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Abstract

Uncertainties and constraints are present in most control systems. For example, robot
motion planning and building climate regulation can be modeled as uncertain constrained
systems. In this thesis, we develop mathematical and computational tools to analyze and
synthesize controllers for such systems.

As our first contribution, we characterize when a set is a probabilistic controlled
invariant set and we develop tools to compute such sets. A probabilistic controlled invariant
set is a set within which the controller is able to keep the system state with a certain
probability. It is a natural complement to the existing notion of robust controlled invariant
sets. We provide iterative algorithms to compute a probabilistic controlled invariant
set within a given set based on stochastic backward reachability. We prove that these
algorithms are computationally tractable and converge in a finite number of iterations. The
computational tools are demonstrated on examples of motion planning, climate regulation,
and model predictive control.

As our second contribution, we address the control design problem for uncertain
constrained systems with aperiodic sensing and actuation. Firstly, we propose a stochastic
self-triggered model predictive control algorithm for linear systems subject to exogenous
disturbances and probabilistic constraints. We prove that probabilistic constraint satis-
faction, recursive feasibility, and closed-loop stability can be guaranteed. The control
algorithm is computationally tractable as we are able to reformulate the problem into
a quadratic program. Secondly, we develop a robust self-triggered control algorithm for
time-varying and uncertain systems with constraints based on reachability analysis. In the
particular case when there is no uncertainty, the design leads to a control system requiring
minimum number of samples over finite time horizon. Furthermore, when the plant is
linear and the constraints are polyhedral, we prove that the previous algorithms can be
reformulated as mixed integer linear programs. The method is applied to a motion planning
problem with temporal constraints.






Sammanfattning

Osikerheter och begrinsningar aterfinns i de flesta reglersystem. Exempelvis kan
planering av robotrorelser och reglering av inomhusklimat modelleras som osékra begriansade
system. I denna avhandling utvecklar vi matematiska och berdkningsméssiga verktyg for
att analysera och syntetisera styrenheter for sadana system.

Som forsta bidrag karaktiriserar vi nidr en méngd &r en probabilistiskt reglerad
invariant méngd och utvecklar verktyg for att berdkna sddana mingder. En probabilistiskt
reglerad invariant midngd dr en méngd inom vilken regulatorn kan hélla tillstindet med
en viss sannolikhet. Det dr ett naturligt komplement till det befintliga begreppet robusta
reglerade invarianta méngder. Vi tillhandahaller iterativa algoritmer for att berikna en
probabilistiskt reglerad invariant mingd inom en given mingd baserat pa stokastisk
bakatriktad uppnaelighet. Vi bevisar att dessa algoritmer dr berdkningsmissigt hanterbara
och konvergerar inom ett finit antal iterationer. Beridkningsverktygen demonstreras med
exempel inom rorelseplanering, klimatreglering och modellprediktiv reglering.

Som andra bidrag behandlar vi reglerdesign for osidkra begrinsade system med
aperiodisk mitning och aktivering. For det forsta foreslar vi en stokastisk sjalvutlésande
modellprediktiv reglering algoritm for linjdra system som utsitts for exogena storningar
och probabilistiska bivillkor. Vi bevisar att uppfyllande av probabilistiska bivillkor,
rekursiv genomforbarhet och stabilitet for det aterkopplade systemet kan garanteras.
Regleralgoritmen 4r berdkningsmaissigt hanterbar da vi kan omformulera problemet som
ett kvadratiskt program. For det andra utvecklar vi en robust sjidlvutlosande regler-
algoritm for tidsvarierande och osikra begrinsade system baserad pa uppnaelighets-analys.
I specialfallet nir det inte finns ndgon osékerhet leder konstruktionen till ett reglersystem
som kridver minimalt antal sampel Gver finit tidshorisont. Nar systemet &dr linjdrt och
bivillkoren dr polyhedriska visar vi ocksa att de tidigare algoritmerna kan omformuleras
som blandade linjira heltalsprogram. Metoden tillimpas pa ett rérelseplanerings problem
med temporala bivillkor.
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Chapter 1

Introduction

Uncertainties and constraints are present in most control systems [1-5]. For example,
plants are usually corrupted by external disturbances and accompanied by model errors [6];
the control inputs always have saturated values and the system states are generally
required to stay within certain ranges. Many practical applications, such as robot motion
planning [7], portfolio investment [8], and building climate regulation [9], can be modeled
as uncertain constrained systems. A challenging task is how to stabilize such systems, i.e.,
design a controller which enforces the system state to an invariant region and ensures the
constraint satisfactions.

Since it is often impossible to stabilize uncertain systems exactly to a set-point (e.g.,
an equilibrium), a first question is the characterization of an invariant region. In general,
such a region is called a controlled invariant set [2, 3, 10]. Within this set, the states
can be maintained by some admissible control inputs. Robust controlled invariant sets
(RCISs) are defined for control systems with bounded external disturbances and address
the invariance under any realization of the disturbance [11-13]. If the uncertainties are
with known probability distributions instead, one interesting question is how to compute
a stable region where the state can be kept with a required probability. In this thesis, we
introduce probabilistic controlled invariant sets (PCISs) to deal with such situations.

This thesis also considers how to handle networked control systems [14, 15] with
aperiodic sensing and actuation. These systems are a particular class of uncertain con-
strained systems, where the limited network recourses pose essential problems [16, 17].
We provide mathematical tools to design aperiodic controller which can tradeoff the control
performance and the communication cost.

The remaining of this chapter is organized as follows. Section 1.1 provides the
motivations of this thesis. Section 1.2 gives the mathematical models of the uncertain
constrained systems. Section 1.3 formalizes the problems that will be studied. Section 1.4
reviews some related literature. Section 1.5 gives the outline of the thesis.
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1.1 Motivation

In this section, we motivate the importance of studying stochastic invariance and aperiodic
control for uncertain constrained systems through one example and a discussion of other
application areas..

Example

A mobile robot example is shown in Figure 1.1. A mobile robot (gray) moves in a room,
where there are some moving obstacles (blue and green robots) and static obstacles (black
walls), and is controlled by a remote computer via a shared network. The robot encounters
some constraints resulting from the actuation saturation (i.e., control input constraints) and
the closed environment (i.e., state constraints). It is reasonable to assume that the robot
control is exposed to random noises and uncertainties.

Consider the problem of computing a safe region for the robot. A PCIS is a region
within which the controller is able to keep the robot with a certain probability. This
region will depend on the stochastic uncertainty of the motion controller together with
external influences. Chapter 3 investigates a similar scenario and illustrates how to model
the motion of mobile robot and compute the PCIS for motion planning tasks.

Consider next the problem of remotely controlling the robot to fulfill some temporal
tasks. For example, the robot is required to move from its initial position (the black dot)
to the region X; within the deadline N, and then move from X; to X, within the deadline
N,. Because of the limited communication bandwidth, it is natural to design an aperiodic
controller, which can complete the control task and guarantee the constraint satisfactions
under severe communication restriction. The state and control input trajectories under such
an aperiodic control is shown in Figure 1.2. Chapter 5 describes more details on such
aperiodic control design.

Application areas

Stochastic invariance and aperiodic control are important in many more areas than motion
planning. Here we discuss three such areas:

o Safety-critical control. Safety is vital in many control systems [18-20]. In [21, 22],
an air traffic management system is modeled as a stochastic hybrid control system.
To resolve potential conflicts between aircrafts, an approach is proposed to compute
the minimal probability of reaching unsafe regions [22]. Each aircraft is expected
to stay in the safe region with some prescribed probability level. After computing
the safe region, an aperiodic control protocol between the aircraft and the operation
center can efficiently reduce computation burden and save communication resources
when controlling the aircraft moving in the safe region.

e Stochastic model predictive control (MPC). In MPC, an invariant set is in general
imposed for terminal set to ensure recursive feasibility and stability [4,5]. Stochastic
MPC is used in controlling a stochastic system with probabilistic constraints [23,24].
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Figure 1.1: Motion of a mobile robot.

Stochastic invariance not only guarantees probabilistic constraint satisfactions but
also helps to characterize stochastic stability. Compared with existing methods
based on either RCISs as terminal sets [25] or no terminal sets [26], taking a
stochastic invariant set as terminal set can possibly mitigate the conservatism of
these methods by enlarging the domain of contraction. Furthermore, given a (not
necessarily stochastic) terminal set, an aperiodic implementation of stochastic MPC
can tradeoff the control performance and the communication usage.

Markov decision processes (MDPs). MDPs are widely used in many control
applications such as motion planning [27]. In [28,29], constraints are imposed on the
state probability density function of an MDP under control. Probabilistic invariance,
as developed in this thesis, can be used for such control systems to characterize
the invariant region in the state space, while aperiodic control provides a more
communication-efficient strategy to keep the system operating in its invariant region.

1.2 Mathematical Modeling

In this section, we provides two mathematical models that will be used in this thesis.
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Figure 1.2: The robot trajectory (a) under aperiodic control input (b).

Uncertain Constrained Control Systems

We consider a discrete-time control system with additive disturbance

Xier1 = f O, ug) + wy, (LD

where x; € R™ is the state, uy € R™ the control input, w, € R™ the disturbance, and
f: R xR*™ — R™. In general, the disturbance w; belongs to a given set W c R™. At
each time instant k, the control input u; is constrained by a compact set U ¢ R™ and the
state x;, is constrained by a compact set X c R".

If the set W is compact and the probability distribution of wy is unknown, a robust
controller can be designed by taking into account the worst case. If the disturbance wy
is with a known probability distribution, the system is a stochastic control system and a
controller can be designed by making use of the probabilistic model.



1.3. Problem Formulation 5

Stochastic Control Systems

We also consider stochastic control systems described by a triple S = (X, U, T'), where
e Xis a state space endowed with a Borel o-algebra B(X);
e U is a compact control space endowed with a Borel o-algebra 8(U);

o T : XxU — Ris a Borel-measurable stochastic kernel given X xU, which assigns to
each x € X and u € U a probability measure on the Borel space (X, B(X)): T(:|x, u).

This model is often called a controlled Markov process [30]. It includes a quite large
class of stochastic control systems. We remark that for the system (1.1), if wy, Vk € N, are
independent and identically distributed (i.i.d.) and are with density function g : R™ — R,
it can be represented as a triple S = {X, U, T} with

X =R",
U c R™,
T(Alx,u) = [, (v = f(x, w)dy.

1.3 Problem Formulation

In this thesis, we address two key problems for uncertain constrained systems. The first
one is the problem of computing PCISs while the second one is the problem of designing
self-triggered control schemes.

Problem 1: computation of a PCIS

Consider a stochastic control system described by a triple S = (X, U, T). We say that a
set Q ¢ X is an e-PCIS if for any xy € Q, there exists control inputs (ug, ug, . ..) such that
the generating trajectory (xo, X1, ...) can be kept into Q with probability at least €, where
0 < € < 1 is a prescribed number. The problem of computing an e-PCIS is that given a set
Q ¢ X and a required probability level €, find a subset Q C Q such that Q is an e-PCIS.
An intuitive way to compute an e-PCIS is to iteratively compute the stochastic backward
reachable set, which for a given set Q C X, is defined by

XA(Q) = {xo € Q | Juy € U, Yk, Pr{tk, x; € Q) > €}. (1.2)

The algorithm below is shown for computing an e-PCIS.

In Chapter 3, we develop algorithms to compute PCISs by adapting Algorithm 1.1 for
different model classes. We prove that these algorithms are computationally tractable and
converge in a finite number of iterations.
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Algorithm 1.1 Computing an e-PCIS within Q
1: Initialize i = 0 and P; = Q.
2: Compute the stochastic backward reachable set of P;, i.e., X7 (P;) and set P, = XZ(P;).
3: Verify whether the resulting set P, is an e-PCIS.
4: If yes, stop. Else, set i = i + 1 and go to step 2.

Problem 2: self-triggered control design

A self-triggered control scheme is shown in Figure 1.3. In this scheme, we aim to
jointly design a controller and an aperiodic communication protocol, which can achieve
the control task, guarantee the constraint satisfactions, and efficiently utilize network
resources.

Consider the uncertain constrained control system (1.1). To reduce the amount of
communication, the sensor only measures and transmits the state x;, to the controller at
the sampling instants k; € N, i € N, which evolve as

kiv1 = ki + M; (1.3)

with kg = 0. The inter-sampling time M; is determined by a self-triggering mechanism
based on the state x;, at the sampling instant k;. An illustration of the difference between
the periodically-triggered control scheme and the self-triggered control scheme is shown
in Figure 1.4. The self-triggered control problem at sampling instant k; can be formulated
as the following multiple objective optimization problem:

m}}l {J(x,» w), =M} (1.42)
subject to
kiv1 = ki +M;, (1.4b)
V] € N[ki»kiﬂ_l] : (140)
u; €U, (1.4d)
Yw; € W : {x’“ = g, up) +wj, (1.4e)
xj+1 € X9

where the control sequence u = (u j)’;’:*l‘q_' and J(x,,u) is the cost function. The objective
function of this optimization problem aims to minimize the cost function and maximize the
inter-sampling time. Note that this optimization problem is infinite-dimensional since there
are an infinite number of state constraints (1.4e). We address the computational tractability
of this problem in Chapters 4 and 5.

In Chapter 4, we integrate self-triggered control and stochastic MPC for linear
systems subject to probabilistic constraints. We assume that the optimal control sequence
u = (uj.)]j‘.":*,‘q_1 can be transmitted via a communication network. The multiple objective
optimization problem is solved by a layered framework. The lower layer solves a standard
quadratic program indexed with the inter-sampling time while the upper layer maximizes
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> Self-triggered Control
x(k;) uj, M;

Communication Network
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Y

Sensor -« Plant < Actuator

Figure 1.3: The self-triggered control framework.

the inter-sampling time subject to some constraints on the optimal cost function of the
lower layer.

In Chapter 5, we investigate robust self-triggered control based on reachability analysis
for time-varying and uncertain systems with constraints. We assume that only one control
input and the corresponding inter-sampling time can be transmitted via the network. That
is, all elements in the control sequence u = (u j)l;"; ]‘(_1 are equal with each other. In order
to provide a geometric insight of self-triggered control, we ignore the cost function and
just seek the maximal inter-sampling time. The optimization problem is reformulated as a
tractable integer program.

1.4 Related Work

Controlled invariant sets

Controlled invariant sets have been widely studied in the literature [2, 3, 10]. For example,
invariant sets are often used to determine the terminal constraints in MPC as they guarantee
recursive feasibility of the MPC problem.

In general, robust invariance is customized for dynamical systems with bounded
uncertainties. There are lots of iterative approaches focusing on the computation of RCISs.
One essential component in these approaches is to compute the robust backward reachable
set, in which each state can be steered to the current set by an admissible input for all
possible uncertainties [11-13].

Controlled invariant sets have recently been extended to stochastic systems. In [31],
the target set used to define the stabilization in probability serves as an embryo of
PCIS. A formal description of PCIS is provided in [32] for nonlinear systems by using
reachability analysis and it is later applied to portfolio optimization [33]. Another definition
of probabilistic invariance originates from stochastic MPC [34] and captures one-step
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0o 1 2 e iitl o time instant
N I I N N AN N N -
ko ki ke e ki kin sampling instant
(@)
0 1 2 e ioi+l e time instant
1 1 1 1 [ 1 [ 1 [ | [ |g
ko ky e ki kis1  sampling instant
1 1 1
| | | I
I Mo | M
(b)

Figure 1.4: The periodically-triggered control scheme (a) and the self-triggered control
scheme (b).

ahead invariance. In [34], an ellipsoidal approximation is given for linear systems with
specific uncertainty structure. Similar invariant sets are recently used in [35] to construct a
convex lifting function for linear stochastic control systems. A definition of a probabilistic
invariant set is proposed in [36, 37] for linear stochastic systems without control inputs.
This definition captures the inclusion of the state in probability for each time instant. A
recent work [38] explores the correspondence between probabilistic and robust invariant
sets for linear systems. In [36,37], polyhedral probabilistic invariant sets are approximated
by using Chebyshev’s inequality for linear systems with Gaussian noise. The recursive
satisfaction is usually computationally intractable for general stochastic control systems.

Aperiodic control of constrained systems

Event-triggered and self-triggered control are two specific types of aperiodic control
schemes [39, 40]. Self-triggered control scheme can determine the next update time in
advance based on the information at the current sampling instant while event-triggered
control scheme requires the continuous monitoring of the system states. In addition, self-
triggered control scheme permits the shut-down of the sensors between two updates to
reduce the energy utilization. This thesis focuses on the self-triggered control design.

Some combinations between MPC strategies and event-triggered control have been
provided in [41-44]. In [42], an event-triggered MPC is proposed to reduce both
communication and computational effort for discrete-time linear systems subject to input
and state constraints as well as exogenous disturbances. In [44], the average sampling rate
is explored for robust event-triggered MPC.
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Some developments of self-triggered MPC are available. In [45], the authors presented
a self-triggered model predictive controller for constrained linear time-invariant systems.
As the unconstrained version of [45], a self-triggered linear quadratic regulation (LQR)
scheme was considered in [46] for unconstrained systems with stochastic disturbances.
In [47], an approach similar to [45] was proposed, where the cost function is defined
depending on the length of the inter-sampling time, while in [45] the inter-sampling time
is maximized subject to constraints on the cost function. Besides these works focussing on
linear systems, a self-triggered nonlinear MPC approach for the case of nonlinear systems
was presented in [48], in which a way was proposed to adaptively select sampling time
intervals. It is worth noting that [46] does not address the constrained case, while [45], [47],
and [48] consider the cases with constraints but without the uncertainty.

Further results of the self-triggered MPC have been reported for systems subject to both
constraints and the uncertainty. Based on ideas from robust control-invariant sets, a self-
triggered scheme was devised in [49] for linear systems subject to additive disturbances.
However, it did not provide the analysis of stability and performance. In [50], a robust self-
triggered MPC algorithm was presented for constrained linear systems subject to bounded
additive disturbances, which employed the tube-based MPC methods in [51] to guarantee
robust constraint satisfaction and followed the principles of [45] to obtain an a priori
determination of the next sampling instant. Note that in [50], all constraint parameters
of the optimization problem at each sampling instant depend only on the maximal inter-
sampling time, which has the drawback of leading to a conservative region of attraction
of the MPC scheme. Inspired by a more advanced tube-based MPC method in [52], the
authors of [53] proposed a novel robust self-triggered MPC to alleviate the conservatism
in [50]. Different from the predicted sets in [50] parametrized by a translation only,
an additional scaling factor in the state-space was also introduced in [53] to define the
predicted sets, thereby leading to a larger feasible region of the MPC scheme. A recent
robust self-triggered MPC method was also presented in [54] for the same problem as
in [50, 53]. By combining with the self-triggering mechanism in [53], the focus of [54]
lay in extending the tube-based MPC method in [55] to describe the uncertainty in the
prediction in the self-triggered setup.

Other than MPC, only a few work address the self-triggered control for constrained
systems. For example, the focus of [56-58] is on the design of an event-triggered controller
when the systems are subject to actuator saturation. One recent work [59] provides a
contractive set-based approach to design self-triggered control for linear deterministic
constrained systems.

1.5 Thesis outline and contributions

The rest of the thesis is organized as follows.

Chapter 2: Preliminaries

In Chapter 2, we provide some preliminary results that will be used in this thesis.
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Chapter 3: Probabilistic controlled invariant sets

In Chapter 3, we investigate stochastic invariance for control systems by PCISs. We
propose two definitions: finite- and infinite-horizon PCISs, and explore their relation to
robust control invariant sets. We design iterative algorithms to compute the PCIS within a
given set. For systems with discrete state and control spaces, the computations of the finite-
and infinite-horizon PCISs at each iteration are based on linear programming and mixed
integer linear programming, respectively. The algorithms are computationally tractable and
terminate in a finite number of steps. For systems with continuous state and control spaces,
we show how to discretize the spaces and prove the convergence of the approximation
when computing the finite-horizon PCISs. In addition, it is shown that the infinite-horizon
PCIS can be alternatively computed by the stochastic backward reachable set from the
robust control invariant set contained in it.
The covered material is based on the following contribution.

e Y. Gao, K. H. Johansson, and L. Xie, “On probabilistic controlled invariant set,”
Submitted to IEEE Transaction on Automatic Control.

Chapter 4: Stochastic self-triggered model predictive control

In Chapter 4, we propose a stochastic self-triggered MPC algorithm for linear systems
subject to exogenous disturbances and probabilistic constraints. The main idea behind
the self-triggered framework is that at each sampling instant, an optimization problem is
solved to determine both the next sampling instant and the control inputs to be applied
between the two sampling instants. Although the self-triggered implementation achieves
communication reduction, the control commands are necessarily applied in open-loop until
the next sampling instant. To guarantee probabilistic constraint satisfaction, necessary
and sufficient conditions are derived on the nominal systems by using the information
on the distribution of the disturbances explicitly. Moreover, based on a tailored terminal
set, a multi-step open-loop MPC optimization problem with infinite prediction horizon is
transformed into a tractable quadratic programming problem with guaranteed recursive
feasibility. The closed-loop system is shown to be stable.
The covered material is based on the following contribution.

e L. Dai*, Y. Gao*, L. Xie, K. H. Johansson, and Y. Xia, “Stochastic self-triggered
model predictive control for linear systems with probabilistic constraints,” Automat-
ica, vol. 92, pp. 9-17, 2018.

*: Equal contribution of the authors.

Chapter 5: Robust self-triggered control via reachability analysis

In Chapter 5, we develop a robust self-triggered control algorithm for time-varying and
uncertain systems with constraints based on reachability analysis. The resulting piecewise
constant control inputs achieve communication reduction and guarantee constraint satis-
factions. In the particular case when there is no uncertainty, we propose a control design
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with minimum number of samplings over finite time horizon. Furthermore, when the plant
is linear and the constraints are polyhedral, we prove that the previous algorithms can be
reformulated as computationally tractable mixed integer linear programs.

The covered material is based on the following contribution.

e Y. Gao, P. Yu, D. V. Dimarogonas, K. H. Johansson, and L. Xie, “Robust self-
triggered control for time-varying and uncertain constrained systems via reachability
analysis,” Submitted to Automatica.

Chapter 6: Conclusions and future research

In Chapter 6, we present a summary of the results, and discuss directions for future
research.

Contributions not covered in the thesis
The following publications by the author are not covered in the thesis:

e Y. Gao, S. Wu, K. H. Johansson, L. Shi, and L. Xie, “Stochastic optimal control
of dynamic queue systems: a probabilistic perspective,” in Proceedings of 15th
International Conference on Control, Automation, Robotics and Vision, 2018.

e Y. Gao, M. Jafarian, K. H. Johansson, and L. Xie, “Distributed freeway ramp
metering: optimization on flow speed,” in Proceedings of IEEE Conference on
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Chapter 2

Preliminaries

In this chapter, we provide notations and preliminaries that are used in the remaining parts
of this thesis.

2.1 Notation

Let N denote the set of nonnegative integers and R denote the set of real numbers. For
some ¢, s € Nand g < s, let N5, N, Ng,, Ny, and Ny, ) denote the sets {r € N | r > g},
{reN|r>ql,{reN|r<gqgl,{reN|r<gqg},and{r e N| g <r < s}, respectively. Let /
denote an identity matrix. A matrix or vector of ones or zeors with appropriate dimension
is denoted by 1 and 0, respectively. When <, >, <, >, and | - | are applied to vectors, they
are interpreted element-wise. Let x; denote the value of variable x at time instant &, Xy a
prediction i steps ahead from time k.

Let Pr denote the probability measure, E the expectation, and E; the conditional
expectation of a random variable given the state at time k. Given a topological space X,
B(X) denotes the Borel o-algebra of this space.

For a vector x € R", define ||x|lo = max; |x;|. For W € R™", W > 0 means that W is
symmetric and positive definite. For x € R” and W > 0, ||x||%v 2 xTWx.For x; e R", i € N,
define 2 x; =0ifa > b.

The Minkowski sum of two sets is denoted by A®@B ={a+ b | Va € A,Vb € B}. The
Minkowski difference of two sets is denoted by A6 B = {c | Vb € B,c + b € A}. For two
sets Xand Y, X\Y = {x | x € X,x ¢ Y}. For a polyhedron P = {x € R" | Px < p}, define
IPllec = maxyep{||Px — plloo}. For X € R" and A € R™", define A'X ={xeR"|Ax € X}.
For x; € R", [ € N, define Z;:k x;=0if k> j. For X; CR" and A; € R™", [ € N, define

J .
0, k> |,

@Xl: J /
XkGBXkH@...Xj, kS],

! I, k> j
| |A1= .
AJ'Aj,l...Ak, kS]

13
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Given two X and X, two indicator functions are, respectively, defined as

1, xeX, . I, XCX,
Tx(x) = {0 o Ly D= {0 5e%
, X ] s .

2.2 Stochastic Optimal Control

Markov Policy
Consider a stochastic control system described by a triple S = (X, U, T) as in Section 1.2.

Definition 2.1. Given a Polish space Y, a subset A in this space is universally measurable
if it is measurable with respect to every complete probability measure on Y that measures
all Borel sets in B(Y).

Definition 2.2. A function i : Y — W is universally measurable if u~'(A) is universally
measurable in Y for every A € B(W).

Let the finite horizon be N. We define a Markov policy as follows.

Definition 2.3. (Markov Policy) A Markov policy u for system S is a sequence u =
(to, t15 - - - s Un—1) Of universally measurable maps

Mi - X -1, Yk € N[O,Nfll-

Remark 2.1. As stated in [60,61 ], the condition of universal measurability is weaker than
the condition of Borel measurability for showing the existence of a solution to a stochastic
optimal problem. Roughly speaking, this is because the projections of measurable sets
are analytic sets and analytic sets are universally measurable but not always Borel
measurable [61,62].

When extending the finite horizon to the infinite horizon, we define a stationary policy.

Definition 2.4. (Stationary Policy) A Markov policy u € M is said to be stationary if
u=a,...)with i : X — U universally measurable.

Let M denote the set of Markov policies. In the following, we recall two stochastic
optimal control problems which aim at maximizing the probability of staying one set.

Finite-horizon stochastic optimal control

Consider a Borel set Q € B(X). Given an initial state xy € X and a Markov policy u € M,
an execution is a sequence of states (xg, Xy, ..., xy). Introduce the probability with which
the state x; will remain within Q for all k£ € Ny n;:

P’,t,yQ(Xo) = Pr{¥k € Njon}, xx € Q}.

Let pj‘v’Q(x) = SUP,ep p‘;\,qQ(x). The next theorem shows that this finite-horizon
stochastic optimal control problem can be solved via a dynamic program (DP).
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Theorem 2.1. [60] Define value functions VZQ : X - [0,11,k = 0,1,...,N, in the
backward recursion:

VZ’Q(x) = sug Lo(x) V;H,Q(y)T(dylx, u), x € X, 2.1)
U€ Q

with initialization

V;,’Q(x) =1,xeQ. 2.2)
Then, VS,Q(X) = p;‘\,’Q(x), Vx € Q. The optimal Markov policy u& = (”S,Q’“T,Q’ .. ,,u;‘v_LQ)
is given by

1 o) = arg sup To(x) f Vi oO)T (@l ), x € Q. k € Nig vy
uelU Q

In particular, one sufficient condition for the existence of ua is that forall x € Q, 1 € R,
and k € Njg y_1}, the set Up(x, ) = {u € U | fx V;H’Q(y)T(dylx, u) > A} is compact.
Remark 2.2. Here, VZ!Q(x) denotes the maximum probability with which starting from an
initial state x € Q, the states remain in Q over the time interval N y).
Infinite-horizon stochastic optimal control

Consider a Borel set Q € B(X). Given an initial state xo € X and a stationary policy u € M,
an execution is denoted by a sequence of states (xo, X1, ...). We introduce the probability
with which the state x; will remain within Q for all k € N:

p‘;?Q(xo) = Pr{¥k e N, x; € Q}.

Let p;, o(X0) = sup,ep 2 o(x0)- The next theorem gives a way to solve this infinite-
horizon stochastic optimal control problem.

Theorem 2.2. [60] Define the value function G;Q : X - [0,1],k € N, in the forward
recursion:

GZ+1,Q(X) = sug Lo(x) f GZ’Q(y)T(dylx, u), x €X, 2.3)
ue Q
initialized with
G(’S,Q(x) =1,xeqQ. 2.4)
Suppose that there exists a k > 0 such that the set Uy(x, 1) = {u € U | fx G,*(’Q(y)T(dylx, u) >

A} is compact for all x € Q, A € R, and k € Ny;. Then, the limitation G;,Q(x) exists and
satisfies

G;,Q(x)zsug Ig(x) [Q G oWT (dylx, u)), (2.5)
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and G, Q(x) = pl, Q()c) for all x € Q. Furthermore, there exists an optimal stationary
policy u* = (@*, o*, ...) given by

fg(x) = argsup Io(x) | G, oMT(dylx, u), x € Q.
uelU Q

Remark 2.3. Here, G;Q(x) denotes the maximum probability with which starting from an

initial state x € Q, the states remain in Q over the time interval Ny ).

2.3 Stochastic MPC

Different from robust MPC, stochastic MPC makes full use of the stochastic characteristics
of the uncertainties to deal with probabilistic constraints, which allows constraint violations
to occur with a prespecified probability level. Probabilistic constraints enable stochastic
MPC to directly trade off the constraint satisfaction and the control performance, and
therefore alleviate the inherent conservatism of robust MPC. In what follows, we introduce
the general formulation of stochastic MPC in more details.

Consider a discrete-time control system of the form

Xt = f O, ug) + wi, (2.6)

where x;, € R™ and u;, € R™, wy € R™, and f : R*xR™ — R, Assume that wy, k € N, are
independent and identically distributed (i.i.d.) and the elements of wy have zero mean. The
distribution F of wy, is assumed to be known and continuous with a compact support W. At
each time instant k, the state x; of system (2.6) is subject to n. probabilistic constraints

Pr{ge(x;) <0} > pg, € € Npy 3, k€N, 2.7

where g, : RM — R, and p, € [0, 1], and the control input uy, is constrained by a compact
set U c R™,

Given a finite horizon N, at time instant k, a sequence of predictive control inputs is
defined by w; = (Ui, Uk+1ks -+ > Ur+n—1k) and the corresponding sequence of predictive
states is defined by Xy = (Xkjk, Xkw1jk> - * * » Xk+njk)> Where

Xirirtk = f(Xiewilks Uk+ife) + Wierilks Xk = Xk, § € Ney-y.
The objective function is
N-1
2 2 2
TG we) = Bl > (el + el ) + il ] 2.8)

i=0

where Q > 0, R > 0, and P > 0 are the weighting matrices.
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Given xy, the stochastic MPC optimization problem can be formulated as

nlllikn J(xg, ug) (2.9a)
subject to
X = X, (2.9b)
Vi€ Njpn-17: (2.9¢)
Xewivtlk = f kil Weit) + Wierifes
upsiie € U, (2.9d)
Wirile € W, Wi ~ F,
Prige(xivix <0 xx} = pe, € € Npp )
Xiernpw € X, (2.9¢)

where X is the terminal set to be designed. After solving this optimization problem, the
first piece of the sequence of the optimal control inputs w; is implemented, i.e., ux = ;..

Note that the probabilistic constraints restrict the tractability of the above optimization
problem. Here, we summarize three main approaches on handling the probabilistic
constraints in the literature.

6]

(@)

3

Stochastic Tube Approaches. Like tube-based MPC [63], stochastic tube is con-
structed by exploiting the distribution of the uncertainties and is deployed to
guarantee recursive feasibility, closed-loop stability, and probabilistic constraint
satisfaction. In [25], stochastic tube-based MPC is used for linear systems with
additive and bounded disturbances. This stochastic tube is determined by tightening
constraints, which requires large and complex offline computations. To improve
the computational efficiency, the stochastic tube with fixed orientations but scalable
cross sections is investigated in [23].

Affine Parameterization Approaches. In [64], the feedback control input is defined
in terms of an affine function of past disturbances. The decision variables in
the optimization problem become the affine parameters. Thus, the probabilistic
constraints are also parameterized. In [65], the Chebyshev—Cantelli inequality is
used to handle the parameterized probabilistic constraints. The first drawback of
affine parameterization approaches is the difficulty to ensure of the closed-loop
stability. Another one is the conservatism associated with the approximations like
the Chebyshev—Cantelli inequality.

Scenario-based Approaches. Scenario optimization provides an explicit bound on
the number of samples required to obtain a solution to the convex optimization
problem that guarantees constraint satisfaction with a prespecified probability
level [66]. In [67,68], various scenario-based approaches have been considered for
approximating the probabilistic constraints in MPC. However, the challenges of
scenario-based MPC arise from both the high computation and the guarantees of
recursive feasibility and closed-loop stability.
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2.4 Reachability Analysis

The reachability problem is fundamental in systems and control and is critical for
controllability and tracking problems [69-71]. In the following, we summarize some
results on computing the backward reachable tube for constrained systems.

Consider a discrete-time dynamic system

X1 = SeCoxe, ug) + wy, (2.10)

where x; € R™ and u;, € R™, wy € R™, and f; : R™ X R™ — R™. The control input i
at time k is constrained by a set U, c R™. The additive disturbance wy at time instant k
belongs to a compact set W; c R™. In addition, given a finite time horizon N € N, the
system (2.6) is subject to a target tube, denoted by {(Xy, k), k € Ny n1}, where X € R™.

Definition 2.5. (Reachability) The target tube {(Xy, k),k € Ny n} of the system (2.10)
is reachable from the initial state xy € Xy if there exists a sequence of control inputs
u € Uy, Yk € N n_1}, such that the state x; € Xy, Yk € Ny v, for all possible disturbance
sequences wy € Wy, Yk € Njg y_1).

Let X}, = Xy. For k € Njo -1}, the backward reachable set X} for the system (2.10) is
recursively computed by:

Pi = {z € R™ | Fuy € Uy, filz, ) @ Wy € X5, ), (2.11a)
X = P N X (2.11b)

Proposition 2.1. [69] The target tube {(X;, j),j € Npsia) of the system (2.10) is
reachable from x if and only if x; € Py. Furthermore, the target tube {(Xy, k), k € Ny n}
is reachable from the initial state xo € X if and only if xo € X,

The computation of backward reachable tube for control systems has attracted much
attentions in the past decades. Many existing results focus on sets of pre-specified shapes,
such as polytopes or hyperplanes [72]. In particular, for linear systems with polyhedra
constraints, there are some geometry software packages which can efficiently implement
set operations, such as projection, set difference, piecewise affine maps and their inverse,
Minkowski sums, intersections, etc [73, 74]. Some recent research progresses have been
reported for nonlinear systems. For example, the authors of [71] generalize the reachability
of linear systems to piecewise affine systems with polygonal constraints and prove that the
set can be computed by using polyhedral algebra and computational geometry software.
Recently, a decomposition approach is proposed in [75] to compute the reachable set for a
class of high dimensional nonlinear systems.

In general, reachability analysis leads to a large number of constraints with the increase
of the dimension and horizon. In order to make the computation efficient, there have been a
lot of results on inner approximations of backward reachable sets [76]. Note that according
to Proposition 2.1, the inner approximations are still the sufficient conditions to guarantee
the reachability.



Chapter 3

Probabilistic Controlled Invariant Sets

3.1 Introduction

This chapter investigates stochastic invariance for control systems by PCISs. Our results
build on some existing work but improve them in several aspects. (i) The results in
[32,34,36,37] focus on some specific stochastic systems (e.g., linear or nonlinear systems)
or on some specific stochastic disturbances (e.g., Gaussian noise or state-independent
noise). In our model, general system dynamics and stochastic disturbances are considered.
(ii) Different from [36, 37], the control inputs are incorporated in our invariant sets and
these sets are defined based on the trajectory inclusion as in [32]. This type of definition
allows us to verify and compute a PCIS in an iterative way. Comparisons between our
invariant sets and a possible extension of probabilistic invariant set in [36,37] to control
systems are provided in Section 3.4. (iii) The stochastic reachability analysis studied in [60]
provides us an important tool for maximizing the probability of staying in a set. Based on
this, one focus of this chapter is on the computation of maximal PCIS within a set with
a prescribed probability level, which is beyond the scope of [32, 60, 77]. In addition, note
that the PCISs in this chapter are different from the maximal probabilistic safe sets in [60]
(see Remark 3.1).

Recall that Algorithm 1.1 in Chapter 1 provides the basic procedures to compute the
PCISs within a given set. However, some remarkable challenges in Algorithm 1.1 should
be highlighted: (i) how to make it tractable to compute the stochastic backward reachable
set, in particular for continuous spaces; (ii) how to mitigate the conservatism when
characterizing the stochastic backward reachable set subject to the prescribed probability;
(iii) how to guarantee the convergence of the iterations. These issues will be addressed in
this chapter. The contributions are summarized as follows.

(1) We propose two novel definitions of PCIS: N-step e-PCIS and infinite-horizon e-
PCIS. An N-step e-PCIS is a set within which the state can stay for N steps
with probability € under some admissible controller while an infinite-horizon e-
PCIS is a set within which the state can stay forever with probability € under
some admissible controller. These invariant sets are different from the existing
ones [34, 36], which address probabilistic set invariance at each time step. Our

19
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definitions are applicable for general discrete-time stochastic control systems. We
provide fundamental properties of PCISs and explore their relation to RCISs.

(2) We design iterative algorithms to compute the largest finite- and infinite-horizon
PCIS within a given set for systems with discrete and continuous spaces. The PCIS
computation is based on the stochastic backward reachable set. For finite state and
control spaces, it is shown that at each iteration, the stochastic backward reachable
set computation of N-step e-PCIS can be reformulated as a linear program (LP)
and the infinite-horizon e-PCIS as a computationally tractable mixed-integer linear
program (MILP). Furthermore, we prove that these algorithms terminate in a finite
number of steps. For continuous state and control spaces, we present a discretization
procedure. Under weaker assumptions than [78], we prove the convergence of such
approximations for N-step e-PCISs. The approximations generalize the case in [60],
which only discretizes the state space for a given finite control space. In addition,
another different method to compute the infinite-horizon e-PCIS is provided based
on the structure that an infinite-horizon PCIS always contain a RCIS..

The remainder of the chapter is organized as follows. Section 3.2 presents the
definition, properties, computation algorithms of finite-horizon PCISs. Section 3.3 extends
to the infinite-horizon case. In Section 3.4, we analyze the algorithm complexities and
discuss the relation to the existing work. Numerical examples in Section 3.5 illustrate the
effectiveness of our approach. Section 3.6 concludes this chapter. In addition, Section 2.2
provides some preliminaries that will be used in this chapter.

3.2 Finite-horizon PCIS

We consider a stochastic control system described by a triple S = (X, U, T'). We first define
a finite-horizon e-PCIS for system S and provide some properties of this set. Then, we
explore how to compute the finite-horizon e-PCIS with a given set in an iterative way.

Definition 3.1. (N-step e-PCIS) Given a confidence level 0 < € < 1, a set Q C X is an
N-step e-PCIS for system S if for any x € Q, there exists at least one Markov policy u € M
such that p’&Q(x) > e

According to Theorem 2.1, an N-step e-PCIS can be verified by checking if p;‘v’Q(x) >€
for every x € Q, as stated by the following proposition.

Proposition 3.1. A set Q c X is an N-step €-PCIS for the system S = (X, U, T) if the
following conditions are satisfied:

(i) Vg Q()c) > € forall x € Q, where V; Q()c) is calculated by the DP (2.1) and (2.2);

(ii) for all x € X, 1 € R, and k € Nyy_y), the set Up(x,4) = {u € U |
fx V;H,Q(y)T(dylx, u) > A} is compact.
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An equivalent way to verify an N-step e-PCIS is based on the following stochastic
backward reachable set:

X NQ={xeQ|Iue M py,(x) =€
= (xeQlsupply () 2 )
HeEM
={x e Q| Vygox) = €}

Proposition 3.2. A set Q C X is an N-step e-PCIS for the system S = (X, U, T) if and only
iFX: (@ = Q

Proof. Follow from the definition of Xz ~(Q. a

Corollary 3.1. The state space X is an N-step €-PCIS for any finite N € Ny, and any
0<e<l.

Remark 3.1. The stochastic backward reachable set X N(Q is called the maximal
probabilistic safe set in [60]. The N-step e-PCIS Q in Definition 3.1 refines the maximal
probabilistic safe set by requiring that for any initial state from Q, the maximal probability
of staying in Q is no less than €, as in Proposition 3.2.

Properties

In the following, some properties of N-step PCISs are presented.

Property 3.1. Consider two Borel sets Q,P € B(X) for system S with Q C P. For any x €
Q, the following statements hold:

(i) Pyg(0) < p’g/,Q(x), VN < N and Yu € M;
(ii) p’l:,,Q(x) < p’,i,’]P(x), Yu e Mand VN € N;

(iii) SUp,epq p‘;,’Q(x) < SUp,ep Pyp(X), YN € N.

Proof. The results (i) and (ii) follow from the definition. For (iii), let us denote uj =
arg sup,c p’;,’Q(x) and 45 = arg sup,c 5 Py (%). Then, we have

sup phy (1) = Piyo(0) < Piyp(0) < plyp(x) = sup ph ().
HEM HEM

The proof is completed. O

Property 3.2. If Q C X is an N-step e-PCIS for system S, it is also an N-step é-PCIS for
any N e Ny and 0 < € < e.

Proof. Follow from the definition of N-step e-PCIS. O
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Property 3.3. Consider a collection of Borel sets Q; € BX), i = 1,...,r. If each Q;
is an Nji-step €-PCIS for system S, then the union \J;_, Q; is an N-step e-PCIS, where
N=min{N;,i=1,...,rland e = min{g,i=1,...,r}.

Proof. 1t suffices to consider r = 2. For any x € Q; U Q,, we have that either x € Q
or x € Q,. From Properties 3.1 and 3.2, we have:

Yx € Q, sup p‘;,’@]u@z(x) > sup pﬁ,’Ql (x) > sup pﬁll 0, > & > minfe;, e},
UEM HEM HEM

Vx € Qa, sup py g q,(¥) 2 SUp Py o (%) 2 sup py, o () > € > min{er, &).
uemM - uemM HEM ’

Then, we complete the proof. O

Remark 3.2. The finite-horizon PCISs are closed under union. In general, they are not
closed under intersection, i.e., the intersection of two PCISs is not necessarily a PCIS. The
reason is that the corresponding control policies of two invariant sets may be different.
This is different from the property of probabilistic invariant sets in [36], which does not
involve control inputs.

Finite-horizon PCIS computation

A general procedure to compute the N-step e-PCIS within a given set Q c X is presented by
Algorithm 3.1, which is initialized by setting Py = Q. Then, we compute V(’;,P‘_ (x),Vx e P;,
by the DP (2.1) and (2.2). We further update the set P, = Xi ~(Pi), which is a stochastic
backward reachable set within P; with respect to a finite horizon N and a probability level .
According to Propositions 3.1 and 3.2, the algorithm terminates when P;,; = P;.

Algorithm 3.1 N-step e-PCIS
1: Initialize i = 0 and P; = Q.
2: Compute V&P(x) for all x € P;.
3: Compute the set P;.; = X:’N(P,’, P)).
4: If Py = Py, stop. Else, seti = i + 1 and go to step 2.

Theorem 3.1. Consider a Borel set Q € B(X). If Algorithm 3.1 converges to a nonempty
set, this set is the maximal N-step PCIS within Q.

Proof. According to the definition of X: n» We have Piyy C Py, Vi > 0. Since Algorithm 3.1
converges to a nonempty set, Po, = lim;_,, P; exists and satisfies P, = X: ~(Ps). Based on
the fixed-point theory, we conclude that P, is the maximal N-step PCIS within Q. O

The computational tractability of Algorithm 3.1 depends on the computation of V{, (x)
in the DP (2.1) and (2.2). When the state space is continuous, it is in general impossible to
compute Vjp, (x) for each x € P;. Next, we investigate how to compute or approximately
compute Vi, (x) for discrete spaces and continuous spaces, respectively.
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Discrete state and control action spaces

If the state and control spaces are both finite sets, denote by U, the set of the admissible
control actions for each x € X. Assume that U, is nonempty for each x € X. The stochastic
kernel T'(-|x, u) is specified as T (y|x, ), which denotes the transition probability from the
state x € X and the control action u# € U, to the state y € X. For any x € X and u € U,,
Sex T w) = 1.

In this case, according to Theorem 1 of [79], we can exactly compute Vj;, (x) via an
LP. Moreover, the existence of the optimal Markov policy can be always guaranteed.

Proposition 3.3. Given any set P; C X and any positive real number ai(x), Yx € X and
Yk € Nyony, the value functions V; , in (2.1)~(2.2) can be obtained by solving an LP:

N
min Z Z ()W) (3.12)
k=0 xeP;
subject toVx € P;
Yk € N[O,N—l] :
@) 2 Y vt T O u), Yu € U, (3.1b)
yeP;
w(x) > 1, 3.1¢)
Yk € Njo : v(x) € R, (3.1d)

which gives VZ’Pi(x) =vi(x), Yx € P; and Yk € Ny n1.
Proof. Please refer to [79] for the proof. |

Corollary 3.2. The optimal Markov policy u* = (ug, ], ..., Hy_,) can be characterized
by the optimal solution to the dual problem of the LP (3.1):

max ) gu(x) (3.20)
xeP;
subject to Vx € P;
Z qo(x, u) < ap(x), (3.2b)
uel,
Yk e N[l,Nflj :
Dlanw = Y Ty, w1 (v, 1) < (), (3.20)
uel, y€P; uel,
v ()= > " Ty, ipgn-10, 1) < (), (3.2d)
yeP; uel,
Vk € N[O,N—l] : qk(x, u)>0,YueU,, (3.2e)
gn(x) = 0. (3.2f)

That is, when q;(x,u*) > 0, yZQ(x) =u*,V¥x € P;and Yk € Nyg y_1).
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Theorem 3.2. When the state and control spaces are both finite sets, the N-step e-PCIS
within a given set Q C X can be computed by Algorithm 3.1 in a finite number of steps, i.e.,
there exists a finite number i € N such that Piyy = P;. Furthermore, at each iteration,
V&P/(x), the value of Yx € Pj, j € Ny, can be computed via the LP (3.1) and the
corresponding optimal Markov policy can be determined by the LP (3.2).

Proof. From Piy; = X, (P;), we have that P;;; C P;. Since the state and control spaces

are finite, the maximum iteration number to achieve P;.; = P; in Algorithm 3.1 is
the cardinality of the set Q. The remaining directly follows from Proposition 3.3 and
Corollary 3.2. O

Continous state and control action spaces

If the state and control spaces are both continuous, the computation of VS’R (x), Vx € P; in
Algorithm 3.1 is in general computationally intractable. We first discretize the continuous
space to obtain an approximated stochastic control system with finite state and control
spaces. Then, we can compute the approximation of V{, (x) via an LP of Proposition 3.3.

Assume that X € R™, U c R™, and the set Q ¢ X is compact. For each x € X, we
denote by U, the nonempty set of admissible control actions. We assume that the stochastic
kernel T'(:|x, ) admits a density #(y|x, u), which represents the probability density of y when
the current state is x and the control action taken is u. Given a set Q C X, we first define
#(Q) = Leb(Q) where Leb(-) denotes the Lebesgue measure of sets. The compactness of Q
ensures the finiteness of ¢(Q).

Assumption 3.1. Forany x,x',y,y’" € Q, and u,u’ € U, there exists a constant L such that
[tlox, u) — Y"1, u)l < L(ly = Yl + llx = x| + [lu = o).

Remark 3.3. Assumption 3.1 is weaker than that in [78], which also discretizes both state
and control spaces.

The following lemma shows that the value functions in (2.1) and (2.2) are Lipschitz
continuous.

Lemma 3.1. Under Assumption 3.1, for any x, x' € Q, the value functions V; in (2.1) and
(2.2) satisfy

Vig(®) = Vil < ¢(Q)LIIx = X'[l, Yk € Nyo vy (3.3)
Proof. See Appendix. O

We discretize the compact set Q ¢ X into Q = U;';‘l Qj, where Q;, YNy ;,, ; are pair-
wise disjoint nonempty Borel sets, i.e., Q; € B(X) and Q; N Q; = @,Vi # j. For each
i € Ny, we pick a representative state from the set Q;, denoted by g;. The set of all
discretized states in the Q is denoted by Q =1{qi,i € N1 ). The diameter of Q; is defined
asd; = SUP, e, |l = ylI. Then, the grid size of the state space is D, = maxen,,,, @i

Similarly, the compact control space U is devided into U = U?;“l C;, where C;, i € Ny 15
are pair-wise disjoint nonempty Borel sets, i.e., C; € 8(U) and C; N C; = @,Vi # j. For
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each i € Nyy ], we pick a representative control input from the set C;, denoted by it;. The
set of all discretized control actions is denoted by U = {ii;, i € Ny ,,}. The diameter of C; is
defined as [; = SUP, yec, lx=yll. Then, the grid size of the control space is D, = maxieny, ,, ,Li-

Assumption 3.2. There exists a constant § such that D, < 6 and D, < 6.

For each x € Q, there exists only one Q; such that x € Q;. For notational convenience,
we denote by s, the representative state of Q; to which x belongs, i.e., s, = g; if x € Q;.
For each x € Q, the set of admissible discrete control actions is defined by

U, ={ii € U |lu- il <nfor some u € Uy }. (3.4)

Lemma 3.2. [78] If D, < n, then the set @q‘. is nonempty for each q; € Q. Furthermore,
the set U, is nonempty for each x € Q and U, = Uy = ﬁq,, VYx,y € Q.

Proof. For each x € Q, the admissible control set Uy, is nonempty. For any u € U, if
D, < 7, there exists i € U such that |Ju — il < n. Hence, by the definition of s,, we have
that the set U,, is nonempty for each ¢; € Q. Furthermore, from (3.4), it is easy to obtain
that the set U, is nonempty for each x € Q and U, = 0, =0, Yx,y € Q.. O

Remark 3.4. From Lemma 3.2, we have that each discretized state space Q; corresponds
to one nonempty admissible discretized control space.

As in [78], let us define the function7: Q x U —» R

1(Syl$y,it) . _
N — i | t(s,|sy, i)dz > 1,
t(ylsx, IZ) = fQ 1(s:|sy,it)dz j(\z zZI¥x

1(sylsx, 1),  otherwise.

(3.5)

From (3.5), we observe that all states y € Q; enjoy the same stochastic kernel. Since our
focus is on solving the stochastic optimal control problem which involves the compact
set Q C X, the approximation of the stochastic control system with continuous spaces
is only taken with respect to Q. The new stochastic control system is given by a triple
So = (Q,T,T). Here, Q and T are the set of all discretized states in Q and the set of all
discretized control actions in U, respectively. And the transition probability 7(¢;lg;, i) is
defined by

T(qjlqi,it) = f 1(lgi, w)dy,

Q;
where ¢; € Q;, ¢j € Q;, and it € U, Vi, j € Ny ).
Lemma 3.3. /78] Under Assumptions 3.1 and 3.2, forall y € Q, s, € Q and it € T,

[Q {01, ) — 10\gs, DIy < 20(Q)LS.

Proof. See Appendix. O
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The discretized version of the DP (2.1)—(2.2) is given by

Viola) =1, if g € Q,
Vio® = Vi@, ifxeQ,
Yk € N[ON 1 - (36)

Q(qz)—maX(Z Vi0@pT(qjlgnm), ifgi € Q,

k,Q(x) - k,Q(%), if x € Q.

We define the discretized optimal Markov policy 4* = (&5, .... 2% ). £} : Q > U, Vk €
Qqo.n-1» as follows:

fiolan = argmax [, Vi, o 0)Fgs dy, if gi € Q,
ue
2 o) = 22 (@), if x € Q,
and further define

Q<x> Jo Ve oG fi)dy, - if k € Nig -1y,
N.O (x)— 1,if x € Q.

Since the approximated system SQ = (Q, T, T) is with finite state and control action
spaces, the value of V*Q can be computed via the LP (3.1) and the corresponding optimal
policy can be determined by (3.2).

Theorem 3.3. Under Assumptions 3.1 and 3.2, for any x € Q, the functions V;’Q(x),
kQ(x) and 'V, Q(x) satisfy

Vi g(0) = Vi (0l < 726, 3.7
Vi o) = Vi (0l < px6, (3.8)

where T, = 4¢(Q)L + 41, k € Ny n_1), with initialization Ty = 0, and pi = T + Tge1 +
3¢(Q)L + Pk+1, ke N[O,N—l]; with initialization PN = 0.

Proof. See Appendix. O

Remark 3.5. Theorem 3.3 guarantees the convergence as the grid size trends to O when
computing the finite-horizon PCIS and generalizes the case in [60], which only discretizes
the state space for a given finite control space.

Corollary 3.3. Consider a set Q C X and a discretized set Q of Q. If Q is a N-step e-PCIS
for the discretized stochastic system SQ = (Q,0,T), and € > 1(6, the set Q is a N-step
&-PCIS for system S, where € = € — T¢0.
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Proof. According to the construction of the discretized system SQ, we have that Vk €
N, Vi € Njp,,; and Vx € Q;, \A/k*!Q(x) = V,{*’Q(q,-). Since Q is a N-step e-PCIS, it follows
that Vx € Q, Vg(x) > €. By (3.7) and triangular inequality, we have

Vo o) = V5o (x) — 106 2 € — 796, Vx € Q.
Then, when € > 7¢0, we conclude that the set Q is a N-step é-PCIS where € = € — 196. O

Theorem 3.4. When the state and control spaces are both continuous sets, an approxi-
mate N-step €-PCIS within a given set Q C X can be computed by Algorithm 3.2 in a
finite number of steps, i.e., there exists a finite number i € N such that P;,; = P;. At each
iteration j, the value of VS’P/(qk), Vj € Ny, can be computed via the LP (3.1) and the
corresponding optimal policy can be determined by (3.2).

Proof. The proof is similar to that of Theorem 3.2. O

Algorithm 3.2 Approximate of N-step e-PCIS

1: Discretize the sets Q and U to reformulate So =@, 0, 7).
2: Initialize iA: 0,P;, =Q, an£i P; = Q.

3: Compute V5 (¢)), Yq; € P;.

4: Compute the set Py = X’E‘ N(Pi) for S and P = que]@lQ_,-

5. If Py = Py, stop. Else, seti = i + 1 and go to step 3.

3.3 Extension to Infinite-horizon PCIS

Now let us extend the finite-horizon e-PCIS to the infinite-horizon e-PCIS. In this section,
we define the infinite-horizon e-PCIS and explore its structure. Furthermore, we provide
algorithms to compute the infinite-horizon e-PCIS within a given set.

Definition 3.2. (Infinite-horizon PCIS) Given a confidence level 0 < € < 1, a set Q C X is
an infinite-horizon €-PCIS for system S if for any x € Q, there exists at least one stationary
policy y € M such that pﬂoQ(x) >e

Remark 3.6. If € = 1, an infinite-horizon e-PCIS becomes a RCIS or just a controlled
invariant set, which has been widely studied.

According to Theorem 2.2, an infinite-horizon e-PCIS can be verified by checking if
p;’Q(x) > e for every x € Q, as stated by the following proposition.

Proposition 3.4. A set Q c X is an infinite-horizon e-PCIS for system S = (X, U, T) if the
following conditions are satisfied:

(i) G;’Q(x) > € for all x € Q, where G5 (x) is calculated by (2.3)—(2.5);
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(ii) there exists a k > 0 such that the set Up(x,A) = {u € U | fx GZQ(y)T(dy|x, u) > A} is
compact for all x € Q, 1 € R, and k € N,;.

An equivalent way to verify an infinite horizon e-PCIS is based on the following
stochastic backward reachable set:

Xiw@={xeQlIue M p, ()¢
={xeQ|supp () > ¢

HeM
={x e Q|G o) > €}

Proposition 3.5. A set Q C X is an infinite-horizon €-PCIS for system S if and only if
Xee(@Q =0Q

Proof. Follow from the definition of X} . (Q). O

Corollary 3.4. The state space X is an infinite-horizon €-PCIS for any 0 < € < 1.

Note that the infinite-horizon e-PCISs also enjoy Properties 3.1-3.3 by replacing N
with co. For more details, please refer to Properties 3.1-3.3.

Intuitively, the monotone decreasing of G, (x) may imply that the value of G (x) 1s
1 or 0. However, it is possible to get 0 < G, (x) < 1 in some cases (see Examples 1 and
2 in Section 3.5). In the following, the underlymg structure of an infinite-horizon e-PCIS
with positive probability is explored.

Theorem 3.5. Given 0 < € < 1, a nonempty set Q € B(X) is an infinite-horizon €-PCIS
for system S if and only if there exists a Borel set Q; € B(X) with Q; C Q for which

(iN¥x € Qy, there exists u € U such that T(X \ Q|x,u) =0

(ii) Vx € Q\ Qy, there exists u € U such that T(Qplx, u) > €.

Proof. The sufficiency is easy to check according the definition of infinite-horizon PCIS.
Let us prove the necessity by first assuming that the nonexistence of such set Q. That is,
Vx € Qand Yu € U, the transition probability from x to X\Q is positive, i.e., T(X\Q|x, u) >
0. In this case, the value function defined in (2.3)—(2.4) is strictly decreasing, which implies
that G;’Q(x) = 0, Yx € Q. This contradicts the definition of infinite-horizon PCIS since
0 < € < 1. The proof is completed. O

Remark 3.7. The essence of the set Qy in Theorem 3.5 is a RCIS despite the stochastic
transition. One interpretation is that an infinite-horizon e-PCIS with 0 < € < 1 consists of
two parts: one part is a RCIS and another part admits some transition to the RICS with
expected positive probability.
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Direct way to compute infinite-horizon PCISs

As an adaption of Algorithm 3.1, Algorithm 3.3 is a direct way to compute the infinite-
horizon e-PCIS within Q. The difference with Algorithm 3.1 is that the value of G, (x),
1nstead of Vg B, (x), Vx € P;, is computed by (2.3)—(2.5). Furthermore, the updated set P,+| =

P, which is a stochastic backward reachable set within P; with respect to infinite
honzon and a probability level €. According to Propositions 3.4 and 3.5, the algorithm
terminates when P, = P;.

Theorem 3.6. Consider a set Q c X. If Q contains a nonempty RCIS, Algorithm 3.3
converges to a nonempty set. Moreover, this set is the maximal infinite-horizon PCIS
within Q.

Proof. A RCIS is a special infinite-horizon PCIS with probability 1. If Q contains a RCIS,
this RCIS is a fixed-point of Xt . Thus, Algorithm 3.3 converges to a nonempty set.
Furthermore, by the similar proof of Proposition 3.1, the convergent set via Algorithm
3.3 is the maximal infinite-horizon e-PCIS within Q. |

Algorithm 3.3 Infinite-horizon e-PCIS
1: Initialize i = 0 and P; = Q.
2: Compute G;,]P’,- (x) for all x € P;.
3: Compute the set Py = X ().
4: If P;yy = P, stop. Else, seti =i + 1 and go to step 2.

The computational tractability of Algorithm 3 is dependent on the computation of

o P; (x). In general, it is nontrivial to compute the exact value of G P, (x) even when
state and control action spaces are finite. Next we focus on the computation of G ; (x) for
finite spaces when implementing Algorithm 3.3.

When the state and control action spaces are finite, we adopt the same assumptions
as in Section 3.2. In the second step of Algorithm 3.3, we need to compute G 5 (x). As
shown in (2.3)—(2.5) (replacing Q with P;), G* oo P; (x) is the limitation of G}, ip, a8 k — 00,
For notational convenience, we use G;P to denote the vector form of Gy, kP (x), x € P;.
And the optimization problems max,cy, X ep, Gip, OMT(lx,u),x € P; are rewritten as
maxyepm TGy . The following lemma provides the uniqueness of G, .

Lemma 3.4. The sequence (Gy5,»Gp,» - - ) converges to a unique fixed point satisfying
(2.5).

Proof. By contradiction, assume that the sequence (G5, G|, . ..) could converge to two
different fixed points satisfying (2.5), denoted by G;} and Gi},. Then, we have

0<IGY: -G, ||<||maxT"G —m%(T”Gf;*P‘II
P m P,

< max ||T*‘(G‘* -G
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<G, - Ga . 3.9)

In (3.9), the equality holds if and only if for each x € P;, there exists u € U, such that
Zyepl T(y|x,u) = 1. In this case, it is easy to check that G* o P, (x) = GSP (x) = 1 for each
x € Piso Gy 5 is unique. For other cases, we have a contradiction. Hence, the sequence
(Gyp,» Gl g, - - -) converges to a unique fixed point satisfying (2.5). O

G*

Corollary 3.5. The convergence point G* P of the sequence (G, IENEE

maximum fixed point satisfying (2.5).

0B, .) is the

Proof. The monotone decrease of the sequence (Gop , G B ..) and the unique conver-
gence point imply that G ; is the maximum fixed point satlsfying (2.9). O

In the following, we compute the maximum fixed point satisfying (2.5) by solving a
computationally tractable MILP.

Proposition 3.6. Given any set P; C X and any positive real number B(x), Vx € P;, the
function G, in (2.5) can be obtained by solving the MILP:

max Z B(x)g(x) (3.10a)
x€P;

8(x),k(xu)

subject toVx € P;,

800 > " gOIT (v, w), Yu € Uy, (3.10b)
YeP;

gx) < Z gOTlx, u) + (1 — k(x,u))A,Vu € Uy, (3.10c)
yeP;

Z K(x,u) > 1, (3.10d)

uel,

0 < g(x) < 1,&(x,u) € {0, 1}, Yu € Uy, (3.10e)

where k(x,u) is a 0-1 variable and A is a constant greater than 1. That is, G* wop, () = g (%),
VxeP;

Proof. From Lemma 3.4 and Corollary 3.5, G} is the maximum fixed point satisfying
(2.5). Hence, the equivalent form of G cop; Can be written as MILP (3.10), where the
constraints (3.10b)—(3.10d) guarantee that there exists u € U, such that the equality in
(2.5) holds. |

Corollary 3.6. For each x € Q, the optimal stationary policy is e (x) = u such that
K (x,u*) = 1 and u* € U,, where «* is the optimal solution of the MILP (3.10).

Remark 3.8. Since 0 is a trivial solution of (2.5), we cannot directly reformulate (2.3)-
(2.5) as an LP, which is the traditional way to deal with infinite-horizon stochastic optimal
control problem [80].
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Theorem 3.7. When the state and control spaces are both finite sets, the infinite-horizon
e-PCIS within a given set Q C X can be computed by Algorithm 3.3 in a finite number of
steps, i.e., there exists a finite number i € N such that P,y = P;. At each iteration j, the
value of G;Ff(x), Vj € Ny, can be computed via the MILP (3.10) and the corresponding
optimal policy can be determined by Corollary 3.6.

Proof. The proof is similar to that of Theorem 3.2. O

Indirect way to compute infinite-horizon PCIS

Based on Theorem 3.5, this subsection provides an indirect way to compute the infinite-
horizon e-PCIS within a given set Q. Different from Algorithm 3.3, which at each iteration
requires the computation of Gy (x), Yx € P;, Algorithm 3.4 generates an the infinite-
horizon e-PCIS by computing a backward stochastic reachable set from the RCIS Qf
contained in Q.

The first step in Algorithm 3.4 is the computation of RCIS within a given set, which
is a well-studied topic in the literature [11-13]. Then, based on RCIS Qs within Q, the
stochastic backward reachable set

P:{erlﬂueU,f T(dy|x,u) > €} 3.11)
Qs

is an infinite-horizon e-PCIS within Q. Furthermore, if the RCIS Q; is the maximal RCIS
within Q, the resulting P is the maximal infinite-horizon e-PCIS within Q. We remark that

Algorithm 3.4 is applicable with both discrete and continuous spaces (see Examples 1 and
2).

Algorithm 3.4 Infinite-horizon e-PCIS

1: Compute the RCIS within Q, denoted by Q.
2: Compute the stochastic backward reachable set from Qf, ie.,, P = {x € Q | Ju €
U, fo T(dylx, u) > €).

3.4 Discussion

Computational complexity

The computational complexities of Algorithms 1-4 are discussed in the following.

e When implementing Algorithm 3.1 to a system with finite spaces, the maximal
iteration number is |Q|. At each iteration, an LP is solved to compute the value of
V(’;,Pl_(x), Vx € P;. The number of the decision values in the LP is at most |Q|(N + 1)
and the number of the constraints is at most |Q|(N[U]| + 1). It is well known that the
interior-point methods can be used to solve the LP in polynomial time [81].
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o When implementing Algorithm 3.2 to a system with continuous spaces, the maximal
iteration number is m,, i.e., the number of discretized subsets of Q. Similar to
Algorithm 1, an LP is solved at each iteration to compute the approximated value
VS,P,-(‘I i), Vq; € ;. The number of the decision values in the LP is at most m, (N + 1)
and the number of the constraints is at most m,(Nm, + 1)|.

e When implementing Algorithm 3.3 to a system with finite spaces, the maximal
iteration number is |Q|. An MILP is used to compute the value of G* P (x),Vx € P;,
at each iteration. The number of the continuous decision values is at most |Q),
the number of the binary decision values is at most |Q||U], and the number of the
constraints is at most |Q|(2|U| + 3). Some advanced softwares have been developed
to solve large MILPs efficiently [82, 83].

o The complexity of Algorithm 3.4 depends on the computation of the RCIS, which
is a classic topic in the literature [2, 11-13], and the computation of the backward
stochastic reachable set, for which some results have been reported in [84]. Example
2 in Section 3.5 will show how to compute the backward stochastic reachable set for
continuous spaces.

Comparison with [36]

By extending the definition of probabilistic invariant sets in [36], one can give another
definition of infinite-horizon PCISs (Definition 3.3) than Definition 3.2.

Definition 3.3. Given a confidence level 0 < € < 1, a set Q C X is an infinite-horizon e-
PCIS for system S if for any xy € Q, there exists at least one sequence of Markov policies
u = (uo, 1, - - .) such that Prix; € Q} > €, Yk € N.

Then, we can find that Definition 3.2 is sufficient for Definition 3.3 since Pr{V¥k €
N, x; € Q} > e implies Pr{x; € Q} > €, Yk € N. One interpretation is that Definitions 3.2
and 3.1 capture the trajectory inclusion while Definition 3.3 captures the state inclusion at
each time step.

Although Definition 3.2 seems stronger than Definition 3.3, it is easier to verify and
compute the PCISs in Definitions 3.2 than that in Definition 3.3. This is because given
xo € Q, it is very difficult to find a sequence of Markov policies u = (ug, i1, ...) such
that Pr{x; € Q} for k > 1. Moreover, for safety-critical control problem, the trajectory
inclusion with probability provides much “safer” insight than the state inclusion with the
same probability.

3.5 Examples

In this section, three examples are provided to illustrate the effectiveness of the proposed
theoretical results. The first one involves the robot motion in a partitioned space with
obstacles. The second one is concerned with comparison between PCIS and RCIS. The
third one focuses on a temperature control system.
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Figure 3.1: The workspace with obstacles (shadow) and ‘absorbing’ region (red).

Example 1 (motion planning)

The motion planning example in [85] is adapted to seek an infinite-horizon PCIS within
the workspace. Consider a partitioned workspace 8m x 8m shown in Figure 3.1, where the
shadowed cells are occupied by obstacles and the red cell is an ‘absorbing’ region, i.e., as
long as the mobile robot enters in this region it will stay there forever.

Following [85], the dynamics of the mobile robot is modeled by

X = vcos(h)
y = vsin(h)
0= w.

The robot state is abstracted by the cell coordinate where it belongs to, i.e., (x,y) €
{1,3,5,7)2, and its four possible orientations {E, W,S,N}. Due to the actuation noise
and drifting, the robot motion is stochastic. Here, we restrict the action space to be
{FR,BK, TRFR,TLFR}, under which the possible transitions are shown in Figure 3.2.
Specifically, action “FR” means driving forward for 2m. The probability of reaching
2m forward is 0.80 and the probability of drifting to the left or the right by 2m is 0.1,
respectively. Action “BW” can be defined similarly to “FR”. Action “TRFR” means
turning right for /2 and driving forward for 2m, of which the probability is 0.95. The
probability of driving forward for 2m without turning right is 0.025 and the probability of
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Figure 3.2: Transition probability under different actions.

turning right for 7 and driving forward for 2m is 0.025. Similarly, we can define the action
“TLFR”.

Then, we construct an MDP with 64 states and 4 actions. The transition relation and
probability can be defined based on the above description. We aim to compute the infinite-
horizon 0.9-PCIS within the safe state space, i.e., the remaining of the state space by
excluding the states associated with the obstacles. By implementing Algorithm 3.3, the
iterative sets and the corresponding probability p;, ; (x) are shown in Figure 3.3, of which
each subfigure corresponds to one orientation in {E, W S, N}. The resulting infinite-horizon
0.9-PCIS provides a region where the admissible action can drive the robot moving without
colliding with the obstacles with respect to probability 0.90.

Example 2 (MPC)

Consider the same model as in [25],

X+l = Axk + Buy + wy
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Figure 3.3: The iterative sets and the corresponding probability pZ ; (x) for different
orientations.
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1.6 1.1
-0.7 1.2
The region of interest is Q = {x € R? | |Ixllo < 0.5}. We will compare the maximal RCIS
and our PCIS within Q.

When computing a finite-horzion PCIS, assume that elements of wy are i.i.d. Gaussian
random variables with zero mean and variance o> = # This system can be represented
asatriple S = {X,U, T}:

where A = [ ] and B =

]. The control input is constrained by |uy]| < 0.25.

X = Rz,
U={ueR||u<0.1},
1kt 1k, ) = YA (1 — Ax — Buy)),

0
where y/(-) is the density function of the standard normal distribution and A = [ ((J)- ]
o

We discretize the continuous spaces and implement Algorithm 3.2 to compute the 5-step
0.80-PCIS within Q. The iterative sets and the corresponding probability p5 ; (x) are shown
in Figure 3.4. The convergent set and the corresponding probability pg’P‘_(x) are shown in
subfigure (h) of Figure 3.4.

To derive a RCIS for this system, we assume the disturbance belongs to the compact
set W = {w € R? | W]l < 0.05}. By using the methods in [10, 13], we obtain the maximal
RCIS, which is the blue region shown in Figure 3.5.

When computing an infinite-horizon PCIS, we choose the same bound on the distur-
bance as RCIS. Assume that elements of wy are truncated i.i.d. Gaussian random variables
with zero mean and variance o = f This system can be represented as a triple in a
similar way. Denote the obtained maximal RCIS by Qf = {x € R? | Hx < h} where the
matrix H and the vector & are with appropriate dimensions. As stated in Algorithm 3.4, the
infinite-horizon 0.80-PCIS within Q is a stochastic backward reachable set from the RCIS

associated with probability 0.80, i.e.,
P={x€eQ|3due U, Pr{H(Ax + Bu+w) < h} > 0.80}.
The set P can be further approximated by
P={x€Q|JueU,HAx+Bu)+h <h}

where 4’ is the solution of a chance constrained program

A’ = min Z h;
J
subject to Pr{Hw < b’} = 0.8.

This chance program can be numerically solved by using the methods in [86, 87]. Then,
the resulting infinite-horizon 0.80-PCIS within Q is the gray region shown in Figure 3.5.
Note that the maximal RCIS and the infinite-horizon 0.80-PCIS are smaller than the 5-step
0.80-PCIS even though the disturbance is unbounded for finite-horizon case. One future
work is to provide a convex approximation of finite-horizon PCIS.
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Figure 3.5: The maximal RCIS (blue) and the infinite-horizon 0.8-PCIS (gray).

Example 3 (temperature regulation)

This example involves the temperature regulation of a room. The discrete-time temperature
dynamics can be modeled using a resistance-capacitance circuit analogy [88]:

a t) . At N At .
Xee1 = (1 ——)x — u — Wk,
k+1 RC k C k RC Yk k
SN—— S——
A B C

where x; is the temperature of the room, u; is the heating and cooling power input to
the space, y; is the temperature of outside air, and wy is the external disturbance load
generated by occupants, direct sunlight, and electrical devices. Here, At is the sampling
time, R describes the thermal resistance of walls and windows isolating the room from the
outside environment, and the parameter C represents the thermal capacitance of the room.
The disturbance wy, is state-dependent and admits a density function f : R — R:

Y, ifx <,
(), ifx >

where X is a constant. The control input is constrained by |u;| < # where # is a positive
constant. This system can be represented as a triple S = {X, U, T}:

fwv) = {

X =R,
U={ueR||u <ul,
(et 1%k, k) = fOaq1 — Axg — Bug — Cyy).
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Figure 3.6: The iterative sets and the corresponding probability p% , (x) for temperature
control system.

Choose the parameters A = 0.8, B =1,C = 0.2,y = 6, 0y = \/07, o = \/0_3
X = 16,and # = 3. Provided aset Q = {x € R | 15 < x < 25}, we discretize the
continuous spaces and implement Algorithm 3.2 to compute the 5-step 0.90-PCIS within
Q. The iterative sets and the corresponding probability p;,IP,» are shown in Figure 3.6. After
7 iterations, the resulting set converges to P; = {x € R | 16.01 < x < 25.00}, which is
the approximated 5-step PCIS probability 0.90 within Q. This implies that the temperature
of the room can stay between 16°C and 25°C for 5 steps with probability 0.90. Below
16°C, the temperature cannot retain with the desired probability due to the limitation of
the control input.

3.6 Conclusion

We investigated the extension of set invariance in a stochastic sense for control systems. We
proposed two definitions for PCISs: finite- and infinite-horizon PCISs, and provided their
fundamental properties. We designed iterative algorithms to compute the PCIS within a
given set. For systems with discrete state and control spaces, the finite- and infinite-horizon
PCISs could be computed by solving an LP and an MILP at each iteration, respectively.
We proved that the iterative algorithms were computationally tractable and could terminate
in a finite number of steps. For systems with continuous state and control spaces, we
established the approximation of stochastic control systems and proved its convergence
when computing finite-horizon PCIS. In addition, thanks to the structure of the infinite-
horizon PCIS, it could be also be computed by the stochastic backward reachable set
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from the RCIS contained in it. Numerical examples were given to illustrate the theoretical
results.

Appendix

Proof of Lemma 3.1: Since V;(,Q(x) = 1 for all x € Q, the inequality (3.3) holds for k = N.
When k € Nyg y_1}, for any x, x" € Q, we have

Veg(0) = Vi gDl

= ISupfVZ+1,Q(y)t(y|x,u)dy—supfVZ+1’Q(y)t(y|x’,u)dy|
uelU JQ uel JQ

< sugl . Vi oDl u) = t(ylx’, w))ldy
ue

uclU

< HQL(llx = x'ID),

< sup fQ |(1(ylx, ) = 11X, w))ldy

which completes the proof.
Proof of Lemma 3.3: If f t(s;|sy, )dz < 1, it follows from Assumptions Assump-
Q
tions 3.1 and 3.2 that
f [E0lgi, ) — t(lgi, )ldy < p(Q)LO.
Q

And if [Q 1(s.|sy, W)dz > 1, we first have
0< f (sylan Dy — 1
Q

< f 1(sylgi, w)dy — f tylg;, W)dy
Q Q

< fQ lt(sylqi, @) — t(Ylgi, W)ldy
< ¢(Q)LS.

Furthermore, we have

fQ 01, ) — 1Olgs, BIdy

l1(sy\gis 1) = 1V1gis @) [, 15155, f)dz]
_ f dy
Q

Jo t(sels idz

< f s, lqis @) — 01, ) f (5.l B)d2ldy
Q Q
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< fQ leCsylqi ) = t(Ylgi, @)ldy + | [Q 1(szlsx, W)dz = 1 [Q eV, w)ldy
< 2¢(Q)LS.

This completes the proof.
Proof of Theorem 3.3: First of all, let us prove the inequality (3.7). It is easy to check
it for k = N since V;,’Q(x) = V,’: Q(x) = 1,V¥x € Q. By induction, we assume that

V0@ = Vi ol < 716, x € Q.

For any g; € Q;, i € Ny}, we define

M = argsup f Vi oOiGlx, wydy,
uel JQ

At = arg max f V) s 0lgs Bdy.
iU JQ

According to the dicretization procedure of the control space and Assumption 3.2, we can
choose some ¥, € U such that ||, — || < 6. Then, we have that

Viola) — VZ,Q(%)
= fQ Vi oOiOlx, wdy — fQ Vi1 qOI01gi, 2)dy
< fQ Virn,aOtOlx, w)dy — fQ Vier qOG1gi, 7)dy
< fQ Vi OO i)y — fQ Vi gOMOT 70dy] +
| fQ Vi OO, )dy - fQ Vi OO, 7y +

IfV[;k.'.]’Q(y)f(y'-x?vk)dy_f‘A/I:;-]’Q(y)f(y'-x?vk)dy'
Q Q

< H(QLS + 2¢(QLS + Tp416
= 3A(QL + 1441)0,

and
Vio(@) = Vio(a)

SfVZ”’Q(y)f(ylx’”z)dy_fVZH,Q()’)t(qui,y,ﬁ)dy

e Q

<| f Vi1 OO X i)y — f Voo o OUO ) +
2 Q

| f Ve o OO, )y - f Vi o O0gi 1))
Q Q
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< 2¢(QL + Ti41)6.
Thus, we have
Vi 0(@) = Vi (@) < GHQL + Tp1)6.
For any x € Q;, i € Ny 5,3, it follows that
Vo) = Vi o)l
= Vi) = Vi@l

< Vi) = Vi@ + Vi (@) = Vig(go
< (4d(Q)L + 1441)6 = 146,

which completes the proof of the inequality (3.7).

Now let us move to prove the inequality (3.8). It is trivial to check it for k = N since
Vi = V]’\‘,’Q(x) = 1,Vx € Q. By induction, we assume that [V}, -(x) — VI‘C‘H’Q(x)I <
pk+16, X € Q For any x € Qi, i€ N[l,mx]’

Vi) = Vi (0l
< Vi) = Vi gl + 1V o () = Vi (0l
< + |V} o(ai) = Vil
Furthermore, we have that
Vi o(@) = Vi o ()]
<1 [ Vs qOiian iy - [ VE orob g
Q Q
<| fQ Vi1 O01gi, f)dy — fQ Vi oWEOIgi, fipdyl +
| f@ VeraWi0lgi, )dy — fQ Vi aWiOlgs, f)dyl +
| f@ Vi OOl )y — fQ Vi oOOT Ay +

| fQ Vi o0, Ay - fQ VL OMOT Ay
< (Tret + 3(Q)L + ppy1)0.
Then, it follows that
Vig(0) = VEL@ < (16 + Thar + 30(QL + prs1) = pio.

The proof is completed.



Chapter 4

Stochastic Self-triggered Model
Predictive Control

4.1 Introduction

This chapter considers a self-triggered implementation of stochastic MPC for linear
systems with stochastic disturbances. As mentioned in Chapter 2, one main feature of
stochastic MPC is the presence of probabilistic constraints, which require the constraints
to be satisfied with given probability thresholds. Such constraints can mitigate the
conservativeness introduced by hard constraints of robust MPC. Stochastic MPC has found
applications in diverse fields, e.g., building climate control [9, 89] or chemical processes
[90]. One remarkable challenge is how to characterize the ‘propagation’ of uncertainties
during two sampling instants and formulate a computationally tractable optimization
problem for determining sampling instants and control design.

The stochastic self-triggered MPC algorithm of this chapter extends considerably the
literature, as detailed below. The idea employed in [54] is extended to the case of infinite
prediction horizon, where the prediction horizon is divided into three parts and feedback is
applied only after a designed inter-sampling time. To achieve a better trade-off between
performance and communication, as in [53], the inter-sampling time is maximized at
each instant while guaranteeing that the associated cost is not much higher than the cost
when sampling at every time instant. Under this self-triggering mechanism, deterministic
constraints on the nominal system are derived based on the knowledge of the probability
distribution of the disturbances. Following the ideas of tube-based MPC [25], we construct
stochastic tubes as tight as possible by explicitly using the distributions of the disturbances.
Since a crucial assumption of feedback at every time step in [25] is not satisfied in the self-
triggered setting (which allows open-loop operations between sampling instants), some
appropriate and non-trivial modifications are needed: (i) by considering the multi-step
open-loop operation between control updates, three predicted controllers are defined for
different phases of the prediction horizon, making it more complex than [25] to evaluate the
effect of the uncertainty on predictions and construct equivalent deterministic constraints;
(i) the inter-sampling time as an optimizing variable is included in the cost function

43
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and a tuning parameter is introduced to provide a trade-off between performance and
communication; (iii) an improved terminal set, which is adapted to different inter-sampling
times, is designed to make the constraints recursively feasible.

The main contributions are summarized in the following.

(1) Our joint design of the self-triggering mechanism and the stochastic MPC effectively
reduces the amount of communication, while guaranteeing control performance with
specific level of trade-off.

(2) The MPC optimization problem is transformed into a tractable quadratic program-
ming problem by using information on the disturbance distribution.

(3) For the self-triggering mechanism, the probability of constraint violation can be tight
to the specified limit.

(4) Both recursive feasibility and closed-loop stability are guaranteed. To illustrate the
effectiveness of the algorithm, numerical experiments are carried out to compare
the proposed stochastic self-triggered MPC with a periodically-triggered stochastic
MPC, robust self-triggered MPC, and LQR.

The remainder of this chapter is structured as follows. Problem formulation is set
up in Section 4.2. In Section 4.3, a multi-step open-loop MPC optimization problem is
formulated incorporating probabilistic constraints and specific terminal sets. In Section 4.4,
a stochastic self-triggered MPC algorithm is developed and main results are established.
Section 4.5 presents numerical simulations and Section 4.6 concludes.

4.2 Problem Statement
Consider a discrete-time linear time-invariant system described by
Xir1 = Axg + Bug + wy, k€N, (41)

where x; € R™ is the state, u; € R™ is the control input, w(k) € R™ is the stochastic
disturbance, and (A, B) is a stabilizable pair. Note that n,, = n,. We assume that {wg, w1, ...}
is independent and identically distributed (i.i.d.) for all £ € N and that the elements of wy
have zero mean. The distribution F; of the ith element of w; is assumed to be known
and continuous with a bounded support [-0, 0], o; > 0, and correspondingly we have
wi €W 2 {w|lw <0}, 0 =[o)0s...0,]". Moreover, system (4.1) is subject to n,
probabilistic constraints given by

Pr{g?xk < hy} > Des le N[l,m]a keN,

where g, € R™, hy € R, and p, € [0, 1]. In the sequel, we will focus on one probabilistic
constraint

Prighx, <h}>p, keN, 4.2
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as the other constraints can be treated in a similar way.
In a periodically-triggered MPC scheme, the predictive control input at time k can be
designed as

Uprik = KXpvipe + Crier 1 €N, (4.3)

where K € R™* is chosen offline such that the matrix ® £ A + BK is Schur stable and
for a prediction horizon N € N, perturbations ¢4 € R™ for i € Noy_; are optimization
variables and ¢ = 0 for i € Ny y. At each time instant k, ux = Kx; + ciy is applied to the
system.

To reduce the amount of communication, in the self-triggered scheme, the states xi
are only measured and transmitted to the controller at the sampling instants k; € N,
J € N, which evolve as kj,; = k; + M; with kg = 0. The inter-sampling time M; €
Nj1 n-1) is determined by a self-triggering mechanism based on the state at the sampling
instant k;. In the self-triggered scheme, at the time instants between k; and kj,, the
shutdown of the sensor and the uncertain x;,4; resulting from the stochastic disturbance
Whis i1 « - s Whji-1 make the system operate in an open-loop fashion. As a result, the
predictive control sequence in (4.3) is not applicable and we redefine the predictive control
sequence in the self-triggered setup as

Ui vik; = Kzkvin, + Crjriig» 1 € Nepg, 1, 4.4
Ui vilk; = KXpvin, + Chjit;» T € Npag, n-11,5 4.5)
Upvite; = KXijeip;» 1 € Nsy, (4.6)

where the nominal trajectory zx +ix; = E[xk+ix;] evolves as
rivtik; = PZjriik; + BCrjwik;> 1 €N,

with the initial condition z;; = xi;. The predictive controller (4.4) is designed with
respect to nominal state predictions for prediction time instants k; + i, i € Ngy,—1, and
(4.5) is designed with respect to disturbed state predictions for i € Ny, y-1). After the
Nth prediction time, the predictive controller (4.6) is given by the state feedback law
without perturbations. Note that the number of decision variables is also a finite N. At each
sampling instant kj, after solving an MPC optimization problem parameterized by x;,, the

first M; control inputs, i.e., Uik > Ukt 11k ;s - - - » Wk j+M—1]k;» QTE transmitted to the actuator and
are applied until the next sampling instant & ;.
: : : _ [T AT T T
The goal is to design a perturbation sequence ¢, = [Lkl_lkj Chy+1lk, "'ij+N—1|k,-] €

R™*N and to maximize the sampling interval M; at each sampling instant k;, such that
a low frequency of control updates and communication is achieved, while stabilizing a
bounded set containing the origin and guaranteeing constraint satisfaction with a specified
probability.

4.3 Optimization Problem Formulation

In this section, we formulate the problem described in Section 4.2 to a computationally
tractable MPC optimization problem with a fixed inter-sampling time M € N y_1j. To
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P (cr,) :
=
M N 2 2
min J*(e,) * 2 Z(; B [t vie 1 + Nt Iy = €651+
DB [t i [ + Nt i |y = €] 4.7)
=M
subject to
Tk = Xk (4.8a)
Vi€ Ney2 @ Ziivti; = AZij+il; + Bit+ik; (4.8b)
Vi€ N Xpvivig; = AXkik; + Bltgik, + Wi+i (4.8¢)
Vi€ Naoyor t uigring; = Kzipwitk; + Chjilk; (4.8d)
Vi€ Niyn-1y 0 ipeik, = KXpvin, + Chjrik; (4.8¢)
Vi€ Nsy & iy = Kxpvik, (4.8f)
VieNsi : Pr{g’xpi, <h} > p (4.82)

achieve this, following the idea of [25], we construct a stochastic tube as tight as possible
by making explicit use of the distributions defining the disturbances. Since the control
input (4.4)-(4.6) in this chapter is different from the control input (4.3) used in [25], some
appropriate modifications are needed with respect to the definition of cost function, the
handling of probabilistic constraints, and the construction of terminal sets.

Given a state Xy, of system (4.1) and a fixed M € N y_1j, define the prototype MPC
optimization problem P (¢x;) on the decision variable ¢;,. See (4.7) and (4.8). Therein,
Q = Q" > 0and R = RT > 0 are the weighting matrices and the scalar & > 1 is a
tuning parameter. The positive parameter £, = lim; e Ekj[llxkﬁ,]kfllzg + ”Mkj+i|kj||12Q] can be
determined offline, see for example [34].

Remark 4.1. Based on the inter-sampling time M, the cost function in (4.7) is divided into
two parts similar to [53] and [54]. The main differences are the choices of the predictive
horizon and the definition of the stage cost. In [53] and [54], the cost function consists of
finite-horizon costs and a terminal cost which are defined by the nominal system. Due to
the presence of stochastic disturbances, we define the cost function in expectation, which
indicates the average performance of the system.

Remark 4.2. Using the probabilistic distribution of w and extending the proof of Theorem
2 in [34], the infinite-horizon cost function in (4.7) can be written as a quadratic form of
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the decision variable Ck/.
J (C)_—CP C +CP X, +f(x)+f(w)
k; k" cc k; kit cx kj k; k; >

where P > 0, P.. and Py are constant matrices, and fi (x) and fi;(w) are determined,
respectively, by the state xi; and the distribution of disturbances regardless of the choice
Oka,..

Note that although the infinite-horizon cost function in (4.7) can be expressed as a
quadratic function, solving optimization problem P (¢x;) online is still unrealistic due to
the presence of an infinite number of probabilistic constraints.

Probabilistic constraint handling strategy

To render the optimization problem P (¢x;) computationally feasible, we will convert the
probabilistic constraints (4.8g) to deterministic ones, such that the observed probability of
constraint satisfaction is the same as the specified value and the derived constraints are
recursively feasible for the closed-loop system.

Under the assumption that the first M inputs in the sequence are applied to the system in
an open-loop fashion, Lemma 4.1 gives the equivalent form of the probabilistic constraints

(4.82).

Lemma 4.1. For any M € Ny y_1; and any sampling instant kj, j € N, probabilistic
constraints Pr{ ngk_,.+,'|kj < h} > p fori € Ny hold if and only if ¢, satisfies

gV, + g Hey, <h -y, i €Ny, (4.9)
where H' 2 [@'B...B0...0] and y™ is defined as the minimum value such that

Prigt A= wiu, + ..o+ g wiwio, <M} = p. i € Ny,

Tai-M =t e M rae M . (4.10)
Pr{g o E‘o AWiran, + EO 8 P'wiic1-ak; < ; } =p, 1 €Nypyyy.

Proof. From (4.1) and (4.4), it follows that for i € Ny
Xicjrilk; = (Dixkj + H[ij + Aiilwkﬂkj too T Wik

Further, from (4.1) and (4.5) for all i € N5, it holds that

M-1 i-M-1
— o i i-M ¢ ¢
Xpjrilk; = O'xg; + H'ey, + @ E AWk, + E O Wy 4i-1-0lk; -
=0 =0

Hence, it follows directly by the definition of ¥ in (4.10) that Pr{g” x; ., < h} > p for
i € Ny is equivalent to the deterministic constraints (4.9). |
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M M M M M
"1 Ym y 7M+1M y 7M+2M " 7M+3M
0 0 bM+l + §M+1 " bM+ZI:[' ‘fM+2M " bM+3;[' §M+3M
I—[ =1 0 0 0 bigsr + dyrin * € bages + diyis + Evin o ]L413)
0 ...

M M M M
0 0 0 by ¥ digs Ty + Sy

The values of ylM can be calculated using multivariate convolution integrals, or alter-
natively approximated using univariate convolutions with arbitrarily small approximation
error (see [91], Remark 3.2). The computation can be performed offline. By modifying
Lemma 4.1, recursively feasible constraints are derived in Theorem 4.1 ensuring the
satisfaction of the probabilistic constraints (4.2) along closed-loop trajectories.

Theorem 4.1. Given any M € Ny y_1j and system state x(k;) with j € N, let for all

k € Nk, ;o111
Xes1 = Axp + Buy + wy, @11
uy = KZklkj + Cklk,--
Then the probabilistic constraints (4.2) are satisfied for all k € Ny 414,,,1, J € N, for the
closed-loop system (4.11), if ¢, satisfies
g''xy, + g Hey, <h—pY, i € Ny, 4.12)

where BIM is defined as the maximum element of ith column of [] (which is defined in (4.13))
with

M-1
bf” £ max gTCD’_M Z Alw,
weW y

d” = max gTCI)"_A"’_1

i \ w,
weW

and flM the minimum value such that Pr{ 2_:](‘)4_1 g’ dlw < flM } = p. Furthermore, if the
constraints in (4.12) are feasible at time k;, it can be guaranteed that there exists at least
one solution ¢, satisfying (4.12) for M = 1 at all future sampling instants kj,;, i € Nyj.

Proof. By Lemma 4.1 and the definition of 8, constraints (4.12) ensure that Pr{g" xi ik, <
h} > p, i € Ny, are satisfied for any possible realization of the disturbances
Wi wk/.+1), cee s WhM-15 which implies that (4.2) is satisfied for all k € N[k/.+1,k/.+]].

To show recursive feasibility of (4.12), we first consider the prediction of the state at
time k. + i, i € Ny, based on the information obtained at the next sampling instant k.
By defining T as the shift matrix with ones on the superdiagonal and zeros elsewhere and
constructing the perturbation sequence as &, = TM ¢y;, it yields that for i € N,

J+1

i+M i+M i i-1
Xijtitks = O X, + H™ ek, + Olegompem + O Wigemiant + o+ WigaMai-1j+M5
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where
M-1
Cki+Mlkj+M = A Wijlk; oo WiieM—11k;

has already been realized at time k.. To ensure that ¢, is a feasible solution at time kj,1,
the worst-case bound on e yy,+um and the probabilistic bound on ® " 'wy akep + ... +
Wi+ M-+ M need to be considered explicitly at time k;. Hence, to ensure feasibility at
time kj,1 for M = 1, we must require at time k;

gT 0, + g Hey <h— (b + &), i € Nopy.

By the same arguments, it follows that the feasibility of (4.12) at time kj,¢, £ € Ny,
can be ensured, if it holds that

g + g Hey, <h— B +adf +d¥, +...+d”,,+ €Y, ), i€ Noppye. (4.14)

v

To ensure feasibility at all sampling instants k;, kj.1, . . ., taking the intersection of (4.9)
and (4.14) for all £ € N and using the fact that y} = &M it yields that

gT(I)ixkj + gTHick_i <h-pBM ieNy,

where ﬂf"’ is taken as the maximum element of ith column of (4.13). m|

Note that the constraint parameters V,M in (4.9) and Bf” in (4.12) are decided by not only
the length i of the predicted time steps but also the length M of the open-loop steps. By
setting M = 1, the results in Lemma 4.1 and Theorem 4.1 are reduced to the corresponding

results in [25], in which a periodically-triggered scheme is considered.
In the following, two properties of the sequence ﬂf"’ , 1 € Ny, will be established.

Lemma 4.2. For all M € Ny y_13, it holds that

yM, i€ Ny,

1
M M M .
b+ X df +y), i€ Nypyy.
(=M+2

g = (4.15)

Proof. For i € Ny, (4.15) holds directly. For i € Nypz,, by the definition of y’l'/’ , We
have

Pr{blM—i- Z d;”+gTw§blM+ Z dj!/’+y{"’}:p_

Jj=M+2 Jj=M+2
Further, from the fact
M-1 i-M-1 i

g M ZAjw + Z g dlw < b + Z dj-w +g'w,
j=0 j=0 J=M+2
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it follows that

M-1 i-M-1 i
Prig" &M ZAjw+ Z g dlw < b + Z dj-” +y11w} > p.
j=0 =0 j=M+2

Hence, according to the definition of ylM , we have
b+ Y df (4.16)

j=M+2

Then, it can be concluded that Bf"’ is equal to the last non-zero element in the ith column
of (4.13), which gives the second row of (4.15). |

Lemma 4.3. Forall M € Ny y_1) and all i € Ny, it holds that
B, =bM,, +5. (4.17)

Proof. From Lemma 4.2, ,Bil can be rewritten as

i-1

1 Tl 1

B = E max g’ O'w+ vy, i € Nypyg.
= weW

Then, it follows from (4.15) and the fact that y% = y’l"l that
i-1
By =bly+ Z {&%)v(gT(DZW +yl =bM, + B!, i e Ny
=1

We complete the proof. O

Terminal set

To ensure that constraints (4.12) are satisfied over an infinite prediction horizon, a terminal
set is used. First, due to ChjaN+ilk; = 0 for all i € N, the terminal dynamics of the nominal
system can be rewritten as

Zen+itll; = P2 +n+ik;, 1 € N
Define the constraint set for z,,ny, as
T 4yi Mo
{z] g D'z<h—-By, i €N}L (4.18)

Then given some N e N, we split the infinite prediction horizon in (4.18) into two
stages i € Ny, ¢ and i € N,/ ¢ . In the second stage, an upper bound of the sequence
,Bf.” will be used, which is introduced through the following lemma.
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Lemma 4.4. For all M € Ny y_y), the sequence B for i € Nsy1 is upper bounded by
v=1 pv
B <BY LB+ )0 d v gl + 7Y, (4.19)
-p
t=M+2
with any given v € Ns .3 and

M-1
M: max glo™M ZA[W.
=0

1€Ns pr41,WwEW
The scalar p and matrix S can be obtained by solving a semidefinite program as in [92].

Proof. The strict stability of @ and the bounded support of w ensure the existence of the

upper bound on g"®~M M1 Ay, and the conclusion in (4.19) is then obtained by using
similar treatments as in [92]. m|

Replace BY,, in (4.18) by the bound B over the horizon i € N, 5., and define an
inner approximation of (4.18) as

{z] gTCDiZ <h _IB?V/IH’ i€ N5M+1\7’ gT(DiZ <h _EM’ i€ N2M+1\7+1 ). (4.20)

Although the revised set (4.20) only contains a finite number of parameters including
,8% +io 1 € Ny 0, and BM , the number of constraints in (4.20) remains infinite. By utilizing
the results obtained in [13], there exists n* € Ns; such that the infinite number of
constraints in (4.20) can be ensured through the first M + N +n* constraints. Therefore, the
terminal set for z(k; + Nlk;) is constructed as follows:

XY 2z g Wz <h-By.; i€Noyg, & Pz<h—BY, i € Nyt msionh(421)
where the smallest allowable value of n* can be computed offline by solving a finite number
of linear programs, see [13] for more details.

Optimization problem

Given a state x;; of system (4.1) and any M € Ny y-1), with the constraints defined in
(4.12) and the terminal set constructed in (4.21), the constraints imposed on the decision
variable ¢;; are summarized as follows:

il = Xk (4.22a)
Vi€ Ny 2 Zijrivtih; = Q2uvik; + BCrjrik; (4.22b)
Vi€ Napyoy : ppvi;, = Kzigrip; + Chilk» (4.22¢)
VieNyy-n : g ®xi, +g Hey, <h-pY, (4.22d)

Zk+Nlk; € X}” ) (4.22¢)
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Note that there is only a finite number of deterministic constraints in (4.22), which can be
computed for the predictions of the nominal model.
Define the set of all decision variables ¢, satisfying (4.22) as

F”(xi,) £ {ex, | (4.22a) — (4.22¢) hold),

and the state x;, feasible if F (x;,) # 0.
At the sampling instant k;, for any state x;, and any M € Ny y_1}, an MPC optimization
problem PY (¢x;), which is the deterministic version of pM (¢x;), can now be formulated as

VM) 2 min JY(er),
i, €FY () !

¢, arg min JM(ck/.),
/ ¢ €FM (x;..)
J J

where VM (k;) denotes the optimal value function and c,’:j the corresponding optimal
solution.

Remark 4.3. Clearly constraints (4.22) are all affine functions in the decision variable
¢, and JM (¢x;) is a quadratic cost function, see Remark 4.2. It can be shown that the
optimization problem PM (¢;) is thus a quadratic programming problem. More importantly,
the computational complexity of the optimization problem is not increased compared with
the periodically-triggered MPC scheme in [25] regarding the number of constraints and
decision variables.

4.4 Stochastic Self-triggered MPC

Using the above MPC optimization problem as a basis, a stochastic self-triggered MPC
algorithm is designed in this section. In the self-triggered setup, the goal at every sampling
instant k; is to decide not only the perturbation sequence ¢, but also the next sampling
instant k ;. To reduce the computation and communication cost, we need to find the largest
M € Ny y-1) such that PMi(cy,) is feasible for some ¢;; € FM/(x;,) while still maintaining
certain performance of the closed-loop system. Following the ideas in [54], for a system
state x, and any k; € N with j € N, we define the self-triggered MPC problem S(x,) as
Mj = max{M € N[I,M

el | FY ) # 0, VM (kj) < VK, (4.23)
¢ targ min  JYi(ey), (4.24)
Ck/. E]FMj (xk/.)

where M.y € Npj y_1 is an a priori maximum of the inter-sampling time and V'!(k ;) is the
optimal value function at sampling instant k; corresponding to the MPC scheme in which
control updates take place at every time instant.

Remark 4.4. The idea adopted in (4.23) to determine the length of the inter-sampling
time M is similar to [45, 53, 54], in which, by introducing a tuning parameter « in the
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cost function as in (4.7), the optimal value function of the M-step open-loop MPC scheme
is required to be not worse than that of a periodically-triggered MPC scheme. The main
difference is that in [45] the system considered is undisturbed, and in [53, 54] the system
is subject to bounded disturbances and hard constraints. Furthermore, for the robust self-
triggered MPC schemes in [53, 54], the choice of the cost function and the design of the
tightened constraint sets are significantly different from that in (4.23).

Remark 4.5. By employing the triggering mechanism in (4.23), parameter a may be used
to trade off the control performance and the usage of network resources. If @ = 1, the
cost function is transformed into the standard infinite-horizon cost function [25]. In this
case, since the first M inputs in the prediction horizon are applied in an open-loop way,
the optimal cost function VM (k;) for M € Ny is in general larger than the optimal cost
function V'(k ;) corresponding to the periodically-triggered MPC scheme. Therefore, from
(4.23), it may lead to a small inter-sampling time M. To reduce the frequency of control
updates, we can increase the value of a to counter the effect of the open-loop control
making it possible to obtain a larger inter-sampling time M, while possibly sacrificing
slightly the control performance.

The resulting stochastic self-triggered MPC algorithm is summarized in Algorithm 4.1.

Algorithm 4.1 Stochastic self-triggered MPC

Offline:

Determine a, Q, R, K, N, N » Mmax, and n*. For any M € [1, My,ax], compute parameters
yM i€ Ny, b, i € I\ dy,. i€ Np vy &M . and B in (4.22d) and (4.22e).
Online:

1: Initialize k = 0, measure the initial state x; and obtain M* and ¢; by solving the
optimization problem S(xy).

For all i € N¢y«—1, apply the input ugy; = Kzpix + ¢ g t0 the system.

Take the next sampling instant as k + M* and set k = k + M*.

Measure the current state x; of system (4.1).

Solve the optimization problem S(x;) to obtain M* and c;.

Go to step 2.

A o

Compared with the periodically-triggered MPC scheme, in the proposed self-trigged
algorithm, it is necessary to solve at most My,x quadratic programs at each sampling
instant to obtain the maximum M™* such that (4.23) holds. However, it is worth noting
that computation of the control inputs and the next update time and communication from
sensors to controller and from controller to actuators only happen at the sampling times
kj, j € N, while the periodically-triggered MPC needs to perform these computations for
all times. Though there is no computation and communication required at the time instants
between two sampling instants, the self-triggered MPC scheme still preserves recursive
feasibility and stability (see Theorem 4.2 and 4.3 below).
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By applying Algorithm 4.1, the resulting closed-loop system is

Xes1 = Axp + Buy + wy, (4 253)
U = KZklk]» + CZ\kj’ k e N[kf,k/+1—l], .
kit = kj + M3, (4.25b)

for all j € N and kg = 0, which has the following properties.

Theorem 4.2. (Recursive feasibility and constraint satisfaction). If optimization problem
S(xy,) is feasible at sampling instant ko, then the feasibility of S(xy;) can be ensured
at every sampling instant kj, j € N, for the closed-loop system (4.25a)—(4.25b) under
Algorithm 4.1. Furthermore, for all k € N, it holds that Prig" x; < h} > p.

Proof. Consider any two successive sampling instants k; and kj.1. Let M; and ¢;; be a
solution of S(xy;) at sampling instant k;. Define ¢ ,, = T™; ¢;- We will show that M, = 1
and ¢ ,, are the feasible solution of S(xk/.“) at sampling instant k1, i.e., ¢, € Fl(xkj” ).

The constraints (4.22a)—(4.22¢) in Fl(xkﬁ,) are trivially satisfied. The satisfaction of
(4.22d) in F! (%x;,,) by €,,, is obtained from the proof of Theorem 4.1.

By assumption that ¢;; € FMi (xx,), it follows that 7, i, € XfM/ . Further, for all i € N,
we have

M-
T 1 T M +N+i T 3 ggMj+N T FN+i 4
g (Dle/-+Mj+N|kj+M/ =g O% lej\kj +g O'H" C t+ 8 o Z A'w

=0
M-
T wMi+i T :N+i l
=g I“ij+N|kj +g @ H Z A'w
=0
M; M;
<h _IBN+i+M,- + N+i+M;

1
<h _IBNH’

where the last inequality follows from (4.17). Therefore, we immediately obtain that
Zhjy +Nlky € X} i.e., constraint (4.22¢) in ]Fl(xk/+l) is satisfied.

From all of the above, it can be concluded that at sampling instant &, (, optimization
problem S(xy,,) is feasible and further by induction optimization problems S(xy;) are
feasible at all sampling instants k;, j € N.

For the closed-loop system (4.25a)—(4.25b) and all k € N, the satisfaction of the
probabilistic constraints (4.2) is guaranteed directly from Theorem 4.1. O

The stability result of the closed-loop system is established in the following theorem.

Theorem 4.3. (Stability). For any realization of the disturbances wy, k € N, the resulting
closed-loop system (4.25a)—(4.25b) under Algorithm 4.1 satisfies the stability condition

k-1
1R 2 2
lim o 1;:0 Efllxelly + llukllz] < €ss.

k,—o0
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Proof. For any j € N, let M; and ¢;; be the optimal solution at sampling instant k; and the
corresponding optimal cost function VMi(k;) be a Lyapunov function candidate. Further,
as in the proof of Theorem 4.2, &,,, = TM/'ck/. together with M;,; = 1 is a feasible solution
at sampling instant k.. Define Vik j+1) as the value function associated with this feasible
solution.

Using the fact that @ > 1, it holds for the closed-loop system that

M;-1

1
By, [V'(kjs)] < VMi(kj) — — Z By [k ik, ||Q + [ug i 12 = €]
i=0
M1

1
1 2 2
< Vik)) - p Eo B [k +iw g + Ntk Iz = Cssls
P

where the second inequality follows from the definition of M in (4.23).
The optimality of the solution leads to

M;-1

1
By, [V'(kjs)] < Vk)) - — Z By, [k +i1k; ”Q + [tk i, 1% — €41
i=0

Summing the inequality for j € Njp,_1; and taking expectation on both sides,

r—1 M;-1
Elllxk ik g + etk i, 7 — €551 < BIV (ko) = B[V (k).

QI'—‘

=0 i=0

Since E[V!(ky)] is finite by assumption and E[V!(k,)] is lower bounded for every r € N
due to Remark 4.2, it holds that

rlM;I

D Bl I + i i ] < s,

1
kr j=0 =0

which implies

k1
1
lm;Z [lxelly + el i3] < s,
thereby completing the proof. O

4.5 Example

In this section, we will provide some simulation studies to show the effectiveness and the
advantages of the proposed stochastic self-triggered MPC in comparison with periodically-
triggered stochastic MPC (by setting M; = 1), robust self-triggered MPC (by setting p =
1), and the unconstrained LQR control.
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To this end, consider a system as in [23, 86]:

tooooors | o fames ] oo
X = X u Wk,
T 0143 0996 | K| oa1s [FT

subject to the probabilistic constraint
Pri[ 1 0 ]|x <2208

Elements of the disturbance w; are assumed to be i.i.d. truncated Gaussian random
variables with zero mean, variance 0.04%, and bounded by wigl < 0.1 fori = 1,2. In
the cost function (4.7), the parameters are given by Q = diag{1,3.5}, R =0.1,and @ = 1.2.
The limit value £;; = 0.37 is precomputed using the method in [34]. The feedback matrix
K in (4.22c) is chosen as the unconstrained LQR gain K = [0.263 —0.329]. The prediction
horizon and horizons in terminal set (4.22¢) are N = 8, N =12, and n* = 1. The maximal
open-loop length is My,,x = 8. Furthermore, to obtain B,M in (4.22d), parameters %M ,
i € Ny, and é—% 41 are calculated according to the approximation method in Remark
3.2 of [91]. For the computation of 5 in (4.22¢), parameters p and S in 8 are calculated
by the method proposed in [92] and the approximation parameter v is chosen to v = 13.

Simulation for the four control schemes are performed with 1000 realizations of the
uncertainty sequence, initial condition [2.5 2.8]”, and a simulation length of Ty, = 18
steps. The simulations are implemented in Matlab R2012b with Yalmip and SeDuMi
solver.

Stability and constraint violation: The state trajectories {x;, k = 0,1,...} for 100
realizations of the uncertainty sequence are depicted in Figures 4.1-4.2 with the black
dotted lines being the constraint bounds. The right plots of subfigure (a)—(b) in Figures
4.1-4.2 enlarge the region of constraint bound to show the constraint violation. As it
turns out, with the proposed stochastic self-triggered MPC, the observed probabilities of
constraint violation in the first 5 steps are 19.7%, 20.4%, 19.8%, 20.2%, and 16.3%, while
by periodically-triggered stochastic MPC, the violation rates are 19.8%, 20.1%, 19.9%,
16.8%, and 9% for the same 1000 realizations. Furthermore, as expected, the robust self-
triggered MPC achieves no constraint violations, whereas violation rate is 100% in the first
3 steps under the unconstrained LQR control. The simulation results indicate that by the
proposed stochastic self-triggered MPC, the closed-loop state converges to a neighborhood
of the origin and the constraint violation is tight to the specified violation value 20%.

Average inter-sampling time and performance: To illustrate the decreased communi-
cation achieved by stochastic self-triggered MPC, Figures 4.3-4.4 show, respectively, the
state trajectory and input trajectory under stochastic self-triggered MPC and periodically-
triggered stochastic MPC for 1 realization of the uncertainty sequence. The sampling
instants are highlighted by red solid circles. It can be observed that the number of the
sampling instants is significantly reduced. The associated average number of steps between
sampling instants is compared. For each scheme, the same uncertainty sequences are used
and the average is taken over 1000 realizations and 18 steps. The average inter-sampling
time is M = 2.9 under the self-triggered scheme, which leads to an average reduction in
communication by 65.5% compared to the scheme with updates at every time instant.
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Let us compare the performance measure

1 Trun_1
2 2
Jpart = 7 > Mkl + iy = L)
run k=0

It is 6.82 for stochastic self-triggered MPC, as compared with 6.75 for periodically-
triggered stochastic MPC. It can be concluded that by the proposed stochastic self-triggered
MPC, communication is decreased without much loss in performance, which can also be
illustrated by Figures 4.3-4.4.

4.6 Conclusion

We proposed a stochastic and self-triggered MPC strategy denoted by stochastic self-
triggered MPC for the stabilization of systems with additive disturbances and probabilistic
constraints. It was shown that the required amount of communication was reduced
while simultaneously guaranteeing a specific performance loss when compared with a
periodically-triggered scheme. By taking the disturbances occurring during the inter-
sampling period into account and making use of their probability distribution, a set of deter-
ministic constraints and the terminal sets were constructed to formulate a computationally
tractable MPC optimization problem. The probabilistic constraints were guaranteed at each
time instant despite the open-loop operation between any two sampling instants. Moreover,
recursive feasibility and stability were proved for the closed-loop system. The results were
compared in simulations with other MPC methods from the literature.
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(b) Periodically-triggered stochastic MPC

Figure 4.1: Closed-loop trajectories under stochastic self-triggered MPC and periodically-
triggered stochastic MPC for 100 realizations of the uncertainty sequence.
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(b) LQR

Figure 4.2: Closed-loop trajectories under robust self-triggered MPC and LQR for 100
realizations of the uncertainty sequence.
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(a) State trajectories

0.1

0.05

-0.05

0.15 | | | | | | | |
0 2 4 6 8 10 12 14 16

Time k

(b) Input trajectories

Figure 4.3: State trajectories and input trajectories under stochastic self-triggered MPC for
1 realization of the uncertainty sequence.
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Figure 4.4: State trajectories and input trajectories under periodically-triggered stochastic
MPC for 1 realization of the uncertainty sequence.






Chapter 5

Robust Self-triggered Control via
Reachability Analysis

5.1 Introduction

As shown in Chapter 4, the incorporation of the self-triggered scheme into MPC does
not immediately preserve the conventional recursive feasibility and closed-loop stability
of MPC. In order to guarantee these two properties, the price of more computational
effort at the sampling instants is paid to satisfy the constraints on the cost function when
maximizing the inter-sampling time.

Different from the above results, this paper aims at proposing a robust self-triggered
control framework for time-varying and uncertain systems with constraints. To the best
of our knowledge, this topic has not been explored up to now and cannot be handled by
the previous mentioned methods, such as self-triggered MPC. The main challenges are:
(1) how to guarantee recursive feasibility in a time-varying setup by self-triggered control;
(2) how to ensure constraint satisfaction for any disturbance realization. In this work, we
make full use of reachability analysis to handle these issues. Although reachability has
been widely studied [69—71], the incorporation of reachability into self-triggered control
is novel. One recent work [93] uses reachability-based self-triggered control to design the
variable sampling period for sampled-data linear systems. However, neither constraints nor
uncertainties are considered in [93].

The use of reachability analysis in this paper provides a geometric interpretation for
the self-triggered control from a set theoretical point of view. Available geometry software
tools facilitate the implementation of our algorithms. Some practical applications of our
algorithm include control of hybrid systems and robot motion planning (see Example 2).
The main contributions are summarized below.

e We propose a novel robust self-triggered control algorithm (Algorithm 1) for
time-varying and uncertain systems with constraints. Constraint satisfactions and
recursive feasibility are shown to be guaranteed based on reachability analysis.
We calculate the maximum inter-sampling time by solving the corresponding

63
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optimization problem (SD[lki’ ~1(%%)) only once at each sampling instant, which avoids
the repetitive computation required in the self-triggered MPC. In the particular case
when there is no uncertainty, we develop a control method with minimum number
of samplings over a finite time horizon. This is achieved by solving the optimization
problem (P[zoy v(*0)) only once.

e When the plant is linear and the constraints are polyhedral, we prove that all
the optimization problems (P[lki,N](xki) and P%OQN](X())) can be reformulated as
mixed integer linear programming (MILP) problems, which are, in our cases,
computationally tractable (Theorems 5.1 and 5.2). The numerical comparisons
(Example 1) show that our algorithm achieves a better communication reduction
and faster online computation than the robust self-triggered MPC in [50] without
much loss in performance.

The remainder of the chapter is organized as follows. The problem statement is
given in Section 5.2. Section 5.3 presents the robust self-triggered control algorithm. The
specialization to linear plants with polyhedral constraints is provided in Section 5.4. Two
examples in Section 5.5 illustrate the effectiveness of our approach. Finally, Section 5.6
concludes this chapter.

5.2 Problem Statement

Consider a discrete-time dynamic control system

X1 = SeCoe, ug) + wy, 5.D

where x; € R™ and u;, € R™, wy € R*™, and f; : R™ X R™ — R™. The control input i
at time k is constrained by a set U, c R™. The additive disturbance wy at time instant k
belongs to a compact set W; c R™. The initial state xj is contained in a given set Xy ¢ R"™.
In addition, given a finite time horizon N € N, the system (5.1) is subject to a target tube,
denoted by {(Xy, k), k € Njj ), where X € R™, Vk € Ny; np. It is assumed that the function
Jfi and the disturbance set W are known for all k € Njg y_1j.

Assumption 5.1. The function fi(x, u), Vk € Njg n_1}, is continuous in x and u, respectively.
Assumption 5.2. The sets Uy, Yk € Ny y-_1), and Xy, Vk € Ny ny, are compact.

The objective of this chapter is to develop a self-triggered control algorithm for the
system (5.1), thereby yielding a sequence of piecewise constant control inputs. More
specifically, we aim to determine a sequence of sampling instants {kg,ki,...,kr} with
ko = 0, ki1 = ki + M;, and kr = N such that u; = w;, Vj,I € Ny, -1 and all the
constraints are satisfied at each time instant k € Ny x). Here, T + 1 is the total number of
samplings within N time instants, which quantifies the communication consumption, and
M; denotes the inter-sampling time between k; and k..
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5.3 Self-triggered Control via Reachability Analysis

In this section, we will provide a reachability-based self-triggered control algorithm for the
uncertain constrained system (5.1). Furthermore, a control method with minimum number
of samplings will be designed when the system (5.1) is reduced to be deterministic, i.e.,
Wi = 1{0}.
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Figure 5.1: Geometrical interpretation for P?k,», N](xk,.)

Robust self-triggered control
Computation of reachable sets

Let X}, = Xy. For k € Njgn-1), the backward reachable set X} for the system (5.1) is
recursively computed by:

Pp = {z € R™ | Juy € Uy, filz, up) ® Wi € X5, 1}, (5.2a)
X5 =P N % (5.2b)

According to Proposition 2.1,the target tube {(Xy, k), k € Ny n7} is reachable from the
initial state xo € Xy if and only if xo € X{. Furthermore, according to [71], Assumptions
5.1 and 5.2 make the resulting reachable sets compact. Proposition 2.1 indicates that if the
state x; € X, the recursive feasibility and the constraint satisfactions can be guaranteed.

Remark 5.1. There exist some methods to compute the reachable sets for a nonlinear
system (5.1), e.g., [71, 75]. In addition, there are results on the inner approximations of
the reachable sets X3, e.g., [94, 95]. Note that these inner approximations are applicable
also for the following algorithms, since they provide constraint satisfaction and recursive
feasibility guarantees.
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Remark 5.2. Given the initial state x,, one can choose the minimal horizon N such that
{(X}, ), J € Njo i} is reachable from x.

Algorithm

Define the self-triggered condition for the system (5.1) as

kiv1 = max{k | k; <k < Nsuchthatu; =u € U,
J € Ny, k-17, and the target tube
{(X}, /), j € Ny, a) of (5.1) is reachable}. 5.3)

Recall that k;.; = k; + M;. The following lemma provides the formulation to compute M;.

Proposition 5.1. Given the state x, € X}, k; € Nion-1), the inter-sampling time M; is
obtained by solving the following optimization problem, denoted by P[lkh n(K):

N
max D7 (5.4a)
J=ki+1
subject to
Rk = 1,1, (5.4b)
Vj € Npga-11 : K joy = K g s ) @ W, (5.40)
Vi€ Npin :

- {ﬂxzm<x[k,,k,+u>1m,. W), j=ki+1, (5.44)

rj-1 ]]-X;(X[ki,jl)ll[},_l (u), ] > k,‘ + 1,

where fi(X,u) = {z € R™ | z = f(x,u),Yx € X}. That is, M; = Z,I/Y:k,»ﬂ r;‘., where r;f

corresponds to the optimal solution of P[lk_ N](xk,.).

Proof. The definition of r; characterizes the successive constraint satisfactions from time
k; for all possible disturbances w; € W, VI € Ny, ;_1;. Then, the proof directly follows from
Proposition 2.1 and the objective function of P[Ikv N](xk,.). |

The geometric interpretation of the optimization problem P[lk,-,N](xki)’ as shown in
Figure 5.1, is to seek a fixed control input u# such that starting from time k;, the time
length, during which the state constraints and the control input constraints are satisfied
for all possible disturbances, is maximized.

We denote by u* the optimal solution to the optimization problem P[]k,,N](xki)' The
following Algorithm 5.1 presents the robust self-triggered control for the uncertain
constrained system (5.1).
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Algorithm 5.1 Robust self-triggered control
Offline:
Determine a sequence of backward reachable sets {(Xj., J), J € Ny} by (5.2).

Online:

1: Initialize i = 0. If x¢ € Xg, continue. Else, stop.

2: Sample the state xy,, solve P[lki’ N (x,) to obtain ©* and M;.

3: Set kix1 = ki + M;. Implement u; = u*, Vj € Ny, 17 to system (5.1) for some
realizations w; € Wj, J € N ki =17+

4: Seti=1i+1.

5: If k; < N, go to step 2. Else, stop.

Control with minimum number of samplings

This subsection will provide a control method with minimum number of samplings,
denoted by T* + 1, over a given finite horizon for the system (5.1). Without loss of
generality, we assume that N > 2.

Proposition 5.2. The minimum number of samplings T* + 1 is obtained by solving the
following optimization problem, denoted by 7)[20 (X0,

N-2

Z?,IAI} Z(l - ]1[0}(A,)) (558.)
Jj=0

subject to

Vj € Non-1y : X1 = fi(x),uyp), (5.5b)
. up, j=0

Vj€eNpn_1y:u;= 5.5¢
e {u,-_1+A,-_1, jz1, (539

V] (S N[LNI tX; € Xj, (55d)

VJ S N[QN_]] ‘uj € Uj. (5.5¢)

Thatis, T* = Z?’: ’02(1 —]1{0}(A;)), where A; corresponds to the optimal solution of P[zo, N (x0).

Proof. In (5.5¢), Aj_; denotes the difference between u; and u;_;. The objective function
of PfO,N](xo) aims at maximizing the number of zero (i.e., A; = 0) over the time interval
Nion-1). Thus, the optimal solution generates a sequence of piecewise constant control
inputs with minimum number of switching times. O

Note that Algorithm 5.1 is applicable for deterministic systems. In this case, the
difference is that Algorithm 5.1 cannot guarantee the achievement of minimum number
of samplings for deterministic systems.

Remark 5.3. For uncertain constrained systems, it is difficult to design the control with
minimum number of samplings since at each sampling instant k;, the exact executions of
the future disturbance wj, Y j € Ny, y_1), are unknown.
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5.4 Self-triggered Control for Linear Systems with Polyhedral
Constraints

The development of geometry software allows us to compute the sets X; exactly and
efficiently if the system is linear and the constraint sets are polyhedral [96]. This section
will specialize the systems (5.1) to be linear and the constraint sets to be polyhedral. We
can reformulate the optimization problems ng‘_’ v (Xk,) and P[ZO, v1(X0) to be computationally
tractable MILP problems.

If the model f; is linear, the system (5.1) becomes

Xier1 = AgXp + Brug + wy. (5.6)

Here Ay and B; are deterministic real matrices with appropriate dimensions at each time
k € Ny n-1;. The control input sets Uy, k € Ny y_1}, are compact polyhedra. Each set X
of the target tube {(Xy, k), k € N np} is a compact polyhedron. The disturbance sets Wy,
k € Njon-1, are compact polyhedra.

Now, the computation of the sets X7 in (5.2) is given as follows. Note that the following
equations involve only set operations and the corresponding sets can be well-defined even
if the matrix Ay is not invertible. Hence, we do not impose any assumption on Ay.

Lemma 5.1. [69] For the uncertain linear system (5.6) with polyhedral constraints, the
set X} in (5.2) evolves as

Qk = XZ o Wy, (5.7a)
Py = A (Quar @ (=BUY), (5.70)
X =P N Xy, Xy = Xy. (5.7¢)

Remark 5.4. Since the sets X, k € Nyo ), are compact, the sets X7, k € Ny y), are also
compact even when the matrices Ay are not invertible.

The polyhedral sets Uy and X are written as

Uy = {z € R™ | Egz < exl, (5.8)
X! = {z e R™ | Fiz < fil, (5.9)

where E; and F, are matrices with appropriate dimensions, and e, and f; are vectors with
appropriate dimensions.

Robust self-triggered control

Before providing the main result, we need some preliminary lemmas.

Lemma 5.2. The set Xy, 1, j € Ny, vy, in (5.4¢) can be written as

Kkt = (G pxe + Hye, ) @ Zig, 3, (5.10)
i1 i—1 i—1 j-1 j—1
where G, j = H'zl:k,-Al’ Hy ;) = an:ki }]:m+1Ale’ Zig.jy = m=k; 2]=m+1Ale’

Furthermore, the set Zy, ;) is a closed polyhedron.
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Proof. When j = k;, (5.10) implies that X[, ;) = {xz,}. According to the definition of X, j,
J € Nig+1,n7, 1n (5.4¢), by induction, it follows

X[ki,.i+l] =A 'X[k» 1OBudW,;

=A; (G[k 1%k +H[k J]M)GBZ[k j])GBB u@W
-1 j-1 Jj-1j-1

= (4, ]_[Alxk +@A > ] ABu+ B, P [ | AWnew)
I=k; m=k; I=m+1 m=k; l=m+1
= (]_[ Ay, + Z ﬂ A,Bmms(@ ﬂ AW,
m=k; I=m+1 m=k; l=m+1

= (G[k,,jﬂlxkf + Higg js1ytt) ® Zi, j+1)-

Since the sets W,, are compact polyhedra, we have that the sets Zy, ;; are closed polyhedra.
m|

Lemma 5.3. [2] Given two polyhedraP = {z e R" | Pz < p}and Q = {z e R" | Oz < g},
P C Q holds if and only if there exists a non-negative matrix S such that

SP=0, (5.11)
Sp<q. (5.12)

Assume now that Zy, j; = {z € R" | Vi, 32 < v i} J € Niggervgs Where the matrix
Vix,j and vector vy, ;; can be computed offline according to Zy, j = @m L AW,

By Lemma 5.3, we derive the following result.

l m+1

Lemma 5.4. For the sets Xy, ;) and X, Kot € X holds if and only if there exists a
non-negative matrix S, j such that

S et Vi) = Fs (5.13)
S iVttt + Vikji(Grijj X + Hig ni0) < f. (5.14)
Proof. This directly follows from Lemma 5.2 and Lemma 5.3. O

Since u is the decision variable, the constraints (5.14) are nonlinear. To remedy this, we
can calculate the nonnegative matrices S, ; offline to satisfy (5.13) by solving an LP [97]:

(St = argmin{l’a | a’ Vi, ;) = (Fj),a > 0}, (5.15)

where a is a vector with appropriate dimension and (§); denotes the /th row of the matrix
S.

Remark 5.5. The LP in (5.15) admits a nonnegative matrix solution with minimum infinity
norm, which could lead to a larger feasible region for the optimization problem ‘P[lk” NJ(xk,.)
than other nonnegative solutions to (5.13).
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The next theorem shows that the robust self-triggered control for the system (5.6) with
polyhedral constraints can be designed by solving a tractable MILP.

Theorem 5.1. For the uncertain linear system (5.6) with polyhedral constraints, the
optimization problem P[lki,N](xk,.) can be reformulated as an MILP, denoted by Pf’kb‘N](xki),

N
max Z (1-5;) (5.162)
w05 S
subject to
Vj€ Ny in:

S ke /G n X + Hy ) < fioy + 6,11, (5.16b)
Vj€Nyn-1y: Eju<e;+6T1, (5.16¢)
Vj € Ngrin-1y 1 6 < 8ja1, (5.16d)
Vj € N1 : 6 € {0,1), (5.16€)

where G, i = Vi, jGiejp» Hikjt = Vet Hik i fiko) = fi = Stk iVik. i, and T is a positive
constant satisfying

I’ > max{ max ||U [loos - max maxIIS[k j](G[k 1%k +H[k j]u) ﬁki,j]”oo}- (5.17)
JEN[K; N-1] JEN[K+1,8) u€U;

Proof. Recall that Vj € Ny +1.87

ki+1

Ik Epaer1D Ly, @), j=ki +1,
T e B R ) T, ), > K+ 1.

Let us introduce a sequence of 0-1 variables 6;, j € N.1,n7. Obviously, it follows from
rj= 1- 6j that

Vil e N[k,»+1,j] :
Sk (Gign X, + Hign) < fiien + 611,
Vi e N[k,-,jfl] cEu<e +61I1,

where I' is a positive number satisfying (5.17). Furthermore, ¥V j € Ny 41 y-17, 7j 2 rj41 can
be rewritten as 6; < d,;. Then, we get the optimization problem P%k‘ v (Xk)- O

Remark 5.6. Let us discuss the complexity of the MILP (5.16). The only continuous
decision variable is u with dimension n, and the number of binary variables 6; is linear
in the horizon N. The number of constraints at each time instant is determined by the
reachable sets. Considering the special constraint (5.16d) on 0}, it is easy to construct an
enumeration tree and recursively solve a linear program until the problem is infeasible.
Hence, we conclude that the problem (5.16) can be solved in polynomial time. Note that
several software tools have been developed to solve large MILPs in the past few years,
e.g., [82], allowing us to solve our problem online efficiently.
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Remark 5.7. Following similar operations as for the linear case, the previous optimization
problem 50[ r.n(X%) can be reformulated as an integer program with a constraint like
(5.16d). The resultlng integer program can be iteratively cast as a classic constrained
robust nonlinear control problem.

Remark 5.8. In general, ' can be arbitrarily chosen to be sufficiently a large positive
constant. The lower bound on T defined in (5.17) aims to quantify how large T should be,
which can be calculated by solving a linear program (LP) since the sets U; are compact
polyhedra and the norm is {,—norm.

Control with minimum number of samplings

When the disturbance set W;, = {0}, Vk € Ny y_;, we can also reformulate the optimization
problem P[Zo, )(X0) as a tractable MILP.

Theorem 5.2. For the deterministic linear system (5.6) with polyhedral constraints, the
optimization problem 7)[0 vy (Xo) can be reformulated as an MILP, denoted by 7340 o.x(X0),

J| = 1-6; 5.18
JBX o (x0) = Z( ) (5.18a)
subject to
V‘]'GN[(),N,I] DX =Aij+Bij, (5.18b)
. up, j=0
VjeNpn_1:Uu;= 5.18¢
y O.N-11 - {uj—l +Aj_1, j=1, ( )
VjeNpn: Fix; < fj, (5.18d)
V] S N[()’N,I] : Ejl/tj < €j, (5186)
Aj<T61,
A;>—y6;l,
VjeNoya ] - 1 (5.18f)
A]’ < Cj +’)/(1 —5j)1,
Aj>c;—T(1-06)1,
Vj€Npn-g -yl <c; <T1, (5.18g)
Vj (S N[(),N_z] : 5j € {0, 1}, (5.18h)
where y and T are two large positive constants satisfying
v, I'> max max ||u — V||oo- (5.19)

Jj€N[on-27 u€U;,veU g

Proof. By introducing new variables c; € R™ and 0-1 variables ¢, j € Ny v}, we define
AJ‘ = 6J'Cj, i.e., Aj =0 lféj =(0and Aj =¢j 1f6] = 1. And it follows that

V_] S N[k+l,N] : Aj = 6jCj (520)
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A; <8I,
AjZ(Sj’)/l,

A <ci+(1-8)n, (5.21)
Ajzcj—(1-6)I1,
—yl<¢; <Tl,

where I' and y are two positive numbers satisfying (5.19). Then, we get the optimization
problem 7)‘[‘0’ v (%0)- o

Remark 5.9. The statements in Remark 5.8 also apply with y and T in (5.19). In addition,
the optimization problem P?O’N]()Co) is equivalent to 73[20, 7 (X0), while the optimal solution
to P?k, N](xk,-) is a suboptimal solution to P[lk ,N](xk,-)

5.5 Examples

This section provides two examples to illustrate the effectiveness of our proposed
algorithms. The following numerical experiments were run in Matlab R2016a with MPT
toolbox [96] on a Dell laptop with Window 7, Intel i7-6600U CPU 2.80GHz and 16.0 GB
RAM.

Example 1

Compare the proposed robust self-triggered algorithm with the robust self-triggered MPC
in [50]. Consider a same linear time-invariant system in [50], where

11 0.5
,B= .
o1l

-20 20
The constraint sets are X = {z € R? |[ }ﬁzs{ g ]},Uz {zeR|-5<z<

A=

-0.25
-0.25

0.25

5},W={ZER2|[ 02

}SZS

]}. The initial state is [10 6]7.

1 0
Let O = [ 0 1 and R = 0.1 be the weight matrix in the objective function.

By solving the discrete-time algebraic Riccati equation, we obtain the matrix P =
2.0599 0.5916
0.5916 1.4228
The control objective is to steer the state to the robust invariant set, denoted by Q (the red
region in Figure 5.2), which is computed by the method in [51]. The implementation will
stop if the state enters the robust invariant set.

} and the corresponding optimal feedback gain K = [-0.6167 — 1.2703].
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X2‘k
(=}
T

x2,k
o
T

(b)

Figure 5.2: State trajectories under Algorithm 5.1 and robust self-triggered MPC [50] for
100 realizations of the uncertainty sequence.
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XZ.k
o

X2.k
o

(b) Robust self-triggered MPC

Figure 5.3: State and control trajectories under Algorithm 5.1 and robust self-triggered
MPC [50] for 1 realization of the uncertainty sequence. The algorithms terminate when the
state enters the robust invariant set (the red region).
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Figure 5.4: Scenario

For the robust self-triggered control in this paper, the terminal set of the target tube is
Q. For the robust self-triggered MPC in [50], we choose the maximal inter-sampling time
M,,.. = 4. Figure 5.2 depicts the state trajectories under our algorithm and robust self-
triggered MPC for 100 realizations of the uncertainty sequence. And Figure 5.3 shows the
state and control trajectories for 1 realization of the uncertainty sequence. We highlight the
sampling instants by blue solid circles. We compare the two different methods for several
indexes, of which the average is taken over 500 realizations.

o Average inter-sampling time: The average inter-sampling time is M = 1.2045 under
the robust self-triggered MPC of [50] while itis M = 1.3333 under the self-triggered
scheme of this paper. Thus, our control scheme achieves an average communication
reduction by 9.66% more than that of the self-triggered MPC.

o Average online computation time: The average online computation time at each
sampling instant is 0.5758s for the robust self-triggered MPC while it is 0.1964s
for our control method despite the presence of integer variables.

o Average performance: The performance measure is defined by J = Z{;“(’,’(leklle +
|Iuk||,2e) where T,,, is the time when the state enters the robust invariant set. The
robust self-triggered MPC achieves a slightly better average performance than our
scheme. The performance measure is 591.9191 for MPC while it is 621.4552 for our

scheme.



76

Robust Self-triggered Control via Reachability Analysis

25

0.5

25

0.5

25

0.5

il Z
il
& |
t »»w***
*gask*
Wt
]
0 0.5 1 1.5 2 25 3
X
1k
(a)
.
]
0.5 1 1.5 2 25 3
X
1k
k*¥
H LT
I L
———lllll
0.5 1 1.5 2 25 3
1k
(©

Figure 5.5: State trajectories under Algorithm 5.1.
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Figure 5.6: Example 2: control input trajectories under Algorithm 5.1

Example 2

Consider a mobile robot with dynamics (5.6), where

1 0 01 O
A = , By = ,keN.
0 1 0 0.1

-0.6 0.6
The input constraint set is Uy = {z € R? | [ 0.6 ] <z< [ 0.6 }}, k € N. The robot

moves in a closed workspace, as shown in Figure 5.4, in which there are some obstacles
(the black rectangles). The robot should achieve collision avoidance with the obstacles and
the boundaries of the workspace. We set the safe distance as 0.1. In addition, the robot can
exchange the information (the position and the control input) with the control center via a
bandwidth-limited communication network. At each time, the robot can only receive one
control input from the control center. The initial position is [0.15 2]7. The target set 1 is

2.7 2.8 0.4 0.5
{zeRzl[ -4 ]SZS[ 55 }}andthetafgetsetZiS{ZeRzl{ 0.4 ]SZS[ 0.5 }}‘A

sequence of temporal constrained tasks for the mobile robot are
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Figure 5.7: State trajectories by using control with minimum number of samplings.
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Figure 5.8: Example 2: control input trajectories by using control with minimum number
of samplings.

o stage 1: the robot should arrive at the target set 1 before k = 60;
e stage 2: the robot should stay in target set 1 for at least 10 time steps after arrival.
e stage 3: the robot should arrive at the target set 2 before k = 140.

To save the communication recourses, our self-triggered control strategies are imple-
mented. We choose the convex inner approximations of the backward reachable sets (which
are the intersection between the predecessor sets and the safe regions). As mentioned
in Remark 5.1, these approximations still respect the feasibility and the constraint

satisfactions.
-0.01

<z<
—001 | = °°

In the first case, assume that the disturbance set is Wy = {z € R? | [

[ 0.01

0.01
under Algorithm 5.1. The yellow and lightgreen regions are the sets X;. The control input
trajectory is shown in subfigure (c) of Figure 5.5 with the times of control update being 13.

}}. Subfigures (a)-(b) of Figure 5.5 depict the state trajectories for stage 1 and 3



80 Robust Self-triggered Control via Reachability Analysis

0
In the second case, assume that W; = ol Vk € N. Subfigures (a)-(b) of Figure 5.7

depict the state trajectories for stage 1 and 3 by using the control with minimum number
of samplings. The yellow and lightgreen regions are the convex approximations of the sets
X7. The control input trajectory is shown in subfigure (c) of Figure 5.7 with the times of
control update being 6.

5.6 Conclusion

In this chapter, we proposed a robust self-triggered control algorithm for time-varying un-
certain systems with constraints. By using reachability analysis, the constraint satisfactions
and recursive feasibility were guaranteed. The proposed algorithm provided us a geometric
interpretation for self-triggered control. The problem of control with minimum number
of samplings was investigated for deterministic constrained systems. For linear systems
with polyhedral constraints, the proposed methods were reformulated as computationally
tractable MILP problems. In simulations, the results were compared with robust self-
triggered MPC and applied to the robot motion planning.



Chapter 6

Conclusions and Future Research

In this chapter, we summarize the main results of this thesis and outline possible directions
for future research.

6.1 Conclusions

This thesis studied stochastic invariance and aperiodic control for uncertain constrained
systems. More precisely, we designed the algorithms to compute the PCIS within a given
set for control systems, integrated self-triggered control and stochastic MPC for linear
system with stochastic disturbances, and proposed a robust self-triggered control scheme
for time-varying and uncertain constrained systems.

In Chapter 3, we extended controlled invariant set to stochastic systems. We proposed
two definitions: finite- and infinite-horizon PCISs, and explored their relation to RCISs.
We designed iterative algorithms to compute the PCIS within a given set by taking into
account the issues of computation tractability and iteration convergence. For systems
with discrete state and control spaces, the computations of the finite- and infinite-horizon
PCISs at each iteration are based on linear programming and mixed integer linear
programming, respectively. The algorithms are computationally tractable and terminate
in a finite number of steps. For systems with continuous state and control spaces, we
provided the discretizition procedure and proved the convergence of the approximation
when computing the finite-horizon PCISs. In addition, it was shown that the infinite-
horizon PCIS can be alternatively computed by the stochastic backward reachable set from
the robust control invariant set contained in it.

In Chapter 4, we proposed a stochastic self-triggered MPC algorithm for linear systems
subject to exogenous disturbances and probabilistic constraints. At each sampling instant,
an optimization problem is solved to jointly determine both the next sampling instant and
the control inputs to be applied between the two sampling instants. Although the self-
triggered implementation achieves communication reduction, the control commands are
necessarily applied in open-loop until the next sampling instant. To guarantee probabilistic
constraint satisfaction, we derived a necessary and sufficient condition on the nominal
systems by using the information on the distribution of the disturbances explicitly.

81
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Moreover, based on a tailored terminal set, we transformed a multi-step open-loop
MPC optimization problem with infinite prediction horizon into a tractable quadratic
programming problem. It was further shown that the recursive feasibility and closed-loop
stability are guaranteed.

In Chapter 5, we developed a robust self-triggered control algorithm for time-varying
and uncertain systems with constraints. The algorithm is based on geometric necessary
and sufficient conditions for reachability. The resulting piecewise constant control inputs
achieve communication reduction and guarantee the constraint satisfactions. Particularly,
when the system is deterministic, we proposed a control design with minimum number
of samplings over a finite time horizon. Furthermore, when the plant is linear and the
constraints are polyhedral, the proposed algorithms can be reformulated as computationally
tractable mixed integer linear programming problems.

6.2 Future Research Directions

There are several interesting research directions based on the work of this thesis.

o First, an interesting problem to investigate further is how to incorporate PCISs into
stochastic MPC as terminal sets and how to quantify the resulting conservatism
reduction compared with existing stochastic MPC. When applying PCISs, one
underlying challenge is the guarantee of the conventional recursive feasibility in
MPC.

e A second problem for future study is how to serve as the safety measure for uncertain
safety-critical systems through PCISs. For example, let us consider a human-robot
interaction system. A robust control design by considering all possible human
behaviors may lead to a conservative or even empty workspace for robot. It would
be interesting to use PCISs to trade off the safe level for human and the flexibility
for robot.

e Another problem of interest is how to design reachability-based self-triggered
controller for continuous-time uncertain constrained systems. As shown in this
thesis, reachability analysis is a good tool to guarantee the recursive feasibility and
the constraint satisfaction. Different from the discrete-time case, one challenge is the
exclusion of the Zeno behaviour.



Bibliography

(1]
(2]
(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

J. P. Aubin, H. Frankowska. “Set-valued analysis,” Springer, 2009.
F. Blanchini, S. Miani, “Set-theoretic methods in control,” Springer, 2007.

F. Blanchini, “Set invariance in control,” Automatica, vol. 35, no. 11, pp. 1747-1767,
1999.

D. Q. Mayne, J. B. Rawlings, C. V. Rao, P. O. Scokaert, “Constrained model
predictive control: stability and optimality,” Automatica, vol. 36, no. 6, pp. 789-814,
2000.

D. Q. Mayne, “Model predictive control: recent developments and future promise,”
Automatica, vol. 50, no. 12, pp. 2967-2986, 2014.

J. S. Baras, N. S. Patel, “Robust control of set-valued discrete-time dynamical
systems,” IEEE Transactions on Automatic Control, vol. 43, no. 1, pp. 61-75, 1998.

J. Ding, E. Li, H. Huang, C. J. Tomlin, “Reachability-based synthesis of feedback
policies for motion planning under bounded disturbances,” In Proceedings of IEEE
International Conference on Robotics and Automation, 2011, pp. 2160-2165.

A. H. Hamel, F. Heyde, B. Rudloff, “Set-valued risk measures for conical market
models,” Mathematics and Financial Economics, vol. 5, no. 1, pp. 1-28, 2011.

J. §irok)’1, F. Oldewurtel, J. Cigler, S. Privara, “Experimental analysis of model
predictive control for an energy efficient building heating system,” Applied Energy,
vol. 88, no. 9, pp. 3079-3087, 2011.

D. Bertsekas, “Infinite-time reachability of state-space regions by using feedback
control,” IEEE Transactions on Automatic Control, vol. 17, no. 5, pp. 604-613, 1972.

S. V. Rakovi¢, E. C. Kerrigan, K. I. Kouramas, D. Q. Mayne, “Invariant
approximations of the minimal robust positively invariant set,” IEEE Transactions
on Automatic Control, vol. 50, no. 3, pp. 406-410, 2005.

M. Rungger, P. Tabuada, “Computing robust controlled invariant sets of linear
systems,” IEEE Transactions on Automatic Control, vol. 62, no. 7, pp.3665-3670,
2017.

83



84 Bibliography

[13] E. G. Gilbert, K. T. Tan, “Linear systems with state and control constraints: the theory
and practice of maximal admissible sets,” IEEE Transactions on Automatic Control,
vol. 36, no. 9, pp. 1008-1020, 1991.

[14] W. Zhang, M. S. Branicky, S. M. Phillips, “Stability of networked control systems,”
IEEFE Control Systems, vol. 21, no. 1, pp. 84-99, 2001.

[15] K. You, L. Xie, “Survey of recent progress in networked control systems,” Acta
Automatica Sinica, vol. 39, no. 2, pp101-117, 2013.

[16] J. P. Hespanha, P. Naghshtabrizi, Y. Xu, “A survey of recent results in networked
control systems,” Proceedings of the IEEE, vol. 95, no. 1, pp. 138-162, 2007.

[17] X. Wang, M. D. Lemmon, “Event-triggering in distributed networked control
systems,” IEEE Transactions on Automatic Control, vol. 56, no. 3, pp. 586, 2011.

[18] J. K. Kuchar, L. C. Yang, “A review of conflict detection and resolution modeling
methods,” IEEE Transactions on Intelligent Transportation Systems, vol. 1, no. 4, pp.
179-189, 2000.

[19] L. Fribourg, R. Soulat, “Control of switching systems by invariance analysis:
applcation to power electronics,” John Wiley & Sons, 2013.

[20] I. M. Mitchell, S. Kaynama, M. Chen, M. Oishi, “Safety preserving control synthesis
for sampled data systems,” Nonlinear Analysis: Hybrid Systems, vol. 10, pp. 63-82,
2013.

[21] J. Hu, M. Prandini, S. Sastry, “Aircraft conflict prediction in the presence of a spatially
correlated wind field,” IEEE Transactions on Intelligent Transportation Systems,
6(3), 326-340, 2005.

[22] J. Ding, M. Kamgarpour, S. Summers, A. Abate, J. Lygeros, C. Tomlin, “A stochastic
games framework for verification and control of discrete time stochastic hybrid
systems,” Automatica, vol. 49, no. 9, pp. 2665-2674, 2013.

[23] M. Cannon, B. Kouvaritakis, S. V. Rakovic, Q. F. Cheng, “Stochastic tubes in model
predictive control with probabilistic constraints,” IEEE Transactions on Automatic
Control, vol. 56, no. 1, pp.194-200, 2011.

[24] A. Mesbah, “Stochastic model predictive control: an overview and perspectives for
future research,” IEEE Control Systems, vol. 36, no. 6, pp. 30-44, 2016.

[25] B. Kouvaritakis, M. Cannon, S. V. Rakovic, and Q. F. Cheng, “Explicit use of
probabilistic distributions in linear predictive control,” Automatica, vol. 46, no. 10,
pp- 1719-1724, 2010.

[26] D. M. de la Penad, A. Bemporad, T. Alamo, “Stochastic programming applied to
model predictive control,” In Proceedings of 44th IEEE Conference on Decision and
Control, 2015, pp. 1361-1366.



Bibliography 85

[27] J. Burlet, O. Aycard, T. Fraichard, “Robust motion planning using markov decision
processes and quadtree decomposition,” In Proceedings of IEEE Conference on
Robotics and Automation, 2004, pp. 2820-2825.

[28] M. E. Chamie, Y. Yu, B. Acikmese, “Convex synthesis of randomized policies
for controlled markov chains with density safety upper bound constraints,” In
Proceedings of American Control Conference, 2016, pp. 6290-6295.

[29] N. Demirer, M. E. Chamie, B. Acikmese, “Safe markov chains for on/off density
control with observed transitions,” IEEE Transactions on Automatic Control, vol. 63,
no. 5, pp. 1442-1449, 2018.

[30] A. Arapostathis, V. S. Borkar, E. Fernandez-Gaucherand, M. K. Ghosh, S. I. Marcus,
“Discrete-time controlled Markov processes with average cost criterion: a survey,’
SIAM Journal on Control and Optimization, vol. 31, no. 2, pp. 282-344, 1993.

[31] S. Battilotti, A. De Santis, “Stabilization in probability of nonlinear stochastic
systems with guaranteed region of attraction and target set,” IEEE Transactions on
Automatic Control, vol. 48, no. 9, pp. 1585-1599, 2003.

[32] G. Pola, J. Lygeros, M. D. Di Benedetto, “Invariance in stochastic dynamical control
systems,” In Proceedings of the 17th International symposium on Mathematical
Theory of Network and Systems, 2006.

[33] G. Pola, G. Pola, “A stochastic reachability approach to portfolio construction in
finance industry,” IEEE Transactions on Control Systems Technology, vol. 20, no.
1, pp. 189-195, 2012.

[34] M. Cannon, B. Kouvaritakis, X. Wu, ‘“Probabilistic constrained MPC for
multiplicative and additive stochastic uncertainty,” IEEE Transactions on Automatic
Control, vol. 54, no. 7, pp. 1626-1632, 2009.

[35] N.A. Nguyen, “Stochastic output feedback control: convex lifting approach,”
Automatica, vol. 89, pp. 212-220, 2018.

[36] E. Kofman, J. A. De Dona, M. M. Seron, ‘“Probabilistic set invariance and ultimate
boundedness,” Automatica, vol. 48, pp. 10, pp. 2670-2676, 2012.

[37] E. Kofman, J. A. De Dond, M. M. Seron, and N. Pizzi, “Continuous-time probabilistic
ultimate bounds and invariant sets: computation and assignment,” Automatica, vol.
71, pp. 98-105, 2016.

[38] L. Hewing, A. Carron, K. Wabersich, M.N. Zeilinger, “On a correspondence between
probabilistic and robust invariant sets for linear systems,” In Proceedings of 2018
European Control Conference, 2018, pp. 876-881.

[39] W. P. M. H. Heemels, K. H. Johansson, P. Tabuada, “An introduction to event-
triggered and self-triggered control,” in Proceedings of IEEE Conference on Decision
and Control, 2012, pp. 3270-3285.



86

Bibliography

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

L. Hetel, C. Fiter, H. Omran, A. Seuret, E. Fridman, J. P. Richard, S. I. Niculescu,
“Recent developments on the stability of systems with aperiodic sampling: an
overview,” Automatica, vol. 76, pp. 309-335, 2017.

A. Eqtami, D. V. Dimarogonas, K. J. Kyriakopoulos, “Novel event-triggered
strategies for model predictive controllers,” in Proceedings of IEEE Conference on
Decision and Control and European Control Conference, 2011, pp. 3392-3397.

D. Lehmann, E. Henriksson, K. H. Johansson, “Event-triggered model predictive
control of discrete-time linear systems subject to disturbances,” in Proceedings of
European Control Conference, 2013, pp. 1156-1161.

M. Jost, M. S. Darup, M. Monnigmann, “Optimal and suboptimal event-triggering
in linear model predictive control,” in Proceedings of European Control Conference,
2015, pp. 1153-1158.

F. D. Brunner, W. P. M. H. Heemels, F. Allgower, “Robust event-triggered MPC for
constrained linear discrete-time systems with guaranteed average sampling rate,” in
Proceedings of IFAC Conference on Nonlinear Model Predictive Control, 2015, pp.
117-122.

J. D. J. Barradas Berglind, T. M. P. Gommans, W. P. M. H. Heemels, “Self-triggered
MPC for constrained linear systems and quadratic costs,” in Proceedings of IFAC
Conference on Nonlinear Model Predictive Control, 2012, pp. 342-348.

T. Gommans, D. Antunes, T. Donkers, P. Tabuada, M. Heemels, “Self-triggered linear
quadratic control,” Automatica, vol. 50, no. 4, pp. 1279-1287, 2014.

E. Henriksson, D. E. Quevedo, H. Sandberg, K. H. Johansson, “Self-triggered model
predictive control for network scheduling and control,” in Proceedings of IFAC
Symposium on Advanced Control of Chemical Processes, 2012, pp. 432-438.

K. Hashimoto, S. Adachi, D. V. Dimarogonas, “Self-triggered model predictive
control for nonlinear input-affine dynamical systems via adaptive control samples
selection,” IEEE Transactions on Automatic Control, vol. 62, no. 1, pp. 177-189,
2017.

M. Kogel, R. Findeisen, “On self-triggered reduced-attention control for constrained
systems,” in Proceedings of IEEE Conference on Decision and Control, 2014, pp.
2795-2801.

F. D. Brunner, W. P. M. H. Heemels, F. Allgdéwer, “Robust self-triggered MPC for
constrained linear systems,” in Proceedings of European Control Conference, 2014,
pp. 472-477.

D. Q. Mayne, M. M. Seron, S. V. Rakovi¢, “Robust model predictive control of
constrained linear systems with bounded disturbances,” Automatica, vol. 41, no. 2,
pp- 219-224, 2005.



Bibliography 87

[52] S. V. Rakovié, B. Kouvaritakis, R. Findeisen, M. Cannon, “Homothetic tube model
predictive control,” Automatica, vol. 48, no. 8, pp. 1631-1638, 2012.

[53] E. Aydiner, F. D. Brunner, W. P. M. H. Heemels, “Robust self-triggered model
predictive control for constrained discrete-time LTI systems based on homothetic
tubes,” in Proceedings of European Control Conference, 2015, pp. 1587-1593.

[54] F. D. Brunner, W. P. M. H. Heemels, F. Allgdower, “Robust self-triggered MPC for
constrained linear systems: A tube-based approach,” Automatica, vol. 72, pp. 73-83,
2016.

[55] L. Chisci, J. A. Rossiter, G. Zappa, “Systems with persistent disturbances: predictive
control with restricted constraints,” Automatica, vol. 37, no. 7, pp. 1019-1028, 2001.

[56] D. Lehmann, G. A. Kiener, K. H. Johansson, “Event-triggered PI control: Saturating
actuators and anti-windup compensation,” In Proceedings of IEEE Conference on
Decision and Control, 2012, pp. 6566-6571.

[57] A. Seuret, C. Prieur, S. Tarbouriech, L. Zaccarian, “Event-triggered control with
LQ optimality guarantees for saturated linear systems,” In Proceedings of IFAC
Symposium on Nonlinear Control Systems, 2013, pp. 341-346.

[58] W. Wu, S. Reimann, S. Liu, “Event-triggered control for linear systems subject to
actuator saturation,” In Proceedings of IFAC World Congress, 2014, pp. 9492-9497.

[59] K. Hashimoto, S. Adachi, D. V. Dimarogonas, “Aperiodic sampled-data control via
explicit transmission mapping: a set invariance approach,” IEEE Transactions on
Automatic Control, to appear, 2018.

[60] A. Abate, “Probabilistic reachability for stochastic hybrid systems: theory,
computations, and applications,” PhD thesis, University of California, Berkeley,
2007.

[61] D. P. Bertsekas, Shreve, S., “Stochastic optimal control: the discrete-time case,’
Athena Scientific, 2004.

[62] M.B. Stinchcombe, H. White, “Some measurability results for extrema of random
functions over random sets,” The Review of Economic Studies, vol. 59, no. 3, pp.
495-514, 1992.

[63] W. Langson, I. Chryssochoos, S. V. Rakovi¢, D. Q. Mayne, “Robust model predictive
control using tubes,” Automatica, vol. 40, pp. 125-133, 2004.

[64] F. Oldewurtel, C. N. Jones, M. Morari, “A tractable approximation of chance
constrained stochastic MPC based on affine disturbance feedback,” In Proceedings
of 47th IEEE Conference on Decision and Control, 2008, pp. 4731-4736.



88 Bibliography

[65] M. Farina, L. Giulioni, L. Magni, R. Scattolini, “An approach to output-feedback
MPC of stochastic linear discrete-time systems,” Automatica, vol. 55, pp. 140-149,
2015.

[66] M. C. Campi, S. Garatti, M. Prandini, “The scenario approach for systems and control
design,” Annual Reviews in Control, vol. 33, pp. 149-157, 2009.

[67] T. Alamo, R. Tempo, E. F. Camacho, “Randomized strategies for probabilistic
solutions of uncertain feasibility and optimization problems,” IEEE Transactions on
Automatic Control, vol. 54, pp. 2545-2559, 2009.

[68] X.Zhang, K. Margellos, P. Goulart, J. Lygeros, “Stochastic model predictive control
using a combination of randomized and robust optimization,” In Proceedings of 52nd
IEEE Conference on Decision and Control, 2013, pp. 7740-7745.

[69] D. P. Bertsekas, I. B. Rhodes, “On the minimax reachability of target sets and target
tubes,” Automatica, vol. 7, no. 2, pp. 233-247, 1971.

[70] J. Lygeros, C. Tomlin, S. Sastry, “Controllers for reachability specifications for hybrid
systems,” Automatica, vol. 35, no. 3, pp. 349-370, 1999.

[71] S. V. Rakovi¢, E. C. Kerrigan, D. Q. Mayne, J. Lygeros, “Reachability analysis of
discrete-time systems with disturbances,” IEEE Transactions on Automatic Control,
vol. 51, no. 4, pp. 546-561, 2006.

[72] G. Frehse, C. Le Guernic, A. DonZe, S. Cotton, R. Ray, O. Lebeltel, R. Ripado, A.
Girard, T. Dang, O. Maler, “SpaceEx: Scalable Verification of Hybrid Systems,” In
Proceedings of the International Conference on Computer Aided Verification, 2011,
pp- 379-395.

[73] C. Jones, E. C. Kerrigan, J. Maciejowski, “Equality set projection: A new algorithm
for the projection of polytopes in halfspace representation,” (No. EPFL-REPORT-
169768). Cambridge University Engineering Dept, 2004.

[74] S. M. Veres, “Geometric Bounding Toolbox (GBT 7.2) for MATLAB,”. Avaiable:
http://sysbrain.com/gbt/gbt/index.htm

[75] M. Chen, S. L. Herbert, M. Vashishtha, S. Bansal, C.J. Tomlin, “Decomposition of
reachable sets and tubes for a class of nonlinear systems,” IEEE Transactions on
Automatic Control, to appear, 2018.

[76] A. Kurzhanski, P. Varaiya, “Ellipsoidal techniques for reachability analysis: internal
approximation,” Systems & Control Letters., vol. 41, no. 3, pp. 201-211, 2000.

[77] S. Amin, A. Abate, M. Prandini, S. Sastry, J. Lygeros, “Reachability analysis for
controlled discrete time stochastic hybrid systems,” In Proceedings of International
Workshop on Hybrid Systems: Computation and Control, 2014, pp. 49-63.



Bibliography 89

[78] C. S. Chow, J. N. Tsitsiklis, “An optimal one-way multigrid algorithm for discrete-
time stochastic control,” IEEE Transactions on Automatic Control, vol. 36, no. 8, pp.
898-914, 1991.

[79] A. Bhattacharya, J. P. Kharoufeh, “Linear programming formulation for non-
stationary, finite-horizon Markov decision process models,” Operations Research
Letters, vol. 45, no. 6, pp. 570-574, 2017.

[80] D. P. Bertsekas, “Dynamic programming and optimal control: vol II,’ Athena
Scientific, 2012.

[81] Y. Ye, “Interior point algorithms: theory and analysis,” John Wiley, 1997.

[82] J.T. Linderoth, A. Lodi, “MILP software,” Wiley Encyclopedia of Operations
Research and Management Science, 2010.

[83] P. Bonami, M. Kiling, J. Linderoth, “Algorithms and software for convex mixed
integer nonlinear programs,” Mixed Integer Nonlinear Programming, pp. 1-39, 2012.

[84] M. Prandini, J. Hu, “A stochastic approximation method for reachability
computations,” Stochastic Hybrid Systems, Springer, pp. 107-139, 2006.

[85] M. Guo, M.M. Zavlanos, “Probabilistic motion planning under temporal tasks and
soft constraints,” IEEE Transactions on Automatic Control, to appear, 2018.

[86] M. Lorenzen, F. Dabbene, R. Tempo, F. Allgower, “Constraint-tightening and
stability in stochastic model predictive control,” IEEE Transactions on Automatic
Control, vol. 62, no. 7, pp. 3165-3177, 2017.

[87] A.Prékopa, “Stochastic programming,” Springer, 2013.

[88] Y. Ma, A. Kelman, A. Daly, F. Borrelli, “Predictive control for energy efficient
buildings with thermal storage: modeling, stimulation, and experiments,” IEEE
Control Systems, vol. 32, no. 1, pp. 44-64, 2012.

[89] Y. Long, S. Liu, L. Xie, K. H. Johansson, “A scenario-based distributed
stochastic MPC for building temperature regulation,” In Proceedings of 2014 IEEE
International Conference on Automation Science and Engineering, 2014, pp. 1091-
1096.

[90] S. J. Qin, T. A. Badgwell, “A survey of industrial model predictive control
technology,” Control engineering practice, vol. 11, no. 7, pp. 733-764, 2003.

[91] L. Dai, Y. Xia, Y. Gao, and M. Cannon, “Distributed stochastic MPC of linear systems
with additive uncertainty and coupled probabilistic constraints,” IEEE Transactions
on Automatic Control, vol. 62, no. 7, pp. 3474-3481, 2017.

[92] M. Cannon, Q. Cheng, B. Kouvaritakis, and S. V. Rakovi¢, “Stochastic tube MPC
with state estimation,” Automatica, vol. 48, no. 3, pp. 536-541, 2012.



90 Bibliography

[93] M. Al Khatib, A. Girard, T. Dang, “Self-triggered control for sampled-data systems
using reachability analysis,” In Proceedings of 20th IFAC World Congress, 2017, pp.
7881-7886.

[94] M. Althoff, B.H. Krogh, “Reachability analysis of nonlinear differential-algebraic
systems,” IEEE Transactions on Automatic Control, vol. 59, no. 2, pp. 371-383,2014.

[95] 1. M. Mitchell, “Scalable calculation of reach sets and tubes for nonlinear systems
with terminal integrators: a mixed implicit explicit formulation,” in Proceedings
of the 14th ACM International Conference on Hybrid Systems: Computation and
Control, 2011, pp. 103-112

[96] M. Herceg, M. Kvasnica, C. N. Jones, M. Morari, “Multi-parametric toolbox 3.0,” In
Proceedings of European Control Conference, 2013, pp. 502-510.

[97] J. Fleming, B. Kouvaritakis, M. Cannon, ‘“Regions of attraction and recursive
feasibility in robust MPC,” In Proceedings of the 21st Mediterranean Conference
on Control and Automation, 2013, pp. 801-806.



