7
Zz( )(Ta Wiapi) = Z R;;l (T7 Wz) pj
§=0
Ne-1
D)« = D)y i
AP (rwip) = Y. R (W) pl
=0
In matrix form:
0 - . 0 - 0 - 0 - i
Zl-()(T,W“Pz) R&;i(’ﬁwi) ng()ii(T,Wi) Rg\,gflﬁdi(ﬂwi) Ph
1 L 1 - 1 - 1 - 5
Zz'()(7'7wz’ i) B Ré,c)li(T7wi) Rg’()ii(r,wi) Rg\,}il’di(ﬂwi) J] (4.05)
Di it ~ Dz it D1 nd Dz g 7
P9 (7, W1, B,) S (row) R () R 10, (1) | [ Py
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or simply z; (7, W;, p;) = Ra, (T, W;) P;, where z; € RPi+1 Ry (7,W;) € RIPHDXN] g e RV and
p; € RNi. More generally, we will consider all the z-variables and their derivatives arranged in the

following manner:

21 (7—7 ‘;Va f’) 7?'Uh (7—7 V~V1) 0 0 P:
Za(1,%,p) | 0 Ra, (T, W) 0 Ps 806)
ZNO (Ta V\~f, 15) 0 0 de (Tv ‘X’N ) f)NO
———
Z(T,W,p) R(T,W) p

or simply z(7, W, p) = R(r, W) p, where z € RN?, R(r,w) € RN7*N7 p e RN7. We compute the

total number of z-variables and decision variables as follows:

N, N,

Np = Z N} = Z(D’ +1) (z-variables) (4.0.7)
i=1 i=1
N,

Ni = Z N;(oi —(si+ 1)+ (si +1) (decision variables). (4.0.8)
i=1

There are many types of problems that are possible to setup using the NURBS curve parameteriza-
tion. In particular, we can fix all the weights and solve for all the control points or vice-versa. It is
also possible to fix some of the weights and some of the control points and solve for the remaining

parameters. In any event, we compute the number of total active decision variables as follows:

N, N,
NE = Zd;“ [Nj(0i — (s + 1)) + (si + 1)] + Zaf [Nj(0i — (si+ 1)) + (si +1)], (4.0.9)

where 8 € {0,1}, 6¥ € {0,1}, 0 if the parameter is fixed, and 1 otheriwse. In addition, we will

construct the active decision variables vector as follows:

sh
s
2

y = = ° | e RV, (4.0.10)

o
°

At this point, we proceed by substituting the states, inputs, and their derivatives (flat outputs and

their derivatives) in the optimal control problem with the NURBS curve parameterization described
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above. This leads to the following general form:

min g = Galalto)) + [ Gu(a(s) ds+ Gy(aty)

subject to

D((t)) = 0, 1€ ftonty]
Ly < Ao z(to) < ug
6<  Aat)  <u, teltoty)
< Apa(ty)  <wuy
Lo < Co(z(to)) < U
L; < Ct(Z(t)) < Uy, t e [to,tf]
Ly < Cs(alty)) <Uy

We have purposely only shown the ¢ parameter dependence of the NURBS curves to make the
discretization of the optimal control problem more readable. The goal of the discretization is to make
the problem finite-dimensional. Moreover, our intent is to make this discretization a specification
that the user has to make ahead of time. The advantage of this decision will become clearer in
the next section, but, suffice it to say, this choice will allow us to perform lengthy computations
outside the convergence loop, reducing the total computational time of the algorithm. Consider
the following uniform time partition (collocation points): tg = 790 < 71 < ...7Tn,—2 < TN, -1 = lf

ty—to

where 7; = tg + A7, i =0,..., N, — 1, A7 = 3—5. N, is the total number of collocation points.

In addition, the integral must be approximated by a quadrature formula. We will define for this

purpose the nodes r; = 7; +j Ar; for j =0,1,..., N, and Ar; = ¥7 where N is the number of

points required by one of the following quadrature formulas:

(N=1) / Gi(z(t)) dt

Ti

A?”i
2

Q

{9:@00) + G |

(N =2) / Gi(z(t)) dt

Ti

A?"i
3

Q

{9:@00) + 4 6.(a(r1)) + Gu(z(r2)) }

(N =3) / Gu(a(t)) dt

Ti

?)AT,L'
8

Q

{Gu(#(r0)) + 3 Gu(@(1)) + 3 Gu(a(r2)) + Gula(rs)) }



(N = 4) / G,(3(t)) dt

i

(N =5) / G,(5(t)) dt

Ti

(N =6) / Gu(a(t)) dt

i

Q

Q

Q
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QA’/‘i
45

{7 Gi(2(ro)) + 32 Gi(2(r1)) + 12 Gi(2(r2)) + 32 Gi(2(r3))

+7 Gi(#(r0)) |

5ATZ'
288

{19 Gu(2(r0)) + 75 Gu(2()) + 50 Gu(a(r2)) + 50 Gu(#(rs))

75 Gi(@(r)) + 19 Gi(a(r5)) }

A’f’i
140

{41 Gu(@(r0)) + 216 Gu(a(1)) + 27 Gu(a(r2) + 272 Gi(3(r3))

27 Gy((ra)) + 216 Gu(2(rs)) + 41 Gu(2(r)) }-

These quadrature formulas have specific names depending on the value of N: a) trapezoidal rule

(N = 1), b) Simpson’s rule (N = 2), ¢) Simpson’s three-eighths rule (N = 3), d) Milne’s rule

(N = 4) and e) Weddle’s rule (N = 6). In general, all of these approximations have the following

form:

Tit1

[ a

Ti

N
(2(t) dt = Y L Gil#(ry)), i = Ariay
§=0

The optimal control problem then becomes

N

win I = Go(3lra %) + 3 [; % Gl %,B) | + G5By, 1, %,P))

subject to

(VAN VAN VAN VAN VAN

IN

D(z(r;, w,p)) =0, i=0,...,N; =1
Ao z(10,Ww,p) < u
Ai z(1;, W, D) <w, i=0,...,N;—1
A z(Tn, -1, W,p) <uy
Co(z(T0, W, D)) < Uy
Ci(z(7;, W, p)) <U;, i=0,...,N, -1

Cf(i(Tfol";V’f))) < Uf'

The result of the previous parameterization and discretization is a nonlinear programming problem

where the unknowns are the active weights and control points of all the NURBS curves. The
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structure of a general nonlinear programming problem is as follows:

min f(y)
Yy

subject to (4.0.11)

For our setting, y € RVT, N% is the total number of active decision variables, f : RN — R is
a smooth real-valued function, A : RV7 — RNr=Ni+N-N{+N¢ ig 3 linear operator, ¢ : RV —
RNT=NI+N-NI+N7 g o smooth vector-valued function and the lower bounds and upper bounds
are vectors L, U € RVi+N1+NE | where NI and N} are the total number of linear constraints and

nonlinear constraints.

In order to solve for the active decision variables, we will make use of a Sequential Quadratic
Programming (SQP) solver. An SQP method obtains search directions from a sequence of Quadratic
Programming (QP) subproblems. Each QP subproblem minimizes a quadratic model of a certain
Lagrangian function subject to linearized constraints. In particular, the structure of the QP

subproblem for the SNOPT solver, |Gill et al.| [2005], is of the following form:

m;n 'Cq(yka Yk >\k)

subject to
y
L< Ay < U
c(yi) + Dyc(yi)(y = i)
The modified cost function £,(y,y, Ax) is defined as follows:
1
Loy, M) = Lk Ve M) + Dy LY yis M) = Y1) + 5 = ¥2) Dyy Lio Yo M) (¥ = vi)

This is a quadratic approximation of the modified Lagrangian L(y,y}, Ax):

L(y,yi M) = fy)= AL [e(y) —clyr) — Dye(yp)(y — )],

whose first- and second-order partial derivatives are computed to
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DyL(y,yi. M) = Dyf(y) —Af [Dye(y) — Dyc(yy)]

Dyy L(y, ¥4, Ap) = Dyyf(Y) - Z O\k)i DyyCi(Y)~

%

In particular, at y =y, we have that

LYY Ae) = f(yi)
DY‘C(YIW YioAk) = Dyf(Yk)
DyyL(yi,¥i: Ak) = Dyyflyr) — Z (A&); Dyyci(y)-

2

The QP subproblem then becomes

min Fyi) + Dy f(ye)(y —yi) + 50y —yi)” [Dyyf(yk) — > (M&); Dyycilyr) | (v —y1)
subject to

y
L< Ay

IA
=

c(yr) + Dye(y,)(y — yi)

As a consequence, we will also be required to compute the Jacobians and Hessians of the objective
function and constraint functions. These can be computed analytically if the problem at hand allows
it. Otherwise, solvers typically approximate the Jacobians and Hessians of all functions in the posed

problem numerically at the expense of a slower rate of convergence.

In general, we obtain the Jacobian and Hessian of a function F(z(y)) with respect to y using the

chain rule:

DyF(z(y)) = DazF(a(y)) Dyz(y)
N7 -
Dy F(aly)) = Dyily) DaaF(aly) Dyly) + 3 L2 bz

where 2; is the ith element of the vector z = (z%o), o z%Dl), . ,zg\?j, . ZEVIZN")) € N}.
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Chapter 5

Solving Optimal Control Problems with Control

Points as Decision Variables

In this chapter, we will describe in detail the structure of the nonlinear programming problem
used to obtain minimizers for optimal control problems that must deal with full or partial explicit
dynamic constraints. We delay the treatment of differentially flat systems until Chapter[7] Moreover,
although we could exploit the polytope structure of NURBS curves to avoid obstacles, we still need
the material in Chapter [0] to formally do so, hence we will apply this technique in Chapter [7]] The
inclusion of explicit dynamic constraints in the optimal control problem forces us to obtain a flow
line through the initial and final system configurations in such a way that the tangent vector of the
curve coincides with the vector field everywhere. This set of constraints can only be verified at a
discrete number of points and, therefore, once a minimizer is obtained one should use the input to
integrate the dynamics and confirm that the state evolution actually matches the one found. An
alternative strategy may be employed to deal with dynamic constraints using explicit Runge Kutta

methods to discretize the dynamics, [Betts| [1998].

The main goal at this stage is to emphasize the generality of the methodology and the ease in which
dynamics and constraints can be modeled. The ease of the formulation resides partly in the fact that
we use a z-variable per state and input. As a result, a problem written on paper can be mapped to a
computer implementation in a straightforward manner. Of course, one trades ease of implementation
for an increase in the computational effort required to solve the formulated optimal control problem
due to the large number of active decision variables and constraints present in the problem. In later
chapters, we will expose an implementation that strives to improve the computational time and
significantly reduce the number of constraints and active decision variables present in the problem

at the expense of off-line analysis and recasting of the optimal control problem through algebraic
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manipulations.

For now we will exploit only the basis functions structure and make use of Property 7 of NURBS
basis functions. That is, we will set all the weight parameters equal to the same value wy > 0. By
doing so, we will decrease the number of decision variables (i.e. the NURBS curves will not depend
on weights). Moreover, Rig (t,wq) = BJ(T(; (t) for all j. In this special case, we will only allow the
control points to be decision variables. The optimal control problem then takes the following form

after discretization and change of basis:

+G(z(7n,-1,D))

smin J[2] = Go(a(ro. 5)) + Ng lZ MRACTN )

J

subject to

D(a(ri,p)) = 0, i=0,... . N, —1
£y < Ao z(70, D) < uy
e < A z(7;, D) < u, i=0,...,N.—1
Ly < Afz(tn,—1,p) <uy
Lo < Co(z(ro,p)) < Up
L; < Ci(z(7:, D)) < Uy, 1=0,...,N,—1
Ly < C(z(n,-1,P)) < Uy

As previously mentioned, the nonlinear programming problem has the following general structure:

min f(y)

y
subject to

For the current case, the decision variables are the control points of all the NURBS curves. The
objective function f, the linear operator A and the nonlinear constraint function ¢ are constructed

as follows:
N,

f(2(y)) = Go(z(70, y) Z Z% Gi(2(rj, y)) | + 972N, -1,y)) (5.0.1)

=0 7=0
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The matrix A is constructed by stacking up the linear constraints as follows:

Ao z(70,y) Ao R(70, Wo,) Ao B(7o)
A 2(70,y) Ar R(70, Wo) Ay B(m)
Az(y) = : = : y = : y (5.0.2)
As 2(Tn.—1,Y) A R(7, —1,Wo) As B(w,—1)
A dr,ny) || A Rew, W) | | Ap Blrw, ) |

Likewise, we stack up the nonlinear constraints in the following way:

Co(z(70,y))
Ci(z(10,y))
cl@ly)) = : (5.0.3)

Ci(z(Tn,-1,Y))

| Cr(z(Tn.—1,Y)) |

Finally, the lower bounds an the upper bounds are stacked up in the following manner:

_ L. i _ u. i
ZO Uop
(et)O (llt)o
(Le)N, -1 ()N, —1
L= ¢ U= u; (5.0.4)
Lo Ug
(Lt)O (Ut)()
(Li)n, -1 (Uy)n, -1
L Ly ] L Uy

where L. and U, are the lower and upper bounds for the decision variables. In the problems
considered here the coefficients themselves are not bounded; accordingly, we set the values of the
lower bound and upper bound for each coefficient to —oo and +oo correspondingly. Then, we
proceed to compute the Jacobians and Hessians of the objective function and constraint functions.

In particular, we are able to express the Jacobian of the cost function in this form:
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N,—2 N
D, f(2(y)) = ng(m,D[%ﬂmm)%Ezléjﬂlh%(Up))Dﬂﬁpw]

i=0 |j=0

+D:Gs(z(7n, -1,Y)) Dyz(Tn, -1,y)

Using Proposition [3.1] and the stacking of z-variables and their derivatives as in Equation [1.0.6}

D, f(z(y)) = DiGo(a(r0,y)) B Z {Z%Dgt Z(rj,y)) B(r )] +

=0 7=0

D;G(z(1n,—1,y)) B(mn,—1)

In addition, the Jacobian of the linear constraints become

Ao B(7o)

.At B(Tg)
Dy [Az(y)] = '

Likewise, the Jacobian of the nonlinear constraints become

D;Co(z(0,y)) Dyz(70,Y) D;Co(2(70,y)) B(7o)
D;Ci(2(70,y)) Dyz(7o,y) D;Cy(2(70,y)) B(7o)
Dyc(z(y)) = : = :
D;Ci(2(7n, -1,y)) Dyz(7n, -1,Y) D;Ci(Z(7n, -1,¥)) B(ty, 1)
| DiCr(a(rn,—1,¥)) Dyz(rn,—1,y) | | DaCr(a(rn,—1,¥)) B(rn,-1) |

The Hessians of all the functions computed above then become:

N2 [ N

Dy, f(#(y)) = B(r)" Dazbo(z(ro,y)) B(ro) + > |D_ 7} B(rj)" DzaGi(a(r;,y)) B(ry)
i=0 | j=0
+B(tn, —1)" DazG((n.—1,y)) B(Tw,—1)

Dyy [AZ(y)] 0

DyyCy(a(r0,y)) = B(ro)" DaaCy(2(r0,y)) B(o)

n

Dy, Co (a(10.y)) = B(ro)" DzaCy (a(r0.y)) Blo)
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DyyCl(#(r0,y)) = B(70)" D3zC}(2(70,y)) B(7o)
NP (s 3T DN 3
DyyC, " (Z(10,y)) = B(m)" DzzC, ' (z(70,y)) B(70)
DyyCl(#(Tn,-1,y)) = B(rn,—1)" DzCl(z(Tn, —1,y)) B(Tn,-1)
Dy, ¢ (a(rn,-1,y)) = B(rn,-1)" DasC (a(7w, -1.y)) Blrw, 1)
DyyCi(Z(tn,-1,y)) = B(rn,-1)" DzzCh(z(rn,—1.y)) B(rn, 1)
N? ~ _ e T . N? ~ ~
Dyycf (z(Tn,-1,y)) = B(rn,-1) Dzch (2(n,-1,¥)) B(Tn, 1)

Example 5.1 (Analytical). Consider the following optimal control problem:

ty=10 r 0
min 3 [ u(t)"Ru(t)dt, R= H >0
u to=0 0 722
subject to:
uy(t) 10 27
x(t) = uy(t) pox(to)=xo=| 2 |, x(tf)=xs=| 8
aig(t) ul(t) 20 35

The first-order necessary conditions for a minimizer (x*(¢), u*(¢), A*(¢)) are expressed as follows:

A(t) = —DyH(z*(t), u (1), \*(1)T
X*(t) = DaH(z"(t),u(t),\"(t)", x"(t:;) =x0, x"(t;) = x;

0 = D H(x*(t),u*(t),\* ().

The Hamiltonian is defined by H(x(t),u(t),A(t)) = fO(x(t),u(t)) + AT(t) F(x(t), u(t)) where

0 _ 1 1 (t) _ T
fox@),ut) =3 | uit) uz(t)}R and F(x(t),u(t)) = | ui(t) wua(t) wa(t) ua(t)

UQ(t)
As a consequence, the partial derivatives of the Hamiltonian with respect to the states, adjoint
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variables and inputs are computed as follows:

D.Hx(t) u®,A®) = [0 M) we) 0]
DAH(x(t), u(t)A®) = [ wi(t) wslt) wa(tyu(t) |
D H(x(t), u(t),At)) = [ 11 ur(t) + Ar(t) + Az(t) w2(t), a2 ua(t) + A2(t)

Then first-order necessary conditions become

[ 0
—X) = | 0 i) (5.0.5)
i 0
W
x*(t) = uj(t) ;X" (to) =x0, X'(tf) =xs (5.0.6)
w3t ()
N R ORRHORSHOREON S (5.0)
22 u3(t) + A5(t)

In particular, we are able to solve analytically for the inputs using (5.0.7)

* 1 * * *
up = o= (AT (1) + A3(t) 25(t))
11
ui = —— .
2 o2

In addition, the second-order strengthened Legendre-Clebsch (or convexity) Condition for a minimizer
(x*(t),u*(t), A" (t)) are expressed as follows Dy, H(x* (), u*(¢), A" (¢)) > 0. In our particular case,
this condition requires the matrix R to be positive definite. Substituting the input expressions in

equations (5.0.5) and ([5.0.6) leads to the following two-point boundary problem:

i (t) 0

M) | o= A Op) + x50 23(t)

RHON I 0

) | [ i+ X0 #50) 10 27
i) | = 0 DXt =| 2 |, Xt =] 8
5 (t) — 220 (X3(8) + A5 (1) 25 (1)) 20 35

We begin by computing the solution of this two-point boundary problem numerically. The optimal

trajectory and the optimal input are illustrated in Figure 5.1 and Figure [5.2] respectively.
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Figure 5.2: Optimal Input Trajectory
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Example 5.2 (Analytical - Revisited using control points as decision variables). Let us now apply
the methodology described in this chapter to obtain a numerical solution to the same problem. That
is, let us express the states and inputs in terms of piecewise polynomial functions expressed in terms
of a linear combination of NURBS basis functions. In particular, we will parameterize the states

and inputs as follows:

T € Poi0,s5 1 =1,...3, with b; = [ 0 3.3333 6.6667 10.0000 } ;0 =0, 5; =2

uj € Pbjo55;,, J=1,...2, with b; = [ 0 2.5000 5.0000 7.5000 10.0000 } 05 =9, 55=0

As mentioned at the beginning of this chapter, we will only allow control points as decision variables.

That is, we will exploit Property 7 of NURBS curves to obtain:

) T )
#(bwip) = [BYV0)] b =13
T

We then proceed to choose a uniform time partition (collocation points): tg =79 < 71 < ...7Tn,—2 <
Tn,—1 =ty where 7; =t + A7, i=0,...,N; — 1, AT = tf to . Then, at each of these points, 7,

we evaluate the states and inputs as follows:

] . ]
() ] [Bgm(m)} 0 0 0 0
PN
>(Tk7p1) [85 (Tk)} o 0 0 0 -
o (7,2) o [Bm)] o 0 0 o
T P
é )(Tk, Ps) _ 0 [Bél)(Tk)] 0 0 0 p2
_ . ,
2 (e, 3) 0 0 [BY (70)] 0 0 p“
T
2§ (7, P3) 0 0 [ng(m)] 0 0 !
uf’ >(7' ) (0) T L Ps |
ur (T, Py 0 0 0 B ()] 0
( T
[ 2" (s, P5) | 0 0 0 0 B ()] ]

The collocations points are chosen ahead of time and therefore the states and inputs depend only on
the control points. By substituting these variables back into the optimal control problem, we obtain
an nonlinear programming problem. Moreover, we make use of Proposition to obtain the partial
derivatives of all the functions involved in terms of the control points. Finally, we solve the nonlinear
programming problem to obtain the coefficients of the piecewise polynomial parameterization and
obtain a numerical approximations of the optimal minimizer. Figure and Figure show the
numerical state and input trajectories respectively and they are plotted side-by-side with the the

optimal state and input trajectories found analytically by using the first- and second-order necessary
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conditions obtained through the calculus of variations.

35 .

F 11 I IR

25 .

207"

Figure 5.3: Numerical optimal state trajectory with control points only (red), and Analytical optimal

state trajectory (blue).

25

0.5

uz

0.5

o 05 1 15 2 25

Figure 5.4: Numerical optimal input trajectory with control points only (red), and Analytical optimal

input trajectory (blue).
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25 e e . .-'?'"--.
: o - :
H FPPETT Lo H
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et : ;
Pl . i - - _
pazs H H
10 1 | | 1 | | 1 | 1
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0 1 2 3 4 5 6 7 8 ] 10
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35 T
Q[ -'-__--_-.--w--'-"-’-' —
20 -
15 1 | | 1 | | 1 | 1
0 1 2 3 4 5 5 7 [} ] 10
t

Figure 5.5: Initial guess for states (black), Numerical optimal states with control points only (red),

and Analytical optimal states (blue).

Figure 5.6: Initial guess for inputs (black), Numerical optimal inputs with

and Analytical optimal inputs (blue).

control points only (red),
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Example 5.3 (Alice - Caltech’s autonomous system). Consider the following kinematic bicycle

model for the vehicle:

dg;gt) = () cos(6(t))
dziTgt) = w(t) sin(6(t))
-

%Sft) _ %tan(q&(t))

with states x = (z,y,v,0) € R* and inputs u = (a, ¢) € R2. The equilibrium solutions of the system
are x, = (*,%,0,*) and u, = (0,(' — 2)m), T' ¢ Z. The x implies that the value is arbitrary. All

equilibrium solutions are linearly controllable. The Controllability matrix is defined as follows:

0 0 cos(6) 0 cos(f)? 0 cos(#)? 0
¢ - 0 0 sin(0) 0 sin(9)? 0 sin(9)? 0
1 0 0 0 0 0 0 0
0 0 Ltan(m(T—1) 0 Zrtan(x(T—1)? 0 Ztan(x(T—1)* 0

In particular, we will be interested in solving the following optimal control problem whose cost

functional penalizes the inputs, the rate of steering and time required to perform a maneuver:
ty .
min [ [a2(t) () + ()] dt +ty
to

subject to

Dynamic Constraints:

o(t) cos(0(t)) —i(t) = 0
v(t) sin(6() —§(t) = 0
a(t)—ov(t) = 0
MO an(o(e) ~ 1) = 0
Trajectory Constraints:
0< v(t) < Vmax
Gmin < a(t) < Gmax
Pmin < #(1) < Gmax
Pumin < o(t) < Pumax
gWw g

_ < PO o) o
= T
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Initial and Final Boundary Conditions:

(z(to), y(to), v(to), 0(t0), alto), ¢(to)) = (0,0,0,0,0,0)

(x(tf)vy(tf)vU(tf)’a(tf)’a(tf)a¢(tf)) = (507_3070’0707 0)

Moreover, assume the following values for the set of parameters:

g =9.81 m/s> L = 5.4356 m
W =2.1336 m heg = 1.0668 m
Umaz = 60 mi/hr Umin = 0.01 m/s
Amaz = 1.0 m/s2 Amin = —3.0 m/s2
Gmaz = 25.75 ° Grmin = —25.75 °
bmaz =T5° Gmin = —T5 °

Since we do not know ahead of time the amount of time required to perform a maneuver, we will

dimensionalize the equations of motion with respect to time and allow the final time to vary. In

to,_u _ A
571)—£anda—

particular, let 7 = =

1 2 : 2
w6+ f[(365)"+ o0+ (33 o
0
subject to

Dynamic Constraints:

u(t) cos(6(r)) —x(r) = O

u(r) sin(0(r)) ~9(r) = 0

A(r)—a(r) = 0

UD) pan(o(r) ~b(r) = 0
(



Trajectory Constraints:

0< M <1
Amin < AE(;) < Gmax
$min < o(T) < Pmax
< 3D <
_ 29;:‘; R T 5/}1”9
Initial and Final Boundary Conditions:
(z(70),y(70),u(70),0(70), A(70), (70)) = (0,0,0,0,0,0)
(x(7¢),y(7s), ulTs), 0(75), A7), 0(75)) = (50,-30,0,0,0,0)

The minimizer of this optimal control problem is shown in Figure together with the state and
input evolutions (see Figure and Figure [5.9)).

51—

a5 | ! ! ! |
-10 0 10 20 30 40 50

Figure 5.7: optimal trajectory
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Figure 5.8: optimal states evolutions

Figure 5.9: optimal input evolution
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Chapter 6

Exploiting Properties of NURBS Curves

In this chapter, we will expand on some of the properties of NURBS curves that will be exploited
for trajectory generation. In particular, we will unravel the connection between the two structures
being combined in the NURBS curve definition: NURBS basis functions and the union of overlapping
polytopes.

6.1 Local Support Property

We will begin by expanding on the local support property of NURBS basis functions. It is important
to keep in mind that we are dealing with piecewise polynomial functions and, as a result, only a small
subset of the NURBS basis functions give rise to each of the polynomial pieces. The relevant subset
of NURBS basis functions per polynomial piece is specified through the location of the ¢ parameter
of the parameterization. The value of the ¢ parameter singles out a specific knot span and, according
to the local support property, for any given knot span at most d+ 1 of the Ryg(t) basis are nonzero.
More specifically, only the basis functions RET_)(L 4. ,Rg;(t) could be nonzero in the knot span
[ke, kes1), £ € [d,d+ m(N, —1)]. Therefore, by exploiting the local support property of the NURBS

basis functions, we express a NURBS curve as follows:

Loam ~ g
_ > B g(t) wjp; r , ‘ > Bjg(t) w;
C(T) (t,W,p) = j:Z;d - Z J:iid— C(Tik)(tvva)v te [klv lirl) :
> BOWw, =\ K Bl (t) wi
i=l—d i=l—d

Alternatively, we may rewrite a NURBS curve in terms of the individual polynomial pieces:
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S S
_7; dBj,d (t) w; p; r , _7§ dBj,d (t) wj
Cg)(tvva) = = ; - Z — Cgﬂik)(tawa p)a te [bnvbn+1)7
’—; d Bl(f)li) (t) Wi =t

where n =0,..., N, — 1, and £ = d + mn, and m is the multiplicity of the inner breakpoints.

This is advantageous computationally because we only have to consider at most (d + 1) NURBS
basis functions instead of N, NURBS basis functions. Moreover, in later chapters, this property will
give rise to sparse matrices of the first and second-order partial derivatives of the cost and constraint

functions.

In matrix form:

OPNE
Td' (T) t T B (t) A\
C(T)(t7va) = hd lag({Bd ( )})p - " @ C(T_k)(t7w7p)7 te [kkaerl)a
OyNE k OrNE
BP0 w = B2®)] w
where
(T) T_ T r r r r r T
BY®] = [ BOu®) B uia® BOaa® oo B0 B 1) B

The active bases for t € [k, ko41) and their dependence on lower degree active basis functions with

the same rth derivative give rise to the following triangular expansion:

Bé?d,d(t) B§:)d+1,d(t) B§:)d+2,d(t) Bé?d+3,d(t) Bél)z,d(t) Bﬁu(t) Bﬁ(ﬂ
B i1a1® Biiza ) Bluisaa® o By () B () B @)

Bé?d+2,d—2(t) Bé?d+3,d—2(t) Bé?Qd—Q(t) Béz a—2(?) By;—z(t)
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Replacing the B-Spline basis definition, we are able to express their actual numerical dependence.

Let us begin by expressing the numerical relation between the basis functions of the first two rows:

B )] ' Bf;;% (8)
By (1) 1o (D)
By alt) stlzd (8)
: = (810 : , t€ ke ko), ref0,1,...,d— 1},
B a aalt) B lugaa(®)
B((sl)dfz,d(t) Bz(si)dﬁ,dq(t)
| stl)d_l,d(t) | | Bt(sl)d—l,d—l(t) ]

where
t—ksia T
Ay 0 0 - 0 0 0
t—ks t—kstd41
Aks T ks 0 0 0 0
t—ksq1 _ t—kstdy2
; 0 Aks o Nhy 2 0 0 0
() _
[Bd a1 = i—r
t—ksida—3 t—ksqod—2
0 0 0 : Aksya—s  Aksra—z 0
t—ksia—2 _ t—ksiod—1
0 0 0 0 PN N T
t—kstd—1
L 0 0 0 S 0 0 Nyra_1

with Aks = ksya — ks, 6 =€ — (d — 1). In general, we express the recursive numerical relation as

follows:

B, ()

= BY)_,(t) BY | o). By B, o), ref0,1,...,d—1}.

r)
Bt(i—i-d—l,d(t)

Moreover, the active basis for ¢ € [ke, ker1) and their dependence on lower degree active basis

functions with decreasing rth derivative give rise to the following expansion:
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B gt By . BUgnat) BUsa®) o B, ) B, B
r—1 r—1 r—1 r—1 r—1 r—1
B () BU G () BU a6 o BYSL_ (6 BUT (0 BN
(r—2) (r—2) r—2 (r—2) (r—2)
By gioaot) By gisa o) .. Bé—2,3—2(t) By g o) Bygs(t)

Replacing the B-Spline basis definition, we are able to express their actual numerical dependence.

Let us first determine the dependence between the basis functions in the first and second rows:

B, (t) BN
B{(®) BY ()
Bi, 4(t) B o (1)
: = [Bgf;{:f)(t)] : , € [kes keta),
B((;—?d—&d(t) B((s:dl—)s,dq(t)
Byt al®) By s (t)
L Bz(szr)dﬂ,d(t) ] L Bgi?llf)l,d—l(t) J

where
*fké 0 0 0 0 0
1 1
0 S S 0 0 0
B w] = d '
0 0 0 Ak&id*fﬁ 7Ak5«]{id72 0
0 0 0 0 Akéid72 - Akéid—l
0 0 0 0 0 S

with Aks = ksyq — ks, 6 = £ — (d — 1) as before. In general, we express the recursive numerical
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relation as follows:

r 0
Bt(ijl,d(t) Bgﬂrfl,dfr(t)
. A(r,r—1 A(r—1,r—2 (1,0
= BV BY @) B, () ,re{l,2,...,d—1}.
(r) (0)
Bsia—1,a(t) Bsia—1.a-r(t)
In summary, the active basis functions for any desired rth derivative are obtained as follows:
B3y alt) -
. _ 2(r—17, +1)
— HBd o (f+1> HBde Gen @y {12, d =1}, t € [ke,key).
(r) =0
Bslg 1.4
Example 6.1. Consider d = 3, r = 2. Then, 6 = ¢ — (d — 1) = ¢ — 2, and the active basis functions
are computed as follows:
2
BE—)&?,(t)
B2, 5(1) S (2=3:2-(+D) 4 5(2,1) 1 3(1,0) 1 3(0)
2) ’ HBg j]é (ji—l) Hgg —5,3—(j+1) t) 33, (t) BQ,i (t) Bl,o(t)a € [k€7k€+1)7
By~ (1) i=0
2
B3 (1)
where
1
Akg_o 0 0 1 0 _t—keya
1 1 0 Akg_1 Aky
s _ _ 1, 0
B:(’f;)( )=3 Akg_o A’lcz 1 ) A 10)( ) =2 Akt_l 7%@ , Bﬁ,a(t) =1
0 Akg_1 T Ak 0 1 t—ky
Ak Ak
0 0 Allw ¢ ¢
152)3 J(t) _Aktfz 0 0 1 0 t—kpiq
(2) 1 1 Akg_q Ak
BZ 2, S(t) — 3 Akp_2 Akg_q 0 1 1 , te [kﬂ,ké+l)-
6(2) (t) 0 1 1 Akg_1 Aky
0-1,3 Aky_1 Aky 0 1 t—ky
Ak Ak
BE®) 0 0 = ‘ ‘

If we exploit the local property of NURBS basis functions, then we are able to write equation (4.0.5)

more succinctly as follows:



72

0 ~ 0 ~
0 Rz)—di,dl(ﬂ Wl) éi d; (T7 WZ) 0 Po
0 R ~ R - 0 i
0;—d;,d; (7, W) 0;d; (1, W) Pe,—d;
Zi(T7“~7i7f)i) = ’
i,
(Dy) ~ (Dy) ~ )
L 0 Rei—di,di(’r’wi) Réi,di(T7Wi) 0 ] p'§V571

with ¢; € {d;,d; + m;,...,d; + (N;; — 1)m;}. That is, the local property of NURBS basis functions

gives rise to sparse matrices.

6.2 Strong Convex Hull Property

Next, we will expand on the strong convex hull property of NURBS curves. This property states that
a NURBS curve is contained in the convex hull of its control polygon. We will be mostly interested
in exploiting this property in the case of d-dimensional space where d € {2,3}. We begin by stating

precisely the notion of a path or trajectory.

Definition 6.1. A path in R? is a map o : [tg,t;] — R The points o (ty) and o (t;) are called the
endpoints of the path. If o is of class C", we say o is an r-th differentiable path.

For these cases, we express a NURBS path in the form:

V4
0 T
> ROt w) pl

71 (t) i=r-d
ot) = _
) > ROtw) v
j=t—d
Pila po
= Rg(i)d,d(t>w) : +"'+R§Z(,]c)z(taw)
Pela prd
Pr—d
- Rgo—)d,d(tvw) Rg?;(t,w) } : ’
Py

where t € [ky, k¢11). Let us recast the NURBS path emphasizing the polynomial pieces:



73

Py—q
cnt) = [ RO tw) .. RO w) Lt € by b))

Py

withn =0,...,N, — 1, £ =d+ mn. According to the strong convex hull property, the polynomial
piece ¢, (t) will remain inside the smallest convex set containing the control points p,_g4, ..., Ps;
that is, ¢, (t) C conv ({pefd, e ,pe}). Moreover, due to the smoothness conditions imposed on the
resulting NURBS curve, adjacent polytopes will share a fixed set of control points. If the NURBS
curve is required to be continuous (s = 0), then the adjacent polytopes will share a single control
point. If we require the NURBS curve to be continuously differentiable (s = 1), then adjacent
polytopes will share two control points. In general, if we require the NURBS curve to be sth
continuously differentiable (e.g., belongs to C*), then adjacent polytopes will share s 4+ 1 control
points. This set of overlapping polytopes gives rise to a connected region (in general non-convex)
which bounds the path c(t). It is this feature of ensuring that the NURBS path c(t) never leaves
the delineated region trace by the union of adjacently overlapping polytopes which is most useful
for trajectory generation purposes. In later chapters, this feature will be exploited to reduce the

number of trajectory constraints involved in the optimal control problem.

The number of polytopes involved in bounding the NURBS path c(t) is equal in number to the
polynomial pieces, N,,. These polytopes are obtained by computing the convex hull of d + 1 control
points at the time. Finally, smoothness conditions impose that at least (s + 1) control points be
shared between consecutive polytopes, giving rise to a non-empty intersection between them. The

order of the sequence of control points, then, becomes important, and it is computed as follows:

N,

{Po:P1s-- s PN, 1} = U{p(i—l)(d—s)a sy pi(d—s)+s}' (6.2.1)
i=1

The overlapping polytopes are then obtained using;:

Pi = conv ({I)(7;71)(Cl75)7 ey pi(d75)+s}) , P; € Rd7 d= {2, 3}, 1= ]., ey Np. (622)
In addition, we define the intersection of adjacent polytopes by

Qj =P;NPjt1, j=1,...N, — L (6.2.3)
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The sharing control points must lie in these intersection sets. That is,

{pj(d—s)’ . ’pj(d—s)-‘rs} € Q]7 ] = 1, . Np —1. (624)

Example 6.2. Let N, =4, d+1 =7, s+1 = 5; then, the total number of control points is N, = 13,
4

and they are ordered as follows: {pg,Py;---,P12} = U{P2p—1):---+Pa(it2)}, Wwith the following
i=1

overlapping pattern:

Po P1 P2 P3 Py Ps Ps
P2 Ps Py Ps Pg Pr Ps

, (6.2.5)
Ps Ps Ps Pr Ps Pg Pio
Ps Pz Pgs Pg Pio Pu1 Pi2
with each set of control points used to construct the polytopes P;,i = 1,..., N,. Assume that the

13 control points have the following coordinates:

17.7505 19.1365 27.8785 50.0533 57.3028 60.1812 60.2878 73.2942 80.6503 83.5288 90.7783 90.3518 89.0725
21.7011 35.0556 18.0445 22.9730 44.2766 34.8967 55.8824 60.8108 45.3895 65.7393 68.4420 80.0477 87.9968

then, the union of overlapping polytopes may be graphically drawn as follows:
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Figure 6.1: Union of overlapping polytopes

Note that each of the polytopes is constructed by the convex hull of d + 1 points. In particular, we
will be interested only on polytopes that have nonzero volume. That is, for d = 2 one starts with

triangles, and for d = 3 one starts with tetrahedrons.
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Chapter 7

Solving Optimal Control Problems with Active

Weights and Control Points as Decision Variables

In this chapter, we will focus on the computation of minimizers for optimal control problems that
model the effort required for differentially flat systems to evolve across state configurations while
satisfying trajectory and actuator constraints. In order to relieve the burden often associated with
direct methods, we will exploit the properties of both differentially flat systems and NURBS curves
to induce a transformation of the original optimal control problem into a simpler, more favorable
numerical computational form. This is accomplished by effectively removing the dynamic, trajectory,

and/or actuator constraints from the original optimal control problem.

As previously determined by other authors |[Fliess et al.| [1995], for differentially flat systems there
exists a set of flat outputs (equal in number to the inputs) such that all states and inputs can
be determined from these outputs without integration. Consequently, one can rewrite the optimal
control problem in terms of the flat outputs and then find a minimizer in the flat-output space.
Since the flat outputs implicitly contain all the information about the dynamics of the system by
introducing this transformation, no explicit dynamic constraints remain in the transformed optimal

control problem (removal of dynamic constraints).

If we further parameterize these flat outputs by piecewise polynomial functions in terms of a
linear combination of NURBS basis functions, then we are able to exploit the fact that NURBS
curves are the result of combining two interrelated structures — NURBS basis functions and a
union of overlapping polytopes constructed from the coefficients of the linear combination. After
discretization, the NURBS basis functions depend only on the weights, and the union of overlapping

polytopes depends only on the control points. If, in particular, d of these flat outputs are related
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parametrically and their respective parametric NURBS path lies in the vector space Py, s, then
we are able to fix the coordinates of the control points in such a way that their control polygon
delineates a region of space that avoids all obstructions in the path space and contains the initial
and final path conditions. Since we are guaranteed that the resulting NURBS path will be bounded
by the control polygon regardless of the values of the weights and independent of discretization,
then we are able to remove these path constraints from the optimal control problem (removal of

constraints).

After these two transformations, the original optimal control problem has been converted into a
modified optimal control problem without dynamic, trajectory, and/or actuator constraints. We
proceed, as in a conventional direct method, by transcribing the modified optimal control problem
to a nonlinear programming problem with the remaining parameters (active weights and control
points) as the decision variables. It is important to note that, in general, only a subset of the flat
outputs is written in parametric form and, therefore, only the corresponding control points will be
fixed in order to remove constraints. The control points of the remaining flat outputs (active control

points) will still be allowed to vary.

In summary, the approach used in this chapter consists of the following steps:

a) Rewrite the original optimal control problem, using the fact that the dynamical system is
differentially flat, in terms of the flat outputs and their derivatives (removal of dynamic

constraints).

b) Parameterize the flat outputs by piecewise polynomial functions using a linear combination of

NURBS basis functions.

c) Fix the control points of parametric NURBS paths in such a way that they delineate regions free
from obstructions in their respective path spaces and contain their own initial and final path

conditions (removal of constraints).

d) Transcribe the modified optimal control problem to a nonlinear programming problem with the

active weights and control points as the decision variables.

Starting from the optimal control problem (4.0.1)-(4.0.3), we partition the constraints into two
groups — removable constraints and non-removable constraints. Removable constraints are those
sets of path constraints that can be mutually satisfied by a union of overlapping polytopes. Non-

removable constraints are simply those sets which are not removable.
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hin fo(X(to),u(to))+/ft(X(t)7U(t)) dt + Fy(x(t), u(ty)) (7.0.1)
subject to
X(t) = F(x(t),u(t)), te€ [to,ts] (7.0.2)
£y < Ag x(to) +Bou(ty) <
6 < A x(t)+Biu(t) <uy, tE [to,ty]
;< Ay x(ty)+Byu(ty) <uy (7.0.3)
Lo<  co(x(to),u(to)) < Up
L, < c:(x(t), u(t)) < U, te[to,ty]
Ly < p(x(t).ulty) <Uy;
£y < Agx(to) +Bou(ty) <ty
0, < Ax(t)+Bu(t) <y, te [t tf]
£ < Agx(ty) +Bru(ty) <iuy (7.0.4)
Lo < co(x(to),u(to)) <Uo
L; < & (x(t),u(t)) <U;,  tE[to,ty]
Ly < &x(tp)ulty) <Uy

Let the state and input evolutions be described by the mappings x : [to,tf] — X C R™ and
u: [to,t;] — U C R™. In addition, assume the cost functional , dynamic constraints ,
and trajectory and actuator constraints 7 to be sufficiently smooth. In addition, the
cost functional is expressed as a sum of three terms (i.e., initial, trajectory and final). Each function
Fe, £ € {0,t, f} in the cost functional is a scalar-valued function Fy : X x Y — R. The linear and
nonlinear constraints are also divided into three terms (i.e., initial, trajectory, and final), and they
are vector-valued functions £y : X x U — RN;«, Eg XA xU — RNé*Né, Co: X xU — RN and
Co: X XU — RN;_NEH, ¢ €{0,t, f}. Each of these sets of constraints is allowed to be set to equality,
one-sided bounded, two-sided bounded, or unbounded by manipulating the values of the lower and

upper bounds.
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7.1 Removal of Dynamic Constraints

As mentioned in the introduction, we are interested in a real-time implementation of trajectory
generation. In particular, restricting to differentially flat systems has the computational advantage
of simplifying the optimal control problem by removing the dynamic constraints from the problem.
In addition, as determined by |[Fliess et al|[1995], for differentially flat systems there exists a set of
flat outputs (equal in number to the inputs) such that all states and inputs can be determined from

these outputs without integration.

Definition 7.1 (Differentially Flat Systems). A system is said to be differentially flat if one can find
a set of variables, called the flat outputs, such that the system is algebraic over the differential field
generated by the set of flat outputs. That is, if the system has states x € R™ and inputs u € R™,

then the system is differentially flat if and only if we can find outputs y € R™ of the form

y = Hx,u® ab . u) (7.1.1)
such that (7.1.2)
x = FyQyW, . ..y (7.1.3)
u = Gy yW, ...,y (7.1.4)

That is, one is able to express the flat outputs in terms of the states, inputs, and at most rth time
derivatives of the inputs in such a way that there is a bijection such that the states and inputs can

also be expressed in terms of at most gth time derivatives of the flat outputs.

Although, in general, we do not have a methodology to determine which systems are differentially
flat or a systematic way of computing the flat outputs, there exist results in the literature that let
us answer these questions for some specific cases. In particular, differentially flat systems include
controllable linear systems and nonlinear systems which are feedback linearizable either by static or
dynamic feedback, [Fliess et al.|[1995]. In addition, other specific systems such as aircraft in forward
flight and some classes of vertical take-off and landing (VTOL) aircraft have been determined to be
differentially flat. In the end, even if the system is not differentially flat, many times one is able to

approximate it by control-relevant models that are differentially flat.

Since the behavior of flat systems is determined by the flat outputs, we can plan trajectories in
flat space and then map these to appropriate inputs. With this transformation, we then rewrite the
original optimal control problem - and exclude the dynamic constraints. At this point,
one is justified to inquire if there are any disadvantages in mapping the original set of states and

inputs to the flat outputs. In general, one can expect that any singularities in the original space will
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be mapped to the flat space, but since the mappings 7 are obtained through algebraic
manipulation of the dynamic constraints there might be new singularities or parameter restrictions
that will need to be addressed. Also, it becomes more difficult to reason about the original dynamics
and constraints in flat space, and the degree of the polynomial pieces parameterizing the flat outputs
are usually larger to accommodate the required smoothness. Thankfully, all of these issues can be

addressed off-line.

7.2 Removal of Trajectory Constraints

In the previous section, we were able to express the states and inputs in terms of a set of flat outputs
¥ : [to,tf] — R™. This produced a significant reduction in the number of unknown variables (i.e.,
from n + m to m). We restrict our search for minimizers to the modified optimal control problem
(dynamic constraints have been removed) in the space of piecewise polynomial functions with a
prescribed number of polynomial pieces, order, and smoothness. This is a finite-dimensional space
and, as a consequence, we are able to express each member in the vector space in terms of a set of
basis functions. In particular, we express each flat output in terms of a linear combination of NURBS
basis functions. The dimension of the vector space of any curve so parameterized is determined by
N. = dim(Ppo,5) = Np(o — (s + 1)) + (s + 1). We will make use of the local support property of
NURBS curves, which ensures us that the computation of any value of the curve only requires the
computation of at most d + 1 NURBS basis functions, to efficiently compute the value of the curve
at any given point. This is a significant savings in computational time because in general d + 1 is a

much lesser quantity that N,.

We are now in a position to explore the removal of trajectory and/or actuator constraints from the
optimal control problem - . As mentioned before, in the definition of a parametric
NURBS curve lying in R%, d = {2, 3}, there are two important structures being combined to generate
it — NURBS basis functions and a union of overlapping polytopes obtained from the coefficients
of the linear combination. According to the strong convex hull property of NURBS curves, each
polynomial piece is guaranteed to be bounded by a corresponding polytope (i.e., the smallest convex
set containing a subset of the coefficients of the linear combination or control points). This idea
extends to the whole NURBS curve in which case the parametric curve is guaranteed to remain inside
the union of a set of overlapping polytopes. Therefore, if the control points defining such polytopes
happen to be fixed in space, and we manipulate the NURBS basis functions (after discretization they
depend only on the weights), then we are able to obtain an infinite number of curves all lying inside

the space delineated by the polytopes, regardless of the values of the weights. As a consequence,
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if the polytopes delineate a section of space that is feasible with respect to some set of trajectory
constraints, then the resulting parametric curve will also be feasible with respect to the same set of

trajectory constraints.

We will make use of this property to separately treat the guidance and obstacle-avoidance problems
as follows. We first design a section of space (in general, non-convex) that is feasible with respect to
trajectory constraints and that contains the initial and final path conditions by judiciously placing
the control points (e.g., to form a union of overlapping polytopes avoiding all obstacles). Then, we
generate paths that minimize the original cost functional and satisfy the remaining constraints (i.e.,
omit the trajectory constraints), using the active weights and control points as decision variables
(some of the control points having been fixed in the previous step). The key observation is that
paths generated by solving the latter problem will be guaranteed to be contained inside the feasible
region generated in the former phase (i.e., will be feasible with respect to trajectory constraints)
without the need to explicit write the trajectory constraints into the optimal control problem and
independent of the discretization. Since the resulting trajectory, if it exists, is guaranteed to remain
inside the designed region, we effectively can remove these constraints from the optimal control

problem.

One of the main challenges in the application of the above procedure resides on the construction of a
feasible section of space with respect to trajectory constraints starting only from obstacle information
and the initial and final path conditions. In general, the obstructed space is described by the union

of the obstacles, O;. That is,

M
T=|JO;=01v---vOu.

i=1

Using de Morgan’s Law, we are able to express free space (the feasible set) as follows:
M M
F=-J0Oi=()~0i==01 A A=Ou,

where the logic operators A, V, and — stand for "and”, "or”, and "not”, respectively. For practical
reasons, we will only consider obstacles that are basic closed semi-algebraic sets; in particular, those

that are compact convex with nonempty interiors.

Definition 7.2 (Basic closed semi-algebraic set). A basic closed semi-algebraic subset of R™ is a set
of the form

(X ER™ | f1(X) SOA- A frn(x) < 0}, (7.2.1)
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where f1,..., fm € Rlxy,...,2,], where R[zy,...,x,] denotes the collection of all polynomials in

r1,...,T, with coefficients in R.

Since we are restricting ourselves to basic closed semi-algebraic sets, we describe the ith obstacle in
the form:

Oi:{xeRd\ff(x)§0A~-~Af£i(x)§0}.

The feasible set then becomes

F

[
=
J
S

s
I
—

~{x €RY| fi(x) SOA---Af(x) <0}

|
D=

N
Il
—

= xR | fi(x) >0V V fi(x) > 0}
=1

M n;
= (MxeRrR'| | fix) >0}
i=1 j=1

That is, the feasible set, in general, is a conjunction of disjunctions. This also elucidates the wide
spread use of ellipses for approximating obstacles in the literature. Since in optimization-based
approaches the feasible set must be specified in terms of intersection of sets, then it is desirable to
approximate the set O f;(x) > 0 by a single polynomial inequality, rendering the feasible set to
be a conjunction. Hojv:elver, the outcome of such approximations is unpredictable conservatism. In
addition, one still has to include a large number of nonlinear constraints into the optimal control
problem. Since in obstacle avoidance problems the bulk of the constraints are used to describe the

feasible set, the inclusion of these many nonlinear constraint inequalities can render the problem

real-time intractable. Alternatively, one can use boolean variables to enforce disjunctions. That is,

N i) >t | O[S0 <ni-1b €01} | = | fix) > 0. (7.2.2)
j=1 j=1 J=1

Note that if at least one of the boolean variables is 0, then at least one of the original inequalities
is true. In this case, a boolean variable is required per inequality and, depending on how many
inequalities are involved in describing an obstacle, this could be a very large number of extra
decision variables that one must determine. In this case, the optimal control problem after
transcription becomes a mixed-integer nonlinear programming problem with a large set of mixed-
integer nonlinear constraints and a large set of extra boolean variables. As a result, the problem is

very computationally expensive and real-time intractable.
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Example 7.1. Consider an obstructed set which is made up of a single obstacle, O. In particular,

let the obstacle be defined by the following non-empty compact convex semi-algebraic set:

O={xecR* |23 +22 <10A0.5 27 +0.25 25 <10 Azy + x5 < 3},

—al

Figure 7.1: Obstructed Space

The feasible set is correspondingly described as its complement using de Morgan’s Law.

F = {xeR?*| (21 +23 <10A052]+0.2525 <10A 21 + 22 < 3)}
= {xeR?| (2] +23 <10) V(0527402525 <10) V-~ (z1 +z2 < 3)}

= {xeR?* |22 +22>10V0.5 22 +0.25 253 > 10V 21 + 20 > 3}.

1
=

1
=

I
=]
=]
=
=

Figure 7.2: Free Space

In particular, note the the feasible set is described in terms of a disjunction.
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Now that we have exposed the structure of the feasible set, we are in a position to appreciate the
difficulties involved in constructing a feasible region of space by control point manipulation. In
general, the choice of the vector space Py, s containing the NURBS path will dictate the number
of control points available for the construction of a section of space that is feasible with respect to
trajectory constraints. In this specification, as noted in Chapter [0} is encoded the ordering of the
control points, their subset partition (i.e., selection of d + 1 points at a time) for putting together
N, polytopes in such a way that they share adjacently s+ 1 points. In addition, we require that the
first and last control points correspond to the coordinates of the initial and final path conditions,

respectively, and that these controls be vertices of their respective polytopes.

In particular, the construction of such a region without any further restrictions is complicated by
the following issues: a) lack of uniqueness of a feasible region unless it is a singleton (in general,
there exist many feasible regions connecting the initial and final path conditions, see Figure , b)
must guarantee that the smallest convex sets containing the relevant control points per polynomial
piece are feasible with respect to the constraints (the smallest convex set of a set of points is, by
definition, the convex hull of them, and there is no analytical way of expressing this structure ahead
of time), c¢) the feasible set is described by a conjunction of disjunctions, and d) it is not clear what
objective function to use to drive a desired structure. Consequently, we are forced to determine a

pragmatic set of conditions under which it is possible to construct feasible regions reliably.

N
a N—_[ |
e
\\

Figure 7.3: Cell Decomposition of a UAV trajectory space
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We address such problems by requiring that a section of space, feasible with respect to trajectory
constraints, be given in the form of an ordered union of pairwise adjacently overlapping non-empty
convex compact sets, where the first set contains the initial path condition, and the last set contains
the final path condition. These requirements remove the uniqueness problem because a specific
direction is chosen before hand. This is, in practical terms, the way it occurs in many autonomous
systems applications where a single safe corridor may be constructed from sensor data in the direction
of the moving system. In the case of an autonomous system traversing an urban environment, one
can exploit the structure of the streets and buildings to build safe regions. More structure than
this is required, however, to build the overlapping set of polytopes corresponding to the NURBS
parameterization. In particular, as mentioned above, we require that the original union of safe
regions overlap only pairwise adjacently to avoid ill conditions, that they be ordered, and that
they contain the initial and final path conditions. Since we will proceed this design by solving
for trajectories which must satisfy the modified optimal control problem, it makes sense that we
would like to design the largest region of space contained inside the given ordered union of pairwise
adjacently overlapping safe regions to increase the likelihood of finding such a trajectory. One way in
which this can be accomplished is by maximizing the sum of all the d-volumes of the approximating
polytopes. This is equivalent to maximizing the volume of the ordered union of pairwise adjacently
overlapping polytopes and their pairwise intersection, Theorem In general, only non-empty
convex compact sets have non-zero volume, and they are closed with respect to a finite number of
intersections. Moreover, since these sets are convex, then we can also make use of Theorem [2.1] to
ensure that all the computed polytopes lie strictly in the given union of overlapping safe regions
without requiring an analytical description of the convex hull. As a final remark, one can exploit the
fact that there exists more than one feasible region connecting the initial and final path conditions
for those cases where one fails to acquire a trajectory satisfying the remaining constraints in the
modified optimal control problem. In that occurrence, one can attempt to build a polytopal corridor

that inner approximates on of the remaining feasible regions.

7.2.1 Inner Approximation of Feasible Regions

Mathematically, our objective is to develop an optimal inner approximation of a region R that is
feasible with respect to trajectory and/or actuator constraints. The inner approximation Z of R

will be defined as the ordered union of pairwise adjacently overlapping polytopes, P;, i =1,..., N,

NP
T = Upi CR. (7.2.3)
i=1

The purpose is then to place the control points making up each of the polytopes P;,i =1,..., N, in
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such a way that the resulting union lies entirely in the feasible region R, and it is the one with largest
volume. Figure [7.4]illustrates the specification of a region R and a possible inner approximation of
this region using five polytopes. Each of the polytopes are the convex hull of eight control points,
and adjacent polytopes share three of these control points to ensure that the resulting curve (not
shown) is at least C2?. In general, the choice of vector space Pb.0,s containing the desired NURBS
curve will dictate the specific approximation. Consequently, the set Z is not unique, and the same

region R may be inner approximated in many different ways.

Figure 7.4: Inner approximation of region R by an ordered union of pairwise adjacently overlapping

polytopes.

Theorem 7.1. Let R be a feasible region with respect to a set of trajectory constraints in R?,

d € {2,3}. Assume that this region is defined by an ordered union of pairwise adjacently overlapping

non-empty compact convex sets S;, i = 1,..., N with non-zero volume overlap. That is,
N
R = U'Si such that vy(S; NSj41) # 0 forj=1,....N —1.
i=1

In addition, assume that the initial path condition, c(tg), is contained in the interior of the set Sy,
and the final path condition, c(ts), is contained in the interior of the set Syr. Furthermore, define
a parametric NURBS curve, c(t) t € [to,ts], lying in RY, d € {2, 3}, respectively, and made up of
N polynomial pieces with order o and sth continuously differentiable (s is not arbitrary; it has a
lower and upper bound, 1 < s < d). If we restrict the ordered set of control points arising from the

specification of the parametric NURBS curve

N
{po,P1s- - 7pNC—1} = U{p(i—l)(d—s)) ERR) pi(d—s)+s}7 Py € R* v k, Nc= N(O —(s+1)+(s+1)

=1
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such that {p(i—l)(d—s)’ ey pi(d—s)-‘rs} S Si, 1= 1, . ,N and {p(i—l)(d—s)7 ey pi(d—s)-‘rs} S
Sj+1NS;,5=1,...,N —1, and if the nonlinear programming problem NLP(P,...,Py),

min —vg(P; U - UPn) —vi(P1 NP2)— ... —vi(Pyx—1NPy)
subject to
pp = clth)eS;,i=1
{P—1)(d—s)+1s -+ Pi(d—s)+s} € SicS;,i=1
{Pl—1)(d=s)r s Pi(d—s)+s} € Siyi=2,...,.N~1
{Pli—1)(d—s) -+ Pid—s)4s—1} € SiCSi,i=N
{Pjla—s)r-- s Pjla—s)+st € SiNSjt1, j=1,.. N -1

Py,1 = ctp) eS8, i=N
v(P;) # 0,i=1,....N

has a solution, then we can determine an inner approximation Z of region R in the form of an

N
ordered union of pairwise adjacently overlapping polytopes Z = ( U 771-) C R, where
i=1

Pi = conv ({p(i—l)(d—s)? N 7pi(d—s)+s}) ,’Z: = 17 N 7./\/.

Figure 7.5: Specification of an ordered union of pairwise adjacently overlapping non-empty compact
convex sets §; and the resulting inner approximation by an ordered union of pairwise adjacently

overlapping polytopes P;.
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Proof. Assume that the nonlinear programming problem NLP(P;,..., Py) has a solution. Then,
we have that a set of ordered control points {pg,Py,...,Py,_1} exists and that they satisfy the
condition {P(;_1)(4—s)- -+ Pi(a—s)+s} € Si» © = 1,...,N. Since the sets S;, i = 1,..., N are all
convex, then we have that the polytopes P; = conv ({p(ifl)(dfs), ce pi(d75)+s}), i=1,...,/N lie,
correspondingly, in S;, i = 1,..., N according to Theorem Moreover, since the control points
also satisfy {p(i_l)(d_s), e pi(d_SH_S} €S8j11NS;,j=1,...,N —1, then, pairwise adjacently, the
polytopes must overlap (according to the smoothness conditions on NURBS curves, they must share
at least s+ 1 control points), although not necessarily with a non-zero volume. Since P; C S;, then
if pairwise adjacent polytopes overlap they must do so in the intersection of the sets &;; that is,
Pit1NP; €Sjt1NnS;,j=1,...,N_1. Consequently, (jL\J/ 771-) - ((\Jf SZ->. Figure illustrates
the general idea behind the specification of region R andlztile resultirfg 1inner approximation by the

set 7.

Finally, since the sets S; are non-empty compact convex sets, they have non-zero volumes, and it
makes sense to expand the ordered union of the pairwise adjacently overlapping polytopes in order
to inner approximate the feasible region with the largest volume possible. Repeatedly applying
Theorem we are able to inductively prove that in general the sum of the d-volumes of N

polytopes is determined as follows:

va(P1)+ -+ va(Pny) = vg(P;U---UPn)+
N N
vd<U(PzﬂP >+vd<U P2 NP; ) -+ 04 (Px—1 N Py).
j=2 =3

In particular, if the sets only overlap pairwise adjacently, we have that the sum of the d-volumes of

the polytopes can be simplified to

vi(P1) 4+ +vi(Py) = vag(P1U---UPn)+va(Pr NP2)+ -+ va(Pyv—1 N Py).

Therefore, using the above result and Theorem [2.47 we have that the cost function of the nonlinear
programming problem NLP(Py,...,Py) that maximizes the volumes of the whole union of the

polytopes and their pairwise adjacent intersections is equivalent to

Ud(PZ U---UPpn) +vd(7)1 ﬂ’PQ) + -+ Ud(PN,J ﬁPN)

Il
s
o
+
H
s
)
S

where V(P;,,...,P;,) are the mixed volumes of polytopes P;,,...,P;,. In particular, according
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to properties of mixed volumes (see Definition , the mixed volume of the convex polytopes
P1,...,Pgin R V(Py,...,Py), is a non-negative continuous function in d variables on the set of
convex polytopes and symmetric in the variables P;. As a consequence, it suffices to discard the
case when any of the polytope volumes is zero to obtain an ordered union of pairwise adjacently
overlapping polytopes that approximates R with volume vg(P; U-+-UPxr) + v4(P; NP2) + -+ +
Va(Pn—1 0 Pn). O

In order to be efficient, we will restrict the search for the coordinates of the control points to the boxes
that circumscribe the sets S;, i = 1,..., N and §;41NS;, j =1,...,N —1. We will label these boxes
by B;, i=1,...,N and l';’j, j=1,...,N —1, respectively. Let the coordinates x; € [(J;;-)e, (x;)"],
j=1,...,d. In general, we define p{ = ((2%)%,...,(z%)") and p* = ((z1)*,..., (2))"),i=1,...,N.

That is, we can add the following set of constraints to the the nonlinear programming problem

NLP(Py,...,Py).

IN

pf {p(ifl)(dfs)Jrlv (R 7pi(dfs)+s} < pg’ i=1

o

IN

{p(ifl)(dfs)v'~~7pi(d75)+s} < p?’ i = 27"‘7NP -1

Pf < {P(z‘71)(dfs), Sy pi(dfs)Jrsfl} <pi, i=DNp.

In addition, we have deliberately left the initial and final path conditions outside of the set S; C S;
to ensure that they become vertices of the resulting union of polytopes. In general, one can use a
previously generated version of the union of polytopes and modified coordinates of control points
po and p_; to accommodate other initial and final path conditions, so long as the control points

remain vertices of their respective polytopes and in their corresponding sets S;.

For practical implementations, one can restrict the individual sets S; to be only those that are
compact convex semi-algebraic sets with nonempty interiors (e.g., the simplest sets being polytopes).
The construction of such regions can be obtained using a cell decomposition method or constructed
online using sensor information followed by some type of pairwise adjacent overlapping procedure.
In particular, the simplest sets meeting the above criteria are polytopes, and we will restrict to these
because they give rise to optimization problems that are computationally less expensive (linear

constraints) than their nonlinear counterparts.

Consider the following application of Theorem Assume that the we are given the sets shown in
Figure that meet the conditions specified in Theorem with all the sets S; being polytopes.
Then, by implementing the optimization problem NLP(Py,...,Px) and solving it, we obtain the

ordered union of pairwise adjacently overlapping polytopes as shown in Figure [7.6]
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a)
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b)

Figure 7.6: a) Specification of a feasible region in terms of a ordered union of adjacently overlapping

non-empty compact convex sets and b) Inner approximation of feasible region by an ordered union

of adjacently overlapping polytopes

After the removal of dynamic constraints, trajectory, and/or actuator constraints we have the

following discretized optimal control problem:

min J[Z]

subject to

RS s s
INININIAIA

=
—
IN

N,—2 N
= Go(#(70,W,B))  + > | D7 Gel#(r;, W, D)) | +Gs(2(rn, 1, W, P))
i=0 |j5=0

Ay z(r,w,p) <tuy, i=0,...,N,—1
As 7(tn, 1, W,p) <ty

Co(z(0,W,p)) < U

C(z(ri,w,p)) <U, i=0,...,N.—1

Note that we have removed the dynamic constraints (7.0.2) and trajectory and/or actuator
constraints (7.0.3)) from the original optimal control problem.



90
7.3 Nonlinear Programming Problem

The result of the previous parameterization and discretization is a nonlinear programming problem
where the unknowns are the active weights and control points of all the NURBS curves. The

structure of a general nonlinear programming problem is as follows:

min f(y)

subject to

For our current setting, y € RVT, N is the total number of active decision variables, f : RNt - R
is a smooth real-valued function, A : RNt — RNr=Ni+N:-N{+Ni s 5 linear operator, ¢ : RVT —
RNF=NI+N-N'+NF i 4 smooth vector-valued function, and the lower bounds and upper bounds
are vectors L, U € RNFHNr+NE  where NL and NJ are the total number of linear and nonlinear

constraints, respectively. We construct the objective function f, the linear operator A, the constraint

functions ¢, and lower and upper bounds as follows:

N.—2 [ N
Fy) =Go(@(ro,y) + D D7} Gi(alry,y)| +Gr(z(rn, -1.y)) (7.3.1)
i=0 | =0
S o _ SR
z‘ -AO Z(To,y) -
~ ’ fit i 70, W
(€)° (7¥) (t)o
~ At Z TN.—15
(1) n.—1 i i((TNC ' Y)) (W) n.—1
L= 7 cey)=| LT N Yo it : (7.3.2)
]:i ~O(f(7.07 Y)) INJZ»
(Le)o +(2(70,y)) 0

~ : Ct zZ(TN. — 5 ~
(Le)n.—1 ; ((~<( N Y))>) (Uy)n, -1
r L Lr(Z2(TN.-1,Y i fjf

where L. and U, are the lower and upper bounds for the active decision variables. In general, we
set the bounds for the active weights to be in the range (0,00) and the active control points to be

in the range (—o0,00). Note that it is no longer true that the linear constraints in the optimal
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control problem map to linear constraints in the nonlinear programming problem. This is due to
the nonlinear nature of the NURBS basis functions with respect to the weight parameters. The
Jacobians of the objective function and constraint function are computed as follows:

N,—2

D)'f(i(y)) = Ds go( (T07 )) yZ T0,Y + Z Z'YJ D; gi TJv )) yz(rj,y)

+Ds gf( (TNT_17y)) DyZ(TNT_17y)

fio Dyi(’ro7 y)
A Dyz(r0,y)

A¢ Dyz(tn.-1,)

As Dyz(7n.-1,y)
D;Co(2(70,y)) Dyz(70,y)
D;Ci(%(70,y)) Dyz(70,y)

D;Ci(Z(7n.-1,¥)) DyZ(Tn.-1,y)
| D:Cy(2(7n.-1,¥)) DyZ(Tn.-1,Y) |

Likewise, the Hessian of the objective function and constraint function are computed as follows:

Dyy f(z(y)) = Dyi(TO:Y)TDiigo(Z(TmY)) Dy z(70,y) + Z Woaiﬁh)) Dyyzi

Zi

+ Z |:Z’YJ D z T]v Zzgf( (ij )) DyZ(TJ'7Y):|

mus
C ] 0G: Tj, ~
5> [z {zw D}]

i=0 |j=0 k=1
N
- - 0 5
+DyZ(7n, -1,y) DaaGs(#(tn, -1, ¥)) Dya(rn, -1, ) + Y W DyyZi
i=1 v
_ ) NE 9| AG 2(7o,y)
Dyy [4b 2(r0,y)| = DyZ(r0,y)" Daz [} a(r0,¥)| Dyalro,y) + [a] Dyy

1=1

Nt 9 [/{5’5 i(T07y):|

D,y [Afff #(ro,y)] = Dya(ro,)" Das [Affﬁ #(r0,y)| Dya(ro,y) + — Dyy2:
i=1 v
3 _ Nt 9| A; 2(70,y)
Dyy [4} 2(r0,y)| = Dyz(r0,y)" Daz [A} a(r0,¥)| Dyaro,y) + [a] Dy
i=1 ¢
B B Nt 9 [AT aro,y)
Dyy [A 2(r0,y)] = Dya(r0.y)" Daa [A a(ro.y)| Dy, y)+ [aw] Dyyi

i=1



Dyy [A% z(TN.-1, Y)]

Dyy [ ~§]tl i(TNC—hY)]

Dyy [-"I} Z(TN.-1, Y)]

Dyy [Af Z(TN. -1, Y):|

DyyCO ( (7o, Y))

N

DyyCo" (2(r0,y))

Dyth (Z(70,¥))

~N"
DyyC,* (

N

(T07 y))

Dyyct (Z(TN.-1,Y))
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Dyz(r.-1,y)" Daa [A} 2(x.-1,y)| DyZ(rve-1.¥)

Nt o[} (rve1.y)]

+2 9%

=1

~ T ~N,£ - -
Dyz(r.-1,¥)" Daz [A" 2(7n.-1,)| Dy(ra.-1,y)

N0 [A wr.y)]

Dyi(TNc—l, y)T

Nt 0 [A} 2(rv.1.y)
azi

=1

Dyi(TNc—l, Y)T

N

2

D;: [v‘i} Z(TNC—LY)] Dyz(Tn.-1,y)

N3 D [Aivf #(rro-1,Y)

0%;

=1

0%;

~NL
D;s [Ajff zm_hy))} Dy(r,1,y)

Dy#(70,y)” D2:Ci(2(10,y)) Dya(7o,y) +ZM Do

yy~&i

Gy (#(r0,y))
Dyi(ro,y)" DazCy (#(70,y)) Dyz<ro,y>+20872°’y DyyZi

D 2(7'Nc 1,¥)" D2:Ci (2(7n.-1,Y)) Dyz(tn.-1,y)

+Z aC’fT—Nvl’)) Dyy%

0Z%;

Dyi(TNC_l, ) DzzC

T
300 By o,

0%;

i=1

- 51 9C; (z(7o,
Dya(m0,y)" DiaC (5, ¥)) Dy(ro,y) + Z 9 =0.y)

Zi

" (#(7x.-1,¥)) Dya(rn.-1,y)

i

L p aEn ] £ e (#(ro,y))
DyZ(TO7Y) D:z:C; (Z(TOaY)) DyZ(TOaY) + Z ——F—D

0%;

yy~Zi

yyZi
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DyyCi(Z(TN.~1,Y)) Dyz(rn,-1,y)" DzaC(2(n.-1,¥)) DyZ(7n.-1,y)

D Zi
821‘ Yy

&fj aC (#(rn.-1,y)) - .
=1

~N77, _ ~N7L ~ N
DyZz(7n.-1,¥)" DazCp? (2(tn.-1,y)) Dyz(tn.-1,y)
Np s
= 9C, ' (#(Tn.-1,))
+2 95,

o
<
«

(@

R
=
I
Z
o

|
!
<
<
<
Il

Dyyzi.

=1
The Jacobian and Hessian of the z variables with respect to the active weights and control
points are obtained by using Proposition [3:2] and by ordering both the z variables and the active
decision variables as described in Chapter [4] Before delving into some examples demonstrating
the methodology described in this chapter, let us summarize the steps described above. Figure
[7.7] illustrates the steps required after expressing the optimal control problem in terms of the flat

outputs.

Figure 7.7: a) Feasible region specification, b) inner approximation of feasible region by an ordered
union of adjacently overlapping polytopes, ¢) removal of trajectory constraints, d) computation of

trajectory

We begin with a specification of a feasible region meeting the requirements spelled out in Theorem
and then we solve the nonlinear programming problem NLP(Pi,...,Pyr) arising from the

specification of a parametric NURBS curve. The result is an ordered union of adjacently overlapping
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polytopes. We then fixed these control points and prepare to solve a modified version of the original
optimal control problem which, in addition to omitting dynamic constraints, also omits the trajectory

constraints that are satisfied by the union of polytopes. The result is a minimizer to the original

optimal control problem ((7.0.1)—(7.0.4]).

Example 7.2 (Analytical - Revisited using active weights and control points as decision variables).
At this point, we will revisit Example[5.1} Previously, we had shown how to use NURBS with control
points only to compute optimal trajectories. Here, we will begin by comparing those results with
the methodology of this chapter. That is, we will consider NURBS with active weights and control

points.

T € Poi0,ss 1 =1,...3, with b; = [ 0 3.3333 6.6667 10.0000 } ; 0p =0, ;=2

Uj € Po,oys;s  J=1,...2, with b = [ 0 2.5000 5.0000 7.5000 10.0000 ] ;05 =15, 55=0

Based on Proposition [3.2) a NURBS curve and its time derivatives are expressed recursively as

follows:
- wIdig(85°Ohp, & n ) B0 w
¢ ‘ (t,W“pl) = 1T - - T c; ! (t7wiap7;)a te [thtf]
[BYw] we =\ k) [BYw)] w
fi® By (1) 0
where [BY" ()] = A () I T R
By 4, (1) 0 . BY L@
w; = , and p; = . More specifically, the states and inputs in the current
NE-1 NE-1
Wy b;

exampl_e take the following form at a collocation point 7y:

w'diag({BY () })p;
2 (o wip) = — i digk)})p’,ie{l,z:%}

B ()| wi

1 T
wldiag({B (r)Pp, B ()] w

o wip) = g e Wi diag({By) (n)b)py, i € {1,2,3}
EPE] e (0] w)
o wldiag({B} () })p

u; (e, Wi, P;) = o T Loje{1,2}
_ij (Tk)_ Wi
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Note that in this instance the curves depend nonlinearly on the parameters of the piecewise
polynomial functions (i.e., active weights and control points). Figure [7.§] and Figure [7.9] compare

the minimizer found using this methodology against the one found in Example

35 .

30

Figure 7.8: Numerical optimal state trajectory with control points only (black), Numerical optimal
state trajectory with active weights and control points (red) and Analytical optimal state trajectory

(blue)

u

\\

ul

Figure 7.9: Numerical optimal input trajectory with control points only (black), Numerical optimal
input trajectory with active weights and control points (red) and Analytical optimal input trajectory

(blue)



x1

96

30
. B
20 I oo
K / ..............
10
1 2 3 4 5 6 7 3 : J
t
10
8
6
4
2
of fiassmmmeeeeeeessesoosmmeieeeeeseessaszos g A S B
-2
0 1 2 3 4 5 6 7 3 : o
t
35 : I | | |
. /
- /
] O T o s s o
] s PRI S L Ll Sttty
1 kuseem==" [ : ‘ I ‘ | I | ‘
1 2 3 4 5 6 7 3 . J

Figure 7.10: Initial guess for states (black), Numerical optimal states with control points only

(green), Numerical optimal states with active weights and control points (red) and Analytical optimal

states (blue)
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15

0.5

-0.5

15

Figure 7.11: Initial guess for inputs (black), Numerical optimal inputs with control points only

(green), Numerical optimal inputs with active weights and control points (red) and Analytical

optimal inputs (blue)
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Example 7.3 (Analytical - Revisited exploiting differential flatness and using active weights and
control points). It turns out, that this system is differentially flat. Consequently, we are able to
map the states and inputs to a lower dimensional space, reducing the number of decision variables.
Consider the following flat parameterization of this dynamical systems by letting z; = z1 and zo = 3
serve as flat outputs. In order for this parameterization to be flat we must be able to write the states

and inputs in terms of the flat outputs and some of their derivatives. That is,

X1 = Z1
Zo
T2 = —
21
r3 = 22
U1 = 231
B1%a — 1k
Uz = ———5
7

Moreover, we should be able to write the flat output variables and their derivatives in terms of the

states, the inputs and some derivatives of the inputs.

z1 = X

21 = U

Z1 = W

Z2 — I3

Za = u1T2

Zog = ujup +U1Ts

More succinctly, we are able to write,
(2155 21,22, -+, 22) = V(21, T2, 3, U1, Uy, uz) = Y(E)

In particular, note that this mapping is locally invertible, with the exception of the following point:
det (D¢ ¥(€)) = —ui

Consequently, we will need to avoid the singularity occurring at u; = 2; = 0. Specifically, we will

constraint this input to be positive.
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In terms of the flat outputs, the optimal control problem takes the form:

ty=10 3
min 1 f [z"l 72'122;22122 R{ . .. dt
Z1,22 t0=0 1 2122. Z1Z2

subject to:
Zl(to) = 10
2t)  _
Zl(to)
Zz(to) = 20
Z1(t) € (0.25,00)
Zl(tf) = 27
217D
Z1(ty)

As before, we proceed to parameterize the flat outputs in terms of piecewise polynomial functions as

a linear combination of NURBS basis functions. The specific parameterization proceed as follows:
2 € Poro.s;s 4 =1,...2, with b; = [ 0 25000 5 7.5000 10 } .0, =6, s;, =3

Using Proposition |3.2] a NURBS curve and its time derivatives are expressed in the current example

in the following form at a collocation point 7j:

wldiag({BY (1) })p;

zl€0)(7—k7wiapi) = ) T s 1€ {1,2}

{Bdi (Tk)} Wi

@17
wlding({B (m)pp;  [Ba ()] wi .

Arewop) = S S L] s 1 012

v (o] )
(2) wdeiag({Bf,) (16)})P; [Bgi) (Tk)} ’ w; "
a0 (T Wi py) = 1 —2 ZW?diag({Bdi (7%) )i +

{Bl(i(;) (Tk)] ’ Wi ( {ng) (Tk)} ! Wi)

(1)7' TWi 2 (2)7' TW‘
) <|:Bdi ( k)} )3 _ {Bd’ ( k)} ' 5 Wdeiag({ng)(Tk)})piv ie{1,2}

Figure and Figure [7.13] compare the minimizer found by exploiting differential flatness to the
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analytical optimal.

3.l

30.).

25

207

Figure 7.12: Numerical optimal state trajectory by exploiting differential flatness (red) and

Analytical optimal state trajectory (blue)

25 T T

u2

ul

Figure 7.13: Numerical optimal input trajectory by exploiting differential flatness (red) and
Analytical optimal input trajectory (blue)
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30 T T T T T

x1

a0l : : ; ; : _

Figure 7.14: Initial guess for states (black), Numerical optimal states by exploiting differential
flatness (red) and Analytical optimal states (blue)

25 T T T T T T

Figure 7.15: Initial guess for inputs (black), Numerical optimal inputs by exploiting differential
flatness (red) and Analytical optimal inputs (blue)
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Example 7.4 (Analytical-Revisited exploiting differential flatness and using active weights and
control points subject to trajectory constraints). Consider adding the following trajectory constraint:
(71 —25)% + (22 — 3)? + (z1 — 26)2 — 25 > 0. In terms of the flat variables, this trajectory constraint
takes the following form: (23 — 25)% + (z—f —3)2 + (22 — 26)% — 25 > 0. Note that this constraint is

not in flat space because it also requires the derivatives of the flat outputs.

o 0.5 1 15 2 245 3 35 4

Figure 7.17: Constrained input trajectory (red) and Analytical optimal input trajectory (blue)
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Figure 7.18: Initial guess for states (black), Constrained states by exploiting differential flatness

(red) and Analytical optimal states (blue)

Figure 7.19: Initial guess for inputs (black), Constrained inputs by exploiting differential flatness

(red) and Analytical optimal inputs (blue)



103

Example 7.5 (VTOL UAV). In this example, we will use our approach to plan trajectories for a
small four-propeller VTOL UAV.

Figure 7.20: VTOL UAV Coordinate frames. Arrows around forces depict assumed direction of

propeller rotation.

The translational and attitudinal equations describing the VITOL UAV motion are expressed as

follows:
ity cos @ cosy
Fp+Fr+Fp+F

y _ Iz RmB T B | cos sine (7.3.3)

: —sinf
p bu (Fy + Fr— Fp — Fp) + S g g
" B (Fr = Fp) + B pr ) (7.3.4)
¢ ziR(FL_FRH%pq

where (z,y, z) denotes the position of the center of mass of the UAV. The magnitude of applied force
along the Xp body axis is denoted F, and all others are zero. The mass of the UAV is m? = 2.0
kg, g is gravity, and p,q, and r are the components of the angular velocity in body coordinates.
Moreover, we have assumed that there are no products of inertia. The principle moments of inertia
are denoted as follows: I, = 0.25 kg m?, I, = 0.125 kg m?2, and I, = 0.125 kg m?. The torque
constant of the propeller is k,, = 0.5, {pp = 1.0 m is half the distance between the applied force

Fr and Fp, and ;g = 1.0 m is half the distance between the applied force F; and Fgr as seen in

Figure [7.20]
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In order to determine the final form of the equations of motion, we take time derivatives of the

components of the angular velocity and obtain:

P —cosﬁqbé—i-(ﬁ—sinGzl}
q = cosqbé—l—cos@ sin¢¢ (7.3.5)
7 —1) (cosqS sin ¢ 0 + cos 0 sin¢gﬁ)+cos¢(—9gﬁ+c089 1/))

and replace these expressions in the attitudinal dynamics ([7.3.4]). Let us consider the minimum time
optimal control problem of taking the VTOL UAV from an initial equilibrium solution to a final

equilibrium solution subject to obstacle constraints and input constraints.

min ¢y (7.3.6)

&= féx7 u) (7.3.7)
(x(to),x(tf)) € B (7.3.8)
(@(t),y(t),2(t) € TCR (7.3.9)
ut) € U, (7.3.10)

where the states x = (x,g'c,y,y,z,z',qb,qlﬁ,ﬁ,@.,z/},z/}), and the inputs u = (Fp, Fr, Fp, Fg). In all
there are 12 states and 4 inputs. The region 7 specified in the trajectory constraints is
defined by the ordered union of adjacently overlapping polytopes by using the control points of the
(z,y,2z) NURBS curves. This system happens to be differentially flat. Therefore, we will exploit
this fact to obtain a reduce set of variables to describe the full set of dynamics. The flat outputs, in
this case, happen to be z1 =, 20 =y, 23 = 2, z4 = ¢. We can write the flat outputs in terms of

the states, inputs, and their derivatives as follows:

z§1) — i Z§2):F(c050cost/1)—g

zél) = 4 352) = F(cosfsin)

AV = 5 AP = _Fsing

M= ¢ 2P = 1, 0,0,4,0,6, M, My,, Mz,)

AV = fa(F Y, 0,0,9.0,0)
4 = [EF,.0,9.0,0)
4 = (B F,.0.4.0,)
AV = f5(FEF,0,0,0,0,, My, My,)
AV = fo(FE F0,0,0,4,0,6, My, Mz,)
AV = F(F FF9,6,0,0,0,6, My, May,).
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In short,

(21, .- .,z£4),22,...,zé4),z'3, .. .,Z§4),24, 2P =w(e),
where

£ = (2,9,2,0,6,,8,9,2,0,,0, Mx,, My,, Mz,, F, F', F). (7.3.11)
The above relation is locally invertible, with the exception of a few points, since

V. —FScosf

is nonzero. For implementation purposes we need to explicitly write the states and inputs in terms
of the flat outputs. From the flat output definitions, we obtain: x = 21, y = 22, 2z = 23, ¢ = z4 and
T =21, y=29, 2= 23, qb = Z4. Using the equations of motion, we are now required to write 1, 6,
F, Mgp,, Mp,, and Mp, in terms of the flat outputs. Using the translational dynamics , in

flat-output space we can solve for v, 0, and F' analytically,

_ Z9
= t 1 7.3.13
v o <51 +9) ( )
—1 _53
= 3.14
o tan ((21 +g) costp+ Zo sinw) (7.3.14)
F = m\/(é’l +9)° + 52+ 52 (7.3.15)

Likewise, using the attitudinal dynamics ((7.3.4)) in flat-output space we can solve for the propulsive

moments: Mp,, Mp, , and Mp,

Mp, = Lip+—1) qr (7.3.16)
Mp, = I,q+(L—L)pr (7.3.17)
Mp, = L+, —1;) pgq. (7.3.18)

To write the moments in flat-output space, we write the components of the angular velocity in terms

of Euler angles and their derivatives ([7.3.5)), and substituting in (7.3.16])-(7.3.18) we obtain

MBX = fo(I:meaIZa97¢79'7¢7d)7(57¢)
MBY = fo(IwaIy7IZ797¢7é7¢?¢?éﬁqﬁ)
MBZ = fBz(Iw7Iy7]z>07¢7éa¢57¢7¢)'

We will require the following variables ¢, ¢, ¢, 1,1, 1), 0,6, and 6. Since ¢ is a flat output we have
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that ¢ = 24, qb = %4, ¢ = 34. The other derivatives can be obtained by taking time derivatives of

(7.3.13) and (7.3.14). After these substitutions, the moments will depend only on the flat outputs

and their time derivatives. Moreover, we are able to obtain the individual fan forces Fy,, Fr, Fr and

Fp by inverting

Mxp kw ko —ko —ky Fr
My p B 0 0 ‘¢rp —lrp Fr
Mzp - lrp —lrgp O 0 Fr

F 1 1 1 1 Fp

The applied thrust forces are fixed in the body, as shown in Figure [7.20]

After this transformation, we are able to remove from the minimum optimal control problem.
We then proceed to parameterize the flat outputs by NURBS basis functions. In our case, we choose
piecewise polynomial functions Py, , s for each flat output. More specifically zy, ..., 23 are Py 7,4, with
16 polynomial pieces being pasted at the breakpoints b, where b is constructed by evenly positioning
the end points of the polynomials in the interval [0, 1]. The flat output z4 is also constructed with 16
polynomials and the same breakpoints b except for a different order and curve smoothness: Py ¢ 3.
The next step is to construct a corridor in S which avoids all obstacles. This will allow us to remove
from the optimal control problem. Figure shows the corridor that has been designed
for this problem.

800
600
400

200

400

600 0

Figure 7.21: Feasible corridor with respect to obstacles in trajectory space.



107

Figure 7.22: Front View: VTOL UAV trajectory shown with obstacles. Attitude is depicted by the

rotation of the body axis.

The only constraints remaining in our optimal control problem are and . The body
forces Fr, Fg, Fr,, and Fg are constrained to be in the interval [0,0.3 m g]. We further constrained
the angle 0 to the interval (—m/2,7/2) to avoid the singularity described in (7.3.12)). The optimal
trajectory was found starting from a random initial guess as shown in Figure (front view). The

125.6 sec trajectory was solved in real time on a 3 GHz Pentium IV PC. The body forces are shown

in Figure [7.23]
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Figure 7.23: Body Forces: Fr, Fr, Fr, and Fp.



Psi (rad) Phi (rad)

Theta (rad)

108

o

|
&)

I
=
o

1 1 1
20 40 60 80 100 120
Time(s)
T

-1 1 1 1 1 1 1
0 20 40 60 80 100 120
Time(s)
2 T
1 4
0 M
1k 4
_2 1 1 1 1 1 Il
0 20 40 60 80 100 120
Time(s)

Figure 7.24: Euler angles: ¢, 1 and 6.
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Example 7.6 (Alice - Caltech’s autonomous system). We are going to revisit Example In
particular, this system is differentially flat, and we will take advantage of this fact. Let z; = x
and zy = y be flat variables. Then, we use the dimensionalized equations of motion to solve for

u,0, A, and ¢. The states and inputs are expressed in terms of the flat variables as follows:

w@(r) = \/E(r)+ B
0(z(r)) = tan ' [:’8]
A(a(r)) = a(@(r))
o) = ! S5,
where
ey~ WolE(D)
(3()) ()
e = D)
o Lu@am)’ (3 W) la(n) - u(a(r) ¥i(a(r))
) = wa(n)" + L2 Bi(a(r))
Ui(2(1) = £(7) £(7) — 2a(7) Z1(r) — £1(7) 22(7) + 51(7) Za(7)
with

Uo(z(r)) = Z(7) Z1(7) + 22(7) Z2(7)

Ui(z(r)) = Z(7) Z(r) — 22(7) Z(7);
and, letting z3 = £ we define z(7) = (21(7), 21(7), 21(7), Z1(7), 22(7), 22(7), 22(7), Z2(7), 23(7)). In
addition, we will add an extra term to our current cost functional to allowed obstacle and terrain

information to be included in a form of cost. For this purpose, we will construct a NURBS surface,

S(z(t),y(t)), and construct the cost functional:

/ S@(t),y(t) ds = / S@(t), y(®) VO L 9@ dt. (7.3.19)
C to

Using the flat parameterization, we rewrite the cost functional as follows:

/ J@#(r) dr = / S(1(r), (7)) VAR + (7R dr. (7.3.20)
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We rewrite the optimal control problem with this parameterization as follows:

1 N 5 . 1
min 5o 20(1) [ [AEE 4200 (@) + Sl HE)P] dr o [ TG dr

subject to

Trajectory Constraints:

001<  (MED) <y o

z3(7)
Amin S A(igT)) S Amax
3

¢min S d)(i(T)) S (bmax

.. $(2(1)) y

¢m1n < Z3(7) < (bmax
g < W) g

ey = MEED = op

Initial and Final Boundary Conditions:

21(0) = xo, z1(1) =y
22(0) = yo, z(1) = yy
-1 ﬁ _ -1 ZJ —
tan (22) 6o, tan (22) 0

where v;, j = {0,1,2} is 0 if not enforce and a nonzero real value otherwise. The cost for Alice
traversing an urban environment can be set by pricing sections of space according to whether or
not the vehicle is to allowed to traverse it, as illustrated in Figure [7.25] For purposes of trajectory
generation using a direct method, we are restricted to cost functions that are at least differentiable.
For this purpose, we will use a NURBS surface approximation of the cost map in the form of a
smooth function (see Figure with smooth partial derivatives (see Figure and Figure[7.28).
Fortunately, many of the properties of NURBS curves extend to NURBS surfaces such as the local
support property. As in the case of NURBS curves, this property will make it possible to perform

numerical computations on the NURBS surface by using only a subset of the basis functions.
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Figure 7.25: Cost of motion through an urban environment.

Figure 7.26:

NURBS smoothing of the cost map.
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D1y

Figure 7.27: Partial derivative of cost map with respect to x.

28

Figure 7.28: Partial derivative of cost map with respect to y

With the NURBS cost function in place, we are ready to determine trajectories for the vehicle that

perform according to the cost of the motion. Figure [7.29) and Figure [7.30] show a left and right
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maneuver, respectively. In addition to embedding safe driving regions, one can also embed obstacle

cost as illustrated in Figure [7.31

Figure 7.29: Minimum time left-turn maneuver respecting cost function.

Figure 7.30: Minimum time right-turn maneuver respecting cost function.
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Figure 7.31: Minimum time obstacle avoidance maneuver.

Moreover, we are interested in using Theorem [7.1} There are two way that this was implemented in
Alice: a) using DARPA’s route data definition file (RDDF) and b) using corridor gates. In particular,
Figure illustrates the application of Theorem starting form the RDDF specification.
Although the RDDF specification meets the criteria of Theorem[7.1] the use of the specification leads
to nonlinear constraints. We remedy this by approximating such regions by very low cost polytopal
approximations (octagons). The result is an ordered union of pairwise adjacently overlapping
polytopes with nonempty interiors, see Figure [7.32b. We proceed by truncating the feasible region
of the first and last polytopes in such a way that the first and last control points are ensured
to be vertices of the resulting approximating polytopes. This is done by finding the hyperplanes
perpendicular to the direction vectors of both the first and last polytopes and then moving them
towards the center of each by some small amount, see Figure [7.32k. Finally, we solve the nonlinear
programming problem NLP(Py,...,Px) in order to obtain an inner polytopal approximation of
the feasible region that satisfies NURBS parameterization. Lastly, we fixed the coordinates of the
control points according to the optimal solution found in NLP(Py,...,Pyr), and we proceed to
solve the modified optimal control problem with the active weights and control points as decision

variables. The results are illustrated in Figure [7.33
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Figure 7.32: a) RDDF specification, b) Polytopal feasible region with pairwise adjacent, ¢) Ensure
that initial and final control points are vertices by restricting and d) Approximation of feasible region

by an ordered union of pairwise adjacently overlapping polytopes

Figure 7.33: Consecutive trajectory generation for Alice
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Chapter 8

Final Remarks

8.1 Summary

In this thesis, we have described a new method for numerically computing minimizers for optimal
control problems that model the effort required for nonlinear dynamical systems to evolve across state
configurations while satisfying trajectory and actuator constraints. In particular, we implemented
a direct method (i.e., transcribed the original optimal control problem to a nonlinear programming
problem). One of the main distinctions in this implementation from all others previously published
resides in the choice of basis functions used to describe each member of the restricted search space.
Specifically, the restricted search space consisted of the space of all piecewise polynomial functions
with a prescribed number of polynomial pieces, order, and smoothness. This space happened to be
finite dimensional and, consequently, each member in the space was expressed in terms of some set
of basis functions. We chose NURBS basis functions for this purpose and showed how to judiciously
exploit the properties of the resulting NURBS curve to improve the computational effort often

associated with solving optimal control problems for constrained dynamical systems.

More specifically, we showed in detail how to exploit the structure of both the NURBS basis
functions and the associated union of overlapping polytopes resulting from the placement in d-
space (d € {2,3}) of the coeflicients of the linear combination of the NURBS curve. One of the
main realizations uncovered through the careful study of these structures was the fact that one can
use the strong convex hull property of NURBS curves to separately treat the guidance and obstacle-
avoidance problems, making the original optimal control problem tractable. This separation was
accomplished by manipulating both the weights and control points; one set of parameters used at a
time to solve one of the problems. That is, we showed how one can first design a connected section of

space (in general, non-convex) by judiciously placing the control points in such a way that the union
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of the associated polytopes was feasible with respect to trajectory constraints and contained the
initial and final path conditions. Then, generate paths which minimized the original cost functional
and satisfied the dynamic and actuator constraints (omitting the trajectory constraints), using the
active weights as decision variables. The key observation was that paths generated by solving the
latter problem were guaranteed to be contained inside the feasible region generated in the former
phase, without the need of explicitly writing the trajectory constraints into the optimal control

problem, and independent of the discretization.

In addition, we showed how one can construct systematically a feasible region that corresponds to
a NURBS parameterization starting from an ordered union of pairwise adjacently overlapping non-
empty compact convex sets. Specifically, we showed how to setup a nonlinear programming problem
to solve for the feasible region in terms of an ordered union of pairwise adjacently overlapping
polytopes with nonempty interiors by maximizing the sum of their volumes and starting from a
feasible region described by an ordered union of pairwise adjacently overlapping nonempty convex
compact semi-algebraic sets. In addition, we showed in simulation how this strategy could be

implemented practically for an autonomous system traversing an urban environment.

Finally, this work culminated in the filing of patent US20070179685 on behalf of Northrop Grumman
for the Space Technology sector and in the development of the NURBSbasedOTG software package.
This C++ package contains the theoretical results of this thesis in the form of an object-oriented

implementation optimized for real-time trajectory generation.

8.2 Conclusions

8.2.1 Towards a Real-Time implementation

At the current time, more than any other thus far, research on autonomous system is at its
apogee. In fact, even as I write this, the Defense Advance Research Projects Agency (DARPA)
is conducting the final selection of those teams that will be allowed to participate in the DARPA
URBAN CHALLENGE 2007, taking place at the Southern California Logistics Airport in Victorville,
California. All top universities and companies in the country have been working hard during the
past 18 months to produce entries to this competition in the form of terrestrial vehicles guided purely
by control algorithms written in a hand-full of different languages and running on board the fastest
computers. The goal? To autonomously traverse an urban environment under time constraints while
obeying traffic rules. The prize? Two million dollars to cover some of the expenses and priceless

bragging rights.
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Not surprising, the design of an autonomous system is a multidisciplinary endeavor, requiring
technological advances from the many fields of science and engineering. In designing these types of
systems, it is highly desirable to endow the units with a capability of determining, analyzing, and
posing relevant problems mathematically on-line and solving them on time to implement the required
corrections. The objective to be accomplished by the autonomous unit could be programmed by
humans or could be self imposed. While trying to meet the objective, the autonomous unit will collect
information using monitoring subsystems that sense the environment and its internal subsystems.
This information will be varying constantly (obstacles are in different places, energy reserves are at
different levels, faults might occur and so on). This information will be translated into new sets
of state trajectory and input constraints, new model dynamics and new objectives; consequently,
new problems will have to be assembled on-line using the newly gathered information. Moreover,
the autonomous unit would seek for solutions that are in some way optimal in order to properly
manage the limited resources at its disposal, and it would require that such solutions be obtainable
in real-time. In summary, it is highly desirable to develop a feedback methodology that deals with
online modification of the optimal control problem and that guarantees stability and performance
of the closed-loop system under the added burden of reconfiguration. In line with this thesis’
theme, the author suggests theoretical extensions to Receding Horizon Control (RHC). The biggest
challenge in theoretically extending the RHC results to the setting of autonomous systems lies
on determining a strategy that precludes the system from loosing feasibility after a model and/or

constraint reconfiguration.

A first attempt to practically implement a reconfigurable strategy using the results of this thesis
on an autonomous system was performed during the period of September 2006 - July 2007. The
goal was to provide Alice (Caltech’s autonomous vehicle) with an alternative trajectory generation
strategy for use during the DARPA URBAN CHALLENGE 2007 race. Example [5.3 and Example
[7-6] show some of the specifics of the implementation that was tried. In particular, in order to deal
with reconfiguration, an object-oriented (inheritance, polymorphism, etc.) software approach was
chosen. Careful attention was placed on trade-offs between flexibility and time computation, always
favoring speed whenever possible. For the computations required to implement Theorem [7-1} that is,
conversion between H- to V-polytope representations and volume computation, we used the Double
Description method implemented by [Fukuda and Prodon| [1995] and the VINCI software package
implemented by Biieler et al.|[2000], respectively.

Unfortunately, three months short of the race, we realized that the time table for our approach to
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be included in Alice had run its course. There still remained many milestones that needed to be
accomplished before a reliable version could be used on board Alice. One of the major issues was
reliability. Although we could solve many of the posed problems fast enough for real-time purposes,
we could not consistently solve all problems posed, or at least with a reasonable rate of failure. Some

of the reasons for this inconsistency have to do with the inherit nature of the methodology. That is,

a) the rate of convergence and success in finding a solution of a posed nonlinear programming
problems tend to be sensitive to initial guesses — this translates into guessing both the weights
and control points, as supposed to actual points on the NURBS curve. In addition, under
constraint reconfiguration, one cannot reuse previous solutions as guesses to new problems,

which is a very useful strategy in traditional RHC.

b) computing the exact volume of a polyhedron is NP hard (acceptable only for regions made up of
a few sets) — sensing the environment sometimes leads naturally to representing the feasible

space with a large number of overlapping sets and this tends to be a hard problem to solve.
¢) not all problems posed have solutions and this cannot be detected ahead of time

d) conversion between H- to V-polytope representations are highly dependent on scaling, translation

from the origin and rounding errors

e) SQP problems are only guaranteed to be feasible when an optimal solution is found — if feasibility
was guaranteed throughout, one could stop computation after some time interval and use the

latest feasible solution to guide the system

f) the rate of convergence of an SQP method is sped up when using the exact hessian but this
could be a very expensive computation — using parallel algorithms and exploiting multi-core

processors to split the computation can make these computation less burdensome.

Many of these issues can be overcome given enough time. In general, issues e) and f) could be
overcome by the use of an alternative nonlinear programming solver such as the KNITRO (SLQP
solver). This solver uses an interior point method to determine solutions of the posed problems,
makes use of second-order data and it is able to maintain feasibility throughout. c) could be overcome
by posing problems that are convex in the nonlinear programming problem sense even though they
are not necessarily convex in the optimal control problem sense. b) could be solved by replacing the
exact volume computation of polytopes with an approximate less expensive measure that gives the

same intended result.
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8.3 Future Work

8.3.1 From Cell Decomposition to Pairwise Adjacently Overlapping Cells

In this thesis, we mentioned on passing that one way in which the region R, alluded on Theorem
could be constructed was by performing a cell decomposition of the trajectory space followed by
a pairwise adjacently overlapping procedure. How this actually is done practically still remains an
open question. However, it seems to the author that this should be possible for those cases where the
trajectory space is decomposed using polytopal cells by constructing the smallest set containing the
centroids of pairwise adjacent cells. Consider the examples shown in Figure In both cases, one
begins with a polytopal cell decomposition. Is it possible to produce an overlapping procedure such
that one can move to adjacent cells starting from the pink cell shown in the figure on the left? The
answer seems to be yes. The green polytope constructed using the centroids of the cells produces
an overlapping of the pink cells. Starting from any pink cell and using the green cell to achieve an
overlap, we are able to move to any other pink cell satisfying the conditions of Theorem One
of the challenges to overcome is to achieve an overlapping procedure that is complete (i.e., if it fails

no such overlapping is possible) when obstacles are present in the trajectory space.

/N
A

Figure 8.1: Two examples of polytopal cell decomposition that undergo an overlapping procedure

using the convex hull of the centroids of adjacent cells.
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8.3.2 Exploiting NURBS curve invariance properties

Among the properties of NURBS curves left out in the body of this thesis, we have the Refinability

property. Consider the following NURBS curve:

Pe—d
c(t) = [Ré@d,d(t,w) o RO W) C | e ke kes).

Pe

As mentioned before, the NURBS basis functions are expressed in terms of B-spline basis functions

as follows: ©
B (t) w;
ROt wo, .. wn,—1) = Nﬁfd# (8.3.1)
Z:O Bz(,od) (t) w;
and the NURBS curve expressed in terms of B-splines becomes
B70)] pu
C(ta Wa p) - T ) (832)
8P w
where
We—d Pe—d
Pw = : : (8.3.3)
We Pe
Let us begin by defining the B-spline function of degree 0.
1, iftelo,1)
Bo(t) = . (8.3.4)
0, otherwise
In general, we can obtain a B-spline of degree d by using the following convolution
Bd(t) = / Bdfl(s) Bo(f — S) ds. (835)

In addition, we connect these B-spline definitions to the ones in the linear combination using the

following property: B,(:?L)i (t) = B((io) (t—k).

The refinement equation for B-splines of degree d is given by
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d+1 d+1

B = 5 Z

Basically, it states that a B-spline of degree d can be written as a linear combination of translated

BV (2t — k). (8.3.6)

(k) and dilated (2t) copies of itself. Expressing the refinement property in matrix form we have that

S0
S1
Bt = [ BP@) BO@-1) ... BY@t—(d+1)
Sd+1
Béo) (Qt) Sd
. L[ d+1 . .
with s = 57 . Using the refinement property, we are able to write the NURBS curve as
k
follows:
T
B 20)] Sa pu,
c(t,w,p) = - . Sq € RGNetd)xNe (8.3.7)
[BEIO)(%)} Sy w
The non-zero entries of the matrix S, are determine as follows:
1 d+1 )
Sk+2i,i:27 s ZE{O,...,NC—].}, kE{O,,d-f—l} (838)
k

This way of expressing curves is at the heart of Subdivision. Note that this is still the same NURBS
curve but with a change of basis: By(t) — Bg(2t) and concurrently change of weights and control
points: w — S; w and py, — S4 p,. Moreover, the support of the basis functions is half as wide,

and they are spaced twice as dense.

Example 8.1. Consider the B-spline of degree 1:

0 = 2 0
GROBESEDY 5" (2t — k)
k=0 k
2 2
_ 1 B (2¢) 4 & BO (2t 1) 4 & B (2t — 2)
2 3 1 2| -

1 1
= 3 B§°>(2t) +1 890t —1)+ 3 B2t - 2)
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08
0.6
12/ 12

0.4+

o2t f

Figure 8.2: Refinement applied to Bgo)(t).

It is clear from Figure that the black curve is constructed by adding the blue, red and green
dilated and translated versions of the B-spline of degree 1 using the coefficients (1/2,1,1/2). Consider
the NURBS curve made up of N, = 5 polynomial pieces of degree d = 1 and smoothness s = 0.
The dimension of the vector space is N, = 5(2 —1) +1 = 6. The NURBS curve then is expressed as

follows: .
B2 @] sip.,

c(t,w,p) = — (8.3.9)
B®] siw
T
Applying the refinement equation to the B-spline matrix [BEO) (t)} , we obtain:
T T
[Bﬁo)(t)} _ [Bﬁ‘”(%)} Sy, (8.3.10)
where
T
BYw] = [ 800 8O0 ... B | (8.3.11)
T
Beo| = | Ben BO@) .. B9 |- (8.3.12)

For the sake of simplicity, consider the case when the weights are all set to the same value

wo=-+=wpy,—1 =w > 0. That is,

c(t,p) = {Bgo)(zt)rslp (8.3.13)
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Let p! =S; p=9S; p°. That is,

P £ 00 0 0 0

pt 1 00 0 0 0

P 1400 00

3 00100 0 0/f -
Po

i 0 £ 2 0 0 0 o
p

L 0010 0 0 ;
p

pi =100 % L oo : (8.3.14)

1 P3

ph 00 0 1 00 X
Pa

Ps 000 & 2 0 .
p

P 0000 1 0L
pO

p%o 0 0 0 0 %%

ph 000 0 0 1

plo 0000 0 %

p! S

The question is how do we exploit this property to our advantage. For example, when constructing
the overlapping set of polytopes one could apply the change of control points to get smaller polytopes
and a larger set of basis functions and weights. Having a larger set of weights is useful in having a
finer control over the curve in order to satisfy all constraints of the optimal control problem. The
challenge resides in the fact that not all subdivisions lead to a scheme where the old control points
keep their coordinates and new ones are added to divide the polytopal space (desired behavior).

Instead, some schemes move all the control points, and in those cases feasibility is lost.
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Appendix A

Derivation of Partial Derivatives of NURBS

Curves

In this appendix, we prove Proposition [3.2

Proposition A.l. Consider c¢(t,w,p) to be a smooth curve expressed in terms of a linear
combination of NURBS basis functions. Then its rth order partial derivatives with respect to
time and their first- and second-order partial derivatives with respect to control points and weights

are obtained as follows:

d(t,w,p) = w'G'p->_ ( " ) E* (") (t,w,p)

=1\ k

D, {C(’”)(t,w,p)} - wiar _Z ( r )Ek {Rgfk)(t,w) T

Dpp {c(’“)(t,w,p)} =0

Dy [c(r)(t,w,p)} = - [(FO -I)G’ P}T

Dy [t w,p)] = (F'-1) G pH'+ [(F°-1)G" pH"]"
+ Z (AB + [AB]T)
k=1
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BI(t) wo
with ¢ € [to, /] (0,00), p; € (—o0,00), [BY(1)] = : W= :
By 1.at) wN. -1
p(] B((),':;(t) . o 0 [ ® }
By (t)
_ : di B(T) t — . .. . , H! = d
p . ) lag({ d ( )}) . . . [B(O)(t)] w
ch—l 0 P B(Nr)il d(t)

E‘'—H'w, F' = (w HZ)T, Gf = W A=EF [B(O (t )} - [Bg’” (t)] and
Dw[c(r_k)(t,w,p)} ¢ "F) (¢ w,p)

(BO0] w (BO0] w

Proof. We begin with the derivation of the rth-order partial derivatives with respect to time of the
NURBS curve and then proceed to derive the first- and second-order partial derivatives of these
with respect to weights and control points.

Partial derivatives with respect to time

The time-derivatives of the NURBS curve parameterization can succinctly be expressed as follows:

A (t,w,p) Z (r) 2, w) pj, t € [to,tr],w; € (0,00),p; € (—o0,00), (A.0.1)
j=0
g g (r) o [R(©
wherew = | wy ... wy,_1 } andp = [ Po ... DPN.—1 } andRJd(t W) = 5 [’Rj’d(t,w)}.

Clearly, the time dependence is directly related to the NURBS basis functions only. The first four

time derivatives of the NURBS basis functions are expressed as follows:

1=0
N.—1
BY () w
B () w 2y Pyalt) Wi
1 d j i= 0
Rt w) = - = Rt w)
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NSt N g
3(2)(t) > Bj,d (t) w; Z Bj,d (t) w;
(2) 5,d J i=0 (1) i=0
Rj,d(t7 ) - N.—1 © - —1 © Rj,d(tiw) - N.—1 )
2 B; 4 (t) ws Z B; 4 (t) w; 20 B; 4 (1) w;
Nest ) Nesl o)
B(.S)(t) w Z: B; 4 (t) w; Z: B; (1) w;
(3) _ J»d J i=0 (2) i=0
Rj7d(t,w) = N —3NC T Rj7d(t,w) 73NC T
X B0 w3 B w X B wi
N.—1
= B;i% (t) w; ©)
_N: 1 Rj’d(t)w)

-1
(r) B(‘Ti() j - r ';) Bg’kd)(t) i (r—k)
R4t w) = N]—o) - Z . N_*T R (t,w). (A.0.2)
zwm k=1 2 Bl w
Alternatively, in matrix form
®) ]
B(Tg(t) W T r B, (t)} k
Rjaltow) = 5 or— =3 ——— R w) (A.0.3)
BYw] w =S\ k) BP0 w
Consequently, the time derivatives of the curve become
Ne—1
"t wp) = Y Rt wW) p;
§=0
< k
Nl BO) () Nt r [ > Bg,d)(t) w;
= J,d J — =0 R(Tﬁk) t .
N.—1 Z N.—1 J»d (t, w) | pj
SN F ORI N U AN W +10
1= 7=
NSt ) Nest
J; B; ;(t) w;p; r - Z:O Bz(,d)(t) Wi N.—1 (k)
=~ N1 © - E) Nt o) Z Rja (L, w)
e B; 4 (1) w; =1 e Bi,d (t) w; =0
Ne—1 N,—1
X B wp; .\ S BE®) w
_ J= B i=0 (r—k) (¢
N:.—1 k N.—1 c ( va)
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Alternatively, in matrix form:

gy~ W Bpe () [EO]

RO =AY A O

with t € [to,ts], w; € (0,00), and p; € (—o0, x0).

Partial derivatives with respect to control points

Next we will derive the first-order control point derivatives with respect to a NURBS curve.

D, |:C(r)(t7w7p):| _ [ 8 (t,w,p) ) (t,w,p) oc I (t,wp) | (A.0.5)

9po Op1 T OPN.—1

Let us consider the partial derivative of the NURBS curve with respect to the ¢th control point.

86(7) (t7 W7 p s T T
otwp) zve“ zngd — Rt

As a result, the first-order control point derivatives for a NURBS curve becomes:

T wldiag({BY (1) [ 7 [Bf/“)(t)]Tw _ T

S e P LS 21 O

Partial derivatives with respect to weights

At this point, we will derive the first-order weight derivatives with respect to a NURBS curve

Dy, [ (t,w,p)| = | 20ftwrn) o) oe(tw) | (A.0.6)

dwg w1 achf 1

Let us consider the partial derivative of the NURBS curve with respect to the /th weight

- = (r)

9c) (t,w, p) = N ORY ) (t, w)

 ow, Rg,d (t,w) =)
Jj= J=0

8w4 K

Expanding the partial derivative of the jth NURBS basis function with respect to fth weight we

obtain
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r N:.—1
N (k) )
R (t,w) o | Bumw ) & 50w
7,d j,d J i=0 (r—k)
Owg - Owe | Nezt o - k oo Wi (W)
BOt) wi  *=1 > B ws

) Ne—1
TLE @] S > B w
< (k)
_i r Z;) B, d(t) Wi afR(Td k)(t,w)
A S IO
=0
. Bh® B{)(t) ow,
- Ne—1 o
S Bomw \ £ Bhmw
NC—IB(k) ,
S AN A V10 SHCI P
+Z i Ne<t o) Nesl o) T N1 © 4 (t,w)
k=1 Z:O Bi,d(t)wi Z:O Bi,d(t)wi ;) Bi,d(t)wl
(k)
B " r Z B;, ()wzan“ k)(t w)
k=1 k Z B(O)() Owy

Then, the partial derivative of the NURBS curve with respect to the fth weight becomes

8 (t,w,p) ch—:l ORIt w)
Owy o : Owy P
7=0
— r r 15}
N2 B @ wi s BIO®) B (t) 5l p;

= - Z Noo1 © Ne—1 ,(0) T Ne—1 ©
=0 > Bi,d(t) wi Y Bi,d(t) Wi > Bi,d(t)w

=0 =0 1=0
Ne—1
e (o r ) I B0 50 (b
+> (> L % : Ry (6, w) b
=0\ k=t > BO(w X B (Hws
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) BJ(T;( )217 j NilBﬁ (t) wj p; (0)
=0 ‘ j=o B, 4 (t)
- Nc.—1 Ne—1
0 0 0
Y Bu®w X BLOw ¥ BL)w
NeXt )
O N A VDR
+Z k Ne—1 © Ne—1 © ZRj,d (t,w) p;
k=1 Bz d(t) i Z Bz d(t)w’b 3=0

; r—k
P S oR, )(t,w)p.
Ne—1 . Aw, 7t

In matrix form:

9 (t,w,p) _ efding({BV(0Dp  Bia(t)  wTdiag({BY(1)))p
N T S P e P
o\ (BP0 W s Bra®) | i
+Z_:(k) Yy vy ol R
= BP0 w[BP0] W [BY 0] w

As a result, the first-order weight derivatives for a NURBS curve becomes:

[B((zo)(t)] w’ dia ({B(T) o T
Duw [Cm(t,w,p)] - — [( T —1) g G p]
B 0] w 50 0] w
(7 RO RO ' (r—k)
+k§ ( : ) { [([Bff)(t)rw I (B2 1]" w (t-wp)
_M (r—k) }
s el

Lastly, let us compute the second-order weight derivatives of a NURBS curve:
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9%c") (t,w.p)

P
owg

9% (t,w.p)

Owi Owg

32C(T)(t,w,p)

Owg Owq

Dyw {c(r)(t, w, p)} =

8% (t,w,p)

2
owy

82c(m (t,w,p)

awo ach_l

(91111 3ch_1

9%c" (t,w.p)

ach,l (91.[)()

9% (t,w,p)

Jwn,—1 Owi

8%c(") (t,w,p)

3
GwN 1

(A.0.7)

Let us begin by considering the second-order partial derivative of the NURBS curve with respect to

the nth and ¢th weight
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Then, the second-order partial derivative of the NURBS curve with respect to the nth and /th

weights becomes
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Consequently, the second-order partial derivatives of a NURBS curve with respect to weights are
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expressed as follows
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