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Abstract

Automation has had a strong presence in manufacturing for centuries, however its
use in society has been very limited. The most ubiquitous robot in everyday life is
the Roomba which has sold over 6 million, but the vacuuming task of this robot is
simple in comparison with the difficult tasks performed in the manufacturing sector.
Automation is successful in manufacturing because the task and environment can
be well-defined to simplify the problem, whereas for automation to penetrate into
society, it needs to safely operate in the presence of significantly greater uncertainty.

Applications that could benefit from increased autonomy include: robot-assisted
surgery, energy efficient control of buildings, autonomous control of vehicles, robotic
assistance for elderly and disabled people, routing aircraft around weather, and home
automation for tasks such as folding laundry, loading and emptying a dish washer, or
tidying up a room.

All of the above applications are examples of stochastic systems which contain
three sources of uncertainty: process uncertainty, sensing uncertainty, and environ-
ment uncertainty. In order to safely operate in the intended domains, the system
must account for all three types of uncertainty in generating a safe control strategy.
This problem of generating control inputs for systems under uncertainty is commonly
referred to as the stochastic control problem. One way of formulating this problem is
as a chance constrained optimization problem that restricts the risk of violating the
system’s constraints to be below a user supplied threshold.

This thesis develops several extensions over existing chance constrained program-
ming solutions. The feedback controller is used to shape the uncertainty of the sys-

tem to facilitate the satisfaction of the stochastic constraints, enabling previously

v



infeasible solutions. Systems with component failures are also studied, and the com-
putational complexity is drastically reduced over previous solution methods. The
chance constrained framework is also extended to handle systems operating in uncer-
tain environments. A novel hybrid approach is developed that uses a combination of
sampling and analytic functions to represent the uncertainty. This approach results
in a convex optimization program, guaranteeing the optimal solution and reducing
the complexity over other methods. The formulation is further extended to incorpo-
rate future measurements of the uncertain environment to increase the performance
of the system.

The proposed stochastic control methods are solved in real-time to plan trajecto-
ries for a quadrotor unmanned aerial vehicle navigating in a three-dimensional clut-
tered, uncertain environment. The solution method enables the quadrotor to explore
the environment to gather more information, allowing it to successfully complete its

objective.
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Chapter 1
Introduction

This thesis presents stochastic control methods to enable robust operation of au-
tonomous systems under uncertainty. The primary goal of this thesis is to increase
the applicability of current stochastic control methods to include optimization over the
feedback controller, predictive control of systems with component failures, treatment
of environmental uncertainty, and incorporation of future environmental sensing. In
addition, a thorough comparison of different stochastic constraint handling methods
is presented, providing the criteria to make an informed decision of the methodology

to use for a given application.

1.1 Overview

The primary motivating application for this thesis is stochastic motion planning for
robotic systems. Robotic and autonomous systems are becoming increasingly preva-
lent in everyday life; there are robots which clean floors, teleprescence robots that
can buy and deliver breakfast, personal robots for cleaning a room or emptying a
dishwasher, robotic surgeons, driver assistance systems for pedestrian detection and
lane changing, and even fully autonomous cars. A critical challenge for control and
planning in these systems is the presence of uncertainty. Other planning applications

that share this challenge include air traffic control around weather, chemical process
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control, energy efficient control of buildings and electric cars, and financial engineer-
ing. For all of these examples, there is a pressing need to develop robust and safe
algorithms in the presence of uncertainty.

All of the above applications are examples of stochastic systems, where for the
purposes of this thesis, a stochastic system is defined as a process containing the

following sources of uncertainty:
e process uncertainty
e sensing uncertainty
e environment uncertainty.

Process uncertainty refers to disturbances that cause the system to deviate from the
expected trajectory. Examples of disturbances accounted for by process uncertainty
include wind, varying surface properties over which a vehicle might be traveling, tissue
deformation for needle insertion, discrepancies in building occupancy, or unmodeled
dynamics. Sensing uncertainty refers to the inability to sense the system state exactly,
due to noise in the sensors or the partial observability of the system. This will
act as a disturbance when trying to control the system. Environmental uncertainty
refers to uncertain events in the surrounding environment, outside of the system of
interest. Examples of environmental uncertainty are: natural disasters that cause
drastic changes to the structure of the environment, uncertainty in the behavior of
humans or other autonomous agents, or weather forecast uncertainty for building
control.

The presence of these uncertainties means that the exact system state is never
truly known. There are many different techniques to address this problem. The
simplest approach employs deterministic methods and accounts for the system dis-
turbances by adding buffers to the constraints. However, this approach typically
results in a high risk of failure because the buffer sizes are not determined using the
distribution of the uncertainties. Another approach is to use robust control meth-
ods which account for system uncertainties through worst case bounds on the system

state, formulated based upon bounds on the disturbances. For safety critical systems
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these methods are valuable, but in applications that can tolerate failures the robust
control solutions tend to be conservative. For the applications of concern in this the-
sis, a detailed model of the system’s dynamics is available, allowing the distribution
of the system’s uncertainty to be exploited in the control solution, generally leading
to increased system performance over these other approaches.

For these stochastic control methods, the problem is solved in the space of proba-
bility distributions of the system state, defined as the belief space. However, control
and planning in the belief space does not guarantee success because there might be a
small probability that a large disturbance would occur causing the system to violate
its constraints. Therefore, any stochastic control solution must trade off between the
conservativeness of the plan and the performance of the system.

To use the stochastic control methods developed in this thesis, a description of the
uncertainty of the system is required. Fortunately, for the motivating applications, the
necessary modeling has often already been performed, and in many of these cases the
systems are described well by a linear Gaussian process (one such system is used in the
experimental demonstration in Chapter 9). In cases where linear Gaussian models are
inaccurate, the distribution of the system can be represented using sampling methods
as used in Chapter 6. If only an approximate description of the uncertainty can be
obtained, the methods in this thesis are still applicable and will provide a valuable

heuristic method but there is no formal guarantee that the constraints will be satisfied.

1.2 Motivating Applications

The extensions of the stochastic control framework developed in this thesis are pri-
marily motivated by the growing need for robust operation of autonomous systems
under uncertainty. This section describes several specific examples of autonomous
systems that would benefit from using this stochastic control framework. These ex-
ample applications include robot-assisted surgery, energy efficient control of buildings,

vehicle control, and robotics.
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1.2.1 Robot-Assisted Surgery

Robot-assisted surgery involves using robotic manipulators during surgery. This tech-
nology has the potential to increase the effectiveness of surgical procedures. Specifi-
cally, robot-assisted surgery can improve minimally invasive surgery, decrease incision
sizes which reduces patient recovery times, and improve the surgeon’s control of sur-
gical instruments [1].

One task that is well suited for robotic surgery is needle insertion through soft
tissue. Needle insertion is used in numerous medical procedures including biopsy
to obtain a specific tissue sample for testing, drug injections for anesthesia, and
radioactive seed implantation for brachytherapy cancer treatment [2]. Recent results
suggest that steerable needles will enhance targeting accuracy while avoiding critical
areas in the human body [3].

A steerable needle has a bevel tip resulting in asymmetric forces when traveling
through the tissue. These asymmetric forces can be leveraged to help guide the
needle to the desired location. The steerable needle can be controlled by applying
a constant rotation or a constant linear velocity. However, the motion of the needle
through the tissue causes deformations resulting in large disturbances to the motion
of the needle. These disturbances can cause the needle to enter into critical regions
and cause damage to organs.

To increase the performance of the steerable needles, it has been proposed to
automate the process [4], and this automation fits naturally in the proposed stochastic
control framework. By employing this framework, the disturbances on the motion of
the needle can be directly accounted for. This reduces the risk of damaging organs

or bones and increases the accuracy of the procedure.

1.2.2 Energy Efficient Control of Buildings

Consumption of energy and other natural resources is increasing at an alarming rate
which must be reduced to create a sustainable future [5]. One sector where a large
savings of energy can be realized is the buildings sector, accounting for 40% of the

energy consumption and 40% of the greenhouse gas emissions in the United States [6].
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Heating, ventilation, and air conditioning (HVAC) systems account for 33% of the
buildings’ energy usage [7], and typically employ simple on-off controllers. Conse-
quently, the simplest way to reduce the energy consumption of buildings, without
having to modify the existing infrastructure, is to alter this existing control strategy.

The control of a building’s HVAC system presents a significant challenge due to the
uncertainty in the room occupation, process dynamics, and weather (temperature and
solar radiation) which can create large disturbances. The control system is tasked
with keeping the temperature within a specified comfort zone, regardless of these
disturbances. However, the building standards do not require that these temperature
constraints always be satisfied [§].

These soft temperature constraints as well as the types of uncertainties present can
be directly accounted for in the proposed stochastic control framework. By exploiting
a small probability of temperature constraint violation, the energy consumption can
be significantly reduced. Such control methods have been shown by Oldewurtel et

al. [8] to have the potential to drastically reduce the energy consumption in buildings.

1.2.3 Vehicle Control

In the near future, autonomous vehicles will be commonly used in our everyday lives.
Before fully autonomous vehicles are developed, assistance systems used to aid the
driver will grow in complexity. These systems have the potential to increase the safety
of the car system as well as increase the capacity of the roadways while simultaneously
decreasing the environmental impact. However, in order to safely integrate these
systems into mainstream driving, they must account for the underlying uncertainty
in the driving process. This uncertainty stems from sensing errors, motion noise due
to varying road properties, component failures, and the unknown intent of the other
drivers (or autonomous systems). The presence of these uncertainties introduces some
level of risk for drivers.

One example that illustrates the risk that drivers assume is when passing a tractor
trailer. On all sides of the tractor trailer there are large blind spots that prevent the

driver from seeing other vehicles. According to the California driver’s handbook, the
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driver should not remain along side of it and should instead pass it as quickly as
possible. This policy minimizes the risk of the tractor trailer colliding with the driver
if the car is in the blindspot of the tractor trailer.

Fully autonomous cars must also assume some risk and generate plans taking
into account the uncertainty in the behavior of other drivers or autonomous vehicles.
This type of planning problem is easily formulated by the proposed stochastic control
framework. Using the probability distributions of the uncertainties in the system, the
framework can safely enable various planning tasks such as passing other vehicles,

changing lanes, and entering intersections.

1.2.4 Robotics

There are many applications for the proposed stochastic control and planning frame-
work in the field of robotics. One potential application is simultaneous localization
and mapping (SLAM) which is a fundamental task in robotics [9]. SLAM is con-
cerned with constructing a globally consistent model of the environment and consists
of a vehicle navigating through and sensing an unknown environment. Typical ap-
proaches are only concerned with the estimation process and the robot is manually
guided through the unknown environment. These approaches, however, neglect how
the control inputs and/or path for the robot affects the quality of the map, even
though it can have a dramatic effect.

Another application that has garnered attention from the robotics community
is in home automation for tasks such as: folding laundry, loading and emptying a
dishwasher, or tidying up a room. In all of these examples, robot manipulation
plays a key role in the successful completion of the tasks. However, there can be
a large amount of uncertainty in how the manipulator interacts with objects in the
environment. For instance, in trying to pick up an object, the friction properties, the
rigidity of the object, the weight distribution, and the estimate of the location will
all affect the outcome.

The other application is in robot assisted herding [10], which is concerned with

corralling a group of animals. The difficulty in this scenario is incorporating the
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stochastic nature of the animals as well as with the human/computer coordination.
For all of the above example applications, the proposed framework will allow the
system to safely operate in the presence of uncertainty and to probe the surroundings

to gather information to help successfully complete the task.

1.3 Stochastic Optimization

This thesis considers solutions to the stochastic optimization program presented in

this section. First, consider the following standard optimization program

minimize  ¢(z,§)
subject to (1.1)
¥ (2,6) <0

where ¢ € R* is a parameter vector and € R™ is a vector of variables. If ¢ and
¢ are convex functions, then the optimization program (1.1) is convex and can be
solved efficiently [11]. In many practical applications, however, the parameter vector
¢ may be uncertain causing the previous optimization program to be ill-defined. One
way of handling the uncertainty is to explicitly treat the constraints probabilistically,

leading to the following stochastic optimization program.

minimize E [¢(z, §)]
subject to (1.2)
PW(z,§) <0)=21-94

In this formulation, the probability of constraint satisfaction is restricted to be larger
than 1 — ¢ (where 0 > § < 1). This probabilistic constraint is referred to as a chance
constraint. Depending on whether 1 is scalar-valued or vector-valued, the constraint
is referred to as an individual or joint chance constraint respectively.

The choice of § for the chance constraint is application specific, and needs to be
determined by the user from the problem specifications. Typically, the applications

considered in this thesis are concerned with values of § of 0.01, 0.05, or 0.1. If
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0 is smaller, then a very accurate distribution of the tails is required, otherwise the
constraints will not hold during execution. For the simulation examples in this thesis,
a wide range of 0 values is used in order to highlight differences between the various
presented methods.

Chance constrained optimization was first introduced by Charnes, Cooper and
Symonds in 1958 [12], Miller and Wagner in 1965 [13], and Prékopa in 1970 [14].
There are two fundamental difficulties in solving the chance constrained optimization
program. Even if the original program (1.1) were convex, there is no guarantee
that the program (1.2) is convex, which could make the optimization difficult. The
second complication is in evaluating the constraint violation probability. Typically,
this requires the calculation of a multivariate integral which generally does not have

a closed form, analytical solution.

Convexity of the Chance Constrained Optimization Program

The optimization program (1.2) was shown to be convex in [15, 16] for an individual,
x
affine constraint of the form v (x,§) = £T [ . ] if £ is Gaussian. An extension of this

result was given by Lagoa et al. [17] for the case in which ¢ has a log-concave and
symmetric density. Prékopa [18] showed that if ¢ (z, £) is quasiconvex in (z, €) and if £
has a log-concave probability distribution, then the resulting program is convex. Two
examples of log-concave probability distributions are the uniform and multivariate
Gaussian distributions. For the case of individual chance constraints of the form
P(¢Tq(x) < b) > 1 — 4, Henrion [19] showed that the constraints form a convex set
if ¢(z) is nonnegative and convex, ¢ has an elliptically symmetric distribution, and
0 <0.5.

Approximation/Bounding Approaches

In the case that the convexity of the optimization program (1.2) cannot be guaranteed,
approximation methods can be employed which bound the probability distribution,
leading to feasible and conservative solutions to the original problem. Ben-Tal and

Nemirovski [20] proposed a quadratic approximation, Rockafellar and Uryasev [21]
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proposed the conditional value-at-risk (CVaR) approximation, and Nemirovski and
Shapiro [22] proposed the Bernstein approximation. The latter two methods replace
the indicator function in the integral for calculating the probability by a convex
bounding function. Hong et al. [23] extended the CVaR approach by solving a series
of convex approximations that iteratively tightens the convex bounding function. This
method was shown to converge to a Karush-Kuhn-Tucker point of the original chance
constrained problem.

The work by van Hessem et al. [24, 25, 26, 27, 28] studied the chance constrained
closed-loop model predictive control problem with Gaussian noise disturbances. They
optimized over the feedback control laws and open-loop inputs while ensuring that
the chance constraints on the overall system were satisfied. To convert the stochastic
problem into a deterministic one, they developed an ellipsoidal set bounding approach
that results in a set of second order cone constraints, however this led to a conservative
solution. This work was extended by Blackmore [29] to handle nonconvex feasible
regions. Shin and Primbs [30] also used the ellipsoidal set bounding approach and
proposed an efficient interior point method that exploited the Riccati structure of the
problem to decrease the computational complexity.

The work by Blackmore et al. [31] uses the work presented in [32] to bound the
joint chance constraints with Gaussian noise using Boole’s inequality, which typically
leads to a very small amount of over-conservativeness. They also used the idea of risk
allocation introduced by [32] to distribute the risk of violating each chance constraint
while still guaranteeing the specified level of safety. By using the risk allocation
technique instead of assuming a constant amount of risk for each constraint, the per-
formance of the overall system can be significantly increased. Ono and Williams [33]
extended this method to multi-agent system, proposing a decentralized algorithm for
solving the chance constrained optimal control problem.

Another approximation used in solving the optimization program (1.2) is the
scenario approach which draws samples for the uncertain parameters and requires
the constraints to be satisfied for each sample. Given the convexity of the original
optimization program (1.1), this method also results in a convex program. In this

approach, the number of samples required needs to be determined in order for the
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original chance constraints to hold with a large probability. This problem was studied
by Calafiore and Campi [34] as well as De Fairas and Van Roy [35]. This method can
result in very conservative solutions or infeasible programs, limiting its applicability.
Luedtke and Ahmed [36] proposed the sampled approximation technique, an extension
to the scenario approach, that allows the choice of which sampled constraints to
satisfy.

Ruszczynski [37] and Blackmore [38] proposed another sampling approach that
draws samples from the uncertainty distributions and uses binary variables to count
the number of constraint violations. This transforms the original stochastic control
problem into a deterministic mixed integer program. This sampling approach, how-
ever, becomes intractable as the number of samples needed to accurately represent the
true belief state increases. Platt and Tedrake [39] extend the sampling and mixed-
integer programming formulation to solve a class of partially observable problems
with state dependent noise.

The optimization problem with uncertain parameters can alternatively be handled
by robust techniques [40], [41], [42], [43], [44]. Rather than using chance constraints,
these methods assume bounds on the unknown parameters which can be used to
formulate worst case bounds on the system state. However, such an approach is
conservative because it disregards the information that is often available about the
distribution of the system’s uncertainty.

Researchers [45], [46], [47] have also developed lower bounds for the stochastic
control problem, which are useful for comparing the performance of the approximation

methods.

Stochastic Motion Planning in Robotics

The application of the stochastic optimization problem in Equation (1.2) has many
motivating applications in robotics, primarily in stochastic motion planning. For de-
terministic motion planning, incremental sampling-based algorithms, such as Proba-
bilistic Roadmaps (PRM) [48] or Rapidly-Exploring Randomized Trees (RRT) [49],
are the most popular algorithms due to their ability to handle large dimensional sys-

tems and low computational complexity. These methods construct graphs of feasible
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paths or trajectories through the environment and search the graph for a solution
to the goal. Recently, Karaman and Frazzoli [50] have proposed RRT* which con-
verges to the optimal solution almost surely. Given the effectiveness of the incremental
sampling-based algorithms for deterministic motion planning, several researchers have
extended them to solve the stochastic motion planning problem.

Prentice and Roy [51] proposed an extension called the Belief Roadmap (BRM)
to efficiently plan in the belief space. For a linear Gaussian system, they devised a
factorization of the covariance matrix from a Kalman filter estimator which allows
several prediction and measurement steps to be combined into a single linear transfer
function. Using this transfer function, they can efficiently search through a graph
of the environment for the minimum covariance path to reach the goal. However,
they do not solve for the control inputs for the system to follow the path. A Markov
Decision Process (MDP) based algorithm was proposed by Alterovitz et al. [52] that
accounts for the motion uncertainty of the system but does not account for the partial
observability of the system state or the sensing uncertainty.

Others [53], [54], [55] [56] have included both the motion and sensing uncertainty
when planning trajectories through the environment, but they simplify the problem
by assuming the maximum likelihood observation is received for all future time-steps.
This approximation results in an inaccurate representation of the probability distri-
bution of the state which can lead to a violation of the constraints on the system.
To better represent the system state’s distribution, Bry and Roy [57] calculated the
distribution of the closed-loop state based upon the distribution of the observations.
They used this distribution along with an extension of the RRT* algorithm to check
for constraint violations.

Van den Berg et al. [58] characterized the probability distribution of a system
based upon a linear quadratic regulator controller with Gaussian models of the pro-
cess and measurement noises. They proposed a two step planning process named
LQG-MP: (1) a set of candidate paths were generated without accounting for the
system uncertainty, (2) the best path was selected based upon a criterion which
incorporated the uncertainty of the state. Since the uncertainty wasn’t taken into ac-

count in generating the paths, the paths generated were often suboptimal solutions.
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Patil et al. [59] provided an extension of the LQG-MP for motion planning in highly
deformable environments with application to computer-assisted surgery. To improve
the estimated probability distributions, they used a simulator and optimal control to
numerically estimate the time-dependent linear dynamics for the uncertain motion
through the deformable materials.

Incorporating environment uncertainty into the motion planning problem has also
received some attention. Missiuro and Roy [60] handled uncertain environments by
modifying the sampler used in a probabilistic roadmap. However, while the algo-
rithm accounts for the environment uncertainty, motion noise or sensing noise is not
accounted for. Burns and Brock [61] also proposed a sampling-based planner to incor-
porate environment sensing uncertainty into the planning process but do not directly
handle motion noise. Stachniss et al. [62] employed a decision-theoretic framework to
choose between macro actions to reduce the uncertainty of the environment during
exploration.

A general principled way of modeling the problem of stochastic motion planning
through uncertain environments is by using Partially Observable Markov Decision
Processes (POMDPs) [63]. A POMDP models a system’s decision process in which
the system’s dynamics are not necessarily deterministic, but rather the outcome of its
actions could be stochastic, and the system does not know the true underlying state.
Instead, the system must take measurements of the underlying state and maintain a
probability distribution over all possible states. In order to solve a POMDP, a policy
must be calculated for the entire belief space that determines the best action for every
possible future belief state that it may encounter. The main difficulty in solving a
POMDP is its large computational complexity, and in general solving a POMDP
exactly is intractable. The two main causes of the large computational complexity is
the curse of dimensionality and the long planning horizons required to generate useful
plans.

Several researchers have proposed efficient solution techniques for solving POMDPs.
The work of Hsu et al. [64, 65] proposed two ideas to decrease the computational com-
plexity and exploit the efficiency of point-based POMDP solvers. They utilized the

mixed observability of the problem by factoring the state into two subsets of fully and
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partially observable states. For this representation, they only needed to maintain a
belief space over the partially observable subset. They also proposed a milestone
guided sampling algorithm to guide the sampling of the point-based POMDP solvers.
The use of macro-actions has also been used to decrease the computational complexity
for planning and learning algorithms [66, 67, 68, 69]. Instead of using the full action
space, these methods use a sequence of primitive actions called macro-actions; this
restricts the policy space and reduces the action branching factor leading to longer

planning horizons.

1.4 Limitations of Existing Methods

Despite the progress in the field of stochastic control, there are several limitations
which prevent direct application of these methods for the motivating applications of
this thesis. Three of these limitations that are addressed in this thesis are presented

below.

1. Computational efficiency restricts real-time applicability.
Many of the proposed solution methods for the stochastic control problem are
not concerned with computational efficiency. However, this restricts their ap-
plicability for online control, which is required for many of the motivating ap-

plications.

2. Conservative solution for feedback design.
The previously proposed methodology for optimizing over the feedback con-
troller uses a conservative bounding approach and assumes a fixed risk for the
constraints. This causes the method to be overly conservative, resulting in the

elimination of feasible solutions.

3. Current methods do not consider both uncertain constraint parameters and vari-
ables.
Previous methods have not considered the case in which both the constraint

parameters and variables are uncertain. This typically occurs in many of the
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motivating applications for the proposed stochastic control framework. Fur-
thermore, the previous methods cannot incorporate future constraint parame-
ter sensing into the formulation, resulting in inefficient solutions or infeasible

problems.

1.5 Contributions

This research addresses the limitations highlighted in the previous section to enable
the application of stochastic control for the motivating problems. This resulted in

several contributions to the field of stochastic control:

1. A comparison of different methods to handle the chance constraints.
A rigorous evaluation of stochastic constraint handling methods is conducted,
illustrating the trade-offs of each technique and providing clear criteria for mak-

ing an informed decision for a given application.

2. Reduced conservativeness for feedback design.
In order to reduce the conservativeness of feedback design in the stochastic
control problem, a novel method is developed to optimize over both the risk
allocation and the feedback controller. The method is shown to enable previous

infeasible solutions.

3. Improved computational efficiency of stochastic control for systems with compo-
nent failures.
By applying the methods presented in this thesis, the computational efficiency
for this problem is drastically reduced as compared with previous solution

methodologies.

4. FEaxtended the chance constrained framework to handle problems with both un-
certain constraint parameters and variables.
The stochastic control framework is extended to handle uncertainty in both

constraint parameters and variables. A novel hybrid approach is developed to
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solve this extended problem, which uses a combination of sampling and an-
alytic functions to represent the probability distributions of the system and
constraint parameters. This approach results in a convex optimization program
under certain conditions, guaranteeing the optimal solution and reducing the

computational complexity.

5. Extended the chance constrained problem formulation to incorporate new mea-
surements of the uncertain constraint parameters.
A novel hierarchical method is developed to incorporate new measurements of
the constraint parameters. This method splits the stochastic control problem
into two stages: (i) an exploration stage that calculates a high level policy for
incorporating information from potential measurements, (ii) an execution stage

that solves a stochastic control problem to execute the high level policy.

6. First successful, real-time experimental demonstration of chance constrained
control with uncertain constraint parameters and variables.
The proposed stochastic control methods are solved in real-time to plan trajec-
tories for a quadrotor unmanned aerial vehicle navigating in a three-dimensional
cluttered, uncertain environment. The solution method enables the quadrotor
to explore the environment to gather more information, allowing it to success-

fully complete its objective.

1.6 Outline

This thesis proceeds in Chapter 2 with the formal definition of the stochastic control
problem and is formulated as a chance constrained optimization program. Chapter 3
compares several different methods of handling the chance constraints. The remaining
chapters investigate the solution of the chance constrained optimization program for
increasingly difficult scenarios.

Chapter 4 considers the simplest case with deterministic constraint parameters
and a system that has a fixed controller and estimator, and is based upon the pub-

lication [70]. This problem is further extended in Chapter 5 by optimizing over the
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feedback controller in order to shape the system uncertainty to enable previously
infeasible solutions; this chapter is based upon [71]. In Chapter 6, the stochastic con-
trol problem for jump Markov linear systems is investigated. This presents several
difficulties because the uncertainty in the system is non-Gaussian and thus is difficult
to represent analytically. The next two chapters consider the solution of the chance
constrained optimization program with uncertain constraint parameters.

Chapter 7 presents a novel hybrid algorithm to solve the chance constrained op-
timization program with uncertain constraint parameters, which is an extension of
previous work [72]. To incorporate sensing of the uncertain constraint parameters
into the problem solution, Chapter 8 presents a hierarchical algorithm for solving the
dual control problem. Chapter 9 provides an experimental demonstration of the hi-
erarchical algorithm for planning trajectories of a quadrotor unmanned aerial vehicle
navigating in a cluttered three-dimensional environment. Chapters 8 and 9 are based
upon a forthcoming publication [73].

The thesis concludes in Chapter 10 with a discussion of the contributions of this

thesis and directions of future work.



Chapter 2

Stochastic Control Problem

This chapter formulates the stochastic control problem addressed in this thesis. Con-

sider the following discrete-time, finite-time horizon, stochastic system defined by
Tk+1 :f<'rkvuk7wk>7 ]C:O,...,N—l, (21>

where z;, € R" is the system state, ux € R™ is the control input, wy € R" is the
process noise and N is the time horizon. The initial state, xq, is assumed to be
uncertain with a known probability distribution p(xy). At each time step, a noisy

measurement of the state is taken, defined by
yk:h(xk,vk), k:O,...,N—l (22)

where y, € RP and v, € R® are the measurement output and noise of the sensor
at time k, respectively. The process and measurement noise are assumed to have
known probability distributions p(wy) and p(vg), respectively. These distributions are
assumed to be mutually independent at different time-steps. In addition, the process
noise, measurement noise and initial state are assumed to be mutually independent.

In the following chapters, it is assumed that a linear description of the system can
be obtained. For a nonlinear system, this is achieved by linearizing the system around

a nominal trajectory. For this choice, Equs. (2.1), (2.2) simplify to the following linear
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system
Th+1 :Akxk+Bkuk+Wkwk, k’ZO,...,N—l, (23)

Yk :Ckxk+Vkvk, k‘:O,...,N— 1. (24)

For notational convenience, the system state, measurements, control inputs, pro-

cess noise and measurement noise for all time-steps are concatenated to form:

Zo Yo Ug Wo Vo

T1 U1 U wq U1
X = Y = U= W = V=

TN YN-—1 UN-—1 WN-1 UN-1

(2.5)

In an abuse of notation, X = f(xo, U, W) and Y = h(X, V) will be used as a compact
representation for the calculation of all states and measurements.

Since the process and measurement noise are random variables, the state trajec-

tory and control inputs are also random variables. Consequently the performance of

the system must be judged based upon the expected value of an objective function
¢:R™W x R™N — R, over X and U:

E[p(X, U)], (2.6)

where the expectation is over W and V. The objective function is assumed to be a
convex function of X and U.

There is also a set of constraint functions on the state trajectory and control in-
puts, 1; : R™ x R™N 5 R% § =1,..., N.. The constraints functions are assumed
to be convex functions. Unfortunately, due to the stochasticity of the problem, the
system constraints cannot be considered deterministically; the stochasticity may re-
sult in a non-zero chance that the constraints will be violated. Consequently, the
constraints must be considered probabilistically, leading to a notion of risk.

Risk is associated with having to make a decision with only partial information
due to the future uncertainty in the system, but with the knowledge that this might

lead to the violation of some of the constraints in the system. A measure of the risk



CHAPTER 2. STOCHASTIC CONTROL PROBLEM 19

thus must be introduced to determine the overall cost of violating the constraints.
There are several different measures that can be considered. The expected value of

the constraints can be used,
E[Y;(X,U0)] <0, i=1,...,N,, (2.7)

the worst case of the constraints could be considered (if the process and measurement
noise are bounded)
sup ¢; (X, U) <0, ¢=1,..., N, (2.8)

W,V

or the constraints could be restricted to only hold up to a certain probability limit

This last measure is typically called a chance constraint.

There is not one “correct” way to handle the constraints for all varying applica-
tions, however, this thesis will be concerned with the use of the chance constraints.
Note, by choosing the probability limit §; carefully, all previous choices can be gen-
erated. If 6; = 0.5 and the constant b; in P (¢; (X,U) < b;) is chosen appropriately
then the expected value of the constraints will hold, or if §; = 0 then the constraints
will almost surely hold even under the worst case noise (assuming the process and
measurements noises are bounded). Also, if §; = 0.5 then the median value of the
constraint will hold.

Finally, the stochastic control problem can be expressed as

minimize E [¢(X, U)]

subject to
X = f(xo, U, W) (2.10)
Y =h(X,V)
P(; X,U)<0)>1-6;, i=1,...,N,

where the expectation is over the noise sources W and V and the optimization is over

the control policy. In general, this optimization program is nonconvex. In this work,
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only causal output feedback controllers are considered of the form

up = 0r (Yo, - yk), k=0,...,N—1 (2.11)

In general, the stochastic control problem in (2.10) cannot be solved for the op-
timal infinite dimensional control policy, but in the following chapters the control
policy will be assumed to be of a given form to obtain a tractable problem. For ex-
ample, a feedback controller will be assumed to have been designed a priori and the
desired state trajectory will be the optimization variable. Or the control policy will
be assumed to be an affine function of the past measurements where the optimization
variables are the feedback gains and the open-loop inputs.

The main challenges to solving the optimization program (2.10) is in characteriz-
ing the distribution of the system state and control inputs as well as satisfying the
chance constraints on the state and control inputs. The following chapter discusses
several approaches of dealing with the chance constraints to form a convex optimiza-
tion program, and the remaining chapters demonstrate how to formulate solutions to

program (2.10) for specific applications.



Chapter 3
Chance Constrained Programming

The most challenging aspect of solving the optimization program (2.10) is in eval-
uating and satisfying the chance constraints. This chapter discusses two general
approaches to this: (i) analytical methods and (ii) sampling methods. The first
approach exploits properties of the probability distribution of the system state and
control inputs to either convert the chance constraints into a set of deterministic
ones or efficiently evaluate the probability of violation. The second approach uses
sampling to approximate the probability distribution of the system. There are three
different sampling approaches that are commonly employed. The first uses mixed
integer programming to approximate the chance constraints by counting the number
of constraint violations. The second enforces the constraints for all of the samples and
determines the probability that the chance constraints will be satisfied. The third
bounds the chance constraints with a convex function and then uses the samples to
evaluate the convex bound. In Section 3.3, a comparison of the different approaches
is made and the conservatism in each method is illustrated through a simple example.
In the final section, a discussion of constraint modeling is presented.

Typically there are two forms of chance constraints:

1. individual chance constraints that deal with the satisfaction of each constraint

separately, requiring each to be satisfied with probability 1 — ¢;

21



CHAPTER 3. CHANCE CONSTRAINED PROGRAMMING 22

where each ); is a scalar function;

2. joint chance constraints that deal with the satisfaction of several constraints

simultaneously, requiring all to be satisfied with probability 1 — 9;

where each ¢/; € R% is a vector valued function. It is assumed that each element
in ¢; has been non-dimensionalized so that the violations are comparable and

that the violation of any of the constraints v;; (X, U) < 0 is equally undesirable.

Both forms of constraints are important, but typically the joint chance constraints
are more applicable to the problems that are considered in the following chapters.
The methods presented for joint chance constraints are also applicable to individual
chance constraints, therefore, this chapter will discuss the evaluation of the joint
chance constraints only.

The following sections assume that the convex constraint functions, v;, are affine

functions of the state and control inputs,
(X, U) = X+ F'U~b;, i=1,...,N,. (3.3)

where H; € R"V*4 [, € R™V*4 and b; € R%. For Chapters 3-6, the parameters H
and b are assumed to be deterministic while in Chapters 7 and 8 they are stochastic.

Using the affine constraint functions, the chance constraints are
PH/X+F'U-b<0)>1-¢;, i=1,...,N. (3.4)

This affine assumption is not restrictive for the problems considered because it still
allows for rate constraints, control input saturation, model validity ranges, and re-
strictions on the system from entering unsafe or undesired regions.

The joint chance constraints are difficult to evaluate because they require calculat-
ing a multivariate integral which in general can only be performed for low dimensions.

Typically, there are two different approaches, analytical and sampling, that are used



CHAPTER 3. CHANCE CONSTRAINED PROGRAMMING 23

to efficiently evaluate the chance constraints. Both approaches are discussed in the

following sections.

3.1 Analytical Methods for Handling the Chance

Constraints

In the following subsections, the methods assume a specific analytical form for the
disturbance sources and exploit the properties of the probability distribution function

to evaluate the probability of violating the constraints.

3.1.1 Ellipsoidal Relaxation

The method developed in [28, 24, 25, 26, 27| assumes that the first and second mo-
ments of the process and measurement noise sources can be estimated numerically
from previously collected data. Using the estimated first and second moments, this
method approximates the true distribution with a Gaussian distribution. Given this
choice, in order to evaluate the chance constraints one needs to integrate a multivariate
Gaussian density, which typically does not have an analytic solution. Consequently,
an ellipsoidal relaxation method is used to reduce it to a tractable problem. The
approach simultaneously optimizes over the shape as well as the center of an ellipsoid
to guarantee the satisfaction of the chance constraints. This approach is presented
below.

To simplify the following presentation of the ellipsoidal relaxation method, let
z € R™ and z ~ N (z,%,). The chance constraint P (hf'z <b;, Vi) > 1 -4 is

equivalent to,
1
a/ exp (—§(z —2)T8,(z - z)) dz>1-46, (3.5)

1
where o = and P, is the feasible region for z. There is no straight-
(2m)ndet (X,)

forward way of handling this integral constraint, therefore the constraint is tightened

as follows. If the constraint
z4+ & CP. (3.6)
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is ensured to be satisfied for the ellipsoid

& ={¢: 'S¢ <r?} (3.7)

for an appropriately chosen r, then the original constraint P (thz <, Vi) >1-0
is implied by

a/z%r exp (—%(z - 218, (2 - z)) dz>1-4. (3.8)

After simplifying Eqn. (3.8) to a one-dimensional integral by using standard tech-

niques [74], r is chosen such that

2

1 T
S ns/2-1q (—5> dy =1—34. 3.9
YET () /0 X xp (=5 ) dx (3.9)

One important property of the solution for r in the previous equation is that for
a given allowed probability of failure ¢, the necessary confidence radius r increases
with the dimension of z. As illustrated below, this will affect the conservatism of the
solution for this approach.

Now the original constraint P (h;fz < b;, ‘v’i) > 1— 0 can be replaced by requiring
zZ 4+ &. C P,, which for the definition of the ellipsoid &, is equivalent to requiring

hrz 4 ry/hIS.h; < b;, Vi (3.10)

This simplification guarantees that the joint probability of violating any of the con-
straints, hlz < by, is less than 6. As the dimension of the state z increases, the
back-off parameter r also increases causing the conservatism in the ellipsoidal relax-
ation method to increase.

By using the ellipsoidal relaxation method, the original chance constraint has been
reduced to the second order cone constraint in Eqn. (3.10), simplifying even further to
a linear constraint for a fixed X,. This has the potential to reduce the computational
complexity of solving the optimization program (2.10). A two dimensional example

that illustrates the technique is defined in Example 1 below.

Example 1. Let w € R? be normally distributed according to w ~ N (0,1), v € R?,
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—_

o

Figure 3.1: An illustration of the ellipsoidal relaxation technique for Example 1. The
original constraints are the red solid lines, and the ellipsoidal relaxation technique
is shown as the black line. The line that is equal to the desired probability of fail-
ure is shown as the blue solid line. The feasible region for the state is below the
corresponding lines.

-1 1
H = [ _ ], b=1[02]T, and finally the joint chance constraint to be satisfied is

P(H"(z+w)—b<0)>009.

The ellipsoidal relaxation method applied to this example is shown in Figure 3.1.
The original constraint is the red solid line and the ellipsoidal relaxation method
guarantees the satisfaction of the joint chance constraint by restricting the variable’s
feasible region to be below the black dashed line. The blue solid line is the line that
equals the desired probability of failure. As is illustrated, this method tends to be
conservative in predicting the feasible region for the system, and the conservativeness
increases with the size of the state space due to the resulting increase of the back-off

parameter 7.
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3.1.2 Boole’s Inequality

Similar to the ellipsoidal relaxation approach, Boole’s method assumes that the pro-
cess and measurement noise sources are, or can be approximated by, Gaussian ran-
dom variables. Let z € R™, z ~ N (2,3,), H € R™*? and b € R? In general,
even for Gaussian distributions, the joint chance constraint P (H Tz < b) does not
have a closed-form analytical expression and requires the evaluation of multivariate
integrals.

For Gaussian noise sources, the joint chance constraints can be converted into uni-
variate integrals by using Boole’s inequality to conservatively bound the probability
of violation. Boole’s inequality states that for a countable set of events F1, Es, .. ., the
probability that at least one event happens is no larger than the sum of the individual

probabilities:
p (U E) <> P(E). (3.11)

The chance constraint
PH"2<b)>1-4 (3.12)

is equivalent to

P(H"z>b) <. (3.13)

By using Boole’s inequality the probability of the constraints being violated is bounded
above by
q
P(H'z>b) =Y P(hiX>b). (3.14)
i=1

Consequently, the multivariate constraints are converted to univariate constraints
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in Eqn. (3.14), which can be computed through

P(h;Fz >b;)) =Py > b)
- T2
(yi — hi Z) ) a0

1 o0
B V2mhIY,h; /bl op (_ 2h}S.h;
2
_) dt (3.15)

The function ®(-) is the Gaussian cumulative distribution function which does not
have an analytic solution, but can be efficiently evaluated using a series approximation
or a pre-computed lookup table.

Now that the calculation of a single chance constraint has been developed, the
satisfaction of the joint chance constraint, P (H Tz > b) < 0, needs to be addressed.
Previously, two methods have been proposed for this: fixed risk [22] and risk alloca-
tion [32, 31].

The fixed risk method assigns a pre-defined allowed probability of violation for
each univariate constraint P(h]z > b;). This pre-defined probability is chosen to
ensure that the total probability of violation is below the threshold §. Typically
a uniform allocation of ¢/q is used. Since the allowed risk for each constraint is
known beforehand, the chance constraints can be simplified by modifying the system’s
feasible region at each time-step. For a uniform allocation of risk, this is achieved by

requiring the following constraints to hold

b: — hT%
1—@(’—’Z>§§, i=1,....q, (3.16)
q

NS

which can be simplified further to

RIZ4+ N1 —68/q)\/hIS.hs <b;, i=1,...,q. (3.17)
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Assuming a risk allocation a priori introduces conservatism into the problem formu-
lation because the assumed allowed risk either might not be achieved or might be
better allocated to another constraint.

The risk allocation method, in contrast, includes the allowed probability of viola-
tion for each univariate constraint as an optimization variable ¢;. In order to ensure
that the total probability of violation is below the threshold, the optimization vari-
ables are restricted by requiring > ¢; < §. For the application of Boole’s method in
this thesis, this risk allocation method was ultimately chosen as it provides increased
system performance with only a slight increase in computational complexity.

Using this risk allocation technique and the evaluation of the chance constraints

in Eqn. (3.15), if the constraints
b, — hTlz
- 2tz <€, 1=1,...,q,
Y. h; (3.18)

are satisfied then the original joint chance constraint will also be satisfied. In [31],
they showed that using this set of constraints makes the optimization program (2.10)
a convex program if ¢ < 0.5 due to the concavity of the Gaussian cumulative distri-

bution function ®(x) in the range = € [0, 00).

Conservatism

Using Boole’s inequality to upper bound the probability of constraint violation in-
troduces conservatism into the solution. This section evaluates the impact of the
conservatism on the quality of the solution.

Consider the following example with two random events A and B. The probability
that either event A or B occurs is equal to P(A|J B) = P(A) + P(B) — P(A B).
Boole’s inequality upper bounds the probability by P(A(JB) < P(A) + P(B), re-
sulting in a conservatism in this example of P(A() B) due to double counting the
probability that both events occur, as shown in Figure 3.2.

To further investigate the conservatism of using Boole’s inequality to bound the
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Figure 3.2: An illustration of the conservatism of Boole’s inequality.

joint chance constraints, consider the following example with a set of random events
Ey, ..., E,. The events are assumed to be independent with a uniform probability of

d/m for any event occurring. The probability that at least one event occurs is

P(EyU...UEn) = 1—=P(E\()...NEn)
= 1-P(Ey)---P(Ep) (3.19)

o)

Boole’s inequality upper bounds the probability by P(E;J...|J En) < 0 resulting

- (2))

For this example, Table 3.1 compares the conservatism in Boole’s inequality for

in the following conservatism

varying numbers of events and probability of the individual events occurring. For a
fixed 9, as the number of events increases the conservatism is constant, however, as
0 increases the conservatism also increases. For m = 20, the conservatism increases
by over 400 times for 6 = 0.001 to 6 = 0.5. This occurs due to the increase in
the probability of multiple events happening which accounts for the conservatism in
Boole’s inequality. Fortunately, for the problems that are of interest, the allowed
probability of failure is typically less than 0.1 and therefore the conservatism in using

Boole’s inequality is small.
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’ m \ ) \ Conservatism \ Percentage ‘
10 | 0.01 | 4.5e-05 0.45
20 | 0.01 | 4.7e-05 0.47
30 [ 0.01 | 4.8e-05 0.48
40 | 0.01 4.9e-05 0.49
50 | 0.01 | 4.9¢-05 0.49
20 | 0.001 | 4.7e-07 0.05
20 [ 0.05 | 0.0012 2.34
20 | 0.1 0.0046 4.61
20 | 0.2 0.018 8.95
20 1 0.3 0.039 13.05
20 1 04 0.068 16.90
20 [ 0.5 0.1 20.54

Table 3.1: A comparison of the conservatism in using Boole’s inequality to bound
the probability of failure for various number of constraints and allowed probability of
constraint violation.

An illustration of using Boole’s inequality for the joint chance constraint problem
in Example 1 is shown in Figure 3.3. For this example, the risk allocation method
is used. The red solid lines are the original constraint, the black line is Boole’s
approach, and the transformed constraints that result in the allowed probability of
failure is shown as the blue solid line. As expected, for a small allowed probability of
failure, the conservatism in using Boole’s inequality to approximate the constraints
is small. This can be seen as the true constraints and the constraints using Boole’s

inequality lie on top of one another.

3.2 Sampling Methods for Handling Chance Con-

straints

The difficulty in evaluating the chance constraints is in calculating the multivariate
integral of the probability distribution for the constraints. The analytical methods
presented in the last section assume a specific form of the probability distribution to

simplify the evaluation. A different approach is presented in the following section that
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1 0 1 2 3
Figure 3.3: An illustration of using Boole’s inequality to bound the joint chance
constraint for Example 1. The original constraints are the red solid lines, the Boole’s
approach is shown as the black line, and the transformed constraints that result in the
desired probability of failure are shown as the blue solid line. The blue and black lines

are on top of each other. The feasible region for the state is below the corresponding
lines.

uses a number of samples to represent the probability distribution which simplifies
the evaluation of the chance constraints.

The following subsections use sampling to handle the chance constraints by using
a finite set of particles to represent the probability distribution of the system; this
converts the stochastic control problem into a deterministic one. Each of the following
methods sample N; particles at each time-step from the noise sources and initial state

to obtain the sets

{w(l) ...,wg\}) 1,...,wéN5), wEVNSi
N, N,
O T R AL G (3.21)
{2 ,...,ngs)}.

An approximation of the distribution of the system state, measurement output, and

control input can then be calculated using this set of samples:

:z:kJrl —Akx —i—Bku +Ww
=C y ) 4 Vkv (3.22)
u](gj) = Pk (y((Jj)u s 7y](j)>
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, : AT AT T
for all j = 1,..., N,. Let X&) be defined as XU) = [1:(()]) ,...,xg\][) and similarly

. AT N T T
UWw = [u(()]) - ,u%),l

In the following subsections, three different approaches of using sampling to sim-
plify the chance constraints are presented: mixed integer programming approach,

scenario approach, and convex bounding approach.

3.2.1 Mixed Integer Programming

Several researchers [37, 38| proposed the idea of using mixed integer programming to
approximate the chance constraints by counting the number of samples satisfying the

constraint:

P(HX+F'U-b<0)~ Ni {H'XY + FTUY —b; <0,j=1,...,N,}|
(3.23)
for all + = 1,...,N.. In order to use this approximation to replace the chance
constraints in the optimization program (2.10), a set of N.N, binary variables
{Bi1, .-, Bings -+, BNe1s - - -5 Bnon, }oare introduced such that f5;; € {0,1}. The bi-
nary variables are defined such that 3;; = 1 implies that the constraint H," X0) 4
F'UY — b; < 0 holds for sample j. Consequently, the sum of the binary variables

can be used to approximate the chance constraints
1 &
FZ@j >1-4;. (3.24)
s j=1
In order to use this technique, the restrictions on the binary variables, namely

Bij = 1= H'XY 1 FTyv) —p, <0, (3.25)

need to be imposed. One method of achieving this is by using the big-M method [75]

with the binary variables resulting in the constraint

HI'XY) + Fr'UY) — b, < M (1 - 8y), (3.26)
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where M is a large number such that if 5;; = 0 then the constraint will be satisfied
for all XU) and UY). For completeness, the chance constraint in Eqn. (3.4) is replaced

by the following two constraints

HI'XW 4+ FIO0) — b, < M (1 - By), Vi, j

1 Ns 3.27
—> By >1-=46; Vi, j. (3.27)
st:l

There are several important properties of this method. First, neither an under-
nor over-approximation can be guaranteed for the approximation of the chance con-
straints in Eqn. (3.23). Therefore this is only a heuristic method, which must be
certified through cross validation. Second, as the number of samples tends to infin-
ity, the approximation of the chance constraints will converge to the true probability

distribution,

Nis {HXD + FTUY — b, <0,j =1,... N}, . = P(HX+F'U-b<0).

(3.28)
While in theory this is an important aspect of this approach, in practice it is diffi-
cult to use a large number of particles due to the computational complexity. Third,
using binary variables to keep track of whether or not the constraints have been vio-
lated drastically increases the computational complexity of solving the optimization
program. Consequently, this approach can typically only use 100s of samples which
might not be enough to sufficiently approximate the true probability distribution of
the chance constraints.

A comparison of this approach for various numbers of samples is shown in Fig-
ure 3.4 for Example 1. The black dashed, green dash-dotted, and orange dotted lines
show constraints with 100, 1000, and 5000 samples, respectively. The area below each
line corresponds to the feasible region for the system that the technique estimates will
satisfy the chance constraints. The blue solid line is the line that equals the desired
probability of failure. As expected, the results vary drastically for the different num-
ber of samples and the best approximation is with the largest number of samples.

As shown, the approximations can either be over- or under-approximations for the



CHAPTER 3. CHANCE CONSTRAINED PROGRAMMING 34

-
2 P
- .
-
~
t)&"’ﬂw :‘,\
& s,
o8 N
% &
_3 ‘% ‘o,
o/ Y
54 v
‘Q" A

Figure 3.4: An illustration of the mixed integer programming technique for various
number of samples for Example 1. The original constraints are the red solid lines,
and the mixed integer programming technique is shown as the black dashed line,
green dash-dotted line, and the orange dotted line for 100, 1000, and 5000 number of
samples, respectively. The blue solid line is the line that equals the desired probability
of failure. The feasible region for the state is below the corresponding lines.

original constraint and consequently there is no guarantee the chance constraint will
be satisfied.

3.2.2 Scenario Approach

Another sampling technique, proposed by Calafiore and Campi [34] and De Fairas
and Van Roy [35], is the scenario approach. Instead of using samples to approximate
the probability distribution of the chance constraints, this method uses the samples to
bound the chance constraints in order to guarantee they hold with probability 1 — A.
Specifically, the scenario approach replaces the chance constraints in Eqn. (3.4) with

the deterministic constraints
H'XY 4 p'uY) —p; <0, i=1,...,N,, j=1,...,N,. (3.29)

In this approach, the number of samples required needs to be determined in order

to guarantee that if Eqn. (3.29) is satisfied, then the original chance constraints will
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hold with probability 1 — A, or more formally,
P(P(H/X+F'U-b;<0)>1-6)>1-A, i=1,...,N.. (3.30)

Let § € (0,1) be the smallest probability of failure for all the chance constraints
d = min{dp,...,0n.}, A € (0,1) be the confidence parameter for the scenario ap-
proach, and n be the number of optimization variables. Calafiore and Campi [34]
showed that if

2. 1 2n . 2
> 2m = il P
Ns_hlnA%—Qn—l—élné-‘

(where [-]| denotes the smallest integer greater than or equal to the argument) then

with probability 1 — A the original chance constraints hold
PH/X+F'U-b<0)>1-¢;, i=1,...,N.

Intuitively, as the confidence that the original chance constraints hold increases,
A — 0, the number of samples required goes to infinity. Consequently, the exponential
growth of the required number of samples may be prohibitive for some problems.
Figure 3.5 illustrates the growth of the number of required samples for § = 0.03 and
n=2.

An important property of the scenario approach is that since the joint chance con-
straints were replaced by a set of convex constraints, the solution to the transformed
optimization program can be efficiently computed through numerical algorithms. This
results in a dramatic speedup over the mixed integer programming method. In addi-
tion, with the mixed integer programming approach, the scenario approach formally
guarantees the satisfaction of the chance constraints with probability 1—A. However,
this formal guarantee may come at the cost of an overly conservative solution or even
result in infeasibility.

An example of the conservativeness of the solution is shown in Figure 3.6 for the
problem in Example 1. The number of samples required for a A = 0.999 was 1025.
The original constraint is the red solid line and the scenario approach guarantees the

satisfaction of the joint chance constraint with probability 0.999 by restricting the
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Figure 3.5: An illustration of the growth of the number of samples required as a
function of A.

variable’s feasible region to be below the black dotted line. The transformed con-
straints that result in the allowed probability of failure are shown as the blue solid
lines. As is depicted in this example, the scenario approach results in a very conser-
vative feasible region. In contrast to the mixed integer programming approach (or
other Monte Carlo methods), the conservativeness (or performance) of the approach
cannot be improved by using more samples. In fact, using more samples will only

increase the conservativeness of the solution.

3.2.3 Convex Bounding Method

Another sampling approach is the convex bounding method developed by [76, 22].
Since the probability distribution of the chance constraints may not be a convex
function, it is difficult to include them in the optimization program. This method
finds a suitable conservative, convex approximation for the probability distribution
of the chance constraints. The resulting problem is a convex program which may

decrease the computational complexity.
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Figure 3.6: An illustration of the scenario approach for Example 1. The original
constraints are the red solid lines, the scenario approach is shown as the black dotted
line for 1025 number of samples, and the transformed constraints that result in the
desired probability of failure are shown as the blue solid line. The feasible region for
the state is below the corresponding lines.

Consider a single generic individual chance constraint of the form
P (4 (X,U) <0)>1—0, (3:31)

which is equivalent to
P (X,U) >0) <é. (3.32)

The probability distribution in Eqn. (3.32) can be calculated via
P (¢ (X,U0) > 0) = E[1 (¢ (X,U))] (3.33)
where 1(+) is the indicator function defined as

1, if2>0

1(z) = { (3.34)

0, otherwise.

The indicator function 1(z) (shown in Figure 3.7) is a nonconvex function, this
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1

Y/

Figure 3.7: The indicator function 1(z).

greatly complicates the evaluation of the chance constraints and solving the opti-
mization problem (2.10). However, by bounding the indicator function by a convex
function the optimization program simplifies to a convex program.

Suppose such a nonnegative, nondecreasing, convex function 1; : R — R can be
found such that for any o, ¥)(z/a) > 1(z) for all z then

B[4 ((X,0) /a)] 2 P ( (X, 1) > 0). (3.35)

Consequently, if the following convex constraint is satisfied, then the original chance

constraint in Eqn. (3.32) is guaranteed to hold:

E[)(w(X,0) /)] <6 (3.36)

The constraint in Eqn. (3.36) holds for any «, but different choices of o may lead
to a better approximation of the original chance constraint in Eqn. (3.32). Equa-

tion (3.36) can be rewritten as

Elay (¥ (X,U) /a)| < ad. (3.37)

The lefthand side of Eqn. (3.37) is a perspective function at) (z/a) that is convex in
z and «a for a > 0. As shown in [11], the perspective of a convex function is also
convex, therefore at) (¢ (X, U) /a) is convex in X, U and o for o > 0. Consequently,

the constraint in Eqn. (3.37) is convex and one can optimize over « to obtain the best
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exp(z) (1)

Figure 3.8: A comparison of several convex bounds that can be used to approxi-

mate the indicator function 1(z). The functions (z + 1), exp(z), and (z 4+ 1)2 are

represented as the green, purple and orange lines respectively.
approximation, thereby reducing the conservativeness of the method.
inf E [azz (¥ (X, U) /oz)] —ad <0 (3.38)

Now that the form of the convex constraint used to bound the original chance
constraint has been formulated, the next step is to determine what form of function
to use for 1& The restrictions on the function, as stated previously, are that it needs to
be a convex function and ¢)(z) > 1(z) for all z. Several examples of possible functions
are shown in Figure 3.8. The following subsections evaluate the bound in Eqn. (3.38)

for each of these variants of ¥(z).
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Markov Bound (Conditional Value-at-Risk)

One possible functional form for ¢(z) is (z) = (z+1) . where the subscript +

denotes max{z + 1,0}. This function results in the Markov bound for any a > 0:

P (X, U)>0) = PRXU+a>a)
= P((v(X,U0)+a), >a)

. (v (X,U) +a),| (3.39)
«
— B[ XU)/a+1),].
The convex constraint that bounds the original chance constraint is then:
Ela(@XU)/a+1),] <ad (3.40)
which can be rewritten as
E[(v(X,U)+a),] <ad (3.41)

When this bound is used, it is often referred to as the conditional value-at-risk (CVaR)

bound, first introduced in [76]. To show the equivalence, rewrite Eqn. (3.41) as

E[(v(X,U)+a),]

5 —a<0. (3.42)

Since the lefthand side is convex in «, the minimum over « can be constructed

inf (E (WX D) +a),] a> , (3.43)

a>0 5

which is also convex in X and U. This results in the well known quantity CVaR.



CHAPTER 3. CHANCE CONSTRAINED PROGRAMMING 41

Chebyshev Bound

Another functional form used for ¢)(z) is ¥(z) = (z + 1)1 which yields the Chebyshev
bound,
P(y(X,U) > 0) <E[(¥(X,U) /a+1)i]. (3.44)

Using this function, the convex constraint that bounds the original chance constraint
is

E o (X,U)/a+1)2] <ad (3.45)

which can also be rewritten as
E[(¥ (X, U)+a)? /a] <ad. (3.46)

Traditional Chebyshev Bound

If the subscript + is dropped off the previous function, then a more conservative

bound is obtained
E [a (¢ (X,U) fa +1)*] < ad, (3.47)

and after expanding terms and simplifying it can be rewritten as

2F [¢ (X, U)] + éE [¢ (X, U)%] + a1 —8) <0. (3.48)

1/2

1
Minimizing the previous equation over « gives o = (1—(5E [@/} (X,U)z]) which

yields the final constraint

1/2

E[y(X,U)]+ ((1-0)E [ (XU)?])" <o. (3.49)

Notably, this final constraint only depends upon the first and second moments of the
function ¢ (X, U). This property could be beneficial if the first and second moments
can be easily computed from the probability distributions of the uncertainty in the

system, allowing the constraints to be transformed into deterministic constraints.
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Chernoff Bound

Another function that could be used is ¢)(z) = exp(z) which leads to the Chernoff
bound. The use of this function was also called the “Bernstein approximation” by

Nemirovski and Shapiro [22]. This leads to the constraint for any a > 0:
P (¢ (X,0) > 0) <Elexp (v (X,U) /a)], (3.50)
with the corresponding convex bound for the original chance constraint given by:
E[aexp (¢ (X,U) /a)] < ad. (3.51)

A comparison of these different convex bounding techniques is shown in Figure 3.9.
The constraint considered is P(b— x < 0) > 0.9 where b ~ N (0,1). The probability
distribution of b is plotted as well as the solutions for x using each of the previous
functions used to bound the indicator function. The vertical lines from left to right are
the exact solution (red), Markov bound (z + 1) (green), Chebyshev bound (z + 1)%
(orange), Chernoff bound exp(z) (purple), and traditional Chebyshev bound (z + 1)?
(brown). The feasible region for each solution is to the right of the line. The least
conservative solution uses the Markov bound with function (z + 1), followed closely
by the Chebyshev bound with function (z+1)%. The most conservative solution uses

the traditional Chebyshev bound with function (z + 1)2.

Reducing the Conservatism of the Markov Bound Approach

Hong et al. [23] devised a scheme to reduce the conservatism in the Markov bound
(CVaR) approach by providing a better approximation of the indicator function. This
is illustrated in Figure 3.10. Figure 3.10(a) displays the Markov bound approximation,
¥(2), of the indicator function and a right shifted version of it as ¢(z). If the difference
of these two convex functions is used to bound the indicator function, it will result
in a better approximation as shown in Figure 3.10(b).

Using the difference of the functions ¢(z) = (z 4+ 1) and ¥(z) = (2)4 to bound



CHAPTER 3. CHANCE CONSTRAINED PROGRAMMING 43

04| :
0.3} 8
0.2} :
0.1} :
0 .

\ \ \ \ \

—4 -2 0 2 4

T

Figure 3.9: A comparison of the solutions using the different bounding functions of
the indicator function. The vertical lines from left to right are the exact solution (red),
Markov bound (z+1); (green), Chebyshev bound (z+1)% (orange), Chernoff bound
exp(z) (purple), and traditional Chebyshev bound (z + 1)? (brown). The feasible
region for each solution is to the right of the line. The black curve is the probability
distribution of the constraint.

the probability of constraint violation yields
P (X,U)>0)<E[@ XU +a),] -E[®EXTU),]. (3.52)

The best upper bound of the chance constraints can be obtained by optimizing over
a. If this is used, then it can be shown that it equals the probability of constraint

violation i.e.

inf E [(¢ (X7 U) + a)+] —E [(¢ (X7U))+} = ili% E [(¢ (Xa U) + a)-J —E [(10 (X’ U))-{-}

w — P (¢ (X,U) > 0).
(3.53)

Consequently, the following constraint is used to replace the original chance constraint

inf E[(¢ (X,U)+0a),] —ad —E[(¥(X,U)),] <0. (3.54)

a>0
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Figure 3.10: A difference of two convex functions used to approximate the indicator
function 1(z). (a) ¥(z) is the function used to bound the indicator function in the
Markov bound method and ¢(z) is a right shifted version of the function. (b) The
approximation of the indicator function using the difference of two convex functions
¥(z) and (z) results in a tighter bound of the indicator function.

The first two terms in Eqn. (3.54) correspond to the Markov bound (CVaR) con-
straint and therefore the conservatism in the Markov bound approach is equal to
E [w (X,0)) +] Unfortunately Eqn. (3.54) in general is a nonconvex function, how-
ever, the optimization program can be solved through sequential convex approxima-
tions by using a first order Taylor series approximation of the third term around the
previous solution. It was shown in [23] that this will converge to a Karush-Kuhn-
Tucker point of the original chance constrained problem.

While this approach provides a better solution than the Markov bound approach,
generally it comes at the cost of increased computational complexity because it needs

to solve this sequence of convex approximations.

Handling the Joint Chance Constraints

The convex bounding approaches were introduced above using individual chance con-
straints, but they can also be used with joint chance constraints. The joint chance

constraint can be rewritten as

P(¢; (X,U) <0, j=1,...,9) = P (max{¢y (X,U),...,¢, (X,U)} <0). (3.55)
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Let ¢ be defined as ¢ (X, U) = max{¢; (X,U),..., ¢, (X,U)}, which can be used in
the previous convex bounding approaches. Since ¢; (X,U), j = 1,...,¢ are convex
functions, ¥ (X, U) is a convex function and therefore the convexity of the previous

bounding approaches will be conserved.

Solving the Convex Bounding Method

The difficulty in using the convex bounding approaches is in evaluating the expecta-
tion in Eqn (3.37). Typically, this expectation is not trivial to solve analytically since
it involves multidimensional integrals, however, it can be easily evaluated through
sampling. The main issue when using sampling is the solution obtained may not
satisfy the original chance constraints as observed with the other sampling methods.
However, since the convex bounding approach results in a convex optimization pro-
gram, which typically can be solved efficiently, a large number of samples can be used
to better approximate the probability distributions. Cross-validation can also be used
to estimate the confidence that the original chance constraints are satisfied for the
solution.

A comparison of the Markov and Chebyshev bounding functions, shown as the
blue dashed and orange dash-dotted lines, for the previous joint chance constraint
problem in Example 1 is shown in Figure 3.11. As expected, this method results in
a conservative prediction of the feasible region for the problem, and the result from

the Chebyshev bound is more conservative than the Markov bound.

Interpretation of the Convex Bounding Methods

By using the indicator function in Eqn. (3.33), the original chance constraints equally
weight all violations of the constraints no matter how large. In contrast, the con-
vex bounding methods use functions that approximate the indicator function and
weight larger constraint violations more than smaller ones. This can be visualized in
Figure 3.8.

A good example highlighting the difference between what the original chance

constraints and the convex bounding functions measure is given in [77]. Consider
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Figure 3.11: An illustration of the convex bounding approach for Example 1. The
Markov and Chebyshev functions shown as the blue dashed and orange dash-dotted
lines, respectively. The original constraints are the red solid lines, and the transformed
constraints that result in the desired probability of failure are shown as the blue solid
line. The feasible region for the state is below the corresponding lines.

the following example in portfolio optimization contrasting the differences between a
trader and the owner of the investment company. A trader may prefer high uncon-
trolled risks because the incentive structure rewards large returns. In the worst case,
if the trader does realize a huge loss, the trader may be fired but they may move
to another company. Consequently, the trader may perceive a loss of $100 dollars
to be the same as $100,000 dollars. In contrast, the company owner would have to
cover the large losses if they are realized. Therefore, the owner of the company would
weight a $100, 000 dollars loss much higher than the $100 dollars loss.

The “correct” choice of whether to weight constraint violations equally or not
comes down to the specific application. In stochastic motion planning for aerial
vehicles through uncertain environments, it doesn’t matter whether it is estimated
the aerial vehicle will crash into a wall by a violation of 1 cm or 1 m because the aerial
vehicle will most likely not be able to recover no matter what the constraint violation
is. In contrast, how much the constraints are violated plays a crucial role in stochastic
motion planning for steerable needles in the human body. In this application, the
constraints are critical regions such as organs that the needle shouldn’t pass through

and the potential for damage increases as the needle penetrates these regions more.
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3.3 Comparison of Analytic and Sampling Meth-

ods

There are many different approaches to handle the joint chance constraints, but there
is no clear-cut correct choice in all situations. Table 3.2 compares the approaches pre-
sented in this chapter in computational complexity, conservativeness of the approach,
and whether it can handle arbitrary distributions. The ellipsoidal relaxation technique
has the smallest computational complexity, but achieves this through increasing the
conservativeness of the solution. By using Boole’s inequality, the conservativeness is
drastically reduced from the ellipsoidal relaxation method while the computational
complexity only increases slightly. Also, the original chance constraints are only guar-
anteed to hold for certain distributions. The mixed integer programming approach
has a very large computational complexity which limits its use for only small sized
problems. Although it can handle arbitrary distributions, the mixed integer pro-
gramming approach approximates the constraints and therefore the original chance
constraints are not guaranteed to hold. The scenario approach results in a convex
optimization program with moderate computational complexity. While it can handle
arbitrary distributions, the method bounds the original chance constraints resulting
in a very conservative solution which in most situations will limit its usefulness. The
final approach is to use the convex bounding approach CVaR in-place of the original
chance constraints. Since CVaR is a bound for the original chance constraint it will
guarantee the feasibility of the original problem. This approach has moderate com-
putational complexity compared to the other approaches, and can handle arbitrary
distributions through sampling but results in a conservative solution.

A comparison of the different approaches is shown in Figure 3.12 for Exam-
ple 1. The methods mixed integer programming (MIP), Boole’s inequality, condi-
tional value-at-risk, ellipsoidal relaxation, and scenario approach are shown as the
purple dotted line, solid black line, orange dotted line, green dash-dotted line, and
brown solid line, respectively. The line corresponding to the allowed probability of
failure is shown as the blue solid line which is below the solid black line for the Boole’s

inequality method. As stated before, the mixed integer programming method is an
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Complexity | Conservativeness | Arbitrary distributions
Ellipsoidal very low large approx.
Boole’s low small approx.
MIP very large — yes
Scenario medium very large yes
Convex bound medium medium yes

Table 3.2: Comparison of the different approaches of handling the original chance
constraints.

approximation method and consequently violates the desired probability of failure in
some regions while being conservative in others. The other methods ranked in terms
of conservativeness are: Boole’s inequality, CVaR, ellipsoidal relaxation, and scenario
approach. As shown, the scenario approach is very conservative as compared to the
other approaches. Also note that Boole’s inequality and CVaR are able to take into
account the interaction of the two constraints at the cusp, located at x = 1, resulting
in a curved feasible region. The other approaches disregard this interaction resulting
in a A-shaped feasible region.

While there might not be a correct choice for the method that is used to handle the
joint chance constraints, two of them are not realistic to use. The MIP approach has a
very large computational cost, resulting in only being usable for small sized problems.
Unfortunately, the problems that are of concern in this thesis are too large to be solved
efficiently with the MIP method. The scenario approach can also be disregarded
due to the very large conservatism introduced into the problem formulation, often
resulting in an infeasible optimization program.

The other three methods (ellipsoidal relaxation method, CVaR method, and
Boole’s method) have their own trade-offs resulting in application dependent choices.
The ellipsoidal relaxation method transforms the stochastic optimization program
into a linear program for fixed controllers which is the least computationally inten-
sive, however, it is the most conservative and is only an approximate solution for
non-Gaussian distributions. Boole’s method provides the least conservative solution
with only a slight increase in computational complexity, but is only an approximate

solution for non-Gaussian distributions. The CVaR method resorts to sampling to



CHAPTER 3. CHANCE CONSTRAINED PROGRAMMING 49

1
0
-1 m=—True
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——-Boole’s
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== Ellipsoidal
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Figure 3.12: A comparison of the mixed integer programming (MIP), Boole’s inequal-
ity, conditional value-at-risk (CVaR), ellipsoidal relaxation, and scenario approach
methods for handling the joint chance constraints shown as the purple dotted line,
solid black line, orange dotted line, green dash-dotted line, and brown solid line, re-
spectively. The true probability of failure line is shown as the solid blue line which is
directly under the line for Boole’s inequality. The predicted feasible region for each
method is below the corresponding lines. The original constraints are the red solid
lines.

handle arbitrary probability distributions, but has the largest computational complex-
ity. The conservativeness of the CVaR method is between the Boole’s and ellipsoidal

relaxation methods.

3.4 Discussion on Constraint Modeling

The previous sections compared the conservatism of the different approaches for han-
dling the joint chance constraints. In this section, the mathematical properties of two
different risk measures are explored.

In the original problem formulation, a set of constraints were imposed on the
System

¥ (X, U) <0, i=1,...,N.. (3.56)
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However, due to the uncertainty in the system the constraints are not guaranteed
to always hold. Therefore some measure of the risk associated with violating the
constraints needs to be used. In risk management, there are many different ways to
measure the risk, but typically there are two that are commonly used: Value-at-Risk
(VaR) and conditional value-at-risk.

Given a random variable z € R and confidence level 1 — §, value-at-risk is defined

VaR (z;1 —0) =inf{y | P (2 <~v) > 1-6}. (3.57)

The chance constraint P (z < 0) > 1—¢ is the same as VaR (z;1 — 0) < 0. Conditional

value-at-risk is defined as

1

Let 5* be defined as f* = VaR (z;1 — §) such that P (z > 8*) = §, then CVaR can

also be written for continuous distributions as

Elz]z > 5] BB+ (2= 07) [z = 7]

., Blz—5]
T ez .
= CVaR(z;1-9).

This expression explains where the name conditional value-at-risk comes from because
it is the expected value conditioned on the value-at-risk.

There has been a large amount of controversy over whether VaR or CVaR is a
better measure of risk [78, 79, 77, 80, 81, 82]. Antzer et al. [78] and Rockafellar [79]
compared the two approaches axiomatically by determining a set of properties that
a good measure of risk should possess. Let p be defined as an arbitrary measure of
risk, X be a random variable, || X[z = (E [Xz])l/Q, and X* be sequence of random
variables. If || X* — X||, — 0 as k — oo then X* k=1,2,... converges to a random
variable X with respect to this norm. Rockafellar [79] defined a risk measure p to be

coherent if the following axioms hold:

1. p(C) = C for all constant C
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2. pAXT 4+ (1=N)X2) < M\p(X7) + (1= XN)p(Xo);

3. p(Xy) < p(Xp) if Xy < X7;

4. p(X) <0 when || X* — X|[]» — 0 with p (X*) <0;
5. p(AX) = Ap(X) for A > 0.

The combination of (2) and (5) leads to the subadditivity property
p(Xi+X2) <p(Xi)+p(Xo). (3.60)

Using this definition of coherency it can be shown that VaR is not a coherent
measure of risk for all distributions because it violates the subadditivity property.

The following example illustrates this concept.

Example 2 ([82]). Consider two scalar random variables X, and X5 that are inde-

pendent and given by the following distribution

0 ith probability 0.991
X, =6+ 6 ~N(01), = WL prOBanEy Vi=1,2.
—10 with probability 0.009
In this ezample VaR (X;;0.99) = 3.1 since the probability of n = —10 is less than
0.01, and VaR (X; + X5;0.99) = 9.8 because the probability of getting the —10 draw

for either X; is larger than 0.01. Consequently,

In financial risk management the subadditivity property plays a key role because
it ensures that the diversification principle of portfolio theory holds. In essence, this
means that a diversified portfolio has a lower risk than a non-diversified portfolio;
if this were not the case, then it would be beneficial for someone to open multiple
accounts to make their investments instead of having one central account.

While VaR is not coherent for general probability distributions, the property does
hold for elliptical distributions, which includes the normal distribution [83]. In [82],
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the authors showed that for fat-tailed distributions VaR is subadditive in the tail
regions.

The previous discussion on constraint modeling is not advocating one approach
over another but rather presenting the material for a complete characterization of the

advantages and disadvantages of the approaches.



Chapter 4

Stochastic Control with
Deterministic Constraint

Parameters

In Chapter 2 the stochastic control problem was formally defined, but in general
it is intractable to solve. Chapter 3 described several different methods of relaxing
the problem to obtain a tractable problem formulation. Of the six different meth-
ods presented, only three approaches (Boole’s method, the CVaR method and the
ellipsoidal relaxation method) are realistic to use in bounding (or approximating) the
original problem. The remainder of this thesis will demonstrate the use of these three
approaches in the proposed framework to solve the following stochastic control prob-
lems: stochastic control with deterministic constraint parameters, stochastic control
with feedback design, predictive control of jump Markov systems, stochastic control
with uncertain constraint parameters, and dual control for uncertain constraint pa-
rameters. The thesis concludes with a real-time experimental demonstration of the
proposed framework applied to stochastic motion planning for a quadrotor vehicle
navigating through an uncertain environment.

This chapter develops the stochastic control framework with deterministic pa-
rameters using a fixed controller and estimator. In this development, the properties

of the closed-loop system are directly incorporated into evaluating the joint chance

23



CHAPTER 4. DETERMINISTIC CONSTRAINT PARAMETERS o4

constraints. This evaluation is performed using Boole’s method, the CVaR method,
and the ellipsoidal relaxation method. The solutions of each method are compared
through several examples at the end of the chapter. As compared to traditional deter-
ministic methods, the presented framework directly handles the inherit stochasticity
without drastically increasing the computational complexity.

The presented examples include application of the developed framework to the
stochastic motion planning problem through known environments. Traditionally, de-
terministic motion planners are used to solve this problem, however, the system would
almost surely experience some form of disturbances, leading to failures in the system.
Such disturbances may include wind, wheel slippage, or unmodeled dynamics. Also,
the system would not be able to sense its state exactly, which would also introduce
uncertainty into the system. Deterministic planners typically account for the system’s
uncertainty by adding buffers to the constraints, however, these buffers are usually
chosen in an ad-hoc manner and may not provide the level of safety the user desires.
Instead, by using the proposed stochastic control framework, the probability of con-
straint violation over the entire trajectory can be successfully constrained to be less

than a user allowed amount.

4.1 System Description

For the stochastic control problem in this chapter, the initial state, process noise
and measurement noise are assumed to be independent, Gaussian random variables

distributed according to:
To ~ N(‘fﬂ? 20)7 Wy ~ N(07 Ew) Vka U ~ N(07 E”U) Vk. (41>

Only the system trajectory is constrained probabilistically (rather than state and con-
trol), leading to the joint chance constraint P (H TX—-b< 0) > 1—0 (or equivalently
P (HTX —b> O) < 0). The means of the control inputs are constrained to lie in a
region U € Fy, where Fyy is a convex, feasible region for the control inputs. In this

chapter, a Kalman filter [84] is chosen as the estimator and the system is controlled



CHAPTER 4. DETERMINISTIC CONSTRAINT PARAMETERS 95

via a linear quadratic trajectory tracking controller, as these are the most widely used
estimator and controller pair in industry. The following subsections review the formu-
lation of this particular estimator and controller choice. The presented formulation,

however, is applicable to other estimator and controller choices.

4.1.1 Kalman Filter

For a linear, Gaussian system, the Kalman filter is the minimum mean square error
estimator for the mean and uncertainty of the system state. Let ik\kq be the co-
variance matrix of the optimal estimate of z;, given the measurements {yo, ..., yk-1},
and let iklk be the covariance matrix of the optimal estimate of x; given the mea-
surements {yo, ..., yr}. The Kalman filter operates through the following recursion.

The measurement update is

Tk = Trjp—1 + Li (yk - ijkmfl) (4.2)

Sk = (I — LyCh) Sy (4.3)

where I € R™*" is the identity matrix and
. . -1
Li = S OF (CiSpa CF +3) (4.4)

for all k =0,..., N. The process update is

Tpjp—1 = Ap—1Tp_1jk—1 + Br_1up_1, (4.5)
ik\k—l = Akflik—uk—lAr]f_l + Y, (4.6)
forall k =1,..., N. The Kalman filter recursion starts from o, = 7o and §0|_1 =

Yo-
One of the key properties of the Kalman filter is that the covariance, f]k| k, can be
pre-computed before any measurements are received which allows it to be utilized in

the stochastic control process.
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4.1.2 Linear Quadratic Trajectory Control

Given perfect state information, the linear quadratic controller minimizes the follow-

ing cost function,

N N-1
J = minimize Z (z- — mﬁ)T Q (z. — %) + ZUIRUT, (4.7)

’ =0 7=0
where z¢ is the desired trajectory at time-step k, Q@ € R™ " is the state error cost,
and R € R™*™ is the control input cost. It can be shown that the optimal input for

a linear system is an affine function of the current state given by,

uz = Kyxi + gx (48)

K= — (R+ B{Poy1By) " Bf Popi Ay (4.9)
—1

gs = — (R+ Bl Pey1Bi)  Bjais (4.10)

where P, and ¢ are calculated via,

—1
Py =Q+ A Poi1 Ay — AL Poy1 B, (R+ B Po1By) By Prsi Ak (4.11)
gk = (Ax + BiKy) " grn — Q) (4.12)
starting from Py = Q and ¢y = —QT2%.

4.1.3 Linear Quadratic Gaussian

Given that there is process and measurement noise, the exact value of the state
x1 is not known preventing direct evaluation of the cost function and controller in
Eqns. (4.7), (4.8). Rather, only the expectation of the cost function in Eqn. (4.7) can
be minimized. Fortunately, the certainty equivalence principle [85] has been used to

show that the optimal controller for a linear, Gaussian system with quadratic cost
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uses the estimate of the state from a Kalman filter in Eqn. (4.8), i.e.,

wy, = KypZyj + G- (4.13)

4.2 A Priort Distribution of the Closed-Loop State
and Control Input

Now that the estimator and controller have been defined, the next step in defining the
stochastic control problem is to formulate the probability distribution of the closed-
loop system state, X, and closed-loop control input, U. These will then be used to
evaluate the joint chance constraints.

Applying linear system theory, the closed-loop uncertainty of the system state can
be characterized a priori before any measurements are received. Given the assump-
tion of the Kalman filter estimator and linear quadratic trajectory tracking controller,

the true system evolves according to,
Tpy1 = Apxp + Be(Kppp + gr) + Wawr, k=0,...,N —1, (4.14)
and the estimate of the system state evolves according to,

Trsrbr = ArZupe + Br (Ki@uge + k) + L1 (o1 — Coprdipgaw) » k=0,...,N—1.
(4.15)
Substituting in for y1 and Z441), from Eqns. (2.4) and (4.5) into Eqn. (4.15) yields,

Tyt =  AxBrp + B (Kn@ige + g1) +
Lii1 [Crir (Agzy, + Br( Ky + ge) + Wiwy) + (4.16)
Vir1Ves1 — Craa (Aki’mk + By (Kki'ldk + gk))] .

Finally, simplifying and collecting the common terms results in

Tpaprr = (Ax + BeKy — L1 Cra Ag) Trpe + L1 Co1 Apvr + Brgt

(4.17)
L1 Cropa Wiwr, + L1 Vip1Vrg1
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The state estimation error, ey, = Ty — Tyk, then evolves according to
ertijktr = (I — Lip1Crpa) Arerpe + (I = Lip1Crp1)Wiwy, — Lyt Vig1vrgr. (4.18)

To determine the distribution of the closed-loop system, xpy1 and ejqqjr41 from
Eqns. (4.14) and (4.18) are combined into a single system resulting in the following

time-varying system,

Zk+1 — szk —+ ng -+ GkSk (419)
where
_ B
2 = o y Sk = o B = : )
Ck|k Uk+1 0
A + B K, — B, K,
F, = k 9492 9492 ’ (4.20)
0 (I = Lyps1Cpi1) Ag
Wy 0
k p—
(I = Li41Crs1)Wi =Lt Vi
with s, ~ N (0,%,), ¥, = diag(X,,%,) and diag places the matrices along the
diagonal.
T
The system starts from z, = [ Ty, x) — jglo ] . The mean, z;, and covariance,

>y, for the system defined by Eqn. (4.19) can now be determined,

Zk+1 = szk + ng (421)
Sii1 = B SeFY + GRE,GE (4.22)
. N - S 0 .
starting from z, = 0 and X = S . Finally, the closed-loop state
0[0

and control input evolves according to,

[ T - I 0 T
| ug K, —K; Eklk

~————
Ak

0
1

+ r- (4.23)

Consequently, the a priori closed-loop state and control input at time-step k, for all
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k=1,...,N —1, is distributed by,

r Tz + 1,7 -
Y LT s  ARSAT (4.24)
U, Ki(T)7 %0 + T;,78) + gi
T
where g = [ a . gn ] . The k-th row of the matrix 7T%* is,
17" = (Ag1 + Bro1 K1) (Ak—2 + Br—oKj—2) - - - (Ag + BoKy) (4.25)
and the elements of the lower triangular matrix 7%9 are,
_ By 0 -
(A1 + B1K,)By B .
T:L‘g = (A2 + BQKQ)(Al + BKl)BO <A2 + BKQ)Bl BQ
| (II5NA+ B.K.)By, (TIN5 (Ar + B,K,))By ... By_1 |
(4.26)
d d dT a7t T v ]!
Let X% and q be defined as: X = [xl U % } and q = [ 4 - qy }

The constant input term in the LQG controller is defined as a function of q (recall
from Eqn. (4.10)), i.e., g = W q where V¥ is a block diagonal matrix with entries
U, = — (R + B!P,1B;) !B} foralli=0,...,N —1. Also, the vector q from
Eqn. (4.12) can be written in terms of the desired trajectory, q = ©X? where O is
defined as Vi, j € [0, N — 1],

0 if j <1
B =1¢ —-Q" itj=1 (4.27)
~([ i (Ar + B.K,)T)QT  otherwise.

Consequently, the mean of the closed-loop state is

X = 705, + T**" X4 (4.28)
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where 77" = T=9¢@. The mean of the control inputs is

U = Tz, + T X4 (4.29)
~ K ~ ~
with 7m0 — feeo 4 | 70 | quat _ (KT”d + \1@), and K is a block matrix
defined as ~ ~
0 ... 0
8 K
K=" (4.30)
0 . 0
- KNil -

4.3 Gradient and Hessian of the Chance Constraints

To aid in the solution of the optimization program (2.10) using Boole’s method,
the gradient, g., and Hessian, H., of the chance constraints can also be computed
analytically. First, the gradient can be computed for one probability constraint and
then generalized for all. Let h; be the i-th column of the constraint matrix H. From

the chain rule,
opP (hiTX > bi) _

VP (B X > b;) = 0% ViaX. (4.31)
From Eqn. (3.15) and the Leibniz integral rule,
. KTX
9% b; hj X
OP (hiX > b;) \ i Zhi
X = - X ) (4.32)
1 ( (b - h?X)?) .
= —exp _—— h’z .
\/2mh IS, 2h; Sihy

The gradient of X with respect to X% is VyaX = T aat, Combining the individual

gradients into vector notation yields the total constraint gradient:

go=T""" HI (4.33)
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where [ is defined as a vector with elements,

b= — —exp (_M) . (434)

J2rhTSh, 2h1Sh;

The Hessian of the probability constraints is determined through a similar process.

The Hessian of one individual constraint is,

V2P (hTX > b)) = d, 7" hh T T (4.35)

X TR
by — h; p (-M) The Hessian of all the probability

where d; =

= ex =
V 27T(hZTZhZ)3/2 thTZhl
constraints in matrix form is then,
H, = T**"" Hdiag (d) H*T**". (4.36)

4.4 Final Optimization Program

The final optimization program for the stochastic control problem is shown below.

minimize E [¢(X, U)]

x4
subject to
X = 7%, 4 7% X¢
= Tua0 g, 4+ T’ X4
Ue Fy

joint chance constraints handling

(4.37)

(@]

The difference between each of the methods (Boole’s, CVaR, and ellipsoidal relax-

ation) lies in how the joint chance constraints are handled. For Boole’s method the
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following constraints are added

. hTX
1—-@ M SQ, i:17...,Nc
NG (4.38)

Eﬁicl € < 0.

For the CVaR method the constraints are

E [(maX(HTX —b+a)) } < as, (4.39)

+

where the expectation is evaluated using sampling. Finally, the constraints for the

ellipsoidal relaxation method are

hiX +7y/hIYxh; <b;, i=1,...,N,, (4.40)

where r is defined in Eqn. (3.9). For all of the methods, the resulting optimization

program is convex.

4.5 Simulation Examples

The following section presents several examples comparing the solution to a stochas-
tic control problem using Boole’s method, the CVaR method, and the ellipsoidal

relaxation method.

4.5.1 Open-Loop Unstable Dynamics, Convex Environment

This first example considers the case of an open-loop unstable system which could not
be handled in [31] because they only considered the open-loop system distribution.
By incorporating a feedback controller, the formulation presented in this chapter is
shown to handle such unstable systems as long as a linear quadratic feedback law can

stabilize the system.
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Example 3. Consider an unstable system with dynamics given by,

2.72 1 1
. 72 0 B 0.17 o= 0 |
017 1 7.2e =3 0 1

and a time horizon of N = 20. The noise parameters and the distribution of the

wnatial state are,
0
Y, = 0.00017, X, =0.00011, zyp ~ N <[ 0 ] ,0.0001]) .

The feasible region for the system state is defined by the following constraints,
[1 o}xk§1.05, [0 —1}xk§0.2, [—1 1]xk§0.3

forallk=1,...,N. The allowed probability of constraint violation is 6 = 0.01. The
objective function for this problem is quadratic in the final state as well as the control
MNputs,

Qb(X, U) = (xN - xref)TQobj (xN - mref) + UTRObj[U (441)
T
with Quyy = I, Ropy = 00011 and s = [ 1 1| .

The solutions for this example using Boole’s method, the CVaR method, and
the ellipsoidal relaxation method are shown in Figure 4.1(a)-(c), respectively. The
start and goal location are shown by the blue circle and red ‘x’, the feasible region
is the white area, the mean system trajectory is the blue, thick line, and the ellipses
represent the 99.7% confidence ellipsoids at each time-step. The number of particles
used in the CVaR method is Ny = 1000 and the solution for every particle is shown
as the gray lines in Figure 4.1(b).

Table 4.1 compares the actual probability of constraint violation calculated through
Monte Carlo simulation and the computation time for each of the methods. The op-
timization was performed using Matlab on a 2.7 GHz Intel Core i7 computer; the
computation times are provided only for comparison and they can be drastically re-

duced by using a compiled language such as C++. Note, the computation time for
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the CVaR method is slightly inflated due to the inefficiency of loops in Matlab. As
expected, using Boole’s method results in the least conservative solution and the el-
lipsoidal relaxation method results in the most conservative solution. This can be
seen visually in Figure 4.1 by how far the solution for each method stays away from
the slanted boundary. Specifically, for Boole’s method the uncertainty ellipses touch
the slanted constraint, whereas for the ellipsoidal relaxation method the uncertainty

ellipses are further away.

Table 4.1: A comparison of the calculated probability of constraint violation through
Monte Carlo simulation for the methods. The allowed probability of failure is § =
0.01.

O sim comp. time (s)
Boole’s method 0.0096 | 2.42
CVaR method (N; = 1000) | 0.0058 | 22.72
Ellipsoidal relaxation method | 0.00031 | 0.84

Figure 4.2 displays the constraint violation probability at each time-step using
Boole’s method for the slanted line. At the start of the trajectory, the system has
a very low chance of violating the constraints, but near the end the probability of
violation increases dramatically. This non-uniform distribution of constraint viola-
tion probability is a result of using the risk allocation algorithm, which in this case
has chosen to assign most of the allowable constraint violation near the end of the
trajectory. This can be seen visually by the proximity of the system trajectory to the
constraint in Figure 4.1(a). By using this risk allocation algorithm, the performance
of the system is increased as compared with using a pre-defined risk profile.

A comparison of the probability of constraint violation statistics for the CVaR
method with varying number of particles is shown in Table 4.2. The statistics are
calculated for 100 runs of each algorithm and the probability of constraint violation
is calculated via Monte Carlo simulation for each iteration. As expected, for the
smaller number of particles the actual probability of constraint violation is larger
due to the inability to represent the true probability distribution with smaller sample
sizes. In some cases, the true probability of constraint violation exceeds the allowed

limit. Consequently, the solution using the CVaR method must be checked using
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1.5
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(a) Boole’s Method (b) CVaR Method
1.5

-025 0 025 05 075 1
(c) Ellipsoidal Relaxation Method

Figure 4.1: The solution for the unstable dynamics example for Boole’s method, the
CVaR method and the ellipsoidal relaxation method for Example 3. The blue circle is
the starting position of the state and the red ‘x’ is the goal location. The white area
is the feasible region. The thick blue line in each plot is the solution for the mean
trajectory of the system. (a) The solution using Boole’s method. The ellipses are the
99.7% confidence regions of the state at each time-step. (b) The solution using the
CVaR method with 1000 particles. The trajectories for all the particles are shown as
the gray lines. (c¢) The solution using the ellipsoidal relaxation method.
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Figure 4.2: The probability of violating the slanted line constraint for the open-loop
unstable example for Example 3. The horizontal axis is the time-step and the vertical
axis is the probability of violating the constraint.

cross-validation to ensure that the original constraints hold. Also, as the number

of particles increases to better represent the true distribution, the solution becomes

more conservative.

Table 4.2: A comparison of the solution statistics for the CVaR algorithm for various
number of particles.

N, mean 0, std. dev. 04, max dgim
500 0.0090 0.0037 0.0197
1000 0.0060 0.0022 0.0146
2000 0.0047 0.0015 0.0093

4.5.2 Nonconvex Environments with Integrator Dynamics

In the previous example, the environment was readily describable by a set of convex
constraints. In general, however, the feasible region for stochastic control problems
may be nonconvex regions, significantly increasing the computational complexity of
solving the resulting optimization program. To handle these nonconvex cases, typ-

ically, the optimization program is transformed into a series of convex problems by
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either performing branch and bound on the disjunction of the constraints [86] or de-
composing the feasible region into convex tunnels which are then planned through [87].

The latter approach is used in the following examples.

Example 4. Consider a system with double integrator dynamics and a 2D position,

1 0 At 0 0.5At2 0
1 At SAL? 1
A 0 0 B 0 0.5 e 000 .
001 0 At 0 0100
000 1 0 At
(4.42)

where At = 0.1 seconds and a time-horizon of N = 20. The noise parameters are,

. = diag(0.0003, 0.0005, 0.0003, 0.0005), (4.43)
5, = diag(0.001,0.002). '

T
The objective function is the same as in Example 3 with T, = [ 2100 } ,

10 0
Qobj = [ 0 0 ] and Rop; = 0.0011.

Using the tunnel method to deal with the nonconvex environments, the feasible
region can be decomposed into two different tunnels corresponding to going around
the top or bottom of the first obstacle. Figure 4.3 shows the decomposition of the

nonconvex region for the top and bottom paths.
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Figure 4.3: The decomposition of the nonconvex space into tunnels corresponding to
the bottom path and top path in (a) and (b), respectively.

Bottom Region

The probability constraints for the bottom region are,

-1 0 0 0 [ 0.15
0 00 1.75
(AaB) Tk S kzlv ,]{51

0 0 0 0.15
| 0 -10 0 | 0.15
[ 1 0 0 0] [ 14
0 00 1.75

(B,C,D) Tk S k:kl—f—l,...,k’g
0 0 0 2.75
| 0 -10 0 | 0.15
[ -1 0 0 0] [ 14
0 00 1.75

(D, E) T, < k=ky+1,...,N
0 0 0 2.75
| 0 -10 0 | —0.75
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where k; and ko are the switching times between the three sets of constraints. The
switching times correspond to when the system exits one region, defined by the con-
straints, and enters another. Corresponding to the regions in Figure 4.3(a), the first
inequality constrains the system to be in regions A and B, the second inequality re-
stricts the system to only be in regions B, C and D, and the final constraint allows

the system to be in regions D and E.

Top Region

Similarly, the probability constraints for the top region are,
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where again k; and ky are the switching times between the three sets of constraints.
In reference to the regions in Figure 4.3(b), the first inequality constrains the system
to be in regions F and G, the second inequality restricts the system to only be in

regions GG, H and J, and the final constraint allows the system to be in regions J and
K.
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Results

For this example, the optimal path is always through the top region even though
a route through the bottom region is shorter. This is due to the large uncertainty
of the vertical position of the state which renders the bottom region infeasible with
respect to the chance constraints for choices of 6 < 0.19. Figure 4.4(a)-(c) displays
the optimal solution resulting from using Boole’s method, the CVaR method, and
the ellipsoidal relaxation method for 6 = 0.1. The optimal switching times for each
algorithm are k; = 9 and ky = 16. The computed constraint violation from Monte
Carlo simulation for Boole’s method was 0.095 (note the conservativeness due to
Boole’s inequality). The number of particles chosen for the CVaR method was 200
and the calculated probability of constraint violation is 0.042.

Qualitatively, both methods produce similar solutions, however, Boole’s method
takes more risk resulting in a 5% lower objective function cost. For all solutions, the
optimal trajectory curves toward the infeasible region in the beginning instead of fol-
lowing the center of the corridor. This initial deviation improves the overall objective
and is allowed because the rest of the path has a small probability of violating the
constraints.

A comparison of the probability of constraint violation statistics for different num-
bers of particles in the CVaR method is shown in Table 4.3. For each number of par-
ticles, 100 iterations of the algorithm was performed and the probability of constraint
violation was calculated through a Monte Carlo simulation. It is interesting to note
that as compared to the Example 3, a smaller number of particles is required to have
the maximum probability of constraint violation be below the allowed probability.

As stated above, the optimal route is around the top of the obstacle because the
bottom route is infeasible. Figure 4.4(d) shows a suboptimal solution, using Boole’s
method, for a path through the bottom region for an allowed constraint violation of
0.19. The system quickly follows the center of the corridor in the beginning, then
slowly approaches the goal location at the end in order to reduce the probability of

violating any constraints before the end of the planning horizon.
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Figure 4.4: The results for planning through the nonconvex region in Example 4.
The blue line with dash-dot ellipses, orange line with dash ellipses, and green line
with solid ellipses indicate which three sets of constraints are active. (a) The solution
using Boole’s method. (b) The solution using the CVaR method with Ny = 200. The
gray lines are the trajectories for each of the particles. (c) The solution using the
ellipsoidal relaxation method. (d) The results for planning through the bottom route
of the nonconvex region using Boole’s method with an allowed constraint violation of
0 =0.19.



CHAPTER 4. DETERMINISTIC CONSTRAINT PARAMETERS 72

Table 4.3: A comparison of the solution statistics for the CVaR algorithm for various
number of particles for a nonconvex known environment.

N,  mean Oy, std. dev. g, max dgm
100 0.061 0.021 0.151
200 0.047 0.015 0.091
300 0.042 0.010 0.068
400 0.042 0.0088 0.069
500 0.039 0.0070 0.062

4.5.3 Collision Avoidance

For the final example, a dynamic nonconvex motion planning example is chosen in
which multiple vehicles have to avoid each other while attempting to reach their own
goal locations. In contrast to the previous examples, this problem has a larger state
space and includes state coupling in the joint chance constraints. In the following
scenario, the vehicles were required to keep a minimum separation distance of 0.25
meters, which by definition is a nonconvex feasible region. Consequently, the same
approach will be employed as in the previous section to simplify the problem into

convex subproblems.

Example 5. Consider a collision avoidance scenario with three vehicles. All vehicles
have the same double integrator dynamics described by Eqn. (4.42) with At = 0.1
seconds, a time-horizon of N = 20 and noise parameters given in Eqn. (4.43).
The objective function is,
3

S(X,U) =3 (aly — aley) " Qovy (2y — aler) + UTRopyU

i=1

I 0 .
with Qobj = [ 0ol Rop; = 0.0011, xj, is the state of vehicle i at the k-th time-step,

x' s the reference state of vehicle i, and U is the concatenation of all the vehicle’s

control inputs.
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The starting and goal locations for each of the vehicles are
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Due to the large number of feasible trajectories through the environment, the

allowed feasible region was restricted to reduce the computation time. Consequently,

only a locally optimal solution can be guaranteed which is the optimal solution within

the restricted feasible region. The decomposed regions are defined by,

(

100 0]z

(a) 010 0]zt
(0100
([0 10 0]
W1 00 0@
\i1oooi(x§
(o010 0@
()} -0100-(562
k:1000:(@%

—22) < —0.25
<025 k=1,.... k
—3) < —-0.25

—22) < —0.25
—23) < —0.25

— ;) < —0.25
) <025 k=ky+1,...,N
—2l) < —0.25

where again k; and ko are the times when the vehicle exits and enters the different

regions. In words, the constraints above are as follows: (a) requires vehicle 3 to be

above vehicles 1, 2 and vehicle 1 to be to the left of vehicle 2, (b) requires vehicle 3 to
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Figure 4.5: A three-vehicle collision avoidance scenario solved using Boole’s method
with an allowed constraint violation of 6 = 0.1. In each plot, the vehicles are at-
tempting to reach their goal location marked by the ‘x’.

be to the left of vehicles 1, 2 and vehicle 2 to be above vehicle 1, (c) requires vehicle
3 to be below vehicles 1, 2 and vehicle 2 to be to the left of vehicle 1.

Only Boole’s method is presented here, but the CVaR method and the ellipsoidal
relaxation method produce qualitatively similar results. Figure 4.5 shows a series of
images of the vehicle locations for the expected trajectories for a problem with an
allowed constraint violation of 6 = 0.1. For each of the subplots in the figure, the

system is in regions (a),(b),(b),(b),(c), respectively, of the decomposed environment.

4.6 Conclusions

This chapter presented three methods for solving the stochastic control problem with
deterministic constraint parameters and they were evaluated on several examples
of stochastic motion planning through known environments. It demonstrated that
the inherit stochasticity in the problem can be directly handled without drastically
increasing the computational complexity while rigorously providing the user’s desired
safety level. As already illustrated in Chapter 3, in the presented examples the
ellipsoidal relaxation method is the most conservative, however, it has the lowest
computational complexity. Boole’s method is slightly more computationally complex,
but generates the least conservative solution. The conservativeness is due to Boole’s
inequality, but the examples demonstrated that it was indeed small. This chapter also

illustrated the applicability of the CVaR method to handle these types of problems.



Chapter 5

Feedback Design and Risk
Allocation in Chance Constrained

Control

In the previous chapter, the controller was assumed to be fixed and the chance con-
straints were satisfied by optimizing over the desired trajectory. By using a fixed
controller, however, the system may be forced to take a longer, more costly route to
satisfy the chance constraints. For Example 4, the chosen feedback controller resulted
in a large vertical uncertainty in the system state which prevented the system from
proceeding through the shorter bottom route. Since the distribution of the closed-
loop system is dependent on the feedback controller parameters, the bottom route
could have been enabled by modifying the controller.

This chapter incorporates feedback controller design into the stochastic control
formulation, enabling the feedback controller to shape the uncertainty of the system
to make feasible previously infeasible solutions. In prior work [28], an ellipsoidal re-
laxation technique was used to solve this problem. For this method, a static, uniform
allocation of risk is assigned to each constraint transforming the problem into a de-
terministic program for optimizing the feedback parameters. However this results in
a large amount of conservatism, degrading the performance of the overall system.

To reduce the conservatism, this chapter presents a novel approach for optimizing

75
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over both the feedback controller and the risk allocation of the joint chance con-
straints. Instead of using the ellipsoidal relaxation technique, the joint chance con-
straints are handled using either Boole’s method or the CVaR method which results
in a tighter approximation. Using the CVaR method, the resulting optimization pro-
gram is convex and optimizes over both controller and risk allocation simultaneously.
However, the computational complexity grows quickly with the problem size, render-
ing some problems intractable to solve using this method. Consequently, the focus of
the chapter is on using Boole’s method. Direct application of Boole’s method yields
an optimization problem that is not readily solvable. Therefore, a two-stage optimiza-
tion algorithm is presented that alternates between optimizing the feedback controller
and the risk allocation until convergence. This solution methodology is shown to re-
duce the conservatism in previous approaches and improve the performance of the
overall system.

Example 4 presented in Section 4.5.2 is used to compare the proposed meth-
ods with the ellipsoidal relaxation method. Boole’s method is shown to enable the
previously infeasible path through the bottom route in this example, however, the el-
lipsoidal relaxation method still requires the system to take the suboptimal top route.

For this example, the CVaR method proved too computationally complex to use.

5.1 System Description

The system evolves according to
X=T"g)+T"U0 +T"™W (5.1)

Y = CX + TV (5.2)



CHAPTER 5. FEEDBACK DESIGN AND RISK ALLOCATION 7

where in an abuse of notation C' = [diag (C,...,C)0] € RPNV with diag(-)

forming a block diagonal matrix from its arguments,

e [0 |
Al AlB, 0
0 A2By A2B; 0
Tzzo — A(Q) , T — . ,
' : 0
| A) N N .
_Al BO A2 Bl ANBN—I ]
L ] (5.3)
0
Vo AW, 0
1% AW, A2y 0
T = , , T = . ,
I Vn_1 | : 0
| AYW, AYwy o AW |

where A’j = AL 1A,_o... A, with Aﬁ =1

A feedback controller can be used to shape the uncertainty of the system state,
facilitating the satisfaction of the chance constraints and improving the objective
function cost. As has been considered in the past [28, 88|, only the set of affine causal

output feedback controllers will be considered here, i.e.,
k
up =+ Yy Kpryr, k=0,...,N—1 (5.4)
7=0
The control law can also be defined in terms of a reference output, ., i.e. wu; =

uy + Zi:o Ky - (yr — yr). The compact form of Eqn. (5.4) is given by,

U=U+KY (5.5)
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where -~ .
Koo 0 0
K K
K = e b : (5.6)
0
| Kn-1o0 Kn-1n -0 Kyoin-r |
and U = [af,... ,aﬁfJT.

Now the characteristics of the closed-loop state and input can be determined.
Substituting for X from Eqn. (5.2) yields,

Y =C(T*°xq + T™U + T*“W) + TYV. (5.7)
Substituting for U from Eqn. (5.5) results in,
Y =C (T*"xo + T (U+ KY) + T*"W) 4+ T""V. (5.8)
After simplifying and combining common terms,
(I —-CT™K)Y = C (T"°xo + T™U + T*"W) + T*"V. (5.9)

The term C'T** K is lower triangular, therefore I — CT*"K is invertible. Solving for
Y yields,

Y =(I-CT™K)™" (C(T"™z + T™U + T""W) + T""V). (5.10)
Substituting this into Eqn. (5.5) and simplifying yields,

U= K(I-CT™K) " CT*z+ (I + K (I — CT*"K)™ CT**) U+

-1 -1 (511)
K (I - CT™K) ' CT**W + K (I — CT**K)~ "V,



CHAPTER 5. FEEDBACK DESIGN AND RISK ALLOCATION 79

Substituting this into Eqn. (5.1) results in,

X= (I+T"K(I-CT™K) "' C)T* x5+ T (I + K (I - CT*K)"' CT*) U+
(I+T"K(I-CT"K)"C)T*W + T*K (I — CT*™K) ™" T%V.
(5.12)

Youla Parametrization

In the current problem formulation, the controller gains, K, are being optimized
in order to shape the covariance to satisfy the constraints and lower the objective
cost. In general, the program is not convex in the original design variables K and U.
However, [28, 88] showed by a change of variables the problem can be cast as a convex
optimization problem. This is accomplished by using the Youla parametrization as
follows,

Q=K -CT"K)". (5.13)

The original gain matrix K can then be efficiently solved for by
K=(I+QCT™"Q, (5.14)

resulting in a block lower triangular matrix. Also, define

r=(I+QCT™)U (5.15)

such that
U=(I+QCT*) 'r=(+KCT™)r. (5.16)

The variables Q and r can now be used in place of K and U to generate a convex
optimization program. Using this change of variables, the control input and state
simplify to

U=QCT"™xy+r+ QCT"W + QTY'V, (5.17)

X = (I + T*"QC) T™ xo + T*"r + (I + T™QC) T™W + T*QT*'V,  (5.18)
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which are affine expressions in () and r. Similarly, the uncertainty of the state and

control input can be expressed in terms of ) and r,

EX — LTa:xOEOTx:coTLT + LwaEWwaTLT + TquTvaVTyUTQTTxUT, (519)

EU _ QCT;m‘o EOTxxoTcTQT + QCwaEWwaTcTQT + QTyUZVTvaQT, (520)

where L = I + T*QC.
Using the above formulations, the stochastic control problem with feedback design
reduces to the optimization program (5.21).

minimize E [¢(X, U)]

Q”r

subject to
X=({I+T"QC)T*0xy+ T"r 4+ (I + T™QC) T*™™W + T*QTY'V
U=QCT*xy+1r+ QCT*"™W + QTY'V
W~ N(0,%,)
V ~N(0,%,)
Ue Fy
Sy = LT3, T T[T 4 [Towsy, TowT [T 4 7euQy, QT+ T
L=1+T"QC
P(H*X -b>0)<$§
@ lower triangular
(5.21)
The primary complication in solving the optimization program (5.21) is in eval-
uating and satisfying the state chance constraints. While they may first appear to
be easy to evaluate, the controller parameters can now affect the covariance ma-
trix, adding further complexity into satisfying the chance constraints and solving the
optimization program. Fortunately, there are many different ways to simplify the

problem, presented in the next section.
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5.2 Handling the Chance Constraints with Feed-
back Design

Previously when optimizing over the controller feedback gains ([28, 29]), an ellipsoidal
relaxation technique was used to simplify the constraints, typically leading to a very
conservative approximation of the probability of failure which increases the overall
objective cost. Another approach to simplify the chance constraints is to use Boole’s
inequality which provides a tighter approximation of the probability of failure at the
expense of a more complicated optimization program. The application of the CVaR
method to this problem formulation is straightforward and no modification of the
algorithm is needed. The subsections below describe how to apply the original for-
mulation of Boole’s and the ellipsoidal relaxation approaches presented in Chapter 3

to the feedback design problem.

Ellipsoidal Relaxation

In the ellipsoidal relaxation method, the original constraint P (H TX < b) >1—941is
replaced by requiring X + &, C F, which is equivalent to requiring

RIX +ry/hISxh; <b;, i=1,...,q, (5.22)

where h; is the ¢-th column of H. These constraints form a set of second order cone

constraints.

Boole’s Inequality

Chapter 3 showed that the joint chance constraint P(HTX < b) can be converted into
univariate integrals by using Boole’s inequality to conservatively bound the probabil-

ity of violation. If the constraints

- _ 1T
1—® M < §;
\/hiTEXhZ- (5.23)

26, <0
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are satisfied then the original joint chance constraint will also be satisfied.

In the current problem formulation, both §; and Yx are variables and there is
no tractable way of simultaneously optimizing over both. However, if either variable
is fixed then the optimization problem can be solved efficiently. This property is
exploited in the proposed solution methodology in Section 5.3 below.

For a fixed covariance, ¥x, and 6 < 0.5 the constraints in Eqn. (5.23) are convex
since the function ®(x) is concave in the range = € [0,00) [31, 70]. If the risk
allocation, d;, is fixed such that > ¢; < 0 then the constraints in Eqn. (5.23) can be
converted into equivalent second order cone constraints as follows. The constraints

require

_ 1T
1o Bt oy, (5.24)
NG

which can be simplified to

hiX 4+ &1 (1 — &) /hISxh; < b; (5.25)

where @71 is the inverse of the Gaussian cumulative distribution function. These
constraints are similar to the constraint for the ellipsoidal relaxation method in
Eqn. (5.22), however, the back-off parameter for Boole’s method (®~1(1 — §;)) is
less conservative. Finally, the standard deviation of the constraint uncertainty can

be converted into a second order cone constraint,

RISk = H (1 +T7QC) T#0x: (I + T*QC)T*T3,, TwQTyvzé,} nil|. (5.26)
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Boole’s or Ellipsoidal Relaxation Method Optimization Program

Using either method for bounding the chance constraints, the program (5.21) can be
simplified to (5.27).

minimize E (f(X,U))

Q7T‘

subject to
X = (I 4+ T™QC) T™™xg + T™"r + (I + T™QC) T™W + T™QT"V
U = QOT* x4 + r + QCT*™W + QT"V
W ~ N(O, Sw)
V ~ N(0,%,)
Ue Fy
L=1+T™QC
Vi — H [LTwozé LT™S2,. TWQTyvzé] hy
RIX + B <b;, i=1,...,q

Q) lower triangular

(5.27)

In the optimization program (5.27), 5; = r for the ellipsoidal relaxation technique,

or 3; = ®71(1 — §;) for Boole’s method. For the ellipsoidal relaxation method the
parameters [3; are fixed (given in Eqn. (3.9)), and the resulting optimization pro-
gram (5.27) is a convex Second Order Cone Program (SOCP). The fixed parameters
B;, however, will be shown to lead to conservative solutions. For the case of Boole’s
method, both g; and K are optimized, reducing the conservativeness of the resulting
solutions. Optimizing over both the controller parameters and the risk allocation si-
multaneously is not a straightforward procedure, since ; and v; are both involved in
a multiplicative constraint. However, given a fixed controller K or fixed risk alloca-
tion d;, the program (5.27) is a convex optimization problem which can be efficiently

solved. Using these facts, the next section presents a two-stage optimization method.
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5.3 Boole’s Method Solution Methodology: Two-
Stage Method

Given the complexity in simultaneously optimizing the risk allocation as well as the
controller parameters for Boole’s method, an iterative two-stage optimization scheme
is utilized for solving program (5.27). The upper stage allocates the risk associated
to each individual constraint while the lower stage solves a SOCP for the optimal
controller parameters given the current risk allocation. The primary difficulty in
solving this problem is devising the iterative risk allocation scheme for the upper

stage.

( )

onlpper Higge
ardislteddlogdldentio

Lower Stage
SOCP Solver

- J/

Figure 5.1: Two-stage optimization algorithm.

5.3.1 Upper Stage

There are several heuristic methods that can be devised for allocating the risk in
the upper stage. This subsection describes two such methods in further detail: the

bisection method and the optimal risk given a fixed controller method.

Bisection Method

The simplest heuristic to use is the bisection method presented in Algorithm 1, which
adjusts the uniform allocation of the risk until the actual risk is within a specified
threshold of the allowed value. The initialization of the method is described in Al-

gorithm 2. First, two uniform risk allocations are computed (in lines 3 and 6 of
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Algorithm 2) above and below the desired probability of constraint violation. A uni-
form risk allocation at the midpoint of these two allocations is then used to solve for
the controller parameters in the lower stage. The solution from the lower stage is then
used in Algorithm 1 to adjust the risk. If the true probability of constraint violation
(calculated in line 1 of Algorithm 1) is less than the allowed risk, then it replaces the
current lower bound, otherwise it replaces the upper bound. This is continued until

the actual risk is within a threshold of the allowed risk.

Algorithm 1 Bisection Method for Risk Allocation

bi — hiX
: 5itr11e = ZZ 1 - (b (l—l>

: N
2: if |d;,,.. — 0| < € then

3:  Solution found.

4: end if

5: if 9;,,,. > 0 then

6: g = 51

7: else

8: é == (51

9: end if

10: 0; = 0.5(5 + 9)

Algorithm 2 Initialization for the Bisection Method

1: 0=10/q
2: Perform optimization of (5.27) with 8; = ®71(1 — §)
- hTX
3 étrueZZil_q) w
V hlYxh;
4: 6=0.5

5: Perform optimization of (5.27) with 8; = ®~ (1 — 0)

= b — hfX
6: 6true:Zi1_® L

V h}Yxh;
7: if Oipue < O then

8:  Solution found, no need to iterate.
9: end if B
10: 0; = 0.5(0 + 0)
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Optimal Risk Given Fixed Controller

As was stated before, if the controller parameters, K or (), are fixed (and hence the
covariance Y is fixed) then the problem simplifies to a convex optimization program.
Consequently, for the case of a fixed controller, the optimal risk allocation, d; Vi, for
the particular controller parameters can be efficiently computed. However, there is
no guarantee that this risk allocation is the optimal risk allocation for the original

problem.

5.3.2 Lower Stage

Once the risk allocation has been fixed, the program (5.27) simplifies to a standard

second order cone program which can be solved efficiently by many standard solvers.

5.4 Application: Motion Planning

The feedback design and risk allocation methods presented in this chapter are ap-
plicable to many different fields and is evaluated here on a variant of the stochastic
motion planning problem in Example 4. As shown in Figure 4.4, by using a fixed LQR
controller and Kalman filter estimator, the vehicle was forced to use the top route
because the bottom route was infeasible due to violating the joint chance constraints.
By instead optimizing over the feedback controller parameters, the uncertainty of the

system can be shaped to enable the previous infeasible solution.

Example 6. The following example is similar to Example 4 except for a Q. =
101 0
0

Boole’s and the ellipsoidal relaxation methods.

and 0 = 0.15. Here the & was chosen to highlight the differences between

The results are shown in Figure 5.2. The solution with a fixed LQR trajectory
tracking controller and Kalman filter from Chapter 4 is shown in Figure 5.2(a) with
an objective function cost of 0.184. Here, the system had to take the suboptimal route

through the top; the bottom path was infeasible due to the large vertical uncertainty.
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The solution using feedback design with the ellipsoidal relaxation technique is shown
in Figure 5.2(b). Here, the system also has to take the suboptimal route through the
top of the environment because the relaxation method for the joint chance constraints
is too conservative. The objective function cost was 0.186 with a probability of failure
of 0.004 which is significantly less than the allowed risk.

The solution using the new two-stage algorithm presented in this chapter for
optimizing the output feedback controller parameters is shown in Figure 5.2(c-d).
Figure 5.2(c) shows the solution using the binary search upper stage algorithm. The
algorithm took 16 iterations for an e = 1 x 10~ and the objective function’s value was
0.120. In contrast, the solution using the optimal risk given fixed controller upper
stage algorithm, shown in Figure 5.2(d), only took 1 iteration. For this solution,
the upper stage was initialized with a uniform allocation of the risk §; = d/q. The
trajectory for this allocation is shown as the black line. The final solution is shown as
the blue line with the 90% confidence ellipsoids around it. The initial objective cost
is 0.146 and the final objective cost is 0.116 which is a 26% relative improvement.

The CVaR method was also used to solve this problem, however, the optimization
program was tractable for only a very small number of particles and the solution
always violated the joint chance constraints during cross validation.

A comparison of the computation times for the various methods is shown in Ta-
ble 5.1. The computations were done using CVX [89] on a 2.7 GHz Intel Core i7. The
ellipsoidal relaxation algorithm is the fastest algorithm. The optimal risk two-stage
optimization method is 46% slower but results in a 60% better objective function
value. The binary search method is impractical to solve this particular problem, as

its computation time is over 10 times slower than the optimal risk method.

Table 5.1: A comparison of the computation times and objective function value for
the different solution methods.

Comp. Time (secs.) | Objective

Ellipsoidal relaxation method 56 0.186
Optimal risk method 82 0.116

Binary search method 900 0.120
CVaR method — -
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(a) LQR, Fixed Control (b) Ellipsoidal relaxation method
3
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(c) Bisection Method (d) Optimal Risk Upper Stage Method

Figure 5.2: The solution and the confidence ellipsoids for a nonconvex environment
for Example 6. (a) Solution for an assumed LQR trajectory tracking controller as
used in Example 4. (b) The solution for the ellipsoidal relaxation method. (c) The
solution from the two stage algorithm using the bisection method for the upper stage.
(d) The solution for the optimal risk given fixed controller upper stage. The black
line is the solution from the SOCP solver assuming a uniform allocation of risk. The
blue line, with the confidence ellipsoids around it, is the solution using the controller
parameters from the first SOCP stage and optimizing the risk for each constraint.
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5.5 Conclusions

This chapter studied the problem of simultaneous feedback and risk allocation in
chance constrained control. Previously in Chapter 4, a chance constrained stochas-
tic control problem was investigated in which a fixed controller and estimator were
employed, and only the risk of violating each constraint was optimized. However,
this chapter showed that a better solution can be found by also optimizing over the
feedback parameters.

Currently, the method is only suitable for offline computations, however, real-time
operation could be employed by attempting to exploit structure in the optimization
program as well as by reducing the size of the feedback controller. One way to reduce
the size of the controller is to only use a subset of the previous measurements to
compute the control input, which does not affect the convexity of the problem. Even
without real-time operation, the presented method has the potential to have a large

impact on the performance of many systems.



Chapter 6

Stochastic Control for Jump

Markov Linear Systems

The previous chapters demonstrated how to handle the joint chance constraints using
both analytical and sampling methods. The analytical methods assume the distri-
bution of the system can be represented well by a Gaussian distribution. While this
assumption is valid for many of the motivating applications as presented in the pre-
vious chapters, there are cases for which this assumption does not hold. One such
example in which the probability distribution of the system is non-Gaussian is in
jump Markov linear systems, which consist of multiple discrete modes, each with
different continuous dynamics [90]. For these systems, the stochastic nature of the
discrete state results in a multimodal distribution of the future system state. In these
cases, the sampling methods are advantageous over the analytical methods due to
their ability to handle arbitrary distributions.

Jump Markov linear systems have many applications including modeling systems
with component failures. Another example, from the motivating applications in this
thesis, is in autonomous control of vehicles. To safely operate on multiple lane high-
ways, an autonomous vehicle must maintain a probability distribution of other cars’
lateral position in order to make safe passing decisions. This distribution is depen-
dent on several factors including the driver intent. One way of modeling this is to

use a jump Markov linear system with different probability distributions based on the

90
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state of the blinker of other cars. A blinker on would indicate a high probability that
a vehicle will change into the indicated lane, and a low probability of changing into
the opposite lane. This scenario leads to an arbitrary, multimodal distribution which
is difficult to capture analytically and thus requires the use of sampling methods as
described in this chapter.

The feedback control problem for jump Markov linear systems has been extensively
studied [90]. This previous work was primarily concerned with solving the feedback
control problem to minimize the expected value of a cost function given the value of
the state and mode at the current time-step. In contrast, this chapter is concerned
with the predictive stochastic control problem which takes into account the future
distribution of the system in order to control it to satisfy the system’s constraints.
Using this formulation, Blackmore et al. [91] proposed a stochastic control algorithm
via sampling which used the Mixed Integer Programming (MIP) method to handle
the chance constraints, however, the resulting optimization problem is nonconvex.
This solution technique is NP-hard in the number of binary variables used in the
problem formulation [92, 93], and consequently the computational requirements grow
exponentially as the number of samples needed to model the problem increases.

This chapter proposes using the CVaR method rather than MIP to handle the
chance constraints in the stochastic control problem for jump Markov linear systems.
The resulting optimization program is convex, leading to faster solutions than MIP.
To highlight the differences between the MIP and CVaR methods, they are compared
in a vehicle planning problem involving brake failures. In this example, while both
methods yield nearly identical planning results, the CVaR method is shown to reduce

the computation time by a factor of 10 over MIP.

6.1 System Description

In this chapter, the system dynamics are described by a jump Markov linear system
formulated as a discrete-time stochastic hybrid system. The system state at time-step

k contains both a continuous state x; and a discrete mode o,. The continuous state
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and output of the stochastic switched system evolve according to

Yk = Ookyk + Vokvku (62)

where wy, and vy are the process and output noises with known probability distribu-
tions p(wy) and p(vi). The discrete mode oy, € {1,..., M} is a Markov chain that
evolves according to

P(oki1 = jlow = i) = Ty, (6.3)

where T € RM*M ig the transition matrix. The initial distribution of the continuous-
discrete state is assumed to be known and given by p(xg,00). The discrete mode is
assumed to be independent of the continuous state and continuous input.

Given the independence of the discrete and continuous states, the probability

distribution of the hybrid continuous-discrete state is
P (X,0|U,Y) = P (X0, U, Y) P (). (6.4)

where o = [0g,...,0n]|T and N is the finite time horizon. In general, even if all
the continuous distributions, P (X|o,U,Y), are Gaussian, the total distribution is
a multimodal, non-Gaussian distribution due to mode switching. These types of
systems illustrate the benefit of the sampling methods introduced in Chapter 3 over
the analytical methods. While the sampling methods are able to handle arbitrary
distributions, the analytical methods use a Gaussian distribution which poorly models
the true distribution, leading to violation of the joint chance constraints.

The following section reviews the aspects of random variable sampling that are
most relevant to applying the sampling methods for stochastic control of jump Markov

linear systems.
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6.2 Sampling from Random Variables

The typical way of dealing with non-parametric probability distributions is to approx-
imate them with samples drawn from the distribution, instead of using an analytical
function [94]. This technique has lead to many tractable algorithms in estimation and
control. The properties of standard and importance sampling strategies are reviewed

below.

Standard Sampling Strategy

As presented in Section 3.2, a multivariate random variable z with known probabil-
ity distribution p(z) can be approximated by drawing N, independent, identically

distributed random samples:
{z(l),...,z(Ns)} ) (6.5)

The samples can be used to efficiently evaluate expressions involving the random
variable. For stochastic control, the two relevant expressions are the expectation and
the probability of an event. The expectation can be efficiently approximated using

the sample mean.

BI ()] = [ £ (@p(ede~ -3 f () (65)

As the number of samples tends to infinity, the sample mean will converge to the true
value of the expectation.
In chance constrained control, the samples are also used to approximate the prob-

ability of an event occurring in the joint chance constraints, i.e.,

P> 0) = [100() > 0plads ~ - Y 1wE =0 67

z

Again, as the number of samples tends to infinity, this approximation approaches the

true probability of an event occurring. Consequently, if a large number of samples
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is used, then there is a high confidence that the approximation of the event proba-
bility is close to the true probability. However, representing low probability regions
of the underlying distribution requires a large number of samples, which for some
applications is intractable. Indeed, this is shown to be the case for the standard MIP
approach (formulated in Section 3.2.1) applied to stochastic control of jump Markov

linear systems [91].

Importance Sampling Strategy

To deal with this case, importance sampling can be used in which samples are drawn
from an alternative proposal distribution [94]. This method has the benefit of being
able to choose where to draw samples, making it easier to represent all areas of the
probability distribution with a small number of samples.

In importance sampling, Ny independent, identically distributed random samples
{z(l), e ,Z(Ns)} are generated from the proposal distribution, ¢(z), which is defined
such that p(z) > 0 implies ¢(z) > 0. For each sample, an importance weight w; is
calculated via w; = p(2)/q(z®). The expectation of a function is then calculated
by

BU ()]~ Yo (). ©5)

In contrast to the standard sampling method, the samples have a non-uniform weight-
ing. Similarly, the probability of the event occurring in the joint chance constraints

is calculated by the weighted sum

N

L > wil(y(z") > 0). (6.9)

P(¢(z)>0)zﬁs‘

For the importance sampling method, both the expectation and the probability of an
event occurring converge to the true value as the number of samples tends to infinity.
The next section describes the application of these sampling methods to stochastic

control of jump Markov systems.



CHAPTER 6. JUMP MARKOV LINEAR SYSTEMS 95

6.3 Stochastic Control using Sampling

The procedure for solving the chance constrained control problem using sampling is

described in Algorithm 3 [91]. In Step 1, either the standard sampling or the impor-

Algorithm 3 Stochastic Control via Sampling Algorithm

1: Generate N, samples from the distribution of the initial state, process and mea-
surement noises, and discrete mode sequence.

2: Express the distribution of the future system states using the generated samples.
The state trajectory is a function of the initial state, process and measurement
noises, discrete mode sequence for that particular sample, as well as the control
inputs, U, that are applied to all samples.

3: Use the samples to evaluate and satisfy the joint chance constraints.

4: Approximate the objective function using the samples.

5: Solve the deterministic constrained optimization program for the control inputs
U.

tance sampling technique can be used to generate the samples. However, typically
the importance sampling strategy is preferred as it can use fewer samples to accu-
rately represent the distribution. The primary difference between the MIP and CVaR
methods is in the evaluation of the joint chance constraints in Step 3. The details of

these two methods is described below.

Mixed Integer Programming

The MIP method approximates the joint chance constraints using importance sam-

pling as follows,

N,
1 «— ,
T ~ T (¢
P (H X—b>0)~ﬁs;wil([—[ X()—b>0)§5, (6.10)
where 1(+) is the indicator function. Unfortunately, these constraints lead to a noncon-
vex, mixed integer program because the only way to represent the indicator function
is by using binary variables.
The computational complexity of a MIP is exponential in the number of binary

variables needed to express the optimization program. Since one binary is needed for
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each sample, importance sampling is required for this approach in order to make the

chance constraint evaluation tractable.

CVaR Method

The CVaR method bounds the joint chance constraints by enforcing
B | (max(H™X b+ a)), | < s, (6.11)

where the expectation is evaluated using importance sampling as follows

N,
1 « :
N g w; max{max(H"X® — b+ a),0}. (6.12)
5 i=1

As was shown in Section 3.2.3, the constraint in Eqn. (6.11) is convex, and therefore
the CVaR method has a drastically smaller computational complexity over the MIP

method. This will be illustrated in example in the following section.

6.4 Vehicle Brake Failure Example

The example presented in [91] is used here to compare the MIP technique with the
proposed CVaR method. In this example, a vehicle traveling in one dimension is
attempting to park without colliding with a nearby wall, as shown in Figure 6.1.
The car has two discrete modes: (1) the brakes are functional and can apply full
control braking authority, and (2) the brakes have failed and have no control braking

authority.

Example 7. Consider a vehicle with dynamics given by

1 0.940
Tht1 = Ty + ng (uk + wk), (613)

0 0.883

where wy, is the process noise with the following distribution wy ~ N(0,1 x 107°1),
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Figure 6.1: Illustration of the vehicle planning problem with break failure. The
vehicle’s objective is to park at the gray patch without colliding with the brick wall
on the right.

and B, can take on two different forms depending on the status of the brakes:

0.48 —0.48
, 0 = brakes ok
0.94 —0.94
B, = = (6.14)
0.48 0
004 0 | o = brakes faulty.

Uprake
When the system is in mode 2, the brakes are not functional and therefore uprake

U
. . .. power
The control input is composed of two quantities Upower AN Ubrake: Uk = [ ] )

cannot affect the system dynamics. Both terms of the control input are constrained
to be greater than zero: ux > 0. Also, since the brakes can only decelerate the vehicle,
the velocity is constrained to be greater than or equal to zero: [ 01 ] xx > 0 for all
k=1,...,N.

The discrete mode is a Markov chain with the following transition matriz

T = (6.15)

0.999 0.001
00 1.0 |

At every time-step the brakes have a 0.001 probability of failing, and once the brakes
have failed they cannot return to being functional.

The system is deemed to have failed if the vehicle collides with the wall at any



CHAPTER 6. JUMP MARKOV LINEAR SYSTEMS 98

time-step. This leads to the following joint chance constraint
P([o1]m>10 k=1...N)<s (6.16)

The allowed probability of constraint violation is 6 = 0.01 and the time horizon is

N = 20. The objective function for this problem is

owo= 3 (o [al) L]

where tparked = 10 is the time-step that the vehicle should be at the parking space.

> +0.107U  (6.17)

The MIP and CVaR methods are used to solve the resulting optimization program
using N, = 1000 samples to represent the uncertainty of the system. Figure 6.2 shows
the resulting solution and control inputs for the two methods. Both solutions apply
the maximum acceleration at the beginning and then apply the maximum braking
force for one time-step. The only difference between the two solutions is a slight
variation of the braking input applied between time-steps 7 to 10. After time-step
10, no control input is applied to the system.

As depicted in Figures 6.2(a-b), this control scheme results in three distinct sets
of trajectories. One set of trajectories results in colliding with the wall due to a brake
failure before time-step 4. The second set of trajectories overshoots the parking
space, but avoids colliding with the wall. The final set of trajectories safely reaches
the desired parking space at 8 meters.

A comparison of the computation time and the simulated true violation prob-
ability for the MIP and CVaR methods is shown in Table 6.1. The computation
time is the average of 100 different iterations of each algorithm. The true violation
probability was calculated through Monte Carlo simulations for the solution shown in
Figure 6.2. The MIP method is more than 10 times slower computationally than the
CVaR method. This is to be expected since the MIP method uses binary variables
(the computational complexity of a MIP is exponential in the number of binary vari-

ables) while the CVaR method is a convex optimization program. The true violation
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Figure 6.2: Results for the car planning failure example with the CVaR and MIP
methods. (a)-(b) The samples of the position state for the CVaR and MIP methods.
The blue dotted line is the location of the parking space. (c)-(d) The percentage of

maximum control effort for the CVaR and MIP methods.

probability for both methods is almost identical.

Table 6.1: Timing results for the jump Markov linear system example

Method | time (secs.) | true ¢
CVaR 21.6 0.0080
MIP 237.4 0.0078

6.5 Conclusions

This chapter studied the problem of stochastic control of jump Markov linear systems.

Due to the inherent hybrid system description, the probability distribution of the

system is poorly represented as a Gaussian distribution.

Consequently, only the

sampling methods are applicable for handling the joint chance constraints. In prior

work, the MIP technique was used to solve this problem, however, it was shown that

the CVaR method is also applicable to this problem. The optimization problem for

the CVaR method is convex, resulting in a significant reduction in the computational
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complexity over the MIP technique. The computational benefit of CVaR over MIP
was demonstrated through a vehicle planning example with brake failure.

In the following chapters, the framework is extended to handle uncertainty in the
constraint parameters. This adds further complexity to the problem solution because
the probability distribution is now the sum of products of random variables. In Chap-
ter 7, three methods are explored for handling the joint chance constraints: Gaussian
approximation method, CVaR method, and a new hybrid method. In Chapter 8, a
dual control method is proposed to incorporate external sensing of the constraint pa-
rameters. This method trades off between completing its objective and exploring to
gain more information to better complete its objective. Finally, in Chapter 9 the dual
control stochastic control algorithm is experimentally demonstrated on a quadrotor

unmanned aerial vehicle for a stochastic motion planning problem.



Chapter 7

Stochastic Control with Uncertain

Constraint Parameters

The previous chapters demonstrated the success of incorporating the uncertainty of
the system into the stochastic control problem formulation and solving the resulting
optimal control problem. In all of the examples presented thus far, the constraint
parameters were assumed to be deterministic, however, in general the constraints
may themselves also have some uncertainty. An example of when this might occur is
in robotic navigation. After a natural disaster, a robot used in a search and rescue
operation might use original blueprints of a building as a general navigation guide,
while the disaster could have caused significant changes to the building structure.
Another example is navigating through moving obstacles that can be affected by
unknown disturbances.

This chapter and the next increase the applicability of the proposed framework by
extending it to handle uncertain constraint parameters. This extension presents sev-
eral challenges. If all of the affine constraint parameters are allowed to be uncertain,
then the general probability distribution will be summations of products of random
variables. Typically, there is no analytic, closed-form function for the resulting prob-
ability distribution of the constraint, making it difficult to apply some of the solution

methods presented in the earlier chapters. In addition, while future measurements of

101
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the system state can easily be accounted for in the current formulation, if the sys-
tem can also take measurements of the uncertain constraint parameters the resulting
problem formulation is a dual control problem which in general is intractable.

This chapter focuses on solving the stochastic control problem with uncertain con-
straints without the ability to directly sense the constraint parameters. Fortunately,
for low-dimensional systems the constraints are shown to be approximated well by
a univariate Gaussian distribution and can be evaluated efficiently. Boole’s method
can then use this approximate distribution to solve the stochastic control problem.
Unfortunately, the resulting optimization program is nonconvex and therefore only
a locally optimal solution can be guaranteed. In addition, the resulting solution is
more conservative than for deterministic constraint parameters due to the increased
correlation between time-steps which is ignored in Boole’s inequality. However, the
solutions are still reasonable.

In addition, the CVaR method will be shown to be applicable to solving these
problems, handling the increased complexity of the uncertain parameters through
sampling. However, the increased complexity of the resulting optimization program
yields large computation times, restricting this method from being used in real-time
applications.

A novel hybrid approach is also developed in this chapter, using a combination
of sampling and analytic functions to represent the probability distributions of the
system and constraint parameters. This method proves to be superior over the in-
dividual Boole’s and CVaR method approaches. The hybrid approach results in a
convex optimization program under certain conditions, guaranteeing the optimal so-
lution. It also decreases the conservativeness of the solution over the approximation
method. As compared to the CVaR method, typically fewer samples are needed which
reduces the computational complexity and enables real-time operation.

Chapter 8 will investigate a tractable way of solving the dual control problem to
enable the incorporation of new sensing of the constraint parameters into the problem

solution.
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7.1 System Description

In this chapter, the initial state, process noise and measurement noise are assumed

to be independent Gaussian random variables distributed according to
To ~ N(jm 20)7 W ~ N(07 Zw) Vka Vg, ~ N(07 Zv) Vk. (71>

As in Chapter 4, a Kalman filter is used to estimate the system state and the system
is controlled via a linear quadratic trajectory tracking controller. The properties of
the closed-loop system state and control input were derived in Section 4.1 and shown
to be described by a Gaussian distribution with known mean and covariance. This
will be exploited below in the evaluation of the chance constraints.

In the previous chapters, the constraint parameters H and b were assumed to be
deterministic, however, in this chapter the constraint parameters are also allowed to
be stochastic. If only the parameter b is stochastic, then handling the constraint is
straight forward. Furthermore, if the parameter b is given by a Gaussian distribution
then the constraint H'X — b is also a Gaussian distribution. Consequently, the
methods in Chapter 4 would be directly applicable after calculating the mean and
covariance of the constraint.

However, if both parameters (H and b) are stochastic, then the evaluation of the
chance constraints as well as the solution of the optimization program becomes more
complex. In particular, by allowing H and b to be uncertain, the distribution of
H™X — b becomes a sum of multiple products of random variables. In general, the
properties of the probability distribution for this constraint are not easy to calculate
analytically, increasing the complexity of the problem. The following section describes

three approaches to deal with such uncertain constraint parameters.
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7.2 Chance Constraints with Uncertain Parame-

ters and Variables

This section describes three approaches for dealing with the added complexity in the
chance constraints. The first approach, Boole’s method, exploits properties of the
constraint’s probability distribution and approximates it with a distribution that is
easier to evaluate. The second approach uses sampling to represent the uncertainty
and uses the CVaR method to enforce the chance constraints. In the third approach,
a novel hybrid method is developed that uses both analytic functions and sampling

to represent the probability distributions.

7.2.1 Boole’s Method

In Boole’s method, the joint chance constraints are upper bounded by a sum of

univariate constraints:

P(H'X>b) < Zq: P(h/X > b;). (7.2)
i=1
Due to the central limit theorem, if the dimension of the state space is large enough
then the expression hjX; — b; can be approximated well by a univariate Gaussian
distribution, eliminating the need to evaluate multivariate integrals. Given this con-
version, the probability of constraint violation can be evaluated efficiently.
If the system state and the constraint parameters are independent, then the mean

of the distribution is,

E[W'X — b)) = E[h)"E[X] - E[b] = i’ — b, (7.3)

and the covariance is,

niN
var(hTX — Zvar higX;) + var(b) + Y cov(hiX;, haXy) + Zcov (hiX;, by)
Jj=1 J:k

(7.4)
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To simplify later notation, let 02 = var(h}X — b;).

Recall from Section 3.1.2 that by using Boole’s inequality, the multivariate con-
straints are bounded by a sum of univariate constraints in Eqn. (3.18). Each univari-
ate constraint can be approximated well as a Gaussian with mean and variance as
given in Eqns. (7.3) and (7.4) respectively. The univariate constraints can then be

efficiently evaluated through

1 [ 2
P(ATX — b, > 0) = i A_hgx exp <—%> dz

b; — hTX
=1—9® (Z—Z) 7
0;

where ®(-) is the Gaussian cumulative distribution function. Although this func-

(7.5)

tion does not have an analytic solution, it can be efficiently evaluated using a series

approximation or a lookup table.

Optimization Program

Program (7.6) shows the resulting optimization problem using Boole’s method with
uncertain constraint parameters. The program modifies the program (4.37) for de-
terministic parameters by incorporating the evaluation of the chance constraints in
Eqn. (7.5). The variable that is being optimized is the desired trajectory, X4, for the
controller to follow.

minimize E [¢(X,U)]

Xa
subject to

U e Iy (76>

o2 =var(h!X — b;), Vi
1— @(%) S €, \4)
;‘1:1 € <0
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The optimization program (7.6) is not necessarily convex. The convexity of the
program depends on the convexity of the chance constraints, which are convex only
if ®(-) is concave. It can be shown that the function ®(2) is concave if z;/0; is both
positive and concave (from convex composition rules). Since b; — h] X preserves the
convexity or concavity of 1/c;, the concavity of z;/o; depends solely on the concavity
of 1/0;. Unfortunately, o; may be the composition of a concave, non-decreasing
function (square root) with a convex expression (quadratic) of the state mean which
is not guaranteed to be convex or concave on the entire domain. As a result, the

program cannot be guaranteed to be convex.

Gradient of the Chance Constraints

The gradient of the chance constraints can be computed analytically to aid in the

solution of the optimization problem. From the chain rule,

OP (X —b;>0) _ _

VP (X = b; > 0) = 0% VX, (7.7)

From Eqn. (7.5) and the Leibniz integral rule,

OP (hfX —b; > 0) 1 (b — hIX)2\ [AF b — hfX do;
— = eXp\———%=3 ) | = T (7.8)
0X 2 207 o ok 0X

K3 K3

Finally, the gradient of X with respect to X% is VgaX = T7** which results in,

T
202 o * o? 6’X] '
(7.9)

bi — hIX)? BT b — BTX do,

1
V2T

Qualification of the Gaussian Constraint Approximation

The methodology for Boole’s approach assumed that the distribution of the con-
straints can be approximated well by a Gaussian distribution. In order to qualify
this approximation, a Monte Carlo simulation was performed to compute the distri-

bution of the constraint. Figure 7.1 shows the resulting histogram of the value of the
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constraint from the Monte Carlo simulation as compared with the analytical Gaus-
sian approximation (dotted line). As the figure shows, the Gaussian approximation

matches the Monte Carlo evaluation of the constraint well.

X 10_5
5

500 0 200
(a) (b)
Figure 7.1: A comparison of the analytical Gaussian approximation for the chance

constraint with uncertain parameters. (a) Randomly generated constraint (solid) and
the Gaussian approximation (dotted). (b) The error of the approximation.

Another Monte Carlo simulation of the Gaussian approximation was performed to
compare the predicted probability of constraint violation. The constraint and system
parameters were generated such that the true probability of constraint violation was
0.1. The average Gaussian approximation error for this case was 1.64%. The reason
the Gaussian approximation overestimates the violation probability is because the

tails of the distribution are difficult to capture through random sampling.

7.2.2 CVaR Method

Another approach to handling the uncertainty in the constraint parameters is to use
sampling. In this approach, the constraint parameters are sampled in addition to the

distributions of the process noise, measurement noise, and initial state. This results
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in the following set of particles

{w(()l),...,w](\})_l,...,w(()]vs),...,w%\]_si ,
1 1 N, Ns
{vé),...,vgvll,...,vé ),...,v](\,fi ,
N
{xél),...,x(() ‘)}, (7.10)

{HD . HWNY
(B b)Y,

In order to use the CVaR method, the expectation in Eqn. (3.41) is not only over
the system state but also over the uncertain constraint parameters. To calculate the
expectation, each system trajectory particle XU) is associated with a set of constraint

parameters H) and bY) for all j = 1,..., N, as follows

N

E [(max (H'X —b) + a)J R~ NL Z (max (H(j)TX(j) - b(j)> + a)+ . (7.11)
s

7.2.3 Hybrid Method

The two approaches presented thus far for handling uncertain constraint parameters
either approximate the constraints’ probability distribution analytically or use sam-
pling. However, both approaches have limitations which can be reduced by employing
a hybrid approach using a combination of analytical functions and sampling to repre-
sent the probability distributions. In particular, for some problem formulations, the
stochastic variables are naturally separable into two sets: one set that can be accu-
rately represented through an analytic function, and another set whose distribution
is best represented through sampling. This section develops this hybrid method, dis-
cusses how to handle the joint chance constraints under the separation of variables,
and shows that the resulting optimization program is convex.

Figure 7.2 shows an example of a problem whose stochastic variables naturally
separate as described above. In this example, a vehicle is navigating through an uncer-
tain environment. Here, the environment is defined by a set of half plane constraints
defined by a series of end points, which are assumed to be normally distributed. The

figure shows a solution using an insufficient number of particles (50) to truly represent
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the underlying distribution of the stochastic variables. This results in 30 times the
allowed probability of constraint violation for this solution. The ellipses show the
99.7% confidence regions for the exact distribution of the stochastic variables. As
is illustrated, the samples of the system state do not truly represent the underlying
distribution, whereas the samples of the uncertain environment represent the wall end
point distributions well. Consequently, in this example an improved solution could be
found by representing the uncertain environment through sampling and representing

the system state through its exact analytical function.

—'8.5 0 05 1 15 2 25

Figure 7.2: An illustration of the solution for a small number of particles (50) used
to represent the uncertainty.

In the following development of the hybrid method, sampling is used to represent
the uncertain constraints and analytical functions are used to represent the uncer-
tainty of the system state. A similar approach can be used to employ the hybrid
method for other separations of the uncertainty representation.

For the chosen uncertainty representation, only the constraint parameters are

sampled, resulting in the following set of particles

{HW . HN)Y

B0y (7-12)
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The distribution of the closed-loop state, X, and the closed-loop control input, U, are
represented analytically with distributions given by Eqn. (4.24). Using this hybrid
representation of the uncertainty, none of the current methods for enforcing the joint
chance constraints, P (H ™X—b> 0) < 4, are readily applicable.

Using Boole’s method with sampling of the uncertain constraint parameters, the

probability of constraint violation is approximated as follows:

1 AT .
I (1 PP X > bgj))) <&, i=1,....q,
26 <0

(7.13)

Using the analytical function for the probability distribution of the state, this simpli-

fies even further to

. AT _
1 ) —nY) X
ﬁzjy:sl 1—-® | = ‘ <¢, i=1,...,N,

s [ 5,0 ) ) (7.14)

ZEZ‘ S(S

The final optimization program for the hybrid approach is given by:

minimize E [¢(X, U)]

e
subject to

X =Tz, + T*aX?

U = Tz + T X4

Ue Fy (7.15)

2= b9 — WX, Vi j

o2 = W9 syh?, Vi, j

NI (1-e) <a vi

;']:1 € <0

. AT _
The optimization program is convex if bgj) > hz(»j) X for all j = 1,..., N, and
1 =1,...,q. To show this, consider two feasible solutions (X(l), egl)> and <§§(2), 652)>.
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To show the constraints are convex, it suffices to show that the convex combination

of two feasible solutions is feasible. Define the convex combination for 0 < 6 <1 as
(X0, e7) 2 (0D 4 (1 - )X, 0 + (1 - 0)el”)

From the concavity of the Gaussian cumulative distribution function ®(z) for z €
0, 00), the lefthand side of Eqn. (7.14) for <§_§(*), 65*)> can be upper bounded by

1 ) h
_ZNs 1—® i i

Ns Jj=1 AT
hZ(J) thgj)
AT _ AT —
1 b(]) _ h(]) X(l) b(]) _ h(]) X(2)
gﬁzj&l L—00 | = | — (1= 0)2 | =
s h(]) D h(]) hgj) ZXhZ(J)
After simplifying and collecting common terms
N @ 1) T N 0 1) @
:1—F29q> ——— —FZ(l—G)CD ——— | . (7.16)
* = h " Sh?) = W Sl

From the definition of the two feasible solutions it is known that

N () N T k)
1 b — X
I 1 = <eM_1 k=12
j=1 h(j) Exh(ﬂ')

(3 (2

Substituting this into Eqn. (7.16) and simplifying yields,

<1+6() —1)+ <1—e><§2>—1>

= 0" + (1 - 0)e]”
=€,

Hence the constraint in Eqn. (7.14) is convex in X and ¢;. Therefore, the optimization
. T _
program (7.15) is also convex if bgj) > hgj) Xforall j=1,....,.Nyandi=1,...,q

Given a general uncertainty model of the constraints, there is no guarantee that
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bg‘j) > hgj)TX. However, if the constraints bl(»j) - hg‘j)TX > 0 Vi,j are added to the
optimization program and none of the constraints are active, then the globally optimal
solution can be guaranteed.

As will be illustrated in the following examples, the hybrid approach has several
benefits over the Gaussian approximation approach and the CVaR method. Since the
hybrid approach is a convex program, it typically can be solved faster than the non-
convex program in the Gaussian approximation method. Due to using both sampling
and analytical distributions to represent the uncertainty, fewer particles are needed to
fully represent the underlying uncertainty than when only using sampling. As com-
pared to the CVaR method, this drastically reduces the computational complexity of

the problem formulation.

7.3 Case Study: Motion Planning in a

2-Dimensional Environment

The previously described methods for handling uncertain constraints are demon-
strated in this section through two examples of stochastic motion planning in a 2D

environment.

7.3.1 Environment Description

The environment is assumed to be defined by a set of half plane constraints defined
by a series of end points. It is assumed that the end points for the i-th constraint, e}

and ¢, are independent and normally distributed,

. v O-zi 0
N || Vi (7.17)

yJ

In an abuse of notation, let pr = [z yx]T be the 2D position of the vehicle at time-

2 2

o o

step k with mean p, = [Z 7T and covariance cov (p) = [ 2“3’“ x’;yk The
o o

TrYk Yk
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expression for the feasible region of the system state is then:
Fx ={z:hip, <b;,V(i,k) € C} (7.18)

where C is the set of constraints on the system. The vector h; is defined as the outward
pointing normal of half plane ¢ (and without loss of generality is assumed to be a 90°

counterclockwise rotation of the vector between the end points):

hizlo _1”632_631]:[%1_6;2]. (7.19)
10 622 - 6;1 €po — €41
The term b; can be calculated using the normal vector, h;, and one of the end points,

bi = h} [ Ca2 ] = elyely — ehely. (7.20)

i i yl —
€yo
The variance of the univariate chance constraint is then:
var(h) pr, — b;) = asZ;, + aeTr + iy + sy + o, (7.21)

and can be calculated through standard probability theory. The parameters «; can
be computed a priori, but the variance depends upon the system state and conse-
quently the control inputs, rendering the optimization program (7.6) for the Gaussian
approximation method nonconvex.

Given the uncertainty of the end points, the half plane description is distributed

via

_ _ 2 2

T T
g . —e o5 + o7 0

1 2 e e
hi ~ N’ y y , yl Y2 ) ) , (722)
=1 =1
€2 ~ €1 0 o, +o
xl x2

and the constant b; has a distribution equal to the difference of two products of

Gaussians.



CHAPTER 7. UNCERTAIN CONSTRAINT PARAMETERS 114

The chance constraint expands to,

P el ap— el xn+elyn — el yp + el e, —elel >0, (7.23)

Y1 2 "Y1
N 7

-~
Cik

7.3.2 Evaluation of the Chance Constraints For Boole’s
Method

The expression from Eqn. (7.23),

Cik = ezlxk - 622% + eiQQk - eilyk + eile;p - 6332621 (7.24)
is the sum of products distributed by the modified Bessel function of the second kind.
Fortunately due to the large number of terms and the central limit theorem, the
expression is characterized well by a Gaussian distribution.

From probability theory, the expected value and variance of the product of uncor-

related, univariate Gaussians © ~ N (j, 02) and y ~ N (p,, 07) is,

E[zy] = prapy (7.25)

var (zy) = ,uxaz + pyo2 + 0303. (7.26)

The mean of Eqn. (7.24) is easily characterized by:

=1

R I e
E[cir] = €,k — €,k + €4, Uk — €, Uk + €, €y, — Choly (7.27)

but the variance is more difficult to evaluate. Combining all the terms and simplifying

yields,

— g2 2 2
var (cir) = aqo,, + apo, +azoy,,
~ TV
@0

+ ay FasTh + Ty + arli + agli (7.28)
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where
ar= (¢,)*+ Us;j +(€,)" + ‘735‘,2 —26,,€,,
Qg = (é:;l 2"‘0'331 "‘(%2)2"‘022 _26216227
ag = 26,8, — 20,8, — 28,8, + 26,8,
o= (& Vol + (@0l 0l ol + (€)%, + (6,00, + 08 0%
as= o5 +0g
g = 6320321 + 6310%2,
ay = 03;1 —i—aé@,
ag = 6220331 + 6210332.

The variance in Eqn. (7.28) can be separated into two parts: term o which can
be computed a priori, and a set of terms that depend upon the system state and

consequently the control inputs. The final form of the variance is,

var(ci,) = asTi + gy + arlr + aglie + Q. (7.29)

7.3.3 Uncertain Constraint Parameter Examples

In the following examples, the three proposed solution methods (Boole’s, CVaR,
and hybrid) are used to plan trajectories through two sample environments. Both
environments contain nonconvex regions which can be transformed into a series of
convex problems as in [86], [87]. The approach taken in the following examples was

to decompose the feasible region into convex tunnels which are then planned through.

Example 8. The following example is similar to Example 4 except for a Qqn; = 501
and & = 0.005. Here § was decreased to highlight the differences between the proposed

methods.
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The parameters for the points of the environment are,

e; = [-0.15,-0.15], ¥., = diag(0.001,0.0001),

e [0.15,2.75], %., = diag(0.001,0.01),

es 2.2,2.75], ., diag(0.001,0.012),

eq = [2.2,0.75], 2., = diag(0.0002,0.0002),

es = [L75,0.75], .. = diag(0.0002,0.0002), (730
e [1.75,—-0.15], . = diag(0.0001,0.0001),

er 0.15,0.15],  S., = diag(0.0001,0.0001),

es [0.15, 2, 2., = diag(0.0001,0.0001),

e [1.4,2], S, diag(0.0001, 0.0001),

ep = [1.4,0.15], S, = diag(0.0001,0.0001).

The solution for Example 8 is shown in Figure 7.3(a)-(c) for Boole’s method,
the CVaR method, and the hybrid method, respectively. The blue, solid line is the
trajectory of the system when accounting for the uncertainty of the environment,
and the green, dotted line is the solution when planning only through the mean
environment. The blue ellipses show the 99.7% confidence ellipsoid of the system
state at each time-step. For this example, the optimal path is always through the top
region, even though the bottom region is shorter. The bottom region is infeasible with
respect to the chosen allowed constraint violation because of the large uncertainty of
the vertical position of the state.

There are several interesting differences between the solution that account for the
uncertainty and the solution through the mean environment. The solution from the
mean environment initially curves toward the wall with large uncertainty, but when
the uncertainty of the environment is incorporated the system deviates away from
it. The more noticeable difference between the two solutions in the top region of the
environment. The solution which accounts for the uncertainty of the environment
stays lower to avoid the highly uncertain top wall.

The approximate solution using Boole’s method takes 61.2 seconds to compute,
the CVaR method uses 1500 particles and takes 286.1 seconds to solve, and the hybrid
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approach uses only 50 particles for the environment and takes 2.42 seconds. Clearly,
using the hybrid approach would enable stochastic control in real-time applications,
whereas the other two approaches could only be used for offline calculations. The
estimated true probability of constraint violation using Monte Carlo simulation for
Boole’s method, the CVaR method, and the hybrid method is 0.0038, 0.0047, and
0.0042. The CVaR method results in the least conservative solution and the approxi-
mate solution using Boole’s method has the most conservative solution. Even though
the hybrid method yields a more conservative solution over the CVaR approach, this
is outweighed by the significant reduction in computation time.

Table 7.1 shows the simulated constraint violation for § = 0.01 and § = 0.005
when planning with and without the uncertainty of the environment using Boole’s
method. The solution which only uses the mean environment significantly violates the
allowed constraint violation, while the solution which accounts for the uncertainty of
the environment is conservative due to the approximation from Boole’s inequality. In
particular, Boole’s inequality doesn’t account for the dependence between the state
at different time-steps violating the constraints. Consider a wall whose uncertainty
is purely translational. If at one time-step the system doesn’t violate the constraint,
then the system will also not violate the constraint for any future motion parallel to
the wall. Using Boole’s inequality to bound the probability ignores this dependency.
The conservativeness can be reduced, at the expense of more computation, by using

one of Bonferroni’s inequalities [95].

Table 7.1: A comparison of the constraint violation for Boole’s method using different
environmental models.

Sol. Method ) Osim

Mean Env. 0.005 0.0123
Env. Uncertainty 0.005 0.0038

Mean Env. 0.01  0.017
Env. Uncertainty 0.01 0.0088

Table 7.2 compares the statistics of the probability of constraint violation using
the CVaR method with various numbers of particles. The statistics were calculated

using 100 runs and an allowed probability of constraint violation of 4 = 0.005. For
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Figure 7.3: Results for Example 8 with ten realizations of the uncertain walls. The
white area is the feasible region of the system state and the orange ellipses are the
uncertainty of the environment. The blue, solid line is the solution when accounting
for the uncertainty of the environment and the green, dotted line plans through the
mean environment. The blue ellipses around the path indicate the uncertainty of the
system. The start and goal location are marked by an ‘o’ and ‘x’, respectively. (a)
The approximate solution using Boole’s method. (b) The solution using the CVaR
method with 1500 particles and their trajectories are shown as the gray lines. (c) The
solution using the hybrid method with Ny = 50 samples.
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the smallest number of particles, the CVaR method on average violates the allowed
violation probability by 2.5 times. With 1500 particles, on average the constraint
violation is below the user allowed amount, but the maximum is twice the allowed

amount.

Table 7.2: A comparison of the solution statistics for the CVaR algorithm for various
number of particles for the uncertain constraint parameter problem. § = 0.005.

N, mean 0, std. dev. 04, max dgim
500 0.0127 0.0050 0.027
1000 0.0070 0.0026 0.014
1500 0.0048 0.0017 0.010

A comparison of the solution statistics for the hybrid method is shown in Table 7.3
for an example with o = 0.005. Even for a very small number of particles, Ny = 25,
the mean probability of constraint violation is equal to the allowed amount. As the
number of particles increases, the standard deviation and maximum probability of

constraint violation decreases while the conservativeness of the solution increases.

Table 7.3: A comparison of the solution statistics for the hybrid method for various
number of particles for the uncertain constraint parameter problem.

Ny mean g, std. dev. dg,, max dg, mean comp. time (secs)
10 0.0058 0.0014 0.0098 0.95
25 0.0050 0.0010 0.0078 1.48
50 0.0046 0.0009 0.0075 2.42
100 0.0045 0.0007 0.0062 4.56
200 0.0044 0.0006 0.0063 6.53
300  0.0043 0.0005 0.0054 9.11
400 0.0041 0.0005 0.0053 11.18
500 0.0042 0.0004 0.0051 14.63

Example 9. The following example is similar to Example § except the environment

18 larger and the noise parameters are changed to,

2, = diag(0.001, 0.001,0.001, 0.001)

(7.31)
%, = diag(0.002,0.002).
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For this example, the solution is shown in Figure 7.4. The solution which ac-
counts for the uncertainty of the environment is shown as the blue, solid line and
has a planning horizon of N = 55. The green, dotted line plans through the mean
environment and uses a shorter horizon of N = 35 due to the shorter route. This
mean environment solution has a simulated constraint violation of 0.0084, 68% over
the allowed violation. When accounting for the uncertainty of the environment, the
system cannot take the direct path as the mean environment solution can because
the walls in that corridor have too much uncertainty (resulting in a violation of the
probability constraint).

The solutions from Boole’s method and the hybrid method are shown in Fig-
ure 7.4(a)(b), respectively. The violation probability is 0.0038 for Boole’s method
and 0.0050 for the hybrid method with only 100 particles. The solution using Boole’s
method is over 13 times slower than the hybrid method.

7.4 Conclusions

This chapter extended the stochastic control framework to handle uncertain con-
straint parameters. Three different methods were proposed to handle the resulting
joint chance constraints. In the first method, the probability distribution was accu-
rately approximated by a Gaussian distribution with an analytic mean and covari-
ance. Unfortunately, the resulting optimization program was nonconvex increasing
the computation times and only guaranteeing a locally optimal solution. Inherently,
the CVaR method can handle the increased complexity of the uncertain constraint
parameters through sampling. Even though the method easily handles the evalua-
tion and satisfaction of the joint chance constraints, the computational complexity of
this approach limits its applicability. In this chapter, a novel hybrid approach was
proposed that uses both analytical functions and sampling to represent the uncer-
tainty. This method was shown to be superior to the individual CVaR and Boole’s
method approaches. The hybrid approach resulted in a convex optimization program

under certain conditions, guaranteeing the optimal solution. It also decreased the
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Figure 7.4: The solution for the uncertain constraint parameter for Example 9. (a)
The solution using the approximate approach with Boole’s method. (b) The hybrid
approach with Ny = 100 particles for the environment.
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conservativeness of the solution over the approximation method. As compared to the
CVaR method, typically fewer samples were needed which reduced the computational

complexity and could thus enable real-time operation.



Chapter 8

A Hierarchical Method for
Stochastic Control with Uncertain

Constraint Parameters

In the previous chapter, a stochastic control problem was formulated for handling
uncertain constraints. In this chapter, the problem formulation is further extended
to incorporate new possible measurements of the uncertain constraint parameters,
leading to increased performance of the overall system. This problem is the standard

dual control problem with the following two competing objectives,

e Action: To control the system based on the current belief of the state to achieve

a desired goal;

e Probing: To explore with the system to acquire more information about its

state to enable better control.

Consequently, the system must trade off between completing its objective and explor-
ing to gain more information to better complete its objective.

One way to solve this problem is to calculate a policy for the entire belief space
(the space of probability distributions of all possible system states) that determines
the best action for every possible future belief state that it may encounter. This

requires the system to maintain a probability distribution over all possible system

123
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states and constraint parameters. In general, this formulation is intractable due to
its large computational complexity arising from the necessity of planning over long
time horizons and the dimension of the belief space.

In this chapter, a novel hierarchical method is proposed to reduce the computa-
tional complexity by splitting the problem into two stages: (1) exploration and (2)
execution. In the exploration phase, the dynamics of the system are abstracted in
order to simplify the problem and a high level control policy is calculated that incor-
porates information from potential new measurements. In the next phase, the system
executes the high level control policy by solving a stochastic control problem given
the current information of the system state and constraint parameter values. As the
system evolves, it continuously incorporates sensor information into its belief of the
state and re-solves both stages. An experimental demonstration of the proposed hier-
archical method applied to stochastic motion planning for a quadrotor aerial vehicle

in a dynamic, uncertain environment is presented in the following chapter.

8.1 Motivating Example for Dual Control

The following example motivates the need for incorporating sensing of the uncertain

environment into the stochastic control solution.

Example 10. The following example is similar to Fxample 8 except for N = 65
and 6 = 0.05. Here the 6 was chosen to highlight the need to incorporate constraint

SensIng.

The solution without incorporating constraint sensing is shown in Figure 8.1.
Here, the system must take the longer route around the top of the obstacle because
the bottom route violates the chance constraints due to the large environmental un-
certainty in the second corridor. This results in a path length of 2 times larger than
if the system was able to take the bottom route through the environment.

For this example, the system is forced to take the longer path because environ-

mental sensing is not taken into account. In this case, it might have been beneficial
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for the system to gain information by exploring the environment to improve the so-
lution of its task. For instance, the shorter path might have been enabled through
sensing the walls in the environment while executing its trajectory. The proposed
hierarchical framework developed in the following section systematically trades off
between exploring to gain information and accomplishing the task while ensuring the
chance constraints. This new framework will be applied to this example at the end

of the chapter.

Figure 8.1: The white area is the feasible region of the system state and the orange
ellipses are the uncertainty of the environment. The blue, solid line is the solution
when accounting for the uncertainty of the environment. The blue ellipses around the
path indicate the uncertainty of the system. The start and goal location are marked
by an ‘0" and ‘x’, respectively.

8.2 Hierarchical Method

A general principled way of modeling the problem of stochastic motion planning
through uncertain environments is by using Partially Observable Markov Decision
Processes (POMDPs). A POMDP models a system’s decision process in which the
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system’s dynamics are not necessarily deterministic, but rather the outcome of its
actions could be stochastic, and the system does not know the true underlying state.
Instead, the system must take measurements of the underlying state and maintain a
probability distribution over all possible states. In order to solve a POMDP, a policy
must be calculated for the entire belief space that determines the best action for every
possible future belief state that it may encounter.

The main difficulty in solving a POMDP is its large computational complexity,
and in general solving a POMDP exactly is intractable. The two main causes of the
large computational complexity is the curse of dimensionality and the long planning
horizons. The first difficulty arises from the need to represent the probability distri-
bution over all possible states in order to incorporate all possible future events. For
the specific problem of stochastic motion planning through uncertain environments,
the belief state would be all possible system states as well as all possible realiza-
tions of the uncertain environment. The second difficulty is due to the need to use
long planning horizons to incorporate information gain resulting in good, non-myopic
policies.

In order to overcome the high computational complexity of solving the POMDP
formulation of the problem, the problem is broken down into two phases: (i) an
expected shortest path problem on an uncertain graph and (ii) a chance constrained
optimization problem. By decomposing the problem in this way, the size of the
belief space is drastically reduced by planning only where it is best to observe the
environment. This in turn greatly reduces the computational complexity. The method
is shown in Algorithm 4.

The first step of the algorithm decomposes the environment into a set of nodes and
edges as shown in Figure 8.2. Then the probability that the link will be traversable
after sensing is calculated. After this graph is built, the expected shortest path
problem is solved to provide a high level plan for the chance constrained stochastic
motion planning algorithm presented in Section 7.2.3. Then the system executes
the plan and senses the environment to update the probability distribution of the
environment. This procedure repeats until the system completes its objective. The

individual steps of the algorithm are described in more detail below.
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Algorithm 4 Hierarchical Stochastic Motion Planning Algorithm
1: while objective not complete do
2:  Decompose the environment into a graph of nodes and edges
3:  Calculate the probabilities of the edges being traversable after sensing
4:  Solve the expected shortest path problem
5:  Solve the chance constrained stochastic motion planning problem
6
7
8:

Execute the plan
Sense the environment
end while

8.2.1 Environmental Decomposition

The first step in using the hierarchical stochastic motion planning algorithm is to de-
compose the environment into a graph. One approach to perform this decomposition
is to use a weighted medial axis decomposition [96] based upon the uncertainty of
the environment. Another approach would be to build a graph based upon motion
primitives. Care should be taken to provide a decomposition of the environment that
is as dynamically feasible as possible to ensure that the system can execute the high
level plan, and that the cost of traversing the edges is as accurate as possible. Once
the graph has been constructed, the probability that each link is traversable needs to
be calculated. In order to account for new environmental information, the probability
associated with each link is the a posterior probability, rather than the a prior:, as
this allows the system to determine whether there is information to be gained by
exploring a certain area.

To simplify the discussion, the environmental uncertainty is assumed to only be
in the parameter b. The probability of collision before sensing for a single constraint
(i.e. HTX € R and b € R) is calculated via

P(H'X >b) = / / 1 (H'X > b) P(b)P(X)dbdX. (8.1)

However, the statistic needed for each link in the expected shortest path problem is the
probability that after sensing the link will be traversable. In order to calculate this,
an allowed probability of collision (¢) for the constraint needs to be allocated which

will be discussed in the following section. Once the allowed probability of collision
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Figure 8.2: A graph based decomposition of the environment. The dotted link has a
large probability of failure before sensing but after sensing it has a large probability
of being traversable.

for the constraint has been determined, the probability the link will be traversable

after sensing is calculated via
P(P(H'X>0b|H,b) <¢), (8.2)

where € is the allowed probability of constraint violation associated with the con-
straint. For the current derivation with uncertainty only in the parameter b, Eqn. (8.2)

can be simplified further to
P(P(H'™X>0blb) <¢) = / 1(P(H"X > blb) <€) P(b)db. (8.3)

If * can be found such that

P(H™X > bb) <€, b>1b"
P (HTX > blb) > ¢, b<b*
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then the probability in Eqn. (8.3) can be simplified to

P(P(H'X >bb) <€) = /Oo P(b)db. (8.4)
b
For a given link, if there is more than one constraint, then a similar methodology can
be used to determine an analytic formula for the probability.

If both parameters H and b are uncertain, the complexity of calculating the re-
quired probability increases because it requires evaluating multivariate integrals, how-
ever, numerical integration through Monte Carlo sampling can be used to efficiently
evaluate it.

Consider now how this new formulation would effect the results in the previous
example shown in Figure 8.1. The probability of failure for traversing the dotted
link in Figure 8.2 before sensing is 0.15, but the probability that the link will be
traversable after sensing is 0.64 for an allowed probability of failure of € = 0.02. The
large probability of failure before sensing requires the system to take the long route
around the obstacle in Figure 8.1. However, the large probability that the link will
be traversable after sensing suggests that it might be beneficial to first investigate
whether or not the corridor is traversable and then either proceed directly to the goal
or backtrack around the top of the obstacle.

The best strategy for navigating the environment can be calculated by solving the
expected shortest path problem through the defined uncertain graph, however the
strategy is highly impacted by the risk assigned to each edge. The following section

discusses a method for allocating these risks through convex optimization.

8.2.2 Risk Allocation for the Graph Decomposition

To calculate the probability of failure after sensing, the allowed risk for each link
needs to be known. The allowed risks have a direct impact on the routes generated
by the expected shortest path algorithm. If the allowed risk is improperly assigned,
then it may cause certain paths that should be explored to be overlooked. Therefore
it is necessary to carefully allocate the risk in order to correctly trade off between

exploration and execution in the expected shortest path calculation. The method
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presented below is a heuristic based upon solving a convex approximation of the
original problem.

An example environment decomposition is given by the undirected graph in Fig-
ure 8.3. Here, p;; is the probability after sensing that the edge between node 7 and j
will be passable and is defined as p;; = fi;(€;;), with f;;(€;) given by Eqn. (8.2). Let
ei; be the edge between node ¢ and j. For any path through the graph, there is a set
of edges {eM, ... e} with associated probabilities {p™),... p™} and probability
functions {fM(eM), ... fF™ ()],

In general the probability functions f;; are positive, nondecreasing functions of
the allowed risk, but they are neither convex nor concave for the entire domain. One
example of the probability function versus the allowed risk is shown in Figure 8.4;
for this example the function is log-concave. For cases where the function is not log-
concave, a convex approximation of the problem will be obtained by approximating
the probability functions with log-concave functions ﬁ] In the following discussion,

this modified problem formulation will be used to allocate the risk.

Figure 8.3: An example graph used in the calculation of the expected shortest path.

0.81

0.6

0.4

Figure 8.4: An example of the probability of the link being traversable after sensing
versus the allowed risk.



CHAPTER 8. DUAL CONTROL 131

One method of assigning the risk for each edge is by maximizing the probability
the path will be passable. The a prior: probability that after sensing the path between
any two nodes will be passable is the product of the probabilities for each edge that
is traveled, i.e. [} _, p™ . This assignment of risk can be obtained by solving the

following optimization program.

maximize [[5_, f™ (™)
subject to

) (8.5)
St em <8 m=1,...,n

The optimization program maximizes the probability of success subject to the con-
straint that the sum of the assigned risk over the path is smaller than the user allowed
amount. Unfortunately, this program is not necessarily convex because the objective
function is not guaranteed to be concave. To form a convex approximation, the orig-
inal probability functions can be replaced by their concave approximations, but this
still doesn’t guarantee convexity. To form a convex optimization program, a set of
slack variables are introduced based upon the logarithm of the approximate proba-
bility functions and the objective function is replaced by its logarithm. This results

in the following equivalent convex optimization program.

maximize Y . Gy

subject to
€™ >0, m=1,...,n (8.6)
Do € <0
am < log (f(m)(e(m))> , m=1,....n

In order for this new optimization program to be convex, the objective function
needs to be concave and the constraints have to be convex. The objective function
is a sum of linear variables which is concave and convex. The first two constraints
are linear, and the last constraint is convex since it is a linear expression less than a

concave function because the functions f (@) are log-concave. Given the convexity of
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the optimization program, it provides an efficient method for allocating the risk for
a large number of links.

In this formulation, the optimization program will need to be solved for all paths
without cycles between the start and goal location, and it may assign a different
allowed risk for each link depending on the path. To obtain a risk assignment for all
edges that is independent of the path, the problem formulation can be changed to a
single optimization program that maximizes the probability of successfully traveling
over all paths subject to the same constraints for all paths.

Using the risk allocation computed from the above formulation, the expected
shortest path problem is solved next in order to determine the trade off between
exploring to gain more information and completing the objective of the planning

process.

8.2.3 Expected Shortest Path

The expected shortest path problem on an uncertain graph has been extensively
studied. The approach taken in this work is to convert the problem into a Markov
Decision Process (MDP) [97]. A MDP is represented by a 4-tuple (S, A, P(-), R(-))

where
e S is the set of states
e A is the set of actions that can be taken at each state
e P,(s,s') is the probability that executing action @ in state s will lead to state s’
e R,(s,s') is the reward function.

Let the graph associated with Figure 8.2 be represented by G with the edges noted
as F(G), the vertices as V(G), the probability associated with each edge in the graph,
e € E(G), be represented as P(e), and the start and end vertices of edge e be ey and
e, respectively.

To define the expected shortest path problem on a graph as a MDP, the 4-tuple

needs to be defined. For the stochastic motion planning problem, a state, s, includes
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both the current location of the system as well as its belief of the current state of the
environment, i.e. the probabilities associated with all the links in the graph being

traversable. The set of all possible states is therefore

S=V(G)x [ {0,1,P(e)}. (8.7)

e€E(Q)

The set of actions is defined as traversing over any edge in the graph, i.e. A = E(G).
Next, the transition probability function needs to be defined which must take into
account the information gain from executing actions in the uncertain environment.
For example, if the system attempts to take edge e, then with probability P(e) it
will reach e, and with probability 1 — P(e) it will remain at e,. After taking edge
e the probability distribution over the environment will have changed; if the system
successfully crosses the edge then P(e) = 1, but if the system remains at ey then
the edge is not traversable and the probability updates to P(e) = 0. The transition

function can be defined as

if 5, € a,

s, € a,
/

Sp F# S

P,(s,5")

|
—
o
o
SN~—

\ 0 otherwise

where an action a is an associated edge e, s(a) is the probability of the action a being
traversable in state s, and s, is the location of the system in state s. Lastly, the

reward function for the problem is,

s =
R(s,s)=4q ' °7% (8.9)
c(s,s’) otherwise
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where g is the goal location of the planning problem, v € R is the reward of reaching
the goal location, and ¢(s, s’) € R is the cost of traveling between state s and s’. The
cost function ¢(-) should include any potential costs, such as energy consumption or
path length, that the system would encounter for attempting to navigate that route.

There are many different solution methodologies to solve for the exact solution of
a MDP, such as value or policy iteration. However, the formulation of the expected
shortest path problem as a MDP has an exponential growth of states with respect
to the number of uncertain edges in the graph. Since each uncertain edge can have
three values associated with it, {0, 1, P(e)}, the number of states in the graph could
be as large as |V (G)| - 3/E(@I. This exponential growth of the number of states will
prohibit solving for the exact solution for large sized problems. Fortunately, there are
many approximate MDP solvers [98] that can handle large size problems and provide

near optimal solutions for the exploration phase of the algorithm.

8.2.4 Execution of Expected Shortest Path Solution

Once the expected shortest path problem has been solved to determine the route
the system should take, the standard stochastic motion planning problem can be
formulated and solved as shown in Chapter 7. Since parts of the uncertain environ-
ment are too risky to pass through before sensing, the stochastic motion planning
algorithm only navigates the system to intermediate waypoints in the environment.
These intermediate waypoints act as decision points for the system to gather more
information about the environment to determine if the environment is safe to pass
through. As the system is navigating to the intermediate waypoint, it continually
senses the environment, updates its probability distribution, determines the next in-
termediate waypoint from the expected shortest path plan, and then solves another

stochastic motion planning problem to reach the next intermediate waypoint.
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8.3 Example using Hierarchical Dual Control

Method

Example 10 is solved through the proposed hierarchical stochastic motion planning
algorithm and the solution is shown in Figure 8.5. The hybrid method in Section 7.2.3
is used to solve the chance constrained stochastic motion planning algorithm, but any
of the other methods could have been used. After solving the expected shortest path
problem, the best path for the system to take is around the bottom of the obstacle,
even though the probability of failure in the second corridor before sensing violates
the constraints. Consequently, the system only executes a subset of the plan to the
decision point as shown in Figure 8.5(a). After it reaches this waypoint, it senses
the environment and updates the probability distribution of the environment, and
determines that for this environment the corridor is passable. Consequently, it solves
another chance constrained stochastic motion planning problem to proceed directly
to the intended goal location as shown in Figure 8.5(b). However, if after sensing the
environment the system determined that the corridor was indeed impassable then it
would have backtracked and proceeded around the top of the obstacle as displayed in
Figure 8.5(c).

8.4 Conclusions

This chapter extended the stochastic control framework to incorporate new infor-
mation gain from sensing the uncertain constraint parameters to increase the per-
formance of the system. To accomplish this, the system must trade-off between
completing its objective and exploring to gain more information to better control the
system. In general, the problem is intractable due to its large computational complex-
ity arising from the necessity of planning over long time horizons and the dimension
of the belief space.

A novel hierarchical method was developed that reduced the computational com-
plexity. It accomplished this by splitting the problem into two stages: (i) an ex-

ploration phase that uses an abstraction of the dynamics to calculate the high level



CHAPTER 8. DUAL CONTROL 136

Figure 8.5: The solution from the hierarchical stochastic motion planning algorithm
for Example 10. (a) The expected shortest path algorithm determined the best strat-
egy for this environment was to attempt to take the shortest path to the goal location
to be able to sense the environment to determine if the route was feasible. (b) After
the measurements of the environment have been incorporated into the model of the
environment, the system replans the path which results in being able to take the
shortest path to the goal location. (c¢) The stochastic motion planning solution from
the sensing point for another realization of the environment. After sensing the envi-
ronment, the probability of failure is too large which requires the system to backtrack
and take the long route around the top of the obstacle.
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policy that incorporates information from potential new measurements, (ii) an execu-
tion phase that solves a stochastic control problem to follow the high level plan given

the current information of the belief space.
The following chapter presents an experimental demonstration of the hierarchical

method for a quadrotor navigating through an uncertain 3D environment.



Chapter 9
Experimental Demonstration

The hierarchical stochastic motion planning algorithm presented in the previous chap-
ter was evaluated on a quadrotor unmanned aerial vehicle pictured in Figure 9.1. The
vehicle has an onboard inertial measurement unit which provides three-axis attitude,
attitude rate and acceleration measurements. An external Vicon positioning system
is also used to provide measurements of the quadrotor’s position with respect to a
global coordinate frame. To sense the environment, the quadrotor is equipped with a

Kinect sensor that provides a dense 3D point cloud measurement of the environment.

Figure 9.1: An image of the Ascending Technologies pelican quadrotor with the
attached Kinect sensor.
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9.1 Quadrotor Dynamics

A high level illustration of how the quadrotor controls its dynamics is shown in Fig-
ure 9.2. Mechanically, the quadrotor is much simpler than a traditional helicopter; its
blades are fixed pitch, which means that the thrust from each motor is constrained
to the vertical axis of the motor. The quadrotor has four rotors consisting of two
counter-rotating pairs, which helps to cancel the yaw torque. To increase or decrease
the total thrust, the speed of all four rotors are either increased or decreased (which
maintains the quadrotor at its current attitude). To change the roll or pitch of the
quadrotor, the speed of one rotor is increased while the corresponding rotor is de-
creased; this keeps the yaw torque and total thrust constant. To affect the yaw of the
quadrotor, the speed of one pair of rotors is increased and the other pair is decreased
to keep the total thrust constant. Lateral acceleration can be achieved by varying the

roll and/or pitch of the quadrotor.

Yaw Torque

Roll/Pitch Torque Total Thrust

Figure 9.2: An illustration of how the controls affect the quadrotor’s dynamics.

The dynamics of the quadrotor are nonlinear, and for simplicity, the aerodynamic
effects caused by the changing airflow will be ignored. A free body diagram of the
quadrotor is shown in Figure 9.3. The body frame of the quadrotor is attached to

the center of mass. The following rotation matrix is used to convert from the body
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Figure 9.3: A free body diagram for the quadrotor unmanned vehicle.

frame to the world frame

cpcl — spsipsh  —copsyy st + clspsy
R = clsi coctp  spsl — cpclso |, (9.1)
—cpsl S¢ coch

where ¢ and s are cos(f) and sin(f), and ¢, 6 and 1) are the roll, pitch and yaw
Euler angles. From the standard rigid body equations of motion, the translational

dynamics of the quadrotor are given by:

0 0
mit = 0 +R 0 , (9.2)
—mg Z?:l E;

where g is the acceleration of gravity, m is the mass of the quadrotor, and F; is the
force that each motor generates. A similar procedure can be followed for analyzing
the rotational dynamics. The angular acceleration in the body frame p, ¢, r can be

determined by applying the standard Euler equations

P [(Fy — Fy) p p
I q | = I(Fy — Fy) — 1 q | xXI|gq (9.3)
7 M1 — M2 + M3 — M4 T T
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where [ = diag(/,y, Iyy, I..) is the inertia matrix for the quadrotor, [ is the length of
each rotor arm, and M; is the torque generated by each motor.

Combining common terms of Eqn. (9.3) yields

Lyap U(Fy — Fy) —qr(l.. — [yy)
Iyyq = Z(F3 - F4) - pr([m:c - Izz) . (94>
I..7 My — My + Ms — M,

Typically, the quadrotor operates around a nominal hover condition with small
attitude angles (£20°), and under these conditions the dynamics are represented well
by a linearized system. Without loss of generality, assume the yaw angle is held
constant at 0 radians. Assuming small angles for roll and pitch and dropping higher

order terms, the nonlinear translational dynamics simplify to

T 4 Z?:l L
m y = _¢ Z?:l Fz ) (95>
z —mg + Z?:l F;

verifying that for small angles the translational acceleration is linear in the attitude
of the quadrotor.

In typical operating conditions, the yaw velocity, r, is small, and near nominal
hovering conditions ¢ = p, § = ¢,i» = r. Consequently, after dropping higher order

terms, the linearized rotational dynamics simplify to

L2 I(Fy — Fy)
Iyyg - Z(Fg - F4) 5 (96)
LY My — My + Ms — M,

which is linear in the rotor forces which are proportional to the speed of the rotors.
This also validates the use of a linear model around the nominal hover condition of

the quadrotor dynamics.
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9.2 Ascending Technologies Pelican Quadrotor Dy-
namics

Direct control of the rotor speeds is not possible for the Ascending Technologies
quadrotor, however a low level controller is provided that accepts desired roll, pitch,
and yaw angles as input. Consequently, the transfer functions from desired attitude
angles to attitude and translational dynamics had to be determined through standard

system identification techniques [99]. The quadrotor state and control input are

T T
Tp=1|aT Yy 2 Uy vy U, 0 ¢ vy U¢],Uk:|:¢d 04 uz] (9.7)

The dynamics are discretized with a time-step of At = 0.1 seconds and the linear

system is
Tl = Axk + B’U,k -+ Wi, (98)
where
A, A,
A= P " (9.9)
0 A,
with ~ _
1 0 0 010 O 0
010 0 o010
001 O 0 0.10
Ay, = , (9.10)
000 1 0 0
000 O 1
000 O 0
(005 0 0 0]
0O 005 0 0 0.23 0 0.06 0
0 0 00 0 0.23 0 0.06
Ay = A, = , (9.11)
098 0 0 O —4.81 0 071 O
0 098 0 0 0 —-481 0 071
0 0 00
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oo o0 00 0 015 0 357 0
B={00 0 00 O 0 015 0 3.57 . (9.12)
0 0 0.0056 0 0 010 O 0 0 0

9.3 Stochastic Motion Planning Algorithm

The procedure for planning safe trajectories for the quadrotor through general en-
vironments is described in Algorithm 5. It is assumed that an initial map of the
environment is given. With this map, the world is discretized into cells, with each
cell storing the distance to the closest obstacle. Given the current start and goal lo-
cation, the expected shortest path problem is solved to determine the high level plan
of how the quadrotor should attempt to reach the goal location. This step trades-off
the cost and benefit of exploring riskier, shorter paths. Once the intermediate goal
location is determined, the method described in [100] is used to determine a safe
pre-path through the environment as input for the chance constrained optimization
algorithm. The pre-path method forms a network of free space bubbles from the
discretized grid and uses A* to find the shortest safe path to the intermediate goal
location. An example of the pre-path method is shown in Figure 9.4. The start and
goal locations are the green and red spheres, respectively. The shortest path is the
red line with the network of free space bubbles shown as the blue transparent spheres.
The environment around this pre-path is decomposed into a set of convex polytopes.
Using the resulting tunnel, the chance constrained optimization program is solved
for the trajectory that satisfies the allowed probability of collision constraints. Fi-
nally, the quadrotor executes this trajectory, continuously sensing the environment
and updating its model of the world.

The point cloud library [101] is used to process the Kinect point cloud data, and
the Kinect sensor is operating at 30 Hz. The environment is represented as a set of
3D points corresponding to obstacles. For every frame of the Kinect sensor, points
are added to the environment if it sees a new obstacle or removed if an obstacle
is no longer there. If at any point the quadrotor determines that the high level

route determined from the expected shortest path problem will violate the allowed
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Figure 9.4: An illustration of the pre-path method planning with the network of
bubbles around the shortest path. The start is the green sphere, the goal is the red
sphere, and the transparent spheres is the network of free space bubbles around the
shortest path.

probability of collision, it will re-iterate through Algorithm 5.

Algorithm 5 Stochastic Motion Planning Algorithm
1: Discretize the world
2: For each grid cell determine the closest obstacle
Solve the expected shortest path problem to determine the intermediate goal
location
Perform A* search from the start to the goal to determine a safe pre-path
Generate a tunnel of convex polytopes around the pre-path
Solve the stochastic motion planning problem
Execute the trajectory, continuously sensing and updating the world model

@

9.4 Results

The hierarchical stochastic motion planning algorithm presented in Chapters 8 and 9

was solved in real-time on the quadrotor testbed. The experimental environment is
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shown in Figure 9.5. The room has a size of 7.6m x 7.1m X 2m, and is cluttered
with desks, chairs, boxes, saw horses, and cabinets that force the quadrotor to use
the entire 3-dimensional volume in successfully reaching its goal.

In this example there are two sources of environment uncertainty: (i) the obstacle
locations are not known exactly due to the sensing error of the Kinect sensor, and
(ii) the cabinet that is outlined with the orange dotted line in Figure 9.5 has a 0.3
probability of its door being open. If the door is open, the quadrotor is prevented
from taking the shortest path to the goal location. The error from the Kinect sensor
can be directly incorporated into the chance constrained stochastic motion planning
algorithm by including it in the probability distribution of the uncertain environment.
The uncertainty of the door will be incorporated into the probability of the link
through the corresponding corridor.

For planning purposes, the dynamics are discretized with a time-step of At = 0.1
seconds and the resulting plan is sub-sampled to be executed at 20 Hz. An initial
map of the environment with the door closed was constructed by manually flying the
quadrotor around.

The proposed hierarchical motion planning algorithm was then solved in real-
time with the door open. The results are shown in Figure 9.6 (each point represents
a part of the environment and is color coded based upon the height off the floor).
The solution from the expected shortest path problem instructed the quadrotor to
first determine if the cabinet door was open, then either proceed directly to the goal
location or backtrack through the middle corridor. As the quadrotor was executing
the motion plan, it sensed that the cabinet door was open, and re-solved the stochastic
planning problem. Figure 9.6 shows the planned trajectory and executed trajectory

as the orange and blue lines, respectively.
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Cabinet Door

Figure 9.5: An image of the stochastic environment. The start position is out of view
on the bottom lefthand corner of the image and the goal location is marked by the
red circle which is behind the large cabinet. The cabinet on the right of the image
marked by the orange dotted rectangle is stochastic, as the door could either be open
or closed which might prevent the robot from passing through that corridor.
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Figure 9.6: The final point cloud representation of the environment. The start loca-
tion is the green sphere in the lower lefthand corner and the goal location is the red
sphere in the upper lefthand corner. The points correspond to obstacle locations and
are color coded based upon the height off the floor. The planned trajectory is shown
as the orange line through the environment and the trajectory of the quadrotor is
shown as the blue line.



Chapter 10

Conclusions and Future Research

Directions

This thesis presented stochastic control methods to enable robust operation of au-
tonomous systems under uncertainty. This chapter briefly reviews the contributions

of this thesis and discusses potential areas for future research.

10.1 Review of Contributions

The primary goal of this thesis was to increase the applicability of chance constrained
programming methods. This was accomplished by extending the framework to include
optimization of the feedback controller, predictive control of systems with component
failures, constraint parameter uncertainty, and incorporation of future constraint pa-
rameter sensing.

Since the feedback controller can shape the uncertainty of the system, incorpo-
rating it into the optimization can improve the ability to satisfy the stochastic con-
straints. Prior work used the ellipsoidal relaxation method to satisfy the joint chance
constraints, however, this resulted in a large amount of conservatism degrading the
performance of the overall system. In this thesis, a novel method was developed to
optimize over both the risk allocation and the feedback controller, and was shown to

enable previously infeasible solutions.
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This thesis also presented methods which improved the applicability of stochastic
control for systems with component failures. This problem is difficult to solve due to
the multi-modal probability distribution. Previous work considered using the mixed
integer programming method to solve this problem, but this approach has a large
computational complexity limiting its applicability. This thesis proposed applying
the CVaR method which drastically reduced the computational complexity, leading
to the potential solution of larger problems.

Another important area that was considered in this thesis was the extension of the
chance constrained framework to handle problems with both uncertain constraint pa-
rameters and variables. This extension presented several challenges. The constraints
become sums of products of random variables, increasing the difficulty of evaluat-
ing the chance constraints. Either a Gaussian approximation or the CVaR sampling
method could be used to represent the constraints, but this is shown to result in
either a nonconvex optimization program or increased computational complexity. In
addition, to incorporate measurements of the uncertain constraint parameters into
the problem formulation, a policy must be calculated for the entire belief space. In
general this problem is intractable due to its large computational complexity.

To handle these difficulties two novel algorithms was proposed. A hybrid approach
was developed to solve the stochastic control problem with uncertain constraint pa-
rameters. This method uses a combination of sampling and analytic functions to
represent the probability distributions of the system and constraint parameters. This
approach results in a convex optimization program under certain conditions, guaran-
teeing the optimal solution and reducing the computational complexity. Also, a hier-
archical method was developed to incorporate future measurements of the constraint
parameters. This method splits the stochastic control problem into two stages: (i)
an exploration stage that calculates a high level policy for incorporating information
from potential future measurements, (ii) an execution stage that solves a stochastic
control problem to execute the high level policy.

Lastly, this thesis presented the first successful, real-time experimental demonstra-
tion of chance constrained control with uncertain constraint parameters and variables.

The proposed stochastic control methods were solved in real-time to plan trajectories
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for a quadrotor unmanned aerial vehicle navigating in a three-dimensional cluttered,
uncertain environment. These methods enabled the quadrotor to successfully trade-

off exploring to gather more information and completing its objective.

10.2 Future Research Directions

The research presented in this thesis can be extended in several interesting areas.

This section describes several of these extensions.

State Dependent Noise

For the methods presented in this thesis, the noise for the system state was allowed to
be time-varying but the distribution was assumed to be known a priori. However, in
many cases, the noise parameters are dependent upon the system state. For example,
for a ground vehicle, the surface properties depend upon the location of the vehicle
relative to the terrain (e.g., the vehicle will have different dynamics on gravel versus
sand).

Directly incorporating state dependent noise into the current stochastic control
framework results in a nonconvex optimization program. One potential approach for
handling state dependent noise is to employ an iterative scheme by locally optimizing
around a nominal trajectory. The noise properties would be calculated based upon
this nominal trajectory.

An alternative approach, similar to the dual control method for uncertain con-
straint parameters, is to solve the problem in a two-stage scheme. In the first stage,
an abstraction of the dynamics are used to calculate a high-level route. In the second
stage, the noise parameters are computed based on the high-level route and are used

to formulate the standard stochastic control problem.

Distributed Optimization

This thesis considered the use of sampling methods such as CVaR for solving many of

the addressed stochastic control problems. While the sampling methods are attractive
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for solving these types of problems, their computational complexity grows with the
number of samples needed to accurately represent the probability distribution of the
system. For some applications, even though the CVaR method results in a convex
optimization program, the required number of samples may be prohibitive for real-
time application.

In order to increase the real-time applicability of the CVaR method, algorithms for
parallelizing the solution of the optimization program should be investigated which
can benefit from the rise of multi-core processors. One potential approach is to divide
the samples into smaller groups which can be solved faster on separate processors.
Given this split into smaller problems, an iterative scheme may be necessary to ensure

consensus between the solutions.

Model Predictive Control

There are two exciting extensions in the area of incorporating chance constraints
in Model Predictive Control (MPC). MPC is an iterative control algorithm with
the following three steps: (1) solve an optimization program for the control inputs,
(2) apply the first control input, and (3) update the system state based upon the
measurements. This iterative procedure has been very successful in controlling a
wide range of systems.

MPC has been applied to solve the stochastic control problem with individual
chance constraints. One interesting area of future work is to extend the MPC frame-
work to handle joint chance constraints. This is difficult due to the need to iteratively
allocate risk over the future time-steps. If this is not done carefully then the resulting
solution might be overly risky, or the solution may be conservative degrading the
system performance.

A second potential extension is to improve the application of the sampling method
in MPC. Due to the iterative nature of the MPC framework, the previous iteration’s
solution may be used to enable a more targeted sampling strategy of the uncertainty
distributions. This can improve the solution quality and reduce the computational

complexity.
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Feedback Policy of the Uncertain Constraint Parameters

In the presented solution methodology for handling uncertain constraint parameters,
as the probability distribution for the parameters changes the entire optimization
program needs to be resolved to take advantage of the new information. To eliminate
this, future research could investigate solving for a feedback policy that is not only
dependent upon the system state but also on the constraint parameters. This would
increase the computational complexity of the optimization program, however the
program could be solved offline. This feedback policy of the uncertain constraint
parameters would reduce the complexity of the online controller by eliminating the

need to resolve the optimization program when the distribution changes.
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